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ABSTRACT: Tumor necrosis factor α (TNFα) is a soluble cytokine that is directly involved in systemic inflammation through the
regulation of the intracellular NF-κB and MAPK signaling pathways. The development of biologic drugs that inhibit TNFα has led to
improved clinical outcomes for patients with rheumatoid arthritis and other chronic autoimmune diseases; however, TNFα has
proven to be difficult to drug with small molecules. Herein, we present a two-phase, fragment-based drug discovery (FBDD) effort in
which we first identified isoquinoline fragments that disrupt TNFα ligand−receptor binding through an allosteric desymmetrization
mechanism as observed in high-resolution crystal structures. The second phase of discovery focused on the de novo design and
optimization of fragments with improved binding efficiency and drug-like properties. The 3-indolinone-based lead presented here
displays oral, in vivo efficacy in a mouse glucose-6-phosphate isomerase (GPI)-induced paw swelling model comparable to that seen
with a TNFα antibody.

■ INTRODUCTION

Tumor necrosis factor α (TNFα) is a soluble, homotrimeric
cytokine that exerts a wide spectrum of biological activities
through interaction with its cognate membrane receptors
TNF-R1 and TNF-R2. TNFα, which was originally identified
for its cytotoxic and necrotic effects in mouse cancer models
over 40 years ago,1 is now generally associated with
proinflammatory responses including activation of NF-κB as
well as the JNK and p38-MAPK pathways.2 Although systemic
toxicity of TNFα limits our ability to directly exploit the
antitumor effects of the cytokine, the immunomodulatory role
of TNFα and associated signaling pathways continue to be an
area of intense research.
Approved anti-TNFα drugs,3 which include monoclonal

antibodies as well as fusion proteins, have become the standard
of care for rheumatoid arthritis patients that respond poorly to
methotrexate monotherapy. The on-label use of anti-TNFα
biologics has expanded into other areas of chronic auto-

immune diseases such as Crohn’s disease, psoriasis, psoriatic
arthritis, ulcerative colitis, inflammatory bowel disease,
ankylosing spondylitis, and juvenile rheumatoid arthritis.4

Even though there is a vast amount of in vivo target
validation data on anti-TNFα biologics and a clear clinical
benefit to patients, only 60−70% of rheumatoid arthritis
patients achieve a long-term clinical response.5 While
monoclonal antibodies and fusion proteins have offered a
mechanism to directly target cytokines, including TNFα, that
have been difficult to inhibit with small molecules,
immunogenicity and the production of antidrug antibodies
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are a contributing factor for many adverse events and
secondary failures of anti-TNFα biologics.
The first series of small-molecule inhibitors of TNFα,

exemplified by SPD-304, was reported by He et al. of Sunesis
in 2005.6 These inhibitors were reported to induce subunit
disassembly of trimeric TNFα and subsequent inhibition of the
TNFα pathway in biochemical and cell-based assays.6

Although the compounds displayed only moderate affinity
and poor physicochemical properties, this landmark discovery
was the first to suggest that TNFα was indeed a druggable
target and that binding to this protein could result in decreased
binding to its cognate receptor TNF-R1, with a concomitant
reduction in proinflammatory responses. Since the disclosure
by Sunesis in 2005, there have been multiple reports focused
on expanding the number of scaffolds capable of binding

directly to TNFα dimer in a similar manner as SPD-304;
however, those molecules also suffer from poor overall
physicochemical properties that limit their use for in vivo
proof-of-concept experiments.7−10 Small molecules that show
inhibition of the TNFα pathway have generally been limited to
uncharacterized inhibitors of TNFα cell-based assays as well as
inhibitors of kinases associated with p38 or MAPK signal-
ing.6,9,11−14 Despite the incentives associated with small-
molecule inhibition of the TNFα pathway, molecules that
directly bind and inhibit any form of TNFα were not
forthcoming until the report by O’Connell et al. in 2019
describing small molecules that bind to and stabilize an
asymmetric population of the trimer.15 Herein, we present two
additional series of molecules that exploit and stabilize this
asymmetric form of the protein.

Figure 1. Biophysical and crystallographic characterization of isoquinoline fragments. (A) 2D [13C, 1H]-HSQC spectral overlay of TNFα trimer
labeled at the methyl groups of isoleucine (δ only), valine, leucine, and methionine Apo (black) and in the presence of fragment hit compound 1
(red). (B) SPR data of compound 1 binding to TNFα. (C) Structures and binding affinities of initial fragment hit, compound 1, and compound 2
from the first round of SAR. (D) Side view of apo trimeric TNFα structure with the symmetric Tyr119 (yellow) side chains in the central core. (E)
Structure of the compound 2 (magenta) complex with positions of Tyr119 (green for monomer A and cyan for monomer B) from Apo (yellow).
(F) Electron density for compound 2 complex (contour 1 sigma). (G) Trimeric view of the compound 2 complex. (H) Overlay of the compound 2
complex with symmetric TNFα:TNF-R1 complex (gray, brown) with positions of Val91 (sphere) for each TNFα monomer. (I) Disrupted trimeric
symmetry represented by distance differences for positions of Val91 for compound complex (colors) compared to apo (gray). In each cartoon of
the complex with compound 2, TNFα monomer A is green, monomer B is cyan, and monomer C is dark blue. The PDB code for 2 bound to
TNFα trimer is 6 × 81.
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■ RESULTS
Fragment-Based Screening of the Homotrimer of

TNFα Ligand. To identify novel chemical matter that binds
TNFα, we employed a 2D protein-based NMR fragment
screen on an 18,000-member fragment library (MW < 250,
MWavg = 204, HBD < 5, HBA < 5, cLogP < 4, cLogPavg = 1.6)
against the trimeric form of TNFα. The screen was carried out
by adding fragments, initially as mixtures, to TNFα protein,
which had been isotopically labeled with 13C at the methyl
groups of Ile (δ only), Val, Leu, and Met, with the goal of
looking for perturbations in the 13C-HSQC spectrum. Upon
deconvolution of the mixtures, we identified 11 fragments
(0.06% hit rate) that, upon addition to TNFα, exhibited
significant perturbations in the protein spectrum. Compared to
other fragment campaigns, a 0.06% hit rate is quite low and can
be associated with an overall low ligandability score for TNFα.
Subsequently, we obtained binding affinities and kinetic
profiles for each compound against TNFα using surface
plasmon resonance (SPR). The most promising hit was
isoquinoline 1. Upon addition of compound 1 to TNFα, we
observed splitting of certain resonances into three distinct
signals (Figure 1A), which suggested that binding of
compound 1 may, in fact, disrupt the trimer interface of the
TNFα complex. By SPR, compound 1 showed an equilibrium
dissociation constant (KD) of 60 μM for the TNFα trimer
(Figure 1B; kon = 1300 1/M·s, koff = 0.0781 1/s). This equated
to a surprisingly high binding efficiency index16 (BEI) of 20.6,
a ligand efficiency (LE) of 0.37, and a lipophilic lipid efficiency
(LLE) of 0.51. In addition, thermal shift analysis (TSA) of

