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ABSTRACT: Based upon the modeling binding mode of markaf@d9291 with T790M, a
series of 5,6-dihydro-4H-pyrrolo[3,2,1-ijJquinolinderivatives were designed and synthesized
with the purpose to overcome the drug resistansalted from T790M/L858R double mutations.
The most potent compoudshowed excellent enzyme inhibitory activities asléctivity with
sub nanomolar 1§ values for both the single L858R and double T72@®BR mutant EGFRs,
and was more than 8-fold selective for wild typdFRGCompoun@ exhibited good microsomes
stabilities and pharmacokinetic properties and lowading affinity to hERG ion channel than
AZD9291 and displayed strong antiproliferative activityagst the H1975 non-small cell lung
cancer (NSCLC) cells bearing T790M/L858R and im\auticancer efficacy in a human NSCLC

(H1975) xenograft mouse model.

KEYWORDS: Non-small cell lung cancer, 5,6-Dihydro-4H-pyrr{8¢2,1-ijjquinoline
derivatives, EGFR modulator, L858R/T790M doubleamist

1. Introduction

The ErbB family of receptor tyrosine kinases playsrucial regulatory role associated with
malignancies, making this protein family an anticantarget[1]. Epidermal growth factor
receptor (EGFR) belongs to the ErbB family and iseg mediator in cellular signaling related
to cell growth, proliferation, survival, and migrah [2-4]. Overexpression or mutation of EGFR
is a common feature in many human solid malignanaspecially in non-small cell lung cancer
(NSCLC)[5-7]. Therefore, EGFR represents a valuable target far tiesign of anticancer
agents[8-11]. The first-generation EGFR inhibitoexlotinib and gefitinib (Fig. 1) have been
used in clinic for the treatment of EGFR-mutatedCNS (such as L858R and delE746-A750)
[12, 13] Unfortunately, the clinical efficacies @flotinib and gefitinib were limited by the

acquired drug resistance, such as that induced H® mutation of the gatekeeper residue



(T790M) which was detected in 50% of clinically aicgd drug resistant patien{d4, 15] This
mutation decreases the binding of ATP-competitivebitors to the kinase and restores ATP
affinity to EGFR[16].

In order to overcome drug resistance induced byOM9the second-generation irreversible
inhibitors had been developed includiagatinib and dacomitinib (Fig. 1). These inhibitors
contained electrophilic Michael-acceptor moietiémtt could covalently modify the conserved
cysteine residue (Cys797) at the lip of the ATRlibip cleft of EGFR17-19] However, their
clinical efficacy had been limited by associateih sksh and gastrointestinal toxicity because of
their poor kinase selectivity between EGFR T790Namts and the wild-type (WT) EGHEO].

The desire to improve the selectivity of EGFR T738Mr the WT EGFR led to the third-
generation of irreversible EGFR inhibitors. Sinde tdiscovery otWZ-4002, a number of, -
unsaturated vinyl amide inhibitors entered clini¢ahls, such asCO-1686 PF-06459988and
AZD9291 (Fig. 1) [21-24] Among themAZD9291 which had an amino pyrimidine scaffold,
showed 200-fold selectivity for T790M/L858R doutnletants over WT EGFRR5] and was

approved for the treatment of NSCLC patients wi-R T790M mutation by FDA in November
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Fig. 1 Structures of different generation EGFR inhibstor

AZD9291 had been reported to have a few common adversgseweclinical trials, such as
diarrhea, rash and decreased appetite. And the rdiybof diarrhea, rash and cardiotoxicity
increased with escalating dosesA®D9291 [26]. To overcome the drawbacksAZD9291, in
this manuscript, we described the design, synthesigtro and in vivo biological evaluation of

a series of novel selective T790M inhibitors.



2. Results and discussion

2.1. Chemistry

The synthetic routes of target compouBels6 and 22-30were outlined in Schemes 1 and 2,
respectively. For the preparation of compousdd.2 (Scheme 1), commercially available 2- or
5-substituted pyrimidineg were firstly coupled with 1-methyl-1H-indole or &liydro-4H-
pyrrolo[3,2,1-ijjquinolone fragments to give inteediates2 (2a or 2b) in moderate to high
yields (45.0-90.0%) with the catalyst aluminum didie. And then the 6-chloro groups dfvere
substituted by 4-fluoro-2-methoxy-5-nitroaniline iatg to give the intermediate3 with the
yields of 81.5-92.0%. The fluoro groups3oivere substituted by the N,N,N-trimethylethane-1,2-
diamine to produce intermediatdswith the yields of 60.0-78.0%. Subsequent rednabiothe
nitro groups of4 with hydrogen gave aminés which were not purified and directly used in the
next reaction. After acylation of amines with acryloyl chloride and elimination of
hydrochloride with sodium hydroxide, the desirathfimolecules-12 were obtained with the
yields of 25.0-65.5%.

Scheme 1Synthetic Route for Target Compoubes?
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®Reagents and conditions: (a) 1-methyl-1H-indoles(iv) or 5,6-dihydro-4H-pyrrolo [3,2,1-
ijjquinolone (1 equiv), AIGI(1 equiv), 1,2-dimethoxyethane (DME), 85 °C, 651049€0.0%; (b)
4-fluoro-2methoxy-5-nitroaniline (1.1 equiv), togicid monohydrate (1.1 equiv), 1,4-dioxane,
90 °C, 9 h, 81.5-92.0%; (c) N,N,N'-trimethylethan2-diamine (1.1 equiv), N,N-
diisopropylethyl- amine (DIPEA) (1.5 equiv), N,Nwndithylacetamide (DMAC), 140 °C, 6 h,
60.0-78.0%; (d) 10% Pd/C (0.2 equiv);, eOH, rt, overnight; (e) 3-chloropropanoyl! chlde

(1 equiv), NaOH (4 equiv), THF, rt-65 °C, overnigh%.0-65.5%.

