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ABSTRACT

An attempt was made to create effective fungicides
by combining fungistatic chelateswith mercury and other metals.
Two chelates, cupferron and phedyl—thiodantoic acid, were found
highly fungistatic, and the effectiveness of their mercury com-
plexes as seed protectants was similar to that of the standard

fungicide Arasan.

The mercury complex of cupferron was found relatively.
unstable, and mercury was easily displaced by metals forming
more stable cbmplexes. On the other hand, mercury could not be
displaced from the phenyl-thiohydantoic acid complex, and
fungistatically, this compound appeared to function as an undis-
»sociated molecule, Slopes of dosage-responsé curves of both
chelates were decreased by the inclusion of mercury, and the
efficiency of both compounds increased as respiration inhibitors,
However, both chelates and their mercury complexes were more
effective growth inhibitors than respiration inhibitors, and their

fungistatic values could not be estimated by respiration methods,

Evolution of toxic gases from dithiocarbamate chelate

fungicide during decomposition was measured in the Warburg



IT

manometer. It was concluded that the dialkyl series of
dithiocarbamates decomposed in the presence of slightly acid
buffers to produce carbon disulphide and a dialkyl-amine,
Dithane, on the other hand, decomposed with evolution of
hydrogen sulphide and carbon disulphide, and, it was assumed,

with a residue of ethylene thiourea,
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INTRODUCTION

To any study inﬁolving the control of disease organisms
by chemicals, Ehrlich's (25) concept of "dosis curativa' and
"dosis tolerata', is df fundamental impoftance. In other words,
these studies are concerned basically with the relationship between

the dose toxic to the parasite, to the dose tolerated by the host.

In the early history of plant pathology, the inorganic
compounds used for control of diseases were generally toxic to
both the parasite and the host, Thus effective disease control

was obtained only with some corresponding damage to the plant.

Following the introduction of the dithiocarbamate
fungicides by Tisdale and Williams (52) in 1944, there appeared
two very imporﬁant features favoring organic over inorganic com~
pounds for plant disease control, The first feature was that many
organic compounds tend to be fungistatic, rather than fungicidal;
that is, they inhibit cell growth, without at the same time, killing
the cells, Secondly, the growth inhibiting action of organic
compoundsbtends to be more specific than the action of inorganics,
Both these features assist in selecting organic compounds which

have a broader separation between the "dosis curativa" and the



"dosis tolerata'l,

The present paper consists of the following two phases

of the rroblem of plant disease control by organic fungicides,

1 The production of active fungistatic agents from compounds
related to the dithiocarbamates through common chelating proper-

ties,

2 A study of the conditions producing decomposition of
dithiocarbamates, and the identification of the toxic gases given

off from these compounds.



LITERATURE REVIEWS

Seed Protectant Fungicides

Due to the ubiquitous nature of soil-born plant patho~
genic fungi in agricultural areas, McNew (38) has pointed out tha£
it requires unfavourable weather conditions only to produce injury.
Damping—off of seedlings by soil inhabiting fungi is considered by
Leukel (29) to be the most serious problem encountered in obtaining
good stands of vegetable crops, and one of the major types of
damage of all crops. Althoﬁgh many fungi may be involved in the

damping-off of seedlings, Heald (17) considers Pythium debaryanum

to be of ma jor importance. Of the other molds involved, Heald (17)

includes Pythum ultimum, and members of the genus Phytophthora.

Seed treatment may be done for one of two purposes: to
protect the seed from soil-born organisms, or to kill disease organ-
isms that over-winter in, or on, the seed coat, Compounds of the
first class are known as 'seed protectants", and of the second,
"seed disinfectants'. Of—these two types of compounds, seed pro=-

tectants are the most universally required,

The control of damping~off by seed treatment has been
discussed by Kadow and Anderson (28) and by Horsfall (24), while
Taylor and Rupert (50) have given a review of the history of

vegetable seed protectants. More recent developments of control



measures are given in a review by Leukel (29).

According to Martin (30), early methods of seed treatment
consisted in soaking seeds in solutions of fungicides, principally
copper sulphate and formaldehyde., Leukel (29) points out that
following the discovery of copper carbonate dust as a bunticide,
there was a gradual change to dust fungicides, This change was‘
attributed to the ease of handling of dust fungiéides‘made possible
by the development of various h§me-made mixers and treaters, The
introduction of red and yellow cuprous oxides by Horsfall (22) (19),
and of zinc oxide (23) further sfimulated interest in.the use of |

dusts as seed protectants,

Organic seed protectants in the form of dusts date from
the introduction of tetrachloro-para-benzo-quinone, or Spergon, by
Cunningham and Sharwell (10) in 1940. Spergon was followed quickly
by tetrame£ﬁyl—thiuramdisulphide, or Arasan, and ferric dimethyl-
dithiocarbamate, known as Fermate., These compounds received favor-
able comments from McNew (39), Taylor, Rupert and Leach (51), and

many others,

In the final analysis, the'judgment of any fungicide ié
an economic one, McCallan (35) has discussed the favourable position
held by seed protectants in this respect. Because of the costs of
handling and the large amounts of material required, field sprays
and dusts are limited to the high value pef acre cropse. On the

other hand, seed protectants are being used profitably on the low



value per acre grain crops, .The corollary is also true: that
expensive materials in the form of organics or mercurials, regard-
less of effectiveness, can find economic use only in seed treat-

ment,

Chelate Compounds and Chelate Fungicides

1 Characteristics of Chelating Agents
‘The first use of a chelate as a fungicide was in 1914,
when 8-hydroxy-quinoline, or oxine, was tried by Hiltner (20) as a
seed protectant, The same compound, under the proprietary name of
Chinosol, had been placed on the market in Germany as a bacteriocide,

twenty years earlier.

As can be seen from the

4
é X3 accompanying formula, oxine

consists of a toxic phenolic

7W2
' ring, attached to a non toxic

OH
8 ‘ pyridine ring (25), This com~

pound appeared for many years to

_ B-HYDROXY - QUINOLINE . .
2t - possess a number of toxicological
reactions which were structurally anomolous, These reactions were:

(a) The compound is fungistatic, not fungicidal, as would be

expected by the presence of the toxic phenolic ring.

(b) Only when the hydroxyl group is in the eighth position

is the compound fungistatic,



(¢) The compound is more effective against Gram positive

than against Gram negative organisms.

These ostensibly anomalous reactions were explained by

Albert (1) and by Zentmyer (57), in 1944 when they co-ordinated

anti-bacterial and anti-fungal activity of oxine with chelating

ability.

