UC San Diego
UC San Diego Previously Published Works

Title
1,2,4-Triazolo[1,5-a]pyrimidines in drug design

Permalink
https://escholarship.org/uc/item/2jg8s6mp

Authors

Oukoloff, Killian
Lucero, Bobby
Francisco, Karol R

Publication Date
2019-03-01

DOI
10.1016/j.ejmech.2019.01.027

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2jq8s6mp
https://escholarship.org/uc/item/2jq8s6mp#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Eur J Med Chem. Author manuscript; available in PMC 2020 March 01.

-, HHS Public Access
«

Published in final edited form as:
Eur J Med Chem. 2019 March 01; 165: 332-346. doi:10.1016/j.ejmech.2019.01.027.

1,2,4-Triazolo[1,5-a]pyrimidines in Drug Design

Killian Oukoloff2, Bobby LuceroP, Karol R. FranciscoP, Kurt R. Brunden€, and Carlo
Ballatore®”

aSkaggs School of Pharmacy and Pharmaceutical Sciences, University of California, San Diego,
9500 Gilman Drive, La Jolla, CA 92093

bDepartment of Chemistry and Biochemistry, University of California, San Diego, 9500 Gilman
Drive, La Jolla, CA 92093

“Center for Neurodegenerative Disease Research, Perelman School of Medicine, University of
Pennsylvania, 3600 Spruce Street, Philadelphia, Pennsylvania, 19104-6323

Abstract

The 1,2,4-triazolo[1,5-a]pyrimidine (TP) heterocycle, in spite of its relatively simple structure, has
proved to be remarkably versatile as evidenced by the many different applications reported over
the years in different areas of drug design. For example, as the ring system of TPs is isoelectronic
with that of purines, this heterocycle has been proposed as a possible surrogate of the purine ring.
However, depending on the choice of substituents, the TP ring has also been described as a
potentially viable bio-isostere of the carboxylic acid functional group and of the N-acetyl fragment
of e-N-acetylated lysine. In addition, the metal-chelating properties of the TP ring have also been
exploited to generate candidate treatments for cancer and parasitic diseases. In the present review
article, we discuss recent applications of the TP scaffold in medicinal chemistry, and provide an
overview of its properties and methods of synthesis.
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1. Introduction

The 1,2,4-triazolo[1,5-a]pyrimidine heterocycle (TP, Figure 1) was first reported in 1909 by
Bulow and Haas. [1] Although this scaffold can be found in natural products, as exemplified
by essramycin (1, Figure 1), a TP derivative that was isolated from the broth of the marine
Streptomyces sp, [2] the vast majority of biologically active TP compounds described to
date are not naturally occurring compounds. Over the years, the TP scaffold has found
numerous applications in medicinal chemistry.

Due to the structural similarities of the TP heterocycle with the purine ring, different studies
investigated TP derivatives as possible isosteric replacements for purines. However, as
exemplified in the sections below, the TP heterocycle proved to be a versatile scaffold with
applications beyond isosteric replacement strategies, often resulting in the identification of
biologically active compounds with favorable ADME-PK properties. Important historical
examples of biologically active TP derivatives include Trapidil (2, Figure 1), a platelet-
derived growth factor antagonist originally developed as a vasodilator and anti-platelet agent
[3, 4] that has been marketed in Japan and in other countries to treat patients with ischemic
coronary heart, liver, and kidney disease. Furthermore, in recent years, several TP derivatives
have been identified that demonstrated considerable potential in different therapeutic areas,
such as cancer chemotherapy, neurodegenerative diseases and infectious diseases. In
addition, several TP derivatives have also shown promise as agrochemicals. [5-8] This
review article focuses on providing an overview of the properties and methods of synthesis,
as well as an update of recent applications of the TP scaffold in the discovery/design of
candidate therapeutics for the treatment of human diseases.

2. Overview of Properties and Methods of Synthesis

The 1,2,4-triazolo[1,5-a]pyrimidines are examples of aza-indolizines that have been
described as aza-analogs of a delocalized 10-r electron system consisting of an electron-rich
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five-membered ring (6 m electrons) fused to an electron deficient six-membered ring (4 n
electrons). [9] Although indolizines are generally known to possess a marked aromatic
character, TH-NMR methy! substituent effect studies suggested that the TP heterocycle
exhibits rather limited degree of aromaticity. [10] In addition, although the TP heterocycle
does not exhibit annular tautomerism, as exemplified in greater details in the sections below,
appropriately substituted hydroxyl- or mercapto- derivatives exist in different tautomeric
forms (e.g., oxo- or thioxo-). These characteristics are clearly important factors that
determine the properties and chemical reactivity of this heteroaromatic scaffold. [9] For
example, an important intrinsic characteristic of the TP scaffold is the ability to bind metal
ions, which stems from the fact that three of the heterocyclic nitrogen atoms (/7.e., N1, N3
and N4) present accessible electron pairs. TPs are known to be versatile ligands that can
form different types of metal complexes, which typically involve the N3 position in
monodentate complexes, or the N3 and N1/N4 positions in bidentate complexes. [11] Figure
2 shows representative examples of TP ligands that have been employed in complexes with
metals.

These metal chelating properties of the TP heterocycle have been exploited for different
applications, including drug design as exemplified by the different Pt [12] and Ru [13]
complexes that have been investigated as potential anti-cancer agents (e.g., see Figure 2B).
In this context, the hydrogen-bonding properties of the TP heterocycle have been found to
play an important role in determining the stability of the metal complex towards hydrolysis/
aquation. Other interesting examples include a series of first-row transition metal-containing
TP derivatives that have been identified as relatively potent and selective anti-parasitic
agents against Leishmaniaand Trypanosoma cruzi, [14, 15] the causative pathogens of
leishmaniasis and Chagas disease, respectively.

