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Organometallic Derivatization of the Nematocidal Drug
Monepantel Leads to Promising Antiparasitic Drug Candidates
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Abstract: The discovery of novel drugs against animal parasites is in high demand due to drug-resistance problems encountered around the world. Herein, the synthesis and characterization of 27 organic and organometallic derivatives of
the recently launched nematocidal drug monepantel
(ZolvixS) are described. The compounds were isolated as
racemates and were characterized by 1H, 13C, and 19F NMR
spectroscopy, mass spectrometry, and IR spectroscopy, and
their purity was verified by microanalysis. The molecular
structures of nine compounds were confirmed by X-ray crystallography. The anthelmintic activity of the newly designed

Introduction
Multicellular parasites, including roundworms (nematodes),
flatworms (trematodes and cestodes), and arthropods (e.g.,
fleas, flies, and ticks), cause morbidity and mortality in animals
worldwide,[1] which result in a substantial loss to global food
production annually.[1b, g] The control of parasites relies largely
on the use of antiparasitic drugs.[2] However, drug resistance is
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analogues was evaluated in vitro against the economically
important parasites Haemonchus contortus and Trichostrongylus colubriformis. Moderate nematocidal activity was observed for nine of the 27 compounds. Three compounds
were confirmed as potentiators of a known monepantel
target, the ACR-23 ion channel. Production of reactive
oxygen species may confer secondary activity to the organometallic analogues. Two compounds, namely, an organic precursor (3 a) and a cymantrene analogue (9 a), showed activities against microfilariae of Dirofilaria immitis in the low microgram per milliliter range.

now quite widespread.[1a, 3] Therefore, the development of new
drugs or chemical modification of existing drugs is crucial to
ensure sustainable chemical control of parasites in the future.
In this context, the discovery of the structurally new aminoacetonitrile class of synthetic antiparasitic compounds (AADs,
see Figure 1) by Novartis Animal Health was a major breakthrough in 2008.[4] An extensive structure–activity relationship
(SAR) study resulted in the development of monepantel (AAD
1566, Figure 1), which was released under the trade name
ZolvixS in 2009 for the treatment of nematode infections in
sheep.[5]
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Figure 1. General structure of amino-acetonitrile derivatives (AADs) and
monepantel (AAD 1566).

Supporting information and ORCID number from the author for this article
are available on the WWW under http://dx.doi.org/10.1002/
chem.201602851. It contains general remarks (materials, instrumentation
and methods, X-ray crystallography, cell culture, cytotoxicity studies, ROS
generation, biological assays, electrophysiology methods), synthesis and
characterization of 3 a–3 n, 5 b–5 k, 7 a, 7 b, 8 c, 9 a, 9 b, NMR spectra, molecular structures of 3 a, 3 b, 3 g, 5 a, 5 c, 5 h, and 5 k, crystal data and
structure refinement for 3 a, 3 b, 3 f, 3 g, 5 a, 5 c, 5 d, 5 h, and 5 k, antiparasitic activity against C. felis, L. cuprina, and R. sanguineus of organometallic derivatives 3 a–3 n, 5 a–5 k, 7 a, 7 b, 9 a, and 9 b), and1H NMR spectra of
3 a and 9 a at different time intervals.
Chem. Eur. J. 2016, 22, 16602 – 16612

Monepantel targets ligand-gated ion channels in the nematode-specific DEG-3 family.[4] These channels are related to nicotinic acetylcholine receptors, but they are gated by betaine
and choline rather than acetylcholine.[6] Monepantel acts on
MPTL-1 receptors in Haemonchus contortus and the homologues ACR-20 and ACR-23 in the free-living nematode Caenorhabditis elegans. The drug acts as a positive allosteric modula-
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tor, hyperactivating these channels.[6c, 7] An in vitro selection
procedure by Rufener et al. revealed that monepantel resistance in H. contortus can develop relatively rapidly by a single
loss-of-function mutation. Indeed, monepantel-resistant worms
in livestock were reported within a few years.[3d, e, 8]
It is of increasing importance to search for structurally or
functionally unique classes of compounds to control parasites.[3a] To date, this quest has been focused mainly on organic
compounds, but metal-based compounds have had an impressive success in other fields of medicinal chemistry.[9] Specifically,
recent efforts have identified anticancer,[10] antimalarial,[11] antitrypanosomal,[12] antibacterial,[13] and antischistosomal[14] compounds. Organometallic complexes (i.e., compounds with at
least one direct metal@carbon bond) are a class of metal compounds that have shown promise as anti-infectives.[13, 15] Ferroquine, the ferrocenyl analogue of the antimalarial drug chloroquine, is the most prominent example of an organometallic
drug candidate used against parasites. The introduction of
a ferrocenyl moiety alters the mode of action of the parent
drug and renders it active against chloroquine-resistant Plasmodium falciparum strains.[11a] Similarly, an altered mode of
action was evident in the ferrocenyl derivative of the anticancer drug tamoxifen, named ferrocifen. Whereas tamoxifen is
only active against estrogen-positive breast cancers, ferrocifen
is active against both estrogen-negative and estrogen-positive
cancers.[16] To the best of our knowledge, organometallic complexes have rarely been tested for nematocidal activity.[17]
With the aim of developing new classes of nematocidal
drugs, we recently initiated a program to design and test organometallic analogues of the organic anthelmintic monepantel. The aryloxy unit of the original molecule was substituted
with sandwich (ferrocene, ruthenocene) and half-sandwich
(cymantrene) organometallic moieties in order to introduce
metal-specific modes of action, as well as with various organic
moieties. The functional groups at the benzamide unit of the
organometallic and organic analogue were further varied
(SCF3, OCF3, CF3, F, Cl, Br, I, etc.). The presence of different functional groups is expected to modulate the lipophilicity, biodistribution, and pharmacokinetic properties, thereby influencing
the biological properties of the newly designed monepantel
analogues. These modifications resulted in a library of 27 organic/organometallic derivatives of monepantel for SAR studies. The initial biological screenings reported herein demonstrate that some of the compounds retain activity against
monepantel targets, while gaining novel properties such as
the production of reactive oxidative species (ROS). Additionally,
we demonstrate for the first time that AADs, including our organic and organometallic analogues, show activity against Dirofilaria immitis microfilariae.

