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Several new potentially terdentate chelating agents 

based on the 8-hydroxyquinoline structure have been syn­

thesized and characterized. Protonation constants of these 

ligands and formation constants of their chelates with 

selected metal-ions have been determined. Where possible, 

the chelates have been characterized by elemental analysis 

and other means. 

The results show that the ligand 2-(2'-th ienyl)-8­

hydroxyquinoline acts as a sterically hindering bidentate 

donor; the unusual relationship found between the formation 

constants of its bis-chelates (K1 < K2 ) has been explained 

on the bas is of steric effects. 

The results of studies involving 4-amino-5-hydroxy­

acridine and 4,5-dihydroxyacridine indicate that these 

ligands act as terdentate and bidentate donors, respective ly . 

The failure of 4,5-dihydroxyacridine to act as a terdentate 
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INTRODUCTION 

Since the discovery by Tschugaeff(l) in 1905 that 

dimethylglyoxime is a highly selective precipitant for 

nickel(II)-ion, the development of specific and selective 

organic reagents for the detection and determination of 

metal-ions has been a ma in objective of research in analy­

tical chemistry. 

Feigl( 2 ) has defined the terms "specific" and 

"selective" in relation to analytical reagents. A speci­

fie reagent is one which, under specified experimental 

conditions, yields an analytically useful reaction with 

only one metal - ion; a selective reagent gives an analytical 

reaction with a limited number of metal- ions under t h e 

stated conditions. 

That a particular analytical reagent is selective 

or specific for a certain metal - ion may be the result of 

one or more factors. For example, the judicious control 

of pH, or the use of appropriate complexing agents to 

"mask'' interfering ions, often allows the requisite selec­

tivity to be achieved for such inherently non- selective 

reagents as 8- hydroxyquinoline(J) and ethylenediaminetetra ­

acetic acid( 4 ) . 

1 
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Often, the bas is of the selectivity of a reagent 

resides in differences in the solubility of its metal 

complexes. This effect is best illustrated by the selec­

tivity of dimethylglyox i me toward ni c kel(II) - ion. In the 

solid state, the nickel(II) chelate is polymeric, the 

mo lecular units likely being held together by nickel ­

nic kel bond ing (S). The solid complexes of other first - row 

transition metal-ions with dimethy l glyox i me are not poly­

meric (although the copper(I I) complex is d i meric( 6 )) and , 

a s a result, are considerably more soluble than the 

n ickel(II ) complex. Th is effect of me t al-comp l ex so lubi­

lity in providing the basis of selectivity is all the more 

remarkab le in view of the fact that t he solution stability* 

of the copper(II) complex is g reater than that of t he 

nic kel(II) complex( 7 ). 

Enhanced selectivity may also be ach ieved when a 

reagent which reacts with several metal -ions produces a 

coloured species with one or only a few metal-ions. For 

examp le, metalphthalein is a useful indicator for cal­

cium(II ) , stron tium(II) and barium(II) with which it forms 

highly coloured chelates(S). Except for magnesium(II), 

which gives a weak colour, t he other metal complexes of 

*The stability of a metal comp lex , ML , in solution 
is measured by the equilibrium constant K fo¥ t h e reaction 

n 

Th i s equilibrium constant is termed the stability constan t 
or the formation c onstant. As implied by the subscripts, 
complex formation occurs in a stepwise fashion. 



metalphthalein are colourless. In instances where several 

coloured complexes are formed, selectivity may still be 

achieved if the spectral regions of absorption are suffi ­

ciently well separated. 

I mproved selectivity may also occur if some but 

not all of the complexes formed by a particular reagent 

are fluorescent. Thus, 8- hydroxyquinoline is a somewha~ 

more selective reagent for galliQ~ when used fluorometr~c­

ally than it is when employed in other methods( 9 ). 

Perrin(lO) has commented that another factor 

which deserves consideration in the development of selec­

tive reagents is the possibility of devising methods for 

estimating a metal-ion in the presence of others by 

exploiting differences in the rates of formation and 

dissociation of complexes . Although kinetic effects have 

been used to advantage in chemical analysis(ll), there 

appears to be no outstanding example of enhanced selec­

tivity toward metal - ions based on rate differences. 

Finally, selectivity may result from differences 

in the solution stabilities of the complexes formed 

between a particular ligand* and a series of metal-ions. 

In the extreme, a reagent which forms a very stable com­

?lex with one metal-ion but unstable complexes with 

other metal-ions will be specific. Unfortunately, from 

the large amount of data that has been accumulated(l 2 ), 

*The terr~s " ligand" and "reagent" are used inter­
chang eably throughout. 
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it is apparent that the stab ility differences among com­

plexes of different me tal-ions with the same ligand are 

usually not large enough to provide specificity. Indeeu, 

it seems probable t hat a spec i fi c reagent fo r each metal -

ion is unl i kely to be discovered . However, a small 

number of ligands have assumed i mportance as analytical 

reagents because differences i n solut ion stability o f their 

metal complexes have p rovided enhanced selectivity , if not 

specificity. Although only modest, this success ha s 

stimula ted an unusually large amount of research i n this 

area. 

With the realization that selectivity in some 

instances reflects differences in the stability of metal 

complexe s , much of the research mentioned above has been 

directed towards determining factors that govern their 

solution stability. Most compounds studied have been 

metal chelates since with few exceptions, organic reagents 

are chelating agents . Some of the more important factors 

t hat affect metal - chelate stability (and therefore reagen t 

selectivity) are (a) the nature of the ligand donor atoms , 

(b) the basicity of the ligand donor atoms, and (c) steric 

effects which influence the formation of the metal c helate. 

These factors* are discussed below. 

*It is difficult to i gnore the nature of the metal ­
ion when ascribing selectivity to f actors (a) and (c). 
Such properties as charge , size and preferred s tereo­
chemistry of the ion are intimately r e lated to the effects 
of factors (a) and (c). Hence, o ne should properly speak 
of the selectivity of a reaction rather than the selectivity 
of a reagent . 
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(a) The Nature of the Ligand Donor Atoms . Ahrland, 

Chatt a~d Davies(lJ)have described metal-ions in the 

periodic table as being either class (a) or class (b). 

Class (a) metal - ions form their most stable complexes with 

ligands containing the ~ore electronegative donor atoms 

such as nitrogen or oxygen; class (b) metal -ions form their 

most stable complexes with ligands contai n ing the more 

polarizable donor atoms such as phosphorus, arsenic, sulfur 

or selenium. Class (a) metal-ions include members of the 

alkali me tals, alkaline earths, lanthanides, actinides, 

the beginning members of the transition series, and alumin-

ium(III) and gallium(III), i.e., the more electropositive 

ions. The class (b) metal-ions are found generally within 

the triangle described by lines joining copper to tungsten 

and to polonium, i.e., those ions whose complexes have con­

siderable covalent or n- bonding character. (A number of 

metal-ions do not have distinct class (a) or class (b) 

c haracter and have been termed borderline ions.) By de ­

signing a ligand containing, say, sulfur donor atoms, the 

number of stable complexes formed may be restricted to 

the relatively small number of ions within the triangle 

mentioned above. It is obvious that a considerable 

measure of selectivity may be achieved by a suitable choice 

of donor atoms. 

(b) The Basicity of the Ligand Donor Atoms. 

Many studies have shown that for a closely related group 
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of ligands and a particular metal-ion (e.g., salicylalde­

~yde derivatives and copper(II)-ion(l4 )), the stabi~ity 

of the metal chelate increases with increasing basicity 

of the donor atoms. In ~ost cases, an approximate linear 

relationship exists between the logarithm of the forma­

tion constant of the metal chelate (log K ) and ~he n 

logarithm of the protonation consta~t of the ligand 

(log KH). For ligands with more than one type of basic 

centre, correlations have usually been made with the 

protonation constant of the most basic centre, although 

some authors prefer to use the sum of the protonation 

constants of all the basic centres involved in complex 

formation. 

(c) Steric Effects. Since this factor is more 

pertinent to the contents of this thesis than factors (a) 

and (b), it will be discussed in greater detail. Irving 

and Rossotti (lS) have shown that the expected linear 

relationship between the logarithm of the formation con­

stant and the logarithm of the ligand.protonation con­

stant holds for a series of derivatives of 8- hydroxy­

auinoline and a particular metal - ion, but only for those 

derivatives that are unsubstituted in the position alpha 

to the coordinating nitrogen. For ligands which are 

substituted in this position, the stability of the chelate 

is substantially less than would be predicted from the 

linear relationship between log K and log KH . The de ­n 

crease in stability has been ascribed to steric hindrance 



7 

~y the alpha substituent to c helate formation. Such steric 

effects have been exploited analytically in the cesign of 

reagents wi t h enhanced selectivity. This enhance~ent 

arises largely from t he fact that the preferred stereo­

chemical configura tions (e.g.,tetrahedral, square planar, 

oc t ahedral) of different metal-ions may vary markedly, even 

thoug~ t he ir affinity for a particular donor atom di ffers 

only to a small degree. 

The effects of steric hindrance on chelate stabili ­

ty c an best be illustrated by examples . The familiar 

analytical reagent 8- hydroxyquinoline, although a very 

unselective reagent, is widely used for the gravimetric 

deter mination of aluminium( III), wit~ whi c h it forms an 

inso_uble yellow tris-complex. Substitution of a methyl 

group alpha to the coordinating nitrogen, however, resu:ts 

in a reagent which does not precipitate an aluminium( II: ) 

chelate , although it still forms precipitates with most 

ofuer metal-ions(lo). T e fact that 2-methyl-8-hydroxy­

quinoline does not form a precipitate wi t h aluminium (II~)­

~on (in fact, in aqueous solution not even a 1:1 complex 

can be detected(l7 )) has been attributed to at least three 

factors(lS), ~he most important of whi ch appears to be a 

substantial decrease in the stability of the alurninium( II I) 

chelate due to steric hindrance. Th is decreased stability 

allows hydroxyl-ion to compete effectively with the~ ligand 

fo r aluminiurn(III)-ion, as the pH of the solution is 
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raised to bring about metal-chelate formation. Ultimately, 

alu~inium hydroxide precipitates. Even though 2-met~yl-8-

hydroxyquinoline still forms complexes with other metal-

ions, these complexes are also less stable than the corres ­

ponding a - hydroxyquinoline chelates(l 9 ), although not to 

the point where precipitation of the stoichio~etric chelate 

is prevented. 

The chelating agent 1,10-phenanthroline forms 

&able, water - soluble chelates with many metal - ions. (7he 

formation of the highly coloured tris - chelate with iron(II) 

is the basis of a well known analytical procedure for the 

determination of small amounts of iron . ) On the other 

hand, 2,9 - dimethyl - 1,10- phenanthroline is a specific re ­

agent for copper(I), with which it forms a stable, highly 

coloured bis - chelate, extractable into organic solvents( 20). 

The specific nature of this reagent (and of the analogous 

chelating agent 2,2' - biquinoline) has been demonstrated by 

tests with many other metal - ions, none of which formed a 

coloured complex( 20 , 21 ) . This remarkable specificity 

stems from the fact that complexes of metal - ions which 

prefer square planar or octahedral coordination are steric­

ally destabilized( 22 ). In the copper(I) c omplex, the 

metal - ion is tetrahedrally coordinated, the two ligand 

molecules being held in planes mutually at right angles . 

In this c onfiguration, steric hindranc e caused by the sub­

st i tuents alpha t o the c oordinating nitrogen atoms is 
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virtually eliminated. 

T~e linear tetradentate ligand triethylene~etra-

~ine forms a very stable square-planar complex v1it~ 

copper(II)-ion( 2J). The donor atoms of the isomeric 

::;_igand 2,2 1 ,2"-triaminotriethylamine prefer a tetrahedral 

arrangement and as a result, the copper(II) complex of 

this ligand is less stable( 24 ). Zinc(II), however, 

readily forms tetrahedral complexes and as a result its 

complex with 2 ,2' ,2"-triaminot:ciethylamine is more stab::;_e 

than its complex with the linear polyamine <23 , 2 4). 

A final example is provided by calcichro~e( 2 S), 

which is a selective metallochromic i nd icator for cal-

ciQu(II) in the presence of o ther alkaline- earth ions. 

Calcichrome is a macrocyclic ligand that derives its 

selectivity from t~e fact that its donor atoms are 

arra::1ged in a " c helate cage" of such dimensions t hat, 

of the alkaline-earth ions, only calcium (II) can en·ter. 

These examples illustrate different steric e=fects . 

The substituted compounds 2-methyl- 8-hydroxyquinoline and 

2,9-dimethyl-1 ,10 -phenanthroline form chelates of lower 

stability than those of the parent compounds with metal­

ions favourir.g square-planar or octahedral coordination. 

Here, selectivity is obtained by mod ifying an analytical 

~eagent by the substitution of sterically hindering 

groups r.ear the coordination sites. In the third example, 

the steric relationship of donor atoms within a single 
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l i gand favours the formation of chelates with me~al - ioLs 

having a certain configurat i on" The f i nal example illus ­

tra t es t h e use o f a liga~d wh i ch i s able t o discrimi nate 

be t weeh i on s o f d i ffering s i ze . 

Thus, the i ntroduction o f suitable steric con­

str a i nts i n a ligand may r esult in i ncreased selectivity. 

To ef f e ct t h e maximum d iscrimi na tion be t ween metal - ions 

of di f fe ren t configurat ions , t h e ligand s hould have a 

rigid orientation of donor atoms , i.e ., t he ligand should 

not be a b le to distort to meet the steric demand s of t he 

metal- i on, but s hould i mpose its own steric d emands upon 

the metal- ion. The converse , of course , also ho ld s true. 

Multidentate ligands with comp letely flexible structures 

are high ly unselective (e. g ., ethylenediaminetetraacetic 

acid, which reacts with virtually every metal - ion ). 

In the present work , t h e chelating properties of 

the following potentially terdentate ligands are ex ami n ed: 

2- (2 ' - t h ienyl) - 8- hydroxyquinoline(I), 4- amino- 5- hydroxy­

acridine (II), 4 ,5 - dihydroxyacridine(III ) and 4 ,5 - d iamino­

acridine(IV). All are new compounds, with the excep tion 

of 4 ,5- d iaminoacridine. Th e ligand 2- (2 ' - thienyl) - 8­

hydroxyquinoline was prep ared with the expectation t hat 

the sul=ur atom of t h e t h ienyl substituen t might co­

ordinate , as in the copper (II) complex of 2- (2' - t h ieny l) ­

'd ' (26)pyrl lne • In 2- (2' - thienyl) - 8- hydroxyquinoline, only 

two of the potential coordinating atoms in the l igand 
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J...l 

~ ~ 
! 

I I 
~N/. 

OH 

II 

NH
2 

III IV 

a~e fixed since the thienyl group has some freedom of 

;:notion . In the acridine ligands'· the three donor atoms 

are fixed i n a rigid planar framework. 

As shown by the construction of molecular models, 

these ligands should favour complex formation with metaJ... ~ 

ions whic h prefer a planar or octahedral configuration. 

In these c ases, planar mono-chelates or octahedral bis ­

chelates, respectively, could be formed. Here, the 

ligands should be terdentate and able to span three co­

ordination positions in a plane. Wi th metal-ions which 

prefer tetrahedral coordination, the ligands would at best 

be bidentate a~d hence the complexes would be of consider­

ably lower stability . 

The new ligands studied in this work are based on 

the 8-hydroxyquinoline structure; in fact they can be 

viewed as 2- substituted derivatives of 8 -hydroxyquinoli~e. 

~b.e for~ation constants of c helates of several 2- substi­
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tuted 8- hydroxyquinolines have been reported, where the 

2-substituents are alkyl(l 9 , 27 ) or phenyl(l 9 ) . In addi ­

tion, qua litative tests with 8-hydroxyquinoli~e-2-car­

boxylic acid( 2 B), and very recently, with 2-a~ino~ethyl­

8- hydroxyquinoline( 29 ) have been reported. These two 

ligands, and the new ligands described in t he present 

work, are unique in that the 2- substituent, normally 

expec~ed to be sterically hinderi~g, contains a donor 

atom which potentially can coordinate with the me tal-ion. 

The determination of equilibrium constants for 

the for~ation of me tal chelates has long been used as a 

means for assessing structural effects of ligands. The 

chelate formation constant, Kn, is the equilibrium con ­

stant for the corresponding stepwise reaction 

ML l + L - -- ML .n - n 

Thus, for a system in whi ch the highest complex =armed is 

MLN, there are N stepwise equilibria and N formation con­

stants, K1 , . . . . KN·. Lis the c he lating form of theK2 

ligand; for some ligands (e.g., ethylenediamine) Lis 

neutral, for others containing acidic protons (e .g., 

a - hydroxyquinoline) it is anionic. 

In the present work, formation constants were 

determined by a modified form of the BjerrQm(JO) method . 

This method, applicable to ligands whose chelati r.g form 

is basic, involves measurement of the hydrogen- ion con­
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centratior. in solutions containing metal -ion, ligand and 

hydrogen- ion. Pro tona t ion of the ligand provides a ~ear.s 

of varying t he concentration of free ligand, L, over a 

very wide r ange. Bjerrum introduced t he use of the quan­

tity, n, the average number of ligands bound to a metal -

ion at a particular concentration of L. In the Bjerrum 

method, measurements are made over a range of concentra­

tions of free ligand, such that n varies from zero to N, 

its maximum value . Bjerrum developed general equations 

and methods for the calculation of the N formation con­

stants of the complex MLN from the data n, [L] . 7hese 

equations have found widespread use in the study of metal 

chelates as well as complexes with monodentate ligands. 

Although the potentiometric method is very 

widely applicable, it has a number of limitations. Since 

most metal - ions undergo hydrolysis, t he upper pH limit 

of the method is determined by the pH of hydrolysis of 

the metal - ion. This is generally in the vicinity o f pH 7 

for divalent transition metal-ions(Jl). The lower pH 

limit is about three because, in solutions of higher 

acidity , the hydrogen-ion released upon chelation is 

virtually undetectable. A further limitation is that 

valid measurements cannot be made in the presence of a 

solid phase containing either metal-ion o r ligand . Thus, 

systems that involve ligands or chelates of low solubili­

ty c annot be studied by this method. Other techn i que s 
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which may be used to determine cnelate formatioL cons~a~ts 

include spectrophotometry, polarography, solvent extrac ­

tion, ion-exchange and the use of radioactive tracers( 32 ) 

The modifi c ations to the Bjerrum method which were 

used in the present study were introduced by Calvin and 

( lLt ) 
Wilson · ; t hese workers u sed a titration technique in 

which anacidified solution of ligand and metal - ion was 

titrated with a solution of standard base . (Bjerrum 

employed a "bai:c h" or one- point technique.) Calvin and 

Wilson also introduced the use of the mixed solven t 

dioxa~e-water to overcome the problems associated with 

the limited aqueous solubility of many metal chelates . 

Tnis solvent system has found wide application i n the 

study of the solution chemistry of metal complexes, and 

many workers have attempted to put equilibr i um measure­

ments in aqueous dioxane (and in other aqueous - organic 

solvents) on a firmer theoretical basis . Van Uitert and 

Haas(JJ) compared the behaviour of the glass electrode 

and the hydrogen electrode in aqueous dioxane and showed 

that the glass elec trode func tioned linearly with respect 

to the hydrogen electrode. The latter electrode was 

assumed to give a true measure of the hydrogen- ion acti ­

vity in the mixed solvent . These workers also found that 

when the glass electrode was used to measure the hydrogen-

ion activity of hydrochloric acid solutions in aqueous 

dioxane, t he pH meter reading, R, was given by 
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R -log[H+] - log U 

where [H+] is the stoichiometric concentration of hydro-

gen- ion*. It was found that U, a correction factor, was 

a f~nction of the mole fraction of dioxane in the solvent 

and of tne ionic strength of the medium, but was indepen­

dent of the hydrogen- ion concentration. This pe~mits the 

use of log U to correct pH meter readings (closely related 

to hydrogen-ion activity) to hydrogen- ion concentrations. 

For a given solvent composition and ionic strength, the 

correction factor is a constant which allows the glass 

electrode- reference electrode combination to be used as a 

hydrogen- ion concentration probe. 

In order to minimize changes in activity coeffi­

cients of the ionic species involved in the reactions, 

the use of a "background electrolyte" has been reco­

mmended(J 2). It has been shown by many workers that the 

activity coefficient of an ionic solute is essentially 

independent of its concentration, provided that its con­

centration is negligible compared to that of an inert 

electrolyte in the solution . Unfortunately, many workers 

concerned with the determination of formation constants 

in aqueous-organic solvents have not employed an inert 

electrolyte . In the present work, in which the solvent 

was 50 % v/v dioxane- water, O. lM sodium perchlorate was 

*It was assumed that the hydrochloric acid is 
completely dissociated in each solvent mixture used . 
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used as a background electrolyte. The Van Uitert and Haas 

correction factor has been determined for this medium. 

This thesis is concerned with several new poLen­

tially terden~ate chelating agents which embody a rigid 

or partly rigid orientation of donor groups, and describes 

their synthesis and characterization. In addition, the 

protonation constants of these compounds, required for tne 

calculation of metal chelate formation constants, are 

determined. 

The effect of the struc tural design on the selec ­

tivity of the ligands is examined both qualitatively (by 

noting the occurrence of reactions with many metal - ions ) 

and quantitatively (by the determination of formation con­

stants with selected* metal - i o ns . ) Where possible, the 

metal complexes formed by the new l igands are character­

ized. 

An attempt to explain the results on the basis of 

steric effects is made . 

*The ions customarily selected in studies of this 
kind are manganese(II), iron(II), cobalt(II), nickel(II), 
copper (II) and zinc(II) , since the operation of unusual 
effects (e.g., steric effects) often disrupts the order 
of stab~lity of complexes of these ions. In the present 
work, formation constants for the manganese(II) complexes 
could not be obtained because the complexes were too un ­
stable. Formation constants for the iron(II) complexes 
were not de t ermined because of oxidation of iron (II) . 
Cadmium(II) was studied to provide a further example of 
a metal- ion whic h exhi bits tetrahedral c oordination. 



EXPERI MENTAL AND RESULTS 

Appa r atus 

Calibrated volumetric ware was used throughou~ 

t h is work whenever t h is was appropria te. 

Infrared spectra were recorded with a Beck~an I R- 5 

infrared spectrometer (Beckman Instruments Inc., Fuller ton, 

Californ ia). Visible and ultraviolet spectra wer e reco~ded 

with a Cary Model 14 Spectrophotometer (Applied Phy s ics 

Corp ., Monrovia, California). Other spectrophotometric 

measurements in the visible and ultraviolet were mad e 

using a Hitachi Perkin-Elmer Model 139 Spectrophotometer 

(Perkin-Elmer Corp., Norwalk, Connecticut), the cell com­

partment of which was maintained at 25°C. 

Mass spectra were recorded on a Hitachi Perkin­

Elmer RMU-6A mass spectrometer. Samples were introduced 

through an all- glass inlet system maintained at 200°C. 

Nuclear magnetic resonance spectra were recorded with a 

Varian A-60 nuclear magnetic resonance spectrometer 

(Varian Associates, Palo Alto, California). 

The potentiometric titration apparatus for the 

determination of protonation constants and chelate forma­

tion constants consisted of a titration cell, a pH meter, 

two ten- milliliter mic roburettes and a constant- tempera­

17 
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ture wa~er bath. The pH meter was a Radiometer ~odel PSM4 

(Rad io~eter, Copenhagen, Denmark) equipped with Bec~man 

saturated calome l and E-3 (low sodium-ion error) glass 

electrodes. 