TNFα in complex with compound 1 showed a statistically
significant ∼2 °C maximum shift.
Without structural information to guide the design, initial

optimization focused on substitutions on the phenyl portion of
compound 1. After evaluating approximately 40 analogues, the
4-methylcyano substitution in compound 2 (Figure 1C)
improved the affinity roughly 20-fold (SPR KD = 2.70 μM,
kon = 705 1/M·s, koff = 0.0019 1/s) and improved the overall
BEI (22.8), LE (0.41), and LLE (2.45). The gain in affinity
was attributed to an approximately 40-fold slower off-rate and
2-fold slower on-rate. In TSA, compound 2 showed
stabilization of TNFα with an observable ∼4 °C shift. The
improvement in affinity and solubility of compound 2 were
contributing factors in obtaining a high-resolution cocrystal
structure of compound 2 bound to TNFα trimer.

Structural Analysis of TNFα Desymmetrization upon
Fragment Binding. The crystal structure revealed that two
copies of compound 2 were bound and surrounded in a central
cavity formed by convergence of the three TNFα monomers
(Figure 1D), where one monomer is shifted from its pseudo-
symmetric position. In the center of the trimer interface
observed in the apo structure of TNFα, tyrosine 119 from all
three monomers cluster together with each hydroxyl proton
engaging in a hydrogen bond with the backbone carbonyl of
glycine 121. In the structure with compound 2 bound, tyrosine
119 from monomer A rotates ∼180° and tyrosine 119 from
monomer B rotates ∼45° resulting in the formation of a large
hydrophobic pocket where two copies of the fragment
cooperatively bind (Figure 1E−G). The isoquinoline ring of

Figure 2. Affinity maturation of isoquinoline fragments. (A) Evolution of isoquinoline compounds from two fragments to linked scaffolds. (B)
Binding pose is maintained in the overlay of compound 2 complex (magenta) and crystal structure of linked compound 3 complex (gray). (C)
Structural comparison of compound 2 complex (magenta) with the crystal structure of optimized compound 4 (orange). (D) Inhibition of receptor
binding by compound 4 as a measure by SPR. (E) Structure of isoquinoline FP probe. (F) FP assay probe displaying the time-dependent increase
of binding affinity. The PDB code for compound 4 bound to TNFα trimer is 6 × 82.
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each copy utilizes the hydrophobic void created when the
tyrosine residues move and the two fragment copies engage
each other through mutual, intermolecular edge-to-face
interactions involving both the phenyl and isoquinoline
moieties. Each of the isoquinoline copies is anchored into
the site by a single hydrogen bond to tyrosine 151 from
monomers A and B and two edge-to-face π-interactions
between the cyanophenyl of each compound copy with
tyrosine 59 of monomers A and B. The 4-methylcyanophenyl
ring at the 8-position of copy 1 extends into a hydrophobic
cleft formed by leucine 157 and isoleucine 155 from monomer
A, isoleucine 155 from monomer B, and leucine 57 and leucine
157 from monomer C and projects the cyano group toward a
water channel. The cyanomethyl from copy 2 is in proximity to
provide an edge-to-face π-interaction with the isoquinoline
from copy 1.
When compared to the previously published structures of

apo-TNFα,17 it is apparent that the binding of compound 2
disrupts the threefold symmetry of the complex (Figure
1H,1I). The interatomic distance between the α carbon of
valine 91 between different monomers averages 34.9 angstroms
(A−B = 34.8 Å, B−C = 34.8 Å, and C−A = 35.0 Å). By
comparison, the structure of TNFα bound to compound 2 is
much more asymmetric as the distance between the three
valine 91 residues varies from 34.8 to 40.5 Å (A−B = 40.5 Å,
B−C = 34.8 Å, and C−A = 35.9.5 Å). This suggests that upon
ligand binding, monomer A (Figure 1H, green) is perturbed
away from the other monomers of the complex. The
asymmetric form of the protein is very similar to that most
recently described by O’Connell et al. where they measured

interatomic shifts between 5.6 and 9.5 Å for residues in the
APO and UCB-6876 bound forms of the protein.15

Structure-Based Optimization of Isoquinoline Frag-
ments. In light of this structural information, we explored a
focused linking strategy to connect each copy of compound 2
with an appropriate tether that could potentially provide a
large boost in potency.18 A few analogues exploring linker
positioning, length, and atom types were evaluated. From this
exercise, it was clear that the most efficient position to link was
between the ortho-position of the C-ring on copy 1 and the
para-position of the C-ring on copy 2. The most potent linked
compound from this exercise, compound 3 (Figure 2A),
contains a 3-atom ethoxy linker, which resulted in a 36-fold
boost in binding affinity (SPR KD = 0.074 μM, kon = 1020 1/
M·s, koff = 0.000075 1/s) and an observed ΔTm of 7 °C in
TSA. We were able to obtain a cocrystal structure with
compound 3 that revealed that it retained the binding pose of
the individual fragment moieties (Figure 2B); however,
efficiency calculations proved to be much less favorable (BEI
= 13.3, LE = 0.24, and LLE = −1.7). Knowing that the original
fragments bound two copies to the protein and in a
cooperative fashion, we hypothesized that it was more
appropriate to recalculate both BEI and LE with the total
molecular weight or number of atoms bound. The recalculated
efficiency metrics for compound 2 are BEI = 11.4 and LE =
0.21. Comparing the affinity and efficiency with the
recalculated values still resulted in only a modest improve-
ment; however, having a linked compound provided a scaffold
with the potential to optimize each isoquinoline moiety
independently of the other. There was also an opportunity to

