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Abstract: Dithiocarbamate ligands have the ability to form stable complexes with transition metals,
and this chelating ability has been utilized in numerous applications. The complexes have also been
used to synthesize other useful compounds. Here, the up-to-date applications of dithiocarbamate
ligands and complexes are extensively discussed. Some of these are their use as enzyme inhibitor and
treatment of HIV and other diseases. The application as anticancer, antimicrobial, medical imaging
and anti-inflammatory agents is examined. Moreover, the application in the industry as vulcanization
accelerator, froth flotation collector, antifouling, coatings, lubricant additives and sensors is discussed.
The various ways in which they have been employed in synthesis of other compounds are highlighted.
Finally, the agricultural uses and remediation of heavy metals via dithiocarbamate compounds are
comprehensively discussed.

Keywords: dithiocarbamate; metal complexes; medical use; industrial applications; agricultural
applications

1. Introduction

Dithiocarbamates are amides formed from dithiocarbamic acid and they have the abil-
ity to form stable metal complexes as a result of their exceptional coordination properties [1].
They could generally be classified as heterocyclic dithiocarbamates, symmetric dithiocarba-
mates, unsymmetric dithiocarbamate, dialkyldithiocarbamates and monoalkyldithiocar-
bamates [2]. Several methods have been used to synthesize dithiocarbamate compounds.
However, the synthesis is commonly achieved by the reaction of carbon disulphide and
amine (primary or secondary). The reaction is usually carried out in the presence of elec-
trophiles such as imines, transition metals, epoxides and alkyl halides [3]. The synthesis
could be effected without a catalyst or in the presence of an appropriate alkali as shown in
Figure 1 through (equation a—n). Their ligands can form complexes with octahedral, square
planar or tetrahedral geometry depending on the type of metal ion and also the ratio of the
metal-to-ligand [2]. Dimers of dithiocarbamates are also formed by using dilauroyl perox-
ide as the oxidizing agent [4] (equation 0). Other polyfunctional ligands of dithiocarbamate
exist but they are rare compared to other forms of dithiocarbamate compounds [5]. Both
the dithiocarbamate ligands and complexes are useful in several applications. However,
when both ligands and complexes found relevance in similar applications, the complexes
appear to be more potent than the ligands. For instance, dithiocarbamate complexes are
more active against microbes than the ligands from which the complexes are formed [6].
The choice of dithiocarbamates compared to other related compounds is attributed to its
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poor solubility in water, ease of preparation under laboratory conditions, and formation
of more stable compounds than several complexes made from other common analytical

ligands [7].
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Figure 1. Various routes for the synthesis of dithiocarbamates. Adapted from [3]. Copyright (2020),
with permission from Elsevier.

The study and discovery of different novel dithiocarbamate derivatives continues to
increase as the different areas of their application are being investigated. As shown in the
statistical data obtained from Scopus database (insert date), there are 2406 publications on
dithiocarbamate from 2015, out of which 2264 (94.1%) are research articles (Figure 2). The
publications on dithiocarbamate reached a peak in 2016, and within this range, chemistry



Int. . Mol. Sci. 2022, 23,1317

3 0f 36

researchers are at the forefront of the dithiocarbamate studies. Szolar reviewed the different
ways of identifying and analyzing dithiocarbamates [8], while other reports focused only
on some fragments of the applications. However, the need to review the comprehensive
applications of the dithiocarbamate compounds is rife [9]. Consequently, this review gives
an up-to-date and detailed account of various areas of applications of dithiocarbamate
compounds including agriculture, medicine, industries, catalysis and in synthesis. These
different areas of applications will be discussed in more detail in the following sections.
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Figure 2. Statistics of publications on dithiocarbamate from 2015 to 2021 from Scopus database,
accessed on 21 November 2021.

2. Heavy Metals Concentration and Remediation

Polluted samples usually consist of a mixture of organic (such as parabens, organochlo-
rine pesticides and dyes) [10,11] and inorganic pollutants (such as heavy metals and ni-
trates) [12,13]. In some cases, there may be a need to remove one pollutant in the presence
of other pollutants in the environmental samples. Several strategies have been used for
concentrating heavy metals before their removal from the environmental samples. Both
concentrating and removal of heavy metals from different media have been achieved
through the use of dithiocarbamate compounds. Some of these dithiocarbamates as well as
the heavy metals that were concentrated and removed are discussed in this section.
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2.1. Heavy Metals’ Remouval from the Environment through Dithiocarbamate Compounds

The ability of dithiocarbamate to selectively and strongly bind to most metal ions to
form organometallic complex makes them a useful candidate for removing heavy metals
from the environment [14,15]. The presence of two sulphurs with lone pairs of electrons
makes it possible for dithiocarbamates to form chelate with these metals as well. However,
it is possible for dithiocarbamate to use one of the sulphur donor atoms to form a bond
with the metals. In short, it can act as bidentate or monodentate ligand [14]. Another factor
that makes them particularly useful for metals with a variable oxidation state is their ability
to stabilize these metals irrespective of their oxidation states and this can be explained
by the oxygen bonding ability of the conjugates formed by dithiocarbamates [16,17]. The
possibility of sharing electrons between the metal ions, sulphur atoms and nitrogen atoms
coupled with the formation of metal complexes that cannot dissolve in water also makes
them a better heavy metal chelator from the environmental samples [18].

As a result of these features, the use of dithiocarbamates to solve the problem of
heavy metal pollution has been investigated and it was found to be a good metal chela-
tor. In the studies conducted by Ayalew et al. [19], different amine-modified dithiocarba-
mates were used to successfully remove zinc, nickel and copper from wastewater at a low
pH. The modified dithiocarbamate used for the investigation were tetraethylenepentamine-
dithiocarbamate, triethylenetetramine-dithiocarbamate, diethylenetriamine-dithiocarbamate
and ethylenediamine-dithiocarbamate. However, the three heavy metals were removed,
but the amount of copper removed was more than the amount of zinc and nickel removed.
Dithiocarbamates were also used to modify carbon compounds and then to remove heavy
metals from wastewater. Trivalent arsenic has been removed in this way and dithiocarbamate
was used to modify the cellulose that was used for trivalent arsenic removal [20]. Hydrochar
is another carbon-based compound that was modified with dithiocarbamate and this also was
found to be effective in removing divalent lead from the environment [21]. More than 90%
of the heavy metals (lead(Il), copper(Il), and cadmium(Il)) were removed from wastewater
within 40 min when dithiocarbamate was grafted into crosslinked polymer made from glu-
taraldehyde and polyethyleneimine [22]. Other investigations involving the removal of heavy
metals via dithiocarbamates are shown in Table 1.

Table 1. Heavy metals remediation via dithiocarbamate.

Dithiocarbamate Compound Used Heavy Metals Removed MI(:dla/Szfmples Amount Removed/Performance Ref.
emediated
Iron-containing reduced graphene Hg(II), Pb(II), Cd(II) and wastewater 181.82,147.06, 116.28 and 23]
oxide modified with dithiocarbamate Cu(II) 113.64 mg/ g respectively -
Dithiocarbamate-modified coal Ni(II) Aqueous solution 82.37mg/g [24]
Al(OH) -poly(acrylamide- 17.777 me /¢ for Cu and
dimethyldiallylammonium Pb(II) and Cu(II) Wastewater 5;8 6 699gmg /¢ for Pb [25]
chloride)-graft-dithiocarbamate ’ 88
Iv-sodium dithiocarbamate and 226.76, 234.47 and 245.53 mg/g, for
porysodium ocarbamate a Zn(II), Ni(II) and Cu(II) Electroplating wastewater ~ Zn, Ni and Cu respectively at pH 6 [26]
poly-ammonium dithiocarbamate in 20 min
Heavy metal-dithiocarbamates Zn(1II), Pb(IT), Ni(II),
(using sodium Mn(1II), Fe(II), Cu(Il) and Water sample More than 90% removal [14]
diethyldithiocarbamate) Cd(I) ions
Sodium polyamidoamine-multi Divalent
dithiocarbamate (using sodium 7 Soil sediments Complete precipitation [27]
X . n, Cu, Cd and Pb
diethyldithiocarbamate)
sodium
tetraethylenepentamine-multi Divalent Cu, Cd and Pb Soil samples Near complete precipitation [28]
dithiocarbamate

The efficiency of heavy metals removal depends on the type of dithiocarbamate used
for metal chelating. For instance, the metal chelating ability of diphenyldithiocarbamate
ligands was found to be better than the chelating ability of diethyldithiocarbamate that did
not contain a phenyl group [18]. Apart from the use of dithiocarbamates in the removal of
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heavy metals, they have also been used to determine and concentrate heavy metals instead
of using surfactants [29-31].

