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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'-thienyl)-8-
hydroxyquinoline acts as a sterically hindering bidentate
donor; the unusual relationship found between the formation
constants of its bkis-chelates (Kl < K2) has been explained
on the basis of steric effects.

The results of studies involving 4-amino-5-hydroxy-
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ligands act as terdentate and bidentate donors, respectively.
The failure of 4,5-dihydroxyacridine to act as a terdentate
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donor is explained in terms of chelate-ring strain.
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INTRODUCTION

e
ge (1)

905 that

}-‘ ]

Since the discovery by Tschugae in
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 main objective of research in analy~-
tical chemistry.

(2)

Feigl has defined the terms "specific" and
"selective" in relation to analytical reagents. A speci~-
fic 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 the
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

(3)

reagents as 8-hydroxyquinoline and ethylenediaminetetra-

(4)

acetic acid .
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Often, the basis of the selectivity of a reag
resides in differences in the solubility of its metal
complexes. This effect is best illustrated by‘the selec~-
tivity of dimethylglyoxime toward nickel (II)-ion. In the
solid state, the nickel (II) chelate is polymeric, the
molecular units likely being held together by nickel-
nickel bonding(s). The solid complexes of other first~row
transition metal-ions with dimethylglyoxime are not poly-
meric (although the copper (II) complex is dimeric(a)) and,
as a result, are considerably more soluble than the
nickel (II) complex. This effect of metal-complex solubi-
lity in providing the basis of selectivity is all the more
remarkable in view of the fact that the solution stability*
‘of the copper (II) complex is greater than that of the
nickel (II) complex(7).

Enhanced selectivity may also be achieved when a
reagent which reacts with several metal-ions produces a
coloured species with one or only a few metal-ions. For
example, metalphthalein is a useful indicator for cal-
cium(II), strontium(II) and barium(II) with which it forms

(8)

highly coloured chelates . Except for magnesium(II),

which gives a weak colour, the other metal complexes of

*The stability of a metal complex, ML_, in solution
is measured by the equilibrium constant Kn fo¥Y the reaction

ML + L — ML_.
n

n-1
This equilibrium constant 1s termed the stability constant
or the formation constant. As implied by the subscripts,
complex formation occurs in a stepwise fashion.
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metalphthalein are colourless. In instances where several

1

coloured complexes are formed, selectivity may still be

Hh

achieved if the spectral regions of absorption are suffi-
ciently well separated.

Improved selectivity may also occur if some but
not all of the complexes formed by a particular reagent
are fluorescent. Thus, 8-hydroxyquinoline is a somewhat
more selective reagent for gallium when used fluorometric-—

(9)

ally than it is when employed in other methods ,

(

Perrin L) 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-

plex with one metal-ion but unstable complexes with

other metal-ions will be specific. Unfortunately, from

, N X , 3 12
the large amount of data that has been accumu¢ated< )
7
*The terms "ligand" and "reagent” are used inter-

a2

changeably throughout.
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it is apparent that the stability differences among com-

(0}

plexes of different metal-ions with the same ligand are
usually not large enough to provide specificity. Indeed,
it seems probable that a specific reagent for each metal-
ion is unlikely to be discovered. However, a small

number of ligands have assumed importance as analytical
reagents because differences in solution stability of their
metal complexes have provided enhanced selectivity, if not
specificity. Although only modest, this success has
stimulated an unusually large amount of research in this
area.

With the realization that selectivity in some
instances reflects differences in the stability of metal
complexes, 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
that affect metal-chelate stability (and therefore reagent
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 chelate.

These factors* are discussed below.

*It is difficult to ignore the nature of the metal-
ion when ascribing selectivity to factors (a) and (c).
Such properties as charge, size and preferred stereo-
chemistry of the ion are intimately related to the effects
of factors (a) and (c). Hence, one 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 and Davies l3)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
such as nitrogen or oxygen; class (b) metal-ions form their
most stable complexes with ligands containing the more
polarizable donor atoms such as phosphorus, arsenic, sulfur
or selenium. Class (a) metal-ions include members of the
alkali metals, 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 w-bonding character. (A number of
metal-ions do not have distinct class (a) or class (b)
character 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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(o]

cylalde-

[
-

of ligands and a particular metal-ion (e.g., sa

g

), the stability

(TT

hyde derivatives and copper (II)-ion
of the metal chelate increases with increasing basicity
of the donor atoms. In most cases, an approximate linear
relationship exists between the logarithm of the forma-
tion constant of the metal chelate (log Kn) and the
logarithm of the protonation constant of the ligand
=4

(log XK*). 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 . 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-
guinoline 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 Kn and log KH. The de-

crease 1in stability has been ascribed to steric hindrance
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formation. Such steric

O
Q
o)
[0}
F
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i
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by the alpha substituent t

ects have been exploited analytically in the design of

(]
Fh
h
wn

i
ot

reagents with enhanced selectivity. This enhancemen

0

arises largely from the fact that the preferred stereo-
chemical configurations (e.g.,tetrahedral, square planar,
octahedral) of different metal-ions may vary markedly, even
though their affinity for a particular donor atom differ
only to a small degree.

The effects of steric hindrance on chelate stabili-

ty n best be illustrated by examples. The familiar

Q
V)
3

analytical reagent 8-hydroxyguinoline, although a very
unselective reagent, is widely used for the gravimetric

aluminium (III), with which it forms an

i

determination o
insoluble yellow tris—-complex. Substitution of a methyl

group alpha to the coordinating nitrogen, however, results

-\

in a reagent which does not precipitate an aluminium(III)

e | a

chelate, although it still forms precipitates with most
other metal-ions ). The fact that 2-methyl-8-hydroxy-

guinoline does not form a precipitate with aluminium (III)~-

ion (in fact, in aqueous solution not even a l:1 complex

(17),
/

can be detected has been attributed to at least three

(18)

actors , the most important of which appears to be a

H

TT

substantial decrease in the stability of the aluminium(III)
chelate due to steric hindrance. This decreased stability
allows hydroxyl-ion to compete effectively with the, ligand

for aluminium(III)-ion, as the pH of the solution is
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1 . R g 8 5

raised to bring about metal-chelate formation.® Ultima:

)
3.

3
)

aluminium hydroxide precipitates. Even though 2-methyl-8-

hydroxyquinoline still forms complexes with other metal-

f

ions, these complexes are also less able than the corres-

S
- J < P % - )/ 1 < ( l ) T 4= 3 - 4 o
ponding 8-hydroxyquinoline chelates , although not to

O

e

the point where precipitation of the stoichiometric chelate
is prevented.

The chelating agent 1,10-phenanthroline forms
stable, water-soluble chelates with many metal-ions. (The
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,l0-phenanthroline is a specific re-
agent for copper(I), with which it forms a stable, highly

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

(20,21) —_ CRd
coloured complex . This remarkable specificity
stems from the fact that complexes of metal-ions which
prefer square planar or octahedral coordination are steric-

' 3 (22) , - +
ally destabilized . In the copper(I) complex, the
metal-ion is tetrahedrally coordinated, the two ligand
molecules being held in planes mutually at right angles.

In this configuration, steric hindrance caused by the sub-

stituents alpha to the coordinating nitrogen atoms is



O

virtually eliminated.

The linear tetradentate ligand triethylenetetra-

mine forms a very stable square-planar complex with

— . 23 : I . .
copper(il)—lon( ). The donor atoms of the isomeric

¥

}. 1
F.l
O
)
o
0O,
o
N

2"=triaminotriethylamine prefer a tetrahedral
arrangement and as a result, the copper(II) complex of
this ligand is less stable . Zinc(II), however,
readily forms tetrahedral complexes and as a result its
complex with 2,2',2"-triaminotriethylamine is more stable

, . NPT ) ’ : 23,24
than its complex with the linear poiyamlne( d >.

A final example is provided by calcichrom (25),
which is a selective metallochromic indicator for cal-
cium(II) in the presence of other alkaline-earth ions.
Calcichrome is a macrocyclic ligand that derives its
selectivity from the fact that its donor atoms are
arranged in a "chelate cage" of such dimensions that,
of the alkaline-earth ions, only calcium(II) can enter.

These examples illustrate different steric effects.

Q

3

The substituted compounds 2-methyl-8-hydroxyquinoline and

5

2,9-dimethyl-1,10-phenanthroline form chelates of lower
stability than those of the parent compounds with metal~-
ions favouring sguare-planar or octahedral coordination.
Here, selectivity is obtained by modifying an analytical
reagent by the substitution of sterically hindering
groups near the coordination sites. In the third example,

the steric relationship of donor atoms within a single



ligand favours the formation of chelates with metal-ions

ain configuration. The final example illus-

ol

having a cer
trates the use of a ligand which is able to discriminate
between ions of differing size.

Thus, the introduction of suitable steric con-
straints in a ligand may result in increased selectivity.
To effect the maximum discrimination between metal-ions
of different configurations, the ligand should have a
rigid orientation of donor atoms, i.e., the ligand should
not be able to distort to meet the steric demands of the
metal-ion, but should impose its own steric demands upon
the metal-ion. The converse, of course, also holds true.
Multidentate ligands with completely flexible structures
are highly unselective (e.g., ethylenediaminetetraacetic
gcid, which reacts with virtually every metal-ion).

In the present work, the chelating properties of
the following potentially terdentate ligands are examined:
2-(2'-thienyl)-8-hydroxyquinoline (I), 4-amino-5-hydroxy-
acridine (II), 4,5-dihydroxyacridine(III) and 4,5-diamino-
acridine (IV). All are new compounds, with the exception
of 4,5-diamincacridine. The ligand 2-(2'=thienyl)-8-
hydroxyguinoline was prepared with the expectation that
the sulfur atom of the thienyl substituent might co-
ordinate, as in the copper (II) complex of 2-(2'-thienyl)-
pyridine(26). In 2-(2'-thienyl)-8-hydroxyquinoline, only

two of the potential coordinating atoms in the ligand
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are fixed since the thienyl group has some freedom of
motion. In the acridine ligands, the three donor atoms
are fixed in a rigid planar framework.

As shown by the construction of molecular model

n
~

these ligands should favour complex formation with metal~
ions which prefer a planar or octahedral configuration.
In these cases, 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. With metal-ions which
prefer tetrahedral coordination, the ligands would at best
be bidentate and 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-hydroxyguinoline.

The formation constants of chelates of several 2-substi-



tuted 8-hydroxyquinolines have been reported, where the
2-substituents are alk7l<19’27) or phenyl(lg). In addi~
tion, gqualitative tests with 8-hydroxyguinoline-2-car-

boxylic acid( , and very recently, with 2-aminomethyl-

283 . ,
(29 have been reported. These two

8-hydroxyguinoline
ligands, and the new ligands described in the present
work, are unigque in that the 2-substituent, normally

expected to be sterically hindering, contains a donor

atom which potentially can coordinate with the metal-ion.

Hh

The determination of equilibrium constants for
the formation of metal 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 s—= ML_.
n-1 n

Thus, for a system in which the highest complex formed is
there are N stepwise equilibria and N formation con-
stants, Kl' K2 5w KN; L is the chelating form of the
ligand; for some ligands (e.g., ethylenediamine) L is
neutral, for others containing acidic protons (e.g.,
8-hydroxyquinoline) it is anionic.

In the present work, formation constants were

(30) method.

determined by a modified form of the Bjerrum
This method, applicable to ligands whose chelating form

is basic, involves measurement of the hydrogen-ion con-



centration in solutions containing metal-ion, ligand and

bt

wvdrogen-ion. Protonation of the ligand provides a means
of varying the concentration of free ligand, L, over a
very wide range. Bjerrum introduced the use of the guan-

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 ML_ from the data n,[L]. These

N
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, the upper pH limit
of the method is determined by the pH of hydrolysis of
the metal—-ion. This is generally in the vicinity of pH 7
for divalent transition metal—ions(3l). 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 or ligand. Thus,
systems that involve ligands or chelates of low solubili~

ty cannot be studied by this method. Other technigues



which may be used to determine chelate formation constants

[V}
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pectrophotometry, polarography, solvent extrac-

H
0

tion, ion-exchange and the use of radioactive trace:

The modifications to the Bjerrum method which were

(14
(N

used in the present study were introduced by Calvin and
Wilson ); these workers used a titration technique 1in

W

which an acidified solution of ligand and metal-ion was
titrated with a solution of standard base. (Bjerrum

"y

employed a "batch" or one-point technique.) Calvin and
Wilson also introduced the use of the mixed solvent
dioxane-water to overcome the problems associated with
the limited aqueous solubility of many metal chelates.
This solvent system has found wide application in the
study of the solution chemistry of metal complexes, and
many workers have attempted to put equilibrium measure-
ments in aqueous dioxane (and in other agueous-organic
solvents) on a firmer theoretical basis. Van Uitert and

Haas(33)

compared the behaviour of the glass electrode

and the hydrogen electrode in agueous dioxane and showed
that the glass electrode functioned 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 agueous

dioxane, the 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 function of the mole fraction of dioxane in the solvent
and of the ionic strength of the medium, but was indepen-
dent of the hydrogen-ion concentration. This permits 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(BZ). 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

v . . ,
was 50% /v dioxane-water, 0.1M sodium perchlorate was

*It was assumed that the hydrochloric acid is
completely dissociated in each solvent mixture used.
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correction factor has been determined for this medium.
This thesis is concerned with several new poten-

ing agents which embody a rigid
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r partly rigid orientation of donor groups, and describes
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their synthesis and characterization. In addition, the
protonation constants of these compounds, required for the
calculation of metal chelate formation constants, are
determined.

The effect of the structural 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-ions.) Where possible, the
metal complexes formed by the new ligands 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 stability 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 determined because of oxidation of iron(II).
Cadmium (IT) was studied to provide a further example of
a metal-ion which exhibits tetrahedral coordination.



EXPERIMENTAL AND RESULTS

Apparatus

Calibrated volumetric ware waé used throughout
this work whenever this was appropriate.

