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Atropisomerism is a dynamic type of axial chirality that is ubiquitous in medicinal chemistry. There are sev-
eral examples of stable atropisomeric US FDA-approved drugs and experimental compounds, and in each
case the atropisomers of these compounds possess drastically different biological activities. Rapidly inter-
converting atropisomerism is even more prevalent, and while such compounds are typically considered
achiral, they bind their protein targets in an atroposelective fashion, with the nonrelevant atropisomer
contributing little to the desired activities. It has been recently demonstrated that various properties of
an interconverting atropisomer can be modulated through the synthesis of atropisomer stable and pure
analogs. Herein we discuss examples of atropisomerism in drug discovery as well as challenges and oppor-
tunities moving forward.
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The implications of chirality on the biological activity of a drug have long been appreciated, in part due to
examples such as thalidomide where severe complications were caused by one enantiomer of a racemic or rapidly
racemizing mixture. Atropisomerism is a type of chirality that arises from differential substitution about a bond,
typically between two sp?-hybridized atoms. Atropisomerism arises in many common scaffolds in drug discovery
including biaryls, diaryl ethers, diaryl amines, benzamides and anilides (Figure 1). Atropisomerism differs from
other instances of chirality in that racemization can occur spontaneously via bond rotation, rather than the process
of bond breaking and bond making needed for the racemization of other instances of chirality. Atropisomeric small
molecules can thus span the gamut of stereochemical stability with examples that are exceedingly stable when there
is a large degree of hindrance to rotation about the chiral axis, as with BINOL (1,1’-Bi-2-naphthol, Figure 1B)
which has a half-life of racemization at room temperature (¢1/2(y) of approximately 2 million years. Conversely,
when there is little hindrance to rotation about the chiral axis, atropisomers can racemize freely, as is the case with
myriad pharmaceuticals and chemical probes. Indeed, a cursory analysis of approximately 1900 small molecule
drugs in the US FDA Drug Bank reveals that approximately 15% of FDA-approved small molecules contain at least
one atropisomeric axis, with the vast majority existing as rapidly interconverting atropisomers [1]. Furthermore, an
additional approximately 10% of structures are ‘proatropisomeric’, meaning simple modifications about the axis
can break the symmetry and render these drugs atropisomeric. The prevalence of atropisomerism in drug discovery
has been increasing over the last decade. Indeed, if you bias the analysis to FDA-approved small-molecule drugs
since 2011, approximately 30% of small-molecule drugs contain an axis of chirality, with another 16% being
proatropisomeric. Perhaps unsurprisingly, certain classes of inhibitors are made up almost exclusively of scaffolds
that display atropisomerism, for example, approximately 80% (24/30 at the time of this writing) of FDA-approved
kinase inhibitors possess at least one rapidly interconverting axis of atropisomerism [2].

The current ‘industry standard” approach is to avoid stable atropisomerism when possible, and to treat rapidly
interconverting atropisomers as achiral (3,4]. Despite this, rapidly interconverting atropisomers typically interact with
their target protein in an atropisomer selective fashion, and it has become increasingly appreciated that each possible
atropisomeric conformation of a molecule can possess different drug properties and target profiles (5,6. In this
perspective, we discuss the current state of atropisomerism in drug discovery as well as challenges and opportunities newlands
moving forward. We place particular effort to convince medicinal chemists that rapidly interconverting atropisomers press

10.4155/fmc-2017-0152 © 2018 Newlands Press Future Med. Chem. (2018) 10(4), 409-422 ISSN 1756-8919 409



Perspective

Toenjes & Gustafson

®

N U L

RZ O R1 R2 R1 OH HO
o L < LS ]
(S,)-BINOL (R,)-BINOL
@ R R 0 R Br R!
R N=—
0 ITI/ N N
R? R? R R? R
Re R R
) i Biaryls and
Diaryl ethers Benzamides Diaryl amines heterobiaryls

Figure 1. Atropisomerism is a type of chirality that is potentially present in many common scaffolds in drug
discovery. Atropisomers can exist as either stable isolable enantiomers or rapidly interconverting racemizing mixtures.
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Figure 2. Barrier to rotation energy diagram. M06-2X/6-31+G(d)//RB3LYP/6-31G(d); RB3LYP/6-31G(d) thermal
corrections.

should not be readily dismissed as achiral and also to emphasize that in many cases the synthesis of atropisomerically
stable analogs can improve different properties of a lead compound and is a worthwhile endeavor to include in
structural optimization campaigns.