The term "chelate", derived from '"chela", the great

claw of the crustations, was introduced by Morgan and Drew in 1920

(34). Chelate is a descriptive term for the caliper-like groups,

ZiINC COMPLEX.

H
H.C:H
H

COVALENT BONDE OF
METHANE,

which, functioning as two assoc-
iated units, fasten onto a central
metallic atom to form hetrocyclic
rings, For example, oxine is able
to bind zinc according to the
accompanying formula, Here zinc
is linked simultaneously to pheno-
lic oxygen by normal valencies,
and by nitrogen through co-ordin-

ated covalent bonds,

The origin of co-ordinated
covalent bonds may be briefly
stated as follows: in the normal
covalent bond of organic compounds,

the single bond consists of a pair



of shared electrons, as illustrated below for methane, Thus one
electron comes from carbon, and the other from hydrogen. The shared
electrons, constituing a single bond, are conventionally represented

by a single line,

In some conditions, both electrons may be donated by a
single atom, Referring to oxine, the valence of nitrogen in the
pyridine ring is three, while nitrogen has a potential valence of
five, Zinc on the other hand, has two valence electrons only, and
these are already taken up by oxygen. Accordingly, both the electrons
forming each single bond between nitrogen and zinc-muéi be donated
by the nitrogen atom. The direction of electrons donation is indicated

conventionally by the use of an arrow,

As mentioned previously, fungistatic activity of oxine is
limited to the anologue with the hydroxyl group in the eighth position,
Chelating activity is similarly limited, since rings formed of more
- than five elements in this type of structure are unstable, Such
instability is explained logically by the strain theory. The normal,
(and henée the most st;;le) angle betweeﬁ valencies of the carbon atom
directed at the verticies of a regular tetrahedron are 109°, while
the angle between the sides of a regular pentagon are almost identical
at 110°, The corresponding angles of a hexagon are, however, consider—
ably larger at 120°, E;imination of strain in six membered chelate
rings formed from oxine by zigzagging in two planes, such as Desha

(11) describes for the benzene ring is apparently not possible., Thus

such six membered rings formed from 7 hydroxy-quinoline are unstable,



and Albert (3) reports chelating ability as well as fungistatic ability

is of a low order..

In the original oxine molecule, only two hydrophillic
groups are present, - OH and -NZ, Following complex formation, both
these groups are masked, with the result that the complex is exceed~
ingly insoluble in water, Accordingly, when oxine is added to a fungus
culture, traée metals are precipitated and growth ceaseé, as Zentumyer

(58) has shown, as a result of trace metal deficiency.

The example of metal-complex formation of oxine is in many
respects typical of the action of chelates generally. Information on
the action of other chelating agents is to be ﬂqund in the monographs
by Welcher (54) and Zoe and Sarver (59). Some additional features of
chelate action pertinent to the following discussions, are given from

Welcher,

Oxine is an example of a chelate which forms nonionizeable
" complexes, referred to as inner complex salts, Inner complex salts
react more‘as pure organics than as inorganic compounds, and the metal
contained in such complexes cannot be detected by ordinary means, éuch
as precipitation with hydrogén sulphide, These complexes, though

usually very insoluble in water, are soluble in organic liguids,

Chelating agents generally combine with a considerable num~
ber of metals, and combine specifically only between certain narrow
pH limits. The stability constants of different metal complexes of

a chelating agent vary considerably. Mellor and Maley (32) suggested



that the order of stability constants of metal-chelate complexes is
probably similar regardless of chelating agent. Further evidence
supporting this view is presented in the experimental portion of

this thesis,.

Most important of the chelates used as fungicides are the
dithiocarbamates. In fact, McCallan (36) considers the dithiocarba~
mates the most effective organic fungicides so far discovered, The
introduction of these compounds dates from 1934, when Tisdale and
Williams (52) obtained a patent on their fungicidal use, The fungi-
cidal action of these compounds has been studied in détail by
Goldsworthy, Green and Smith, (16), and Dimond et al (12), whiie the
.presen£ status of the dithiocarbamates as fungicides has been reviewed

by Heuberger (18).

The dithiocarbamate fungicides are related to the chelate
sodium dimethyl-dithiocarbamate, which in turn is related to carbonic

acid as illustrated below,
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Sodium dimethyl-dithiocarbamate is a typical chelating

agent, forming co-ordination compounds with metals of the following

type:
' /”%{ /"'(\3 ]
g;;a;; \‘ 4 ////(::==~a
\5* Zn S

DiMETHYL = DiTHIOCARBAMATE  ZiNC. COMPRLEX..

As Horsfall (25) has shown, sodium dimethyl-dithiocarbamate
is also a very powerful fﬁngistatic agent. Nevertheless, the compound
camot be used directly as a protective fungicide because of high
solubility, Insoluble derivatives have, as a result, been premred

by the following three methods:

1 By combining two molecules of the chelate through sulphur

to produce tetramethyl~thiuram-disulphide, now known as Arasan,.

2 By combining two molecules through the methyl groups to

produce disodium-~ethylene-bisdithiocarbamate, or Dithane.

3 By preparing insoluble chelate complexes from metal salts
as previously illustrated, The best known of these, are the iron

and gzinc .complexes, Fermate and Zerlate,

Reference to the formulae just given shows that while

-Dithane retains its chelating ability, Arasan does not. Thus, by



replacing sodium in Dithane, even more insoluble materials are pro-
duced., The best known of these compounds is the zinc complex Parzate.
The chelating ability of Dithane is alsoc of importance to the fungis-

tatic action of this compound, as will be discussed later,

Very little has been reported on the value of other chelates
as fungicides, Horsfall and Zentmyer (26) have shown however, that
the chelates cupron, cupferron, and salacylaldoxime are active fungi-
static agents, Horsfall (25) attempted to combine the toxicity of
copper with the toxicity of salacylaldoxime in the form of the copper
complex, but found the compound inactive. Copper xanthates have been
tried as field protective fungicides, but were found wanting (25) (60).
As will be explained later, copper was probably a particularly bad
choice of metal in these cases, On the other hand, since this work
was undertaken, the copper complex of cupferron, a compound examined
in some detail later, has received favourable criticism as a protec-

tive fungicide, (27), and also as a preserver of fishing nets (27),

Mode of Toxic Action of Chelate Fungicides

Apart from oxine, little work has been done on the mode
of toxic action of chelate fungicides, Oxine has gained particular
attention since its action against bacteria is closely related to

that of penicillin,

Gale (15) in describing this relationship, points out that
amino acids are taken up by Gram positive bacteria in two ways,
(a) by simple diffusion,

(b) by an active cell process requiring energy.



