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The most active compoundij] showed potent SIRT1 and SIRT2 inhibition withsd@f
54.21 uM and 26.85 uM respectively. It possesseamt gmti-proliferative activity against
three cancer cell lines tested.
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ABSTRACT

Two series of novel benzimidazole derivatives wagsigned, synthesized and evaluated for
their SIRT1 and SIRT2 inhibitory activity. Among ethnewly synthesized compounds,
compound4j displayed the best inhibitory activity for SIRTIC§, = 54.21 uM) as well as
for SIRT2 (IGo = 26.85 uM). Cell proliferation assay showed tb@atpounddj possessed
good antitumor activity against three different @gpof cancer cells derived from colon
(HCT-116), breast (MDA-MB-468) and blood-leukem@GRF-CEM) with cell viability of
40.0%, 53.2% and 27.2% respectively at 50 uM. Dugkanalysis of representative
compound4j into SIRTZ2 indicated that the interaction with eptor was primarily due to

hydrogen bonding angr stacking interactions.
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1.Introduction

Sirtuins are a family of NAD-dependent deacetylases and/or ADP-ribosyl traasés that
modify a broad range of protein substrates [1-8le Thammalian sirtuin family consists of
seven family members (SIRT1-7), characterized bgreserved 275 amino acid catalytic core
and unique additional N-terminal and/or C-termisefjuences of variable length [4]. Of the
seven human sirtuin isoforms that have been disedyeSIRT15] and SIRT2 [6] are the
most studied. Between them, SIRT1 & SIRT2 have lswwn to deacetylate more than 35
different substrates such as H4K16, p53, forkheax ddlass O (FOXO), nuclear facteb
(NK-kB), and many others [7-9]. Since SIRT1 & SIRT2 iamlved in so many downstream
enzyme activities, it is not surprising that bolRE1 and SIRT2 have been implicated with
numerous disorders such as cancer [10aki] neurological diseases [12,13]. Therefore,
potent SIRT1 and SIRT2 modulators could be usedahgble tools to gain insight into the
specific cellular functions of their effector prots.

In view of the importance of these enzymes, sirthinlogy has been advancing at a
tremendous pace in recent times. Many new disceserere made at the genetic level for
studying these important enzymes [14-16]. Sevetatses of small molecule sirtuin
inhibitors have been identified so far includingtisol [17], splitomycin analogs [18] and
tenovins [19]. Recently, a large high-throughpuiesaing effort led to the discovery of a
potent indole-based SIRT1 inhibitor (EX-527) [2@ince many benzimidazole-containing
compounds exhibit important biological propertiesl,p2], and the fact that indole and
benzimidazole share some structure similarities ploéential of benzimidazole and its
derivatives exhibiting sirtuin inhibitory activisas an interesting proposition.

As benzimidazole is a very important class of tatgclic compounds in the area of drug
design [23], the synthesis of benzimidazoles hasived considerable attention in the past

few decades [24]. However, the diversified synthesf regiodefined 1,2-disubstituted



benzimidazoles remains complicated. The commonrdy approach of condensation between
4-substituted-phenylenediamine and aldehyde oftadd to mixture of 1,2-disubstituted, 2-
substituted benzimidazoles and bis dihydrobenzirabies [25].

Herein, we would like to report a new green metibere the synthetic regiodefined ethyl-
(1,2-disubstituted)-5-carboxylate reaction of bemdazole is totally carried out at ambient
temperature utilizing water/ethanol as solventtuBir inhibitory activities of the newly
synthesized benzimidazoles were reported. Dockindiess fordb and4j (the most potent
compound for 3-aminopropyl-2-pyrrolidinone and pylesubstituted series respectively)
with SIRT2 were also performed. In addition, anmbliferation activity of the benzimidazole
derivatives against three different tumor cell $ineelonging to colon (HCT-116), breast

(MDA-MB-468) and leukemia (CCRF-CEM) were also rgpd.

2. Results and Discussion

2.1 Chemistry

The synthetic scheme is a four-step pathway leatiinghe formation of a variety of
benzimidazole derivativesS¢gheme 1). This methodology was applied to synthesize both

series of ethyl-(1,2-disubstituted)-5-carboxylagmibimidazole derivatives.

