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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Z Liu Ivermectin is a sixteen-membered macrolactone “wonder drug” of Nobel prize-honored distinction that exhibits a
wide range of antiparasitic activities. It has been used for almost four decades in the treatment of various
parasitic diseases in humans and animals. In this paper, we describe the synthesis of the first-in-class ivermectin
derivatives obtained via derivatization of the C13 position, along with the unexpected rearrangement of the
oxahydrindene (hexahydrobenzofuran) unit of the macrolide ring. The structural investigation of the rear-
rangement has been performed using the single-crystal X-ray diffraction method. The antiparasitic and cytotoxic
activities of the newly synthesized derivatives were determined in vitro with the bloodstream form of Trypano-
soma brucei brucei, the hepatic stage of Plasmodium berghei, and human leukemia HL-60 cells. The compounds
with the highest trypanocidal activity were the C13-epi-2-chloroacetamide analogs of native (6h) or rearranged
(7h) ivermectin. Both 6h and 7h displayed trypanocidal activities within a similar mid-nanomolar concentration
range as the commercially used trypanocides suramin and ethidium bromide. Furthermore, 6h and 7h exhibited
a comparable cytotoxic to trypanocidal ratio as the reference drug ethidium bromide. The double-modified
compound 7a (Cl3-epi-acetamide of rearranged ivermectin) exhibited the highest activity against P. berghei
grown in human hepatoma cells, which was 2.5 times higher than that of ivermectin. The findings of this study
suggest that C13-epi-amide derivatives of ivermectin are suitable leads in the rational development of new
antiparasitic agents.
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1. Introduction

Ivermectin (IVR, 1, Fig. 1) is a sixteen-membered macrolactone and
the C22,C23-dihydro derivative of avermectin (Fig. 1), which was first
isolated from a Streptomyces avermitilis strain in Japan in 1967 [1]. A
broad range of antiparasitic activities of IVR, combined with its safe use,
has led to numerous applications of the drug in the treatment of several
parasitic diseases, including river blindness and elephantiasis [2,3].
Mechanistically, IVR potentiates the glutamate-gated chloride ion
channels (GluCl), resulting in the hyperpolarization of parasite muscles
and nerves [3]. Moreover, IVR has the ability to inhibit the conductance
of y-aminobutyric acid (GABA) channels, while in the asexual blood
stages of Plasmodium falciparum, the drug has been found to inhibit
importin (IMP) o/f, a heterodimer that transports proteins to the
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nucleus across the nuclear complex pore [3]. IVR has significantly
influenced medical treatments that many scientists call it a “wonder
drug” [4], and its discovery, together with that of artemisinin as anti-
malarial drug, was awarded the Nobel Prize in Physiology/Medicine in
2015 [5]. IVR is used in human and veterinary medicine as a mixture of
two forms - Bla with an ethyl group at the C26 position, and B1b with a
methyl group at this position (Fig. 1) [6]. The mixture consists of at least
80 % of IVR Bla and a maximum of 20 % of IVR B1b [6].

Neglected tropical diseases (NTDs) are a group of about 20 different
infections that mainly affect people living in poverty in tropical and
subtropical regions [7]. It is estimated that NTDs are a health and eco-
nomic threat to approximately one billion people worldwide [7].
However, many NTDs could be easily and cost-effectively controlled, as
preventive measures are relatively cheap and bring an estimated benefit
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of US$ 25 net per US$ 1 invested in prophylactic chemotherapy [7]. An
example of an NTD is African trypanosomiasis (known as sleeping
sickness in humans and nagana disease in animals), which is caused by
parasites of the genus Trypanosoma [8-11]. The infection is transmitted
through the bites of tsetse flies (Glossina sp.) that have acquired the
parasite from infected humans or animals [8-11]. The disease develops
in two stages, termed the hemo-lymphatic and neurological stages
[8-11]. If left untreated, the disease can lead to behavioral changes,
sensory disturbances, coma, and subsequent death [8-11]. Thanks to
preventive as well as new therapeutic interventions introduced by the
World Health Organization (WHO), the number of sleeping sickness
cases has been significantly reduced in recent years [7,8]. However, due
to the limited number of drugs available to treat African trypanosomi-
asis and the emergence of drug-resistant trypanosomes, it is necessary to
develop new therapeutics to fight the infection [12].

Another parasitic disease that, although not belonging to the group
of NTDs, poses a real threat to global health care is malaria. According to
WHO data, in 2021, malaria caused the death of over 600,000 people,
making it the deadliest parasitic disease [13]. Malaria is caused by
parasites of the genus Plasmodium, which are transmitted in their
sporozoite form by infected female Anopheles mosquitoes [13,14].
Injected sporozoites asymptomatically infect and replicate inside hepa-
tocytes, generating thousands of merozoites that are subsequently
released into the bloodstream, where they cyclically infect erythrocytes
causing the disease [15]. The initial symptoms of malaria include fever,
chills, and headache, but after progression, it can lead to fatigue,
confusion, difficulty in breathing, or even death [13,16]. Preventive
measures that are currently employed to reduce the spread of the disease
include vector control, prophylactic chemotherapies, and the introduc-
tion of the RTS,S/AS01 and the R21/Matrix-M malaria vaccines [13,17].
Chloroquine, primaquine and artemisinin-based combination therapy
medicines are mainly used to treat the disease, but due to the growing
problem of drug resistance, the search for new lead structures for anti-
malarial drugs is a top priority [13,16,18].

In addition to the licensed uses of IVR, the drug has been investi-
gated in experimental therapies against sleeping sickness and malaria, as
well as other diseases [3]. IVR has been shown to be effective at
micromolar concentrations against T. cruzi and T. evansi [19,20]. The
use of IVR in mice infected with T. brucei was found to be efficacious,
resulting in a prolongation of the average survival time of infected an-
imals [21]. This drug was also found to be potent in controlling the
spread of tsetse flies, which are the vectors of African trypanosomes
[22]. The antimalarial properties of IVR have also been extensively
studied [23]. IVR was able to reduce P. berghei infection in human
hepatoma cells, with efficacy similar to that of primaquine - the only
licensed liver-stage antiplasmodial drug [24,25]. Furthermore, IVR
exhibited also strong mosquitocidal and larvicidal properties [26].
However, to the best of our knowledge, there are no or only scarce re-
ports in the scientific literature [27,28] on the antitrypanosomal or
antiplasmodial activity of IVR derivatives, respectively.

Having access to the C13-epi-amine precursor of IVR (Scheme 1), we
now describe the synthesis of a series of amide derivatives modified at
position C13 (Scheme 2). We have further extended a library of new
compounds with first-in-class analogs with a rearranged oxahydrindene

ivermectin (IVR, 1)

Bla R=Et
Bib R=Me
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(hexahydrobenzofuran) unit of IVR (Schemes 2 and 3). We also report
on the trypanocidal and antiplasmodial activities of the IVR derivatives
using the bloodstream form of T. brucei brucei and the hepatic cell-
infective form of luciferase-expressing P. berghei.

2. Results and discussion
2.1. Analogs design and synthesis

Most of the chemical transformations of avermectin derivatives,
including IVR (form Bla), described in the scientific literature concern
the modification of either the hydroxyl group at position C5 or the sugar
moiety, especially the C4” hydroxyl group (Fig. 1) [29]. It has been
shown that C4"-substituted avermectin derivatives exhibited improved
bioactivities as well as better pharmacokinetic profiles than the starting
compounds [30-34], while the hydroxyl group at position C5 is
considered to be crucial for the biological properties [35]. This clearly
shows that a rational modification of avermectin derivatives may be a
source of promising bioactive compounds. On the other hand, there is
less evidence for the effects of chemical modification of other functional
groups of IVR and other avermectin derivatives, including position C13
(Fig. 1) [27-29,36-39]. Recently, it has been demonstrated that the
replacement of the IVR sugar moiety with other structural motifs may
significantly affect the antimalarial activity of the obtained derivatives
[27,28]. Of note, selected sulfonamide-like derivatives of C13-epi--
aminoivermectin exhibited higher biological activity than IVR against
Tetranychus cinnabarinus and Aphis craccivora [38]. On the basis of this
information, we designed and synthesized a series of new amide de-
rivatives of IVR with an inversed configuration at position C13 to
expand the structural diversity at this position and generate attractive
candidates for biological investigations.

Starting from IVR, a key C13-epi-amine precursor was obtained ac-
cording to protocols published previously [28,36,38,39] with or without
minor modifications (Scheme 1). Briefly, IVR was treated with a solu-
tion of sulfuric acid in methanol to remove the sugar moiety, which
resulted in the formation of aglycone 2, with a 84 % yield (Scheme 1). To
mask the C5 functionality, 2 was treated with tert-butyldimethylsilyl
chloride in the presence of imidazole to give 3 with a 91 % yield
(Scheme 1). A complete regioselectivity of this reaction towards the C5
hydroxyl group was observed. Next, the C13 hydroxyl group was
oxidized to ketone 4 using Dess-Martin periodinane with a 82 % yield,
followed by a reductive amination of the C13 ketone group with
ammonium acetate to the amine 5 with a 51 % yield (Scheme 1). The
reductive amination was stereoselective and gave only one diastereo-
isomer, which was confirmed by X-ray analysis (see section 2.2 for de-
tails). Gently heating the reaction mixture in the initial phase (imine
formation) and extending the reaction time increased its overall yield,
compared to that in the original protocol [38]. The spectroscopic data of
2-5 were in agreement with those published previously for the same
compounds [28,38,39].

Amine 5 was then used in the synthesis of new amides of IVR in a
reaction with various acyl chlorides in the presence of triethylamine, or
using carboxylic acids and HATU as the coupling agent (Scheme 2).
After removing the silyl protection group at position C5 with para-

C22=C23 double bond
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Fig. 1. Chemical structure of ivermectin (left) and avermectin (right).
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Scheme 2. Synthesis of singly and doubly modified derivatives of ivermectin.
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Scheme 3. Synthesis of rearranged ivermectin and its aglycone.
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toluenesulfonic acid (p-TSA), a series of singly modified IVR derivatives
6a-6k was synthesized (Scheme 2). Interestingly, when TBAF was used,
instead of p-TSA, to deprotect the hydroxyl group from the silyl ether,
we observed the formation of the C13-epi-amide analogs of rearranged
IVR (compounds 7a-7k, Scheme 2).