Infrared spectra were recorded with a Beckman IR~-5
infrared spectrometer (Beckman Instruments Inc., Fullerton,
California). Visible and ultraviolet spectra were recorded
with a Cary Model 14 Spectrophotometer (Applied Physics
Corp., Monrovia, California). Other spectrophotometric
measurements in the visible and ultraviolet were made
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 microburettes and a constant-tempera-

17



ture water bath. The pH meter was a Radiometer Model PHM4
(Radiometer, Copenhagen, Denmark) equipped with Beckman
saturated calomel and E-3 (low sodium-ion error) glass
electrodes.

The Gouy balance consisted of a Sartorius Electron
I microbalance (Sartorius-Werke AG., Gsttingen, West
Germany) and an electromagnet 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 commercial 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-—
tional distillation through a l-meter column packed with
glass helices. The fraction boiling in the range 100.5-
101.0°C was collected as reguired and used within 24 hours.

Carbonate—-free sodium hydroxide for use in poten-

tiometric titrations was prepared by the following

3= (34) 4= C 5 & L e ¥
method : 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 the pre-

cipitated sodium carbonate had settled to the bottom. An
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to 4 litres
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appropriate volume of this solution was adde
of freshly boiled distilled water in a polyethylene
bottle. The solution, approximately 0.1M, was standard-
ized by titrating against 10-ml. portions o
potassium hydrogen phthalate solution; the end-point was
detected potentiometrically. The required amount of
boiled water to make the solution exactly 0.100M was then
added, and the solution was re-standardized. The value
obtained was 0.1001M *# 0.0001M. A solution of sodium
hydroxide, approximately 0.010M, for use in the titration
of very dilute solutions, was also prepared and standard-
ized in the same manner. The titre of this solution was
0.0101 = 0.0001M.

Solutions of perchloric acid, approximately
0.01M 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, 0.001M 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

0.0lM in metal-ion and were standardized by titration



with EDTA, following accepted met
tion was standardized by titration against standard zinc
solutiocn.

Metal-ion solutions for spectrophotometric
measurements were prepared by accurate ten-fold dilution

rd metal-ion solutions used in the potentio-

O,
[9)

e e
can

of the
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metric titrations.
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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(II) 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(III), 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 deriva-
.y (35) i e - el
tives . 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
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reduced with sodium amalgam to give the acridine compound.
The complete reaction sequence is shown in Figure 1, and
the procedures are described in detail below.

The synthesis of 4,5-diaminocacridine is based on

‘ - - ; 36 o g . . y
the procedures of Goldberg and Kelly( >, and Klein and

a
s

oxylic Acid.

2-Nitro-2'-Methoxydiphenylamine-6-Car

.’/.b
— ) - : L . . 8) . &
Fifty grams of 2-bromo-3-nitrobenzocic acid ;, 90 ml. of

w

g—anisidine, 20 g. of anhydrous sodium carbonate and

0.5 g. of copper powder were heated at 135°C for 2 hours,
r until the mixture solidified. After cooling, the mix-
ture was extracted with 100 ml. portions of hot benzene.

§

The insoluble sodium salts were separated by filtration,
air-dried and taken up in 500 ml. of warm water. The
solution was filtered and then adjusted to pH 4 with 6M
hydrochloric acid. The precipitated 2-nitro-2'-methoxy-
diphenylamine-6-carboxylic acid was filtered and 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-Methoxyacridone. Twenty-four grams 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 &. of water. The resulting suspen-

sion of 4-nitro-5-methoxyacridone was stirred overnight
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Figure 1. Synthesis of Acridine Ligands.



at approximately 60°C, then filtered and the solid washed
with a small amount of dilute aqueous ammonia.

4-Amino-5-Methoxyacridone. The moist 4-nitro-5-

methoxyacridone from the preceding step was transferred

}<v
Hh

to a 1-2. flask; 125 g. of stannous chloride and 300 ml.

concentrated hydrochloric acid were added, and the mix-

h

o

T~

was refluxed for 4 hours. After cooling, the solid

-~
s o

(]

e

o

was filtered by suction, washed with a small volume of

Hh

concentrated hydrochloric acid, and dissolved in 1 2. ©
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. ifteen grams of

4-amino-5-methoxyacridone were placed in a 2-2%., 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~

80°C for 2 hours. At the end of this period, the mixture



had become almost colourless. Heating and stirring were
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with hot
combined and evaporated to a volume of approximately
500 ml. with frequent additions of water. The precipi-

£

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

r

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-
l70°C.

Calculated for C14H12N20: 74.98%C, 5.39%H, 12.493%N

Found®*: 74.82%C, 5.55%H, 12.51%N

4-pmino-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 hydrobromide salt of 4~amino-
5-hydroxyacridine was obtained by filtration. The solid

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

*All microanalyses reported in this thesis were
perforped by Alfred Bernhardt Microanalytisches Laborator-
ium, Mulheim-Ruhr, West Germany.



made basic with sodium hydroxide. A small amount o©

insoluble material was removed by filtration; the filtrate

@]
5

was neutralized by the slow additi of 6M hydrochloric

r
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acid to the vigorously stirred solution. The precipi:

a de

4-zmino-5-hydroxyacridine was filtered, washed with water

oo

and dried in air. Yield, 4 g. (72%).

Repeated recrystallization from 50% ethanol
yielded the pure material as orange-brown needles, m.p.
195=-197°C,

Calculated for C13H10N20: 74.27%C, 4.79%H, 13.33%N

Found: 73.76%C, 5.09%H, 13.083N

4,5-Diaminocacridine. This compound was prepared

by a series of reactions similar to those described
above, 2,2'-Dinitrodiphenylamine-6-carboxylic acid was

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

th

nitrobenzoic acid, 50 g. of o-nitroaniline, 20 g. o
anhydrous sodium carbonate and 0.5 g. of copper powder at
190-210°C for 4 hours. The reaction mixture was extracted
with benzene 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 solution was acidified. The precipitated acid

was recrystallized from 95% ethanol to yield yellow needles,

m.p. 248-250°C (literature 246°C (38)  252-2540c(37)y,



diaminocacridine in yellow-brown needles, m.p. 178~179°C

e
(literature 177°c‘“°), 1820¢ 370y,

(@]

lcul 1 for H. N,: 4.62% .30%H, 20.083%N
alculated fo clBﬂll\B 74.62%C, 5 ;, 20.08%N

ound: 74.75%C, 5.68%H, 19.77%N

tj

4,5-Dihydroxyacridine. A solution of 2.5 g. of

4-amino-5-methoxyacridine in 25 ml. of 12M hydrochloric
acid was sealed in a heavy-walled Pyrex tube and heated
for 8 hours at 180°C. After cooling, the contents of the
tube were dissolved in 200 ml. of water. The solution
was filtered and then made basic with sodium hydroxide.
A small amount of insoluble material was removed and the
solution was then neutralized with 6M hydrochloric acid.
The precipitated 4,5-dihydroxyacridine was collected by
filtration. Repeated recrystallization from agueous
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-diaminocacridine by -heating with concentrated hydro-~
chloric acid in a sealed tube at 180°C for 24 hours.

Calculated for C13H9N20: 73.92%C, 4.30%H, 6.63%N

Found: 73.81%C, 4.68%H, 6.82%N
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4~Hydroxyacridine. 2-Nitrodiphenylamine-6-

carboxylic acid was prepared in the usual manner by

G

£ 2 Bror = et 4
OL «Z—-Dromo—-o—nlitrobenzolc
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refluxing a mixture o1 0

(o]

bonate and 0.5 g. of copper powder for 1 hour. The pre-
cipitated sodium salts were washed with benzene, dried
in air and dissolved in water. Acidification yielded
the free acid.

The acid was cyclized 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-aminocacridine with 15 ml. of concen-
trated hydrochloric acid in a sealed tube at 200°C for
6 hours. The compound was isolated and purified as
described for 4,5-dihydroxyacridine. -Yield, 0.54 g.

(18%), m.p. 115-115.5°C (literature ll6—ll7°c(39’).

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

The method employed for this synthesis has been
used for the preparation of many 2-aryl-8-~hydroxyquino-

: (40) e . : - . -
lines . It involves the addition of the appropriate
aryllithium 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 isolation of



the product generally being sufficient), nitrobenzen
I . - e L ary Lo
was used as an additional oxidizing agent in the
present work.
8-Methoxyquinoline. This compound was prepared

by the Skraup reaction following the procedure of King

. (42 ) ) . N ) R
bherred( ). After two distillations at reduced

Os

n
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pressure, the product was obtained as a clear yellow
boiling at 160-161°C at 8mm. Hg. (Literature 174-176°C
(42)

at 29 mm. ). Yield, 50 g. (40%).

2-(2"'-Thienyl)-8-Methoxyguinoline. A solution of

17 g. of thiophene (previously dried over sodium
in 200 ml. of dry ether was placed in a 1l-. flask
equipped with a nitrogen inlet, a reflux condenser and a

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

I....l

bath while 125 ml. of a 1.6M solution of n-butyllithium in
hexane was added dropwise by means of a syringe. A solu-
tion of 32 g. of 8-methoxyquinoline in 200 ml. 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 reaction mixture was hydrolyzed by
the addition of 300 ml. of water, the ether layer separ-
ated, and the agueous layer extracted several times with
ether. The combined ether extracts were evaporated on a
steam plate overnight, leaving a deep red oil. To the
0il was added 100 ml. of nitrobenzene, and the solution

was boiled for approximately fifteen minutes. The solu-
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tion was distilled under vacuum; the product was o

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

o
0]
[ ]
I 1
(]
[oX
o8
g
0}
(o]
=
O
=
o
(]
()
[N
[
()
0]
5
o)
|
[
[&s)
(84}
I
-
=
=
o
o
(@]

Calculated for C14HllONS: 69.68%C, 4.61%H, 5.81%N, 13.29%S

2-(2"'-Thienyl)-8-Hydroxygquinoline. A solution of

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

“

48% hydrobromic acid was refluxed for 24 hours. Ugon

Hh

}1

l..l
I

cooling, the hydrobromide salt precipitated; this was

ye;

tered and dissolved in warm water. The solution was
filtered, made basic with sodium hydroxide, and filtered
to remove a small amount of insoluble material. Neutral-
ization of the filtrate yielded 2-(2'-thienyl)-8-hydroxy-
guinoline, 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 C;;H,ONS: 68.68%C, 4.00%H, 6.16%N, 14.11%S

Found: 68.97%C, 3.71%H, 6.28%N, 14.335%S
Characterization of Ligands
In addition to the elemental analyses given above,
the new ligands were further characterized by infrared,

nuclear magnetic resonance and mass spectrometry. The
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infrared spectra (obtained by the potassium bromide pellet
technigue) showed absorption bands in the regions charac-
teristic of the functional groups (-0OH, —NH2 and -0CH.).
The NMR spectra were recorded at 60Mc, with dioxane as
solvent except as otherwise noted; chemical shifts are
with respect to hexamethyldisiloxane as internal refer-
ence, The spectra are summarized in Table I and are re-
produced in Appendix I. Further comment is given in the
Discussion. The mass spectra were recorded using an
ionization potential of 80 eV and an ionizing current oI
50 pA. For each ligand, the m/e ratio of the parent ion

agreed with the calculated molecular weight.

1

Reactivity of the Ligands toward Metal-ions

Before the determination of chelate formation
constants, spot-tests with 29 metal-ions were performed,
to determine the general reactivity of the ligands toward
metal-ions. 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 results were interpreted in the light of "blank"

tests, and are presented in Appendix II.

*The buffers were prepared as follows: the pH 5
buffer was acetic acid-sodium acetate, 0.1M in tota
acetate; the pH 10 buffer was 0.025M sodium tetraborate.
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TABLE T

NUCLEAR MAGNETIC RESONANCE SPECTRA OF LIGANDS

(Solvent: 1,4-Dioxane, except as noted)
fa
i//\i/\( HB
i i |
SN kaX
X
Chemical Shifts Coupling Constants
p.p.m. (c/s)
Compound X Eg ﬁé Jan Iy Iay
8-Hydroxyguinoline 9.08 8.77 8.04 8.5 4.0 1.5
2=(2'=Thienyl) -
8-Hydroxygquinoline 8.40 - 8.10 8.5 - -
2-(2'=Thienyl) -
8-Methoxygquinoline* 3.87 - 7.64 .8 = -
HA
|
/"l S R
i
A N “ =
Y X

Chemical Shifts (p.p.m.)

Compound 4-Substituent (X) 5-Substituent (Y) %ﬁ
4,5-Diaminoacridine 5.67 5.67 8.53
4 ,5-Dihydroxyacridine 9.09 9.09 8.70
4-Amino-

5-Hydroxyacridine 983 8.95 8.60
4=Amino-

5-Methoxyacridine 5.77 4.00 8.64

*In carbon tetrachloride
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Preparation of Solid Chel

Chelates of 4,5-dihydroxyacridine and 2-(2'~thienyl)~-
8-hydroxyguinoline with cobalt(II), nickel(II), copper(II)
and zinc(II), and of 4-amino-5-hydroxyacridine with

verchlorate solution and 200 ml. of water were heated to
80°C. The solution was stirred magnetically and 50 ml. of

ligand were added. The chelate

pe’)

a dioxane solution of th

(0]

was precipitated by the dropwise addition of 2.0 ml. of
0.1M sodium hydroxide solution. In the case of the 4,5~
dihydroxyacridine chelates, precipitation occurred without
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 was
prepared as follows: 10 ml. of a 0.01M solution of anhy-

=

drous cupric bromide in 50% v/v tetrahydrofuran-dioxane
was added to 10 ml. of a 0.020M solution of the ligand in
dioxane. Precipitation occurred immediately. The mixture
was allowed to stand for a week in order to effect some

increase in the particle size of the precipitate, then the

solid was separated by suction filtration, washed with a

small volume of dioxane, and dried in a vacuum desiccator

Elemental analyses of the chelates are given in

Appendix IIT.