2.2. Trace Elements Concentration and Determination through Dithiocarbamate Compounds

The determination of trace metals usually involves separation and pre-concentration
stages. Dithiocarbamate compounds have been used for these purposes and this could
be attributed to their selective and chelating properties. Activated carbon coated with
phenylpiperazine dithiocarbamate was successfully used to concentrate Pb, Cd, Cuand Mn
before they were determined by the flame atomic absorption spectrophotometry (FAAS)
method [32]. Ammonium pyrrolidine dithiocarbamate, on glass fibre base, was also used
to form a chelate complex with metal ions, which was followed by methyl isobutyl ketone
elution and atomization of the metal ions. The quantification of the atomized sample was
then carried out through high performance liquid chromatography (HPLC) [33]. When the
multi-element determination of heavy metal ions was carried out through HPLC, dithio-
carbamate was included in the column to improve the performance of the method [34].
Dithiocarbamate-modified silica gel was also employed for pre-concentration and separa-
tion of ions of several precious metals prior to their determination via inductively coupled
plasma [35]. Table 2 shows other specific examples of investigations where dithiocarba-
mates were used to quantify metals.

Table 2. Determination of trace elements using dithiocarbamates.

Dithiocarbamate Compound Used Metal(s) Determined Me]t)h od Usfed f.or the Limit of Detection Ref.
etermination
pyrrolidine dithiocarbamate Ni(II), Cr(VI), Co(Il), and Hg(II) liquid liquid micro-extraction 0.011-2.0 pg L! [36]
Ammonium 1-pyrrolidine .
dithiocarbamate and Inductively coupled
. . Pb(II), Cu(Il) and Cd(II) plasma-mass spectroscopy 0.13-1.18 pmol L1 [37]
Diethylammonium (ICP-MS)
diethyldithiocarbamate
Ammonium pyrrolidine . . 1
dithiocarbamate As(IIT) solid phase extraction(SPE) 0.01ug L [38]
Sodium diethyl dithiocarbamate Cd(II) and Pb(II) SPE/ FAAS 030pgL ! [39]
s . . Atomic absorption
Dlthlocarbamate-fmct19nal1zed Hg(II) spectrometry with gold 1.8ng L1 [40]
magnetite composite .
amalgamation
Pb(1I), Bi(IlI),
Pyrrolidine dithicarbamate Pb(In), Hg(ID), Thin-film microextraction 0.2-0.6 ug/L [41]

Au(II), Se(IV),
As(III),Ni(II) and Co(II)

3. Application of Dithiocarbamate Compounds as Stationary Phase in Chromatography

Dithiocarbamate compounds were also used as a component of the stationary phase
during ligand exchange chromatography. They were useful for this application due to
their strong chelating ability. Yeh and co-workers [42] utilized dithiocarbamate coated on
silica as the stationary phase in the separation of heavy metals. It was observed that
the amount of mercury taken up by this stationary phase was high, which could be
attributed to the presence of extra complexing-nitrogen atoms from dithiocarbamate present
in the stationary phase. In the chromatographic determination of multiple heavy metals,
diethyldithiocarbamate and pyrrolidinedithiocarbamate were deposited on the Sep-Pak
cartridge, which was used as the stationary phase. The method was able to determine these
heavy metals even at pg 1—1 level [43].

4. Application of Dithiocarbamate Compounds as Catalysts

Catalytic application of dithiocarbamate is another aspect that has attracted lots of
research attention. It has been used for the synthesis of catalyst during organic synthesis as
well as catalysts in polymerization. Some of these applications are explained in this section.
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4.1. Application of Dithiocarbamate Compounds as Catalyst in Organic Transformation

Core/shell nanostructures have been functionalized with magnetic dithiocarbamate
deposited on gold and utilized as the catalysts for synthesizing propargyl amines through
A3 coupling reaction [44]. The catalyst displayed good performance for the synthesis of
propargyl amines when phenylacetylene, benzaldehyde and morpholine were used as
the starting material. Further probe into the mechanism of the reaction showed that the
reaction proceeded through a process involving the formation of iminium ion intermediate
and C-H activation as shown in Figure 3. The choice of metal dithiocarbamate was as a
result of its good solubility in organic solvents, chemical stability and the fact that it can be
easily used in the anhydrous form [45,46].

0 Ar,__H
Ar” “H ":‘
o~ T — Ph - AuH
OH iminium io HAU Ph
\ —\
e HOH A
T\ / \
\ / \
Ph Au I| " |
C-H activation
A N
/\
B /l l\ x
\ / /
O \ \
N
Ph
e
’ J Fe,0,@C-NHCSH-Auyg,
Ph

Figure 3. Mechanism for the dithiocarbamate-containing Au-catalyzed A3 coupling. Reprinted
from [44]. Copyright (2021), with permission from Elsevier.

The need to obtain carbon fibres with improved surface energy, roughness and chem-
ical inertness led to the use of dithiocarbamate in its synthesis. Two of the methods that
have been used with the incorporation of dithiocarbamates are Markovnikov addition and
alkaline synthesis method. Guan et al. [47] utilized nickel dithiocarbamate compound as
catalyst for enhancing the properties of carbon fibres by using both Markovnikov addition
and alkaline synthesis. These carbon fibre are used as photopolymerization catalysts.

4.2. Application of Dithiocarbamate Compounds as RAFT Agent in Polymerization

Simultaneous control of stereoregularity and molecular weight of polymers is bene-
ficial in polymer synthesis but it is difficult to achieve [48]. The use of RAFT (reversible
addition—fragmentation chain transfer) agents has made simultaneous control feasible
and different dithiocarbamate compounds have been investigated as RAFT agent [49].
Nitrogen-containing dithiocarbamates are now being used as the most effective RAFT
agent with reduced bulky attachment when compared to other RAFT agents [50]. The
presence of nitrogen in the dithiocarbamate compound stabilizes the cationic intermediate
due to the fact that nitrogen is an electron-donating atom [48,50]. Dithiocarbamate was
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also used as both emulsifier and RAFT agent in the polymerization of stable latex of vinyl
acetate polymer [51]. They are often used along with other RAFT agents for better control
of tacticity and molecular weight. For instance, thiocarbonylthiol compound was included
in the RAFT agent used for polymerization of vinyl ethers in the presence of Lewis acid
catalysts [48].

5. Application of Dithiocarbamate in Synthesis

Dithiocarbamate compounds have been useful in the synthesis of organic interme-
diate as well as chalcogenides of metals. This section presents some of these synthesized
compounds.

5.1. Application of Dithiocarbamate Compounds as Precursors in Material Synthesis

Different synthetic methods have been used to produce metal sulphide nanoparticles
and one of these methods involves the use of metal complexes as single source precursors
(SSP). Among the metal complexes used as SSP, dithiocarbamate complexes have being the
most explored complexes. In our laboratory, we have synthesized some dithiocarbamate
complexes, which were thermolyzed to generate metal sulphides [52]. Some of these
nanoparticles (especially the bismuth based) have been reviewed by Ajiboye et al. [53].
The use of dithiocarbamate complexes for the synthesis of these nanoparticles is preferred
since dithiocarbamate is rich in sulphur; hence, the use of a separate sulphur source
will not be required [54]. Generally, the synthesis from the dithiocarbamate complex
using the solvothermal method requires the use of capping agents such as oleylamine,
octadecene, dodecane thiol, ethylene glycol and hexadecylamine. Their presence in the
system controls the growth of the nanoparticles [55], while some of these capping agents
(such as oleylamine) can also function as reducing agent, solvent or surfactant in the
material synthesis [56]. Table 3 highlights other examples of nanoparticles made from
dithiocarbamates.

Table 3. Application of dithiocarbamates in nanoparticle synthesis.

Dithiocarbamate Precursor Used Nanop a'rtlcle(s) Temp. Used Particle Size and (Band Gap) Ref.
Obtained
Bis(N-ethylphenyldithiocarbamato) . . o 2.01-2.50 nm, 4.00—4.86 nm and
palladium(II) Palladium sulphide 160, 200 and 240 °C resp. 2.53-412 nm (4.90-5.02 eV)) [57]
Bis(N,N-di(4-fluorobenzyl)dithiocarbamato-
S,S" )M(IT). Cadmium sulphide (CdS) - —(3.29 eV) [58]
(M =Cd)
. s Copper sulphide (CuS and o . .
Cu (II) bis N-methyl-N-phenyl Dithiocarbamate CusSo) >240°C 34.7 + 13.3 nm width size (1.85 eV) [52]
559
Dithiocarbamate complexes with varied Quinary Ag-In-Ga-Zn-S o
Ag/In/Ga/Zn ratios quantum dots 20°C 20+04nm (591
Molybdenum dithiocarbamates Molybdenium sulphide - 40 nm [60]
(MoSy)