The electronic effects of the different substitutddehydes have also been investigated. It
has been found that both electron withdrawing gso(pitro, -trifluoromethyl) as well as
electron donating groups (-methyl, -hydroxy, -dilygamino) do not affect the efficiency of
the transformation. Halogen substituents are alslb telerated. This showed the versatility
of the protocol over a broad range of substituefitsn weak to strong electron

withdrawing/donating groups. Excellent yields foetsynthesized ethyl-(1,2-disubstituted)-



5-carboxylate benzimidazoles were obtained andymtsdvere easily isolated as they tend to

precipitate out in water and require minimum pugsfion.

2.2 Enzymatic Assays

The in vitro enzymatic screening assay for SIRT1 and SIRT2bitdry activity were
performed using Sensolytefluorimetric drug discovery kits (AnaSpec, Fremom@A)
according to the manufacturer’s protocol. Cambiaadl Tenovin-6, two of the few sirtuin
inhibitors which showed antitumor activities in nseuxenograft models, were used as
standard control for both the SIRT1 and SIRT2 assayile DMSO was used as a vehicle
control. 1Gy values were determined for all compounds whichagtbover 50% inhibition
for either SIRT1 or SIRT2 at 50 uM. Preliminaryustiure-activity relationship (SAR) was
established whem vitro screening on the compounds showed that compouitdsstkong
electron donating group (dimethylamino)Rft possessed the best sirtuin inhibitory activities.
The importance of strong electron donating grougighlighted as it is instrumental in
providing good sirtuin inhibition. Removal of tharethylamino group led to a drastic drop
in sirtuin inhibitory activities. Generally, the wel benzimidazole derivatives showed better
inhibition on SIRT2 as compared to SIRTIable 1). Experiments were performed in

triplicates. Standard deviation obtained for ajpesments are less than 20%.

The most potent inhibitor for SIRT1 as well as SIRWas found to béj (SIRT1 IG, =
54.21 uM; SIRT2 Ig = 26.85 uM). Compoundj showed better SIRT2 inhibitory activity
compared to the standard controls used (cambindl T@novin-6). It is also equipotent

compared with cambinol and Tenovin-6 in terms & Bl inhibitory activities.



2.3 Molecular Docking Analysis

In an attempt to predict the binding mode of thiwel chemical series, docking study of
representative compourth (the most potent for 3-aminopropyl-2-pyrrolidinosgbstituted
series) and}j (the most potent for phenyl substituted series) thie active site of human
SIRT2 (PDB entry code: 3ZGV, x-ray resolution =@A&) was performed [26]. The receptor
and the drug candidate were optimized before adoeiking in Autodock 4.2 using standard
procedure of the software.

Analysis of the top-ranked pose of compouhddocked within the SIRT2-ADPr cofactor
binding site demonstrated several plausible moécubteractions betweedj and the
receptor. The docking analysis reveals that thepoamd4j interact with receptor primarily
due to hydrogen bonding as wellag stacking interactions. The N-H group of SER263 is
hydrogen bonded strongly to the oxygen from thesreshain of compoundl .Other
hydrogen bonds which could be observed includeant®mns with Thr262, Leu264, GIn265,
Arg97, and GInl167 Rigure 1). This is relatively consistent with the hydrogbonds
observed between SIRT2 and ADPr complex [26]. OtB&RT2-inhibitor predictions
including salermide and NF-675 also reported sintitanding results [27].

The benzene ring on the position-2 of the benzizoba core was stabilized throughn
stacking interactions between the imidazole groliplie187 and benzene ring of Phe235.
The importance of the diaminobenzene substituerst mghlighted through its interactions
with Val233 and Phell9. Lone pair oxygemateractions could also be observed through
Val233 and the phenyl ring of dimethylaminobenzeuabstituent as well as the N from the
dimethylamino group with benzene ring from Phel19.