Spectrophotometric Determination of Protonation Constants

and the Order of Protonation of Ligand Donor Sites

The second protonation constants of 2-(2'-thienyl)~-
8-hydroxyguinoline and 4,5-diaminocacridine were determined

spectrophotometrically, since the pH range in which pro-

P

tonation occurs is too low for the potentiometric method
(see below) to be applicable. The first protonation con-

termined spectro-

0]

stant of 4,5-dihydroxyacridine was d
photometrically since the pH range of protonation is near
the upper limit of the 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 determined potentiometrically. Approximate
values of the third protonation constant of 4-amino~-5-
hydroxyacridine and the second protonation constant of
4-amino-5-methoxyvacridine, which were observable only in
rather concentrated acid solution (e.g., 1=5M), 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 used, in the
case of 4-amino-5-hydroxyacridine and 4~amino-5-methoxy-

acridine (in conjunction with the spectra of 4-hydroxy-
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ligand donor sites. Solutions of the ligands (2 x 10 ~XM

. . .- ; -4
for spectra in the range 200-350 mu, 1 x 10 "M for spectra
in the range 300-600 mu) were prepared in 50% v/v dioxane-

water; pH values were chosen to yield solutions containin

possible, only one of the protonated forms of the

Fh
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ligand. The spectra are summarized in the following table,

-

and the spectra of the acridine compounds are shown in

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

-

pipetted into 50-ml. volumetric flasks containing 25.0 ml.

f agueocus solutions of appropriate pH and 20.0 ml. of

L

O

dioxane. The required pH values were maintained by ace~
ate or phosphate buffers*, or by perchloric acid or
sodium hydroxide solutions. The ionic strength of the
solutions was adjusted to 0.10 by the addition of sodium
rcnlo ate+ 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).

3

he buffers were prepared such that their contri-
the ionic strength of the final solution was less
The acetate buffers were 0.005M in total ace-
the phosphate buffers were 0.001M in total
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In the solutions of pH 1 or less, the ionic strength
was not controlled.



TABLE IXL

SPECTRAL DATA OF LIGANDS

(Solvent: 50% v/v dioxane-water;

Ligand Species pH Absorption Maxima, mu(log e in parentheses)
4-Amino-5~Hydroxyacridine H3L++ 4M HC10, 343(3.70), 362(3.95), 450(3.18)
H2L+ 1 263(4.79), 341(3.40), 358(3.52), 396(3.43)
HL 7 267 (4.74), 430(3.49)
Pl 13 278(4.77), 353(3.31), 371(3.34), 452(3.56)
4-Anino-5-Methoxyacridine H2L++ 4y HC1O, 343(3.79), 360(4.09), 450(3.32)
ur,* 2 339(3.40), 354(3.56), 386(3.48)
L 7 424(3.52)
4-Hydroxyacridine H2L+ 270(4.77), 345(3.78), 361(4.11), 441(3,35)
L 259 (4.89), 340(3.43), 358(3.63), 395(3.53)
i 13 285(4.65), 460 (3.37)
4,5-Diaminoacridine H2L++ 4M HC10, 337(3.77), 353(3.95)
mr,t 2 278 (4.52), 434 (3.36)
L 7 275(4.84), 441 (3.60)
4,5~Dihydroxyacridine H L+ 1 267(4.73), 279(2.92), 365(3.53), 469 (3.23)
H,L 7 266 (5.07), 400 (3.60), 418(sh)*
HIL 11 282(4.74), 450 (3.45)
1 14 280(4.83), 455(3.62)

temperature:

25°C)

Ll
(O3]
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TABLE II (Cont'd)

Ligand Species pH Absorption Maxima, mp(log e in parentheses)
2~ (2'"-=Thienyl)-8- "
Hydroxyquinoline H,L 0 305(4.34) 373(4.32
HL 7 295(4.49) 338(4.04)
i 13 308 (4.56) 402 (3.54)
* gsh = ghoulder

w
N
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. Calculations

; A=A
log X By H + log N (1)
5 1 Fe A-A__ L
HL
log K 4 p H + lo ﬁHL—A (2)
N L = ! = s Z
2 c g A=A L !
2
where p H = =log TH+} A_ A A represent the absorb-
Fc o " TLSgL/TH,L TR RS SSDOnS

ance of the neutral, monoprotonated and diprotonated forms
of the ligand, respectively, and A represents the absorb-
- ~ o T - o ,
ance of a mixture of L and HL , or HL and nZL . These
equations hold only if the pH range of protonation of the

donor site under consideration does not overlap appreciably

n Appendix V

|_l -

with that of another. The data are presented

The pH ranges for the addition of the first and
second protons to 4,5-diaminoacridine did overlap appre-
ciably, and as a result a plot of absorbance (at 275 myu)

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

. - .
protonated species, HL , absorbed, although the absorbance

(o))

. ++ - . , .
of the pure species L and H2LT could readily be obtaine

The absorbance of the monoprotonated species was obtained

in the following manner. From equation (1)

A \
- (2. -A)

which, upon rearranging, becomes



30
| et 1 - -
A | -+ [H'] = [H'] A,.. +A / H (4)
Lk H HL 1/K1
Ll J
In the pH region in which only the species L and HL exist

H
i

the 1

in appreciable concentrations, a plot o

)

side of ecuation (4) (using the values of K. obtained
B
potenticmetrically as described below) versus {H ] vielded

a straight line with slope AHT+.

Using this value of A..+ and equation (2),

HL

5

log "2 was calculated from data in the pH region in which

. 5
only HL and &

4

++ A i 0 e .
L exist in appreciable concentrations.

+

2
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 KlL for 4,5~
dihydroxyacridine was obtained, using the value of

o

- ., H . : " . ;
Llog KZ determined potentiometrically. Figure 3 shows
the agreement between the calculated curve and the experi-
mental points.

The values of the protonation constants are given

in Table III.

Potentiometric Determination of Protonation Constants

l. Procedure

Potentiometric titrations were performed in a
200-ml. jacketted titration cell; water at 25.0 = 0.1°C
was circulated through the outer jacket. The cell was

fitted with a Lucite cover, with holes for the glass and
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acridine. The circles are experimental
points; the solid line is calculated
from the concentration of ligand, the
molar extinction coefficients, and the
protonation constants.
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Figure 2. Absorbance versus pH for 4,5-Diamino-
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Absorbance versus pH for 4,5-Dihvdroxy-
acridine. The circles are experimental
points; the solid line is calculated
from the concentration of ligand, the
molar extinction coefficients, and the
protonation constants.



the soluticon and an atmosphere of nitrogen was maintained

sodium hydroxide burette was drawn out into a fine

1 T ] =

capillary, and titrations were performed with the tip o

the burette below the surface of the solution. The

[

burette was filled by gravity from a 4-2. polyethylene
bottle, and the contents of the bottle and of the burette
were protected from atmospheric carbon dioxide by absorp-
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 0.01M 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 additiocn

of small increments of sodium hydroxide. With each



l.
Fh

ition o

(o

a

V)

base, an egual veolume of dioxane was added, and

)

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

loric acid solution plus 50.0 ml. of dioxane. At

0]
B
Q
=y

e
each point on the titration curve the measured pH was

T +. - . .y
compared with -log [H ], calculated from the molarities
of acid and base, the volume of base added, and the total
volume of solution. n the pH range 2-3 (0-80% neutraliza-
tion) the Van Uitert and Haas correction factor log U,

where

R + log UT, = pcﬂ (5/

o
was constant and equal to -0.08 # 0.01. In equation (5),
R is 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

-

o

e point (110-170

'_J.
<
)
[
(0]
o)
Q

titration curve past the equ

or

Hh

neutralization), the measured pH value was corrected

the sodium-ion error, using the data available for aqueous
. (43) - oy . i 3 . )

systenms . (The sodium-ion corrections applied wer

very small, the maximum being less than 0.03 pH units.)

The Van Uitert and Haas correction factor was then

= 7 9 ~ : - o + ey

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

volume of base added, the value of p OH = ~log [OHE ] was

-~
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w

Then
o K_ = p H + p OH 6)
Fo'w o i+ (e
was calculated for each point. The value obtained was

5.33 = 0.02.

]

W

greement with those

(44)

These values are in good

, who

by Takamoto, Fernando and Freiser

O

porte

(0]

obtained wvalues 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, frxom added strong acid, and of hydrogen~ion
arising from the ionization of water, less the concen-
tration of added strong base. Thus for a neutral ligand

H, L, of concentration CL’ total concentration of avail~

k
able protons =k-CL + [ClOZ] + [0HT] - [Na+}.

total concentration of protons bound to ligand

Let p = ‘ — , .
- total ligand concentration
(7)
Thus 5 = [total available protons]-[free hydrogen-ion]
P [total ligand]
. - - - + §0
K'CL -+ [C1O4 ] + [OH] - [Na'] - [H]

= (8a)
¢,




where [ ] signifies moles/litre.

For most ligands with which this study is con-

o

cerned, the protonation equilibria did not overlap. The

protonation constants were calculated from the appropriate
45)

(

expressions below:

log K = p H + log

[Ye]
.
O
| e |
Py
O
]
}...l
p—
N
o
ol
Rl |
[
()
~

log K - pCH + log

| —

Values of p in the range 0.2 - 0.8, 1.2 - 1.8 and
e 1 a1 4= b’ H ok H J H -
2.2 - 2.8 were used to calculate K,™, K2 and K3 ;, respec-

tively. Calculations were performed with the aid of an

1

[

IBM computer.
For the two phenolic dissociations of 4,5-dihydroxy-
acridine, the two protonation equilibria overlapped. The

two protonation constants were obtained from the p, pH

following method. From equation (7)

()

data by th

B [EI }+2[H2L]
P = — (12)
[L ] + [HL ] + {HZL
H ...+ ——— H Hr +.2 =
KljiiT]Lu ]+2Kl K2 [H17[L ]
- (13)
= H._+, ._=. ., H H._+.,2._=
L] + X, 7[H'TILT] + K© Ky [H17[L7]
2.+ . H El -t 2
reg' ] Tz e 1
_ Kl [H ‘+2Kl X, lH . (14)
1 4 B.2mE™ + 2F e Pyt
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Equation (1l4) may be arranged to give the equation
5 L H _ H (2-p) [H'] H o
: = K. F e - K, (15)
N 2 -
(p-1) [H ] (p—-1)
H_ H H
or Y =K, I X - K.°© (16)
L 2 s
~ P
where B

and No= e s
(p=1)}
The values of Kl and K2 were obtained from the
slope and intercept of the least-squares f£it of eguation

(16) to the data. 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. Representative
titration data for each compound are presented in
Appencix VI.

The values of the protonation constants are given

east

}__J

in Table III. The constants are the'result of at
three titrations (except those for acridine and 4-hydroxy-
acridine, which are the result of two titrations). The
precision is expressed as the 95% confidence limits of

the mean. These limits are given by * ds/V/N, where s is
the pooled estimated standard deviation, N is the total
number of experimental observations, and d, 6 is the corres-

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

95%.



PROTONATION CONSTANTS OF LIGANDS

(determined in 50

o\
L]
N
<
oo

dioxane-water, 25.0°C,ionic

H
Ligand log I log K,°

®)

O
.
-

o>
NS
o

H
o
o
(-

Acridin

'_ 1
'._.l
NS}
2
TR
o
O
}_.l
>N
)
NS
1SN
H
(@)
0
o
[

t-Hydroxyacridine

L-Amino-5-Hydroxyacridine 11.5020.01 2.37%0,01

4-Amino-5-Methoxyacridine .85%0,.03% ~=0.5
4 ,5-Diaminoacridine 3.18%0.01 1.42=0,05%

4,5-Dihydroxyacridine 2 10.58%0.01
5

2-(2'=Thienyl)-8-
Hydroxyquinoline 11.66%0.01 1.48%0,03%

Wb
(@)}

2.56%0,01

* Value determined spectrophotometrically

" The limits shown are the 95% confidence limits.



Potentiometric Determination of Metal Chelate Formation
Constants
1. Procedure

for the determination of the protonation constants of the
ligands, with the following differences: the ligand was

introduced as a 5.00-ml. portion of a standard solution in

o3
wn
O
'..l
o]
ol
Fl
(@]
[}
5
w

dioxane, and 5.00 ml. of a standard metal-ior
added in place of 5.00 ml. of water. As in the determina-
tion of the ligand protonation constants, the ionic strength

was 0.10 and the temperature was 25°C,

2. General Calculations

(4

>
()
~

The general equations of Hearon and Gilbert

or the calculation of metal chelate formation constants

Hh

from potentiometric data were used. These equations are

-Z_+C. = 2 +C - % Z.[I.]
L L M M 1 -
[L] = = e = (17)
H A
: I3 8. [H'1]
j=o = 7
J
z H o)
- c, - [L] .2, 8. [H']
and n = 2 J . (18)
cM

ully in Appendix VII.

=

Fh

These equations are developed
The quantity [L] is the molar concentration of

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

guantity n is the average number of ligands bound to a

metal-ion at a particular value of [L]. The other



From values of n, [L] it is possible
the formation constants for the system under study.
constants may be obtained by any one of a number of

aphical or numerical methods; a few of these methiods

e}
)

in Appendix VII.

[9)]
H
(0]
(o)
H
163}
Q
o
0
0
()
0,
}J

(o]

Equations (17) and (18) are general equations an
require modification for each combination of metal-ion

P

. The modified equations are given in the

Oy

and ligan

sections below.

Representative titration data are presented in

ZAppendix VIII.