Classification of atropisomer stereochemical stabilities

The stereochemical stability of an atropisomeric lead compound is of utmost importance when considering how
to further develop it. Figure 2 displays a computational energy map that describes the changes in energy as a chiral
axis is rotated [7]. Atropisomers will have two different planar conformations that represent local energy maximums,

410

Future Med. Chem. (2018) 10(4) future science group



Atropisomerism in medicinal chemistry: challenges & opportunities  Perspective

O,
H
M
N eQ '}'_'il
T OH
o o) Y
N
) o
0 MeO "/NHAc OO
)
N Meo O /\
|
Telenzepine (1) Colchicine (2) Lesinurad (3)

Figure 3. US FDA-approved small-molecule drugs that are atropisomerically stable.

with the planar conformation that possesses the lower AG* defining the stereochemical stability. LaPlante et a/.
have computationally surveyed several industrial screening decks for potentially atropisomeric compounds, leading
them to classify atropisomers into three categories based on the amount of energy needed for the chiral axis to
racemize via rotation [8,9]. Class 1 atropisomers possess barriers to rotation around the chiral axis of <84 kJ/mol
(20 kcal/mol) and racemize on the minute or faster time scale at room temperature; class 2 atropisomers possess
a barrier to rotation between 84 and 117 kJ/mol (20-28 kcal/mol) and racemize on the hour to month time
scale at room temperature; and class 3 atropisomers possess a barrier to rotation >117 kJ/mol (28 kcal/mol) and
racemize on the year or greater timescale at room temperature. Stereochemically stable class 3 atropisomers (which
possess a racemization #;,,[37°C] >6 months) have found their way into the everyday vernacular of chemistry
with ligands such as BINAP being widely viewed as privileged chiral scaffolds for catalysis, and natural products
such as vancomycin representing important and indispensable therapeutics. As class 3 atropisomers are stable
for prolonged periods at physiological conditions they are typically treated in a manner similar to point chiral
molecules. Conversely, stereochemically unstable class 1 atropisomers are perhaps the most common manifestation
of atropisomerism in medicinal chemistry; however, the ‘latent’ chirality of such molecules is often disregarded and
these compounds are typically treated as ‘achiral’. Class 2 atropisomers, represent a conundrum in drug discovery
as they racemize on an intermediate time scale that can cause complications when characterizing the activities of
each atropisomer in early stage development. In fact, a seminal review has characterized class 2 atropisomerism as
‘a lurking menace’ and suggests avoiding intermediate atropisomerism when at all possible [4].

Stable atropisomers (class 3) in drug discovery

There is a growing body of literature illustrating the impacts of axial chirality on the activities of a compound. A
key point that has become apparent from this work is that atropisomers often have markedly divergent activities.
For example, it has become clear that in many cases the majority of activity (toward a desired target) belongs
to one atropisomer, while the other atropisomer contributes very little [5]. These differences are embodied by
three notable small molecule atropisomeric FDA-approved drugs: (1) telenzepine, (2) colchicine, (3) and lesinurad
(Figure 3). The most discussed example of an atropisomeric FDA-approved drug in the literature is perhaps
the antimuscarinic telenzepine which possesses a t(1/) to racemization at 20°C of approximately 1000 years,
and a 500-fold difference in potency between atropisomers [4,10]. (R,,7S)-colchicine, which inhibits microtubule
polymerization, is an example of an FDA-approved atropisomeric natural product whose enantiomer is notably
(~40-fold) less cytotoxic. Colchicine is also interesting from a fundamental perspective as the atropisomeric axis is
constrained in a medium-sized 7-membered ring, leading to a significantly lower than expected barrier to rotation
due to a phenomena related to Bringmann’s ‘lactone effect’ [11,12]. Despite this, colchicine behaves as a class 3
atropisomer due to an instance of point chirality (the acetamide at the seventh position) that significantly stabilizes
one diastereomer over the other, effectively rendering (R,,7S)-colchicine indefinitely atropisomerically stable [13].
It should be noted that removal of the 7-acetamido group results in an atropisomer with a barrier to rotation of
approximately 92 kJ /mol (~22 kcal/mol) that racemizes on the minute to hour time scale [14]. Finally, lesinurad,
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Figure 4. Atropisomeric stable compounds from the medicinal chemical literature.

