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ABSTRACT: Embryonic ectoderm development (EED) is a
promising therapeutic target for human cancers and other diseases.
We report herein the discovery of exceptionally potent and
efficacious EED inhibitors. By conformational restriction of a
previously reported EED inhibitor, we obtained a potent lead
compound. Further optimization of the lead yielded exceptionally
potent EED inhibitors. The best compound EEDi-5273 binds to
EED with an IC50 value of 0.2 nM and inhibits the KARPAS422
cell growth with an IC50 value of 1.2 nM. It demonstrates an
excellent PK and ADME profile, and its oral administration leads to
complete and persistent tumor regression in the KARPAS422
xenograft model with no signs of toxicity. Co-crystal structures of
two potent EED inhibitors with EED provide a solid structural basis for their high-affinity binding. EEDi-5273 is a promising EED
inhibitor for further advanced preclinical development for the treatment of human cancer and other human diseases.

■ INTRODUCTION

The polycomb repressive complex 2 (PRC2) catalyzes
trimethylation of histone H3 lysine 27 (H3K27), which is a
repressive chromatin marker associated with gene silencing
through chromatin compaction.1,2 The human PRC2 consists
of four core subunits, namely, enhancer of zeste homolog 2
[EZH2], embryonic ectoderm development [EED], suppressor
of zeste 12 [SUZ12], and retinoblastoma suppressor associated
protein 46/48 [RbAp46/48].3 Although EZH2 is the main
catalytic subunit of the PRC2 complex, EZH2 requires two
other PRC2 components, EED and SUZ12, to be catalytically
active. Of these components, EED holds both scaffolding and
H3K27me3 binding functions. As a scaffolding protein, EED
assembles and stabilizes the PRC2 complex and through its
binding to H3K27me3, EED allosterically stimulates the
catalytic activity of PRC2.4,5

Dysregulations in PRC2 have been found in a number of
human cancers. For example, EZH2 mutations, including the
single-point mutations Y641N and Y641F, occur in as many as
25% of diffuse large B-cell lymphomas (DLBCL) and follicular
lymphomas (FL), and are associated with poor patient
prognosis.6−8 These mutations increase the trimethylase
activity of the PRC2 complex, leading to increased levels of
trimethylated lysine 27 (H3K27me3) in tumor cells and to
aberrant gene expression.9−11 Consequently, targeting the

PRC2 catalytic activity is being pursued as a new cancer
therapeutic strategy. In particular, intense research efforts have
been made to discover and develop EZH2 inhibitors, a number
of which have been advanced into clinical development (Figure
1).12−15 Among them, Tazemetostat (2) was approved in 2020
by the US FDA for the treatment of advanced epithelioid
sarcoma and follicular lymphoma (https://clinicaltrials.gov/
ct2/show/NCT04204941), marking an important milestone in
the development of EZH2 inhibitors for the treatment of
human cancers (Figure 1).
Another alternative and attractive strategy to inhibit the

PRC2 activity is to target EED. In 2017, scientists from
Novartis and AbbVie reported their discovery of EED226
(6)16 and A-395 (7),17 respectively, as allosteric inhibitors of
EED, which bind to the histone binding site in EED.18−20

Subsequently, additional potent and efficacious EED inhibitors
were reported, including BR-001 (8)21 and EEDi-5285 (9),22

from this laboratory. These EED inhibitors demonstrate
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impressive antitumor activity in EZH2 mutant DLBCL models
and were shown to be effective in a model resistant to EZH2
inhibitors, suggesting a potential advantage of EED inhibitors
over EZH2 inhibitors. To date, only two EED inhibitors,
MAK683 from Novartis (https://clinicaltrials.gov/ct2/show/
NCT02900651) and FTX-6058 from Fulcrum Therapeutics
(https://clinicaltrials.gov/ct2/show/NCT04586985), have
progressed into clinical development.23,24

In the present study, we describe our structure-guided
discovery of EEDi-5273 (28) as an exceptionally potent and
orally active small-molecule inhibitor of EED, capable of
achieving complete and long-lasting tumor regression.

■ RESULTS AND DISCUSSION

We used compound 10 (Figure 2), a previously disclosed EED
inhibitor,22 as the starting point for our design efforts based on
the following considerations: (i) 10 has an excellent binding
affinity to EED with IC50 = 19 nM and potent cell growth
inhibitory activity with IC50 = 52 nM in the KARPAS422 cell
line carrying a Y641N EZH2 mutation; (ii) 10 has favorable
druglike properties; and (3) availability of co-crystal structures
for structurally related EED inhibitors EED226 (PDB
accession code 5GSA) and EEDi-1056 (PDB accession code
6W7G), which provide a structural basis for further structure-
based optimization.

Figure 1. Representative small-molecule inhibitors of EZH2 and EED that target the PRC2 activity.

Figure 2. Structure-guided design and optimization of EED inhibitors.

Figure 3. (A) Co-crystal structure of EED with EEDi-1056 (PDB accession code 6W7G) and predicted binding models of compounds (B) 10 and
(C) 22 with EED. Dashed lines denote hydrogen bonds.
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We predicted the binding model of compound 10 in a
complex with EED based on the co-crystal structures of
EED226 and EEDi-1056 (Figure 3). Analysis of the predicted
binding model for compound 10 suggested that its
carboxamide group could be linked to the adjacent phenyl
group in a cyclic structure. We hypothesized that proper
cyclization may lock the phenyl group into its active
conformation, thus reducing the conformational entropy loss
upon binding to EED and leading to an improved binding
affinity to EED.25,26

To test our hypothesis, we synthesized compounds 11−13
containing seven- to nine-membered lactam rings. These
compounds were tested for their binding affinities to EED and
their cell growth inhibitory activity in the KARPAS422 cell line
carrying an EZH2 mutation. The data obtained are
summarized in Table 1.

Compound 11 with a seven-membered lactam ring and
compound 13 with a nine-membered lactam ring have very
similar binding affinities to EED compared to compound 10
(Table 1). Compounds 11 and 13 are consistently similarly
potent in inhibition of cell growth in the KARPAS422 cell line
compared to compound 10. However, compound 12
containing an eight-membered lactam ring has an IC50 value
of 0.5 nM in binding to EED and is 37 times more potent than
compound 10. Compound 12 achieves an IC50 value of 4.2 nM
in inhibition of cell growth in the KARPAS422 cell line and is
thus 12 times more potent than compound 10. Hence, the
binding affinity to EED and cell growth inhibitory activity in
the KARPAS422 cell line for compound 12 are much
improved over those of compound 10 and this supports our
design strategy.
After successfully identifying compound 12 as a promising

lead compound, we next focused our optimization efforts on
the phenyl group and obtained the data summarized in Table
2. To improve the solubility of the compound, the phenyl

Table 1. Effect of Conformational Restriction on Cyclized
Seven- to Nine-Membered-Ring Lactams

compd.
binding to EED
(IC50, nM)a

cell growth inhibition in KARPAS422
(IC50, nM)b

10 18.8 ± 0.7 51.5 ± 0.7
11 19.5 ± 0.5 68.3 ± 0.4
12 0.5 ± 0.1 4.2 ± 0.6
13 13.8 ± 0.4 57.8 ± 0.9
EED226 12.2 ± 0.3 125.4 ± 13.4
A-395 4.8 ± 0.1 62.9 ± 5.4

aIC50 values were determined by an AlphaScreen assay; values
reported are the mean ± SD of three experiments. bCells were treated
with compounds for 7 days, and cell growth was determined by a
lactate dehydrogenase-based WST-8 assay.

Table 2. Investigation of SAR on the Ar1 Group

aa and b same as Table 1.
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group in 12 was replaced with pyridine, yielding compound 14.
Interestingly, while compound 14 is slightly less potent than
12 in binding to EED (IC50 = 0.5 vs 0.7 nM), it is twice as
potent in inhibition of cell growth in the KARPAS422 cell line
(IC50 = 4.2 vs 1.9 nM).
We investigated the effect of fluorine substitution at three

different positions on the phenyl ring. Compound 15 with 1-F
and compound 16 with 2-F are slightly less potent than
compound 12 in binding to EED and are 2 times less potent
than compound 12 in inhibition of cell growth in the
KARPAS422 cell line. However, compound 17 with 3-F
substitution is 7−8 times less potent than compound 12 both
in binding to EED and in inhibition of KARPAS422 cell
growth.
We investigated the effect of a CF3 substituent at two

different positions. Compound 18 with 2-CF3 substitution is 2
times less potent than compound 12 in binding to EED but is
equally potent as compound 12 in inhibition of KARPAS422
cell growth. However, compound 19 with 3-CF3 substitution is
18 times less potent than compound 12 in binding to EED and
9 times less potent in inhibition of KARPAS422 cell growth.
Because of the high binding affinity to EED and the potent

cell growth inhibition of compound 14, we made further
modifications to this compound, obtaining the data summar-
ized in Table 2. Compound 20 containing a 2-methyl
substituent is equipotent with compound 14 in both binding
to EED and inhibition of KARPAS422 cell growth. Compound
21 containing a 2-CF3−1-pyridine substitution is 5 times less
potent than compound 14 in binding to EED but exhibits
equal potency in inhibition of KARPAS422 cell growth.
Compound 22 containing a 2-CF3-3-pyridine group is
equipotent with compound 12 in binding to EED, but it
displays an IC50 value of 0.7 nM and is 8.4 times more potent
than compound 12 in inhibition of KARPAS422 cell growth.
Hence, compound 22 was identified as a very potent EED
inhibitor.
Replacement of the phenyl group in 12 with a 1-methyl-1H-

pyrazole led to compound 23. Compound 23 has a similar
binding affinity to EED as compound 12 (IC50 = 0.5 nM vs 0.4
nM), but it is 2 times less potent than compound 12 in
inhibition of KARPAS422 cell growth (4.2 nM vs 8.1 nM). We
synthesized compounds 24 and 25 by replacing the phenyl
group with a thiophene but both compounds were found to be
less potent than compound 12 in binding to EED and
inhibition of KARPAS422 cell growth.
We assessed the oral exposure of five potent EED inhibitors

in mice, and the data are summarized in Table 3.
Disappointingly, all of these compounds had low or modest
oral exposure in plasma.
We next focused our efforts on improving the oral

bioavailability and overall pharmacokinetic profiles of our
EED inhibitors. Based on its cell growth inhibition activity,
compound 22 is a very potent EED inhibitor and accordingly,
we performed further optimization of compound 22.
Our predicted binding model for compound 22 suggests that

the lactam group does not interact directly with EED. We
proposed that N-alkylation of the amide linkage in compound
22 may improve its oral bioavailability because: (i) removal of
a hydrogen bond donor reduces polar surface and (ii) change
of the planar amide into a more twisted conformation can
improve cell permeability and oral absorption. Accordingly, a
series of N-alkylated analogues of compound 22 were
synthesized and evaluated.