The target compound$3-16 and 22-30 were prepared from commercially available 2,4-
dichloro pyrimidinel7. Firstly 4-chloro of starting material 7 was substituted by 3-methyl-1H-
indole and 1H-indazole groups to give the key miediates18a and 18b with the yields of
86.4% and 80.0%, respectively. For the preparatasnintermediatel8¢ 4-chloro group of
starting material 17 was substituted by 5,6-dihydro-4H-pyrrolo[3,2,Jgyjinolone with the
catalyst aluminum chloride in high yield (90.1%heh the 2-chloro groups of compours
were substituted by 4-fluoro-2-methoxy-5-nitroar@lito give the intermediatd® (yields 84.0-

95.0%). The fluoro groups GO were substituted by different amines R to prodotmediates



20 with moderate to high yields (60.5-80.0%). Subseatweduction of the nitro groups @b
with hydrogen gave amin&d, which were not purified and directly used in thext reaction.
After acylation of21 with acryloyl chloride and elimination of hydrodhide with sodium
hydroxide, the desired compouris16and22-30were obtained with the yields of 24.9-70.0%.

Scheme 2 Synthetic Route for Target Compoun@8sl6and22-3¢
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®Reagents and conditions: (a) 3-methyl-1H-indolee@liv) or 1H-indazole (1 equiv),.&80;s (2
equiv), MeCN, reflux, overnight80.0-86.4%; 5,6-dihydro-4H-pyrrolo[3,2,1-ijjquinot@ (1
equiv), AIC} (1 equiv), DME, 80 °C, 6 h, 90.1%; (b) 4-fluoro-2#moxy-5-nitroaniline (1.1
equiv), tosic acid monohydrate (1.1 equiv), 1,4xdiee, 85 °C, 8 h, 84.0-95.0%; (c) different

substituted amines R (1.1 equiv), DIPEA (1.5 eq@NJAC, 140 °C, 6 h, 60.5-80.0%; (d) 10%



Pd/C (0.2 equiv), E§ MeOH, rt, overnight; (e) acryloyl chloride (1 agy DIPEA (2.0 equiv),

CH.Cl, -10 °C, 0.5 h, 24.9-70.0%.
2.2. Design strategy of the new compounds

Without the crystal complex &ZD9291 binding to the T790M EGFR kinase domain, we
employed a published T790M structure (PDB code:A}IKo model the binding mode with
AZD9291 (Figs. 2 and 3). The docking mode indicated #&D9291 bound to the outer edge
of the ATP-binding pocket. The pyrimidine corehef inolecule formed two hydrogen bonds with
Met793 residue in the kinase hinge: one with thaoi@ group adjacent to the gatekeeper
residue, and the other with the dimethylamine myopeisitioned in the solvent channel, while
Cys797 covalently bonded to the acrylamide grf2g). Furthermore, several vander Waals
interactions existed betwe&¥D9291 and the residues of protein, such as the pyrineiding
with Ala743, and the indole ring with Val726 ande?R3, respectively (Fig. 327]. These
interactions were envisioned to be important fopraving the activity and selectivity against

mutated EGFR kinag28].
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Fig. 2. Docking pose oAZD9291 in the complex of EGFR T790M mutant.
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Fig. 3. Interaction map oAZD9291 with the EGFR T790M mutant and the overview in the

binding site.

Based upon the binding mode AZD9291 with T790M active domain, we modified the
substitution position of the pyrimidine ring andparded the indole ring (Fig. 4) to increase the
binding interaction and selectivity of the inhibgovith T790M EGFR kinase, which may reduce
their affinity for the human ether-a-go-go relatgene (hERG) channel (cardiotoxicity). And a
number of side chain amines (R) were also modifigial the purpose to improve the potency and

physical properties of the inhibitors.
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Fig. 4. Design strategy of the new compounds basefAip9291.

2.3. Biological evaluation

According to our design strategy (Fig. 4), a serésovel T790M inhibitors with 2- and 4-
amino pyrimidine scaffold were designed and syitkds(Table 1). The kinase inhibitory
activities of the target compounds were evaluatedavwell-established FRET-based Z'-Lyte
assay[29] against different types of EGFR kinases (Table 1).

Compared with 2-amino pyrimidine standa®lZD9291, most of 4-amino pyrimidine
analogues12-16 showed greatly decreased activities against wyidet (WT) EGFR, single
mutant L858R and double mutant T790M/L858R (TL}, dwmpoundslO and 11 displayed
strong activities against all of these three EGH@# ICs, values were less than 5 nM).
However, these two compounds showed less seledigtiiveen WT and TL EGFR (the ratio of
WT/TL was 1.4 and 1.2, respectively). Screenirigy @ind 4-amino substituted pyrimidine cores
indicated that the former could be selected astémeplate to develop. The biological results
demonstrated that ring expansion of indole moiatgnditically affected the activities and