a hURAT' inhibitor approved for the treatment of gout was discovered to exist as a mixture of stable atropisomers
after initial approval, with the (S,)-atropisomer proving to be a 3x more potent hURAT inhibitor [15]. It is also
worth noting that the atropisomers displayed markedly different pharmacokinetic profiles, underscoring another
factor that should be taken into account when dealing with an atropisomer drug candidate.

There have also been many recent examples in the medicinal chemistry literature of experimental atropisomeric
compounds (Figure 4). The natural product gossypol (4) and its derivatives have been studied extensively as
Bcl-2 inhibitors with the (R,)-atropisomer possessing the bulk of the desired anticancer activities [16,17). The
divergent activities of gossypol’s atropisomers were also highlighted in a study where gossypol was studied as a male
contraceptive in which the (R,)-atropisomer sterilized three of five hamsters while the (S,)-atropisomer displayed no
such activity [18]. It is worth noting that gossypol is an example of an atropisomeric natural product that is produced
in nature with a moderate degree of enantiopurity that varies from source to source [19]. Another example of an
atropisomerically stable Bcl-2 inhibitor (5) was reported by a team at Bristol-Myers Squibb (BMS) in 2009 [20,21].
In these studies, a series of atropisomeric Bcl-2 inhibitors with varying barriers to racemization were synthesized and
evaluated. As with colchicine, the atropisomeric axis of the lead BMS compound was not stereochemically stable
on its own; however, a point chiral center in the molecule stabilizes the Bcl-2 active atropisomer relative to other
diastereomers, resulting in an equilibration at room temperature to a mixture that is primarily the active atropisomer.
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Nonetheless, the BMS team was able to separate and evaluate each atropisomer (as well as amide rotamers of each
atropisomer) and found that the (R,)-atropisomer inhibited Bcl-2 up to 30-fold more than the (S,)-atropisomer.
The observed activity for the (S,)-atropisomer was attributed to interconversion to the (R,)-atropisomer over the
course of the experiment.

Another seminal demonstration of differential activities among atropisomers was published in 2011 by Takahashi
and Natsugari wherein they synthesized atropisomeric analogs (6) of the COX1/2 inhibitor indomethacin finding
only the (R,)-atropisomer possessed any observable COX1 inhibition [221. While these derivatives were an order
of magnitude less potent than indomethacin itself, they displayed no observable activity toward COX2. Another
example was disclosed by a BMS team in the context of a suite of serine dipeptidyl peptidase IV (DPP4) inhibitors
containing a biaryl axis (7) [23]. During the initial structural optimization they found DPP4 exhibited preferences
for ortho substitution on an aryl ring, resulting in their top compounds existing as stable atropisomers. After
separation, the (S,)-atropisomers of the two leading compounds were 74- and 27-fold more active toward DPP4
than the (R,)-atropisomer. Ichikawa happened upon atropisomerism in a different fashion, as his group’s potent
squalene synthase inhibitor (8), unintentionally, existed as an interconverting mixture of atropisomers [24]. X-ray
co-crystallography displayed only the (S, R,)-diastereomer bound. Evaluation of subsequent atropisomerically stable
analogs iz vitro confirmed the x-ray crystallography data, showing squalene synthase inhibitor’s preference for the
(Ry)-atropisomer was up to 130-fold greater than (S,)-atropisomer depending on the substrate. In a similar scenario
as Ichikawa, LaPlante ez a/. designed a hepatitis C viral (HCV) polymerase inhibitor (9) with a racemization half-life
of 69 min (class 2 atropisomer) [25]. They found that while the (R,) atropisomer inhibited HCV NS5B polymerase
the (S,) atropisomer inhibited an HIV matrix protein, representing one of the first precedence that a nonrelevant
atropisomer can lead to undesired off-target effects.