As for compoundb, the mode of interaction with receptor was deemebedlifferent as
compared to compourd). The ketone oxygen from the pyrrolidinone moeitycompound

4b was hydrogen bonded strongly to Lys287. Anotheangt hydrogen bond observed was



between the oxygen from the ethyl ester group afmmund4b with Ala85. Other hydrogen
bond interactions which could be observe includeéraction of4b with Asn286, Ser98,
Arg97, Ser263 and GIn167. However, as showkigure 2, the benzene ring at position-2
was situated out from the receptor cavity. Therefsubstituents on the benzene ring would
deem not have a significant effect on the sirtuihibitory activity on SIRT2 enzyme as

shown by compound4a-h in Table 1.

2.4 Cdlular Assays

The antitumor activity of various known sirtuin ibhors has been previously demonstrated
in the literature [28,29]. We measure the entikgally of newly synthesized compounds’
cytotoxicity in a panel of human cancer cell lines probe the relationship between
SIRT1/SIRT2 inhibition and cancer cell anti-protdéve activity. The three representative
compounds which possessed good sirtuin inhibitatyities @b, 4j and 4l) were then
screened for their anti-proliferative effect agaitisee different cancer cell lines derived
from colon (HCT-116), breast (MDA-MB-468) and bleteikemia (CCRF-CEM) at 50 uM
concentration. Interestingly as shownHigure 3, the most potent compoundj) gave the
best cytotoxic activity against all three cancetlscevhile less pronounced effect was
observed for the other two compounds with infer®IRT2 inhibition. Compoundj
possessed anti-proliferative activity againsttalee different types of cancer cells tested (cell
viability 40.0% for HCT-116, 53.2% for MDA-MB-46&2,7.2% for CCRF-CEM, after 72 hrs
treatment), which showed its broad spectrum abiiityinhibiting cancer cell growth.

Standard deviation obtained for all experimentdess than 20%.

From the results obtained, although it seems SI8oi2d potentially play a more important

role in inhibiting cancer cells, we cannot rule thé possibility that combinational inhibitory



effects of SIRT1 and SIRT2 activity may contribtiwethe observed cytotoxicity as has been

reported previously by Peck et al [30].

As literature highlights that benzimidazole anddesivatives might also be toxic to normal
cells [31,32], the cytotoxocity of the newly synsied compounds on human fibroblast cells
GMO00637 were also evaluated. The tolerable toxioftthe compoundda-p was confirmed
by the cytotoxicity test at concentrations up top 8. After 72 hours of exposure, viability
was assessed on the basis of cellular conversidT& into a formazan product using the
Promega Cell Titer 96 Non-radioactive Cell prol#gon method according to manufacturer’s

protocol. All the compounds were found to be naxigap to 50uM.

3.Conclusion

In conclusion, we have discovered three novel lmeitzzole derivatives which showed good
SIRT1/SIRT2 inhibition activity with micromolar Kg values. Moreover, they possessed
good antitumor activity against three cancer celéd evaluated in this study. The most
potent compound discovered in this study, showed better SIRT2 inhibitory activity
compared to the standard controls used. More iraptiyt the correlation between vitro
SIRT2 (and to a lesser extent SIRT1) inhibition amashcer cell cytotoxicity using small
molecule sirtuin inhibitors was established. Furteudies to explore the mechanism of
action of these potent small molecule sirtuin iftbits on cancer cells are currently underway
in our laboratory. Compounds with potent SIRT2 Imion and which demonstrates
cyototoxic effect such adj is prime candidates for modifications to furtherprove their

activities.



4. Experimental
4.1. Chemistry

All general chemicals were supplied by Sigma-AldrifJ.S.A) and Merck Chemicals
(Germany). Standard control cambinol and Tenovinvére obtained from Cayman
Chemicals (U.S.A). Purity of the compounds was khdcon thin layer chromatography
(TLC) plates (silica gel G) in the solvent systehtocoform-methanol (9:1). The spots were
located under short (254nm)/long (365nm) UV ligAhlemental analyses were performed on
Perkin Elmer 2400 Series Il CHN Elemental Analyzerd were within = 0.4% of the
calculated values’H and**C NMR were performed on Bruker Avance 500 specttemia
CDCl; using TMS as internal standard. Mass spectra wea@rded on Varian 320-MS TQ

LC/MS using ESI mode.