Figure 3. Two binding modes of benzimidazole fragments and indolinone. (A) Compound progression. (B) Crystal structure overlay of compound
6 complex (mauve) as two copies and compound 8 (yellow) as one copy, where the position of Tyr119 for monomer A is highlighted with a
compound color for each binding mode. (C) Overlay of benzimidazole compound 8 (yellow) and crystal structure of indolinone compound 9
(purple). The PDB code for 6 bound to TNFα trimer is 6 × 83. The PDB code for 9 bound to TNFα trimer is 6 × 85.
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improve affinity and efficiency through SBDD by exploiting the
water channel that the cyanomethyl group projected toward in
the crystal structure of compound 2 bound to the TNFα
trimer. To this end, we looked for cyano replacements that
could positively interact with the hydrophobic walls of the
channel while also trying to incorporate polarity to decrease
the overall lipophilic character of compound 3. We also aimed
to improve our overall drug-like properties by substituting each
of the isoquinoline moieties with other bicyclic ring systems.
N-Methylpiperazine was identified as an optimal replacement
for the cyano moiety and found that a 5-azaindole could
replace one of the isoquinoline rings to form compound 4,
which displayed a further 50-fold improvement in affinity (KD
= 2 nM, kon = 5710 1/M·s, koff = 0.000012 1/s) and a ΔTm in
TSA of greater than 15 °C. The cocrystal structure of
compound 4 bound to the TNFα trimer (Figure 2C) showed
that the methylpiperazine ring very efficiently filled the water
channel and that the 5-azaindole moiety maintained the
hydrogen bond with tyrosine 151 of monomer B. The N−H of
the azaindole also provided an additional hydrogen bond
donor to engage the hydroxyl of tyrosine 119 from monomer
C. The calculated BEI = 15.7, LE = 0.29, and LLE = 2.29 were
all improved in comparison to compound 3. Furthermore,
compound 4 displayed an IC50 of 128 nM in a cell-based
TNFα-induced L929 cytotoxicity rescue assay and an IC50 of
89 nM in an NF-κB inhibition assay.2

To further interrogate the functional relevance of direct
binding of small molecules to TNFα, compound 4 was
analyzed by SPR for its ability to inhibit binding of TNF-R1 to
TNFα. The binding response of TNF-R1 for TNFα was first
measured by flowing TNF-R1 over immobilized TNFα alone
and with TNFα complexed with compound 4. The results
show that the maximum binding response of TNF-R1
decreased when immobilized TNFα was complexed with
compound 4, suggesting that these molecules indeed inhibit
the binding of TNFα to its cognate receptor (Figure 2D). As
the compound is completely engulfed by TNFα, we surmise
that the conformational shift of the trimer disposition is
responsible for the decrease in receptor binding.
Unfortunately, compound 4 had poor physicochemical

properties, high clearance, and poor oral exposure in mice
and, therefore, could not be used for in vivo efficacy studies.
Compound 3, however, displayed suitable properties to
develop fluorescent probe 5 (Figure 2E) that was constructed
via a PEG2-ethanolamine linker and amide coupling to an
Oregon green fluorophore (see the Supporting Information).
Although the isoquinoline series did not provide drug-like
properties suitable for in vivo target validation or efficacy, the
fluorescence polarization assay developed from this probe
served as the primary binding assay that supported an
expanded medicinal chemistry effort. Consistent with the
slow on-rate observed for compound 4 in SPR, the probe
compound showed a time-dependent increase in binding
affinity (Figure 2F).
Identification of Structurally Related Benzimidazole

Fragments with Two Different Binding Modes. With a
validated mechanism of allosterically inhibiting TNFα by
stabilizing an inactive form of the trimer, the focus of medicinal
chemistry efforts shifted toward finding an alternative scaffold
with better drug-like properties. To find new starting points,
we revisited our original fragment hits. Compound 6, an N-
benzylbenzimidazole fragment (Figure 3A), had originally
been deprioritized due to its weak affinity (SPR KD = 300 μM)

and lower efficiency (BEI = 16.7, LE = 0.31, LLE = 0.42)
compared to isoquinoline 1. We leveraged parallel chemistry to
look at substitutions around the benzyl ring and identified
some fragment analogues in our internal repository with a 2-
substitution pattern. The SAR around the N-benzyl portion
was flat, and only a 2,4-dimethylbenzyl substituent, compound
7, offered any improvement in affinity (SPR KD = 106 μM);
however, the overall efficiency was roughly the same and the
lipid efficiency was less favorable (BEI = 16.8, LE = 0.31, and
LLE = −0.13). Not surprising at the time, compound 8 (SPR
KD = 325 μM, BEI = 15.7, LE = 0.28, LLE = 0.11), which
contained only a 2-methyl substituent on the benzimidazole
ring, displayed similar affinity and efficiency when compared
directly to compound 6. Cocrystal structures of each of these
three fragments bound to the TNFα trimer show a similar
overall shifted disposition of the trimer but two distinct
binding modes. The two benzimidazole fragments, 6 and 7,
that did not contain a substituent at the 2-position of the
benzimidazole ring bound in a similar fashion as isoquinoline
fragment 2 (Figure 3B). Two copies of the fragment bound to
the trimer, accepting a hydrogen bond from tyrosine 119 in
both monomers A and B and showing distinct cooperative
binding via π−π interactions between the two copies of the
fragment. In a similar manner to the isoquinoline series, the
two copies of benzimidazole fragments leverage intermolecular
interactions with each other to stabilize an asymmetric trimer
where monomer A is perturbed away from monomers C and B.
When the 2-methyl was present in compound 8, however,

only one copy of the fragment was bound (Figure 3B). This
structure revealed that compound 8 provided a single
hydrogen bond acceptor to engage tyrosine 151 from
monomer B with the C-ring of the benzimidazole making a
face-to-face π-stacking interaction with tyrosine 59 from
monomer B. The C3−C4 carbons of the benzyl moiety
engaged tyrosine 59 from monomer A with an edge-to-face
π−π interaction. A notable difference was seen in tyrosine 119
in monomer A. Instead of being rotated 180° as seen in the
fragments that bound two copies, it appeared in the same
conformation as the APO structure; however, it was shifted 5.1
angstroms away from monomer C and in position to stack with
tyrosine 119 of monomer B (Figure 3B). When the structures
of benzimidazoles 6 and 8 were superimposed, it appeared that
the addition of an ortho substituent on the benzyl portion of 8
would provide an even stronger brace and fill the hydrophobic
space below the C-ring of the benzimidazole, which is
occupied in the structure of benzimidazole 6. At the time,
similar benzyl substitutions at the ortho-position were
disclosed by UCB pharma.15,19,20