The structure of the unexpectedly rearranged IVR was confirmed by
the single-crystal X-ray diffraction (scXRD) method. The X-ray structure
analysis (see section 2.2 for details) clearly showed that during the re-
action the double bond migrated and an additional hydroxyl group was
introduced at position C4. Trying to rationally explain this trans-
formation, we have found an interesting study by Buckley et al. [40].
The authors have documented the hydroxylating properties of TBAF,
with atmospheric oxygen playing a pivotal role in the reaction and
acting as an electrophile [40]. Despite extensive experimentation,
including varying the solvent (CHCl3, CHyCly, MeOH) and reagent
(TBAB, TBAI, KF), the rearrangement was exclusively accomplished for
TBAF in THF. For IVR and its derivatives, apart from TLC analysis, the
progress of the reaction can be easily monitored by observing the color
of the reaction mixture turning red (Supplementary material, Figure S1).
Carrying out the reaction in an “open vessel” or in an inert (argon) at-
mosphere, we observed a rapid change in the color of the reaction
mixture to red only in the “open vessel” variant, which confirmed the
key role of atmospheric oxygen in the rearrangement of IVR. On the
other hand, the addition of hydrogen peroxide resulted in the inhibition
of reaction progress (Supplementary material, Figure S1). Based on all
these observations, we proposed the mechanism of the rearrangement of
IVR (Fig. 2). Once the rearrangement reaction conditions were estab-
lished, the series of derivatives was extended to include the rearranged
IVR (compound 8) and its aglycone 9 (Scheme 3).

The purity and structure of the synthesized derivatives of IVR were
determined using spectroscopic (*H NMR, 3C NMR) and spectrometric
(HRMS) methods. In the 1°C NMR spectra of IVR derivatives, the signals
of the highest analytical significance were assigned to the newly intro-
duced carbonyl group of the amide moiety at position C13. Depending
on the type of substituent used, the signal from the amide group
appeared in the range of 177.6-157.9 ppm, while the signals from the
lactone group at the Cl position appeared in a narrow range of
173.4-173.6 ppm or 168.5-169.0 ppm for C13-epi-amide derivatives of
native or rearranged IVR, respectively. The HRMS analysis confirmed
the formation of the desired products, with [M+Na] " as the main peak
(intensity 100 %). The NMR spectra of all novel IVR derivatives are
included in the Supplementary material (Figures S2-S49).

2.2. X-ray diffraction analysis

To elucidate the structure of IVR derivatives and establish possible
structure-activity relationship (SAR), X-ray diffraction analysis is
required. Thus, we characterized derivatives 6a and 7a using the scXRD
method. This analysis confirmed the (R)-stereochemistry at position C13
of the compounds, at which acetamide groups were introduced, and the
structure of the rearranged oxahydrindene ring in 7a (Fig. 3).

In-room conditions, derivative 6a crystallizes in the monoclinic P2;
space group with two molecules in the asymmetric part of the unit cell
(Z’ = 2, molecules labeled as A and B, Fig. 3). The appearance of two
separate IVR conformations can be attributed to the labile sec-butyl
group at position C25, engaged in CH---C intermolecular interactions.
The sec-butyl group exhibits positional disorder over two equivalent

OH  + HF
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positions, which can be characterized by the torsion angle
C28-C27-C26-C25, with values of 112.13° and 66.53° in molecule A
and 178.15° and 129.35° in molecule B. The structure of 6a is porous
(the solvent accessible volume calculated with the program Mercury
[41] for probe radius 1.2 A and grid spacing 0.2 A is equal to 2 % of the
total unit-cell volume), which degrades the quality of the single crystals
due to the presence of highly disordered, non-stoichiometric amount of
solvent (acetone) trapped in the pores.

Interestingly, the rearrangement of the IVR molecule does not
significantly influence the conformation as observed in 7a (Fig. 4). The
scXRD experiments revealed that the colorless block crystals precipi-
tated from the solution are an acetone solvate of 7a crystallized in the
orthorhombic P2,2;2 space group. The co-crystallized acetone molecule
is disordered over two positions with a site occupancy factor (SOF) of
0.5.

Al IVR derivatives share similar structural features - a rigid sixteen-
membered lactone ring, a spiroketal comprising two six-membered
rings, and a cyclohexene ring fused to a five-membered cyclic ether
with two or three hydroxyl groups (Fig. 4) [42,43]. Although the
introduction of an additional hydroxyl group at position C4 does not
significantly influence the lactone ring and spiroketal conformation, the
rearrangement does modify the cyclohexene ring. The hydroxyl group
(O4A) at position C4 assumes an axial position, while other substituents
maintain their positions - C1 and O5A at position C5 are in equatorial
positions while O6A and O7A at positions C6 and C7, respectively, are in
axial positions. The migrated double bond in 7a (from C3-C4 to C2-C3
with distances 1.325(4) A and 1.493(4) [o\, respectively) additionally
flattens the cyclohexene with respect to already distorted half-chair
conformation observed in 6a in which C3-C4 and C2-C3 are equal to
1.35(3) A and 1.50(2) A in molecule A, and 1.29(3) A and 1.56(2) A in
molecule B, respectively.

2.3. Biological activity

2.3.1. Trypanocidal activity

The trypanocidal and cytotoxic activities of the newly synthesized
IVR derivatives were determined with bloodstream forms of T. b. brucei
and human myeloid HL-60 cells in vitro. The antiproliferative activity of
the compounds was evaluated with the resazurin cell viability assay as
previously described [44].

IVR (compound 1) itself displayed moderate antitrypanosomal ac-
tivity with a 50 % growth inhibition (GlIsp) value in the mid-micromolar
range, while aglycone 2 was about twofold more trypanocidal (Table 1).
The trypanocidal activity of IVR against bloodstream forms of T. b.
brucei was within the range previously reported for trypomastigote
forms of T. cruzi (ECsp = 10.4 (7.0-15.5) pM [20]). The rearranged IVR
and its aglycone (compounds 8 and 9) were slightly less trypanocidal
than their counterparts (Table 1). All four parent compounds 1, 2, 8, and
9 exhibited similar cytotoxic activity against HL-60 cells with Glgg
values between 31 and 35 pM (Table 1). Therefore, the selectivity (ratio
of cytotoxic to trypanocidal activity) of these four compounds was poor,
ranging between 2 and 6 (Table 1).

With the exception of 6h and 7h, all other IVR derivatives (6a-6g,
6i-6Kk, 7a-7g, and 7i-7k) displayed similar antitrypanosomal activity
with GIsg values ranging between 3.0 and 19.1 pM (Table 1). There was
also not much difference in the trypanocidal activity between singly
(series 6) and doubly (series 7) modified derivatives. Compounds 6h and

proton
transfer

Fig. 2. Proposed mechanism of the rearrangement of the oxahydrindene (hexahydrobenzofuran) ring of ivermectin.



M. Sulik et al.

European Journal of Medicinal Chemistry 263 (2024) 115951

Fig. 3. Ball-and-sticks models of 6a (molecules A and B) and 7a from the scXRD experiments. For compound 6a, only one position of the disordered sec-butyl group
at position C25 is shown, while in 7a the co-crystalized acetone is omitted for clarity. Atom color code: C - gray, O - red, N - blue, and H - white.

Fig. 4. Molecules A and B of 6a and molecule 7a highlighted in green super-
imposed with respect to the sixteen-membered lactone ring (atom labels
are provided).

7h, however, exhibited substantially higher antitrypanosomal activity
than any of the other derivatives, with GIsg values in the mid-nanomolar
range (Table 1). Importantly, the trypanocidal activity of both 6h and
7h was within the potency range of suramin and ethidium bromide
(commercially known as homidium bromide) (Table 1), two drugs used
in the treatment of sleeping sickness and nagana disease, respectively.
All the derivatives with weak antitrypanosomal activity exhibited
similar cytotoxicity against HL-60 cells with GIsoy values ranging be-
tween 30 and 35 pM (Table 1). By comparison, compounds 6h and 7h
were about 10 times more cytotoxic (Table 1). It follows that the
selectivity indices of all other derivatives were <11 whereas those of 6h
and 7h were 48 and 67, respectively (Table 1). Therefore, 6h and 7h
have a similar trypanocidal and selectivity profile as the anti-nagana
drug ethidium bromide. Although 6h and 7h display similar trypano-
cidal activity to suramin, the anti-sleeping sickness drug is nonetheless
superior as it is non-toxic to human HL-60 cells.

2.3.2. Antiplasmodial activity

To further evaluate the antiparasitic potential of IVR derivatives, all
four parent compounds 1, 2, 8, and 9, and two corresponding de-
rivatives 6a and 7a, which have been obtained in crystalline form, were
screened for antiplasmodial activity against the hepatic infectious stage

of P. berghei in vitro. To this end, Huh7 cells, a human hepatoma cell line,
were infected with luciferase-expressing P. berghei parasites in the
presence of a range of seven concentrations of the six compounds
(Fig. 5). Assessment of the cell confluency revealed that none of the
compound concentrations employed was toxic to the host cells, as the
cell confluency values obtained were similar to that of the cells exposed
to the drug vehicle (DMSO) alone. Infection values were then used to
determine the half-maximal inhibitory concentration (ICsg) values of
each compound (Table 2).

Compound 6a was less active than the parent compound 1. The
corresponding rearranged IVR molecule 8 exhibited also lower activity.
On the other hand, this modification resulted in an improved anti-
plasmodial activity of compounds 9 and 7a, when compared to that of
compounds 2 and 6a, respectively. Overall, the double modification in
7a yielded the highest activity against P. berghei grown in Huh7 cells,
with an ICsq value of 0.38 pM for 7a, which was about 2.5 times lower
than that of IVR (IC5¢ = 0.91 pM).

2.3.3. Structure-activity relationship considerations

For the newly synthesized IVR derivatives, no consistent SAR was
observed. While the rearranged parent compounds 8 and 9 displayed
lower trypanocidal activity than the native parent compounds 1 and 2,
such a trend was only confirmed for the compound pair 1/8 for the
plasmodicidal activity (Tables 1 and 2). Moreover, the antitrypanosomal
activity of the derivative series 6 and 7 gives also an inconsistent picture
- while some series 7 derivatives are less trypanocidal than their series 6
counterparts, other series 7 derivatives display higher trypanocidal ac-
tivity than their series 6 correspondents (Table 1). Interestingly, doubly
modified derivative 7a was found to be 4 times more plasmodicidal than
the corresponding 6a derivative (Table 2).

