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Abstract

Metastases account for more than 90% of all catheaths and respond poorly to most therapies.
There remains an urgent need for new therapeutidahties for the treatment of advanced
metastatic cancers. The benzimidazole methylcarteadrags, commonly used as anti-helmitics,
have been suggested to have anticancer activityprbgress has been stalled by their poor water
solubility and poor suitability for systemic deliyeto disseminated cancers. We synthesized and
characterized the anticancer activity of novel lmidzoles containing an oxetane or an amine
group to enhance solubility. Among them, the nowektanyl substituted compount3
demonstrated significant cytotoxicity toward a e&yiof cancer cell types including prostate,
lung, and ovarian cancers with strong activity tovlighly aggressive cancer lines £{C
0.9-3.8uM). Compoundl8 achieved aqueous solubility of 3gM. In a mouse xenograft model
of a highly metastatic human prostate cancer, camgpd8 (30 mg/kg) significantly inhibited

the growth of established tumors (T/C: 0.36) withooticeable toxicity.
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1. Introduction

Despite continued improvement in cancer therapretlare few effective approaches for the
treatment of metastatic cancers. Greater than 90%ll cancer deaths can be attributed to
metastatic disease yet very few cancer drugs argafged through screens devoted to metastatic
cancer. For many cancers, little progress has besde in extending the lives of patients with
metastatic disease. It is estimated that in theald8e, 150,000 lung cancer patients and 26,000
prostate cancer patients will die from treatmesistant metastasis in 2017. The
molecular-targeted drugs are initially effective tnreating metastatic lung cancers, but their
benefit is limited by the rapid development of sémince and the improvement in lifespan is often
still modest [1-4]. Further, the lack of efficac/lonase inhibitor therapies in prostate cancer is
likely due to the fact that activating tyrosine &&® mutations or amplifications are uncommon in
castrate-resistant prostate cancer (CRPC) [5, le¢n®therapies such as taxanes and androgen
antagonists are effective in treating CRPC, butrthenefit is limited by the emergence of
treatment induced resistance. The developmentfefaal efficacious novel therapies that can
overcome drug resistance holds great promise feastagic cancer patients who are refractory to

existing treatments.

Besides molecular targeted therapies that formctraerstone of modern cancer precision
medicine, repurposing of drugs used in other cdatbas identified several novel approaches to
cancer therapy, notably the use of thalidomide @mdnore recent analogs to treat multiple
myeloma [7, 8]. The aggressiveness of late stageeta is often driven by numerous orthogonal
and compensatory signaling pathways that collelstipeomote metastatic tumor growth. The
lack of a defined driver mutation renders many $ypemetastatic cancers as ‘undruggable’ via

targeted therapies. Conversely, unbiased testiag@foved drugs can reveal novel drug families



that can treat complex, metastatic cancers.

One important premise underlying drug repurpossghat the safety profile of approved
drugs has been comprehensively characterized througny decades of clinical uses. Such
efforts in drug repurposing have led to the idérdiions of anticancer effects by a number of
commonly prescribed drugs [9]. Tha vitro and in vivo anticancer activity of the broad
spectrum anti-fungal drug itraconazole was dematexdrin medulloblastoma, glioblastoma, and
non-small cell lung cancer (NSCLC) [10-12]. Anothgass of drugs that has emerged as
potential anticancer agents is the anthelmintizleilazole drugs, which have been safely used
for decades in the clinic for the treatment of gastestinal infections. The anthelmintic
benzimidazole derivatives were found to exhibitgobtinhibitory activity in brain tumor, colon
cancer, breast cancer, leukemia, and myeloma [13-@he unique property of these
benzimidazole drugs is their extremely low soldbithat impedes their preclinical assessment
via dosing regimens appropriate for clinical tratisih in the context of treatment of
disseminated cancers. Herein we report our pheiatlypcreening approaches that identified the
unique cytotoxicity profiles of the benzimidazoles prostate cancer cell lines with high
metastatic potentials as well as in lung cancds ¢kht are resistant to paclitaxel. We describe
here, our novel structural modifications to imprave systemic anticancer activity of these
compounds, the structure-activity relationship ($Adhd the discovery of a novel, water soluble
oxetane-containing benzimidazole coumputf®] with potent anticancer activities in highly

aggressive prostate, lung, and ovarian cancers.

2. Results and discussion

2.1. Cytotoxicity of anthelmintic benzimidazoles in agggive prostate cancer cell lines



We first confirmed thén vitro anticancer activity of anthelmintic benzimidazdleigs using
the prostate cancer cell line PC3M, a metastatineclof the PC3 cell line, obtained yvivo
selection; and the PC3MLN4 cell line, an even maggressive clone of PC3 obtained by
recovering the cells from lymph nodes of mice aftehotropic injection into the mouse prostate
(4 cycles) [22]. The original PC3 cell line wasigied from bone metastasis of a prostate cancer
and resistant to androgen depletion therapy [2B,@dmpounds were analyzed for cytotoxicity
after 48 hours (hr) drug treatment using Cyquasay$25]. Our results confirmed tl vitro
anticancer activity for several benzimidazoles, ludmmg albendazole, fenbendazole,
flubendazole, and mebendazole) which, surprisingbynsistently demonstrated about two-fold
higher anti-proliferative activity in the more higltaggressive PC3MLN4 cells (E§0.6-0.9uM)
than the less aggressive PC3M cells {EC2-2.6uM) (Table 1). There seemed to be rather
modest effect on the cytotoxicity by substituemsW) on the phenyl ring of the benzimidazole
moiety. Thus, the E& of mebendazole and fenbendazole (which differ femanh other by the
linker -W- group), and that of mebendazole anddhdnzole (which differ from each other by
the addition of a fluoro group in the latter), sry similar in both the PC3MLN4 and the PC3M
cancer cell lines. Even with more drastic changebe chemical structures between albendazole
(R: n-propyl) and fenbendazole (R: phenyl), the cytatdyiof the two drugs does not differ
much in both cell lines. We therefore reasoned tihatvould be plausible to achieve
improvements in drug-like properties by modifyiniget R-W moiety without significantly

compromising the anticancer activity of new bendiazioles \ide infra).



Table 1 Cytotoxicity of anthelmintic benzimidazole in gtate cancer cell lines

@)

/
\©: S—NH
N
H
ECso (uM)
Drug name R W
PC3MLN4 PC3M
Flubendazole 4-Fluorophenyl C=0 0.67 1.43
Albendazole n-Propyl S 0.58 1.15
Fenbendazole Phenyl S 0.91 2.60
Mebendazole Phenyl C=0 0.70 1.21

2.2. Drug design and chemistry

The benzimidazole anthelmintic drugs were origindkveloped for the topical treatment of
parasitic infections in the gastrointestinal tra&decause of their extremely poor aqueous
solubility [26, 27] and low bioavailability [28-30they are poorly suitable for systemic delivery
in the setting of treating metastatic cancers.dases in drug solubility can have a profound
impact on drug pharmacokinetics/pharmacodynamis$RP) and drug safety profiles [31, 32].
The solubility of organic molecules can be improvedincorporation of polar functional groups
such as an amine. In addition, we were particulatigrested in the 4-membered cyclic oxetane
moiety, as it has been shown to dramatically ireze@ater solubility and metabolic stability [33,
34]. We therefore pursued multiple structural miodifion strategies aimed to improve solubility
and maintain anticancer activities of novel comptsunontaining the benzimidazole carbamate

core. As outlined inFigure 1, one approach was to replace the methyl jjCtoup of the



carbamate moiety with a solubility enhancing paigoup @); a second approach was to

incorporate such a group on the phenyl moiety erldfi-hand side of the moleculB)(

o )

H
B A
Figure 1. The right-hand side methyl group (highlighted bgirgle) and the left-hand side moiety (highlightada

rectangle) were modified to increase drug like prtips. The linker W was determined by synthetésiiility.

To pursue the approaeéh a trans-esterification protocol was applied f@ synthesis of new
derivatives of the four active drugs albendazadebtendazole, flubendazole, and mebendazole
where the right-hand side methylcarbamate was neaddy incorporating a solubility enhancing
moiety. The treatment of the benzimidazole methlamates with an amino-ethanol,
amino-propanol, or oxetanol in the presence of sepeesulted in the isolation of the desired
productsl-10, as crystalline solid after silica gel chromatquinia purification Scheme ). The
preparation of compoundsand? was facilitated by using microwave (MW) heatingth&lugh
the reaction was straightforward and successfyrauucing the desired products, the reaction
condition was not optimized (yield: 10-30%) and fommded by the formation of the

corresponding 2-aminobenzimidazole as a majormidéuct.
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Scheme 1.Conditions: 1 (R; = n-propylthio; R = N,N-dimethylaminoethyl): pyridine, 100 °C, 3 h; (R; =
n-propylthio; R= N,N-dimethylaminopropyl): pyridine, 100 °C, 3 I&(R.= n-propylthio; R = 3-oxetanyl): TEA,
90 °C, o/n;4 (Ry = n-propylthio; R = (3-methyl-oxetan-3-yl)methyl): TEA, 90 °C, o/B; (R, = benzoyl; BR=
3-oxetanyl): TEA/DMF, MW, 15 min6 (R, = 4-fluorobenzoyl; R= N,N-dimethylaminopropyl): pyridine, 100 °C,
3 hr; 7 (R, = phenylthio; R= 3-oxetanyl): TEA/DMF, MW, 15 min8 (R, = benzoyl; R= N,N-dimethylaminoethyl):
TEA/DMF, 110 °C, o/n9 (R, = 4-fluorobenzoyl; R= N,N-dimethylaminoethyl): TEA/DMF, 110 °C, o/&0 (R,;=
phenylthio; R = N,N-dimethylaminoethyl): TEA/DMF, 110 °C, o/n; PRE triethylamine; DMF:

N,N-dimethylformamide; o/n: overnight; hr: hour;imiminute; MW: microwave.