3. Formation Constants of 2-(2'-Thienyl)-8-Hydroxyguino-

Titration curves of the metal chelates of 2-(2'-
thienyl)-8-~hydroxyguinoline are shown in Figure 4. The
end-point of the titration curve for each metal chelate
is displaced from the end-point of the titration of per-

chloric acid and ligand by a volume of base equivalent

1

to the release of two hydrogen-ions per metal~-ion. Since

N

each ligand molecule releases one hydrogen-ion upon chela-

4 s o PR -

tion, this displacement indicates that the metal chelates

*.__J

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

metry ML2. This stoichiometry is confirmed by the results
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Figure 4. Titration curves of 2-(2'-Thienyl)-8-
Hydroxycuincline Chelates.
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lemental analyses o d chelates (Table I,
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Values of [L] and n were calculated from the

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

*+ Eonit o B - T
C, = 2CH - [H] - [Na'] + [C10, ] + [OH ]
TT] = RE i o = (—,9\
b H, .+ T H 4.2 =
XK.U[H'] 4+ 2K.7 K, [H
[H'] K, E]
i H.o+ H _ H. + 2]
C. - [L] | L +K,7[H'] + K K, [H ‘
- p = ] y 1+ Ry Ky 1H ] -
n = c (20)
M
The n values (as a function of pL, where
pL = =log [L]) reached a maximum value of 2,0 in each

case, further indicating the stoichiometry MLZ'

The stepwise formation constants were obtained by
a linear least-squares fit of equation (17), Appendix VII,
to the n, [L] data. Values of n in the ranges 0.2 - 0.8
and 1.2 - 1.8 were used in these calculations, since the
ficients X and Y in this ecuation are sensitive to
experimental error for values of n near 0, 1 and 2 (see
Appendix VII). The stepwise and overall formation con-
stants are given in Table 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-to-metal of approximately 6:1, except for

Ey

N

copper (II), where the ratio was 4:1. Since the pH region
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TABLE IV
FORMATION CONSTANTS OF METAL CHELATES OF

2—(2’—THIENYL)—8—HYDROXYQUINOLINE

determined in 50% v/v dioxane-water, 25.0°, ionic stren

Metal-ion log K, log X,

(&)
st

Co(II) - 5.83%0.09" 7.08%0.09 12.91

Ni(II) 5.940.07 6.77:0.07 12
u(II) 8.84x0.18 11.01+0.18 LS
Zn(II) 6.61=0.06 8.38x0.06 14

Ca(II) 6.150.07 7.03x0.07 13

'The limits shown are the 95% confidence limits.



in which complex formation occurred was about pH 7 for all

metal-ions except copper (II), the possibility existed of
erroneous results being obtained because of hydrolysis of

the metal-ion. To demonstrate that hydrolysis was not

interfering, titrations at a molar ratio of ligand~to-

from these titrations were not significantly different
from those obtained at the lower ratio.

The formation curves for the chelates are shown
in Figure 5. he curves are calculated from the forma-

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

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

]

O

N

mation Constants of 4-Amino-5-Hydroxyacridine

es

(93

el
ne.la

()

Titration curves of metal chelates of 4~amino-5-

hydroxyacridine are shown in Figure 6. Titrations were

&

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

'O
()
H
Hn

1

except ‘for copper(II), which will be considered separately.
As with the 2-(2'-thienyl)-8-hydroxygquinoline chela%es,
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, hydrolysis of the metal~

5

ions is not likely at these pH values.
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Figure 6. Titration curves of the Cobalt (I
Nickel(II), Zinc(II) and Cadmium
Chelates of 4-Amino-5-Hydroxy-
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acridine. The broken line indicates

the formation of a precipitate.
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systems, the displacement of the end-poi
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tion curve from that of perchloric acid plus ligand

corresponds to the release of two hydrogen-ions per

metal-ion. Since each ligand releases one hydrogen—ion

upon chelation, the complex must have the stoichiometry
ML,.
2

of the solid chelates (Table II, Appendix

-

tation of the chelates of nickel(II) and cadmium(II)
occurred before the end of the titration; the titration
curves of these metal-ions also indicated that two hydro-
gen-ions per metal-ion were released upon chelation.
This was confirmed in titrations (not used in the calcula-
tion of stability constants) in which the concentration
of metal-ion was reduced to a level such that precipita-
tion did not occur.

Values of [L] and n were calculated from the

appropriate form of equations (17) and (18), respectively:

c.-2¢Cy, - mt] - [Nat] + [c10,7] + [OH]
Ll = —5 = H . H,.+.2 (21)
K UIHT] + 2 KUK, [H']
r o2
c, - [L] | 1+ & 7[E] + kT g PET1?
. L 1 B ]
n = . (22)
M

T

The third protonation constant of the ligand, K3n,

was omitted from the calculations since thKZHK3n[HT]3 is
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Titration Curve of the Ccpper (II)
Chelate of 4-Amino-5-Hydroxyacridine.




- », H H. +.2 .
much less than K,7K, [H'] throughout the titration.
Titration of copper(II) at a ligand-to-metal
ratio of approximately 4:1 vielded a titration curve in

etal-ion was released upon

)

hich one hydrogen-icn per

=

chelation. Therefore, the stoichiometry of this complex
is 1:1. A second region of proton release occurred at
higher pHE values (pH 7-10); this second buffer region
was also observed when the ligand-to-metal ratio was 1l:1
(Figure 7). This buffer region is almost certainly due
to proton release from a coordinated water molécule
(i.e., the complex has the formula CuL-Hzo) and not to
the addition of a second ligand molecule. The acid
dissociation constant Ra of this water molecule, where

Ka refers to the reaction

[cuL-H.0]T — cur.om + 5

2
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 CONSTANT OrF COORDINATED

DISSOCIATION

0

IN l:1 COPPER(II) CHELATES
(25.0°C,50% v/v dioxane-water)
Number of ’

e - 3 i ) pPK_ -
Chelating Ligand Donor Groups Reference
4-Amino-5-Hydroxyacridine 3 8.9 this wozrk
4—(2'=pyridyvlazo)~resorcinol 3 10.1 (47)
4-{2%~thiazolylazo)~resorcinol 3 10.1 (47)
Pyridine-2-aldehyde-2-

guinolylhydrazone 3 9 (48)
Pyridine-2-aldehyde-2-

benzothiazolylhydrazone 3 9 (48)

glycylglycine

8-Hydroxyquinoline


http:pyridy~azo)-resorcir.o1

(15), Appendix VII. Values of n in the ranges 0.2 ~-0.8
and 1.2 - 1.8 were used. The constants are reported in
Table VI. The values are the result of at least three

th

O

titrations

0
~

precision is expressed as the 95% confi-
dence limits of the mean.

Formation curves for the chelates are shown in
Figure 8. The curves are calculated from the formation

constants reported in Table VI.

5. Formation Constant of the Copper (II) Chelate of

4,5-Diaminocacridine

Titrations of the copper(II)-4,5-diaminocacridine
system were performed at molar ratios of ligand to metal
of 6:1, 2:1 and 1:1. The titration curves obtained are
shown in Figure 9. Values of [L] and n were calculated
from the appropriate form of equation (17) and equation

(18) respectively:

-2 ¢, - at] - Na®] + [c10,71 + [OH]

L] = (23)
H, + 3 H. .+ 2
Ky [H'] + 2 K,7 K, [H']
] H. + H _ H..+.2 |
— rT > l-, !
C [L] L 1 + K, [H'] + K;" K, [H'] |

(24)

=3}
Il

C
M
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FORMATION CONSTANTS OF METAL CHELATES OF
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4-AMINO-5-HY

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

Metal-ion log Kl log K2 log B,
Co (II) 6.97¢0.02" 6.55:0.03 13.5240.02
Ni (II) 8.290.02 7.22:0.02 15.510.02
Cu (II) 11.76:0.01 - -

2 (IT) 7.69%0.04 7.150.04 14.83%0.02
Ca (II) 7.05%0.05 6.030.14 13.0820.12

The limits shown are the 95% confidence limits.
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Figure 8. Formation Curves of the Bis~Chelates of
4-pmino-5-Hydrexyacridine., The circles
are experimental values; the solid lines
are calculated frcem the values of log Ky

and log K?.
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Figure 9.

Volume of O.IM NaOH , ml.

Titration Curve of the Copper (II)
Chelate of 4,5-Diaminocacridine.
Figures at the left of the curves
indicate the molar ratio of ligand

to metal.
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[H 32 throughout the
n titrations in which the ligand-to-metal ratio
was 2:1 or 1:1, n reached a maximum of 1.0, indicating a
stoichiometry of 1l:1 for the copper (II) chelate. This

)

stoichiometry is supported by the results of the elemental

analyses of the chelate (Table III, Appendix III), although
y 7 -l

’.__I

the data are not entirely satisfactory. When the ligand-

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

that chelate formation was complete at the beginning of

U

the titration. The formation constant was calculated from
the n, [L] data obtained for a ligand-to-metal ratio of
l:1, using equation (15), Appendix VII. The value

obtained was log Kl = 4.7 £ 0.2.

6. Metal Chelates 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
chelate 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 2:1) showed that two protons were released per metal-

ion. Since each ligand contains two potentially
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of a bis-chelate, in which the mono-anion of 4,5-dihydroxy-
acridine acts as a bidentate ligand. Precipitation of a
solid phase is also consistent with either compound,
since each is electrically neutral. Titration of solu-
tions containing ligand and metal-ion in a 1l:1 molar ratio
also resulted in precipitation. hese titration curves
appeared to contain two buffer regions, each corresponding
to the release of one proton per metal-ion.

The most reasonable interpretation of the titra-
tion curve is that the lower buffer region is caused by
the formation of the bis-chelate by one-half of the metal-

ion present, according to the equation

2+ L1 O T T 1
M®" + H)L — 5 M(HL), + H + 5 M ,

and the higher buffer region to hydrolysis of the remaining

unchelated metal-ion, according to the equation

1 2+ 1 . +
'é‘M +H2O —_ E-M(OII)Z-*-H .

Elemental analysis of the solid chelates (prepared at a
ligand-to-metal ratio in excess of 2:1) showed that the
stoichiometry of the solid was indeed M(HL)Z.

It was observed that in strongly basic solution
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(about pH 12), the solid metal chelates dissolved, giving

highly coloured red-brown solutions. For each metal-ion,

the stoichiometry of the absorbing species was determined

(49)

=

The procedure was as follows:

®

by the method of Job

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

of 0.001M metal-ion solution and (10-V) ml. of a 0.001M
solution of 4,5-dihydroxyacridine in dioxane. The solu-

tions were made alkaline by the addition of 1.0 ml. of

N ~

0.0 ml.

i -

0.1M sodium hydroxide, and were then diluted to

ov

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

N

metal chelate was observed in the region 470 - 490 mu.

- Y
-

H

Ha

Q

ne data were plotted in the following manner: or ea
solution, the absorbance which would have been observed at
the analytical wavelength if the metal-ion and ligand had
not reacted* was subtracted from the measured absorbance.
The corrected absorbance was plotted against the quantity

EL]/ = . TR
x iy h the metal~ion t
[L] + [M] For each otf e cal—-ions studiea, a

maximum was observed in this plot at the point

[“]/[L., ) = 0-67. 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 extinction coefficients

*This absorbance is essentially the absorbance of
the reagent alone.
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Figure 10.

Volume of O0.0/M NaOH, mi.

Titration Curve of the Copper (II)
Chelate of 4,5-Dihydroxyacridine.
The broken line indicates the
formation of a precipitate.
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are given in Table VII.

ABSORPTION MAXIMA AND EXTINCTICON CCEFFICIENTS OF ANIONI

BIS-CHELATES OF 4,5-DIHYDROXYACRIDINE

(pHE = 12.5 - 12.8)

Metal-ion Absorption Maximum, myu log ¢
Co(II) 488 3.95
Ni(II) 488 3.97
Cu(II) 471 3.81
Zn(II) 483 3.88

Potentiometric titrations were also performed in
which the 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 was 2:1.
At this lower concentration, the copper (II) chelate
remained in solution 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 titra-
tion curve of the copper (II) chelate is shown in Figure 10.

For each metal-ion, two protons per metal-ion
were released on chelation (as was observed in the previous

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

ponding to the titration of two protons, was observed.
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Proton loss in this region resulted in the formation of

[©)]

soluble complex (vide supra) and is probably due to the

dissociation of the remaining protons on the chelated

Since the titration mixture was heterogeneous over almost
the whole of this buffer region, protonation constants of

the metal chelates could not be calculated. However, the

(0]

acidity of the phenol groups appears to have been in-
creased somewhat by chelate formation.

Values of n and [L] for the copper (II) chelate
were calculated using egquations (25) and (26) of Appendix
VII. The pH regions of chelate formation and dissociation
of the protons of the metal chelate were well separated,
permitting the calculation of n, [L] data without knowl~
edge of the protonation constants of the metal chelate.

Values of the formation constants 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
method described in Appendix IX. The values obtained
were log Kl = 9.1 and log K2 = 11.3. These values are
reported to only one decimal place since titrations in~
volving very low concentrations of ligand and metal-ion
are less precise.

Formation constants for the chelates of cobalt(II),


http:Appe~O.ix

nickel (II) and zinc(II) with 4,5-dihydroxyacridine could

not be obtained, since precipitation occurred early in

the titratiocn.

Determination of the Magnetic Susceptibilities of the

Cobalt(II) and Nickel(II) Chelates of 2-(2'-Thienyl)-8-

Hydroxyquinoline

The magnetic susceptibilities of the cobalt(II)
and nickel (II) complexes of 2-(2'-thienyl)-8~hydroxygquino-
line were determined at room temperature (23°C) by the Gouy

method. Measurements were made on approximately 200 mg.

—

o

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

meter. The tube was calibrated using HgCo(CNS) , as

Q
O
]
n
r
V)
»}
ct
w
-

standard, from which the "tube calibratior

ot
was found to be 1.88. The molar susceptibility was

h

corrected for diamagnetism of the ligands by the use of
(50)
S .

t

Pascal's constant

O

The magnetic moments,pecs, of cobalt(II) an
de de

in their 2-(2'-thienyl)-8-~hydroxygquinoline

|

(IT

=
~

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

respectively.

+ Lan ke aaa -6
The molar susceptibilities were 4075 x 10 CoTnSe

units for the nickel(II) chelate and 8410 x 10-6 C.g.S.
units for the cobalt(II) chelate.



DISCUSSION

One of the ligands originally considered for study
uinoline, but it could not be
prepared. Three synthetic routes were considered: (a)
reaction of o-aminophenol and a suitably substituted

o, B-unsaturated aldehyde, (b) preparation of 8-hydroxy-
gquinoline-2-aldehyde by oxidation of 2-methyl~-8-hydroxy-
cuinoline with selenium dioxide, followed by oximation of
the aldehyde and reduction of the oxime group to —CH2NH2,
and (c) preparation of 8-hydroxyguinoline-2-carboxamide
from 8-hydroxyguinoline-2-carboxylic acid and reduction

of the amide group to —CH2NH2. Method (a) was discarded
because the appropriate a,B-unsaturated aldehydes wer

not commercially available. Method (b) yielded red oils
with either 2-methyl-8-hydroxygquinoline or 2-methyl-8-
methoxyquinoline. Attempts to isolate the aldehyde
failed, and eventually the method was abandoned. Later,

a report in the literature stated that 2-aminomethyl-8-
hydroxyguinoline had been prepared from 8-hydroxyquino-
line-2—aldehyde<29). The aldehyde was apparently prepared

by selenium dioxide oxidation of 2~-methyl~8-acetoxyguino-

line.



