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Abstract

The treacherous nature of tuberculosis (TB) combined with the ubiquitous presence of the drug-
resistant (DR) forms pose this disease as a growing public health menace. Therefore, it is
imperative to develop new chemotherapeutic agents with a novel mechanism of action to
circumvent the cross-resistance problems. The unique architecture of the Mycobacterium
tuberculosis (M. tb) outer envelope plays a predominant role in its pathogenesis, contributing to its
intrinsic resistance against available therapeutic agents. The mycobacterial membrane protein
large 3 (MmpL3), which is a key player in forging the M. tbrigid cell wall, represents an emerging
target for TB drug development. Several indole-2-carboxamides were previously identified in our
group as potent anti-TB agents that act as inhibitor of MmpL3 transporter protein. Despite their
highly potent in vitro activities, the lingering Achilles heel of these indoleamides can be ascribed
to their high lipophilicity as well as low water solubility. In this study, we report our attempt to
improve the aqueous solubility of these indole-2-carboxamides while maintaining an adequate
lipophilicity to allow effective M. tb cell wall penetration. A more polar adamantanol moiety was
incorporated into the framework of several indole-2-carboxamides, whereupon the corresponding
analogues were tested for their anti-TB activity against drug-sensitive (DS) M. tb H37Rv strain.
Three adamantanol derivatives 8i, 8j and 8l showed nearly 2- and 4-fold higher activity (MIC =
1.32 — 2.89 pM) than ethambutol (MIC = 4.89 uM). Remarkably, the most potent adamantanol
analogue 8j demonstrated high selectivity towards DS and DR M. b strains over mammalian cells
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[ICsq (Vero cells) = 169 uM], evincing its lack of cytotoxicity. The top eight active compounds 8b,
8d, 8f, 8i, 8j, 8k, 8l and 10a retained their in vitro potency against DR M. b strains and were
docked into the MmpL.3 active site. The most potent adamantanol/adamantane-based indoleamides
8j/8k displayed a two-fold surge in potency against extensively DR (XDR) M. tb strains with MIC
values of 0.66 and 0.012 pM, respectively. The adamantanol-containing indole-2-carboxamides
exhibited improved water solubility both /n silico and experimentally, relative to the adamantane
counterparts. Overall, the observed antimycobacterial and physicochemical profiles support the
notion that adamantanol moiety is a suitable replacement to the adamantane scaffold within the
series of indole-2-carboxamide-based MmpL3 inhibitors.
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1. Introduction

Tuberculosis (TB) is a life-threatening insidious disease that has afflicted humanity for
millennia, taking a heavy toll on human life and health [1]. Mycobacterium tuberculosis (M.
1h), the etiologic agent of TB, is a highly communicable airborne pathogen. It mainly affects
the lungs and is capable of hijacking the host immune system, often persisting for years
without causing any symptoms (termed latent TB) [2-6]. The status of bacteria switches
from being dormant to active mode, when the host immune system becomes compromised,
allowing the bacteria to invade the host and causing the disease to be symptomatic and
contagious [7-9]. Globally, in 2018, TB was contracted by 10 million people; an infection
rate that remained steady for the past few years, and claimed the lives of an estimated 1.5
million people, including around 0.25 million in the HIV-positive cohort [10]. The World
Health Organisation (WHO) also declared that one quarter of the human population are
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latently infected with TB [10]. This relentless burden places TB as the number one
infectious disease killer (outranking HIVV/AIDS) and one of the top 10 causes of death
worldwide [10]. Due to the complexity and heterogeneity of the M. b infection, the
treatment protocol is protracted and burdensome [11, 12]. The directly observed TB
treatment, short course (TB-DOTS) comprises an initial 2-months intensive therapy with a
cocktail of the first-line drugs: isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA) and
ethambutol (EMB), followed by a 4-months continuation phase with INH and RIF [10, 13].
Poor patient compliance to this multi-drug regimen (due to side effects, high pill count and
lengthy duration of therapy) together with HIV co-epidemic have fuelled the emergence of
drug-resistant TB (DR-TB) [12]. Hence, new labels were assigned to the disease, namely
multi-, extensively and totally drug-resistant TB (MDR-, XDR-, TDR-TB, respectively),
perpetuating TB as a global health threat [14—20]. Besides the increasing prevalence of these
refractory strains, the TB resistance crisis is further exacerbated by the limited drug options
thereof which require administration for a longer duration (up to 2 years) and are less
efficacious, more expensive and cytotoxic compared to the front-line regimen [10, 21].
Accordingly, there is an urgent need to identify novel anti-TB agents directed against new
cellular targets, different from the ones targeted by the current anti-TB drugs, in order for
them to be effective against drug-sensitive TB (DS-TB) and DR-TB.

Genetic and lipid profiling studies identified a membrane transporter, the mycobacterial
membrane protein large 3 (MmpL3) as a promising antimycobacterial target [22-25].
MmpL3 plays an important role in the heme uptake into the bacterial cell. More importantly,
it is responsible for the translocation of mycolic acids (MAs) precursors, trehalose
monomycolates (TMMs), across the plasma membrane [26—-30]. MAs are the major lipid
components of the mycobacterial outer membrane, which are responsible for its
hydrophobicity and impermeability to a range of therapeutic agents [31-33]. We previously
detailed the MAs biosynthetic machinery and their assembly into the mycobacterial cell
envelope [34]. Not only is this intricate protective lipid coating impervious to exogenous
substances, including many antibiotics, it also insulates the mycobacteria against the host’s
immune system, accentuating its importance in the mycobacterial growth and survival in
host [35-37]. Conditional depletion of MmpL3 in Mycobacterium smegmatis (M.
smegmatis) led to the loss of cell wall mycolation concomitant with intracellular
accumulation of TMM, verifying the role of MmpL3 in shuttling TMM across the
cytoplasmic membrane [24, 26, 38]. A downregulation of mmpL 3 expression was in fact
followed by an abrogation in cell division and rapid cell death [39, 40]. Several MmpL3
inhibitors with varied chemical entities have been reported to date by various high
throughput screening (HTS) campaigns, further validating MmpL3 as a viable target for
anti-TB drugs. Five structurally distinct analogues, including the indole-2-carboxamides and
adamantyl ureas, were recently found to directly inhibit MmpL3 [41-43]. NITD-304 (1,
Figure 1) was previously identified as a preclinical agent for treating MDR-TB [23]. In our
previous work, the lead indoleamide 2 and ICA38 3 were also highlighted as highly potent
anti-TB agents [44, 45]. Unfortunately, both compounds were found to be inactive in vivo,
likely due to their poor bioavailability [44, 45].
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Very recently, the crystal structure of MmpL3 in M. smegmatis was disclosed, serving as an
excellent paradigm for the M. b counterpart due to the high homology between these two
mycobacteria [25]. The MmpL3 binding site therein is divided into five subsites (S1-S5)
with S4 being the only hydrophilic one. Upon binding, both the indole-2-carboxamides and
adamantyl ureas occupy the S3-S5 subsites in the proton-translocation channel, elaborating a
common inhibitory mechanism (Figure 2) [25]. These findings were in harmony with the
homology model previously constructed by our group [45]. These compounds were found to
be likely disrupting the key components of the S4 subsite (the two Asp-Tyr pairs) implicated
in the proton relay, thereby blocking the proton motive force (PMF) for substrate
translocation. Indeed, this was further substantiated by another study that employed in vitro
and whole-cell-based approaches where they found that the adamantyl urea AU1235 4
dissipates the PMF in M. tb from which the MmpL3 transporter derives its energy (indirect
mechanism) [42]. Nevertheless, the same group provided evidence that the indole-2-
carboxamide derivatives, NITD-304 1 and its analogous difluoro compound NITD-349, in
addition to AU1235 4, are able to inhibit MmpL3 via a direct mechanism and that whether
or not dissipation of PMF is observed, can be regarded as an additional quality that
potentiates the overall activity [42].

The valuable insights brought forth by this crystal structure prompted us to reinvigorate our
efforts to develop new anti-TB agents that could be endowed with better lead-like properties
than the current lead candidates. Therefore, herein, we describe the design, synthesis, and in
vitro biological evaluation of adamantane and adamantanol analogues tethered to the
framework of various indole-2-caboxamides, phenylureas and benzimidazoles, aspiring to
improve water solubility while retaining potent antitubercular activity. All final compounds
were screened in vitro against DS M. tb H37Rv strain. The top potent compounds in our
study were further evaluated against two nontuberculous mycobacterial (NTM) strains as
well as one DS and four DR M. b strains. In parallel, we tested their cytotoxicity in Vero
cells and assessed their drug-likeness in silico to predict their oral bioavailability. We also
measured the kinetic water solubility for two pairs of analogues 8b/8c and 8k/8l, as
representatives of the adamantane/adamantanol counterparts. Molecular docking analysis
was also performed on the top active compounds using the MmpL3 crystal structure.