Finally, as mentioned eatlier, kinase inhibitors are heavily biased toward atropisomeric scaffolds. As such, there
have been several instances of atropisomerically stable compounds in the field of kinase inhibition. For example, a
team at Pfizer found a lead p38 inhibitor to be a class 3 atropisomer. Upon separating the atropisomers they discov-
ered the (S,)-atropisomer (PH-797804) (10) to be 100-fold more potent toward p38 than the (R,)-atropisomer.
Yoshida has synthesized analogs of the kinase inhibiting natural product lamellarin (11), and serendipitously found
them to be atropisomerically stable, with one atropisomer being consistently less potent, but arguably more selective,
across a panel of eight kinases [26]. Yoshida’s work represents another early example that suggests atropisomerically
pure compounds may possess improved target selectivities. A team at GlaxoSmithKline (GSK) has recently disclosed
an inhibitor of type III phosphatidylinositol 4-kinase o (PI4KIIat) (12) as a potential HCV therapeutic [27]. After
extensive optimization they arrived to an atropisomerically stable lead molecule of which they found the (S,)-
atropisomer to be one order of magnitude more potent toward PI4KIIIa. Finally, Cano and colleagues saw similar
potency trends after restricting rotation about an axis of a known DNA-PK inhibitor (13) through addition of alkyl
groups adjacent to a biaryl axis [28]. For each analog, the (-)-atropisomers were 80-100-fold more potent than the
(+)-atropisomers. Put together, these examples suggest that leveraging atropisomer conformation via the synthesis
of atropisomerically pure compounds can lead to more potent compounds (compared with racemic mixtures), by
ensuring that the compound is preorganized into the desired active conformation for a particular target.

Interconverting atropisomers (class 1) & ‘proatropisomeric’ compounds in drug discovery

Class 1 atropisomers have become increasingly prevalent in drug discovery (Figure 5). As mentioned in the introduc-
tion, approximately 30% of FDA-approved small-molecule drugs since 2011 possess at least one interconverting axis
of chirality. As early stage medicinal chemistry is currently biased toward reaction classes (i.e., cross-coupling, amide
formation, SNAr) that often yield atropisomeric molecules, pharmaceutical compound collections are becoming
increasingly inundated with rapidly interconverting atropisomerism, thus one may expect that the prevalence of
atropisomers in drug discovery will only continue to increase over the foreseeable future [29,30].

Examples of marketed drugs that exist as rapidly interconverting atropisomers include the heterobiaryls dabrafenib
(14) and sildenafil (15) and the anilide eszopiclone (16). While these drugs are treated as achiral, examination of
co-crystal structures reveals that they bind their respective targets in an atroposelective manner. For example, both
atropisomeric axes of dabrafenib are found to interact with its primary target BRAF in the (S,)-atropisomeric con-
formation [31); sildenafil is found to bind phosphodiesterase 5 (PDES5) in the (S,)-atropisomeric conformation [32;
and eszopiclone is found to interact with the GABA Type A receptor in the (R,)-atropisomer conformation [33]. Fur-
thermore, an additional 15% of FDA-approved small molecules such as the selective estrogen receptor modulator
bazedoxifene (21), the type 1 angiotensin receptor inhibitor valsartan (22), and the COX inhibitor indomethacin
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Figure 5. Racemizing atropisomeric and proatropisomeric FDA-approved drugs. (A) US FDA-approved class one atropisomers. (B)
FDA-approved proatropisomeric compounds.

(23) are ‘proatropisomeric’ (prochiral), wherein simple modification about the axis (perhaps during a medical
chemistry campaign) can break symmetry and render them atropisomeric.