The modification of the left-hand side of the benmiziazole (approacB), by installing an
amino or oxetanyl group, requireleé novosynthesis for each designed target molecule. Y¥e fi
synthesized new compounds containing an amino gnaieted to improve solubilityScheme
2). The intermediate compouridl was prepared via a 2-step synthesis: palladiuralyzad
amination [35] of 3-bromophenol with N-methylpipeirze was followed by nucleophilic
substitution by 5-chloro-2-nitroaniline to instétle ether linkage. The synthesis of intermediate
compoundl2 began with the nucleophilic substitution reactmtween 4-amino-3-nitrophenol
and 2,6-dichloropyridine to install the ether ligka which was followed by the nucleophilic
substitution reaction by N-methylpiperazine to irpmyate the amino group. Next, the nitro
group in intermediate$l and12 was reduced and the resulting 1,2-diamines wewddd with
1,3-bis(methoxycarbonyl)-2-methyl-2-thiopseudouiéorm the desired benzimidazol&3 and

14 [36]. Our attempts to incorporate a carbonyl (-CldWer, instead of the ether (-O-) linker as



in compoundsl3 and 14, failed to yield the desired compounds due to dgmmsition during
their multi-step syntheses. This strategy was nothér pursued, because the oxetanyl
derivatives afforded not only more potent anticaramgivities but also dramatic improvement in

aqueous solubilitymde infra).
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Scheme 2. Conditions: (a) N-methylpiperazine, fdba), t-BuONa, BINAP, toluene, 120 °C; (b)
5-chloro-2-nitroaniline, NaH, DMF, 120 °C; (c) 4-am-3-nitrophenol, KCO;, DMF, 120 °C; (d)
N-methylpiperazine, reflux; (e) zinc, AcOH; (f) bBs(methoxycarbonyl)-2-methyl-2-thiopseudourea, Okt

85 °C.

We next developed an eight-step synthetic procetuoeder to incorporate an oxetane ring
to the left-hand side of the benzimidazole scaff¢etheme 3 The starting material
3,4-dinitrobenzoic acid was first converted toats/l chloride and then carried forward for the
Friedel-Crafts acylation of N-methylacetanilide.eThyntheses were successfully scaled up to
600 mmol batch size and afforded fhera- andortho- regioisomers as a 4:1 mixture. After the
acetyl protected amine was liberated by HCI medidtgdrolysis, thepara-isomer 15 was
isolated in 26% vyield (overall from 3 steps). Atfms to install the oxetane moiety to

intermediatel5 via reductive amination with 3-oxetanone were wosagsful, likely due to the



weak basicity of the amine moietyKp 3.5) that was deactivated by the electron-witiving
acyl group. We therefore reduced the ketone funatiogroup in compoundl5 to its
corresponding alcohol, leading to increases of ditgsiof the amine (K. 4.6), and then
subjected it to reductive amination with 3-oxetamaim successfully generate the oxetane
containing intermediatd6. A 62% yield was obtained for the reductive amoratstep under
microwave irradiation at 100 °C. The ketone funadility was next reinstated via Dess-Martin
oxidation [37], and the nitro groups were reducedpalladium catalyzed hydrogenation to give
the diamine intermediate 17 in 89% vyield. The final product methyl
(5-(4-(methyl(oxetan-3-yl)amino)benzoyl)-1H-benZojtdazol-2-yl)carbamate  18) was
obtained in 68% vyield via microwave assistant cosdéon cyclization of
1,3-bis(methoxycarbonyl)-2-methyl-2-thiopseudouraad the intermediatel7. Finally, the
regioisomeric compound9, in which the oxetanyl moiety isrtho to the carbonyl group, was

synthesized similarly from thartho-isomer of intermediat&b.

NO, ,
*@c HN SN ”°
o . O>\;O/ NH, Jfg
0 O
|
18

Scheme 3Conditions: (a) (COC}) DCM, DMF (cat.), 0 °C to rt; (b) AlG] N-methylacetanilide, 100 °C; (c) HCI
(conc.), HO; (d) NaBH, MeOH; (e) 3-oxetanone, AcOH, NaBlEN), MeOH, MW, 30 W; (f) Dess-Martin
periodinane, DCM; (g) Pd/C (10 wt %),,HMeOH; (h) 1,3-bis(methoxycarbonyl)-2-methyl-2@pseudourea,

MeOH, MW, 30 W.
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2.3. In vitro anticancer activities and structure-actiwrelationship (SAR)

The newly synthesized compounds were first evatuftetheir cytotoxicity at 1 and 1,0M
concentrations in the non-small cell lung cance8@NC) cell line A549, and the prostate cancer
cell lines PC3 and PC3MLN4Téble 2). Mebendazole, which we have confirmed to have
anticancer activity in the PC3MLN4 cell line, wascluded as a reference compound for
comparison. Cancer cells were treated with the camgs for 72 hr. Cell viability was measured
by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphgtetrazolium bromide) assay, which is
dependent upon the cellular metabolic activity gSINP)H flux. Compounds that inhibit the
proliferation of rapidly dividing cancer cells wittduce the rates of MTT reduction. In at least two
of the three cancer cell lines, the novel compouhdk0, 13, 18, and19 induced significant
cytotoxicity at 10uM concentration (cell viability: < 50%) while theh@r 9 compounds were
much less active. Further, the compod®da para-oxetanyl derivative of mebendazole, was the
most potent compound and showed comparable actwitpebendazole at both 1 and i
concentrations in all three cell lines. In compamis its ortho-oxetanyl isomerl9 showed
significant cytotoxicity only at 1@M concentration. It is worth noting that modifiaats of the
carbamate moiety lead to compountis {0) with reduced activity as compared with their jpaire
methyl carbamates (e.g. mebendazole). Among thenty the N,N-dimethylaminoethyl
derivative of albendazold) and that of fenbendazol&Q) consistently showed cytotoxicity at 10
uM, but not at 1uM concentration. The N,N-dimethylaminopropyl detivas of albendazole2)
and flubendazolegj did not show measurable cytotoxic activity. Impotly, and in contrast to
compoundl18, incorporating an oxetane moiety onto the rightéhaide of the benzimidazole

resulted in compounds with diminished actividy 6, 7). Neither the N-methylpiperazine analogs
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13 nor 14 were found highly active in the three cancer a¢a#d, although compouriB showed
activity at 10uM concentration. Taken together, our SAR resulticaie that the benzimidazole
molecules require the right-hand side methyl caddiammoiety to maintain high anticancer
activity and are sensitive to modifications on te#-hand side of the structure. Significantly,
incorporation of an oxetane moiety on the left-hphdnyl ring angbara to the ketone functional

group in mebendazole led to the observed highiacae demonstrated by compoub®i

Table 2. Cytotoxicity of benzimidazole compounds at 1 anqudD

o R
Ry N >—O ?
Cre
N
H
No. Ry R> % Viable Cells (+ SD)
PC3MLN4 PC3 A549

10pM  1puM 10pM  1pyM  10pM  1pM

1 S, ~w 4284 9265 37.85 8246 51.81 75.48
+6.59 +10.13 +3.18 +396 *11.86 *+6.91

2 S, . __n_ 8861 86.65 7825 9545 89.87 83.82
+5.19 +0.68 +7.80 +941 +1260 =*=5.81

83.82 88.35 8450 95.15 79.23 73.16
+11.51 +£1299 +£598 +8.89 +13.33 +16.89

A
4 S *LPO 89.70 87.63 79.25 87.15 87.63 83.10
+1536 +14.92 +£21.75 +7.90 +21.27 +18.90
=

66.84 70.56 65.55 90.88 62.04 67.97
+4.62 +1231 *6.67 +509 +7.38 +13.88

6 QJL ~_~_n_ 9099 87.30 86.55 104.86 88.07 85.41
+14.78 +£10.06 *7.88 +11.85 +17.72 +19.14

7 @rs\* b 79.12 80.22 87.80 107.32 74.77 74.95
°©  +£1318 +6.08 £745 +£514 £758 +12.71

8 ©JL *\/\rlu/ 98.85 100.51 92.64 97.26 89.64 94.37
+1.99 +0.88 +9.67 *475 +14.03 %594

12



9 J@)CL *\”rlu/ 97.22 84.62 90.94 91.21 80.38 8941
+3.89 +10.38 +3.13 +7.66 +12.33 =*7.62

10 S\* " 36.65 9811 3501 8886 39.21 91.81
+1.76 +424 +531 +862 +6.89 +10.23

13 "A_.., cH, 3339 8633 3216 7311 4752 76.96

o +3.01 +848 +327 +6.34 +12.38 +13.28

14 ... cp, 740l 8297 5208 9814 7264 87.85
&4 +885 +1.06 +14.68 +19.22 +7.22 +13.13

18, i gy, 2319 3494 3357 4450 4220 50.19
. 5 1454 +£372 +182 +507 +546 +5.16

19 O, ch. 3843 10044 5475 10067 4679 98.98
o 5 1242 £210 +512 +1.15 +923 +1.77

MBZ % oy 2494 5393 3577 6343 50.77 6153
C +176 +6.44 +126 +984 +7.71 +6.57

®Data are average of three independent assays;t&mtasd deviation; * indicates point for bond coctian;

MBZ: mebendazole.