Results and Discussion
Design of organometallic analogues
Monepantel consists of an aryloxy and a benzamide unit connected by a chiral C2 spacer. Preliminary metabolism studies indicated that the benzamide unit plays a crucial role in the in
Chem. Eur. J. 2016, 22, 16602 – 16612

www.chemeurj.org

vivo activity of monepantel.[18] Therefore, with the intention to
keep the benzamide part in place, we designed our first organometallic monepantel analogues by replacing the aryloxy part
of monepantel with a ferrocenyl unit (Scheme 1). The ferrocene/ferrocenium system has redox properties favorable for
production of ROS, which can improve toxicity, as shown for
ferroquine and ferrocifen.[11b, 19] Subsequently, we employed
two different strategies to study the SAR of monepantel analogues. In Strategy I, a series of organic and organometallic derivatives were synthesized in which the functional group at the
4-position of the benzamide moiety was varied (Scheme 1). In
Strategy II (Scheme 1), we designed organic and organometallic derivatives of 5 a in order to evaluate the importance of the
organometallic moiety. For this purpose, the ferrocenyl subunit
was swapped with two different organometallic moieties,
namely, ruthenocene and cymantrene. Replacing the FeII core
with a comparatively inert RuII center may allow us to probe
the relevance of FeII/FeIII-mediated redox activity of the compound. By contrast to ferrocene and ruthenocene, cymantrene
conjugates of organic drugs are rarely studied for their antiparasitic potency.[20] The metal center in cymantrene is isoelectronic to that of ferrocene and the two metallocenes are nearly
isosteric. However, they have different redox behavior, and the
metal centers are in + 1 and + 2 oxidation states in cymantrene and ferrocene, respectively. Therefore, comparison of
these metallocenyl analogues should illuminate any metalmediated modes of action of our compounds.
Synthesis and characterization
Organometallic analogues 5 a–5 h were prepared in a two-step
procedure as outlined in Scheme 2. The central core, 2-amino2-hydroxymethylproprionitrile (1), was synthesized by following the procedure described by Gauvry et al.[21] In a subsequent
reaction, the amide bond between 1 and the commercially
available compounds 2 a–2 h bearing a chlorocarbonyl moiety
was formed. Initially, we attempted to synthesize 3 a by following the procedure of Gauvry et al.[21] However, instead of the
desired compound, two different products, namely 2-cyano-2{4-[(trifluoromethyl)thio]benzamido}propyl acetate (3 l) and 2cyano-2-{4-[(trifluoromethyl)thio]benzamido}propyl 4-[(trifluoromethyl)thio]benzoate (3 m) were isolated in yields of 21 % and
3 %, respectively (Scheme 2). Therefore, we improved the protocol by changing the base from sodium hydroxide to triethylamine, which resulted in the formation of the desired 3 a in
74 % yield. By following the same procedure, compounds 3 b–
3 h were isolated in moderate to good yields. Compound 3 a
was further treated with benzoyl chloride under basic conditions, and compound 3 n was obtained in 86 % yield. Finally,
esterification of 3 a–3 h with ferrocenecarboxylic acid (4) yielded the desired compounds 5 a–5 h as yellow or orange solids.
Although it was shown that the efficacy of AADs against nematodes is enantioselective, we decided to perform the synthesis and biological evaluation with the organometallic racemates (5 a–5 h). Lower potency is expected for racemic mixtures rather than enantiopure compounds, but this approach
provided an initial estimation of potency.
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Scheme 1. Schematic representation of the design of organometallic derivatives based on the lead structure of AAD 1566 (monepantel).