The synthetic methods most commonly employed to access variously substituted TPs have
been reviewed previously [16-18] and generally involve annulation reactions starting from
1,2,4-aminotriazole or pyrimidine derivatives. In the former case, an appropriate 1,2,4-
aminotriazole (10, Scheme 1A) is reacted with a 1,3-dicarbonyl or an a,B-unsaturated
system to form TP derivatives of general structure 11 bearing a range of substitutions at
positions 2, 5, 6, and 7. Alternatively, the TP heterocycle can be obtained in two steps
starting with the cyclocondensation of the appropriate hydrazinylpyrimidine (12, Scheme
1B) with a carbonyl compound, followed by Dimroth rearrangement [19] of the resulting
1,2,4-triazolo[4,3- a]pyrimidine (13, Scheme 1B) under acidic conditions to give the
corresponding TP. [20] Finally, substituted TP heterocycles can also be accessed through an
oxidative cyclization of corresponding pyrimidin-2-yl-amidines (14, Scheme 1C). [21, 22]

3. 1,2,4-Triazolo[1,5-a]pyrimidines in (bio)-isosteric replacement strategies

3.1. As replacement of purines:

Like other aza-indolizines, the TP ring is isoelectronic with the purine heterocycle, which
suggests that TPs may be considered as possible replacements, or bio-isosteres, [23] for
purines in medicinal chemistry. However, unlike the purine ring, the TP heterocycle does not
exhibit annular tautomerism, although as noted above, the presence of substituents (e.g.,
hydroxyl) can allow for different tautomeric forms (e.g., see 15, Scheme 2C).
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The use of the TP scaffold as a purine surrogate has been documented over the years through
different drug discovery programs. TP heterocycles have been investigated in the context of
nucleoside analogs; [24, 25] however, these efforts rarely resulted in derivatives exhibiting
significant biological activities. On the contrary, examples of successful deployment of the
TP heterocycle as a purine surrogate have been reported for different non-nucleoside
molecules. Such examples include a series of inhibitors of the cyclin-dependent protein
kinase, CDK-2. [26] CDK-2 are important for cell cycle control as these enzymes are
responsible for the activation of the cell cycle of quiescent cells, as well as for the G1/M and
G2/S transitions of the cell cycle. Given the role of CDKSs in the cell cycle and proliferation,
these kinases have been recognized as valuable targets for the treatment of cancer. [27]
Existing CDK inhibitors include the purine derivative, roscovitine (16, Scheme 3), which
inhibits multiple CDKs (/.e., CDK-1, CDK-2, CDK-5 and CDK-7) through direct
competition at the ATP-binding site. A focused screening campaign of >3,000 commercially
available compounds led to the identification of pyrazolo[1,5- a]pyrimidine 17 (Scheme 3)
with low pM 1Csq value against CDK-2. [26] Although the corresponding TP derivative (18,
Scheme 3) was found to be ~10x less potent against CDK-2 than 17, further SAR studies
were conducted with the objective of improving both potency for CDK-2 as well as
selectivity over glycogen synthase kinase-3p (GSK-3p). This effort ultimately led to more
potent derivatives (e.g., 19, Scheme 3) with ICsq values in the sub-uM range, as well as
improved selectivity against GSK3-p. [26] Interestingly, these studies confirmed that the TP
derivatives interact with the ATP binding pocket of CDK-2. Indeed, X-ray and biological
studies of closely related purine and TP congeners (e.g., 20 and 21, Figure 3) clearly
confirmed that the TP heterocycle can be an effective replacement for purine resulting in
biologically active derivatives that can maintain similar interactions within the ATP binding
pocket of CDK-2 (Figure 3).

Interestingly, although these studies clearly show that the TP heterocycle can be used to
target the ATP binding site of kinases, as of today there are very few reports of TP
derivatives identified as inhibitors of kinases. Such examples include TP-containing
inhibitors of the phosphatidylinositol 3-kinases (PI3K), which exhibit potent activity and
isoform selectivity (e.g., 22-26 Table 1). [28] In this case, however, there are no X-ray
studies or additional direct evidence showing that the TP derivatives are targeting the ATP
site of PI3K.

A further interesting example of TP as bio-isostere of purines includes a recent study in the
area of methionine aminopeptidase-2 (MetAP-2) inhibitors. MetAP-2 is an enzyme believed
to play a key role in angiogenesis. [29] Pharmacological inhibition of this enzyme with
different classes of molecules was found to prevent the proliferation of vascular endothelial
cells. [30-32] A recent screening campaign for novel reversible inhibitors of MetAP-2 led to
the identification of a series of purine derivatives with promising low- to sub-pM activity in
the /in vitro assay. [33] Further hitto-lead optimization studies revealed that replacement of
the purine ring with the TP could significantly boost /n7 vitro biological activity while
maintaining physicochemical properties in promising ranges. This is illustrated by the
comparison of purine analog 27 (Scheme 4) and the corresponding TP derivative, 28, which
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exhibits improved /n vitro biological activity, as well as acceptable properties, including
thermodynamic water solubility, and permeability in the Caco-2 assay. [33]

Interestingly, superimposition of the X-ray structures of the enzyme-bound TP derivative 28
and a related purine analog 29 suggests that the mode of binding of the TP compound is
different than the purine counterpart, as the TP heterocycle is flipped by approximately 180
relative to the purine inhibitor (Figure 4).

o

While the examples above clearly illustrate the potential utility of the TP heterocycle as a
purine isostere, as shown below, this scaffold has also been identified as a potentially viable
replacement for other fragments and functional groups.