We next conducted dose-response studies (3.2 nduvp five-fold serial dilutions) of the
most active new benzimidazole compoutland determined its Egin six cancer cell lines
(Table 3). In the three lung cancer cell lines (H157, Calaid A549), compound8 showed
ECsp ranging from 1.4 to 2.4M. Consistent with the benzimidazole drug@sifle 1), compound
18 was highly cytotoxic to the aggressive PC3MLN4gpate cancer cells (Eg 0.9 uM), as
well as the parent PC3 cells (&C1.6 uM). Similar cytotoxic activity was observed for
compoundl8 in the SKOV3 ovarian cancer cells (&C1.0 uM). Mebendazole, included as a
positive reference compound in all assays, showdzktabout twice as active as compoasd

but the difference in activity between the two neoles lacks statistical significance (t-test).

Table 3 EGsp of compoundL8in cancer cell viability assay

13



ECso+ SD M)?

Cancer Type Cell Line
18 Mebendazole

H157 24+0.9 35+14
Lung Calul 1.6+0.6 1.1+03
A549 1.4+05 0.9+0.1
PC3 1.6+0.6 1.1+0.4

Prostate
PC3MLN4 09+04 0.5+0.2
Ovarian SKOV3 1.0+04 05+0.1

®Data are average of three independent assays;&itasd deviation.

Taxanes are standard care therapy for the treatofienetastatic prostate and lung cancers.
However, cancers rapidly develop adaptive resistaared become refractory to taxanes. We
asked if taxane-resistant cancer cells would kéllsensitive to the treatment by compod®&d
We had shown previously that the anticancer agtioit paclitaxel in the paclitaxel-resistant
A549-TR cell line was > 100-fold less than in thergnt A549 cells [38]. Encouragingly, we
observed that both mebendazole and compdighceduced cell viability of the A549-TR cell
line (Figure 2). As compared to the reduced sensitivity to paxét (EGo: 10.3 uM), both
compoundl8 (EGsg: 3.8 uM) and mebendazole (g 1.7 uM) were significantly more potent

than paclitaxellone(t-test, p-value < 0.05).

Taken together, these data suggest that the newinfidazole compound8 is a potent
inhibitor of cancer cell growth, and that instathat of the oxetane moiety in the left-hand side of
mebendazole leads to little or no reduction incamtcer activity of compoundi8 in most cell
lines tested. If solubility is improved in this cposition, it could lead to better promise for

systemian vivo delivery of the new drug for the treatment of dimgnated tumors.

14
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Figure 2. Anticancer activity of paclitaxel, compoud8, and mebendazol@®IBZ) in A549-TR. Data shown as the

average * SD of three independent biological repdis. Statistical analysis was performed by t-test.

2.4. Cell cycle analyses

We conducted cell cycle analysis to determine tifeces of compoundl8 on cell cycle
passage in PC3MLN4 prostate cancer céligure 3). Cells were treated with compoud8 (1
uM) or mebendazole (M), and the well characterized mitotic inhibitoraoalazole (uM) was
included as a positive control [39]. After 24 hcubation, cells were harvested, fixed, stained
with Propidium lodide (PI) and finally counted bipdrescence-activated cell sorting (FACS)
(Figure 3A). Collected data were analyzed with FlowJo sofeatardetermine the percentage of
cells in G1, S, and G2 phagéiqure 3B) using the Dean/Jett/Fox Model [40]. Compout&l
caused accumulation of cells at the G2/M phaséetell cycle. In contrast, mebendazole had a
less significant effect on the accumulation of c@ll G2/M. The cyclin B1 is a marker for cell

cycle arrest at the G2/M phase. Indeed, compdinds well as the positive control nocodazole,

15



increased cyclin B1 levels in cells after 24 hatmeent Figure 3C). Taken together, these data

suggest that compourdd@ induces G2M cell cycle arrest.

(a) (b) i
800 Control | 200 18 1uM 120 os
400 | 1001 -
£ 600 L o
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o

MBZ 1uM
NCZ 1 uM

Figure 3. (a) Cell-cycle phase distribution of PC3MLN4 teghtwith compoundl8, mebendazole (MBZ) or
nocodazole (NCZ) for 24 hr. Cell-cycle phase disttion was assessed by propidium iodide (PI) stgirof
permeabilized ethanol-fixed cells. (b) Graph reipgrtpercentile cell-cycle phase distributions. G$-, and
G2-phase distributions were determined by FlowJayasis. (c) Western blot showing an accumulatiorCgé€lin

B1, expressed in G2 and M phase, in PC3MLN4 treaiddcompoundl8, MBZ, or NCZ for 24 hr.

2.5. Microtubule structures

The benzimidazole drugs similar to our lead compguare known to disrupt microtubule
structures [41-43], although other potential metdran have been suggested. These include
blockade of hedgehog pathway signaling and interfee with the action of the specific
anti-apoptotic protein X-linked inhibitor of apogie (XIAP) [19, 44]. Microtubule structures

perform vital cellular functions including intratdhr organelle transportation, cell motion and

16



movement, as well as mitosis of proliferating celherapeutic targeting of microtubule
dynamics has led to the discovery and clinical ssscof the broadly used anticancer drugs
taxanes, epothilones, and eribulin [45-47]. To deiee whether compounti8 interfered with
microtubule dynamics in cultured cancer cells, weubated PC3MLN4 prostate cancer cells
with compoundl18 (1 uM) for 48 hr and visualized microtubules by stagmivith anti-tubulin
antibody Figure 4). Our results demonstrate disruptions of the essgement and diminution of
microtubules in cells treated with compoutfito a degree similar to that of mebendazolgN)

but less dramatic than nocodazolaid), a powerful but extremely toxic microtubule diptor.
This result indicates that compouh8 retains the activity of the parent compound imupsing

microtubule dynamics.

Control

a-Tubulin/DNA

a-Tubulin/DNA

Figure 4. Representative immunofluorescence images showiagetfect of compound8, mebendazole (MBZ),
and nocodazole (NCZ) on microtubules in PC3MLN4spaite cancer cells after treated for 48 hr. Dadiweas in
top row indicate area that are further magnified slhown in the bottom row. Tubulin structures argieen color;

and DNA in blue.
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2.6. Docking studies

The benzimidazole anthelmintic drugs are postulatedffect tubulin dynamics by their
direct binding to the colchicine binding domaintobulin [43]. We applied Autodock Vina [48]
and performed docking study to model the interastibetween compounil8 and tubulin
utilizing the reported tubulin crystal structureD@® Code: 3HKC) [49] Figure 5). The
simulation analyses suggest that the oxetanyl godugpmpoundl8 participate in electrostatic
interaction with Lys352, and together with the pfleand benzimidazole moieties, occupy a
hydrophobic packet composed of Leu248, Ala250, beuAla317, and 1le378. Neither the
carbonyl group nor the amino group on the left-haideé of the molecule participated in H-bond
interactions with the protein. Instead, they see@moptimally position the phenyl and the
oxetanyl groups in the narrow hydrophobic packearélimportantly, the carbamate moiety
forms hydrogen-bond (H-bond) interactions with ABR1Tyr202, and Val238. It is likely that
this network of H-bonds is required for the affjnif the benzimidazole compounds to the
tubulin protein. This tight binding site can onlgcammodate small methyl group but not
sterically bulky group such as oxetane, which mgtalvide a rational to explain the significant

loss of activity by compounds- 10 (Table 2).
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Figure 5. The lowest energy docking pose I8 in the colchicine binding site of tubulin (PDB CodHKC).
Compoundl8 is presented as yellow sticks and shaded in dak @ide chains of amino acids of tubulin protein
involved in interactions witi8 are presented as green sticks. Nitrogen and oxgtens are colored as blue and

red, respectively.