2. Design

Lipophilicity is an important parameter in the design of novel anti-TB analogues to ensure
their permeation through the capsular lipids of M. tb. Unfortunately, high lipophilicity can
also be detrimental especially when accompanied with low water solubility and
subsequently poor bioavailability. For instance, the bioavailability of the highly lipophilic
lead indole-2-carboxamide derivatives 2 and 3 (ClogP = 5.67 and 5.89, respectively) was
associated with low water solubility [45]. Their limited aqueous solubility stems from the
high lipophilicity of the indole and carbocyclic rings, fulfilling the requisite requirements for
the hydrophobic binding pockets of MmpL3 (S3 and S5). Although compounds with high
lipophilicity may have improved cellular permeability through the lipid rich mycobacterial
cell wall, they need to be sufficiently water soluble at the site of absorption (the aqueous
gastrointestinal fluids) in order to traverse through membranes. In other words, both water
solubility and lipophilicity are intertwined limiting factors that are crucial for achieving the
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desired bioavailability and cellular diffusion. In light of these data, the general strategy for
the chemical modifications in the present work is mainly aimed at improving the drug-like
physicochemical properties of the indole-2-carboxamides by enhancing the water solubility
while retaining sufficient lipophilicity to elicit high anti-TB activity. This was attained by
integrating water solubilising groups as outlined below.

First, in an unprecedented approach, we appended a 3-adamantanol moiety to the indole-2-
carboxamides. We reasoned that the insertion of a polar functional substituent (OH group)
on the adamantane moiety could be tolerated in terms of steric hindrance while potentially
providing the new compounds with improved water solubility. The anti-TB activities of the
new 3-hydroxyadamantane analogues were compared to the previously reported and current
study’s novel bare adamantane counterparts (8a-1). It is worth noting that adamantane is a
privileged scaffold in medicinal chemistry that is considered a “lipophilic bullet”,
functioning as an add-on used in the modification of known pharmacophores to provide the
needed lipophilicity and enhance the stability of the drugs [46]. On the other hand,
adamantyl ureas 4 and 5 were also identified as potent anti-TB compounds (Figure 1) [43].
As the adamantyl urea AU1235 4 was proven to target MmpL3 [25, 26, 42], we scrutinised
the activity of two novel 3,5-dichlorophenyl urea analogues bearing an adamantane moiety
10a,b. Similar to the indolecarboxamides, we also assessed the influence of introducing a
polar OH group on the adamantane moiety in the urea derivative 10b in comparison to the
plain adamantane analogue counterpart 10a.

Additionally, benzimidazole urea analogue 12 was prepared to explore the activity of the
benzimidazole scaffold (containing an extra ionisable nitrogen) as a replacement to the
phenyl core in the adamantyl ureas. It is noteworthy that benzimidazole derivative 6 (Figure
1) was previously reported to inhibit MmpL3, exhibiting an 1Cqq value of 16 uM against M.
th H37Rv strain [47]. Besides lowering the lipophilicity, we explored whether the extra NH
spacer in the urea analogue 12 would lead to an improved binding with the hydrophilic
residues in the S4 subsite, similar to AU1235, thereby exhibiting an enhanced biological
activity. We also investigated the activity of the benzimidazole nucleus as a bioisosteric
replacement to the indole core to improve the water solubility. Towards this, two
benzimidazole amides 13a,b were synthesised and evaluated for their anti-TB activity.

3. Chemistry

The synthetic routes for the preparation of target compounds 8a-1, 10a,b, 12 and 13a,b are
delineated in Scheme 1 and 2. The synthesis of the indole-2-carboxamide derivatives 8a-I
was accomplished in a one-step amide coupling reaction in which commercially available
indole-2-carboxylic acids 7a-h were coupled with 1-adamantylamine or 3-amino-1-
adamantanol (Scheme 1) following either amide coupling conditions A or B. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCI), hydroxybenzotriazole
hydrate (HOBt) and N, A-diisopropylethylamine (DIPEA) were the coupling reagents used
to get most of our carboxamide analogues (Method A). Alternatively, we also treated
carboxylic acid derivatives 7b and 7d with oxalyl chloride to generate the acid chloride
which was subsequently reacted in situ with 1-adamantylamine in the presence of
triethylamine to provide the final amides 8b and 8f (Method B). To afford the urea analogues
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10a,b, a one pot reaction was carried out in which imidazocarbonylation of 3,5-
dichloroaniline (9) was initially conducted under anhydrous conditions at an elevated
temperature. The 1,1”-carbonyldiimidazole (CDI)-mediated amidation protocol is a
modified approach from the one described by Padiya and co-workers [48]. The resulting
carbonylimidazolides were subsequently subjected to a nucleophilic substitution reaction
with the corresponding 1-adamantylamine or 3-amino-1-adamantanol in situ to provide the
asymmetrical urea analogues 10a,b, respectively (Scheme 2). Padiya et a/ used water as a
solvent and reported that under their conditions neither aromatic amines with a deactivated
ring (due to their low nucleophilicity) nor adamantylamine reacted with CDI to yield any
product. Hence, we employed more extreme conditions (i.e. heated at 90 °C) and anhydrous
dimethylformamide (DMF) as a solvent to render the desired ureas with poor to moderate
yields (20-48%).

On the other hand, analogous to 10a,b, the benzimidazole urea derivative 12 was obtained
by treating 2-aminobenzimidazole 11 and 1-adamantylamine with CDI as a crosslinking
agent (Scheme 2). Finally, 2-aminobenzimidazole was subjected to amide coupling
conditions C [EDC.HCI and 4-dimethylaminopyridine (DMAP)] with 1-
adamantanecarboxylic acid and 1-adamantaneacetic acid to deliver the requisite amides
13a,b, respectively.