From the SAR analysis, it can be concluded that the increased try-
panocidal activity of 6h and 7h can be attributed to the chlorine atom of
the 2-chloroacetamide group. This seems obvious as the structurally
related derivatives with an acetamide (compounds 6a and 7a), a pro-
pionamide (compounds 6b and 7b), and an isobutyramide (compounds
6d and 7d) group were about 100 times less trypanocidal than 6h and
7h (Table 1). The increased trypanocidal activity of 6h and 7h may be
due to the greater electronegativity (EN) of the -CH,Cl group (EN = 2.47
[45]) compared to that of the -CH3, -CH,CH3, and ~CH(CH3), groups,
which all have similar EN values (EN = 2.27, 2.28, and 2.28, respec-
tively [45]). Therefore, it would be interesting to see whether a more
electronegative group (e.g., —-CF3; EN = 3.46 [45]) can further increase
the trypanocidal activity of C13-epi-amide derivatives of IVR.

3. Conclusions

Synthesis of a series of novel C13-epi-amide derivatives of native or
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Table 1
Gl values and ratios of ivermectin derivatives for T. b. brucei and HL-60 cells.
No. R or compound T. b. brucei HL-60 Selectivity No. T. b. brucei HL-60 Selectivity
Glso (uM)* Glso (UM)? Gl ratio” Glso (uM)? Glso (uM)* Gls, ratio”
Native oxahydrindene ring Rearranged oxahydrindene ring
1 ivermectin 14.6 £ 6.4 31.3+1.8 21 8 20.0 + 3.8 32.0 £ 0.7 1.6
2 aglycone 6.1 +3.5 35.2+19 5.8 9 121 £ 1.9 315+ 1.7 2.6
C13-epi-amides of native ivermectin C13-epi-amides of rearranged ivermectin
6a 0 55+24 32.0+1.9 5.8 7a 75+1.1 33.8+ 1.0 4.5
6b e} 7.4+£5.1 321 £0.5 4.3 7b 8.1+3.6 35.2+ 2.0 4.3
M
6¢c o) 9.3+5.2 30.0 £1.7 3.2 7c 4.1+ 0.6 327+ 1.8 7.8
6d o) 10.2+7.7 33.8+17 3.3 7d 6.6 +1.9 335+13 5.1
6e 0 8.6 £5.0 30.8 £ 1.6 3.6 7e 4.3+ 0.6 30.2+1.2 7.0
6f o 39+08 32.0 £3.0 8.2 7f 4.1 +0.7 32.6 £ 2.8 8.0
. OH
O/
6g o) | 58+3.3 322+27 5.6 78 50+ 1.1 321+15 6.4
P o)
o/
6h o} 0.063 + 0.039 3.0+0.2 47.6 7h 0.064 + 0.033 43 +t1.6 67.2
L]
6i fo) 144 +£6.3 33.5+0.7 2.3 7i 18.2+ 0.4 321 +1.0 1.8
/’LK/O\
6j 0 191 +7.6 31.2+22 1.6 7j 3.0+ 0.1 30.8 +£0.4 10.3
6k 0 10.2 £5.1 316 £1.6 3.1 7k 4.7 £ 0.4 32.8+£0.8 7.0
- O,
W
suramin* 0.036 + 0.015 >100 >2778
ethidium bromide* 0.086 + 0.014 5.8 +0.7 67.4

@ Data shown are mean values & SD of three independent experiments.
b Gls ratio = Glso(HL-60)/Glso(T. b. brucei).
¢ Reference controls.

rearranged ivermectin (IVR) is described. The practical as well as scal-
able synthetic approach provides convenient access to material suitable
for further development of this class of compounds that are interesting
from both medicinal chemistry and cell biology points of view. Of the
newly synthesized derivatives, two compounds (6h and 7h) displayed
promising antiparasitic activity against T. b. brucei. In particular, the
antitrypanosomal activity of 6h and 7h is intriguing as their trypano-
cidal activity and selectivity profile is similar to that of the anti-nagana

drug ethidium bromide. It would be beneficial if the potential carcino-
genic ethidium bromide could be replaced by the C13-epi-2-chlor-
oacetamides of either native (compound 6h) or rearranged IVR
(compound 7h) for the treatment of animal trypanosomiasis. However,
before the compounds can be used as anti-nagana drugs, they would
need to be tested in animal models for their in vivo efficacy. Given the
close relationship between Leishmania spp. and Trypanosoma spp., it
would be interesting to test the IVR derivatives also on those parasites.
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Fig. 5. Dose-dependent response of ivermectin 1, its aglycone 2, and derivatives 6a, 7a, 8, and 9, against the hepatic stage of P. berghei. Total parasite load (infection
scale, bars) and cell viability (cell confluency scale, dots) are shown. Calculated ICso values are presented in Table 2.

Table 2
ICsp values of selected compounds against the hepatic stage of P. berghei.

Native oxahydrindene ring Rearranged oxahydrindene ring

No. ICso (uM)? No. ICso (uM)?

ivermectin 1 0.911 + 0.029 8 4.721 + 0.266
aglycone 2 5.452 + 1.637 9 2.852 +1.008
6a 1.523 £+ 0.576 7a 0.379 + 0.002

# Data shown are mean values + SD of two or three independent experiments.

On the other hand, compound 7a showed better in vitro antiplasmodial
activity against P. bergei than IVR. The findings of this study suggest that
doubly modified IVR derivatives may be suitable lead compounds for
the rational development of new and effective antiparasitic drug
candidates.

4. Experimental
4.1. General procedures

Ivermectin (IVR, form Bla) was purchased from Trimen Chemicals S.
A. All reagents, except Dess-Martin periodinane (DMP), which was
freshly prepared according to the protocol published by Frigerio et al.
[46], were commercially available and purchased from two sources -
Merck or Trimen Chemicals S.A., as well as used without further puri-
fication. Compounds 2-5 were resynthesized according to protocols
published previously by other authors [28,38,39]. A detailed description
of the general procedures, measurement parameters, and equipment can
be found in the Supplementary material.

4.2. Synthesis of ivermectin aglycone (compound 2)

IVR (4.95 g, 5.66 mmol, 1.0 equiv.) was dissolved in methanol (79.2
mL) and the solution was cooled in an ice bath. Then, concentrated
sulfuric acid (0.8 mL) was added dropwise to the reaction mixture. The
solution changed its color to greenish and after a few hours to yellow.
After 20 h, the reaction mixture was concentrated on a rotary evapo-
rator, diluted with CH,Cly, and extracted with an aqueous solution of
sodium carbonate (0.1 M). The collected organic layers were

subsequently concentrated in vacuo. Purification on silica gel using the
CombiFlash system (0 %— 30 % EtOAc/CHCl3) gave the pure aglycone 2
as a clear oil. After twice evaporation to dryness with n-pentane, the oily
product was completely converted into a white amorphous solid (2.79 g,
84 % yield). The spectroscopic data were in agreement with previously
published data [28,39].

4.3. Protection of the C5 hydroxyl group of ivermectin aglycone
(compound 3)

To a stirred solution of 2 (2.00 g, 3.41 mmol, 1.0 equiv.) in anhy-
drous CHCl; (40 mL), imidazole (2.32 g, 34.07 mmol, 10.0 equiv.) was
added. After the imidazole had dissolved, tert-butyldimethylsilyl chlo-
ride (1.13 g, 7.50 mmol, 2.2 equiv.) was added in one portion. The re-
action mixture was stirred at room temperature for 24 h. After this time,
the reaction mixture was concentrated on a rotary evaporator to dry-
ness. Purification on silica gel using the CombiFlash system (0 %—10 %
EtOAc/CHCl3) gave the pure product 3 as a clear oil. After twice evap-
oration to dryness with n-pentane, the oily product was completely
converted into a yellow amorphous solid (2.17 g, 91 % yield). The
spectroscopic data were in agreement with previously published data
[28,39].

4.4. Synthesis of C13 ketone of C5-protected ivermectin aglycone
(compound 4)

To a stirred solution of 3 (4.90 g, 6.99 mmol, 1.0 equiv.) in anhy-
drous CH2Cly (60 mL), tert-butyl alcohol (517 mg, 6.99 mmol, 1.0
equiv.) was added. Next, Dess-Martin periodinane (freshly prepared)
(4.45 g, 10.49 mmol, 1.5 equiv.) was added to the reaction mixture and
stirring was continued for 24 h. The reaction mixture was then diluted
with CH,Cl, and extracted with an aqueous solution of sodium thio-
sulfate (0.5 M). The collected organic layers were subsequently
concentrated in vacuo. Purification on silica gel using the CombiFlash
system (0 %—5 % EtOAc/CHCls) gave the pure ketone 4 as a clear oil.
After twice evaporation to dryness with n-pentane, the oily product was
completely converted into a white amorphous solid (3.43 g, 82 % yield).
The spectroscopic data were in agreement with previously published
data [39].
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4.5. Synthesis of the C13-epi-amine of C5-protected ivermectin aglycone
(compound 5)

According to Ref. [38], to a stirred solution of 4 (3.43 g, 4.91 mmol,
1.0 equiv.) in methanol (40 mL), ammonium acetate (3.78 g, 49.1 mmol,
10.0 equiv.) was added. The reaction mixture was then heated at 60 °C
for an hour. After this time, sodium cyanoborohydride (618 mg, 9.82
mmol, 2.0 equiv.) dissolved in methanol (5 mL) was added dropwise to
the reaction mixture. After 24 h, the reaction mixture was concentrated
on a rotary evaporator, diluted with CH3Cl,, and extracted with an
aqueous solution of sodium carbonate (0.1 M). The collected organic
layers were subsequently concentrated in vacuo. Purification on silica gel
using the CombiFlash system (0 %—100 % EtOAc/CHCl3) gave the pure
product 5 as a clear oil. After twice evaporation to dryness with
n-pentane, the oily product was completely converted into a yellow
amorphous solid (1.75 g, 51 % yield).

