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Abstract

A new series of diphenylpyrimidine derivatives (DR bearing various aniline side
chains at theC-2 position of pyrimidine core were synthesized pent BTK
inhibitors. Most of these inhibitors displayed iraped activity against B leukemia
cell lines compared with lead compound spebrutiSiltbsequent studies showed that
the peculiar inhibitoi7j, with ICso values of 10.54M against Ramos cells and 19.1
uM against Raji cells, also displayed slightly higlmghibitory ability than the novel
agent ibrutinib. Moreover, compound is not sensitive to normal cells PBMC,
indicating low cell cytotoxicity. In addition, flowytometry analysis indicated that
significantly induced the apoptosis of Ramos cells] arrested the cell cycle at the
GO0/G1 phase. These explorations provided new ¢tuesscover pyrimidine scaffold

as more effective BTK inhibitors.
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1. Introduction
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Fig. 1. Structures of the novel BTK inhibitors.

Bruton’s tyrosine kinase (BTK), a key member of frex family of non-receptor
tyrosine kinases, plays an important role in theeB-signaling pathway linking cell
surface B-cell receptor (BCR) stimulation to doweam intracellular responses [1-3].
It has been reported that numerous B-cell-derivealigmancies, such as acute
lymphoblastic leukemia (ALL), chronic lymphocytieukemia (CLL), non-Hodgkin’s
lymphoma (NHL), mantle cell lymphoma (MCL), Waldéidsn’'s Macroglobunemia
(WM) and multiple myeloma (MM), are related to ttleregulation of BTK kinase
[4,5]. Till now, considerable efforts focused oraming for effective agents against
various B-cell-derived tumors have brought prongganospect for cancer patients [6].
Inspiringly, a clinically advanced irreversible BTknase inhibitor, ibrutinib, which
has demonstrated efficacy in patients with CLL, MGAMM and MCL, has been
broadly used in clinical [6-9Recently, a number of novel covalent and noncovalen
BTK inhibitors, including acalabrutinib 2f (ClinicalTrials.gov identifier:
NCT02717611) [10-12]3S-4059 B) (ClinicalTrials.gov identifier: NCT02457559)
[13,14],spebrutinib 4) (ClinicalTrials.gov identifier: NCT01744626) [L9HM71224
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(5) (ClinicalTrials.gov identifier: NCT01765478) [16and PLS-1236) [17], have
been advanced to preclinical or clinical trialsg(FL).

Fig. 2.Binding mode ofspebrutinibwith BTK enzyme (PDB: 3GEN).
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Fig. 3. Designed strategy of new DPPYs as potent BTK itdibi

It is clear that these novel BTK inhibitors possags/rimidine core, along with a
typical N-phenlyacrylamide functionality. Previous structarel activity relationships
(SARSs) explorations showed that the acryloyl grawgs essential to form a covalent
bond with the amino acid Cys481 of BTK, whil€Cad'-substituted aniline side chain
installed on theC-2 position of pyrimidine core was also benefig¢@lform contacts
with the resides Phe540, lle472, Ser538, Lys43thatbottom of the ATP-binding



pocket (Fig. 2) [7,18-20]o improve the binding affinity with BTK, herein,series
of new dipenylpyrimidine derivatives (DPPY8a-I bearing various-2 aniline side
chains were synthesized and biologically evaludtedtheir activity against BTK
kinase and B lymphoma cell lines (Fig. 3). Accogiyn our molecule simulations
showed in Fig. 7 indicated that the newly designealecules tightly contact with

BTK, and which would enhance the activity again§KB
2. Results and Discussion
2.1 Chemistry

The title molecules7a-l were synthesized as depicted in Scheme 1 [21,22].
Starting from 3-nitroanilineq), acylation reaction using acryloyl chlorine undesic
conditions (NaHC@) was furnished to produch-acryloyl-4-nitrobenzamide 9j.
After reduction of the nitro group of compoufdinder Fe-NHCI conditions, the 4-
aminobenzamide derivativd@ was conveniently synthesized. Compour@lwas
regioselectively coupled to th&-4 position of 2,4-dichloropyrimidine template to
afford the key intermediatéla-b. As indicated in Scheme 2-4, various aniline side
chainsl2a-hwere prepared according to general synthetic nastfi23,24]jncluding
aromatic nucleophilic substitution , acylation, aaduction reactions, etc. Coupling
reactions oflla-b with aniline intermediatesl2a-h were accomplished in the
presence of trifluoroacetic acid (TFA) under reflagnditions, offering the title

moleculesra-i and7j-l with yield ranging from 31% to 45%.



1
N R

N02 NHZ

N™ X Rl
NO, P
a NH b NTHS N" Cl NH
c
o ) O%W a

8 9 10 1la-b

o %O Ifﬁ y
- 12a0egho E;ﬁ; @

or HNO@

12b,f Rl \\ RITN N
Ta—i 7j—1
R=Cl, F

R2=H, Cl, MeO

Scheme 1Synthetic route of title compounds-I. Reagents and conditions: @jyloyl chloride
NaHCG;, CHCN, rt, 0.5 h, 95%; (b) Fe-Nj&€l, MeOH-H,0O, 2 h, 70°C, 72%; (c) ArNH,

DIPEA, 1,4-dioxane, 6, 2 h, 91%; (d) trifluoroacetic acid, intermeedtst2a-h 2-BuOH, 100
°C, 12 h, 31% to 45%.
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Scheme 2Synthetic route of intermediatdé®a,b .Reagents and conditions: (a)&0;, CH:CN,
80°C, 12 h, 63-85%); (b) Fe-Ny&l, MeOH-H,0, 2 h, 70°C, 60-87%.
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Scheme 4. Synthetic route of intermediate$2f-h. Reagents and conditions: (a) ethyl
bromoacetate, ¥CO;, CH:CN, rt, 5 h, 91%; (b) KOH, MeOH-D, 50 °C, 1 h, 62-78%; (c)
(COCly, 50°C, 1 h; (d) KCOs;, CHCN, 80°C, 12 h, 55-78%; (e) Fe-NgIl, MeOH-H,0, 2 h, 70
°C, 61-72%.