It is this latter energy. requiring transfer of amino acide which is
inhibited by penicillin, and all cells able to synthesize their own
amino acids are, as a result, resistant. Two trace metals, manganese
and magnesium, play an essential part in this energy transfer, Oxine,
by inactivating these two metals, is able to inhibit the absorption

of amino acids,

Inactivation by oxine of other trace metals, particularly
copper and zinc, interferes with cell respiration and fermentation,
but this requires a higher concentration of oxine than that required

to inhibit amino acid absorption,

Horsfall (25) suggested that the fungistatic action of
other chelates, namely quinone dioxine, salacylaldoxine and the
dithiocarbamates may also be due to their action in precipitating

trace metals,

A very significant fact concerning the action of chelates
upon growth has been pointed out by Albert (2)., In order for growth
inhibition to take place, the trace metals on a bacterial surface
must be inactivated. Apparently metals may be held by a biological
surface in such a way that only chelates of éppropriate architecture
may have access to them, Albert (3) considered that this ability was
limited to relatively few chelates, and that these were mainly related
to oxine, Nevertheless, data cited by Horsfall (25) and results
given in the experimental part of the present papér, indicate that a
considerable number of chelates quite unreiated fo bxine, are growth

inhibitors,

10



Foote, et al (14) attempted to determine the inhibitory
effect of Dithane and Arasan upon the enzyme carboxylase with the
Warburg manometer. However, they reported inconclusive results,

which they attributed to the insolubility of these compounds,

A further mode of toxic action of chelates which may
function independently to that of metal precipitation, is the evolution
of toxic gases, This type of action appears limited to those chelates
containing sulphur, Dimmond and Horsfall (7) stated that the greater
part of the toxicity of Dithane appeared to be due to the evolution
of hydrogen sulphide, and suggested the following scheme to explain

the evolution of this gas.
/’H"‘QHZH‘

R
".'// e~é N\ .,

l \ / [

H !‘ ‘Na‘*S "’
HYOROLYSIS ©F Oisopivtm ETHYLENE =~Ri$~DiTHO™
CARBAMATE (DITHANE).

Hydrolysis first took place, followed by a double tautomer-—
ism between nitrogen and sulphur on the one hand, and between the two
sulphur atoms on the other, Instability resulted from this dynamic

state, and hydrogen sulphide was split off,

This explanation was apparently accepted until recently
Rich and Horsfall (45) gave evidence that the gas given off by Dithane

was a mixture, The second gas appeared to be even more toxic than
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hydrogen sulphide, As a result, Rich and Horsfall concluded that no
satisfactory theory has yet been of fered to explain the fungicidal
mechanism of Dithane, They express the hope, however, that a clue may
be found by attempting to isolate and identify the toxic gases from
this compound., As will be shown later in the experimental part of
this work, the second toxic gas given off by Dithane, is carbon

disulphide,

No reports have been made of the evolution of gases from
other dithiocarbamate fungicides, However, it will be shown later,
that probably all of these fungicides owe at least a part of their

effectiveness to the evolution of toxic gases,

Laboratory Assay of Fungicides

Two principal methods for thé laboratory assay of fungicides
have been developed, The first of these is based upon the inhibition
of spore germination, and has been adopted as a standard method by
the Fungicide Committee of the American Phytopathological Society (4).
The second is based upon the inhibition of mycelial growth, a method

first proposed by Bateman (8), and developed later by Vincent (61).

The basic principal behind both these methods is the examina-
tion of the fungicide at different concentration levels, As the dose
is increased, so is the inhibition increased. When the percentage
inhibition is plotted against concentration, a dosage-response curve

is produced,

Wilcoxon and McCallan (55) have shown that if such data



obtained from spore germinaﬁioh tests are plotted on logarithmic
probability paper, a linear dosage~response curve results, Bateman
(8) obtained similar linear dosage-response curves from mycelial
inhibition data by plotting the logs. of concentration against logs,

of percentage inhibition,

The great value of linear dosage-response curves in evaluat-
ing the fungistaﬁic action of different compounds has been discussed
by Dimond et ali (13), and reviewed by Horsfall (25). It appears
that different fungicides have different dosage—fesﬁonse curve slopes,
and it is assumed that compounds with different slopes have different
modes of action, Where dosage-response curves of two fungicides cross,
a reversal of the order of effectiveﬁess of toxic action results,
Other factors being equal, effectiveness of toxic action oﬁ a fungi-
cide with a.flat slope will decrease more slowly with weathering,

than that of a fungicide possessing a steep dosage-response curve,

Although more generally used, the spore germination method
suffers the disadvantage that the test organism must germinete by
germ tube. Thus, the myceiial inhibition method must be used in
evaluating chemicals against damping-off species of Pythium or

Phytophthora, since these organisms germinate by swarm spores,
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EXPERIMENTAL

Part 1

The Preparation and Evaluation of Chelate Complexes

as Seed Protectant Fungicides

An attempt was made to synthesize effective fungistatic
agents by combining fungistatic.chelate radicals with metallic ions,.
For this purpose, a number of chelates were first examined for
fungistatic activity, and the most active of these selected for

further study.

The method of measuring fungistatic activity was based on
the procedure developed by Bateman (8) and Vincent (61). Briefly,
this procedure consists in determining the mycelial growth rate of a
fungus on agar plates containing sub-lethal doses of fungistatic

agemnt o

Agar dilutions of the toxicvagent are first prepared in
Petri plates. When. cool, these plates are inoculated with a fungus
culture, The plate cultures are then incubated along with control
cultures containing no toxic agent, and radial growth measurements

made of the developing colonies at suitable time intervals,

Growth rates are determined by plotting the increase in
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diameter of the colonies against incubation time, and drawing the

best straight line through the points.

The percent of growth retardation of each concentration of
toxic agent is then calculated by the following formula:
R = C-T x 100%.
C
Where R=% refardation, C= growth rate of control T= growth

rate in presence of toxic agent.,

The relationship between concentration and percent retard-
ation is obtained by construqting dosage-response curves, These
-curves are obtained by plotting the retardation values against con-
centrafion on log. paper, and drawing thé best straight line through

the points.