Method (c) w

g~Methoxyquinoline-2-carboxylic acid

procedure of Irving and Pinnin

=T 7 ! - A u e A
methyl ester and the amide wez

The amide (white

sodium borohydride or sodium borochydride-~alu

(52) -

9 3 1N

diglyme was unsuccessfu

eld the nitrile appeared promising,

dine has been reduced successfully

,54)

-

(53

th various reagents
(55)

pyridine wi

thionyl chloride proved unsuccessful;

s o

the amide and phosphorus pentoxi

1 ,: de
walice

a very small amount of a

sublimation, but extensive decomposition

=

The characteristic C=N stretching band at 2450

dicated that the

Because of the small yield, however,

abandoned and attention was turned to the synthesis of 2~

~T 1

(2'=thienyl)-8-hydroxyqguir

These were synthesized without undue di

as the most thoroughly invest

was prepar

ltuminium

Dehydration
heating
cde in vacuo(

also oc

product was 8~methoxyquinaldonitr

ad

the amide

to 2~amino-methvyl

®3)
(SR8

-1
cme.

to

since 2-cyanopyri-

rystalline material

Ve
red.

this method was also

fficulty, although

[

-,

ra

1

-be

noline and the acridine derivatives.

the

overall vie of the acridine derivatives was small because
of the number of steps involved in the synthesis.

The nuclear magnetic resonance spectra of the
acridine ligands are of interest, since only a few spec
of substituted acridines have been reported in the 1i
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complicated ; the spectra of the disubstituted

acridines studied in the present work are somewhat

95 T

The synthesis of 2-(2'-~thienyl)~8~hydroxygquino~

line is not unambiguous, since the possibility existe

N

~

substitution of the thienyl ring in the 7-positicn,

Fh

o)
ortho to the oxygen. The nuclear magnetic resonance
spectrum of the final oduct showed that substitution
had occurred in the 2-position. For both pyridine and
gquinoline, the signal from the hydrogen alpha to the

heterocyclic nitrogen is shifted strongly downfield §

1

The same effect has been observed for 8-hydroxyquinoline

[

Comparison of the spectra of 8-hydroxyquinoline and 2-(2'~
R TR - X G o | . e I ” = I -
thienyl)-8~hydroxyquinoline (Figure 1, Appendix I) shows

that the resonance assigned to the alpha hydrogen in

8-hydroxygquinoline is absent in the spectrum of 2~(271~

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

-

resonance by H

splitting of the HA %

=

Reactivity of the Ligands toward Metal~ions

Of the 29 metal~ions for which tests were per
formed, eleven reacted with 2~(2'~thienyl)-8-hydroxyquino~
line at pH 10 and only five reacted at pH 5 (Table I,

Appendix II). Therefore, at pH 5 the ligand is selective



ke

The increase in selectivity is due to a decrease in
metal-chelate stability, caused by the sterically hinder~
ing substituent. The effect of this substituent on
formation constants is discussed in a later section,

The ligand 4,5-diamincacridine is even mor

selective. Three ions reacted at pH 5 and three at pH 10

ct

(Table II, Appendix II). Twenty~four ions did not reac
at either pH value. Although 4,5-diaminocacridine appears

be highly selective, the low value of the formation

i
O

constant of its copper (II) chelate (log K, = 4.7) in-
dicates that complexes formed by this ligand are too
unstable for it to be of much Valué as an analytical
reagent.

4-Amino-5-hydroxyacridine is considerably less
selective. Reaction occurred with twelve metal~ions at
pH 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 value. This is consistent with the observation that

other 2-substituted 8~hydroxyguinolines do not react



with aluminium(III)-ion in agueous solution (see

Introduction).
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acridine ligands and some model compounds were studied
as a function of pH to determine the order of protona-

tion of the basic centres in the molecules. Often, for
a compound having more than one basic centre,
of protonation can be assigned without ambiguity. For
example, the two protonation constants of 8-hydroxyguino-
line (log K," = 9.81, log K," = 4.91%%)y nay be assigned
to the protonation of the phenoxide ion and the gquino~
line nitrogen, respectively, simply from a knowledge of

r = 3y
.t . g . - p : .y ; o
the protonation constant of quinoline (log X~ = 4.90( )

k&SEy

}‘_J

o
and l-naphthol (log K = 9.92 Such a method fails,

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

line. Both centres would be expected to have comparable

o " H : .
basicity, since log XK = 4,90 for gquinoline and

H - . — 61)
log K© = 3.90 for l—napnthyLamlne( .

The order of protonation of the isomeric mono~
aminoacridines has been decided on the basis of their

. 63 2 o i
absorption spectra( ). The spectrum of acridine is very

.- . 64 b e e
similar to that of antnracene( ), 1n agreement wlth the
general observation that replacement of a CH group by a

nitrogen atom in an aromatic hydrocarbon results in only



minor changes in the absorption spectrum . The spectrum
of the acridine cation differs somewhat from that of the
neutral molecule, 1In particular, a band centred at

) :

about 440 muy is observed . This feature is character~
istic of acridine cations in which the ring nitrogen is
protonated and is important in the discussion below. Also

important is the observation that although primary aroma-

tic amines absorb at longer wavelengths than the parent

Fh

hydrocarbons, because of conjugation of the amino group

with the ring, protonation of the amino group prevents

wn

uch conjugation, giving rise to a spectrum characteristic

O

f the parent hydrocarbon. Thus the spectrum of ani
ium-ion is almost identical to that of benzene( ).

(66) 63! Found that

Craig and Short and Turnbull
the spectra of the neutral and singly protonated forms

of the isomeric monoaminocacridines were not similar to
the spectra of either acridine or the acridinium~ion, but
that the spectra of the doubly protonated forms were
almost Zdentical to that of the acridinium~ion. From
these results it was concluded that the ring nitrogen was
protonated first and the primary amino group second.
However, 4,5~diaminoacridine was found to differ from the
monoaminoacridines in that the primary amino groups were

(68)

protonated first . This conclusion was based on the

bservation that the spectrum of the doubly protonated

O

species (in 5M hydrochloric acid) was almost identical to
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the spectra indicated that the ring nitrogen was

cF

ated first).
The reversal of protonation order, caused by the
low basicity of the ring nitrogen atom in these two com-

pounds, was attributed to steric hindrance by the sub~-
8)

(@)Y

4
A

wn

stituents to the approach of hydronium-ion . More

correctly, the substituents prevent solvation of the

protonated ring nitrogen and hence its basicity is de-

creased, (Steric inhibition of solvation is now recog-

(u
[a)]
~
o
®
te)
o

nized as an important factor in acid-base phenom

in the reduced base strength of 2,6-di~-t~-butylpyridine
(69
).

()]
]
Oy

~r

the reduced acid strength of 2,6~di-t~butylphenol

A similar decrease in basicity due to steric hindrance

has been observed in the case of 4,5-dimethylacridine St

H H v ’
(log K7 = 2.88 compared to log K© = 4.11 for acridine, in

5
\

0% v/v ethanol-water at 20°C).

Ut

Although the value of the protonation constant
for the ring nitrogen of 4,5~diaminocacridine is not known,

it must be extremely low, since protonation rec“‘res oM
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of the protonation order of the two amino-substituted

acridines. The order of protonation of 4~hydroxyacridine

is unambiguous. The spectra of singly protonated 4~amino
5-hydroxyacridine (H,L ) and 4-amino-5-methoxyacridine

& oy o s

(HL ) are almost identical to the spectrum of neutz

o

4~-hydroxyacridine (HL). The spectra of doubly protonated

il Py
4~amino-5-hydroxyacridine (H.L ) and 4-amino-5-methoxy-
-~
- -m - 4 ~ T T++ - - 1 d= - S '} ] o~ =
acridine (ﬂza ) are almost identical to the spectrum of

the 4~hydroxyacridinium-ion (HL'); a band at about 450 my,

l~

characteristic of the acridinium-ion, is observed in the
spectra of all three compounds, These results show
the primary amino group is protonated first and the ring
nitrogen second.

The protonation constants of these two molecules

may now be assigned as follows: for 4~amino~5-hydroxy-

=)
&£l - —

acridine, the first protonation constant (log Kl = 11,50)
refers to protonation of the phenoclate oxygen. The
second protonation constant of 4~amino~5~hydroxyacridine

- H . . . 3 .
(log &2 = 2.57) and the first protonation constant of



tonation of the Of_uﬂa_f\/ amino group, and the final pro~-
Nna+r1io0on o qﬁt?’*— { Ay~ rsr S rr s - O = =9 ~afaovr
tTonacion cons nct (approxXximacedy =—-J. n eacn case) rerers
=T N A = ~E A s - - <= o = =~ mh
to the protonation of the aromatic nitrogen atom. The

to the ooint where the amino nitrogen is protonated in
preference to the ring nitrogen is caused by steric

further duced by electrostatic repulsion.
In the case of 4,5-dihydroxyacridine, the seguence
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of protonation is unam

ply

()
D)

nitrogen atom (log K, = 2.56) is lowered conside
from that of acridine (log XK~ = 4.,22) or 4~hydroxyacri~-
dine (log K2n = 4,24) but the effect is caused completely
by steric hindrance and is uncomplicated by electrostatic
repulsions.

The separation between the proctonation constants
of the phenolate oxygens of 4,5-dihydroxyacridine results

rom the same electrostatic repulsion (between the two

Hh

negative charges on the di-anion) as is encountered in
the cation of 4,5~diamincacridine. Since the charged
centres are separated by approximately the same distance,

t is not surprising that the difference in protonation
¢ D

-

e

constants for 4,5~dihydroxyacridine (log KlH—log K2 = 1,54)

" " ma 5 H H 4
is similar to that for 4,5-diaminocacridine(log <- ~-log K2 =1.76).

In summary, steric inhibition of protonation of the
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static repulsions. In the presence of such powerful
effects, the role of normal inductive and resonance eiffects

the substituents 1s obscured.

The protonation constant of the gquinoline nitro-

‘gen in 2-(2'=thienyl)-8-hydroxyquinoline (log Kod = 1.

18
8 &)
~

' , H o
is also lowered considerably (compare to log K" = P
- . o . (71) . . . N N
for 8-hydroxygquinoline in 50% v/v dioxane-water at

25°C). This decrease is also the result of a steric

the thienyl group is

Fh

effect since the inductive effect o
small. Steric effects of comparable magnitude have been

observed in other 2-substituted guinolines, for example
. N - . . . : H {13},
in 2-phenyl-8~hydroxyquinoline (log K2 = 2,07 )

2~ (o-hydroxyphenyl)-quinoline (log K2H ~‘2(7l)),

and

A complete list of protonation constants is given

&

in Table III of Experimental and Results. These constants
have been used in calculating the metal~-chelate formation

constants discussed in the following sections.

Metal Chelates of 2-(2'~-Thienvyl)-8~Hydroxyguinoline

The stoichiometry of the metal chelates of 2-(2'~

thienyl)~8~hydroxyquinoline was established by elementa
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lower stability suggests that the sulfur atom is not

ing the formation of the metal chelates. 24 better compari

son 1s made with the chelates of 2~phenyl-8~hydroxyguino

line ’, since the phenyl group is about the same size
as the thienyl group and the logarithms of the protona-~
tion constants of the two ligands are similar (11.66 and

or the thienyl derivative and 11,87 and 2,07 for the
(19)

'_J
>
(ee]
th

phenyl derivative )« The latter fact is significant
since the formation constants, in the absence of other
effects, are approximately linear functions of the pro-

tonation constants (see Introduction). The overall forma-
tion constants of the 2~(2'~thienyl)~8~hydroxyguinoline
chelates are somewhat smaller than those of the 2-phenyle
8~hydroxygquinoline 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



group, since there is no increase in stability as is

observed in the case of the 2-(2'-thienyl)~pyridine
~ \
S o ey {7y $20)
chelate with copper (II) :
The failure of the sulfur in 2-(2°'~thienyl)-38~

least two factors. First, the thienyl sulfur atom is

a very weak donor (log K, = 0.33 for the copper (II)-
(26)

thiophene complex in 90% dioxane ). Secondly, the

formation of a terdentate chelate by 2~(2'-thienyl)-8~

hydroxyguinoline would require some distortion of normal
bond angles in the chelate rings, leading to chelate~ring
strain. With the bidentate ligand 2~(2'~thienyl)~

yridine, this ring strain would be virtually non-

'O

existent.

The formation constants of the 2~(2'~thienyl)-8~
hydroxyquinoline complexes are unusual, in that K2 is
much greater than Kl‘ Very few examples of this behaviour

are to be found in the literature. For the iron(II)-—

;10-phenanthroline system, X, is much greater than
~
(72)
;

-

either Kl or X, this is probably caused by spin-
pairing of electrons on the addition of the third ligand.
This explanation 1s substantiated by magnetic measure~
ments, which show that the tris~complex is diamagnetic

- . £ g . (73,74)
while the mono~ and bis~complexes are paramagnetic .

For complexes of silver(I) with ammonia, many



alkyl- and arylamines, pyridine and many substituted

pyridines, K2 1s greater than Kl“ This has been explaine
] 3 (75)

as being caused by a change in stereochemistry . The

3 3 - I - - .

bis-complex AgL, has a linear structure, while in the

1:1 complex, the ligand replaces a water molecule in

what is probably a tetrahedral aguo complex.

The cobalt(II) complex of l-nitroso-2~naphthol
may provide a further example. X, was reported to ke
larger than K,, but this anomaly may be caused by oxida-

1
i 4~/ s N F: 3 1 3 P s ke e (76) N4+ T
tion of cobalt(II) to cobalt{III) . Other examples
include the nickel(II) chelate of 2,3-dimethyl~2,3~
diaminobutane* and the cadmium(II), nickel(II) and

zinc(II) chelates of s

No explanation has bee

these complexes.

