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Understanding and minimizing oxidative metabolism of aromatic compounds is a key hurdle in lead
optimization. Metabolic processes not only clear compounds from the body, but they can also transform
parent compounds into reactive metabolites. One particularly useful strategy when addressing
metabolically labile or oxidation-prone structures is scaffold-hopping. Replacement of an aromatic system
with a more electron-deficient ring system can often increase robustness towards cytochrome P450-
mediated oxidation while conserving the structural requirements of the pharmacophore. The most
common example of this substitution strategy, replacement of a phenyl ring with a pyridyl substituent, is
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prevalent throughout the literature; however scaffold-hopping encompasses a much wider scope of
heterocycle replacement. This review will showcase recent examples where different scaffold-hopping
approaches were used to reduce metabolic clearance or block the formation of reactive metabolites.
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Additionally, we will highlight considerations that should be made to garner the most benefit from a
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Introduction

Consideration of drug metabolism is central to any multi-
parameter lead-optimization campaign. Two major issues
relevant to drug metabolism that may arise during hit-to-lead
optimization include 1) rapid degradation of the
pharmacologically active compound into inactive metabolites
and 2) metabolism of the active compound to toxic and/or
reactive metabolites." Fortunately for medicinal chemists,
principles of physical organic chemistry often explain sites of
drug metabolism, and this knowledge can be used to mitigate
metabolic liabilities.>® In this review we will discuss the
implication of scaffold choice on drug metabolism in terms
of both mitigating rapid metabolism and avoiding the
formation of reactive metabolites.

Drug metabolism principles and tools

Several excellent reviews and texts have been written on the
fundamentals of drug metabolism,” but for the purposes of
this review, a brief introduction is sufficient. Xenobiotics,
including drugs, often are cleared from the body through
metabolic modification, which tends to increase hydrophilicity
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scaffold-hopping strategy for lead optimization.

so that metabolites can be cleared by the kidneys. The most
common routes of metabolism are oxidation, reduction,
hydrolysis, and conjugation. Mitigating oxidative drug
metabolism is the focus of this review.

Oxidation tends to be focused on electron-rich sites on
molecules. Cytochrome P450s are most often responsible for
oxidative metabolism of electron-rich molecules. A common
strategy, covered in more detail below, is to replace electron-
rich aromatic rings with electron-poor heterocycles as a way
to mitigate oxidative metabolism.'*"* Tuning the electronic
structure in such a way may decrease the rate of metabolism
at the off-target (P450 enzymes), but it will hopefully not have
a deleterious effect of compound binding to the on-target.'***
Although this electron-rich to electron-poor switch often
holds for compounds that are oxidized by P450 enzymes, it is
now widely appreciated that aldehyde oxidase and/or xanthine
oxidase may oxidize nitrogen-rich aromatic heterocycles.”>*’
While this review will mainly focus on strategies to overcome
cytochrome P450-mediated oxidation, it is important to keep
in mind the potential for metabolism of electron-poor ring
systems by aldehyde and/or xanthine oxidase.

Throughout this review, we will focus on some commonly
used tools and techniques of drug metabolism studies. Because
the liver is the major site of drug metabolism, many in vitro
methods for studying drug metabolism use subcellular liver
fractions, hepatocytes, or liver slices.”® Two liver fractions that
commonly are used in drug metabolism studies are liver S9
fractions and liver microsomes. S9 fractions are derived from liver
homogenates that are moderately centrifuged.'**° More robust

This journal is © The Royal Society of Chemistry 2020
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centrifugation is used to prepare liver microsomes, which are
self-assembling vesicles that are assembled from pieces of the
endoplasmic reticulum.*" S9 fractions contain both P450s and
many of the conjugative enzymes, whereas liver microsomes
contain P450s but only a few conjugative enzymes.'>*° Both S9
fractions and liver microsomes can be pooled to cover different
genotypes and can be obtained from both model organisms (e.g,
mouse, rat, dog, cynomolgus monkey) and humans.** Cultured
hepatocytes and liver slices can also be used for drug metabolism
studies. Hepatocytes can be cultured as a monolayer, or they can
be cultured in three-dimensions.****