Structural Insights Lead to 3-Indolinone Core. Based
on the structural insights gained from the cocrystal structures
of compounds 6 and 8 bound to TNFα, we focused on
identifying additional fragments that satisfied a pharmacophore
model, whereby a biaryl system, like in 6 and 8, was
maintained along with a similar positioning of a H-bond
acceptor. We were able to identify a number of scaffolds from
this exercise that maintain this central pharmacophore
including indolinone 9 and also a closely related indazolone
scaffold21 that shares very similar SAR and will be reported in
detail in a separate publication. In this report, the indolinone
series is being used as a representative example to map out the
critical interactions needed to develop a fragment scaffold into
an inhibitor with suitable properties for in vivo studies.
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The indolinone series was developed from indolinone 9 that
binds the TNFα trimer with an SPR KD = 19 μM (kon = 697 1/
M·s, koff = 0.013 1/s, BEI = 14.9, LE = 28.7, LLE = −0.21). As
expected, in the solved cocrystal structure with TNFα trimer,
indolinone 9 binds in a similar fashion to benzimidazole 8
where the carbonyl oxygen interacts with tyrosine 151 through
a single hydrogen bond (2.6 Å) and the C-ring of the
indolinone π-stacks with tyrosine 59 (Figure 3C). The ortho-
difluoromethoxy group occupies the space under C7 of the
indolinone ring. Tyrosine 119 from monomer A is in a similar
position to that observed in the cocrystal structure of
benzimidazole 8. Although the overall efficiency was lower
than benzimidazole 8, indolinone 9 exhibited kinetics in the
SPR experiment and yielded an IC50 of 5.3 μM in the FP
binding assay developed from probe 5. In addition, the sp3

carbon of the indolinone offered an alternative trajectory to
potentially engage tyrosine 119 of monomer A. The overall
properties of indolinone 9 are not in line with ideal fragment
properties found in our stringently designed fragment
libraries;22 however, once we understood that the binding
site in the center of the trimer was highly hydrophobic in
nature with a relatively large volume, and an adjacent water
channel could be exploited to balance out the physicochemical
properties as fragments were grown, we allowed the properties
of our de novo fragments to expand outside of the Ro3
chemical space.
Structure-Based Optimization of Indolinone 9 and

Pharmacokinetic Analysis. Structure-based optimization of
indolinone 9 commenced with building into the same water
channel that was exploited in isoquinoline 4. A 5-pyrimidine
linked to the 6-position of the 3-indolinone was found to be
optimal and provided a trajectory to investigate multiple amine
substitutions at the 2-position. We focused on piperazine- and
morpholine-like secondary amines based on our knowledge of

the SAR in the isoquinoline series and identified compound 10
that utilized a pyrimidine linker and placed an (R)-2-hydroxy-
1-(2-methylpiperazin-1-yl)ethanone into the water channel
(Figure 4B). Compound 10 displayed an IC50 = 189 nM in the
FP binding assay and 146 nM potency in the L929 assay.
Analysis of the binding kinetics by SPR (KD = 1.3 nM, BEI =
15.8, LE = 0.31, LLE = 3.9) showed that compound 10 was
driven by a particularly long half-life (koff = 0.0000045 1/s, t1/2
= 42.8 h) and balanced an ∼2-fold slower on-rate (kon = 3380
1/M·s) in comparison to isoquinoline 4 (kon = 5710 1/M·s).
Compound 10 was dosed IV and orally to mice at 1 mg/kg and
found to have low total blood clearance, good oral
bioavailability (F(%) = 75.4%), and an oral half-life of 4.7 h
(Table 1). However, compound 10 was associated with high in
vitro intrinsic clearance in mouse and human microsomes
(CLint,u = 101 and 137 L/h/kg), high unbound clearance, low
solubility in phosphate buffer (1.2 μM), low fraction unbound
(fu) in plasma (0.00293), and a low oral unbound AUC of
6.86 ng·h/mL.
The next stage of optimization focused on maintaining

affinity for the target while improving physicochemical
properties. Substitution of the ortho-trifluoromethoxy ring
with a picolinonitrile provided compound 11 that performed
marginally better in the binding and cell-based assays (FP assay
IC50 = 163 nM, L929 assay IC50 = 113 nM). The SPR KD of
compound 11 (KD = 7.3 nM, BEI = 15.9, LE = 0.30, and LLE
= 5.2) showed a loss of approximately 6-fold in affinity that was
attributed to an on-rate (kon = 442 1/M·s) that was an order of
magnitude slower than that observed for compound 10 and
was balanced by a marginally slower off-rate (koff = 0.0000031
1/s, t1/2 = 62.3 h). Reduction in the overall lipophilicity
resulted in an improvement in lipid efficiency (LLE = 5.2) and
solubility (48.4 μM in phosphate buffer at pH = 7.4) and
higher fu in plasma (0.137). Pharmacokinetic experiments in

Figure 4. Optimization of indolinone fragment. (A) Elaboration of highlighted compounds. (B) Structural overlay of compound 9 (purple) and
crystal structure of compound 11 (yellow). (C) Comparison of binding pose in crystal structures for indolinone compound 11 (yellow) and
isoquinoline compound 4 (orange). The PDB code for 11 bound to TNFα trimer is 6 × 86.
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mouse yielded an oral bioavailability of 50.8% for compound
11, but clearance was high, which contributed to a low oral
unbound AUC similar to compound 10. The cocrystal
structure of compound 11 complexed to TNFα trimer shows
that the picolinonitrile moiety occupies the same hydrophobic
space as the ortho-difluoromethoxy phenyl (Figure 4C) and
that the (R)-2-hydroxy-1-(2-methylpiperazin-1-yl)ethanone
group is once again able to reach deeply into the water
channel. A further improvement in physicochemical properties,
activity, unbound clearance, and unbound oral exposure (42.4
ng·h/mL) was realized when the (R)-2-hydroxy-1-(2-methyl-
piperazin-1-yl)ethanone was replaced with the bicyclic (R)-
hexahydroimidazo[1,5-α]pyrazin-3(2H)-one in compound 12.