selectivity for the 2-amino substituted pyrimidimealogues. Introduction of 5,6-dihydro-4H-
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pyrrolo[3,2,1-ijJquinolone group at the indole pdsin led to the same activity and selectivity as
the standardAZD9291. For example, compourtlinhibited the wild type EGFR, single mutant
L858R and double mutants T790M/L858R (TL) withI@g values of 21.6, 6.0 and 2.6 nM,
respectively and the correspondingsdGralues ofAZD9291 were 19.7, 6.0 and 2.1 nM,
respectively, which suggested that the spatialtposof indole group imrAZD9291 close to the
gatekeeper residue would be large enough for theatg ring structure group such as 5,6-
dihydro-4H-pyrrolo[3,2,1-ijjJquinoline moiety. Howey, the substitution of 1-methyl-1H-indole
(AZD9291) with 3-methyl-1H-indole (compoun@) dramatically decreased the activity and
selectivity (Table 1). Furthermore, the introductiof 1H-indazole (compound moiety led to
complete loss of activities against all of the thieGFR kinases. For the 4-amino compound,
modification of indole position did not change #nivity and selectivity in a large extent. For
example, both 1-methyl-1H-indole (compountd) and 5,6-dihydro-4H-pyrrolo[3,2,1-
ijj]quinolone (compoundll) moieties led to the same activities against W58R and TL
kinases (all 1G values were less than 5 nM) and the similar seliégt The same results could
be concluded for 1-methyl-1H-indole substituted poomd 12 and 5,6-dihydro-4H-
pyrrolo[3,2,1-ij]- quinolone substituted compourith. Different substitutes at 'Rand R
positions affected the activities and selectivithath 2- and 4-amino pyrimidine analogues. For
2-amino substituted compounds, the substitutiohyoffogen at R position AZD9291) with
methoxy group (compour@) decreased the TL activity (£ 13.0 nM vs 2.0 nM) with 6.5 folds,
but the selectivity was increased with 5.3 foldS{Wl: 52.6 vs 9.9). For 4-amino substituted
compounds, substitution of the hydrogen apésition (compound0, ICse: 1.6 nM) with fluoro
(compoundL3, ICso: 94.8 nM) and methoxy groups (compoudd ICse: 212.5 nM) dramatically
decreased the TL activities. Different groups atp@sition also had great influence on the

activity and selectivity. Methyl and methoxy groaps? position decreased the TL activities

11



and increased the selectivity in a certain extddompared with compoundO, methoxy
substituted compount6 was 6-fold less potent in activity, but its selgtt was increased by
more than 40 folds, while the methyl substituteadpaundl5 was 37-fold less potent in activity,
but the selectivity was increased in only 2 fol8ased on the activities and selectivity,
compound was selected as a lead to optimize.

Table 1 Enzymatic Inhibitory Activities of Compour@i46 andAZD92912

Ar O NH |
1
X \Y,R N\/\T/
| ~
iy
O\
ICs0 (NM)? Selectivity
Compd. R R? Ar X Y
WT® L858R TL® (WT/TL)
©§
6 - H N C N 7145 1856 287.4 25
\
N
7 ’ H Y ¢ N NAY  >600 >600 -
N
8 - H p C N 216 6.0 2.6 8.3
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AZD9291 - H

®Enzymatic inhibitory-activity assays were performeing the FRET-based-Eyte assay. All
experiments were repeated at least three tinf¥%T, wild type EGFR.°TL, T790M/L858R

double mutantg!NA, not active.

After the optimization of ring expansion and pydme moiety, the modification of amine R
groups was carried out. Different amine moietiesenscreened and the results were showed in
Table 2. Firstly, the terminal N atom (compouBid was changed to its isostere O atom
(compound2?2) to investigate the activity and selectivity byplgation of the bioisosterism
method. The results indicated that the activitits@mmpound22 against three kinds of kinases
were dramatically decreased although the selegtiwidis 3-fold higher than that of compousd
Then the effect of the amidation of terminal teytidl was evaluated. Amid&8 and 24 were
inactive in the inhibition of WT kinase and onlywafed micromole level against L858R and TL
kinases, which may be due to the loss of hydrogeordafter amidation of terminal N atom.
Then the effect of different substituents of N alioked to the core was investigated. After
cyclization with four membered ring (compouth), the activities against L858R and TL kinases
nearly decreased 2 folds compared with compdind/hen the distance of two nitrogen atoms
of R group was increased, the activities againstdtrkinases were all decreased. For example,
compound®6 and 27 lost the potencies against all forms of the EGhiades compared with
compound. Compound8, which wascyclized with five membered ring, remained the poés
against EGFR kinases, but the selectivity sligmdguced. When the amine moiety R was
replaced with piperazine moiety (compol28), all the inhibitory activities reduced significéy

and compoun@0wasinactive in the inhibition of all forms of the EGRdhases after amidation

14



of piperazine ring. The optimized results illust@dtthat the R position might be N,N,N

trimethylethane-1,2-diamine group to maintain theorsger inhibition against EGFR kinases

and the better selectivity.

Table 2 Enzymatic Inhibitory Activities @2-30 andAZD9291*

NH
R
~N
ICs0(NM)® Selectivity
Compd. R
WT® L858R TL® (TL/WT)
|
8 :L‘LN\/\N< 21.6 5.3 2.9 7.4
{
% ~""0H
22 838.5 192.3 34.8 24.1
| O
23 HLN _ >1000 498.0 278.2 >3.6
- N
N
| 0]
?%_N ~ N )J\
24 | >1000 385.5 188.2 >5.3
/
25 —%—N&N\ 63.9 13.6 4.9 13.0
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_ _Ni>_/
26 : 202.1 11.6 6.7 30.2

27 251.1 145 11.8 21.3

28 8.8 4.0 1.9 4.6

29 -§-N N— 877.4 64.3 55.5 15.8

30 / NA‘ 427.7 1230.0 -

AZD9291 13.¢ 4.2 1.¢ 7.2

®Enzymatic inhibitory-activity assays were performeing the FRET-based-Eyte assay. All
experiments were repeated at least three tif&., wild type EGFR.°TL, T790M/L858R

double mutantgINA, not active.