N-alkyldithiocarbamate copper(II) Copper sulphide (CugSs and o -~ ;
complexes with NaBH4 CuyS) 180°C 3.0eV) o1l
copper(ii) bis-(2,2 -(d1th10Farb0xyazaned1y1)d1acet1c Copper sulphide (CuS) 90 °C 8+ 1nm [62]

acid)

bis(diethyldithiocarbamato)disulfidothioxo chromium-doped tungsten 450 °C ) [63]

tungsten(VI) disulphide (WSy) >

tetrakis(N,N- Molybdenum sulphide o . - )
diethyldithiocarbamato)molybdenum(IV) (MoS;) 450°C flake thickness of ~10 nm [64]
[V2S4(nBuydtc)](dte=dithiocarbamate) Vanadium sulphide (VS;) 150 °C [65]
Manganese diethyldithiocarbamate trihydrate Manganese sulphide (MnS) 290 °C (3.3eV) [66]

Tris-(piperidinedithiocarbamato) .
iron(IIT) and Tron S“;Phslde }(IF"O-9§5S and 350-450 °C (0.95-2.0 eV) [67]
tris-(tetrahydroquinolinedithiocarbamato)iron(III) €324 phases

lead(IT) complexes of morpholine dithiocarbamate Lead sulphide (PbS) 160 °C (13.86-36.06 nm) [68]
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5.2. Application of Dithiocarbamate Compounds in the Synthesis of Organic Intermediates

The light-catalyzed reaction of dithiocarbamates in cyclohexane or chlorobenzene
solvent leads to the formation of dithiocarbamate-containing lactam. The fact that the
product contains dithiocarbamate makes it suitable for other dithiocarbamate-based appli-
cations [69]. Examples of lactam produced from dithiocarbamate are shown in Figure 4.
Diethyldithiocarbamate has been used for the synthesis of ferrugine through a reaction that
involves refluxing in the presence of cyclohexane and light [70].

S
\/\N,Bn o EtQN/(
P —= S (1)
S O cyclohexane
N/g reflux N,
O Bn
Etz S 70%
o S
B
©\N' o (R )k H (2)
/& cyclohexane EtN S N
i O reflux H Bn
% O
EtaN" =S O
. O
©\/\N‘Me o 5:1
k_, (3)
S/&O cyclohexane N—Me
N/g reflux EtaN S
Et;, S 78% S
— N’Bn o S
/l§ P /l‘k N—Bn (4)
S O Ccyclohexane EtiN
/& reflux O
ELN S 52% (0.1 M)
58% (0.5 M)
NEt
2\ 2 EtaN
s s 2—S
S N Bn S
5 R r— N )
s O cyclohexane
/g reflux O N O N
Et>N S Bn Bn
hvy, 65% 84 1
lauroyl 56 :1

peroxide, 58%

Figure 4. Synthesis of lactams (four-eight membered ring). Reprinted from [69]. Copyright (2007),
with permission from Wiley and Sons.

The synthesis of cyanamide, which is an important intermediate for synthesizing
pharmaceutical compounds, has been a serious challenge to researchers because its syn-
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thesis involves the use of highly toxic cyanogen halide. The synthesis is now carried
out in a ‘greener’ way by using dithiocarbamate for its synthesis. Other reactants used
for the synthesis are sodium bicarbonate, molecular iodine and hydrogen peroxide. The
hydrogen peroxide functions as the oxidizing and desulphurizing agent. Other intermedi-
ates such as 1-phenylthiourea and isothiocyanates were formed during the synthesis [71].
The mechanism of the whole process is shown in Figure 5a. Another intermediate that
was synthesized by using dithiocarbamate is thiourea, and synthesis via this procedure
was preferred because toxic reagents such as hydrogen sulphide and thiophosgene were
not needed [72]. Moreover, harsh reaction conditions such as the use of strong base or
acid, elongated time of reaction and high temperature of the reaction are not required,
unlike the other known synthetic routes [73]. In short, the synthesis is carried out by
reacting dithiocarbamate with either ammonia, primary aliphatic or aromatic amine and
a secondary aliphatic amine at 60 degrees Celsius. It could be carried out without using
solvent or catalyst [73]. As shown in Figure 5b, thiazolidine-2-thiones synthesis has also
been achieved from dithiocarbamate through a three-step method involving iodocycliza-
tion, dehydrohalogenation and nucleophilic substitution reactions [74]. The synthesis of
novel amide was also feasible when dithiocarbamate compound was used as the starting
material [75] as shown in Figure 5c.

Aryanasab and co-workers [76] reacted acid hydrazides with S-alkyl dithiocarbamates
for synthesizing 1,3,4-thiadiazoles. The procedure was applauded because its cyclization
step does not involve toxic catalysts or dangerous organic solvents. Apart from this specific
reaction, it has general applicability. For instance, the reaction was used to prepare 2-amino-
1,3,4-thiadiazoles by reacting acid hydrazides with dithiocarbamate.
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Figure 5. (a) Synthesis of cyanamide from dithiocarbamate. Reproduced from [71]. Copyright (2012),
with permission from Taylor and Francis. (b) Synthesis of thiourea from dithiocarbamate and amines.
Reproduced from [73]. Copyright (2009), with permission from Elsevier. (c) Synthesis of amide from
dithiocarbamate. Reproduced from [75]. Copyright (2011), with permission from Royal Society of
Chemistry.
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6. Application of Dithiocarbamate Compounds in Agriculture

One of the uses of dithiocarbamate is in the eradication of diseases of plants and
livestock. They have been used as pesticides to either prevent or eliminate plants’ diseases.
The growth of unwanted plants has also been prevented or eliminated through the use
of dithiocarbamate compounds. Some of the dithiocarbamate compounds that have been
used for these applications are discussed in this section.

6.1. Application of Dithiocarbamate Compounds as Herbicides

Dithiocarbamate-based herbicides contain groups such as dimethyldithiocarba-
mate, ethylenebis(dithiocarbamate) and propylenebis(dithiocarbamates). Examples
of dithiocarbamate-containing herbicides are Metiram, Dazomet, Thiram, Disulfiram,
Propineb, Maneb, Ziram and Zineb [77], although some of them are also used as pesti-
cides. These herbicides are majorly used to prevent the growth of some broadleaf weeds
as well as plants such as crabgrass, cheatgrass, bromegrass and foxtail [78]. Even plant
that generates oxidants (active oxygen species) was successfully eliminated through
dithiocarbamate herbicides [79]. Adjustment of the lipophilic and hydrophilic properties
of dithiocarbamate by introducing groups such as sodium salts of dibutyldithiocarbamic
acids, hexyl (2-(2- ethoxyethoxy) ethyl) dithiocarbamic acid, butyl (2-(2-ethoxyethoxy)
ethyl) dithiocarbamic acid and ethyl (2-(2-ethoxyethoxy) ethyl)-dithiocarbamic acid was
found to aid the action of dithiocarbamate as the pesticide. This is because of better
penetration of plant cuticles compared to when ordinary sodium diethyldithiocarbamate
was used as the herbicide [79]. Diallate, Sulfallate, Dazomet and Triallate are other
common dithiocarbamate-based herbicides (Figure 6). Diallate [S-(2,3 dichloroallyl-
)diisopropylthiocarbamate] is used to control monocotyledon weeds and it acts by
attacking their fatty acids [80].

Cl O Cl

7 N s/\/ Cl

S
Cl Cl
Diallate Triallate
S /\ " /
Cl : I
S )
S N

Sulfallate ‘ Dazomet

Figure 6. Examples of common dithiocarbamate-based herbicides. (One of the sulphur in dithiocar-
bamate has been replaced in diallate and triallate).