In vitro drug metabolism stability studies typically are
completed using liquid chromatography-mass spectrometry
methods. Data may be presented as “percent remaining” at a
pre-selected timepoint, or, if concentrations are measured at
multiple time-points, a t;, may be calculated. Metabolite
identification studies are typically carried out using LC-MS/
MS and/or NMR methods.>”*® Synthesis of authentic
standards is sometimes used to unequivocally assign a
structure and may be necessary for establishing mechanism-
of-action or for toxicology studies.>®

The rate at which a drug is metabolized and eliminated
from the body is typically presented as a clearance (CL) value.
The clearance of a drug represents the volume of blood from
which a drug can be completely removed over a period of
time, often given in units of mL min™ kg™ or uL min™" mg™".
Hepatic clearance (Cly), is the clearance of a compound by
the liver, and is limited by the blood flow into the liver. In
vitro intrinsic clearance (CLj,) values can be calculated from
the ¢, of drug in hepatic fractions. CL;,, values represent
the maximum possible hepatic clearance if all external
factors, such as blood flow limitations through the liver and
plasma protein binding, are not considered.>’*® Plasma
clearance (CL;) is a measure of the rate at which a drug is
removed from the plasma through all routes of metabolism
and excretion. The terms plasma clearance and total
clearance can be used synonymously.> Drug interactions
with plasma proteins can effectively restrict metabolic access
to a drug, and it can be useful to determine the rate of
clearance for the unbound portion of the drug. An unbound
in vitro clearance (CLin, or CL(Free)) can be obtained by
dividing the experimental apparent intrinsic clearance value
(CLin) by the unbound fraction of drug.’® Addressing
metabolic liabilities of compounds early can be thought of as
a quality by design (QbD) approach which limits the need to
adjust compound metabolism retroactively.*!

In vivo drug metabolism studies are often carried out using a
radiolabeled compound.®* These studies are inherently low-
throughput, and, given the focus of this review on scaffold-
hopping in hit-to-lead optimization, they are not considered here.

Electronic properties of commonly
encountered heterocycles

Metabolic stability of common heterocycles often can be
correlated with electronic structure. In general, for any two

This journal is © The Royal Society of Chemistry 2020
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given congeners, the molecule with the higher-energy highest
occupied molecular orbital (HOMO) will undergo oxidation
more easily than the molecule with the lower-energy
HOMO.** This principle is used in medicinal chemistry by
substituting electron-rich aromatic systems with electron-
deficient heterocycles, which tend to be less prone to
oxidative metabolism; of course, steric effects and substrate
recognition also play a role in determining the ease of attack
of a metabolic enzyme on a particular compound, but this
review will focus on the electronic structure of the ring itself
rather than the steric implications of its substituents on
metabolism.

Three types of aromatic heterocycles are encountered most
commonly in drug discovery: five-membered heterocycles, six-
membered heterocycles, and benzannulated five- or six-
membered rings. Typically, five-membered heterocycles, which
contain at least one heteroatom (e.g:, pyrrole, furan, thiophene)
are considered to be electron-rich, while six-membered
heterocycles with one or more heteroatoms (e.g., pyridine,
pyrimidine, pyrazine) are considered electron-deficient.>*>°
These trends can be seen when examining HOMO energies of
various heterocycles (Table 1 (ref. 34-36)). For instance, the
HOMO energy of pyrrole (-8.66 eV) is higher than benzene
(-9.65 eV), which is higher than pyridine (-9.93 eV; see Table 1).
Incorporation of relatively electronegative nitrogen atoms in an
aromatic heterocycle will typically decrease its overall electron

Table 1 AM1 energies of the highest occupied molecular orbitals
(HOMOs) of some common heterocycles”