2.7. Solubility

Solubility is one most important physiochemical ggdies that dictates the performance of
small molecule drugs. Drugs with low solubility eft require the usage of toxic excipients to
achieve adequate systemic delivery; and their phisor hence therapeutic effects, is impaired
by significant patient to patient variability [5@p In case of the benzimidazoles, as commonly
used as anthelmintic drugs, they are at best oprsely soluble in agueous media. We
compared the kinetic and thermodynamic solubilityn@bendazole and the oxetanyl compound
18. An HPLC method was developed to quantify the amaf solubilized mebendazole and
compoundl8, respectively. The analytical method was optimittedchieve a detection limit of

1 ug/mL for both compounds. In pH 7.4 PBS bufféalple 4), the kinetic (0.5 hr incubation)
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and thermodynamic (24 hr incubation) solubilityneébendazole is below theuy/mL detection
limit. Even after 120 hr incubation, there wasl stib measurable amount of mebendazole in
solution. In contrast, the kinetic and thermodyrmasolubility of compound.8 reached as high
as 253 and 361M, respectively. Our data clearly indicates dramatiprovement of aqueous
solubility by compound.8, which could be attributed to the incorporatiortted oxetanyl moiety

in the molecule. Interestingly, th&pof the nitrogen (N) atom that couples the oxetarglup

to the benzene ring is calculated as -0.51 (ChemAXersion 14.8.18.0), indicative of a
non-ionizable N atom. Therefore, the N linker idikely to contribute significantly to the
enhanced solubility of compourid8. Taken together, our results demonstrate the eniquity

of oxetane for improving aqueous solubility as wali maintaining anticancer activity of

mebendazole.

Table 4. Solubility of mebendazole and compout®i

Solubility (ug/mL)?
5% DMSO in PBS, pH 7.4

Mebendazole 18
30 min <1 96
24 hr <1 137

# Solubility results are expressed as the mean oéethindependent

measurements.

2.8. In vivo efficacy

We used the mouse PC3MLN4 xenograft tumor modetldbne thein vivo anticancer
activity of systemically delivered compourtB and compared the effect to mebendazole.

PC3MLN4 cells (1 X 1B of cells) were injected subcutaneously betweensttaular of nude
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mice and allowed to grow to an average size of &5.umor-bearing mice were randomized
and treated with compount8 (30 mg/kg), mebendazole (30 mg/kg), and blank tdation
(control group) via intraperitoneal (IP) injectiof&times a week for two weeks). Tumor volume
and body weight (BW) were measured on the same asybse drug administrations as well as
three days after the last dosing. As showRigure 6A, compoundL8 and mebendazole showed
statistically significant inhibition of tumor grott and the effect of both drugs was very similar
after day-9 of the study. This finding correlateslivwith the similarin vitro cytotoxicity of the
two drugs in PC3MLN4 cellsT@ble 3). At the last measurement of the tumor volume {tly
the mean (+ SEM) size of the compout8itreated group (T) is 43.2 mirtt 10.36) while that of
the control group (C) is 118.8 mintt 13.35) Figure 6C). Therefore, the treatment-to-control
(T/C) ratio for compound.8 at the last time point is 0.36 (t-test p value.84@1), below thd/C

< 0.45 threshold that defines active antitumor agtifb3]. The T/C for mebendazole is 0.31.
The changes in body weight indicated that both slnvgre well tolerated during the course of
the treatment, although mebendazole induced a5%aeduction in BW, and the changes were
statistically significant on day-3 and dayfsidure 6B). This finding is consistent with reports
by others that suggest the benzimidazole drugsdcbal safely dosed in preclinical models

[19-21].
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Figure 6. (a) Inhibition of tumor growth by compourid8 and mebendazole (MBZ) in PC3MLN4 xenograft tumor
model; (b) the change in body weight, normalizedtasf day-1 during the course of the study. Blagkws along

the x-axis indicate dates of drug administratioratiStical analysis was performed by t-test. *: [B§) **: p<0.01.
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Data shown as mean (+ SEM). (c) Graph represethi@do of tumor volume normalized on control on @&y Data

shown as mean (+ SEM). Statistical analysis wafopaed by t-test. N.S.: not significant.

3. Conclusion

One promising strategy for the discovery of new aale treatments for late stage
progressive cancer is the rational design basqat@clinical and clinical anticancer activities of
existing drugs that are not prescribed for treatiagcers. The benzimidazole anthelmintic drugs,
including mebendazole, have been widely used ircline for decades to eliminate parasites in
the gut. Their preclinical anticancer activitiesy@deen revealed recently. However, the clinical
translation of those drugs for the treatment ofceamatients is impeded by the lack of adequate
drug exposure [30]. Our results in this report jevintriguing findings that highly aggressive
prostate cancer cells (PC3MLN4) and drug-resiskanty cancer cells (A549-TR) are highly
vulnerable to the treatment by benzimidazoles. Heurhore, we succeeded in the design and
synthesis of the novel lead compouh8 to dramatically improve aqueous solubility while
maintaining potent anticancer activity in a ranfeancer cells of the lung, prostate, and ovarian.
In a mouse tumor xenograft model of the highly aggive PCMLN4 prostate cancer, compound
18 significantly inhibited the tumor growth but showed signs of toxicity. Similar to the
benzimidazole drugs mebendazole and flubendazol®pound18 induces cancer cell cycle
arrest in the G2/M phase by disrupting tubulin dyics. It is likely that aggressive cancer cells
are more dependent on tubulin dynamics therefogealso more sensitive to the exposure to
compoundl8. As part of our on-going research, we plan tordgte the mechanism of action
and the molecular target of compoub@ Although mebendazole gave equivalent anti-tumor

effects when injected into animals via an intrajoeeal route, we hypothesize that this was due
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to a depot effect where the drug remained in th@tgmeum and slowly penetrated into the
circulation. We expect that the improvement in amsesolubility of compound8 will enable

sufficient systemic exposure to achieve therapeiticacy via oral administration, which would
be problematic with the parent compounds. We wdpart in due course the detailed
characterizations of compound8 in in vitro and in vivo pharmacokinetics and

pharmacodynamics.

4. Experimental Section
4.1. Chemistry
4.1.1. General

All reagents and solvents were purchased from cawialy available sources and used
without further purification. All reactions werercigd out according to the indicated procedures
and conditions. Flash Chromatography was performedan Interchim PufiFlash 430 with
cartridges filled with Silica gel 50 um (PF-50SIH@eactions were monitored by LC/MS
analysis and/or thin-layer chromatography (TLC)sdiza-coated glass with the indicated eluent.
The compounds were visualized by UV light (254 nh(}/MS analysis was performed on an
Agilent 1200 HPLC/UV X = 220 nm and/or 254 nm) system coupled with a repsstroscopic
(Applied Biosystems, MDS SCIEX, Q TRAP LC/MS/MS) teetor. High-resolution mass
spectrometry (HRMS) was performed on a Waters Q-Pddmier™ Mass Spectrometer in the
positive mode that utilizes electrospray ionizat{&s1). Compounds for analysis were dissolved

in 100% DMSO and separated on C18 cartridge (parsize 2.6um, dimensions: 100 mm X

2.1 mm, 0.3 mL/min flow rate, L injection volume) using acetonitrile/water mobpéaase
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with 0.1% formic acid as a modifier. The gradietatred at 0% acetonitrile, held for 1 min, and
linearly increased to 97% acetonitrile over 10 mwrith 2 min hold at 97% acetonitrile and
subsequent re-equilibration to the original comdis in a total of 17 min. All compounds
reported were obtained in a purity of > 95% at ABwavelength. Nuclear magnetic resonance
(*H NMR) spectra were recorded on a Varian MercunysgNMR spectrometer operating at
400.13 MHz frequencies for 1H, using a 5 mm ASW RfGbe capable of detectifg and**C
nuclei. The proton chemical shifts (ppm) were reffieed to the tetramethylsilane (TMS) internal
standard (0 ppm). Chemical shifty are reported related to CDGIr DMSO<s residual solvent
peaks and indicated in parts per million (ppm). Thktting patterns are abbreviated as follows:
s (singlet), d (doublet), dd (doublet of doubletgjriplet), g (quartet), quin (quintet), sxt (se,

triplet of doublets (td), br (broad), and m (muki.

General Procedure to Synthesis of Bendazole Moiety with Different Side Chains (Compounds
1-10)

To a stirred mixture of each bendazole in baseésly100 mM) were added 10 equiv of
alcohols indicated ischeme 1The reaction proceeded at 90, 100, or 110 °QG forto o/n. For
compound$ and7, the reaction mixture was exposed to microwaaiation for 5 - 15 min at
60 or 70 °C. Workup: Once the reaction was compléie solvent was removed under reduced
pressure, diluted with four times the reaction waduof EtOAc and washed with water and brine.
The organic layer was dried with p80, and concentrated in vacuo, followed by purificatio
performed on automated flash chromatography systéim the desired method commented

below.

2-(Dimethylamino)ethyl (5-(propylthio)-1H-benzo[d]imidazol -2-yl)carbamate (1)
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Isolated by silica gel chromatography with DCM:MeGH3:1 as an off-white solid; {R=
0.32 (10% MeOH/DCM); HPLC analysis (C18 reversesghd7 mins, 0-97% JO/ACN with
0.1% formic acid)tgr = 7.6 min;'H NMR (400 MHz, 2%C, CDC}) & 7.57 (1H, br), 7.45 (1H,
br), 7.25 (1H, dJ = 8.2 Hz), 4.45, (2H, t) = 6.1 Hz), 2.88 (2H, t) = 7.2 Hz), 2.79 (2H, ) =
6.1 Hz), 2.37 (6H, s), 1.64 (2H, s¥t= 7.4 Hz), 1.01 (3H, t) = 7.2 Hz); MS (ESI) m/z: [M +

H]" Calcd for GsH2aN4O,S 323.2; Found 323.6.

