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MLL1-WDR5 interaction is essential for the formation of MLL core complex and its H3K4 methyl-
transferase activity. Disrupting MLL1-WDR5 interaction has been proposed as a potential therapeutic
approach in the treatment of leukemia. A “toolkit” of well-characterized chemical probe will allow
exploring animal studies. Based on a specific MLL1-WDR5 PPI inhibitor (DDO-2117), which was previ-
ously reported by our group, we conducted a bioisosterism approach by click chemistry to discover novel
phenyltriazole scaffold MLL1-WDR5 interaction blockers. Here, our efforts resulted in the best inhibitor
24 (DDO-2093) with high binding affinity (Kd ¼ 11.6 nM) and with improved drug-like properties. Both
in vitro and in vivo assays revealed 24 could efficiently block the MLL1-WDR5 interaction. Furthermore,
24 significantly suppressed tumor growth in the MV4-11 xenograft mouse model and showed a favorable
safety profile. We propose 24 as a chemical probe that is suitable for in vivo pharmacodynamic and
biological studies of MLL1-WDR5 interaction.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Mixed-lineage leukemia 1 (MLL1) belongs to the SET1 family of
methyltransferases, and it catalyzes the mono-, di-, and trimethy-
lation of histone 3 lysine 4 (H3K4) as well as facilitates transcrip-
tional initiation [1e4]. MLL1 is frequently misregulated in various
forms of human acute leukemia, with a common gene translocation
at chromosome 11q23, leading to the fusion of the MLL1 gene with
other genes, and this is associated with cancers and developmental
disorders [5,6]. Chromosome arrangements result in leukemogenic
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served.
MLL1 fusion proteins. MLL1 fusion proteins lack the C-terminal SET
domain and thus cooperate with wild-type MLL1 to catalyze H3K4
HMT enzymatic activity as well as active HOXA9 and Meis1 gene
expression, thus leading to leukemogenesis [7e11]. Therefore,
targeting the H3K4 HMTactivity of MLL1 has emerged as a tractable
approach to treat leukemia carrying MLL1 fusion protein.

The HMT enzymatic activity is very weak when the MLL protein
is present in isolation. However, formation of the MLL1 core com-
plex, containing WDR5 (WD repeat domain 5 protein), RbBP5
(Retinoblastoma Binding Protein 5), and ASH2L (Absent, Small, or
Homeotic-2-Like), dramatically enhances the enzymatic activity
[12e16]. WDR5 is particularly crucial to maintain the integrity and
catalytic activity of MLL1 complex [17e19]. Hence, using inhibitors
to disrupt the protein-protein interaction (PPI) between MLL1 and
WDR5 may be a potential approach to treat MLL1-dependent leu-
kemia, which is associated with a high tumor grade, poor survival,
and insensitivity to chemotherapy.

Up to now, two major classes of inhibitors disturbing MLL1-
WDR5 interaction have been reported. The first class was pepti-
domimetics which was commenced by the report of minimum
peptide 1 (Ac-ARA-NH2) [20]. Further modification of Ac-ARA-NH2
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peptide yielded several linear and cyclic peptidomimetics with
high affinity to WDR5, including peptide 2 (MM102) and peptide 3
(MM589) (Fig. 1A) [21e23]. In addition, several nonpeptides, such
as small molecule inhibitor 4 (WDR5-0101), were disclosed to block
MLL1-WDR5 PPI by high throughput screening Ontario Institute for
Cancer Research general screening library [24]. Then more potent
compounds were obtained based on the cocrystal structures of the
inhibitors with WDR5 protein [25e30]. Compound 5 (OICR-9429)
showed high binding affinity to WDR5 and was explored for the
treatment of CEBPA mutant AML [26,27]. Meanwhile, the biphenyl
scaffold inhibitor 6 (DDO-2117) with high affinity to WDR5 protein
(IC50 ¼ 7.6 nM) was reported by our group (Fig. 1B) [28]. Different
from the above blockers, 7 (6e)was a new small molecule targeting
the Win site of WDR5 [31]. In 2020, another nonpeptide 8 (com-
pound 16) was reported to exert antitumor activity against MYC-
driven cancer cells through inhibition of WDR5-MLL1 PPI with a Kd
value of 0.02 nM [32,33]. Although these inhibitors showed very
high affinity with WDR5 in vitro, there was no in vivo studies re-
ported up to now. Therefore, our further work is to discover novel
compounds with suitable physicochemical properties and explore
their bioactivities in vivo. Here, we designed a series of compounds
containing a phenylalkynyl scaffold aimed at reducing the rigidity
of biphenyl molecules and improving the aqueous solubility by a
bioisosterism approach from biphenyl compound 6 [28]. Consid-
ering that the phenyltriazole compounds could be prepared from
alkyne and azide by click chemistry, we also designed and syn-
thesized some phenyltriazole compounds. The phenyltriazole
compounds retained high binding affinity to WDR5 in vitro, mod-
erate antiproliferation activity against human acute leukemias cells
harboring MLL fusion protein and low toxicity against non-
cancerous human cells. The most potent compound 24 selectively
inhibited MLL1 HMT activity in vitro. Meanwhile, 24 effectively
downregulated H3K4methylation level and reduced the expression
levels of MLL-fusion protein dependent genes in cells. In addition,
24 not only displayed good drug-like properties but also exhibited
significant in vivo activity in the MV4-11 xenograft model. Notably,
it had a large therapeutic window with no significant subacute
toxicity in mice treated with four times of the efficacy dose. These
Fig. 1. Chemical structures of previously reported MLL1-WDR5 interact
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results suggested that MLL1-WDR5 PPI inhibitors can achieve po-
tential anticancer therapeutic effects with preferable safety. 24
(DDO-2093) appeared to be a useful chemical probe ofMLL1-WDR5
PPI suitable for being studied in vivo.

2. Results and discussion

2.1. Structure-based bioisosterism yields phenylalkynyl compounds

Despite the high binding affinity of compound 6 to WDR5 pro-
tein in vitro [28], 6 was not suitable for further studies due to its
poor permeability (1.6 � 10�6 cm/s, pH ¼ 7.4). Simultaneously,
most of the biphenyl compounds showed poor aqueous solubility.
Further improvements in pharmaceutical properties need to be
made in order to demonstrate the in vivo therapeutical potential of
MLL1-WDR5 PPI inhibitors. We hypothesized that the biphenyl
scaffold may contribute to the poor solubility due to its structural
bulkiness and rigidity. In an attempt to reduce the molecular ri-
gidity and discover a new fragment to replace the biphenyl moiety,
we embarked on a bioisosterism approach utilizing the structural
information of inhibitors binding to WDR5 protein. The detailed
analysis of the binding site for the biphenyl scaffold with WDR5
protein has been reported by our group [28]. The 5-amino-2-
chloro-4-fluoro-3-methyl-N-(2-(4-methylpiperazin-1-yl)phenyl)
benzamide moiety of compound 6, binding to the deepest part of
the Win site of WDR5 protein, was incorporated into the new
compound design for consistency in activity comparisons. The hy-
drophobic interaction between Phe133, Phe149, Tyr191 and aro-
matic ring A (Fig. 2) promoted the binding strength and a linear
structure at this position was also necessary. Therefore, we decided
to incorporate a conformation restriction to maintain the linear
structure and retain the hydrophobic interaction using a propargyl
moiety. Conversely, the 4-position moiety was positioned toward
the solvent accessible area, where further modifications were
feasible for incorporation of physicochemical property optimizing
groups, as shown in Fig. 2.

To further improve potency and pharmaceutical properties of
the compounds, different side chains were introduced to explore
ion inhibitors. (A) Peptidomimetics. (B) Small molecular inhibitors.



Fig. 2. Structure-based bioisosterism approach to design the series of phenylalkynyl compounds.
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solvent regions. The binding affinities of the compounds to WDR5
were evaluated using a fluorescence polarization assay (FP)
[28e30,34]. As shown in Table 1, the structure-activity relationship
(SAR) of the side chains was consistent with the previously
described series of biphenyl compounds [28]. Compared to 9, it is
apparent that the introduction of hydrophilic groups at the amino
position exposed to the solvent area enhanced the binding affinity
(9 vs 10-15). Unfortunately, the binding data showed that the
phenylalkynyl series compounds resulted in a decline of the bind-
ing affinity by approximately 10-fold compared to biphenyl com-
pounds. To explain the decline in activity, we compared the binding
models of compound 6 and 10 with the WDR5 binding pocket
(Figure S1). The binding models clearly showed that the linear
phenylalkynyl structure could open the pocket surrounded by
Phe133, Phe149 and Tyr191. However, the smaller alkynyl group
could not completely occupy the hydrophobic pocket due to the
lack of a p-p stacking interaction with Tyr191 or Phe133. Thus, we
next introduced phenyl substituents with hydrophilic groups at
this position, yielding 16 and 17. Indeed, compound 16 and 17were
more potent than compound 10. The results suggested that the p-p
stacking interaction was important for the binding activity.
2.2. Conversion of the phenylalkynyl scaffold to the phenyltriazole
structure by click chemistry to improve the activity and drug-like
properties

The decline of the binding affinity to WDR5 protein with phe-
nylalkynyl scaffold compounds implied that the linear structure
and p-p stacking interaction were important to maintain the po-
tency (Fig. 3). Hence, we designed phenyltriazole scaffold com-
pounds for the following reasons: (1) the phenyltrizole scaffold
compounds could be prepared from alkyne and azide by click
chemistry, (2) the phenyltriazole structure retained the linear
3

structure, (3) the triazole structure may reform the necessary p-p
stacking interaction with Phe133 or Tyr191, and (4) introduction of
the triazole structure may further optimize the physicochemical
properties [35,36]. On the basis of previous SAR studies, com-
pounds 18-26 with different hydrophilic amino side chains were
designed and synthesized. The biphenyl compounds 27-32with the
same side chains as those of the phenyltriazole compounds were
designed as control.

The binding affinities to WDR5 and cell antiproliferation prop-
erties of these two series of compounds were summarized in
Table 2 and Table 3, respectively. As shown in Tables 2 and 3, almost
all of these compounds exhibited high binding affinity and cell
antiproliferation properties against MV4-11(harboring MLL-AF4
fusion protein) and MOLM-13 (harboring MLL-AF9 fusion protein),
which were similar to those of the biphenyl scaffold compounds.
Notably, compound 18 is ~10 fold less potent in the FP assay but
equipotent in the cellular assay which may due to its high cell-
permeability (Table 4). At the same time, these phenyltriazole
compounds showed selectivity for HUVEC (non-cancerous human
cell line) with low cell toxicity. The introduction of amino side
chains significantly increased the binding affinity. The docking
study of compound 24 to WDR5 protein supported our hypothesis
that the larger sized triazole group may form a p-p stacking
interaction with Phe133 and match hydrophobic pocket P3. In
addition, the previously reported key binding interaction elements
of biphenyl compounds also contributed greatly to the overall
binding affinity of compound 24 (Fig. 4) [28]. The core phenyl ring
occupied the P2 pocket and formed a p-p stacking interaction with
Phe133. The amide proton and the carbonyl of the benzamide core
formed a direct H-bond interactionwith Ser91 residue and awater-
bridged interaction with the backbone nitrogen of Cys261 residue,
respectively. The N-methylpiperazine moiety was positioned
deeply in the bottom of P1 pocket to engage a water-mediated



Table 1
Chemical structures and binding affinities to WDR5 of 9e17.

Compd. R1 IC50/nM (FP)a Compd. R1 IC50/nM (FP)a

9 -H 443.8 ± 50.3 14 147.9 ± 6.7

10 95.3 ± 10.8 15 390.2 ± 12.2

11 93.5 ± 7.0 16 59.7 ± 8.8

12 125.0 ± 11.4 17 41.0 ± 0.8

13 179.4 ± 1.9 e e e

a Data are expressed as the mean ± SD.