Ring type Molecule HOMO energy (eV)
5-Membered Pyrrole -8.66
Furan -9.32
Thiophene -9.22
Imidazole -9.16
Pyrazole -9.71
1H-1,2,3-triazole -10.18
2H-1,2,3-triazole -10.33
1H-1,2,4-triazole -10.27
4H-1,2,4-triazole -10.03
1H-Tetrazole -11.41
2H-Tetrazole -11.16
Isoxazole -10.47
Oxazole -9.89
Isothiazole -9.54
Thiazole -9.70
6-Membered Benzene -9.65
Pyridine -9.93
Pyridazine -10.67
Pyrimidine -10.58
Pyrazine -10.25
1,2,3-Triazine -11.31
1,2,4-Triazine -10.71
5,6-Fused Indole —-8.40
Isoindole -7.80
Benzo[b]furan -9.01
Benzimidazole -9.00
6,6-Fused Quinoline -9.18
Isoquinoline -9.03

“ values taken from Katritzky et al.>*"°
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density and decrease the energy of the HOMO, making the
heterocycle less prone to P450-mediated oxidative
metabolism.** Benzannulation of heterocycles tends to increase
the energy of the HOMO compared to the standalone five- or
six-membered ring systems. For instance, the HOMO energies
of quinoline and isoquinoline (-9.18, -9.03 eV, respectively) are
higher than the HOMO energy of pyridine (-9.93 eV; see
Table 1). When two or more heteroatoms are present in a ring
system, the precise placement of heteroatoms in an aromatic
system alters both the HOMO and the electron density which
the carbon atoms in the ring bear; this can be an important
factor in  predicting potential sites of metabolic
transformations.

These types of replacements lend themselves well to
Matched Pairwise Analyses, where physicochemical or ADME
properties are compared between pairs that differ by
replacing atoms in a carbocycle/heterocycle with one or more
heteroatoms.”® Useful pairwise analyses have been reported
by Dossetter et al, as well as Ritchie and Macdonald,
detailing expected ADME changes when substituting phenyl
rings with various heteroaromatic replacements.'*?*’
Likewise, Chang et al.*® reported a comprehensive pairwise
analysis between six-membered rings. These pairwise
analyses provide a good guide for some heteroaromatic
substitutions. In this review, we will highlight additional
recent examples of scaffold-hopping to address metabolic
liabilities and incorporate other learnings that may not be
encompassed by pairwise analyses.

Scaffold-hopping

Scaffold-hopping, a term coined in 1999 by Gisbert
Schneider, covers a wide array of structural modifications
with the general goal of producing “isofunctional molecular
structures with significantly different backbones.”*® Since the
term's emergence, it has been used to describe small hops,
such as replacements of pendant aromatic structures, and
larger hops, which only conserve the structural requirements
of the pharmacophore.**™** While several properties could be
addressed by scaffold-hopping, this review focuses on recent
applications of scaffold-hopping as a way to address
metabolic liabilities.

There are several different strategies used in scaffold-
hopping, including ring closing/opening, peptidomimetics,
and topology-based scaffold-hopping.”’ The most common
form of scaffold-hopping, heterocycle replacement, is a
particular focus of this review. Modification of a specific
heterocyclic core typically involves a rearrangement or an
increase in the number of heteroatoms within the core,
which modifies the electronic structure of the core and can
make it more resistant to oxidative metabolism.” To aid in
substitution-based approaches, computational methods can
be used to predict likely sites of metabolism.*> Topology-
based scaffold-hopping, which involves larger structural
variations, can be streamlined via computational methods to
discern similarity between structurally distinct scaffolds. For
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example, rapid overlay of chemical structures (ROCS) can
compare and calculate the 3-dimentional structural and
electronic similarities between various scaffolds (for a recent
overview of various computational methods for scaffold
hopping see the following reference).*®

The goal of this review is to provide instructive, rather
than comprehensive, examples of scaffolding-hopping in
drug metabolism studies. In the sections below, we will
outline several recent examples of scaffold-hopping to
address metabolic liabilities in six-membered, five-
membered, and fused heterocycles. Given the ubiquity of
phenyl rings in lead optimization, we begin with six-
membered  heterocycles, followed by five-membered
heterocycles, and, finally, fused heterocycles.