6.2. Application of Dithiocarbamate Compounds as Pesticides

Pesticides made from dithiocarbamates are used as fungicides for various crops during
processes such as shipment, storage and growth [81]. The structures of some of these
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dithiocarbamate-based pesticides are shown in Figure 7. These pesticides also kill the larva
of some pests that cause plants’ and farm animals’ diseases, thereby boosting food security.
For instance, both tricyclohexyltin and triphenyltin N-n-butyldithiocarbamate have been
used as larvicide against the larva of Aedes aegypti and Anopheles stephensi mosquitoes [82].
These dithiocarbamates were found to be effective against the larva of these mosquito
species. Moreover, Meloidogyne incognita, which is a disease caused by nematode, was
eradicated by using dithiocarbamate derived from chitin oligosaccharide [83]. The derived
dithiocarbamate pesticide has high activities for eliminating the nematode. In addition,
it inhibits the hatching of eggs, thereby decreasing the population of the nematodes [83].
Specific examples of how these pesticides are being used are shown in Table 4.
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Figure 7. Examples of dithiocarbamate pesticides.
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Table 4. Scientific name of common dithiocarbamate pesticides and the organisms affected.
Dithiocarbamate Pesticides D1th10c‘::1rba.n.1ate Pesticides Classification Organism(s) Affected Ref.
(Common Names) (Scientific Names)
Drugs against gastrointestinal
Ferbam Ferric dimethyldithiocarbamate Fungicide flukes, tapeworms, lungworms and [84]
roundworms in farm animals
Acts against over
mancozeb Zinc;manganese(2+); N-[2- Funeicide 400 micro-organisms that damage [85]
(sulfidocarbothioylamino)ethyl]carbamodithioate & agricultural produce such as citrus,
grapevine, tomato and potato
Acts against 100 species of
destructive insects affecting pets,
Carbaryl 1-naphthyl methyl carbamate Insecticide livestock, poultry, shade trees, [86]
ornamentals, nuts, lawns, forests,
fruit and citrus
Maneb Manganese-containing ethylene bis-dithiocarbamate fungicide To control the diseases of plants [87,88]
metam-sodium Methylisothiocyanate Fungicide, ne.m.atoades and To fumigate soil prior to plzjmtmg 50 [89]
(herbicides) as to prevent soilborne diseases
Prevent plants(ornamentals, field,
. Zinc ammoniate ethlenebis(dithiocarbamate)-poly - nuts, vegetables and fruits) by
Metiram (ethylene disulphide) Fungicide inhibiting the spores of the (50911
pathogens from germinating
. - To prevent fungal diseases in
Nabam Ethylenebis[dithiocarbamic acid] disodium salt Algaec1d§;11;aci’ieizlljc1de and tomato, apple and cotton and to [92]
& eliminate algae from plant field
Thiram Tetramethyl thiuram disulphide Fungicide It affects the.mucou.s membrane and [93]
skin of microbes
. Lo o i - To treat fungal infections such as
Propineb Polymeric zinc 1, 2-propylene bis(dithiocarbamate) Fungicide leaf blotch in apple and other crops. [94]
Zineb Zincethylenebis(dithiocarbamate) Fungicide To control the diseases of plants [88]
. Zinc-dimethyl - .
Ziram dithiocarbamate Fungicide To repel birds from flowers [95]
Methiocarb N-methylcarbamate Insecticide To repel birds from plants [95]
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7. Medical Applications of Dithiocarbamate Compounds

The use of dithiocarbamate compounds in medicine has been investigated for more
than 40 years [96]. One such application is their use as anti-angiogenic agent and they
are usually evaluated for this application by studying their potential to heal wounds. For
example, thalidomide dithiocarbamate was evaluated for wound healing to confirm its
usage as the anti-angiogenic agent [97]. Dithiocarbamate ligands and complexes have also
been studied for magnetic resonance imaging and other radiopharmaceutical imaging [96].
Gold nanoparticles functionalized with biomimetic amino acid dithiocarbamate were used
as nanoprobe for cell imaging as a result of their negligible toxicity to human cells. This
dithiocarbamate compound showed an enhancement factor of 9.8 x 10° when used for
surface-enhanced Raman scattering imaging [98]. Generally, the medical applications
could be ascribed to their ability to form metal chelate and the high reactivity of dithio-
carbamate anions to other moieties (such as thiol) [98,99]. Other medical applications of
dithiocarbamate, which are discussed in this review, are summarized in Figure 8.

Medical

applications of
dithiocarbamates

Figure 8. Medical applications of dithiocarbamate compounds.

7.1. Application of Dithiocarbamate Compounds as Enzyme Inhibitor

A hydrolyzing enzyme (x-Glucosidase), which is important in the breaking down of
starch and carbohydrate to glucose, is usually a target enzyme in the treatment of diabetes
mellitus [100,101]. Among the compounds that has been used for the inhibition of this
enzyme, coumarin-dithiocarbamate scaffold has proven to be very effective and this has
made it a useful compound in the treatment of type 2 diabetes. Coumarin-dithiocarbamate
is a competitive inhibitor of x-glucosidase since it binds to its active site as evidenced
by results obtained from molecular docking [101]. Specifically, there is formation of a
hydrogen bond between the amino acid (His279) and coumarin moiety [100]. Pyrrolidine
dithiocarbamate has also been used as an effective inhibitor of enzymes, specifically the
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nuclear factor kappa B [102]. A metalloenzyme, carbonic anhydrase, which is involved in
the reversible reaction of forming bicarbonate from carbon dioxide in the body has also been
inhibited by the derivative of dithiocarbamate-sulfonamide [103]. Its inhibition is usually
required when it starts to display abnormal activities in the body of animals, which may lead
to physiological disorder such as altitude sickness, epilepsy, glaucoma, cerebral and retina
oedema [104]. The treatment of ‘superbug’ infection has been made possible through the
inhibition of metallo-{3-lactamases which are responsible for the infection. Dithiocarbamates
play significant roles in the inhibition of this enzyme because the carbonyls and hydroxyl
group in some dithiocarbamate compounds effectively bind to the zinc in the active site of
this enzyme, leading to their inhibition [105]. Dithiocarbamate coupled with phthalimide
is a competitive inhibitor of butyrylcholinesterase and acetylcholinesterase. This inhibitive
property makes it suitable for the treatment of Alzheimer’s Disease [106].

7.2. Application of Dithiocarbamate Compounds in HIV Treatment

Elimination of HIV is very challenging with the current retroviral treatment due to
numerous latently infected CDAT cells. This is because the available treatment requires
placing the patients on drugs for a long period of time and some of these drugs are
associated with known side effects. However, the treatment is active in prolonging the
survival of the patient, thereby reducing the mortality associated with HIV infections
and minimizing the transmission of the disease [107]. The quest for the improvement of
these existing medications has resulted in a continuous search for novel HIV inhibitors.
Dithiocarbamate has been investigated as a possible HIV inhibitor. For instance, zinc-
dithiocarbamate-S,S'-dioxidcyclic zinc-dithiocarbamate-S,S'-dioxide was used to effectively
inhibit HIV. Specifically, HIV-1 was inhibited by mediating a cell-to-cell fusion between anti-
CXCR4 and CXCR4 that is present on the cell’s surface [108]. Dithiocarbamate compounds
have also been used to delay the progression of HIV into AIDS. Diethyldithiocarbamate has
been reported for this purpose and it was found to be active in delaying the proliferation
of the virus [109]. Pyrrolidine dithiocarbamate has also been found to be useful in the
treatment of HIV because it inhibits the nuclear factor-«B [110]. It acts as an antioxidant
to block the activation of HIV-1 and nuclear factor KB (NF-KB) since oxygen radicals
play significant roles in the activation of HIV-1 and NF-KB [111]. Other studies have
also established the link between nuclear factor-«B, immune systems and HIV [2,112].
Lang et al. [113] observed that the HIV symptoms were relieved, the immune function was
enhanced overall and the progression of HIV was retarded when sodium dithiocarbamate
was used as an oral drug for HIV patients. One of the reasons why sodium dithiocarbamate
was found to be useful for this purpose was because of its relatively low toxicity when
compared to other dithiocarbamates and this was further shown by its lethal dose (LDs),
which was measured to be 1.5 g/Kg of body weight from the investigation conducted
with rats and mice [114]. Furthermore, sodium dithiocarbamate drugs did not in any way
initiate any major biological or clinical side effects [115].

7.3. Application of Dithiocarbamate Compounds in the Treatment of Other Diseases

Dithiocarbamates are also useful antiglaucoma agents, even better than sulfonamide
dorzolamide which is a clinically-recognized drug for treating glaucoma [116]. That dithio-
carbamate compounds are easy to prepare, coupled with their ability to lower the intraocu-
lar pressure, made them the preferred compounds compared to the sulfonamides [116]. The
fact that dithiocarbamate compounds could inhibit carbonic anhydrase make them more
suitable for treating glaucoma [117]. They can also inhibit carbonic anhydrase, which leads
to the treatment of several diseases/disease conditions. Some of these diseases are edema,
epilepsy, obesity, hypoxic tumor, inflammatory diseases, neuropathic pain, Alzheimer dis-
eases and cerebral ischemia [117]. Pyrrolidine dithiocarbamate was reported for the repair
of damaged lungs (lung edema) instead of lung transplant. Pyrrolidine dithiocarbamate
acted by inhibiting NF-Kb, thereby suppressing the activation of immunity during lung
reconditioning via ex vivo lung perfusion [118]. In addition to lung treatment, this dithio-
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carbamate compound was used for the treatment of epilepsy by protecting the piriform
cortex of the cerebrium without causing loss of hilar neuronal [119]. There was an increase
in the generation of reactive oxygen species in the renal cortical and a decrease in the
lipoprotein level of the tested animals that were fed with water containing pyrrolidine
dithiocarbamate [120]. In fact, some dithiocarbamate compounds are under clinical trial for
the treatment of corona virus (SARS-CoV-2) [9]. Examples of the common dithiocarbamates
used for the treatment of various diseases are shown in Figure 9.
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Figure 9. Representative of dithiocarbamate compounds used for the treatment of diseases.