2.2. Biological activity

All these compounds were evaluated for their atgtimgainst BTK enzyme using
ADP-GIlo™ Kinase Assay [25-27Cell viability was determined by CCK-8 assay
[18], and the cell cycle and apoptosis were analymeflow cytometer. Two typical
B-cell lymphoblastic leukemia cell lines, Ramos &wji, which overexpressed BTK

enzyme, were used for the cell proliferation evisues. For comparison, two novel



BTK inhibitors, ibrutinib and spebrutinib were alsested as reference compounds.
All these result data are depicted in Table 1.
Table 1 Biological activity of the newly synthesized DPP¥'s

1
N\SR
Egp

HN N NH

7a-l

Enzymatic activity Antiproliferative activity

Compound 5-R 3-R* 4-R (ICs0, NM) (ICs0, uM)"
BTK Ramos Raiji
v O
7a clH @Y 4.94 13.0 30.5
v O
7b FH Y 7.12 18.1 23.8
7c cl H ol o 283 18.1 20.1
oo
7d FooH ol o 272 >40.0 36.0
oo
7e ¢ Lo M o >100 16.9 19.3
oo
7f Cl H ol meon 226 14.8 19.9
o L_oo
79 FoH  elo~yoon 013 35.6 36.9
o L_oo
7h Cl OMe M ~y~ou >100 11.0 20.9
o Lol
7 Cl Me i ~y~ou 200 19.6 35.6
o Lol
7] c H ) 12.1 10.5 19.1
7k F H ) 22.4 22.3 38.6
7l c H o oyl lD 023 >40 9.4

Spebrutinib 0.72 20.9 29.4



Ibrutinib 0.34 12.6 19.3

®Data represent the mean of at least three sepexgriments.’"Dose-response curves were
determined at five concentrations. Thed@alues are the concentrations in micromolar ne¢oled

inhibit cell growth by 50% as calculated using Grapd Prism version 5.0.
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Fig. 4. Morphological changes of the PBMC cells treated roglecule 7j (100 x, final
magnification) at concentration of 2.5, 5, 10, 20,uM for 24 h. Cell numbers were calculated by
traditional manual method with an ordinary cell g chamber. One representative experiment

is shown.
As for the kinase-based evaluation results showiiiable 1, these compounds

effectively inhibit BTK enzyme at the concentrasoess than 100 nmol/L, and four
of them {a-c, 71) displayed strong anti-BTK activity with kgvalues lower than 7.12
nM. In particular, compoundl with 1Cso of 0.23 nM, is more potent than ibrutinib
(ICs0 = 0.34 nM) and spebrutinib (= 0.72 nM). SAR analysis revealed that
substituents, such as chlor@el, methoxy {h), methyl i), were inappropriate to be
installed on theC-3' position of theC-2 aniline side chain. Chloro substituent at the
C-5 position of pyrimidine core is more favorablehthe fluoro atom. Prolonging
the C-2 aniline side chain is beneficial. The examplalagues7c and T bearing a
long side chain possess very low effective inhifyittoncentrations, with I§g values

of 2.83 nM and 0.23 nM, respectively.

To confirm whether compoun forms irreversible inhibition onot with BTK
enzyme, the kinase activity determined by the lwsoence value was detected ¢
treating the inhibitor-linked BTK with the ADP-Glo™inase Assay systerfTable

2). Compared with the normal BTK (luminescence gat0976), the inhibitolinked



BTK made the luminescence value (383ynificantly reduced, which indireci
proved that compoundj irreversibly contacts with BTK targeand thus led to tl
remarkable loss of the kinase activity.

Table 2 The luminescence values produced by treating Bfid, inhibitor-linked
BTK with ADP-Glo™ Kinase Assay system.

Times Control® Normal BTK " Inhibitor-linked BTK ©
1 166 9702 430
Luminescence values 2 180 10652 412
3 208 9574 308
Ave. 185 9976 383

33 1L 1xbuffer, 2uL (0.5 pg/uL substrate, 126M ATP); 1 uL 1xbuffer, 2uL (0.5 pg/ul substrate, 126M ATP),
2 uL 2.5 ngiL enzyme;®1 ul 500 nmol/L drug, 2iL (0.5 ug/uL substrate, 126M ATP), 2uL 2.5 ngliL enzyme.

In cell-based assays, a large part of these mascstrongly inhibit the
proliferations of Ramos and Raji cells at concdirs ranging from 10 to 20 umol/L.
Inhibitor 7j, possessing an igvalue of 12.1 nM in kinase-based activity, exhadit
slightly stronger inhibitory activity against Ram@€s, = 10.5 uM) and Raji (165 =
19.1 uM) cells than reference compounds. Intergistirmolecule?l, the strongest
inhibitor within these newly obtained DPPYs, coudtnarkably inhibit Raji cell line
(ICs0 = 9.4 uM), but was not sensitive to Ramos cells* 40 uM). The analogues
7eand7h also showed strong activity against the two B lyomph cell lines, but they
showed high Igyvalues (>100 nM) for targeting BTK kinase, suggestihat a new
action mechanism for them to be produced to interfgith B-cell lymphoblastic
leukemia cells. Fortunately, compouiigdis not active to interfere with the normal
PBMC cells at concentrations of less than @@, suggesting low cell cytotoxicity
(Fig. 4). Overall, these biological exploration®yided a new series of pyrimidine
derivatives to inhibit B-cell lymphoblastic leukemrtells by targeting BTK.

2.3. Flow cytometry
In addition, to further investigate the antipraldéve mechanism of these

inhibitors on B-cell leukemia cells, the most aetimhibitor 7j, was also examined
9



the effects on apoptosis and on the cell cycle am&s cell line using flow
cytometry analysis [28,29]. For comparison, spgbitu and ibrutinib were also
evaluated as the reference compounds. As shownign 5 inhibitor 7j could
significantly induce the Ramos cells apoptosis, Hredapoptosis rates were 38.0%,
46.8% and 83.6% at concentrations qfrbol/L, 10 umol/L, and 20umol/L inhibitor

7j, respectively. Compared to spebrutinib (41.5%) dndtinib (47.9%),7] could
inhibit the proliferations of Ramos cell line amdluce the similar cell apoptosis rates
at the low concentrations of 10nol/L. After incubation with Sumol/L, 10 umol/L
and 20umol/L inhibitor 7] for 48h, the DNA contents of the Ramos cells were
53.18%, 63.1% and 70.8% in GO/G1 phase, and weB%} 37.0% and 28.4% in S
phase, respectively (Fig. 6). Apparently, the nesymthesized moleculé blocked
Ramos cells at the GO/G1 phase, while ibrutinib pa2se) and spebrutinib (S phase)

arrested the cell cycle at the late phase.
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Fig. 5. Compound?j induced Ramos cell apoptosisvitro. The cells were incubated with the
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by flow cytometry analysis. One representative expent is shownp < 0.05.
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the meanzstandard deviatigng 0.05.

