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The 8-quinolinols (oxines) and their chelates have been of commercial importance as
fungicides in industry and medicine and highly effective in agricultural applications.
Their fungitoxic activity was studied, employing different derivatives under different
conditions of acidity. Ability to chelate and lipoid solubility were found requisite for
the activity of this group. The copper chelates were, in most cases, many times more

fungitoxic than the unchelated compounds.

It is suggested that both the chelator and

the metal function in producing the unusually high antifungal activity of these chelates.

THE COPPER GHELATE of 8-quinolinol
(oxine, 8-hydroxyquinoline, 22) is
one of the most highly rated fungicides
developed in recent vears. Its effective-
ness in the preservation of textiles, paint,
and miscellaneous industrial products
has been the subject of numerous papers
(70-12, 14,77, 18, 24, 28, 30, 38-40). A
method of rendering the compound
soluble in many common organic solvents
(25-27) has extended its usefulness. Its
merit as an agricultural fungicide has
been recognized (8, 75, 76, 35, 45, 48,
49), but economic considerations have
limited this application. Recent results,
however, indicate that the cost factor may
be minimized by combining this copper
chelate with low-cost fungicides, with-
out losing its protective properties against
certain plant diseases (36).

Unlike the copper chelate, the parent
compound, oxine, is no newcomer to
the field of antimicrobial chemicals. As
the active agent of Chinosol, it has been
in use as an antiseptic and disinfectant
since about 1895 (5), but only in recent
vears have its antibacterial and anti-
fungal properties been re-examined in
some detail.

Analytical chemists have shown great
interest in oxine and its relatives because

of the ability of these compounds to
chelate with trace quantities of metals
and form precipitates and colored solu-
tions. Indeed, the ability to chelate
with and precipitate metals essential for
cell metabolism has been proposed as
the mechanism for the antimicrobial
activity of oxine (7, 50, 57). Zentmyer
(57) demonstrated that its toxicity to
fungi could be overcome by the addition
of excess zinc to the medium. Albert
and coworkers (6) found that structural
modifications preventing chelation. re-
sulted in markedly decreased toxicity to
bacteria. Other workers (37, 43, 46, 47)
found that an excess of certain metals in
the medium could eliminate the toxicity
of oxine and copper oxinate.

On the other hand, the fact that the
copper, nickel, cadmium, and silver salts
of oxine, which are saturated with re-
spect to metal, had high fungistatic
activity indicated to Sexton (44) that
chelation was not the basis for the toxic-
ity. He suggested, as had Hata (23),
that oxine owes its toxicity to its phenolic
properties. Mason (32) and Manten
and coworkers (37) shared this view.
The examination of many chelating
compounds for toxicity to fungi and
bacteria (6, 7, 42) has clearly demon-
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strated that ability to chelate is not
necessarily synonymous with toxicity.
In more recent work, Rubbo and co-
workers (47) and Albert and coworkers
(3) demonstrated the startling fact that
oxine owes its toxic effect on bacteria to
the metal chelate alone, and if a medium
is depleted of iron and copper, oxine is
no longer inhibitory. Their theory of
the mechanism of action (3) is that the
chelate enters the cell as the 2 to 1 (oxine
to divalent metal) complex and that

90,00
NN NN
i

Phenolic tautomer
of oxine

Quinoidal tautomer
of oxine

Copper oxinate
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within the cell this form is in equilibrium
with 1 to 1 complex, which is said to be
the true toxic agent. The reversals in
the presence of excess metals are ex-
plained by the inability of the ionically
charged 1 to 1 chelate, which is produced
in the presence of excess metal ions, to
penetrate the cell membrane. Chela-
tion, therefore, is suggested as important
only in providing a means for the toxi-
cant to enter the cell; but metal poison-
ing is the ultimate mode of action.

GO—© OXINE
®——4#@ Cu-OXINATE

Figure 1. Effect of pH on toxicity

Ordinate is negative logarithm of molar con-
centration for complete inhibition

The high fungitoxicity of oxine and
its chelates, as well as their industrial
importance, suggested the desirability of
further investigation of the phenomenon
of chelation as related to the anti-
microbial activity of these materials.