This compound showed over 2-fold improvement in the FP
binding assay (IC50 = 71 nM) and was equipotent to
compound 11 in the L929 assay (IC50 = 99 nM). The SPR
KD was almost identical (KD = 6.8 nM, BEI = 16.5, LE = 0.31,
and LLE = 6.8) to compound 11; however, the overall profile
was very different (kon = 82800 1/M·s, koff = 0.00056 1/s, t1/2 =
0.9 h). As compounds were optimized for drug-like properties
and unbound clearance, their SPR profile shifted from slow-
on/slow-off kinetics to fast-on/slow-off kinetics that are more
typical to that observed in other small-molecule programs. This
was unexpected as it was hypothesized that the slow on-rate
was protein limiting and was associated with the time required
for the protein equilibrium to shift toward the asymmetric

Table 1. SPR Kinetic Data, FP Data, and L929 Data
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form. In comparison to compound 11, the unbound clearance
and unbound oral exposure were improved 4.8-fold and 4.4-
fold, respectively, for compound 12 (Table 1). Lipid efficiency
was improved to 6.8 (Table 2).
Compound 12 In Vivo Efficacy in a Mouse Arthritis

Model. The in vivo efficacy of compound 12 was evaluated in
a glucose-6-phosphate isomerase (GPI)-induced mouse
arthritis model23 and compared to anti-TNF antibody
treatment. Mice were immunized with GPI resulting in a
synchronized onset of disease beginning 10 days after
immunization. Mice were dosed with either anti-TNF antibody
by intraperitoneal (IP) injection or increasing doses of
compound 12 dosed by oral administration. Compound 12
treatment at doses of 30 and 100 mg/kg significantly inhibited
paw swelling on days 13, 15, and 17 after GPI immunization

(Figure 5A). AUC was calculated from the paw swelling
graphs, and both the 100 and 30 mg/kg doses of compound 12
significantly inhibited the paw swelling (Figure 5B). Although
anti-TNF antibody appeared to provide a greater inhibition
compared to compound 12, there were no statistically
significant differences between the efficacy for either the 30
or 100 mg/kg doses compared to those of anti-TNF treatment.
Plasma concentrations of compound 12 were assessed at
multiple time points after the final dose on day 17 (Figure 5C).
Plasma concentration at Cmax increased in a dose-dependent
manner (10 mg/kg = 767 ng/mL, 30 mg/kg = 2980 ng/mL,
100 mg/kg = 6190 ng/mL) as did AUC0−12 (10 mg/kg = 3830
ng·h/mL, 30 mg/kg = 10 200 ng·h/mL, 100 mg/kg = 46 300
ng·h/mL). At 10, 30, and 100 mg/kg, Cmax, unbound/EC50 =
2.1, 8.3, and 17, respectively.

Table 2. Mouse Pharmacokinetics (Data Presented as Mean (SD))

IV (1 mg/kg) oral (1 mg/kg)

t1/2
(h) Vss (L/kg)

AUC (ng·h/
mL) CLb (L/h/kg)

CLb,u
b (L/h/
kg)

t1/2
(h)

Cmax (ng/
mL) Tmax (h)

AUC (ng·h/
mL)

AUCu (ng·h/
mL) F(%)

10 4.4a 2.12 (0.60) 3110 (1570) 0.369 (0.187) 126 (64) 4.7a 200 (33) 1.8 (1.8) 2340 (430) 6.86 (1.26) 75.4 (13.8)

11 1.4a 17.3 (4.4) 124 (48) 8.77 (3.43) 57.3 (22.4) 2.0a 16.7 (7.1) 1.0 (0.0) 62.7 (30.2) 9.60 (4.63) 50.8 (24.5)

12 1.1a 2.12 (0.11) 523 (33) 1.92 (0.12) 11.9 (0.8) 1.6a 81.7 (23.1) 1.0 (0.0) 263 (15) 42.4 (2.3) 50.4 (2.8)
aHalf-life reported as the harmonic mean. bCLb,u was calculated as CLb/fublood, and AUCu was calculated as AUC × fublood. For compound 12,
fu,blood = fu,plasma/(blood/plasma ratio). For compounds 10 and 11, blood/plasma ratio was assumed to be 1.

Figure 5. Small-molecule TNF inhibitor compound 12 inhibited paw swelling in the GPI arthritis model. DBA/J mice (n = 15) were immunized
with GPI on day 0 and paw swelling assessed. Mice were dosed with compound 12 or anti-TNF antibody 1 h prior to GPI immunization. (A)
Change in paw thickness over time with baseline measurement assessed on day 7. Statistical significance evaluated by two-way ANOVA (*p < 0.05,
****p < 0.0001). (B) Area under the curve (AUC) for change in paw thickness from day 7 to 17. Statistical significance evaluated by one-way
ANOVA (***p < 0.001). (C) Compound 12 plasma concentration after the final dose on day 17 after GPI immunization.
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■ DISCUSSION AND CONCLUSIONS

Inhibition of TNFα and other cytokine signaling pathways
such as IL-17, IL-23, and IL-6 have been clinically validated via
macromolecular biologic drugs; however, efforts to modulate
these pathways with small molecules by directly inhibiting
interaction with their cognate receptors have been impeded by
the challenges associated with the requirements of a small
molecule to disrupt high-affinity, protein−protein interactions.
That being said, our experience with TNFα, as well as other
reports that describe the identification of ligands that bind
cytokines such as IL-17,24,25 CD40L,26,27 IL-6,28 and IL-36,29

suggests that cytokines may be emerging as a viable target class
for small-molecule inhibition. Although robust biochemical
tools to study protein−protein interactions may not be as
readily available in comparison to more traditional target
classes such as enzymes, ion channels, and GPCRs, biophysical
methods and affinity-based screening methods have proven
capable of identifying viable starting points to initiate
medicinal chemistry campaigns. In contrast, identifying starting
points for cytokine targets via traditional HTS methods has
been elusive, at least in our experience, as many of these targets
lack a known binder that is suitable for generating a robust
binding assay. In addition, cell-based screens often suffer from
ambiguous results arising from off-target activities. We have
learned from multiple programs, including this one, aimed at
developing small-molecule inhibitors of protein−protein
interactions, that biophysical methods, when used to drive a
fragment-based approach, offer the greatest chance for success.
These biophysical tools include NMR, SPR, ITC, and TSA, all
of which can be used to identify small, but efficient, low-affinity
(or high-affinity) binders. The low-throughput nature of these
methods is somewhat of a disadvantage; however, the
robustness of these methods compared to the purely
biochemical or cell-based methods more than compensates
for this low throughput. As this work illustrates, the
combination of 2D NMR and SPR can provide a very detailed
view of binding, as it yields not only simple equilibrium
binding constants but also kinetic data that can be key for
compound optimization. These methods, when combined with
X-ray crystallography studies and a robust biochemical assay,
exemplify a nearly ideal model for rational drug discovery.
Although our initial effort to optimize isoquinoline frag-

ments did not provide chemical matter with suitable properties
for in vivo proof-of-concept, the discovery effort generated
structural information that was critical in the identification of a
desymmetrization mode of action. The isoquinolines also
enabled the generation of a robust biochemical- and cell-based
screening funnel that was leveraged to discover and advance
multiple series with improved drug-like properties. A similar
desymmetrization of a trimer as a mode of action has been
reported in the identification of binders of another TNF family
member, CD40L; however, binding interactions identified in
CD40L are quite different from those in TNFα shown here.26