We synthesized compounds 26−30 with an N-methyl, N-
ethyl, N-isopropyl, N-cyclopropyl, and N-cyclobutyl substitu-
ent, respectively (Table 4). Compound 26 with an N-methyl
substitution binds to EED with an IC50 value of 0.6 nM and
achieves an IC50 value of 0.9 nM in inhibition of KARPAS422
cell growth, and thus is as potent as 22. Compound 27 with an
N-ethyl substitution has a binding affinity and cell growth
inhibitory activity very similar to that of 26. Compound 28
(EEDi-5273) with an N-isopropyl group binds to EED with an
IC50 value of 0.2 nM and inhibits KARPAS422 cell growth
with IC50 = 1.2 nM. Compound 29 with an N-cyclopropyl
group binds to EED with an IC50 value of 1.5 nM and has an
IC50 value of 1.3 nM in inhibition of KARPAS422 cell growth.
Compound 30 with an N-cyclobutyl group binds to EED with
an IC50 value of 0.8 nM and has an IC50 value of 2.0 nM in
inhibition of KARPAS422 cell growth.
We next synthesized and evaluated compounds 31−34

containing a fluorinated N-alkyl group. Compounds 31−34
bind to EED with IC50 values of 0.8−3.2 nM and inhibit
KARPAS422 cell growth with IC50 values of 1.2−2.2 nM.
To improve the physicochemical properties of the

compounds, we synthesized 35−42 containing different N-
substituted hydrophilic groups. Compounds 35−42 are all
high-affinity EED inhibitors with IC50 values of 0.6−1.8 nM.
Consistent with their high binding affinities to EED, all of
these compounds, with the exception of compound 41, display
a single-digit nM IC50 value in inhibition of KARPAS422 cell
growth (Table 4).

Evaluation of Oral Exposure in Mice.We selected a total
of 12 potent EED inhibitors and evaluated their oral plasma
exposures in mice. The resulting data are summarized in Table
5.
These exposure data showed that among these 12

compounds, compounds 28, 29, 31, and 32 achieve high
oral exposure, while compounds 26, 34, 36, and 37 show
modest oral exposure. Compounds 39, 40, 41, and 42
containing N-substituted hydrophilic groups all display low
oral exposure.
Based on these initial oral exposure data, we selected

compounds 28, 31, and 32 for full pharmacokinetic studies in
mice with both intravenous and oral routes of administration
and obtained the data summarized in Table 6.
With intravenous administration of 2 mg/kg, compounds

28, 31, and 32 all have low clearance and achieve high
exposures but display modest volume of distribution.
Compounds 28, 31, and 32 all achieve excellent oral

Table 3. Oral Exposure of EED Inhibitors in Plasma with a
Single Oral Administration in Micea

plasma concentration (ng/mL) with a single PO
administration at 25 mg/kg

time points

Compound 1 h 3 h 6 h

12 110 100 <10
14 43 <10 <10
20 35 <10 <10
21 70 65 <10
22 90 170 95

aEach compound was administered orally at 25 mg/kg. Plasma
samples were collected at 1, 3, and 6 h with two mice at each time
point and analyzed by LC-MS/MS. Mean values of drug
concentrations are presented.
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bioavailability with AUC values of 48.9, 265.2, and 370.5 h·μg/
mL, respectively, with 10 mg/kg PO administration and have
an absolute oral bioavailability of 43, 88, and 90%, respectively.
Evaluation of microsomal stability showed that compound

28, with T1/2 > 120 min has excellent human microsomal
stability but only moderate microsomal stability in rat and
mouse species (T1/2 = 87 and 67 min, respectively). Both
compounds 31 and 32 have moderate microsomal stability in
human and rat species and excellent microsomal stability in
mice.
Importantly, none of these three compounds show

inhibition of hERG. CYP testing showed that these three
compounds fail to inhibit CYP3A2, CYP1A4, and CYP2B6 up
to 30 μM and are weak inhibitors of CYP2C9, CYP2C19, and
CYP2D6. Furthermore, these three compounds showed no
CYP induction at 10 μM.
We next evaluated the plasma protein binding (PPB) with

the data shown in Table 6. Among them, compound 28 has the
best PPB profile with 98, 99, and 99% of PPB in human, rat,
and mouse plasma, respectively. In comparison, both
compounds 31 and 32 display >99% of PPB in human, rat,
and mouse plasma. Hence, compound 28 has a major PPB
advantage over compounds 31 and 32.

Determination of Co-crystal Structures of Two
Potent EED Inhibitors Complexed with EED. We
determined co-crystal structures of 18 and 32 in complexes
with EED (PDB accession code 7MSB and 7MSD,
respectively). These co-crystal structures (Figure 4) show
that for both compounds, the 5-fluoro-2,3-dihydrobenzofuran
group fills the space in the deep pocket of EED, excludes
interacting water molecules present in the EED226 structure
(Figure 4C) and engages in cation−π interactions with the
guanidinium group of Arg367 of EED. Such a hand-in-glove fit
naturally creates more van der Waals interactions with EED
than the furan group in EED226 as demonstrated by Tyr365.
The side chain of Tyr365 is directly above the benzene ring of
the 5-fluoro-2,3-dihydrobenzofuran group and induces π-π
interactions, while the backbone Cα and the carbonyl group lie
flat above the furan group increasing the van der Waals
interactions. The electron-deficient bicyclic imidazo[1,5-c]-

Table 4. Representative Example of a Substituted Eight-
Membered-Ring Lactams Containing Both a Hydrophobic
and a Hydrophilic Tail as the R1 Substituent

aa and b same as Table 1.

Table 5. Oral Exposure of EED Inhibitors in Plasma with
Oral Administration in Micea

plasma drug concentration (ng/mL), PO (25 mg/kg)

time points

compd. 1 h 3 h 6 h

26 226 216 87
28 12 780 3126 793
29 4895 3570 503
31 16 020 6190 11 650
32 4485 9165 4030
34 644 646 379
36 197 145 <10
37 157 125 259
39 60 30 9
40 70 45 51
41 <10 <10 <10
42 20 16 <10

aEach compound was administered orally at 25 mg/kg. Plasma
samples were collected at 1, 3, and 6 h from two mice at each time
point and analyzed by LC-MS/MS. Mean values of drug
concentrations are presented.
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pyrimidine core forms π−π stacking interactions with the
electron-rich Tyr148 and Tyr365 residues of EED. Both the
compound-protein structures are also stabilized by three
hydrogen bond interactions. The amino group linking with
the bicyclic imidazo pyrimidine core forms a hydrogen bond
with the side-chain carbonyl oxygen of Asn194, and the lower
nitrogen of the imidazo pyrimidine core and carboxamide
group form two hydrogens bonds with the side chain amine of
Lys211. The substituted phenyl group undergoes an edge-to-
face interaction with the side chain of Phe97, and the 2,2-
difluoropropane substituent in compound 32 fails to show any
additional interaction as it is outside the binding pocket. These
two co-crystal structures provide a solid structural basis for the
very high affinities of compounds 18 and 32 with EED (Figure
4).
Antitumor Activity of Compound 28 (EEDi-5273) in

the KARPAS422 Xenograft Model. Based upon its overall

excellent PK and ADME profile and exceptional potency in
binding to EED and in inhibition of KARPAS422 cell growth,
we evaluated compound 28 (EEDi-5273) for its antitumor
activity in the KARPAS422 xenograft model in mice, with the
data summarized in Figure 5.
When tumors grew to an average volume of approximately

110 mm3, the mice were treated with EEDi-5273 at either 50
or 75 mg/kg daily for 5 weeks or vehicle control via oral
gavage. Our data showed that EEDi-5273 at both 50 mg and
75 mg/kg achieved complete tumor regression during the
treatment period (days 17−51). To investigate if the tumor
regression was persistent, we monitored the tumor growth for
an additional 71 days after the last dose (Figure 5A). For the
group treated with EEDi-5273 at 50 mg/kg, one out of five
tumors regrew on day 114 and the second tumor regrew on
day 122. For the group treated with EEDi-5273 at 75 mg/kg,
one out of five tumors regrew on day 78 and all other four

Table 6. Profiles of 28 (EEDi-5273), 31, and 32a,b

compd. 28 (EEDi-5273) 31 32

PO PK Parameters at 10 mg/kg in Mice
T1/2 (h) 2.4 4.4 5.5
Cmax (μg/mL) 5.07 20.3 24.4
AUC (h·μg/mL) 48.9 265.2 370.5
F (%) 43 88 90

IV PK Parameters at 2 mg/kg
AUC (h·μg/mL) 19.6 58.1 81.2
Cl (mL/min/kg) 1.71 0.59 0.39
Vss (L/kg) 0.36 0.22 0.18

Liver Microsomal Stability
t1/2 (min) H/R/M >120/87/ 67 35/40/>120 46/53/>120
Clint (mL/min/kg) H/R/M 5.65/18.9/42.9 11.4/20.0/<16.6 9.9 /16.6/<12.4

CYP Inhibition % Inhibition IC50 (μM)
CYP1A2, CYP2B6, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4

>30, >30, 8.8, 17.9, 14.3, >30 >30, >30, 7.8, 4.8, 18.9, >30 >30, >30, 7.3, 13.2, 19.7, >30

CYP induction no induction to CYP1A2, CYP2B6,
CYP3A4 at 10 μM

no induction to CYP1A2, CYP2B6,
CYP3A4 at 10 μM

no induction to CYP1A2, CYP2B6,
CYP3A4 at 10 μM

hERG IC50 (μM) >30 >30 >30
plasma stability t1/2 (H/D/R/M, min) >120 >120 >120
PPB (F bound%) H/R/M 98/ 99/99 >99 >99
aDose-normalized total exposure following IV dosing of 2 mg/kg in male CD-1 mice; formulated in 10% dimethyl sulfoxide (DMSO), 5% Solutol
HS15, and 85% Saline. Dose-normalized total exposure following oral (PO) dosing of 10 mg/kg in male CD-1 mice; formulated in 20% DMSO,
10% Solutol HS15, and 70% Distilled water. bAbbreviations: Cl = plasma clearance, Vss = volume of distribution, t1/2 = terminal half-life, F = oral
bioavailability, CYP, cytochrome P450, (H/D/R/M = human/dog/rat/mouse), PPB = plasma protein binding.

Figure 4. Co-crystal structures of EED inhibitors 18 and 32 in complex with EED. Key interactions of compounds (A) 32 with EED (PDB
accession code 7MSD), (B) 18 with EED (PDB accession code 7MSB), and (C) EED226 with EED (PDB accession code 5GSA) are shown for
comparison. Dashed lines represent hydrogen bonds. Water molecules are depicted as red spheres.
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animals remained tumor-free during the entire experiment.
Hence, EEDi-5273 is capable of achieving long-lasting and

Figure 5. (A) Antitumor activity of EEDi-5273 in KARPAS422 xenograft model in severe combined immune-deficient (SCID) mice. Each group
had five mice, and each mouse had one tumor. (B) Changes in animal body weights.

Scheme 1. Synthetic Route to the Common Intermediate (48)a

aReagents and conditions: (a) ethyl 2-(diphenylmethyleneamino)acetate, NaH, rt, 2 h; (b) 3 N HCl in THF, rt, 1 h, 70%; (c) HCO2H, Ac2O, 50
°C, 2 h; (d) POCl3, dioxane, reflux, 4 h, 70%; (e) (i) 1.5 equiv, mCPBA, 45 min, dichloromethane (DCM); (ii) 5-fluoro-2,3-dihydrobenzofuran-4-
yl methanamine, rt, 3 h, 55%.

