
Discovery of Amino-cyclobutarene-derived Indoleamine-2,3-
dioxygenase 1 (IDO1) Inhibitors for Cancer Immunotherapy
Hongjun Zhang,*,§ Kun Liu,§ Qinglin Pu,§ Abdelghani Achab,§ Michael J. Ardolino,¶

Mangeng Cheng,# Yongqi Deng,§ Amy C. Doty,Δ Heidi Ferguson,Δ Xavier Fradera,Λ Ian Knemeyer,Π

Ravi Kurukulasuriya,§ Yu-hong Lam,‡ Charles A. Lesburg,Λ Theodore A. Martinot,¶

Meredeth A. McGowan,§ J. Richard Miller,# Karin Otte,Π Purakattle J. Biju,§ Nunzio Sciammetta,§

Nicolas Solban,# Wensheng Yu,% Hua Zhou,§ Xiao Wang,$ David Jonathan Bennett,§

and Yongxin Han§

§Departments of Discovery Chemistry, ¶Discovery Process Chemistry, #In Vitro & In Vivo Pharmacology, ΔDiscovery
Pharmaceutical Sciences, ΛComputational and Structural Chemistry, and ΠPharmacokinetics, Pharmacodynamics and Drug
Metabolism, Merck & Co., Inc., 33 Avenue Louis Pasteur, Boston, Massachusetts 02115, United States
‡Computational and Structural Chemistry, %External Discovery Chemistry, and $Analytical Research and Development, Merck &
Co., Inc., 126 East Lincoln Avenue, Rahway, New Jersey 07065, United States

*S Supporting Information

ABSTRACT: Checkpoint inhibitors have demonstrated
unprecedented efficacy and are evolving to become standard
of care for certain types of cancers. However, low overall
response rates often hamper the broad utility and potential of
these breakthrough therapies. Combination therapy strategies
are currently under intensive investigation in the clinic,
including the combination of PD-1/PD-L1 agents with IDO1
inhibitors. Here, we report the discovery of a class of IDO1
heme-binding inhibitors featuring a unique amino-cyclo-
butarene motif, which was discovered through SBDD from
a known and weakly active inhibitor. Subsequent optimization efforts focused on improving metabolic stability and were greatly
accelerated by utilizing a robust SNAr reaction of a facile nitro-furazan intermediate to quickly explore different polar side chains.
As a culmination of these efforts, compound 16 was identified and demonstrated a favorable overall profile with superior
potency and selectivity. Extensive studies confirmed the chemical stability and drug-like properties of compound 16, rendering
it a potential drug candidate.
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The field of cancer immunotherapy, in which the power of
the host immune system is leveraged against diseased

tissues, has witnessed great progress in the past few years.1,2

Immune checkpoint inhibitors, such as monoclonal antibodies
(mAbs) targeting programmed cell death protein 1 (PD-1),
programmed death ligand 1 (PD-L1), and cytotoxic T-
lymphocyte antigen 4 (CTLA-4), have demonstrated un-
precedented and enduring efficacy in a variety of cancers,
including subtypes typically resistant to conventional thera-
pies.3,4 Despite these breakthroughs, the overall response rate
of these novel antitumor therapies remains low, limiting their
potential to benefit broad patient population.3,4 To address
this issue, different combination strategies are being intensively
explored, including chemotherapy and radiotherapy as well as
those mechanisms capable of overcoming tumor-induced local
immunosuppression.5,6

Indoleamine-2,3-dioxygenase 1 (IDO1) is a heme-contain-
ing enzyme, which catalyzes the first and rate-limiting step of
tryptophan catabolism, also known as the kynurenine path-

way.7−9 The initially formed metabolite N-formyl-kynurenine
(NFK) undergoes further degradation and leads to the
formation of several downstream metabolites, which together
are called kynurenines. In the tumor microenvironment, the
kynurenine pathway can be hijacked as a mechanism of
immune escape. IDO1 over- or induced- expression is often
associated with poor prognosis in a variety of cancer types and
can lead to local depletion of tryptophan, which is essential for
T cell proliferation and activity. Furthermore, kynurenines
themselves are also reported to be immuno-suppressive
through either activation of the AhR pathway or upregulation
of regulatory T cells.10−12 Therefore, inhibition of IDO1 by a
small molecule inhibitor has the potential to unleash the host
immune response by blocking tumor-induced immunosup-
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pression, and its combination with anti-PD-1 or anti-PD-L1
agents could further improve response rates and offer broader
clinical efficacy.10−12 Thus, targeting IDO1 for cancer
immunotherapy has attracted great attention, and a diverse
class of IDO1 inhibitors has been disclosed in the past few
years.10−12