Dithiocarbamate drugs (Propineb, Zineb and Maneb) were also found to be useful in
the treatment of leishmaniasis, a protozoan disease [121]. The disease is common in the
subtropical and tropical countries and has claimed several lives [122]. Before the discovery
of dithiocarbamate drugs, miltefosine, paromomycin and amphotericin, which are expen-
sive, were used but it was discovered that the disease had developed resistance against
these drugs and some side effects were also reported [123]. The dithiocarbamate-based
drugs were found to be particularly useful because they have no significant effect on the
mammalian cells as they lead to the death of Leishmania cell with a lethal dose of 50% [121].
Bromine-containing ethylsarcosinedithiocarbamate of gold complex has been used to treat
trypanosomiasis caused by Trypanosoma brucei rhodesiense and other parasites [124]. Apart
from the fact that gold itself has inhibitory properties against these parasites, the amine-
end of the dithiocarbamate compound also initiates the generation of reactive oxygen
species leading to the death of the parasites [125]. Brassinin, which is a dithiocarbamate
compound, and its derivatives have been found to be active against Trypanosoma cruzi
(trypanosome that cause Chagas diseases). It has displayed a good antiproliferative ef-
fects that is similar to benznidazole and nifurtimox, which are well known antichagasic
agents [126]. Apart from brassinin, Ochoa et al. [127] synthesized 34 dithiocarbamate
compounds (3,5-disubstituted-tetrahydro-2H-1,3,5-thiadiazine-2-thione derivatives). Some
of these compounds were reported for the treatment of Chagas diseases. They have the
ability to generate reactive oxygen species, leading to oxidative damage of Trypanosoma
cruzi. One of the psychological implications of diabetes 1 and 2 is anxiety [128]. Studies
conducted by using mice showed that pyrrolidine dithiocarbamate showed anxiolytic-like
effects [129]. Table 5 presents some of the diseases in which the use of dithiocarbamate
compounds have found relevance.
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Table 5. Different diseases treated with dithiocarbamate compounds.

Diseases/
Abnormality Treated

Brief Description of the Disease/
Abnormality

Dithiocarbamate Compound Used

Roles of Dithiocarbamate

Ref.

Influenza

Viral disease that affect the respiratory organs

Pyrrolidine dithiocarbamate

It acts against overproduction of reactive
oxygen species and inhibit DNA fragmentation

[130]

Hyperglycemia

Too much of glucose in the bloodstream that may be

as a result of diabetes mellitus

Allyldithiocar-
bamates

Dithiocarbamates improved the sensitivity of
insulin instead of the concentration of insulin
leading to 18.2% glucose AUC (glucose area
under the curve) in 15 days.

[131]

Tuberculosis

Bacterial infection that affect the lung

Several N,N-disubstituted and

N-mono-dithiocarbamates

Treatment through the inhibition of carbonic
anhydrase enzyme. These dithiocarbamate

compounds were more effective as inhibitor
than the clinically-approved sulfonamide.

[132]

Alzheimer disease

age-related neurodegenerative disorder

Several coumarin-dithiocarbamate

Treatment through the inhibition of
acetylcholinesterase. They were able to reverse
the cognative dysfunction

[133]

Dandruff

Fungal disease that affect the scalp leading to the
shedding of dead skin cells.

Series of dithiocarbamates

Inhibition of
{3-class carbonic anhydrase of Malassezia globosa

[134]

Myasthenia gravis

An auto-immune disease causing the weakness of

muscle

N,N-disubstituted dithiocarbamic acid

Treatment via inhibition of cholinesterase.
They possessed better anticholinesterase
properties more than Donepezil which is used
for treating the disease.

[135]

SARS-CoV-2.

(Still on clinical trial) NCT 04485130

Viral respiratory disease also known as coronavirus

(COVID-19)

Disulfiram

Inhibition of viral replication and the
anti-inflammatory activities leading to the
treatment of the disease.

9]

Alcoholism

Excessive and uncontrollable alcohol intake

Disulfiram

It inhibits acetaldehyde metabolism which is a
product obtained from the breakdown of
alcohol

[136,137]

Parkinson’s disease

Genetic disease associated with the loss of neuron

Pyrrolidine dithiocarbamate

It suppresses the level of glutamate

[138]

Male infertility

Inability to conceive children

Ziram

Reduction of the level of proteineous kinase by
damaging the mitochondria ultrastructure
thereby inhibiting human sperm motility.

[139]

Scorpionism

Painful condition as a result of scorpion sting

pyrrolidine dithiocarbamate

Inhibition of venom-induced thermal and
mechanical hyperalgesia of Tityus bahiensis.

[140]
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7.4. Anti-Inflammatory Application of Dithiocarbamate Compounds

Aspirin and the non-steroidal anti-inflammatory drugs have side effects [141]. As a
result of the side effects, alternative anti-inflammatory drugs that have minimal toxicity and
side effects without compromizing the efficiency are required [142]. The dithiocarbamate-
based compounds have also been discovered to possess anti-inflammatory properties.
Song et al. reported the replacement of nitrogen position of indoles with dithiocarbamate
groups at room temperature, which were found to inhibit the release of interleukin-6 and
tumor necrosis factor alpha, thereby displaying anti-inflammatory properties [143]. This
anti-inflammatory property was found to be useful in the treatment of acute lung injury
because it perpetuates, amplifies and mediates anti-inflammatory injury, thereby leading
to inflammatory response blockage [144,145]. Another dithiocarbamate compound that
has been utilized for anti-inflammatory properties is pyrrolidine dithiocarbamate and
one of the reasons why it is considered for this application is its stability at physiological
pH in solution, in addition to its ability to traverse the cell membrane [146]. Pyrrolidine
dithiocarbamate was effective against chronic and acute inflammation [147].

7.5. Anticancer Application of Dithiocarbamate Compounds

There are more than 10 million cases of cancer every year around the world [148],
and it is one of the leading causes of death [149]. Hence, there is need for the synthesis of
novel anticancer agents to complement the existing anticancer drugs. Several compounds
containing dithiocarbamate have been investigated as anticancer agents and they act by
inhibiting enzymes responsible for cancer growth (such as catalase), alter the production of
reactive oxygen species or trigger the induction of apoptosis at the mitochondria [150]. For
example, the ability of diethyldithiocarbamate to chelate copper was utilized in treating
both breast and prostate cancer. This chemotherapeutic cancer treatment worked through
the accumulation of copper in the cancerous tissues and cells [109]. The copper complexes
also have the ability to initiate the inhibition of proteasome and cause apoptosis in the
cancer cells of humans. Similar to copper dithiocarbamate, zinc dithiocarbamate was also
found to have a similar effect on cancer cells but it occurs through a different mechanism.
Despite the difference in mechanism, caplain is involved in the apoptotic cell death process
of dithiocarbamate of both zinc and copper [151]. Dithiocarbamate complexes of trivalent
gold have also been found to be effective against cancer cells [152]. Similarly, derivatives
of benzoxazole with dithiocarbamate moieties were found to be active in the treatment
of breast cancer [153]. Gamma glutamyl transferase was used as trigger for copper di-
ethyldithiocarbamate prodrug and it was used for the treatment of prostate cancer, which
is the second most common cancer among men. The drug showed high antiproliferative
efficiency within 24 h in prostate cancer cells [154]. Thiocarbonylthiol compounds have
been found to be a good anticancer agent with reduced toxicity when compared to cis-
platin, a very known anticancer agent. The anticancer activity of thiocarbonylthiol occurs
by inducing apoptosis and induction of DNA damage [155]. The anticancer activities of
dithiocarbamate often occur via unrestrained cell death as a result of inflammation, hypoxia
or other external damage leading to the release of the content of the cytoplasm into the
surroundings. This cell damage through these means is termed necrosis [156].

7.6. Antimicrobial Applications of Dithiocarbamate

The presence of donor atom (sulphur) in dithiocarbamate compounds makes them
possess good antimicrobial properties. So, they are able to form a chelate with positively
charged metal ions. The sulphur atom reduces the polarity of the binding metal through the
delocalization of electrons over the entire chelate ring. This process makes the permeability
of the microbes feasible [157,158]. In some cases, there is formation of a hydrogen bond
between the active center of the microbe and the —-N_ (S)SH group of the dithiocarbamate,
leading to an interference of the physiological processes of the cells [157,158]. The common
micro-organisms that dithiocarbamate compounds have been used against are bacteria,
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fungi and virus. Different dithiocarbamate compounds that have acted against these
microbes will be discussed in this section.