4.1.1 General procedure for synthesis of ethyl-(1,2-disubstituted)-5-carboxylate: The
starting material, 4-fluoro-3-nitro benzoic acidasvesterified in the presence of catalytic
sulfuric acid in ethanol by refluxing for 6 hous afford1 in 70% vyield. Ethyl-4-fluoro-3-
nitrobenzoate,l (0.5 g, 2.34 mmol) and amine (2.58 mmad}h; 1-(3-aminopropyl)-2-
pyrrolidinone;i-p: aniline] were mixed in ethanol (5 mL) and stir@doom temperature for
1 hour. The solvent was evaporated under reduasbpre and resuspended in ethyl acetate.
The organic layer was then washed with water (10 xnB), dried over N&O, and
evaporated to dryness to yi€2q90%). The nitroethyl este?, (1 mmol), ammonium formate
(3 mmol) and 10% Pd/C (100 mg) were mixed in eth§b® mL). The reaction mixture was
stirred at room temperature until completion (solutturned colourless). The reaction
mixture was then filtered through Celite 545. Thigrate was evaporated under reduced
pressure. It was resuspended in ethyl acetate asted with water, dried over p&0O, and

evaporated to dryness to yieRl (71%). The aminoethyl esteB (1 mmol) and various



benzaldehydes (1 mmol) and sodium metabisulfiten{dol) were mixed in water (5 mL).
The reaction mixture was stirred at room tempeeatar 2 hours. Precipitate formed were
then filtered, washed with cold water and dried emdeduced pressure to yield final

compoundgla-p (76-90%).

4.1.2 Ethyl 1-(3-(2-oxopyrrolidin-1-yl)propyl)-2-phenyl-1H-benzo[ d]imidazol e-5-
carboxylate (4a) Yield: 89%:*H NMR (500 MHz, CDCJ): & 1.45 (3H, tJ = 6.9 Hz), 1.90-
2.10 (4H, m), 2.35 (2H, 1l = 6.0 Hz), 3.34 (2H, ) = 5.0 Hz), 3.50 (2H, ) = 6.0 Hz), 4.31
(2H, t,J = 6.5 Hz), 4.48 (2H, ¢l = 6.9 Hz), 6.90-7.10 (5H, m), 7.48 (1H,X= 9.0 Hz), 8.10
(1H, dd,J = 1.5 Hz,J = 9.0 Hz), 8.55 (1H, s}°C NMR (125 MHz, CDCJ): 5 14.78, 18.24,
28.07, 31.15, 40.22, 42.93, 47.28, 61.28, 109.22,.78B, 124.86, 125.53, 129.29, 129.63,
130.43, 130.59, 138.97, 143.13, 155.51, 167.44,717ESI-MS: m/z 392.3. [M+H] Anal.
Calc for GgH2sN30s: C, 70.56%; H, 6.46%; N, 10.71%. Found: C, 70.58%06.42%; N,

10.80%.

41.3 Ethyl 2-(4-(dimethylamino)phenyl)-1-(3-(2-oxopyrrolidin-1-yl)propyl)-1H-
benzo[d]imidazole-5-carboxylate (4b) Yield: 85%;H NMR (500 MHz, CDCJ): & 1.43 (3H,
t, J = 6.9 Hz), 1.90-2.10 (4H, m), 2.35 (2HJt= 6.0 Hz), 3.05 (6H, s), 3.22 (2H,X= 5.0
Hz), 3.32 (2H, tJ = 6.0 Hz), 4.30 (2H, t] = 6.5 Hz), 4.42 (2H, g} = 6.9 Hz), 6.80 (2H, d]
= 9.0 Hz), 7.37 (1H, d] = 9.0 Hz), 7.61 (2H, d] = 9.0 Hz), 8.01 (1H, dd= 1.5 Hz,J = 9.0
Hz), 8.51 (1H, s)**C NMR (125 MHz, CDGCJ): § 14.39, 17.85, 27.56, 30.82, 39.92, 40.17,
42.64, 46.96, 60.81, 109.14, 111.83, 116.40, 121183.98, 124.87, 130.22, 138.70, 142.43,
151.46, 155.92, 167.15, 175.29. ESI-MS: m/z 43B/3-H]*. Anal. Calc for GsH3oN4Os: C,

69.12%; H, 7.01%; N, 12.90%. Found: C, 69.12%; |83%; N, 12.87%.