While a large number of rapidly interconverting atropisomers are scaffolds such as biaryls or heterobiaryls that are
readily recognized as potentially atropisomeric, there are also numerous instances of scaffolds whose atropisomerism
is often overlooked. For example, diaryl ethers are often not considered to be atropisomeric as they possess lower
stereochemical stabilities than biaryls; however, many diaryl ethers in the literature are known to have barriers to
racemization > 117 kJ /mol (28 kcal/mol) [34-37. Diaryl ethers are also perhaps more complex than more traditional
atropisomer classes as they innately have two potential axes of chirality. Lenvatinib (17), is an example of a rapidly
interconverting diaryl ether-based kinase inhibitor that is a near pan inhibitor of the VEGFR, EGFR, FGFR,
PDGEFR and RET families of kinases and also possesses low nM activities toward certain members of the ABL, SRC
and Ephrin families [38]. A recent crystal structure of lenvatinib bound to VEGFR2 with both axes of the diaryl
ether in the (S,)-atropisomeric conformation has been recently published, offering evidence that diaryl ethers do
bind their target in an atropisomer-specific fashion [39].

Diaryl amines are another nontraditional atropisomeric scaffold that are prevalent throughout drug discovery,
particularly among kinase inhibitors, with the FDA-approved vandetanib (18), bosutinib (19) and afatinib (20)
representing examples that exist as rapidly interconverting atropisomers. The atropisomerism of diaryl amines has
been largely ignored save some seminal work by Kawabata in which his group resolved the atropisomers of a series
of diaryl amines and found several to be atropisomeically stable [40,41). Beyond this, relatively little is known about
the factors that render a diaryl amine atropisomerically stable. Nonetheless, co-crystal structures of vandetanib
(bound to RET) [42], bosutinib (bound to ABL) 43] and afatinib (bound to EGFR) [44] have each been recently
published, with each compound bound to their respective targets in the (S,, S,)-atropisomer conformation. Because
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of these precedences for the atroposelective binding of diaryl amines to their targets, this latent chirality should not
be overlooked.

Stable atropisomerism as a design element to increase target selectivity

Rapidly interconverting atropisomers are typically treated as achiral compounds; however, in reality at any given
moment these molecules exist as racemic mixture of interconverting enantiomers, not too dissimilar from how
the infamous point-chiral drug thalidomide exists [45]. Furthermore, as demonstrated in the previous section, such
compounds will likely interact with their respective biological targets in an atropisomer-specific manner, with the
nonrelevant atropisomer contributing little to the desired activities [5]. The documented differential biology among
atropisomers can result in the nonrelevant atropisomer possessing undesired off-target activities that can lead to side
effects in patients or muddle experimental results. Inspired by this, we recently hypothesized that atropisomerism
may be leveraged as a design element to increase the target selectivity of promiscuous small molecules that possess
a rapidly interconverting axis of atropisomerism [7]. In other words, atropisomerically pure and stable analogs of
known promiscuous rapidly interconverting atropisomers would possess increased target selectivities via removal of
any off-target activities associated with the nonrelevant atropisomer.

While one may argue that the equilibrium between interconverting atropisomers may be biased by one protein
target effecting an %n sizu dynamic kinetic resolution’ therefore removing the nonrelevant atropisomer, this can
be offset if a second target prefers the other atropisomer and biases the equilibrium in the opposite direction.
In a biological system the compound will be exposed to perhaps hundreds of proteins that possess affinity for
either atropisomer, thus it is likely there will be significant amounts of both atropisomers, and thus effects from
the activities of both atropisomers would be expected. When the interconverting atropisomer is rigidified no
equilibrium is at play and the situation is perhaps simplified.

Itis appreciated that target selectivity is an important factor in drug development. This has proven one of the most
difficult issues in the development of small molecule kinase inhibitors [46-48]. Aberrant kinase activity is involved
in many different diseases, focusing research efforts toward the development of small molecule kinase inhibitors,
resulting in an expanding number of FDA-approved kinase inhibitors-based therapeutics [49,501. A large degree of
active site conservation throughout the kinome has led to most kinase inhibitors to possess promiscuous activities
toward many kinases [47,51]. This polypharmacology can lead to unwanted, often severe, side effects thus largely
hindering efforts toward kinase inhibitor-based therapeutics [52-54]. Kinase inhibitors are also commonly used as
chemical probes to study the underpinnings of cellular processes and diseases; however, these studies are often
convoluted due to a lack of kinase inhibitor selectivity [46,47,55]. In recent years, chemists have designed ‘selectivity
filters’ that take advantage of uncommon features of a kinase to modulate the selectivity of kinase inhibitors [56-60].
While these approaches have led to selective kinase inhibitors, and FDA-approved therapeutics, a general selectivity
filter has remained unobtainable [57,61].