In general, most of the reported inhibitors can be classified
into two types depending on their mechanism of inhibition
(Figure 1). The first class of inhibitors can be termed “heme-

binding”, an example of which is Epacadostat.13 This class of
compounds inhibits IDO1 activity through binding directly to
the heme moiety present in the active site of IDO1. The
second class of inhibitors can be termed “heme-displacing”, as
exemplified by BMS-986205.14 This class of inhibitors
functions by competing with and displacing the heme moiety,
probably during the IDO1 protein synthesis and folding
stage.14 Here, we describe the discovery and optimization of a
class of heme-binding inhibitors guided by structural based
drug design (SBDD). This class of inhibitors features a unique
amino-cyclobutarene motif, which was extensively derisked for
potential decomposition due to electrocyclic ring opening,
confirming their suitability for further progression.
We began our investigation by exploring several hit-finding

approaches simultaneously, including virtual screening, high
throughput screening (HTS), and SBDD drawing inspiration
from literature.12 The first two approaches only resulted in
identification of some weakly active hits, which consisted
mainly of imidazole and its derivatives. These findings are
consistent with what has been reported regarding some unique
structural features around the IDO1 active binding pocket for
heme-binding inhibitors. As Röhrig et al. nicely summarized in
2015,12 the majority of the known and efficient IDO1 heme-
binders often contain one heme binding element (either N or
O) and one aromatic ring tightly binding to a narrow lipophilic
pocket (termed as A pocket). For example, Epacadostat binds
the heme moiety through the oxygen atom of its hydrox-
yamidine moiety, while its halogenated phenyl ring situates in
the A pocket and contributes significantly to its binding
affinity. In light of these disappointing hits from a screening
strategy, our hit finding strategy through SBDD soon evolved
to be our major focus of exploration.
Furazanyl hydroxyamidine 1 was known to be a weakly

active but efficient IDO1 heme binding inhibitor (Figure 2).15

Based on docking, we envisioned that benzo-fused analogs 2,
in particular, 6,4-fused cyclobutarene core analogs, might be
tolerated and fit even better into the narrow lipophilic A
pocket. To test this hypothesis, a series of analogs with varying
ring sizes were prepared, and the results are summarized in
Table 1. Although 6,6-fused analog 3 was only weakly active in
the IDO1 enzymatic assay, its 6,5-fused counterpart seemed

more encouraging. In addition, the absolute stereochemistry
was crucial and (S)-isomer 4-b was favored. Translocation of
the substitution position (5) was not tolerated, which was also
consistent with the modeling prediction. The 6,4-fused

Figure 1. Overlay of cocrystal structures of Epacadostat (cyan) and
BMS-986205 (magenta) bound to IDO1. Heme molecule depicted in
blue.

Figure 2. SBDD strategy and overlay of designed cyclobutarenes
(cyan and orange) with Epacadostat (green).

Table 1. SAR of A-pocket Exploration

aIC50 values are the mean of at least two runs. bNA stands for not
tested.
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cyclobutarene analog further improved potency, and its more
active (S)-isomer 6-a exhibited excellent potency in both
enzymatic and cellular assays.
Upon identifying the 6,4-fused cyclobutarene motif as

optimal, our attention shifted to introducing additional
substituents around the cyclobutarene core. Modeling studies
indicated that small substituents might be tolerated or even
beneficial to further optimize interactions with the binding
pocket.12,15 Although neither methyl nor gem-difluoro
substitution on the four-membered ring (7 and 8) was
allowed, fluoro substitution within the aromatic ring was well
tolerated (9−11). Particularly, incorporation of a 5-F
substitution (11-a) improved cellular potency 2-fold.
With the 5-F-substituted cyclobutarene moiety in hand as an