2.4. Molecular modeling calculations

In order to investigate the interaction mechani$ithe newly synthesized DPPYs
with BTK enzyme, three potent BTK inhibitorga, 7c, 7l, and two less active
inhibitors 7e, 7h, in parallel with the lead compound spebrutinilrevéocked into the
ATP binding pocket of BTK enzyme (PDB: 3GEN), resjpeely [30]. The program
AutoDock 4.2 with its default parameters were ud&d-33]. The molecular

simulations were depicted in Fig. 7. By analyzihg binding model of spebrutinib
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with BTK (Fig. 7a), it was found that several imfaont interaction forces were
produced, including: (1) covalent bond forces betwdhe essential acrylamide
functionality of spebrutinib with the amino acid €331; (2) Hydrogen-bond
interactions formed by the carbonyl group of aanjlze substituent with the amino
acid Lys430 through a water molecule; (3) strongtacts between th€-2 aniline
side chain of pyrimidine core with Ser538, Phe54&472, which consist of the
bottom section of the ATP binding pocket; (4) hymhiobic interactions generated
from the C-5 chlorine atom of pyrimidine core with the mutagatekeeper residue
Met477. Compared with spebrutinib, the three poiemibitors 7a (Fig. 7b),7c (Fig.
7d) and7! (Fig. 7c), retained the important covalent bondrfed by the acrylamide
substituent with Cys481. But the less active irtbitsi7e (Fig. 7e) andrh (Fig. 7f)
lost these important interactions. Beyond the hgdmbond between the carbonyl
group in acrylamide functionality with Lys430, cooynds7a, 7c and 71, produced
additional strong hydrogen-bond contacts, includimiges between oxygen atom in
C-2 aniline side chain ofa with Phe540 through a water molecule, forces betwe
the carbonyl group IrC-2 aniline side chain o¥c with Lys430 through a water
molecule, and forces between carbonyl grou@2 aniline side chain with Ser538.
Clearly, 7a firmly occupied the ATP-binding pocket, maintaiginthe strong
interactions generated from t@e5 chlorine atom of pyrimidine ring with the resedu
Met477. In terms of compoundx and7l, the pyrimidine core was squeezed out of
the pocket, and directly reaches into the residen484, thus forming new
supplementary binding forces. In contrast, the &stive inhibitors7e and7h almost
lost these important interactions, and thus wereefffective to interfere with BTK.
Overall, these binding modes actually explained thetivity data.

3. Conclusion

12



A new series of DPPYs bearing various aniline slains at the€C-2 position of
pyrimidine core were synthesized as potent BTKhitbrs. Most of them exhibited
equivalent capacity as lead compound (spebrutimibilrutinib) in both kinase-based
and cell-based assays. It was significant thatbst active inhibitoi7l, which were
able to interfere with BTK kinase at concentratioh.23 nM, was discovered in this
contribution. Notably, the novel molecul® with ICso values of 10.5uM against
Ramos cells and 19.1M against Raji cells, showed stronger activity thie
available BTK inhibitors (spebrutinib and ibrutijibn conclusion, these findings
expanded the structural diversity of pyrimidineidatives as inreversible inhibitors
of BTK, and provided new insight to discover mofieeive BTK inhibitors.
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Fig. 7. a) Putative binding mode «pebrutinibwithin BTK (PDB code: 3GEN); b) Putative
binding mode of inhibitor7a within BTK (PDB code: 3GEN); c) Putative binding de of
inhibitor 71 within BTK (PDB code: 3GEN); d) Putative binding deof inhibitor7c within BTK
(PDB code: 3GEN); e) Putative binding mode of iftioib7e within BTK (PDB code: 3GEN); f)
Putative binding mode of inhibitath within BTK (PDB code: 3GEN).

4. Experimential section
4.1. General Methods and Chemistry

Solvents and reagents were obtained from commesaigplies and were used
without further purification. High resolution ESI$/1 were performed on an
AB Sciex TripleTOF 4600 LC/MS/MSsystentH NMR and**C NMR spectra on a
Brucker AV 400 MHz spectrometer were recordeddfDMSO. Coupling constants
(J) are expressed in hertz (Hz). Chemical shifysof NMR are reported in parts per
million (ppm) units relative to internal control NIS). All reactions were monitored
by TLC, using silica gel plates with fluorescenc25& and UV light visualization.
Flash chromatography separations were obtainedlica &el (300-400 mesh) using
dichloromethane/methanol as eluents.

4.2. General procedure for the synthesis of 7af21-24]

4-Morpholine-substituted aniline intermediatEZa-h were prepared according to
the literatures 23 and 24. While the intermediaté&(3-((2-chloro-5-
substitutedpyrimidin-4-yl)oxy)phenyl)acrylamiddd.a-b were synthesized using the
procedures reported in references 21 and 22. Alke¢hintermediates were directly
used without any purification and structural chégdeation. With these intermediates
in hand, the newly obtained compounds were syrtbdsas described below.

A flask was charged with compounti$a-b (0.70 mmol),12a-h (0.70 mmol), TFA

(0.08 mL, 1.05 mmol), and 2-BuOH (10 mL). The sjuwras heated to 100 °C for 12
h. Then,the reaction mixture was allowed to coolréom temperature and was
neutralized with a saturated aqueous sodium bicateo solution. The aqueous

14



mixture was extracted with GBI, three times (20 mL x 3). The crude product was
purified using flash chromatography with dichloroh@ete/methanol (v/v, 1:1) as

eluents.