The Go~y balance consisted of a Sartorius Electrono 

I microbalance (Sartorius-Werke AG., Gottingen, Wes~ 

Germany) and an electro~agnet and associated power supply 

(Alpha Scientific Laboratories Inc., Berkeley, California ) 

providing 4 kilogauss at 6 . 6 amperes. 

Reagents 

All common laboratory chemicals were either 

analyzed grade or of sufficient purity for the purpose for 

which they were used. A few organic reagents obtained 

from co~mercial sources were recrystallized before use. 

Reagent- grade 1,4- dioxane was purified by reflux­

ing over sodium for at least 24 hours, followed by frac ­

t i onal distillation through a 1 - meter column packed with 

glass helices. The fraction boiling in the range 100.5­

10l.00C was collected as required and used within 24 hours. 

Carbonate- free sodium hydroxide for use in poten­

tiometric titrations was prepared by the following 

method( 34 ): a 50 wt% solution of sodium hydroxide was 

prepared and allowed to stand in a tightly closed poly­

ethylene bottle for 24 hours, after which time t he pre­

cipitated s odium carbonate had settled to the bottom. An 
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appro9ria~e volume of this solution was added to 4 ~itres 

of freshly boiled distilled wate~ in a polyethylene 

bott l e. The solution, approximately O.lM, was standard­

ized by tit~ating against 10-ml. portions of sta~card 

potassiu~ hydrogen phthalate solution ; the end-point was 

detected potentio~etrically . The required amount of 

boiled wa ter to make the solution exactly O.lO OM was t hen 

added, and the solution was r e -standard iz ed . The value 

obtained was O.lOOlM ± O. OOOlM . A solution of s od i um 

hydroxide, a pproximately O.OlOM, for use in t he titration 

of very dilute solutions, was also prepared and s tandard­

ized in the same manner. The titre of this solution wa s 

0 . 0101 ± O.OOOlM. 

Solutions of perchloric acid, approximat e ly 

O.OlM in perchloric acid and 0.21M in sodium perchlorate, 

were prepared for use in potentiometric titrations. The 

hydrogen- ion concentrations of these solutions were 

determined by titration with standard sodium hydroxide 

solution. The end- point was determined potentiometric ­

ally. A similar solution, O. OOlM in perchloric acid and 

0.22M in sodium perchlorate, was prepared and standard­

ized as above. 

Metal - ion solutions for potentiometric titrations 

were prepared from the perchlorate salts (G . F. Smith 

Chemical Company, Columbus, Ohio). The solutions were 

O.OlM in metal- ion and were standardized by titra tion 
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with ED~A, following accepted ~ethods( 4 ). The ED~A so~u-

tion was standardized by ·titration against standard zinc 

solutio.:1. 

Metal-ion solutions for spec~rophotometric 

measure~ents were prepared by accurate ten-fold dilu~ion 

of the standard metal-ion solutions used in the potentia­

metric titrations. 

Metal-ion solutions for spot-tests were prepared 

as approximately 0.02M solutions. The solutions of 

manganese(II), iron(II), cobalt(II), nickel(II), copper(II), 

zinc(II), mercury(I I) and thallium(III) were prepared from 

the perchlorate salts. Those of magnesium (II), calcium(II), 

strontium(II), barium(II), lead(II), cadmium(II), 

aluminium(III), gallium(III), indium(III), scandium(III) , 

yttrium(III), lanthanum(III), chromium (I II), thorium(IV), 

zirconium(IV) and uranium(VI) were prepared from the 

nitrate salts, and those of palladium(II), rhodium(III) 

and cerium (III) were prepared from the chloride salts. 

Synthesis of Acridine Ligands 

The acridine ligands were prepared by a method 

established for the synthesis of other acridine der i va­
( ...,- )

tives .)::J • Ullman condensation of an appropriately sub­

stituted 2-halobenzoic acid and an appropriately substi­

tuted aniline yielded a substituted diphenylamine-6 ­

carboxylic acid. This compound was cyclized in 98% sul­

furic acid to yield a substituted acridone, which was 



reouced with sodium amalgam to give the acridine coBpou~d. 

The conplete reaction sequence is shown i~ Figure :, aLd 

the pr ocedures are described in de t ail below. 

The synthesis of 4, 5-diaminoacridine i s ~ased on 

the procedures of Goldberg and Kelly( 36 ), and Klein and 

Lahev (3 7 ) . 

2-Nitro- 2' - Me thoxydipheny l amine- 6- Carboxylic Acid . 

.,.,. - . - .c 2 ' - 3 . . b . 'd( 3 S) 90 " 
~lr~y g~ams OL -oromo - -nl~ro enzo1c acl , m~. of 

~-anisidine, 20 g. of anhydrous sodium carbonate and 

0.5 g. of copper powder were heated at 135°C for 2 hours, 

or until the mixture solidified. After cooling , the mix ­

ture was extrac~ed with 100 ml. portions of hot benzene. 

The insoluble sodium salts were separ~ted by filtration, 

air- dried and taken up in 500 ml. of warm water. The 

solution wa s filtered and then adjusted to pH 4 with 6M 

hydrochloric acid. The precipitated 2- nitro- 2 ' - methoxy­

diphenylamine- 6- carboxylic acid was filtered a nd dried 

in air . Yield, 24 - 25 g. (41- 43%). 

Recrystallization from 95% ethanol yielded orange-

red crystals, m. p. 227 - 228~C. 

4-Nitro-5-Methoxyacr idone. Twenty- four g rams of 

2- nitro- 2' - methoxydiphenylamine- 6-carboxylic acid were 

dissolved in 150 ml. of 98% sulfuric acid. The solution 

was heated at 100°C for 15 minutes with stirring , and 

then poured into 1.5 2 . of water . The resulting suspen ­

sion of 4- nitro- 5- methoxyacridone was stirred overnigh t 
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Figure 1. Synthesis of Acridine Ligands. 
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at app~oximately 60°C, then filtered and the so:id was~ed 

with a small amount o~ dilute aqueous a~~o~ia. 

4- Amino-5-Methoxyacridone. The ~oist 4 -~itro - 5 -

methoxyacridone from the preceding step was tra~sferred 

to a l-~. £lask; 125 g. of stannous chloride and 300 ml. 

of concentrated hydrochloric acid were adde~, and the cix­

ture was refluxed for 4 hours. After 'cooling, ~he solid 

was filtered by suction, washed with a small volume of 

concentrated hydrochloric acid, and dissolved in 1 £. of 

hot, 1M sodium hydroxide solution. The solution was 

filtered, and then adjusted to about pH 10 with 6M hydro­

chloric acid. The precipitated 4- amino- 5- methoxyacridone 

was collected by filtration and dried in air overnight. 

Yield, 15 g. (74%, based on 2- nitro- 2' - methoxydiphenyl ­

amine- 6- carboxylic acid) . 

4- Amino-5- Methoxyacridine . Fifteen grams of 

4- amino-5 - methoxyacridone were placed in a 2- £., 3-neck 

flask fitted with a mechanical stirrer, and a gas inlet 

tube, and dissolved in a solution consisting of 500 ml. 

of 1M sodium hydroxide and 800 ml. of 95% ethanol. The 

dark green solution was adjusted to pH 8 with approxi ­

mately 80 ml. of 6M hydrochloric acid. A stream of carbon 

dioxide was passed into the solution and 650 g. of 4% 

sodium amalgam were added. The mixture was stirred 

vigorously for 1 hour without heating , and then at 70­

800C for 2 hours . At the end of this period, the mixture 
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had become almost colourless. Heating and stirring were 

continued for a f~rther 2 ho~rs w~ile air was passed into 

the mixture. The dark solution was filtered hot and the 

solid ma terial in the flask was extracted severa~ t~mes 

with ho~ 95% ethanol. The filtrate and extracts were 

combined and evaporated to a vo lume oi approximate~y 

500 ml. with frequent additions of water. The precipi­

tated 4-amino- 5- methoxyacridine was separated by filtra­

tion, washed with water and dried in air. The solid was 

dissolved in hot benzene, the solution filtered, and 

the solvent removed in a current of air. Yield, 3 g. of 

yellow-orange plates (22%). 

Recrystallization of a small sample from benzene-

petroleum ether yielded orange-yellow needles, m.p. 169 ­

Calculated for c1 4H12N20: 74.98%C, 5.39%H, 12.49%N 

Found*: 74.82%C, 5.55%H, 12.51%N 

4- Amino-5-Hydroxyacridine. Six grams of 4- amino­

methoxyacridine were dissolved in 100 ml. of 48% hydro­

bromic acid and refluxed for 24 hours. The solution was 

cooled, and the precipitated hydrobrornide salt of 4-arnino­

5- hydroxyacridine was obtained by fil~ration. The solid 

was dissolved in 200 rnl. of hot water and the solution 

*All microanalyses reported in this thesis were 
perfor~ed by Alfred Bernhardt Microanalytisches Laborator­
iurn, Mulheirn- Ruhr, West Germany. 
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made basic with sodium hydroxide. A small amou~~ of 

insoluble material was removed by filtration; the filtrate 

was neutral i zed by the slow addition of 6M hydrochloric 

a c id t o the vigorously stirred solution. The pracipitated 

4-amino-5-hycroxyacridine was filtered, washed with wa~er 

and driad in air. Yi eld, 4 g. (72%). 

~epeated recrystal l ization from 50 % ethanol 

y ielded the pure material a s orange- brown needles, m.p. 

Ca lcu lated for c13H10N20 : 74.27%C, 4. 7 9%H, 13 . 33~ 

Found: 73.7 6%C, 5.09%H, l3 . 08%N 

4,5- Diaminoacridine . This compound was prepared 

by a series of r eactions s imilar to those described 

above. 2,2 ' - Dinitrodiphenylamine- 6- carboxylic acid was 

prepared by heating a mixture of 50 g. of 2- bromo - 3­

nitrobe~zoic acid, 50 g . of ~-nitroaniline, 20 g. of 

anhydrous sodium carbonate and 0.5 g. of copper powder at 

l90- 2l0°C for 4 hours. The reaction mixture was extracted 

with be~zene and the insoluble sodium salts were dissolved 

in water. Concentration of the solution to a volume of 

approximately 200 ml. followed by cooling in an ice-bath 

yielded the sodium salt of 2,2' - dinitrodiphenylamine- 6­

carboxylic acid. The sodium salt was dissolved in water 

and the sol~tion was acidi=ied. The precipitated acid 

wa s rec~ystallized from 95% ethanol to yield yellow needles, 

m.p. 2 48 - 250°C (literature 2 46°C( 36 ), 252- 254°C( J ?)) . 
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Twenty-two gra~s of 2 1 2' -dinitrodiphe~yla~i~e- 6 -

c arboxy~i c aci d we r e c ycl i zec i n 98% su l f u r ic acid ar.d 

t he r esulting a crido~e wa s r educ ed, fi r s t wi th stan~ous 

c h loride a nd t he n with 4% sod i um ama l gam, to yield 4,5 ­

diaminoacridine in yellow- b r own ne edles , m. p. l7 8-l 79° C 

(litera ture 17 7 °C (J 6), l8 2 °C (37 )) . 

74.6 2%C, 5.3 0%H , 2 0 . 08%i.1 

Found : 74 .75 %C, 5 .68%H, l9 .7 7%K 

4,5 - Di hydroxya c ridine. A s olution of 2.5 g . o f 

4- amino-5-methoxyacridine i n 25 ml. of 12M hydroc h loric 

acid was s e aled in a heavy-walled Pyrex tube and he a t ed 

for 8 hours at l80°C. After cooling , the conten ts of the 

tube were dissolved in 200 ml. of water. The solution 

was fil-tered and then made basic with sodium hydroxide. 

A small amount of insoluble material was removed and the 

solutio~ was then neutralized with 6M hydrochloric acid. 

The precipitated 4,5-dihydroxyacridine was collected by 

filtration. Repeated recrystallization from aqueous 

ethanol gave light yellow needles, m.p. 265-267°C. The 

yield was not calculated. 

4 ,5-Dihydroxyacridine could also be prepared from 

4 ,5- diaminoacridine by -heating with concentrated hydro­

chloric acid in a sealed tube at l80°C for 24 hours. 

Calculated for c13H9N20: 73.92%C, 4.30 %H, 6.63 %N 

Found: 73.8l%C, 4.68%H, 6.82%N 
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4 -Sydroxyacr~dine. 2-Nitrodiphenylamine-6­

carboxylic acid was prepared ~n ~he usual manner by 

refluxi~g a mixture of 50 g. of 2-bromo-3-nitrobe~zoic 

acid, 140 ml . of aniline , 20 g. of an~y6rous sodium car­

bonate and 0.5 g. of copper cowder for 1 hour. T~e pre­

cicitated sodium salts were washed with benzene , dried 

in air and dissolved in water. Acidificat ion y~elded 

the free acid. 

The acid was c ycl ized in 98% sulfuric acid and 

the resulting 4-nitroacridone was reduced, first with 

stannous chloride and then with sodium amalgam, to yield 

4-aminoacridine. 4- Hydroxyacridine was prepared by 

heating 3.0 g. of 4- aminoacridine with 15 ml. of concen­

trated hydrochloric acid in a sealed tube at 20G°C for 

6 hours. The compound was isolated and purified as 

described for 4,5- dihydroxyacridine. ·Yield, 0.54 g. 

(39 ' (18%), ~.p . ll5- ll5.5°C (literature ll6 - ll7°C 1 ). 

Synthesis of 2-(2'-Thienyl)-8-Hydroxyquinoline 

The method employed for this synthesis has been 

used for the preparation of many 2- aryl - 8-hydroxyquino­

lines( 40). It involves the addition of the appropriate 

aryllith ium compound to the -N=C- bond of the quinoline 

ring, followed by oxidation of the 2- substituted 1,2­

dihydroquinoline compound to the fully aromatic compound. 

Although these 1,2- dihydroquinoline compounds are 

readily oxidized (air oxidation during the isola~ion o= 
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t~e proauct ge~erally being sufficient), nitrobe~zene 

"'' ' . l ' d' . t( 4 l) . . . was used as an aaal~l02a OXl lZlng agen ln ~ne 

present work. 

8-Methoxyauinoline. This compound was prepared 

~y tne Skraup reaction fo~lowing the procedure of King 

and Sherred( 42 ). Af ter two distillations at r educed 

pressure, the product was obtained as a clea r yellow oil 

boiling at l60-l 6l° C at 8mm. Hg . (L iLe rature l74-l76°C 

( 4 2)
at 2 9 m:n. ) . Yie 2-d, 50 g . ( 4 0%) . 

2-(2'-Thienyl)-8-Methoxyquinoline. A solution of 

17 g. of thiophene (pr eviously d~ied over sodium hydroxide) 

in 200 ml. of dry ether was placed in a 1- £ . fl ask 

equipped with a nitrogen inlet , a reflux condens e r and a 

rubber serum cap. The flask was placed in a cold - water 

bath while 125 ml. of a 1. 6M solu-tion of ~-butyllithiurn in 

hexane was added dropwise by means of a syringe . A solu­

tion of 32 g. of 8- methoxyquinoline in 200 rnl. of dry 

ether was then added dropwise with stirring over a period 

of 1 hour, after which stirring was continued for a 

further 2 hours. The rea ction mixture was hydrolyzed by 

the addition of 300 ml. of water, the ether layer separ­

ated, and the aqueous layer extracted several time s with 

ether. The combined ether extracts were evaporated on a 

steam plate overnig~t, leaving a deep red oil . ~o the 

oil was added 100 ml. of nitrobenzene, and the solution 

was boiled for a pproximately fifteen minutes. Th e solu­
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tion was distilled under vacuum; the product was obtai~ed 

as 	a viscous yellow oil boiling at 230°C at 8 mm. Hg. 

Yield, 32.5 g. (68 %). 

The solidified product crystallized from ether 

as light yellow needles, m. p. ll0.5- lll . 0°C . 

Calculated for c14H110rJS: 69.68%C, 4.6l%H, 5.8l %N , l3.29 %S 

Found: 	 69.53%C, 4.66%H, 5.8 9%N , l3.56%S 

2-(2 1 -Th ieny l ) -8-Hydroxyquinoline. A solution of 

17.5 g. of 2-(2'-thienyl)-8-methoxyquinoline in 150 ml. of 

48% hydrobromic acid was refluxed for 24 hours. Upo~ 

cooling, the hydrobromide salt precipitated; this was fil ­

tered and dissolved in warm water . The solution was 

filtered, made basic with sodiw~ hydroxide, and filtered 

to remove a small amount of insoluble material. Neutral ­

ization of the filtrate yielded 2-(2' - thienyl)-8-hydroxy­

quinoline, which was separated by filtration, washed with 

water and dried in air . Yield, 6 .0 g . (38%). 

Repeated recrystallization from aqueous ethanol 

gave 	the pure compound, m.p. 71.5-72.0°C. 

Calculated for c13H90NS: 68.68%C, 4.00%H, 6.16%N, l4.ll%S 

Found: 68 . 97%C, 3.7l%H, 6.28%N, l4.35%S 

Characterizatio~ of Ligands 

In addition to the e-emental analyses given above, 

~he new ligands were further characterized by infrared, 

nuclear magnetic resonance and mass spectrometry. The 
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i~frared soectra (obtained by the potassium bro~i~e pel:et 

technique) showed absorpt~on bands i~ the regions charac­

teristic of the functional groups (-OH, - NH 2 ane -0CH3 ). 

The NMR spectra were recorde6 at 60Mc, with dioxane as 

solvent except as otherwise noted; chemical shifts are 

with res?ect to hexa~ethyldisiloxane as internal re=er­

ence. The spectra are su~marized in Table I and are re­

produced in Appendix I. Further comment is give~ in the 

Discussion. The mass spectra were recorded using an 

ionization potential of 80 eV and an ionizing curre~~ of 

50 )lA. For each ligand, the m/e ratio of the parent ion 

agreed with the calculated molecular weight. 

Reactivity of the Ligands toward Metal -ioLs 

Before the determination of chelate formation 

constan~s, spot-tests with 29 metal-ions were performed, 

to dete~mine the general reactivity of the ligands toward 

metal-ior1s . The procedure was as follows: 1.0 ml. of 

aqueous buffer* and 1.0 ml. of a 0.1% solution of ligand 

in 95% ethanol were mixed in a test-tube. Then three 

drops (0.1 ml .) of metal- ion solution were added. A 

colour change or the formation of a precipitate was noted. 

The res ·.J. l ts were i nterpreted in the lig·ht of "blank" 

tests, and are presented in Appendix II. 

*The buffers were ?repared as follows : ~he pH 5 
buffer was ace~ic acid-sodium acetate, O.lM in total 
acetate; the pH 10 buffer was o.o:sM sodium tetraborate. 
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TABLE I 


NUCLEAR MAGNETIC RE SONANCE SPECTRA OF LIGA~DS 


(Solvent: 1, 4- Dioxane, excep t a s noted) 

HA 

O):B 
I N X 

X 

Chemica l Shif ts Coupling Constants 
p . p . m. (c/s) 

Compound X Hx HA 

8- Hydr oxyquinoline 9.08 8 .77 8 . 04 8 .5 4 .0 1.5 

2- (2' - Th i enyl) ­
8- Hydroxyquino line 8 . 40 8 . 10 8 . 5 

2- (2 ' - Th ienyl) ­
8- Meth oxyquinoline* 3 . 87 7. 64 8 . 5 

HA 

~oco 

y X 

Chemical Shifts (p.p . m. ) 

Compound 4-Substituent (X) 5-Substitue n t (Y ) H
A 

4 ,5 - Diaminoacridine 5. 67 5. 67 8 . 53 

4 ,5-Di hydroxyacridine 9 . 09 9 . 0 9 8 . 7 0 

4- Amino­
5- Hydroxyac rid i ne 5 . 83 8 . 95 8 . 60 

4- Amino­
5- Methoxyacrid i ne 5.77 4 . 00 8 . 64 

*In c arbon tetra c h lorid e 
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Preparation of Solid Chelates 

Chelates of 4,5 - dihydroxyacridine and 2-(2 1 -thienyl ) ­

8- hydroxyquinoline with cobalt(II), nickel(:I), copper(II) 

and zir.c (II) 7 and of 4-a::c:ir:.o-5-hydroxyacridine with 

cobalt(II), nickel(II) and zinc(II) were prepared and iso ­

lated in the following manne r : 10 ml. of O.OlM metal 

perchlorate solution a~d 200 ml . of wa ter were heated to 

80°C. The solution wa s stirred magnetically a~d 50 ~1. of 

a dioxane solution of the ligand were added. The c helate 

was precipitated by the dropwise addition of 2.0 ml. of 

O.lM sodium hydroxide solution . In the case of the 4,5 ­

dihydroxyacridine chelates, precipitation occurred wi t hout 

the addition of base. The chelates were digested for 1-2 

hours at 80°C, then filtered, washed with warm 20% dioxane 

and dried overnight in a vacuum desiccator at 60°C. 

The copper(II) chelate of 4,5- diaminoacridine wa s 

prepared as follows: 10 ml. of a O.OlM solution of anhy ­

drous cupric bromide in 50% v/v tetrahydrofuran- dioxane 

was added to 10 mlo of a 0.020M solution of the ligand ir:. 

dioxane. Precipitation occurred immediately. The mix-ture 

was allowed to stand for a week in order to effect some 

increase in the particle size of the precipitate, then the 

solid wa s separated by suction filtration, washed with a 

small volume of dioxane, and dried in a vacuum desiccator 

at 60°C. 

Elemental analyses of the chelates are g~ven in 

Appendix III. 
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Soectrophotometric De~ermina~io~ o~ Protonatio~ Co~sta~ts 

and the Orde= of Protonatio~ of Ligand Donor Sites 

1. Procedu=e 

The second protonation constants of 2- (2' - thienyl) ­

8- hydr oxyquinoline and 4,5 - diaminoacridine wer e determi~ed 

s pectrophotometrically, since t he pH range in which pro­

tonation occurs is too low for t he potentiometric method 

(see below) to be appl icable . The first o rotonation co~­

stant of 4, 5-d ihydroxyacrid ine was determined spectra­

photometrically since the pH range of protonation is near 

the upper limit of t he potentiometric method (pH 12-13). 

Proton formation constants for the ligands 4- amino-5­

hydroxyacridine and 4-amino-5-methoxyacridine were also 

determined spectrophotometrically , although in some cases 

these could be deter mined potentiometrically. Approximate 

values of the third protonation constant of 4-amino-5­

hydroxyacridine and the second protonation constant of 

4-amino-5-methoxyacridine, which were observable only in 

rather concentrated acid solution (e.g., 1-SM), were 

obtained. 

Preliminary spectra of the compounds at various pH 

values were recorded in the visible and ultraviolet ranges. 

These spectra were required in order to find suitable 

wavelengths for measurement. They were also usee, in the 

case of 4- amino-5 - hydroxyacridine and 4 -amino-5-~ethoxy­

acridine (in conjunction with the spectra of 4-hydroxy­
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acridine) to determine the order of protonation of the 

-~ 
~igand donor sites. Solutions of the ligands (2 x 10 J~ 

- 4 for spectra in t~e range 200-350 m~, 1 x 10 M for spectra 

in the range 300-600 m~) were prepared in 50% v/v dioxc~e -

water; pH values were chosen to yield solutions containing 7 

if possible, only one of the protonated forms of the 

ligand. The spectra are su~narized in the following tan~e, 

and the spectra of the acridine compounds are shown in 

Appendix IV. 