Fig. 3. Click chemistry approach to obtain phenyltriazole compounds.
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hydrogen bond with the backbone carbonyl of Cys261. The 2-
chloro-3-methyl-4-fluoro-5-aminophenyl occupied the hydropho-
bic P4 pocket and an additional H-bondwas also identified between
the amino proton and Asp107 residue.
4

2.3. Characterization in biophysical assay and further assessment of
selectivity

An isothermal titration calorimetry (ITC) assay was applied to
quantify the direct binding of the representative compound, which
is commonly employed to assess the thermodynamics and affinity
of a ligand-receptor interaction [37]. The resulting ITC profile
showed a 1:1 binding stoichiometry, suggesting that one small



Table 2
Chemical structures and binding affinities of 6 and 18-32.

Compd. R3 IC50/ nM (FP)a Compd. R3 IC50/ nM (FP)a

18 -COOCH3 67.8 ± 2.1 27 -COOCH3 70.0 ± 2.4
19 -COOH 1036 ± 17.6 28 -COOH 98.8 ± 7.3
20 33.9 ± 1.3 29 73.0 ± 5.9

21 11.2 ± 1.1 30 55.6 ± 6.1

22 15.7 ± 0.5 31 15.8 ± 0.3

23 8.9 ± 0.4 32 6.5 ± 0.1

24 8.6 ± 1.3 6 7.6 ± 0.1

25 9.0 ± 0.1 - - -

26 20.4 ± 0.2 - - -

a Data are expressed as the mean ± SD.

Table 3
The cell antiproliferation activities of 6 and 18-32.

Compd. IC50/mM (MV4-11)a MLL-
AF4

IC50/mM (MOLM-13)a MLL-
AF9

IC50/mM
(HUVEC)a

Compd. IC50/mM (MV4-11)a MLL-
AF4

IC50/mM (MOLM-13)a MLL-
AF9

IC50/mM
(HUVEC)a

18 8.9 ± 0.3 11.8 ± 0.9 NDb 26 17.4 ± 2.1 15.3 ± 0.8 NDb

21 10.5 ± 2.0 13.8 ± 1.4 >100 27 10.4 ± 0.7 14.8 ± 0.6 NDb

22 15.1 ± 1.2 13.2 ± 0.6 >100 30 12.5 ± 0.6 10.3 ± 0.7 >100
23 10.9 ± 0.2 8.2 ± 0.6 >100 31 10.2 ± 0.9 9.2 ± 1.0 >100
24 8.0 ± 1.2 9.9 ± 1.9 >100 32 11.4 ± 0.8 12.5 ± 0.3 >100
25 17.8 ± 3.6 11.9 ± 1.5 NDb 6 7.4 ± 1.4 NDb >100

a Data are expressed as the mean ± SD.
b ND ¼ not determined.

Table 4
Physicochemical properties of the series of phenyltriazole and biphenyl compounds.

Compd. Pe/10�6 cm/s (pH ¼ 7.4)a Solubility/mmol/L (pH ¼ 7.4) Compd. Pe/10�6 cm/s (pH ¼ 7.4)a Solubility/mmol/L (pH ¼ 7.4)

18 63.6 ± 5.1 41.5 27 48.3 ± 3.2 3.7
19 4.0 ± 0.4 348.9 28 7.3 ± 1.4 40.5
21 64.5 ± 4.8 360.9 30 47.7 ± 3.2 48.2
22 44.6 ± 2.8 95.6 31 50.9 ± 5.3 3.9
23 17.8 ± 1.3 343.4 32 3.9 ± 0.8 126.4
24 17.2 ± 4.8 245.9 6 1.6 ± 0.2 199.1

a Data are expressed as the mean ± SD.
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Fig. 4. The docking study of compound 24 to WDR5 protein (PDB code: 4IA9). (A) Compound 24 inserts into the active site of WDR5, with the surface colored in terms of the charge
state. (B) The detailed interactions between WDR5 and compound 24. The carbon atoms of compound 24 and WDR5 residues are colored light green and light blue, respectively.
Hydrogen bonds are represented as red dashed lines, and the p-p stacking interaction are displayed with orange lines.
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molecule bound to one molecule of WDR5. The curve-fitting anal-
ysis of parameters indicated that 24 had a Kd value of 11.6 nM. Both
a strong enthalpic change (DH ¼ �10.2 ± 0.2 kcal$mol�1) and a
favorable entropy change (-TDS ¼ �0.629 kcal$mol�1) contributed
to Gibbs free energy, which suggested a synergistic enthalpy/
entropy-driven process in the binding of compound 24 to WDR5
(Fig. 5A and B).

We next examined 24 inhibitory activity not only on the MLL1
HMT activity (H3K4 enzyme), but also toward four histone lysine
methyltransferases and an arginine methyltransferase. We were
pleased to find that compound 24 is specific for the MLL1 HMTase,
and did not affect G9a (H3K9), DOT1L (H3K79), EZH2 (H3K27), SET8
(H4K20) and PRMT5 within the tested concentration range
(Fig. 5C). Collectively, compound 24 tightly and directly bound to
theWDR5 protein and then selectively inhibitedMLL complex HMT
Activity in vitro.

In an effort to further identify potential druglike compounds, we
next evaluated the physicochemical properties of the representa-
tive compounds. The intrinsic aqueous solubility was determined
on a Gemini Profiler instrument (pION) by the “gold standard”
Avdeef-Bucher potentiometric titration method [38,39]. The
permeability is also an important property reflecting the ability of
molecules to diffuse through the cell membrane. We determined
the permeability of the derivatives by using the PAMPA Explorer
instrument (pION). The data showed that the phenyltriazole
Fig. 5. Binding affinity of 24 evaluated with the ITC. (A) The heat of binding plotted versus
binding parameters of the ITC assay. (C) The selectivity of compound 24 to HMT activity of
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compounds displayed satisfactory permeability (Pe ¼ 16-
64 � 10�6 cm/s, pH ¼ 7.4). Notably, these compounds showed
significantly improved aqueous solubility (Table 4). The observa-
tions proved that the optimization of the phenyltriazole scaffold
efficiently improved the physicochemical properties, especially the
solubility. Taken together, compound 24 demonstrated the most
potent binding affinity and cell viability as well as proper solubility
and permeability, and as a result, it was selected for further phar-
macological evaluation both in vitro and in vivo.

2.4. Compound 24 inhibited MLL complex HMT activity and
downstream gene expression in MV4-11 cells

MLL1-WDR5 interaction is required for the MLL complex to
achieve its H3K4 HMT activity [2,40,41]. The MLL1-WDR5 interac-
tion inhibitor may effectively inhibit the MLL HMT activity. There-
fore, compound 24 was characterized for its inhibition of the MLL
HMT activity in MV4-11 cells. Our previously reported DDO-2084
was selected as a positive control (Fig. 6A) [28]. As shown in Fig. 6B,
compound 24 could dose-dependently reduce the mono-, di-, and
trimethylation of H3K4. The methylation of H3K4 was essential for
the activation of downstream gene expressions [42e44]. Corre-
sponding to the change in H3K4me, the expression of MLL1 target
gene HOXA9 and cofactor Meis1 was significantly decreased
compared to the DMSO control (Fig. 6C). Approximately 60% and
time (upper panels) and the curve-fitting of the binding model (lower panels). (B) The
reconstituted MLL1 core complex over other Methyltransferases in vitro.



Fig. 6. Structure of positive control compound DDO-2084, and compound 24 specifically inhibited H3K4me and downstream gene expression. (A) Structure of DDO-2084. (B)
Western blot analysis for the inhibition of H3K4me activity after treatment of MV4-11 cells with DMSO and various concentrations (1, 2.5, 5, and 10 mM) of compound 24. (C) The
inhibition of HOXA9 and Meis1 gene expressions in MV4-11 cells after treatment with different concentrations (0, 1, 2.5, and 5 mM) of compound 24 assessed by RT-PCR. The values
shown are the mean ± SD (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001, indicate a statistically significant difference from the nontreated blank control group.
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70% reduction in HOXA9 and Meis1 gene expression were observed
after treatment of MV4-11 cells with 5 mM of compound 24,
respectively. Disturbing the MLL1-WDR5 interaction with our
compound 24 could efficiently reduce the H3K4me activity and
MLL-fusion protein dependent genes expression.
2.5. In vivo antitumor efficacy of compound 24

On the basis of the favorable in vitro activity for compound 24, it
was chosen to investigate the preliminary anticancer efficacy
in vivo. In this study, a MV4-11 xenograft model was established to
evaluate its antitumor growth activity. When tumors had reached
an average volume of 100 mm3, three doses of 20 mg/kg, 40 mg/kg
and 80 mg/kg of 24 were administered intraperitoneally (i.p.) to
mice for 21 consecutive days, respectively. Cytarabine (ARAC)
(100 mg/kg) was chosen as the reference, which is a chemotherapy
agent mainly used in the treatment of acute myeloid leukemia
(AML) [45]. The tumor growth and body weight were measured
and recorded. Compound 24 significantly suppressed the tumor
size and weight in a dose-dependent manner (Fig. 7). Compared to
the control group, the tumor volume growth inhibition (GI) values
for groups treated with 24 were calculated to be 13.7%, 37.6% and
63.9% with doses of 20 mg/kg, 40 mg/kg and 80 mg/kg, respectively
(Fig. 7A). The 80 mg/kg treatment groups caused a 60.0% TGI (The
tumor weight growth inhibition) (Fig. 7C). The TGI in the 80 mg/kg
group of 24 was equal to that of the 100 mg/kg group of ARAC.
Notably, no obvious changes were observed in the behavior and
body weight of mice during treatment with 24 (Fig. 7B). The results
highlighted that compound 24 exhibited in vivo antitumor effects.

To determine whether the tumor growth inhibition by com-
pound 24 was due to blocking the MLL1-WDR5 interaction and
repressing their special mechanism of action, we harvested tumor
tissue after drug treatments and evaluated the HMT activity by
Western blot as well as downstream signaling gene expression by
RT-PCR (Fig. 8). Consistent with the pharmacodynamic biomarker
changes in vitro, compound 24 could dose-dependently reduce the
H3K4me levels and significantly decrease the expression of the
target HOXA9 andMeis1 genes in vivo. Overall, in vivo experimental
data validated that 24 could suppress MLL1 HMT catalyzed func-
tion, decrease the leukemia signalingmolecules and thereby inhibit
tumor growth.
7

2.6. Safety evaluation of compound 24

To evaluate the in vivo safety of compound 24, mice subacute
toxicity experiments were carried out. As shown in Fig. 8, no
apparent signs associated with animal toxicity were observed
during the treatment period of ip-administered normal mice
treated with 24 at 80, 200, and 300 mg/kg every day for 14 days.
Compared to the control group, the body weights of the treatment
groups increased gradually. No behavioral abnormalities were
observed, and the organ/body weight ratios of the heart, liver,
spleen, lungs, and kidneys also did not change after the adminis-
tration of 24 (Fig. 9). The hematoxylin-eosin (HE) staining of organs
showed no obvious tissue damage in normal mice under the high-
dose administration of 24 (Fig. 10). Thus, compound 24 may have a
wide therapeutic window.
2.7. Chemistry

The synthesis of target compounds 9-17 was summarized in
Scheme 1. Briefly, intermediate 34 was prepared from commercial
propargylamine via t-butyloxycarboryl group protection. Then, the
Sonogashira reaction was conducted in the presence of bis-
triphenylphosphine palladium dichloride and cuprous iodide to
produce the key intermediate 35. The fluoro group of 35 was
substituted with N-methylpiperazine affording 36, followed by
reducing intermediate 36 with stannous chloride to obtain 37. In-
termediate 37was condensedwith previously obtained 2-chloro-3-
methyl-4-fluoro-5-nitrobenzoyl chloride 54 to give intermediate
benzamide 38. Subsequently, nitro intermediate 38 was reduced
and simultaneously deprotected with stannous chloride to get
target compound 9. Finally, compound 9 was acylated with
different acids and catalyzed by Castro's reagent to yield 10-17.