Scheme 2. Reagents and conditions: i) NEt3, dry CH2Cl2, 1.5 h–24 h, r.t., 26 % @74 %. ii) a) Ferrocenecarboxylic acid (4), oxalyl chloride, dry CH2Cl2, r.t.; b) NEt3,
dry CH2Cl2, overnight (o.n.), r.t., 25 %– 94 % after two steps. iii) 4-(Trifluoromethylthio)benzoyl chloride, dry ethyl acetate, 1 m NaOH, 3 h, r.t., 21 % (3 l) and 3 %
(3 m). iv) Benzoyl chloride, NEt3, dry CH2Cl2, 2 h, r.t. 86 % (3 n).

Monepantel is rapidly metabolized in vivo to the sulfone derivative, with the corresponding sulfoxide as an intermediate.[18, 22] Because these are active metabolites,[22] we synthesized the sulfone and sulfoxide derivatives of 5 a (5 j and 5 k,
Scheme 3). For this purpose, the SCF3 functionality of 3 a was
Chem. Eur. J. 2016, 22, 16602 – 16612
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selectively oxidized with different equivalents of meta-chloroperoxybenzoic acid (m-CPBA) at @78 8C. The resulting organic
precursors 3 j and 3 k were isolated as colorless solids in moderate yields. Esterification of 3 j or 3 k with 4 yielded the final
ferrocenyl-based sulfoxide and sulfone derivatives, 2-cyano-2-

16604

T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Full Paper

Scheme 3. Reagents and conditions: (i) m-CPBA, dry CH2Cl2, @78 8C!r.t.,
45 % (3 j) and 43 % (3 k). ii) a) Oxalyl chloride, dry CH2Cl2, r.t.; b) NEt3, dry
CH2Cl2, o.n., r.t., 70 % (5 j) and 87 % (5 k) over two steps.

{4-[(trifluoromethyl)sulfinyl]benzamido}propyl ferrocenoate (5 j)
and 2-cyano-2-{4-[(trifluoromethyl)sulfonyl]benzamido}propyl
ferrocenoate (5 k, Scheme 3).
The ferrocenyl moiety of 5 a was replaced with two different
organometallic moieties to assess their effect on the anthelmintic activity. In contrast to the ferrocenyl derivative 5 a, the
cymantrene derivative 9 a and ruthenocene derivative 9 b
(Scheme 4) are not expected to produce ROS. Compounds 9 a
and 9 b were synthesized by following the synthetic pathway
outlined in Scheme 4. Initially, cymantrene carboxylic acid (8 a)
and ruthenocenyl carboxylic acid (8 b) were synthesized according to published procedures.[23] Whereas 8 a was linked to
3 a by a one-step Steglich esterification reaction, 8 b required
activation with oxalyl chloride and then reaction with 3 a.

Scheme 5. Reagents and conditions: i) 4-(Trifluoromethylthio)benzoyl chloride, NEt3, dry THF, 16 h, r.t., 32 %. ii) 3-Fluoro-4-(trifluoromethyl)benzonitrile,
NaH, dry THF, 0 8C!r.t., 36 h, 16 %.

tallic precursors ferrocenylmethylamine (6 a) and hydroxymethylferrocene (6 b) were synthesized following published
procedures.[24] Compound 7 a was then readily prepared by
amide bond formation of 6 a with commercially available 4-(trifluoromethylthio)benzoyl chloride under alkaline conditions
and N-ferrocenyl-4-(trifluoromethylthio)benzamide (7 a) was
isolated as a bright yellow solid. 3-(Ferrocenyloxy)-4-(trifluoromethyl)benzonitrile (7 b) was isolated after an aromatic nucleophilic substitution reaction with the ferrocenyl alcohol
(Scheme 5).
All new compounds were unambiguously characterized by
1
H, 13C, and 19F NMR spectroscopy, mass spectrometry, and IR
spectroscopy, and their purities were verified by elemental
analysis (see Experimental Section and Supporting Information
for further details). The 13C NMR spectra of the compounds
containing a fluorine atom (3 a, 3 b, 3 g, 3 h, 3 j, 3 k, 3 l, 3 m,
3 n, 5 a, 5 b, 5 g, 5 h, 5 j, 5 k, 7 a, 7 b, 9 a, and 9 b) showed a characteristic coupling to the adjacent carbon atom resulting in
a quadruplet splitting pattern. Most of the derivatives were detected mainly as their [M+
+H] + species by ESI mass spectrometry (positive detection mode) with traces of [M+
+Na] + and
+
[M+
+K] species present.
X-ray crystallography

Scheme 4. Reagents and conditions: i) 3 a, dicyclohexylcarbodiimide, 4-dimethylaminopyridine, dry Et2O/CH2Cl2, 24 h, 0 8C!r.t., 74 %. ii) a) Oxalyl chloride,
dry CH2Cl2 ; b) 3 a, NEt3, dry CH2Cl2, r.t., o.n., 41 % after two steps.