optimal piece replacing the benzyl group present in compound
1, we next focused our attention toward improving metabolic
stability, as furazanyl amine 11-a showed very poor in vitro
stability (Table 2). Our strategy aimed at incorporating polar
side chain substituents at the 3-position of the furazan ring,
which had the potential of improving both metabolic stability
and other ancillary physicochemical properties.16 Modeling
indicated that side chains at this position likely would extend
toward solvent and thus would have limited effect on binding
affinity.15,17 To accelerate our SAR exploration, it was desirable
to utilize the furazanyl amino group in 11-a directly as a
synthetic handle for rapid exploration of various side chains.
However, it was known that such furazanyl amine is highly
deactivated and resistant to react under typical reductive
amination or alkylation conditions, due to the strongly electron

withdrawing nature of the furazanyl ring.17 Although an
alternative route through a Boulton/Katrizky rearrangement18

was known and could be employed to bypass this issue, we
sought to identify a more direct transformation to expedite our
SAR exploration. Gratifyingly, it was soon discovered that
compound 11-a could be converted to a highly versatile
furanzanyl nitro intermediate 12 by following a two-step
sequence19,20 (Table 2) (Need to use with caution on large
scale due to the highly exothermic nature of 12 at elevated
temperature!).20 The corresponding NO2 group was a
superior leaving group for SNAr chemistry and was readily
displaced by a variety of nucleophiles under mild con-
ditions.21,22

Through this modified route, a diverse set of analogs bearing
different N-linked side chains were quickly prepared in parallel
from 12. As expected, while these analogs (13−16) showed
comparable potency in both enzymatic and cellular assays
(Table 2), the varying side chains had a significant effect on
the metabolic stability of the compounds. For example, parent
compound 11-a suffered from a poor in vivo pharmacokinetic
profile incompatible with QD dosing in human. Introduction
of an AcNHCH2CH2NH− side chain (13) did not improve
the in vivo pharmacokinetic profile too much, both compounds
having extremely short MRTs. Switching the terminal residue
in 13 from N−Ac to a more polar group (N-SO2NH2, 14)
resulted in significant improvement in the rat MRT mediated
by a significant reduction in the intrinsic clearance relative to
minor change in the unbound volume. A similar trend was
observed between analogs 15 and 16. Substituting a more

Table 2. Side Chain Optimization via Facile SNAr To Improve Metabolic Stability

aIC50 values are the mean of two or more runs. bHuman whole blood potency and unbound potency. cAlogP was calculated according to the
method described in ref 23. dHPLC measured value. eRat in vivo PK total and intrinsic clearance. fRat in vivo PK mean residence time (MRT).
gUnbound volume of distribution. hHuman in vitro hepatocytes intrinsic clearance.
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polar hydroxyethyl amide (16) for the terminal primary amide
in 15 further improved the MRT again through improvements
in intrinsic clearance relative to minor changes in unbound
volume. Compound 16 was also found to have excellent in
vitro stability in human hepatocytes.
In addition to N-linked side chains, S-linked side chains

were also tolerated to some extent (17−19). The S-linked
analogs generally had similar overall profiles relative to the N-
linked analogs. Compound 19, the S-linked analog of
compound 16, had a similar intrinsic potency to compound
16, and an inferior pharmacokinetic profile (Table 2).
Having identified compound 16 as an optimal combination

of potency and metabolic stability, we selected it for further
profiling. Initially we were pleasantly surprised to discover that
16 displayed good cell permeability and in vivo bioavailability
(Figures 3 and 4). In addition to its low calculated logP value,

several other parameters including H-bond donor/acceptor
counts and PSA also fall out of the typical preferred value
range for oral absorption.16 A correlation analysis of calculated
AlogP and rat in vivo unbound clearance (Figure 3) revealed
that, within this class of compounds, metabolically more stable
analogs tend to display lower AlogP values (−1.0 to +1.0) than
the usual range preferred for good absorption (+1.0 to +3.0).16

This was likely due to the presence of multiple intramolecular
H-bonds, which partially masks some of the polar features in
the compounds.24,25 This hypothesis also aligns well with the
experimentally measured HPLC logD value (Table 2) and a
similar observation reported for Epacadostat.17

As summarized in Figure 4, compound 16 showed good
IDO1 inhibition across species and superior metabolic stability
across species. In addition, 16 was clean in standard off-target
profiling including selectivity against a set of 108 targets in a
Eurofins Panlabs panel. Compound 16 also showed a favorable
profile in preclinical toxicity studies, and no significant adverse
events were observed. On the basis of its good whole blood
potency and superior pharmacokinetic stability, 16 was
predicted to have a lower projected human dose than
Epacadostat (BID), with potential for QD dosing.
We were able to obtain a cocrystal structure of compound