7.6.1. Antibacterial Application of Dithiocarbamate Compounds

There is increased interest in the development of novel antibacterial substances as a
result of the increase in the number of drug-resistant bacteria. Silver(I) dithiocarbamate
triphenylphosphine complexes have showed better antibacterial properties, greater than
ciprofloxacin against Gram (—) and Gram (+) bacteria. The bacteria used for the investiga-
tions are Staphylococcus aureus, Salmonella typhimurium, Escherichia coli, Klebsiella pneumoniae
and Pseudomonas aeruginosa. It was observed that this dithiocarbamate complex displayed
better antibacterial activity against Gram (+) positive bacteria than the Gram (—) negative
bacteria with the exemption of K. pneumonia. The reduced activity of the dithiocarbamate
complex could be linked to the fact that the cell wall of Gram (—) is made of several layers
unlike the cell wall of Gram (+) bacteria, which is made of a single layer. Hence, the
penetration of dithiocarbamate is hampered by multiple cell walls [159]. Another novel
compound, 1,2,3-triazole-dithiocarbamate-naphthalimides, showed good antibacterial ac-
tivity against Staphylococcus aureus, Bacillus subtilis, Escherichia coli and Candida albicans.
Notably, this novel compound showed a better antibacterial performance than a common
antibacterial drug (Cefuroxim) when it was tested against B. subtilis [160]. Derivatives
of isatin dithiocarbamate have also been investigated as an antibacterial agent against
both Gram (+) bacteria (Strep. Pneumonia and Staph. aureas) and Gram (—) bacteria (Pseud
aeruginosa and Escherichia coli). It also showed satisfactory antibacterial activities against
these bacteria when compared to antibacterial activities of some common drugs [161]. In
all the antimicrobial investigations, the methods used were broth dilution, disc diffusion,
zebrafish model, well diffusion, tube diffusion, agar dilution, broth micro-dilution methods
or the combination of the methods. Other dithiocarbamate investigated for antimicrobial
activities are shown in Table 6.

Table 6. Specific examples of antibacterial properties of dithiocarbamates against some bacte-
rial strains.

Dithiocarbamate Bacteria Conc. of Isolation Min. Inhibitory Conc. Ref.
Compounds Range
Escherichia coli, Proteus valgaris,
Salmonella typhii, Shigella flexneri,
Pher}yl dithiocarbamate mixed Stap}‘zylococcus aureus, Baczllus‘ 10 mg/mL 6-8 nm 6]
ligand metal complexes subtilis, Streptococcus pneumonia,
Psendomonas aeruginosa, Vibro
chlolerae and Klebseilla pneumonia
sodium Salmonella typhi, Proteus mirabilis, (7.7-16.3 mm) and
cyclohexyldithioc-arbamate and  Pseudomonas aeruginosa, Bacillus 15-30 mg/mL (8.5-19 mm) [162]
sodium phenyldithiocarbamate cereus and Bacillus subtilis respectively
Pseudomona aeruginosa,
Staphylococcus sciuri, Enterococcus
tris(ephedrinedithiocarbamate) caseofluvialis, Staphylococcus 25-100 pg/mL 14.6-1265 uM [163]
complexes aureus, Enterobacter cloacae,
Salmonella dublin, Klebsiella
pneumonia and Escherichia coli
N-ethyl-N- Staphylococcus aureus, Salmonella

phenyldithiocarbamate

complexes

typhi, Pseudomonas aureginosa 100 pg/mL - [164]
and Escherichia coli

Dibenzyldithiocarbamate

Mycobacterium smegmatis
Staphylococcus aureus,
Pseudomonas aeruginosa and
Escherichia coli

0.5 mg/mL 64-1000 pug/mL [165]
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Table 6. Cont.

Dithiocarbamate Bacteria Conc. of Isolation Min. Inhibitory Conc. Ref.
Compounds Range
Salmonella typhai, Pseudomunas
Rh(III)-morpholine-4- aeroginosa, Proteus mirabilis, .
dithiocarbamate Yersinia enterocolitica, Enterococcus >0 ppm 5-28 mm [166]
faecalis Staphylococcus aureus
Escherichia coli, Salmonella.
silver(I) dithiocarbamate typhimurium, Pseudomunas 1000 pg/mL 0.19-75.45 uM/mL [159]

triphenylphosphine

aeruginosa, Klebsiella pneumonia,
Staphylococcus aureus

N-methyl-N-phenyl
dithiocarbamate complexes of
Cu(II), In(IITI) and Sb(I1I)

Bacillus cereus, Enterococcus
faecalis, Enterococcus gallinurium,
Listeria monocytogenes, Listeria
monocytogenes, Staphylococcus 0.022-2.522 pg/mL 7.00-19.33 mm [167]
aureus, Escherichia coli, Klebsiella
pneumonia, Salmonella enterica
and Salmonella Typhimurium

7.6.2. Antifungal Application of Dithiocarbamate Compounds

The reduction in the plant yield as a result of fungal infections coupled with the nega-
tive impacts of fungi on the health of plants and animals makes the synthesis of efficient
antifungal compounds of utmost priority. Dithiocarbamates are one of the numerous com-
pounds that have been investigated as antifungal drugs. For example, two fungi (Candida
albicans and Candida tropicalis) extracted from HIV patients that are also suffering from
oral candidiasis were rendered passive in the presence of organotin(IV) dithiocarbamates.
The organotin dithiocarbamate was able to achieve this by suppressing the ergosterol
synthesis without cytochrome deactivation [168]. Plant pathogenic fungi have also been
eradicated by using dithiocarbamate compounds as antifungal agents [169]. Alternaria porri
and Fusarium oxysporum, which are plant pathogens were inhibited by using ammonium
dithiocarbamate coupled with chitosan [170]. The inhibitory effect of this dithiocarbamate
compound was clearly better than when chitosan alone was used as the antifungal agent.
From the investigation conducted by Ferreira et al. [171] dithiocarbamate complexes con-
taining nickel, platinum and palladium were found to be effective against several fungi
(Penicillium citrinum, Aspergillus niger, Aspergillus flavus and Aspergillus parasiticus). The
antifungal activities of these dithiocarbamates were found to be better than some known
antifungal drugs (nystatin and miconazole nitrate). When the antifungal activities of dithio-
carbamate complexes of nickel and palladium were compared by this same group [171],
the nickel complexes were more effective against Aspergillus parasiticus, whereas palladium
complexes were more effective against Aspergillus flavus. Three organotin dithiocarbamate
compounds (tributyltin dithiocarbamate propionates, tributyltin dithiocarbamates and
dibutyltin dithiocarbamates) have been reported to possess antifungal activities against
fungi that destroy woods (Coriolus versicolor, Coniophora puteana and Serpula lacrymans).
The antifungal activities of these dithiocarbamate compounds is comparable with that of
tris-(benzyltriazolylmethyl)amine, a common antifungal compound [172].

7.6.3. Antiviral Application of Dithiocarbamate Compounds

The treatment of several viral infections have been carried out via dithiocarbamate-
containing ligands and complexes. One of the common dithiocarbamates that has been
utilized for this purpose is pyrrolidine dithiocarbamate. It was used to alter the pathogene-
sis of cells infected with dengue virus and its high replication ability was inhibited. In fact,
this dithiocarbamate was observed to be more active against dengue virus than gefitinib,
which is a receptor inhibitor [173]. Enterovirus 71, which is a viral disease that affects
the mouth, foot and hand of animals have been treated with pyrrolidine dithiocarbamate.
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There was significant reduction in the yield of the virus after cell culture was treated with
this dithiocarbamate [174]. Antiviral properties of pyrrolidine dithiocarbamate have also
been investigated against herpes simplex virus, influenza virus, rhinovirus and cox sackie
virus B3 [174].

7.7. Application of Dithiocarbamate in Medical Imaging

Two dithiocarbamate ligands, (methoxyisobutyl dithiocarbamate) and tert-butyl dithio-
carbamate, were radiolabeled with 2™ Tc-nitrido core and used for myocardial imaging.
These dithiocarbamate ligands performed better than ™ TcN(NOEt),, which was already
on phase III clinical trial for the same imaging application [175]. The synergistic applica-
tion of magnetic resonance imaging (MRI) and positron emission tomography (PET) was
achieved with radio-labelled copper dithiocarbamate bonded to iron trioxide. This dual
modality imaging (Figure 10) was possible due to the accumulation of this dithiocarbamate
compound in the lymph nodes without translocation of radioactivity to other parts of the
tissues. The results were also obtained faster with less dose of radiation required compared
to other common dual MRI-PET agents [176].

Figure 10. In-vivo dual MRI-PET images obtained from mouse using isotopic-labelled copper dithio-
carbamate complex. (A,B) Popliteal nodes of coronal (top) and short axis (bottom) MR images of the
lower abdominal area and upper hind legs before (A) and after (B) injecting dithiocarbamate imaging
agents. (C) Coronal (top) and short-axis (bottom) images showing the uptake of the dithiocarbamate
(D) image of the whole body of the mouse. Reprinted from [176]. Copyright (2011), with permission
from Wiley and Sons.

Ciprofloxacin dithiocarbamate has been radiolabeled with “™TcN complex and used
for imaging infections in mice. The binding affinity of the complex significantly improved
compared with similar compounds without dithiocarbamate. Moreover, the complex was
stable for more than 6 h at room temperature [177]. Dithiocarbamate compounds have also
been useful in imaging tumor tissues and this is as a result of the good tumour/muscle
ratios of these compounds. In addition, their high tumour uptake leading to their ac-
cumulation in the site containing tumors makes them suitable for imaging applications.
An example of such a compound is *™Tc(V)-glucoheptonate radiolabeled deoxyglucose
dithiocarbamate [178].
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8. Application of Dithiocarbamate Compounds in the Industries

Several industries are using dithiocarbamate as the starting materials in different
industrial processes and this has spiked the consumption of dithiocarbamate compounds.
Some of the industrial uses of dithiocarbamate compounds that will be discussed in this
section are shown in Figure 11.