Six-membered heterocycles

One of the simplest examples of the use of scaffold-hopping
to impart metabolic stability is the replacement of a phenyl
substituent with a pyridyl or pyrimidyl substituent. The
incorporation of nitrogen atoms into the aromatic system
tends to increase the metabolic stability though decreasing
the potential for oxidative metabolism (see above). This is
well-illustrated by the pursuit of a hepatitis C virus NS5B
replicase palm site allosteric inhibitor by Yeung et al.*® The
authors identified a potent compound (1) that suffered from
poor metabolic stability. Metabolite identification studies
identified the unsubstituted phenyl ring as a metabolic soft
spot. To address this issue, the authors hypothesized that
adding a nitrogen atom into the ring would increase
metabolic stability. It was found that a 2-pyridyl group (2)
dramatically increased the half-life of these compounds while
maintaining good potency. Furthermore, to tune the
physicochemical properties of the molecule, the authors
introduced a second nitrogen atom into the ring. This
pyrimidyl analog (3) exhibited an increased half-life, and this
molecule was selected for further development (Fig. 1).

In multi-parameter optimization, it is important to
remember that substitutions made to address metabolic
stability or another property should also benefit on-target
binding affinity, when possible. In a campaign to discover
disrupters of glucokinase-glucokinase regulatory protein
(GK-GKRP) binding, Pennington et al. sought to optimize the
potency and high clearance rate of screening hit 4.*” When
compared to pyridyl compounds 6a and 6b, pyrimidine 6¢
and 3-fluoropyridine 6d showed enhanced metabolic
stability. Both strategies of CH-to-N and CH-to-CF had similar
effects of blocking metabolic sites and reducing the electron
density of the aromatic system; however, introduction of an
additional nitrogen into the ring served to increase
hydrophilicty, while fluorine substitution served to increase
hydrophobicity. In this case, the fluoro analog engaged
additional hydrophobic interactions with GKRP, making
compound 6d a more potent and desirable molecule
(Table 2).

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Nitrogen incorporation increases metabolic stability. This example from Yeung et al.*® demonstrated how scaffold-hopping from benzene
to pyridine to pyrimidine may increase metabolic stability. HLM: human liver microsomes.

Table 2 Structural requirements of the binding pocket can guide scaffold-hopping. Pennington et al*” showed that binding to a hydrophobic pocket
called for the incorporation of a fluoropyridine rather than a similarly stable pyrimidine. RLM: rat liver microsomes

0
el
Cl HN” o

RLM Cline : 399 pL min™' mg™!

RLM Cliny : 34 uL min“' mg™

clogP: 4.8
RLM Cli
Entry Compound X Y (uL min™ mg™) clogP
1 6a CH 130 3.1
2 6b CH N 67 3.1
3 6¢c N N 28 2.3
4 6d CF N 26 3.2

Metabolite identification can indicate toxic liabilities that
may arise through the formation of a reactive metabolite,
and scaffold-hopping can be used to address these potentially
toxic species. For instance, scaffold-hopping was used to
avoid the formation of toxic metabolites arising from
metabolism of COX-2-selective inhibitor nimesulide (7)."®
Metabolite identification studies indicated that the nitro
group was reduced to the aniline, which was then oxidized to
a diiminoquinone (8), a reactive functionality, which caused
hepatotoxicity.">*° Replacement of the nitrobenzene with a
pyridine (9) removed this metabolic liability. When optimizing
the metabolic profile of a compound, addressing the
metabolism of one portion of the molecule often leads to the
creation of a new metabolic soft spot. In this example, upon
replacing the nitrophenyl with a pyridine, further optimization

was required to avoid rapid metabolism of the other phenyl
ring (Fig. 2).