Compounds 18-26 were prepared by following the procedures
described in Scheme 2. Briefly, 4-fluoro-3-nitroaniline 39 was
substituted with N-methylpiperazine producing intermediate 40.
Intermediate 41was prepared by the reactions of diazotization and
azide and then cyclized via click chemistry with methyl propionate
in the presence of cuprous iodide to get key intermediate 42. Target
compound 18 was afforded by the reactions of reduction, conden-
sation and reduction described in Scheme 2. Compound 19 was
obtained by hydrolyzing the methyl ester. Compound 19 was
condensed with different amines to give target compounds 20-26.



Fig. 7. Antitumor efficacy of compound 24 in MV4-11 human leukemia cancer xenografts. (A) Growth difference of tumor volumes, with the GI being the tumor volume growth
inhibition. (B) Mice body weight. (C) At the end of experiment, tumors were resected and weighed. The black lines indicated the average value of the tumor weights. The TGI was the
tumor weight growth inhibition. *p < 0.05, **p < 0.01, ***p < 0.001, indicate a statistically significant difference from the nontreated control group. (D) Images of the excised tumors
for each group.

Fig. 8. Pharmacodynamic biomarker changes in tumor xenografts. (A) Western blot analysis of the H3K4me activity. (B) The target gene expressions examined by RT-PCR.
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We previously developed an efficient synthetic route for pre-
paring compound 6, which allows compound 31 and 32 to be
installed at the last step of the synthetic sequence [28]. The detailed
synthetic route can also be found in the supporting information
(Scheme S1). We also inverted the amide bond to introduce various
side chains. Using a similar synthetic route, we obtained 27-30
(Scheme 3).
3. Conclusions

In the present study, we analyzed the binding mode of small
8

molecular inhibitors to WDR5 protein. The binding information
displayed that the linear skeleton and the hydrophobic interaction
between ring A of biphenyl compounds and the WDR5 binding
pocket formed by Phe133, Phe149 and Tyr191 were important to
maintain the binding affinity. Hence, we applied a linear scaffold
hopping to discover novel phenylalkynyl inhibitors by keeping the
linear structure and reducing the rigidity of the molecules.
Although both their binding affinities and cell potency decreased,
the alkynyl structure provided the basis for the synthesis of a series
of phenyltriazole compounds by click chemistry. As expected,
almost all of the phenytriazole scaffold compounds displayed equal



Fig. 9. The effect of ip-administered 80, 200, and 300 mg/kg of 24 on the body weight and organ/body weight ratios of normal mice (A) body weight change, (B) organ/body weight
ratio change of the heart, liver, spleen, lungs and kidneys.

Fig. 10. Representative images of heart, liver, spleen, lung and kidney tissues stained by hematoxylin and eosin. First row: normal saline. Second row: administration of 80 mg/kg of
24. Third row: administration of 200 mg/kg of 24. Fourth row: administration of 300 mg/kg 24. Scale bars represent 50 mm.
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in vitro potency and significantly improved physicochemical
properties compared to the biphenyl compounds. Among them,
compound 24 (DDO-2093) exhibited the most potent binding af-
finity with an IC50 value of 8.6 ± 1.3 nM determined by the FP assay
and a Kd value of 11.6 ± 4.0 nM examined by the ITC assay.
9

Moreover, 24 selectively inhibited the catalytic activity of MLL
complex in vitro. Meanwhile, compound 24 also displayed obvious
antiproliferative activities against two human acute leukemia cell
lines with IC50 values of 8.0 ± 1.2 mM and 9.9 ± 1.9 mM, respectively
and showed high selectivity for non-cancerous human cell line



Scheme 1. Synthetic Route of Phenylalkynyl Compounds 9-17a
aReagents and Conditions: (a) Boc2O, DCM, r.t. 1 h; (b) 1-fluoro-4-iodo-2-nitrobenzene, Pd(PPh3)2Cl2, CuI, TEA, CH3CN, r.t., 1 h; (c) 1-methylpiperazine, DIPEA, DMF, r.t., 2 h; (d)
SnCl2.2H2O (5 equiv), EA, reflux, 4 h; (e) 2-chloro-4-fluoro-3-methyl-5-nitrobenzoyl chloride (54), pyridine, DCM, r.t., 6 h; (f) SnCl2$2H2O (10 equiv), EA, reflux, 3 h; (g) different
acids, BOP, TEA, DMF, r.t., 4e8 h.

Scheme 2. Synthesis of Phenyltriazole Compounds 18-26a
a Reagents and Conditions: (a) 1-methylpiperazine, DIPEA, CH3CN, reflux, 12 h; (b) (i) NaNO2, 6 M/HCl, 0 �C, 0.5 h; (ii) NaN3, 0 �C, 0.5 h, then r.t., 2 h; (c) methyl propiolate, CuI,
MeOH, DIPEA, reflux, 48 h; (d) H2, Pd/C, MeOH, r.t., 6 h; (e) 2-chloro-4-fluoro-3-methyl-5-nitrobenzoyl chloride (54), pyridine, DCM, r.t., 6 h; (f) SnCl2.2H2O (5 equiv), EA, reflux, 3 h;
(g) 1 M/LiOH, THF, r.t., overnight; (h) amines, BOP, TEA, DMF, r.t., 4e8 h.
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(IC50 > 100 mM). Notably, compound 24 showed balanced aqueous
solubility and permeability, which make it suitable for further
pharmacodynamic evaluation in vivo. Experiments with subcuta-
neously implanted MV4-11 xenografts indicated that treatment
with 24 resulted in a significant reduction in the tumor volume
compared with the control group, with a 63.9% tumor volume
reduction observed at the dose of 80 mg/kg/day (ip). Furthermore,
the mechanistic studies validated that compound 24 could also
repress MLL1 HMT activity and downstream signaling gene
expression in cells and in vivo, emphasizing that compound 24was
on-target. Furthermore, 24 had a large therapeutic windowwith no
10
apparent toxicity observed in normal mice. These results first
verified that using small molecular inhibitors to block the MLL1-
WDR5 PPI may be a feasible approach for treating MLL fusion
leukemia. Taken together, the phenyltriazole scaffold derivative 24
was a valuable tool for the biomedical community to investigate the
role of the MLL1-WDR5 PPI.



Scheme 3. Synthesis of the Designed Biphenyl Compounds 27-30a
a Reagents and Conditions: (a) methyl 4-boronobenzoate, Pd(PPh3)2Cl2, Cs2CO3, dioxane, reflux, 8 h; (b) N-methyl piperazine, DIPEA, DMF, 80 �C, 4 h; (c) SnCl2, ethyl acetate, reflux,
6 h; (d) 2-chloro-4-fluoro-3-methyl-5-nitrobenzoyl chloride, pyridine, DCM, r.t, 4 h; (e) SnCl2, ethyl acetate, reflux, 6 h; (f) 1 M LiOH, THF, r.t., 2 h; (g) different amines, BOP, TEA,
DMF, r.t, 6e10 h.
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4. Experiments section

4.1. Chemistry

General information. All reagents and solvents were obtained
from commercial vendors. Organic solvents were reagent grade
and, when necessary, were purified and dried according to stan-
dard procedures. Air and/or moisture sensitive reactions were
performed under nitrogen. Solvent removal from reaction mixtures
was carried out by rotary evaporation under reduced pressure. The
yields given refer to chromatographically purified compounds un-
less stated otherwise. Reactions were monitored by thin-layer
chromatography (TLC) on 0.25 mm silica gel plates (GF254) and
visualized under UV light at 254 and 365 nm. Melting points were
determined with a Mel-TEMP II apparatus. The 1H NMR spectras
were determined with a Bruker AV-300 instrument using deuter-
ated solvents with tetramethylsilane (TMS) as internal standard. EI-
MS was collected on shimadzu GCMS-2010 instruments. ESI-mass
and high resolution mass spectra (HRMS) were recorded on a
Water Q-Tof micro mass spectrometer. The purity (�95%) of the
compounds was verified by the HPLC study performed on an Agi-
lent C18 (4.6 mm � 150 mm, 3.5 mM) column using a mixture of
solvent methanol/water at a flow rate of 0.5 mL/min andmonitored
by UV absorption at 254 nm.
4.1.1. 5-amino-N-(5-(3-aminoprop-1-yn-1-yl)-2-(4-
methylpiperazin-1-yl) phenyl)-2-chloro-4-fluoro-3-
methylbenzamide (9)

To a solution of 38 (0.7 g, 1.2 mmol) in EA (80 mL) at room
temperature was added SnCl2.2H2O (2.8 g, 12.5 mmol). The
resulting solution was then refluxed with vigorous stirring for 3 h,
and subsequently cooled to room temperature. Following dilution
with EA (100 mL) and the mixture was neutralized with saturated
sodium bicarbonate solution. Then filtered and washed residue
with EA (5 � 40 mL), and the organic phase was separated and
dried (Na2SO4), filtered, and concentrated. The residue was washed
11
with EA to afford grey white solid 9 (0.42 g). 1H NMR (300 MHz,
DMSO‑d6) d 9.28 (s, 1H), 8.04 (s, 1H), 7.17 (s, 2H), 6.84 (d, J ¼ 9.3 Hz,
1H), 5.51 (s, 2H), 3.50 (s, 2H), 2.86 (t, J ¼ 4.6 Hz, 4H), 2.44 (br s, 4H),
2.25 (d, J ¼ 2.7 Hz, 3H), 2.20 (s, 3H), 1.23 (s, 2H). 13C NMR (75 MHz,
DMSO‑d6) d 164.90, 150.74, 147.55, 143.52, 135.57, 132.39, 132.04,
127.72, 124.49, 123.30, 123.08, 120.57, 119.47, 118.21, 112.77, 91.46,
80.97, 54.76, 54.53, 51.11, 50.51, 45.69, 31.29, 24.57, 11.96. HRMS
(ESI): calcd. for m/z C22H26ClFN5O [M þ H]þ 430.1804, found.
430.1826. HPLC (80% methanol in water): tR ¼ 4.018 min. 97.75%.
Yield: 77.8%. m.p. > 250 �C.

4.1.1.1. Tert-butyl prop-2-yn-1-ylcarbamate (34). To a solution of
prop-2-yn-1-amine (10.0 g, 181.6 mmol) in DCM (100 mL) was
added (Boc)2O (41.6 g, 190.1 mmol) dropwise at 0 �C and stirred for
1 h. Upon completion, the solution was concentrated under
reduced pressure, and crystalized at 0 �C. Then the residue was
washed by cold petroleum ether to afford white solid (20.3 g).
Yield: 71.9%

4.1.1.2. Tert-butyl (3-(4-fluoro-3-nitrophenyl) prop-2-yn-1-yl)
carbamate (35). A mixture of 1-fluoro-4-iodo-2-nitrobenzene
(4.4 g, 16.5 mmol), Pd(PPh3)2Cl2 (0.58 g, 0.82 mmol), CuI (0.16 g,
0.82 mmol), and tert-butyl prop-2-yn-1-ylcarbamate 34 (5.1 g,
33.0 mmol) was dissolved in 10 mL of Et3N and 100 mL of CH3CN.
The reaction mixture was stirred at room temperature for 1 h. The
solvent was removed under reduced pressure, and the residue was
purified by silica gel column chromatography (petroleumether/EA)
(40:1 to 10:1 v/v) to give compound 35 as light yellow solid (3.6 g).
1H NMR (300 MHz, DMSO‑d6) d 8.03 (dd, J ¼ 7.2, 2.2 Hz, 1H),
7.77e7.73 (m,1H), 7.55e7.48 (m,1H), 7.31 (s, 1H), 3.91 (d, J¼ 5.7 Hz,
2H), 1.31 (s, 9H). m/z (EI-MS): 317.1 [M þ Na]þ. Yield: 74.1% m.p.
86e89 �C.