To assess the importance of the chiral C2 spacer between
the aryloxy and benzamide units, two additional organometallic derivatives were synthesized. Compounds 7 a and 7 b contain benzamide and aryloxy units, respectively, which are connected to a ferrocenyl moiety via an amide or an ether functionality, rather than the C2 spacer (Scheme 5). The organomeChem. Eur. J. 2016, 22, 16602 – 16612
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The structures of compounds 3 a, 3 b, 3 f, 3 g, 5 a, 5 c, 5 d, 5 h,
and 5 k were further corroborated by single-crystal X-ray diffraction studies. Example structures of 3 f and 5 d are shown in
Figure 2 (see Figure S1–S3 in the Supporting Information for
the other structures). The X-ray diffraction studies confirmed
the formation of the amide bond between the 2-amino-2-hydroxymethylproprionitrile species 1 and the substituted compounds 2 a–2 h through the carbonyl group to form the monepantel analogues. The reported crystal structure of monepantel
contains four crystallographically independent molecules of
the S enantiomer, which only differ from each other in the ori-
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Figure 2. Molecular structure of compounds 3 f (left) and 5 d (right) with atomic numbering schemes.

entation of the terminal SCF3 group relative to the rest of the
molecule.[5] The central part of the monepantel enantiomer exhibits a Z-type conformation between the chiral carbon atom
C* and the carbonyl oxygen atom (on the same side of the
central C@N bond), together with an E-type conformation between the carbonyl carbon atom and the methyl group (on
opposite sides of the N@C* bond) along the (O=)C@N(H)@C*@
CH3 moiety. Indeed, the O-C-N-C* torsion angles in the independent molecules are close to 08 (Z-type), between 1.9(5) and
5.7(5)8. This very narrow range was expected because of the
pronounced double-bond character of the central bond, due
to electron delocalization with the carbonyl group (as revealed
by relatively short C@N bond lengths in the range 1.355(4)–
66(5) a). Despite the single-bond character of the N@C* bond
(1.452(6)–62(5) a), the C-N-C*-C torsion angles also lie in
a narrow range close to 1808 (E-type; 165.4(4)–169.0(4)8).
The Z-type conformation is observed in all our new aminoacetonitrile derivatives. The largest O-C-N-C* torsion angle was
found in the crystal structure of 3 a with a value as small as
8.6(2)8. More interestingly, the E-type conformation is also generally observed in our compounds: all C-N-C*-C torsion angles
lie in the range 160.4(3)–179.0(1)8, except for 3 a with 72.9(2),
62.0(2)8 and 5 k with 59(2)/68.0(6)8 (two-component disorder).
The crystal structures of 5 c, 5 d, 5 f, 5 g, and 5 k confirmed coordination of the organic species on a ferrocenyl moiety to
form a carboxyl group. The CO2 fragment is essentially coplanar with the five-membered ring, and the C@C bond between
the ring and the carboxyl group lies in the normal range for
a C(sp2)@C(sp2) single bond (from 1.459(2) a for 5 k to
1.484(6) a for 5 f). The relative orientation of the rest of the
molecule with the ferrocenyl moiety mainly depends on the intermolecular interactions that link the molecules in the solid
state, mainly C@H···O, C@H···N, and N@H···O hydrogen bonds,
as observed in the crystal structures of the organic molecules
3 a, 3 b, 3 f, and 3 g. All compounds except 3 g crystallized in
triclinic, monoclinic, or orthorhombic centrosymmetric space
groups, which indicates the presence of both R and S enantiomers (racemates) in the crystals. Compound 3 g crystallized in
a racemic crystal structure as well, but in the noncentrosymChem. Eur. J. 2016, 22, 16602 – 16612
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metric space group Pna21, with two crystallographically independent S and R enantiomer molecules in the asymmetric unit
in a 1:1 ratio.
Activity against H. contortus and Trichostrongylus colubriformis
H. contortus and T. colubriformis are common parasitic nematodes of ruminants and are responsible for major economic
losses on farms worldwide.[1e] H. contortus is located in the
abomasum (stomach) of the host, where it feeds on blood,
whereas T. colubriformis affects the anterior small intestine.[1e]
Since these species can coexist in similar climatic regions and
co-infect animals, it is desirable to have anthelmintics that efficiently kill both parasites.[1e] Here, all organic precursors and organometallic analogues of monepantel were screened for their
activities against these two parasites in a larval development
assay (LDA, see Supporting Information for details), and the results are summarized in Tables 1 and 2.
At the highest concentration tested (10 mg mL@1), nine of the
27 compounds showed moderate activities against H. contortus
and T. colubriformis, with EC60 values ranging from 1.80 to
9.50 mg mL@1 (3.30–31.20 mm). The potencies of our compounds
were lower than that of the parent compound monepantel
against H. contortus and T. colubriformis.[5] Most of the organic
intermediates 3 a–3 k were not active. However, the insertion
of the ferrocenyl moiety generally increased activity, as observed for compounds 5 a, 5 e, 5 h, and 5 k. Specifically, 3 a, the
organic precursor of 5 a, had EC60 values of 9.50 mg mL@1
(31.20 mm) and > 10.00 mg mL@1 (> 32.90 mm) against H. contortus and T. colubriformis, respectively; by contrast, 5 a showed
EC60 values of 2.10 mg mL@1 (4.07 mm) and 6.30 mg mL@1
(12.20 mm), respectively. Within the series of halide-containing organometallic compounds (5 b–5 e), 5 e, with an
iodo substituent, showed an EC60 of 4.5 mg mL@1 (8.30 mm)
against H. contortus. However, this compound was inactive
(> 10 mg mL@1/ > 18.45 mm) against T. colubriformis; 5 e was the
only analogue shown to be active against H. contortus but not
against T. colubriformis.
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Table 1. Activity of organic intermediates 3 a–3 n against Haemonchus contortus and Trichostrongylus colubriformis in an LDA and against Dirofilaria immitis
microfilariae in vitro. The experiments were performed in two series of triplicate dose responses leading to six individual measurements. EC values were
calculated from the means of these individual measurements. The experimental errors are not reported, as they are considered too low to influence the
overall EC values.
Compound