Phytophthora erythroseptica Pethy. was the test organism

used throughout this work, This mold was chosen since its muitable
growth rate and colony features allowed accurate growth measuremehts,
and because it is representative of organisms causing damping-~off of
seedlings in sbils. Dosage-~response curves produced with this organ-
ism were lihear, providing measurements were commenced after colony
diameter had reached 10 mm., and the total incubation period did not

exceed five days,

Evidence was obtained that the position of the dosage-
\J
response curve may be affected by the nmature of the agar medium as

illustrated in Table I.
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Table 1

Inhibition of P. erythroseptica growing on

corn meal and on oat meal agars by mercuric chloride

% inhibition of growth

Concentration at
50% inhibition
(x1073) grams

Gm. Hg. - Clp per 100 (x1073)
1.1 1.2 - 1.5 1.7 2.0 2.3 2.6 o0omk

Corn 29 L5 60 82 1.3

‘ Meal
Oat |
Meal 25 35 L7 54 2.4

The organism appeared even more susceptible to the action
of mercuric chloride on a synthetic asparagine medium., This medium
could not be used, however, since the mold grew as an irregular
colony, and accurate growth measurements were impossible. In order
to obtain comparable results, a large gquantity of oat meal éxtract
was préparéd and used throughout the following experiments, This
extract was prépared according to Rawlins! pfocedure (43) by heating

50 grams of oat meal in one liter of water at 70° for 1 hour,

Since the method of measuring growth in Petri plates
necessitates a clear medium, the extract was filtered. Sufficient
water was then added to produce a final nitrogen content determined
by the Kjéldhal procedure of 0,5%, and the extract sterilized at

15 lbs. pressure for 20 min, The agar medium used in the following



experiments was prepared from this extract by adding 15% agar to

suitable portions of extract, and re~sterilizing the medium.

Agaf dilutions of the toxic agents were made by adding
the toxic agent to hot, sterilized agar in Erlenmyer flasks, Fifteen
ml. portions of agar were then dispeﬁsed into Petri plates, five
plates per dilution. Seeding was accomplished by placing on the
centre of each agar plate'a 5.0 mm, disc of agar-mycelium cut from

a seven day oat meal agar plate culture of P.erythroseptica.

The plates were incubated at 24°C, and colony diameters

measured at approximately 24 hour intervals,

Inhibition values of eight chelates, and mercuric chloride
are given in Table II, Concentrations producing fifty percent
inhibition were estimated by interpolation of the dosage-response

curves drawn from these data,

Data from Table II show that all eight chelates are
active fungistatic agents, However, fungistatic values vary consid-
erably, and only cupferron (ammonium-nitrosophenyl-hydroxylamine)
and phenyl-thiohydantoic acid possess values of the same high order
as that of mercuric chloride, Cupferron and phenyl;thiohydantoic
acid were selected therefore as chelates with the potentialities

for producing effective fungistatic complexes with metals,

17
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Table II

Inhibition of Mycelial Growth of P.erythroseptica

by Chelating Agents and Mercuric Chloride

Percentage Inhibition

Compound Gms, per liter Gms,per liter
(x10-2) (x1071) **I100

08 1 2 3 6 81 2.3 6 8

*Cupferron 30 50 98 ' .0002
Phenylthio- 6 20 48 95 005
hydantoic
acid
Mercuric 10 35 173 100 ' 004
Chloride ‘ ’

Salacylald- 18 30 39 98 .02
oxime :

Pyrogallol 85 90 94 100 .05
Benxoin~ 65 79 89 98 .05
oxime ,

Demethyl- - _ 28 40 52 80 .09
glyoxime

Gallo- ' 15 25 34 66 11
cyanine :

*Gupferron concentration (x10~1)
**Concentration in gm, per liter producing

100% growth inhibition.
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Preparation of Metal Complexes of Cupferron

and Phenyl-thiohydantoic acid

Cupferron complexes were prepared by adding solutions
of metal salts to agueous solutions of chelating agent, All metal
salts were in the form of chlorides, except lead acetate, Sufficient
acetic acid was added to the lead solution to prevent hydrolysis and
precipitation of the hydroxide upcn the dilution. To 150 ml, of a
1.0% solution of cupferron, 200 ml. of metal salt solution were added,
containing five times the equivalent weight of metal reqpifed for
total precipitation. All metals were in the divalent state; and it
was assumed tha£ the chelate radicals were bidentate. By precipita-
ting the chelate radical completely, tests for the presence of
chloride or lead in the wash water from the precipated complex was
sufficient to establish purity. The preéipitate was allowed to
settle for one hour, Filtering was then done in a frittered glass
filter, and the complex washed with hot distilled water, Washing
was continued until no test for chloride could be obtained in the
wash water with silver nitrate, or lead with hydrogen sulphide., All

complexes were finally dried over sulphuric acid in a desiccator,

Preparation of metal complexes of phenyl-thiohydantoic
acid were carried out in a similar fashion to those of cupferron,
However, since this chelate is relatively insoluble in cold water,
precipitation was done from hot solutions, and the complexes were

washed with boiling water. In order to induce precipitation of



zinc, the pH of the zinc chloride was first adjusted to pH 5.5 with

dilute ammonium hydroxide.

Evaluation of Metal Complexes by Greenhouse Experiments

An evalwation of the metal complexes as seed protectants
was then made by a procedure based upon that of McCallan (37). In
outline, this procedure consisted in determining the relative emer-

gence resulting from seeds treated with metal complexes when planted

in soil infected by the damping~off organism, Pythium ultimum,

Due to a limited amount of metal complexes available,
radish seeds only, of Sparkler variety, were used in the first test,
Seeds were treated with ,0625% of seed weight of chemical by shaking

in glass vials for fifteen minutes.

Infected soil was prepared by adding to freshly sterilized

soil, three.day cultures of Pythium ultimum on unhusked barley. An

‘equivalént of 50 ge. of infected barley was.édded per flat of soil,
The flats were placed in the greenhouse, watered, and covered with
wax paper for two days, Aftér removing the ﬁaper, the treated seeds
wére pianted in randomized ten-seed rows. Controls consistingbof
untreatea seed, seed treated with a standard seed protectant fungi-

cide Arasan, and seed planted in sterile soil were included, Final

counts of emergence were made after ten days. This test was repeated

twice, with essentially similar results, The percentage emergence
obtained from seeds treated with the different complexes'are given

in Table III,

20
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Table III

X ’ :
Percentage Emergence of Chelate~complex Treated Seed

Percentage Emergence

Metal Cupferron Phenyl-thio
: hydantoic acid

Mercury 775 70.
Zinc 60. 52.5
Cadmium 58.8

Lead 61.5

Manganese 59.8

Copper 60, 60,
Arasan 65.0

Control _ L5.5
‘Sterile soil The5

Least significant difference 21%

*Mean emergence from nine replicates of 10 seed rows.