4.2.1. N-(3-((5-Chloro-2-(4-(bis(2-methoxyethyl)amino))pheglamino-4-
pyrimidinyl)amino)phenyl)acrylamide (7a). Yield: 15.50%; off-yellow solid; 'H
NMR (400MHz, DMSO#k): ¢ 3.21 (s, 6H), 3.38 (s, 8H), 5.73 (dt= 4.0 Hz, 8.0 Hz,
1H), 6.24 (dd,J = 4.0 Hz, 16.0 Hz, 1H), 6.44 (dd= 8.0 Hz, 16.0 Hz, 3H), 7.21-7.31
(m, 4H), 7.46 (dJ = 4.0 Hz, 1H), 7.85 (s, 1H), 8.02 (s, 1H), 8.761(4), 8.89 (s, 1H),
10.14 (s, 1H); **CNMR (400 MHz, DMSOdg): § 50.65 (2C), 58.63 (2C), 70.13 (2C),
103.00, 111.89 (2C), 115.19, 115.43, 119.22, 12128, 127.31, 128.87, 129.76,
132.28, 139.38, 139.43, 143.42, 155.15, 156.36,485863.48; HRMS (ESI) for
C2sH29CINgO3, (M+H)" caled: 49.2062; found: 497.2044.,

4.2.2. N-(3-((5-Fluorine-2-(4-(bis(2-methoxyethyl)amino))plenylamino-4-
pyrimidinyl)amino)phenyl)acrylamide (7b). Yield: 12.34%; off-yellow solid; 'H
NMR (400MHz, DMSO#k): 0 3.34 (s, 6H), 3.42 (s, 8H), 5.75 (dds 4.0 Hz, 8.0 Hz,
1H), 6.25 (dd,J = 4.0 Hz, 16.0 Hz, 1H), 6.44-6.55 (m, 3H), 7.1%27(m, 4H),
7.51(d,J = 8.0 Hz, 1H), 7.95 (s, 1H), 8.01 (@= 4.0 Hz, 1H), 8.75 (s, 1H), 9.31 (s,
1H), 10.15 (s, 1H); **C NMR (400 MHz, DMSOd): 6 51.01 (2C), 58.94 (2C), 70.46
(2C), 112.36 (2C), 113.73, 115.12, 117.79, 122.BCTC),( 127.59, 129.28, 130.67,
132.63, 139.61, 139.76, 139.95< 76.0 Hz), 141.46, 141.69 € 76.0 Hz), 142.05,
143.62, 150.28, 150.39 € 44.0 Hz), 156.78, 163.781RMS (ESI) for GsH29FNgOs,
(M+H)" calcd: 481.2358found: 480.2279.

4.2.3. N-(3-((5-Chloro-2-(4-(2-(bis(2-methoxyethyl)amino)-2
oxoethoxy)phenylamino)-4-pyrimidinyl)amino)phenyl)acrylamide  (7¢).  Yield:
14.72%; off-brown solid; *H NMR (400 MHz, DMSOd): § 3.24 (s, 3H), 3.29 (s,
3H), 3.44 (ddJ = 8.0 Hz,16.0 Hz, 4H), 3.51 (s, 4H), 4.75 (s, 26Y,5 (ddJ = 4.0Hz,
8.0 Hz, 1H), 6.27 (dd) = 4.0Hz, 16.0 Hz, 1H), 6.47 (dd,= 8.0 Hz, 16.0 Hz, 1H),
6.68 (d,J = 8.0 Hz, 2H), 7.28-7.49 (m, 5H), 7.87 (s, 1H),38B(%, 1H), 8.89 (s, 1H),
9.13 (s, 1H), 10.19 (s, 1H); *CNMR (400 MHz, DMSOds): 6 44.88, 46.81, 58.09,
58.42, 69.67, 65.80, 70.10, 103.32, 114.08 (243,00, 115.32, 119.11, 120.62 (2C),
126.96, 128.54, 131.89, 133.69, 138.92, 139.06,9852154.79, 156.09, 157.83,
163.15, 167.79; HRMS (ESI) for C27H31CINgOs, (M+H)" calcd: 55.2117; found:
555.2105.

4.2.4. N-(3-((5-Fluoro-2-(4-(2-(bis(2-methoxyethyl)amino)-2
oxoethoxy)phenylamino)-4-pyrimidinyl)amino)phenyl)acrylamide  (7d). Yield:
25.2%)%; off-brownsolid; *H NMR (400 MHz, DMSOk): 6 3.25 (s, 3H), 3.30(s, 3H),