The antiproliferative effects of the new potenirdlibitors with the G, values of enzymatic
inhibition less than 10 nM were further investightto evaluate their potential antitumor
activities in cancer cell lines (Table 3). The ésudlisplayed that compound$, 11 and28 were
active against A431, HCC827 and H1975 NSCLC celiddring wild-type EGFR, EGFR
delE746A750 and EGFR L858R/T790M, respectively. But thesmpounds showed less
selectivity between wild-type and mutant cell lineésmpounds3, 9, 12, 16, 25 and 26 were

nearly inactive in the inhibition of wild-type A48&Il and much active against mutant cell lines

16



and showed high selectivity. The SAR analysis eethcompounds indicated that after
cyclization with four membered ring (compoursand 26) of amine R groups, the selectivity
against HCC827 and H1975 cancer cells nearly remdinompared with compoui@] but the
activities decreased slightly. Interestingly, irduetion of a methoxy group in the 6-position of
the 2-aminopyrimidine ring (compour8) and the 2-position of the 4-aminopyrimidine rings
(compounddl2 and 16) led to a significant loss in potencies againg tancer cells. So based
on the selectivity and activity data against thetanti cancer cell lines, compourté were
selected to be further evaluated the drug avaiigbil

Table 3. Cell Viabilities of Representative Compotihds

NSCLC cell lines I (nM) Selectivity
Compd A431 (WT’) HCC827 (del E74-A750)  H1975 (TL°) (TL/WT)
8 869.¢ 109.2 102.¢ 8.t
9 >1000( 1166.( 319.¢ >31.2
10 128.¢ 16.2 33.¢ 3.8
11 121.5 24.: 37.¢ 3.2
12 >1000( 1207.( 563.( >17.€
16 >1000( 925.( 210.2 >47.€
25 1123.( 98.2 143.: 7.8
26 1468.( 289.7 166.Z 8.8
28 514.; 717 99.¢ 5.1

17



AZD9291 615.¢ 61.¢ 67.C 9.2

2 All experiments were repeated at least three ti&d, wild type EGFRETL, T790M/L858R

double mutant.

The metabolic stability of the promising compo@was determined with various species of
liver microsomes, such as human, mouse, rat, dayraonkey liver microsomes (Data were
shown in Table 4). And the marke®AD9291 was selected as the standard. The half-life)(T
and intrinsic clearance (Gl) parameters were used to evaluate their metalsiadilities. It
could give a good indication of the in vivo hepatiearance when the overall clearance
mechanism was metabolic and when oxidative metabaliominates (i.e., Ghiaboic> Clrenat
Cluiiay + CLoter) [30, 31} Table 4 revealed that compourl displayed good metabolic
stabilities. The half-life oB in human liver microsome were more than 180 msjueehich
showed that it almost was not metabolized by huianmicrosome and the contralzD9291
showed similar result. For other species, mouserlwmicrosome metabolized compoudidn
11.9 minutes, which was more rapidly than otherrasiomes. Furthermore, compouBdvas
metabolized in shorter time thakZD9291 in mouse, rat and monkey liver microsomes except
dog. So this compound could be metabolized morallyathan AZD9291 after binding with
target and showed less toxicity tha¥D9291, which was displayed during our in vivo
experiments.

Table 4. Stabilities of CompoundsandAZD9291 in Liver Microsomes of Various Species

8 AZD9291

Liver microsomes

Tap CLint Tup CLint

18



(min) (mL/min/kg) (min) (mL/min/kg)

Humar >18( ND? ND? ND?
Mouse 11.¢ 456.¢ 23.€ 228.¢
Ra 46.2 54.C 62.4 40.C
Dog 31.t 63.2 21.C 95.C
Monkey 28.¢€ 64.¢ 63.C 29.7

&ND: not detected.

Furthermore, data of the metabolic stabilities iantan and rat hepatocytes for compouhd
and AZD9291 showed the similar results as that of microsonagikties (Data were shown in
Table 5).Compound8 was metabolized more rapidly th&¥D9291 in both human and rat
hepatocytes. And the metabolic degradation of cam@® in human hepatocytes was slower

than rat one, which was consistent with the resefiisrzer microsomes stabilities.

Table 5. Stabilities of CompoundsandAZD9291 in Hepatocyte

8 AZD9291
Hepatocyte Ty, CLint Tip CLint
(min)  (uL/min/iPcell)  (min) (uL/min/10°cell)

19



Humar 138.¢ 5.C >18( ND?

Ral 33.C 21.0 57.¢ 12.0

&ND: not detected.

With these encouraging in vitro data, candid8teas further investigated by profiling po and
iv pharmacokinetics in male Sprague-Dawley (SD$.rathe results were illustrated in Table 6.
After oral administration in male SD rats, compou8dshowed longer half life time than
AZD9291 (T2 4.1 vs 3.8 h), partially because of its lowerteysic clearance (CL: 5169.7 vs
6600.0 (mL/h)/kg). Furthermore, good exposure waseoved for compound (AUC.in. 1021.0
h-ng/mL). It also showed a good oral bioavailakilis2.4%), approximately equal &ZD9291
in our test (66.5%).

Table 6. In Vivo Pharmacokinetic Parameters fdompounds8 andAZD9291%

Paramete 8 AZD9291
Dose (mg/ke 10.0 (po 1.0 (iv) 10.0 (po 1.0 (iv)
Tuz(h) 4.1 4.5 3.€ 4c
Tmaxh) 3.2 - 2.7 -
Crmax{Ng/mL) 111.( - 111.( -
AUCq«(h-ng/mL 994.; 189.1 937.% 141.(
AUCq.n(h-ng/mL 1021.( 194.( 954.; 152.3
CL((mL/h)/kg) - 51609." - 6600.(
MRT(h) 5.7 4.7 5.7 4.¢

20



F(%) 52.4 - 66.F

®Pharmacokinetic parameters following administratinormale Sprague—Dawley rats.