2]

or a series o
K2 is greater than Kl

nickel(II), copper (II)

that the bis-chelates
chelates and moreover
fact, th

nd

anionic ligand decreas

ome S-alkyl carboxylic acids*¥,

n advanced for the behaviour of

- B e el el R (78~81)
f substituted pyrazolones .
for the chelates of cobalt(II),
and zinc(II). The explanation

are more symmetrical than the mono~

are neutral, is erroneous., In

neutralization of metal-ion charge by an

es coulombic attraction between

*The copper (II

nickel

I) chelates of
mines( )

(T
77

‘*The copper (I
(783 pper (

-

normad

I)

) chelate is normal; so are the
other substituted ethylenedia~

and lead (II
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the 2-position of 8-hydroxygquinoline (or in the corres-~
ponding position in analogous compounds, including 1,10-

metal chelates. This can be of two kinds: (a) destabil-~

ization arising from the interaction of the 2~substituent
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decrease in the magnitude cf subseguent format

advanced as the reason for the non-precipitation of

aluminium (III) by 2-methyl~8-hydroxyguinoline , but
since no evidence has been found for a 1l:1 chelate in

T il | 7\
- - $= =7y e s O S 3 ’ - 1 4
agqueous solution , steric interaction between the liga

and coordinated water must be a more important factor, as

(10
L

. . 3
has been stated recentl .
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the structure is shown by a decrease in

tion constant. Substitution of the second ligand in an

~ T 3 om g 13 Na +1 3 - ey i o + o -
aecrease 1n St_CL.Ol.thy. AS the degree of steric inter-

action increases, the separation between the two constants

ecreases, with some suggestion (Table VIII) that K, may

Oy

become even less than X5
In the case of the 2-(2'-thienyl)-8~hydroxyguino-

line complexes, steric interaction between the thienyl

(O]

substituent and the adjacent water molecule in the plan

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

n the position occupied by the water molecule.) As a

-

e

result, distortion of the structure of the mono-ligand
aquo complex must occur, and the first formation constant
becomes smaller than the second.

The formation constants of the metal chelates

of 2-phenyl-8-hydroxyguinoline support this hypothesesis.
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(in the case of every metal-ion except cadmium). This

effect, for which Kaneko and Ueno could offer no explana

tion, is dramatic support of the hypothesis that steric
hindrance between the 2~-substituent and an adjacent co-
ordinated water molecule causes distortion of the mono-

1

ligand chelate, and facil

3

b

tates entry of the second liga:

} - |
O
-

,

*The constants reported in the literature' a

those cobtained by interpolation of the formation functi

at n=0.5 and n=1.5., The values reported here have been

converted to the true values by means of the express
K- ' Ky?

~ 1 2
T = R_V - ; v and T — O S o S
Kl = Kl 3 ﬁz and Kz Tl

bee:
E
o

on

where X.' and K.’ are the interpolated wvalues.
] 7

Derivation of this equation and its application
incorrect values in the literature are described in
LAppendix IX.



TABLE IX

FORMATION CONSTANTS OF SOME 2-ALXYL-8~HYDROXYQUINOLINE CHELATES

2-Substituent Ni(II) Cu(II) Zn (II) Ca(II)
~-H log Kl* 11.40 13 .17 9.83 9.40
log Kz* 9.98 13.03 2.03 7.71
~CHy log Ky B.05 12.43 2.89 1
log X, 8.91 11.46 9,22 8.
~C,Hy log K, 8.69 1205 9.66 8.66
log X, 9.05 11.28 8.30 B.a3l
—;:._—CBH7 log Ky .01 12.06 8.96 8.84
log X, 9.46 11.81 10.49 8.70
-n-C,Hy log Xy 9.18 12.05 B8.758 9.28
log K2 .89 12.23 10.24 8.98
*Data of reference (67) corrected according to the eguations of
Appendix IX.

The fact that K2 is greater than Kl for metal chelates
of the substituted pyrazolones can also be explained on the
same basis. The structure of the chelates is shown below.

The

y - 1
. | N
! O/\N/
M == i
B

phenyl ring is substituted in a position such that it can



4 e o g s & g & S = - , < T R I e

interfere with an aClJ acent coordinated water molecule.
AAAS 44 e - TS Tl fe B A s 2 ] 4 T
Acdditional studies were made (with the ccbalt(II

\

s A a3 ATeAaT 7Ty ~ L - = T PR, £ Tl o Al 24 8 s

and nicxedl(lil) compdlexes) 1in Ttile nope Oor opbtalining

239 4 - o Ao ~ &= - J - - e o - = O = R e = b T,

SG‘._E)_DO:_T___-C' evidence for distortion of structure. X The

. P | - i 1 s myon o T = R | . By P 2 son T, 0 o, i b o] -~ N 7S .

bils-chelates were tetrahedral, their aLSOrpTion spectra
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The absorption spectra* in the region 400-750 my

copper (II) complexes which have undergone moderate dis-
ortion toward a tetrahedral structure may give an

absorption spectrum characteristic of the planar complex

In interpreting the magnetic moments of the

that need be considered are planar, distorted tetrahedral

-

and pseudo~octal

o)

edral, in which the metal-ion in a planar
complex 1s associated with coordinated water or donor

atoms of neighbouring complexes. Chelates of 8-hydroxy-

- . G 5

guinoline with many divalent transition metals precipitat

(85)

\
4/

from agueous solution as dihydrates ; X-ray studies have

shown that the water molecules are coordinated to the

*¥Spectra were determined using 50% v/v dioxane-

water as solvent, to permit comparison with the equilibrium

measurements.
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N-iso propylsalicylaldiminato)nickel(II) has

o

and
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hich would be diamag-
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lthough the magnetic moment

..

true tetrahedral COuLu exes

Haff

. _- (90
et a;n( ) have found that the

.
in
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exes containing nickel (ITI)

ironment are also less than

o

For example,

a

90 . . .
(90) and has been shown

”
Vi
L e

by

X-ray studies to be distorted toward a tetrahedral struc-
o (91) P
ture by the branched alkyl groups . Similarly,

bis (N-b

has a magnetic

butylsalicylaldiminato)cobalt (IT)
(92)

moment at room temperature of 4.47 B.M. and is tetra-
ry (92,93) ' ; X
hedral . The magnetic moment of the 2~(2'-thienyl)
8-hydroxyquinoline chelate is 4.50 B.M.

However, since the observed magnetic moments of

0



I

Metal Chelates of 4-Amino-5-Hydroxyacridine

Evidence that the copper (II) chelate of 4-amino~-5-

hydroxyacridine is terdentate is obtained from the
stoichiometry of the chelate, the dissociation constant

rdinated water molecule, and the magnitude of

O
H
cl
=)
()
(@]
O
O

the formation constant. The 1l:1 stoichiometry was obtained

' Jo
()]

by analysis of the titration curve (Figure 7). There
no evidence for the formation of a chelate of stoichio-
metry higher than 1:1, even when the ligand is in three-
fold excess. The second buffer region (pH 7-10) has been
attributed to proton loss from a coordinated water mole-
cule, since it is observed even when the ligand-to~-metal
ratio is l:1. The stoichiometry of the chelate could not
be confirmed by elemental analysis, because the complex
was too soluble to isolate.

The magnitude of the dissociation constant of

=
"y
e
Q

the coordinated water molecule in other opper (II)

chelates appears to offer a useful test for the number of
coordinated donor groups of a chelating ligand. Martell
’\4)

Q
et al,(J

showed that in agqueous solution at 25°C, the

X of coordinated water in 1l:1 copper (II) chelates of
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was noted. TFor the chelates of bidentate ligands, th
" g

pK_ values are in the range 6.9 - 7.1, while for the

lates of terdentate ligands, the values are in the

™~
I

Ut
I

x=—aM1i1no

range 9-10. For the copper (II) chelate of

.

hydroxyacridine, the pKa value indicates that the

}._x
I le
Lo}
O]
o
oY

is terdentate.
Several studies have shown that a terdentate

ligand Zorms more stable chelates than a similarly con-

*This value is for the dissociation of the first
water molecule. The pK, for the dissociation of a second
water molecule is about 9.
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tate. However, if this were the case, the third donor

jroup®* would be sterically hindering, probably to a
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H

hienvl group in the
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reater extent than the

Q
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thienyl)-8-hydroxyguinoline chelate. In the latter
chelate there is the possibility of partial relief of
steric hindrance by distortion of the bond linking the

nd the guincline ring, or by rota-
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tion of the thienyl group out of the plane of the guino-
line ring. The analogous effects cannot occur in the
chelates derived from 4-amino-5-hydroxyacridine. Thus,

if the third donor group were not coordinated, the chelate
should be of comparable or lower stability than the 2~(2'-
thienyl)~8~hydroxyguinoline chelate. As before, the
difference in protonation constants must be considered.

The protonation constants of the phenolate oxygens are

#Tt is assumed that if the ligand acted as a bi-
dentate donor, the primary amino group would likely be
uncoordinated, since it is much less basic than the pheno-
late-ion. Coordination of the aromatic nitrogen is
favoured by the formation of a very stable five-membered
ring involving it, the metal-ion and the phenolate-ion.
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similar (log X.7 = 11.50 for the acridine ligand,
1 :
H 5 d 3 & s . s .
log XK,7 = 11.66 for the cguinoline ligand). The protona-
—_—
tion of the aromatic nitrogen in 4-amino-5~hydroxy-

acridine is complicated by electrostatic repulsion; it

is assumed that the intrinsic basicity of the aromatic
nitrogen in the two compounds is similar. Since log K.
= Y A G a8 e 1 -« I wy g Sl 1 I 4= 17 ~\ P

for the 4-amino-5-hydroxvacridine chelate (11.76) 1is
much greater than that for the 2-(2'-thienyl)-8-hydroxy-

cuinoline chelate (8.84), the ligand must be terdentate

in the copper (II) chelate ©

likely due to chelate-ring strain caused by the coordina-
tion of the third donor group. This ring strain is
indicated by molecular models and has been introduced
previously to explain the failure of the sulfur to cocrdin-
ate in the chelates of 2-(2'-thienyl)-8-hydroxygquinoline.

Ring strain would be an even more important factor in the

)

4—amino-5-hvdroxvacridine chelates, since the donor atoms
Y b7 ’

are held in position by the rigid acridine ring system.
No other rigid terdentate ligands have been studied by

other workers, but similar effects have been postulated

. - _— P . , s o LIG) "
in metal chelates of terpyridyl and quaterpyridyl , and
have been observed in the structures of ethylenediamine-

(97)

tetraacetic acid chelates and the zinc(II) chelate of

terpyridyl(98).
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The acid dissociation constant of coordinated water in
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ated, since data in the literature

oK_ values for chelates containing bidentate and terden-

-

w

a
tate ligands are not sufficiently different.

However, as reasoned for the copper(II) chelate,
if the third donor groﬁp is not coordinated, it must
behave as a sterically hindering group, and the chelates
should be of comparable stability to the 2~(2'~thienyl)-
8-hydroxyguinoline chelates. Furthermore, Kl should ke

less than KXoy for the reasons noted previously. Neither

th

log X,

of these two effects is observed. The values o
are greater for the 4-amino-5-hydroxyacridine chelates

than for the 2-(2'-thienyl)~-8-hydroxyguinoline chelates
(although by about only one log unit). More important,
Kl is greater than Xy

- =

In reactions with several 2~substituted 8-hydroxy-
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for the metal chelates of 8-hydroxyquinoline with these
metal-ions is
Cu > Ni > Co > Zn¥%
while for 2-methyl-8-hydroxycuinoline the order is
Cu > 2Zn > Co > Ni.
This latter order is observed for the metal chelates of

—

2-(2"=thienyl)~-8~hydroxyguinoline and several 2-alkyl-8-

27 _ . e
(27) ble IX). The cause of this pre-

/‘\

hydroxygquinolines
ferential destabilization of nickel(II) chelates is not
well understood, but may be related to a greater resist-

5

ance to distortion than the other metal-ions.

Examination of the formation constants.of chelates
= - - L - b | (12) b e £ e o T % S i
of several terdentate ligands showed that a stability

series comparable in generality to the Irving-Williams
order for bidentate ligands cannot be written. The

following limited series, however, seems to apply.

Cu > Ni > (Co, Zn).

For the chelates of 4-amino-5-hydroxyacridine

~

the stability order which is observed is

Cu > Ni > Zn > Co

¥This is in agreement with the Irving-Williams
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in the 4,5-diaminoacridine chelate. Th

magnitude of the formation constant (log K., = 4.,7) is of
little use, since the formation constants
chelate of 8-aminoquinoline in 50% v/v dioxane-water are
not available for comparison. Determination of these

o

te (pr

O

constants was attempted, but a precipita bably

CulL, (C1l0O )2) formed upon mixing the reagents. When the

2

anions of the background electrolyte and strong acid

4

were changed from perchlorate to nitrate, precipitation
(probably of CuLZ(NO3)2) again occurred. Each of these

; . 2 a3 ; 100
compounds has been prepared in agueous solutlon( ).

The formation constants of several metal chelates

of 8-aminoguinoline in water have been determined by
*The results of the elemental analysis (Table III,
Appendix III) -are not entirely satisfactory, but differ-

entiate between a 1l:1 and a 1l:2 complex.
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systems involving nitrogen donors, the formation constants

are relatively insensitive to the changing organic content
B » L4 ~ ‘l - (1 (15) A - - ¥ ] = T —_— - l1TT
of a mixed solvent . Hence, log g, for the copper (Il

chelate of 8-aminoquinoline in 50% v/v dioxane-water may

were bidentate, steric
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ligand is terdentate, sin
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-Dihydroxvacridine

The extremely low solubility of the 4,5-dihydroxy-
acridine chelates prevented both the potentiometric and
spectrophotometric study of the solution egquilibria
with all ions tried except copper(II), even at a concen-
tration of 5 x lO_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. The insolubility of the bis~
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LNnl1s Cconciusion 1s surprising, slince tiae pnenod

group 1s a strong donor group and in the 4,5~-dihydroxy-

)

It should be noted that the observation that K2

ol

greater than Kl strengthens the argument made previously

in favour of the terdentate nature of 4~amino-5-hydroxy

is

acridine. For the chelates of this ligand, with cobalt(II),

nickel(II), zinc(II) and cadmium(II), K., is greater than

1

5.
The reason that 4,5-dihydroxyacridine can 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 (Table III) to allow comparisons
between chelate formation constants.
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oxygen can satisfy its coordination regquirements by pro-

At high pH values, the neutral complexes of

£

4,5-dihydroxyacridine are deprotonated to yield anionic

Il
.}

chel

th

O

e

H
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tes, ML, . The buf region in the pH range 9-~11

th

this. Whether 4,5-dihydroxy-

%

(Figure 10) is indicative o
acridine acts as a terdentate ligand in these anionic
chelates is unkncwn.