Figure 11. Industrial applications of dithiocarbamates.

8.1. Application of Dithiocarbamate Compounds as Vulcanization Accelerator

Vulcanization accelerator is required for large scale production of rubber becaused it
improves the state and rate of crosslinking of rubber during the process [179]. Thiocarban-
ilide, guanidine and aniline have been used as accelerators, and the vulcanization process
(in their presence) was found to be faster than sulphur vulcanization. However, these
accelerators showed different levels of toxicity [179,180]. Vulcanization of nitrile butadiene
and other types of rubber are now speeded up by dithiocarbamate. This is due to its ability
to simultaneously enhance the state and rate of vulcanization [179]. Wang et al. [181] inves-
tigated the effect of using sodium, zinc and lanthanium dithiocarbamate as a vulcanization
accelerator. The vulcanization carried out with these dithiocarbamates was fast compared
to the investigation without dithiocarbamate. Among the metal dithiocarbamates used for
the investigation, lanthanium diethyldithiocarbamate was observed to perform better in
accelerating vulcanization process. The rate of rubber acceleration further increased when
rubber black was also added as an additive to assist dithiocarbamates. The carbon black
has functional groups such as lactones and phenolic, which allows it to react with sulphur
to form a network during vulcanization [182]. In a similar investigation, samarium lysine
dithiocarbamate was reported to accelerate the vulcanization process and also boosted the
crosslink of the network. The introduction of stearic acid and zinc oxide as the activators
further enhanced the properties of the rubber produced [183].

Amine-containing zinc dithiocarbamates were also found to be effective as a vulcan-
ization accelerator. Some of these dithiocarbamates are zinc (N-ethyl piperazino) dithiocar-
bamate and zinc (N-benzyl piperazino) dithiocarbamate. They were found to be safer and
were able to improve the ability of rubber to withstand aging unlike zinc dimethyl dithiocar-
bamate [184]. Apart from using dithiocarbamate directly for accelerating vulcanization, the
dithiocarbamates have also been found to be good precursors for preparing other materials
that were used as the vulcanization accelerator. For instance, molybdenum dialkyl dithio-
carbamate was used as a precursor for preparing molybdenium sulphide nanoparticles,
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which were then used as catalysts for speeding up the rate of vulcanization [185]. Some-
times, dithiocarbamates could be useful as a bridge for other structures, thereby resulting
in a composite with improved vulcanization kinetics. This was demonstrated by using
lanthanum glutamic dithiocarbamate to bridge silica with styrene butadiene rubber and
the resulting composite was used as a vulcanization accelerator. Other examples of dithio-
carbamates that were used as vulcanization accelerator are zinc diisononyldithiocarbamate,
zinc isobutyldithiocarbamate, zinc dibenzyldithiocarbamate, zinc dibutyldithiocarbamate
and zinc diethyldithiocarbamate [186]. Several modifications have been carried out to
improve the performance of these dithiocarbamates as vulcanization accelerator. One
such attempt is the use of zinc salts of butyl, isopropyl and ethyl xanthates along with
these dithiocarbamates and it has yielded a positive outcome [182]. The introduction of
phosphorus into dithiocarbamate to form phosphorylated dithiocarbamates has also been
reported as a vulcanization accelerator and this was also discovered to give more positive
results compared with ordinary dithiocarbamates [187].

The studies carried out by Nieuwenhuizen et al. [188] showed the use of zinc dithiocar-
bamate as a vulcanization accelerator. The complex acts as a mediator between the rubber
and sulphur. It brings the sulphur atom in the ring of zinc dithiocarbamate and introduces it
into the carbon-hydrogen bond through a reaction involving a double bond. The resultant
product of this reaction is polythiothiol and some of them further undergo methathesis
reaction leading to the formation of polysulphide. Desulfhydration of polythiothiols may
also occur, leading to the formation of hydrogen peroxide and sulphides. These reactions
and products lead to the increase in the speed of vulcanization.

8.2. Application of Dithiocarbamate Compounds as Froth Flotation Collector

In froth flotation, a collector is needed to capture the mineral that is needed. The
principle upon which the collector acts is that the active sites of the mineral interact with the
polar region of the collector, while the non-polar region of the collector binds to the bubbles.
The combination of adsorbed mineral particles and the collector binds to the surface of the
slurry, leading to efficient separation [189]. Several mineral (such as sulphides of lead, zinc
and tin) ores have been obtained via the use of collectors as the flotation agent. Xanthates
are common collectors that are used for this purpose, but it has been discovered that
oxidized mineral ores showed insufficient response to xanthate collector [190]. This slow
response necessitated the sulphidation of the oxidized minerals prior to conditioning with
the collector so as to improve the performance of the process [191]. The sulphidations are
carried out by using ammonium sulphide, sodium hydrosulphide or sodium sulphide [192].
To carry out flotation without sulphidation, hydroxamic acids were used as froth flotation
collectors but their performance depends on the nature of the ore [192]. So, there is a need
for a more efficient flotation collector.

Dithiocarbamate compounds have been investigated as a possible replacement for
these known collectors. For example, 2-hydroxyethyl dibutyldithiocarbamate has been
used as surfactant collector for the removal of galena from sphalerite. This was achieved
by using 4 x 10~* mol-L~! of the dithiocarbamate compound. Its effectiveness was proven
through the adsorption mechanism, which revealed that the presence of this dithiocarba-
mate improved the hydrophobicity of the surface of galena via the process of chemisorption.
S-benzoyl-N,N-diethyldithiocarbamate is another flotation surfactant collector and its per-
formance was better than that of isobutyl xanthate and diethyldithiocarbamate. Similar
to 2-hydroxyethyl dibutyldithiocarbamate, S-benzoyl-N,N-diethyldithiocarbamate also
displayed enhanced selectivity for galena in the presence of aphalerite [193]. In some cases,
dithiocarbamates are used as co-collector along with other known collectors. Ngobeni et al.
used both xanthates and sodium di-methyl-dithiocarbamate to separate nickel ores from
pentlandite in a South African mine. Their study showed an enhanced nickel recovery
when these co-collectors were used together. This indicated that selectivity of the collector
improved in the presence of dithiocarbamate [194]. In another investigation, varied ratios
of di-n-propyl dithiocarbamates and cyclo-hexyl dithiocarbamates were used as collectors
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along with other sulphur-containing collectors. The presence of dithiocarbamate resulted
in the recovery of more than 80% of the ore. Finally, the recovery of galena from the
ore containing several metallic sulphides was enhanced when S-benzyl-N-ethoxycarbonyl
thiocarbamate was used as the collector. Its performance was even better than that of ammo-
nium dibutyl dithiophosphate and sodium diethyl dithiocarbamate which are conventional
collectors [68]. The same performance was observed when N-[(3-hydroxyamino)-propoxy]-
N-octyl dithiocarbamate was used as the collector for extracting cassiterite [195].

Dithiocarbamate compounds also found application in the extraction of precious
metals from their ores. This is connected to their usefulness as froth flotation collectors. S-
cyanoethyl N,N-diethyl dithiocarbamate and S-cyanoethyl N,N-diethyl dithiocarbamate are
two dithiocarbamate compounds that have the ability to form an undegraded compound
with gold when it is in aqueous form. This ability qualifies them as collector for recovering
gold from their ores. In addition, S-cyanoethyl N,N-diethyl dithiocarbamate also enhances
the floatability of chalcopyrite, which makes it useful in the extraction of high quality
copper with minimal arsenic contaminant [196]. Modified dibutyldithiocarbamate and
diethyldithiocarbamate performed the same function in the extraction of gold from its ore
with a better gold recovery [197].

8.3. Application of Dithiocarbamate Compounds as Antifouling/Electroplating Agents

The control of organisms responsible for fouling in the marine environment has been a
subject of research, which has led to the use of dichlorodiphenyltrichloroethane/tributyltin,
8-methyl-N-vanillyl-6-nonenamide and triphenylborane pyridine as antifouling agents.
Further research has shown that zinc ethylene(bis) dithiocarbamate can also perform a
similar function [198]. Zinc dithiocarbamate was added to some known antifouling agents
and the overall effect was discovered to be synergistic, which implies that the dithiocar-
bamate could be used alone or in a mixed form as antifouling agent [199]. Zwitterionic
phenyl phosphorylcholine dithiocarbamate was able to lower the adsorption of protein
into the surface of the gold electrode, thereby reducing fouling in these electrodes. The
dithiocarbamate-containing zwitterionic phenyl phosphorycholine performed better than
when diazonium salt was used to replace dithiocarbamate in the same compound [200].