Our TNF compounds were determined to be selective against
other TNF family members including CD40L, TNFβ, and
TWEAK (no binding observed in TSA at 50 μM) and also
display high levels of selectivity in bioprofiling studies.
Ultimately, our efforts led to the development of a small-

molecule TNFα inhibitor, compound 12, that displays in vivo
efficacy comparable to a TNFα antibody in a mouse arthritis
model. Compound 12 utilizes a mechanism in which binding
to the TNFα interface induces desymmetrization of the trimer

and results in allosteric modulation of the trimer interaction
with its cognate receptor. Although anti-TNFα biologics
continue to make a remarkable impact on patients who have
chronic autoimmune diseases, the majority of patients do not
realize long-term remission of disease because of immunoge-
nicity and the production of antidrug antibodies. A small-
molecule inhibitor has the potential to improve long-term
remission of disease, and in vivo small-molecule tool
compounds also have the potential to enable studies aimed
at understanding the effects of TNFα inhibition in compart-
ments, such as the brain, where biologic drugs have difficulties
penetrating.

■ EXPERIMENTAL SECTION
Protein Expression and Purification. pT4TNFSt8 plasmid-

containing TNFα (residues 77−233) was transformed into E. coli
BL21(DE3) cell strain. The bacterial fermentation was performed in
TB media 50 mg/L of tetracycline at 30 °C for 54 h. For isotopic-
labeled protein, the bacterial cells from a fresh transformation plate
were grown in M9 media supplemented with 1% 13C-labeled
complete media (Silantes, GmbH) and following 13C-labeled amino
acid precursors from Cambridge Isotope Laboratories, Inc.: 50 mg/L
L-methionine (methyl-13C), 50 mg/L α-ketobutyric acid (meth-
yl-13C), and 100 mg/L α-ketoisovalaric acid (dimethyl-13C2) at 25 °C
for 60 h before harvesting.

Protein was purified through Q-Sepharose column with a linear
gradient of 25−400 mM NaCl in 50 mM Tris pH 8.0 buffer, followed
by Superdex-75 gel filtration column (GE-Healthcare) in 20 mM
Tris−HCl, pH 7.8, 25 mM NaCl.

Thermal Shift Assay (TSA) for Compound Characterization.
TSA measurements were run on a Light Cycler 480 II instrument
from Roche Applied Science. Reactions consisted of 2 μM TNFα in
PBS, pH 7.4, a 1/500 dilution of the stock Sypro Orange reagent
(S6650, Sigma-Aldrich, supplied as a 5000× concentrate), and 50 μM
test compounds, resulting in a final DMSO concentration of 2%. The
samples were heated from 20 to 95 °C at a rate of 0.25 °C per second.
The Tm values were determined using Roche instrument software in
triplicates for each of the tested conditions.

Compound Binding and TNFR-1 Competition via Surface
Plasmon Resonance. Compounds were assayed via surface plasmon
resonance (SPR) using a Biacore T200 instrument and Biacore 8K
(GE-Healthcare and the software provided). Minimal in vitro
biotinylated human TNFα was immobilized on the neutravidin
surface, and multicycle kinetics and single-cycle kinetics modes were
used. The compounds were diluted in the running buffer (10 mM
Hepes, pH 7.5, 150 mM NaCl, 0.05% Tween-20, and 3% DMSO) and
injected in a series of increasing concentrations at a flow rate of 100
μL/min for a contact time of 60 s (for weak compounds) or 200 s (for
potent compounds), and dissociation was monitored for up to 500 s
(for weak compounds) or 10 000 s (for potent compounds).
Sensorgrams were processed and analyzed using Biacore T200 and
Biacore 8K evaluation software. The binding curves were fit to
determine the equilibrium dissociation constant (KD) and kinetic
constants (kon and koff).

To interrogate the effect of compound to TNFα and TNFR-1
(receptor) interaction, TNFα was immobilized on two separate flow
cells as mentioned above. After baseline stabilization, compound 4
was injected at a concentration of 20 nM (10-fold of the KD) to only
one of the flow cells till there was no change in response, suggesting
that the immobilized TNFα was completely saturated with compound
4. Thereafter, TNFR-1 (20 nM highest concentration) was injected
over TNFα only and compound 4-saturated TNFα surface to evaluate
TNFR-1 binding to apo-TNFα and compound-saturated TNFα.

NMR-Based Fragment Screening. The [13C, 1H]-HSQC
spectra used for fragment screening were collected on TNF-α,
which was labeled with 13C at the methyl groups of isoleucine (δ
only), valine, leucine, and methionine. Spectra for screening were
typically collected at 30 °C on protein samples, which were 75 μM
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monomer concentration (25 μM trimer) in 20 mM Tris, pH 7.5, 50
mM NaCl. All spectra were recorded on Bruker DRX or Avance
spectrometers operating at 500 or 600 MHz with cryoprobes. A total
of ∼18 000 fragments were tested for binding to the TNF-α trimer,
initially in mixtures of 30, with each fragment at a concentration of
400 μM in the NMR tube. Those mixtures that elicited significant
chemical shift perturbation for the methyl resonances were then
deconvoluted to uncover the individual binders.
TNFα Fluorescence Polarization (FP) Binding Assay. The

binding of probe compound 5 to TNFα was assayed by monitoring
the fluorescence polarization of the probe over a range of
concentrations of human TNFα protein. Protein dilutions were
made against 1 nM probe compound 5 in a buffer of 47 mM HEPES
(pH = 6.5), 47 mM NaCl, 0.9 mM EDTA, 0.007% Triton X-100, and
1% DMSO, and measurements were taken periodically starting after
10 min after mixing the protein with probe and continuing for 75 h.
The fluorescence data was fit to a standard binding model using a
nonlinear least-squares algorithm.
To assay compounds, a fluorescence polarization (FP)-based