Scheme 2. Synthesis of (5-Fluoro-2,3-dihydrobenzofuran-4-yl)methanamine (56)a

aReagents and conditions: (a) 2-bromo-1,1-diethoxyethane, K2CO3, N,N-dimethylformamide (DMF), 110 °C, overnight, 75%; (b) polyphosphoric
acid (PPA), toluene, 100 °C, 4 h, 55%; (c) Zn(CN)2, Pd(PPh3)4, DMF, 110 °C, 24 h, 40%; (d) LAH, THF, 50 °C, 70%; (e) H2, Pd/C, 40 °C, 6 h,
85%.
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complete tumor regression. Significantly, it did not cause
animal weight loss or other signs of toxicity during the entire
experiment (Figure 5B).
Chemistry. The synthesis of our designed EED inhibitors

employed a common intermediate (48), which was prepared as
outlined in Scheme 1. A second common intermediate, 5-
fluoro-2,3-dihydrobenzofuran-4-yl methanamine (56) was
prepared as shown in Scheme 2. Compounds 11−25 were
prepared as shown in Scheme 3, and compounds 26−42 were
prepared as shown in Scheme 4.
The route to the common intermediate 48 began with

commercially available 5-bromo-4-chloro-2-(methylthio)-
pyrimidine (43), which was converted to the corresponding
a m i n e ( 4 5 ) b y t r e a t m e n t w i t h e t h y l 2 -
(diphenylmethyleneamino)acetate, followed by acid-catalyzed

hydrolysis. The amine (46) upon formylation followed by
cyclization using POCl3 afforded compound 45. Compound
47 was then oxidized to the corresponding sulfoxide
intermediate by mCPBA, which was subsequently converted
to the common intermediate 48 by selective displacement with
5-fluoro-2,3-dihydrobenzofuran-4-yl methanamine at the 5-
position in 55% overall yield in two steps.22,27,28

The synthesis of 5-fluoro-2,3-dihydrobenzofuran-4-yl meth-
anamine (56) is shown in Scheme 2.22,29 Commercially
available compound 49 was alkylated with 2-bromo-1,1-
diethoxyethane using K2CO3 as a base and underwent
cyclization in the presence of PPA affording two inseparable
isomers 51 and 52 in a 1:1 mixture. The mixture was then
treated with Zn(CN)2 in the presence of Pd(PPh3)4 to furnish
isomeric compounds 53 and 54 and the desired isomer 53 was

Scheme 3. General Procedure for Seven-, Eight-, or Nine-Membered Lactam Rings (11, 12, and 13 as Examples)a

aReagents and conditions: (a) Pd(OAc)2, CataCXium A, K2CO3, bis(pinacolato)diboron, DME, 80 °C, ∼50−60%; (b) Li(OH)2, THF-H2O, 70
°C, 90%; (c) (i) TFA, DCM, (ii) Li(OH)2, THF-H2O, 70 °C, 90%.

Scheme 4. General Procedure for Substituted Eight-Membered-Ring Lactams Containing Both Hydrophobic and Hydrophilic
Tail as R1 Substituent (28 as an Example)a

aReagents and conditions: (a) DMP, DCM, rt, 2 h, 90%; (b) MeOH, NaCNBH3, 3 h, R4-NH2, ∼70%; (c) (Boc)2O, Et3N, DCM, 1 h, 90%; (d) 48,
Pd(OAc)2, CataCXium A, K2CO3, bis(pinacolato)diboron, DME, 80 °C, overnight, ∼50−60%; (e) TFA, DCM; (f) Li(OH)2, THF-H2O, 70 °C,
overnight, 90%; (g) HATU, N,N-diisopropylethylamine (DIPEA), DMF, 90%.
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isolated and obtained in 40% yield. Reduction of the nitrile
functionality using LAH yielded compound 55, which on
hydrogenation using Pd/C furnished the desired amine 56.
The general synthesis of compounds with seven-, eight-, or

nine-membered lactam rings is shown in Scheme 3. The
modified Suzuki reaction30 between compound 48 and the
appropriate bromo precursor proceeded smoothly in the
presence of Pd(OAc)2, cataCXium A, bis(pinacolato)diboron
and yielded compounds in 50−60% yield. For seven-
membered lactam rings, the free amine and ester group
underwent cyclization using LiOH as a base. For eight- or
nine-membered lactam rings, the target compounds were
obtained by a two-step protocol, first deprotection of Boc
group using TFA, followed by cyclization using LiOH as a
base.
General synthesis of the substituted eight-membered-ring

lactams is depicted in Scheme 4. This general synthesis allows
efficient modification of the amide region of the molecule. The
synthesis started with a commercially available alcohol (60)
which on subsequent DMP oxidation, followed by reductive
amination afforded the desired amine. Boc protection of the
amine functionality in compound 62 was achieved by
treatment with (Boc)2O in the presence of Et3N. The modified
Suzuki cross-coupling reaction between compound 48 and
appropriate bromo precursor (63) in the presence of
Pd(OAc)2, CataCXium A, and bis(pinacolato)diboron yielded
compounds in 50−60% yield. TFA deprotection of Boc
functionality followed by ester hydrolysis using LiOH yielded
the desired target compound 66. Compound 66 in the
presence of HATU underwent intramolecular cyclization to
furnish the desired substituted eight-membered-ring lactams in
a 90% yield.

■ DISCUSSION AND CONCLUSIONS
Through conformational restriction and systematic structure−
activity relationship studies, we have obtained a new class of
exceptionally potent and orally bioavailable EED inhibitors,
with EEDi-5273 (28) identified as the most promising
compound. EEDi-5273 binds to EED with an IC50 value of
0.2 nM and is 24 and 61 times more potent than A-395 and
EED226, respectively. EEDi-5273 potently inhibits the
KARPAS422 cell growth with an IC50 value of 1.2 nM and is
52 and 104 times more potent than A-395 and EED226,
respectively. EEDi-5273 has an excellent PK and ADME
profile, and oral administration of EEDi-5273 is capable of
achieving complete and persistent tumor regression in the
KARPAS422 xenograft model without causing any signs of
toxicity. Determination of two co-crystal structures of two
highly potent EED inhibitors in a complex with EED provides
a solid structural basis for their exceptionally high binding
affinities to EED.
We have previously reported the discovery of EEDi-5285 as

an exceptionally potent and efficacious EED inhibitor.22 While
EEDi-5285 and EEDi-5273 are similarly potent and efficacious
in vitro and in vivo, EEDi-5273 has a much better oral exposure
than EEDi-5285 based on their PK data. At 10 mg/kg oral
administration, EEDi-5285 shows a cMax of 1.8 μg/mL (3.7
μM) and an AUC value of 6.0 h·μg/mL.22 In comparison, at
the same dose and using the same formulation, EEDi-5273
achieves a cMax of 5.07 μg/mL (9.63 μM) and an AUC value
of 48.9 h·μg/mL. Hence, EEDi-5273 achieves 2.6-fold higher
cMax and 8.2-fold higher AUC than EEDi-5285, respectively.
To understand the much improved oral exposure for EEDi-

5273 over EEDi-5285, we determined their solubility in fasted
state simulated intestinal fluid (FaSSIF) and fed state
simulated intestinal fluid (FeSSIF). It was found that EEDi-
5285 has a very low solubility in FaSSIF (0.0265 mg/mL) and
an extremely low solubility in FeSSIF (<0.001 mg/mL). In
comparison, EEDi-5285 has a solubility of 3.11 mg/mL in
FaSSIF and 0.44 mg/mL in FeSSIF. Hence, EEDi-5273 has
>100 times improved solubility than EEDi-5285 in both
FaSSIF and FeSSIF, which is consistent with its much higher
oral exposure. Since we are interested in development of an
orally bioavailable EED inhibitor as a new therapy for the
treatment of human cancers and other human diseases, EEDi-
5273 thus has a significant advantage over EEDi-5285 due to
the much improved solubility in both FaSSIF and FeSSIF.
Collectively, our data show that EEDi-5273 represents a

highly promising EED inhibitor for further advanced
preclinical development for the treatment of human lymphoma
and other types of human cancer in which the PRC2 complex
activity may play a key role.

■ EXPERIMENTAL SECTION
General Information. Unless otherwise specified, all commercial

reagents were used as supplied without further purification, and all
reactions were performed under a nitrogen atmosphere in a dry
solvent under anhydrous conditions. NMR spectra were obtained on a
Bruker 400 Ascend spectrometer at a 1H frequency of 400 MHz and a
13C frequency of 100 MHz. Chemical shifts (δ) are reported in parts
per million (ppm) relative to an internal standard. The final products
were purified on a preparative high-performance liquid chromatog-
raphy (HPLC) column (Waters 2545, Quaternary Gradient Module)
with a SunFire Prep C18 OBD 5 μm 50 × 100 mm2 reversed-phase
column. The mobile phase was a gradient of solvent A (H2O with
0.1% TFA) and solvent B (CH3CN with 0.1% of TFA) at a flow rate
of 60 mL/min and 1%/min increase of solvent B. All final compounds
have purity ≥95% as determined by Waters ACQUITY ultra-
performance liquid chromatograph (UPLC) using reversed-phase
column (SunFire, C18, 5 μm, 4.6 × 150 mm2) and a solvent gradient
of A (H2O with 0.1% of TFA) and solvent B (CH3CN with 0.1% of
TFA). Electrospray ionization (ESI) mass spectral (MS) analysis was
performed on a Thermo Scientific LCQ Fleet mass spectrometer.

Ethy l 2 - (5 -bromo-2- (methy l th io )pyr imid in -4 -y l ) -2 -
((diphenylmethylene)amino)acetate (44). A solution of ethyl 2-
(diphenylmethyleneamino)acetate (18.4 g, 69 mmol) in DMSO (50
mL) was added dropwise at 0 °C to a suspension of 60% NaH (5.0 g,
125.5 mmol) in anhydrous DMSO (70 mL). The reaction mixture
turned orange immediately. After 5 min, 5-bromo-4-chloro-2-
(methylthio)pyrimidine (43, 15 g, 62.7 mmol) in 50 mL of DMSO
was added dropwise. The mixture was then stirred at room
temperature (rt) for 2 h. Then, the reaction mixture was quenched
by careful addition of aq. NH4Cl solution. The mixture was extracted
with EtOAc, washed with brine, dried, concentrated, and used in the
next step as obtained. LC-MS: [M + H]+ = 470.01

Ethyl 2-Amino-2-(5-bromo-2-(methylthio)pyrimidin-4-yl)acetate
(45). 3 N HCl in H2O (10 mL) was added at 0 °C to a solution of
crude compound 44 (5.0 g, 10.6 mmol) in THF (50 mL). The
mixture was stirred at rt for 1 h, and the reaction mixture was then
concentrated followed by adjustment of the pH to 8−9 with aq.
Na2CO3 solution. The mixture was extracted with DCM and washed
with brine. Concentration under reduced pressure followed by
purification by flash chromatography (0−100% EtOAc/hexane)
gave the desired compound 45 (2.26 g) in 70% overall yield. 1H
NMR (400 MHz, CDCl3) δ 8.58 (s, 1H), 4.99 (s, 1H), 4.26−4.16 (m,
2H), 2.53 (s, 3H), 1.26 (t, 3H). LC-MS: [M + H]+ = 305.95