3.45 (dd,J = 4.0 Hz, 16,0Hz, 4H), 3.52-3.53 (br, 4H), 4.782), 5.78 (dd,J = 4.0
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Hz, 8.0 Hz, 1H), 6.29 (ddl = 4.0 Hz, 16.0 Hz, 1H), 6.49 (dd,= 8.0 Hz, 16.0 Hz,
1H), 6.75 (dJ = 8.0 Hz, 2H), 7.29 () = 8.0 Hz, 1H), 7.43 (d] = 8.0 Hz, 1H), 7.53
(d,J = 8.0 Hz, 2H), 7.58 (dJ = 8.0 Hz, 1H), 7.94 (s, 1H), 8.08 (@= 4.0 Hz, 1H),
8.99 (s, 1H), 9.41 (s, 1H), 10.16 (s, 1H); **C NMR (400 MHz, DMSOdg): § 45.25,
47.19, 58.47, 58.80, 66.23, 70.05, 70.48, 113.598,58B (2C), 115.01, 117.64, 120.73
(2C), 127.27, 129.00, 132.31, 134.58, 139.45, BBR.5 36.0 Hz), 141.07, 141.26 (
= 76.0 Hz), 141.98, 150.05, 150.16« 44.0 Hz), 153.17, 156.11, 156.13, 163.49,
168.22; HRMS (ESI) for Co7H31FNgOs, (M+H)* calcd: 53.2413; found: 539.2407.
4.2.5. N-(3-((5-Chloro-2-(3-chloro-4-(2-(bis(2-methoxyethyamino)-2-oxoethoxy)-
phenylamino)-4-pyrimidinyl)amino)phenyl)acrylamide (7€). Yield: 16.96%; off-
yellow solid; *H NMR (400 MHz, DMSOdg): 6 3.25 (s, 3H), 3.30 (s, 3H), 3.45 (dH,
= 4.0 Hz, 16,0Hz, 4H), 3.53 (s, 4H), 4.89 (s, 25{Y7 (dd,J = 4.0 Hz, 8.0 Hz, 1H),
6.27 (dd,J = 4.0 Hz, 16.0 Hz, 1H), 6.47 (dd= 8.0 Hz, 16.0 Hz, 1H), 6.77 (d= 9.0
Hz, 1H), 7.32 (tJ = 8.0 Hz, 1H), 7.39 (dd] = 4.0 Hz, 8.0Hz, 2H), 7.50 (d,= 8.0
Hz, 1H), 7.77 (s, 1H), 7.86 (s, 1H), 8.16 (s, 18195 (s, 1H), 9.30 (s, 1H), 10.19 (s,
1H); °C NMR (400 MHz, DMSOsdg): § 45.25, 47.16, 58.48, 58.80, 66.75, 70.02,
70.41, 104.34, 113.99, 115.13, 115.78, 118.84, 31719120.72, 121.05, 127.27,
129.14, 132.32, 134.84, 139.19, 139.65, 148.52,1155156.50, 157.93, 163.52,
167.70; HRMS (ESI) for Co7H30CloNgOs, (M+H)" caled: 589.1727, found: 589.1714.
4.2.6. N-(3-((5-Chloro-2-(4-(2-(bis(2-
methoxyethyl)amino)acetylamino)phenylamino)-4-
pyrimidinyl)amino)phenyl)acrylamide (7f). Yield: 13.8%%; off-yellow solid; *H
NMR (400 MHz, DMSO#): 6 2.79 (t,J = 4.0 Hz, 4H), 3.26 (s, 8H), 3.43 &= 4.0
Hz, 4H), 5.77 (dd,]) = 4.0 Hz, 8.0 Hz, 1H), 6.25-6.31 (m, 1H), 6.45-6(51, 1H),
7.26-7.43 (m, 4H), 7.54 (dd,= 8.0 Hz, 16.0 Hz, 3H), 7.90 (s, 1H), 8.15 (s, 18195
(s, 1H), 9.30 (s, 1H), 9.64 (s, 1H), 10.21 (s, 1% NMR (400 MHz, DMSOdg): &
54.74 (2C), 58.51 (2C), 59.36, 70.56 (2C), 10321Q.81, 115.02, 115.35, 115.63,
119.24, 119.60, 127.23, 128.86, 129.42, 132.28,7P32136.38, 139.29, 139.59,
155.14, 156.54, 158.03, 163.5469.55; HRMS (ESI) for Co7H3,CIN;Os, (M+H)*
calcd: 554.277; found: 554.2269.

4.2.7. N-(3-((5-Fluoro-2-(4-(2-(bis(2-
methoxyethyl)amino)acetylamino)phenylamino)-4-
pyrimidinyl)amino)phenyl)acrylamide (7g). Yield: 15.3%; off-yellow solid; *H
NMR (400 MHz, DMSO#): 6 2.77 (t,J = 8.0 Hz, 4H), 3.25 (s, 8H), 3.42 &= 4.0
Hz, 4H), 5.75 (dd) = 4.0 Hz, 8.0 Hz, 1H), 6.26 (dd,= 4.0 Hz, 16.0 Hz, 1H), 6.47
(dd,J = 8.0 Hz, 16.0 Hz, 1H), 7.28 @,= 8.0 Hz, 1H), 7.39 (d] = 8.0 Hz, 2H), 7.44
(d,J = 8.0 Hz, 1H), 7.55 (dJ = 8.0 Hz, 1H), 7.61 (dJ = 8.0 Hz, 2H), 7.95 (s, 1H),
8.10 (d,J = 4.0 Hz,1H), 9.14 (s, 1H), 9.43 (s, 1H), 9.63 (s, 1H), 10.17 (s, 1H); °C
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NMR (400 MHz, DMSOedg): 6 54.81 (2C), 58.58 (2C), 59.43, 70.65 (2C), 113.59,
115.05, 117.85, 119.37 (2C), 119.39, 127.26, 129.062.40, 132.56, 136.95, 139.58,
139.65 § = 28.0 Hz), 139.70, 141.11, 141.3076.0 Hz), 142.15, 150.17, 150.2B (
= 44.0 Hz), 155.94]55.97, 163.60,169.59; HRMS (ESI) for C7H3,FN;O4, (M+H)*
calcd: 53.2573; found: 538.2563.

4.2.8. N-(3-((5-Chloro-2-(3-methoxy-4-(2-(bis(2-
methoxyethyl)amino)acetylamino)phenylamino)-4-
pyrimidinyl)amino)phenyl)acrylamide (7h). Yield: 10.2%; off-yellow solid; *H
NMR (400 MHz, DMSO+dg): 6 2.81 (t,J = 4.0 Hz, 4H), 3.24-3.28 (m, 8H), 3.47 {t,
= 4.0 Hz, 4H), 3.65 (s, 3H), 5.79 (d#i= 4.0 Hz, 8.0 Hz, 1H), 6.29 (dd,= 4.0 Hz,
16.0 Hz, 1H), 6.49 (dd} = 8.0 Hz, 16.0 Hz, 1H), 7.24 (d= 9.0 Hz, 1H), 7.32 (1) =
8.0 Hz, 1H), 7.43 (d) = 8.0 Hz, 2H), 7.52 (d] = 8.0 Hz, 1H), 7.91 (s, 1H), 8.03 (@,

= 9.0Hz, 1H), 8.20 (s, 1H), 8.97 (s, 1H), 9.30 (s, 1H), 9.60 (s, 1H), 10.20 (s, 1H); **C
NMR (400 MHz, DMSOe€k): ¢ 55.23 (2C), 55.83, 58.43 (2C), 60.44, 71.00 (2C),
102.86, 104.27, 110.96, 115.06, 115.60, 119.36,6¥721127.20, 128.93, 132.28,
136.92, 139.34, 139.62, 148.47, 148.72, 155.11,3856158.06, 163.50]169.16;
HRMS (ESI) for GgH34CIN,Os, (M+H)" calcd: 584.2383, found84.2379.