4.1.1.3. .Tert-butyl (3-(4-(4-methylpiperazin-1-yl)-3-nitrophenyl)
prop-2-yn-1-yl) carba-mate (36). To a solution of compound 35
(3.6 g, 12.2 mmol) in CH3CN (50 mL) at room temperature was
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added N-methyl piperazine (2.4 g, 2.6 mL, 24.4 mmol), followed by
N,N-diisopropylethylamine (4.0mL, 24.4mmol). Then the resulting
solutionwas stirred at room temperature for 2 h. Following dilution
with EA (150 mL), the mixture was washed with water (3� 50 mL),
then the organic phase was dried (Na2SO4), filtered, and concen-
trate to give compound 36 as yellow solid (4.4 g). 1H NMR
(300 MHz, DMSO‑d6) d7.79 (d, J ¼ 2.1 Hz, 1H), 7.54 (dd, J ¼ 8.6,
2.1 Hz, 1H), 7.35 (s, 1H), 7.25 (d, J ¼ 8.7 Hz, 1H), 3.97 (d, J ¼ 5.7 Hz,
2H), 3.02 (t, J ¼ 4.7 Hz, 4H), 2.40 (t, J ¼ 4.8 Hz, 4H), 2.20 (s, 3H), 1.39
(s, 9H).m/z (EI-MS): 397.2 [Mþ Na]þ. Yield: 97.8%. m.p. 121e124 �C.

4.1.1.4. Tert-butyl (3-(3-amino-4-(4-methylpiperazin-1-yl) phenyl)
prop-2-yn-1-yl) carba-mate (37). To a solution of 36 (2.3 g,
6.1 mmol) in EA (100 mL) at room temperature was added
SnCl2.2H2O (4.2 g, 18.4 mmol). The resulting solution was then
refluxed with vigorous stirring for 4 h, and subsequently cooled to
room temperature. Following dilution with EA (100 mL) and the
mixture was neutralized with saturated sodium bicarbonate solu-
tion. Then filtered and washed residuewith EA (5� 40mL), and the
organic phase was dried (Na2SO4), filtered, and concentrated to
afford grey white solid 37 (1.7 g). 1H NMR (300 MHz, DMSO‑d6)
d 7.32 (s, 1H), 6.83 (d, J ¼ 7.6 Hz, 1H), 6.70 (s, 1H), 6.59 (d, J ¼ 8.0 Hz,
1H), 4.80 (s, 2H), 3.92 (d, J ¼ 5.7 Hz, 2H), 2.79 (br s, 4H), 2.50 (br s,
4H), 2.22 (s, 3H), 1.40 (s, 9H). m/z (EI-MS): 345.2 [M þ H]þ. Yield:
80.9%. m.p. 205e208 �C.

4.1.1.5 . Ter t-butyl (3-(3-(2-chloro-4-fluoro-3-methyl-5-
nitrobenzamido)-4-(4-methyl-piperazin-1-yl) phenyl) prop-2-yn-1-
yl) carbamate (38). To a solution of 37 (2.0 g, 5.8 mmol) in anhy-
drous dichloromethane (100 mL) was added 2-chloro-4-fluoro-3-
methylbenzoyl chloride 54 (1.8 g, 7.0 mmol) at 0 �C. This was fol-
lowed by the addition of pyridine (0.93 mL, 11.6 mmol), and the
resulting solution was stirred at room temperature for 6 h. The
reaction was subsequently diluted with dichloromethane (50 mL)
and washed with w saturated sodium bicarbonate solution
(3 � 50 mL), then saturated sodium chloride solution (30 mL). The
organic phase was then separated, dried (Na2SO4), filtered, and
concentrated to provide crude product. Then purified by column
chromatography on silica gel using a common 1% MeOH/DCM
gradient to afford compound 38 as light yellow solid (2.4 g). 1H
NMR (300MHz, DMSO‑d6) d 9.76 (s, 1H), 8.31 (d, J¼ 7.7 Hz,1H), 7.93
(d, J¼ 1.9 Hz,1H), 7.36 (d, J¼ 6.2 Hz,1H), 7.27e7.08 (m, 2H), 3.97 (d,
J ¼ 5.8 Hz, 2H), 2.91 (t, J ¼ 4.5 Hz, 4H), 2.47 (br s, 4H), 2.42 (d,
J ¼ 2.7 Hz, 3H), 2.20 (s, 3H), 1.40 (s, 9H). m/z (EI-MS): 560.2 [M]þ.
Yield: 75.0%. m.p. 151e154 �C.

4.1.2. General procedure for the synthesis of 10e17
To a solution of acid (0.46 mmol) in DMF (10 mL) at room

temperature was added BOP reagent (0.12 g, 0.28 mmol), followed
by TEA (0.06 mL, 0.46 mmol). The mixture was stirred for 0.5 h
before compound 9 (0.1 g, 0.23 mmol) was added. Then the
resulting solution was stirred at room temperature for 4e8 h. The
aqueous solution was diluted with EA (50 mL) and the mixture was
washed with saturated sodium chloride solution (3 � 30 mL). The
organic phase was then separated, dried (Na2SO4), filtered, and
concentrated to provide crude product. Then purified by column
chromatography on silica gel using a common 2e5% MeOH/DCM
gradient to afford compounds 10-17.

4.1.2.1. N-(3-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4-
(4-methylpiperazi-n-1-yl) phenyl) prop-2-yn-1-yl) tetrahydro-2H-
pyran-4-carboxamide (10). 1H NMR (300 MHz, DMSO‑d6) d 9.37 (s,
1H), 8.36 (s, 1H), 8.02 (s, 1H), 7.31e7.11 (m, 2H), 6.81 (d, J ¼ 9.2 Hz,
1H), 5.50 (s, 2H), 4.12 (d, J ¼ 5.4 Hz, 2H), 3.87e3.84 (m, 2H),
3.34e3.30 (m, 2H), 3.29e3.25 (m, 1H), 2.98 (br s, 4H), 2.84 (br s,
12
4H), 2.54 (s, 3H), 2.25 (d, J ¼ 2.6 Hz, 3H), 1.60 (t, J ¼ 6.0 Hz, 4H).
HRMS (ESI): calcd. for m/z C28H33ClFN5O3 [M þ H]þ 542.2329,
found 542.2342. HPLC (80% methanol in water): tR ¼ 4.859 min,
97.71%. Yield: 53.8%. m.p. 150e153 �C.

4.1.2.2. N-(3-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4-
(4-methylp ipe raz - in-1-yl ) phenyl ) p rop-2-yn-1-yl ) -1-
methylpiperidine-4-carboxamide (11). 1H NMR (300 MHz,
DMSO‑d6) d 9.31 (s, 1H), 8.44 (d, J ¼ 5.6 Hz, 1H), 8.03 (s, 1H), 7.18 (d,
J ¼ 2.1 Hz, 2H), 6.82 (d, J ¼ 9.2 Hz, 1H), 5.51 (s, 2H), 4.12 (d,
J ¼ 5.4 Hz, 2H), 3.17 (s, 3H), 3.13 (s, 1H), 2.89 (t, J ¼ 4.5 Hz, 4H),
2.52e2.51 (m, 8H), 2.25 (m, 6H), 1.85e1.68 (m, 4H). 13C NMR
(75 MHz, DMSO‑d6) d 173.15, 165.04, 150.73, 147.54, 143.93, 135.54,
135.35, 132.45, 131.97, 128.00, 124.91, 123.32, 120.60, 117.36, 112.71,
112.63, 86.29, 81.41, 54.53, 53.33, 50.77, 45.40, 43.88, 40.35, 28.92,
28.59, 26.68, 11.95, 11.89. HRMS (ESI): calcd. for m/z C29H37ClFN6O2
[M þ H]þ 555.2645, found 555.2658. HPLC (80% methanol in wa-
ter): tR ¼ 4.077 min, 99.41%. Yield: 61.6%. m.p. 191e194 �C.

4 . 1 . 2 . 3 . 5 - a m i n o - 2 - c h l o r o - 4 - fl u o r o - N - ( 5 - ( 3 - ( 4 -
hydroxycyclohexanecarboxamido) prop-1-yn-1-yl)-2-(4-
methylpiperazin-1-yl) phenyl)-3-methylbenzamide (12). 1H NMR
(300 MHz, DMSO‑d6) d 9.28 (s, 1H), 8.25 (t, J ¼ 5.3 Hz, 1H), 8.02 (s,
1H), 7.17 (s, 2H), 6.83 (d, J ¼ 9.2 Hz, 1H), 5.48 (s, 2H), 4.53 (d,
J ¼ 4.5 Hz, 1H), 4.08 (d, J ¼ 5.4 Hz, 2H), 3.35 (br s, 4H), 2.88 (t,
J ¼ 4.6 Hz, 4H), 2.24 (s, 6H), 2.13e1.98 (m, 1H), 1.90e1.78 (m, 2H),
1.72e1.68 (m, 2H), 1.44e1.31 (m, 2H), 1.23 (br s, 1H), 1.16e1.04 (m,
2H). HRMS (ESI): calcd. for m/z C29H36ClFN5O3 [M þ H]þ 556.2485,
found 556.2492. HPLC (80% methanol in water): tR ¼ 4.617 min,
95.03%. Yield: 67.4%. m.p. 166e169 �C.

4 .1.2 .4 . 5 -amino-2-ch lo ro-4-fluoro-3-methyl -N- (2- (4-
methylpiperazin-1-yl)-5-(3-(2-(te-trahydro-2H-pyran-4-yl) acet-
amido) prop-1-yn-1-yl) phenyl) benzamide (13). 1H NMR (300 MHz,
DMSO‑d6) d 9.30 (s, 1H), 8.37 (s,1H), 8.02 (s,1H), 7.18 (s, 2H), 6.82 (d,
J ¼ 9.2 Hz, 1H), 5.49 (s, 2H), 4.10 (d, J ¼ 5.4 Hz, 2H), 3.81 (d,
J ¼ 11.0 Hz, 2H), 3.27 (t, J ¼ 11.5 Hz, 2H), 2.91 (br s, 4H), 2.60 (br s,
4H), 2.32 (s, 3H), 2.25 (d, J ¼ 2.6 Hz, 3H), 2.07e2.05 (m, 2H),
1.56e1.52 (m, 2H), 1.24e1.17 (m, 3H). HRMS (ESI): calcd. for m/z
C29H36ClFN5O3 [M þ H]þ 556.2485, found 556.2500. HPLC (80%
methanol in water): tR ¼ 5.095 min, 95.34%. Yield: 61.5%. m.p.
117e120 �C.

4 . 1 . 2 . 5 . 5 - a m i n o - 2 - c h l o r o - 4 - fl u o r o - N - ( 5 - ( 3 - ( 5 -
hydroxypentanamido) prop-1-yn-1-yl)-2-(4-methylpiperazin-1-yl)
phenyl)-3-methylbenzamide (14). Brown oil. 1H NMR (300 MHz,
DMSO‑d6) d 9.27 (s, 1H), 8.30 (t, J ¼ 5.3 Hz, 1H), 8.03 (s, 1H), 7.17 (s,
2H), 6.83 (d, J ¼ 9.3 Hz, 1H), 5.48 (s, 2H), 4.35 (t, J ¼ 5.2 Hz, 1H), 4.10
(d, J ¼ 5.4 Hz, 2H), 3.44e3.33 (m, 2H), 3.32 (br s, 4H), 2.87 (t,
J ¼ 4.7 Hz, 4H), 2.28e2.19 (m, 6H), 2.11 (t, J ¼ 7.3 Hz, 2H), 1.60e1.47
(m, 2H), 1.41 (q, J ¼ 6.6 Hz, 2H). HRMS (ESI): calcd. for m/z
C27H33ClFN5NaO3 [M þ Na]þ 552.2148, found 552.2155. HPLC (80%
methanol in water): tR ¼ 4.485 min, 97.08%. Yield: 64.7%.