4. Results and discussion

4.1. Biological Evaluation (DS M. tb H37Rv) and SAR Analysis

The synthesised seventeen compounds 8a-I, 10a,b, 12 and 13a,b were screened in vitro
against M. tb H37Rv strain. The obtained activities, determined as the minimum inhibitory
concentration of the drug (MIC) inhibiting the growth of M. tb by at least 90% using the
microplate alamarBlue assay (MABA), are summarised in Table 1. The first round of
investigation, intended for increasing the polarity and accordingly the water solubility,
entailed tethering a 3-hydroxyadamantane moiety to several indole-2-carboxamides and
examining their anti-TB activities between the adamantane/adamantanol analogues. The
unsubstituted indole-2-carboxamide attached to 3-adamantanol moiety 8a showed a drastic
drop in activity (MIC = 51.5 uM) compared to the previously reported adamantane analogue
counterpart (MIC = 0.68 pM [49]). However, the 4-methoxyindole derivative 8b possessing
an unsubstituted adamantane moiety exhibited an excellent anti-TB activity (MIC = 0.096
uM). Compound 8b is approximately 3-fold more active than the standard first line anti-TB
drug INH (MIC = 0.29 uM). In contrast, its hydroxy adamantane analogue 8c showed a
modest anti-TB activity (MIC = 11.7 uM). Shifting the methoxy group to position 5 of the
indole ring 8d led to an approximately 8-fold loss of activity (MIC = 0.77 uM) compared to
compound 8b (MIC = 0.096 uM). Again, the less lipophilic 3-adamantanol analogue 8e
(MIC =47.0 uM, ClogP = 2.73) was nearly 61-fold less active than the adamantane
counterpart 8d (MIC = 0.77 uM, ClogP = 4.12). Similar to compounds pair 8d/8e, the 5-
methylindole derivative containing an adamantanol moiety 8g displayed a dramatic
attenuation of activity compared to compound 8f (MIC = 24.7 and 0.20 uM, respectively).
Of particular note, compound 8f is approximately 1.5- and 4-fold more potent than INH and
8d, respectively. This signifies that methyl substituents are generally more favourable than
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the more polar methoxy groups due to their enhanced lipophilicity (8d: ClogP = 4.12, 8f:
ClogP = 4.60). However, the nearly 8- and 2-fold increase in activity manifested in the 4-
methoxyindole analogue 8b compared to the 5-methoxyindole 8d and 5-methylindole 8f
counterparts, respectively, epitomises the consequential role of the substitution pattern in the
indole ring on the activity. The 5-chloroindole derivative 8h bearing a 3-adamantanol moiety
was bereft of anti-TB activity (MIC > 93 uM), as opposed to the previously observed high
potency of the A-adamantane-5-chloroindole analogue (MIC = 0.38 uM [44]). This is a
noteworthy result because the lipophilicity of compound 8h (ClogP = 3.53) is more than that
of the above-mentioned adamantanols 8a, 8c, 8e and 8g, yet 8h displayed lower potency
than the foregoing analogues. Intriguingly, compound 8i, a 6-bromoindole carrying a 3-
adamantanol moiety, was approximately 2-fold more active than the first line anti-TB drug
EMB (MIC = 2.57, 4.89 uM, respectively). Despite the gap in the activity between 8i and its
previously reported adamantane counterpart (MIC = 0.042 uM [45, 50]), the satisfactory
activity of 8i establishes it as a promising anti-TB compound. In this case, 8i still retained a
decent anti-TB activity while being significantly less lipophilic than its adamantane
analogue (ClogP = 3.68 and 5.07, respectively). Next, we explored the effect of
disubstitution with chloro and fluoro groups on the indole ring. Indoleamides bearing the
4,6-dihalogen groups, for instance compounds 2 and 3, were previously deemed more
advantageous than the 4,6-dimethyl counterpart as the methyl groups presented metabolic
liability (prone to metabolic oxidation) [45]. In this regard, the dihalogen groups circumvent
this metabolism issue while equipping the indole ring with similar lipophilicity. It was
pleasing to find that the dichloro analogue 8j (MIC = 1.32 uM) bearing an adamantanol
moiety is about 4- and 2-fold more active than EMB and compound 8i, respectively.
Importantly, the dichloroindole 8j, which is the most lipophilic derivative in the AV/(3-
hydroxyadamantane)indole-2-carboxamide series (ClogP = 4.27), proved to be the most
active compound in this set of adamantanol derivatives. These findings in turn clearly reflect
the positive correlation between lipophilicity and anti-TB activity. A similar trend in activity
was observed for compounds 8k and 8l with 4,6-difluoro substitution on the indole ring. The
bare adamantane analogue of the 4,6-difluoroindole 8k (MIC = 0.024 uM) was the most
active compound in our study, displaying more potency than the adamantanol counterpart 8l
(MIC = 2.89 uM). It is important to note, however, that the activity of the adamantanol
analogue 8l is still high, possessing nearly a 2-fold improvement in activity compared to
EMB and about a 2-fold inferior activity compared to 8j. Interestingly, compound 8l is less
lipophilic than 8i (ClogP = 3.13, 3.68, respectively) and yet both molecules displayed
comparable potencies with MIC values of 2.89 and 2.57 UM, respectively. In addition, while
compound 8k showed a 2-fold decrease in activity when compared to the previously
reported dichloroindole counterpart (MIC = 0.011 uM [45]), its lipophilicity was more
optimal than the 4,6-dichloroindole analogue (ClogP = 4.53 and 5.67, respectively). Thus
far, these findings support the notion that the anti-TB activity is lipophilicity-driven in these
indole-2-carboxamides. A polar hydroxy group placed at the adamantane moiety impacted
the MIC values, but substituting the indole ring at position 4 and/or 6 appeared to salvage
the anti-TB activity, in agreement with our previous findings on the indole-2-carboxamides
[45].
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In line with the activity and framework of the dichloroindole derivative 8j, we were
interested in evaluating the 3,5-dichlorophenyl urea derivative bearing either adamantane
10a or adamantanol 10b. Our attention was drawn to the adamanty!l urea skeleton because
they are well-known MmpL3 inhibitors with potent anti-TB activity, wherein the
halogenated derivative AU1235 (4) stands out as an exemplar of this class [25, 42, 43, 51].
The 3,5-dichloro analogue 10a exhibited potent anti-TB activity (MIC = 1.47 uM) which is
approximately 3-fold more than EMB and around 5-fold less than AU1235. It is worth
mentioning that AU1235 was initially reported to have an MIC value of 0.03 pM and in the
subsequent reports of the same group they identified its MIC to be 0.3 uM [26, 43, 52].
Indeed, in our previous evaluation of AU1235, the observed MIC was 0.096 — 0.19 uM [22].
Although compound 10a was less active than the N-(2-adamantyl)urea analogue AU1235, it
exhibited similar activity to the more homologous A-(1-adamantyl)urea analogue 5 (MIC =
1.23 uM [43]). The discrepancies in the activities of compound 10a and 5 in comparison to
AU1235 is ostensibly correlated to the preference for the 2-adamantyl urea scaffold over the
1-adamantyl counterpart. This was further supported by the fact that despite the higher
lipophilicity of compound 10a compared to AU1235 (ClogP = 5.59 and 5.08, respectively),
10a was less potent than AU1235. Unfortunately, the adamantanol counterpart 10b was
devoid of anti-TB activity (MIC > 90 uM), featuring once again the apparent impact of
lipophilicity on activity (ClogP = 5.59 and 4.15 corresponding to compounds 10a and 10b,
respectively).

On the other hand, replacing the phenyl core in the urea analogue 10a with a benzimidazole
nucleus (entailing an ionisable nitrogen) yielded the urea derivative 12 (MIC = 25.8 uM)
which showed more activity than 10b, despite their similar lipophilicity (ClogP = 4.15).
Additionally, our group previously reported some benzimidazole-2-carboxamides as potent
anti-TB compounds [44]. Therefore, in consonance with our endeavour to achieve more
water-soluble compounds, we further examined the benzimidazole scaffold as a replacement
to the indole core. We were particularly interested in probing the influence of reversing the
amide linker in the benzimidazoleamide derivatives. The reversed amide compound 13a
showed moderate activity with a MIC value of 13.5 uM which is 2-fold higher than that of
compound 12. This activity was significantly lower than the evaluated A-adamantyl
benzimidazole-2-carboxamide derivatives in our previous study (MIC =0.39 and 1.5 uM
[44]), suggesting that reversing the amide linker in this framework is unfavourable.
Nevertheless, 13a was more potent than the most active benzimidazole derivative 6 in
Stanley et a/study (MIC = 16 uM [47]). Finally, the influence of extending the length
between the benzimidazole nucleus and the adamantane ring was further scrutinised. In this
respect, a methylene spacer was inserted between the carboxamide linker and the
adamantane moiety, yielding the highly lipophilic compound 13b (ClogP = 5.73), which
surprisingly showed a large loss of activity (MIC > 103 pM) compared to 13a. This finding
is discrepant with our previous results on the indole-2-carboxamides, in which the addition
of a methylene spacer next to the cycloaliphatic ring was tolerated [44]. These data suggest
that lipophilicity seems to not be the main factor driving the anti-TB potency in these
benzimidazoles.
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Based on their satisfactory results in vitro against the wild-type M. tb H37Ruv strain, the
most promising eight compounds, namely 8b, 8d, 8f, 8i, 8], 8k, 8l and 10a were selected for
further in vitro studies against two NTM strains and a panel of clinical isolates of M. tb
(Table 2). Ciprofloxacin (CPF), one of the second-line anti-TB drugs (used in the treatment
of MDR-TB), was simultaneously evaluated against the same mycobacterial strains, serving
as a positive control. Interestingly, A~adamantyl-4-methoxyindole-2-carboxamide (8b)
exhibited a decent activity against Mycobacterium abscessus (M. abs) which is 2-fold higher
than that of CPF (MIC = 12.3 and 24.1, respectively). However, compound 8b was devoid of
activity against Mycobacterium avium (M. avium) in comparison to CPF (MIC > 197 and
0.75 uM, respectively). Conversely, the adamanty! urea derivative 10a exhibited more
potency against M. aviumthan M. abs (MIC = 47.2 and > 189 uM, respectively).
Meanwhile, the rest of the compounds were bereft of activity in the M. absand M. avium
assays (MIC > 164 uM), suggesting the selective activity of these compounds against M. zb.
On the other hand, pleasingly, all eight compounds retained their high activity against a
panel of DS and DR M. tbstrains, originally procured from pulmonary TB patients. The M.
th clinical isolates comprise one DS (V4207), two MDR (V2475, KZN494), and two XDR
(R506, TF274) strains. Three derivatives 8b, 8f, and 8k were more potent than CPF when
tested against DS M. th H37Rv and V4207 strains (CPF MIC = 0.75 pM) and the preceding
MDR M. thisolates, whilst the activity of compound 8d against these strains was
comparable to CPF. Notably, the most active adamantanol and adamantane-based
indoleamides 8] and 8k fortuitously displayed a 2-fold increase in activity against the
forenamed XDR M. th strains (MIC = 0.66 and 0.012 pM, respectively). In fact, all eight
compounds showed significantly higher activities against XDR-strains compared to CPF.
The remarkable potencies of these compounds spotlight not only their potential to treat DS-
and DR-TB, but also the prospective lack of cross resistance between these derivatives and
the currently used medications. We also further evaluated the toxicity of the top potent
compounds against Vero cells, expressed as ICgq values, and their selectivity index (SI) were
subsequently calculated. All compounds, except for 10a, exhibited high SI values,
demonstrating the potential lack of cytotoxicity of these analogues against mammalian cells
(Table 2). In particular, compound 8j (IC5q = 169 UM), the most active compound in the 3-
adamantanol set of derivatives, displayed higher 1Cgq value than the other two analogous
compounds 8i and 8l in the same series (ICsg = 82.2 and 92.4 uM, respectively). Similar to
8j, the tested A-(1-adamantyl)-indole-2-carboxamides exhibited high selectivity against DS
and DR M. th strains over mammalian cells (1C5g = 194 uM, Sl = 256). Meanwhile, the urea
analogue 10a showed some toxicity against Vero cells with ICgy of 5.9 pM (SI = 4.0). This
result was in fact counterintuitive due to the previously reported limited cytotoxicity of the
analogous adamantyl urea AU1235 4 and compound 5 (ICgg = 675 and 2238 uM,
respectively [43]).

4.3. Molecular Docking

Considering that MmpL3 is most likely the target of our compounds, a molecular modelling
study was performed on the most active derivatives (MIC < 3 uM) to gain some perspectives

Bioorg Chem. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alsayed et al.