Solutions for the determination of the protonation 

constants were prepared as follows: 5.00 ml. portions of 

a dioxane solution of the ligand to be studied were 

?ipetted into 50-ml. volumetric flasks containing 25.0 ml . 

of aqueous solutions of appropriate pH and 20.0 ml. of 

dioxane. The ~equired p- values were maintained by ace­

tate or phosphate buffers*, or by perchloric acid or 

sodiLID hydroxide solutions. The ionic strength of the 

solutions was adjusted to 0.10 by the addition of sodi~~ 

perchloratet. The flasks were equilibrated at 25.0°C and 

the solution volume was adjusted to 50.0 ml. with 50% v/v 

dioxane-water . Absorbance measurements were made on these 

solutions in 1.00-cm. fused-silica absorption cells at the 

appropriate wavelength (Table II). 

*The bu=fers were prepared such that their contri ­
D~tion to the ionic strength of the final solution was less 
than 0.005. The acetate buffers were 0.005M in total ace­
tate, and tt.e phosphate buffers were O.OOlM in total 
phosphate. 

~ 

1 In the solutions of pH l or less, the ionic strength 
w&s not controlled. 



TABLE II 

SPECTRAL DATA OF LIGANDS 

(SoJvont.: SO\- v/v d:i oxane· \•!u."L-er; "Lemp erd.tu.re~ 25°C) 

pH 

4-Amino·-5 ·-Hydroxyacridine 	 H3L++ 4M IIC10 4 343 (3.70 ) , 362 (3.95 ) , 450(3 . 18) 

H L+ 1 263 ( 4. 7 9 ) , 341 (3.40 ) , 358(3.52), 396(3.43)
2 

HL 7 267 (4. 7 4 ) , 430(3.49) 

L 	 1 3 2 7 8 ( 4.77 ) , 353(3.31 ) , 371(3.34), 452(3.SG) 

H L++ 4-Amino-5-Mcthoxyacridine 
2 

4M HC10 4 343 (3.79), 360(4.09), 450(3.32) 

HL+ 2 3 39 (3.40), 3S4(3.5G), 386(3,48) 

L 7 424(3 .52 ) 

4-Hydroxyacridine 	 H L+ 2 2 70 ( 4.77 ) , 345 (3.78), 361(4.11 ) , 441(3.35)
2 

IlL 7 259 ( 4,89 ) , 340 (3.43 ) , 358(3.63), 395(3.53) 

L 1 3 285 ( 4.65), 	 460(3.37) 

H L++4,5-Diaminoacridine 	 4M HC1o 4 3 3 7 ( 3. '17) ' 353(3.95)2" 
HL+ 2 278 ( ·L5.?. ) , 431(3.36) 

L 7 275 ( 4.84) 	1 411(3.60) 

4, 5-Dihydroxyacridine 	 H3L+ 1 267 (1.73 ) , 279 (2.92), 365(3.53), 4GC)(J,?.J) 

H2L 7 266 ( 5.07 ) , 400(3.GO), 418 ( sh) ,., LoJ 
lJl 

liL 1 1 282 (1.74 ) , 450(3.45) 

L = 1 4 280 ( 4.83 ) , 455(3.62) 

http:455(3.62
http:450(3.45
http:400(3.GO
http:365(3.53
http:411(3.60
http:431(3.36
http:353(3.95
http:460(3.37
http:395(3.53
http:358(3.63
http:441(3.35
http:361(4.11
http:345(3.78
http:270(4.77
http:3S4(3.5G
http:450(3.32
http:360(4.09
http:452(3.SG
http:371(3.34
http:353(3.31
http:430(3.49
http:396(3.43
http:358(3.52
http:341(3.40
http:263(4.79
http:450(3.18
http:Lemperd.tu.re


TABLE II (Cont'd) 

2- (2'-Thienyl ) - 8­
Hydroxyquinolinc 0 305(4.34) 373(4.32 

7 295 ( 4.49) 338( 4. 0 4 ) 

13 308(4.56) 402(3.54) 

* sh = shoulder 

l,.J 

en 

http:402(3.54
http:308(4.56
http:373(4.32
http:305(4.34
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2. Calculations 

Protonation constants were calcu~ated u s ing ~he 

equa~cio:::-,s 

AL-AHlog K H + log 	 ( l)Pcl A-AhL 

AH~-AH
log K2 = P E -:- log 	 ( 2 ) - c A- "A- --H2L 

..!.. 

whe!:"e p H = - log [H'], AL,A ,A~ 	L represent t~e absorb­-c 	 HL ll2 

ance of the neutral, monoprotonated and diproto~ated forms 

of the ligand, respectively, and A 	represents the absorb-

HL+ d H T++ ance of a mixture of L and HL+, or an 2 .w These 

equatio~s hold only if the pH range of protonation of the 

donor site under consideratio~ does not overlap appreciably 

wi th that of another. The data are presented in Appendix V. 

The pH ranges for the addition of the first and 

second protons to 4,5 -dia~inoacridine did overlap appre­

ciably, and as a result a plot of absorbance (at 275 m~) 

versus pH did not exhibit a region in which only the mono­

protona~ed species, HL+, absorbed, although the absorbance 

of the pure s9ecies L and H2L++ could readily be obtained. 

The absorbance of the monoprotonated species was obtained 

in the following manner. From equation (l) 

[H+] (A-AHL)1/ H ( 3)
/Kl 

(A_ - A)
L 

which, upon rearranging, becomes 
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A 
l 

K H 
l 

( 4) 

In the ~oH regio::1 in which or..ly the species L ar..C:. HL-.- exis-c 

in app~eciable concentrations, a plot of the left-ha~d 

log K2 calculated from data in the pH region in which 

side of equation (4) (~sing the values of K_H 
j_ 

obtained 

poten~.:icmetrically as described below) versus [~-I+ ] yielded 

a st~aight line with slope AHL+. 

Using this value of AHL+ and equation (2), 

H was 

l H + " H L++ . . . b -, t .on y L ana . 2 exlst ln apprecla _e concentra lOns. 

Figure 2 shows the agreement between the calculated curve 

of absorbance versus pH and the experimental points. 

In a similar manner, the value of log K1 
H 

fo~ 4,5~ 

dihydroxyacridine was obtained, using the value of 

log K2H determined potentiometrically. Figure 3 shows 

the agreement between the calculated curve and t he experi ­

mental points. 

The values of the protonation constants are given 

in Table III. 

Potentiometric ~etermination of Protonation Constants 

l . 	 Procedure 

Potentiome·tric titrations were performed in a 

200-ml. 	 jacketted ~itration cell; water at 25.0 = O.l°C 

was circulated t~rough the outer jacket . The cell was 

fitted with a Lucite cover, with holes for the g~ass and 
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Figure 2. Absorbanc e versus pH f or 4 ,5-Di amino­
acridine. The circles are experimental 
points; the solid line is calculated 
from t he concentration of ligand, the 
molar extinction coefficients , and the 
protonation constants. 
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Figure 3. 	 Absorbance v e rsus pH for 4,5-Di hyd roxy­
acridine. The circles are experimental 
points; the solid line is calculated 
from the concentration of ligand, tne 
molar extinction coefficients, and the 
protonation constants. 



~1 

refere~ce electrodes, nitrogen inlet tubes, ther~o~e~e~ 

and burettes. Purified-grade nit~ogen was bubb:ed t~rough 

~he solution a~d an atmosphere o£ nitrogen was mai~tained 

above t~e solution during the titration. The contents of 

the cell were stirred magnetically. The tip of t~e 

sodium ~ydroxide buret~e was drawn out into a fine 

capillary, and titrations were performed with the tip of 

the b~rette below t~e surface of the solution. The 

burette was filled by gravity from a 4- Z. polyethylene 

bottle, and the contents of the bottle and of the burette 

were protected from atmospheric carbon dioxide by absorn­

tion tubes filled with Drierite and Ascarite. 

The pH meter was standardized before use with 

Beckman buffers of pH 4.01, 7.00 and 10.00. 

The titration procedure was as follows: a weighed 

amount of the ligand (previously dried overnight in vacuo) 

was placed in the titration cell and dissolved in 5.0 ml. 

of dioxane. Next, 5.0 ml. of water and 50.0 ml. of 

standard O.OlM perchloric acid solution (0.21M in sodium 

perchlorate) were pipetted into the cell, followed by 

50.0 ml. of dioxane. The electrodes were inserted into 

the solution, and nitrogen gas was bubbled through the 

solution for 5- 10 minutes while the contents of the cell 

reached 25.0°C. 

The titration was then performed by the addition 

of smal~ increments of sodium hydroxide. With each 
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additio~ o= base, an equal volume of dioxane was acded, a~d 

the pH of the solution was recorded. Attainment of equili ­

brium was rapid in every titration. 

The glass electrode was calibrated as a hydrogen-

ion concentration probe by titrating 50.0 ml. of the 

?erchloric acid solution plus 50.0 ml. of dioxane. At 

each point on the titration curve the measured pH was 
...!.. 

compared with -log [H'], calculated from the molarities 

of acid and base, the volume of base added, and the total 

volume of solution. In t~e pH range 2-3 (0 - 80% neutraliza ­

tion) the Van Uitert a nd Haas correction factor log Uu, 
H 

where 

= ( 5) 

was constant and equal to - 0.08 ± 0.01 . In equation (5) , 

R i s the pH meter reading (see Introduction). 

From the same titration, the value of PcKw was 

obtained in the following manner: at each point on the 

titration curve past the equivalence point (110 -1 70% 

~eutralization), the measured pH value was corrected for 

the sodium-ion e=ror, using the data available for aqueous 

systems( 43 ). (The sodium-ion corrections applied were 

very small, the maximum being less t han 0 .03 pH units.) 

The Van Uitert and Haas correction factor was then 

applied, giving the value of PcH = -log [H+]. From the 

volQ~e of base added, the value of pc OH = -log [OH- ] was 

calculated. 
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Then 

D K = p H T p OH 	 (6) 
.1. c w - c c 

was calculated for each point. The value obtai~ed was 

15.33 ± 0.02. 

These values are in good agreement with t~ose 

" b d d . (44)1renortea y Taxamoto, Fernan o an ?re1ser , who 

obtained values of - 0.10 and 15.38 for the correction 

factor and pcKW, respectively. 

2. Calculations 

The variable p, the average number of protons 

bound to each ligand molecule, was calculated for each 

point on the titration curves. 

At any point in a titration, the stoichiometric 

concentration of available protons is equal to the sum 

of the concentrations of dissociable protons from the 

ligand, from added strong acid, and of hydrogen~~on 

arising from the ionization of water, less the concen­

tration of added strong base. Thus for a neutral ligand 

HkL' of concentration CL, total conc entration of avail~ 

- - +able protons =k·CL + [Cl0 4 ] + [og ] - [Na ] . 

total concentration 	of protons bound ~o ligandLet p = total ligand concentration 

(7) 

[total available protons ] -[free hydrogen~ion}Thus p = [total ligand] 
( 8)- + '-T+,+ [OE ] - [Na ] - - - J 

= 	 (Sa)
CL 



where ] signifies moles/litre. 

For ffiost ligands wi~h which this study is co~-

cerned, the protonation equilibria did not overlap. The 

protor.a~ion constants were calc~lated from the appropria~e 

(L15)
expressions • below: 

,- .., 
K H log l = Pc H + log· l 

p /<1- p) J ( 9) 

Hlog· = H + log [ (p - 1)/(2-p ~ (1 0)K2 Pc 

.­
log K H = + log (p - 2)/ (3 - p)l (1 :::.3 PcH 

. j 

Values of p in the range 0.2 - 0.8, 1.2 - 1.8 a~d 

2.2 - 2 . 8 were used to ca lculate K1 H, K2H and K3H, respec­

tivelyo Calculations were performed with t he aid of an 

IBM computer . 

For the two phe~olic dissociatio r.s of 4, 5- dihydroxy­

acridine, the two protonation equilibria overlapped . The 

two protonation constants were obtained from the p, pH 

data by the following method . From equation (7) 

p = (12) 
H L]

2 

= (1 3) 

KlH [H+]+2KlH K2H H+]2 
(14)= 

l + KlH[H+] + KlH K2H[H+]2 



Equation (14) nay be arranged to give the equation 

p 

(p ­ 1) [H+ ~ 
= Kl 

H 
X 

H 
2 

(2--p) 
-L

[I-ll] 

(p-1) 
K, H 

--'-­
(15) 

or y Kl 
H 

K2 
H 

X - K, H 
j_ 

(16) 

where y = p 

- .J_ 

= (2-p) [H']and X 
(p -1) 

The values of K1H a~d K2H were obtained £rom the 

slope a~d intercept of the least-squares fi~ of equation 

(16 ) to the da ta. Values of p in the range 0.2 - 0 . 8 and 

1.2 - 1.8 were used in the calculations, which were per­

formed with the aid of an IBM computer. Represe~tative 

titration data for each compound are presented in 

Appendix VI. 

The values of the protonation constants are given 

in Table III. The constants are the·result of at least 

three titrations (except those for acridine and 4- hydroxy­

acridine, which are the result of two titrations ) . ~he 

precision is expressed as the 95% confidence limits of 

the mea~. These limits are given by ± ds//N, where s is 

the pooled estimated standard deviation, N is the total 

number of experimental observations, and d_is the corres­

ponding value of Student's " t" for a confidence limit of 

95%. 
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TA3L3 III 

PROTONATION CONSTA~TS OF LIGANDS 

(determined in 50% v/v% dioxane-water, 25.0°C,ionic s~rength 0.1) 

log K H ~og K H 
2 3 

_;:,cria.:..ne 

.-Hydroxyacridine 11.27±0.01 4.24±0.01 

~ -Amino-5-Hydroxyacridine 11.50±0.01 2.57±0.01 
2.51±0.01* 

....._, - 0.5 

. - Amino-5-Methoxyacridine 2.89±0 . 03* 

4,5- D.:..aminoacridine 3.18±0.01 1.42±0.05* 

4,5- Dihydroxyacridine 12.12±0.02 
12.03±0.05* 

10.58±0.01 

2-(2 ' - Thienyl) - 8­
Hydroxyquinoline 11.66±0.01 1..48±0.03* 

* Value deter mined spectrophotome~rically 

i" The limits shown are the 95% confidence limits. 
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?o tentionetric Determination of Metal Chela te Formation 

Consta~ts 

1. 	 Procedure 

The t~tration procedure was similar to t hat used 

for the determination of the protona~ion constan~s of the 

liga~ds, wi~h the following differences: the ligand was 

introduced as a 5 . 00 - ml. portion of a standard solution ~n 

dioxane, and 5.00 ml. of a standard metal - ion solution w~s 

added in place of 5.00 ml. of water. As in the determina­

~ion of the ligand protonation constants, the ionic streng th 

was 0.10 and the temperature was 25°C, 

2. General Calculations 

The general equations of Hearon and Gilbert( ~ 6 ) 

for the calculation of Qetal c :.elate formation constants 

=rom potentiometric data were used. These equations are 

- z ·C - zM.cM - I Zi[Ii]L L[L] 	 = J (17) 
H [H+]jI j s. 

Jj =o 
J 

- [L] I s. H [H+]jCL j=o Jand n = (18) 
eM 

~~ese equations are developed fully in Appendix VII. 

The quantity [L] is the molar conc entration of 

~~e chelating form (charge omitted) of the ligand. The 

q uantity n is the average number of ligands bound to a 

~etal- ion at a particular value of "L] . The other 
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oua~tities in ecila~io~s (17) anc (18) are defi~ed i~ 

Apper..C.::..x VII and readily calculated or determined 

F~on values of n, [L] it is pcssible to calcillate 

the for~atio~ cons~ants for the system under s~~dy. T~e 

consta~ts may be obtained by any one of a number of 

graphical or numerical methods; a few of ~hese me~~ods 

are discussed in Appendix VII. 

Eaua~ions (17) and (18) are general equations ana 

reouire modification for each coibination of metal-ion 

and ligand. The modified equatio~s are given in the 

sections below. 

Representative titration data are presented in 

Appendix VIII. 

3 . 	 Formation Constants of 2-(2'-~hienyl)-8-Hydroxyquino-

line Chelates 

Titration curves of the metal chelates of 2- (2' ­

thienyl) - 8-hydroxyquinoline are shown in Figure 4. The 

end- point of the t itration cu~ve for each metal chelate 

is displaced from ~he end-poi~t of the titra~ion of per ­

chloric acid and ligand by a volume of base equivalent 

to the release of tvJO I-.ydrogen- ions per me-tal - ion. Since 

each ligand molecule releases one hydrogen-ion upo~ chela ­

tion, this displace::nent indicates ·that the me·tal chelates 

of 2- (2 1 - thienyl) - 8- hydroxyquinoline have the stoichio ­

metry :rv.L 2 • This stoichiometry is confirmed by t::-:e resc.:lts 
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Figure 4. 	 Titration c urves o f 2-(2~-Thien yl ) - 8 -
Hydroxyquinoline Chelates. 
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of elemental analyses of the solid chelates (Table I, 

A?penciix III). 

Values of [L] and n were calculated from t.e 

appropriate form of equation (17) and equation (18): 

c_ 2CM - [H+] - [Na+] + [Cl0 4L 
(2.9)L] 

+ K H K HfH+] 2 
l 2 . 

n ( 2 0)c 

~he n values (as a fu~ction of pL, where 

p~ =-log [L]) reac~ed a maximum value of 2.0 in each 

case, further indicating ~che st.oichiornetry ML 2 . 

The stepwise formation constants were obtained ~y 

a linear least-squares fit of equation (17), Appendix v=I, 

to the n, [~] data. Values of n in the ranges 0.2 - 0.8 

and 1.2 - 1.8 were used ~n these calculations, since the 

coefficients X and Y in this equation are sensitive to 

experinental error for values of n near o, 1 and 2 (see 

Appendix VII). The stepwise and overall formation con ­

stants are given in ~able IV; the constants are the result 

of at least three titrations, and the precision is ex­

pressed as the 95% confidence limits of the mean . 

The titrations were performed at a molar ratio 

of ligand-~o-metal of approximately 6:1, except for 

copper(II), where the ratio was 4:1. Since the pH region 
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TABLE IV 


FO~~TION CONSTANTS OF METAL CHELATES OF 


2-(2'-THIE YL)-8-HYDROXYQUINOLINE 


(cetermined in 50 % v/v dioxane-water, 25.0°C, ionic strength 0.1) 

Me tal-ion log Kl log K2 log s2 

Co (II) 
.l. 

5983±0.09 1 7.08±0.09 12.91±0.01 

Ni (II) 5.94±0.07 6.77±0.07 l2 . 70z0.01 

Cu(I:) 8 .8 4±0.18 11.01±0.18 19.85±0.01 

Z~1.(II) 6.61±0.06 8.38±0 . 06 14.99±0.01 

Cd (II ) 6.15±0.07 7.03±0.07 13.19±0.01 

t7he limits s h own are the 95% confidence limits . 
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in which como: ex =ormat ion occurred wa s about pH 7 for &~l 

met a _-ions except copper I: ), ~he possibility existed o~ 

e rroneous r esults being obtained because of hydrolysis of 

t he meta~-ion. To demonstrate that hydrolysis was not 

interfering, titrations at a molar ratio of ligand-to ­

me t al of 20:1 were also done. The formation constants 

from these titrations we~e not significantly different 

from those obtained at the lower ratio . 

The formation curves for t he chelates are s hown 

in Figure 5. The curves are calculated from the forma ­

tion constants obtained at a 6:1 ligand-to-metal ratio, 

or, in the case of copper (II) , at a 4:1 ratio. 

4 . 	 Formation Constants of 4- Amino-5-Hydroxyacridine 

Chelates 

Titration curves of metal chelates of 4-amino-5­

hydroxyacridine are s hown in Figure 6. Titrations were 

performed at a ligand-to-metal ratio of approximately 6:1, 

exc ept ·for copper(II), which will be considered separately. 

As with the 2-(2'-thienyl)- 8- hydroxyquinoline chelates, 

chelate formation occurred at about pH 7. Since in most 

cases precipitation of the metal chelate occurred before 

chelate formation was complete, titrations were not done 

at a higher ligand-to-metal ratio. However , as demon­

strated in the previous section, hydrolys is of the metal­

ions is not likely at these pH values. 
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In the titration of the cobalt(II) and zinc(!I) 

syste~s, the displacement of the end- point of the titra­

tion curve from that of perchloric acid plus ligand 

corresponds to the release of two hydrogen- ions ?er 

metal - ion . Si nce each ligand releases one hydrogen- ion 

upon chelation, the complex must have the stoichio~etry 

ML2 . Th i s agree s wi t h the ~esults of elemental analyses 

o f the solid c hela t es (Tabl e I I, Appe nd i x III) . Precipi­

t a tion of t he che l a t es o f nickel( II ) and c adm i um(II) 

occurr ed be fore t h e end of t h e titration; t h e titration 

cur ve s of these metal-ions al s o ind icated t ha t t wo hydro-

g en-ion s per metal-ion wer e released up on c helation . 

Th is wa s confirmed in titrations (not used i n t he c alc ula­

tion of stability constants) in wh ich the concentration 

of metal-ion was reduced to a level such that p r ecip ita ­

tion did not occur. 

Values of [L] and n were calculated from t he 

a ppropriate form of e quations (17) and (1 8 ), respective l y : 

[L] = 
c - 2

L (21) 

CL - [L] [ 1 + Kl H [H+] + Kl H K2 H [H+ ] 2 J 
n (22 )

eM 

The third protonation constant of t h e ligand , K3H, 

was omitted from the calculations since K HK HK H[H+]J i s 
1 2 3 
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:ll':uch less 

Titration of copper(II) at a lisand-to-~etal 

ratio of approximate:y 4:1 yielded a titration curve i~ 

which one hydrogen-ion per metal-ion was released upon 

chelation. Therefore, the stoichioQetry of this co~plex 

is 1:1. A second region of proton release occur~ed at 

~ig~er p~ values (pH 7-10); this second buffer region 

was also observed when the ligand-to-metal ratio was 1:1 

(Figure 7). This buffer region is almost certainly due 

to proton release from a coordinated water molecule 

(i.e., the complex has the formula CuL·H 20) and not to 

the addition of a second ligand molecule. The acid 

dissociation constant K of this water molecule, where a 

K refers to the reaction a 

,+ ~[CuL·H 20J ....­

was obtained directly from the titration curve as the 

pH of half-neutralization. 