4.1.4 Ethyl 2-(4-hydroxyphenyl)-1-(3-(2-oxopyrrolidin-1-yl)propyl)-1H-benzo[ d]imidazol e-

5-carboxylate (4c) Yield: 80%;H NMR (500 MHz, CDGJ): 6 1.43 (3H, tJ = 6.9 Hz), 1.90-

10



2.10 (4H, m), 2.46 (2H, t1 = 6.0 Hz), 3.30 (2H, 1) = 5.0 Hz), 3.45 (2H, 1) = 6.0 Hz), 4.30
(2H, t,J = 6.5 Hz), 4.47 (2H, q) = 6.9 Hz), 6.83 (2H, dJ = 9.0 Hz), 7.47 (1H, dJ = 9.0
Hz), 7.60 (2H, dJ = 9.0 Hz), 8.01 (1H, dd] = 1.5 Hz,J = 9.0 Hz), 8.52 (1H, s}*C NMR
(125 MHz, CDC}): & 14.62, 18.29, 28.75, 32.01, 41.23, 43.43, 48.28)% 107.83, 109.87,
110.10, 111.04, 123.05, 126.59, 153.40, 157.70,.9967175.16. ESI-MS: m/z 408.2.
[M+H]*. Anal. Calc for GsHsN4Os: C, 67.81%; H, 6.21%; N, 10.34%. Found: C, 67.92%

H, 6.14%; N, 10.41%.

4.1.5 Ethyl 1-(3-(2-oxopyrrolidin-1-yl)propyl)-2-p-tolyl-1H-benzo[ d]imidazol e-5-
carboxylate (4d) Yield: 82%;H NMR (500 MHz, CDGJ): & 1.44 (3H, tJ = 6.9 Hz), 2.10-
2.20 (4H, m), 2.44 (2H, t] = 6.0 Hz), 2.62 (3H, s), 3.30 (2H,)= 5.0 Hz), 3.43 (2H, ) =
6.0 Hz), 4.30 (2H, t) = 6.5 Hz), 4.45 (2H, q] = 6.9 Hz), 7.01 (2H, d] = 9.0 Hz), 7.40 (1H,
d,J = 9.0 Hz), 7.65 (2H, d] = 9.0 Hz), 7.97 (1H, dd] = 1.5 Hz,J = 9.0 Hz), 8.52 (1H, s).
¥C NMR (125 MHz, CDdJ): 6 14.60, 18.17, 24.50, 28.80, 32.01, 41.15, 43.883} 62.51,
107.83, 109.87, 110.10, 111.04, 123.05, 126.59,8829153.42, 167.67, 175.10. ESI-MS:
m/z 406.2. [M+H]. Anal. Calc for GsH,7N3Oz: C, 71.09%; H, 6.71%; N, 10.36%. Found:

C, 71.22%; H, 6.64%; N, 10.40%.

4.1.6 Ethyl 2-(4-(trifluoromethyl)phenyl)-1-(3-(2-oxopyrrolidin-1-yl)propyl)-1H-
benzo[d]imidazole-5-carboxylate (4e) Yield: 90%;*H NMR (500 MHz, CDCJ): & 1.45 (3H,

t, J = 6.9 Hz), 2.20-2.30 (4H, m), 2.64 (2HJt= 6.0 Hz), 3.45 (2H, t] = 5.0 Hz), 3.60 (2H,
t,J = 6.0 Hz), 4.33 (2H, t] = 6.5 Hz), 4.44 (2H, ¢l = 6.9 Hz), 7.45 (1H, d] = 9.0 Hz), 7.85
(2H, d,J = 9.0 Hz), 7.90 (2H, d] = 9.0 Hz), 8.12 (1H, dd,= 1.5 Hz,J = 9.0 Hz), 8.70 (1H,
s). °C NMR (125 MHz, CDGJ): § 14.78, 18.01, 28.12, 31.00, 40.01, 42.76, 46.12%
110.17, 121.54, 122.80, 125.00, 125.73, 127.89,3B29131.64, 139.05, 143.02, 150.81,
167.36, 175.10. ESI-MS: m/z 460.2. [M+¥HRAnal. Calc for GsH24N30sF3: C, 62.72%; H,