Page 10

on their binding mechanism within the active site of this membrane transporter (PDB ID:
6AJJ). Initially, reference ligands ICA38 3 and AU1235 4 were redocked into the MmpL3
binding pocket to validate the docking protocol, using MOE 2008.10 modelling software
(Molecular Operating Environment), as published previously [53, 54]. The bulky S3 and S5
hydrophobic subsites harboured the 4,6-dichloroindole/trifluorophenyl scaffolds and the
spirocarbocyclic/adamantane groups, respectively, with regard to ligands 3/4, forming
extensive set of hydrophobic contacts with the surrounding residues (Figure 2). The amide
and urea linkers, meanwhile, were positioned in the S4 hydrophilic subsite, whereupon the
amide NH of the spirocyclic ligand ICA38 formed only one hydrogen bond with Asp645,
whereas two hydrogen bonds connected Asp645 and the NH groups of the urea motif in
AU1235, in accordance with Zhang et a/ crystal structure report [25]. Notably, Asp645 is an
integral piece of the two Asp-Tyr pairs, the key elements of the S4 subsite, implicated in
proton relay. Upon binding, ICA38 and AU1235 were found to inhibit MmpL3 by
occupying S3-S5 subsites in the proton translocation channel, disrupting the two Asp-Tyr
pairs, wherefore they dissipate the PMF for substrate transport [25]. The binding mode of
lead compound 2 in the MmpL3 receptor was similar to ICA38 and AU1235 [54].

Next, the most active compounds in our study 8b, 8d, 8f, 8i, 8j, 8k, 8l and 10a were docked
into the MmpL3 active site. London dG scoring was used to rank the generated poses after
the forcefield refinement stage, in which lower scores designate more favourable ligand
configurations. As expected, all eight compounds were oriented inside the MmpL3 binding
pocket in a manner resembling that of ICA38 and AU1235, whereby they all showed high
binding affinities (docking score —=12.5 — —13.6 -kcal/mol). The docking poses of the
indole-2-carboxamides, showing the lowest binding energy (most favourable poses), retained
the main interactions discerned in ICA38. In the S4 hydrophilic subsite, in addition to the
hydrogen bond formed between the amide NH and Asp645 (distance = 2.37 - 2.43 A),
another one took place between Asp645 and the indole NH in the adamantane and
adamantanol-based indoleamide analogues (distance = 2.64 — 2.77 A), similar to lead
compound 2. Meanwhile, the indole ring and the adamantane/adamantanol moiety were
embedded in the S3 and S5 hydrophobic subsites, respectively. The binding fashion and
overlapping of compounds 8j and 8k with ICA38 are illustrated in Figure 3, respectively,
exemplifying the 3-adamantanol and adamantane series, respectively. Compound 10a
adopted nearly a superimposed orientation with both ICA38 and AU1235 4 as depicted in
Figure 4. Akin to AU1235 4, the dichlorophenyl group and adamantane moiety of 10a were
lodged in the S3 and S5 hydrophobic subsites, respectively, whilst the urea linker occupied
the S4 hydrophilic subsite forming two hydrogen bonds with Asp645 (distance = 2.61 and
2.36 A). The binding mode and superimposed orientation between the most active
compounds in the current study and MmpL3 inhibitors ICA38 and AU1235 suggest that our
analogues presumably inhibit the same target, likely by disrupting the two Asp-Tyr pairs
involved in the proton relay. The results from another study also favoured a direct
mechanism of MmpL3 inhibition by the indole-2-carboxamides and adamanty! ureas [42].

4.4, In silico ADME Profiling

The physicochemical properties of adamantane/adamantanol-based derivatives 8a-l and
10a,b as well as lead compounds 2 and 4 were predicted using ACD/Labs Percepta 2016

Bioorg Chem. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alsayed et al.

Page 11

Build 2911 (13 Jul 2016) (Table 3). We particularly assessed the compliance of these
compounds with Lipinski’s rule of five (RO5) in order to evaluate their drug-likeness [55].
All compounds showed zero violation to the RO5, except for 10a and lead compound 2. The
one violation observed in lead compound 2, related to its high lipophilicity, may also explain
the lack of in vivo activity of this derivative. Importantly, the most active indoleamides 8b,
8d, 8f, 8i, 8j, 8k, and 8l conform to the RO5, suggesting the drug-like attributes of these
compounds, including their prospective in vivo drug absorption and permeation. In fact, all
the indoleamides derivatives evaluated in our study exhibited desirable lipophilicities [55]
(logP = 2.94 — 4.57). In general, ClogP values obtained from Chemdraw resembled those
from ACD/Labs Percepta. Indeed, all the adamantanol-derived compounds in our study were
predicted to have higher hydrophilicity/lower lipophilicity than their bare adamantane
counterparts. It is noteworthy that the lipophilicity of the most active compound in our study
8k (logP = 4.32) is significantly less than that of bedaquiline (logP > 7 [56]). In 2012,
bedaquiline was approved by the United States Food and Drug Administration (FDA),
representing the first anti-TB medication with a novel mechanism of action approved by the
FDA since 1971 [57]. Several adverse effects correlated with bedaquiline are likely ascribed
to its high lipophilicity, therefore it is provisionally recommended for people with
pulmonary MDR-TB when no other effective treatment regimen can be designed [56, 57].
Importantly, compound 8k (MIC = 0.012 — 0.024 uM) displayed higher potency than
bedaquiline (MIC = 0.11 uM [58]) against both DS- and DR-TB. On the other hand, the
Caco-2 permeability values of 8a-l and 10a,b fluctuated between 94 and 214 x 1078 cm/s,
therefore they all are expected to traverse the cell membrane. The plasma protein binding
(PPB) degree of the preceding compounds was also estimated to range from 87 to 98%,
suggesting their long plasma half-life (T1/2), low volume of distribution and low clearance.

4.5. Kinetic Water Solubility

Agueous solubility is a critical parameter for the absorption and oral bioavailability of
compounds, in which derivatives equipped with good water solubility are often better
qualified for clinical advancement. MmpL3 inhibitors are generally lipophilic due to the
hydrophobic nature of the binding site, thereby having an intrinsic poor aqueous solubility
which can hamper their drug-like properties as seen in Table 3. This interplay between water
solubility and lipophilicity govern the bioavailability of these inhibitors and their ability to
penetrate the hydrophobic cell wall of M. tbto elicit anti-TB activity. This was further
corroborated by the fact that despite the high activity of the previously evaluated NV-(1-
adamantyl)-4,6-dichloroindole-2-carboxamide 2 (MIC = 0.011 uM, logP > 5), it turned out
to be inactive in vivo due to its poor bioavailability and was not pursued for further studies
[45]. The kinetic water solubility assessment using high performance liquid chromatography
(HPLC), entailing the solution-precipitation technique using DMSO stock solutions is well
established in the literature [59]. Water solubility (mg/L) was measured using analytical
HPLC for the A-adamantanol-derived indoles 8c and 8l, serving as representatives of this
class, in addition to their bare adamantane counterparts 8b and 8Kk, respectively. The
adamantanol derivatives 8c and 81 showed a conspicuous improvement in water solubility in
comparison to their homologous more lipophilic adamantane analogues 8b and 8k. The A-
adamantanol-4-methoxy indole 8c was 6-fold more soluble than the corresponding
adamantane analogue 8b with aqueous solubility values of 30 and 5 mg/L, respectively.
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Likewise, the AM-adamantanol-4,6-difluoro indole 8l possessed a moderate water solubility
(19 mg/L) which is approximately 3-fold better than the respective adamantane derivative 8k
(7 mg/L). It is important to note that the ACD/Lab Percepta solubility values of the
adamantanol analogues 8c and 8l were predicted to be 40 and 60 mg/L, respectively,
compared to 20 mg/L for both adamantane counterparts 8b and 8k, amounting to 2- and 3-
fold increase in solubility in compounds pairs 8b/8c and 8k/8l, respectively. Hence, it seems
that the computationally estimated water solubility data of our analogues are in harmony
with the HPLC-based aqueous solubility experimental values.