3.2 As carboxylic acid bio-isostere:

A program directed towards the discovery of novel noncarboxylated inhibitors of the fatty
acid binding protein (FABP) identified selected TP derivatives in which the TP heterocycle
act as a carboxylic acid bio-isostere. [34] The FABPs are intracellular lipid chaperones that
are believed to play an important role in lipid-mediated biological processes and systemic
metabolic homeostasis and, as such, have been recognized as potentially valuable
therapeutic targets for a range of disorders, including obesity, diabetes and atherosclerosis.
[35] Among the different FABP isoforms, FABP4 is one of the most well-characterized.
Over the years, hundreds of inhibitors of FABP4 have been synthesized and evaluated as
potential treatments for atherosclerosis and diabetes. [36] The vast majority of such
inhibitors are characterized by the presence of a carboxylic acid moiety. In an effort to
differentiate from the existing FABP4 inhibitors, and to achieve superior pharmacokinetic
(PK) and cell permeability properties, a recent program by scientists at Merck focused on
identifying non-carboxylic acid FABP4 inhibitors. [34] This effort, which involved a high-
throughput screening (HTS) of a large library of compounds, led to the identification of a
promising TP derivative (30, Figure 5), which displayed a K4 value of 0.86 uM for FABP4.
Co-crystal structure of this hit with recombinant FABP4 revealed that all heteroatoms of the
TP derivative form hydrogen bonds with the protein and with one structural water.
Subsequent hit-to-lead optimization studies resulted in two improved analogs, 31 and 32
(Figure 5), which exhibited K4 values for FABP4 of 0.01 uM and 0.02 uM, respectively.
Interestingly, the experimental pKa value of 31 (4.6) is similar to that of a carboxylic acid,
suggesting that this heterocycle could serve as a carboxylic acid bio-isostere. [34, 37] When
administered chronically to diet-induced obese mice, TP derivative 32 was found to be
efficacious in improving dyslipidemia at all doses used in the studies (3, 10, and 30 mg/kg).
[34]

Also of interest, these FABP4-interacting TP derivatives have also showed promise as
potential starting points towards the development of selective imaging agents that could be
utilized to monitor the expression of FABP4, which is believed to participate in disease
malignancy of glioblastomas. [38] One such example is [1221]-TP derivative 33 (Figure 5),
which showed high affinity for FABP4 (Kq4 value of ~69 nM) and promising /n vivo
properties.
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3.3 As replacement of the N-acetyl fragment of e-N-acetylated lysine:

An additional interesting example of TPs identified as possible bio-isosteres comes from a
program directed to the identification of novel inhibitors of the bromodomain (BRD), in
which the TP heterocycle was found to effectively mimic the A-acetyl fragment of e-A-
acetylated lysine (KAc). The BRDs are a diverse family of evolutionary conserved protein-
interaction modules that bind KAc residues. Proteins that contain BRDs are thought to be
potentially involved in the development of a variety of diseases and as a result, these proteins
have been identified as promising drug targets for the treatment of cancer and other diseases.
[39] Several small-molecule inhibitors have been identified to successfully act as KAc
mimetics and bind within the BRD binding site. [40] Among these compounds, selected TP
derivatives such as 34 (Figure 6A) have been identified through different screening efforts.
[41, 42] Interestingly, crystal structures of these TP derivatives bound to BRD4 revealed
good complementarity with the KAc binding site, suggesting that indeed the TP scaffold is
an effective bio-isostere of the KAc motif (e.g., see Figure 6B).

4. 1,2,4-Triazolo[1,5-a]pyrimidines in anti-infectious agents

4.1 Anti-viral agents:

In recent years, different TP inhibitors of viral polymerases have been identified as part of
drug discovery efforts against hepatitis C virus (HCV), human immunodeficiency virus
type-1 (HIV-1), and influenza. The RNA-dependent RNA polymerase of HCV, NS5B, which
is known to be considerably different than the human DNA and RNA polymerases, has long
been recognized as a potentially promising therapeutic target for the development of novel
and selective anti-HCV therapies. Optimization of a novel class of allosteric HCV NS5B
dihydropyrone inhibitors (e.g., see 36, Figure 7) derived from a HTS campaign [43] led to
the identification of promising TP containing compounds with low nM potency in a
biochemical assay against the isolated HCV NS5B polymerase, and promising antiviral
activities in a cell-based replicon assay (e.g., 37 and 38, Figure 7). [44] Moreover, TP
candidates from this series of inhibitors that exhibit favorable PK profiles in multiple species
have been reported. [45]

In the case of HIV-1, TP derivatives have been identified as novel examples of HIV-1
nonnucleoside reverse transcriptase inhibitors (NNRTISs) that are believed to interact at the
diarylpyrimidine allosteric site, located approximately 10 A away from the reverse
transcriptase catalytic site. These compounds [46] (e.g., 39 and 40, Scheme 5), identified via
structure-based core refining approaches [47] from closely related pyrrolopyrimidines [48]
(e.g., 41, Scheme 5), were found to be highly potent NNRTIs against wild-type HIV-1 with
ECsq values in the low nM range.

TP derivatives with promising anti-viral activity against influenza virus have also been
identified. The viral RNA-dependent RNA polymerase of influenza virus, which is a
heterotrimeric complex of independently folded subdomains with different functionalities, is
highly conserved among different viral strains and as a result, has attracted considerable
attention as a possible target for the development of anti-influenza agents of broad anti-viral
activity. [49-54] The correct assembly of the three subunits (/.e., the PB1 subunit, which
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executes the polymerase activity; PB2, which is responsible for cap-binding of host cell pre-
mMRNA,; and the PA subunit, which harbors the endonuclease function) is believed to be
essential for both transcription and replication of the viral genome. Interestingly, the
interaction of PA with PB1 has been characterized through X-ray crystallography studies.
[55, 56] The availability of these structural data enabled a virtual screening of >3 million
compounds, which resulted in the identification of a promising pyrazolo[1,5-a]pyrimidine
(42, Scheme 6) that was confirmed to inhibit the formation of the PA-PB1 complex in vitro.
[57] Further evaluation of the SAR revealed that the replacement of the pyrazolo[1,5-
a]pyrimidine scaffold with the TP can result in analogues with improved /7 vitro anti-viral
activity (e.g., 43 and 44, Scheme 6). [57, 58]