17 bound to IDO1 protein (Figure 5). Compound 17 adopts a

similar binding mode as that of Epacadostat, binding to heme
through an oxygen atom present in its hydroxyamidine motif.13

The 5-F-substituted cyclobutarene ring resides in the A pocket,
and its oxadiazole ring is slightly shifted relative to
Epacadostat, likely to accommodate the bulky cyclobutarene
moiety. The side chains of both compounds extend toward the
solvent region.
While we were encouraged by the favorable profile of

compound 16, cyclobutarene derivatives are known to undergo
conrotatory electrocyclic ring opening to ortho-quinodi-
methanes under thermal conditions.26 The triggering temper-
ature of such ring opening often depends on the nature of
substituents on the cyclobutene ring (Figure 6).26 Electron-
donating substituents such as OH or NH2 can dramatically
decrease thermal stability and lead to decomposition even at
ambient temperature. However, such instability can be
mitigated by capping the free NH2 group with electron

Figure 3. Correlation of AlogP and rat in vivo unbound clearance.
AlogP was calculated according to the method described in the
literature.23

Figure 4. Overall profile of 16.

Figure 5. Overlay of cocrystal structures of 17 (pink) and Epacadostat
(cyan) bound to IDO1.

Figure 6. Theoretical and experimental assessments of electrocyclic
ring opening potential of amino-substituted cyclobutarenes.
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withdrawing groups, such as amides or carbamates.26 Hence,
soon after the discovery of this class of amino-cyclobutarene
analogs, we initiated studies to evaluate the chemical stability
of our compounds as a key determinant of their suitability as
potential drug candidates.
The activation barriers for electrocyclic ring opening (ΔG‡)

were computed by density functional theory calculations27−31

with the quasiharmonic approximation proposed by Cramer
and Truhlar32 to assess whether there was correlation with
experimental observation. For the free amine analog 11, the
computed ΔG‡ values of 27−28 kcal/mol suggested that the
analogs were prone to ring-opening at room temperature,
consistent with reported experimental results.26 Protonation of
11 was predicted to increase the ring-opening activation barrier
to 42.6 kcal/mol, which was well aligned with the much better
stability of the HCl salt form 11 observed experimentally.
Structures 20 and 21 were selected as prototypes for
calculation to model the N-linked and S-linked analogs,
respectively. Both were found to have estimated ΔG‡ values
of ∼33 kcal/mol and thus predicted to be much more stable
than the free amine analog 11.
Encouraged by these results, 16 was evaluated experimen-

tally and indeed showed good thermal stability. After heating at
100 °C for 3 h, greater than 88% of the parent remained intact.
Compound 16 was also evaluated and exhibited good stability
under a variety of conditions, including acidic, basic, oxidizing,
photolytic, and homolytic conditions (Table 3). These results
confirmed the chemical stability and drug-like properties of
this class of molecules and supported their suitability as
potential drug candidates.

Encouraged by our stability and safety results, we proceeded
to evaluate 16 in the EMT6 mouse syngeneic model either
alone or in combination with anti-PD-1 mAb.33 Significant
therapeutic benefit was observed in the combination group
when compound 16 was administered (100 mg/kg, bid)
together with anti-PD-1 (5 mg/kg, twice a week) (Figure 7).
In conclusion, a class of novel IDO1 heme-binding

inhibitors featuring an unprecedented amino-cyclobutarene
motif in A-pocket was identified through SBDD. Further
optimization of the side chain to improve metabolic stability
was greatly accelerated by harnessing a nitro-furazan
intermediate amenable to react with a variety of nucleophiles
under mild conditions via SNAr reaction. Compound 16 was
discovered and exhibited a very favorable overall profile,
including excellent potency, selectivity, pharmacokinetics, and
predicted human dose. Extensive theoretical and experimental
studies were carried out to confirm the chemical stability of the
amino-cyclobutarene motif and to reinforce its suitability as a
component of potential drug candidates for further pro-

gression. Lead compound 16 demonstrated good efficacy
synergy when combined with anti-PD-1 mAb in a mouse
EMT6 tumor syngeneic model.
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