Ethyl 2-(5-Bromo-2-(methylthio)pyrimidin-4-yl)-2-formamidoa-
cetate (46). A mixture of HCO2H (4 mL) and Ac2O (4 mL) was
heated at 50 °C for 1 h. The reaction mixture was cooled to rt and
added to a solution of compound 45 (2.0 g, 6.55 mmol) in DCM (20
mL). The mixture was stirred at rt for 2 h and then concentrated. The
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mixture was extracted with DCM (2 × 50 mL) and washed
successively with H2O (20 mL) and brine (10 mL). The organic
phase was dried over Na2SO4, filtered, and concentrated to afford the
crude title compound 46 as an oil, which was used in the next steps
without further purification. 1H NMR (400 MHz, CDCl3) δ 8.63 (s,
1H), 8.32 (s, 1H), 7.02 (brs, 1H), 6.20 (d, 1H), 4.31-4.11 (m, 2H),
2.54 (s, 3H), 1.27 (t, 3H). LC-MS: [M + H]+ = 334.05
Ethyl 8-Bromo-5-(methylthio)imidazo[1,5-c]pyrimidine-1-car-

boxylate (47). POCl3 (1.5 mL) was added dropwise to a solution
of compound 46 (2.0 g, crude) in dioxane (20 mL). The reaction
mixture was heated under reflux for 4 h. The mixture was cooled to rt
then concentrated. Ice/H2O (50 mL) was added, and the mixture was
adjusted to pH 8 with satd. aq. NaHCO3. The mixture was extracted
with DCM (2 ×50 mL), washed with brine (10 mL), dried over
Na2SO4, and filtered. The filtrate was concentrated, and the residue
was purified by silica gel column chromatography (eluting with 50−
100% EtOAc/hexane) to afford the title compound (47) as a white
solid (1.42 g, 4.59 mmol) in 70% overall yield over two steps. 1H
NMR (400 MHz, DMSO-d6): 8.65 (s, 1H), 7.97 (s, 1H), 4.33 (q,
2H), 2.76 (s, 3H), 1.34 (t, 3H). 13C NMR (100 MHz, DMSO-d6) δ
162.33, 149.30, 139.51, 129.49, 128.44, 125.00, 103.79, 61.02, 14.65,
13.94. LC-MS: [M + H]+ = 315.70
Ethyl 8-Bromo-5-(((5-fluoro-2,3-dihydrobenzofuran-4-yl)-

methyl)amino)imidazo[1,5-c]pyrimidine-1-carboxylate (48).
mCPBA (464 mg, 2.7 mmol, ≤77%, 1.5 equiv) was added at 0 °C
to a solution of compound 47 (567 mg, 1.8 mmol, 1.0 equiv) in DCM
(18 mL). After 45 min, Et3N (1 mL, 7.6 mmol, 4 equiv) was added at
0 °C and stirred for 2 min, followed by addition of (5-fluoro-2,3-
dihydrobenzofuran-4-yl)methanamine (300 mg, 1.8 mmol). The
reaction mixture was then stirred at rt for 3 h. Subsequently, the
reaction mixture was concentrated and the residue was purified by
silica gel column chromatography (eluted with 50−100% EtOAc/
hexane) to afford the title compound 48 (429 mg, 0.99 mmol) in 55%
yield. 1H NMR (400 MHz, DMSO-d6) δ 8.75 (s, 1H), 8.65 (t, J = 5.1
Hz, 1H), 7.68 (s, 1H), 6.94 (t, J = 9.5 Hz, 1H), 6.70 (dd, J = 8.7, 3.9
Hz, 1H), 4.68 (d, J = 5.0 Hz, 2H), 4.54 (t, J = 8.7 Hz, 2H), 4.29 (q, J
= 7.1 Hz, 2H), 3.27 (t, J = 8.8 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H). 13C
NMR (100 MHz, DMSO-d6) δ 162.56, 156.19, 155.66 (d, JC−F = 236
Hz), 143.31, 141.90, 131.01, 129.62, 127.15, 123.65, 121.86 (d, JC−F =
19 Hz), 114.33 (d, JC−F = 24 Hz), 108.78 (d, JC−F = 8 Hz), 93.85,
72.01, 60.62, 37.79, 29.00, 14.69. LC-MS: [M + H]+ = 434.03
2-Bromo-4-(2,2-diethoxyethoxy)-1-fluorobenzene (50). K2CO3

(109 g, 0.78 mol, 3 equiv) was added in one portion to a solution
of 3-bromo-4-fluorophenol (49, 50 g, 0.26 mol, 1 equiv) and 2-
bromo-1,1-diethoxyethane (67 g, 0.34 mol, 1.3 equiv) in DMF (250
mL). The suspension was heated to 110 °C and stirred overnight
under N2. After cooling to rt, the reaction was diluted with H2O and
extracted with EtOAc (2 × 500 mL). The combined organic phase
was washed with brine and dried over anhydrous Na2SO4. The
residue was purified on silica gel (0−10% EtOAc/hexane) to give the
title compound (50) as a yellow oil (60.12 g, 196 mmol, 75% yield).
1H NMR (400 MHz, CD3OD) δ 7.13 (dd, J = 5.6, 2.8 Hz, 1H),
7.06−6.98 (m, 1H), 6.84 (td, J = 9.2, 3.2 Hz, 1H), 4.82 (t, J = 5.2 Hz,
1H), 3.97 (d, J = 5.2 Hz, 2H), 3.81-3.72 (m, 2H), 3.69-3.60 (m, 2H),
1.27 (t, J = 7.2 Hz, 6H). LC-MS: [M + H]+ = 307.02
4-Bromo-5-fluorobenzofuran (51) and 6-Bromo-5-fluorobenzo-

furan (52). Compound 50 (100 g, 0.35 mmol) was added over 30
min at 100 °C to a solution of PPA (132.4 g, 0.39 mol) and toluene
(300 mL). The reaction mixture was heated at 100 °C for 4 h. After
cooling to rt, 400 mL of ice/H2O was added and the mixture was
extracted twice with hexane. The combined organic phase was washed
with brine and dried over anhydrous Na2SO4. The residue was
purified on silica gel (0−10% EtOAc/hexane) to give the title
compound (51, 52) as a mixture of isomers in 55% overall yield. LC-
MS: [M + H]+ = 214.94
5-Fluorobenzofuran-4-carbonitrile (53) and 5-Fluorobenzofur-

an-6-carbonitrile (54). Pd(PPh3)4 (16.2 g, 14 mmol) was added to a
solution of 51 and 52 (31 g, 0.144 mol) and Zn(CN)2 (25.3 g, 0.216
mol) in 100 mL of DMF. The reaction mixture was degassed with N2
and stirred under an N2 atmosphere for 24 h at 110 °C. After cooling

to rt, H2O was added and the mixture was extracted with EtOAc (2 ×
100 mL). The combined organic phase was washed with brine and
dried over anhydrous Na2SO4. The residue was purified on silica gel
(0−20% EtOAc/hexane) to separate the desired isomer (53) in 40%
yield as a white solid. 1H NMR (400 MHz, CD3OD) δ 8.10 (d, J = 2.0
Hz, 1H), 7.89-7.85 (m, 1H), 7.32-7.28 (m, 1H), 7.07 (d, J = 2.0 Hz,
1H). LC-MS: [M + H]+ = 162.02

(5-Fluorobenzofuran-4-yl)methanamine (55). The desired iso-
mer 53 (2.3 g, 14.55 mmol) in 10 mL of THF was treated with a 1 M
solution of LAH in THF (36 mL) at 0 °C. Then, the temperature was
increased to 50 °C and the reaction mixture was stirred overnight.
After cooling to rt, the reaction was slowly quenched with satd.
Na2SO4 at 0 °C and was then filtered and washed several times with
EtOAc. Purification by flash chromatography (0−10% MeOH/DCM
containing 1% Et3N) gave the desired compound 55 (1.63 g, 10.1
mmol) in 70% yield. LC-MS: [M + H]+ = 166.02

(5-Fluoro-2,3-dihydrobenzofuran-4-yl)methanamine (56). Pd/C
(100 mg, 10% wt) was added to a solution of compound 55 (1 g, 6.02
mmol) in MeOH (50 mL). The reaction mixture was degassed with
H2 and stirred under a H2 atmosphere for 6 h at 40 °C. The mixture
was then filtered through celite and washed with MeOH.
Concentration under reduced pressure followed by purification by
flash chromatography (0−10% MeOH/DCM containing 1% Et3N)
gave the desired compound 56 (859 mg, 5.11 mmol) in 85% yield. 1H
NMR (400 MHz, DMSO-d6) δ 8.21 (brs, 2H), 7.01 (dd, J = 10.1, 8.7
Hz, 1H), 6.80 (dd, J = 8.7, 4.0 Hz, 1H), 4.59 (t, J = 8.8 Hz, 2H), 3.97
(d, J = 1.3 Hz, 2H), 3.35 (d, J = 9.0 Hz, 2H). 13C NMR (100 MHz,
DMSO-d6) δ 155.66 (d, JC−F = 236 Hz), 156.21, 130.58, 118.43 (d,
JC−F = 19 Hz), 114.57 (d, JC−F = 24 Hz), 110.31, 72.14, 28.66, 28.65.
LC-MS: [M + H]+ = 168.07

General Procedure for Seven-, Eight-, or Nine-Membered
Lactam Rings: Scheme 3. Protocol for the Coupling Reaction.
Palladium(II) acetate (0.1 equiv) and CataCXium A (0.2 equiv) were
mixed together in DME (C = 0.2 M, degassed), and the resulting
solution was added by a pipette to a stirred solution of 48 (1.0 equiv),
the required amine (2.0 equiv), bis(pinacolato)diboron (2.0 equiv),
and K2CO3 (3.0 equiv) in DME/H2O (9:1, C = 0.2, degassed) at 80
°C. The reaction mixture was stirred at reflux overnight.
Subsequently, the reaction mixture was concentrated and extracted
with EtOAc, washed with water and brine, and then dried over
Na2SO4. The mixture was concentrated, and the residue was purified
by HPLC to afford the desired title compound in ∼50−60% yield.

Protocol for Boc Deprotection and Cyclization. The Boc-
protected amine was treated with 25% TFA/DCM at rt for 1 h,
after that the volatiles were removed in vacuum. The crude was
diluted with EtOAc and washed with satd. aq. Na2CO3 and then
brine. The organic layer was over Na2SO4 and concentrated in vacuo
to provide the desired title compound, which was used as crude for
the next step.

The crude compound (1 equiv) and LiOH (10 equiv) in THF/
water (4:1, C = 0.2) were heated at 70 °C overnight. 3 N aq. HCl was
added dropwise at 0 °C to pH 2−3. The mixture was concentrated,
and the residue was purified by HPLC to afford the desired title
compound as a white solid in 90% yield.

General Procedure for Substituted Eight-Membered-Ring
Lactams Containing Both Hydrophobic and Hydrophilic Tail
as R1 Substituent: Scheme 4. An aliquot of 5-bromo-2-
(trifluoromethyl)pyridin-4-yl methanol (60) was dissolved in dry
DCM (C = 0.2 M), then to this solution, 1.5 equiv of Dess−Martin
periodinane was added and the reaction mixture was stirred for 1 h,
monitored by TLC. Upon completion and quenched with satd.
NH4Cl solution, it was then extracted with DCM and washed with
water and brine. The organic layers were collected and combined,
washed with brine, dried over anhydrous Na2SO4, and concentrated in
vacuo. Purification was performed on silica gel normal phase column
chromatography with increasing amounts of EtOAc in hexane to
afford the desired aldehyde (61) in 90% yield.