5. Conclusions

A series of adamantane and adamantanol analogues were designed and synthesised geared
toward identifying potent anti-TB compounds possessing optimal lipophilicity and improved
water solubility. All the A-(1-adamantyl)indole-2-carboxamide analogues evaluated in this
study were highly potent (MIC = 0.024 — 0.77 pM) when tested against the M. tb H37Rv
strain. In case of the analogous 3-adamantanol counterparts, mixed results were obtained. In
general, indoles bearing an adamantane moiety were more potent than their corresponding 3-
adamantanol derivatives. However, three of these relatively polar adamantanol analogues 8i,
8j and 8l displayed promising activities (MIC = 1.32 — 2.89 uM), higher than the activity of
EMB (MIC = 4.89 uM). Evidently, substitutions at position 4 and/or 6, especially with
halogens, on the indole ring are optimal for activity. On the other hand, the adamantylurea
derivative 10a (MIC = 1.47 uM) exhibited higher potency than EMB, whereas its
adamantanol counterpart 10b was inactive. The benzimidazole derivatives 12 and 13a,b in
which the extra ionisable nitrogen is expected to confer higher aqueous solubility, showed
moderate or negligible activities. The excellent activities displayed by our eight most active
compounds 8b, 8d, 8f, 8i, 8j, 8k, 8l, and 10a were not duplicated against M. absand M.
avium. However, compound 8b still managed to elicit better activity against M. avium than
CPF. To our delight, all eight compounds maintained the same high activities against MDR
and XDR M. thstrains. In particular, 8j and 8k stood out as the most potent compounds in
the adamantanol and adamantane set of derivatives, respectively, in addition to exhibiting
high selectivity against the tested M. £ strains over mammalian cells, denoting their
potential lack of cytotoxicity. The top potent eight derivatives were also docked into the
MmpL3 active site, in which they were accommodated in the S3-S5 subsites, recapitulating
the binding modes and alignment of ICA38 and AU1235. Importantly, the enhanced kinetic
aqueous solubility of 8c and 8l, typifying the 3-adamantanol class, compared to the bare
more lipophilic adamantane counterparts 8b and 8k, respectively, is in agreement with the
predicted figures obtained /n silico. These findings foreground the N-(3-adamantanol)-
indole-2-carboxamides as good anti-TB candidates with improved water solubility while
maintaining potency against both DS and DR M. tb strains.

6. Experimental Section

6.1. Chemistry

General information—All indole-2-carboxylic acids, 1-adamantylamine, 3-amino-1-
adamantanol, 1-adamantaneacetic acid were purchased from Fluorochem, while 1-

Bioorg Chem. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alsayed et al.

Page 13

adamantanecarboxylic acid was purchased from Sigma-Aldrich. 2-Aminobenzimidazole and
3,5-dichloroaniline were obtained from AlfaAesar. 1H NMR and 13C NMR spectra were
recorded on a Bruker Avance 111 spectrometer at 400 and 100 MHz, respectively, with TMS
as an internal standard. Standard abbreviations indicating multiplicity were as follows: s =
singlet, d = doublet, dd = doublet of doublets, t = triplet, td = triplet of doublets, q =
quadruplet, m = multiplet and br = broad. HRMS experiments were done on a Thermo
Scientific Q-Exactive Orbitrap mass spectrometer. TLC was carried out on SiliCycle
SiliaPlate TLC plates (200 um, 20 x 20 cm). Flash chromatography was performed using a
Teledyne Isco CombiFlash Rf system with RediSep columns or manually using SiliCycle
SiliaFlash® P60 Silica Gels [40-63 pm (230-400 mesh)]. Final compounds were purified by
preparative HPLC unless otherwise stated. The preparative HPLC (Shimadzu) employed a
Phenomenex Luna® Omega 5 pum Polar C18 100A (150 x 21.2 mm) column, with detection
at 254 and 280 nm on a Shimadzu SPD-20A detector, flow rate = 25.0 mL/min. Method 1:
40-100% acetonitrile/Milli-Q water (CH3CN/H0) in 15 min; 100% CH3CN in 10 min;
100-40% CH3CN/H,0 in 10 min. Method 2: 60-100% CH3CN/H,0 in 10 min; 100%
CH3CN in 15 min; 100-60% CH3CN/H,0 in 10 min. Both solvents contained 0.05% of
trifluoroacetic acid (TFA). Purities of final compounds were established by analytical
HPLC, which was conducted using Waters HPLC system (1525 binary pump, 2487 dual
wavelength absorbance detector, and 717 plus autosampler) with a Phenomenex Luna® 5p
C18(2) 100 A (150 x 4.6 mm) column. Analytical HPLC method: flow rate = 1 mL/min;
gradient elution over 30 min. Gradient: 20-100% CH3CN/H0 in 10 min; 100% CH3CN in
10 min; 100-20% CH3CN/H,0 in 10 min. 0.05% of TFA was incorporated in both solvents.
The purity of all tested compounds was >95% as determined by the method described above.

6.1.1. General procedure for amide coupling (Method A): To a solution of the
appropriate carboxylic acid (1 mmol) in anhydrous dimethylformamide (DMF, 10 mL), 1-
ethyl-3-(3-(dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI, 1.2 mmol),
hydroxybenzotriazole hydrate (HOBt, 1.2 mmol) and the corresponding amine (1.2 mmol)
were added at room temperature (rt). The reaction was then basified with N, A-
Diisopropylethylamine (DIPEA, 1.5 equiv) and the mixture was stirred at room temperature
(rt) until the disappearance of the starting material (usually 60—-72 h). After this time water
(50 mL) was added, and the mixture was extracted with EtOAc (3 x 50 mL). The combined
organic layers were washed with water (5 x 25 mL), brine (1 x 25 mL), dried over
anhydrous Na,SOy, filtered, and concentrated under reduced pressure. The residue was
initially purified by flash chromatography using dichloromethane/methanol (DCM/MeOH)
gradient prior to further preparative HPLC purification unless otherwise stated.

6.1.2. General procedure for amide coupling (Method B): To a solution of the indole-2-
carboxylic acid derivative (1 mmol) in anhydrous dichloromethane (DCM, 10 mL), DMF
(0.1 mL) and oxalyl chloride (2 mmol) were added. After stirring for 3 h at rt, the mixture
was concentrated under vacuum and the residue was dissolved in anhydrous DCM.
Thereafter, 1-adamantylamine (1.5 mmol) and triethylamine (2 mmol) were added and the
mixture was stirred at rt for 48 h and filtered off. The precipitate was washed with DCM (2 x
25 mL) and the collected 50 mL DCM combined with the filtrate were evaporated in vacuo
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and the crude residue was purified by flash chromatography using DCM/MeOH gradient.
The obtained compounds were already >95% pure after flash chromatography.

6.1.3. General procedure for amide coupling (Method C): To a stirred solution of 2-
aminobenzimidazole (1 mmol) in a 1:1 mixture of tetrahydrofuran (THF) and DCM,
EDC.HCI (1.2 mmol), the corresponding carboxylic acid (1.2 mmol), and 4-
dimethylaminopyridine (DMAP, 1.2 mmol) were added and the reaction mixture was stirred
at room temperature for 72 h. The solvent was then removed under vacuum and the residue
was purified by flash or manual chromatography using DCM/MeQOH gradient prior to further
HPLC purification unless otherwise stated.

6.1.4. General procedure for urea formation (Method D): A mixture of the aromatic
amine (1 mmol) and 1,1’ -carbonyldiimidazole (CDI) (1.2 mmol) in anhydrous DMF (10
mL) was stirred at 90 °C for two hours, followed by the addition of 1-adamantylamine or 3-
amino-1-adamantanol (1.1 mmol) and stirring was continued for 48 h at 90 °C. Water (50
mL) was then added to the reaction mixture, followed by extraction with EtOAc (3 x 50
mL). The organic layers were separated, washed with water (5 x 25 mL), brine (1 x 25 mL),
dried over anhydrous Na,SOy, filtered, and concentrated under reduced pressure. The crude
was then purified by flash chromatography using DCM/MeOH gradient prior to HPLC
purification.

N-(3-hydroxyadamantan-1-yl)-1H-indole-2-carboxamide (8a)—The title compound
was synthesised from indole-2-carboxylic acid (7a) and 3-amino-1-adamantanol following
general procedure A. Off white solid, yield: 97%.1H NMR (DMSO-aj) 6 11.41 (s, 1H), 7.63
(s, 1H), 7.58 (d, J= 7.9 Hz, 1H), 7.42 (dd, /= 8.2, 0.8 Hz, 1H), 7.20 — 7.13 (m, 2H), 7.02
(ddd, J=8.0, 7.1, 0.9 Hz, 1H), 4.56 (s, 1H), 2.19 (s, 2H), 2.06 — 1.90 (m, 6H), 1.64 — 1.43
(m, 6H); 13C NMR (DMSO-dj) 6 161.0, 136.7, 133.0, 127.6, 123.6, 121.8, 120.0, 112.6,
103.4, 67.8, 54.5, 49.6, 44.7, 35.4, 30.6; HRMS (ESI) m/z calcd for C1gH2oN20, ([M + H]
*) m/z311.1754; found 311.1748.

N-(1-Adamantyl)-4-methoxy-1H-indole-2-carboxamide (8b)—The title compound
was obtained from 4-methoxyindole-2-carboxylic acid (7b) and 1-adamantylamine
employing method B. Yellow solid, yield: 40%.1H NMR (DMSO-dj) 6 11.40 (s, 1H), 7.52
(s, 1H), 7.25 (dd, J= 2.2, 0.7 Hz, 1H), 7.07 (t, J= 7.9 Hz, 1H), 7.00 (d, /= 8.2 Hz, 1H), 6.49
(dd, /= 7.6, 0.5 Hz, 1H), 3.87 (s, 3H), 2.09 (s, 6H), 2.06 (s, 3H), 1.67 (s, 6H); 13C NMR
(DMSO-dp) 6 160.9, 154.0, 138.1, 131.7, 124.5, 118.5, 105.8, 100.9, 99.6, 55.4, 52.0, 41.6,
36.6, 29.4; HRMS (ESI) m/z calcd for CogH4N2O5 ([M + H]*) m/2325.1911; found
325.1903.