A few examples of metal chelates in which a
potential donor group does not coordinate with the metal-
ion are known. In the nickel(II) and copper (II) chelates
of ethylenediaminetetraacetic acid, one carboxylic acid
d(97)

group is not coordinate . Examples of complexes

containing more than one free carboxylic acid group also
. ) (103) . W NPy . -
are known . In the bis-histidino chelates of

zinc (II) and cadmium(II), the two nitrogen donors of

(-
[

igand are strongly coordinated but the carboxylate

oxygen is only loosely associated(104—107’_

eact
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Modification of the 8-~hydroxyquinoline struct

4

|
)

chelates is lowered because the non-coordinating thienyl
group inhibits chelate formation; the stability of the

d mainly because

Q
()]

4,5-diaminocacridine chelates is redu
of the absence of a strongly bonding donor group such as

phenoxide. The chelates of 4,5-diaminoacridine are so

the other hand, some metal chelates of 2~(2'=thienyl)-
8-hydroxyquinoline are sufficiently stable for analytical
purposes, lending potential to this ligand as an analyti-
cal reagent.

The selectivity of the terdentate ligand 4~-amino-
5-hydroxyacridine is not much greater than that of 8-
hydroxyguinoline. This small increase in selectivity 1s
orobably the result of decreased chelate stability. It
was hoped that with a fixed arrangement of donor groups
such as is present in 4-amino-5-hydroxyacridine, a large
difference in stability would be found between octahedral

or planar complexes, in which the ligand could be ter-
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which often form tetrahedral complexes. Thus, i1t appears

that rigid planar terdentate ligands will not be useful

4 ,5-Dihydroxyacridine is highly unselective.
Since it acts as. a sterically hindering bidentate ligand

toward the metal-ions studied in this work, its complexes

should be of lower stability than those of 8-hydroxy-
gquinoline, and indeed its copper (II) chelate is much less

stable. Although this reduction in stability should
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ectivity of 4,5-dihydroxyacridine, this
effect is overshadowed by the very low solubility of

metal chelates. As a result, the ligand is unselective.

This discussion is limited to the errors peculilar

)

to the determination of protonation constants and chelate
formation constants. The largest source of error arises
from the measurement of pH, and affects both the spectro-
photometric and potentiometric methods. Recent improve-
ments in the design of pH meters and electrodes permit
measurements 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.



pH meter. This uncertainty is of the order of 0,01 poH
unit.,

Errors due to activity coefficients are eliminated
by the use of a background electrolyte and the Van Uitert
and Haas correction factor. The correction factor allows
conversion of hydrogen-ion activities to stoichiocmetric

1wydrogen—-ion concentrations. This means that the

F
H

.
=

1S

()
FJ .

qu brium constants determined in the present work are
concentration constants. These constants are valid only
for 50% v/v dioxane-water and an ionic strength 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 pH

1

measurements. A detailed analysis of error has not been
performed, but experience has shown that a constant error
in pH values results in an error of the same magnitude in
the value of the protonation constant; similarly, an

error in the value of the protonation constant results

in an error of the same magnitude in log K, and log K

1

2

for the metal chelate.

5

e

-
>

Although uncertainties in the pH scale and t

a

values of the ligand protonation constants exist, these

®

are essentially constant for titrations involving the
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WOXK were cadiculated oy least—squares 11t OI tThe Dest

line to a linear form of the formation function. This
method uses a large amount of the experimental data and

also eliminates the subjective

. (108)

which have been proposed often use only a

portion of the data or require graphical procedures which

may introduce subjective errors, or both.

The uncertainties in the values of log K, and
log K2 also depend on the magnitude of the quantity
X, e e . S e &

L . Thils guantity determines the slope of the forma-
2 .
N _ ‘ " ., (109) - B B oy
tion curve at the mid-point . When "1 x5 much
' 2

less than unity, the shape of the formation curve is
insensitive to variations in Kl and K2 and as a result,
the uncertainty in Kl and K2 is large. The chelates of

2-(2'=thienyl)-8-hydroxyquinoline provide examples of

this type of behaviour

(Table 1IV).

findings of the present work suggest further

Suggestions for Further Work
The
research in three areas.

2-substituents in

between Kl

and K

First, the effect of bulky

=

8~-hydroxygquinoline on the relationship

should be studied further. Specifically,

2
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Propy and tert-butyl) would complement the findings of
PN
(27) ., - . _,

In the light of the results reported in this work, it
appears that a flexible substituent should permit coordina-

tion without the development of undue strain in the

o
<
o

®

resulting chelate ring. Additional ligands of this
include 2-aminomethyl-8-hydroxyguinoline and 2-(2'-
pvridyl)-8-hydroxyquinoline. Preliminary experiments with

the former ligand have already been reported by Stevenson

r(29> .

U]
o]
[@)
ko
H
()
I, a2
4]
o

Lastly, further attempts to determine the forma-
tion constants of metal chelates of 4,5-dihydroxyacridine
should be made. Because of the extremely insoluble nature
of these chelates, the only experimental technigue which
appears to be applicable is the solubility method in-

. . : 32
volving radioactive tracers( ).



SUMMARY

The following new compounds have been synthesized
and characterized: 2-(2'-thienyl)-8-hydroxyguincline,
4-amino-5-hydroxyacridine, 4-amino-5-methoxyacridine
and 4,5-dihydroxyacridine. The protonation constants

4-hydroxyvacridine and acridine, have been determined

oo

in 50% v/v dioxane-water at 23°C. The order of

(=

successive sites of protonation of 4-amino-5-hydroxy-

acridine and 4-amino-5-methoxyacridine has been

The chelate formation constants for the reaction

~ ~ A

of 2-(2'-thienyl)-8-hydroxyquinoline and 4~amino~5-

—~

hydroxyacridine with cobalt(II), nickel(IT), copper(II),

zinc(II) and cadmium(II), and of 4,5-diaminocacridine

and 4,5-dihydroxyacridine with copper (II) have been

er at 25°C.

ot

determined in 50% v/v dioxane-wa
The 2-(2'~thienyl)-8-hydroxyguinoline chelates have
been formulated as sterically hindered complexes in
which the ligand is bident&te. The unusual relation-
ship, Kl < K2, for these complexes has been attributed
10

s
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this complex the ligand is terdentate. It 1s suggested
that the magnitude of the first acid dissociation

donor group.
On the basis of the normal relationship of the

formation constants (K, > K2) and the normal chelate

1

0]
ol

tability order (Cu > Ni > Zn > Co), the chelates of
4-amino-5~-hydroxyacridine studied in this work have

been formulated as complexes in which the ligand is

(a8

erdentate., It is suggested that the decrease in

stability of these chelates relative to the stability
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nd unusual relationship (X, < X,) of it

concerning the number of coordinated donor

o
<‘
m
}.!
I,__l
(4}
e
l,_.l
(0]

atoms in this ligand.

A useful equation has been derived for the
correction of temporary formation constants obtained
by interpolation of the formation curve at n = 0.5
and n = 1.5. This equation provides values of K, and
K2 that more closely approximate the true values, and
is useful for the correction of values in the litera-
ture which have been obtained by interpolation.

Except for 2-(2'-thienyl)~8-hydroxygquinoline, a
useful increase in selectivity was not observed for an
of the other ligands based on 8-hydroxyguinoline., In
the light of the results reported in this thesis,

suggestions have been made for further reseaxrch.
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APPENDIX IXT

REACTIVITY OF LIGANDS TOWARD

METAL-IONS

wn

Metal-ion Acetate Buffer (pH 5)

POT-TESTS WITH 2-(2'-THIENYL)~-8~-HYDROXYQUINOLINE

Borate Buffer (pH 10)

Mn(II) *

Fe(II)

Co(II)

Ni(II)

Cu(II) yellow—-green colour
Zn(II)

Cd(I1I)

Pb(ITI)

Hg (II) orange turbidity
PA(II) orange colour
Fe(III)
Rh(III)

orange colour

yellow colour

yellow colour
orange precipitate
yellow colour
yellow colour
yellow-green colour
yellow colour
yellow precipitate
yellow precipitate
orange turbidity

orange colour

yellow colour

* No entry indicates "no observable reaction".

No reaction with: Mg (II), Ca(II),

Sr(II), Ba(II), Sc(III),

Y(III), La(III), Al(III), Ga(III),
In(III), T1(III), Cr(III), Ce(III),
cu(I), 2r(IV), Th(IV), U(VI).

114



I15

TABLE IT

SPOT-TESTS WITH 4,5-DIAMINOCACRIDINE

Metal—ig& Acetate Buffer (pH 5) Borate Buffer (pH 10)
Cu(I1) yellow-green colour e

Hg (II) red gelatinous precipitate red gelatinous precipitate
T1(III) yellow colour

Rh(IIIj yellow-green precipitate
P4 (ITI) yellow-green precipitate

* No entry indicates "no observable reaction".

No reaction with: Mg (II), Ca(II), Sr(II), Ba(II), Sc(III).
' Y(III), La(III), Al(III), Ga(III),
In(III), Mn(II), Fe(II), Co(II), Ni(II),
zn(II), CA(II), Pb(II), Fe(III), Cr(III),
Ce(III), Cu(I), 2r(IV), Th(IV), U(VI).
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SPOT~-TESTS WITH 4-AMINO-5-HYDROXYACRIDINE

Metal-ion Acetate Buffer (pH 5) Borate Buffer (pH 10)
Mn (II) & . orange-red precipitate
Co(il) orange-red precipitate
Ni(II) orange-red precipitate
Cu (II) orange colour brown precipitate
Zn (II) orange~red- precipitate
Ca (I1) orange-red precipitate
Pb(II) orange colour orange-red precipitate
Hg (II) orange-red precipitate orange~brown precipitate
PA(II) orange colour orange precipitate
Ga (III) orange colour
In(IIT) orange colour
T1{II1) orange-brown precipitate
Fe (III) red-brown precipitate red~-brown colour
Rh(III) yellow-orange colour orange colour

U(VI) orange colour

* No entry indicates "no observable reaction".

No reaction with: Fe(II), Mg(II), Ca(II), Sr(II), Ba(II),
Sc(I1ir), y¥(rrr), La(rir), al(rIz:),
Cr(III), Ce(III), Cu(I), Zr(IV), Th(IV).



Metal-ion

n w n O =
QO 9 K o O
H o~ o~ o~ o~ —~
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FHooH = -
LN }__{ o L ~— o —

=
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=

i

Hg (IT)
PA(II)
Fe(III)
Rh(III)
Ce(III)
Ce(III)
Zr (IV)
Th (IV)
U(VI)

SPOT-TESTS WITH 4,5-DIHYDROXYACRIDINE

Acetate Buffer (pH 5)

*

orange precipitate
orange precipitate
orange precipitate
orange colour
orange precipitate
red-brown precipitate
yellow precipitate

orange colour

orange
orange
orange
orange

orange

red-orange precipitate

red-brown precipitate

orange

precipitate
precipitate
precipitate
precipitate

precipitate

precipitate

purple-black precipitate

orange colour

orange—~brown colour

yellow precipitate

orange

orange

yellow-orange colour

precipitate

precipitate

Borate Buffer (pH 10

orange precipitate
orange colour
yellow precipitate
yellow precipitate
orange precipitate
orange precipitate
orange precipitate
orange colour
orange precipitate
red-brown precipitate
yellow precipitate
brown precipitate
orange precipitate
orange precipitate
red-brown precipitate
orange precipitate
orange precipitate
range precipitate

red-brown precipitate

purple colour

yellow precipitate

orange precipitate

* No entry indicates "no observable reaction".

No reaction with:

Al(III), Cu(I).



APPENDIX III

ELEMENTAL ANALYSIS OF METAL CHELATES

TABLE T

METAL CHELATES OF 2= (2'~THIENYL)-8-HYDROXYQUINOLINE

% C $ H g N % 5
Calculated for Co(Cl3H80NS)2 61.05 3.15 5.47 12.53
Found 62:59 3.60 5.39 11.90
Calculated for Ni(C13H8ONS)2 61.09 e 5.48 12,54
Found 60.84 331 5459 1233
Calculated for Cu(Cl3H80NS)2 60,51 3.11 5.43 12,42
Found 62.10 3.24 5.20 11,65
Calculated for Zn(Cl3H8ONS)2 60.30 TP § 5«41 12.38
Found 61.08 3.22 5.18 11.94
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METAL CHELATES OF

Calculated for Co(C

Found

Calculated for Ni(C

Found

Calculated for Zn(C

Found

COPPER(II

Calculated for Cu(C
Calculated for Cu(C

Found

TABLE

13HgON,) 5

13HgON,) 5

13H90N5) 5

TABLE

) CHELATE OF

13H11N3)Br,

13811830 ,Br,

II

o)
Q

(@)
ul
°

IS

[}

ul

L

O
Ul

65.44
65.23

64.55
64.25

IIT

4~AMINO-5-HYDROXYACRIDINE

4 ,5~-DIAMINOACRIDINE

oo

c

36.08
48.64

3297

oo

Br

36.94
24.90

39,93
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TABLE IV

METAL CHELATES OF 4,5-DIHYDROXYACRIDINE

g C $ H S

T = o < A 6 5 4
Calculated for Co(Cl3n802N)2 65.1 3.36 5.84
Found 64,09 3.49 5.90
Calculated for Ni(Cl3H802N)2 65.16 3.36
Found 64.72 3.61 5.99
Calculated for Cu(Cl3H802N)2 64,52 333 5w TS
Found 63.78 3.41 5. 82

. 49

Calculated for Zn(Cl3H802N)2 64,27 3.31 5 76

Found 63.91 3.45 S ld



APPENDIX IV

VISIBLE AND NEAR-ULTRAVIOLET SPECTRA

OF ACRIDINE COMPOUNDS

121
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Figure 1.