4.2 Anti-bacterial agents:

Although the naturally occurring TP, essramycin [2] (1, Figure 1), which was reported to
have relatively potent, broad spectrum activity against different Gram-positive and Gram-
negative bacteria, was later found by different groups to be essentially devoid of anti-
bacterial activity, [59, 60] several TP compounds have recently demonstrated promising
results as anti-bacterial agents. For example, a series of TP compounds have been recently
identified to exhibit potent activity against enterococcus faecium. [61] The E. faecium is
responsible for approximately 20% of enterococcal infections in the United States, [62] and
is known to be resistant to many commonly used antibiotics. Thus, the development of new
and selective antibacterial agents against this organism is desirable. [61] Towards this end, /n
silico screening of 1.2 million compounds against the X-ray structure of a penicillin-binding
protein (PBP), PBP2a, which is an essential enzyme in the biosynthesis of peptidoglycans,
[63] resulted in the identification of selected TP derivatives, such as 45 (Scheme 7). [61]
Interestingly, although 45 was confirmed experimentally to possess anti-bacterial activity
against £. faecium (MIC of 8 pg/mL), this compound was found not to inhibit PBP2a.
Nonetheless, an extensive SAR effort (Scheme 7B) identified a subset of TP congeners that
exhibit both the desired narrow-spectrum antibacterial activity against £. faecium, as well as
generally favorable ADME properties (Table 2). Mode of action studies suggested that the
anti-bacterial TPs interfere with the cell-wall biosynthesis. [61]

Other notable examples of TP derivatives endowed with anti-bacterial activity include
examples with promising activity against Mycobacterium tuberculosis, the causative
pathogen of tuberculosis (TB). [64, 65] Although several anti-TB agents have been
developed over the years, TB remains one of the most devastating infectious diseases with
>10 million cases and >1.5 million deaths reported worldwide in 2016, and the emergence
of multi-drug resistant strains creates a further significant challenge. Thus, the discovery and
evaluation of new therapeutic targets for the treatment of TB continues to be the focus of
intense studies. In this context, the acetohydroxyacid synthase (AHAS), an anabolic enzyme
involved in the branched-chain amino acid biosynthesis,[66] has been recognized as a
promising drug target for discovering novel antitubercular compounds. [67-70] The
branched-chain amino acid biosynthesis pathway is absent in humans but is essential for the
survival of microbes, plants and fungi and thus provides an opportunity for effective and safe
therapeutic intervention. [71] Interestingly, different TP derivatives, exemplified by
Flumetsulam (51, Figure 8) and related compounds (e.g., Y6610, 52, Figure 8) that had been
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developed and marketed as herbicides, are known to exhibit AHAS inhibitory activity and
compounds of this type have been proposed as possible leads for novel anti-TB agents. [72—
74]

Given the potential importance of AHAS in M. tuberculosis, efforts have been made,
including structure-based drug design approaches [70] as well as HTS campaigns, [75] to
identify potent inhibitors as candidate treatments for TB. In this context, a screening of
6,800 compounds resulted in the identification of several promising TP derivatives that were
potent inhibitors of the AHAS of M. tuberculosis. Among these compounds, some were
found to possess significant biological activity against different TB strains, including
multidrug resistant (MDR-TB) and extensively drug-resistant (XDR-TB) strains (see 53 and
54, Table 3) while showing no cytotoxicity against mammalian cell lines. [75]

Interestingly, in addition to the TP sulfonamides that are known to inhibit AHAS, other
examples of TP derivatives with relatively potent antitubercular activity have been reported
recently. A phenotypic screening of compounds in a whole cell assay identified TP 55
(Figure 9) to have promising activity against M. tuberculosis. SAR studies identified
improved congeners (e.g., 56 and 57, Figure 9) with sub-uM ICsg values against M.
tuberculosis and no cytotoxicity against eukaryotic cells. [64] Although it is not clear
whether the derivatives identified through phenotypic screens may be acting through
inhibition of AHAS, the SAR data seem to suggest a distinct biological target.

4.3 Anti-parasitic agents:

Multiple research programs directed to the discovery of potential candidates for different
parasitic diseases have identified several promising TP derivatives. For example, in recent
years, TP derivatives that hold considerable promise as candidate treatments for malaria
have been discovered. Malaria, a mosquito-borne parasitic disease that is especially
widespread in tropical and subtropical regions, continues to be a significant threat. It is
estimated that >200 million cases occurred worldwide in 2016 and that approximately 1,700
cases are diagnosed in the United States each year. Thus, the development of therapeutic
strategies for the treatment and/or prevention of this disease remains an important priority.
Dihydroorotate dehydrogenase (DHODH) is an enzyme involved in the de novo pyrimidine
biosynthetic pathway and this enzyme has recently been identified as a promising and
“druggable” target for the treatment of malaria. [76] HTS efforts aimed at the discovery of
inhibitors of this enzyme resulted in the identification of potent TP inhibitors that generally
feature an aromatic group linked at the C-7 position through a bridging nitrogen atom (e.g.,
DSM-1, 58, Scheme 8). X-ray studies with 58 (Figure 10) provided significant insight and
revealed that the TP binding site comprises a hydrophobic pocked, which is occupied by the
naphtyl substituent, and a H-bond pocket, which accommodates the TP ring. [76]
Interestingly, the hydrophobic pocket is not highly conserved between different species and
this provides a possible explanation for the >5,000-fold species selectivity that has been
observed over the human enzyme. [77] Equally interesting, these studies highlighted an
unexpected binding mode of the TP heterocycle within the H-bond pocket. As highlighted in
Figure 10, the TP heterocycle engages in H-bonding interactions with the side chains of
His185 and Arg265 in which the intrinsic dipole of the substituted TP ring is likely essential
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to the formation of relatively strong interactions with the imidazole (His185) and the
guanidinium moiety (Arg265). Based on these structural data, an extensive SAR campaign
resulted in the identification of improved analogs. [78-80] For example, optimization of the
aromatic amine linked at C-7 resulted in derivatives, such as TP DSM-190 (59, Scheme 8),
that combined good plasma exposure and better /n vivo efficacy compared to previous TP
congeners. [81] Further optimization of the substitution pattern around the TP heterocycle
identified highly promising TP derivatives, such as DSM-265 (60) and DSM-421 (61,
Scheme 8), with the latter exhibiting more favorable drug-like and /n vivo properties,
including improved solubility, lower intrinsic clearance and increased plasma exposure after
oral dose (see Table 4). [80] Importantly, this compound produced excellent /77 vivo anti-
parasitic activity against both £ falcjparum and P. vivax in a mouse model of malaria.