The complexities of addressing cross-species in vivo
clearance are well-captured by the pursuit of a microtubule-
affinity regulating kinase (MARK) inhibitor. Haidle et al. set
out to address significant metabolic liabilities identified in
screening hit 10.°° The hydroxyindane of 10 was identified as
the target of oxidation and glucuronidation. Replacement
with N-acyl piperidine was found to be more metabolically
stable, yet conferred poor binding affinity. The N-acyl
piperidine was used as a placeholder while other metabolic
liabilities were addressed. Specifically, the unsubstituted
aniline of 11 was a cause for concern since it can lead to the
formation of reactive metabolites.'* Replacement of the
phenyl ring with a pyridyl group (12) greatly increased the

Oy, /9 O\ //o Os //O
/ /""NH
M Me
€ 1) N02 reduction 0 R2
= (J X
\© 2) Oxidation \© N/ R
8 9
. No reactive
Reactive Nimesulide .
Metabolite r;:;tr:gzgt:

Fig. 2 Scaffold-hopping can eliminate the formation of reactive metabolites. In this example from Renard et al.,
with a pyridyl core removed the potential for toxic metabolite formation.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Metabolic stability across species is crucial for lead compound advancement. This example from Haidle et al.>° highlighted that addressing
rapid metabolism in vitro does not always guarantee in vivo stability or metabolic stability in other species. HLM: human liver microsomes; RLM: rat

liver microsomes; CL,,: total plasma clearance.

metabolic stability, likely through reducing the lipophilicity
and increasing resistance to oxidative metabolism; however,
when returning to optimize the potency of these
compounds, all modifications (13) that led to enhanced
MARK inhibition led to high in vivo clearance in rats.
Despite the fact that good PK was observed in dogs, the
practical need for testing in rodents led to deprioritization
of this structural class (Fig. 3).

Five-membered heterocycles

An attractive aspect of scaffold-hopping is that the new
scaffold gives a display of substituents that is similar to the
parent scaffold. Computational modeling—and structural
overlay, in particular—can be a powerful tool for finding
these alternative scaffolds. A good example of this comes
from Wavhale et al.>" In this report, the authors searched for
a replacement for the pyrrole core of BM212 (14) to identify
new leads against drug-resistant Mycobacterium tuberculosis.
BM212 and other analogs were found to be cytotoxic and/or
metabolically unstable. The pyrrole core—which can generate
toxic metabolites®*>3*—was suspected as the source of the
cytotoxicity of these compounds. Wavhale, et al. used the
rapid overlay of chemical structures (ROCS) program to
search for analogous 3D scaffolds to BM212. Several
scaffolds, including benzimidazole, imidazole, and
imidazopyridine, were identified as potential replacements.
Of the modeled and tested compounds, benzimidazole
overlaid best and showed heightened activity against M.
tuberculosis. Screening aryl substituents on each of the
attached aryl rings yielded 15, which showed similar activity
to BM212 but was found to be 25-fold less cytotoxic and more
metabolically stable (Fig. 4).

Fragment-based approaches to drug design often start
with small fragments that are grown into more selective and
drug-like molecules. The process of fragment-growing can be
thought of as a scaffold-hopping approach, as various
functionalities are judiciously investigated to develop a

22 | RSC Med. Chem., 2020, 11, 18-29

structure-activity relationship, usually with the aid of
crystallographic data. Concerns about metabolic stability
tend not to arise until a fragment has been grown into a
sufficiently potent molecule. In the development of mitogen-
activated protein kinase kinase kinase kinase 4 (MAP4K4)
inhibitors by Wang et al., a pyrrolotriazine (16) was identified
as a starting fragment.”* A crystal structure led the authors to
explore the substitution off of the pyrrole ring to extend into
a relatively flat hydrophobic pocket. Various substituents
were investigated for their potency and metabolic stability.
Phenyl, tetrazole, furan, and pyrazole 18a-d were prepared,
but each of these compounds had their own issues for
further development: furan had known metabolic liabilities,"
the tetrazole had relatively poor activity, and the phenyl and
pyrazole structures were poorly soluble. Another important
lesson from this work is that some ring systems readily lend
themselves to functionalization. In this work, phenyl and
pyrazole structures were investigated further due to their ease
of substitution. The solubility of the phenyl compounds could
not be rectified satisfactorily, but appending a substituted
hydroxyethyl group to the pyrazole yielded alcohol 18e, which
showed enhanced solubility and good metabolic stability
(Fig. 5).