Although the percentage emergence of seeds obtained by
all.treatments is somewhat higher than that from the untreated con-
trol, only the results of the two mercury complexes are outstanding,
The actioné of the two mercury complexes were as a result, examined |

in more detail,



Using the two mercury-complexes with Arasan as a control,
a second test of seed protectant values was made, using pea seed of

the Lincoln variety.,

Since McCallan (37) reports pale coloured pea seeds more
susceptible to damping-off than green seeds, pale seeds were selected
for use, Seeds were treated at the following three levals, expressed
as percentage of seed weight: ‘

.015% «0625% and 0.,25%.

The seeds were planted as described for radish seed, and
a final emergence count made after fourteen days. Dosage-response
curves were drawn,from the resulting data by the method of Wilcoxon
and McCallan (55). Since resistance to disease is normally distri-
buted among seeds, Wilcoxon and McCallan have shown that when the
percentage emergence in the form of probits is plotted against légs.
of concentration, a dosage-response curve in the form of a straight

line results,

The zones of error of the ED50 (percentage dose for 50%
emergence) were calculated by the graphical method of Wilcoxon and
McCallan (55). The resulting dosage~response curves plotted on a

logarithmic-probability scale are shown in Fig. 1.
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Fig.I. Dosage~response curves from pea seed emergence tests
'plotted on logarithmic—probaﬁility scale for mercury complexes and
standard fungicide Arasan., Parallel lines indicate zone within
which fhe ED50 may be ekpected to fall 19 times out of 20, under
the same conditioné. Points represent mean emergence of ten seed

rows replicated six times.,

Fig.I shows that the ED50 of Phenyl-thio-hydantoic acid
complex is identical to that of Arasan., Since the curves cross,
however, the_érder of fungicidal efficiency of the two compounds is
reversed, Arasan bé&gg'the more efficient above the point of inter-
section, and the phenyl—ﬁhiodantoic complex belows A similar

crossing of the Arasan and cupferron complex curves takes place in

the neighbourhood of 20% emergence,
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Mode of Fungistatic Action of Mercury Complexes
An examination of the mode of fungistatic action of the
mercury chelate complexes first entailed a study of the composition

of these compounds,

Cupferron (ammonium nitroso-phenol hydroxylamine) is related

to nitroso~phenol as shown below:

N~ O N~ N=0
2 ” il

N —Ou
- HYOROX L - \//

MITROSEG . PHENIL AMYNE

o+
NHz
| ”/:::? ~N=0O

il
I/, N—ONHg

AMMINIUNM N ITROSO PHENOL ~ HYDROX VL AMNE (COPFERRON)

According to Smith (47), Cupferron forms co-ordination

compounds with metals as illuétrated for the mercuric complex:



CuPFCRRON Mercuiy. ComeLeX,

The theoretical mercury content of this compound is 42,3%.

The actual mercury content of the prepared complex, as determined by a

modification of Rupp's procedure (49), was 41.6%. The content of
available mercury in .ionized form présent in a saturated solutioh of
the complex as determined with para-dimethyl-benzal—rhodaniné reagent

(48) was L5 p.p.m.

Phenol~-thiohydantoic acid, or phenol-thiourea-acetic acid,

is related to carbonic acid in the following manner:

HC\ NHz NH&?.\

- e=o > =0 //c=s
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NH, Ha s
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According to Willard & Hall (56), pﬁenyl—thiohydantoic acid
forms co-ordination complexes with divalent metal to give the empirical
formula of thevmercury compound as (09 H9 Oy ~ Ny S) Hge The theoreti-
cal mercury content of this.compound ié 32,4%. However, analysis of
the prepared phenyl thiohydantoic acid mercury complex gave a mercury
- content of 48,10%. This result agrees closely tovﬁhe theoretical

mercury content of 48.97% of the mercurous complex, as in the form .

illustrated.
NHZ\ .-:z
, C= &S—Cc —Cc=90
W)
——— /. He ——— O

MERCUROUS  CoMPLEX.

It appears, therefore, that although mercufic chloride
was used in preparing the above complex, under the conditions of
preparation, mercury is reduced to the mercurous form. This reduc-
tion is probably due to the action of products resulting from slight

decomposition of the chelate in hot solutions,

Tests for the presence of available mercury in saturated
solutions of mercurous-phenylthiohydantoic complex showed that less

than one ppm. of ionized mercury was present,

From the above results, the importance of available mercury
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to the fungistatic action of the two complekes was estimated, This
" was done by comparing the available:mercury content of the complexes

with the concentration of mercuric chloride required for total growth

inhibition of P.erythroseptica.

The latter figure of 33 p.p.m. mercury was obtained by
extrapolation of the dosage-~response curve drawn from data of Table II.
Since available mercury in the cupferron complex amounts to only |
L5 p.pem., and less than 1.0 p.p.m. in the phenyl thiohydantoic acid
complex, it may be assumed that available mercury plays little part
in fungistatic action. Nevertheless, there is the possibility that
under certain conditions, more may become available, and the toxic

action of mercury become apparent.

The possibility of further mercury becoming available
was determined by investigating the relative stability constants of
the chelate metal complexes, Mellor and Méley (32), have reported -
that the stability order of divalent metals with a number of chelétes

fall in the following order of decreasing stability:
’ PrH > Ce > /M 7 F@ Mg,

In a following review, Mellor and Maley (33) discussed-
‘additional evidence to show that this order is probably similar for
all organic compounds forming similar complexes, Since there has
been no report on-the relative stagility of mercury in chelate com~

plexes, this was determined by a study of displacement reactions with

cupferron,

Pfeiffer (41) has pointed out that if some metal complexes



are less stable than others, then under suitable conditions, a metal
should displace another from a less stable complex, By a method
based‘upon the above assumption, the relative stabilities of metal
complexes of cupferron were determined. Thévproceddre involved the
addition of metal salts to cupferron suspensions, and a determination
of the amount of mercury displaced. Twenty ml. of metal chloride
solution, containing an equivalent of 1,5 x 10-3 M metal, were added
to 20 ml. of aqueous suspensions of cupferron mercury complex in

Erienmyer flasks., These flasks were then tightly corked and shaken

at 20°C for 24 hours.

After filtering, the amounts of mercury displaced by the
metals were determined by analysis of filtrate aliquots by the color-
metric para-dimethylomino-benzal-rhodanine method (48). Metals were
selected which did not interfere with colér devélopediby mercury
under the conditions of the test. In the presence of ,0IN. nitric
acid, neither iron, zinc, copper nor magnesium at a concéntration of

1,5x107M interfered with the colormetric reagent.