In addition to the promising anti-malarial TP derivatives discussed above, other notable
examples of anti-parasitic TPs include a series of broad-spectrum compounds against 7.
brucei, T. cuziand Lefshmania donovani. [82] Infections by these kinetoplastid parasites are
responsible for Chagas disease (7. cruzi), African sleeping sickness ( 7. brucei) and
leishmaniasis (L. donovani), which are believed to affect approximately 20 million people
worldwide. A large screening effort of 3 million compounds against these parasites led to the
identification of a promising azabenzoxazole hit (GNF5343, 62, Scheme 9). Further hit-to-
lead optimization studies, which involved the design, synthesis and evaluation of
approximately 3,000 analogs, revealed that scaffold replacement of the azabenzoxazole with
C-6-substituted imidazo- and triazolopyrimidine cores (e.g., GNF2636, 63, and GNF3849,
64, Scheme 9) resulted in improved compounds. Optimization of the substituents flanking
these heterocyclic compounds ultimately led to the identification of GNF6702 (65, Scheme
9), which combines broad-spectrum anti-parasitic activity with favorable ADME-PK
properties. Interestingly, the anti-parasitic activity of these TP derivatives is linked to a non-
competitive inhibition of the kinetoplastid proteasome. Moreover, as these molecules do not
interfere with the mammalian proteasome, /n vivo studies of 65 in mouse models of
kinetoplastid infections revealed that the compound is both well-tolerated as well as
effective against different parasitic infections. Notably, these studies included an evaluation
of 65 in a mouse model of stage 11 sleeping sickness, which is caused by 7. brucei infection
in the central nervous system (CNS). Although 65 exhibits relatively low brain exposure
(7.e., 0.1 brain-to-plasma ratio), administration of 100 mg/kg of the compound once daily for
seven days caused sustained clearance of parasites, such that there were no detectable
parasites in the brain of compound treated mice at termination of the experiment. [82]

5. 1,2,4-Triazolo[1,5-a]pyrimidines in anti-cancer agents

In addition to the above mentioned instances of TP-containing inhibitors of cancer
associated kinases (see CDK-2 and PI13-K inhibitors in Figure 3 and Table 1, respectively),
the potential utility of TPs in the context of cancer chemotherapy is also clearly illustrated
by the series of microtubule (MT)-targeting compounds from this class that have been
reported over the past several years. MTs are polymeric structures that result from the
assembly of a- and p-tubulin heterodimers and are involved in a multitude of structural and
regulatory functions in all cell types. [83, 84] Tubulin/MTs proved to be valuable drug target
especially in the context of cancer chemotherapy due to the key role of MTs in chromosome
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segregation during cell division. [85] The vast majority of MT-targeting agents are either
natural products or derivatives of natural products that are often characterized by relatively
complex chemical structures and sub-optimal physicochemical properties. In addition, the
clinical utility of several of these compounds is often hindered by the occurrence of
mechanisms of drug resistance, which can involve point mutations at a-tubulin and -
tubulin genes that ultimately reduce the binding affinity of the compound to tubulin/MTs.
[86] Moreover, the expression of active transporters, such as the P-glycoprotein (Pgp), that
can effectively efflux the MT-stabilizing drug out of cells is a frequent mechanism
responsible for the occurrence of drug resistance. [87] For these reasons, over the past
several years, efforts have been made in the identification of MT-active compounds with
comparatively simpler structures and potentially more favorable drug-like properties that
could also circumvent one or more mechanisms of drug resistance. In this context, several
promising examples of MT-active TP derivatives have been identified.