3-(Dimethylamino)propyl (5-(propylthio)-1H-benzo[d]imidazol-2-yl)carbamate (2)

Isolated by silica gel chromatography with DCM:MeGH3:1 as an off-white solid; {R=
0.07 (10% MeOH/DCM); HPLC analysis (C18 reversesghd7 mins, 0-97% JO/ACN with
0.1% formic acid)tzr = 7.6 min;'H NMR (400 MHz, 2%C, CDC}) & 7.59 (1H, br), 7.42 (1H,
br), 7.26 (1H, dJ = 7.8 Hz), 4.43 (2H, t) = 6.7 Hz), 2.87 (2H, = 7.2 Hz), 2.47 (2H, ) = 6.8
Hz), 2.26 (6H, s), 2.04 (2H, quid= 6.8 Hz), 1.64 (2H, sxfl = 7.3 Hz), 1.01 (3H, ) = 7.4 Hz);

MS (ESI) m/z: [M + H Calcd for GeH2sN4O,S 337.2; Found 337.6.

Oxetan-3-yl (5-(propylthio)-1H-benzo[d]imidazol-2-yl)carbamate (3)

Isolated by silica gel chromatography with DCM:Me®H40:1 as a white solid;{R 0.38
(10% MeOH/DCM); HPLC analysis (C18 reverse phagemins, 0-97% KHO/ACN with 0.1%
formic acid):tg = 9.2 min;*H NMR (400 MHz, 2%C, CDC}) & 12.02 (1H, br), 7.50 (1H, s),
7.41 (1H, dJ = 8.2 Hz), 7.13 (1H, d] = 8.6 Hz), 5.28 (1H, br), 4.88-4.84 (1H, m), 4(3#, t,J
= 9.4 Hz), 4.02 (1H, dd] = 9.4, 5.9 Hz), 3.75-3.60 (2H, m), 2.86 (2HJ & 7.2 Hz), 1.54 (2H,
sxt,J = 7.2 Hz), 0.94 (3H, t) = 7.2 Hz); MS (ESI) m/z: [M + H]Calcd for G4H1gNs0sS 308.1;

Found 308.6.
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(3-Methyloxetan-3-yl)methyl (5-(propylthio)-1H-benzo[d]imidazol-2-yl)carbamate (4)

Isolated by silica gel chromatography with hexalBE3Ac = 1:1 as a white solid;;R 0.41
(10% MeOH/DCM); HPLC analysis (C18 reverse phagemins, 0-97% KO/ACN with 0.1%
formic acid):tg = 9.1 min;'H NMR (400 MHz, 2%C, CDC}) & 7.52 (1H, br), 7.36 (1H, br),
7.25 (1H, dJ = 7.9 Hz), 4.62 (2H, d] = 6.3 Hz), 4.54 (2H, dJ = 5.9 Hz), 4.50 (2H, s), 2.88
(2H, t,J = 7.4 Hz), 1.64 (2H, sxt] = 7.4 Hz), 1.40 (3H, s), 1.01 (3H,X= 7.4 Hz) ; MS (ESI)

m/z: [M + HJ" Calcd for GeH22N30sS 336.1; Found 336.5.

Oxetan-3-yl (5-benzoyl-1H-benzo[d]imidazol-2-yl)carbamate (5)

Isolated by silica gel chromatography with DCM:Me®H:1 as a white solid;{R 0.56 (10%
MeOH/DCM); white solid (180 mg, 53%); HPLC analy${318 reverse phase, 17 mins, 0-97%
H,O/ACN with 0.1% formic acid)itr = 8.7 min; *H NMR (400 MHz, 25°C, CDC}) o
12.42-12.31 (1H, m), 7.95-7.54 (8H, m), 5.27 (1}5.7), 4.92-4.85 (1H, m), 4.30-4.24 (1H, m),
4.08-4.02 (1H, m), 3.76-3.72 (1H, m), 3.65-3.61 (1h); MS (ESI) m/z: [M + H] Calcd for

C18H16N304338.1; Found 338.5.

3-(Dimethylamino)propyl (5-(4-fluorobenzoyl)-1H-benzo[ d]imidazol-2-yl)carbamate (6)

Isolated by silica gel chromatography with DCM:MeGH2:1 as an off-white solid; {R=
0.08 (10% MeOH/DCM); HPLC analysis (C18 reversesghd 7 mins, 0-97% 4@/ACN with
0.1% formic acid)tz = 7.9 min;"H NMR (400 MHz, 25C, DMSO#) 3 7.84 (1H, s), 7.80 (2H,
dd,J = 8.2, 5.9 Hz), 7.56-7.51 (2H, m), 7.38 (2HJ & 8.6 Hz), 4.23 (2H, t) = 6.5 Hz), 2.57

(2H, t,J = 6.8 Hz), 2.33 (6H, s), 1.88 (2H, quihs= 6.8 Hz) ; MS (ESI) m/z: [M + H]Calcd for
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CooH2oFN4O3 ; Found 385.2; Found 385.6.

Oxetan-3-yl (5-(phenylthio)-1H-benzo[d]imidazol-2-yl)carbamate (7)

Isolated by silica gel chromatography with DCM:MeG®GHD:1 as a yellow solid; {R= 0.49
(10% MeOH/DCM); HPLC analysis (C18 reverse phagemins, 0-97% KO/ACN with 0.1%
formic acid):tr = 9.5 min;'H NMR (400 MHz, 2%C, CDC}) 6 12.22-12.13 (1H, m), 7.58 (1H,
d, 6.3), 7.52 (1H, t) = 7.6 Hz), 7.31-7.11 (6H, m), 5.27 (1HJtz 5.5 Hz), 4.87 (1H, d] = 3.5
Hz), 4.24 (1H, td,) = 9.3, 4.5 Hz), 4.05-4.00 (1H, m), 3.76-3.59 (2H; MS (ESI) m/z: [M +

H]* Calcd for G;H16N30sS 342.1; Found 342.4.

2-(Dimethylamino)ethyl (5-benzoyl-1H-benzo[d]imidazol-2-yl)carbamate (8)

Isolated by silica gel chromatography with DCM:Me®H:1 as a white solid;{R 0.21 (10%
MeOH/DCM); HPLC analysis (C18 reverse phase, 17sm97% HO/ACN with 0.1% formic
acid):tz = 7.9 minH NMR (400 MHz, 2%C, DMSO#dg) 517.86 (1H, s), 7.72 (2H, &, = 7.8
Hz), 7.67-7.63 (1H, m), 7.59-7.52 (4H, m), 4.28 (2H = 5.6 Hz), 2.55 (2H, t] = 5.6 Hz), 2.20

(6H, s); MS (ESI) m/z: [M + H]Calcd for GoH21N403 353.2; Found 353.6.

2-(Dimethylamino)ethyl (5-(4-fluorobenzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (9)

Isolated by silica gel chromatography with DCM:Me®H:1 as a white solid;{R 0.24 (10%
MeOH/DCM); HPLC analysis (C18 reverse phase, 17snm97% HO/ACN with 0.1% formic
acid):tg = 8.1 minH NMR (400 MHz, 25C, DMSOdg) 8717.84 (1H, s), 7.80 (2H, dd,= 8.1,
5.6 Hz), 7.56-7.51 (2H, m), 7.38 (2HJt= 8.8 Hz), 4.28 (2H, t] = 5.6 Hz), 2.55 (2H, ) = 5.6

Hz), 2.20 (6H, s); MS (ESI) m/z: [M + H[Calcd for GeHooFN4O3 371.2; Found 371.5.
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2-(Dimethylamino)ethyl (5-(phenylthio)-1H-benzo[d]imidazol-2-yl)carbamate (10)

Isolated by silica gel chromatography with DCM:Me®H:1 as a white solid;{R 0.26 (10%
MeOH/DCM); HPLC analysis (C18 reverse phase, 17sm97% HO/ACN with 0.1% formic
acid): tg = 8.6 min:*H NMR (400 MHz, 2%C, DMSO#g) 3(17.53 (1H, s), 7.46 (1H, = 8.3
Hz), 7.27 (2H, tJ = 7.4 Hz), 7.20-7.16 (2H, m), 7.12 (2H,X& 7.8 Hz), 4.27 (2H, t] = 5.6 Hz),
2.56 (2H, t,J = 5.6 Hz), 2.20 (6H, s); MS (ESI) m/z: [M + HTalcd for GgH21N40,S 357.1;

Found 357.4.