8.4. Application of Dithiocarbamate Compounds in Coatings

The formation of coatings that is rich in phosphophyllite is possible when phosphate
is being used for coating with the addition of long-chain dithiocarbamates. The effect is
the rise in the soluble iron, wet adhesion and alkaline stability of the phosphate coatings.
In short, the presence of dithiocarbamate as the additive makes electrophoretic deposi-
tion feasible [201]. The corrosion resistance and porosity of zinc-phosphated steel was
also enhanced when dithiocarbamate compounds such as octadecyldithiocarbamate, hex-
adecyldithiocarbamate and dodecyldithiocarbamate were used as additives during the
coating process [202]. The need to minimize acid mine drainage or acid rock drainage,
which cause problems in the environment, led to the coating of the pyrite [203]. Some of
the chemical species that have been used for this purposes are oxalic acid, natural lignin,
fatty acid, humic acid and acetyl acetone and they all act by slowing down the oxidation
of pyrite. However, their usage requires the use of hydrogen peroxide which also has a
negative impact on the environment. Besides, coating involving phosphate and silicate
has little stability when the pH is too low [204]. To overcome these challenges, sodium
triethylenetetramine-bisdithiocarbamate has been used to coat pyrite. It acts by forming
a passivating cross-link on the surface of the pyrite and the formed crosslink is not only
hydrophobic but it also prevents the release of metals even at a low pH [204].

8.5. Application of Dithiocarbamate Compounds as Lubricant Additives

Improvement of lubricants is vital for the durability and efficiency of energy generated
in the machines [205]. One of the strategies adopted to enhance the quality of lubricants is
to introduce additives. Other reasons for introducing additives to lubricants are to cut down
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the gas environmental pollutants and to minimize the consumption of fuels [206]. Dithio-
carbamates are also a known sulphur-containing lubricant additive and antiwear agent.
Depending on their chemical properties and structures, dithiocarbamate additive promotes
the economy of the fuel, boosts its load-carrying potential and reduces the possible wear
and tear [207]. Tribological applications of several metal dithiocarbamate complexes have
been investigated. Among the tested lubricant additives, molybdenum dialkyl dithiocarba-
mate was reported to be the most effective among the dithiocarbamate complexes based
on the fuel economy, lubricant viscosity and driving cycle results [208]. Introduction of
zinc dialkyldithio-phosphate to molybdenium dialky dithiocarbamate further improved
the tribological properties of molybdenium dialky dithiocarbamate [209]. Shah et al. [210]
investigated the comparative efficiencies of S-hydroxyethyl-N,N’-dibenzyldithiocarbamate
(HE-BzDTC), S-(Di-n-butyl-borate)-ethyl-N,N’-dibenzyldithiocarbamate (DBB-EBzDTC),
S-(Di-n-octyl-borate)-ethyl-N,N’-dibenzyldithiocarbamate (DOB-EBzDTC) and S-(Di-n-
octyl-borate)-ethyl-N,N’-di-n-ethyldithiocarbamate (DOB-EEDTC) as lubricant additives.
The performances of these dithiocarbamate compounds were compared with those without
dithiocarbamate, and remarkable performance was observed compared to the additives
without dithiocarbamates (as shown in Figure 12).
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Figure 12. (a) The lubricating performance of oil without dithiocarbamate additives compared with
the oil incorporated with dithiocarbamates (b) DBB-EBzDTC (c); DOB-EBzDTC and (d) DOB-EEDTC.
Reprinted with permission from Springer Nature, Tribology letters [210]. Copyright (2011).

8.6. Application of Dithiocarbamate Compounds as Sensor

Chromogenic properties of dithiocarbamate anions are utilized in detecting both or-
ganic and inorganic pollutants. In some cases, dithiocarbamates are attached to other
fluorescent moieties to sense pollutants even at a very low pollutant concentration [211].
Dithiocarbamate modified with gold was reported as sensor for divalent zinc through
trimodal techniques. This sensor is significant because it can perfectly distinguish divalent
cadmium from divalent zinc on the spot [212]. The ability of nickel dithiocarbamate-
containing ortho isomer of sulforhodamine B to show a fluorescence increase when it
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reacts with nitrogen dioxide makes it a good sensor for nitrogen dioxide [213]. Apart from
using dithiocarbamates alone as sensor, they have also been used to functionalize other
materials used as sensor. For instance, the sensing of series of polyaromatic hydrocarbons
has been made possible through the use of silver nanoparticles functionalized with dithio-
carbamates [214]. Moreover, sensing of dithiocarbamate fungicide that is present in water
and fruit juice was achieved through the use of silver nanoparticles functionalized with
dopamine dithiocarbamate [215]. In addition to sensing metals, polyaromatic hydrocarbon,
fungicides and gas, and dithiocarbamates have also found use in the sensing of anions.
Bromide anion was detected when homoleptic cobalt(IIl) dithiocarbamate was used as
sensor [216]. However, the lability of some of the dithiocarbamate complexes when they
are in solution limited their use as sensor, but they become more applicable when they are
attached to fluorescent moieties. This was adopted when organotin(IV) dithiocarbamate
was added to antracene, which is a good fluorescent moiety to detect O-donor anions
even when the concentrations of these anions were very low [211]. Other investigations
involving the use of dithiocarbamate compounds as sensors are shown in Table 7.

Table 7. Application of dithiocarbamates in sensing.

Dithiocarbamate Compound Substance Sensed Detection Limits Ref.
Chitosan dithiocarbamate Divalent cadmium 63 nM. [217]
Dithiocarbamate
functionalized silver Divalent cobalt 14 uM [218]
nanoparticles
ZnS quantum dots doped
with glycine dithiocarbamate Trivalent cerium 2.29 x 10~/ mol.LL. 7! [219]
-functionalized Mn.
Nickel(IT) dithiocarbamate Halide ions ) [220]
complexes
Gold nanoparticles 24 24:
functionalized with Divalent mercury and copper 45nMand 41 I;M fortHgl and Cuions [221]
Malonamide dithiocarbamate espectively.
Slllver 'nanop'artlcles Paraquat and thiram 7.21 x 107 M and 2.81 x 107% M for
functioalized with Cyclen esticides araquat and thiram r tivel [222]
dithiocarbamate P paraqu ! espectively
Gold nanoparticles
functionalized with p-amino Trivalent iron 14.82 nM [223]
salicylic acid dithiocarbamate
Gold nanoparticles decorated
with Ractopamine- Pendimethalin herbicide 0.22 uM [224]
dithiocarbamate
Gold nanoparticles decorated
with dithiocarbamate-p- Metsulfuron-methyl herbicide 19 x 1077 M [225]

tertbutylcalix[4]arene

9. Challenges Associated with the Utilization of Dithiocarbamates

Dithiocarbamates that possess aliphatic chains are vulnerable to acid hydrolysis and
liberate CS; under acidic or neutral conditions. In a very strong alkaline condition, the
aliphatic dithiocarbamates degrade to give mixtures of sulphur-containing compounds
such as sulfonates and disulphides [8]. Catalytic oxidation of thiols by dithiocarbamate
compounds, leading to the inhibition of pro-apoptotic enzymes, has been reported [226].
Dithiocarbamate compounds also play significant roles in the disruption of the developmen-
tal stage of aquatic animals [227]. The product of metabolic degradation of dithiocarbamate
(carbon disulphide) also causes notochord distortions in zebra fish [228]. Dithiocarbamate
compounds have been found to possess biocidal and cytotoxic properties. Their cytotoxity



Int. J. Mol. Sci. 2022, 23,1317 27 of 36

was discovered to be related to their structures [229]. Disulfiram, thiram and mancozeb
cause changes in the cell membrane and block glutamate from binding to the receptor,
which results in toxic effects on the brain [230].

10. Conclusions and Future Perspectives

Dithiocarbamate may simply be the solution to the many environmental, medical, agri-
cultural and industrial challenges based on their applications that have been highlighted in
this review. The discussion presented herein is believed to inspire more studies and investi-
gations into new applications of dithiocarbamate compounds. For future research, the use
of dithiocarbamate complexes in medical imaging is still at the infant stage and it needs
to be further explored. For instance, the possibility of using dithiocarbamate compounds
to solve the problem of scattering, sensitivity and absorption in medical imaging should
be investigated. Toxicity of the metal dithiocarbamate complexes should be thoroughly
investigated prior to their use for these applications, so that any possible cytotoxic effect
that could emanate from the introduction of dithiocarbamate into the ecosystem could
be mitigated for the protection of aquatic and terrestrial lives. Moreover, the fate of the
unused dithiocarbamate in the environment and their degradation mechanism through
the use of photocatalysis and other removal methods should be studied. Furthermore,
the effect of dithiocarbamate on the root exudates of common food crops such as maize
and soy bean should be investigated so as to enhance food safety and productivity. While
iron dithiocarbamate has been investigated for the removal of nitrogen oxides from air
samples [231], this investigation needs to be carried out on other air pollutants. Finally,
renewed efforts should be geared towards the synthesis of novel dithiocarbamate ligands
and complexes.
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