The discovery of MT-targeting TP molecules originated from a screening campaign aimed at
the identification of novel anti-fungal agents for agrochemical purposes. This effort led to
the discovery of selected TP derivatives, such as BAS600F (66, Figure 11), which exhibited
considerable activity against a relatively broad range of different plant diseases. [88]
Subsequently, the pharmaceutical company Wyeth evaluated compounds from this class as
potential chemotherapeutic agents. After comprehensive SAR studies, a preferred TP
derivative, TTI-237 (also known as cevipabulin, 67, Figure 11), was identified to have potent
anti-cancer activity both in vitroand in vivo. [89-92] In preclinical studies, the anticancer
activity of cevipabulin was found to be comparable to that of other well characterized MT-
stabilizing natural products, such as paclitaxel. However, unlike paclitaxel, 67 was found to
retain anti-mitotic effects in taxol-resistant cells, including Pgp-overexpressing cancer cell
lines. Moreover, 67 was found to be orally bioavailable (61%), metabolically stable (t1/, =
13 h in female nude mice) and water-soluble (0.89 mg/mL). [89] Efforts to elucidate the
mode of action indicated that, compared to MT-targeting natural products, 67 may be
somewhat unusual. Competition-binding experiments showed that cevipabulin interferes
with vincristine, a MT-depolymerizing agent, but not with taxol indicating that this TP may
interact within the binding-site of the vinca alkaloids. [89] This possibility is bolstered by
recent X-ray crystallography studies with a related TP congener (68, Figure 11 and Figure
12). [93] Cell-free tubulin polymerization and depolymerization experiments revealed that,
at low molar ratios with tubulin heterodimers (approximately 1:30), 67 enhances the
depolymerization kinetics of MTs in response to cold temperatures. However, at higher
molar ratios (approximately 1:4) the compound stabilizes polymerized tubulin structures.
[94] In more recent cell-based studies in which the effect of test compounds on MT
stabilization is determined by monitoring known markers of stable MTs, such as acetylated
a-tubulin and de-tyrosinated tubulin, [95] 67 was found to exhibit an unusual bell-shaped
concentration-response relationship. [96] Moreover, this compound caused a proteasome-
dependent degradation of a- and B-tubulin. These results indicated that TP 67 is a MT-active
compound with properties that are clearly different from those of the classical vincaand
taxane-site drugs. However, interestingly, further SAR and mode of action studies with a
series of related TP congeners indicate that TP derivatives lacking the alkoxy side-chain at
the para-position of the fluorinated phenyl ring (e.g., 68) act as MT-stabilizing compounds
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both in cell-free and cell-based experiments without causing a loss in total tubulin. [96, 97]
These observed differences in the mode of action of MT-active TP compounds may have
important implications in terms of therapeutic applications of compounds of this class. For
example, whereas a disruption of MT integrity may be potentially desirable in those
instances where compound treatment is intended to cause anti-mitotic effects, for other
clinical indications (e.g., see example below concerning neurodegenerative tauopathies
[98]), compounds able to stabilize MTs and preserve MT-integrity may be preferred. [96]

6. 1,2,4-Triazolo[1,5-a]pyrimidines as candidate treatments for diseases of

the central nervous system

In light of the relatively small/simple structure, the generally favorable physicochemical
properties, as well as the tunable mode of action, MT-active TP derivatives have been
proposed as potential treatments for diseases of the CNS. [99-101] Interestingly, although
67 was found to have rather limited brain penetration as revealed by a brain-to-plasma ratio
(B/P) of approximately 0.03 at 1h post i.p. administration in mice, several closely related
congeners exhibit excellent brain exposure. [99] These findings provided an opportunity to
investigate the potential utility of MT-active TP compounds for different CNS indications,
including neurodegenerative diseases [96] and neuroparasitic infections. [101] For example,
axonal transport deficits and axonal dystrophy are common features of multiple
neurodegenerative diseases, including Alzheimer’s disease (AD), [102] and these axonal
abnormalities are often thought to be associated with a loss of MT density in the axons of
affected neurons. Thus, brain-penetrant MT-stabilizing agents have been proposed as
candidate treatments for AD and related disorders. [103] Interestingly, recent /n vivo
efficacy and tolerability studies [104] with a MT-stabilizing TP derivative, CNDR-51657
(69, Figure 13), in aged PS19 tau transgenic mice that harbor tau pathology in the CNS,
revealed that low doses (3 or 10 mg/Kg) administered twice-weekly for 3 months produce
improvements in neuronal outcomes that resemble those previously observed upon treatment
with MT-stabilizing natural products. [105-108] Moreover, the compound-treated mice
showed no signs of compound intolerance during treatment, suggesting that MT-stabilizing
TP compounds may be promising candidates for the treatment of AD as well as other
neurodegenerative diseases.[109]

In addition to the MT-stabilizing TP derivatives, other TP compounds [110, 111] have also
been proposed as candidate treatments for AD. These molecules include multi-targeted
ligands (e.g., 70, Figure 13), in which the TP unit was employed as an acetylcholine esterase
(AChE)-inhibiting motif due to the anticipated r-r interaction with important residues at the
peripheral anionic site (Tyr70 and Trp279) that are believed to regulate entry of substrate to
the binding site of AChE. [112]

Finally, interesting examples of TP derivatives under development for CNS indications come
from recent studies directed towards the discovery of phosphodiesterase 2a (PDE?2a)
inhibitors as candidate treatment of memory disorders. [100] PDEs are catabolizing enzymes
responsible for the inactivation of important second messengers, such as CAMP and cGMP.
As these second messengers are known to regulate signaling pathways implicated in long-
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term potentiation (LTP), PDEs have emerged as potential targets to treat memory disorders,
[113-115] leading to a series of efforts in the search and development of selective inhibitors.
[116] In this context, selected TP derivatives (e.g., 71 and 72, Table 5) with sub- uM ICgq
values against PDE2a have been identified through a HTS campaign. Interestingly, the X-ray
crystal structure of 72 bound to PDE2a (Figure 14) confirmed that these TP inhibitors bind
within the active site of the enzyme and revealed that the TP heterocycle is involved in -t
stacking with Phe862. [100]

Efforts to improve the binding affinity and the potency of these TP derivatives focused on
modulating the electronic properties of the TP heterocycle through alternative substitutions
around the aromatic system. These studies led to the identification of closely related
congeners, such as 73 (Table 5), that were found to be 2 orders of magnitude more potent
than the initial HTS hits. Further refinement of ADME properties finally resulted in
compound 74 (Table 5), which was selected as a lead compound with potentially favorable
combination of PDE2a inhibition activity as well as /77 vitro ADME properties. [100]