4.6. General procedure for preparation of C13-epi-amide derivatives of
native ivermectin (analogs 6a—6e and 6h—6k)

Precursor 5 (250 mg, 0.36 mmol, 1.0 equiv.) was dissolved in CH,Cl,
(5 mL) and triethylamine (108 mg, 1.07 mmol, 3.0 equiv.) was added.
Next, the respective acyl chloride (0.43 mmol, 1.2 equiv.) was added to
the reaction mixture, and stirring was continued at room temperature
for 24 h. After this time, the reaction mixture was diluted with CH,Cl,
and extracted with an aqueous solution of sulfuric acid (pH = 1) and
then with water. The collected organic layers were subsequently
concentrated in vacuo. Purification on silica gel using the CombiFlash
system (0 %—100 % EtOAc/CHCl3) gave the C13-epi-amide products as
clear oils.

To remove the C5-protecting group, the appropriate C13-epi-amide
product was dissolved in methanol (10 mL) and para-toluenesulfonic
acid hydrate (80 mg, 0.46 mmol, 1.3 equiv.) was added. After 2 h, the
organic solvent was evaporated, diluted with CH»Cl,, and extracted with
an aqueous solution of sodium carbonate (0.1 M). Next, the collected
organic layers were subsequently concentrated in vacuo. Purification on
silica gel using the CombiFlash system (0 %—100 % EtOAc/CHCls) gave
the pure products 6a-6e and 6h-6k as clear oils. After twice evapora-
tion to dryness with n-pentane, the oily products were completely con-
verted into white amorphous solids.

C13-epi-acetamide of ivermectin 6a: 65 mg, 29 % yield (over two
steps). Isolated as a white amorphous solid, a single spot by TLC. UV-
active and strains green with PMA; IH NMR (400 MHz, CDCl3) &
5.83-5.72 (m, 2H), 5.68 (d, J = 9.6 Hz, 1H), 5.42-5.32 (m, 2H), 5.22 (tt,
J=11.2, 4.8 Hz, 1H), 4.91 (dd, J = 10.5, 4.7 Hz, 1H), 4.61 (qd, J = 14.5,
1.4 Hz, 2H), 4.41 (d, J = 8.8 Hz, 1H), 4.25-4.20 (m, 1H), 3.89 (d, J = 6.2
Hz, 1H), 3.57-3.47 (m, 1H), 3.20 (dd, J = 4.6, 2.2 Hz, 1H), 3.11 (dd, J =
9.0, 1.3 Hz, 1H), 2.71 (dtd, J = 17.2, 6.7, 3.7 Hz, 1H), 2.28-2.13 (m,
2H), 2.05 (s, 2H), 1.90 (ddd, J = 12.2, 4.9, 1.5 Hz, 1H), 1.82-1.78 (m,
2H), 1.64-0.65 (m, 30H) ppm; °C NMR (101 MHz, CDCl3) § 173.5,
169.8, 141.1, 137.8, 136.6, 135.6, 125.9, 119.6, 117.8, 117.4, 97.4,
80.2, 78.9, 77.1, 68.4, 68.2, 67.6, 67.0, 58.1, 45.5, 41.1, 38.1, 36.6,
35.7, 35.4, 34.4, 31.2, 27.9, 27.3, 23.3, 19.9, 19.0, 17.4, 15.6, 12.5,
11.8 ppm; HRMS (ESI") m/z: [M+Nal]' Caled for C3sHs3sNNaOg
650.3669; Found 650.3686.

C13-epi-propionamide of ivermectin 6b: 73 mg, 32 % yield (over two
steps). Isolated as a white amorphous solid, a single spot by TLC. UV-
active and strains green with PMA; 'H NMR (401 MHz, CDCl3) §
5.88-5.77 (m, 2H), 5.61 (d, J = 9.8 Hz, 1H), 5.47-5.36 (m, 2H), 5.27
(ddd, J = 16.4, 11.7, 4.9 Hz, 1H), 4.93 (dd, J = 10.0, 5.4 Hz, 1H), 4.66
(q, J = 14.4 Hz, 2H), 4.47 (d, J = 9.4 Hz, 1H), 4.27 (d, J = 6.0 Hz, 1H),
3.94 (d, J = 6.2 Hz, 1H), 3.56 (td, J = 9.9, 5.2 Hz, 1H), 3.25 (dd, J = 4.4,
2.1 Hz, 1H), 3.16 (d, J = 7.8 Hz, 1H), 2.81-2.71 (m, 1H), 2.37-2.15 (m,
5H), 2.03-0.66 (m, 34H) ppm; °C NMR (101 MHz, CDCl3) § 173.5,
173.4, 141.1, 137.9, 136.8, 135.7, 125.8, 119.7, 117.8, 117.3, 97.4,
80.2, 79.0, 76.9, 68.5, 68.2, 67.6, 67.0, 57.6, 45.6, 41.2, 38.2, 36.6,
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35.7, 35.4, 34.4, 31.2, 29.9, 27.9, 27.3, 19.9, 18.9, 17.4, 15.6, 12.4,
11.9, 10.1 ppm; HRMS (ESI") m/z: [M+Na] ™ Caled for C3;HssNNaOg
664.3820; Found 664.3855.

C13-epi-decanamide of ivermectin 6¢: 79 mg, 30 % yield (over two
steps). Isolated as a white amorphous solid, a single spot by TLC. UV-
active and strains green with PMA; 'H NMR (400 MHz, CDCl3) &
5.83-5.66 (m, 2H), 5.49 (d, J = 9.8 Hz, 1H), 5.41-5.29 (m, 2H),
5.29-5.17 (m, 1H), 4.88 (dd, J = 9.4, 6.0 Hz, 1H), 4.68-4.54 (m, 2H),
4.43 (d, J = 9.5 Hz, 1H), 4.22 (dd, J = 6.4, 0.9 Hz, 1H), 3.89 (d, J = 6.2
Hz, 1H), 3.55-3.46 (m, 1H), 3.20 (dt, J = 4.4, 1.6 Hz, 1H), 3.14-3.09 (mm,
1H), 2.71 (tt, J = 10.5, 6.7 Hz, 1H), 2.29-2.10 (m, 4H), 1.99-0.59 (m,
49H) ppm; 3C NMR (101 MHz, CDCls) § 173.5, 172.8, 141.1, 137.9,
136.9, 135.7, 125.9, 119.6, 117.8, 117.2, 97.4, 80.2, 78.9, 68.4, 68.2,
67.6, 67.0, 57.7, 45.6, 41.2, 38.1, 37.1, 36.6, 35.7, 35.4, 34.4, 31.8,
31.2, 29.4, 29.34, 29.31, 29.2, 27.9, 27.3, 26.1, 22.6, 19.9, 19.0, 17.3,
15.6, 14.0, 12.5, 11.8 ppm, one signal overlapped; HRMS (ESI") m/z:
[M+Na]*t Caled for C44HgoNNaOg 762.4915; Found 762.4936.

C13-epi-isobutyramide of ivermectin 6d: 94 mg, 40 % yield (over two
steps). Isolated as a white amorphous solid, a single spot by TLC. UV-
active and strains green with PMA; 'H NMR (400 MHz, CDCl3) §
5.84-5.70 (m, 2H), 5.51 (d, J = 9.7 Hz, 1H), 5.42-5.30 (m, 1H),
5.30-5.09 (m, 2H), 4.87 (dd, J = 9.0, 6.4 Hz, 2H), 4.61 (q, J = 14.4 Hz,
1H), 4.42 (d, J = 9.1 Hz, 2H), 4.22 (d, J = 5.5 Hz, 1H), 3.89 (d, J = 6.2
Hz, 1H), 3.76-3.63 (m, 1H), 3.55-3.46 (m, 1H), 3.21 (dd, J = 4.5, 2.2
Hz, 1H), 3.12 (dd, J = 9.3, 1.4 Hz, 1H), 2.72 (dddd, J = 13.7, 10.5, 6.7,
3.4 Hz, 1H), 2.44 (tt,J = 11.2, 5.5 Hz, 1H), 2.27-2.11 (m, 2H), 1.91 (dd,

= 11.7, 4.5 Hz, 1H), 1.85-0.54 (m, 35H) ppm; °C NMR (101 MHz,
CDCl3) 6176.4,173.5, 141.1, 137.9, 136.9, 135.6, 125.9, 119.6, 117.8,
117.1, 97.4, 80.3, 78.9, 76.7, 68.5, 68.2, 67.6, 67.0, 57.3, 45.5, 41.1,
38.2, 36.6, 36.0, 35.7, 35.4, 34.3, 31.2, 27.9, 27.3, 19.9, 19.8, 19.7,
18.9,17.4,15.6, 12.4, 11.9 ppm; HRMS (ESI") m/z: [M+Na]™ Calcd for
C3sHs,NNaO§ 678.3976; Found 678.3996.

C13-epi-benzamide of ivermectin 6e: 69 mg, 28 % yield (over two
steps). Isolated as a white amorphous solid, a single spot by TLC. UV-
active and strains green with PMA; 'H NMR (400 MHz, CDCl3) &
7.79-7.66 (m, 2H), 7.52-7.33 (m, 3H), 6.11 (d, J = 9.7 Hz, 1H),
5.89-5.69 (m, 2H), 5.47-5.39 (m, 1H), 5.37-5.30 (m, 1H), 5.30-5.11
(m, 2H), 5.01-4.94 (m, 1H), 4.70-4.56 (m, 3H), 4.27-4.20 (m, 1H), 3.88
(dd, J = 13.8, 5.6 Hz, 1H), 3.77-3.64 (m, 1H), 3.56-3.45 (m, 1H), 3.22
(td, J = 4.4, 2.1 Hz, 1H), 3.08 (dd, J = 9.2, 1.1 Hz, 1H), 2.82 (dtd, J =
17.2, 6.8, 3.9 Hz, 1H), 2.22 (t, J = 8.4 Hz, 2H), 1.98-0.40 (m, 30H) ppm;
13C NMR (101 MHz, CDCl3) § 173.6, 167.1, 141.3, 137.9, 136.8, 135.4,
134.5,131.7, 128.7 (2C), 126.8 (2C), 126.1, 119.6, 117.8, 117.5, 97.4,
80.3, 78.9, 68.5, 68.3, 67.6, 67.0, 58.3, 45.6, 41.2, 38.5, 36.6, 35.7,
35.4,34.4,31.2,29.7,27.9,27.3,19.9,19.1,17.4,15.7,12.4, 11.9 ppm;
HRMS (ESI™) m/z: [M+Na]™ Caled for C4;HssNNaOg 712.3820; Found
712.3844.