H. contortus
[mg mL@1]

EC60 value
T. colubriformis
[mm]
[mg mL@1]
[mm]

D. immitis, 24 h
[mg mL@1]
[mm]

EC50 value
D. immitis, 48 h
[mg mL@1]
[mm]

9.50

31.20

> 10.00

> 32.90

> 10.00

> 32.90

0.49

1.61

> 10.00

> 45.00

> 10.00

> 45.00

> 10.00

> 45.00

> 10.00

> 45.00

> 10.00

> 41.90

> 10.00

> 41.90

> 10.00

> 41.90

6.60

27.65

> 10.00

> 35.32

> 10.00

> 35.32

> 10.00

> 35.32

> 10.00

> 35.32

> 10.00

> 30.29

> 10.00

> 30.29

> 10.00

> 30.29

> 10.00

> 30.29

> 10.00

> 39.94

> 10.00

> 39.94

> 10.00

> 39.94

> 10.00

> 39.94

> 10.00

> 36.73

> 10.00

> 36.73

> 10.00

> 36.73

> 10.00

> 36.73

> 10.00

> 34.70

6.60

22.89

> 10.00

> 34.70

> 10.00

> 34.70

> 10.00

> 31.22

> 10.00

> 31.22

> 10.00

> 31.22

6.60

20.61

> 10.00

> 29.74

> 10.00

> 29.74

> 10.00

> 29.74

> 10.00

> 29.74

3.00

8.66

4.00

11.55

> 10.00

> 28.88

6.60

19.06

> 10.00

> 19.67

> 10.00

> 19.67

> 10.00

> 19.67

6.60

12.98

4.20

10.28

5.80

14.20

> 10.00

> 24.49

> 10.00

> 24.49

0.01[a]

0.022[a]

0.032[a]

0.07[a]

2.40

5.25

2.20

4.81

0.01[a]

0.021[a]

0.032[a]

0.07[a]

n.d.i.[b]

n.d.i.

n.d.i.

n.d.i.

0.001[a]

0.001[a]

0.01[a]

0.001[a]

1.00–3.00

1.14-3.43

1.00–3.00

1.14-3.43

3a

3b

3c

3d

3e

3f

3g

3h

3j

3k

3l

3m

3n

AAD 85

AAD 96
ivermectin

[a] EC100 value.[5] [b] n.d.i. = non-disclosable information.[25]

Chem. Eur. J. 2016, 22, 16602 – 16612

www.chemeurj.org

16607

T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Full Paper
Table 2. Activity of organometallic analogues of monepantel 5 a–5 h, 7 a, 7 b, 9 a and 9 b against Haemonchus contortus and Trichostrongylus colubriformis
in an LDA and against Dirofilaria immitis microfilariae in vitro. The experiments were performed in two series of triplicate dose responses leading to six individual measurements. EC values were calculated from the means of these individual measurements. The experimental errors are not reported, as they
are considered too low to influence the overall EC values.
Compound

H. contortus
[mg mL@1]

EC60 value
T. colubriformis
[mm]
[mg mL@1]
[mm]