7. Miscellaneous:

Additional interesting studies, schematically summarized in Table 6, that further illustrate
the potential utility of the TP heterocycle in drug design have been reported in recent years.
Scientists at Novartis reported a hit-to-lead optimization effort in which a
pyrazolopyrimidine compound identified through a screening for antagonists of the
chemokine receptor, CXCR2, led to the identification of an improved TP derivative 75
(Table 6). In this case, the replacement of the pyrazolopyrimidine core with the TP
heterocycle led to selective antagonists with favorable combination of biological and PK
properties. [117] In another study, Aghazadeh Tabrizi et al., reported the identification of a
TP derivative (76, Table 6) found to act as an inverse agonist of the cannabinoid receptor,
CB.». [118] In this case, the nature of the substituent at position 2 of the TP scaffold was
found to play a crucial role in determining both the inverse agonist activity against the CB,
receptor, as well as the selectivity of CB,/CB;. [118] Finally, a TP derivative (WS-10, 77,
Table 6) has recently been reported as a promising modulator of the ABCB1 active
transporter, which is known to be involved in the development of multidrug resistance of
chemotherapeutic agents. TP derivative WS-10, which was identified through a HTS
campaign, was found to enhance the intracellular accumulation of paclitaxel in ABCB1-
expressing cells, but did not affect the expression or localization of the active transporter.
[119]

8. Conclusions:

Depending on the nature and the arrangement of substituents, and whether or not these
impart tautomerism, the TP heterocycle exhibit a relatively broad range of properties that
ultimately led to several different applications in drug design. As illustrated in the sections
above, a growing number of biologically active TP derivatives have been identified and
developed in recent years, with many of these compounds characterized by generally
favorable drug-like properties. Amongst the most recent examples, particularly promising
are a series of anti-parasitic agents as candidate treatments for malaria and kinetoplastid
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infections, as well as a series of MT-targeting agents with potential therapeutic utility against
cancer and/or neurodegenerative diseases.
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Highlights

. TPs exhibit broad range of properties that led to several applications in drug
design

. TPs showed promise as bio-isosteric replacements of purines and other
structural motifs

. Several biologically active TPs are characterized by favorable drug-like
properties

. Different TPs have been identified as promising candidates for multiple CNS
indications
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The structure of the 1,2,4-triazolo[1,5-a]pyrimidine scaffold, the natural product, essramycin

(1), and the drug Trapidil (2).
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Selected representative examples of TP ligands (A) and their complexes with metals (B).
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Figure 3.

Overlay of purine (20) and TP (21) derivatives in the ATP binding pocket of CDK-2 reveals
a similar binding mode (PDB codes: 2C60 and 2C6M).
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Figure 4.

Overlay of TP (28) and purine (29) derivatives bound to MetAP-2 reveals that the bicyclic
scaffold of the former is flipped by ~180° relative to the purine compound (PDB codes:

5LYX and 5LYW).
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Figure 5.
Structures of TP inhibitors of FABP4/5 and an example of a radiolabeled TP derivative (33)

that was investigated as an imaging agent for FABP4.
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Figure 6.

The structure of selected TP inhibitors (34 and 35) of BRD4 (A) and the X-ray structure
(PDB code: 4MEN) of 34 bound within the KAc binding site (B).
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Figure 7.
Selected examples of TP containing inhibitors (37, 38) of HCV NS5B polymerase derived

from HTS hit 36.
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R = CHj3: Flumetsulam (51)
R

OCHs: Y6610 (52)

Representative examples of TP sulfonamide inhibitors of AHAS with herbicidal activity.
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55. X = CH, Ry = OMe: MIC = 3.1 M
56: X = CH, Ry =Et: MIC =0.74 uM
57. X=N, Ry =Et: MIC =0.2 uM

Figure 9.
Additional examples of anti-tubercular TP derivatives.

Eur J Med Chem. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Oukoloff et al.

A H
) N
His1gs JI />
RN,
b
N~
1]
N Ng “Cha
H.®
lNH
R‘NJ\NHE
H
Argoes
Figure 10.

The 2D (A) and 3D (B) image of the X-ray structure of 58 bound to DHODH (PBD code:

3165). [76]
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Figure 11.

Representative examples of MT-interacting TP derivatives that showed promise as

agrochemicals (66), or as anti-cancer agents (67, and 68).
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A

Figure 12.
2D schematics (A) and 3D image of X-ray structure of TP derivative 68 bound to a complex

comprising two ap-tubulin dimers, the stathmin-like protein RB3 and tubulin tyrosine ligase
(PDB code: 5NJH). [93]
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Figure 13.
Representative examples of TP MT-stabilizers (69) and inhibitors of AChE (70) under

investigation as candidate therapeutics for AD.
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Figure 14.
The X-ray crystal structure of 72 bound to PDE2a (PDB code: 5TZ3)
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(A) Cyclocondensation from aminotriazoles and 1,3-dicarbonyl or o.$-unsaturated carbonyl compounds

1,3-dicarbonyl R,
or
R
N- a,p-unsaturated carbonyl NN 3
NH %
R1_</ /J\ R1_<N/J\ >
N">NH, N" R,
10 1,2,4-triazolo[1,5-a]pyrimidine (11)
(B) Via Dimroth rearrangement
Rq R, BRa Ra
e carbonyl >N Rs acidic conditions NN Rs
H2N\)|\/ —_— N‘//I\/ _— R1_</J\/
N“NTOR, N">NTR, N"NTTR,
12 1,2,4-triazolo[4,3-a]pyrimidine (13) 11
(C) Via oxidative cyclization
R, R4
R 1) Iy, KI, K,CO4, DMSO, 100 °C N- R
NHz)NI\)\/[ 8 2) Air, CuBr, 1,10-phen, DMSO, 110-130 °C R—( JN\\ ¢
= ~
Ri” N"ONTR, NT>NTR,
14 1

Scheme 1.
Most common strategies for the synthesis of the TP heterocycle include: (A)

cyclocondensation reactions of aminotriazoles and 1,3-dicarbonyl or a,p-unsaturated
carbonyl compounds; (B) conversion of 1,2,4-triazolo[4,3-a]pyrimidine via Dimroth
rearrangement; and (C) oxidative cyclization reactions from pyrimidin-2-yl-amidines.
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Scheme 2.
(A) Tautomerism of the purine ring compared to the unsubstituted (B) and a substituted (C)

1,2,4-triazolo[1,5-a]pyrimidine ring (15).
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Scheme 3.