Oxine and Chelates

Fleck and Ward (79) have shown that
the ability to chelate metals decreases
with increasing acidity. According to
Goto (27), who studied the precipitation
of 15 metals with oxine, none started to
precipitate below pH 2.2. It was of
interest, therefore, to determine the
fungitoxicity of oxine and copper oxinate
over a range of acidities for the purpose
of determining how closely toxicity
followed chelation. In order to obtain
results at acidities below pH 2.2, the
fungus Aspergillus niger was adopted as
the test organism because of its known
ability to tolerate high acidities. It was
used in a standard toxicity test (37), in

agar which the toxicant was incorporated
in tenfold stepwise concentrations from
1076 to 107*M. The agar was inocu-
lated with fungus spores at the center
of Petri plates and the radial growth of
the fungus colony was compared with
that of a control containing no toxicant.
The results are given in Figure 1 with pH
as the abscissa and, as ordinate, the nega-
tive logarithm of the minimum concen-
tration of toxicant for total inhibition of
mold growth. As the pH decreases, the
toxicity of oxine and of its copper chelate
likewise decreases. In the case of oxine
prevention of fungal growth requires
at pH 1.7 a concentration about 50,000
times that needed at pH 7.0. At all
pH values the copper chelate was more
toxic than oxine, but its activity was
similarly reduced as the pH was lowered.
Being amphoteric, oxine exists in
solution as three different entities: the
un-ionized molecules, the cations, and
the anions. Taking the data for oxine
just given, the concentration of ions and
un-ionized molecules was calculated
and the data were plotted according to
the method described by Albert (2).
The curves in Figure 2, plotted on the
same basis as those in Figure 1, present
each entity as if it were individually
responsible for the toxicity of the com-
pound. If the toxicity of each entity
is independent of pH, its concentration
which will prevent growth of the fungus
should remain constant as the pH is
varied. From Figure 2, it can be ob-
served that both the anions and the un-
ionized molecules have a substantially
constant inhibitory concentration over
the greater portion of the pH range
tested. Further extension of the pH
range of the tests was prevented by the
growth limitations of the fungus.
According to Phillips (34), 4-methyl-
oxine precipitates copper and iron in the
presence of oxine, as proved by analysis
of the precipitates. This demonstrates
that 4-methyloxine is a more efficient
chelator than oxine and raises the ques-
tion whether it will be more toxic than
oxine. At pH 4.8 the reverse is true;
oxine is more toxic than 4-methyloxine.
Computation, however, discloses that at
pH 4.8 there are about 3.5 times as
many un-ionized molecules of oxine as of
4-methyloxine (Table I). At pH 5.45
the ratio of neutral molecules is less than

Comparative Fungitoxicity and lonization of Oxine and

4-Methyloxine

% of Compound as

%% Inhibition of Growth

Table 1.
pH Compound Anions
4.8 Oxine 0.001
4-Methyloxine 0.0007
5.45 Oxine 0.008
4-Methyloxine 0.005
6.7 Oxine 0.100
4-Methyloxine 0.050

Un-ionized Concen,, o
Cations  molecules M Inhibition
61.3 38.7 7 X 1078 59
88.8 11.2 7 X 10-5 17
22.0 78.0 2 X 10~ 55
58.0 42.0 2 X 10~ 29
1.56 98.3 10 ¢ 11
7.36 92.6 106 31
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two to one in favor of oxine, and the
superiority of oxine is less.marked. At
pH 6.7 both compounds are principally
in the un-ionized condition, and the
order of toxicity is reversed in favor of
the methyl derivative.

Toxicity of Copper Chelates

Table II compares the fungitoxicity of
a number of oxine derivatives and their
copper chelates. In all but one case the
copper chelates were 25 or more times
as toxic as the unchelated compounds.
The one exception was the dichloro-
oxine; the lower activity of the copper
chelates at the higher pH values is
typical of the dihalogenated oxines.

OXINE
3——= TOTAL
€——€ NON-IONIZED

33— ANION
T ®—& CATION

Figure 2. Effect of pH on toxicity of
oxine and its ions

Ordinate is negative logarithm of molar con-
centration of each entity when oxine gives
complete inhibition

Copper is a well-known fungicide,
but it is relatively ineffective against
Aspergillus niger, the organism used in
these tests. [At pH 4.8 a concentration
of 1071M copper acetate is required to
prevent growth of A. niger (Table III).]
The work of Maley and Mellor (29) has
shown that in stability copper oxinate
tops the list of a series of metal oxinates.
Chelated oxine is less ionized than oxine,
and the data suggest a correlation
between concentration of un-ionized
molecules and fungitoxicity, It is possi-
ble, then, that copper serves not as a
fungicide but merely to reduce ioniza-
tion. If the latter hypothesis is correct,
the metals that chelate less strongly
should form less toxic oxinates than
copper oxinate.

Zinc, ion, and magnesium also react
with oxine, giving chelates with the
following order of stability (29): copper>
zinc>iron>magnesium. Figure 3 shows
that the toxicity of these chelates at
pH 4.8 is in the same order. These









Table V.