5.33%; N, 9.24%. Found: C, 62.70%; H, 5.33%; N9%1
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4.1.7 Ethyl 2-(4-nitrophenyl)-1-(3-(2-oxopyrrolidin-1-yl)propyl)-1H-benzo[d]imidazole-5-
carboxylate (4f) Yield: 80%;H NMR (500 MHz, CDCY): & 1.45 (3H, tJ = 6.9 Hz), 2.00-
2.20 (4H, m), 2.39 (2H, 1 = 6.0 Hz), 3.35 (2H, ) = 5.0 Hz), 3.46 (2H, 1) = 6.0 Hz), 4.40
(2H, t,J = 6.5 Hz), 4.52 (2H, q) = 6.9 Hz), 7.43 (1H, dJ = 9.0 Hz), 7.68 (2H, dJ = 9.0
Hz), 7.88 (1H, dJ = 9.0 Hz), 8.20 (1H, ddl = 1.5 Hz,J = 9.0 Hz), 8.59 (1H, s}3C NMR
(125 MHz, CDC}): 6 14.58, 18.23, 28.56, 28.68, 31.01, 38.55, 41.87/9 61.50, 109.96,
122.50, 125.56, 125.88, 126.18, 129.72, 129.99,683842.51, 154.25, 167.03, 175.01. ESI-
MS: m/z 437.2. [M+H]. Anal. Calc for GsH24N4Os: C, 63.32%; H, 5.54%; N, 12.80%.

Found: C, 63.45%; H, 5.59%; N, 12.72%.

4.1.8 Ethyl 2-(4-chlorophenyl)-1-(3-(2-oxopyrrolidin-1-yl)propyl)-1H-benzo[d]imidazole-5-
carboxylate (4g) Yield: 88%:*H NMR (500 MHz, CDCJ): & 1.45 (3H, t,J = 6.9 Hz), 1.90-
2.10 (4H, m), 2.48 (2H, 1 = 6.0 Hz), 3.43 (2H, §) = 5.0 Hz), 3.55 (2H, ) = 6.0 Hz), 4.30
(2H, t,J = 6.5 Hz), 4.48 (2H, gl = 6.9 Hz), 7.46 (3H, m), 7.80 (2H, &= 9.0 Hz), 8.11 (1H,
dd,J = 1.5 Hz,J = 9.0 Hz), 8.49 (1H, s}°C NMR (125 MHz, CDGJ): 5 14.40, 18.13, 27.97,
30.75, 39.96, 42.03, 46.88, 61.01, 109.93, 122124,67, 125.92, 126.13, 127.45, 137.97,
142.72, 154.53, 167.50, 174.99. ESI-MS: m/z 42B/2H]". Anal. Calc for GsH,4Nz0sCl:

C, 64.89%; H, 5.72%; N, 9.91%. Found: C, 65.05%5183%; N, 9.82%.

4.1.9 Ethyl 2-(4-bromophenyl)-1-(3-(2-oxopyrrolidin-1-yl)propyl)-1H-benzo[ d]imidazol e-5-
carboxylate (4h) Yield: 84%;'H NMR (500 MHz, CDCJ): 5 1.45 (3H, tJ = 6.9 Hz), 2.00-
2.10 (4H, m), 2.46 (2H, f] = 6.0 Hz), 3.37 (2H, ) = 5.0 Hz), 3.47 (2H, t) = 6.0 Hz), 4.32
(2H, t,J = 6.5 Hz), 4.45 (2H, q) = 6.9 Hz), 7.46 (2H, dJ = 9.0 Hz), 7.60 (1H, d) = 9.0
Hz), 8.14 (1H, ddJ = 1.5 Hz,J = 9.0 Hz), 8.60 (1H, s)*C NMR (125 MHz, CDG)): §
14.58, 18.17, 28.04, 30.16, 40.23, 41.79, 46.Q3108.10, 122.65, 124.78, 125.40, 126.19,

128.77, 129.21, 129.82, 130.56, 139.11, 143.13,286467.57, 174.99. ESI-MS: m/z 470.1

12



[M+H]". Anal. Calc for GsH,4NsO3Br. C, 58.67%:; H, 5.13%; N, 8.91%. Found: C, 58.62%;
H, 5.12%; N, 8.81%.