The amounts of mercury displaced from the cupferron complex

by these four metals are shown in Table IV,

28
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Table IV

-

The Relative Amounts of Mercury Displaced from
Suspension of Cupferron-mercury Complex by Di-~
valent Metals at Concentrations of 1,5x10-3 M,

Displacing Metal Concentration of
Displaced Mercury
in p.pemm.

None L.5
Magnesium ' 16.8
Iron 40,
Zinc 60,
Copper 100.

Two conclusions may be drawn frbm these results., First,
it appears that the mercwy complex is less stable than the éompléxes
formed from the other four metals., This follows as a result of all
metals being able to displace mercury., The second conclusion is
based upon the assumption that the metal forming the most stable
complex will displace the most mercury. It follows from this assump-
tion; that the stabilities of metal complexes of cupferron decrease
from copper to magnesium, This is precisely the same order of
stability as Mellor and Maley (31) report for these metals with other

chelates,

As a result of these stability studies, the following con-

clusion may be made regarding the fungistatic action of availablq},
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mercury in the cupferron complex, Although in distilled water the
available mercury is insufficient to play an important role in
fungistatic action, in the presence of traces of magnesium or iron,
such as are likely to be present in organic media, sufficient mercury

may be displaced from the complex to produce a mercury toxicity.

Although it is concluded what part mercury may play in the
toxicity of the cupferron cogﬁiex, no consideration has been taken
of the organic radical, itself a powerful fungistat., Information on
the fungistatic action of the chelate radical was obtained by com~
pafing dosage-response curves of the complex with the curves of its
component parts, cupferron and mercuric chloride, These curves,
shown in Fig.2 were obtained with P.erythroseptica as test organism

according to previously described methods,
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Fig.2. Dosage response~curves of fungicides calculated

from data on the inhibition of mycelial growth P erythroseptica on

agar plates., Points represent the mean growth retardation resulting

from five replicates,

If the inhibitory action of the Mercury-complex was due
to ionized mercury only, the slope of the dosage-response should be
similar to that of mercuric chloride, This follows from Bateman!s
(8) work indicating that the slopes of dosage-response curves of
salts of a toxic metal are similar regardless of anion, _Since
Fige.2A shows that these slopes are not similar, it follows that the
cupferron portion of the molecule is also involved in the fungistatic

action,

The displacement of mercury from phenyl-thio-hydantoiés.
acid complex by metals, was examined as with cupferron, Apparently,
mercurous mercury forms a very stable complex with this chelate,
since mercury was not displaced by any of the metals added, If
ionized mercury plays no part in the fungistatic actiﬁn of this com~=
plex, is the action due solely to the chelate radical? Reference to
dosage-response curves of Fig,IIB again, will answer this question,
If the action of the mercury complex was due to the chelate molecule
only, then the slopes of both the chelate and mercury-complex curves
should be similar, However, the curve of the complex is considerably
flatter than that of phenyl~thiohydantoic acid, It appears, there-

fore, that the mercurous complex of phenyl-thiohydantecic functions
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neither by virtue of the chelate radical, nor by mercury alone, but

rather as an undissociated molecule.,

A second procedure was used to determine the effect upon toxicity of
introducing mercury into the chelate molecule, This method involved a
determination of the relative growth and respiration inhibitory powers

of the chelates, compared to those of their mercury complexes,

The concentrations of two chelates, their mercury complexes,
and mercuric chloride required to produce 50% growth inhibition, were
obtained by interpolations from the dosage-response curves of Fig.2,
The corresponding concentrations of these compounds required to reduce

respiration of P.erythroseptica by 50%, were determined in the standard

Warburg manometer by methods based on those of Nickerson (40) and

Bronfrebrenner et al (6),

For this purpose, shake cultures of P.erythroseptica were

grown for manometer respiration measurements in the following medium:

Glucose 50 Gm,
Dipotassium phosphate 1,0 Q
Magnesium Sulphate 0,02 "
Calcium Sulphate 0,02
Asparagine LO v
Thiamin Hydrochloride 0.2 mg.

Trace metals = Cu,05 p.pem. 2n l. pep.m. Fe,l. pepel.
Mn,05 PeDelle

Water to make 1l liter

pH 6.5 adjusted with hydrochloric acid,
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Cultu?es were shaken until mold growth had reached a stage
suitable for pipetting. The mold mycelium was then fiitered off;
washed with Sorensen's buffer of pH 6.5, and finally re-suspended in
buffer, By means of‘a pipette; equivalent amounts of mold were then

added to manometer flasks,

Fungisﬁatic agents werevadded to a side arm, aqueous potash
to the centre well; and finally sufficient water added to the main
flask to produce a total liquid volume of three ml, The flasks were
then placed in the water bath at 28°C, ard shaken for an equilibra-

tion period of 10 min,

The rate of oxygen uptake was determined during the linear
respiration period for each concentration of chemical, The percentage
inhibition was then plotted against concentration, and a smooth curve
drawn through the points, Concentrations prbducing 50% respiration
inhibition were then interpqlated from these curves, The resulting
concentration of -compounds which produced 50% growth inhibition

and 50% respiration inhibition are shown on Table V,
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Table V

Concentrations of Compounds Producing 50%
Growth and Respiration Inhibition of P.erythroseptica

Concentration in moles per liter (x10~5)

Compound
50% Growth 50% Respiration
Inhibition Inhibition
Mercuric
Chloride 20, 23.
Cupferron o7 120,
Cupferron ‘
Mercury 10. 90,
Phenyl-~thio~
hydantoic acid 45, 1000.
Phenyl~thio-~
hydantoic acid 2.5 105,
mercury '