As selectivity is an unsolved problem for kinase inhibitors, and atropisomerism is ubiquitous in kinase inhibitors,
this field was an ideal arena to study the effects of atropisomerism on target selectivity. We initially chose to study
the pyrrolopyrimidine (PPY) scaffold, a common class of multikinase inhibitors that are related to the better-known
pyrazolopyrimidine ligands (i.e., PP1) [62]. We synthesized and separated atropisomerically stable PPY analogs (25
in Figure 6) via HPLC on a chiral stationary phase. After assigning each compound’s stereochemical conformation
through small molecule x-ray crystallography and circular dichroism, we subjected each atropisomer, and a rapidly
interconverting control (24) to a panel of 18 kinases. The atropisomeric analogs displayed increased selectivity
compared with 24 across the panel with each atropisomer inhibiting different kinases, albeit at the expense of
potency.

These data are exemplified when looking at the ICsj data of these compounds against a series of kinases (SRC,
RET and ABL [Figure 6A]). As with the profiling data, the atropisomeric analogs possessed enhanced selectivities
compared with 24. For example, 25-(R,) inhibited RET kinase, but possessed reduced potency toward ABL and
SRC. Conversely the 25-(S,) configuration was less potent toward RET, while maintaining activity toward SRC
and ABL. These data represented one of the first intentional demonstrations that different members of highly
conserved families of enzymes such as kinases can prefer different atropisomer conformations of the same inhibitor,
and that this can be harnessed to modulate inhibitor promiscuity.

To obtain a better understanding of the observed effects we turned to molecular modeling. We examined each
docked atropisomer of 25 in RET and SRC. In SRC, the 25-(S,) atropisomer is predicted to fit in the binding
site in a manner consistent with CGP77675 (a PPY-like compound, Protein Data Bank 1YOL) making the same
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Figure 6. Demonstration that control of atropisomer conformation can modulate the selectivity of a promiscuous
small molecule.

hydrogen bonds with the hinge region and having similar dihedral angles about the chiral axis (Figure 6B). The
docked poses suggest that SRC’s preference for 25-(S,) may be caused by steric clashes between the methoxy group
on 25-(R,) with a conserved Lys. In RET, the active atropisomer 25-(R,) has a binding mode similar to that
of PP1 (a structurally similar ligand, PDB 2IVV) making the same hydrogen bonds with the hinge region and
having similar dihedral angles between the two aryl ring systems (Figure 6C). The majority of RET’s preference for
25-(R,) appears to be caused by destabilizing steric interactions between the aryl chloride in 25-(S,) and Asp 892
that causes the docked pose to shift up in the active site (compared with 25-(R,)), straining the hydrogen bonds
between the pyrrolopyrimidine ring and the neighboring Glu 805 and Ala 807 residues. Furthermore, 25-(R,)
is predicted to possess stabilizing interactions between the PPY-Cl and Asp 892 that is not present with 25-(S,)
(Figure 6C). These experiments illustrate that the existence of an inherent atropisomer preference can be predicted
in silico, thus representing a tool that allows for rapid assessment of the prospect of using atropisomerism as a
selectivity filter to a target kinase « priori.
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Conclusion

Opver the past decade atropisomerism has become increasingly prevalent in drug discovery. While chemists recognize
stable atropisomerism as a form of chirality, we often overlook interconverting atropisomerism as chiral. While
such molecules may not rotate light, they have the potential to interact with proteins in a chiral manner, something
that had been only recently appreciated in the field. We feel that the presented data above, coupled with many
of the discussed examplesillustrate, fundamentally, that in many cases control of atropisomeric conformation can
be used as a strategy to modulate different drug properties including the selectivity profile of small molecules. As
rapidly interconverting atropisomerism is ubiquitous in drug discovery, controlling it has the potential to represent
a general and useful tool to add to the medicinal chemistry tool book.