A number of bidentate and terdentate ligands were 

titrated in the presence of an equimolar concentration of 

copper(II) - ion. The first acid dissociation constant of 

coordinated water in these complexes was determined in 

the same manner as described above. The results of these 

titrations, together with data available in the litera­

ture for systems studied in 50% v/v dioxane- water, are 

shown in Table V. 
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TABLE V 

ACID DISSOCJ:ATICN COKSTANT OF COORDI1.,.ATED WA'I'ER 

IN 1:1 COP?ER (I I ) CHELATES 

(25.0°C 1 50% v/v dioxane-water) 

Numbe r of pi<
c:-.Lei.a'cing- Liga::1C. Donor Groups a Reference 

4-k ino-5-Hydroxyacrid i~e 3 8. 9 this work 

4 - (2' -pyridy~azo)-resorcir.o1 ~" 10.1 (!..:7) 

~ -(2 ' -thiazolylazo) -resorcino1 3 10.1 ( 4 7 ) 

Pyridine- 2-a1dehyde-2­
qui::1oly:hydrazone 3 9 ( 4 8) 

Py~idine- 2-a:dehyde-2-
benzothiazo1y1hydrazo::1e 3 9 ( 8) 

g-lycy1g::i.ycine 3 10.0 this work 

i minodiace·::ate 3 9.6 l1 

l,10-P~enan~hro1ine 2 7.0 " 

a, a' - Bipyridyl 2 6. 9 l1 

8- Hydroxyquino1ine 2 7.1 II 

http:pyridy~azo)-resorcir.o1
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The chelate forQation constants for the cobalt(II), 

nickel(!~), zinc(II) and cadmium(II) chelates were cal ~ 

culated fro~ t he least-sauares f it of equation(:7), 

Appendix VII, to the n, [L] data . The formation consta~~ 

of t he copper(II) chelate was calculated using eq~ation 

(15), Appendix VII . Values of n in the ranges 0.2 -0.8 

and 1.2 - 1. 8 were used. The cons~ants are reported in 

Table VI. The values are the result of at least three 

titrations; t he p recision is expressed as t he 95% 

dence limits of the mean . 

Formation curves for the chelates are shown in 

Figure 8 . The curves are calculated from the formation 

constant s reported in ·Table VI. 

5 . 	 Formation Constant of the Copper(II) Chela t e of 

4,5 - Diaminoacridine 

Titrat i ons of the copper(II) - 4,5 - diaminoacridine 

system were perfo rmed at molar ratios of ligand to metal 

of 6:1, 2:1 and 1:1 . The titration curves obtained a re 

shown in Figure 9 . Values of [L] and n were calculated 

from the appropriate form of equation (1 7) and equation 

(18) respe c tively : 

- 2 c -M 
[H+] -

-L 

[Na'] -+ [ClO 4 ] -+ [OH ] 

K H (H+] + 2 K H K H [H+]2
1 1 2 

c - [L] 
I 
r 

+ K H [H+] + K H K H[H+]2
L L 1 1 1 2 

n = (24)
e M 
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TABLE VI 


FOillv".lATIO_J CONSTANT S OF METAL CHELATES OF 


4 -&~IN0- 5-HYDROXYACRIDINE 

(ce~ermined in 50% v/v dioxane- water, 25 . 0°C, ionic strength 0.1) 

Me·::a1-ion log· Kl log K 2 log s 2 

.1. 

Co(I= ) 6.97±0.02 1 6.55±0 . 03 13.52±0.02 

Ki(II) 8.29±0 . 02 7.22±0.02 15.51±0.02 

Cu(II) ll. 76±0.01 

Z:1. (I I) 7.69±0.04 7.15±0.04 14.83±0.02 

Cd(II) 7.05±0.05 6 . 03±0.14 l3.C8±0.12 

tThe limits shown are the 95% confidence limits. 



6.0 7 .0 	 8 .0 9 .0 
pl 

Figure 8. 	 Fo r mation Curves of thP. Bis ·-Cholatcs of 
4-F,mino-5-IIydroxydcr j ::1 ine. The circles 
are experjmental vaJucs; th o soJid Jines 
are calculate~ from the values of l og K1 
aDO,_ l T'og '' 2. 
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pH 

0 2 3 4 5 6 

Vo lume of 0.1 M NaOH, mi. 

Figure 9. Titration Curve of the Copper (II) 
Chelate of 4 , 5-D iaminoacridine. 
Figures at the left of the curves 
indicate the molar ratio of ligand 
to metal . 
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The third protonation cons~ant was omit~ed from the ca~ ~ 

• • r E 	 H r D " + 3 "Tculatlons, slnce 	K1 K2 h 3 lri J woulc be expected to be 


H H -'- ? 

muc h less t han K2 · [H'] - t hroughout the titratioL.K1 

In titrations i n which the ligand-to-~etal ratio 

WaS 2: l Or 1:1, n reached a maxir,mm Of 1. 0 I ind .::._ cat.::._r..g 2. 

stoichiometry of 	1:1 fo r t he copper (II) c helate. This 

stoichiometry is 	supported by t he results o~ the ele~er..tal 

analyses of t he chelate (Table III, Appendix II~), although 

the data are not entirely satisfa ctory . When the l~gand-

to-metal ratio was 6:1, the calculated n values indicated 

t ha t c helate formation was comp lete a t the beginning of 

the titration. The formation constant was calculated fro~ 

the n, [L] data obtained for a ligand-to- metal r a tio of 

1:1, using eauation (15), Appendix VII. The value 

obtained was log = 4 .7 ± 0.2.K1 

6 . Metal Chelate s of 4, 5-Dihydroxyacridine 

Formation constants of the metal chelates of 4 ,5­

dihydroxyacridine could not be determined by the usual 

potentiometric method, since precipitation of the metal 

c helate occurred at the beginning of the titration 

(copper(II)-ion), or upon neutralization of the per­

chloric acid (cobalt(II) - , nickel(II) - and zinc (II)-ions). 

Nevertheless, titration in the presence of these precipi ­

tates (in solutions in which the ligand-to-metal ratio 

was 2::) showed that t wo protons were released per metal -

ion. Since each ligand contains two potentially 
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replaceab l e p r o t ons, ~he re l ease of two protons per 

metal - ion is consi s t ent with e i ~her the formation of a 

~ono-che la te, in which ~he d i-anion o f 4,5 - d i hydroxy­

acr id i~e a cts a s a t e r den t ate l igand, or t he f or~a~ion 

of a his -chelate, i n which t he mono - anio n of 4,5 - dihydroxy­

a crid i ne a cts as a b iden~ate l i gand . Prec i pitation of a 

s olid phase is also consistent wi t h eithe r compo~Ld, 

s i nce eac h i s electrica lly neutr a l. Titration o~ solu­

tion s conta ining lig a nd a nd me tal-ion in a 1:1 molar r at i o 

a lso resulted in precipitation. These titra tion c urves 

a ppeared to contain two buffer reg ions, each correspo nd i ng 

to the release of one proton per metal-ion. 

The most reasonable interpretation of t h e titra ­

tion curve is t hat the lower buffer region lS caused by 

the formation of the his-chelate by one- half of the metal-

ion present, according to the equation 

2+
M + H L -) !_ M (HL) + H+ + l M2 +

2 2 2 2 

and the higher buffer region to hydrolysis of the remaining 

unchelated metal - ion, according to the equation 

Elemental analysis of the solid chelates (prepared at a 

ligand-to- metal ratio in excess of 2:1) showed t hat the 

stoichiometry of the solid was indeed M(HL) 2 . 

It was observed that in strongly basic solution 
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(about pH 12), the so~id meta~ chclates dissolved, giving 

highly coloured red-brown solutions. For each metal-io~, 

the stoichiometry of the absorbing species was determined 

by the method of Job( 49 ). The p rocedure was as follows: 

a series of solutions was prepared, each containing V ffil. 

of O.OOlM metal-ion solution and (10-V) ml. of a O.OOlM 

solution of 4,5-dihydroxyacridine in dioxane. T~e so:u­

tions were made alkaline by the addition of 1. 0 rnl. of 

O.lM sodium hydroxide, and were then diluted to 50.0 m~. 

with 50 % v/v dioxane-water. The final pH of the solutions 

was 12.5 - 12.8. Spectra of the solutions in the visible 

region were recorded . An absorption maximum due to the 

metal chelate was observed in the region 470 - 490 m~. 

The data were plotted in the following manner: for each 

solution, the absorbance which would have been observed at 

the analytical wavelength if the meta~ - ion and ligand ha0 

not reacted* was subtracted from the measured absorbance. 

The corrected absorbance was plotted against the quantity 

/ [L] + [M] 0.67 . 

L~L] + [M] . For each of the metal - ions studied, a 

maximum was obser ved in this plot at the point 

[L] / 
- This indicates that the absorbing 

species contains two ligands per metal - ion and further 

supports that data referred to above. The absorption 

maxima and the logarithms of the extinc tion coefficients 

*Thi s absorbanc e is essentially the absorbance of 
the reagent alone . 
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Figure 10. 	 Titration Curve of the Copper(II) 
Chelate of 4 ,5 - Dihydroxyacrid ine . 
The broken line ind i cates the 
formation of a precipitate. 
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are g i ven in Table VII. 

TABLE VII 


ABSORPTION MJI.XIMA AND EXTINCTION COEFFICIELJTS OF A. ' IONIC 


BI S-CHELATES OF 4, 5-DIHYDROXYACRIDL-E 


(pH = 12.5 - 12.8) 

Me tal-ion Absorption Maxir:'.um , m]l log E: 

Co (II) 488 3.95 

Ni(II) 48 8 3. 97 

Cu (I I) 471 3. 8: 

Zn(II) 483 3.88 

Potentiometric titrations were also performed in 

which t h e concentrations of metal - ion, ligand, acid and 

base were reduced by a factor of ten from the concentra ­

tions normally used. The ligand- to- metal ratio wa s 2:1 . 

At this lower concentration, the copper(II) chelate 

remaine d in solut i on until the late stages of the titra ­

tion, but the chelates of cobalt(II), nickel(II) and 

zinc(II) again precipitated at an early stage. The ~itra­

tion curve of the c opper (II) chelate is shown in Figure 1 0 . 

For each metal - io~, two protons per metal - ion 

were released on chelation (as was observed in t he previous 

titrations). Above pH 7, a second buffer region, corres ­

ponding to the titr ation of two protons, was observed. 

http:Maxir:'.um
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Proton loss in this region resulted in the forma~~o~ of a 

soluble complex (vide supra) and is p robably due to the 

dissoc ~ation of the r ema ining protons on the chela-teO. 

~igand s, thus 

Since the titration mixture was heterogeneous over a~mos~ 

Lhe whole of this buffer region, protonation co~stants o= 

the metal chelates could not be calculated. However, the 

acidity of the phenol groups appears to have been ~n-

creased somewhat by chelate formation. 

Values of nand [L] for the copper(II) chelate 

were calculated using equations (25) and (26) of Appe~O.ix 

VII. The pH regions of chelate formation and dissociation 

of the protons of the metal chelate were well se?a rated, 

permitting the calculation of n, [L] data without know~-

edge of the protonation constants of the metal c helate. 

Values of the formation c onstants were obtained from the 

formation curve by interpolation at n = 0.5 and n = 1.5, 

followed by correction of the constants according to the 

me thod described in Appendix IX. The values obta ined 

were log K1 = 9 . 1 and log K2 = 11 . 3. These valLes are 

reported to only one decimal place since titrations in­

volving very low concentrations of ligand and metal-ion 

are less precise . 

Formation c onstants fo r the chelates of cobalt(II), 

http:Appe~O.ix
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~ickel(II) and zinc(II) with 4,5-dihydroxyacridine caul~ 

~ot be obtained, since precipitation occurred early in 

the titration. 

~eterrnination of the Magnetic Susceptibilities of the 

Cobalt(II) and Nickel(II) C~elates of 2-(2'-Thieny~)-8-

Eyd::oxyquinoline 

The magnetic s~sceptibilities of the cobalt (I I ) 

and nickel(II) comp lexes of 2-(2'-thienyl)-8-hydroxyquino­

line were determined aL room temperature (23°C) by the Gouy 

nethod. 1easurements were made on approximately 200 mg. 

of sample contained in a Pyrex tube of 2 mm. inside dia ­

meter. The t~be was calibrated using HgCo(CNS) 11 as ... 
s ·::andard, from which the "tube calibration constant", 13, 

b ~. , "b"l"' twa s ~oun.c d to e " 88 • Tne mo l ar susceptl l lLY was 

correcLed for diamagnetism of the ligands by the use of 

Pascal's constants(SO). 

The magneti c moments,~e.c~' of cobalt(II) and 
-'--'­

nickel(II) in their 2-(2' - thienyl) - 8-hydroxyquinoline 

chelates were found to be 4.50 B.M. and 3.21 B. M., 

respectively. 

t - 6 The molar susceptibilities were 407 5 x 10 c.g.s. 
units for t~e nickel(II) chelate and 84 10 x lo - 6 c. g.s . 
units for the cobalt (II) c helate. 



DISC USSI ON 

Svnthesis a~d C~ara c ter i za t ion of New L iga~ds 

One of the ligands orig ~~a lly conside r ed ~or stLdy 

was 2- a~inomethy l- 8 -hydroxyquinoline, but it cou~d no t ~e 

Three synthetic routes were considered: (a) 

reactio~ of o - aminophenol and a suitably substit~ted 

a , S- uns a turated aldehyde, (b) preparation of 8-hydroxy­

quinolin e - 2-aldehyde by oxida tion of 2-methyl- 8- hydroxy­

cuinoline with selenium d ioxide, followed by oxiQation of 

the aldehyde and reduction of the oxime group to -CH 2Nrt 2 , 

and (c) preparation of 8- hydroxyq uinoline- 2- carboxamide 

=rom 8- hydroxyquinoline- 2- carboxylic acid and reduction 

of the amide group to - c H2NH 2 . Method (a) was d i scarded 

because the appropriate a, s - unsaturated aldehydes were 

not co~~ercially available. Method (b) yie-ded red oils 

with ei~her 2- methyl - 8- hydroxyquinoline or 2- methyl-8 ­

methoxyq uinoline. Attempts to isolate the aldehyde 

failed, and eventually the method was abandoned. Later, 

a report in the literature stated that 2- aminomethyl - 8­

hydroxyquinoline had been prepared from 8- hydroxyquin o ­

line-2-aldehyde(29). The aldehyde was apparently prepared 

by selenium dioxide oxidation of 2-methyl-8 - a c etoxyquino ­

line . 
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~ethod (c) was t~e most t~oroughly investigated. 

8-Methoxyquinoline-2-carhoxylic acid was prepared by the 

d +' - • d p. . . (51)oroce ure OL ~rv1ng an _1nn1ng~on . From this, the 

methyl ester a~d the amide were prepared in successio~. 

The amide (white solid, m.p. 18l°C) was characterized by 

infrared (N- H stretching bands at 3100 and 3450 cm.-1 ). 

:::lirec~ reduction of the amide Hith lithium alumini-c..m hycr ide, 

sod~um borohydride or sod~um borohydr i de-aluminium chloride­

diglyme(52) was unsuccessful. Dehydration of the anide to 

yield the nitrile appeared promising, since 2-cyanopyri­

dine has been reduced successfully to 2-amino-methyl ­

'd'pyr1 1ne .. , .
Wl~n var1ous ...._ 

reagen~s 
(53,54) . ' d . 'thDeny rat1on Wl • 

' ' t - 1 d ( 55 ) d 1 t • 1 - ' r ­n 1ony cn~or1 e prove unsuccessru ; nea 1ng a mlx­

ture of the amide and phosphorus pentoxide in vacuo(S 6 ) 

yie_ded a very small amount of a white crystalline material 

ny sublimation, but extensive decomposition also occurred. 

The characteristic c=N stre~ching band at 2450 cm. -l in­

dicated that the product was 8-methoxyquinaldonitrile. 

Because of the sma_ l yield, however, this method was also 

abandoned and attention was turned to the synthesis o~ 2­

(2' - thienyl)-8-hydroxyquinoline and the acridine derivatives. 

These were synthesized without undue difficulty, although the 

overall yield of the acridine derivatives was s mall because 

of the number o= steps involved in the synthesis. 

The nuclear magnetic resonance spectra of the 

acridine ligands are o= interest, since only a few spectra 

of substituted acridines have been reported in the litera­
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~ure( 57 ). Although the spectrum o~ acridine i~self is 

com9lica~ed( 57 >, the spectra of the disubstitu~ed 

acridi~es studied in the present work are somewhat 

simpler (~able I and Appendix I) . 

The synthesis of 2 - (2' - thienyl) - 8-hydroxyqu~~o-

line is not unambig~ous, since ~he possibility exis~ed 

of su~st itution of t he thienyl ring in t he 7-posi~ic~, 

or~ho ~o t h e oxygen . The nuclear magneti c resonance 

spec-t:.rum of ·the final product showed that substh:ution 

had occurred in the 2 -posi ~ion. For both pyridi~e and 

quinoline, the signal from t he hydrogen alpha to the 

heterocyclic n itrogen is shifted strongly downfield(SB) 

~he same effect has been observed for 8- hydroxyquino:ine(sg). 

Compari s on of the spectra of 8- hydroxyquinoline and 2-(2'­

thienyl) - 8- hydroxyquinoline (Figure 1, Appendix I) shows 

that t he resonance assigned to the alpha hydrogen in 

8-hydroxyquinoline is absent in the spectrum of 2-(2'­

thienyl ) -8-hydroxyquinoline. In addition, there is no 

splitting of the HA resonance by HX. 

Reac tivity of t h e Ligands toward Metal -ions 

Of the 29 metal - ions for which tests were per­

formed, eleven reacted with 2- (2 1 - thienyl) - 8- hydroxyquino­

line at pH 10 and only five reacted at pH 5 (Table r, 

Appendix II). Therefore, at pH 5 the ligand is selective 
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in its reactions with metal-ions a~d is potentially a 

useful analytical reagent. ~ts selectivity is in con­

trast to that of the parent ligand, 8 -hydroxyquinoli~e, 

which is very unselective at about the same pH val~e. 

The inc~ease in selectivity is due to a decrease in 

metal -c~ela~e stability, caused by the sterically hinder­

ing s~bstituent. The e~fect of this substituent on 

formation constants is discussed in a l ater section. 

The ligand 4,5-diaminoacridine is even more 

selective. Three ions reac~ed at pH 5 and three at pH 10 

(Table II, Appendix II). Twenty-four ions did not react 

at either pH value. Although 4, 5-diaminoacr idine appears 

~o be highly selective, the low value of the formation 

constan~ of its copper(II ) chelate 'log K1 = 4.7) in­

dicates that complexes formed by this ligand are too 

u~stable for it to be of much value as an analytical 

reagent. 

4 -fu~ino-5-hydroxyacridine is considerably less 

selective. Reaction occurred with twelve metal-ions at 

pn 10 and nine at pH 5 (Table III, Appendix II). 4,5~ 

Dihydroxyacridine is unselective (Table IV, Appendix II) 

Twenty- two ions reacted at pH 10 and twenty- three at 

pH 5. 

It is noteworthy that aluminium(III) does not 

give a reaction with any of the above ligands at either 

pH val~e. This is consistent with the observation that 

other 2- substituted 8-hydroxyquinolines do not react 



with a:u~inium(III)-ion l~ aaueous solution (see 

Int:::-oduction). 

:?ro·conation. of Ligand :Jonor Acor::s 

The visible a~d near-~:~raviolet spcc~ra o£ ~he 

acridi~e ligands and some model compounds were studied 

as a f~n.ction of DH to determine the order of proLona­

tion of the basic centres in the molecules. Often, fo:::­

a compo~nd ~aving more than one basic centre, the order 

of protonation can be assigned without ambiguity. For 

example, the two protonation co~stants of 8- hydroxyquino­

line (log K1H = 9o8l, log x2H = 4.91 (60)) may be assigned 

to the protonation of the phenoxide ion and the quina­

line nitrogen, respectively, simply from a knowledge of 

the proLonation constant of quinoline (log KH = 4.90( 6l)) 

and 1-naphthol (log KH = 9.92( 62 >). Such a method fails, 

however, in the case of a molecule such as 8-aminoquino­

line. 3oth cen tres would be expected to have comparable 

basicity, since log KH = 4.90 for quinoline and 

log KH = 3.90 for l-naphthylamine( 6l). 

The order of protonation of the isomeric mono­

ami~oacridines has been decided on the basis of their 

absorption spectra( 63 ). The spectrum of acridine is very 

simi~ar to that of anthracene( 64 ), in agreement w~th the 

general observation that replacenent of a CH group by a 

nitrogen atom in an aromatic hydrocarbon results in only 
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minor c~anges i~ t~e absorption spectrum( 65 ). 'I'~e spec-crunl 

of the acridine cation di~iers somew~at from ~hat of the 

neutral moleculeo In part~cular, a band centred at 

(63 t::6)about (40 ~~ is observed ,v _ This feature is character­

is"cic o:E acridine cations in which the ring nitrogen is 

proto~ated a~d is importan~ i~ the discussio~ below. Also 

i~por~a~t is the observation that although pri~ary aro~a-

tic amines absorb at longer waveleng~hs than the Dare~t 

hydrocarbons, because of co~jugation of the amino group 

with tr·_e ring, protona·tion of the amino group prevents 

such conjugation, giving rise to a spectrum characteristic 

of the parent hydrocarbon. Thus the spectrum of anilin­

iun- ion is almost identical to that of benzene( 67 ). 

Craig and Short( 66 ) and Turnbull (6J) found t~at 

the spectra of the neutral and singly protonated forms 

of the isomeric monoaminoacridines were not similar to 

the spectra of either acridine or the acridinium-ion, but 

that the spectra of the doubly pro~onated forms were 

almost ~dentical to that of the acridinium-ion. From 

these results it was concluded that the ring nitrogen was 

protonated first and ~he primary amino group second. 

However, 4,5- diaminoacridine was found to differ from the 

monoaminoacridines in that the primary amino groups were 

protonated first( 68 ). This conclusion was based on the 

observation that the spectrum of the doubly protonated 

species (in SM hydrochloric acid) was almost identical to 



!den~ical to ~ha~ or t~e ~cr~~ini~~-ion (i.e., a new baLd 

hvd~oc~loric acid (alt~ough in aqueous ~ydroc~loric acit, 

~he soec~ra indicated ~~at ~he ring nitrogen was proto~-

ateO. f2.rs~) . 

~~e reversal o: proto~ation order, caused by ~he 

_ow basicity of the ring nitroge~ atom in t~ese two co~-

pounds, was attributed to steric ~indrance by ~ne s~~-

( c 8'
s~ituents to the approach of hydroniuffi-ions 0 ) • Y~ore 

correct:y, the substituents prevent solvation of the 

protona~ed ring nitrogen and nence lts basici~y ~ s de ­

creaseC.., {S~eric inhibitio~ of solvation is now recog ­

nized as a~ important factor in acid-base phenomena, e.g., 

in the reduced base strengtD of 2,6-di-~-butylpyriO.ine and 

-c~e reduced acid strength of 2, 6-di -!:_-butylpheno:L (6 9 )) . 

A si~ilar decrease in basicity due to steric hindrance 

has been observed in the case of 4,5-dimethylacridine(]O) 

H H(log K = 2.88 compared to log K = 4.11 for acr~dine, in 

50 % v/v ethanol- water at 20°C). 

Although the value of the protonation coLstan~ 

for the ring nitrogen of 4,5- diaminoacridine is not known, 

it must be extremely low, since protonation requ!res 9M 
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s~l~u~ ~ c a c id. ~h~ s addl~io~al decrease in ~as~c~~y is 

caused ~v electros ~at ic ~e~ulsion by ~~e two ~~o~o~a~ec 

acrlal~e anc ~ - a~~no- 5 -methoxyacridine wi~h ~ha~ o~ 

o f ~De ~roto~a~ion order of the two amino - su~s~~~u~ed 

acridi~es. T~e order of protona~ion of 4 -hydroxyacr~di~e 

~s unax~iguous. The spec~ra of singly pro~onate~ 4-ami~o-

~ 

5 -hydroxyac~idine (H 2L') and 4 - amino-5-methoxyacrid~ne 

(HLT) a~e almos~ identical to t~e spectrum o~ neu~ra: 

~ -hydroxyacridine (HL) • Th e spectra of doubly protonate~ 

4- amino-5-hydroxyacridine (H 3L7 +) and 4 -amino-5-met~oxy-

acrid iLe (H 2L++ ) are almost identical to t~e soectru~ of 
~ 

~he 4 -~ydroxyacridinium- ion (nL'); a band at about 450 ~~, 

characteristic of the acridinium- ion, is observed in t he 

spectra of all three compounds . These results show t~a~ 

t~e pr~mary amino group is p rotonated first and ~he ring 

nitrogen second. 