Methyl (5-((6-(4-methylpiperazin-1-yl)pyridin-2-yl)oxy)-1H-benzo[ d]imidazol -2-yl)carbamate
5-(3-(4-Methyl piperazin-1-yl)phenoxy)-2-nitroaniline (11)

To a stirred solution of 3-bromophenol (0.6 g, Bi&ol) in anhydrous toluene (12 mL) was
added N-methylpiperazine (0.5 mL, 4.2 mmol)y(@da) (79 mg, 0.087 mmolfBuONa (0.933
g, 9.7 mmol), and BINAP (0.216 g, 0.35 mmol) instlsiequence. The resulting solution was
heated to reflux under argon for 1 hr. Upon compie{monitored by LC/MS), the mixture was
cooled to rt, extracted with EtOAc and brine, drie@r NaSQs, and concentrated under reduced
pressure to give the crude product. Purifications weerformed on an automated flash
chromatography system with 0-10% MeOH in DCM toldi6.38 g (56%). To a biaryl ether
intermediate (0.360 mg, 1.87 mmaot)anhydrous DMF (1.5 mL) was added 60% NaH (189 mg
slowly, followed by 5-chloro-2-nitroaniline (1.29, .48 mmol) under argon. The resulting
mixture was stirred overnight at 120 °C. Once #etion was complete, the mixture was cooled
to rt and ice water was added. The product waseted with EtOAc, washed with brine, dried

over NaSQ,, and concentrated under reduced pressure. Ptioficavas performed on an
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automated flash chromatography system with 0-10%Mén DCM to afford 0.41 g (66%) of

the productll

4-((6-(4-Methyl piperazin-1-yl)pyridin-2-yl)oxy)-2-nitroaniline (12)

To a stirred solution of 2,6-dichloropyridine (0.483.24 mmol) and 4-amino-3-nitrophenol
(0.5 g, 3.24 mmol) in anhydrous DMF (15 ml) was edigpotassium carbonate (0.67 g, 4.87
mmol) under argon. The resulting mixture was dirovernight at 120 °C. Upon completion
(monitored by LC/MS), the mixture was cooled toestiracted with EtOAc and brine, dried over
NaSQ,, and concentrated under reduced pressure to heveldsired product (750 mg, 87%).
Biaryl ether intermediate (0.44 g, 1.5 mmol) wassdlved in 8.8 mL of N-methylpiperazine and
the resulting solution was refluxed for 3 hr. Ortae reaction was complete, the mixture was
cooled to rt and ice water was added. The prodastextracted with EtOAc, washed with brine,
dried over NgSQO,, and concentrated under reduced pressure tolgiter the next step without

purification.

Methyl (5-(3-(4-methyl piperazin-1-yl)phenoxy)-1H-benzo[d]imidazol-2-yl)carbamate (13)
Compoundl1 (0.30 g, 0.90 mmol) was treated with zinc dust 104 6.3 mmol) in acetic

acid (19 mL) for 1 hr at rt. The mixture was fiker through Celite and the filter cake was
washed with DCM. The filtrate was then concentrateder reduced pressure. The pH was
adjusted to ~8 by the dropwise addition of 5 M Na@tdl DCM was added to product crashing
out of solution. The precipitate was isolated bguwan filtration and dried under high vacuum to
yield 151 mg (42%). To a stirred solution of diaoanyl intermediate (0.14 g, 0.46 mmol) in
acetic acid (4 mL) was added 1,3-bis(methoxycarfe2ynethyl-2-thiopseudourea (0.24 g, 1.2

mmol) under argon. The resulting solution was atirat 85 °C for 1 hr. Upon completion
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(monitored by LC/MS), the mixture was cooled tothe solvent was removed under reduced
pressure. 2M HCI (9 mL) was added to the residuktha mixture was stirred at r.t. for 1 hr.
The product was extracted with EtOAc and brineediover NaSQO,, and concentrated under
reduced pressure to give the crude product. Patific was performed on an automated flash
chromatography system with 0-10% MeOH in DCM tdd/ié4 mg (42%) ofL3 as a pale yellow
solid. HPLC analysis (C18 reverse phase, 17 mi8% HO/ACN with 0.1% formic acid)tg

= 7.3 min;*H NMR (400 MHz, 2%C, CD:OD) & 11.65 (2H, br), 7.38 (1H, d,= 8.2 Hz), 7.13
(1H, t,J = 8.2 Hz), 7.03 (1H, s), 6.79 (1H, 3= 8.6 Hz), 6.64 (1H, d] = 8.6 Hz), 6.53 (1H, s),
6.78 (1H, dJ = 7.8 Hz), 3.74 (3H, s), 3.09 (4H, s), 2.40 (44,2519 (3H, s); MS (ESI) m/z: [M

+ H]" Calcd for GoH24Ns03382.1874; Found 382.1878.

Methyl  (5-((6-(4-methylpiperazin-1-yl)pyridin-2-yl)oxy)-1H-benzo[ d]imidazol-2-yl)carbamate
(14)

The substratd?2 (595 mg, 1.8 mmol) was treated with zinc dust (823, 12.6 mmol) in
acetic acid (39 ml) for 10 hr at rt. The mixturesafdtered through Celite and the filter cake was
washed with EtOAc. The filtrate was then concepttatinder reduced pressure. The pH was
adjusted to ~8 by the dropwise addition of 5 M Na@id EtOAc was added to crash the product
out of solution. The precipitate was isolated bguwan filtration and dried under high vacuum to
yield 395 mg (72%). To a stirred solution of diapanyl intermediate (290 mg, 0.97 mmol) in
acetic acid (8 mL) was added 1,3-bis(methoxycarfetynethyl-2-thiopseudourea (499 mg,
2.42 mmol) under argon. The resulting solution wtsed for 1 hr at 85 °C. Upon completion
(monitored by LC/MS), the mixture was cooled to ahd the solvent was removed under
reduced pressure. 2M HCI (15 mL) was added to ¢és&lue and the mixture was stirred at r.t.

for 1 hr. The product was extracted with EtOAc &nicie, dried over N&O,, and concentrated
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under reduced pressure to give the crude producifidation was performed on an automated
flash chromatography system with 0-10% MeOH in D&Wield 94 mg (25%) o014 as a pale
yellow solid. HPLC analysis (C18 reverse phasemls, 0-97% HO/ACN with 0.1% formic
acid):tz = 7.1 min;*H NMR (400 MHz, 2%C, CD:OD) & 11.65 (2H, s), 7.49 (1H, 4,= 8.0 Hz),
7.38 (1H, d,J = 8.6 Hz), 7.13 (1H, s), 6.83 (1H, = 8.2 Hz), 6.43 (1H, dJ = 8.2 Hz), 6.01
(1H, d,J = 7.8 Hz), 3.75 (3H, s), 3.33 (4H, s), 2.30 (4H,2516 (3H, s); MS (ESI+) H2:NsO3

m/zCalcd for (M+H) 383.2; Found 383.2.

(3,4-Dinitrophenyl)(4-(methylamino)phenyl)methanone (15)

3,4-Dinitrobenzoic acid (127 g, 600 mmol) was susigel in DCM (200 mL) and oxalyl
chloride (154 mL, 1.8 mole) was added slowly. Téaction mixture was then cooled in an ice
bath, and DMF (2 mL) was added dropwise over Z'he resulting mixture was stirred for 3 hr
at 0 °C and for 1 hr at rt (or until the solutioecbme transparent at rt). Upon completion
(monitored by LC/MS), the solution was concentratedler reduced pressure and residual oil
was placed under the high vacuum pump for 30 miretoove the residual amount of oxalyl
chloride. To this dark yellow viscous oil, AKC{296 g, 2.2 mole) was added in small portion
over 15 min* with a gentle swirl by hands and felkd by the addition of
N-methyl-N-phenylacetamide (150 g, 1.0 mole) wadeald The resulting mixture was stirred at
100 °C for overnight. Once the reaction was conepléte excess Alglwas quenched by the
slow addition of water (100 mL) and extracted wit6M, dried over NgS0O,, and concentrated
to yield an amber, viscous oil. Purification wasfpamed on automated flash chromatography
system with 0-100% EtOAc in hexanes. The produdieslat ~40% EtOAc to afford 47% yield

of ortho- and para- mixture.** R; = 0.58 (10% MeOH/DCM); HPLC analysis (C18 reverse
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phase, 17 mins, 0-97%,8/ACN with 0.1% formic acid)tz = 9.9 min;*H NMR (400 MHz,
25°C, CDCE) 6 8.33 (s, 1H), 8.17 (m, 1H), 8.05 (d, 1H), 7.853H), 7.42 (d, 2H), 3.35 (s, 3H),
2.05 (s, 3H); MS (ESI) m/z: [M + H]Calcd for GgH14N30s 344.1; Found 344.2. *Note: The
dissolution of AIC} is exothermic. An ice bath is recommend&tDue to the separation
difficulty of regioisomer productrtho- andpara, in this step, the mixture was carried on to
the next step and purification was achieved thema §olution of biaryl ketone intermediate (250
mg, 0.73 mmol) in water (2 mL) was added conc. K8aluL, 0.63 mmol) at 0 °C, the resulting
mixture was refluxed overnight. After completion tbie reaction (monitored by LC/MS), 6M
NaOH was added to neutralize the HCI (final pH -®8&)e desired product was extracted with
DCM, dried over Ng5O,, and concentrated under reduced pressure to srelamber, viscous
oil. Purification was performed on an automateagHlahromatography system with 0-100%
EtOAc in hexanes. The product elutes at ~40% Et@Aafford 15 asa yellow solid (150 mg,
68%). R = 0.15 (20% EtOAc/hexanes); HPLC analysis (C1&re¥ phase, 17 mins, 0-97%
H,O/ACN with 0.1% formic acid)15 para- tg = 10.4 min:20 ortho- tg = 10.7 min;'H NMR
(400 MHz, 28C, CDC}): 15 para- 8(18.22 (1H, s), 8.07-8.00 (2H, m), 7.71 (2HJd; 8.6 Hz),
6.62 (2H, dJ = 8.6 Hz), 4.54 (1H, br), 2.96 (3H, d= 4.7 Hz):20 ortho- 6 8.33 (1H, s), 8.15
(1H, d,J = 8.2 Hz), 8.02 (1H, d] = 8.2 Hz), 7.32 (1H, ) = 8.0 Hz), 7.03 (1H, s), 6.97 (1H, &,

= 7.4 Hz), 6.92-6.90 (1H, m), 4.00 (1H, br), 2.@H( s); MS (ESI) m/z: [M + H] Calcd for

C14H12N305 302.1; Found.5 para- 302.3:200rtho- 302.4.