Most examples in this review have showcased replacement
of one aromatic system for another, but scaffold hopping also
can be used to replace metabolically labile groups with
heterocyclic isosteres. In their investigation of benzyl amide
mineralocorticoid receptor antagonist 19, Cox et al. showed
that replacement of the amide by heterocycles affected
physicochemical, ADME, and lipophilic ligand efficiency.>
With respect to microsomal stability, the starting benzyl
amide 19 was completely metabolized by liver microsomes
after 30 minutes. Cyclization to the oxazole (20a) increased
the microsomal stability, which was even further increased
by scaffold-hopping to the 4H-1,2,4-triazole and 1,3,4-
oxadiazole analogs 20c and 20d. While compounds 20c and
20d have similar metabolic stability, the 1,3,4-oxadiazole core
was chosen for further development due to the increased

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Computational methods can be used to identify new scaffolds. Wavhale et al.>' used the rapid overlay of chemical structures (ROCS)
program to scaffold-hop from pyrrole to benzimidazole, which conserved important aspects of the three-dimensional structure.
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Fig. 5 Scaffold-hopping paired with fragment-based design. Wang et al.>* showed that a scaffold-hop from a benzene to various five-membered
rings imparted enhanced metabolic stability. HLM: human liver microsomes; RLM: rat liver microsomes; CL;,: hepatic clearance.

lipophilic ligand efficiency of these compounds versus the
4H-1,2,4-triazole analogs (Table 3).

Fused heterocycles

When experimental analysis leads to conflicting results,
computational methods can be used to elucidate potential
metabolic soft spots that may not be apparent through
metabolite identification studies. Robarge et al used
MetaSite™, a computational program that predicts potential
sites of metabolism, in the development of mitogen-activated
protein kinase kinase (MEK) inhibitors.”®®” The authors
identified the imidazo[1,5-a] pyridine core as a suitable core
for further development of MEK inhibitors, as this
substitution would increase the structural diversity of known
bicyclic MEK inhibitor cores and would offer enhanced
physicochemical properties compared to known scaffolds. 22
was selected for further investigation, due to its lower cross-

This journal is © The Royal Society of Chemistry 2020

species clearance values; however, there was a disparity
between the in vitro and in vivo metabolic stability values. In
vivo metabolite identification of 22 indicated that the major
metabolic site was at the hydroxamate, with hydrolysis to the
acid as the most prominent metabolite; however, MetaSite™
indicated that the C8 position of the imidazo[1,5-a] pyridine
core was a hot spot for metabolism. Initially, the authors
tried fluorination at this position, but this led to
unacceptably high CYP2C9 inhibition. A second MetaSite™
analysis showed that incorporating a nitrogen atom at the C7
position should block metabolism both at the C7 and C8
position. This replacement shifted the major metabolic site
to the five-membered imidazole ring of the core and
enhanced the overall metabolic stability of the inhibitor (23)
(Fig. 6).

Another prominent effect which nitrogen incorporation
yields is a decrease in log P. Lowering log P is often correlated
with a better metabolic and safety profile. Cid et al. set out to

RSC Med. Chem., 2020, 1,18-29 | 23
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1.5% used scaffold-hopping to replace a metabolically labile

amide by incorporating a metabolically stable 1,3,4-oxadiazole. H/R LM: human/rat liver microsomes
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Fig. 6 Computational methods can be used to address discrepancies observed between in vitro and in vivo metabolism. Using the MetaSite™
program,®® Robarge et al.>” identified additional metabolic soft spots that were not obvious through metabolite ID analysis. The authors established
a good correlation between in vitro and in vivo clearance. H/R/M CLy: human/rat/mouse hepatic clearance (in mL min™ kg™); Cl,: total plasma
clearance; Cl,: unbound clearance. Blue circle indicates most probable location of metabolism; red circles indicate other likely sites of metabolism.