4.1.2.6. 5-amino-N-(5-(3-(2-amino-3-methylbutanamido) prop-1-
yn-1-yl)-2-(4-methyl-piperazin-1-yl) phenyl)-2-chloro-4-fluoro-3-
methylbenzamide (15). Brown oil. 1H NMR (300 MHz, DMSO‑d6)
d 9.28 (s,1H), 8.43 (s,1H), 8.02 (s, 1H), 7.17 (s, 2H), 6.83 (d, J¼ 9.2 Hz,
1H), 5.50 (s, 2H), 4.14 (s, 2H), 3.17 (d, J ¼ 3.8 Hz, 2H), 3.06 (d,
J ¼ 5.4 Hz, 1H), 2.86 (t, J ¼ 4.7 Hz, 4H), 2.44 (br s, 4H), 2.25 (d,
J ¼ 2.6 Hz, 3H), 2.20 (s, 3H), 2.00e1.80 (m, 1H), 0.94e0.79 (m, 6H).
HRMS (ESI): calcd. for m/z C27H34ClFN6NaO2 [M þ Na]þ 551.2308,
found 551.2316. HPLC (80% methanol in water): tR ¼ 4.052 min,
96.21%. Yield: 60.3%.
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4.1.2.7. N1-(3-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-
4-(4-methylpiperazi-n-1-yl) phenyl) prop-2-yn-1-yl)-N4, N4-dime-
thylterephthalamide (16). 1H NMR (300 MHz, DMSO‑d6) d 9.30 (s,
1H), 9.13 (t, J ¼ 5.4 Hz, 1H), 8.05 (s, 1H), 7.94 (d, J ¼ 8.1 Hz, 2H), 7.49
(d, J ¼ 8.1 Hz, 2H), 7.28e12 (m, 2H), 6.83 (d, J ¼ 9.3 Hz, 1H), 5.48 (s,
2H), 4.35 (d, J ¼ 5.4 Hz, 2H), 2.99 (br s, 4H), 2.90 (s, 6H), 2.55 (d,
J ¼ 5.7 Hz, br s, 4H), 2.28 (s, 3H), 2.24 (d, J ¼ 2.6 Hz, 2H). 13C NMR
(75 MHz, DMSO‑d6) d 169.36, 165.33, 165.05, 150.74, 147.54, 143.81,
139.26, 135.53, 135.34, 134.35, 132.43, 131.98, 129.18, 128.05, 127.30,
127.10, 126.81, 125.01, 123.29, 123.07, 120.59, 117.46, 115.56, 112.77,
112.68, 86.34, 81.35, 54.41, 50.58, 45.18, 40.35, 36.40, 34.62, 29.29,
28.94, 11.94, 11.88. HRMS (ESI): calcd. for m/z C32H35ClFN6O3 [M þ
H]þ 605.2438, found 605.2450. HPLC (80% methanol in water):
tR ¼ 3.744 min, 99.78%. Yield: 83.4%. m.p. 144e147 �C.

4 .1.2 . 8 . 5 -amino-2-ch lo ro-4-fluoro-3-methyl -N- (2- (4-
methylpiperazin-1-yl)-5-(3-(4-(morpholine-4-carbonyl) benzamido)
prop-1-yn-1-yl) phenyl) benzamide (17). 1H NMR (300 MHz,
DMSO‑d6) d 9.30 (s, 1H), 9.13 (t, J ¼ 5.5 Hz, 1H), 8.05 (s, 1H), 7.95 (d,
J ¼ 8.1 Hz, 2H), 7.51 (d, J ¼ 8.1 Hz, 2H), 7.26e7.12 (m, 2H), 6.82 (d,
J ¼ 9.3 Hz, 1H), 5.49 (s, 2H), 4.35 (d, J ¼ 5.4 Hz, 2H), 3.61 (br s, 8H),
2.89 (t, J ¼ 4.7 Hz, 4H), 2.54 (br s, 4H), 2.29e2.20 (m, 6H). HRMS
(ESI): calcd. for m/z C34H37ClFN6O4 [M þ H]þ 647.2543, found
647.2548. HPLC (100% methanol): tR ¼ 3.025 min, 99.46%. Yield:
47.2%. m.p. 120e123 �C.

4.1.3. Methyl 1-(3-(5-amino-2-chloro-4-fluoro-3-
methylbenzamido)-4-(4-methylpipe-razin-1-yl) phenyl)-1H-1,2,3-
triazole-4-carboxylate (18)

SnCl2.2H2O (5.5 g, 24.4 mmol) was added to the solution of
compound 44 (2.6 g, 4.9 mmol) in EA (100 mL). The resulting
mixture was then refluxed with vigorous stirring for 3 h, and
subsequently cooled to room temperature. Following dilution with
EA (100 mL) and the mixture was neutralized with saturated so-
dium bicarbonate solution. Then filtered and washed residue with
EA (5 � 40 mL), and the organic phase was separated and dried
(Na2SO4), filtered, and concentrated. The residue was washed with
EA to afford grey white solid 18 (2.3 g). 1H NMR (300 MHz,
DMSO‑d6) d 9.52e9.45 (m, 2H), 8.69 (s, 1H), 7.73 (dd, J ¼ 8.7, 2.7 Hz,
1H), 7.46 (d, J¼ 8.6 Hz, 1H), 6.92 (d, J¼ 9.2 Hz,1H), 5.53 (s, 2H), 3.92
(s, 3H), 3.00e2.90 (m, 4H), 2.51 (br s, 4H), 2.28 (d, J ¼ 2.6 Hz, 3H),
2.24 (s, 3H). HRMS (ESI): calcd. for m/z C23H26ClFN7O3 [M þ H]þ

502.1764, found 502.1774. HPLC (80% methanol in water):
tR ¼ 5.370 min, 96.24%. Yield: 93.9%. m.p. 223e226 �C.

4.1.3.1. 4-(4-methylpiperazin-1-yl)-3-nitroaniline (40). To a solution
of compound 4-fluoro-3-nitroaniline (6 g, 38.4 mmol) in CH3CN
(50 mL) at room temperature was added N-methyl piperazine
(5.8 g, 6.3 mL, 57.6 mmol), followed by N, N-diisopropylethylamine
(9.5 mL, 57.6 mmol). After refluxing for 12 h, the reaction mixture
was concentrated and purified by column chromatography on silica
gel using a common 6% MeOH/DCM gradient to afford compound
40 as red brown solid (8.9 g). 1H NMR (300 MHz, DMSO‑d6) d 7.06
(d, J ¼ 8.6 Hz, 1H), 6.76 (s, 1H), 6.69 (d, J ¼ 8.5 Hz, 1H), 5.34 (s, 2H),
2.70 (t, J ¼ 4.4 Hz, 4H), 2.27 (br s, 4H), 2.09 (s, 3H). m/z (EI-MS):
259.1 [M þ Na]þ. Yield: 97.8%. m.p. > 250 �C.

4.1.3.2. 1-(4-azido-2-nitrophenyl)-4-methylpiperazine (41).
4-(4-methylpiperazin-1-yl)-3-nitroaniline 40 (4.0 g, 17.0 mmol)
was dissolved in an aqueous solution of 2 M HCl (100 mL) in an ice
bath. Then NaNO2 (1.76 g, 25.5 mmol in 10 mL of H2O) was added
dropwise. After the reaction mixture was stirred for 30 min at 0 �C,
a solution of sodium azide (2.2 g, 34.0 mmol in 10 mL of H2O) was
added dropwise. The reactionmixture was stirred for another 2 h at
room temperature. Following by adding 2 M/NaOH to adjust
13
pH ¼ 9e10, red brown solid was precipitated, filtered and dried to
give compound 41 (4.0 g). 1H NMR (300 MHz, DMSO‑d6) d 7.48 (d,
J ¼ 2.2 Hz, 1H), 7.34e7.20 (m, 2H), 2.85 (t, J ¼ 4.7 Hz, 4H), 2.31 (t,
J¼ 4.8 Hz, 4H), 2.11 (s, 3H).m/z (EI-MS): 261.1 [M�H]-. Yield: 91.3%.
m.p. 88e91 �C.

4.1.3.3. Methyl 1-(4-(4-methylpiperazin-1-yl)-3-nitrophenyl)-1H-1,
2, 3-triazole-4-carboxylate (42). Compound 41 (1.0 g, 3.8 mmol)
was added to the solution of methyl propiolate (0.96 g, 11.4 mmol)
in MeOH (50 mL) at room temperature. After adding catalyst CuI
(0.07 g, 0.38 mmol) and DIPEA (0.12 mL, 0.76 mmol), the mixture
was refluxing for 48 h. Filtered to remove unreacted CuI, concen-
trated, and the residue was washed with EA to afford red brown
solid (0.8 g). 1H NMR (300 MHz, DMSO‑d6) d 9.45 (s, 1H), 8.36 (d,
J ¼ 2.7 Hz, 1H), 8.11e8.01 (m, 1H), 7.42 (d, J ¼ 9.1 Hz, 1H), 3.80 (s,
3H), 2.99 (t, J ¼ 5.4 Hz, 4H), 2.35 (t, J ¼ 5.2 Hz, 4H), 2.13 (s, 3H). m/z
(EI-MS): 369.2 [M þ Na]þ. Yield: 61.5%. m.p. 159e161 �C.

4.1.3.4. Methyl 1-(3-amino-4-(4-methylpiperazin-1-yl) phenyl)-1H-
1,2,3-triazole-4-car-boxylate (43). To a solution of 42 (3.8 g,
12.0 mmol) in MeOH (50 mL), catalytic amount of Palladium/C
catalyst was added. The mixture was stirred under H2 atmosphere
at room temperature for 6 h, then the mixture was filtered and
concentrated to afford pink solid 43 (3.0 g). 1H NMR (300 MHz,
DMSO‑d6) d 9.28 (s, 1H), 7.28 (d, J ¼ 1.9 Hz, 1H), 7.07 (d, J ¼ 1.9 Hz,
2H), 5.15 (s, 2H), 3.90 (s, 3H), 2.87 (t, J ¼ 4.5 Hz, 4H), 2.53 (br s, 4H),
2.26 (s, 3H). m/z (ESI-MS): 317.1763 [M þ H]þ. Yield: 78.9%. m.p.
194e197 �C.

4 .1. 3 . 5 . Me t hy l 1 - ( 3 - ( 2 - ch l o r o - 4 -fluo ro - 3 -me t hy l - 5 -
nitrobenzamido)-4-(4-methylpiper-azin-1-yl) phenyl)-1H-1,2,3-
triazole-4-carboxylate (44). To a solution of 43 (1.7 g, 5.3 mmol)
in anhydrous dichloromethane (100 mL) was added 2-chloro-4-
fluoro-3-methylbenzoyl chloride 54 (1.6 g, 6.4 mmol) at 0 �C. This
was followed by the addition of pyridine (0.43 mL, 5.3 mmol), and
the resulting solution was stirred at room temperature for 6 h. The
reactionwas subsequently filtered and dried to provide light yellow
solid 44 (2.6 g). 1H NMR (300 MHz, DMSO‑d6) d 9.98 (s, 1H), 9.46 (s,
1H), 8.54 (d, J ¼ 2.5 Hz, 1H), 8.36 (d, J ¼ 7.7 Hz, 1H), 7.77 (dd, J ¼ 8.6,
2.7 Hz, 1H), 7.38 (d, J ¼ 8.7 Hz, 1H), 3.90 (s, 3H), 2.98 (t, J ¼ 4.5 Hz,
4H), 2.50 (br s, 4H), 2.43 (d, J¼ 2.7 Hz, 3H), 2.23 (s, 3H).m/z (EI-MS):
554.2 [M þ Na]þ. Yield: 92.8%. m.p. 176e179 �C.

4.1.4. 1-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4-(4-
methylpiperazin-1-yl) phenyl)-1H-1,2,3-triazole-4-carboxylic acid
(19)

An aqueous solution of LiOH (1 M, 15 mL) was added dropwise
to a solution of compound 18 (2.3 g, 4.6 mmol) in THF (15 mL) at
room temperature. THF was removed after the mixture was stirred
overnight. The residue was acidified with 2 M HCl and filtered to
give white solid (1.7 g). 1H NMR (300 MHz, DMSO‑d6) d 9.52e9.45
(m, 2H), 8.69 (s, 1H), 7.73 (dd, J ¼ 8.7, 2.7 Hz, 1H), 7.46 (d, J ¼ 8.6 Hz,
1H), 6.92 (d, J ¼ 9.2 Hz, 1H), 5.53 (s, 2H), 3.92 (s, 3H), 3.00e2.90 (m,
4H), 2.50 (br s, 4H), 2.28 (d, J¼ 2.6 Hz, 3H), 2.24 (s, 3H). HRMS (ESI):
calcd. for m/z C22H24ClFN7O3 [M þ H]þ 488.1608, found 488.1617.
HPLC (80%methanol inwater): tR ¼ 3.174 min, 98.09%. Yield: 80.4%.
m.p. 198e201 �C.