4.2.9. N-(3-((5-Chloro-2-(3-methyl-4-(2-(bis(2-
methoxyethyl)amino)acetylamino)phenylamino)-4-
pyrimidinyl)amino)phenyl)acrylamide (7i). Yield: 18.80%; off-brown solid; *H
NMR (400 MHz, DMSO€): 6 2.05 (s, 3H), 2.76 (1 = 4 Hz, 4H), 3.17 (s, 6H), 3.23
(s, 2H), 3.41 (t) = 4.0 Hz, 4H), 5.73 (dd] = 4.0 Hz, 8.0 Hz, 1H), 6.23 (dd,= 4.0
Hz, 16.0 Hz, 1H), 6.43 (dd,= 9.0 Hz,16.0 Hz, 1H), 7.31 (d,= 8.0 Hz, 3H), 7.52 (d,
J=8.0 Hz, 2H), 7.65 (d] = 8.0 Hz, 1H), 7.85 (s, 1H), 8.13 (s, 1H), 8.911¢4), 9.23
(s, 1H), 9.38 (s, 1H), 10.18 (s, LHYC NMR(400 MHz, DMSOdg): 6 55.17 (2C),
58.38 (3C), 59.67, 70.65 (2C), 103.92, 115.33, 845117.10, 119.63, 120.72,
121.70, 127.22, 128.85, 129.05, 130.50, 132.27,9136139.34, 139.66, 155.16,
156.53, 158.08, 163.511,69.43; HRMS (ESI) for CagHz4CIN;O4, (M+H)" calcd:
568.2434; found: 568.2410.

4.2.10. N-(3-((5-Chloro-2-(4-((tetrahydro-2-furanyl)methoxy)phenylamino)-4-
pyrimidinyl)amino)phenyl)acrylamide (7j). Yield: 16.58%; off-white solid; *H
NMR (400 MHz, DMSOek): 6 1.61-1.68 (m, 1H), 1.81-1.90 (m, 2H), 1.95-2.01 (m,
1H), 3.67-3.70 (m, 1H), 3.75-3.82 (m, 3H), 4.09-24(fh, 1H), 5.75 (dd) = 4.0 Hz,
8.0 Hz, 1H), 6.27 (dd) = 4.0 Hz, 16.0 Hz, 1H), 6.47 (dd,= 8.0 Hz,16.0 Hz, 1H),
6.70 (d,J = 8.0 Hz, 2H), 7.32 (tJ = 8.0 Hz, 2H), 7.50 (tJ = 8.0 Hz, 3H), 7.90 (s,
1H), 8.11 (s, 1H), 8.91 (s, 1H), 9.17 (s, 1H), 10.22 (s, 1H); **C NMR (400 MHz,
DMSO-dg): 6 25.59, 28.13, 67.83, 70.61, 76.91, 103.58, 11424%),(115.68, 115.82,
119.53, 120.85 (2C), 127.33, 128.99, 132.26, 133.99.25, 139.41, 153.66, 155.19,
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156.51, 158.15, 16315 HRMS (ESI) for C24H24CINsOs, (M+H)" calcd: 46.1640;
found: 466.1630.

4.2.11. N-(3-((5-Fluoro-2-(4-((tetrahydro-2-furanyl)methoxy)phenylamino)-4-
pyrimidinyl)amino)phenyl)acrylamide (7k). Yield: 12.80%; off-white solid; *H
NMR (400 MHz, DMSO#k): 6 1.54-1.63 (m, 1H), 1.76-1.84 (m, 2H), 1.89-1.97 (m,
1H), 3.59-3.64 (m, 1H), 3.69-3.78 (m, 3H), 4.03-94(M, 1H), 5.70 (dd) = 4.0 Hz,
16.0 Hz, 1H), 6.21 (dd] = 4.0 Hz, 16.0 Hz, 1H), 6.42 (dd,= 8.0 Hz, 16 Hz, 1H),
6.70 (d,J = 9.0 Hz, 2H), 7.23 (t) = 8.0 Hz, 1H), 7.40 (dd] = 8.0 Hz,16.0 Hz, 2H),
7.48 (d,J = 8.0 Hz, 2H), 7.91 (s, 1H), 8.02 @= 4.0 Hz, 1H), 8.95 (s, 1H), 9.34 (s,
1H), 10.12 (s, 1H); **C NMR(400 MHz, DMSOds): § 26.20, 28.73, 68.43, 71.25,
77.54, 114.41, 115.09 (2C), 115.75, 118.32, 1212Z0), 127.88, 129.66, 132.90,
135.09, 140.02, 140.0D € 20.0 Hz), 141.71, 141.90 € 76.0 Hz), 142.53, 150.67,
150.78 § = 44.0 Hz), 154.10, 156.65, 156.68, 164 ARMS (ESI) for G4H24FNsOs,
(M+H)" calcd: 450.196; found:. 450.1932.

4.2.12.  (Tetrahydro-2-furanyl)methyl,2-(4-((5-chloro-4-((34(1-oxo-2-propen-1-
yl)amino)phenyl)amino)-2-pyrimidinyl)Jamino)phenoxy)acetate (7). Yield:
12.88%; off-yellow solid; *H NMR (400 MHz, DMSOde):  1.49-1.56 (m, 4H), 3.68
(d,J = 8.0 Hz, 1H), 4.58 (d] = 4.0 Hz, 1H), 4.61-4.66 (m, 3H), 4.79-4.84 (m)2H
5.24 (s, 1H), 6.53 (d] = 8.0 Hz, 2H), 6.71 (dd] = 4.0 Hz, 8.0Hz, 2H), 7.27 (dd,=
8.0 Hz, 16.0Hz, 2H), 7.49 (d,= 8.0 Hz, 3H), 7.80 (s, 1H), 8.09 (s, 1H), 8.871(4),
9.17 (s, 1H), 9.99 (s, 1H); *C NMR(400 MHz, DMSOdg): J 19.96, 28.88, 65.69,
66.29, 73.12, 73.27, 104.06, 113.75, 114.84, 116.25.04, 127.66, 129.09, 132.54,
134.90, 139.49, 139.56, 139.74, 139.96, 144.13,8149152.97, 155.41, 156.82,
158.41, 163.83; HRMS (ESI) for GgH26CINsOs, (M+H)™ calcd: 524.185; found:
524.1684.