C13-epi-2-chloroacetamide of ivermectin 6h: 102 mg, 43 % yield (over
two steps). Isolated as a white amorphous solid, a single spot by TLC.
UV-active and strains green with PMA; 'H NMR (401 MHz, CDCl3) 5 6.72
(d, J =10.0 Hz, 1H), 5.90-5.70 (m, 3H), 5.47-5.30 (m, 4H), 4.99-4.92
(m, 1H), 4.67 (qd, J = 14.5, 1.9 Hz, 3H), 4.47 (dd, J = 9.7, 2.1 Hz, 1H),
4.30-4.26 (m, 2H), 4.15 (d, J = 4.2 Hz, 2H), 4.12-4.02 (m, 2H),
3.97-3.93 (m, 2H), 3.75-3.70 (m, 1H), 3.62-3.52 (m, 1H), 3.29-3.24
(m, 2H), 3.20-3.08 (m, 2H), 2.85-2.76 (m, 1H), 2.46-0.46 (m, 24H)
ppm; 13C NMR (101 MHz, CDCl3) § 173.5, 165.3, 141.5, 137.9, 136.1,
134.8, 126.3, 119.5, 117.9, 117.8, 97.5, 80.3, 79.0, 76.9, 68.5, 68.3,
67.6, 67.0, 58.2, 45.6, 42.9, 41.2, 38.4, 36.6, 35.7, 35.4, 34.3, 31.2,
28.0, 27.3, 19.9, 18.9, 17.4, 15.5, 12.4, 11.9 ppm; HRMS (EST") m/z:
[M+Na]t Caled for CzsHs,CINNaOg 684.3274, 686.3245; Found
684.3282, 686.3319.

C13-epi-2-methoxyacetamide of ivermectin 6i: 80 mg, 34 % yield (over
two steps). Isolated as a white amorphous solid, a single spot by TLC.
UV-active and strains green with PMA; TH NMR (400 MHz, CDCl3) § 6.63
(d, J = 10.2 Hz, 1H), 5.83-5.74 (m, 2H), 5.39-5.30 (m, 2H), 5.24 (td, J
=11.3,5.6 Hz, 1H), 4.88 (dd, J = 9.2, 6.2 Hz, 1H), 4.61 (q, J = 13.8 Hz,
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2H), 4.44 (d, J = 9.8 Hz, 1H), 4.22 (dd, J = 5.9, 0.7 Hz, 1H), 3.96-3.85
(m, 3H), 3.52 (dd, J = 12.3, 6.7 Hz, 1H), 3.45 (s, 3H), 3.21 (dd, J = 4.5,
2.2 Hz, 1H), 3.12 (dd, J = 8.9, 1.2 Hz, 1H), 2.72 (dtd, J = 17.3, 6.8, 3.9
Hz, 1H), 2.29-2.16 (m, 2H), 2.04-0.53 (m, 32H) ppm; °C NMR (101
MHz, CDCl3) 6§ 173.5, 169.1, 141.0, 137.8, 136.4, 135.4, 125.9, 119.6,
117.8, 117.5, 97.4, 80.3, 78.9, 76.8, 71.8, 68.5, 68.2, 67.6, 67.0, 59.1,
57.0, 45.5, 41.1, 38.4, 36.5, 35.6, 35.3, 34.3, 31.1, 27.9, 27.3, 19.9,
18.9,17.3,15.6, 12.3, 11.9 ppm; HRMS (ESI") m/z: [M+Na] " Calcd for
C37Hs55NNaO§ 680.3769; Found 680.3794.

C13-epi-adamantane-1-carboxamide of ivermectin 6j: 102 mg, 38 %
yield (over two steps). Isolated as a white amorphous solid, a single spot
by TLC. UV-active and strains green with PMA; 'H NMR (401 MHz,
CDCl3) §5.83-5.73 (m, 2H), 5.61 (d, J = 9.7 Hz, 1H), 5.37-5.34 (m, 1H),
5.28 (ddt, J = 16.3, 11.2, 4.1 Hz, 2H), 4.86-4.80 (m, 1H), 4.62 (qd, J =
14.4,1.2 Hz, 2H), 4.41 (d, J = 8.8 Hz, 1H), 4.25-4.20 (m, 1H), 3.90 (d, J
= 6.2 Hz, 1H), 3.53-3.44 (m, 1H), 3.24-3.20 (m, 1H), 3.13 (dd, J = 9.0,
1.3 Hz, 1H), 2.76-2.67 (m, 1H), 2.20 (t, J = 8.7 Hz, 2H), 2.05-1.97 (m,
4H), 1.96-0.58 (m, 43H) ppm; °C NMR (101 MHz, CDCl3) 5 177.2,
173.6, 141.1, 138.0, 137.1, 135.7, 125.9, 119.7, 117.9, 117.1, 97.5,
80.4,79.0, 76.5, 68.6, 68.3, 67.6, 67.1, 56.9, 45.6, 41.2, 41.1, 39.6 (3C),
38.4, 36.6, 36.5 (3C), 35.7, 35.4, 34.3, 31.2, 28.1 (3C), 28.0, 27.3, 19.9,
19.0,17.4, 15.6, 12.3, 12.2 ppm; HRMS (ESI*) m/z: [M+Na]* Calcd for
C4sHesNNaOg 770.4602; Found 770.4635.

C13-epi-furan-2-carboxamide of ivermectin 6k: 102 mg, 42 % yield
(over two steps). Isolated as a white amorphous solid, a single spot by
TLC. UV-active and strains green with PMA; 'H NMR (401 MHz, CDCls)
§7.46 (dd, J =1.8,0.8 Hz, 1H), 7.08 (dd, J = 3.5, 0.8 Hz, 1H), 6.48 (dd,
J = 3.5, 1.8 Hz, 1H), 6.39 (d, J = 10.1 Hz, 1H), 5.85-5.72 (m, 2H), 5.45
(ddd, J = 14.0, 10.4, 5.8 Hz, 1H), 5.35 (s, 1H), 5.30-5.20 (m, 1H), 4.98
(t, J = 7.8 Hz, 1H), 4.69-4.55 (m, 3H), 4.25-4.20 (m, 1H), 3.90 (d, J =
6.2 Hz, 1H), 3.55-3.47 (m, 1H), 3.22 (dp, J = 4.7, 2.4 Hz, 1H),
3.11-3.05 (m, 1H), 2.83-2.74 (m, 1H), 2.24-2.16 (m, 2H), 2.03-0.52
(m, 32H) ppm; *C NMR (101 MHz, CDCl5) § 173.5, 157.9, 147.7, 143.8,
141.2, 137.8, 136.5, 135.4, 126.0, 119.6, 117.8, 117.7, 114.5, 112.3,
97.4, 80.3, 79.0, 76.9, 68.5, 68.2, 67.6, 67.0, 57.4, 45.6, 41.1, 38.5,
36.6, 35.6, 35.3, 34.3, 31.1, 27.9, 27.3, 19.8, 19.0, 17.3, 15.6, 12.3,
11.8 ppm; HRMS (ESI") m/z: [M+Na]t Caled for CzoHs3NNaOg
702.3613; Found 702.3641.

4.7. General procedure for preparation of C13-epi-amide derivatives of
native ivermectin (analogs 6f-6g)

To a stirred solution of the respective carboxylic acid (0.36 mmol,
1.0 equiv.) in DMF (10 mL), N,N-diisopropylethylamine (279 mg, 2.16
mmol, 6.0 equiv.) and 2-(7-aza-1H-benzotriazol-1-y1)-1,1,3,3-tetrame-
thylurea hexafluorophosphate (HATU) (176 mg, 0.46 mmol, 1.3 equiv.)
were added and the reaction mixture was stirred at room temperature
for 15 min. Next, precursor 5 (250 mg, 0.36 mmol, 1.0 equiv.) was
added and the stirring was continued for 24 h. After this time, the re-
action mixture was diluted with CH5Cl, and extracted with an aqueous
solution of sulfuric acid (pH = 1) and then with water. The collected
organic layers were subsequently concentrated in vacuo. Purification on
silica gel using the CombiFlash system (0 %—100 % EtOAc/CHCl3) gave
the C13-epi-amide products as clear oils.

To remove the C5-protecting group, the corresponding C13-epi-
amide product was dissolved in methanol (10 mL) and para-toluene-
sulfonic acid hydrate (80 mg, 0.46 mmol, 1.3 equiv.) was added. After 2
h, the organic solvent was evaporated, diluted with CHyCl, and
extracted with an aqueous solution of sodium carbonate (0.1 M). Next,
the collected organic layers were subsequently concentrated in vacuo.
Purification on silica gel using the CombiFlash system (0 %—100 %
EtOAc/CHCl3) gave the pure products 6f-6g as clear oils. After twice
evaporation to dryness with n-pentane, the oily products were
completely converted into white amorphous solids.

C13-epi-3-hydroxy-4-methoxybenzamide of ivermectin 6f: 53 mg, 20 %
yield (over two steps). Isolated as a white amorphous solid, a single spot
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by TLC. UV-active and strains green with PMA; 'H NMR (400 MHz,
CDCl3) 6 7.76-7.64 (m, 1H), 7.32 (tt, J = 5.5, 2.7 Hz, 1H), 6.85 (ddd, J =
11.6, 10.1, 6.3 Hz, 1H), 6.09-5.99 (m, 1H), 5.86-5.71 (m, 2H),
5.49-5.39 (m, 1H), 5.35 (dd, J = 3.5, 2.2 Hz, 1H), 5.30-5.23 (m, 1H),
4.99-4.92 (m, 1H), 4.71-4.55 (m, 2H), 4.28-4.19 (m, 1H), 4.18-4.06
(m, 1H), 3.95-3.77 (m, 4H), 3.51 (ddd, J = 12.6, 8.3, 6.8 Hz, 1H), 3.21
(dt, J = 5.2, 2.6 Hz, 1H), 3.08 (d, J = 8.9 Hz, 1H), 2.85-2.76 (m, 1H),
2.38-2.28 (m, 1H), 2.25-2.11 (m, 2H), 2.01-0.61 (m, 32H) ppm; *°C
NMR (101 MHz, CDCl3) 6 173.6, 166.6, 149.4, 145.6, 141.2, 137.9,
136.9, 135.6, 126.1, 119.7, 117.9, 117.5, 116.3, 113.0, 112.0, 110.2,
110.0, 97.4, 80.3, 78.9, 68.5, 68.3, 67.7, 67.1, 58.2, 56.1, 45.6, 41.2,
38.5, 36.6, 35.7, 35.4, 34.4, 31.2, 27.9, 27.3, 19.9, 19.1, 17.4, 15.7,
12.4, 11.8 ppm; HRMS (ESI") m/z: [M+Na] " Calcd for C45Hs7NNaO7,
758.3875; Found 758.3890.