(3,4-Dinitrophenyl)(4-(methyl (oxetan-3-yl yamino)phenyl ) methanol (16)
To a solution ofL5 (500 mg, 1.66 mmol) in MeOH (8 mL) was added NaBH3 mg, 3.22

mmol). The resulting mixture was stirred at rt fbrhr. Once the reaction was completed
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(monitored by HPLC), the excess NaBWas quenched by the addition of water, the product
was extracted with DCM, dried over dg0,, and concentrated under reduced pressure to yield
an amber, viscous oil. Purification was performadha automated flash chromatography system
with 0-100% EtOAc in hexanes. The product elutes-40% EtOAc to afford21l with a
quantitative yield (503 mg). {R= 0.48 (50% EtOAc/ hexanes); HPLC analysis (Ch\&nmse
phase, 17 mins, 0-97%,8/ACN with 0.1% formic acid)tz = 8.7 min;'H NMR (400 MHz, 25

°C, CDCh) 5 7.85 (1H, s), 7.77 (1H, d,= 8.3 Hz), 7.61 (1H, d] = 8.8 Hz), 7.00 (2H, d] = 8.3
Hz), 6.49 (2H, d,) = 8.3 Hz), 5.66 (1H, s), 3.63 (1H, br), 2.73 (3MS (ESI) m/z: [M + HJ
Calcd for G4H14N305 304.1; Found 304.0. To a biaryl alcohol intermesli®.25 g, 20.6 mmol)

in MeOH (10 mL) was added oxetan-3-one (4 mL, 6Brol) and acetic acid (2.4 mL, 41.2
mmol). The resulting mixture was stirred for 90 mainrt. Then NaBB{CN) (2.6 g, 41.4 mmol)
was added and the reaction mixture was exposedidmwave irradiation for 3 hr at 65 °C.
Upon completion (monitored by LC/MS), the reactwas diluted with water, extracted with
DCM, dried over Ng&50O,, and concentrated to yield an amber, viscous Ruikification was
performed on an automated flash chromatographesystith 0-100% EtOAc in hexanes. The
product elutes at ~55% EtOAc to affodb with 4.59 g (62%) yield. R= 0.20 (50%
EtOAc/hexanes); HPLC analysis (C18 reverse phagemihs, 0-97% KLO/ACN with 0.1%
formic acid):tr = 9.8 min;'H NMR (400 MHz, 23C, CDC}) 5(17.94-7.89 (2H, m), 7.74 (1H, d
J=8.3 Hz), 7.17 (2H, d] = 8.3 Hz), 6.61 (2H, d] = 8.3 Hz), 5.84 (1H, s), 4.87-4.84 (2H, m),
4.74-4.66 (3H, m), 2.94 (s, 3H); MS (ESI) m/z: [MH}" Calcd for G7H1gN3Og 360.1; Found

360.1.

(3,4-Diaminophenyl)(4-(methyl (oxetan-3-yl)Jamino)phenyl)methanone (17)
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Compound16 (6.47 g, 18.0 mmol) was dissolved in DCM (90 mL)dabess—Martin
periodinane (15.3 g, 36.1 mmol) was added anddhelting mixture was stirred at rt for 1 hr.
Upon completion (monitored by LC/MS), the reactwas diluted with water, extracted with
DCM, dried over NgSQy, and concentrated under reduced pressure to gieddrk yellow,
viscous oil. Purification was performed on an awted flash chromatography system with 0-10%
MeOH in DCM. The product elutes at ~4.5% MeOH timaf 22 with a 5.75 g (89%). R= 0.24
(50% EtOAc/hexanes); HPLC analysis (C18 reverses@hh7 mins, 0-97% J@/ACN with 0.1%
formic acid):tg = 10.4 min;*H NMR (400 MHz, 28C, CDCk) & 8.20 (1H, d,J = 1.2 Hz),
8.07-7.99 (2H, m), 7.72 (2H, d,= 9.0 Hz), 6.65 (2H, d] = 9.0 Hz), 5.04-4.98 (1H, m), 4.94
(2H, t, J =6.8 Hz), 4.81 (2H, t) =6.5 Hz), 3.15 (s, 3H); MS (ESI) m/z: [M + HEalcd for
Ci7H16N306 358.1; Found 358.1. To biaryl ketone intermed{a@0 mg, 0.280 mmol) in MeOH
(2 mL), Pd/C (10 wt % Pd/C, pre-wetted) was added then a HHilled balloon attached to a
3-way valve was attached. The flask’'s atmosphere repeatedly evacuated under vacuum and
back-filled with H. The reaction was stirred for 24 hr then filtetbcbugh Celite, rinsing with
additional MeOH. The solvent was removed under cedipressure and the product was placed
under high vacuum to yielti7 with dark orange, viscous oil (quantitative yiel®) = 0.37 (10%
MeOH/DCM); HPLC analysis (C18 reverse phase, 17snm97% HO/ACN with 0.1% formic
acid):tg = 7.6 min;'H NMR (400 MHz, 2%C, CDC}) 8(17.73 (2H, dJ = 8.8 Hz), 7.24 (1H, s),
7.20-7.18 (1H, m), 6.68 (1H, d, = 7.8 Hz), 6.60 (2H, dJ = 8.8 Hz), 4.92-4.86 (3H, m),
4.80-4.79 (2H, m), 3.05 (3H, s); MS (ESI) m/z: [MH}" Calcd for G7H,0N30, 298.2; Found

298.1.

Methyl (5-(4-(methyl (oxetan-3-yl)amino)benzoyl)-1H-benzo[d]imidazol-2-yl)carbamate (18)
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Compound 17 (0.12 g, 0.44 mmol) was dissolved in MeOH (2 mL)dan
1,3-bis(methoxycarbonyl)-2-methyl-2-thiopseudour@l8 g, 0.87 mmol) was added. The
mixture was exposed to microwave irradiation (30 ¥ 30 min for four times. Once the
reaction was completed (monitored by LC/MS), thacteon mixture was concentrated under
reduced pressure and residual oil was extractdd BtDAc and the organic phase washed with
brine, dried with Ng&SQy, and concentrated under reduced pressure to geldbrown, viscous
oil. Reversed phase purification was performed wragomated flash chromatography system.
The product elutes at 18% MeCN in water with 0.1%rfic acid to afford 0.114 g (68%) yield
of a white amorphous solidsR 0.53 (10% MeOH/DCM); HPLC analysis (C18 revepbase,

17 mins, 0-97% LD/ACN with 0.1% formic acid)tr = 8.3 min;'H NMR (400 MHz, 29C,
CDCls) 8 10.76 (1H, br), 8.10 (1H, br), 7.82 (2H,Xk 8.8 Hz), 7.77-7.63 (2H, m), 7.43 (1H, br),
6.65 (2H, d,J = 8.3 Hz), 4.95-4.93 (3H, m), 4.81 (2H, s), 3.8F(s), 3.09 (3H, s); HRMS (ESI)

m/z: [M + HJ" Calcd for GoH21N4O4 381.1557; Found 381.1557.

Methyl (5-(2-(methyl(oxetan-3-yl)amino)benzoyl)-1H-benzo[ d]imidazol-2-yl)carbamate (19)
Isolated by reversed phase purification on an aatedhflash chromatography system. The
product elutes at 20% MeCN in water with 0.1% farracid as a pale yellow solid; R 0.38
(10% MeOH/DCM); HPLC analysis (C18 reverse phagemins, 0-97% KHO/ACN with 0.1%
formic acid):tz = 8.4 min;*H NMR (400 MHz, 2%C, CDC}) & 7.82-7.69 (4H, m), 6.66-6.61
(3H, m), 4.93-4.81 (5H, m), 3.89 (3H, s), 3.10 (3, MS (ESI) m/z: [M + H] Calcd for

CooH21N404381.2; Found 381.3.

4.2. Solubility
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4.2.1. Method development

A reverse phase HPLC/UV (Agilent 1200 with ThernmeStific C18 column, particle size
2.6, dimensions 100 mm X 2.1 mm) method was applgethe analytical method for compound
18 and mebendazole. The compounds showed signifieapbnses under 254 nm wavelength of
the UV detector. The HPLC method was optimized logification of mobile phase gradient (0
to 97% acetonitrile in water with 0.1% formic a@tla flow rate of 0.3 mL/min) and injection
volume (5pL) to increase the sensitivity of compound undew looncentration. Finally, a
reverse phase HPLC with satisfying of limit of d#ten was developed for detecting compound

18 and mebendazole with concentration at 1 pg/mL

4.2.2. Standard curve

Four levels of standard solutions of compour@and mebendazole were prepared using
DMSO as dilution at 0.001, 0.01, 0.1, and 1 mg/fhe linear equation between concentration
and peak intensity was established and used torndee an analyte’s concentration by

comparison of the peak intensity versus known cotmagons.