The protonation constants of these two molecules 

may now be assigned as follows: for 4-amino-5-hydroxy­
u 

acridine, the first protona~ion constqnt (log x1'" = ~1.50) 

refers to protonation of the phenolate oxygen. The 

second p rotonation constant of ~ -amino-5-hydroxyacridine 

(log ~ 23 = 2.57) and the first protonation constant of 
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T-T 
L..c-c..mirlo- 5-me·tl-wxyc.c::::- icL1e \log ~<- ·· 2.89) re~er ~o ~ro -

~onatio~ of t~e primary a~ino group, a~d ~he fi~c..l pro­

~onatio~ co~stant (approxi~ate~y -0.5 in eac~ case) refers 

to t~e ?roto~a~ion o~ ~he aro~atic ~i~rogen ato= . 

lower~ng of t~e basici ~y of the aro~atic ~itroge~ a~om 

to t~e noi~t w~ere t~e c..m1no ni~rogen is protonc..~ed 1n 

t o the ring ni trogen is ca~sed by s~eric 

' ' dn1n r ar.c e. The basicity of the aromatic nitroge~ ato~ is 

furt~er reduced by electrosta~ic repulsion. 

In the case of 4 ,5-dihydroxyacridi~e, the seouence 

of p rotonation is u namb i guous . The basicity of ~ne ring 

ni trogen atom (log K~ 3 = 2.5 6) is lowered considerab~y
J 

from t hat of acridine (log KH = 4. 22) or "-hydroxyacri­

dine (log K2 
H = 4.24) but t~e effect is caused c omple~ely 

by steric hindrance and is uncomplicated by electrosta tic 

repulsions. 

The separation between the ~rotonation constants 

of the phenolate oxygens of 4,5 - dihydroxyacridine results 

from the same electrostatic r epulsion (between tne t wo 

negative charges on the di-anion) as is encountered i~ 

~he di-cation of 4,5-diaminoacrid ine . Since the charged 

centres are separated by approximately the same distance, 

it is n o t surprising that the difference in protonation 

cons·tants for 4,5-dihydroxyacridine (log K1 
H-log ~ 2 

H = l. 54) 

is simi-=-.ar to that for 4,5 - diaminoacr i dine(log K"H-log 

In summary, steric inhibition of protonation of t h e 

http:simi-=-.ar
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rlDS ~~~regen occurs ,~ a_~ ~~e ~,5-disu~stituted acri-

Ciines s~udied, resu:ti~q ~~ a significant decrease '~ 

t~e orc~o~atio~ consta~~- If the su~stituen~s are bas~c 

a~d coGparable i~ stre~gth tc the ring nitrogen, ~~ese 

centres are protonated first, A further decreas2 ~n t~e 

proto~a~io~ constan~ then results because of e:ec~ro-

s~a~ic repulsio~s. I~ the presence of such powerfu~ 

effects, the role of ncr~al i~ductive and resona~ce effec~s 

of the substituen~s is obscured. 

The protonation constant of the quinoline nitro­

. 2- (2' ...nleny ) s·- nyd . lne (log " r? 2
3 =- 1.". ~'8)7gen ln -~ l' - roxyqulno 1 ' _

is also lowered considerably (compare to log x2" = 3.97 

- 8 , " . l' (71)ror - nyaroxyqulno lne in 50% v/v dioxane - water a~ 

This decrease is also the result of a steric 

effect since the inductive effect of the thienyl group is 

small. Steric effec~s of comparable magnitude have been 

observecl. in oL1er 2-subst:i tuted quinolines, for exa:nple 

i~ 2-?henyl-8-~ydroxyquinoline (log K2H = 2.07(lg)) and 

2 (~-1~ycroxyp],.._ - h eny ~., ) . . ( 1 og· X 2 H "'"" 2 ( 7 l ) ) • - - qulnO_lne1 

A complete list of protonation constants is given 

in ~able III of Experimental and Results. These consta:1.ts 

have bee:.1. used in calcula~cing tne rc1e·tal -chelate formation 

constants discussed in the fo _lowing sections. 

Metal Chelates of 2 - (2' -Thienyl)-8-Hydroxvquinoli~e 

The stoichiometry of the metal chelates of 2-(2' ­

t~ienyl )-8 -hydroxyquinoline was established by ele~ental 

http:consta:1.ts


]9 

a~alvsis of the sol!d c~e~a~es and by ~he nu~ber of p=a­

tons r2~eased per ~e~a:-io~ upon chelation (see =xpe=i­

~en~al a~d ~esul~s~. T~e lisand formed bis-chelates with 

each of the ~e~a~-io~s studied. 

As shown by the forma~~on canstan~s (~ab~e IV) , 

are ~~c~ ~ess stable than the chelates of 8-hydroxyq~i~o-

line(?l) \~(log 9 log units ~ower;. 

lower s~abi:i~y suggests ~hat the su~fur atom is ~o~ 

serving as a donor, and that the thienyl group is hi~der-

ing the formation of ~he meta: c~elates. A better compar~-

son is made with the chelates of 2-phenyl-8-hydroxyquino­

_ine(lg), since the phenyl group is about ~he sa~e size 

as the ~hienyl group and the logarithms of the protona­

~ion co~stants of ~he two ligands are similar (11.66 and 

1.48 for the thienyl derivative and 11.87 and 2,07 for the 

phenyl derivative(l 9)). ~he :atter fact is significant 

since the formation constan~s, in the absence of o~her 

effects, are approximately linear func tions of the pro­

tona~ion constants (see Introduction). The overall forma­

tion constants of the 2-(2 1 -thienyl)-8-hydroxyqu~noline 

chelates are somewhat smaller than those of the 2-phenyl~ 

a-hydroxyquinoline chelates (e . g., by 2.4 log units for 

the copper chelates). It must be concluded that the 

thienyl ring is acting solely as a sterically hindering 
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gro~p, since ~here ~s ~o inc~ease in stability as lS 

observed in t~e case o~ the 2-(2 1 -thienyl)-pyri6i~e 

chelate 

le~st ~wo fac~ors. F~rs~, the thieny~ sulfur atom lS 

a very weak donor (log X:= 0.33 for the copper (:I) ­

~hiophe~e comnlex in 90% dioxane( 26 )). Secondly, the 

formation of a terdentate chelate by 2-(2'-thie~yl)-8-

hydroxyquinoline would require some distort~on of ~ornal 

bond a~gles in the chelate rings, leading to che~ate-ri~g 

strain. With the biden~ate ligand 2- (2' -~hieny~)-

pyridine, this ring strain would be virtually non­

existent. 

~he formation constants of the 2-(2 1 -thienyl)-8­

hydroxyquinol ine complexes are unusual, in that K2 ~s 

much greater than K1 . Ve::::y few examples of this behavj_o·Jr 

are to be found in the literature. For the iron(II)­

1,10-phenanthroline system, is much greater t~anK3 

._,__. 7 7 (72)el L...Oer .r\. 1 or ~'-~ ; this is probably caused by spin­
- L. 

pairing of electrons on the addition of the third ligand. 

This explanation is substantiated by magnetic measure­

ments, wh ich show that the tris-complex is diamagnetic 

h 'l , " 1. l .. (73,74.)w l e t~e mono- ana Dls -comp exes are para~agne~lc . 

For cornulexes of silver (I) with ammonia, many 
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a.~kyl- a.~d a~vlami~es, pyricii~e and many subs~i~ute~ 

pyr1di~es, ~ is grea~er ~ha~ ~1 • This has bee~ ex~~ai~e~2 
(7-'

as bei~g caused by a c~ange i~ stereochemist~y ~~. T~e 

bis-co~plex Ag~ 2+ has a ~i~ear s~ructilre, while i~ ~~e 

1:1 co~p~ex, the ligand replaces a water molec~le i~ 

wha~ is p~obably a ~etrahedral aqua complex. 

~~e cobalt(II) co~plex of 1-~itroso-2-~ap~~~ol 

may p~ovide a fu~ther exaEnle. was reported ~o beK2 

lars·er ·cha~ K1 , but this anorr,a.ly may be caused by oxida­

;-l·on~ o-_-= · lt l'II) ' ba 1' J---c-) ( 76 ) . Oth examp J.­cona ~o co ~,~~~ er es 

include the nickel(II) chelate of 2,3-dimethyl-2 ,3 ­

diaminobu·ca~e* a~d the cadmiur.l (II), nickel (II) a:1d 

zinc(II) chelates of some S- aikyl carboxylic acids**. 

No exolanation has been advanced for the behaviour of 

~hese complexes. 

• ~ 1 .L.. ' d 1 ( 7 9- 81)For a ser1es or suns~l~u~e pyrazo ones , 

is greater than K1 for the chelates of cobalt(II),K2 

nickel(II), copper(II) and zinc(II). The explana.t1on 

tha~ tl::e bis -chela~ces are more symmetrical than t:he mono­

chelates and moreover are neutral, is erroneous. In 

fact, t~e neutralizat ion of metal-ion charge by an 

anionic ligand decreases coulombic attraction be-tween 

*The coppe~(II) chelate is normal; so are the 
~ickel (:I) chelates of other substituted ethylenedia~ 
mines(77). 

~~he copper(II) and lead ' ~I) chelates are 
normal(78). 

http:anorr,a.ly
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• - 0:l"Le ·:::a.J...- =...o~ success:i_ve 

increases the senara~:i_on between stepwise co~sta~ts. 

expla~~~d as the ~esu:t of a ster:i_c e~fect. 

~he 2-?osition of 8 -hydroxyquino:i~e (or i~ t~e cc~~es-

po~dins nosi~ion in analogous compcu~ds, incl~~i~s ~ 1 10-

;ne ta2_ cilelates . This can be of two kinds: 

izatio~ a~ising from the interaction o~ the 2-s~bstituent 

with wa~er ~olecules the coord~nation sphere o= t~:.e 

metal-ion, and \b) destabilization aris~ng from inter­

~ction be~ween bound ligands. The former effect is show~ 

by a decrease in the magni -tude of the firs-t fo:cmatio:-. 

co~sta~t, compared to tha~ of the parent compou~d; a 

decrease in the magnitude of subsequent formation con~ 

stan~s ~ay be the result of s~eric destabilization of 

the :a. tter "cype. Ligand-ligand interference has been 

advanced as ~~e reason for the non- precipitation of 

- o o 1 ) 1 - l 1 d o - o (3 s)2 8a~~m~nlu~,:II oy -metny~- - ny roxyqulnO~lne , but 

since ~o evidence has been found for a 1:1 chelate i~ 

aqueo~s solution(l 7 ), steric interact ion between the ligand 

and coordi~ated water mus~ be a more important factor, as 

has been sta.ted recently(lS). 



aqua cc2plex is d~storted iro~ a p:anar ~awards a ~e~ra-

hedral arra~ge~e~t of i~ whic~ there is iess 

steric i~~eractio~. Tha~ enersy is required ~c distcrt 

the struc~ure is s~own by a decrease in ~~e =~rs~ ~or~a-

tion co~stan~. Substitution a~ the seco~d lisa~~ ~~ a~ 

a~ready distorted struc~ure occurs without any serious 

decrease i~ stability. As the degree of steric l~ter-

action increases, the separation between the two co~s~a~~s 

decreases, with some suggestion ~able VIII) tha~ ~. may 
~ 

become eve~ less than K2 • 

In ~he case o~ the 2-(2'-thienyl)-8-hydroxyq~ino-

line co~plexes, steric interaction between the ~hienyl 

substituent and the adjacent water ~olecule in ~~e plane 

of the chelate ring is very large. (This interaction is 

indicated by the construction of models; in fact, the 

ligand was designed such that the sulfur might coordinate 

in the position occupied by the water molecule.) As a 

result, dis~ortion o~ the structure of the rnono-:igand 

aqua complex must occur, and the firs~ formation constant 

becomes smaller than the second. 

The formation constants of the metal chela~es 

of 2- phenyl- 8- hydroxyquinoline support this hypo~hesesis. 
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7.1 a~~ 7 L fo~ nicke~~==: a~d 7.0 a~d lO.S ~o~ z~~c( I: ) 

?ur~~e~ co~~ ir~atio~ of t~~s 2-s~~st~tuent e~fec~ ~s 

(?7'
1derived f~oi ~~e work of Kaneko and Ueno- , w~o ae~e~-

~ined ~~e fo~~a~ion constants of t~e n~cKel(II): copper(I:), 

zi~c(I : ) a~d cadm~um(II) chelates of severa~ 2-~:kvl-8-

~ydroxyqui~olines. ~~e resul~s of this s~udy 

in ~ab~e IX. 

~he da~a s~ow that as the size of t~e 2-su~stit~e~~ 

increases, the d~fference between loa and log ~ de ­K1 2 

crease s and eventua _ iy log becomes smaller tha~ ~og x 2K1 

(in the case of every metal-ion excep~ cad~ium). 

effect, for which Kaneko and Ueno could offer no ex~lana-

tion, i s dramatic support of the hypothesis that steric 

hindra~ce between ~he 2 - s~b stituent and an adjacent co-

or dinated water molecu: e causes distortion of the mono -

ligand chelate, and facilitates entry of the second ligand. 

~The constants reported in the literature(~g) are 
tho~e cbtained by interpolation of the formation function 
a~ n~O.S and fi=l.S. Tha values reported here have b~e~ 
converted to the true values by means of the ex~ression 

K KI i 
l 2K - K ' - 3 K I and K2 = --=K---­1 - 1 2 

1 

where x1 r and K2 1 are the interpolated values. 

Derivation of ~his equation and its application to 
incorrect val~es in t~e literature are described in 
Appe~dix IX. 
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TABLE IX 

?ORYlli~ION CO~STANTS OF SOM~ 2-ALK~~-8-HYDROXYQUINOL=~E C~3~ATES 

2-Subs tituent Ni(II) Cu (II) Zn(II) Cd(II) 

- H log K 11.40 13.17 9.83 9.401 * 
log K2 * 9.98 13.05 9 . 0 3 7.71 

'"'H 	 log Kl 9.35 12.43 9.89 9.18-~..... 3 
log 8.91 11. 4 6 9.22 8 .21K2 

- C2 H5 log Kl 8 . 69 1?..05 9.66 8 . 66 

log K2 9 . 05 11.28 9.30 8 .31 

-~-C3 H7 log K 9.01 12. 06 8.96 8 . 84 1 
iog K2 9. 4 6 11.81 10.49 8 .70 

-~-C 4H9 	 log Kl 9.18 12.05 9.75 9 .2 8 

log K2 9.89 12.23 10.24 8.98 

*Da~ca of r e ference ( 6 7) corrected according to the e quations of 
App ex:C.ix IX. 

The fact that K2 is greater than K1 for metal c~elates 

of t~e substituted pyrazolones can also be explained on the 

same basis. The structure of the chelates i s shown below. 

':'he 

/./ N 
....... / 

R2
0 N~ II u 
I oAN .--­

M - I 

Rl 

phenyl ring is substituted in a position such that it ca~ 
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~~ adj~ce~L coorc~~ated wate.::- :::-,o_ecu~e. 

Additio~al st~d~es we.::-e nade (wiL~ t~e cc~ait(!I) 

and ~ic~el~II) complexes) i~ the ho?e of obtai~~~g 

s·cruc-cure. 

b is-chelates we.::-e tetra~ed.::-ai, their absorptio~ soecLra 

and ~as~etic rno~e~ts should indicate Lhis. 

~~e absorpLion S?ectra* in t~e .::-egion 400-750 m~ 

did not exhibit the stro~g absorpLions 

tetrahedral cobalt (II) and nickei(:I ) complexes. How­

ever, t~i s in itself is not proof of the lack of disto.::- ­

tion si~ce recently it ~as been shown tha t pla~a.::-

coppe r (I I) co~plexes whi ch have undergone moderaLe d ~ s-

tortion LOward a tetrahedral structure may g ive a~ 

absorption sp ectru~ charac!cerist:ic of the planar co:r1.plex ( 8 "') . 

In interpreting the magnetic moments of the 

coba ~ t (! I) and nickel(II) chelates, the only struct~res 

that need be considered are planar, distorted tetrahedral 

and nseudo- octahedral, in which the metal - ion in a planar 

comolex is associated wi th coordinated water or donor 

atoms of neighbouring complexes. Chelates of 8-hydroxy­

quinoline with many divalent transition metals precipitate 

~ 1 '' d'hd' (8 S) - · hIrom a queous so u·clon as l y raL.es ; x - r ay S'CUCiles ave 

shown t~at the water molecules are coordinated to the 

*Spectra were deL.ermined using 50% v/v dioxane­
wat e r as solvent, t o permit comparison with the equilibriu~ 
measurements. 



2e~a~-lon, at :east in the c~elates of CO??er(~:~ a~c 

/8r "·"). c---' \ o-ooZ l:1C _;_ _:_) " ?he wate~ ~olecules are lost a~ 

aD,~·,ro'·-~T- -c ~"v 1?5°C (S 5 )_ _t-J - .1\. __ .lC.. C .J.._ _... '" Si~ce ~o loss ~~ we~gh~ was 

co~olexes at :50°C, i~ can be assumed that ~tev are an­

.:ydro:1s. 

S~nce ~~e magneti c ~oment of the nickel(::)-~o~ 

- -~ t~e 2 -(2·-t~ienyl) -S-~ydroxysuinoli~e c~elate is 

3.21 B.~., t~e planar struc~ure, whi ch wou ld be diaxag ­

netic , can be e~iminated. Al~houg~ the magne t ic ~ocent 

is less ~han expected for true tetra~edral como:exes of 

:J.ickel (:I) (e.g·., for ~icl 4 , ~ -£ = 3.87 B.M. a t rooc er.c 

tempe:ca·.::ure ( 89 )), Sacconi et al. (go) have found J.::ha·c t[·_e 

nagnetic moments of com?lexes containing nickel(~I) in a 

distorted tetrahedral environment are also less ~han 

expected for a true tetrahedral complex. For example, 

bis (::-; - .:'..so propylsalicylaldiminao.:: o ) nickel (II) has a 

magnetic moKent of 3.3 4 B.M. (gO) and has been shown oy 

x - ray s~udies to be distorted ~award a tetrahedral s~ruc-

ture by the branched alkyl groups( 9l). Similarly , 

bis(N-butylsalicylaldiminato)cobalt(II) has a magnet~c 

mone~t a t room temperature of 4.4 7 B.M. ( 92 ) and .:'..s te~ra-
"" - 1 (S2,93)-"ec.:ca . The magnetic moment of the 2- (2 1 -thienyl)­

8- hydroxyqu inoline chelate is 4 .50 B.M. 

However, since the observed magnetic Dements of 
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~he 2-(2'-th~enyl)-8-~ydroxy~u~~oli~e c~elates ca~ also 

be the result of pseudo-oc~ahe~ral coordination, t~c 

questio~--. ca~1 only be :::-eso2.ved. by de"cercr:i~at:.o~-:. of the 

struc~ures by x-ray metho~s. 

Ev~de~ce that the copper(::) chelate of 4-ani~o-5-

hydroxyacridine is terdentate is obtained ~roc ~he 

s~oichiometry of the chelate, the dissociation constant 

of ~he coordina~ed wa~er molecule, and the magni~ude of 

the for~ation constan~. The l:l stoichiometry was obtai~ed 

by analysis of the titra~ion curve (Figure 7) . 

no evidence for the formation of a chelate of s~oic~io-

me try ~igher than 1:1, even when the ligand is in t~ree-

fold excess. The second buffer region (pn 7-10) has been 

attribu~ed to proton loss from a coordinated water mo~e-

cule, since it is observed even when the ligand-to-metal 

ratio is l: l. The stoichio~etry of the chelate could not 

be confirmed by elemental analysis, because the complex 

was too solub2.e to isolate. 

The magnitude o= the dissociation cons~ant of 

the coordinated. water molecule in other l:l cop?er (I:) 

chelate s appears to of=er a useful test for the number of 

coordina ted donor groups of a chelating ligand . ~artell 

et al. (94 ) showed that in aqueous solution at 25 °C, the 

cKa of coordinated water in l:l copcer(II)• che~ates of-
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~we:ve ~ide~~a~e ~isa~6s was 7.2 ~ 0.6*. 

s er:s i ·~:. \/2 

- ,...... ::-. - ,..... :::_·_.__'.::I ...... __................ .
?or 

-~K of ~~e coo~d~~ated wate~ ~olecille was a 

9.0 - ~.L. 

water uas cbse~ve~ ~cr ccpper(I:) c~elate~ ~~ w~~c~ ~ou~ 

or ~o~e do~or groups of a chelati~g liga~d were coo~~i~a~2d. 

~ar~e:l a~d ~is co-wc~ke~s did ~o~ state the obvious co~-

elusion, ~~a~ the acid dissociation co~sta~~ ~rovide~ a 

method for distinguishing betwee~ bidenta~e, ~erden~ate 

a~d ~ig~er-dentate ligands in copper(II) chelates. 

~rese~t work, the first acid dissociatio~ consta~ts of 

coordina~ed water i~ the copper(II) chelates of some 

bide~ta~e and terdentate liga~ds were determined i~ 

50% v/v dioxane- water (Tab:e V) . Exactly tne sa~e effec~ 

For the chelates of bidentate :iga~ds, the 

nK va:ues a~e in the ranGe 6.9 - 7.1, while for ~~e 
- a ­

chelates of terdentate ligancis, the values are ,....;.....:..J.. 

range 9-: o. For the copper(II) chelate of 4-amino - 5­

hydroxyacridi::1e, the oK value indicates that the liqand- a ­

is terdentate. 

Several studies have shown that a terden~ate 

:igand forms more stable chelates than a similar:y co~-

~This value is for the dissociation of the first 
water mo l ecule . The pKa for the dissociation of a second 
water molecu le is about 9. 
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find t~at :og for ~~e copper(II) c~elate of 4-as~~o-3-x 1 

hydroxyacridine (11.76) 1s sis~~~icant:y lower t~an 

log K- for -che 8-hyd:::.-oxvouino:ine co~-:-,·o::!..ex (13. !_ 7 ) . O:n 
j_ . ~- ­

the basis of t~e fGrma-cion constant alone, 4-arn~~o-5-

~ydroxyacridine might at firs-c be considered -co be b~de~-

tate. Eowever, if this were the case, the third donor 

group* would be sterically hineering, probably to a 

greater extent t~an -che thieny2. group in the 2-(2 ' ­

thieny:)-8-hydroxyquinoline chelate. In the la ::'cer 

chelate -chere is the possibility of par-cial relief of 

steric hindrance by distortion of the bond linki~g the 

thienyl substi-cuent and the q~inoline ring, or by rota­

tion of the thienyl group out of -che plane of the auino­

line ring. The analogous effects cannot occur i~ the 

chelates derived from 4- amino-5 - hydroxyacridine. ThL:.s, 

if the -chird donor group were not coordinated, the chelate 

should be of comparable or lower stabi _ity than the 2-(2'­

thienyl) - 8-hydroxyquinoline chelate. As before, the 

difference in protonation constants must be considered. 