Because of its potent activity in inhibiting EGFR90M/L858R kinases and NSCLC cell
growth and good pharmacokinetic properties, comgb8rwas further evaluated for in vivo
antitumor efficacy using an EGFR L858R/T790M-driveiman NSCLC xenograft mouse model
of H1975 (Table 7 and Fig.5). SCID mice bearingabbshed H1975 tumor xenografts were
dosed orally with compoun8 at 5, 10 and 20 mg/kg daily over an 18-day periblde results
showed that the tumor volume inhibition was dogeeddent (Fig.5). Dosing at 5 mg/kg/day, the
tumor volume was reduced in a certain extent coegpavith the control PBS and treatment with
10 mg/kg/day of compour@nearly inhibited tumor growth. When the dose wasdased to 20
mg/kg/day, compoun8@ displayed significant in vivo antitumor efficacypdainduced tumor
stasis. The tumor growth values (T/C%) were 56.256/% and 12.1% at three different doses,
respectively. And the tumor growth inhibition vau@Gl%) were 46.8%, 83.5% and 96.3%,
respectively (Table 7). In addition, compouBdwas well-tolerated and no mortality or

significant loss of body weight was observed dutiegtment at all doses.

1400+

BS N/A mg/kg q.d p.o.
8 5mg/kg q.d p.o.

8 10mg/kg q.d p.o.
8 20mg/kg q.d p.o.
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Fig. 5. In vivo activity oB in the human NSCLC (H1975) xenograft nude mouskeino

Table 7. In Vivo Antitumor Effect & in Human H1975 Xenograft Nude Mouse Model

TV? Mean RTV TW® Mean
Group RTV°Mean  T/C® (%) TGI" (%)
(mm®) SH (Day18, 9
Control (PBY) 948.0¢ 6.71 1.8¢
8 (5 mg/kg 527.7¢ 3.82 56.4% o 1 46.8%
8 (10 mg/kg 239.3: 1.7¢ 25.7% o 0.31 83.5%
8 (20 mg/kg 113.5: 0.82 12.1% o 0.07 96.3%

®TV: tumor volume®RTV: relative tumor volume, the individual RTV waulated as follows:
RTV = M/V,, where Vis the volume on each day of measurement, and ¥e volume on the
day of initial treatment; T/C(%)=RTVieamed RTVeonro X 100%; 9SF: statistical significance
(*p<0.05, **p<0.01); ®TW: tumor weight'TGI: tumor growth inhibition, TGI(%)= (TWhro-

TWheatment) /TWeontroix 100%; 9PBS: phosphate buffer saline.

The human ether-a-go-go related gene (hERG) iommélainhibition, which may result in a
concomitant risk of sudden death, must be avoidethgl drug developmeriB2]. The inhibition
of the hERG channel by compoudsnd AZD9291 was evaluated in HEK293 cells using an in
vitro lon Works Quattro studyd3]. Fig. 6 highlighted the observation that compouhshowed
14.8-fold lower affinities for the hERG ion chanmlean AZD9291. This result suggested that
compound may have the less probability to induce QT intepralongation thanAZD9291 for

the patients.
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Fig. 6. hERG current inhibition of compoun8andAZD9291

3. Conclusion

A novel series of selective covalent EGFR T790Nbitdns were designed and synthesized
based on the modeling binding mode of marketed AZi9291 with EGFR T790M mutant.
The structure-activity relationship (SAR) was dssmd in detail and the results demonstrated
that substitution with 5,6-dihydro-4H-pyrrolo-[3]12jj] quinolone moiety at the para-position of
2-aminopyrimidine was considered as a novel stiafeg maintaining EGFR T790M inhibitory
activity and selectivity. Among the most promisimfgbitors, compound potently inhibited the
enzymatic function of EGFR T790M/L858R with ag i@lue of 2.6 nM and NSCLC H1975 cell
with an 1Go value of 102.6 nM. In vitro and in vivo metabdiability studies also suggested
that compound also exhibited good pharmacokinetic properties wathl bioavailability of
52.4%. Moreover, an in vivo antitumor efficacy studemonstrated that compourl
significantly inhibited tumor growth in an EGFR T0M/L858R-driven human NSCLC xenograft
mouse model by po dosing at 20 mg/kg/day. The lbweling affinities of compoun8 to the

hERG ion channel thaAZD9291 suggested that this candidate may be less cadmothan
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AZD9291. Therefore, the in vitro and in vivo data indicatéét compoun@® had very desirable

profiles to be selected as a clinical candidate.

4. Experimental section

4.1. Chemistry

General methods for chemistry.Unless otherwise specified, reagents were purchased
from commercial suppliers and used without furtperification. Absolutely anhydrous solvents
(CH:CI,, THF, DMF, etc.) were purchased from Aldrich pagé&d under nitrogen in Sure/Seal
bottles. Yields refer to chromatography unless tise stated. All reactions were monitored by
thin-layer chromatography carried out on silica gduminum sheets (60F-254) and spots were
visualized with UV light or iodine. All reactionsviolving air or moisture-sensitive reagents
were performed under an argon atmosphéte NMR and™*C NMR spectra were recorded at
room temperature on BRUKER Avance 400 spectrome@remical shifts were reported in
parts per million (ppm, units), and tetramethylsilane (TMS) was used astamnal reference.
Coupling constants (J) were expressed in Hertz.sMgeectra were obtained using Agilent LC-
MS (1956B) instruments in electrospray positive aadative ionization modes. High-resolution
mass spectra (HRMS) were recorded on a ZAB-HSuimsnt using an electrospray source
(ESI). All the final products had purity &5%. The purity of the final products was deterrdine

by UPLC (Thermo) on a Syncronis C18 column (500@1 mm, 1.7 um) with 0.04% TFA/ACN

(gradient eluted program: 0-7 min 90/10 v/v; 7.1+hih 0/100 v/v; 10.1-13 min 90/10 v/v) at 0.4
mL/min flow rate and 254 nm detector wavelength.