D. immitis, 24 h
[mg mL@1]
[mm]

EC50 value
D. immitis, 48 h
[mg mL@1]
[mm]

2.10

4.07

6.30

12.20

> 10.00

> 19.37

> 10.00

> 19.37

> 10.00

> 23.03

> 10.00

> 23.03

> 10.00

> 23.03

6.60

15.20

> 10.00

> 22.19

> 10.00

> 22.19

> 10.00

> 22.19

6.60

14.64

> 10.00

> 20.20

> 10.00

> 20.20

> 10.00

> 20.20

4.20

8.48

4.50

8.30

> 10.00

> 18.45

> 10.00

> 18.45

6.60

12.17

> 10.00

> 21.63

> 10.00

> 21.63

> 10.00

> 21.63

> 10.00

> 21.63

> 10.00

> 20.65

> 10.00

> 20.65

> 10.00

> 20.65

6.60

13.63

3.00

6.00

7.00

14.00

> 10.00

> 20.00

> 10.00

> 20.00

> 10.00

> 18.79

> 10.00

> 18.79

> 10.00

> 18.79

> 10.00

> 18.79

1.80

3.30

4.60

8.40

> 10.00

> 18.24

> 10.00

> 18.24

6.00

14.31

8.30

19.79

2.00

5.25

2.10

5.10

> 10.00

> 26.00

> 10.00

> 26.00

> 10.00

> 26.00

> 10.00

> 26.00

> 10.00

> 18.71

> 10.00

> 18.71

> 10.00

> 18.71

1.80

3.37

5a

5b

5c

5d

5e

5f

5g

5h

5j

5k

7a

7b

9a

Chem. Eur. J. 2016, 22, 16602 – 16612
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Table 2. (Continued)
Compound

H. contortus
[mg mL@1]

EC60 value
T. colubriformis
[mm]
[mg mL@1]
[mm]

D. immitis, 24 h
[mg mL@1]
[mm]

EC50 value
D. immitis, 48 h
[mg mL@1]
[mm]

> 10.00

> 17.80

> 10.00

> 17.80

> 10.00

> 17.80

> 10.00

> 17.8

0.01[a]

0.022[a]

0.032[a]

0.07[a]

2.40

5.25

2.20

4.81

0.01[a]

0.021[a]

0.032[a]

0.07[a]

n.d.i.[b]

n.d.i.

n.d.i.

n.d.i.

0.001[a]

0.001[a]

0.01[a]

0.01[a]

1.00–3.00

1.14-3.43

1.00–3.00

1.14-3.43

9b

AAD 85

AAD 96
ivermectin
[5]

[a] EC100 value. [b] n.d.i. = non-disclosable information.

[25]

Exchange of the SCF3 group in 5 a with an OCF3 group in 5 h
led to a slight decrease in activity against both parasites (EC60
increased by 43 % for H. contortus and by 11 % for T. colubriformis). Oxidizing the SCF3 group of 5 a to its sulfone in 5 k increased the activity slightly (EC60 decrease of 14 % for H. contortus and 27 % for T. colubriformis). However, the sulfoxide 5 j
had no activity at the highest concentration tested (>
10 mg mL@1, > 18.79 mm). Overall, the order of potencies for
substituents at the benzamide unit of the active analogues of
5 a is S(O)2CF3 + SCF3 + OCF3 > I.
Replacement of the ferrocenyl moiety of 5 a with a cymantrenyl and ruthenocenyl unit in 9 a and 9 b, respectively, rendered the compound inactive against H. contortus and T. colubriformis. The inactivity of 9 b, in particular, suggests that 5 a
may have a partial metal-coupled mode of action. Based on
previous biological studies on ferrocenyl and ruthenocenyl derivatives,[11b, 16b, 19a, 26] it seems reasonable to speculate that the
ferrocene moiety of 5 a, but not the ruthenocene moiety in
9 b, can cause ROS generation inside the parasite, and that this
ROS is at least partly responsible for the activity of 5 a. Indeed,
we found that ROS generation by 5 a is significantly higher
than that of 9 b, as described below.
Potentiation of ion-channel current
The ferrocenyl compound 5 a was more efficacious against H.
contortus and T. colubriformis than its organic counterpart 3 a.
This difference may arise from the ability of the ferrocenyl
compound to potentiate the ion channels better than the organic counterpart. Alternatively, the presence of the hydrophobic ferrocenyl entity in 5 a might enhance the accumulation of
the compound in the worm’s tissues, or impart a secondary
function, such as ROS production. To test whether better potentiation of ion channel currents contributed to the increased
efficacy of 5 a, we compared the ability of compounds 3 a, 3 l,
and 5 a to potentiate the monepantel target ACR-23 of C. eleChem. Eur. J. 2016, 22, 16602 – 16612
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gans expressed in oocytes of Xenopus laevis. Monepantel acts
as a positive allosteric modulator, increasing ion channel current when it is co-applied with an agonist.[6a, c, 7] To quantify the
potentiation of this channel by our compounds, we co-applied
them with the agonist betaine (300 mm, & EC10) and compared
the current with control recordings for betaine alone.
All three compounds showed decent efficacies in this assay.
The least potent and efficacious compound was 3 l, with an
EC50 of 9 mm and maximal potentiation of ninefold compared
with the current induced by betaine alone. The potency and
efficacy of compounds 3 a and 5 a were similar; 3 a had an EC50
of 2.1 mm, with maximal potentiation of 30-fold, and 5 a had an
EC50 of 1.2 mm, with maximal potentiation of 32-fold (Figure 3).
The less than twofold difference in EC50 values between these
two compounds is negligible, and seems to result mostly from
a considerable difference in the slope of the response curves
(Hill coefficient: 2.1 for 3 a and 11.5 for 5 a). The steep slope of
the curve for 5 a could be caused by limited aqueous solubility
affecting the measurements at higher concentrations.
The efficacy of these three compounds potentiating ACR-23
channels follows the order 5 a & 3 a > 3 l. This efficacy differs
from that against H. contortus and T. colubriformis, which follows the order 5 a & 3 l > 3 a. The marked efficacy of 3 a when
assayed on the ion channel demonstrates that the ferrocenyl
group of 5 a and the corresponding aryloxy group of monepantel are not essential for receptor potentiation. Therefore,
the aryloxy group of monepantel is likely to contribute to favorable pharmacokinetic properties or pharmacological potency, rather than efficacy. The ferrocenyl group of 5 a either partially recapitulates these properties, or confers novel toxic
properties. These results are consistent with the differences in
antiparasitic activity of compounds 5 a and 9 b, and indicate
that redox-mediated toxic properties of ferrocene may contribute to the toxicity of 5 a.
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Figure 4. Level of ROS in HeLa cells treated with 3 a, 5 a, 9 a and 9 b. TBH:
tert-butyl hydroperoxide.