C13-epi-3,4-dimethoxybenzamide of ivermectin 6g: 86 mg, 32 % yield
(over two steps). Isolated as a white amorphous solid, a single spot by
TLC. UV-active and strains green with PMA; 1 NMR (400 MHz, CDCl5)
§7.46 (d, J = 2.0 Hz, 1H), 7.32 (dd, J = 8.3, 2.1 Hz, 1H), 6.89 (dd, J =
8.4, 2.5 Hz, 1H), 6.13 (d, J = 9.8 Hz, 1H), 5.93-5.77 (m, 2H), 5.53-5.44
(m, 1H), 5.42-5.38 (m, 1H), 5.34-5.25 (m, 1H), 5.04-4.98 (m, 1H),
4.74-4.61 (m, 3H), 4.29-4.25 (m, 1H), 3.97-3.87 (m, 9H), 3.59-3.50
(m, 1H), 3.29-3.25 (m, 1H), 3.12 (dd, J = 9.1, 1.6 Hz, 1H), 2.91-2.80
(m, 1H), 2.31-2.20 (m, 2H), 2.05-0.56 (m, 30H) ppm; 3C NMR (101
MHz, CDCl3) § 173.5, 166.6, 151.9, 149.2, 141.3, 137.9, 136.9, 135.5,
127.1,126.1,119.6,118.6,117.8,117.4,111.0, 110.2, 97.4, 80.3, 79.0,
76.9, 68.5, 68.2, 67.6, 67.0, 58.3, 56.02, 55.99, 45.6, 41.2, 38.5, 36.6,
35.7,35.4,34.3,31.1, 27.9, 27.3,19.9,19.1,17.3, 15.6, 12.4, 11.8 ppm;
HRMS (ESIT) m/z: [M+Na]™ Caled for C43H50NNaO7p 772.4031; Found
772.4055.

4.8. General procedure for preparation of C13-epi-amide derivatives of
rearranged ivermectin (analogs 7a-7k)

The corresponding C13-epi-amide of IVR with protected C5 hydroxyl
group (1.0 equiv.) (please see section 4.6 and 4.7 for synthetic details)
was dissolved in anhydrous THF. Next, tetra-n-butylammonium fluoride
(TBAF) (3.0 equiv.) was added in one portion and the reaction mixture
was stirred at room temperature for 3 days. After this time, the solvent
was evaporated under reduced pressure. Purification on silica gel using
the CombiFlash system (0 %—100 % EtOAc/CHCl3) gave the pure
products 7a-7k as clear oils. After twice evaporation to dryness with n-
pentane, the oily products were completely converted into white
amorphous solids.

C13-epi-acetamide of rearranged ivermectin 7a: 37 mg, 16 % yield
(over two steps). Isolated as a white amorphous solid, a single spot by
TLC. UV-active and strains green with PMA; 1 NMR (400 MHz, CDCl3)
§6.19 (s, 1H), 6.11 (dt, J = 4.5, 1.9 Hz, 1H), 5.80 (dd, J = 14.5, 11.2 Hz,
1H), 5.65 (d, J = 9.9 Hz, 1H), 5.46 (dd, J = 14.5, 10.6 Hz, 1H),
5.29-5.22 (m, 1H), 4.92 (ddd, J = 11.3, 2.3, 1.2 Hz, 1H), 4.77 (s, 1H),
4.52 (ddd, J = 22.5, 14.3, 2.2 Hz, 2H), 4.45 (s, 1H), 4.10 (dd, J = 7.7,
2.5 Hz, 2H), 3.61 (tdd, J = 11.2, 4.3, 2.1 Hz, 1H), 3.18 (dd, J=9.1, 1.5
Hz, 1H), 2.74 (dtd, J = 17.1, 6.7, 3.7 Hz, 1H), 2.43-0.58 (m, 37H) ppm;
13C NMR (101 MHz, CDCl3) 6 169.9, 168.6, 139.8, 139.1, 136.3, 129.4,
126.6, 122.7,117.4, 97.4, 82.6, 78.1, 77.2, 73.5, 71.7, 69.2, 68.0, 66.9,
58.1, 40.4, 38.0, 36.5, 35.8, 35.4, 34.7, 31.2, 29.7, 27.9, 27.4, 23.4,
22.8, 18.9, 17.4, 15.5, 12.6, 11.8 ppm; HRMS (ESI") m/z: [M+Na]*
Caled for C3¢Hs53NNaOg 666.3613; Found 666.3634.

C13-epi-propionamide of rearranged ivermectin 7b: 47 mg, 20 % yield
(over two steps). Isolated as a white amorphous solid, a single spot by
TLC. UV-active and strains green with PMA; ' NMR (401 MHz, CDCl3)
§6.17 (s, 1H), 6.10 (dt, J = 11.0, 2.3 Hz, 1H), 5.79 (dd, J = 14.5, 11.2
Hz, 1H), 5.68 (d, J = 9.9 Hz, 1H), 5.45 (dd, J = 14.5, 10.6 Hz, 1H),
5.30-5.20 (m, 1H), 4.92-4.85 (m, 1H), 4.77 (s, 1H), 4.57-4.41 (m, 3H),
4.09 (s, 2H), 3.63-3.54 (m, 1H), 3.20-3.06 (m, 2H), 2.78-2.68 (m, 1H),
2.48-0.58 (m, 38H) ppm; '3C NMR (101 MHz, CDCl3) § 173.7, 168.6,
139.9,139.3,136.4, 136.3,129.3, 126.5, 122.6, 117.3, 97.3, 82.7, 78.0,
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73.4, 71.6, 69.1, 67.9, 66.9, 57.8, 40.4, 38.1, 36.5, 35.8, 35.4, 34.6,
31.2,29.9, 29.6, 27.9, 27.3,22.8,18.8,17.4,15.4,12.4,11.9, 10.2 ppm;
HRMS (ESI™) m/z: [M+Na]™ Caled for C3;Hs5NNaOg 680.3769; Found
680.3785.

C13-epi-decanamide of rearranged ivermectin 7c: 65 mg, 24 % yield
(over two steps). Isolated as a white amorphous solid, a single spot by
TLC. UV-active and strains green with PMA; TH NMR (401 MHz, CDCl3)
§6.19 (s, 1H), 6.12 (dt, J = 3.1, 2.2 Hz, 1H), 5.81 (dd, J = 14.6, 11.2 Hz,
1H), 5.54 (d, J = 9.5 Hz, 1H), 5.44 (dd, J = 14.6, 10.5 Hz, 1H),
5.33-5.22 (m, 1H), 4.90 (dd, J = 10.0, 3.4 Hz, 1H), 4.75 (s, 1H), 4.53
(ddd, J = 14.1, 12.9, 2.7 Hz, 3H), 4.48-4.44 (m, 1H), 4.11 (s, 1H), 3.60
(td, J = 10.4, 4.1 Hz, 1H), 3.20-3.12 (m, 1H), 2.79-2.70 (m, 1H),
2.40-0.48 (m, 53H) ppm; '3C NMR (101 MHz, CDCl3) § 173.2, 169.0,
140.3,139.4,136.9, 136.6, 129.8, 126.9, 123.0, 117.6, 97.7, 82.9, 78.4,
77.5, 73.9, 72.0, 69.5, 68.3, 67.3, 58.1, 40.8, 38.4, 37.5, 36.8, 36.1,
35.8, 35.0, 32.1, 31.6, 29.8, 29.72, 29.67, 29.6, 28.3, 27.7, 26.4, 23.2,
23.0, 19.2, 17.7, 15.8, 14.4, 12.9, 12.1 ppm; HRMS (ESI") m/z:
[M+Na]* Calcd for C44HgoNNaO3§ 778.4865; Found 778.4876.

C13-epi-isobutyramide of rearranged ivermectin 7d: 65 mg, 27 % yield
(over two steps). Isolated as a white amorphous solid, a single spot by
TLC. UV-active and strains green with PMA; 'H NMR (400 MHz, CDCl3)
§6.11 (s, J = 9.9 Hz, 1H), 6.03 (dt, J = 11.0, 2.3 Hz, 1H), 5.72 (dd, J =
14.5,11.2 Hz, 1H), 5.56 (d, J = 9.8 Hz, 1H), 5.37 (dd, J = 14.6, 10.6 Hz,
1H), 5.20 (ddd, J = 16.3, 11.2, 4.9 Hz, 1H), 4.85-4.76 (m, 1H), 4.68 (s,
1H), 4.44 (ddd, J = 23.0, 14.5, 2.4 Hz, 2H), 4.37 (d, J = 9.8 Hz, 1H),
4.08-3.97 (m, 2H), 3.52 (ddd, J = 10.8, 4.7, 2.2 Hz, 1H), 3.10 (d, J = 7.9
Hz, 1H), 2.66 (tt, J = 10.5, 6.7 Hz, 1H), 2.43 (tt, J = 13.7, 6.8 Hz, 1H),
2.34-0.35 (m, 40H) ppm; 3C NMR (101 MHz, CDCl3) 5 176.8, 168.6,
139.9,139.2,136.5,136.2,129.3,126.6,122.6,117.2,97.4, 82.6, 78.0,
76.8, 73.4, 71.6, 69.1, 67.9, 66.9, 57.4, 40.3, 38.2, 36.5, 36.0, 35.7,
35.4, 34.6, 31.2, 27.9, 27.3, 22.8, 19.9, 19.7, 18.8, 17.4, 15.4, 12.4,
11.9 ppm; HRMS (ESIT) m/z: [M+Na]™ Caled for CszgHsyNNaOg
694.3926; Found 694.3918.