MeOH (C = 0.2 M) was added to the obtained aldehyde, followed
by 2.0 equiv of required amine and it was stirred for 2 h. After that, 2
equiv of Na(CN)BH3 and 2 equiv of AcOH were added under an ice
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bath. Then, the ice bath was removed and the reaction mixture was
stirred for 3 h and monitored by TLC. Upon completion, the mixture
was concentrated, and the residue was purified by HPLC to afford the
title compound 62 in ∼70% yield.
(Boc)2O (1.5 equiv), dissolved in dry DCM (C = 0.2 M), was

added to the obtained secondary amine, and this was followed by 3
equiv of TEA, stirring for 1 h, and monitoring by TLC. Upon
completion, the reaction was quenched with satd. NH4Cl solution,
then extracted with DCM and washed with brine. The organic layers
were collected and combined, dried over anhydrous Na2SO4, and
concentrated in vacuo. Purification was performed on silica gel normal
phase column chromatography with increasing amounts of EtOAc in
hexane to afford the Boc-protected secondary amine (63) in ∼90%
yield.
Palladium (II) acetate (0.1 equiv) and CataCXium A (0.2 equiv)

were mixed together in DME (C = 0.2 M, degassed) and resulting
solution was added via a pipette to a stirred solution of compound 48,
compound 63 (2.0 equiv), bis(pinacolato)diboron (2.0 equiv) and
K2CO3 (3.0 equiv) in DME/H2O (9:1, C = 0.2 M, degassed) at 80
°C. The reaction mixture was stirred at reflux overnight. After that,
the reaction mixture was concentrated and extracted with EtOAc,
washed with water and brine, and then dried over Na2SO4. The
mixture was concentrated, and residue was purified by HPLC to
afford the title compound 64 as a white solid in 60% yield.
Compound 64 was treated with 25% TFA/DCM at 0 °C for 1 h,

then the volatiles were removed in vacuum, and the residue was used
as crude (63) for the next step.
A mixture of compound 65 (1 equiv) and LiOH (10 equiv) in

THF (10 mL/mmol) and water (5 mL/mmol) was heated at 70 °C
overnight. The mixture was concentrated, and the residue was then
purified by preparative HPLC to afford 66 in 90% yield.
DIPEA (5 equiv) was added to a mixture of compound 66 (1

equiv) and HATU (1.1 equiv) in DMF (5 mL/mmol). The reaction
mixture was stirred overnight. Then, it was concentrated, and the
residue was purified by preparative HPLC to afford 28 in ∼90% yield.
5-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-N-

methyl-8-phenylimidazo[1,5-c]pyrimidine-1-carboxamide (10). 1H
NMR (400 MHz, CD3OD) δ 8.64 (s, 1H), 7.50−7.29 (m, 6H),
6.92−6.81 (m, 1H), 6.67 (dd, J = 8.7, 3.9 Hz, 1H), 4.83 (d, J = 1.2
Hz, 2H), 4.59 (t, J = 8.7 Hz, 2H), 3.38 (t, J = 8.7 Hz, 2H), 2.51 (s,
3H). LC-MS: [M + H]+ = 418.16
3-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-

2,3a,5,7-tetraazadibenzo[cd,f ]azulen-6(7H)-one (11). 1H NMR
(400 MHz, DMSO-d6) δ 9.50 (s, 1H), 8.67 (s, 1H), 8.53 (t, J =
5.1 Hz, 1H), 7.99 (s, 1H), 7.88−7.80 (m, 1H), 7.19 (dd, J = 6.1, 1.6
Hz, 2H), 7.02 (ddd, J = 8.3, 6.1, 2.4 Hz, 1H), 6.96 (dd, J = 10.3, 8.7
Hz, 1H), 6.71 (dd, J = 8.6, 3.9 Hz, 1H), 4.73 (d, J = 4.8 Hz, 2H), 4.56
(t, J = 8.7 Hz, 2H), 3.31 (d, J = 8.5 Hz, 2H). LC-MS: [M + H]+ =
402.12
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4,5-

dihydro-3H-2,4,11,12a-tetraazabenzo[4,5]cycloocta[1,2,3-cd]-
inden-3-one (12). 1H NMR (400 MHz, DMSO-d6) δ 8.79 (s, 1H),
8.53 (t, J = 5.1 Hz, 1H), 8.24 (t, J = 7.4 Hz, 1H), 7.53−7.35 (m, 4H),
7.33−7.24 (m, 1H), 7.03−6.90 (m, 1H), 6.72 (dd, J = 8.7, 3.9 Hz,
1H), 4.83−4.70 (m, 3H), 4.57 (t, J = 8.8 Hz, 2H), 4.03 (dd, J = 14.2,
5.7 Hz, 1H), 3.35 (t, J = 8.7 Hz, 2H). LC-MS: [M + H]+ = 416.14
13-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-5,6-

dihydro-2,4,12,13a-tetraazabenzo[4,5]cyclonona[1,2,3-cd]inden-
3(4H)-one (13). 1H NMR (400 MHz, DMSO-d6) δ 8.74 (s, 1H), 8.44
(t, J = 5.1 Hz, 1H), 7.48 (t, J = 6.7 Hz, 1H), 7.38 (td, J = 7.4, 1.6 Hz,
1H), 7.29 (td, J = 7.4, 1.4 Hz, 1H), 7.22 (td, J = 7.5, 1.4 Hz, 2H), 7.10
(s, 1H), 6.96 (dd, J = 10.2, 8.6 Hz, 1H), 6.72 (dd, J = 8.6, 3.9 Hz,
1H), 4.80−4.64 (m, 2H), 4.56 (t, J = 8.8 Hz, 2H), 3.41−3.19 (m,
4H), 2.82 (dd, J = 9.0, 6.2 Hz, 2H). LC-MS: [M + H]+ = 430.16
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4,5-

dihydro-3H-2,4,6,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]-
inden-3-one (14). 1H NMR (400 MHz, DMSO-d6) δ 8.82 (s, 1H),
8.65 (t, J = 5.1 Hz, 1H), 8.54 (dd, J = 4.8, 1.6 Hz, 1H), 8.47 (s, 1H),
7.92 (dd, J = 7.8, 1.6 Hz, 1H), 7.53−7.48 (m, 2H), 6.96 (dd, J = 10.3,
8.7 Hz, 1H), 6.72 (dd, J = 8.7, 3.9 Hz, 1H), 4.98-4.94 (m, 1H), 4.75

(s, 2H), 4.57-4.53 (m, 2H), 4.03 (m, 1H), 3.35 (t, J = 8.7 Hz, 2H).
LC-MS: [M + H]+ = 416.14

6-Fluoro-12-(((5-fluoro-2,3-dihydrobenzofuran-4-yl)methyl)-
amino)-4,5-dihydro-3H-2,4,11,12a-tetraazabenzo[4,5]cycloocta-
[1,2,3-cd]inden-3-one (15). 1H NMR (400 MHz, DMSO-d6) δ 8.84
(s, 1H), 8.64 (s, 1H), 8.49 (t, J = 7.2 Hz, 1H), 7.49 (s, 1H), 7.46−
7.38 (m, 1H), 7.35−7.18 (m, 2H), 6.95 (t, J = 9.4 Hz, 1H), 6.71 (dd,
J = 8.7, 3.8 Hz, 1H), 4.74 (s, 2H), 4.58 (dt, J = 17.7, 7.8 Hz, 3H), 4.31
(dd, J = 15.1, 5.8 Hz, 1H), 3.34 (t, J = 8.8 Hz, 2H). LC-MS: [M +
H]+ = 434.14

7-Fluoro-12-(((5-fluoro-2,3-dihydrobenzofuran-4-yl)methyl)-
amino)-4,5-dihydro-3H-2,4,11,12a-tetraazabenzo[4,5]cycloocta-
[1,2,3-cd]inden-3-one (16). 1H NMR (400 MHz, DMSO-d6) δ 8.79
(s, 1H), 8.57 (t, J = 5.1 Hz, 1H), 8.22 (d, J = 7.6 Hz, 1H), 7.50 (dd, J
= 8.6, 5.7 Hz, 1H), 7.41 (s, 1H), 7.24 (td, J = 8.6, 2.7 Hz, 1H), 7.11
(dd, J = 9.2, 2.8 Hz, 1H), 6.96 (dd, J = 10.3, 8.7 Hz, 1H), 6.71 (dd, J
= 8.7, 3.8 Hz, 1H), 4.77-4.33 (m, 3H), 4.56 (t, J = 8.7 Hz, 2H), 3.97
(dd, J = 14.6, 5.4 Hz, 1H), 3.35 (t, J = 8.7 Hz, 2H). LC-MS: [M +
H]+ = 434.14

8-Fluoro-12-(((5-fluoro-2,3-dihydrobenzofuran-4-yl)methyl)-
amino)-4,5-dihydro-3H-2,4,11,12a-tetraazabenzo[4,5]cycloocta-
[1,2,3-cd]inden-3-one (17). 1H NMR (400 MHz, DMSO-d6) δ 8.79
(s, 1H), 8.59 (t, J = 5.1 Hz, 1H), 8.21 (dd, J = 8.9, 5.6 Hz, 1H), 7.49
(s, 1H), 7.35−7.27 (m, 2H), 7.26−7.18 (m, 1H), 6.96 (dd, J = 10.3,
8.6 Hz, 1H), 6.71 (dd, J = 8.7, 3.9 Hz, 1H), 4.75 (q, J = 5.0 Hz, 3H),
4.56 (t, J = 8.8 Hz, 2H), 3.97 (dd, J = 14.7, 5.5 Hz, 1H), 3.35 (t, J =
8.7 Hz, 2H). LC-MS: [M + H]+ = 434.14

12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-7-(tri-
fluoromethyl)-4,5-dihydro-3H-2,4,11,12a-tetraazabenzo[4,5]-
cycloocta[1,2,3-cd]inden-3-one (18). 1H NMR (400 MHz, DMSO-
d6) δ 8.82 (s, 1H), 8.69 (t, J = 5.1 Hz, 1H), 8.24 (dd, J = 8.8, 5.7 Hz,
1H), 7.74 (d, J = 8.3 Hz, 2H), 7.71−7.59 (m, 1H), 7.52 (s, 1H), 6.96
(t, J = 9.5 Hz, 1H), 6.72 (dd, J = 8.6, 3.8 Hz, 1H), 4.86 (dd, J = 14.6,
8.8 Hz, 1H), 4.76 (d, J = 4.5 Hz, 2H), 4.56 (t, J = 8.7 Hz, 2H), 4.11
(dd, J = 14.7, 5.5 Hz, 1H), 3.35 (t, J = 8.8 Hz, 2H). LC-MS: [M +
H]+ = 484.13

12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-8-(tri-
fluoromethyl)-4,5-dihydro-3H-2,4,11,12a-tetraazabenzo[4,5]-
cycloocta[1,2,3-cd]inden-3-one (19). 1H NMR (400 MHz, DMSO-
d6) δ 8.81 (s, 1H), 8.65 (t, J = 5.1 Hz, 1H), 8.28 (t, J = 7.0 Hz, 1H),
7.76 (dq, J = 3.7, 1.9 Hz, 2H), 7.60−7.43 (m, 2H), 6.96 (dd, J = 10.3,
8.7 Hz, 1H), 6.71 (dd, J = 8.6, 3.9 Hz, 1H), 4.85 (dd, J = 14.5, 8.8 Hz,
1H), 4.75 (d, J = 4.8 Hz, 2H), 4.57 (t, J = 8.8 Hz, 2H), 4.07 (dd, J =
14.6, 5.5 Hz, 1H), 3.36 (dd, J = 9.6, 7.5 Hz, 2H). LC-MS: [M + H]+ =
484.13

12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-7-
methyl-4,5-dihydro-3H-2,4,6,11,12a-pentaazabenzo[4,5]cycloocta-
[1,2,3-cd]inden-3-one (20). 1H NMR (400 MHz, DMSO-d6) δ 8.84
(s, 1H), 8.64 (d, J = 5.8 Hz, 1H), 8.40 (dd, J = 8.4, 6.0 Hz, 1H), 7.93
(d, J = 8.0 Hz, 1H), 7.49−7.39 (m, 2H), 6.96 (dd, J = 10.3, 8.7 Hz,
1H), 6.71 (dd, J = 8.6, 3.9 Hz, 1H), 4.95 (dd, J = 14.4, 8.5 Hz, 1H),
4.75 (d, J = 4.3 Hz, 2H), 4.56 (t, J = 8.8 Hz, 2H), 4.05 (dd, J = 14.4,
5.9 Hz, 1H), 3.34 (t, J = 8.7 Hz, 2H), 2.56 (s, 3H). LC-MS: [M + H]+