N-(3-hydroxyadamantan-1-yl)-4-methoxy-1H-indole-2-carboxamide (8c)—This
compound was synthesised from 4-methoxyindole-2-carboxylic acid (7b) and 3-amino-1-
adamantanol according to method A. White solid, yield: 90%.1H NMR (DMSO-d) 6 11.39
(d, /= 1.4 Hz, 1H), 7.61 (s, 1H), 7.26 (d, /= 1.7 Hz, 1H), 7.08 (t, /= 7.9 Hz, 1H), 7.00 (d, J
=8.2 Hz, 1H), 6.49 (d, J= 7.5 Hz, 1H), 4.55 (s, 1H), 3.87 (s, 3H), 2.18 (s, 2H), 2.03 — 1.90
(m, 6H), 1.65 — 1.41 (m, 6H); 13C NMR (DMSO0-dj) 6 160.9, 154.0, 138.1, 131.6, 124.6,
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118.5, 105.8, 100.9, 99.6, 67.9, 5.4, 54.5, 49.5, 44.7, 35.4, 30.6; HRMS (ESI) m/z calcd for
CaoH24N203 ([M + H]*) mm/2341.1860; found 341.1858.

N-(1-Adamantyl)-5-methoxy-1H-indole-2-carboxamide (8d)—The title compound
was obtained from 5-methoxyindole-2-carboxylic acid (7c) and 1-adamantylamine
employing method A. It was >95% pure after flash chromatography. White solid, yield:
98%.1H NMR (DMSO-dj) 6 11.26 (s, 1H), 7.49 (s, 1H), 7.30 (d, J= 8.9 Hz, 1H), 7.04 (d, J
=1.4 Hz, 1H), 7.03 (d, J= 2.4 Hz, 1H), 6.81 (dd, J= 8.9, 2.5 Hz, 1H), 3.75 (s, 3H), 2.09 (s,
6H), 2.06 (s, 3H), 1.67 (s, 6H); 13C NMR (DMSO-dj) 6 160.9, 154.1, 133.5, 132.0, 127.9,
114.6, 113.4, 103.1, 102.4, 55.7, 52.0, 41.5, 36.5, 29.4; HRMS (ESI) m/z calcd for
CpoH24N205 ([M + H]) m/z325.1911; found 325.1908.

N-(3-hydroxyadamantan-1-yl)-5-methoxy-1H-indole-2-carboxamide (8e)—This
compound was synthesised from 5-methoxyindole-2-carboxylic acid (7c¢) and 3-amino-1-
adamantanol following method A. Dusty pink solid, yield: 96%.1H NMR (DMSO-dj) &
11.28 (s, 1H), 7.58 (s, 1H), 7.32 (d, /= 8.9 Hz, 1H), 7.07 (d, /= 1.5 Hz, 1H), 7.04 (d, /= 2.3
Hz, 1H), 6.83 (dd, J= 8.9, 2.4 Hz, 1H), 4.55 (s, 1H), 3.76 (s, 3H), 2.19 (s, 2H), 2.06 — 1.91
(m, 6H), 1.67 — 1.43 (m, 6H); 13C NMR (DMSO0-dj) 6 160.9, 154.1, 133.4, 132.0, 127.8,
114.6, 113.4, 103.1, 102.5, 67.8, 55.7, 54.5, 49.6, 44.7, 35.4, 30.6; HRMS (ESI) m/z calcd
for CogH24N203 ([M + H]") m/z 341.1860; found 341.1852.

N-(1-Adamantyl)-5-methyl-1H-indole-2-carboxamide (8f)—This compound was
obtained from 5-methylindole-2-carboxylic acid (7d) and 1-adamantylamine according to
method B. White solid, yield: 43%.1H NMR (DMSO-dp) 6 11.28 (s, 1H), 7.49 (s, 1H), 7.34
(s, 1H), 7.30 (d, J= 8.4 Hz, 1H), 7.05 (d, J= 1.8 Hz, 1H), 6.98 (dd, J= 8.4, 1.2 Hz, 1H),
2.36 (s, 3H), 2.10 (s, 6H), 2.07 (s, 3H), 1.67 (s, 6H); 13C NMR (DMSO-dp) 6 161.0, 135.1,
133.1,128.5,127.8, 125.4, 121.1, 112.3, 102.8, 52.0, 41.6, 36.5, 29.4, 21.6; HRMS (ESI)
m/z calcd for CogH24N,O ([M + H]*) m/2309.1961; found 309.1953.

N-(3-hydroxyadamantan-1-yl)-5-methyl-1H-indole-2-carboxamide (8g)—This
compound was synthesised from 5-methylindole-2-carboxylic acid (7d) and 3-amino-1-
adamantanol following method A. White solid, yield: 65%.1H NMR (DMSO-dp) & 11.27 (s,
1H), 7.58 (s, 1H), 7.34 (s, 1H), 7.29 (d, J= 8.4 Hz, 1H), 7.05 (d, J= 1.4 Hz, 1H), 6.98 (dd, J
=8.4, 1.1 Hz, 1H), 4.53 (s, 1H), 2.35 (s, 3H), 2.18 (s, 2H), 2.05 - 1.88 (m, 6H), 1.67 — 1.41
(m, 6H); 13C NMR (DMSO-dj) 6 161.0, 135.1, 133.0, 128.5, 127.8, 125.4, 121.1, 112.3,
102.9, 67.8, 54.5, 49.6, 44.7, 35.4, 30.6, 21.6; HRMS (ESI) m/z calcd for CygH24N205 ([M
+ H]*) m/z325.1911; found 325.1914.

5-chloro-N-(3-hydroxyadamantan-1-yl)-1H-indole-2-carboxamide (8h)—The title
compound was obtained from 5-chloroindole-2-carboxylic acid (7€) and 3-amino-1-
adamantanol employing method A. White solid, yield: 64%.1H NMR (DMSO-dj) 6 11.63
(s, 1H), 7.74 (s, 1H), 7.66 (d, /= 2.0 Hz, 1H), 7.42 (d, J= 8.7 Hz, 1H), 7.20 — 7.13 (m, 2H),
4.56 (s, 1H), 2.18 (s, 2H), 2.03 - 1.90 (m, 6H), 1.64 — 1.43 (m, 6H); 13C NMR (DMSO-dj)
6 160.6, 135.1, 134.5, 128.6, 124.5, 123.6, 120.9, 114.2, 102.9, 67.8, 54.6, 49.5, 44.7, 35.3,
30.6; HRMS (ESI) m/z calcd for C1gH»1CINoO5 ([M + H]*) m/z 345.1364; found 345.1364.
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6-bromo-N-(3-hydroxyadamantan-1-yl)-1H-indole-2-carboxamide (8i)—This
compound was synthesised from 6-bromoindole-2-carboxylic acid (7f) and 3-amino-1-
adamantanol according to method A. White solid, yield: 93%.1H NMR (DMSO-dj) 6 11.57
(s, 1H), 7.72 (s, 1H), 7.57 (s, 1H), 7.55 (s, 1H), 7.20 (d, J= 0.9 Hz, 1H), 7.15 (dd, /= 8.5,
1.8 Hz, 1H), 4.54 (s, 1H), 2.18 (s, 2H), 2.04 — 1.88 (m, 6H), 1.64 — 1.43 (m, 6H); 13C NMR
(DMSO-djp) 6 160.6, 137.5, 133.9, 126.6, 123.7, 123.1, 116.3, 115.1, 103.4, 67.8, 54.6, 49.5,
44.7, 35.3, 30.6; HRMS (ESI) m/z calcd for C1gH»1BrN,O, ([M + H]*) m/z 389.0859;
found 389.0866.

4,6-dichloro-N-(3-hydroxyadamantan-1-yl)-1H-indole-2-carboxamide (8j)—This
compound was obtained from 4,6-dichloroindole-2-carboxylic acid (7g) and 3-amino-1-
adamantanol employing method A. It was >95% pure after flash chromatography. Buff solid,
yield: 99%.1H NMR (DMSO-dp) 6 11.93 (d, J= 1.5 Hz, 1H), 7.92 (s, 1H), 7.41 (dd, J= 1.6,
0.8 Hz, 1H), 7.35 (dd, J= 2.2, 0.8 Hz, 1H), 7.20 (d, /= 1.7 Hz, 1H), 4.55 (s, 1H), 2.18 (s,
2H), 2.05 - 1.90 (m, 6H), 1.64 — 1.42 (m, 6H); 13C NMR (DMSO0-a}) 6 160.1, 137.1, 134.7,
128.0, 126.7, 125.3, 119.7, 111.5, 101.5, 67.8, 54.8, 49.4, 44.6, 35.3, 30.6; HRMS (ESI) m/z
caled for C1gHCIoN205 ([M + H]Y) m/z 379.0975; found 379.0977.