Future perspective

The conformational preorganization of small molecules is typically achieved via macrocyclization, a classic and
indispensable strategy in drug discovery that is applicable to any flexible scaffold [63-65]. While there have been
numerous success stories, macrocyclization-based strategies often require significantly more complex syntheses and
often result in unintended structural consequences that can lead to a loss of all desired activities. Employing atropi-
somerism (when possible), on the other hand, represents a more straightforward process where small substitutions
adjacent to an axis are replaced by larger ones (i.c., an H replaced with a CI). This will result in syntheses that are
comparable in complexity to that of the parent molecule and a lessened risk of undesired structural perturbations.
Furthermore, as a cursory analysis of Figure 2 demonstrates, atropisomerically stable compounds typically retain
approximately 80 degrees conformational flexibility (low-energy conformations) about the chiral axis, perhaps
lessening the risk of completely ablating the activity toward a target. While this might lessen risk, it also leads to
a minimal reduction of any entropic penalty of binding compared with macrocyclization, especially coupled with
the fact that only one bond (the chiral axis) is being rigidified. It is enticing to draw a relation between leveraging
atropisomerism and the ‘magic methy!’ effect, as in many cases the magic methyl effect has been found to be caused
by conformational effects that bias against planar and near planar conformations, while still maintaining access
to both possible atropisomeric conformations [66,67]. Atropisomerically stable compounds take this a step further
by completely precluding the other atropisomer and further biasing against more planar conformations. Finally,
rigidifying an interconverting atropisomeric axis requires fairly minimal structural modifications compared to
macrocyclization which should allow for further modifications to optimize other drug properties as needed while
still staying within the framework of ‘drug likeness’. This has the potential to aid in the development of new
selective small molecules with appropriate (and tunable) properties for drug development. More broadly, as atropi-
somerism is becoming more prevalent throughout drug discovery there are likely to be increasing opportunities
to exploit atropisomer conformation to modulate the potency, selectivity and perhaps even pharmacokinetics of a
lead molecules across many classes of targets. While the outlook is certainly bright there are several challenges that
need to be overcome when dealing with atropisomerism in drug development. We will discuss these challenges in
the upcoming paragraphs.

First and foremost, when designing an atropisomerically stable analog one must take appropriate precautions to
ensure that the analog is sufficiently stereochemically stable as to avoid racemization (atropisomer interconversion)
under physiological conditions. Some recent guidelines set forth by LaPlante state that a candidate should have
a high enough barrier to rotation such that it racemizes <0.5% after 24 h in vivo [8]. Avoiding any racemization
caused by metabolism, this would suggest compounds with barriers higher than 114.2 kJ/mol (27.3 kcal/mol)
are needed. Even with an adequately high barrier to racemization, further experimental validation that includes
detailed studies of the enantiopurity of the molecule 7z vivo will be required. Furthermore, computational tools
that allow for the prediction of barriers to rotation (before synthesis) will also be quite useful. Such tools exist
and have been pioneered by LaPlante and coworkers [3]. These tools will especially be useful when dealing with
atropisomeric scaffolds that are less well studied such as diaryl ethers (35] and diaryl amines (40,41]. In addition, as
more systems are experimentally studied there will be an increased number of datasets of barrier to rotations across
sets of pharmaceutically relevant scaffolds which will result in an improved institutional knowledge on what will
sufficiently rigidify a specific atropisomeric scaffold. Based on what is known thus far it is expected that halogen,
alkyl, amino and thiol substitutions will be most broadly useful as conformational locking substitutions, whereas
sp® (aryl, carbonyl), hydroxyl and fluoro substitutions will likely only be useful in certain systems that already
possess a fairly large barrier [68]. Finally, as demonstrated with the natural product colchicine, the addition of a
point chiral center also represents a potential strategy to ‘rigidfy’ a rapidly interconverting axis by ‘locking’ the axis
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Figure 7. Example of a selective and potent stable atropisomeric inhibitor.

in the thermodynamically most stable diastereomer. While enticing, such a strategy will likely require a great deal
of serendipity to generate the sought after diastereomer. It should also be noted that the diastereomeric ratio can
very well be condition dependent and can change over time, representing an added layer of complexity that must
be addressed.