4.1.5. General method for preparation of compounds 20e26
To a solution of 19 (0.18 g, 0.36 mmol) in DMF (10 mL) at room

temperature was added BOP reagent (0.32 g, 0.72 mmol), followed
by TEA (0.10 mL, 0.72 mmol). The mixture was stirred for 0.5 h
before different amines (0.72 mmol) was added. Then the resulting
solution was stirred at room temperature for 4e8 h. The aqueous
solution was diluted with EA (50 mL) and the mixture was washed
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with saturated sodium chloride solution (3 � 30 mL). The organic
phase was then separated, dried (Na2SO4), filtered, and concen-
trated to provide crude product. Then purified by column chro-
matography on silica gel using a common 2e10% MeOH/DCM
gradient to afford compounds 20-26.

4.1.5.1. 1-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4-(4-
methylpiperazin-1-yl) phenyl)-N,N-dimethyl-1H-1,2,3-triazole-4-
carboxamide (20). 1H NMR (300 MHz, DMSO‑d6) d 9.59 (s, 1H),
9.18 (s, 1H), 8.63 (d, J¼ 2.5 Hz, 1H), 7.71 (dd, J¼ 8.6, 2.6 Hz, 1H), 7.42
(d, J ¼ 8.6 Hz, 1H), 6.83 (d, J ¼ 9.2 Hz, 1H), 5.50 (s, 2H), 3.11 (br s,
10H), 3.02 (s, 3H), 2.70e2.69 (m, 4H), 2.24 (d, J ¼ 2.5 Hz, 3H). 13C
NMR (75 MHz, DMSO‑d6) d 165.45, 160.61, 150.76, 147.56, 143.96,
143.30, 135.56, 135.37, 133.06, 132.47, 132.42, 132.27, 126.02, 123.31,
123.08, 121.71, 117.04, 115.59, 114.72, 112.78, 112.70, 53.54, 49.40,
43.72, 38.19, 35.50, 28.94, 11.97, 11.91. HRMS (ESI): calcd. for m/z
C24H29ClFN8O2 [M þ H]þ 515.2080, found 515.2103. HPLC (80%
methanol in water): tR ¼ 5.053 min, 99.06%. Yield: 78.4%. m.p. >
250 �C.

4 .1.5 . 2 . 5 -amino-2-ch lo ro-4-fluoro-3-methyl -N- (2- (4-
methylpiperazin-1-yl)-5-(4-(morpholine-4-carbonyl)-1H-1,2,3-
triazol-1-yl) phenyl) benzamide (21). 1H NMR (300 MHz, DMSO‑d6)
d 9.61 (s, 1H), 9.24 (s, 1H), 8.64 (d, J ¼ 2.5 Hz, 1H), 7.73 (dd, J ¼ 8.6,
2.6 Hz, 1H), 7.44 (d, J ¼ 8.7 Hz, 1H), 6.86 (d, J ¼ 9.2 Hz, 1H), 5.52 (s,
2H), 4.06 (s, 2H), 3.68 (s, 6H), 3.12 (br s, 8H), 2.69 (s, 3H), 2.26 (d,
J ¼ 2.6 Hz, 3H). HRMS (ESI): calcd. for m/z C26H31ClFN8O3 [M þ H]þ

557.2186, found 557.2198. HPLC (100% methanol): tR ¼ 3.193 min,
95.82%. Yield: 67.5%. m.p. > 250 �C.

4.1.5.3. 1-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4-(4-
methylpiperazin-1-yl) phenyl)-N-(tetrahydro-2H-pyran-4-yl)-1H-
1,2,3-triazole-4-carboxamide (22). Brown oil. 1H NMR (300 MHz,
DMSO‑d6) d 9.52 (s, 1H), 9.26e9.24 (m, 1H), 8.65 (s, 2H), 7.71 (d,
J ¼ 8.7 Hz, 1H), 7.42 (d, J¼ 9.4 Hz, 1H), 6.89 (s, 1H), 5.53 (s, 2H), 4.06
(s, 1H), 3.9e3.86 (m, 2H), 2.99 (s, 6H), 2.71 (s, 4H), 2.38 (s, 3H), 2.25
(s, 3H), 1.71 (s, 4H). HRMS (ESI): calcd. for m/z C27H33ClFN8O3 [M þ
H]þ 571.2343, found 571.2358. HPLC (80% methanol in water):
tR ¼ 4.286 min, 99.60%. Yield: 82.9%.

4.1.5.4. 1-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4-(4-
methylpiperazin-1-yl) phenyl)-N-(1-methylpiperidin-4-yl)-1H-1,2,3-
triazole-4-carboxamide (23). 1H NMR (300 MHz, DMSO‑d6) d 9.48
(s, 1H), 9.22 (s, 1H), 8.65 (d, J ¼ 2.6 Hz, 1H), 8.52 (d, J ¼ 8.2 Hz, 1H),
7.70 (dd, J ¼ 8.5, 2.7 Hz, 1H), 7.42 (d, J ¼ 8.6 Hz, 1H), 6.89 (d,
J ¼ 9.2 Hz, 1H), 5.54 (s, 2H), 3.78 (s, 1H), 2.92 (t, J ¼ 4.6 Hz, 4H),
2.82e2.78 (m, 2H), 2.26 (d, J ¼ 2.7 Hz, 3H), 2.22 (s, 3H), 2.19 (s, 3H),
2.07e1.86 (m, 4H), 1.75e1.66 (m, 4H). 13C NMR (75 MHz, DMSO‑d6)
d 165.16, 158.86, 150.81, 147.61,143.97,143.51, 135.62,135.44, 133.13,
132.16, 124.67, 123.66, 123.25, 121.69, 116.84, 113.93, 112.89, 54.52,
53.07, 50.91, 45.38, 44.42, 43.81, 40.32, 29.50, 12.00, 11.94. HRMS
(ESI): calcd. for m/z C28H36ClFN9O2 [M þ H]þ 584.2659, found
584.2665. HPLC (100% methanol): tR ¼ 3.221 min, 98.28%. Yield:
49.9%. m.p. 240e243 �C.

4.1.5.5. 1-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4-(4-
methylpiperazin-1-yl) phenyl)-N-(3-morpholinopropyl)-1H-1,2,3-
triazole-4-carboxamide (24). 1H NMR (300 MHz, DMSO‑d6) d 9.51
(s, 1H), 9.22 (s, 1H), 8.85 (t, J ¼ 5.8 Hz, 1H), 8.66 (s, 1H), 7.71 (dd,
J ¼ 8.6, 2.7 Hz, 1H), 7.43 (d, J ¼ 8.8 Hz, 1H), 6.89 (d, J ¼ 9.2 Hz, 1H),
5.53 (s, 2H), 3.62 (t, J ¼ 4.6 Hz, 4H), 2.98e2.97 (m, 4H), 2.63 (s, 4H),
2.54 (s, 2H), 2.46e2.36 (m, 6H), 2.33 (s, 3H), 2.26 (d, J ¼ 2.6 Hz, 3H),
1.74e1.70 (m, 2H). 13C NMR (75 MHz, DMSO‑d6) d 165.18, 159.22,
150.84, 147.64, 143.74, 135.59, 135.40, 133.16, 132.26, 124.41, 123.38,
123.16, 121.71, 116.82, 115.58, 114.02, 112.93, 112.85, 65.90, 56.22,
14
54.34, 53.16, 50.61, 45.74, 45.01, 40.35, 40.08, 37.41, 36.37, 28.93,
25.43, 11.97, 11.91. HRMS (ESI): calcd. for m/z C29H38ClFN9O3 [M þ
H]þ 614.2765, found 614.2787. HPLC (80% methanol in water):
tR ¼ 4.383 min, 99.54%. Yield: 94.2%. m.p. 135e138 �C.

4 .1.5 .6 . 5 -amino-2-ch lo ro-4-fluoro-3-methyl -N- (2- (4-
methylpiperazin-1-yl)-5-(4-(4-methylpiperazine-1-carbonyl)-1H-
1,2,3-triazol-1-yl) phenyl) benzamide (25). 1H NMR (300 MHz,
DMSO‑d6) d 9.50 (s,1H), 9.19 (s,1H), 8.64 (d, J¼ 2.6 Hz,1H), 7.70 (dd,
J ¼ 8.7, 2.6 Hz, 1H), 7.43 (d, J ¼ 8.7 Hz, 1H), 6.89 (d, J ¼ 9.2 Hz, 1H),
5.54 (s, 2H), 4.02 (s, 2H), 3.68 (s, 2H), 2.95 (t, J¼ 4.5 Hz, 4H), 2.55 (s,
4H), 2.41 (t, J ¼ 5.1 Hz, 4H), 2.32e2.24 (m, 6H), 2.24 (s, 3H). HRMS
(ESI): calcd. for m/z C27H34ClFN9O2 [M þ H]þ 570.2502, found
570.2505. HPLC (80% methanol in water): tR ¼ 4.415 min, 99.46%.
Yield: 70.2%. m.p. 117e120 �C.

4.1.5.7. 1-(3-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4-(4-
methylpiperazin-1-yl) phenyl)-N-(2-morpholinoethyl)-1H-1,2,3-
triazole-4-carboxamide (26). 1H NMR (300 MHz, DMSO‑d6) d 9.51
(s, 1H), 9.24 (s, 1H), 8.66 (d, J ¼ 2.4 Hz, 1H), 8.56 (t, J ¼ 5.8 Hz, 1H),
7.71 (dd, J ¼ 8.7, 2.6 Hz, 1H), 7.43 (d, J ¼ 8.7 Hz, 1H), 6.89 (d,
J¼ 9.2 Hz, 1H), 5.54 (s, 2H), 3.58 (t, J¼ 4.6 Hz, 4H), 3.44 (s, 2H), 2.96
(t, J ¼ 4.8 Hz, 4H), 2.59 (s, 4H), 2.54 (s, 2H), 2.44 (s, 4H), 2.30 (s, 3H),
2.26 (d, J ¼ 2.6 Hz, 3H). 13C NMR (75 MHz, DMSO‑d6) d 165.15,
159.24, 150.85, 147.65, 143.78, 143.60, 135.60, 135.41, 133.17, 132.24,
124.49, 123.39, 123.17, 121.17, 116.85, 115.58, 114.02, 112.95, 112.87,
66.10, 57.14, 54.41, 53.13, 50.71, 45.11, 36.39, 35.61, 28.94, 11.97,
11.91. HRMS (ESI): calcd. form/z C28H36ClFN9O3 [MþH]þ 600.2608,
found 600.2619. HPLC (80% methanol in water): tR ¼ 4.441 min,
99.07%. Yield: 72.5%. m.p. 195e197 �C.

4.1.6. Methyl-3'-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-
4'-(4-methylpiper-azin-1-yl)-[1, 10-biphenyl]-4-carboxylate (27)

To a solution of compounds 49 (0.55 mmol) in EA (50 mL) at
room temperature was added SnCl2.2H2O (0.5 g, 2.2 mmol). The
mixture was refluxed with vigorous stirring for 5 h, and subse-
quently cooled to room temperature. Following dilution with EA
(100 mL) and the mixture was neutralized with saturated sodium
bicarbonate solution. Then filtered and washed residue with EA
(5� 40mL), and the organic phasewas dried (Na2SO4), filtered, and
concentrated to afford compounds 27. 1H NMR (300 MHz,
DMSO‑d6) d 9.33 (s, 1H), 8.39 (s, 1H), 8.04 (d, J ¼ 8.4 Hz, 2H), 7.76 (d,
J ¼ 8.3 Hz, 2H), 7.52 ((dd, J¼ 8.3, 2.0 Hz, 1H), 7.32 (d, J¼ 8.4 Hz, 1H),
6.88 (d, J ¼ 9.3 Hz, 1H), 5.50 (s, 2H), 3.87 (s, 3H), 2.89 (t, J ¼ 4.4 Hz,
4H), 2.49 (t, J ¼ 4.4 Hz, 4H), 2.25 (d, J ¼ 2.2 Hz, 3H), 2.19 (s, 3H).
HRMS (ESI): calcd. form/z C27H29ClFN4O3 [M þ H]þ 511.1907, found
511.1913. HPLC (90% methanol in water): tR ¼ 6.036 min, 95.06%.
m.p. > 250 �C.