N-(1-Adamantyl)-4,6-difluoro-1H-indole-2-carboxamide (8k)—This compound was
obtained from 4,6-difluoroindole-2-carboxylic acid (7h) and 1-adamantylamine following
method A. It was >95% pure after flash chromatography. Off white solid, yield: 94%.1H
NMR (DMSO-dp) 6 11.83 (s, 1H), 7.67 (s, 1H), 7.30 (d, /= 0.5 Hz, 1H), 7.02 (dd, J= 9.5,
1.4 Hz, 1H), 6.85 (td, /= 10.4, 2.1 Hz, 1H), 2.08 (s, 6H), 2.07 (s, 3H), 1.67 (s, 6H); 13C
NMR (DMSO-dp) 6§ 160.1, 159.5 (dd, J=238.1, 12.1 Hz), 156.1 (dd, J= 248.4, 15.6 Hz),
137.9 (dd, J=15.2, 13.4 Hz), 134.0 (d, /= 3.3 Hz), 113.5 (dd, J= 21.9, 0.6 Hz), 99.0, 95.4
(dd, J=29.6, 23.3 Hz), 95.0 (dd, /= 25.9, 4.4 Hz), 52.2, 41.4, 36.5, 29.4; HRMS (ESI) m/z
caled for C1gHooF2N20 ([M + H]Y) m/z 331.1610; found 331.1610.

4,6-difluoro-N-(3-hydroxyadamantan-1-yl)-1H-indole-2-carboxamide (81)—This
compound was synthesised from 4,6-difluoroindole-2-carboxylic acid (7h) and 3-amino-1-
adamantanol employing method A. It was >95% pure after flash chromatography. Light buff
solid, yield: 87%.1H NMR (DMSO-dj) & 11.83 (s, 1H), 7.75 (s, 1H), 7.30 (d, J= 1.5 Hz,
1H), 7.02 (dd, J= 9.5, 1.5 Hz, 1H), 6.85 (td, /= 10.4, 2.0 Hz, 1H), 4.54 (s, 1H), 2.18 (s, 2H),
2.06 — 1.87 (m, 6H), 1.66 — 1.41 (m, 6H); 13C NMR (DMSO-dj) 6 160.2, 159.5 (dd, J=
238.1, 12.1 Hz), 156.1 (dd, J= 248.4, 15.6 Hz), 137.9 (dd, J=15.2, 13.4 Hz), 134.0 (d, J=
3.3 Hz), 113.5(d, J=21.8 Hz), 99.1, 95.5 (dd, /= 29.6, 23.3 Hz), 95.0 (dd, /= 25.8, 4.4
Hz), 67.8, 54.7, 49.5, 44.7, 35.3, 30.6; HRMS (ESI) m/z calcd for C19H2pF2N205 ([M + H]
*) m/z 347.1566; found 347.1559.

1-(1-Adamantyl)-3-(3,5-dichlorophenyl)urea (10a)—The title compound was
obtained from 3,5-dichloroaniline (9) and 1-adamantylamine following method D. White
solid, yield: 48%.1H NMR (DMSO-dj) 6 8.67 (s, 1H), 7.39 (d, J= 1.8 Hz, 2H), 7.02 (t, J=
1.8 Hz, 1H), 6.04 (s, 1H), 2.02 (s, 3H), 1.92 (s, 6H), 1.62 (s, 6H); 13C NMR (DMSO-dj) &
153.8, 143.5, 134.4, 120.2, 115.8, 50.6, 41.9, 36.4, 29.3; HRMS (ESI) m/z calcd for
C17H20CINL0 ([M + H]Y) m/z 339.1025; found 339.1030.
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1-(3,5-dichlorophenyl)-3-(3-hydroxyadamantan-1-yl)urea (10b)—This compound
was obtained from 3,5-dichloroaniline (9) and 3-amino-1-adamantanol employing method
D. White solid, yield: 20%.1H NMR (DMSO-dj) 6 8.64 (s, 1H), 7.40 (d, J= 1.9 Hz, 2H),
7.04 (t, J= 1.9 Hz, 1H), 6.14 (s, 1H), 4.51 (s, 1H), 2.14 (s, 2H), 1.92 — 1.71 (m, 6H), 1.61 —
1.35 (m, 6H); 13C NMR (DMSO-a}) 6 153.9, 143.5, 134.4, 120.3, 115.8, 67.8, 53.2, 49.9,
44.6, 35.2, 30.6; HRMS (ESI) m/z calcd for C17H,gCIoNoO5 ([M + H]Y) /2 355.0975;
found 355.0980.

1-(1-adamantyl)-3-(1H-benzo[d]imidazol-2-yl)urea (12)—This compound was
obtained from 2-aminobenzimidazole (11) and 1-adamantylamine employing method D.
White solid, yield: 36%.1H NMR (DMSO-dp) & 7.64 — 7.57 (m, 2H), 7.40 (s, 1H), 7.39 —
7.34 (m, 2H), 2.14 (s, 3H), 2.08 (s, 6H), 1.73 (s, 6H); 13C NMR (DMSO-dj) 6 151.4, 145.6,
130.4,124.0, 113.3, 51.5, 41.5, 36.3, 29.3; HRMS (ESI) m/z calcd for C1gH2oN40 ([M + H]
*) m/z311.1866; found 311.1865.

N-(1H-benzo[d]imidazol-2-yl)adamantane-1-carboxamide (13a)—The title
compound was synthesised from 2-aminobenzimidazole (11) and 1-adamantanecarboxylic
acid according to method C. White solid, yield: 68%.1H NMR (DMSO-dj) & 7.61 (s, 2H),
7.32 (s, 2H), 2.05 (s, 3H), 1.97 (s, 6H), 1.72 (s, 6H); 13C NMR (DMSO-dj) 6 177.6, 145.3,
131.1, 124.2,114.0, 41.9, 37.9, 36.1, 27.8; HRMS (ESI) m/z calcd for C1gH21N30 ([M + H]
*) m/z 296.1756; found 296.1755.

2-(1-Adamantyl)-N-(1H-benzo[d]imidazol-2-yl)acetamide (13b)—This compound
was obtained from 2-aminobenzimidazole (11) and 1-adamantaneacetic acid following
method C. It was >95% pure after flash chromatography. White solid, yield: 72%.1H NMR
(DMSO-dp) 6 12.05 (s, 1H), 11.41 (s, 1H), 7.43 (s, 2H), 7.15 — 6.95 (m, 2H), 2.19 (s, 2H),
1.91 (s, 3H), 1.74 — 1.49 (m, 12H);13C NMR (DMSO0-dj) 6 170.9, 147.0, 140.8, 133.0,
121.5,121.4,117.3, 112.0, 50.0, 42.4, 36.8, 33.3, 28.5; HRMS (ESI) m/z calcd for
C19H23N30 ([M + H]*) m/z310.1914; found 310.1911.

6.2. Biology

Microplate alamarBlue assay (MABA) was used in the MIC evaluation against the tested
mycobacteria as previously reported [60, 61]. MABA format was also used in the
cytotoxicity assessment on Vero cells and the corresponding I1Csq values were subsequently
determined [22].

6.3. Molecular Modelling

Computational docking analysis was performed using the Molecular Operating Environment
MOE software version 2008.10. The MmpL3 crystal structure in complex with ICA38
(6AJJ) was downloaded from the protein data bank (PDB), implementing the same docking
protocol in our previous report [54]. In brief, the most potent compounds were docked into
the binding pocket of ICA38 using MOE-DOCK function. Triangle Matcher placement
method was applied, and the generated poses were rescored according to London dG
methodology. The same scoring function was also used to then rank the poses output after
being relaxed (energy minimised) through the conventional molecular mechanics forcefield
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refinement setup. The top 30 poses were retained and the highest-ranked pose with the best
docking score (i.e. the lowest binding energy) pertaining to each ligand was selected. It is
noteworthy that when Pharmacophore placement method, in lieu of Triangle Matcher, was
used to filter the ligand poses while docking, identical results were produced. In this context,
final poses that do not satisfy the pharmacophore model were automatically eliminated.

6.4. Water Solubility Measurement

Kinetic water solubility was experimentally determined utilising analytical HPLC [Waters
HPLC system (1525 Binary pump, 2487 dual wavelength absorbance detector, and 717 plus
Autosampler) with a Phenomenex Luna® 5y C18(2) 100 A (150 x 4.6 mm) column]. The
following gradient was operated: 20-100% CH3CN/water over 15 min, maintained at 100%
CH3CN for 10 min, and finally returned to 20% CH3CN in water over 5 min. Both CH3CN
and Milli-Q water solvents used were containing 0.05% TFA and the flow rate was set at 1.0
mL/min. First, 4000 mg/L stock solutions in DMSO were created for compounds 8b, 8c, 8K,
and 8l, followed by serial dilutions using CH3CN/H,0 (9:1) to create a calibration curve for
each compound by plotting absorbance versus concentrations of 200 mg/L, 400 mg/L, 600
mg/L, 800 mg/L and 1000 mg/L. The absorbance values of each concentration are an
average of two individual measurements. Next, from the 4000 mg/L stock solution in
DMSO, three samples of each compound were diluted 1:20 (200 mg/L) in deionised water
and centrifuged. A 100 puL sample from the supernatant was diluted 1:1 with 100 uL neat
CH3CN, mixed, filtered using a 0.45 pM filter, and 100 pL sample was taken for analytical
HPLC testing. Two absorbance values of each sample were measured and averaged,
followed by appropriate calculation and extrapolation to the established calibration curve.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

The most potent adamantanol/adamantane-based indoleamides 8j/8k displayed a two-fold
surge in potency against extensively DR (XDR) M. tb strains with MIC values of 0.66
and 0.012 puM, respectively.