400 500 600
WAVELENGTH, mu

Absorption Spectra of the Neutral and
Protonated Forms of 4-Amino-5-Methoxy-
acridine.
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Absorption Spectra of the Neutral and
Protonated Forms of 4-Amino-5-Hydroxy-

acridine.
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Figure 3. Absorption Spectra of the Anionic,
Neutral and Cationic Forms of 4~-Hydroxy-
acridine.
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APPENDIX V

TROPHOTOMETRIC DETERMINATION OF PROTONATION CONSTANTS

w0
45
53|
@
]

TABLE I
DETERMINATION OF LOG K2H OF 2-(2'-THIENYL)-8-HYDROXYQUINOLINE
Concentration of reagent 4,00 x lO—SM
Wavelength 373 myu
Solvent 50% v/v dioxane-water
Temperature 259€
Ionic Strength 0.1
p H Absorbance log K 8
LC o 2
0 0.837 -
1.43 0.489 1.51
dwdd 0.357 1.48
1,97 0.254 1.46
236 0.160 1.46
5..-30 0.075 -

Mean = 1.48

I
o
L]
o
(S}

Std. Dev.
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TABLE II

DETERMINATION OF LOG K2H OoF 4;AMINO—S—HYDROXYACRIDINE

4

Concentration of reagent 1.92 x 100 M
Wavelength 433 mu
Solvent 50% v/v dioxane~water
Temperature 25° C
Ionic strength 0.2
. H
PH Absorbance log K2
0.41 0.242 -
1..0%L 0.246 -
dea B 0.286 -
2.00 : 0.328 2.81
2.24 0.368 2.52
2.41 0.399 _ 2453
2453 0.426 202
2.70 0.467 2.49
3,03 0.522 2.50
- 5.80 0.605 -
Mean = 2.51

Std, Dev. = 0.01



TABLE IT

=
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T

DETERMINATION OF LOG Kln OF 4-AMINO~-5-METHOXYACRIDINE

Concentration of reagent

Wavelength
Solvent
Temperature

Ionic strength

Absorbance

1.73 x 10" M

427 my
50% v/v dioxane-water
25° C

0.1

log KTH

8153
0.188
0.274
0323
0.350
0.447
0.479
0.577

2«92
2.88
2,85
2.88
282

I
(N}
0
e}

Mean

Std. Dev. = 0.03



TABLE IV

. 3 Ty
1 £

AND LOG K2 OF 4,5-DIAMINOACRIDINE

P‘El

DETERMINATION OF LOG K,

-5
Concentration of reagent 0.99 x 10 ™M
Wavelength 275 myu
Solvent 50% v/v dioxane-water
Temperature 25° C
Ionic strength 0.1
p H LAbsorbance
0.0 0.029
0.37 . ; 0.045
0.73 | 0.062
1.10 0.113
1.42 0.166
1.73 0.232
1.78 0.247
1.99 _ 0.287
2 o2 0.333
2.38 0.370C
2.67 0.415
Bels 0.432
2.98 0.470
3.38 0.560
3.86 0.638
5.80 0.687
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APPENDIX VI

POTENTIOMETRIC DETERMINATION OF PROTONATION CONSTANTS
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GENERAL EQUATIONS FOR THE CALCULATICN OF FORMATION CONSTANTS

L LN L

FROM POTENTIOMETRIC DATA

The following derivation of general equations for

the determination of stability

1SN

constants is based on the
C the present work,

[ 45
Hearon and Gilbert' “).

i
-
i

derivation o

the equations are formulated using

3

ore familiar symbols,
only the most commonly used and most convenient methods

cf calculation are presented, and equations for complex

not fully deprotonated have been added.
-

-
[
~

n=20,1,2.....N

where M, the metal-ion has charge Z,, and L, the chelating

P

form of the ligand, has charge Z.. (ZM and Z. have the
dd p=]

algebraic sign of the charge on the species, e.g., for
8-hydroxygquinoline, ZL = =1). The chelating form of the
ligand is generally the completely ionized form of the
neutral species H_ L, and is formed in the equilibria

Hipq L it H.L + = 4 = 0,1,2,..7
o o

—
[ (S
St

(For simplicity,charges on the metal-ion, ligand and

138
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= 7 & T , A 3 1 - T ey R
metal complexes have been omitted.) The maximum number

the metal-ion, are denoted by J and N, respectively.
The following derivation excludes polynuclec
(e.g., M L s where m>1) and mixed-ligand complexes (e.g.,
MA L _, where m>0 for all ligands other than those derivead
from the solvent). Proton-bearing complexes (e.g.,

-

M(H%L)r, where j>0) will be discussed later.

J 1
The material balance for the ligand and metal~ion
are
J N
C. = I H.L] + n [ML_] <)
L . [ ] n=0 4 [ nJ (o)
j=0C
N
and CM = I [MLn] (4)

where CL and CM are the analytical or total concentrations

of the ligand and metal-ion, respectively, in moles per
litre and the square brackets signify molar concentrations.
The charge balance (i.e., the condition of

electroneutrality) is given by

N

3 T P X N 1 ==
. (3+ZL) [hjL] + qio (ZM+nZL, [MLnj + zzi[Ii] = 0

I~ QG
P
ul
b

J

5

where Zi and [I.] are the charge and concentration of the
-

ith ion which contains neither M or L. This quantity is

assumed to be known; it contains the anions of metal salt

and strong acid, and the cation of base, as well as
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e
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The material balance for the concentration of

(o)
ligand not bound to M (i.e., ¢ [H.L]) can be written

j=0 -
in terms of the overall protonation constants, 8. , where
=l
[H.L] _
T L. T 13 T
g = —L— = x A kE (7)
3 [L] (5717 .
R H
and Bo = 1. (7a)
h J o .
Thus r [H.L] = [L] © . [H']] (8)
j:O J ]=O -
and from (6) and (8)
} ~2Cr By TE L4 .
(L] 5 (9)
H +. 7
E 3 B (g’ 1”
j=0 = 7

In the present study, which involves divalent metal-ions,

equation (9) becomes

~7_C.-2C. -[HT]-[NaT]1+[Cc10, "1+ [OH"]
. LL fig 4 o
[L] = 5 (9a)
H .+ 3
T B.  [H']
j=0 =

lere, [ClO4 ] = (concentration of HClO4 added) + (concen-

'

»

l,. .}
O
(O]
ot
()

ha
_—

tration of C104_ added as the transition-metal perchl
The concentration of sodium and perchlorate ions added to
adjust the ionic strength were omitted from these calcula-

tions.

~



= | At s - P~ < = = 1 P | = -~ ] -
= _ total concentration of ligand bouna to metal-10n /
L - 4 4 7 - —~ A = o ~ = -~ =7 ~ -
otal concentration of metal—-ion
£ ofs e~ 1 1 £ & w551 = = - ~— - T~ ~ - o~ | - = T
_ ttotal ligand] - |[ligand not pbound to metal-ionj r A
- - - £
o S st M. = LV
[total metadl-ion]

<
0
} 1
o

Calculation of values of n and corresponding

of [L] from the experimental guantities provides the data

H

from which formation constants may be calculated. Fo
convenience, the data are usually expressed as n, pL
where pL = -log [L]. A plot of n versus pL yields the
characteristic formation curve.

For systems in which the formation constants

K
differ greatly in magnitude (e 9//% >100), the
s gXx iy n mag 2eJ ., n+1l . J 7 L
stepwise formation constants can be read directly from the

(3O)has

formation curve. Bjerrum shown that

_ 1 ]
Ky = //ELJE=n—O.5

or log K, = oL at n =n-0.5 (12a)

When the constants are not well separated, this
method yields only "conditional" constants which must be

refined by iteration.

n



[\

For 1l:1 chelates, the interpolation method is
always applicable, and eguation (l2a) may be used to
obtain the formation constant, However, this method does
not make full use of the experimental data. For 1l:1
chelates, a value of the formation constant can be
calculated at each point on the titration curve. Thus,
from equation (10)

[ML] oy

I—l = \ =l g

[M] + [MLI]
K, [L]
= T+ K o] (=4)
l -
- . . n _p——
from which K, = —5——=v= (15)
l \l—n) i_.b]
b | i 1 = n - T \
or log Kl = log + pL. (15a)
(1-n)

is ML2,

Suitable substitution for [ML] and [ML2] and cancellation

of [M] gives
_ 2
K. [L K. I
B KlL 1 + 2 <l<2[L] (1ga)
o o= 2 4L04)

1+ Kl[L] + KleLL]

This eguation can be rearranged to

- £ 1
eI o 1 LE N 36 SR Y (17)
(1-n) [L] (1-n)
or Y = KX, X + K (17a)



e |

n
wnere Y = o
B (1-n) [L]
2-n) [L]
and ¥ = e 1D
(1-n)

A plot of Y versus X yields a straight line with
slope K7K2 and intercept Yl. The slope and intercept of
the line of best fit can be determined by the method of
. = . el A - Lo: (108) | ol -
least sqguares. Irving and Rossotti have suggeste

| 5 5

lgebraic methods since it avoids subjective factors and

o)

utilizes a large amount of the available data. A limita-
tion of the method is that the coefficients X and Y are

sensitive to experimental error in n for values of n near
0, 1 and 2.

For a system in which the chelating form of the
ligand is not fully deprotonated (i.e., the chelating
form of the ligand is HKL), the derivation is similar to

that already described and hence will be treated in less

O

etail. Only the case where subsequent proton loss from
the metal chelate does not interfere with chelate forma-
tion will be discussed here.

The mass and charge balance relationships are

J N
.E [HjL] - E n [M(HKL)n] = £, (18)
J=0 n=0
N
o T 9)
E LM(HKL)nJ = CM (19)
n=0
J N
] = - M (T o} 1 = \ N )
j——Z-O (3+2,) [HjL] = n—E-O (ZytnZy) [M(HL) ] + 12, [I.] 0 (20)
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APPENDIX VIII

POTENTICMETRIC DETERMINATION OF CHELATE FORMATION CONSTANTS
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I INATION OF THE TRUE FORM INSTANTS K., AND K

FxOw VALUES INToRPCLATED AT = 0.5 BND n = 1.5
Many formation constants reported in the literature
have been obtained by interpolation of the formation curve

at half-integral n values. The "Bjerrum half-n method

utilizes the relationships

-~

‘._l
r
b
|
O
Ul
-

(2)

.
and K" //EL]—
il

These constants, denoted "conditional constants”

30 . - .
by BJe**um( ), are equal to the true constants X, and K,
ks P4
only if log Kl is greater than 1log X, by at least 2-3
.. (108,110) g i N - . ) o
units . Bjerrum intended the conditional constants

to be used only as initial values of a series of successive
approximations.

Many of the formation constants reported in the

literature have been obtained by the half-n method, and
have been reported without further refinement, even though

the logarithms of these constants have differed by less

than one unit.
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ates n = 0.5, [L] = %/Rl' and n = 1.5, [L] = 7/k“’. For

bis-complex, the formation function is given by
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from which the equation
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K, = —2 4 Bz2ILl gy
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is obtained. Substituting the values n = 0.5 and

L] = f/kl’ into equation (4) yields

3 K.X
K, = K;' - i (5)
K iV

1

Since the formation curve is symmetrical about its mid-
point, such that
K, 'K,'" = = K. K 6
1 %2 By = K18y (e)
then K. = K, " - 3 K,° (7)
1 1 2 ‘
K,'K,'
and K, = — . (8)



Hence the conditional constants may readily be converted
into the true constants by means of equations (7) and
(8) . Examples which illustrate the agreement between the
formation constants obtained in this manner and the con-
stants obtained by the least-squares method described
earlier in this work are given in Table I.
TABLE I
FORMATION CONSTANTS OF METAL CHELATES OF
2- (2"-THIENYL)~8~HYDROXYQUINOLINE
Conditional Corrected Least-Squar
Values Values Values
Metal~-ion Log KW' Log K2 Log Kl Log K2 Log Kl Log K
Co(II) 6.73 6.19 5.86 7.07 5.83 7.08
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 11.01
Zn(II) 7.75 7.24 6.60 8.39 6.61 8.38
Cda(II) 7.08 6.60 - ¢ 8.7 6.15 7403
l - —— 5 Q_,.(lll) Y“'-‘ Qd .'_h
Recently, a paper hrgde described the
same method of correcting conditional constants obtained
by the half-n method. These corrected values were used as

initial
utilizing all of

reliable values for the consta

values in a series of successive approximations,
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n
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nts.

ata and resulting in more
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from which log Kl = log Kl‘ - C (10)
3K, "' |
her O = 1 1 2 (11
where C=~-log | 1 - — . (11
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Similarly, from egquations (8), (9) and (11)

log K2 = log X,' + C. (12)

v
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The correction term C depends only on the r
of the two constants and not on their absolute magnitudes.

Values of C may be tabulated as a function of

n
H
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log K" - log K,'; Figure 1 illustrates thi
graphically and provides a convenient method for obtaining
the corrected values, log Kl and log Kz.

Figure 1 shows that for some minimum value of
log Kl' - log K2', the correction C approaches infinity,
From equation (11l) it can be seen that this occurs as Kl‘
approaches 3K,'. Hence the minimum possible difference
between conditional constants is 0.447 log units.

Figure 1 also indicates that if the conditional constants

(=]
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Figure 1.

1.0 1.5 2.0
Log Ky-Log K5

The Relationship between the Correction

, and the Difference between the

Logarithms of the Conditional Constants,
n
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differ by 2.5 log units or greater, the correction to
be applied is less than 0.005 log units. TUnder these
circumstances, the Bjerrum half-n method yields the true

constants.
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