4.3 Biological evaluation
4.3.1 Cell culture and reagents

Ramos and Raji cells were purchased from Fuhenp@aCompany (Shanghai,
China). Peripheral blood mononuclear (PBMC) celése obtained from a healthy
adult male. The Cell Counting Kit-8 (CCK-8) reagemas purchased from Biotool
Company (Switaerland). The BTK enzym and the ADBI&GIKinase Assay system
that measures ADP formed from a kinase reactiorevperrchased from Promega
Corporation (USA). The Annexin V-FITC Apoptosis Betion Kit and Cell Cycle
Assay were purchased from Beyotime Company (Chiaxell lines were grown in
RPMI-1640 (Gibc8, USA) supplemented with 10% FBS (GiicoUSA), 1%
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penicillin-streptomycin (Beyotime Company, Chin@he cells were maintained and

propagated as monolayer cultures at 37 °C in hifiedds% CQ incubator.

4.3.2. In vitro kinase enzymatic assay

The BTKkinaseenzyme system (Catalog. V9071) was purchased frmmé&ga
Corporation (USA). Concentrations consisting otahie levels from 0.1 to 100 nM
were used for all of the tested compunds. The @xgeerts were performed according
to the instructions of the manufacturer. The maaided and complete protocols, see
the  ADP-GIJ™ kinase Assay Technical Manual available at:
http://cn.promega.com/resources/protocols/produfoirmation-sheets/n/btk-kinase-
enzyme-system-protocol/. The test was performed 884-well plate, and includes
the major steps below: (1) perform al5kinase reaction using 1x kinase buffer (e.qg.,
1x reaction buffer A), (2) incubate at room tempame for 60 minutes, (3) add A
of ADP-Glo™ Reagent to stop the kinase reactiondeqlete the unconsumed ATP,
leaving only ADP and a very low background of AT@) incubate at room
temperature for 40 minutes, (5) addll0of Kinase Detection, (6) reagent to convert
ADP to ATP and introduce luciferase and luciferindetect ATP, (7) incubate at
room temperature for 30 minutes, (8) plate was oweason TriStdt LB942
Multimode Microplate Reader (BERTHOLD) to detec¢ thminescence (Integration
time 0.5-1 second). Curve fitting and data predemta were performed using
GraphPad Prism version 502

The procedure to detect whether compountbrms irreversible inhibition or not
with BTK enzyme based on the ADP-Glo™ Kinase Assggtem. Briefly, the
procedure includes: 1) Add inhibitd% (1uL, 50 umol/ L) to 1xbuffer (99uL) to
afford 100uL drug solution (500 nmol/L); 2) Dilute enzyme (Q) with 1xbuffer
(190 puL) to provide 200uL (2.5 ngfiL) enzyme solution; 3) Mix the drug solution
(100 uL) and the diluted enzyme solution (200) at room temperature for 60 min,
then extract with dichloromethane two times (2x30D), the water solution
containing the inhibitor-linked BTK was retained;Add substrate (100QL) and ATP
(2.51L) tolxbuffer (97.5uL) to afford the substrate/ATP mixture (2QQ.); 5)

Combine the substrate/ATP mixture (2) prepared in step 4 with the BTK-
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contained solution (8L), then incubate at room temperature for 60 mjmaéd 5L
of ADP-Glo™ Reagent, and incubate at room tempegditr 40 minutes to stop the
kinase reaction and deplete the unconsumed ATRd@)10uL of Kinase Detection,
and incubate at room temperature for 30 minutes; Récord luminescence

(Integration time 0.5-1 second).

4.3.3 Cdlular activity assay

All the cell viability assays were performed acangito the CCK-8 method. The
cells were seeded in 96-well plates at a densi®,@d0 to 3,000 cells/well and were
maintained at 37C in a 5% CQincubator in RPMI1640 containing 10% fetal bovine
serum (FBS, Gibco) for one day. Cells were esptsedeatment for 48 h, and the
number of cells used per experiment for each @edlsl was adjusted to obtain an
absorbance of 0.5 to 1.2 at 450 nm with a micrepleader (Thermo, USA).
Compounds were tested at appropriate concentra{ib@® to 40uM), with each
concentration duplicated five times. The;d@alues were calculated using GraphPad

Prim version 5.0.

4.3.4 Cytotoxic activity assay

Peripheral venous blood was collected in an ACDicaagulant (Mios V
anticoagulant= 9:1) tube from the normal healthy adult malee Téucocyte-rich plasma
was removed and the peripheral blood mononuclets ¢eBMC) consisting of
monocytes and the lymphocytes were separated orphgprep (density 1.077g/ml,
Nyegaard & Co. As., Oslo, Norway). The cells casecfrom the interface layer were
washed three times with PBS buffered salt solutiand counted using
cell counting chamber.

PBMC cells were seeded in 24-well plates at a tensi 8,000 to 10,000
cells/well. Cells were treated with inhibitéy at appropriate concentrations (2.5, 5, 10,
20, 40uM), with each concentration duplicated five tim@ftering maintaining the
cells at 37°C in a 5% CQ incubator in RPMI1640 containing 10% fetal bovine
serum (FBS, Gibco) for 24 h, the morphology of tkds was observed with a phase
contrast microscope (Nikon, Japan), and the numbeér living PBMC
cells was calculated by traditional manual methodithw an ordinary
cell counting chamber.
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4.3.5 Flow cytometry assay

The Ramos and Raji cells (1 to 5 R1@lIs/well) incubated in 6-well plates were
treated with solvent control (DMSO), spebrutinilbrutinib, or compound?j in
medium containing 5% FBS for 48 h. Then, colleced fixed with 70% ethanol at
4 °C overnight. After being fixed with 75% etharail4 °C for 24 h, the cells were
stained with Annexin V-FITC (L)/propidium iodide (5uL), and analyzed by flow
cytometry assay (Becton-Dickinson, USA). For ceitle analysis, Ramos and Raiji
cells at a density of approximately 2x1¢ells/well were incubated in 6-well plates,
treated with different concentrations of inhibitéos 48 h, collected and fixed with 70%
ethanol at 4 °C overnight. After fixation, the sellere washed with PBS and stained
with propidium iodide (Pl) for 10 min under subduédht. Stained cells were
analyzed flow cytometry assay (Becton-Dickinson, N$A), and the results were
performed using FCS Express flow cytometry analysisoftware
(ModFit LT 3.1).[28,29]