The adamantanol-containing indole-2-carboxamides generally exhibited improved water
solubility both in silico and experimentally, relative to the adamantane counterparts.
Overall, the observed antimycobacterial and physicochemical profiles support the notion
that adamantanol moiety is a suitable replacement to the adamantane scaffold within the
series of indole-2-carboxamide-based MmpL3 inhibitors.
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Figure 1.

Anti-TB derivatives: Indole-2-carboxamides 1, 2 and 3, adamantyl ureas 4 and 5, and
benzimidazole 6.
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Figure 2.
Close-up view of the MmpL3 binding site showing the S3-S5 subsites in which the indole-2-

carboxamide ICA38 (magenta) and the adamantyl urea AU1235 (maroon) are stabilised by a
set of hydrophobic interactions and hydrogen bonding. The two key Asp-Tyr pairs
implicated in the proton relay in the S4 subpocket are marked in cyan hashed ovals.
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Superposition of the top ranked docking pose of 8j (A) and 8k (B) (brown) and co-
crystallised ligand ICA38 (magenta) in the MmpL3 binding pocket, portraying both
compounds having similar binding pattern as ICA38.
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Figure 4.
Putative binding mode of compound 10a (brown) superpositioned with ICA38 (magenta)

(A) and their overlay with AU1235 (dark cyan) (B) in the MmpL3 active site.
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Reagents and conditions:
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O
£ 4
N HN—-R

H
8a-l

8a: X = H, R = 3-adamantanol

8b: X = 4-OCHj3, R = adamantane
8c: X = 4-OCHj;, R = 3-adamantanol
8d: X = 5-OCHj3;, R = adamantane
8e: X = 5-OCHg3, R = 3-adamantanol
8f: X = 5-CH3, R = adamantane

8g: X = 5-CH3, R = 3-adamantanol
8h: X = 5-Cl, R = 3-adamantanol

8i: X = 6-Br, R = 3-adamantanol

8j: X = 4,6-dichloro, R = 3-adamantanol

8k: X = 4 ,6-difluoro, R = adamantane
8l: X = 4 6-difluoro, R = 3-adamantanol

(a) EDC.HCI, HOBt, 1-adamantylamine or 3-amino-1-adamantanol, DIPEA, DMF, rt, 60-72 h,
64-99%; (b) i) oxalyl chloride, DMF (cat.), DCM, rt, 3 h, ii) 1-adamantylamine, DCM,

triethylamine, rt, 48 h, 40-43%.

Scheme 1.
Synthetic conditions for compounds 8a-I.
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Cl

Cl N N

10a,b

10a: R = adamantane
10b: R = 3-adamantanol

N @[;&—N;_

Y
IZ\(Z
pd
YI
Pyl

13a,b

13a: R = adamantane
13b: R = 1-methyladamantane

(a) CDI, 1-adamantylamine or 3-amino-1-adamantanol, DMF, rt, 12-16 h, 20-48%;
(b) EDC.HCI, DMAP, 1-adamantanecarboxylic acid or 1-adamantaneacetic acid,

DCM, THF, rt, 72 h, 68-72%.

Scheme 2.

Synthetic conditions for compounds 10a,b, 12, and 13a,b.
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Table 1.
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In vitro anti-TB activity of target compounds 8a-1, 10a,b, 12, and 13a,b as well as reference standards INH,
EMB, 1, 2, 4,5, and 6.

o Cl
X A\ /@\ )
H Cl N
H

Ty

8a-l 10a,b 12 and 13a,b
Comp X R MIc?um | cloge? | ComP R MIC? um ClogP?
8a H oH 515 27 10a e @ 147 5.59
N
H
8b #0CH; | & @ 0.096 412 10b oH >90 4.15
N
N Hfi;
N
8c 4-OCH;, oH 1.7 2.73 12 Hﬂgrn @ 25.8 4.15
N
8d 50CH; | & @ 0.77 412 13a % 135 4.07
N
H o
8e 5-OCH, oH 47.0 2.73 13b >103 573
N
8f 5-CHs L @ 0.20 460 | INH - 0.29 [22] -0.67
N
H
8g 5-CHs oH 24.7 321 | EemB - 4.89[22] 0.12
N
gh 5-Cl oH >93 353 1 - 0.015 [23] 6.08
N
8i 6-Br oH 257 3.68 2 - 0.011 [45] 5.67
H
8j | 4.6- dichloro oH 132 427 4 - 0.03-0.3[26,43] | 5.08
N
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Cl
O N
X N 0 S—NH
N N F}ﬁ
H Gl N H
H
8a-l 10a,b 12 and 13a,b
Comp X R Mic?um | cloge® | ComP MICRuM | ClogP®
8k | 4,6-difluoro 0.024 453 5 1.23 [43] 4.04
A
8l | 46-difluoro OH 2.89 3.13 6 16 [47] 5.76
A4

Page 31

aThe lowest concentration of drug diminishing at least 90% of bacterial growth by the microplate alamarBlue assay (MABA). The reported MIC

values are an average of three individual measurements.

bEstimated using ChemDraw 16.0.
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In vitro activities of the top eight potent compounds and CPF against M. abs, M. avium and selected clinical
isolates of M. tb [MIC (uM)] as well as their cytotoxicity against Vero cells [ICsq (UM)].

Comp M. abs M. avium M. tb MIC (uM) ICs
(M) (M) (HM)
V4207/DS V24756< KZN4$?/ R506/XDRb TF27£é/ Vero cells sI®
MDR MDR XDR
8b 12.3 >197 0.096 0.096 0.048 0.024-0.048 0.024-0.048 2197 >2048
8d >197 >197 0.39-0.77 0.39-0.77 0.39 0.39 0.39 =197 2256
8f >207 >207 0.20 0.20 0.20 0.10-0.20 0.10-0.20 2207 >1024
8i >164 >164 5.14 5.14 2.57-5.14 2.57 2.57 82.2 32
8j >169 >169 1.32 2.64 1.32 0.66 0.66 2169 2128
8k >194 >194 0.024 0.024 0.024 0.012 0.012 2194 28205
8l >185 >185 2.89 5.77 2.89 2.89 1.44 92.4 32
10a >189 47.2 1.47 1.47-2.95 147 0.74 0.74 59 4.0
CPF 24.1 0.75 0.75 0.75 0.75 6.04 6.04 2193 2256

aResistant to INH and rifampin (RIF)

bResistant to INH, RIF, levofloxacin, ofloxacin, and kanamycin

DSeIectivity index (SI) = IC50(Vero)/MIC(H37Rv)
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Table 3.

In silico physicochemical and pharmacokinetic parameters of the adamantane/adamantanol-based analogues
8a-l and 10a,b in addition to reference compounds 2 and 4 as per ACD/Labs Percepta 2016 Build 2911 (13 Jul
2016).

Comp MwW HBD | HBA | NRB ClogP (Chem logP | TPSA | Solubility (mg/L) Caco-2 (x 1078 PPB (%)
draw) cm/s)

8a 310.39 3 4 2 271 294 | 65.12 60 151 91
8b 324.42 2 4 3 4.12 4.04 | 54.12 20 214 93
8c 340.42 3 5 3 2.73 3.03 | 7435 40 155 92
8d 324.42 2 4 3 4.12 4.07 | 54.12 20 214 93
8e 340.42 3 5 3 2.73 3.02 | 7435 40 155 92
8f 308.42 2 3 2 4.60 457 | 44.89 20 194 92
89 324.42 3 4 2 3.21 3.26 65.12 30 168 92
8h 344.84 3 4 2 3.53 351 | 65.12 30 177 97
8i 389.29 3 4 2 3.68 3.83 | 65.12 20 180 93
8j 379.28 3 4 2 4.27 4.26 | 65.12 5 167 95
8k 330.37 2 3 2 4.53 4.32 44.89 20 207 91
8l 346.37 3 4 2 3.13 3.10 | 65.12 60 161 87
10a 339.26 2 3 2 5.59 547 | 41.13 1 94 98
10b 355.26 3 4 2 4.15 457 | 61.36 4 144 98
2 363.28 2 3 2 5.67 549 | 44.89 1 91 96
4 324.34 2 3 2 5.08 459 | 41.13 10 194 92

MW: molecular weight, HBD: H-bond donors, HBA: H-bond acceptors, NRB: number of rotatable bonds, logP: octanol-water partition coefficient,
TPSA: topological polar surface area, PPB: plasma protein binding
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