Figure 3. Potentiation of ACR-23 channels expressed in Xenopus laevis
oocytes. A) Compound 3 l. B) Compound 3 a. C) Compound 5 a. Left: concentration-response curves. Insets indicate the chemical groups that are different between the three compounds. x-Fold potentiation represents the current after 1 min of sustained co-application with betaine (300 mm), normalized to the current from applying betaine alone. n = 5–8 recordings from independent oocytes. Error bars are standard errors of the mean. Right: representative current traces from co-application of AAD compounds with the
agonist betaine.

Production of ROS
The rationale behind the design of our organometallic-containing monepantel derivatives was the introduction of metal-specific modes of action into the organic drug. For example, we
envisaged that the redox properties of the ferrocene/ferrocenium system in 5 a might lead to the production of toxic ROS
and thus improve antiparasitic activity of the organic drug.[27]
As discussed earlier, 5 a exhibited moderate activity against H.
contortus and T. colubriformis, but ruthenocenyl analogue 9 b is
inactive. To confirm that our compounds have the predicted
redox properties, we assessed ROS induced by selected compounds (3 a, 5 a, 9 a, and 9 b) in living cells. Although it would
have been ideal to investigate ROS production in parasites, for
practical and technical reasons, we used a mammalian cervical
cancer cell line (HeLa). To this end, cells were treated with different compounds (25 mm for 20 h), and the intracellular ROS
was quantified with the oxidation-sensitive fluorescent indicator 2’,7’-dichlorofluorescein diacetate (H2DCFDA); tert-butyl hydroperoxide (TBH) was employed as a positive control (100 mm
for 6 h). The ROS level in cells treated with 3 a was similar to
that of the untreated control cells. By contrast, compound 5 a,
Chem. Eur. J. 2016, 22, 16602 – 16612
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which results from the attachment of a ferrocenyl moiety to
3 a, produced a 2.4-fold higher level of ROS than organic precursor 3 a alone. ROS induced by the ruthenocene analogue
9 b was significantly (P < 0.001) lower than for 5 a. This difference in ROS production might be one of the factors responsible for the difference in potency between 5 a and 9 b against
H. contortus and T. colubriformis (Figure 4). Additionally, we
evaluated ROS production following exposure to the cymantrene analogue 9 a. The ROS level induced by 9 a was comparable to its organic precursor (3 a).
Activity against filarial nematodes
As organometallic derivatization was shown previously to
modulate the activity profiles of organic drugs,[11b, 16b, 26] we assayed the activity of our new class of anthelmintics against
other parasites. We were eager to assess the activity of our
compounds on taxonomically and biologically disparate
groups of parasites, including D. immitis (canine heartworm),
Ctenocephalides felis (cat flea), Lucilia cuprina (blow fly), and
Rhipicephalus sanguineus (brown dog tick). Neither AAD 85 nor
the compounds synthesized in this study had activity (at the
highest concentration tested) on C. felis (100 mg mL@1), L. cuprina (32 mg mL@1), or R. sanguineus (100 mg mL@1 and
640 mg mL@1) (Supporting Information, Table S4). Compound
5 a and four other compounds effective against H. contortus
and T. colubriformis in an LDA (3 h, 3 n, 5 h, and 5 k) exhibited
no activity against D. immitis in a motility assay. However, 12
out of 27 compounds showed considerable activity against D.
immitis microfilariae, in a similar range to that of the standard
anti-heartworm agent ivermectin.[28] The organic precursor 3 a
was extremely active against this parasite, with an EC50 value
of 0.49 mg mL@1 (1.61 mm) after 48 h. Other organic precursors
(3 c, 3 j, 3 l, and 3 m) had lower activities, with EC50 values of
6.60 mg mL@1 (12.98–27.65 mm). The activities of organometallic
derivatives were moderate; 5 b, 5 c, 5 d, 5 e, 5 g, and 7 a