4.4 Molecular docking study

The crystal structure (PDB: 3GEN) of the kinase domof BTK bound to a
pyrrolopyrimidine-containing compound.[30] The enmy preparation and the
hydrogen atoms adding was performed in the preppredess. The whole BTK
enzyme was defined as a receptor and the siteesplees selected on the basis of the
binding location of pyrrolopyrimidine inhibitor. Bynoving the inhibitor and the
irrelevant water, molecule¥a, 7c, 7|, 7 7h and spebrutinio were placed,
respectively. The binding interaction energy wasudated to include van der Waals,
electrostatic, and torsional energy terms defimethe tripos force field. Ten docking
poses were generated and clustered, and compoutidpredicted binding affinities
better than 7.0 kcal/mol in each of the three daogkiuns were selected for further
analysis and visual inspection. The structure opation was performed using a
genetic algorithm, and only the best-scoring liggnotein complexes were kept for

analyses.[31-33] The WWW site also includes mamspueces for use of AutoDock,
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including detailed Tutorialthat guide users through basic AutoDock usage, idgck
with flexible rings, and virtual screening with ARock. Tutorials may be found at:
http://autodock.scripps.edu/fags-help/tutorial.
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Enzymatic activity Antiproliferative activity

Compound 5-R 3-R* 4-R (ICs0, NM) (ICs0, uM)®
BTK Ramos Raji
7a o H T 4.94 13.0 305
v O
7b F H @Y 7.12 18.1 2338
o
7c cl H o ol o 283 18.1 20.1
o
7d FooH ol o 272 >40.0 36.0
o
7e c ¢ o o >100 16.9 193
o
7 Cl H A meon 226 14.8 19.9
o Lol
79 FoOH  elo~yoon 013 35.6 36.9
o L_oo
7h Cl OMe M ~y~ou >100 11.0 20.9
o Lol
7i Cl Me i ~y~ou 200 19.6 35.6
o Lol
7 c H ) 12.1 10.5 19.1
7k F H ) 22.4 22.3 38.6
7 c H o Coyol D 023 >40 9.4
(¢]
Spebrutinib 0.72 20.9 29.4
Ibrutinib 0.34 12.6 19.3
Table2
Times Control® Normal BTK" Inhibitor-linked BTK®
1 166 9702 430
Luminescence values 2 180 10652 412
3 208 9574 308

Ave. 185 9976 383




Fig. 1. Structures of the novel BTK inhibitors.

Fig. 2. Binding mode ospebrutinibwith BTK enzyme (PDB: 3GEN).

Fig. 3. Designed strategy of new DPPYs as potent BTK indibi

Fig. 4. Morphological changes of the PBMC cells treated roglecule 7j (100 x, final

maghnification) at concentration of 2.5, 5, 10, 20,uM for 24 h. Cell numbers were calculated by
traditional manual method with an ordinary cell g chamber. One representative experiment
is shown.

Fig. 5. Compound7j induced Ramos cell apoptosisvitro. The cells were incubated with the
indicated concentrations @j for 48 h, and the cells were stained with ann&4i#T1C, followed
by flow cytometry analysis. One representative erpent is shownp < 0.05.

Fig. 6. Effects of spebrutinib, ibrutinib andi on Ramos cell cycle arrest detected by flow
cytometry assay. Results are representative o theparate experiments, dates are expressed as
the meanztstandard deviatigng 0.05.

Fig. 7. a) Putative binding mode «fpebrutinibwithin BTK (PDB code: 3GEN); b) Putative
binding mode of inhibitor7a within BTK (PDB code: 3GEN); c) Putative binding de of
inhibitor 71 within BTK (PDB code: 3GEN); d) Putative binding deof inhibitor7c within BTK
(PDB code: 3GEN); e) Putative binding mode of iitbib7e within BTK (PDB code: 3GEN); f)
Putative binding mode of inhibitath within BTK (PDB code: 3GEN).

Scheme 1. Synthetic route of title compounds-I. Reagents and conditions: @ryloyl chloride
NaHCG;, CHCN, rt, 0.5 h, 95%; (b) Fe-NJ&€l, MeOH-H,0, 2 h, 70°C, 72%; (c) ArNH,
DIPEA, 1,4-dioxane, 60C, 2 h, 91%,; (d) trifluoroacetic acid, intermedmfi2a-h 2-BuOH,
100°C, 12 h, 31% to 45%.

Scheme 2. Synthetic route of intermediatdé2a,b. Reagents and conditions: (a)@0s;, CH;CN,
80°C, 12 h, 63-85%); (b) Fe-Ny&l, MeOH-H,0, 2 h, 70°C, 60-87%.

Scheme 3. Synthetic route of intermediateZk-e. Reagents and conditions: (a) bromocacetyl
bromide, NaHC@ CH;CN, rt, 0.5 h, 93%; (b) bis(2-methoxyethyl)amingeCi;, CH;CN, 80°C,
12 h, 71-88%; (c) Fe-Ni€l, MeOH-H,0, 2 h, 70°C, 63-82%.

Scheme 4. Synthetic route of intermediate$2f-h. Reagents and conditions: (a) ethyl
bromoacetate, ¥CO;, CH:CN, rt, 5 h, 91%; (b) KOH, MeOH-D, 50°C, 1 h, 62-78%; (c)
(COCl), 50°C, 1 h; (d) KCO;, CHCN, 80°C, 12 h, 55-78%); (e) Fe-NgIl, MeOH-H,0, 2 h, 70
°C, 61-72%.

Table 1 Biological activity of the newly synthesized DPPY's



®Data represent the mean of at least three sepaxmiments.bDose-response curves were
determined at five concentrations. Thed@alues are the concentrations in micromolar ne¢oled

inhibit cell growth by 50% as calculated using Grapd Prism version 5.0.

Table 2 The luminescence values produced by treating BT, iahibitor-linked
BTK with ADP-Glo™ Kinase Assay system.

33 L 1xbuffer, 2uL (0.5 pg/uL substrate, 126M ATP); P1 uL 1xbuffer, 2uL (0.5 pg/ul substrate, 125M ATP),
2 uL 2.5 nglL enzyme;"1 uL 500 nmol/L drug, 2L (0.5 pg/uL substrate, 126M ATP), 2uL 2.5 ngliL
enzyme.



A new series of DPPY's were synthesized and biologically evaluated as potent
BTK inhibitors.

DPPY s could inhibit BTK activity at nanomolar concentrations.

Inhibitor 7j displayed higher inhibitory capacity to interfere with B leukemia cell

lines than ibrutinib.

Inhibitor 7] haslow cell cytotoxicity against norma PBMC cells.