discover positive allosteric modulators (PAMs) of the mGlu2
receptor;”® however, their compounds suffered from poor
metabolic stability, and only specific substituents imparted
the desired metabolic stability when using the
imidazopyridine core. To improve overall metabolic stability
and expand the substituents available for optimization, the
authors reduced the lipophilicity of the imidazopyridine core
by converting it to the 1,2,4-triazolopyridine core, which
greatly enhanced stability in human liver microsomes. It is
difficult to pinpoint the exact role the nitrogen plays in this
case (ie., blocking metabolism or reducing lipophilicity),
because metabolites of 24 were not identified; thus, the

24

clogP = 4.41
HLM % Remaining @ 15 min: 26

Fig. 7 Nitrogen incorporation lowers clog P and decreases lipophilicity. Cid et a

enhanced metabolic stability may arise from decreasing log P,
blocking a metabolic soft spot, or a combination of both
effects (Fig. 7).>°

The scaffold-hopping progression presented by Doherty
et al. illustrates well how scaffold-hopping can be used in
ways—from nitrogen incorporation to ring
contraction—to address oxidative metabolism.®® To reduce
intrinsic clearance in human liver microsomes, the
investigators performed an in-depth structure-activity
relationship analysis of the bicyclic region of lead quinoline
26, an antagonist of the vanilloid receptor. Metabolite
identification studies conducted on 26 indicated that

various

25
clogP = 3.38
HLM % Remaining @ 15 min: 89

1.8 showed that scaffold-hopping from imidazopyridine to 1,2,4-

triazolopyridine increased metabolic stability with a decrease in clog P. HLM: human liver microsomes.
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Fig. 8 Carbon atoms prone to oxidation can be excised to improve metabolic stability. Doherty et al.°® showed that nitrogen incorporation was
insufficient to completely block oxidative metabolism of quinoline 27; thus, ring contraction from quinoxaline 28 to benzothiazole 29 was used to
eliminate the most prominent site of metabolism. HLM CL;.: intrinsic clearance in human liver microsomes (in pL mint mg’l).

oxidation on the quinoline ring was a prevalent route of
metabolism. Moving the nitrogen and oxo-linkage around the
bicyclic system provided compound 27, which exhibited
excellent binding affinity and an encouraging increase in
metabolic stability; however, metabolite analysis of this
compound indicated that approximately 70% of the
metabolites were still generated from hydroxylation and
sulfation of the quinoline ring. Converting the quinoline to
the quinoxaline was hypothesized to reduce this oxidative
metabolism, and, although this appeared to reduce clearance
in vitro, the in vivo clearance remained unacceptably high.
The major metabolite of quinoxaline 28 was identified as the
3-oxo derivative. To block metabolism at this position, the
authors found that eliminating the oxidation-prone carbon
atom by ring contraction to the benzothiazole (29) reduced
in vivo clearance from 4.3 L h™ kg™ to 0.22 L h™ kg™
(Fig. 8).

The formation of mutagenic metabolites is also a concern
with regards to metabolic stability. Richardson et al. showed

that the 1,4-diaminonaphthalene of a known KEAP1-NRF2
protein-protein interaction inhibitor (30) was metabolized to
give mutagenic metabolite(s) in a mini-Ames assay.’* The
authors hypothesized that this metabolite likely possessed a
1,4-diiminoquinone type structure and that replacement of
the naphthalene with a more electron-poor scaffold would
reduce the propensity toward oxidative activation of the
scaffold.'” After surveying several different heterocyclic cores,
only isoquinoline 31 conserved the activity of the initial lead
compound. Formation of mutagenic metabolites in the
presence of rat S9 fractions was analyzed using a mini-Ames
assay. The isoquinoline core showed a reduced mutagenic
profile, and this core was used as a lead structure for further
optimization (Fig. 9).