= 431.15
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-7-(tri-

fluoromethyl)-4,5-dihydro-3H-2,4,6,11,12a-pentaazabenzo[4,5]-
cycloocta[1,2,3-cd]inden-3-one (21). 1H NMR (400 MHz, DMSO-
d6) δ 8.84 (s, 1H), 8.77 (t, J = 5.1 Hz, 1H), 8.57−8.45 (m, 1H), 8.18
(d, J = 8.1 Hz, 1H), 7.94 (d, J = 8.1 Hz, 1H), 7.55 (s, 1H), 6.96 (dd, J
= 10.3, 8.7 Hz, 1H), 6.72 (dd, J = 8.6, 3.9 Hz, 1H), 5.07 (dd, J = 14.4,
8.3 Hz, 1H), 4.77 (d, J = 4.8 Hz, 2H), 4.57 (t, J = 8.8 Hz, 2H), 4.10
(dd, J = 14.4, 6.0 Hz, 1H), 3.35 (t, J = 8.7 Hz, 2H). LC-MS: [M +
H]+ = 485.12

12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-7-(tri-
fluoromethyl)-4,5-dihydro-3H-2,4,8,11,12a-pentaazabenzo[4,5]-
cycloocta[1,2,3-cd]inden-3-one (22). 1H NMR (400 MHz, DMSO-
d6) δ 8.83 (s, 2H), 8.76 (t, J = 5.2 Hz, 1H), 8.23 (dd, J = 8.8, 5.7 Hz,
1H), 7.77 (s, 1H), 7.65 (s, 1H), 6.96 (t, J = 9.5 Hz, 1H), 6.72 (dd, J =
8.7, 3.8 Hz, 1H), 4.93 (dd, J = 14.5, 8.8 Hz, 1H), 4.77 (d, J = 4.8 Hz,
2H), 4.57 (t, J = 8.7 Hz, 2H), 4.17 (dd, J = 14.6, 5.6 Hz, 1H), 3.35 (t,
J = 8.7 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ 165.51, 156.94,
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156.23, 154.58, 150.73, 149.03, 143.77, 140.63, 134.49, 130.48,
129.69, 127.32, 124.27, 122.13, 121.29, 114.51, 114.27, 109.46,
108.86, 72.04, 43.46, 37.83, 29.07. LC-MS: [M + H]+ = 485.13
11-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-6-

methyl-5,6-dihydro-2,4,6,7,10,11a-hexaazacyclopenta[4,5]-
cycloocta[1,2,3-cd]inden-3(4H)-one (23). 1H NMR (400 MHz,
DMSO-d6) δ 8.74 (s, 1H), 8.45 (t, J = 7.2 Hz, 1H), 8.37 (t, J =
5.2 Hz, 1H), 7.64 (s, 1H), 7.44 (s, 1H), 6.93 (dd, J = 10.4, 8.7 Hz,
1H), 6.69 (dd, J = 8.6, 3.9 Hz, 1H), 4.78−4.60 (m, 3H), 4.54 (t, J =
8.7 Hz, 2H), 4.18 (dd, J = 16.0, 5.7 Hz, 1H), 3.88 (s, 3H), 3.30 (t, J =
8.7 Hz, 2H). LC-MS: [M + H]+ = 420.15
11-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4,5-

dihydro-3H-6-thia-2,4,10,11a-tetraazacyclopenta[4,5]cycloocta-
[1,2,3-cd]inden-3-one (24). 1H NMR (400 MHz, DMSO-d6) δ 8.78
(s, 1H), 8.49 (s, 1H), 8.39 (t, J = 7.1 Hz, 1H), 7.55 (s, 1H), 7.50 (d, J
= 5.2 Hz, 1H), 7.27 (d, J = 5.3 Hz, 1H), 6.99−6.88 (m, 1H), 6.70
(dd, J = 8.7, 3.9 Hz, 1H), 4.86 (dd, J = 15.7, 8.4 Hz, 1H), 4.73 (d, J =
4.8 Hz, 2H), 4.55 (t, J = 8.7 Hz, 2H), 4.02 (dd, J = 15.9, 5.8 Hz, 1H),
3.31 (d, J = 8.7 Hz, 2H). LC-MS: [M + H]+ = 422.10
11-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4,5-

dihydro-3H-8-thia-2,4,10,11a-tetraazacyclopenta[4,5]cycloocta-
[1,2,3-cd]inden-3-one (25). 1H NMR (400 MHz, DMSO-d6) d 8.80
(s, 1H), 8.57 (s, 1H), 8.31 (t, J = 7.2 Hz, 1H), 7.57−7.35 (m, 2H),
7.01 (d, J = 5.1 Hz, 1H), 6.94 (dd, J = 10.3, 8.6 Hz, 1H), 6.70 (dd, J =
8.7, 3.9 Hz, 1H), 4.72 (d, J = 4.3 Hz, 2H), 4.67−4.49 (m, 3H), 3.99
(dd, J = 15.0, 5.7 Hz, 1H), 3.31 (d, J = 8.7 Hz, 2H). LC-MS: [M +
H]+ = 422.10
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-

methyl-7-(tr ifluoromethyl)-4,5-dihydro-3H-2,4,8,11,12a-
pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one (26). 1H NMR
(400 MHz, CD3OD) δ 8.84 (s, 1H), 8.74 (s, 1H), 7.96 (s, 1H), 7.69
(s, 1H), 6.87 (t, J = 9.5 Hz, 1H), 6.66 (dd, J = 8.8, 3.7 Hz, 1H), 5.54
(d, J = 14.8 Hz, 1H), 4.81 (d, J = 6.1 Hz, 2H), 4.61 (t, J = 8.8 Hz,
2H), 4.28 (d, J = 14.8 Hz, 1H), 3.43 (t, J = 8.8 Hz, 2H), 3.16 (s, 3H).
LC-MS: [M + H]+ = 499.14
4-Ethyl-12-(((5-fluoro-2,3-dihydrobenzofuran-4-yl)methyl)-

amino)-7-(tr ifluoromethyl)-4,5-dihydro-3H-2,4,8,11,12a-
pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one (27). 1H NMR
(400 MHz, DMSO-d6) δ 8.86 (s, 1H), 8.85−8.74 (m, 2H), 8.15 (s,
1H), 7.63 (s, 1H), 6.96 (dd, J = 10.3, 8.7 Hz, 1H), 6.72 (dd, J = 8.7,
3.9 Hz, 1H), 5.25 (d, J = 14.8 Hz, 1H), 4.77 (d, J = 4.8 Hz, 2H), 4.56
(t, J = 8.8 Hz, 2H), 4.32 (d, J = 14.8 Hz, 1H), 3.78 (dq, J = 13.8, 6.9
Hz, 1H), 3.34 (t, J = 8.9 Hz, 2H), 3.12 (dq, J = 13.6, 6.7 Hz, 1H),
1.10 (t, J = 7.0 Hz, 3H). LC-MS: [M + H]+ = 513.15
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-iso-

propyl-7-(tr ifluoromethyl)-4 ,5-dihydro-3H-2,4,8,11,12a-
pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one (28). 1H NMR
(400 MHz, DMSO-d6) δ 9.02−8.67 (m, 2H), 8.11 (d, J = 7.3 Hz,
1H), 7.62 (d, J = 7.4 Hz, 1H), 6.96 (q, J = 9.1 Hz, 1H), 6.72 (dq, J =
8.4, 3.7 Hz, 1H), 5.26 (dd, J = 15.2, 7.2 Hz, 2H), 4.78 (d, J = 6.4 Hz,
2H), 4.56 (q, J = 8.5 Hz, 2H), 4.39 (dd, J = 15.4, 7.0 Hz, 1H), 4.27
(q, J = 7.3 Hz, 1H), 3.35 (q, J = 8.5 Hz, 2H), 1.41−1.23 (m, 3H),
1.23−1.06 (m, 3H). 13C NMR (100 MHz, DMSO-d6) δ 163.79,
156.22, 155.66 (d, JC−F = 236 Hz), 150.39, 147.42, 145.53 (d, JC−F =
33 Hz), 143.67, 141.16, 135.20, 129.88, 129.61 (d, JC−F = 5 Hz),
126.93, 125.70, 122.17 (q, JC−F = 272 Hz), 122.11, 121.94, 121.38,
114.37 (d, JC−F = 24 Hz), 109.3, 108.78 (d, JC−F = 8 Hz), 72.0, 50.7,
48.4, 29.0, 20.8, 19.6. LC-MS: [M + H]+ = 526.95
4-Cyclopropyl-12-(((5-fluoro-2,3-dihydrobenzofuran-4-yl)-

methyl)amino)-7-(trifluoromethyl)-4,5-dihydro-3H-2,4,8,11,12a-
pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one (29). 1H NMR
(400 MHz, CD3OD) δ 8.84 (s, 1H), 8.74 (s, 1H), 7.86 (s, 1H), 7.70
(s, 1H), 6.86 (t, J = 9.6 Hz, 1H), 6.65 (dd, J = 8.7, 4.0 Hz, 1H), 5.42
(d, J = 14.7 Hz, 1H), 4.81 (d, J = 6.1 Hz, 2H), 4.59 (t, J = 8.9 Hz,
2H), 4.37 (d, J = 14.9 Hz, 1H), 3.42 (t, J = 8.7 Hz, 2H), 2.55 (s, 1H),
1.16 (s, 1H), 1.00 (d, J = 5.5 Hz, 2H), 0.94−0.77 (m, 1H). LC-MS:
[M + H]+ = 525.15
4-Cyclobutyl-12-(((5-fluoro-2,3-dihydrobenzofuran-4-yl)methyl)-

amino)-7-(tr ifluoromethyl)-4,5-dihydro-3H-2,4,8,11,12a-
pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one (30). 1H NMR
(400 MHz, DMSO-d6) δ 8.86 (s, 1H), 8.83−8.71 (m, 2H), 7.86 (s,

1H), 7.62 (s, 1H), 6.96 (dd, J = 10.3, 8.6 Hz, 1H), 6.71 (dd, J = 8.6,
3.9 Hz, 1H), 5.22 (d, J = 15.0 Hz, 1H), 4.77 (d, J = 4.9 Hz, 2H), 4.56
(t, J = 8.8 Hz, 2H), 4.40 (d, J = 15.1 Hz, 1H), 4.34−4.19 (m, 1H),
3.36−3.32 (m, 2H), 2.63−2.54 (m, 1H), 2.40−2.07 (m, 3H), 1.70
(ddt, J = 25.8, 10.6, 7.5 Hz, 2H). LC-MS: [M + H]+ = 539.17

4-(2,2-Difluoroethyl)-12-(((5-fluoro-2,3-dihydrobenzofuran-4-yl)-
methyl)amino)-7-(trifluoromethyl)-4,5-dihydro-3H-2,4,8,11,12a-
pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one (31). 1H NMR
(400 MHz, DMSO-d6) δ 8.86-8.80 (m, 2H), 8.27 (s, 1H), 7.66 (s,
1H), 6.96 (t, J = 8.8 Hz, 1H), 6.71 (dd, J = 8.6, 3.8 Hz, 1H), 6.24 (t, J
= 56.4 Hz, 1H), 5.40 (d, J = 14.8 Hz, 1H), 4.76 (d, J = 4.0 Hz, 1H),
4.56 (d, J = 8.8 Hz, 1H), 4.37 (d, J = 14.8 Hz, 1H), 4.13-4.03 (m,
1H), 3.77-3.68 (m, 2H), 3.36−3.32 (m, 2H). LC-MS: [M + H]+ =
548.86