C13-epi-benzamide of rearranged ivermectin 7e: 40 mg, 16 % yield
(over two steps). Isolated as a white amorphous solid, a single spot by
TLC. UV-active and strains green with PMA; 'H NMR (400 MHz, CDCl3)
6 7.85-7.70 (m, 2H), 7.53-7.35 (m, 3H), 6.19-6.07 (m, 2H), 5.85-5.74
(m, 1H), 5.48 (dd, J = 14.6, 10.6 Hz, 1H), 5.29-5.19 (m, 1H), 4.96-4.89
(m, 1H), 4.70 (s, 1H), 4.66-4.59 (m, 1H), 4.49 (qd, J = 14.3, 2.3 Hz, 2H),
4.09-4.00 (m, 1H), 3.57-3.47 (m, 1H), 3.08 (dd, J = 9.3, 1.4 Hz, 1H),
2.84-2.75 (m, 1H), 2.27-2.15 (m, 2H), 2.00-0.38 (m, 34H) ppm; °C
NMR (101 MHz, CDClg) § 168.7, 167.3, 140.2, 139.0, 136.5, 136.0,
134.5,131.7, 129.5, 128.7 (2C), 126.9 (2C), 126.8, 122.6, 117.5, 97.4,
82.6, 78.1, 73.6, 71.7, 69.2, 68.0, 66.9, 58.3, 40.4, 38.5, 36.6, 35.7,
35.4,34.7,31.2,29.7,27.9, 27.3, 22.9,19.0, 17.4, 15.6, 12.4, 11.8 ppm;
HRMS (ESI™) m/z: [M+Na]™ Caled for C4;Hs5NNaOg 728.3769; Found
728.3738.

C13-epi-3-hydroxy-4-methoxybenzamide of rearranged ivermectin 7f:
43 mg, 16 % yield (over two steps). Isolated as a white amorphous solid,
a single spot by TLC. UV-active and strains green with PMA; 'H NMR
(400 MHz, CDCl3) § 7.74-7.61 (m, 1H), 7.35-7.26 (m, 1H), 6.87-6.76
(m, 1H), 6.13-6.00 (m, 2H), 5.76 (dd, J = 14.4, 11.2 Hz, 1H), 5.51-5.40
(m, 1H), 5.26-5.16 (m, 1H), 4.94-4.85 (m, 1H), 4.63-4.53 (mn, 1H), 4.45
(ddd, J =16.5, 14.5, 2.3 Hz, 2H), 4.08-4.00 (m, 2H), 3.92-3.72 (m, 4H),
3.55-3.45 (m, 1H), 3.10-3.02 (m, 1H), 2.95-2.84 (m, 1H), 2.80-2.70
(m, 1H), 2.27-2.08 (m, 2H), 1.99-0.47 (m, 33H) ppm; °C NMR (101
MHz, CDCl3) § 168.6, 166.9, 149.5, 145.7, 140.1, 139.1, 136.5, 136.0,
129.4,127.5,126.8,122.6,119.5,117.4,113.2,110.3, 97.3, 82.6, 78.1,
73.5, 71.7, 69.1, 68.0, 66.9, 58.3, 56.1, 40.4, 38.5, 36.5, 35.8, 35.4,
34.7, 31.2, 29.6, 27.9, 27.3, 22.8, 19.0, 17.4, 15.5, 12.4, 11.8 ppm;
HRMS (ESIT) m/z: [M+Na] ™ Caled for C4oHs;NNaO7; 774.3824; Found
774.3834.

C13-epi-3,4-dimethoxybenzamide of rearranged ivermectin 7g: 96 mg,
35 % yield (over two steps). Isolated as a white amorphous solid, a single
spot by TLC. UV-active and strains green with PMA; 'H NMR (400 MHz,
CDCI3) 6 7.39 (d, J = 2.0 Hz, 1H), 7.29 (dd, J = 8.3, 2.0 Hz, 1H),
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6.88-6.83 (m, 1H), 6.10-6.02 (m, 2H), 5.77 (dd, J = 14.5, 11.2 Hz, 1H),
5.45 (dd, J = 14.4, 10.6 Hz, 1H), 5.21 (ddd, J = 16.1, 11.1, 4.8 Hz, 2H),
4.89 (dd, J = 10.2, 4.7 Hz, 1H), 4.59 (d, J = 9.4 Hz, 1H), 4.52-4.38 (m,
3H), 4.07-3.99 (m, 2H), 3.92-3.80 (m, 8H), 3.49 (dd, J = 9.8, 5.1 Hz,
1H), 3.12-3.01 (m, 1H), 2.81-2.71 (m, 1H), 2.26-2.13 (m, 2H),
2.00-0.53 (m, 30H) ppm; 13C NMR (101 MHz, CDCI3) § 168.7, 166.9,
151.9, 149.2, 140.1, 139.2, 136.6, 136.0, 129.3, 127.0, 126.8, 122.5,
118.8,117.4,110.9,110.2,97.3, 82.6,78.1,73.4,71.6,69.2, 67.9, 66.9,
58.4, 56.0 (20C), 40.4, 38.5, 36.5, 35.7, 35.4, 34.6, 31.2, 29.6, 27.9, 27.3,
22.8, 19.0, 17.3, 15.5, 12.4, 11.8 ppm; HRMS (ESI") m/z: [M+Na]*
Calcd for C43HsoNNaO7; 788.3980; Found 788.4003.
C13-epi-2-chloroacetamide of rearranged ivermectin 7h: 75 mg, 31 %
yield (over two steps). Isolated as a white amorphous solid, a single spot
by TLC. UV-active and strains green with PMA; 'H NMR (401 MHz,
CDCl3) 6 6.80-6.69 (m, 1H), 6.24-6.12 (m, 2H), 5.83 (dd, J = 14.5,11.2
Hz, 1H), 5.44 (dd, J = 14.8, 10.6 Hz, 1H), 5.38-5.31 (m, 2H), 4.98-4.89
(m, 1H), 4.55 (qd, J = 14.5, 2.9 Hz, 2H), 4.49-4.44 (m, 1H), 4.17-4.05
(m, 6H), 3.79-3.71 (m, 1H), 3.68-3.58 (m, 1H), 3.23-3.10 (m, 2H),
2.82-2.75 (m, 1H), 2.45-0.61 (m, 30H) ppm; °C NMR (101 MHz,
CDClg) 6 168.7, 165.5, 140.4, 138.7, 135.8, 135.4, 129.6, 127.0, 122.5,
117.7, 97.4, 82.6, 73.7, 71.7, 69.2, 68.0, 66.9, 58.3, 53.4, 42.9, 40.4,
38.4, 36.6, 35.8, 35.5, 34.7, 31.2, 29.7, 28.0, 27.4, 22.9, 18.8, 17.4,
15.5, 12.5, 11.9 ppm; HRMS (ESI") m/z: [M+Na]® Caled for
C36Hs2CINNaO§ 700.3223, 702.3194; Found 700.3244, 702.3289.
C13-epi-2-methoxyacetamide of rearranged ivermectin 7i: 55 mg, 23 %
yield (over two steps). Isolated as a white amorphous solid, a single spot
by TLC. UV-active and strains green with PMA; 'H NMR (401 MHz,
CDCls) 6 6.70 (d, J = 10.3 Hz, 1H), 6.20-6.11 (m, 2H), 5.80 (dd, J =
14.4,11.3 Hz, 1H), 5.44 (dd, J = 14.3, 10.7 Hz, 1H), 5.37-5.26 (m, 1H),
4.89 (dd, J = 10.5, 3.5 Hz, 1H), 4.76 (s, 1H), 4.60-4.46 (m, 3H), 4.10
(dd, J = 14.2, 2.4 Hz, 2H), 4.03-3.92 (m, 2H), 3.66-3.57 (m, 1H), 3.53
(s, 3H), 3.18 (d, J = 8.1 Hz, 1H), 2.75 (ddd, J = 10.4, 6.9, 3.8 Hz, 1H),
2.33-2.19 (m, 2H), 2.07-0.57 (m, 32H) ppm; °C NMR (101 MHz,
CDCl3) 6§ 169.3, 168.7, 140.0, 139.0, 136.2, 136.0, 129.5, 126.6, 122.6,
117.5, 97.4, 82.7, 78.1, 77.0, 73.5, 71.9, 71.6, 69.2, 68.0, 66.9, 59.2,
57.1, 40.4, 38.4, 36.5, 35.8, 35.4, 34.7, 31.2, 28.0, 27.4, 22.8, 18.9,
17.4, 15.5, 12.4, 11.9 ppm; HRMS (ESI") m/z: [M+Nalt Caled for
C37H55NNaO7y 696.3718; Found 696.3740.
C13-epi-adamantane-1-carboxamide of rearranged ivermectin 7j: 79
mg, 29 % yield (over two steps). Isolated as a white amorphous solid, a
single spot by TLC. UV-active and strains green with PMA; 'H NMR (400
MHz, CDCl3) 6§ 6.13 (s, 1H), 6.10-6.05 (m, 1H), 5.75 (dd, J = 14.5, 11.2
Hz, 1H), 5.65 (d, J = 9.7 Hz, 1H), 5.34 (dd, J = 14.5, 10.7 Hz, 1H),
5.30-5.22 (m, 1H), 4.77 (dd, J = 9.9, 4.6 Hz, 1H), 4.70 (s, 1H),
4.53-4.41 (m, 2H), 4.39 (d, J = 9.2 Hz, 1H), 4.09-3.99 (m, 1H), 3.52 (td,
J =9.8,4.9 Hz, 1H), 3.14 (dd, J = 9.0, 1.3 Hz, 1H), 2.72-2.65 (m, 1H),
2.33-0.47 (m, 50H) ppm; 'C NMR (101 MHz, CDCls) § 177.6, 168.7,
140.1,139.1,136.8,136.0,129.3,126.7, 122.4,117.0, 97.4, 82.6, 78.1,
76.5,71.6,69.1, 68.0, 66.9, 57.0, 41.1, 40.3, 39.5 (3C), 38.3, 36.5, 36.4
(30), 35.7, 35.3, 34.6, 31.2, 28.1 (3C), 28.03, 27.96, 27.2, 22.8, 18.8,
17.4, 15.4, 12.3, 12.1 ppm; HRMS (ESI") m/z: [M+Na]™ Caled for
C4sHesNNaOg 786.4552; Found 786.4571.
C13-epi-furan-2-carboxamide of rearranged ivermectin 7k: 65 mg, 26 %
yield (over two steps). Isolated as a white amorphous solid, a single spot
by TLC. UV-active and strains green with PMA; 'H NMR (400 MHz,
CDClg) 6 7.53-7.48 (m, 1H), 7.44-7.35 (m, 1H), 7.11-7.03 (m, 1H), 6.49
(dd, J = 3.5, 1.8 Hz, 1H), 6.46-6.39 (m, 1H), 6.16-6.05 (m, 2H), 5.79
(dd, J =14.5,11.2 Hz, 1H), 5.47 (dd, J = 14.5, 10.6 Hz, 1H), 5.30-5.20
(m, 1H), 4.93 (dd, J=9.7,5.2 Hz, 1H), 4.72 (s, 1H), 4.56 (d, J= 10.3 Hz,
1H), 4.48 (ddd, J = 22.2, 14.2, 2.3 Hz, 2H), 4.05 (dd, J = 9.2, 2.5 Hz,
2H), 3.59-3.50 (m, 1H), 3.12-3.05 (m, 1H), 2.80-2.72 (m, 1H),
2.38-0.49 (m, 33H) ppm; **C NMR (101 MHz, CDCl3) 5 168.7, 158.1,
147.6, 144.0, 140.0, 139.1, 136.2, 136.0, 129.4, 126.7, 122.6, 117.7,
114.7,112.3, 97 .4, 82.6, 78.1, 77.1, 73.5, 71.6, 69.2, 68.0, 66.9, 57.5,
40.4, 38.5, 36.5, 35.7, 35.4, 34.6, 31.2, 27.9, 27.4, 22.8, 18.9, 17.4,
15.5, 12.4, 11.8 ppm; HRMS (ESI™) m/z: [M+Na]™ Caled for
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C39H53NNaOfQ 718.3562; Found 718.3581.