The pro-conat ion constants of the phenolate oxygens are 

*It is assumed -chat if the ligand acted as a hi­
dentate donor, the pri:ma:::::-y amino group would likely be 
uncoordinated, since it is much less basic than the pheno­
:ate- io~. Coordination of the aromatic nitrogen is 
favoured by -che formation of a very stable five-membered 
ring involving it, the metal- ion and the phenolate- ion. 
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g
similar (::_og :< 1-- = 11.50 ::=or t: e acridine lig·an.d , 

loc K.. h = 11.66 for t~e ~uinoline ligand).
~ ..L 

acridine is compl~ca~ed by elec~rosta~ic re9~lsion; ~~ 

~s ass~~ed t~a~ the ~~tri~s~c basici~y of t~e aro~at~c 

~itroge~ in the ~wo co~pounds is s~milar. 

::=or the "-arei~o-5-hydroxyacrid~ne chelate (~1.76) is 

much greater than that for the 2-(2 ' - thieny:)-8-~ydroxy-

oui~oli~e chelate (8.84), ~~e ligand must be terden~a~e 

in Lhe copper(I~) chelate o::= tbe acridine ligand. 

The decrease in stabiliLy of the terdenLaLe c~elaLe 

from ~hat of the bidentate a- hydroxyquinoline chelate ~s 

likely due to chela~e-ring strain caused by the coordina ­

tion of the third donor group. This ring strain is 

~~d~cated bv molecular models and has been introduced 

previously to explain the failure of the sul::=ur to coordin ­

ate in Lhe chelaLes of 2- (2' - thienyl) - 8- tydroxyquinoline. 

Ring strain would be an even more important factor in the 

4 -ami~o-5-hydroxyacridine chelates, since the donor atoms 

are hel6 in position by the rigid acridine ring system. 

No other rigid terdentate ligands have been studied by 

OLher workers, but similar effects have been posLulated 

. ' -" h e 1 a~es.l... f ~erpyrlay' . " ") d t erpyrlay. " 1 ' 96 ) , "ln meLa c o _ ~ an qua ana 

have been observed in the structures of ethylenediamine ­

~etraacetic acid chelates( 97 ) and the zinc(II) chelate o£ 

terpyridyl( 9 S). 



che2..c..-:.c.s. E:e~e~tal ana2..vses 

sol~6 cospLexes ~aa a :iga~d-to-rne~a::... ra~io o~ 2.:. 

~owever, ~~e stoichiome~ry of ~~e che2..ates c~~~o~ be 

used ~o 6eci6e whether t~e ligand is ~erdenta~e or ni­

den~a~e, since bis-c~ela~es are possible i~ eit~er cc..se. 

~he acid dissocia~ion cons~ant of coordina~ed wc..~er ~~ 

::1 chelates of t~ese Qe~al-io~s cannot oe usea to de-:.er­

~ine the ~umber of liga~6 donor atoms ~ha~ are coor~i~-

ated, since data in t~e :iterature(l2 ) suggest that the 

nKa values for chelates co~taining· bidentate and terden­
~ 

tate ligands are not sufficiently different. 

However, as reasoned for the copper(II) chela~e, 

if the third donor group is not coordinated, it must 

behave as a sterically hindering group, and the chela-:.es 

shou2..d De of comparable stability to the 2 - (2'-~hienyl)-

8- hydroxyquinoline chelates. Furthermore, K1 sho~:d be 

-..... • J.... ..less than K2 , for the reasons noted previously. .~.\el L.tJ.er 

of these two effects is observed. The va:ues of log K1 

are gre~ter for the 4 - a~ino- 5-hydroxyacridine c helates 

than for the 2- (2' - thienyl) - 8 - hydroxyquinoline chelates 

(although by about only one log unit) . Mare importar.t , 

In r eactions with several 2~substituted 8- hydroxy­

http:chela-:.es


is :-·.ore 

for ~he metal c~elates of 8-hy6roxyquinol~ne wi~~ t~ese 

me -ca.:..-io~--:s is 

Cu. > Xi > Co 

while ~or 2-~ethyl-8-hydroxyquinoline the order ~s 

Cu > Zr. > Co > • -L • 

~his latter order is observed ~or t~e meta~ che.:..a~es o~ 

2-(2 1 -t~ie~yl)-8-hydroxyguinoli~e and several 2-alky.:..-8­

. . . (27)h y d roxy,::::ulno..~.:.nes (":L'able IX) . o~ ~his nre­~he cause 

~erential destabilization of nickel(II) chelates is no~ 

well understood, bu~ may be related to a greater resis~-

ance to dis~ortion than the other metal - ions. 

Examination of the formation constants of chelates 

of several terdentate ligands(l 2 ) showed ~hat a stabi~i~y 

series comparable in generality to the Irving- Williams 

order for bidentate li~ands cannot be written. The 

following limited series, however, seems to apply. 

Cu > :\fi > (Co, Zn). 

For the chelates of 4-amino- 5- hydroxyacridine, 

the stability order which lS observed is 

Cu > Ni > Zn > Co 

*This is in agreement with the Irving- Williams 
s-cability order(99). 
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~n2cn is ~~e order obse~ved ~or ~erden~ate chel~~es anc 

~ot fo= complexes of 2-s~bs~it~~ed 8-hydroxy~~i~oli~es. 

This o~de= s~sges~s ~hat the 4-amino-5 -hydroxyac~idi~e 

chelates a=e ~erde~~a~e. 

~~e Copoe~(I~) C~elate of 4,5-Diaminoacridi~e 

~ittle evidence is available concern~ng ~~e 

number of donor groups which are coordinated ~o copper(~I) 

in ~~e ~,5 -dia~inoacridine chelate. The l:l stoich~o-

me~ry, as shown by po~~n~iometric titration and elementa: 

analysis*, sugges~s that the ligand is ~erdentate. ~he 

nagnitude of the formation constan~ (log = 4.7) is ofK1 

~ittle use, since the formation constants of the copper(II) 

chelate of 8-aminoquinoline in 50% v/v dioxane-water are 

not available for comparison. Determination of ~hese 

constan~s was attemp~ed, but a precipitate (probably 

%'hen the 

anions of the background electrolyte and strong acid 

were changed from perchlorate to nitrate, precipltatior. 

(probab:y of CuL2 (N03 ) 2 ) again occurred . Each of these 

- h b ' . l t" (::.OO)compounds _as een preparea ln aqueous sou lon . 

~he formation constants of several metal chelates 

of 8- arrir.oquinoline in water have been determined by 

*The resu lts of the elemental analysis(Table III, 
Appendix III) are not entirely satisfactory, but differ ­
entiate between a 1:1 and a 1:2 complex. 
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~he loga~i~hm of the ove~all for~ation co~-

stant, ~ 2 , of t~e CO?per(II) c~elate was fou~d ~o be 

It has been shown that for chelate 

systems invo:vi~g nitrogen donors, the formatio~ co~s ta~ts 

are ~elat1vely insensitive to the changing organic conten~ 

of a mixed solvent(lS). Hence, log s2 for t~e copper(I:) 

chelate of 8-a~inoquinoline in 50% v/v dioxane-water may 

je app~oxima~ely 10. Assu~ing, ~hen , that log K~ is 

abou~ five, the stability of the 4,5-diabinoacridine 

chelate does not seem to be too different frore t~at of 

the 8-a~inoquinoline chelate. 7his suggests that 

ligand is ~erdentate, since if it were bidentate, steric 

hindrance by the non- coordinated amino group should 

result in the chelate being much less stable than the 

8- aminoguinoline chelate. 

Metal Chelates of 4, 5-Dihydroxyacridine 

The extremely low solubility of the 4,5-di~ydroxy-

acridine chelates prevented both the potentiometric and 

spectrophotometric study of the solution equilibria 

with all ions tried except copper(II), even at a concen­

tration of 5 x 10- SM (one- tenth the normal concentration) 

The potentiometric titration curves could be 

used, however, to determine that the ligand formed bis­

chelates, and this conclusion is confirmed by the results 

of elemental analysis. ~~e insolubility of the bis­
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chelates suggests ~heir formulation as t~e elcctrica~ly 

·~e·,"-r~u L. 1 s·oec.;.:. ~c.=-s L•. c;. _ ;-..r ("n.w..T) 2 , 

4,5-di~ydroxyacridi~e, is a bide~tate liga~d. 

~~is co~clusio~ is sur?risi~g, since ~~e ~he~ol 

group i s a strong donor group and in t~e 4,5-di~ydroxy-

acridi~e chela~es, is ~e~d close to the me~a~- ~on. ~he 

fac-e -::.:-:at for the copper(II) chelate, los· I<:" (9.2) :_s 

less tnan log (11.3) a~d that tnese values are al~o~c:.x2 

i dentical* to those ~or the copper(II) chelate of 2-(2' ­

t~ienyl ) - 8-hydroxyquino:i~e (log = 8.84 and log = ll.Ol)K1 x 2 

sugges~s that the phe~ol group is sterically hindering. 

It should be noted that the observation that isx 2 

greater than K, strengthens t~e argument made previously
.L 

in favour of the terdentate nature of 4- amino-5-hydroxy ­

acridine . For the chelates o: t his ligc.nd, with cobalt (II), 

nickel (I I), zinc(I~) and cadmium(I I), is greater -::.hanK1 

The reason that 4,5- dihydroxyacridine ca~ be 

bidentate and 4- amino-5-hydroxyacridine terdentate is not 

readily apparent . Perhaps chelate-ring strain developed 

by coordination of the third donor group would be greater 

in the 4,5- dihydroxyacridine chelates since, in many 

*The protonation constants of the two ligands are 
sufficiently similar (~able III) to allow comparisons 
between chelate formation constants. 
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~hat sc~e strain opposi~g coordi~ation oi t~e ~~ird ~c~or 

. .. group s~ould be expariencod wi~h e:. -:.:r:e~ 

reason be L1a"c wnen the ·tenC.encv of~-nav 

oxyge~ and anino group to bond to the meta:-ion is re­

C.uced by the rigid nature of the ligand, ~he p~enoia~e 

oxygen can satisfy i~s coordination require~ents by pro­

tona-::io~!. 

At high p~ va~ues, ~~e neutral complexes of 

4,5-dihydroxyacridine are deprotonated to yield anio~ic 

The buffer region in the pH range 9-ll 

(Figure 10) is indicative o= this. Whether 4,5-dihydroxy­

acridine acts as a terdentate :igand in these anionic 

chelates is unknown. 

A iew examples of metal chelates in whic~ a 

potential donor group does not coordinate with the rne~a:-

ion are known. In the nickel(II) and copper(II) chela~es 

of ethv:enediaminetetraacetic acid, one carboxy:ic acid 

group is not coordinated( 97 ). 

con·tair.. ing more than one free carboxylic acid group also 

are knmm (10 3 ) . In the bis-histidino chelates of 

zinc(II) and cadmium(II), the two nitrogen donors o= 

each ligand are strongly coordinated but the carboxvlate 

. 1 1 1 . ' ~(104-107)oxygen lS on y oose y .assocla~ea 
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Selec~ivitv of t~e Xew ~::_ Cf3. YlC~S 

has resulted in a significa~t increase i~ select~v~~y 

for only 2-(2'-t~ienyl)- 8 -hydroxy~uino: ine an~ 4,5 ­

diaminoac~idine. In each case, the improved sel ec~ivity 

a~ises from t~e reduced stability of the metal c~e:ates. 

~he sta0ili~y of the 2-(2 1 -thienyl)-8-hydroxyq~inol~ne 

chelates is :owered because ~he non-coordinati~g ~hieny: 

group inhibits chela~e formation; ~he stability of ~~e 

4,5 -dia~inoacridine chelates is reduced mainlv be c ause 

of the absence of a strongly bonding donor gro~p such as 

phenoxide. The chelates of 4,5-diaminoacridine are so 

~nstable that the ligand is not useful analytica:ly; on 

the other hand, some me~al chelates of 2-(2' - t~ienyl) -

8- hydroxyquinoline are sufficiently stable for analy~ical 

purposes, lending potential to this ligand as an analyt~-

cal reagent. 

7he selec t ivity of the terdentate ligand ~-amino-

5-hydroxyacridine is not much greater than that of 8­

hydroxyquinoline . This small increase in selectivity is 

probably the result of decreased chelate stability. It 

was hoped that with a fixed arrangement of donor groups 

suc h as is present in 4- amino- 5- hydroxyacridine, a large 

difference in stability would be found between octahedral 

or planar complexes, in which the lig~nd could be tar­
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denta~e, a~d ~etra~ed~a:::.. complexes, in which t~e :igan~ 

cou~a a~ bes~ be bidentate. However, the resul~s o~ ~~e 

- l iprese~-:-c. wo::::-k G.-­

the meta: -ions studied, even with zinc(II) a~d c~d~i~~(::), 

Thus, i~ a~~ears 

~hat risid planar ~erdentate ligands will not ~e use~ul 

analytical reagen~s. 

4,5 - Dihydroxyacridine is highly unselective. 

Since i~ acts as a sterically hindering bidenta~e :igand 

toward ~he metal-ions studied in this work, its com9lex~3 

shou: d ~e of :ower stability than those of 8 -hyd~oxy-

quinoline, and indeed its co9per(II) chelate is ~uch less 

stable. Although this reduction in stability should 

increase the selectivity of 4,5-dihydroxyacridine, ~his 

e=fec~ is overshadowed by the very low solubility a= the 

metal c~elates . As a result, the ligand is unselective. 

Discussion of Errors 

This discussion is limited to the errors peculiar 

~o the de termination of protonation constants and chelate 

formation constants. The largest source of error arises 

=rom the measurement of pH, and affects both the spectra-

photometric and potentiometric methods. Recent improve­

ments in the design of pH meters and electrodes ~errnit 

~easure~ents of pH with a precision of a few one-

thousandths of a pH unit, so that the largest error in pH 

MILLS MEMORIAL LIBRARY. 
McMASTER UNIVERSITY. 
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of ~he sta~dard n~ffer solu~~ons used to calibrate ~~e 

T~is uncer~a~n~y ~s of the order o:;:: o.o: 

Errors due to act~vi~y coefficie~ts are a:~~~~a~e6 

ny ~~e ilse of a background electrolyte and t~e Van ~~~er~ 

and naas correction =actor. T~e correction =ac~o:c a::ows 

conversion of hydrogen-ion ac~ivi~ies to stoic~iometric 

~ydroge~-ion concentrations. This means that ~~e 

equi:ibrium co~stants determined in the ~resent work are 

concentration coLstants. These constants are va:id o~ly 

for 50% v/v dioxane-water and an ionic strengt~ of 0.1. 

The calculation of chelate formation constants 

involves both measurement of pH and the use of ligand 

protonation constants, which are also based on DB 

:-.~easurements. A detailed analysis of error has not ~een 

performed, but experience ~as shown that a constant error 

in pH values results in an error of t~e same magni~ude in 

the va:ue of the protonation constant; similarly, an 

error in the value of the protonation constant results 

in an error of the same magnitude in log and :og K2x1 

for the metal chelate. 

Although uncertainties in t~e pH scale and the 

values of the ligand protonation constants exis~, these 

are essentially constant for titrations involving the 
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sane liga~d and a series o~ Ie~al-io~s. T~erefore, 

forma~io~ co~stants resuiti~g fro~ such ~itratio~s can 

be compared with some certain~y. 

The forma~ion consta~~s reported in ~~e presen~ 

work were calcula~ed by least-squares fit of the oes~ 

li~e to a linear forn of ~he formation function. 

net~od uses a large amount of the experimental data and 

also eliminates the subjective factor. Other methods 

which have been proposed(l0 8 ) often use only a snall 

Dortion of tl:e data or require g-raphical orocecures whic~ 

may introduce subjective errors, or both. 

The uncertainties in the values of loa K" aLd 
-' j_ 

log also depend on the magnitude of the quantityK2 

KVK. This quantity determines the slope of tl:.e f o::,..,'-nla ­
2 

'0 0 0oh od t(l09) ,

~lon curve a~ ~ e ml - poln • rrV>onen Kl/ / K2 lS
0 mc:.c _l. 

less than unity, the shape of the formation curve is 

inseLsitive to varia t ions in K1 and and as a result,K2 

the uncer~ainty in K1 and K2 is large . The chelates of 

2 - (2'-t~ienyl) - 8 -hydroxyquinoline provide examples of 

this type of behaviour (Table IV) . 

Suggestio~s for Further Work 

The findings of the present work suggest fur~her 

research in three areas. First, the effect of bulky 

2- substituents in 8- hydroxyquinoline on the r elationship 

between K1 and should be studied f urther. Specifically,K2 
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t~e effect of b~a~ched 6 ~~vl ~~bstituents (e .g ., i so ­

- .~/an."" "k- 0 ~ -~_ Q' p"' ,_..0( 27 J \ •.J[·· o c -'-occ,.--' -=c.- OD-'\1 .L" ~ ·"e ::: ·r - 1 ·,.- ,y - - ·-roYD S-" ..._.,.. ........ "-'"---- 1 .-. ..:;.~ .._......,. _c 1 ...... ...._ ....~.....t..~. o......~...L c..-- .. - _ 'J - l....:... • 


Secondly, the syn~hesis of furthe~ deriv&t~ves of 

8-hydroxyqu.i~o~i~e which contain 2-subs~ituen~s be2~ins 

potontial coordinating groups should be ~nvestigated. 

In the light of the res~lts reDorted in this wo~~, it 

appea~s that a flexib~e substituent should pe~mit coord1na­

tion without the development of ~ndue strain in ~he 

~esulting chelate ring. Additional ligands of t~is ~ype 

include 2-a~inomethyl-8-~ydroxyquinoline and 2-(2 1 ­

pyridyl) - 8 -hydroxyquinoli~e. Preliminary experiments with 

the for~er ligand have already been reported by Stevenson 

( 2 9)and Preiser . 

Lastly, further attempts to determine the forma­

~ion constants of metal c helates of 4,5-dihydroxyacrid~ne 

s~1ould be made. Because of the extremely insoluble nar~re 

of these chelates, the only experimental technique which 

appears to be applicable is the solubility method in­

. d' . (32)vo1v1ng ra 1oact1ve tracers • 



SUMI.V.iAl~Y 

l. 

a~d c~a~ac~erize6: 

~-a~~no-5-hydroxyacridi~e, 4-arnino-5-reet~oxy&c=id~ne 

a~d (,5-di~yd=oxyacridine. ~he pro~ona~ion cons~ants 

of t~ese compo~nds, and o£ 4,5-diaminoacrid~ne, 

~-~ydroxyacridine and acridine, have been de~er~~ned 

in 50% v/v dioxane-water a~ 25°C. The order o::: 

successive sites of orotonation of 4- arnino- 5-hydrcxy­

acridine and 4 - amino-5 -me~hoxyacridine has been 

elt:cidated. 

2 . The chelate formation constan~s for the reac~ion 

..., 

.) . 

of 2- (2' - thienyl) - 8- hydroxyquinoline and ~-amino-5-

~yoroxyacridine with cobalt(II), nickel(II), copper(:I) 1 

zinc(II) and cadmium(II) 1 and of 4,5 - diaxinoacridine 

and 4,5 - dihydroxyacr i dine with copper(II) have been 

determined i n 50% vjv dioxane-water a~ 25°C. 

The 2- (2' - thienyl) - 8- hydroxyquinoline chelates ~ave 

been formulated as sterically hindered complexes in 

which the ligand is bident5te. The unusual relation­

ship, K1 < K 21 ior these complexes has been attributed 

104, 
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·'- -:-, ,-.._·::.o 2 dec:.:-eas2 in 22.SE:: of~..:...;.\...-

s~eric iL~eraction 

bet~een the ~ulky s~~stituen~ 2~6 an adjacen~ coord~n-

a~ed wa~er molecule. 

T~e : :1 s~oichiometry and the acid d~ssocia~io~ 

constant of the water molecule in the ccpper(I!) 

c~e :a te o~ ~-a~ino-5-hydroxyacr~dine 

this co~plex the ~igand is terdenta~e. r-c ::. s s c:ggested 

~na~ the magnitude o~ the f~rst ac::.d dissociation 

consta~t of coordinated wa~er in l:l co?per(~I ; che:a~es 

~rovides a useful me thod ~or determining t he nu~ber o~ 

coordinated do~or ato~s in a chelating ligand . 

The fact that the for~ation constant of ~he 

copper(II) chelate of 4 -a~ino-5-hydroxyacridine is 

lower than that of the copper (I I) chela-te of 8- hydroxy ­

au inoline is interpreted ~o indicate tha t chelate-ring 

strain is developed upon coordination of the third 

do:-:or group. 

5. 	 On the basis of the nor~al relationship of the 

for~ation constants (K- > K 2 ) and the normal chelate 

stab ility order (Cu > Ni > Zn >Co), the che~ates of 

4-amino- 5-hydroxyacridine studied in this work have 

been formulated as complexe s in which the ligand is 

terC.enta·te. It is suggested tha~ the decrease in 

stability of these chelates relative to the stability 



coo~d~natio~ o~ ~he ~~~=~ 6o~or gro~p. 

r 
0 • On ~~e ~asis o~ i~s s~o~chio~etrv a~d th2 ~as~i-

tu6e a~d un~sual rela~io~ship (X- < X~) of i~s fcr~a-
L 

~ion co~stants, ~he coppe~(II) o~ "~, s-cE::-.y­

droxyac~id~ne has been forGula~e6 as a c~e-a~e -- w~~c~ 

the ligaLd is biden~a~e. 7~e copper(II) che:ate o~ 

4, S-dic.r0.inoa.cr~dil1e has been tenta~.:ive::. v for:-n"'c:.la·::ed as 

a c~~ela·ce in which ·che liganC. is terde:-rta·.:e. So 

d~rect evidence other than the 1:1 stoichio~etry i s 

available co~cerning the number of coordinated donor 

ato~s in this ~igand. 

7. A useful equation has been derived for the 

cor~ection of temporary for~ation consta~ts ob~ained 

by i~terpolation of the forrn.tion curve at n = 0.5 

a!ld n == 1 . 5. This equation provi des values of K, and 
.1. 

K that more closely app~oximate the true values, and
2 

is useful for the correction of values in the ::.itera­

ture which have been ob~ained by interpolation. 

8. 	 Except for 2- (2 1 - thienyl)-8-hydroxyquinoline, a 

useful increase in selectivity was not observed for a~v 

of t~e other ligands based on 8- hydroxyquino:ine. In 

the light of the results reoorted in this thesis, 

suggestions have ~een ~ade for further research. 



A:l spec~ra were recorte~ wi~~ 1 ,4-d iox~~a ~s 

solve~t a~d hexamet~yldisiloxane as in~er~a: re~ere~ce. 