Effect of Chloro and Nitro Substituents on lonization and

Fungitoxicity of Oxine

Concn.

for Camplete
Inhibition, M

Compound pH

102
10—
1073
107
10—
10—+
105
104
10—
107+
10—+
105
>10+
>10—+

Oxine
7-Chloro-oxine
5-Chloro-oxine
5,7-Dichloro-oxine

5-Nitro-oxine

5,7-Dinitro-oxine

~SJUTR ~JUTR) UTR) U N Ut b W )
OO0~ O D D IO D

% of Compound as

Un-ionized

Anions Cations molecules
0.000005 99.9 0.09
0.016 9.0 91.0
0.0003 99.0 0.99
1.96 00.99 97.0
0.00003 98 .4 1.56
0.20 0.63 99.2
0.003 97.6 2.45
9

09 0.79 - 90.1

favoring the oil (4). The explanation
that ionization is minimized by chelation
was bolstered by the finding that toxicity
of the chelates was in the same order as
the chelates in the stability series. Con-
trary evidence, however, is observed in
the greater activity of the copper chelate
over unchelated oxine near the isoelec-
tric point. If stability of chelation were
the criterion of activity, the palladium
chelate should be expected to be greater
than that of the copper chelate. but it
was less active.

Furthermore, the toxicity of ionic salts
of copper, zinc, iron, and magnesium,
although much less than their chelates,
fell in the same order of toxicity. It is
likely. then, that the metals are toxic
but are better transported to their site
of action in the form of the chelate.
The fact that other chelates are not simi-
larly toxic suggests that oxine contributes
special properties to the chelate which
enhance the toxicity.

Albert has proposed (2) that oxine
removes a ‘‘guardian metal,” such as
cobalt. which protects cell thiol groups,
and, then. the iron or copper of the
chelate promotes oxidation of the essen-
tial thiol. Gerber and Block have shown
(20) that oxine is a strong inhibitor of
the cresolase (polyphenoloxidase)
enzyme. This is a copper-containing
enzyme which occurs widely in the fungi.
Oxine was, in fact, the strongest in-
hibitor of all the compounds, chelators
and nonchelators, tested against this
enzyme. Dichloro-oxine was also in-
hibitory, but copper oxinate, which is
already chelated, was not. It is possible
that within the cell the copper of the
chelate is transferred to another system
with strong complexing power, such as
the porphyrins or thiols, and the oxine
remaining may combine with cresolase
or other metal enzymes.

Summary

A study of the relationship of chelation
to fungitoxicity of the oxines showed that
oxine. which loses its ability to chelate as

the pH is lowered, also loses its toxicity.
The 5,7-dihalogenated and dinitro-
oxines, which retain their ability to
chelate, retain their toxicity as the pH is
lowered. Of the monohalogen and
mononitro-oxines, the derivatives with
substituents in the 5 position more
closely resemble the disubstituted de-
rivatives in activity, whereas that sub-
stituted in the 7 position of the ring more
closely resembles oxine. Methyoxy-
dichloro-oxine, which 1is wunable to
chelate because the hydroxyl group in the
8 position is reacted, is inactive at both
high and low pH.

o 5, 7-DICHLORQOXINE
9 — o—9 TOTAL
./ & ———0 NON-IONIZED
»——a ANION
o/ & ——8 CATION
10— /
11— /
| l | ! |
ul 2 3 4 A ) 7
oH
Figure 5. Effect of pH on toxicity of

dichloro-oxine and its ions

Ordinate is negative logarithm of molar con-
centration of each entity when oxine gives com-
plete inhibition

By computing the degree of ioniza-
tion of oxine across the pH range, it was
found that its loss of activity to 4. niger
as the pH was lowered to below 2 was
quantitatively related to its increase in
ionization. This relationship between
activity and ionization was found also for
4-methyloxine and 7-chloro-oxine, but
did not hold for 5-chloro- and 5,7-
dichloro-oxine. A more fundamental
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relationship superseding ionization was
found in the lipoid solubility of the
compounds, which could explain the
difference in activity between oxine and
the dihalogenated oxine with reference
to pH. As oxine becomes more highly
ionized it becomes less soluble in oil
solvents, whereas dichloro-oxine retains
its lipoid solubility even at pH 1.5.
Both lipoid solubility and chelation are
essential for the fungitoxic activity of the
oxines.

The copper chelates of all but the
dihalogenated oxines were many times
more fungitoxic than the chelators.
Oxine itself, however, in metal-deficient
medium was definitely inhibitory. The
order of toxicity to 4. niger of the oxine
chelates was copper>zinc>iron>mag-
nesium. The palladium chelate, al-
though more stable than the copper
chelate, was not so toxic. Both the
chelator and the metal are believed to
contribute to the high fungitoxicity of
the metal chelates of the oxines.
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