One drawback of our previous work was the loss of potency observed for atropisomeric PPY analogs. While
incorporating ‘conformational locking’ substitutions may lead to decreased potency in some cases, any loss of
potency can likely be mitigated by the careful choice of ‘conformational locking’ groups and consideration of
other factors, for example, potency may be regained elsewhere in the context of a larger structural optimization
effort if necessary. Support for this assertion has recently been disclosed in the literature by a team at BMS in the
context of BMS-986142, a reversible BTK inhibitor (27) (Figure 7) (69]. In this work they took a lead compounds
that possessed two rapidly interconverting axes of atropisomerism and found notable increases in potency (20-fold
between atropisomers for one axis, five fold between atropisomers for the other axis) and selectivity (BTK over
JAK) (28). This work also demonstrates that when an atropisomeric axis is locked into an active conformation,
several different ‘conformational locking’ substitutions should be evaluated as trends in potency and selectivity can
change to some degree.

While most of the examples discussed in the previous sections were largely serendipitous discoveries, moving
forward, it is needed to be demonstrated that the control of atropisomerism can be applied to a lead compound
de novo. Thus, another potential challenge is how to determine when rigidifying an axis of atropisomerism is
a viable strategy to improve a particular drug property. With regards to target selectivity, in an ideal situation
one would obtain co-crystal structures of the lead compound toward the desired target as well as its off-targets,
and observe differential atropisomeric binding, this is not feasible in many (most) situations. A more realistic
approach might be to computationally dock the lead compound across a directed panel of proteins that includes
the target and off-targets, as we described with our work on PPYs (Figure 6). If these studies predict that the lead
compound will interact with the panel in an atropisomerically differential fashion, then it would be worthwhile
to evaluate some atropisomerically stable analogs. This level of inquiry mirrors that of other selectivity filters
such as covalently targeting nonconserved cysteines in a kinase active site [56]. Finally, as with colchicine and the
BMS Bcl-2 inhibitor, the addition of a chiral center can often bias a rapidly interconverting atropisomer to the
active (or inactive) conformation. If a major (perhaps unexpected) change in potency/selectivity is observed when
incorporating a point chiral center in the presence of a rapidly interconverting atropisomer, one should consider
this potential biasing as a possible explanation, and perhaps incorporate some stable atropisomers in their next
series of compounds.

Accessing atropisomerically stable compounds in an enantiopure fashion is another major challenge facing stable
atropisomers in drug development. Most of the examples above, including our work, rely on chromatographic
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separation to obtain atropisomers. While appropriate for early stage medicinal chemistry, this is inefficient from a
material-throughput perspective when only one atropisomer is needed and the nonrelevant atropisomer (half of the
material) will go to waste or, theoretically, be subjected to additional cycles of racemization and separation. Either
way this becomes a hindrance when handed off to process chemistry, or when extensive structural optimization
is needed, requiring the synthesis and separation of many atropisomeric analogs. While advances in large-scale
analytical separations and resolutions would certainly improve this situation, the ultimate solution will likely also
need to include the development of new atroposelective methodologies (both catalytic and auxiliary based) that
can be employed on many of the common atropisomeric scaffolds in drug discovery including heterobiaryls, diaryl
ethers and diaryl amines. While there has been seminal examples in the literature over the past decade, the field
of atroposelective synthesis is much less studied than that of point chirality, with the majority of atroposelective
examples being studied on biaryls [11,70-79]. As controlling atropisomer conformation becomes a more prevalent
strategy in drug discovery we expect there to be increasing need and opportunities for the development of innovative
new atroposelective methodologies and expect that the field will be up for the challenge.

Executive summary

e Atropisomerism is a type of chirality that can exist as either stable enantiomers or a rapidly interconverting
racemate.

e There is growing body of work that atropisomers can have vastly different biological profiles.

e Rapidly interconverting atropisomerism is ubiquitous throughout drug discovery, however, it is often overlooked.

e While rapidly interconverting atropisomers may appear achiral, they will bind their target in an enantioselective
fashion with the nonrelevant atropisomer contributing little to the desired activities, while possessing the
potential to cause off-target effects.

e Over the past few years work from our group as well as others have demonstrated that the selectivity of a
promiscuous compound can be improved by rigidifying it into the relevant conformation for the desired target.

e As atropisomerism becomes more prevalent, new and improved ways to obtain enantiopure atropisomers will be
needed.
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