107 




l08 

., 


i 
I 

II 
~~ I! II l• 

~: l li I ( 

II I il "' I! 
!1 1! ~~ / ;I
'1 q I'I! • I•

i I, l!J i: I1 
I I I I • I tl j' 
'·' ! i 1·': •'Ij I j ,' I I· I 

I 'I I i' . II . I I I:· 
,, . : i I )1. l ' I i I ! I' II 
I !I i II ~ ii'I II ,':' I . ; II ll '; .:li\ I,!· 

' I ' I I ' I ~ II l I . ' :I j ! 1I I :: i II I i} I ! I I !f / ", l 
-·· __ _ . __ -~-___..) l;~ i. ""'..J hJ__j . '1 · .....: I ,._} I i \ ....r'------­

"'- -.;'II ,..__...----~ -~- J I - ~ , V I •, 1 

7.0 9 .0 8.0 

PPM 

Figure l. Nuclear Magnetic Resonance Spectra of 8- Hydroxy ­
quinoline(upper) and 2- (2' - Thienyl) - 8- Hydroxy­.- quinoline(lower) • 



.., 

~ ,, 

r 

~ 

I, 

1- ·v,..···A·-"'·· .~)\, 1, P> 
( 

~ 

I 

I 
n ~I Jj'· I'I• ,

I 	 I I• 'l 

1,: 
, >I. 1j I 

j) l 1• 11 \. "·~< .. ;I~ .... . 
II 
~ 
I 

J 

l
i 
! 

I 


~ 
i! 

~ 

. 

' I!
I! 

••I :1 I .n1·, : ' ·, n 
,. 'II . 

'•:	,, I 
1•.I •I ' ' 

,, • l • 1 ,, I \ -~ ..,,..... 
'"11 ,. J, r , • ··~. c_l ('- ... 

I' 
1! 

I L_ l _ _l......,L_L-.J 

8.0 	 7.0 6 .0 
PPM 

I-' 

Figure 2. 	 Nuclear Magnetic Resonance Spectrum of \.0 

2-(2' -Thienyl)-8-Me thoxyquinoline. 

0 



' 


I 
~ I;Ijl '' 

I
II 
I
I 

i,ll 
;jl 

'I 

II 

~ 
II 

I 
I ! 

I 
..~ q .. ,.,r· r.,. f?• b ...... ;; . 'o#-9""'": ... ;':. l 

1: 
."\ll" ...- Jvl,. t'\ .,..t~' ,.,..) v,1

l..."·lt> .., 

J 
I 

;l•j'! 
ii 

•I ' 1' ~~ II'' I I • 'I, .: I' I' ,I 

·1 ~~ I!il ..11,\ P/L~II 
t I 1 I I 1\1 ' :1 

. i' ,, I I) I ,, I, \' I I. l )I·J ;: ~ · JIJ 1 I t I 
'IJ 

.•• ,1 J' 
J 

I 
I' 

~~ 

I I I I . I I I I I I I I I I I I I I I I I I L_( I I I ,_ ,_LI_ _t_l_l_, 

8 .0 7 .0 6.0 
PPM 

I-' 

Fig u re 3 . Nuc l ear Magnetic Rosonance Spe~tru~ of f-J 
0 

4-1\rnino-5-Me thoxyacr idine. 



.. 


l 
I, 


II 

~ 
I I. 
·, n•... I 


/:1\ II I


II'' .\ I 

II 11\:ill. I i\ '\ )~ ii 


' I !jl I I I :
 
1
! :I! I I; ,l't, I I ! . 


' I ' I \ : I I I'· .. •. '
_j ~ I • 

i 
i,,,. j'\ .• ',, ..• ~ ) 

I 
1
: 
I 
lJI ', 

' 
I • I ! II, }t \ \ \ .l t ~ 't " I :v ~ 


t •.. ;i :J ,i ._, '; ,ji ..d ~~ "<.1'·1 ....'"'-J ·,J' /" \I• .·' \ r:,: ,I l ~ I 

'\' v 
 l.·~.- J· 

~ .~ ' 

'---'---''---'---1--L--'----1---'--'---l-1--'--..L--L--l---L.---L--l..----1-1--'---L--L-_!._-'L.U_I I I .I__L_L_j__ I_ 


9.0 8.0 7.0 	 6.0 
PPM 

1-'Fj gurc 4. 	 Nuclear Magn0tic Ro s onn nce Spect r um f-.J 

o f 4-Amino-5-Hydrox:yacr:i.dine . 1-' 



1 
II 
I•d 
li 
i! 
I 
I 

i 
~ I 

1\ ·1 Jill I 

\1 . 	 . \ ),1!•1\ . ,II • ) \ 

l ; : ,! j! I 


J -----·--- ~j . i ,,; "'---~Jf ·\;\~-------- "-~-
~~--L I I I~

f-' 
f-' 
N 

I 

[ __J__j__j__j__j__j__j__J__~_jl_~_l__j__L__J__j__l__L__L__L__L__L__L__L__~~~~~~~ 

8 .0 7.0 g_.o 
PPM 

Figure 5. 	 Nuclear Magnetic Res onance Spectrum of 
4,5-Diaminoacridine. 



' 


~ '\ 
I 

' I 


\· n 

!I I I 

II ,.I


) I'! 
. i /1'
f 1
:.: I ,. \,, 1 

11.i \ 
I 


.Ij 
j 

I If \I '
! I 
li: 
I; 

.. ./', ~ '•I''- r-.· -,~ 1"\ ll '.,< • ~ r·.-, j\.'\,.,\r~r". ~ ~.,_·lf\,f....-.' M. ,, .,,,, .... ·""··!.- \!.,..,': ....~·....··v ..,...-...., .,-,r 	 1 i.J : ) I I 


II ll : I 


( T\' 

t, ' l 

-'--L--'-1' 9.0 	 7 .0 6.0 
I 	 PPM 

Figure 6 . Nuclear Magnet ic Resonance Spectrum of 	 f-' 
f-' 

4 , 5- Dihydroxyacridine. 	 w 



APPENDIX II 

REACTIVITY OF LIGANDS TOWARD JV.tETAL-IONS 

TABLE I 

SPOT-TESTS WITH 2-(2'-THIENYL)-8-HYDROXYQUINOLINE 

Metal-ion Acetate Buffer (pH 5) Borate Buffer (pH 10) 

Mn(II) yellow colour* 
Fe(II) orange precipitate 

Co(II) yellow colour 

Ni (II) yellow colour 

Cu(IJ:) yellow-green colour yellow-green colour 

Zn(II) yellow colour 

Cd(II) yellow precipitate 

Pb(II) yellow precipitate 

Hg(II) orange turbidity orange turbidity 

Pd(II) orange colour orange colour 

Fe(III) orange colour 

Rh(III) yellow colour yellow colour 

* No entry indicates "no observable reaction". 

No reaction with: Mg(II), Ca(II), Sr(II), Ba(II), Sc(III), 

Y (I I I) , La (I I I) , Al (I I I) , Ga (I I I) , 

In (III), Tl (III), Cr (III), Ce (III), 

Cu(I), Zr(IV), Th(IV), U(VI). 
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TABLE II 


SPOT-TESTS WITH 4,5-DIAMINOACRIDINE 


Metal - i on Acetate Buffer (pH 5) Borate Buffer (pH 10) 

Cu(II) yellow-green colour * 
Hg(II) red gelatinous precipitate red gelatinous precipitate 

Tl III) yellow colour 

Rh(III) yellow-green precipitate 

Pd(II) yellow-green precipitate 

*No entry indicates "no observable reaction". 

No reaction with: 	 Mg(II) , Ca(II), Sr(II), Ba(II), Sc(I=I). 

Y (III), La (III) 1 Al (III), Ga (III), 

In(III), Mn(II), Fe(II) , Co(II), Ni(II), 

Zn(II), Cd(II) , Pb(II), Fe(III), Cr(III), 

Ce (III), Cu (I), Zr (IV), Th (IV), U (VI) • 

.. 
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TABLE III 

SPOT-TESTS WITH 4-fu~IN0- 5-HYDROXYACRIDINE 

Metal-ion 

M:-t(II) 

Co( II) 

Ni (II) 

Cu (II) 

Zn(II) 

Cd(II ) 

Pb(II) 

Hg(II) 

Pd (I I) 

Ga(III) 

In(III) 

Tl(III) 

Fe(III) 

Rh(III) 

U(VI) 

Acetate Buffer (pH 5) 

* 

orange colour 

orange colour 

orange- red precipitate 

orange colour 

orange colour 

orange colour 

red- brown precipitate 

yellow-orange colour 

orange colour 

* No entry indi c ates "no observable 

No reaction with: Fe(II), Mg(II) 1 

Borate Buffer (pH 10) 

orange-red precipitate 

orange-red precipitate 

orange-red precipi~ate 

brown precipitate 

orange-red precipitate 

orange-red precipitate 

orange-red precipitate 

orange-brown precip itate 

orange precipitate 

orange-brown precipitate 

red-brown colour 

orange colour 

reaction". 

Ca(II), Sr(II), Ba(II) 1 

Sc(III), Y(III ), La(III), Al(III) 1 

Cr(III), Ce(III), Cu(I), Zr(IV), Th(IV) • 

.­
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TABLE IV 


SPOT-TESTS WITH 4,5 - DIHYDROXYACRIDINE 


Metal- ion 

Mg( I I) 

Ca (II) 

Sr (II ) 

Ba(II ) 

Sc(III) 

Y (III ) 

La(III ) 

Ga(III) 

In (III) 

Tl (III) 

Mn(II) 

Fe(II) 

Co (II) 

Ni.(II) 

Cu (II) 

Zn(II) 

Cd(II) 

Pb(II) 

Hg(II) 

Pd(II) 

Fe(III) 

Rh(III) 

Cr(III) 

Ce(III) 

Zr (IV) 

Th (IV) 

U(VI) 

Acetate Buffer(pH 5) 

ora ng e precip i ta t e 

orange p r ecip ita t e 

orange precip i t ate 

orang e colour 

orange precip itate 

red-brown precipitate 

yellow precip itate 

orange colour 

orange precipitate 

orange precipitate 

orange precipitate 

orange precipitate 

orange precipitate 

red-orange precipitate 

red-brown precipitate 

orange precipitate 

purple-black precipitate 

orange colour 

orange-brown colour 

yellow precipitate 

orange precipitate 

orange precipitate 

yellow-orange colour 

Borate Bu~fer (pH 10) 

orange prec i pitate 

o r ange c o lour 

y e l low p r e cipitat e 

yel l ow p r ecipi t a te 

orange p~ec ipitate 

o r ange pre c i p1tate 

orange precip i tate 

orange co l o u r 

orange prec i p ita te 

red-brown precip itate 

yellow precipitate 

b rown prec i pitate 

orange precip itate 

orange precipitate 

red-brown precipitate 

orange precipitate 

orange precipitate 

orang e precipitate 

red-brown precipitate 

purple colour 

yellow precipitate 

orange precipitate 

* No e n try indicates "no observable reaction" • 
.. 

No reaction with: Al(III), Cu(I). 



APPENDIX III 

ELEMENTAL ANALYSIS 0? ~~TAL CHELATES 

TABLE I 

METAL CHELATES OF 2-(2'-THIENYL)-8-HYDROXYQUINOLINE 

% c % H % N % s 

Calculated for Co(c H 0NS) 61.05 3.15 5.47 12.5313 8 2 
Found 62.59 3.60 5.39 11.90 

Calculated for Ni(c H80NS) 61.09 3.15 5.48 12.5413 2 
Found 60.84 3.31 5.59 12.33 

Calculated for Cu(c H 0NS) 60.51 3.11 5.43 12.4213 8 2 
Found 62.10 3.24 5.20 11.65 

Calculated for Zn(c H 0NS) 60.30 3.11 5.41 12.3813 8 2 
Found 61 . 08 3.22 5.18 11.94 
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TABLE II 

YiliTAL CHELATES OF 4 -k~IN0-5-HYDROXYACRI~ INE 

% c % E % N 

Calculated for Co(c13H9oN 2 ) 2 65 J 2 3 . 79 11.73 

Found 65.95 4 .10 11.27 

Calculated for Ni(c13H90N 2 ) 2 65.44 3.7 9 11.73 

Found 65.23 4.02 11.52 

Calculated for Zn(c13H9oN 2 ) 2 64.55 3.74 11.58 

?ound 64 .25 4.05 11.59 

TABLE III 

COPPER(II) CHELATE OF 4,5-DIAMINOACRIDINE 

% c % H % N % Br 

Calculated for Cu(c13H11N3 )Br 2 36.08 2.57 9.71 36.94 

Calculated for Cu(c13H11N3 ) 2Br 2 48.64 3.46 13.09 24.90 

Found 32.97 2.95 8.85 39.93 

.­
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TABLE IV 


METAL CHELATES OF 4, 5-DIHYDROXYACRIDINE 


% c % H % N 

Calculated for Co(c13H8o2N) 2 65.14 3 .36 5.84 

Found 64.09 3.49 5.90 

Calculated for Ni( c 13H8o2N) 2 65.16 3.36 5.84 

Found 64.72 3.61 5.99 

Calcula~ced for Cu (c H8o N) 64.52 3.33 5.7913 2 2 
Found 63.78 3.41 5.82 

Calculated for Zn(c H 0 N) 64.27 3.31 5.7613 8 2 2 
Found 63.91 3.45 5.71 

.. 




APPENDIX IV 

VISIBLE AND NEAR-ULTRP"VIOLET SPECTR.'Z\. 

OF ACRIDINE COMPOUNDS 

121.­
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Figure 1. Absorption Spectra of the Neutral and 
Protonated Forms of 4-Amino-5-Methoxy­

.. acridine • 
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Figure 2. Absorp tion Sp ectra of the Neutral and 

.. Protonated Forms of 4-Amino-5-Hydroxy­
acridine. 
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APPENDIX V 


SPECTROPHOTOMETRIC DETERMINATION OF PROTONATION 'CONSTANT S 


TABLE I 


DETERMINATION OF LOG K H OF 2- (2' -THIENYL) -8-HYDROXYQUINOLINE
2

Concentration of reagent 4.00 X 10-SM 

Wavelength 373 ffi]..l 

Solven t 50% v/v dioxane-water 

Temperature 25 ° c 
Ionic Strength 0 . 1 

p H Absorbance log K H 
c 2 

0 0.837 

1 . 43 0.489 1.51 

1.71 0.357 1.48 

1.97 0.254 1. 46 

2.36 0.160 1.46 

5.30 0.075 

Mean = 1.48 

Std. Dev. = 0.02 

126 
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TABLE II 


DETERMINATION OF LOG K2H OF 4-AMIN0-5-HYDROXYACRIDI E 


Concentration of reagent 1.92 X 10 
- 4

-M 

Wavelength 433 ffi].l 

Solvent 50% v/v dioxane-water 

Temperature 

Ionic strength 0.1 

PcH Absorbance log K2 
H 

0.41 0.242 

1.01 0.246 

1. 71 0.286 

2.00 0 . 32 8 2.51 

2.24 0.368 2.52 

2.41 0 . 399 2.53 

2 . 53 0.426 2.52 

2.70 0. 46 7 2.49 

3.03 0.522 2 . 50 

5.80 0 . 605 

Mean = 2 . 51 

Std, Dev. = 0 . 01 

.­
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TABLE III 


DETERMINATION OF LOG K1H OF 4- AMIN0-5-METHOXYACRIDINE 

Concentration of reagent 1.73 X 10-4M 

Wavelength 427 ffi]J 

Solvent 50% v/v dioxane-water 

Temperature 

Ionic strength 0.1 

AbsorbancePcH 

1.00 0.153 

2.00 0.188 

2.52 0 .27 4 2.92 

2.73 0.323 2.8 8 

2.79 0.350 2.85 

3.23 0.447 2.88 

3. 44 Oe479 2.92 

5.80 0.577 

Mean = 2.89 

Std. Dev. = 0.03 

.­
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TABLE IV 

H H
DETER.J.'1ILJATI01T OF LOG Kl AND LOG OF 4, 5-DIAMI.. TOACR::.::;:HNE K2 

Co~centration of reagent 

lave length 275 :U)l 

Solvent 50% v/v dioxane-water 

Temperature 

Ionic stre~g·th 0.1 

AbsorbancePcH 

0 . 0 0.029 

0 .37 0 . 045 

0 .73 0.062 

1.10 0 .113 
1 2 0.166.J- • 

1.73 0.232 

1.78 0.247 

l. 99 0.287 

2.21 0 .333 

2.38 0.370 

2 . 67 0.415 

2.79 0.432 

2.98 0.470 

3.38 0.560 

3.86 0 . 638 

5.80 0.687 
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TABLE V 


DETER1.'1INATION OF LOG K
1

E A~JD LOG K2H OF 4, 5 - DIHYDROXYACRIDINE 

Co~centration of reagent l. 55 X 10 - 4 

"VI7avelength 450 ffi]..J 

Solvent 50% v/v dioxane-water 

'=:'e:nperature 

Ionic strength 0.1 

AbsorbancePeE 

7. "8 0.032 

8 . 42 0.037 

9.56 0.077 

_0 . 30 0.200 

10.39 0 . 209 

l 0 .87 0 .3 20 

10 . 95 0.349 

ll. 65 0.502 

11.78 0.530 

11.79 0 .5 20 

12.4 8 0 .5 90 

_2,61 0.602 

13.2 7 0 . 648 

14.0 0.650 



APPENDIX VI 

POTENTIOMETRIC DETE&~INATION OF PROTONATION CONSTANTS 

TABLE I 

r> -{0 r~~·· ~.~ 'l-- I ~J·'J C.Z!·S-AiH t:VJ.\LLJ' T I z;-, 

~-> 3. l) r :~: \: \ r ~ ~ r-~ \1f AC;1. C I 1'\:..: 

VJ L. :~ \. 'H !")CH p ?KC 

c.ooo 2.o47 0.932 
LOOO 3.LLO O.ts0h 
:..2,)0 J • .3lU 0.879 
l. 1;-0 0 J.Ll-lL ().854 
l. (, () 0 3o'J20 0.821-t-
l.r.OO J.cd2 () .. 789 4 .. 20ft 
/.000 3.732 f). 7 1t7 11.202 

4 .. 2142.200 3.L40 0.103 
2.400 J.·VtO 0.655 4.21.9 
? • :,co 't .. GJd 0.60:i 4.224 
~ .. r~co 4.1.5-+ 0 .5"54 4.223 
7,.000 ft .. 228 0.501 4.231 
-~. 200 4.324 0 • L~4:~ 4.231 

0 .3 94 L~ • 2 353.t.-GO ~~- 1t2 2 
4.~26 o.·:B9 4 .. 2'H~~.noc 

~.'!.GO 4.639 0. 2 iJ '} 4 .. 23;3 
,, • 000 4. 162 0.229 4.23? 
4 .. ?00 4.9to 0.173 

I+ • Lt() 0 j . llO o.tlB 

4 .. {>00 5.390 0.062 

4 .. ~0 () 6 . 150 0 . 006 


-:: -):•***"'.:=-.;:-~-*l:•**ll--1:··11- L0 G K3L~G Kl = 4 . 225 L0G :<.2 = 

sro . or.:v . *::-*~•** '~STO . CEV. = 0 . 013 STD . OEV . = ****"'*~ ­
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TABLE II 


··..t :-; L. :· . \,. r; ') t. - r­

r .. · (~ c JJ ll.. l . <J '' L 
1.C·.JO _ ,/• 2 t. ')? ';) e 

t • ~) ~ -~l .. 1 Cu 
1 ~I; J (; ) • ? 5 t.. l. t 1 •')(} 

1. {.> r c :i,. } .) !_ 1. :n 1 
L~r;U() ) • '-t (l ~ l • 1: ,, ') 
/ .. i)(i(, ~·.. '){(, Je(i(i7 
~) .. 7\)C '{ . b j ) l . /f,Lr 
?. 1-.CO ~. ,, l ') L7l7 
? .. ,) (; (, ~ .. ,..; / I I ~ A f, 5 
2.c00 ,, ~ ~: j ':1 t • {> l c 
)., r: co ;, ~ !. 'L 1 . ')'-)l 
Ju :?cu 11 • 2 ·~ ; 7 '.4'13 
:~ • 1 1 (; 0 L, "-) (, •; 1 . 4 3~ 
--)ec'CU fi. 4:, ./ l . 3 l ]_ 
-_~.:·GO /t • tJ (.~ /"\ l.3G~~ 
L,. c r:: () '·. ·r [t 4 l-? 4 / 
. f"f'0 ; . o4l c . <}h2ty • I\ , ,) 

~) ~ l 1J0 it..! . L .) 2 ().f\99 
~-~ . B.<-, ·l"> . /.(·0 1C . 1-t0\. 

~. :;;)Q iC.~);.~') o.. d -1 7 
~.~ • Li C 0 i_(_, • t, / l () . {)06 
'). ')0 (; lC ~ll tJ 0 .77 S 
5. (, C; (j lU .7 t\'-J O ~ 'ft~') 

5 ~ 700 lU.0~9 ( j. 7 14 
J~~(;() u) a :; ; 'J. 0 . 6 ~~ !.t 

"iuYCO t L. 9 C• ~) C.65.;
[, . c•: 0 l t . 04 .? n . 6i!A 
D. teo i~~-lOi 0 . ..... 04 
(1 . / i) 0 l l . L '_) '• i.) 9 ':\ {, r; 
f, ~ 1,() 0 L l e ;) CJ ~-. 0 . 5 -H, 
6 . 400 t i.. • 2 r; ~ ~ 0 . '507 
.s .. ~~co l.t . ·J~J:..) (; . t, 7 q 
f,. f, c0 1l~3·:)/ (; • L~ ') l 
t->eiCC ·u .4 CJt ('; .4 24 
, ., v d00 1~ .. 1-t':>'.:l 0 . 3g7 
f,.C)(.Q tt.'.JJ4 (} . 371 
f . GOC t !_ . 5 ;~ 1 U . 34f.J 
7 . 200 l t . 64 l 0 .2 9f! 