4.1.6.1. Methyl-40-fluoro-30-nitro-[1, 10-biphenyl]-4-carboxylate (46).
Boronic acid (4.3 g, 24.1mmol) was added to a solution of 4-bromo-
1-fluoro-2-nitrobenzene (4.4 g, 20.1 mmol) in dioxane (150 mL).
Then Cs2CO3 (13.1 g, 40.2 mmol) in water (15 mL) was added into
the mixture, follow by a small amount of Pd(PPh3)2Cl2. Removing
the gas in the reaction bottle and protected with N2, then the re-
action was heated to reflux for 20 h. The mixture was filtered to
remove catalytic agent and Cs2CO3, then purified by column chro-
matography on silica gel using a common 1e5% MeOH/DCM
gradient to afford compounds 46. 1H NMR (300 MHz, CDCl3)
d 8.31e8.13 (m, 3H), 7.88e7.59 (m, 1H), 8.28 (m, 3H), 7.42e7.36 (m,
1H), 3.94 (s, 3H). m/z (EI-MS): 276.2 [M]þ. Yield: 74.2%. m.p.
145e147 �C.

4.1.6.2. Methyl-4'-(4-methylpiperazin-1-yl)-30-nitro-[1, 10-biphenyl]-
4-carboxylate (47). To a solution of compounds 46 (13.8 mmol) in
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DMF (30 mL) at room temperature was added N-methyl piperazine
(1.8 g, 2.0 mL, 17.9 mmol), followed by N, N-diisopropylethylamine
(3.2 mL,17.9 mmol). The resulting solutionwas then heated to 80 �C
for 2 h, and subsequently cooled to room temperature. Following
dilution with EA (150 mL), the mixture was washed with water
(3 � 50 mL), then the organic phase was dried (Na2SO4), filtered,
and concentrate to give target compounds 47. 1H NMR (300 MHz,
CDCl3) d 8.11 (dd, J ¼ 6.8, 1.9 Hz, 2H), 8.05 (d, J ¼ 2.3 Hz, 1H), 7.44
(dd, J ¼ 8.6, 2.3 Hz, 1H), 7.68e7.61 (m, 2H), 7.46 (m, 2H), 7.21 (d,
J¼ 8.6 Hz,1H), 3.95 (s, 3H), 3.16 (t, J¼ 4.7 Hz, 4H), 2.61 (t, J¼ 4.7 Hz,
4H), 2.38 (s, 3H).m/z (ESI-MS): 356.1584 [MþH]þ. Yield: 95.5%. m.p.
131e134 �C.

4.1.6.3. Methyl-30-amino-4'-(4-methylpiperazin-1-yl)-[1, 10-
biphenyl]-4-carboxylate (48). To a solution of 47 (12.9 mmol) in EA
(50 mL) at room temperature was added SnCl2.2H2O (11.6 g,
51.5 mmol). The resulting solution was then refluxed with vigorous
stirring for 4 h, and subsequently cooled to room temperature.
Following dilution with EA (200 mL) and the mixture was
neutralized with saturated sodium bicarbonate solution. Then
filtered and washed residue with EA (5 � 40 mL), and the organic
phase was dried (Na2SO4), filtered, and concentrated to afford
compounds 48. 1H NMR (300 MHz, CDCl3) d 8.07 (d, J ¼ 8.5 Hz, 2H),
7.61 ((dd, J ¼ 6.7, 1.8 Hz, 2H), 7.09 (d, J ¼ 8.5 Hz, 1H), 7.03 (m, 2H),
4.06 (s, 2H), 3.93 (s, 3H), 3.01 (t, J ¼ 4.4 Hz, 4H), 2.61 (br s, 4H), 2.38
(s, 3H).m/z (ESI-MS): 326.1851 [MþH]þ. Yield: 98.1%. m.p. > 250 �C.

4.1.6.4. Methyl-3'-(2-chloro-4-fluoro-3-methyl-5-nitrobenzamido)-
4'-(4-methylpipera-zin-1-yl)-[1, 10-biphenyl]-4-carboxylate (49).
To a solution of 48 (2.4 g, 7.4 mmol) in anhydrous dichloromethane
(50 mL) was added 2-chloro-4-fluoro-3-methylbenzoyl chloride 54
(2.2 g, 8.8 mmol) under N2 atmosphere at room temperature. This
was followed by the addition of pyridine (0.71 mL, 8.8 mmol), and
the resulting solution was stirred at room temperature for 4 h. The
reaction was subsequently diluted with dichloromethane (100 mL)
and washed with water (3 � 50 mL) then saturated ammonium
chloride solution (2 � 50 mL), then saturated sodium chloride so-
lution (2 � 50 mL). The organic phase was then separated, dried
(Na2SO4), filtered, and concentrated to provide compounds 49. 1H
NMR (300MHz, DMSO‑d6) d 9.85 (s,1H), 8.37 (d, J¼ 7.5 Hz,1H), 8.29
(s, 1H), 8.07e8.01 (m, 2H), 7.80 (d, J¼ 8.2 Hz, 2H), 7.60 (d, J¼ 8.4 Hz,
1H), 7.30 (d, J ¼ 8.4 Hz, 2H), 3.88 (s, 3H), 3.17 (s, 3H), 3.00 (br s, 4H),
2.63 (br s, 4H), 2.44 (s, 3H). HRMS (ESI): calcd. for m/z
C27H27ClFN4O5 [M þ H]þ 541.1649, found 541.1658. HPLC (90%
methanol in water): tR ¼ 6.012 min, 98.45%. Yield: 83.5%. m.p.
193e196 �C.

4.1.6.5. 3'-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4'-(4-
methylpiperazin-1-yl)-[1,10-biphenyl]-4-carboxylic acid (28).
Li(OH) (1 M,10 mL) was added dropwise to a solution of compound
27 (0.1 g, 0.2 mmol) in THF (15 mL) at room temperature. THF was
removed after the mixture was stirred for 2 h. The residue was
acidified with 1 M HCl and filtered to give white solid (0.05 g,
0.1 mmol). 1H NMR (300 MHz, DMSO‑d6) d 9.34 (s, 1H), 8.37 (s, 1H),
8.02 (d, J ¼ 8.1 Hz, 2H), 7.72 (d, J ¼ 8.1 Hz, 2H), 7.50 ((d, J ¼ 6.9 Hz,
1H), 7.31 (d, J¼ 8.1 Hz, 1H), 6.88 (d, J¼ 9.5 Hz, 1H), 5.51 (s, 2H), 2.93
(br s, 4H), 2.54 (br s, 4H), 2.25 (br s, 6H). HRMS (ESI): calcd. for m/z
C26H27ClFN4O3 [M þ H]þ 497.1728, found 497.1739. HPLC (80%
methanol in water): tR ¼ 4.754 min, 98.77%. Yield: 50.3%. m p.
194e197 �C.

4.1.7. General procedure for the synthesis of 29e30
To a solution of 28 (0.15 g, 0.30 mmol) in DMF (10 mL) at room

temperature was added BOP reagent (0.20 g, 0.45 mmol), followed
by TEA (0.13 mL, 0.90 mmol). The mixture was stirred for 0.5 h
15
before different amines (0.45 mmol) was added. Then the resulting
solution was stirred at room temperature for 6e10 h. The aqueous
solutionwas poured into 100mLwater andwhite precipitated solid
was filtered off, washed with water, and dried to afford products
29-30.

4.1.7.1. 3'-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-N, N-
dimethyl-4'-(4-methl-piperazin-1-yl)-[1,10-biphenyl]-4-carboxamide
(29). 1H NMR (300 MHz, DMSO‑d6) d 9.37 (s, 1H), 8.35 (s, 1H), 7.66
(d, J¼ 7.7 Hz, 2H), 7.51e7.48 (m, 3H), 7.31 (d, J¼ 7.7 Hz, 1H), 6.86 (d,
J ¼ 9.3 Hz, 1H), 5.50 (s, 2H), 2.98 (br s, 10H), 2.77 (br s, 4H), 2.43 (s,
3H), 2.25 (s, 3H). HRMS (ESI): calcd. for m/z C28H32ClFN5O2 [M þ
H]þ 524.2223, found 524.2217. HPLC (90% methanol in water):
tR ¼ 4.242 min, 95.20%. Yield: 31.8%. m.p. 148e151 �C.

4 .1.7 .2 . 5 -amino-2-ch lo ro-4-fluoro-3-methyl -N- (4- (4-
methylpiperazin-1-yl)-4'-(morph-oline-4-carbonyl)-[1,10-biphenyl]-
3-yl) benzamide (30). 1H NMR (300 MHz, DMSO‑d6) d 9.33 (s, 1H),
8.36 (s, 1H), 7.67 (d, J ¼ 7.7 Hz, 2H), 7.52e7.45 (m, 3H), 7.31 (d,
J ¼ 7.9 Hz, 1H), 6.87 (d, J ¼ 8.9 Hz, 1H), 5.52 (s, 2H), 3.60 (br s, 8H),
3.35 (br s, 4H), 2.90 (br s, 4H), 2.24 (s, 3H), 2.23 (s, 3H). HRMS (ESI):
calcd. for m/z C30H34ClFN5O3 [M þ H]þ 566.2329, found 566.2321.
HPLC (90%methanol inwater): tR¼ 4.218 min, 96.75%. Yield: 40.8%.
m.p. 146e149 �C.

4.10 The detailed synthesis procedures of compound 31 and 32
were listed in the supporting information or see reference [28].

4.1.7.3. N-(3'-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4'-
(4-methylpiperazin-1-yl)-[1,10-biphenyl]-4-yl)-1-methylpiperidine-4-
carboxamide (31). 1H NMR (300 MHz, DMSO‑d6) d 10.03 (s, 1H),
9.28 (s, 1H), 8.35 (s, 1H), 7.71 (d, J ¼ 8.2 Hz, 2H), 7.54 (d, J ¼ 8.7 Hz,
2H), 7.40 (d, J ¼ 8.2 Hz, 1H), 7.28 (d, J ¼ 8.6 Hz, 1H), 6.89 (d,
J ¼ 8.9 Hz, 1H), 5.50 (s, 2H), 3.00e2.96 (m, 2H), 2.88 (t, J ¼ 4.8 Hz,
4H), 2.50 (br s, 6H), 2.31 (s, 3H), 2.28e2.21 (m, 6H), 2.16e2.12 (m,
1H), 1.80e1.70 (m, 4H). HRMS (ESI): calcd. for C32H39ClFN6O2 m/z
[M þ H]þ 593.2802, found 593.2812. HPLC (100% methanol):
tR ¼ 3.145 min, 98.63%. Yield: 41.7%. m.p. > 250 �C.

4.1.7.4. N-(3'-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4'-
(4-methylpiperazin-1-yl)-[1,10-biphenyl]-4-yl) tetrahydro-2H-pyran-
4-carboxamide (32). 1H NMR (300 MHz, DMSO‑d6) d 10.00 (s, 1H),
9.38 (s, 1H), 8.29 (s, 1H), 7.71 (d, J ¼ 8.4 Hz, 2H), 7.56 (d, J ¼ 8.4 Hz,
2H), 7.44 (dd, J ¼ 8.3, 2.2 Hz, 1H), 7.29 (d, J ¼ 8.3 Hz, 1H), 6.86 (d,
J ¼ 9.2 Hz, 1H), 5.49 (s, 2H), 3.97e3.85 (m, 2H), 3.40e3.31 (m, 4H),
3.15 (br s, 2H), 3.08 (br s, 4H), 2.71 (s, 3H), 2.66e2.53 (m, 1H), 2.26
(d, J ¼ 2.6 Hz, 3H), 1.77e1.65 (m, 4H). HRMS (ESI): calcd. for m/z
C31H36ClFN5O3 [M þ H]þ 580.2485, found 580.2495. HPLC (80%
methanol in water): tR ¼ 7.116 min, 95.45%. Yield: 91.9%. m.p. >
250 �C.