4-(2,2-Difluoropropyl)-12-(((5-fluoro-2,3-dihydrobenzofuran-4-
yl)methyl)amino)-7-(trifluoromethyl)-4,5-dihydro-3H-2,4,8,11,12a-
pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one (32). 1H NMR
(400 MHz, DMSO-d6) δ 8.87 (d, J = 2.0 Hz, 2H), 8.83 (s, 1H), 8.18
(s, 1H), 7.67 (s, 1H), 6.96 (dd, J = 10.3, 8.7 Hz, 1H), 6.71 (dd, J =
8.7, 3.9 Hz, 1H), 5.48−5.28 (m, 1H), 4.77 (d, J = 4.2 Hz, 2H), 4.56
(t, J = 8.8 Hz, 2H), 4.41−4.20 (m, 2H), 3.62 (td, J = 14.3, 10.0 Hz,
1H), 3.34 (t, J = 8.7 Hz, 2H), 1.66 (t, J = 19.3 Hz, 3H). LC-MS: [M +
H]+ = 563.05

12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-
(2,2,2-trifluoroethyl)-7-(trifluoromethyl)-4,5-dihydro-3H-
2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one
(33). 1H NMR (400 MHz, DMSO-d6) δ 8.85 (dd, J = 14.5, 5.1 Hz,
3H), 8.36 (s, 1H), 7.69 (s, 1H), 7.02−6.92 (m, 1H), 6.72 (dd, J = 8.6,
3.9 Hz, 1H), 5.43 (d, J = 15.1 Hz, 1H), 4.77 (d, J = 5.0 Hz, 2H),
4.69−4.51 (m, 3H), 4.38 (d, J = 15.1 Hz, 1H), 4.21−4.11 (m, 1H),
3.34 (t, J = 8.8 Hz, 2H). LC-MS: [M + H]+ = 567.13

4-(3,3-Difluorocyclobutyl)-12-(((5-fluoro-2,3-dihydrobenzofur-
an-4-yl)methyl)amino)-7-(trifluoromethyl)-4,5-dihydro-3H-
2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one
(34). 1H NMR (400 MHz, DMSO-d6) δ 8.87 (s, 1H), 8.81 (d, J = 7.0
Hz, 2H), 8.02 (s, 1H), 7.66 (s, 1H), 6.96 (t, J = 9.5 Hz, 1H), 6.72
(dd, J = 8.6, 3.8 Hz, 1H), 5.34 (d, J = 15.2 Hz, 1H), 4.77 (d, J = 4.8
Hz, 2H), 4.56 (t, J = 8.8 Hz, 2H), 4.36 (d, J = 15.1 Hz, 1H), 4.21 (td,
J = 8.3, 3.7 Hz, 1H), 3.34 (t, J = 8.8 Hz, 2H), 3.19−3.02 (m, 2H),
2.92 (d, J = 19.6 Hz, 2H). LC-MS: [M + H]+ = 575.15

12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-(2-
hydroxy-2-methylpropyl)-7-(trifluoromethyl)-4,5-dihydro-3H-
2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one
(35). 1H NMR (400 MHz, CD3OD) δ 8.83 (s, 1H), 8.75 (s, 1H), 8.05
(s, 1H), 7.69 (s, 1H), 6.93−6.81 (m, 1H), 6.66 (dd, J = 8.7, 3.9 Hz,
1H), 5.42 (d, J = 14.9 Hz, 1H), 4.84 (d, J = 1.0 Hz, 2H), 4.65−4.52
(m, 2H), 4.08 (d, J = 14.2 Hz, 1H), 3.42 (t, J = 8.7 Hz, 2H), 3.08 (d, J
= 14.2 Hz, 1H), 2.68 (s, 1H), 1.42−1.18 (m, 6H). LC-MS: [M + H]+

= 557.18
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-

(tetrahydro-2H-pyran-4-yl)-7-(trifluoromethyl)-4,5-dihydro-3H-
2,4,8,12a-tetraazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one (36).
1H NMR (400 MHz, CD3OD) δ 8.81 (s, 1H), 8.17 (d, J = 8.1 Hz,
1H), 7.88 (d, J = 8.2 Hz, 1H), 7.66 (s, 1H), 6.94−6.82 (m, 1H), 6.66
(dd, J = 8.7, 3.9 Hz, 1H), 5.56−5.45 (m, 1H), 4.88 (s, 2H), 4.65−
4.50 (m, 2H), 4.45-4.41 (m, 1H), 4.12−3.93 (m, 2H), 3.55−3.39 (m,
4H), 3.39−3.36 (m, 2H), 2.58-2.50 (m, 1H), 2.30-2.25 (m, 1H),
1.65-1.60 (m, 1H), 1.38-1.34 (m, 1H). LC-MS: [M + H]+ = 569.18

4-(2,6-Dimethyltetrahydro-2H-pyran-4-yl)-12-(((5-fluoro-2,3-di-
hydrobenzofuran-4-yl)methyl)amino)-7-(trifluoromethyl)-4,5-dihy-
dro-3H-2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-
3-one (37). 1H NMR (400 MHz, DMSO-d6) δ 8.87 (d, J = 3.9 Hz,
1H), 8.82 (d, J = 2.9 Hz, 1H), 8.78 (s, 1H), 8.16 (d, J = 16.5 Hz, 1H),
7.62 (d, J = 4.4 Hz, 1H), 6.96 (dd, J = 10.3, 8.7 Hz, 1H), 6.71 (dd, J =
8.6, 3.9 Hz, 1H), 5.32 (dd, J = 27.2, 14.9 Hz, 1H), 4.76 (d, J = 4.5 Hz,
2H), 4.56 (t, J = 8.8 Hz, 2H), 4.41 (dd, J = 14.9, 5.2 Hz, 1H), 3.95
(dd, J = 7.3, 4.9 Hz, 1H), 3.47 (dtd, J = 10.9, 6.2, 1.9 Hz, 1H), 3.34 (t,
J = 8.7 Hz, 2H), 2.41−2.24 (m, 1H), 1.86 (ddd, J = 47.0, 23.6, 11.9
Hz, 1H), 1.59 (dt, J = 12.9, 7.4 Hz, 1H), 1.17−0.99 (m, 6H), 0.83
(dt, J = 12.2, 5.7 Hz, 1H). LC-MS: [M + H]+ = 597.21

12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-((1-
hydroxycyclopropyl)methyl)-7-(trifluoromethyl)-4,5-dihydro-3H-
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2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one
(38). 1H NMR (400 MHz, CD3OD) δ 8.82 (s, 1H), 8.76 (s, 1H), 7.99
(s, 1H), 7.67 (s, 1H), 6.89−6.79 (m, 1H), 6.63 (dd, J = 8.7, 3.8 Hz,
1H), 5.46 (d, J = 15.0 Hz, 1H), 4.86 (s, 2H), 4.82 (d, J = 14.9 Hz,
1H), 4.58 (td, J = 8.7, 1.2 Hz, 2H), 3.95 (d, J = 14.4 Hz, 1H), 3.49 (d,
J = 14.5 Hz, 1H), 3.41 (t, J = 8.7 Hz, 2H), 0.91 (t, J = 2.4 Hz, 1H),
0.86−0.72 (m, 3H). LC-MS: [M + H]+ = 555.16
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-((3-

hydroxy-3-methylcyclobutyl)-methyl)-7-(trifluoromethyl)-4,5-dihy-
dro-3H-2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-
3-one (39). 1H NMR (400 MHz, CD3OD) δ 8.83 (s, 1H), 8.76 (q, J
= 1.5 Hz, 1H), 7.94 (s, 1H), 7.66 (s, 1H), 6.86 (t, J = 9.7 Hz, 1H),
6.65 (d, J = 8.5 Hz, 1H), 5.41 (d, J = 14.9 Hz, 1H), 4.84 (d, J = 1.0
Hz, 2H), 4.59 (t, J = 8.8 Hz, 2H), 4.34 (d, J = 14.9 Hz, 1H), 4.00 (dd,
J = 13.6, 7.3 Hz, 1H), 3.41 (t, J = 8.7 Hz, 2H), 3.26 (dd, J = 13.6, 6.8
Hz, 1H), 2.31 (q, J = 8.1 Hz, 1H), 2.14 (ddt, J = 17.7, 12.2, 5.1 Hz,
2H), 2.05−1.87 (m, 2H), 1.33 (s, 3H). LC-MS: [M + H]+ = 583.20
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-

((tetrahydro-2H-pyran-4-yl)methyl)-7-(trifluoromethyl)-4,5-dihy-
dro-3H-2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-
3-one (40). 1H NMR (400 MHz, CD3OD) δ 8.83 (s, 1H), 8.77 (brs,
1H), 8.02 (s, 1H), 7.70 (s, 1H), 6.95−6.80 (m, 1H), 6.66 (dd, J = 8.7,
3.9 Hz, 1H), 5.45 (d, J = 14.8 Hz, 1H), 4.60 (t, J = 8.8 Hz, 2H), 4.39
(d, J = 15.0 Hz, 1H), 3.96 (s, 2H), 3.85 (s, 1H), 3.56−3.35 (m, 4H),
3.42 (m, 2H), 3.15 -3.10 (m, 1H), 2.32−2.22 (m, 1H), 1.57 (dd, J =
24.7, 12.9 Hz, 2H), 1.49−1.26 (m, 2H). LC-MS: [M + H]+ = 583.20
12-(((5-Fluoro-2,3-dihydrobenzofuran-4-yl)methyl)amino)-4-((1-

methylpiperidin-4-yl)methyl)-7-(trifluoromethyl)-4,5-dihydro-3H-
2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one
(41). 1H NMR (400 MHz, CD3OD) δ 8.85 (s, 1H), 8.75 (s, 1H), 8.00
(s, 1H), 7.69 (s, 1H), 6.87 (t, J = 9.5 Hz, 1H), 6.66 (d, J = 8.9 Hz,
1H), 5.46 (d, J = 14.9 Hz, 1H), 4.81 (d, J = 6.1 Hz, 2H), 4.61 (t, J =
8.7 Hz, 2H), 4.32 (d, J = 15.0 Hz, 1H), 3.92 (dd, J = 13.7, 8.9 Hz,
1H), 3.58 (t, J = 11.7 Hz, 2H), 3.43 (t, J = 8.7 Hz, 2H), 3.11 (dd, J =
13.7, 5.7 Hz, 1H), 2.99 (dd, J = 29.9, 11.6 Hz, 2H), 2.90 (s, 3H), 2.23
(s, 1H), 2.07 (d, J = 14.4 Hz, 1H), 1.98 (d, J = 14.6 Hz, 1H), 1.64 (d,
J = 14.1 Hz, 2H). LC-MS: [M + H]+ = 596.23
4-((1,4-Dioxan-2-yl)methyl)-12-(((5-fluoro-2,3-dihydrobenzofur-

an-4-yl)methyl)amino)-7-(trifluoromethyl)-4,5-dihydro-3H-
2,4,8,11,12a-pentaazabenzo[4,5]cycloocta[1,2,3-cd]inden-3-one
(42). 1H NMR (400 MHz, CD3OD) δ 8.82 (t, J = 4.7 Hz, 2H), 7.95
(d, J = 4.3 Hz, 1H), 7.69 (s, 1H), 6.86 (t, J = 9.5 Hz, 1H), 6.71−6.58
(m, 1H), 5.47 (dd, J = 15.0, 9.3 Hz, 1H), 4.81 (d, J = 6.1 Hz, 2H),
4.68−4.49 (m, 3H), 4.09−3.76 (m, 4H), 3.76−3.47 (m, 4H), 3.41 (q,
J = 8.6 Hz, 3H). LC-MS: [M + H]+ = 585.17
EED-H3K27Me3 Peptide Competition Binding Assay by