~ ... .. 
Y., = L K2L 2 : ~\ 1 Li . 267 I.,.,I = 

S T 1: • r. EV • - G.C 08 ST D. DEV. = G. Ol7 

i; • / \J C) 
It • L l () 
lt.? /5 
L;.2j:i 
4.!42 
4. 2 !t ") 

4.?41 
4 . 2·)4
4./Sj 
4 . 260 

t 1 • 7't '-J 
lt . ?·14 
lL./57 
l~ . /01 
Ll u?i-:'). 
l.l.. 2 6 3 
li • . ~fl7 
ll • .?bH 
i L 2 /0
L. 2/C 
1 L. 2 n 
Lt ~ ?t;• 
i l. 2 7 _) 
ll . 2/Lt 
ll.::'76 
L l • 2 f L, 

ll - 2?4 
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C~:CC 
l. c, c 
l- h;O 
.... .', u·:~ 

1 • .:~ c~ o 
L. ~ CG 
?.(}00 
? a :..·oc 
2 a Lt 0 (J 
? ... AiJO 
? • ::;i)G 
~,aCCO 

~-~-200 
3.41l0 
·1. 6(i 0 
~QdOO 
4.\]00 
l • • ,; f) 0 
'•. '100 
';.ct,G 
>.,2GO 
'). 4 v0 
").')(:0 
') • r, 0 C 
"i ~ lOU 
~-;.dCO 

5. 'H) C
().coo 
( •• ll)l) 
£.... zco 
6. -soo 
f)~ l; \) 0 
0 . ~1(;0 
6.600 
6.700 
0 . E!GO 
t~ ... ··-iC 0 
: . ooo 
L2.0C 
7 . 400 

L:-:C ,{l = 

TABLE III 


L' .. (~~.~· : .. 41\! 

t· .. [, ~ ~) : . .. 444 / . ·,a 1 

? • (_, ', ) J • Ll. (: ) ~)'"' '; c ') 
~:. /l 7 i . '• (17 ,:' • r.i 5Lt 

?a {4'1 l . -~'I c 2."~')4 

2- 7;-; 2 I. • . ) l ~; I~:;SS 

.:: • .:..!L. L. ::. 'i l ; • :>5o 
2 . L 5 (, L.J:\1. ?.".4C. 
2.::1Yd 1 . ] l i. ? • ':, ::-.1 ~-) 

?.94{, l - 2'0~ 2. ')6~ 
2 . 'i ''7u l • ? 7 '• /w'576 
} . C5L l . ? sc 2.'; 13 
:j. l d ,·; l - 22o 2 . 57Lt 
.L. i '(') l.2C3 2 . :J86 
.{ 0 2'J c. :. t 7s 

3._))4 l . 14 6 

·5 . 4 4C l. .. t l F 

() .. "j c (j ()¥99) 

CJ.IL7 0.<?61 

l 0 . l '> 4 0 - <)29 

~(; . 5c..t.J C . f.l67 

l.C • ..::;::4 O. ROb 
L0.0~4 G. ?75 11.462 
l. (). 9 ') 4 C ~ 74'5 Ll. . t;bC 
:.. l .. t) { <j U. ll') t l.41'0 
' -~ • Lt, 5 C: . (JP,f, ll • lt f~ 4 

u. 6 1.)6 11.4::;lL - 2CJ2 
1.. l . (:") '; () . 6 7 1 l.l.4c~i 
t t .. 3 t (. 0 . 5 '1q Ll.. 4 (~ c 
!.1 .. i ·"• ') C wS!t l l • 4 ') J 
l~.,Lt19 (J • i) L~" ~~ !. L. 4 i -~ 
;'\ ~ ' / ·, 

() w ') 1(-, l i • 4 ') ()t t. " 11 G \/ 

ll . ':>Lc () • It:·)~ ll. "t )6 
tt.Sc.•L (! . Lr62 11 . 497 

l -~ • I;,;"-]U . 6Gt 0 . 437 
l.l . ()-'}2 0 . 41? 1 L • ,, ~J 7 
U . 69/ n. 3::.< 1 l l • ;) I~ C 
U . l4L 0 . 166 ll . ~; v t 
t t . <J? 5 (1 . 3?.? tt . 5C2 
tl . :.il l. o.z ·:.;s ll.':lll 

l l . 49 C U1G K2 = L / -~ ; K -~ = ~ * .;:. * ·t ~:- ~-

STC . LtV . = c.(; u ~rD . CcV . = 0 . C· i. t 
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TABLE IV 


' I ·~~ I \ · 1- '-l .. l1 ~.-- • ,. .. , I , 

(': ... . :~, 0 2 . fd(J 8 ~ 7 ") 1 
L .~UO 2 ~ ;; l ~· f) - 7 l t 
1~::oo l ~ (,·j; (). 6 .. ~ q 
~--t\iO l ~ (,) 2 Cl.66i 
I • r,Q 0 ?. '}Jj C • 6/rlt 
I •. : G Co z. 'Jh o. t) 1 r 
!. • G~; 0 -,_ (j l '-J 0.5<-i"J 
c'.lvu 1. fnS I l·:.• 560 
2 • ~- ~) 0 3 , U2 0 . 53?
; • :)uo ) .. l I J \) • I,')? 
!'2 - ~~ \~ 0 J. 2 _$ -~ n. 1t 6 5 
1.000 J.!':HJ !) .42 9 
-~ . 2 0 0 3.363 C. YH 
3. 4·) 0 3 . .'t :HJ 0 . ?. ·)2
).60C 3.')21 ()<ll3lt 
-) ~ ii 0 0 .:) . 6!.5 0 .26r'. 
Lt . 0 lJ 0 3 . 1:!.'"~ 0 . ll 't 
/.t . ')() 0 4 . l.'tl o .. to7 

L2G :<t = 

SfG.tJc 'l . = o.o 3 ST D. GEV . = ******* 

-~ ~ 21 '-t 
::> . ?.OS 
~\ TiJ l \) d 
3 Qo 1 q f~ 
~ . 1 ~c 

I •. ) 
-'"' ..... (.J _J 

' -,­
_)u/_, -) 

?Jo 172 
J.l7~---~ 
3ulClq 
1 .. 1 7l 

-1 . l ( 2
:1.: /0 
3.1/l_ 
~ 0 l 7 6 
Jqtld 
3.184 

SftJ.Ct: V.-= **..:- ,:-*-:::!.:­
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TABLE V 


? R 0 T rz ~\ J'. T I C .'l C0NST;.i\:i EV;4LUi-\TI !ZN 

PRZH:J1';;\ I I ON 0f 4,5 -0IHV0~0/YAC ID NE 

VJL. :\! ..~ ~: H PCH p ?.<C 

o.. ooo 
(L 200 
0 ,. 4 , 00 
0 .. 600 
0 .. c. OO 
1 .. 000 
1 .. 200 
1.400 
1. .. 600 
l.JOO 
2.CCO 
2 .. 200 
2 • I_,OQ 
2 .. 600 
z...soo 
3.000 
3 .. 200 
3.400 
3 .. 600 

2 .. '.82 
2 .. 502 
2.5?.4 
2.549 
2o575 
2.601 
2 .. 628 
2 .. 658 
2.690 
2.7!.9 
2 .. 752 
2.7~2 
2 .. 832 
Z.f-76 
2 .. 922 
2 .. 974 
3.032 
3 .. 090 
3 .. 160 

?.. 5<':-1 
2 .. 520 
? .. 503 
2 .. 492 
2 .. 1;-80
2. 46lt 
2 •.'r'-:7 
?_ .. !.~ 3'~ 
2.J-20 
2 .. 395
2 ·;,7r,.y,:,) 

2 .. 3h2 
2.34-4 
2 .. 326 
2 .. 304 
2.28l,. 
2 .. 263 
2 .. 234 
2.208 

2 .. 5 5':· 
2 ·- ~ 3

• Q ·~) • .• 

z.s ~ o 
2 .. 5J6 
2 Q "? Lt i 
2.,5 ~ 9 
2 .. 5?6 
2., ')L,2 
2 .. 550 
2 0 534· 
?..529 
2o5!·r6 
2.,55'!. 
2 ... '560 
2 .. 563 
2 .. 512 
2.584 
2. 57l; 
2 .. 578 

3 .. EOO 3 .. 247 2 .. 184 
4.0GO 3 0 3'~4 2 .. 155 
4 .. 200 3 .. L:-6e 2 .. 126 
4 .. L;-OO 
L, .. 6GO 
L) .. cOO 
5 .. 000 

3D630 
3 .. D88 
4 .. 520 
9 . l"i0 

2.094 
2.062 
2-027 
1 ... 958 

'3 .. l00 9 .. 420 l .. 9l6 
') .. ?00 
'j, ~00 
5 .. 1-:00 

9.621 
9.783 
9 . 927 

1..874 
1 .. 832 
1 ... 790 10.50'3 

5o50Q 
5 .. 600 
:> .. 700 
5~<300 

10.042 
10.1L~2 
10.. 232 
10.315 

l .. 74CJ 
1 .. 707 
1 .. 665 
1 .. 624 

!0 .. 515 
10.524
·o.:sJo 
!.0 .. 5:'J5 

'5 .. 900 
6 .. 000 
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APPENDIX VI I 


GENERAL EQUATIONS FOR THE CALCU:C..ATION OF FORMATIO~ CO~s ·:;:·J:.NTS 


FROM POTE~TIO)lliTR:LC DATA 


'I'ne following derivation of general equations for 

~he determi~ation of stability constants is based on tte 

derivation of Hear on and Gilbert( 4S). In t he present work, 

the eouations are formulated using more familiar symbols, 

0::1ly the mos oc. CO:::lli'YIO:l.ly used and most convenient meochods 

cf calculat~on are presented, and equations for co~plex 

format io~ by a ligand which c h elates in a form which is 

::1ot fully deprotonated have been added. 

T~e equilibria studied are 

::1L + L .:;;::=:: ML lJn n.­

w~ere M, the metal - ion has charge ZM and L, the chelating 

form o:C tl'..e lig·and, has charge z_. (ZM and ZL have the
L 

algebra ic sign of the c~arge on the species, e.g., for 

8- hydroxyquinoline, ZL = - 1). The chelating form of the 

ligand is generally ·the completely ionized form of the 

::1eutral s pecies FKL, a::1d is formed in the equilibria 

-'­
H _, . , L --...-- H _L + :-I' 

JT-'- J 

(l) 

( 2) 

(For simplicity,charges on the metal- ion, ligand and 
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metal co2plexes have been o~~t~ed.) 

of p~oto~s coordina~ed to ~~e :isa~d, and of l~s~nds tc 

the metal-ion, are denoted ~y ~ a~d ~, ~espective:y. 

T~e following de~iva~ion exc~udes poly~~clear 

(e.g., .,. L wl:ere m>2.) (e. c;· • , •·::u n, 

!'f~:J,. L H~ere m>O for all liqands ot:.her t£-.an. "c.~J.osc. de~ived 
n~ y-_' ~ 

£ron tl:e solvent) . Proton-bearing complexes (e.s., 

M(H.L) , where j>O) will be discussed later. 
J n 

The naterial balance for the ligand and rnetal-lon 

are 
J r\ 

= L: [H. L] L: n ( 3)CL 
j=O J 

+ n=O MLn] 

K 
and c = L: [ML ] (4)

M nn=O 

where CL_ and c .. are the analytical or total conc entra~ions 
l'l 

of the ligand and metal-ion, respectively, in moles per 

litre and the square brackets signify molar concentrations. 

The charge bala~ce (i.e., the condition of 

electroneutrality) is given by 

J N 
+ L: (ZM+nZ ~) [ML ] + L:Z. [I.] 0 ( 5)

1 .L n l lj=O n=O 

where Z. and [r.: are the charge and concentra~ion of the 
l l 

i~h ion which contains neither M or L. Th~s quanti'cy is 

assumed to be known; it contains the anions of metal sal~ 

and strong acid, and the cation of base, as well as 



~H+] -OH ]• ar'.c. L .__ • 

From (3), (L<) , ar,d (5) or_e obtaL:.s 

• IZ.[I.] 0 ( 0,- ' J 
l l 

7~e ma~erial balanc e for t~e concentratio~ o= 
J 

ligand ~ot bound toM (i.e., 2: [H. L] ) can :Se 
Jj=Q 

in terms of the overall protona~ion constants, 
.) 

[H.L] 

Q 
Hand = l. (7e:..)

'"'o 

J" J 
':'hus 2: [H. L] [L] 2: S...: H [H+] j ( 8) 

J .­j = O j=O 

a~d fro~ (6) and (8) 

- ZLC_ - z ,1cM- IZ. [I.]
L l' 1 l l[L] ( 9)

J 
2: j S. H [H+ ] j 

j = O J 

In the present study, which i nvolves divalent metal - ions, 

equation (9) becomes 

J ( 7) 

[L] = 
J 
2: 

j=O 

(9a) 

(conc entration of HC10 4 added) + (conce~-

tration of Cl0 4 added as the transition- metal perchlorate). 

The c oncentration of sodium a:::1d perchlora·te ions added to 

adjust the ionic strength~were omitted from these calcula­

tions . 



Now, as po i nted out in the Introduc~ion, 

~otal concentration o~ l~aand ~oune to me~al-ion (=..0)
total co~J.ce:::J.tra:::ion o:f :.-c,etal - ion 

:~o~al ligand] - [:~aand not ~ound ~o metal-~on~ 
[total met~l-~on} 

From es~ation (8) 
J 

c_ - [ L] L: s. E [H+]j 
(ll).....J Jn = j = O 

c
M. 

where L] is given by equation (9). 

Calculation of values of ~ and corresponding va : ues 

of [ L ] ~rom the experimental quantities provides the oata 

from wh ich formation constants may be calculated. For 

convenience, the data are usually expressed as n, pD 

where pL = -log [L] . A plot of n versus pL yielcs ~he 

characteristic formation curve. 

For systems in which the formation constants 
K 

ciffer g reatly in magnitude (e.g.' n/Kn+l > 100 )' ~he 

s ~epwise formation constants can be read directly from the 

formation curve. Bjerrw~\'3 0) has shown that 

K = 1/rL -- (12)
n 1n =n - 0.5 

or log K = pL at n :::1 - 0.5 (l2a)
n 

When the constants are not well separated, this 

me thod yields only "conditional" constants which ::lust be 

refined by iteration. 



For 1:1 chelates, the interpolatio~ ~etho~ is 

always applicable, and equation (12a) may be used to 

obtain -cne formation cons·c.ar:to However, this ~,e-::::-_oG. c.oe:s 

not make full use of the experirne~tal ~ata. For 1:1 

chelates, a value of the formation co~sta~t can De 

calculated at each poi~t on the titration c~rve. T~us, 

f=om equa tion (10) 

[ML]- (::_3) 
n .H] + [ML] 

= l + I<: 1 [L] 

-nfrom whi cl-1 = ( l S) K1 (1 - n ) [L] 

-nlog + pL. (!Sa) 
(1 - n) 

For systems i~ whi ch t~e highest chelate formed 

is ML2 , equation (1 0 ) beco~es 

0:!::" 

[ML] + 2 
(16)n = [M] + [ML] 

Suitable substitution for [ML] and [ML ~] and cancellatio~ 
L. 

n 

K1 [L] + 2 K K [L] 2 
1 2 (l6a) 

This equatio n can be rearranged to 

-n (2-n) [L] (17)= KlK2 Kl 
(l - n) [L] (1 - n) 

or y X (17 a)= KlX2 + Kl 



..._ ._)_ - " --: 

y 

and X = 

A plot of Y versus X yicl~s a strcigh~ ::~c wit~ 

s:ope and intercept x1 . The slope and intercept ofK1K2 

-che line of best fit can be determi;:1ed by tLe rr~e-.:I:oc of 

:eas·c squares. Irving and Rossotti(lOB) have s~ggested 

~hat this method is superior -co other graphical or 

algebraic methoas since it avoids subjective factors a~c 

utilizes a large amount o£ the available data" A li~ita-

tion of the method is that the coefficients X and Y are 

sensitive to experimental error in n for values of n near 

0, l and 2. 

For a system in which the chelating form of the 

:igand is not fully deprotonated (i.e., the chelating 

form of the ligand is HX:;:_,), ·the deriva-tion is simila_ -co 

-chat already described and hence will be treated in less 

detail . Only the case where subsequent proton loss fro~ 

the metal chelate does not interfere with chelate forma ­

tion will be aiscussed here. 

7he mass and c ha r ge balanc e relationships are 

J N 
2:: [H.L] + 2:: n [M(HKL)n] = C (18) 

j = O J n = O L 

N 
2:: [M(HKL)n] (19) 

n=O 

N 
2:: 

n = O 
I:Z. [I.]

l l 
0 ( 2 0) 



w~ere the chelating form of the ligand HKL has charge 

and the fully deprotonated for~ ~as charge ZL . 

Expanding· equation 20), substituting (18) 2 ..d 

(19) and utilizing the re~ationship 

(2:.) 

y~elds the equation 

J' 
2: (j-LZ) B . L] + L:Z.[I.] = 0 	 (22)

l lJj=O 

::=rom wnich is obtained 

J - ZMCM - ZKC_ L:Zi[Ii 
L: -H .L = 

L 	 (23)
(j - K)Jj=O 

:.~..'S.ow .LL. can readily 	be shown that 

J H H+]j[HKL] L: s.
J Jj=O
L: rH.L] = 	 (24)

H __ +] KJj=O L ~'1SK 

·:::ohus 

L: 
j=O 

H [H••+] K
SK 

(25) 

From (lOa) and (24) 

C - [H LL K 
(26)n = 

c
M 

Note L1at when K=O, equations (25) and (26) redt:.ce 

to equations (9) and (ll), respectively. 
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PL 

t O.dt4 1.~. 0\-'·6 4.l2G 
2 O.i1t9 '-.. 0 7() 4. 1;, (_ 
.) 0. t, 2l 4. 06'1 4.72) 

0.::\26 4 .. 0')".) 4o-(j j'*') 0.<131 11 ~ C1r :) 1t. 7 J (, 

6 (l. 8 39 1t o CIt- It 4 . (f:,(j 
l O.B4l Lt., QL~_:, 4. 7,n 
() O.d~4 4 .. CH6 1t .. 80 ~ 
<) 0 . 8:39 L:- • (; .? {) 4 .. 810 

10 O.. IJ60 4 . ()(•<:} 4 .. 79'J 
) I 
I..:. 0 . 872 /To c ll 4 • f.:.41r 
1.2 0 . 874 1 . <JU9 4.8.3:. 
lJ 0 . 882 1 .. 91'!.,. 4.056 
l4 0 . 881 3 . 9')1 4 . ;:~21 
L> 0 . 8fl6 3 .. <)J:) 4.~123 
t6 0 . 893 3 . 972 4.1342 
17 O.H94 3 . H9l 4.8LB 
18 0 . 899 3 . 3£>6 4. 015 
19 0 .. 902 J.C36 
20 0 . 908 3 .. 81.2 
2t 0 . 910 .3 . 7H 
22 0 .. 914 3-7~3 
23 0 . 91"7 3 . 6~.n 
2 4 O.. 'Jl4 3 . 6l.~ 
25 0. 8H 5 3 . 451 
2 6 0.712 3 . 09 6 

LI!; G Kl = 4 • 70Lt STO . DE V.= 0 . 3 06 
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N ~~ • 

I._ 
2 
),, 

') 

b 
7 
H 
-1 

lO 
u 
t2 

TAELE 


; .- H:~R 

o • 70'> 
0.4'-J~ 
() . ')06 
0 ~ 5 7'j 
c. ll5 
o.ot\7 
1 .11 0 
1. .. 2':-G 
t .. %9 
1. .502 
t. 6 34 
l.7Hi 

IV 


PL 
I. 0. 9 ~·)
I.e. nz 
l c."'() J 
lQ.)q.-J 
tC .. 3t7 
t0.22b 
t c u ~ ·~ fl 
tO .. C!{) 
1 0 . 019 

9 a <.-:6 1t 
9 .. 841 
q.675 



APPEN:O:::::X IX 

COKS':.:'A~'I'S :·C 
j_ 

Many formation constants repor~ed i~ the iite~a~u~e 

have been obtai~ed by interpolatio~ of the formatio~ c~rve 

at half-integral n values. ':'he "Bj errum half-!: ;:;,ethod" 

utilizes the relationships 

I .., \K \ ~)
1 

and ( 2) 

These cor"s tants, denoted "conditional cor.s·.::an·cs' 

by Bjerrum(JO), are equal to the true constar.ts ~l a::-:d K 
2 

only if log is greater than log K2 by at least 2-3K1 

units(l0 8 ,llO). Bjerrum intended the conditior-al co~s·~ants 

to be used only as initial values of a series of s~ccessive 

approxLaa tions. 

Many of the formation constants reported in the 

literature have been obta~ned by the half-n method, and 

~ave been reported without fur~her refinement, even though 

the logarithms of these constants have differed by less 

than one unit. 
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The r.et:hod described belov1 prcsen~cs a sl:-iro..:..e j_')YO ~ 

cedure ~y which t~e true co~s~ants (or at least go~d 

approx~~ations to t he true ccns ~ants) may be ca lcula~ed 

:::ror, t.:-:e reporced ( i .e. , ccndit.io:!al) values fo:::- svs ·c e:-::s 

The conditional constants, K1 ' and x2 ·, nrovide 

~wo coin~s on the formation c urve defined by t he coordin­

1/ ­a-tes :1 = 0.5, [L] = K1 ' and n = J...5, 

a bis - co::-,1p lex, the forma-tion function is given bv 

K1 [L] + 2 K1K2 [L] -
? 

n (3) 
l + K1 [L]+K1K2 [L] 2 

fro~ which t he equa~ion 

n {Ii-2) ILJ 
K = ' ( ~)•1 (1-n> [LJ (1- n) 

is obtained . Substituting the values n 0.5 and 

[L] = 1/'x1 ' into equation (4) yie lds 

K -I (5)
1 

K ' l 

Si!lce t n e formation curve is syrili1letrical about its :rnid­

point, such that 

K 'K I (6)s 2 = KlK21 2 

then K - 3 K2 I ( 7)Kl 
I 

1 

Zl'K2' 
anC. K = ( 8)2 Kl 

For 



3ence the conditional constants may readily be convertec 

into t~e true constants by means of equations (7) and 

(8). Exa~ples w~ich illus~ra~e the agree~ent between the 

forrna~ion cons~ants obtained in ~his manner an{ the con-

stan~s obtained by the least-squares method descri~e~ 

earlier in ttis work are given in Table I. 

TAB:GE ..L 

FORIV.tATION CONSTA::\TS 0? .IYIETP..:S CHELA':'ES OF 

2- (2' - THIENYL)-8-HYDROXYQUINOLIKE 

Cond::..tional Corrected 
Values Values Values 

Metal-ion Log Kl 
I Log K I Log K Log K2 Log Kl Log J\22 1 

Co(I=) 6 . 73 6.19 5 .86 7 . 07 5.83 7.G8 

Ni(II) 6.64 6 . 06 5.94 6.76 5.94 6.77 

Cu (II) 10.17 9 .67 8 .9 10.9 8.84 ll .Ol 

Zn(II) 7.75 7.2 4 6.60 8.39 6.61 8. 38 

Cd (I I) 7.08 6.60 5.0 8.7 6.15 7.03 

Recently, a paper by Schr¢der(lll) described the 

same method of correcting conditional constants ob t a::..ned 

by the ~alf -n method. These corrected values were u sed as 

initial values in a series o~ successive approximations, 

utilizing all of the n , pL data and result i ng in more 

reli able values for the cons tant s. 



?rom e~ua~ion (7) 1 ~ ca~ be seen ~~at K- : is 

tion is sma ~- a~d K1 ' approac~es ~~e true value. 

Similar:y K2 : is a~ways sxaller tnan~e ~rue val~e. 

equa 'cio ~1 ( 7) 

\ (', \= K :;J J- 1 I 

K1 

- I' \
from which log = log K1 1 - C ( _;_ u; 

':IK I 
...J 2 

w~_ere c -loq i 1 
- I - ~ 1 

...._ _j 

Similarly, from equations (8), (9) and (11) 

(12 ) 

The correction term C depends only on the ra~io 

o= the two constants and not on their absolute magnit~des. 

Va lues of C may be tabulated as a function of 

log K1 ' - log K2 '7 Figure 1 illus trates ~his rela~ions~i? 

graphically and provides a convenient method for obtaining 

t~e corrected values, log K- and :og K2 . .L 

Figure 1 shows that for so~e minimum value o£ 

--og K1 ' -log K2 ', the correc~ion C approaches i n~inity. 

From equation (11) it can be seen that this occur s as K1 1 

Her.ce ·the minimum possible difference 

between conditional cons~ants is 0.447 log units . 

Figure 1 also indicates that if the conditional constants 



.0 ~ 

c 

0.5 

0 

0.5 1.0 1.5 2 .0 

Log K~ - Lo g K~ 

Figure 1. The Relationship between t h e Correction 
Term, C, and t he Difference between t~e 
Logarithms o f t~e Conditional Constants, 
K 1 ' and K 2 1 • 



differ by 2.5 ' log u~its o~ greater, the correctio n ~o 

-·- -:....., -:. c;_ '::.!be a nn l::..ed. is le s s than 0.005 log u~its. 	 L- ... 1.....:::"'--'..._. 

·--:..- .-::::. ; _ -.--- ..-::.circur:ls·C.a::J.ces, the Bjerrum half-~ me~hod yields '-• ... ~ '-..l- ................ 

consta:n::.s. 
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