competitive binding assay was used with a 20 nM human TNFα
trimer and a 1 nM probe compound 5. Compound plates were
prepared by an ECHO liquid dispenser from a 5 mM dimethyl
sulfoxide (DMSO) stock. A 1:2 serial dilution of compound
concentrations was dispensed in 384-black-well plates from Costar
(Corning, NY) with a starting concentration of 100 μM. Assay
mixtures (with probe and protein) were incubated in a humidified 37
°C incubator for 18 h and then read on an Envision plate reader with
a 337 nM excitation 665/620 nM emission (Perkin Elmer, Waltham,
MA). Concentration−response data were analyzed using GraphPad
Prism (San Diego, CA).
X-ray Crystallography. Human TNFα (residues 77−233) was

concentrated to 15−30 mg/mL in buffer (20 mM Tris, pH 8.0, 100
mM NaCl) and incubated with 2 mM compound overnight.
Complexes were screened with commercial reagent kits for
cocrystallization conditions using vapor diffusion setups at 293 K.
Crystals were harvested from wells with reservoir solution containing
10−20% w/v PEG8000, 0.2 M magnesium acetate, 0.05 M sodium
cacodylate, pH 6.5, and rapidly preserved by plunging into liquid
nitrogen. X-ray diffraction data were collected at the APS IMCA 17-
ID beamline. Structures were solved by molecular replacement using
Phaser30 with data processed and refined using autoPROC31 and
BUSTER32 software from Global Phasing Ltd. with graphical
refinement using COOT.33 Figures were generated using PyMol
(Schrodinger, LLC).
L929 TNFα Cell-Based Assay. L929 cells were plated on the first

day into 384-well white plates (Griener #781073; Corning, NY) in
the media listed in tissue culture (Supplemental) except with the
substitution of 2% FBS (final concentration) and the addition of 4
μg/mL actinomysin D (Sigma-Aldrich) at a concentration of 5000
cells/25 μL/well. Plated cells were incubated for 1 h at 37 °C.
Concurrently, 1:2 serially diluted compounds (highest concentration
of 50 μM) were pretreated with 60 pg/mL mouse TNFα protein
(muTNFα, made in-house) in the 2% FBS media and incubated for 1
h at 37 °C, and then added to the L929 cell plate for incubation
overnight at 37 °C. The final concentration of 30 pg/mL muTNFα
was used in the assay. The following morning, the cell-compound
plates were equilibrated to room temperature and 25 μL/well of
CellTiter-Glo 2.0 (Promega, Madison WI) was added to the cell-
compound plates. After shaken on an orbital shaker and 15 min
incubation in the dark at room temperature, the plates were read on
an Envision plate reader set to 0.5 s of luminescence integration time
(Perkin Elmer, Waltham, MA). Raw data was normalized to a
maximum signal of 30 pg/mL muTNFα with basal levels subtracted
out (no treatment with muTNFα). Concentration−response data
were analyzed using GraphPad Prism (San Diego, CA). IC50 values
were derived from a single curve fit to the mean data generated.
Pharmacokinetic Studies in Mice. Male CD-1 mice, weighing

20−25 g (est. 31−44 days old), were obtained from Charles Rivers
Laboratories and were socially housed and allowed free access to food
and water. Pharmacokinetic studies were conducted in groups of

mice; each group contained two animals. These studies were
conducted as a singleton study (compound 11) or a study with
cassette dosing of one (compound 10) or two (compound 12)
additional compounds to the same animal at 1 mg/kg. All groups were
dosed with solution formulations including dimethyl sulfoxide,
poly(ethylene glycol) 400, polysorbate 80, and 5% dextrose in
water. Groups of two mice received either an intravenous dose,
administered under isoflurane anesthetic, or an oral dose, adminis-
tered by gavage. Sequential blood samples were obtained from a tail
vein of each animal for 24 h after dosing. Blood was collected and
stored frozen until analysis. Compounds were selectively removed
from blood using protein precipitation followed by reverse-phase
HPLC with MS/MS detection for quantification. Pharmacokinetic
parameters after oral dosing were calculated by noncompartmental
methods, while pharmacokinetic parameters after IV dosing were
calculated by compartmental methods using WinNonlin (version 5.2,
Certara USA Inc., St. Louis, MO). All animal studies were approved
by the AbbVie Institutional Animal Care and Use Committee
(IACUC) and conducted in an AAALAC accredited facility to ensure
high standards of animal care and use.

In Vivo Arthritis Model. Male DBA/J mice (Jackson Labs, Bar
Harbor, ME) were immunized intradermally at the base of the tail
with 100 μL of 1:1 (v/v) emulsion containing 300 μg of glucose-6-
phosphate isomerase (GPI) and 200 μg of heat-inactivated
Mycobacterium tuberculosis H37Ra (Complete Freund’s Adjuvant,
Difco, Laurence, KS). Mice were dosed orally BID beginning 1 h prior
to GPI immunization with compound 12 in 0.5% HPMC/0.02%
Tween-80 at the indicated doses. Paw swelling in rear paws was
measured using Dyer spring calipers with baseline paw thickness
assessed on day 7 after immunization, and additional measurements
were assessed on days 10, 13, 15, and 17. On day 17, the mice were
bled by tail nick and/or cardiac puncture at 0.5, 1, 3, 6, and 12 h post
final dose, and plasma was collected for quantification of compound
by HPLC-MS/MS. In addition, mice were dosed with 12 mg/kg anti-
TNF antibody by intraperitoneal (IP) injection twice per week
beginning 1 h prior to GPI immunization.