Table V shows that introducing mercury in both chelates
increased the action of these compounds against respiration. Never-
theless, btoth chelates and their mercury complexes are more effective
inhibitors of growth, than of respiration. This fact may explain
why chelate fungicides are generally fungistatic rather than fungi-
cidal, Obviously Nickerson's méthod (40) of estimating fungistatic
activity based upon respiraﬁion inhibition, cannot be applied to these

types of compounds.
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Part II

Toxic Gases evolved from Chelate Fungicides
Related to Dithiocarbamic Acid

The instability of the dithiocarbamate fungicides has been
recognized for some time, Carbamié acid and dithiocarbamic acid are
both unstable compounds: the former acid has not been isolated in
the free state (46), and the latter decomposes in water (38)., Cherni~-
kov and Dobkina (9) showed that the stability of the dithiocarbamate
metal complexes paralleled that of the sulphides. Heuberger (18)
ooncluded that the zinc salts were more stable to heat and light, than
the sodium, iron and calcium sélts, and that these metailic salts
are rather unstable to the action of acids. Apart from-Dithane,
however, the evolution of toxic gases produced during decomposition
has not been reported. Only one of the two gases evolvéd from Dithane 
has been identified (45), and the conditions responsible for the
decomposition of this compound do not appear to have been clearly

understood,

During an attempt to measure the inhibitory action of
sodium diethyl—dithidcarbamate against the enzyme carboxylase in the
Warburg mhnometer, it was noticed that a gas was evolved from this‘
chelate, Due to the importance attached by Rich and Horsfall (45)
to gasés evolved from the related compound Dithane, an attempt was
made to identify the gas from sodium diethyi—dithiocarbamate. Since

the identification was successful, the study was expanded to include
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other dithiocarbamate fungicides, including Dithane, The following
experiments were désigned to identify the gases given off by these

compounds, and to determine the conditions of gas evolution,

Tﬁéﬂéources of the dithiocarbamates used in the following
experiments were:
Sodium diethyl-dithiocarbamate, Eastman Kodak Co.
The copper;_iron and zinc complexes of dimethyl-dithiocarbamate,
by courtesy‘of Canadian Industries Ltd. |
Dithane (di-sodium ethylene-bis-dithiocarbamate), by courtesy

of Dr.J.G.Horsfall, Connecticut Agricultural Experiment Station,

Measurements of gas evolution were made in all experiments
in the conventional Warburg manometer. Except in specified cases,

the following manometer technique was adopted,

One ml, of 10"2 x-3 M dithiocarbamate was added to the
manometer side arm, and O.4 ml, of buffer placed in the main flask,
Water was finally édded to the main flask to produce a total liquid
volume of 3,0 ml. After an equilibration period of 10 minutes in the
water bath, the dithiocarbamate was dumped into the buffer, and gas
evolution recorded at 5 minute intervals. All experiments were

carried out at 28°C, -

’

Sodium Diethyl-dithiocarbamate

The effect of pH upon gas evolution from sodium diethyl-.
dithiocarbamate was first determined, For this purpose, a series

of Sorensen's phosphate buffers.ranging'from.pH Le9 to 7.4 were
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prepared. Fig;B-shows the relative rate of gas evolution from the
above compoﬁhd'in~the presence of these buffers, Since the gas was
later identified as carbon disulphide, gas volumes in Fig,3 were

calculated on a basis of a carbon disulphide manometer constant,
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Fig.3. The effect of pH of Sorensen'!s phosphate buffer upon gas

evolution from diethyl-dithiocarbamate,

To detérmine that gas evolution was not limited to the
action of phosphate buffer, a comparison was made between the action
of citrate and phosphate buffer on gas evolution., In order to obtain
greater manometer readings, the buffer conteht was increased to 6-ml.

These results are shown in Fig.4. Figs.3 and 4 indicate conclusively



that gas evolution is a result of buffer acidity,
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Fig.h. The effect of phosphate and citrate buffers upbn gas evolution

from sodium diethyl dithiocarbamate,

The interaction of buffer with dithio-carbamate was examined
further by measuring the gas evolved in the presence of increased
amounts of buffer., At the same time, an attempt was made to identify
the gas by its action on aqueous and alcoholic potash solutions. For
the latter purposé, 0.2 ml of a 5.0% aqueous solution of potash were7 
added to the centre well of the manometer flasks In a corresponding
flask, a 5.0% solution of potash in absolute alcohol was added to

the centre well, Filter papers were added in the standard manner
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to inéreaséléhe rate of gas absorption, The results are shown in

Fig.5. . - -
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Fig.5, The effect of increasing amounts of phosphate buffer of
pH 4.9 upon gas evolution from sodium diethyl-dithiocarbamate,
and the relative absorption of the gas by aqueous and alcoholic
solutions of potash. The gas evolution resulting from 0.9 ml.
buffer in the presence and absence of aqueous potash was identi-

cal, and hence only one curve is shown., Volumes calculated on a
basis of Kggo.

Al

Fig.5 shows that since the gas is absorbed ins£antly by
alcoholic potash, but not by aqueous potash, the gas is not hydrogen
sulphide, Confirming this poin£ was the inability of a 2@% aqueous
solution of lead acetate to absorb the gas. These reactions are,

however, characteristic of carbon disulphide (53). As a result,



Reith's confirmatory test for the presence of carbon disulphide (44)

was ddne on the alcoholic potash solution.

One drop of 1/50N copper acetate and 0,2 ml, of LN acetic"
acid were added to the alcoholic potash solution. The characteristic
bright yellow color of copper zanthogenate confirmed the presence of

carbon disulphide,

Metal Complex;s of Dimethyl~dithiocarbamate

' An attempt was then made'to determine if gas evolution

took place under similar conditions, from other closely related fungi-
cide derivatives, For this purpose, the copper, zinc, and iron

complexes of dimethyl-~dithiocarbamate, were examined.

One ml, suspensions of these compounds were added to the
manometer side arms, and two ml., of Sorensen's phosphate buffer pH 4.9
placed in the main flask. Gas evolution was'thén measured in the
usual manner, No carbon disulphide evolution could be detected from
this copper complex, The relative evolution of gas from the iron and

zinc complexes are shown in Fig.6.
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2
The gas given off from both these chelate complexes was
identified by the methods previously described as carbon disulphide,

At the same time it was moticed that the decomposition of these two

neutral compounds was accompanied by a rise in pH of the buffer

mixture, It was considered possible, therefore, that an anine might
remain in the buffer solution as a secondary decomposition product,

As a result, an attempt was made to isolate and identify the product

resulting from the decomposition of the soluble sodium diethyl-dithio-

carbamate in the following mamner:



Sodium diethyl-dithiocarbamate was decomposed with evolu-
tion of carbon disulphide by adding slowly ,OlN hydrochloric acid
until pH of 3.0 was produced. The solution was then evaporated to
dryness, and the residue washed with ether. After drying a second
time, the residue was then extracted with chloroform. On evaporation,
the chloroform solution left a perfectly white, semi-crystalline mass
producing the characteristic reaction of an amine salt (42). The com=
pound produced a sharp melting point of 118,2°C, which compares closely

to that of 119-20°C reported for diethylamine hydrochloride (21),

It was concluded, therefore, that the dialkyl series of
dithio-carbamate fungicides decompose in the presence of weakly acidic

buffers in the following manner:
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Hydrolysis first takes place, Probably as a result of
dithiocarbamic acid itself being unstable the derivative formed on
hydrolysis then breaks down to form a dialkyamine, and simultaneously
splits off carbon-disulphide,