Schematic of chemical evolution of TP inhibitors of CDK-2.
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27: 0.23 M
28: 0.038 1M

Scheme 4.
The structure and /n vitro activity of purine 27 and TP derivative 28 in the MetAP-2 assay.
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Scheme 5.
Representative examples of TP containing inhibitors of the reverse transcriptase of HIV-1

that have been identified through SAR and optimization studies of closely related
pyrrolopyrimidines.
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Scheme 6.
Representative examples of inhibitors of the RNA-dependent RNA polymerase of influenza
virus.
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Hit from in silico screening against A N
PBP2a N\NH

Ry I
MIC = 8 pg/mL N™ NH,
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N O
s—¢ ) R H._O
O 1
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g
N= H C

B

(0]
R2
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Scheme 7.

(A) Structure of an anti-bacterial TP derivative (45) identified via /in silico screening studies;

(B) Schematic representation of SAR effort.
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Scheme 8.

Representative structures showing the chemical evolution of anti-malarial TP derivatives.
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GNF2636 (63)

L. donovani ECgy = 350 nM
T. bruceiEC5y = 79 nM
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F= ND
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L. donovani ECsy =71 nM
T. brucei ECgq = 22 nM
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Scheme 9.
Schematic of the evolution of kinetoplastid proteasome inhibitors from the initial phenotypic

azabenzoxazole hit.
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Structure and /n vitro biological activity of a series of TP inhibitors of the PI3K. [28]

Table 1.

o]
BaS
P
Ry™ NN PI3K enzyme ICsy (UM)
HC CF,4
22 CHs /_\ 0.63 | 0.0006 | 0.020 | 0.79
--N O
23 SCH3 /_\ 0.32 | 0.0004 | 0.025 | 1.30
--N O
24 cPr /_\ 2.50 | 0.0013 | 0.040 | 1.60
--N O
25 CHs \ 0.40 | 0.0013 | 0.010 | 0.16
N O
26 SCH; \ 1.3- | 0.0010 | 0.025 | 0.20
N O
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Table 2.
Structure, properties and anti-bacterial activity of selected TP antibiotics. [61]
R, O
N~y NH o Apparent
Ry—¢ _,J\)j\/l 2 I\;IIC of E. H?]If-llfe in intrinsic Plasma Hemolysis at
NT SN CH, aecium uman clearance Protein 64 pg/mL
H C68 liver S9 (mLmin-tk Binding (%)
(g/mL) (min) by (%) °
Cpd R1 R3
45 S i --S : 16 56+ 1 111 98.7+0.7 22%
46 \, --S : 16 57+8 10.9 99.9+0.2 <1%
: O

47 @ /| --S 16 >60 <10.4 99.9+0.4 46%

S \_©
48 /1--8 4 >60 <10.4 97.6+0.1 2%

N
\

49 /1--8 32 >60 <10.4 99.9+05 23%
50 Q 4 >60 <10.4 96.8+0.4 1%

/2“"\_ ~
1
i
m
9}
=
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Table 3.

Page 47

Structure and /n vitro biological activity of representative TP derivatives with anti-tubercular activity. [75]

MIC (uM) against MDR-TB | MIC (uM) against XDR-TB
Cpd Structure
M22 M23 P887 X24 X59
Y
53 Cé_ngié—{f‘:f% 2 2 2 2 2
0 NTNTTMe
-Br
v (o] .
54 <;~ -~ ). 05 05 05 05 05
0 NTNTMe
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Selected activity and property data of anti-malarial TP derivatives. [80]

Table 4.

Page 48

Aqueous Human
queot Plasma CLint
Cpd ICso (M) PFDHODH | 1Cs0 (M) hDHODH | Log D74 [ Solubility Protein | human/mouse (uI/min/mg protein)
(M) Binding
Dé'\é')'l 0.047 >200 3.2 4590 | 938% 96/229
DSM-190 0.19 >30 2.9 9-18 | 96.6% <5/<6
(59)
DS('\éId)ZGS 0.033 >100 36 70-140 | 90.4 % <5/10.1
DS(’\é'i;m 0.014 >100 25 >100? 50% 0.045/5.1
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Structure and /n vitrobiological activity of representative TP inhibitors of PDE2a. [100]

Cpd Structure 1Csp (UM) against PDE2a
R0
N
71 N 0.17
NS
N;k “Me
o S
/j)“hr e
L H
72 N 0.14
¢
N= N e
0
"
73 N 0.001
NS
¢
N’J\N M
o]
Br
74 F 0.008
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Table 6.

Other recent examples of biologically active TP derivatives.

Representative Structure

Molecular Target

Indication

Reference

7 ,N_N/‘-VJ\N/\”
o—{ < ] H

=/ Wy

CiHyy
75

4 > oH CXCR, Anti-inflammatory | Porter et al. [117]
S £
NT;‘“‘N”\VSWF
” S~
9 o (M Cannabinoid receptor (CB2) | Anti-inflammatory | Aghazadeh Tabrizi et al. [118]

o
| L
L ab
[ s \HL//
| H
H

W5-10(77)

ABCB1 modulator

Cancer
Chemotherapy
(MDR)

Chang et al. [119]
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