Chemistry. All commercially available chemicals and solvents were
used without further purification. In general, reaction mixtures were
magnetically stirred at the respective temperature under a nitrogen
atmosphere. Organic solutions were concentrated under reduced
pressure using a Büchi rotovap. Reactions under microwave
irradiation conditions were carried out in a Biotage Initiator EXP
instrument. Normal phase chromatography was performed on an
ISCO CombiFlash Companion MPLC system using RediSep
prepacked columns with silica, and reverse-phase chromatography
was performed using Chromabond C18 cartridges. Reactions were
monitored by thin-layer chromatography using HPTLC Silicagel 60
F254 plates from Merck KGaA and were visualized using 254 nm
ultraviolet light and/or exposure to silica gel impregnated with iodine.
All new compounds gave satisfactory 1H NMR and LC/MS. On the
basis of LC-MS, all final compounds were >95% pure unless otherwise
noted. NMR spectra were obtained on a Bruker Avance I 400 MHz,
Avance III 500 MHz, or 600 MHz NMR spectrometer using residual
signal of deuterated NMR solvent as internal reference; chemical
shifts for protons are reported in a parts per million scale downfield
from tetramethylsilane. Analytical LC-MS data was obtained using an
Agilent 1100 series HPLC system with DAD and SQ mass
spectrometer with ESI in positive mode and a scan range of 100−
700 amu. Samples were run on a Chromasil 80 ODS-7pH column 4
μm, 40 mm × 2 mm; gradient elution 5−100% B over 10 min; solvent
A: H2O/0.1% TFA; solvent B: acetonitrile/0.1% TFA; flow rate: 0.5
mL/min; temperature: 60 °C. Alternatively, analytical LC-MS was
performed on a Thermo MSQ-Plus mass spectrometer and an Agilent
1100/1200 HPLC system with APCI in positive mode and a scan
range of 100−1000. The column used was a Phenomenex Kinetex C8,
2.6 μm 100 Å (2.1 mm × 30 mm), at a temperature of 65 °C and a
gradient of 5−100% acetonitrile (A) and 0.1% trifluoroacetic acid in
water (B) was used, at a flow rate of 1.5 mL/min (0−0.05 min 5% A,
0.05−1.2 min 5−100% A, 1.2−1.4 min 100% A, 1.4−1.5 min 100−5%
A. 0.25 min postrun delay). Samples were purified by preparative
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HPLC on a Phenomenex Luna C8(2) 5 μm 100 Å AXIA column (30
mm × 75 mm) with a gradient of acetonitrile (A) and 0.1%
trifluoroacetic acid in water (B), at a flow rate of 50 mL/min (0−1.0
min 5% A, 1.0−8.5 min linear gradient 5−100% A, 8.5−11.5 min
100% A, 11.5−12.0 min linear gradient 95−5% A). Chemical names
were generated using ChemDraw Professional 15.0 (Perkin Elmer
Informatics).
Compounds 6 and 8 were purchased from commercial sources and

are included in our fragment screening collection.
Preparation of 3-((6-Bromo-2,2-dimethyl-3-oxo-2,3-dihy-

dro-1H-pyrrolo[2,3-b]pyridin-1-yl)methyl)picolinonitrile
(12a). To a solution of 6-bromo-2,2-dimethyl-1H-pyrrolo[2,3-b]-
pyridin-3(2H)-one (10 g, 41.5 mmol, preparation #2) in anhydrous
DMF (100 mL) at 0 °C was added NaH (2 g, 50.0 mmol). The
mixture was stirred for about 20 min at 0 °C. 3-(Bromomethyl)-
picolinonitrile (8.99 g, 45.6 mmol) in 10 mL of anhydrous DMF was
added. The reaction was heated to 50 °C for 30 min. The reaction
was cooled to rt and quenched with 300 mL of ice/water. The
mixture was sonicated for 30 min. The solids were filtered off, and the
filter cake was washed with excess water. The solid was dried under
reduced pressure to afford the title compound (14.34 g, 97% yield);
1H NMR (400 MHz, DMSO-d6) δ 8.68 (dd, J = 4.6, 1.5 Hz, 1H),
8.00−7.91 (m, 1 H), 7.84 (d, J = 7.8 Hz, 1H), 7.69 (dd, J = 8.1, 4.7
Hz, 1H), 7.02 (d, J = 7.8 Hz, 1H), 4.97 (s, 2H), 1.27 (s, 6H). LC/MS
(Table 1; Method e) Rt = 0.87 min; MS m/z 357.1 w/Br pattern [M
+ H]+.
Preparation of (R)-3-((2,2-Dimethyl-3-oxo-6-(2-(3-

oxohexahydroimidazo[1,5-a]pyrazin-7(1H)-yl)pyrimidin-5-yl)-
2,3-dihydro-1H -pyrrolo[2,3-b ]pyr idin-1-yl )methyl) -
picolinonitrile (12). To (S)-hexahydroimidazo[1,5-a]pyrazin-
3(2H)-one hydrochloride (2.5 equiv, 3.75 mmol) and 2-chloro-5-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrimidine (2.5 equiv,
3.75 mmol) was added anhydrous ethanol (12.0 mL). To this
solution was added TEA (11.05 equiv, 16.58 mmol). The reaction
was purged with nitrogen and then heated to 95 °C for 2 h. After the
starting materials had been consumed as judged by LC-MS analysis,
the mixture was concentrated. To the reaction was added 3-((6-
bromo-2,2-dimethyl-3-oxo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridin-1-
yl)methyl)picolinonitrile (1.0 equiv, 1.5 mmol), cesium carbonate
(4.5 equiv, 6.75 mmol), and PdCl2(dppf)-CH2Cl2 (0.1 equiv, 0.150
mmol). Dioxane (12.0 mL) and 6.0 mL of water (6.0 mL) were
added. The reaction was purged with nitrogen and degassed. It was
heated to 95 °C for 2 h. After the starting materials had been
consumed as judged by LC-MS analysis, the mixture was cooled to rt
and then concentrated. The crude material was purified by reverse-
phase HPLC Luna 70 mm × 30 mm, 5 μm with 0−100% ACN/H2O
0.1% TFA (42 mL/min). The purified material was free-based by
dissolving in DCM and stirring with MP-carbonate (4.0 equiv, load =
2.64 mmol/g) for 2 h. The mixture was filtered and concentrated to
give a yellow oil. The oil was precipitated from DCM/heptanes
(1:12) to give a yellow solid (0.566 mmol, 37.7% yield). 1H NMR
(400 MHz, DMSO-d6) δ 8.93 (s, 2H), 8.67 (dd, J = 4.7, 1.5 Hz, 1H),
8.00−7.92 (m, 2H), 7.68 (dd, J = 8.1, 4.6 Hz, 1H), 7.37 (d, J = 8.0
Hz, 1H), 6.53 (s, 1H), 5.03 (s, 2H), 4.83−4.75 (m, 1H), 4.75−4.66
(m, 1H), 3.72−3.59 (m, 2H), 3.41 (t, J = 8.7 Hz, 1H), 3.01 (dd, J =
9.3, 4.5 Hz, 1H), 2.92−2.77 (m, 3H), 1.32 (s, 6H). MS (APCI+) m/z
= 496.2 [M + H]+.
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