showed EC50 values of 2.00–6.60 mg mL@1 (5.10–15.20 mm). Interestingly, the organometallic analogue 7 a, bearing only the
benzamide unit and lacking the C2 spacer, was the only com-
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pound that was active against all three parasitic nematodes
tested (i.e., H. contortus, T. colubriformis, and D. immitis); 7 a is
also the only compound that displayed activity after only 24 h.
The replacement of ferrocene in 5 a with a cymantrene unit
makes the resultant analogue 9 a active against D. immitis,
with an EC50 value of 1.80 mg mL@1 (3.37 mm).
Because AAD activity against filarial nematodes has not
been reported previously, we decided to also test a close analogue of monepantel, namely, AAD 85. This compound has activity similar to that of 7 a; it is less potent than 3 a, but acts
within 24 h. The D. immitis genome does not appear to
encode a close homologue of the receptors targeted by monepantel, which suggests that this species has a novel AAD
target. Moreover, the lack of a correlation between ROS production and activity against D. immitis indicates that the activity against D. immitis is not specifically caused by ROS.
Cytotoxicity and stability of 3 a and 9 a
An ideal antiparasitic compound would be selective in killing
worms while being nontoxic to the mammalian host. We evaluated the selectivity of the two most active compounds
against D. immitis, 3 a and 9 a. We determined their cytotoxicity using noncancerous human embryonic kidney (HEK293)
cells. The metal-based anticancer drug cisplatin was used as
positive control. Cisplatin inhibits the growth of HEK293 cells
with an IC50 value of 39.62 : 2.61 mm. Encouragingly, both of
the compounds 3 a and 9 a were nontoxic up to 100 mm (the
highest concentration assayed), and this demonstrates selectivity of the compounds towards parasites.
Another important parameter is the stability of the drug
candidates. The stabilities of 3 a and 9 a were evaluated by
1
H NMR spectroscopy. The compounds were dissolved in
[D6]DMSO/D2O [1/4 (3 a), 2/3 (9 a), v/v] and the solutions kept
in the dark at room temperature. 1H NMR spectra were recorded at different time intervals. No decomposition of the compounds was observed after a 48 h incubation time, and this
confirms the stability of 3 a and 9 a in aqueous media (see Figure S4 and S5 of the Supporting Information).

Conclusion
Given the emergence of drug resistance in some socioeconomically important parasitic nematodes, new strategies are
needed to discover drugs with novel modes of action. In this
study, we explored metal-based variants to expand the chemical space for antiparasitic drug candidates. Starting from the
organic drug monepantel as a lead structure, we designed and
synthesized a series of organic and organometallic analogues
by employing two different strategies. The efficacies of the
structurally diverse organometallic analogues as well as various
organic intermediates were evaluated against H. contortus and
T. colubriformis. Compounds 3 a, 3 h, 3 l, 3 n, 5 a, 5 e, 5 h, 5 k,
and 7 a showed moderate activity against these two nematodes. Further biological assessments on other parasites revealed
that 12 of our new compounds had activity against D. immitis
microfilariae in the low mg mL@1 range of activity for three comChem. Eur. J. 2016, 22, 16602 – 16612
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pounds (3 a, 7 a and 9 a). Among these three most active compounds, 7 a is a unique candidate showing activity against all
three parasitic nematodes. The SAR of compounds active
against H. contortus and T. colubriformis was distinct from the
SAR of compounds active against D. immitis. This suggests
a unique mechanism of action for the compounds in the
canine heartworm.

Experimental Section
Synthesis and characterization of organic precursors (3 a–3 g, 3 j–
3 n) and organometallic analogues (5 a–5 k, 7 a, 7 b, 9 a, 9 b) can be
found in the Supporting Information.
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