Many of the examples we have seen thus far have used
scaffold-hopping to replace just one problematic scaffold, but
the strategies of scaffold-hopping can be combined to
address numerous liabilities within a compound. In a
particularly striking example by Raheem et al., three different

OMe OMe
\\S \\S
Hooc” NTR HOOC™ “N"X
o) (6]
—> o
N =
HooC._N_ HOOC._N.¢”
7 9
OMe OMe
30 31
Mutagenic Roduoed
f Mutagenicity
Metabolites After Metabolism

Fig. 9 Mutagenic metabolites may arise through oxidative metabolism. Richardson et al.®* used scaffold-hopping to diminish the formation of
mutagenic metabolites by replacing a naphthalene core with an isoquinoline ring.
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Fig. 11 Electron-deficient arenes may be susceptible to aldehyde oxidase (AO) metabolism. This example describes scaffold hopping from a
imidazol1,2-a] pyrimidine to a imidazol1,5-al pyridine to avoid metabolism by AO.%®

heterocycles were replaced with more stable scaffolds in the
development of phosphodiesterase 10A inhibitor PyP1 (34).®>
Starting from a hit identified by fragment-based screening,
several metabolic liabilities and off-target effects were
identified in compound 32. Scaffold-hopping approaches
were used to mitigate the oxidative metabolism of both the
quinoline ring and the thiazole. Replacement of these ring
systems with more electron-deficient heterocycles pyridine
and pyrazole (33) significantly lowered the clearance of the
initial hit compound. To address other off-target effects, the
pyrimidine ring was replaced by a pyrazolopyrimidine, which
had the additional effect of further increasing the metabolic
stability (Fig. 10).

Lastly, this review would not be complete without
addressing the importance of other enzymes which impact
drug metabolism, such as aldehyde oxidase. Although
nitrogen incorporation into aromatic systems can reduce
oxidative metabolism by cytochrome P450 enzymes,"""
electron-deficient arenes can be suitable substrates for
aldehyde oxidase metabolism."”'® There has been a great
deal of recent work to predict and mitigate aldehyde
oxidase metabolism; however, the mixture of steric and
electronic effects governing aldehyde oxidase metabolism
complicate accurate predictive modeling.**”’° Furthermore,
AO metabolism varies widely across species and can lead to

26 | RSC Med. Chem., 2020, 11,18-29

poor cross-species metabolic stability.">'® In an example

from Linton et al,*® scaffold hopping was used to mitigate
aldehyde oxidase metabolism of an androgen receptor
antagonist 35. Modifications on the pyridine ring showed
no effect on AO-based metabolism, which pointed to the
imidazo[1,2-a]pyrimidine as the site of AO metabolism. In
one example, conversion of the imidazo[1,2-a]pyrimidine to
an imidazo[1,5-a]pyridine (36) caused the compound to no
longer be a substrate for AO, indicating that the carbon
adjacent to the removed nitrogen was a likely site of
metabolism (Fig. 11).

Conclusions

We have presented here several recent examples that
highlight the power of using scaffold-hopping as a strategy to
address metabolic liabilities during multi-parameter
optimization. Several lessons can be learned from the
examples here. First, based upon principles from physical
organic chemistry, electron-rich aromatic systems can be
replaced with electron-poor heterocycles to maneuver around
P450-mediated oxidative metabolism. It is important,
however, to realize that other enzymes, including aldehyde
and xanthine oxidase, may oxidize these newly formed
aromatic systems. Replacing a metabolically soft carbon atom
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with a nitrogen atom can often be used, but it is sometimes
sufficient to replace another carbon atom in the ring system
with a nitrogen atom, as this can change the overall
electronic properties of the heterocycle. In addition to
replacing a carbon atom, it may also be possible to excise the
metabolically soft carbon atom to give a ring-contracted
heterocycle. In lead optimization, it is also important to
consider other properties, such as lipophilicity or H-bond
acceptors, which scaffold-hopping may affect. Lastly,
medicinal chemists should also view scaffold-hopping as a
route that opens up further functionalization, through
nitrogen-based chemistry (e.g., imidazole alkylation or SyAr
reactions on electron-poor heterocycles). Overall, scaffold-
hopping has become an important component of the
medicinal chemist's toolbox, and employing it to address
metabolic liabilities is a particularly beneficial use.
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