4.9. General procedure for preparation of rearranged ivermectin and its
aglycone (analogs 8-9)

To a stirred solution of IVR or its aglycone 2 (1.0 equiv.) in anhy-
drous THF, tetra-n-butylammonium fluoride (TBAF) (3.0 equiv.) was
added and the reaction mixture was stirred at room temperature for 3
days. After this time, the organic solvent was evaporated under reduced
pressure. Purification on silica gel using the CombiFlash system (0 %—
100 % EtOAc/CHCl3) gave the pure products 8-9 as clear oils. After
twice evaporation to dryness with n-pentane, the oily products were
completely converted into white amorphous solids.

Rearranged ivermectin 8: 76 mg, 15 % yield. Isolated as a white
amorphous solid, a single spot by TLC. UV-active and strains green with
PMA; 'H NMR (401 MHz, CDCl3) 6 6.13 (q, J = 7.9 Hz, 2H), 5.85-5.58
(m, 2H), 5.41-5.26 (m, 2H), 4.90 (d, J = 10.0 Hz, 1H), 4.76 (d, J = 29.7
Hz, 2H), 4.49 (q, 2H), 4.06 (s, 2H), 3.89 (s, 1H), 3.84-3.58 (m, 5H),
3.51-3.31 (m, 11H), 3.17 (dt, J = 31.5, 9.0 Hz, 5H), 2.49-2.39 (m, 1H),
2.26 (dd, J = 38.3, 11.9 Hz, 5H), 1.96-0.50 (m, 33H) ppm; '3C NMR
(101 MHz, CDCl3) § 168.9, 138.7, 138.5, 138.4, 134.7, 129.5, 125.4,
123.1, 118.0, 98.4, 97.4, 94.7, 82.8, 81.8, 80.3, 79.3, 78.2, 78.0, 76.6,
75.9,73.2,71.6,69.2, 68.1, 67.10, 67.05, 56.5, 56.31, 56.25, 40.3, 39.6,
36.7, 35.7, 35.4, 34.4, 34.3, 34.1, 31.2, 28.0, 27.2, 22.6, 20.1, 18.3,
17.6,17.4,15.1, 12.4, 12.0 ppm; HRMS (ESI*) m/z: [M+Na]* Calcd for
C4gH74NaO75 913.4920; Found 913.4926.

Rearranged ivermectin aglycone 9: 70 mg, 17 % yield. Isolated as a
white amorphous solid, a single spot by TLC. UV-active and strains green
with PMA; 'H NMR (401 MHz, CDCl3) 6 6.16-6.07 (m, 2H), 5.78-5.63
(m, 2H), 5.32-5.22 (m, 2H), 4.93 (s, 1H), 4.57-4.44 (m, 2H), 4.07 (s,
2H), 3.96 (s, 1H), 3.69 (td, J = 11.6, 4.8 Hz, 1H), 3.17 (d, J = 8.0 Hz,
1H), 2.48 (p, J = 7.4 Hz, 1H), 2.34-2.18 (m, 2H), 2.05-0.54 (m, 33H)
ppm; 13C NMR (101 MHz, CDCl3) § 168.5, 138.5, 138.2, 137.5, 129.5,
125.5,123.3,117.1, 97.3, 82.8, 77.8, 77.0, 73.3, 71.6, 69.0, 68.1, 67.1,
40.4, 39.9, 36.6, 35.8, 35.5, 34.5, 31.2, 28.0, 27.4, 22.6, 19.1, 17.4,
14.5, 12.5, 11.7 ppm; two signals overlapped, HRMS (ESI") m/z:
[M+Na]™* Caled for C34Hs5oNaO§ 625.3347; Found 625.3366.

4.10. X-ray measurements

For X-ray diffraction, suitable crystals of 6a and 7a were grown by
slow evaporation of a saturated solution of the IVR derivatives in
acetone at room temperature. Single-crystal X-ray diffraction (scXRD)
data were collected using a four-circle Oxford-Diffraction SuperNova
and Xcalibur both equipped with an EOS-CCD detector. The X-ray ra-
diation source applied for the investigation of 6a single-crystals was
CuKa (A = 1.54184 A) while for 7a single-crystals AgKa (A = 0.56087 A)
radiation was used.

The collected data were processed and corrected for absorption with
CrysAlisPro 171.42.59. The structures were solved by direct methods
and refined by full-matrix least-squares on F*2 using the SHELXS and
SHELXL with OLEX2 software package [47-49]. Anisotropic displace-
ment factors were generally applied for non-hydrogen atoms. Hydrogen
atoms in 6a were placed at calculated positions and refined using a
riding model, while in 7a most of their positions (despite solvate
molecule and terminal methyl groups: C2B, C12a, C24A, and C28) were
derived from difference Fourier maps. The Uj, values of the hydrogen
atoms were constrained to 1.2 times the U, for carbon atoms and 1.5 for
other carrier atoms. The MASK procedure was implemented in 6a using
OLEX2 program to remove the residual electron density located inside
void volumes, resulting from the presence of disordered solvent mole-
cules (presumably water molecules). Structural drawings were prepared
using the program Mercury CSD 4.0 [50]. Atom numbers were adapted
from Ref. [43].

The description of hydrogen bonds can be found in the Supplemen-
tary material. The H-bond patterns in molecules 6a and 7a are also
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shown in the Supplementary material (Figure S50). The final crystal
data are in Table S1 (Supplementary material) and have been deposited
in the Cambridge Structural Database as supplementary publications
CCDS 2294517 (compound 6a) and 2294516 (compound 7a). Copies of
this information can be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK; E-mail: deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk.

4.11. In vitro biological studies

4.11.1. Trypanocidal and cytotoxic assays

Trypanosoma brucei brucei bloodstream form 221a [51] and human
promyelocytic leukemia HL-60 cells [52] were employed for the deter-
mination of the trypanocidal and cytotoxic activity of test compounds.
Cells were seeded at densities of 1 x 10~% mL ™! (T. b. brucei) and 5 x
10~* mL! (HL-60) in the presence of various concentrations of test
compounds (tenfold dilutions from 100 pM to 1 nM) and 0.9 % DMSO in
200 pL of Baltz medium [53] supplemented with 16.7 % bovine serum in
96-well plates. Controls were incubated in the bovine
serum-supplemented medium containing only 0.9 % DMSO. The cul-
tures were incubated at 37 °C in a humidified atmosphere containing 5
% COg. After 24 h, 20 pL of a 0.5 mM resazurin solution in PBS was
added and the incubation was continued for another 48 h. Then, the
absorbance of the cultures was read on a BioTek ELx808 microplate
reader using a test wavelength of 570 nm and a reference wavelength of
630 nm. The 50 % growth inhibition (GIsg) values (the concentration of
a compound required to reduce the growth rate of cells by 50 %
compared to the control) were calculated by linear interpolation ac-
cording to the method described by Huber and Koella [54].

4.11.2. Hepatic stage antiplasmodial activity

The antiplasmodial activity of test compounds was assessed in vitro
with P. berghei-infected human hepatoma cells (Huh7 cells), as previ-
ously described [27,28]. Briefly, Huh7 cells were cultured in Roswell
Park Memorial Institute (RPMI)-1640 medium supplemented with 10 %
(v/v) fetal calf serum (FCS), 1 % v/v penicillin/streptomycin, 1 % v/v
glutamine, 1 % v/v non-essential amino acids and 10 mM HEPES, pH 7,
and incubated at 37 °C and 5 % CO». Cells were seeded at 1 x 10* cells
per well in a 96-well plate and incubated until the following day.
Compound stock solutions were prepared at 10 mM in DMSO and seri-
ally diluted in medium (supplemented with 50 ug mL ™! gentamicin and
0.8 ug mL~! amphotericin B) to achieve the desired test concentrations.
As a control, DMSO was diluted in the same medium to mimic the
highest percentage of the drug vehicle employed in the assay. One hour
prior to infection, the culture medium was replaced by the compound
solutions, and the cells were incubated as described above.
Luciferase-expressing P. berghei sporozoites (PbGFP-Luccon [55]), ob-
tained from salivary glands dissected from infected female Anopheles
stephensi mosquitoes, were added to the cells at a 1:1 ratio, and the plates
were centrifuged at 1800xg for 5 min at room temperature. At 46 h
post-infection (hpi), the cell confluency was assessed by the AlamarBlue
assay (Invitrogen, UK), according to the manufacturer’s instructions.
Finally, at 48 hpi, the parasite load was assessed in a bioluminescence
assay (Firefly Luciferase Assay kit 2.0, Biotium, USA), according to the
manufacturer’s instructions. Nonlinear regression analysis was
employed to fit the normalized results of the dose-response curves, and
the half-maximal inhibitory concentration (ICsp) values were deter-
mined using GraphPad Prism 8.0 (GraphPad software, La Jolla Califor-
nia USA).
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