AlphaScreen. To assess the potency of the compounds in the EED-
H3K27Me3 competitive binding assay, the compounds were serially
diluted up to 3-fold in DMSO to obtain a total of 12 concentrations.
Then, 2.5 μL of a solution of compounds at each concentration was
transferred into 384-well PerkinElmer OptiPlate-384 white plates.
Solutions (5 μL) containing 20 nM EED (1-441)-His protein in the
buffer (25 mM HEPES, pH 8, 0.02% Tween-20, 0.5% BSA) were
added to the wells and then incubated with the compound for 15 min.
Solutions (2.5 μL) containing 20 nM biotin-H3K27Me3 (19-33)
peptide in the buffer (25 mM HEPES, pH 8, 0.02% Tween-20, 0.5%
BSA) were added to the wells and incubated with the compound for
30 min. An AlphaScreen detection beads mix was prepared
immediately before use by mixing nickel chelate acceptor beads and
streptavidin donor beads in a 1:1 ratio (PerkinElmer, Product No.
6760619C/M/R) into the buffer described above. Then, 10 μL of
detection beads mix was added to the plate which was incubated in
the dark at rt for 1 h. The final concentration of donor and acceptor
beads was 10 μg/mL in each case. Plates were read on a CLARIOStar
plate reader (BMG Labtech) using the AlphaScreen setting adapted
for optimal signal detection with a 615 nm filter, after sample
excitation at 680 nm. The emission signal at 615 nm was used to
quantify the inhibition of the compounds. AlphaScreen signals were
normalized based on the reading coming from the positive (maximum
signal control) and negative controls (minimum signal control) to

give a percentage of activities remaining. The data were then fit to a
dose−response equation to obtain the IC50 values.

Cell Growth Inhibition. The human B cell lymphoma cell
KARPAS422 lines were purchased from the American Type Culture
Collection (ATCC) and were cultured using standard cell culture
conditions in RPMI-1640 (Invitrogen, Cat #11875) supplemented
with 10% FBS (Invitrogen, Cat #10099-141) in a humidified
incubator at 37 °C, 5% CO2. To assess the effect of EED inhibitors
on cell growth, cells were seeded in 96-well cell culture plates at a
density of 2000−3000 cells/well in 200 μL of culture medium and
treated with serially diluted compounds for 7 days at 37 °C in an
atmosphere of 5% CO2. Cell growth was evaluated by a lactate
dehydrogenase-based WST-8 assay using a Tecan Infinite M1000
multimode microplate reader. The WST-8 reagent was added to the
plate, incubated for 1−4 h, and read at 450 nm. The readings were
normalized to the DMSO-treated cells, and the IC50 was calculated by
nonlinear regression analysis using GraphPad Prism 7.00.

Pharmacodynamics and Efficacy Studies in Mice. Animal
experiments were performed under an approved animal protocol
(Protocol ID: PRO00007499, PI: Shaomeng Wang) by the
Institutional Animal Care & Committee of the University of
Michigan. Xenograft tumors were established by injecting 1 × 107

KARPAS422 human B cell lymphoma cells in 50% Matrigel
subcutaneously on the dorsal side of severe combined immune-
deficient (SCID) mice, obtained from Charles River, with one tumor
per mouse. When tumors reached ∼100 mm3, the mice were
randomly assigned to treatment and vehicle control groups. The
animals were monitored daily for signs of toxicity and weighed two to
three times per week during the treatment period and at least weekly
after the treatment ended. Tumor size was measured utilizing
electronic calipers two to three times per week during the treatment
period and at least weekly after the treatment ended. Tumor volume
was calculated as V = L × W2/2, where L is the length and W is the
width of the tumor. EED inhibitors were formulated as a suspension
in PEG 200 and administered orally by gavage at indicated doses.
When applicable, results are presented as mean ± SEM. Graphing and
statistical analysis were performed using GraphPad Prism 7.00

Molecular Modeling. The co-crystal structure of EED/EEDi-
1056 (PDB accession code: 6W7G)22 was used to construct the
binding modes of compounds 10 and 22 with EED. The missing side-
chain atoms of EED were rebuilt using the MOE31 program.
Protonation states of the amino acids in EED at the pH 7.0 condition
were assigned using the “protonate 3D” module in MOE. Structures
of the compounds were depicted and optimized using MOE. We used
the GOLD suite (CSD Discovery 2021)32,33 to perform the docking
calculation by setting the binding site centered at R367 in EED with a
radius of 20 Å. Default parameters and the PLP fitness function were
used. A total of 15 binding poses of each compound were saved, and
the highest-ranked pose of each compound was selected as the
binding model after the structural analysis.

Expression and Purification of EED Protein. The human EED
(residues 77-441 with M370T mutation) was expressed and purified
as previously described.22 Briefly, transformed cells were induced with
0.4 mM IPTG and expressed at 20 °C overnight. Cell pellet was lysed
in buffer containing 25 mM Tris pH 7.5, 200 mM NaCl, 0.1% β-
mercaptoethanol, 10 μg/mL aprotinin, and 1 μg/mL leupeptin. The
resulting supernatant was incubated with Ni-NTA resin at 4 °C for 1
h and then washed with buffer containing 25 mM Tris pH 7.5, 200
mM NaCl, and 10 mM imidazole. The protein was eluted from Ni-
NTA resin with 25 mL of buffer composed of 25 mM Tris pH 7.5,
200 mM NaCl, and 300 mM imidazole, treated with TEV protease to
remove the affinity tag and dialyzed against 1 L of buffer containing
25 mM Tris pH 7.5, 150 mM NaCl, and 0.1% mercaptoethanol
overnight. EED was further purified by size exclusion chromatography
on a HiLoad 16/60 Superdex 200 column (GE Healthcare) pre-
equilibrated with 25 mM Tris pH 7.5, 200 mM NaCl, and 1 mM
DTT. Purified protein was dialyzed into 20 mM Tris pH 8.7, 150 mM
NaCl, and 1 mM TCEP and concentrated to 4 mg/mL for
crystallization.
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Crystallization and Structure Determination of EED. Human
EED was crystallized by sitting drop vapor diffusion at 20 °C. Drops
producing crystals contained concentrated protein (4 mg/mL in 20
mM Tris pH 8.7, 150 mM NaCl, 1 mM TCEP) mixed with an equal
volume of well solution containing 100 mM Tris pH 8.5, 4.3−4.5 M
sodium formate, 20% glycerol, and 10 mM tris(2-carboxyethyl)-
phosphine. Crystals were transferred into a soak solution consisting of
well solution supplemented with 1 mM 18 or 5 mM 32 and incubated
at 20 °C for 24 h and then flash-frozen in liquid nitrogen.
Diffraction data were collected on the Advanced Photon Source

LS-CAT beamlines 21-ID-G or 21-ID-F (Table S1), processed with
HKL2000,34 and solved by molecular replacement in Molrep35 using
an in-house structure of EED as a search model. Iterative model
building and refinement were performed using COOT36 and
BUSTER,37 respectively. Ligand restraints were generated using
GRADE.37

The structures of EED with inhibitors 18 (PDB ID: 7MSB) and 32
(PDB ID: 7MSD) were solved in P212121 to 1.9 Å and 2.20 Å
resolution, respectively, with one chain of protein per asymmetric
unit. The overall structure of the protein was highly similar between
18 and 32, with an RMSD of 0.2511 Å based on SSM
superpositioning in COOT.36 Ligand density was observed in the
methyllysine binding site for each inhibitor (Figure S3). N-terminal
residues 77−80 and C-terminal residues 440−441 were disordered in
both structures.
Pharmacokinetic Studies in Mice. PK studies were performed

with male CD1 mice, weighing 18−20 g. The first group of mice was
dosed IV via a bolus in the tail vein with a dose level of 2 mg/kg, and
the second group of mice was dosed orally as a single esophageal
gavage with a dose level of 10 mg/kg. The formulation was freshly
prepared before use. For the IV route, the compound was formulated
in 10% DMSO, 5% Solutol HS15, and 85% saline as a clear solution.
For the oral route, the compound was formulated in 20% DMSO,
10% Solutol HS15, and 70% distilled water as a homogeneous
suspension. Blood samples were collected at the following time
points: IV, 0.033, 0.083, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h after dosing (n
= 3 mice per sampling time); PO, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h after
dosing (n = 3 mice per sampling time). Each mouse was sampled
once and then euthanized. Blood was kept on ice. Within 1 h after
sampling, blood was centrifuged at 3900 rpm for 15 min, the plasma
supernatant was mixed three times with acetonitrile and centrifuged.
Then the supernatant was diluted one time with water. Diluted
supernatant (5 μL) was injected into the LC/MS/MS system for
quantitative analysis.
hERG Manual Patch Clamp Assay. The potential inhibitory

effect of test article on human Ether-a-̀go-go related gene (hERG)
channel was evaluated by a manual patch-clamp system according to
the protocols as described in this report. HEK293 cell line stably
transfected with hERG gene was employed in this study and
Dofetilide was used as a positive control to ensure the good quality of
the assay. HEK293 cell line stably expressing hERG channel (Cat#
K1236) was purchased from Invitrogen. The cells were cultured in
85% DMEM, 10% dialyzed FBS, 0.1 mM NEAA, 25 mM HEPES, 100
U/mL penicillin-streptomycin, 5 μg/mL Blasticidin, and 400 μg/mL
Geneticin. The cells were split using TrypLE Express about three
times a week and maintained between ∼40% to ∼80% confluence.
Before the assay, the cells were onto the coverslips at 5 × 105 cells/
per 6 cm cell culture dish and induced with doxycycline at 1 μg/mL
for 48 h. The external bathing solution contained 132 mM NaCl, 4
mM KCl, 1.8 mM CaCl2, 0.5 MgCl2, 11.1 mM glucose, and 10
HEPES (pH adjusted to 7.35 M with NaOH). The internal patch
pipette solution contained 140 mM KCl, 2 mM MgCl2, 10 mM
EGTA, 10 mM HEPES, and 5 mMMgATP (pH adjusted to 7.35 with
KOH). PatchMaster software was used to extract the peak current
from the original data.
Liver Microsomal Stability (LMS) Assay. For the microsomal

stability assay, two separate experiments were performed as follows:
(a) With Cofactors (NADPH): 25 μL of 10 mM NADPH added to
the incubations. The final concentrations of microsomes and NADPH
were 1.0 mg/mL and 1 mM, respectively. (b) Without Cofactors

(NADPH): 25 μL of 100 mM phosphate buffer was added to the
incubations. The final concentration of microsomes was 1.0 mg/mL.
The mixture was pre-warmed at 37 °C for 10 min. The reaction was
started with the addition of 2.5 μL of 100 μM control compound or
test compound solutions. Verapamil was used as positive control in
this study. The final concentration of test compound or control
compound was 1 μM. The incubation solution was incubated in water
batch at 37 °C. Aliquots of 25 μL were taken from the reaction
solution at 0.5, 5, 10, 15, 20, and 30 min. The reaction was stopped by
the addition of five volumes of cold MeCN with IS (200 nM caffeine
and 100 nM tolbutamide). Samples were centrifuged at 3,220 g for 40
min. An aliquot of 100 μL of the supernatant was mixed with 100 μL
of ultrapure H2O and then used for LC-MS/MS analysis. Verapamil
(1 μM) was used as reference compounds, as unstable and stable
compounds, respectively. In vitro scaled intrinsic clearance (CLint
scaled) was calculated from the half-life using the following equation
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