4.2. Biology

4.2.1. Fluorescence polarization competition assay
All fluorescence polarization (FP) assays were performed on a

SpectraMax multi-mode microplate reader (Molecular Devices)
using the excitation and emission filters appropriate for each flu-
orophore used in the binding experiment. The plates used for FP
measurements were black nonbinding surface Corning 3757 384-
well plates with 60 mL of assay solution per well, consisting of
20 mL of 3 nM 10mer-Thr-FAM probe, 20 mL of 8 nM WDR5 protein
and 20 mL of buffer or an inhibitor sample of varying concentrations
and incubated for 30 min. For fluorescein, 485 nm excitation and
535 nm emission filters were used. The IC50 value were analyzed by
Graphpad prism 6.0 software.
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4.2.2. Isothermal titration calorimetry (ITC)
The Isothermal titration calorimetry (ITC) was carried out at

25 �C with the ITC200 system (MicroCal). The compounds were
injected into the sample cell containing 300 mL of 20 mM WDR5 by
using 2 mL injection with a total 19 injections at 2.5 min intervals
from a stirring syringe (750 rpm) into the sample cell. The data
were analyzed with the program Origin, version 7.0, supplied by
MicroCal.

4.2.3. In vitro MLL HMT functional assay
The MLL1 enzymatic reactions were conducted at room tem-

perature for 60 min in a 50 mL mixture containing methyl-
transferase assay buffer (50 mM HEPES, 100 mM NaCl, 1.0 mM
EDTA, and 5% glycerol, pH 7.8), 1 mM S-adenosylmethionine (SAM),
MLL protein complex and the test compound. These 50 ml reactions
were carried out in wells of a Histone substrate pre-coated plate.
Blocking Buffer was added to stop the methylation reactions for
10 min. Then, 100 ml of diluted primary antibody was added and
slowly shaken for 60 min at room temperature. As before, the plate
was emptied and washed three times, and shaken with Blocking
Buffer for 10 min at room temperature. After discarding the
Blocking Buffer, 100 ml of diluted secondary antibody was added.
The plate was then slowly shaken for 30 min at room temperature.
As before, the plate was emptied and washed three times, and
shaken with Blocking Buffer for 10 min at room temperature.
Blocking Buffer was discarded and a mixture of the HRP chemilu-
minescent substrates was freshly prepared. 100 ml of this mixture
was added to each empty well. Immediately, the luminescence of
the samples was measured in a BioTek SynergyTM 2 microplate
reader. The IC50 values were calculated using nonlinear regression
with normalized dose-response fit using GraphPad Prism 6.0. IC50
values represent three independent replicate determinations ± the
standard deviation.

4.2.4. AlphaScreen assay
To verify whether compound 63 has goodMLL1 HMT selectivity,

the AlphaScreen assay was used to evaluated the compound's ac-
tivity on other methyltransferases (G9a, Dot1L, EZH2, PRMT5,
SET8). The AlphaScreen IgG kit provides the necessary reagents for
the test. The test was performed in a 384-well white plate (Perki-
nElmer). The buffer solution contained 10 mM PBS, compound 63,
SAM and proteins mixed at room temperature for 30 min. 5 mL of
receptor beads and 5 mL of the substrate antibodies were then
added to the reaction system after the enzymatic reaction and
incubated for 30min at room temperature, and 10 mL of AphaScreen
Streptavidin coupled donor beads were added. The 384-well white
plate was investigated in an AlphaScreen microplate reader (EnS-
pire Alpha 2390 Multilabel Reader, PerkinElmer).

4.2.5. Cell-based antiproliferative activity studies
To assess cell anti-proliferative activity and cell viability, MV4-11

leukemia cells carrying MLL-AF4 fusion, MOLM-13 leukemia cells
carrying MLL-AF9 fusion, K562 cells carrying no MLL fusion were
seeded 8000 cells/well in 96-well plates and treated with com-
pounds for 72h at different concentrations, in culture media con-
taining 0.2% DMSO as the final concentration. The cell viability was
assessed by CCK8 (WST-8, 2-(2-methoxy 4-nitro phenyl)-3-(4-nitro
phenyl)-5- (2, 4-disulfonic acid benzene) -2H e tetrazolium mon-
osodium salt) and the absorption was measured at 450 nm using
Thermo Multiskan Spectrum. To evaluate the safety HUVEC cells
was treated with an inhibitor with different concentration for 24h
and determined using MTT assay. Cell viability inhibition rates of
the inhibitors at each concentration point were calculated using the
equation as follows: inhibition rate (%) ¼ [1- (ODtest e ODblank)/
(ODconrtol e ODblank)] � 100%. The IC50 values were calculated using
16
Graphpad Prism 6.0 software.

4.2.6. Western blot analysis
Biomarker modulation was determined by Western blot. MV4-

11 cells pretreated with various concentrations of compound 24 or
DMSO for 7 days. Cells were collected and lysed in lysis buffer
[50 mM Tris-Cl, pH 7.6,150mMNaCl, 1 mM EDTA,1% (m/v) Nonidet
P-40 (NP-40), 0.2 mM Phenylmethanesulfonyl fluoride (PMSF),
0.1 mM NaF and 1.0 mM dithiothreitol (DTT)] for 30 min. Then cells
were centrifuged again at 12 000 rpm for 20 min at 4 �C. The su-
pernatant was collected, and the protein concentration of the
whole cell lysates was determined by BCA assay with Varioskan
Flash (Thermo, Waltham, MA) at 567 nm. Samples were stored at -
80 �C until use.

50 mg tumors were washed by cold PBS and milled with 300 mL
of lysis buffer as described previously for 30 min to obtain total
cellular extracts. Then the mixture centrifuged at 12 000 rpm for
20 min at 4 �C, and the supernamants were collected. The total
protein concentration was also determined by BCA assay. Samples
were stored at - 80 �C until use.

The equal amount of total protein extracts was separated by
SDS-PAGE and were electroblotted onto the PVDF membranes
(PerkinElmer, Northwalk, CT, USA). After blocking with 5% defatted
milk for 1h, membranes were incubated at 37 �C for 1h and then
4 �C overnight with primary antibody. And then the membranes
were incubated with a DyLight 800 labeled secondary antibody at
37 �C for 1 h. The membranes were screened through the Odyssey
infrared imaging System (LI-COR, Lincoln, Nebraska, USA). Anti-b-
actin which was used as internal reference was purchased from
Protein Tech. Anti- H3K4me1, anti-H3K4me2 and H3K4me3 rabbit
polyclonal were obtained from Abcam.

4.2.7. RNA extraction and gene expression analysis
MV4-11 cells were treated with different concentration of

compound 24 or DMSO for 7 days. Cells were harvested by
centrifugation at 4000 rpm. Total RNA of cells or tumors were
isolated using TRIzol (Invitrogen). The concentration of RNA sam-
ples was assessed by SpectraMax i3x (Molecular Devices). The RNA
was reversely transcribed by using PrimeScript RT reagent kit
following the manufacturer's instructions. Real-time PCR ananlysis
of Hoxa9 (HS 151112803_m1), Meis-1(HS160306800_m1) was per-
formed using a STEPONE SYSTEM Fast Real Time PCR system.
GAPDH was used for normalization. Primers used for RT-PCR are
shown as follows: Hoxa9, Sense primer: TACGTGGACTCGTTCCTGCT,
antisense primer: CGTCGCCTTGGACTGGAAG; Meis1, Sense primer:
GGGCATGGATGGAGT-AGGC, Antisense primer:
GGGTACTGATGCGAGTGCAG.

4.2.8. Initial short-time toxicity
Animal experiments were conducted according to protocols

approved by Institutional Animal Care and Use Committee of China
Pharmaceutical University. The initial short-time toxicity was
evaluated in balb/c female mice. The mice were randomized into
different groups and intraperitoneally treated with compounds for
10 days. The dose was 80 mg/kg/day. The body weight and death
rate were monitored to evaluate the toxicity.

4.2.9. In vivo xenograft study
Animal experiments were conducted according to protocols

approved by Institutional Animal Care and Use Committee of China
Pharmaceutical University. The in vivo antitumor activity was
evaluated in female nude mice. MV4-11 (5 � 106) were injected
subcutaneously in the right flank. When the average tumor volume
reached approximately 100 mm3, the mice were randomized into
different cohorts and intraperitoneally treated every other day for
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21 days. Tumor growth and body weight were monitored every 2
days. The tumor volume (TV) was calculated using the formula
(smaller diameter)2 � (larger diameter)/2. The drug efficacy was
assessed by calculating the GI% ¼ [1-(TVt-TV0)/(CVt-CT0)] � 100%,
where TVt and CVt are the tumor volume of treatments group and
control group measured at each time point, TV0 and CV0 are the
tumor volume of treatments group and control group monitored at
the beginning. The drug efficacy was also assessed by calculating
TGI% ¼ (mean Wcontrol e mean Wtumor)/mean Wcontrol � 100%. The
pharmacodynamic biomarkers were evaluated byWestern Blot and
RT-PCR as described before.

4.2.10. Subacute toxicity evaluation in normal mice
Female ICRmice (6e8 weeks) were divided into 4 groups (n¼ 6)

in random: control group, 24 efficacious dose group (80 mg/kg), 24
middle-dose group (200 mg/kg), 24 high-dose group (300 mg/kg).
All mice were administered ip with the corresponding dose every
day for 14 days. The body weights of all mice were measured and
recorded. All of the mice were dissected at D15, and the heart, liver,
spleen, lung, and kidney were extract. The weights of the organs
were measured, and the organs were examined by hematoxylin-
eosin staining.

4.3. Docking

Docking study was carried out using GOLD5.1. The 3D confor-
mation was generated by the “Prepare Ligand” protocol at pH 7.0.
and prepared by Discovery Studio 4.0 (DS 4.0) with CHARMm. The
protein structure of WDR5 was downloaded from PDB (4IA9) and
was edited by adding hydrogen, deleting unnecessary waters and
ligands. Water 536, 557, 677 and 703 were retained in protein,
which play vital roles inWDR5-47 binding toWDR5 25. The binding
sites were defined according the endogenous ligandWDR5-47. The
high fitness score model was selected to analyze binding model.

4.4. Physicochemical properties

The solubility of representative compounds was determined on
Gemini Profiler instrument (pION) by the “gold standard” Avdeef-
Bucher potentionmetric titration method. Permeability (Pe) was
determined by a standard parallel artificial membrane permeability
assay (PAMPA by pION). PAMPA was conducted on a PAMPA Ex-
plorer instrument (pION Inc., Woburn, MA) with PAMPA Explorer
command software (Version 3.7.4.1) as follows: test compounds
stock was diluted with system solution buffer, pH 7.4 (pION Inc.,
Woburn, MA) to make diluted test compounds at 10 mM concen-
tration. Subsequently, 150 mL of diluted test compound was trans-
ferred to a UV plate (pION Inc., Woburn, MA), and the UV spectrum
was read as the reference plate. The membrane on a preloaded
PAMPA sandwich (pION Inc., Woburn, MA) was painted with 5 mL of
GIT lipid (pION Inc., Woburn, MA). The acceptor chamber was then
filled with 200 mL of acceptor solution buffer (pION Inc., Woburn,
MA), and the donor chamber was filled with 200 mL of diluted test
compound. Then the PAMPA sandwich was assembled at 25 �C for
4 h. The UV spectrum (240e500 nm) of the donor and the acceptor
were read. The permeability coefficient was calculated using
PAMPA Explorer command software (Version 3.7.4.1) based on the
AUC of the reference plate, the donor plate, and the acceptor plate.
All compounds were tested in quadruplicate, and the data were
presented asmean value. Standards for this assay using propranolol
(110.8 � 10�6 cm/s).
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