4.1.11-(2-chloropyrimidin-4-yl)-3-methyl-1H-indole (18a)

General procedure for the synthesis of compoub8s and 18b To a solution of 2,4-
dichloropyrimidine (12.49 g, 83.63 mmol) in acetdl@ (160 mL) was added 3-methyl-1H-

indole (10.00 g, 76.23 mmol) and®0;(21.07 g, 152.47 mmol) and the mixture stirredediiix
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overnight. The reaction was cooled to room tempgegtwater (100 mL) was added, the mixture
was extracted with dichloromethane (DCM) (3 x 10Q)ydried with NaSQ, filtered and
concentrated to give a tan solid (16.05 g, 86.4iétdy: *H NMR(400 MHz, DMSO)l 8.65 (d,

J = 5.8 Hz, 1H), 8.56 (d, J = 8.3 Hz, 1H), 7.951sl), 7.79 (d, J = 5.9 Hz, 1H), 7.59 (d, J = 7.6
Hz, 1H), 7.38 (t, J = 7.7 Hz, 1H), 7.29 (t, J = H&, 1H), 2.29 (s, 3H). MS (ESI) m/z 244.2
[M+H] *.

4.1.2N-(4-fluoro-2-methoxy-5-nitrophenyl)-4-(3-methyl-1H-indol-1-yl)pyrimidin-2-amine (19)

1-(2-chloropyrimidin-4-yl)-3-methyl-1H-indole 188 (20.00 g, 82.07 mmol), 4-fluoro-2-
methoxy-5-nitroaniline (16.80 g, 90.28 mmol) ancthdthyl-benzenesulfonic acid monohydrate
(17.17 g, 90.28 mmol) were heated at 85 °C in logahe (300 mL) for 8 h. The reaction was
cooled to room temperature and diluted with wag8Q mL) and 40% agq NaOH added until pH
= 9. The solid was collected by filtration and wadhwith EtOH (50 mL) to afford the yellow
solid (30.00 g, 92.9 % yield¥4 NMR (400 MHz, DMSO&}l 8.86 (s, 1H), 8.77 (d, J = 8.2 Hz,
1H), 8.55-8.44 (m, 2H), 7.95 (s, 1H), 7.57 (d, 7.2 Hz, 1H), 7.41 (d, J = 13.3 Hz, 1H), 7.34-
7.20 (m, 3H), 3.99 (s, 3H), 2.30 (s, 3H). MS (ESH 394.2 [M+H] .
4.1.3 N'-(2-(dimethylamino)ethyl)-5-methoxy-N"-methyl-N-(4-(3-methyl-1H-indol - 1-

yhpyrimidin -2-yl)-2-nitrobenzene-1,4-diamine (20)

N,N,N'-trimethylethane-1,2-diamine (2.86 g, 27.960f) was added to a suspension of N-(4-
fluoro-2-methoxy-5-nitrophenyl)-4-(3-methyl-1H-ihdeyl)pyrimidin-2-amine 19) (10.00 g,
25.42 mmol), DIPEA (4.91 g, 38.13 mmol) and N,Netinyi acetamide (DMAC) (30 mL) in
sealed tube. The mixture was heated at 140 °C forAfter being cooled to room temperature,
the reaction mixture was added to ice water (60 .nlt)e precipitate was filtered, and the
filtered cake was rinsed with additional cooled Me€Q@0 mL) and dried in a vacuum oven to

give a red solid (9.60 g, 79.4% yield), which waediwithout further purification.
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4.1.4 N1-(2-(dimethylamino)ethyl)-5-methoxy-N1-methyl-N4-(4-(3-methyl-1H-indol-1-yl)

pyrimidin-2-yl) benzene-1,2,4-triamine (21)

N -(2-(dimethylamino)ethyl)-5-methoxy-Methyl-N-(4-(3-methyl-1H-indol-1-yl) pyrimidin-2-
yl)-2-nitrobenzene-1,4-diamin@@ (5.00 g, 10.52 mmol) and Pd/C (10% by weight)0(&8y,
2.10 mmol) were suspended in a mixture of MeOH Q) and stirred under a hydrogen
atmosphere for 20 h. The reaction mixture wasrétleand the filtrate was concentrated in
vacuo. The resulting residue was purified by siligal chromatography (DCM: MeOH:
NHs-H,0=20:1:0.1) to afford the title compound (3.50 g}.7% yield) :'H NMR (400 MHz,
DMSO-d) 8.54 (s, 1H), 8.39 (s, 1H), 8.34 (d, J = 5.7 Hd),17.84 (s, 1H), 7.55-7.49 (m, 1H),
7.24-7.11 (m, 3H), 6.99 (d, J = 5.7 Hz, 1H), 6.891H), 3.70 (s, 3H), 2.93 (t, J = 6.6 Hz, 2H),
2.67 (s, 3H), 2.39 (t, J = 6.6 Hz, 2H), 2.28 (s)3R17 (S, 6H). MS (ESI) m/z 446.2 [M+H]
4.1.5 N-(2-((2-(dimethylamino)ethyl)(methyl)amino)-4-methoxy-5-((4-(3-methyl-1H-indol - 1-

yh)pyrimidin-2-yl)amino)phenyl)acrylamide (6)