Fig.6 illustrates arother interesting feature regarding '
the relative rate of decomposition of the metal complexes, In Part I
of this paper, it was mentioned that.the stabiliﬁy order of divalent
metals with chelatés appeared to be similar, regardless of the chelate
radical, If fhis fact applies also to the complexes of dimethyl
dithiocarbamates, the rate of carbon disulphide evolution from the
three compounds examined should fall in the following increasing order
from copper to'iron: |

It was already mentioned that no carbon disulphide could
be detected from the very stable copper compound, However, Fig.b
indicates that the stabilities of the zinc and iron complexes are re-
versed, since the zinc compound decomposes more rapidly than the iron
compound. However, Pfeiffer et al, (41), reported the ferric compiex
of bis-salacylaldehyde-ethylenediamene more stable than the zinec

' complex, Mallor and Maley (33), commenting on the reversal of the
stability of the iron complex, concluded that this was undoubtedly
due to the iron being in the ferric state. As the iron complex of
dimethylodithiocarbamate examined was also in the ferric state, it
appears that the rate of decomposition of the three dithiocarbamate
complexes agrees with the general order of metal chelate complex

stabilities,
Dithane
Tests were finally mde in the Warburg manometer for evolu-

tion of gases from Dithane in the presence of an acid buffer, The



concentration of fungicide and other cond tions were identical to
those described for the iron and zinc complexes, Flasks containing
aqueous and alcoholic potash were included as previously described,

The results of this experiment are shown in Fig.7.
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FigeT. The evolution of gases from Dithane in the presence of

Sorensen's phosphate buffer of pH 4.9, arnd the relative
absorption of the two gases by aqueous and alcoholic

potash., For method of calculating volume of gas mixture
see text.

‘Since the gas ewolved from -Dithane was a mixture, later
identified as carbon sulphide and hydfogen sulphide, the -wolume of
the total gas could not be estimated directly. This folloﬁs as a
result of the manometer constant being based upon the solubility

-
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of the gas being measured, The total gas volume of Fig.7 was there~

fore calculated in the following manner:

From manometer A, containing agueous potash, the wlume of
carbon disulphide was calculated, using KCSQ‘ From manometer B, con-~
taining no potash, the total manometer change due to evolution of
both gases was recorded; The manometer change of B, corresponding to
the volume of CS, obtained from A, was next calculated, Then the
total manometer changé of A, less the calculated manometer change due
to 032,‘eqpalled thé change due to HySe This result, multiplied by

Kst for manometer B, gave the hydrogen sulphide evolved.

Fig,7 shows that the gas is only partially absorbed by
aqueous potash, Addition of lead acetate to the aqueous potash solu-
tion produced a black precipitate of lead sulphide, indicating that

the portion of gas absorbed by aqueous potash was hydrogen sulphide,

Fig.7 indicates also that although the gas is eventually
totally absorbed by alcoholic potash, there is a considerable lag
period. This contrasts with the immediate absorption of carbon
disulphide by this solution in previous experiments. Since, however,
traces of water interfefe with absorption of carbon disulphide by
alcoholic potasﬁ, it was considered possibie that hydrogen sulphide
might do the same, 'As.aoresult, it was decided to test for the

presence of carbon disulphide in the alcoholic solution, by Reitht's

Procedure (44).

Since Reith'!s test for carbon disulphide cannot be carried



out in the presence of hydrogen sulphide, it was first necessary to
remove this gas, This was accomplished by adding aqueous potash to
the centre well of.the manometer in the usual way. At the same time,
however, a folded filter paper strib was placed in a side arm of the
flask ard the side arm stopped with a vented plug. Dithane was added

to the second side amm, and buffer placed in the main flask as before.

The evolution of gas was recorded until no further change
in readings occﬁrred, In order to absorb the last trace of hydrogen
sulphide, éhaking was continued fdr a further alf hour, By means
of the vented plug, 0,2 ml of alcoholic potash solution was then run
into the side am, and shaking was again continued for another half
hour, Reith's test for the presence of carbon disulphide in the
alcoholic poﬁaSh was then made by adding the acetic acid and copper
acetate solutions directly to the side arm containing the paper,

The characteristic yellow color indicating carbon disulphide was

produced,

As a result of these experiments, it was concluded that
Dithane decomposes with evolution of hydrogen sulphide and carbon
disulphide in the presence of weakly acid buffer in the following

fashion,
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Following hydrolysis, ethylene bis-dithiocarbamic
acid is formed, This compound, inheriting the instabil-
ity of dithiocarbamic acid, breaks down to form ethylene-
thiourea, carbon disulphide, and hydrogen sulphide.
This mode of breakdown is substantiated by two additional
facts, First, it has already been mentioned that ethylene-~thiourea
is the only compound identified in the breakdown debris of Dithane (45).
And second, the one to one ratio of hydrogen sulphide to carbon dioxide
evolved in theory, approaches the 1.2 to 1,0 obtained in practice,
(See Fige7)e This latter ratio may be considered an approximation
only, since it is calculated from readings inwlving two flasks, and
hence the pipetting of two supposedly equal portions of insoluble

Dithane in the form of water suspensions,
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DISCUSSION

The results of Part I of this paper show that active
fungistatic compounds may be prepared by combining fungistatic
chelates with metals, Observations from Part II, indicate that
probably all active dithiocarbamate fungicides decompose with
evolution of toxic gases. The implications of this fact are that
sulphur compounds enjoy a particularly favourable position in the
chelate fungicide field, For economic reasons already discussed,
the two mercury complexes examined in this paper must of necessity
be limited to use as seed protectants. On the other hand, the
relatively inexpensive sodium and irqn complexes of the dithio~
carb;ﬁates, in spite of the absence of a toxic metal, are active
fungicides which can be used economically both as seed protectants
and as field protectant fungicides, The effectivenéss‘of this
latter.type of compound appears undoubtedly to be due to toxic gas

evolution,

A search for other sulphur chelates evolving toxic gases
upon decomposition, would appear to be a practical application of
these studies, Reference tc the chelate stability order of Mellor
and Maley should facilitate the preparation of metal complexes
from these sulphur chelates possessing the desired fungistatic -
activity. The great value of this metal stability order in both
explaining the predicting the action of this type of fungicide has

not yet been appreciated,
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