4.2.3. Sample preparation and analysis

Mebendazole (1 mg) or compoundi® (1 mg) was initially dissolved in DMSO (8j4L to
each) and to each solution, PBS (phosphate byiff¢7.4, 159.61L to each) was added to have
the target concentration of 6.0 mg/mL with 5% DMSEar kinetic study, the mixture was
sonicated for 30 min at rt, centrifuged for 30 nfi®,000 rpm). The supernatant |{&) was

analyzed by HPLC-UV, measured at 254 nm wavelenigtin.thermodynamic study, samples
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from the sample preparation (6.0 mg/mL in PBS V&% DMSO) were mixed by rotating 360
degree-wise at rt for 24 hr, centrifuged for 30 rflid,000 rpm), and the supernatani{§ was
analyzed by HPLC-UV, measured at 254 nm wavelendtQueous concentration was

determined by comparison of the peak intensityuwseknown concentrations.

4.3. Cell Culture

PC3, PC3MLN4, A549, Calul, H157 (ATCC), and A549-TRlls were maintained in
RPMI-1640, supplemented with 10% fetal bovine seryRBS; Invitrogen) and 1%
penicillin-streptomycin (P/S, Invitrogen). SKOV3 TEC) cells were maintained in McCoy’s

5A (HyClone), 10% FBS, 1% P/S. All cell lines wdsept at 37 °C with 5% C£O

4.4. Antibodies and Chemicals

Antibodies used in this work included the followiramti-Cyclin B1 (rabbit, Cell Signaling);
ant-GAPDH HRP conjugated (Cell Signaling), monoab antie-tubulin (mouse,
Sigma-Aldrich).

Mebendazole (Sigma-Aldrich) was reconstituted in ®M(Sigma-Aldrich) to obtain 10 mM
stock solutions. Aliquots were stored at -20 °Ccdltazole (Sigma-Aldrich) was reconstituted
in DMSO to obtain 20 mM stock solutions. Aliquotene stored at -20 °C. Compouth8 was
reconstituted in DMSO to obtain 10 mM stock solnsio Aliquots were stored at -20 °C.
Paclitaxel (#TXD01 by Cyoskeleton) was reconstduie DMSO to obtain 2 mM stock

solutions. Aliquots were stored at -20 °C.
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4.5. Cell Viability Assays and Bgdetermination

Cell survival assay using Cyquant reagent (fogien, C7026) was performed following the
manufacturer instructions. Briefly, 3 X 16ells were seeded in 96-well plates overnightotgef
treatment with either vehicle or drug for 48 hrllI€evere harvested, washed and frozen at -80
°C overnight. After thawing to room temperature,gGgnt reagent was added and fluorescence
intensity was read with a spectrometer at 485 rifercent survival was calculated by dividing
the reading from drug-treated cells by the readiiom vehicle-treated cells. Median-dose effect
analysis and E& calculation (50% reduction in cell survival) wasrfermed using CompuSyn
software (ComboSyn, Inc.).

MTT assay was performed in 96-well plates. FirsK 50° cells (PC3MLN4, A549, Calul,
H157, A549-TR) or 6 X 1D(PC3) or 8 X 18 (SKOV3) per well per 10QL were seeded in
96-well plates. On the next day, 1Q0 working stock of drug solution af8 or mebendazole
with 2X concentration of the final concentrationsmadded to the cell suspension. After 72 hr
drug incubation, 2@L of 5 mg/mL MTT in PBS was added to the culturel amcubated for 3.5
hr. Then, the media were removed and the preaguitatas suspended in 1M HCI isopropanol.
Absorbance was measured at 570 nm. Percent oViedlility was calculated by dividing the
reading from drug-treated cells by the reading frahicle-treated cells. Egcalculation (50%

reduction in cell viability) was performed usinggPnGraph.

4.6. Immunofluorescent Staining and Microscopy

For immunofluorescent staining, cells were platatbocoverslips in 6-well plates, grown
overnight and then treated with indicated drugse®48 hr of treatment, cells were washed with

ice-cold PBS and fixed with 4% paraformaldehydeXPElectron Microscopy Sciences) in PBS
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for 15 min at rt. Cells were then permeabilizeditgubation in 0.2% Triton X-100-PBS for 8
min. Next, cells were blocked with PBS blocking fleafcontaining 2% normal goat serum and
2% BSA for 1 hr at rt. Cells were incubated in aprapriated diluted primary antibody (1:200
anti-a-tubulin mouse antibody) for 1 hr at rt, washedw®BS and incubated in goat-anti-rabbit
Alexa Fluor 488 (Molecular Probes) at 1:400 dilagoin blocking buffer for 45 min at rt.
Finally, stained cells were washed with PBS, cowstdééned with 500 nM DAPI and mounted on

slides with Prolong Gold antifade mounting medidg T echnologies).

4.7. Flow Cytometry Analysis and Cell Cycle Analysis

First, cells were seeded in 6-well plates (3 X t6ll/well). On the next day, cells were
treated for 24 hr with compourid, mebendazole, or nocodazol@M. The supernatant and the
cell monolayer were collected, washed with PBS, fe&t with cold 70% ethanol for 30 min.
Fixed cells were washed with PBS and incubated With(P-3566, Molecular Probes) and
RNAse A (Pure Link RNaseA, Invitrogen) for 30 miefore FACS measurement. Measures
were interrupted when 15 X 1@ells were counted for each sample. Data wereyzeelwith

FlowJo software to fit the Dean-Jett Fox model.

4.8. Western Blot

Protein extracts were prepared using the lysiseb{§0 mM Tris, pH 7.5, 150 mM, NaCl, 10
mM NaF, and 0.5% NP40) freshly added with Protenimhibitors Cocktail (Sigma Aldrich).
Equal amounts of protein, as determined with anblooninic acid (BCA) protein assay kit
(Pierce/Thermo Scientific) used according to thenuf@cturer's instructions, were separated by

SDS-PAGE and transferred to nitrocellulose memiwahke blots were blocked with 5% nonfat
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dry milk in TBST (50 mM Tris-HCI, pH 7.4, 150 mM K& and 0.1% Tween 20) and then
incubated with appropriate primary antibodies. &Slgnwere detected with horseradish
peroxidase-conjugated secondary antibodies andneatiachemiluminescence (ECL) detection

system (Amersham/GE Healthcare).

4.9. Mouse in vivo xenograft model

All animal experiments were performed under guitksi approved by the Children’s
Hospital Boston Animal Care and Use Committee andnal Resources Committee. Athymic
eight-week-old male mice (Massachusetts GenerapittdsMGH) were acclimated to a week
prior to xenografting. PC3MNL4 cells (1 X %0were resuspended in Growth Factor Reduced
Matrigel (Corning) and Hank’s Balanced Salt SolatitHBSS, 14175, Invitrogen) injected
subcutaneously between the scapular of athymic omsgeg a 30-gauge needle. Tumor growth
was measured with calipers, and drug treatmentestdr3 days after the cells injection, when
tumor volume reached about 35 mnMice were monitored three times per week for drug
efficacy, as well for adverse effects, includinggi® and behavior. Drugs were administered by
I.P. every other day, three times per week for twosecutive weeks. Mice were treated with
compoundl8in 5% DMSO in HBSS 30 mg/kg; mebendazole in 5% M8 HBSS, 30 mg/kg;
and 5% DMSO/HBSS for control group. Each testingugrcontained four to five mice (control

n = 5; mebendazole 30 mg/kg, n = 5; compodB8B0 mg/kg, n = 4). For calculating tumor

(tumor width)? x tumor length
> .

volume, the following formula was usetiumor volume = The

results were expressed as the mean (+ SEM) of tuolome in each group.

4.10. Docking Study
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The two-dimensional structure and ionization statecompoundl8 were drawn in two
dimensions using Marvindraw (Marvin 6.2.2, 2014,e@#Axon: http://www.chemaxon.com).
The structure of compourkB was converted into a low energy three-dimensistrakture using
Openbabel (v2.3.2) [54]. The tubulin crystal stanet (PDB: 3HKC) and compount8 were
prepared for docking using Autodocktools (v1.5.6%][ Autodocking was preformed using
Autodock Vina (v1.1.2) and following the standangbfished docking protocol [48]. The low
energy binding pose of compoud8 relative to tubulin was visualized using a combora of

Autodocktools (v1.5.6) and USCF chimera (v1.11)[58].
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Highlights
* SAR study led to the discovery of the novel oxetane-containing benzimidazole
methyl carbamate (Compound 18) as an anticancer drug lead.
e Compound 18 showed drastically increased aqueous solubility (361 uM) and potent
cytotoxicity in prostate, lung, and ovarian cancer cell lines (1Csp: 0.9-3.8 uM).
* At 30mg/kg, Compound 18 inhibited tumor growth (T/C: 0.36) in a mouse xenograft model

of the highly aggressive PC3MLN4 prostate cancer.