Acryloyl chloride (710 mg, 7.85 mmol) in DCM (5 mkgs added dropwise to a stirred
solution of N1-(2-(dimethylamino)ethyl)-5-methoxi-ethyl-N4-(4-(3-methyl-1H-indol-1-
yl)pyrimidi n-2-yl)benzene-1,2,4-triamin21) (3.50 g, 7.85 mmol) and DIPEA (2.03 g, 15.70
mmol) in DCM (30 mL) at -10 °C. The resulting smntwas maintained at -10 °C for 1 h and
then washed with brine, dried over J8&,, and concentrated. The resulting residue was faatif
by silica gel chromatography (DCM: MeOH: N#H,0=40:1:0.1) to afford N-(2-((2-
(dimethylamino)ethyl)  (methyl)amino)-4-methoxy-4{&-methyl-1H-indol-1-yl)pyrimidin-2-
yl)amino)phenyl)acryl-amide6] (1.50 g, 38.2% vyield) as a light yellow solitH NMR (400
MHz, DMSO-¢) 10.14 (s, 1H), 8.63 (s, 1H), 8.54 (s, 1H), 8.371¢d), 8.35 (s, 1H), 7.99 (s,

1H), 7.53 (d, J = 7.5 Hz, 1H), 7.20-7.07 (m, 2HP& (d, J = 5.3 Hz, 2H), 6.41 (dd, J = 16.9,
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10.1 Hz, 1H), 6.22 (dd, J = 16.9, 2.0 Hz, 1H), 5@d, J = 10.1, 1.9 Hz, 1H), 3.79 (s, 3H), 2.91
(t, J = 5.6 Hz, 2H), 2.75 (s, 3H), 2.34 (t, J = 548, 2H), 2.29 (s, 3H), 2.22 (s, 6HC NMR
(100 MHz, DMSO+) 162.39, 160.70, 159.25, 158.05, 148.67, 139.74,753 132.15, 131.18,
127.35, 126.02, 124.10, 123.28, 122.90, 121.54,661817.31, 115.95, 115.67, 105.59, 98.79,
56.86, 55.74, 45.19, 42.22, 9.28. MS (ESI) m/zB@d+H]*. HRMS calcd for GHaN-O;
[M+H] * 500.2769, found 500.2761.

4.1.61-(2-chloropyrimidin-4-yl)-5,6-dihydro-4H-pyrrol o[ 3,2,1-ij Jquinolone (18c)

A suspension of 2,4-dichloropyrimidine (11.37 g,336mmol) and aluminum chloride (10.18
g, 76.33 mmol) in DME (100 mL) was stirred at ambiemperature for 20 min. To this was
added 2,3-dihydro-1H-pyrrolo[3,2,1-ijjquinoline (1@ g, 63.61 mmol) and the mixture was
heated to 80 °C for 6 h. The cooled reaction mixtwas added to stirring water (100 mL) and
the mixture was stirred for 2 h, filtered and tledid was washed with EtOH (40 mL). The crude
product was dried in a vacuum oven to give a rditlgd5.46 g, 90.1% yield)H NMR (400
MHz, DMSO-@ 8.50 (d, J = 5.5 Hz, 1H), 8.45 (s, 1H), 8.09 (¢ J.9 Hz, 1H), 7.80 (d, J =
5.5 Hz, 1H), 7.21-7.11 (m, 1H), 7.01 (d, J = 7.1 HH), 4.33-4.18 (m, 2H), 2.96 (t, J = 5.9 Hz,
2H), 2.20-2.11 (m, 2H). MS (ESI) m/z 270.2 [M+H]

4.1.73-(6-chloropyrimidin-4-yl)-1-methyl-1H-indol e (2a)

General procedure for the synthesis2af and 2b. A suspension of 4,6-dichloro-pyrimidine
(5.70 g, 38.16 mmol) and aluminum chloride (5.18&,16 mmol) in DME (60 mL) was stirred
at ambient temperature for 10 min. To this was ddtlenethyl-1H-indole (5.00 g, 38.16 mmol)
and the mixture was stirred at reflux overnight.eTéooled reaction mixture was added to
stirring water (100 mL) and the mixture was stirreal 1 h, filtered and the solid was washed

with EtOH (20 mL). The crude product was dried ima@uum oven to give a red solid (4.30 g,
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46.2% yield)*H NMR (400 MHz, DMSOe}l 8.92 (s, 1H), 8.58-8.44 (m, 2H), 7.98 (s, 1H)67.5
(d, J = 8.0 Hz, 1H), 7.33-7.23 (m, 2H), 3.88 (s)3MS (ESI) m/z 244.2 [M+H]

4.2. Biological assay

4.2.1 Kinase inhibition assay.

ICso determinations for EGFR and its mutants (Invitnogevere performed with the HTRF
(Homogenous Time-Resolved Fluorescence) KinEASEsBEyY from Cisbio according to the
manufacturer’s instructions. A typical enzyme reacicontained 0.04 nd!/ wild-type EGFR or
0.02 ngl EGFR (T790M/L858R), 0.53/1 TK-substrate-biotin, 10M ATP, 1 mM DTT, 1 mM
MnCL and 5 mM MgCl Compounds were screened at serial diluted conagon in the
presence of 1% DMSO with a 15 min pre-incubatiorkinhse and compounds. All reactions
were started by the addition of ATP and TK-substabtin, incubated at room temperature for
60 min and quenched with the stop buffer contai®iadp nM Strep-XL665 and TK Ab-Cryptate.
The plates were incubated for 1 h before being readCIARIOstar Microplate Reader (BMG
LABTECH) using standard HTRF settings. AnebMalues were determined using the GraphPad
Prism 5.0 software. Each reaction was performedluplicate, and at least three independent
determinations of each le&were made.

4.2.2 Cellular phosphorylation assay.

A431 (epidermoid carcinoma, EGFR wild type), HCC8RBCLC, EGFR delE746-A750)
and NCI-H1975 (NSCLC, EGFR L858R/T790M) cells wdrined from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). édiBtvas maintained in EMEM medium
supplemented with 10% FBS (Gibco). HCC827 and NOI#H cells were separately
maintained in RPMI-1640 medium supplemented withh EBS (Gibco). Assays to measure
cellular phosphorylation of endogenous p-EGFR iit lysates were carried out according to

the protocol described in the Pan phospho-EGFRul#IIAssay Kit (Cisbio, no. 64HR1PEG).
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Cells were plated (50000 cells/well) in a volumel6D L of complete media in 96-well cell
culture plates and cultured at 37 °C with 5% £@vernight. Inhibitors were solubilized in
DMSO and tested in duplicate utilizing 4-fold séddutions with the highest concentration at
10 M. Inhibitors were incubated with cells for 2 h3t °C with 5% CQ@ For EGFR wild type
assays, cells were stimulated for 10 min with EGEBO ng/well) before lysis. For all cells post
inhibitor treatment (+/- EGF), media was removedda?b L of 1x lysis buffer was added to
each well. Plates were shaken (10 min, 25 °C) & lthe cells and 124 of lysate was
transferred to the Greiner black 384-well platebeTdetection antibody (Anti-phospho EGFR-d2
and Anti-EGFR-Tb) was added to the lysateL(8vell) and incubated for 1 h at 25 °C. The
HTRF signal was measured with CIARIOstar Micropl&eader (BMG LABTECH). And 4C
values were determined using the GraphPad Prisns&ffvare.

4.2.3 Determination of pharmacokinetic parametersn rats.

Male Sprague-Dawley rats (200-240 g) were admiatel with the test compounds
intravenously (iv) at 1 mg/kg and by oral gavage)(at 10 mg/kg. The compounésand
AZD9291 were dissolved in 2% DMSO, 20% PEG400, and 78%etmd saline for intravenous
tail-vein administration or a mixture of 0.5% mdtwgflulose for oral administration. Blood
samples (0.2 mL) were then obtained via orbitalisipuncture at 2 min, 5 min, 15 min, 30 min,
1h,2h, 4h, 8h, 12 h and 24 h time points amitected into heparinized tubes. Heparinized
blood samples collected for PK analyses were degieid at 3500 rpm for 10 min at 25 °C.
LC/MS/MS analysis @& andAZD9291 was performed under optimized conditions to obtae
best sensitivity and selectivity of the analytes&lected reaction monitoring mode (SRM).
Plasma concentration-time data were analyzed bgpracompartment model using the software
WinNonlin Enterprise, version 6.3 (Pharsight Cogutain View, CA).

4.2.4 Mouse tumor xenograft efficacy study.
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H1975 NSCLC xenograft model was established byl&8°xells subcutaneously inoculated
in C.B-17 SCID mice. Upon attaining an average turmume of 100-150 mitnanimals were
randomized into treatment groups (n =9). Each grewas dosed by intragastric administration
(ig) for 18 days with compouri(5, 10 and 20 mg/kg) daily. The doses were 0.1Léng/of the
animal body weight. The size of tumors was measwieg per week with microcalipers. Tumor
volume (TV) was calculated as: V = (length x witith. The individual relative tumor volume
(RTV) was calculated as follows: RTV =/, where V is the volume on each day of
measurement ando,Ms the volume on the day of initial treatment. rBEpeutic effect of
compound was expressed in terms of T/C% and tleellatibn formula is T/C (%) = mean RTV
of the treated group/mean RTV of the control grau®0%. Tumor growth inhibition (TGI) was
calculated using the following formula: TGl = (E¥Wor TWheatmen) / TWeonwol X 100%, where TW
is the mean of tumor weight.

4.2.5 Computational modeling methods.

LigPrep (v2.2) module in the Schrodinger molecutawdeling suite was used for ligand
preparation, which produced low energy conformadiaf ligand using OPLS 2005 force field.
The bond orders of these ligands were fixed and ligiends ‘cleaned’ through LigPrep
specifying a pH value of 7.0. The crystal structofr¢he T790M EGFR kinase (PDB code: 3IKA,
http://www.pdb.org/) was selected as the protengea The docking simulation was performed
with Covalent Docking (Schrédinger) using proteiadels based on in-house crystal structures

where Cys797 was bonded to thmarbon of Michael acceptor of molecu|&4].
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Fig. 1 Structures of different generation EGFR inhibstor
Fig. 2. Docking pose oAZD9291 in the complex of EGFR T790M mutant

Fig. 3. Interaction map oAZD9291 with the EGFR T790M mutant and the overview in the
binding site
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Fig. 6. hERG current inhibition of compoun8sandAZD9291
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Scheme 2Synthetic Route for Target Compoud@s16and22-30
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Table 3 Cell Viabilities of Representative Compounds
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Table 6. In Vivo Pharmacokinetic Parameters foompounds andAZD9291
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A novel series of selective covalent EGFR T790M inhibitors were designed and synthesi zed.

Compound 8 effectively inhibited the enzymatic function of EGFR T790M/L858R and
NSCLC H1975 cell.

Compound 8 significantly inhibited tumor growth in EGFR T790M/L858R-driven human
NSCLC xenograft mouse model.

The lower binding affinities of compound 8 to the hERG ion channd suggested that
compound 8 might be less cardiotoxic than AZD9291.