4.1.10 Ethyl 1,2-diphenyl-1H-benzo[d]imidazole-5-carboxylate (4i) Yield: 76%;H NMR
(500 MHz, CDC}): § 1.45 (3H, tJ = 7.1 Hz), 4.43 (2H, ¢J = 7.1 Hz), 7.10 (1H, d) = 9
Hz), 7.30-7.70 (10H, m), 7.87 (1H, d#l= 1.5 Hz, 9 Hz), 8.55 (1H, s)°C NMR (125 MHz,
CDCly): 14.51, 61.42, 110.34, 111.80, 111.99, 112.563.14, 113.91 115.67, 118.82,
119.05, 130.24, 131.00, 136.56, 140.28, 142.44,185467.88. ESI-MS: m/z 343.1 [M+H]
Anal. Calc for G;H1gN2O,. C, 77.17%; H, 5.30%; N, 8.18%. Found: C, 77.06%5135%;

N, 8.32%.

4.1.11 Ethyl 2-(4-(dimethylamino)phenyl)-1-phenyl-1H-benzo[d]imidazole-5-carboxylate
(4)) Yield: 87%;H NMR (500 MHz, CDCJ): & 1.43 (3H, tJ = 7.1 Hz), 2.97 (6H, s), 4.41
(2H, g,J = 7.1 Hz), 6.58 (2H, d] = 9 Hz), 7.18 (1H, dJ = 9 Hz), 7.35-7.60 (5H, m), 7.46
(2H, d,J = 9 Hz), 7.92 (1H, dd] = 1.5 Hz, 9 Hz), 8.56 (1H, SYC NMR (125 MHz, CDG)):
14.79, 40.43, 61.22, 110.04, 111.74, 116.39, 121.86.65, 125.67, 127.91, 129.21, 130.42,
130.99, 137.49, 140.76, 142.71, 151.55, 155.13,576 ESI-MS: m/z 386.1 [M+H] Anal.
Calc for G4H23N30,. C, 74.78%; H, 6.01%; N, 10.90%. Found: C, 74.76%65.02%; N,
10.90%.

4112 Ethyl 2-(4-hydroxyphenyl)-1-phenyl-1H-benzo[d]imidazole-5-carboxylate (4k)
Yield: 77%;™H NMR (500 MHz, CDCJ): & 1.43 (3H, tJ = 7.1 Hz), 4.42 (2H, g1 = 7.1 Hz),
7.19 (2H, dJ = 9 Hz), 7.28 (1H, d) = 9 Hz), 7.35-7.60 (5H, m), 7.47 (2H,3= 9 Hz), 7.99
(1H, dd,J = 1.5 Hz, 9 Hz), 8.56 (1H, s)®*C NMR (125 MHz, CDG)): 14.26, 61.05, 118.95,
120.87, 122.54, 124.79, 126.95, 127.26, 128.08,1729130.34, 132.96, 136.15, 140.28,
143.03, 158.69, 167.00. ESI-MS: m/z 359.1 [M*H}nal. Calc for GoH1gN,03. C, 73.73%;

H, 5.06%; N, 7.82%. Found: C, 73.56%; H, 5.16%78%.
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4.1.13 Ethyl 1-phenyl-2-p-tolyl-1H-benzo[d]imidazole-5-carboxylate (4l) Yield: 84%; 'H
NMR (500 MHz, CDC}): 6 1.41 (3H, tJ = 7.1 Hz), 2.34 (3H, s), 4.40 (2H, §= 7.1 Hz),
7.26 (2H, dJ =9 Hz), 7.31 (1H, d) = 9 Hz), 7.35-7.60 (5H, m), 7.53 (2H, 5 9 Hz), 7.99
(1H, dd,J = 1.5 Hz, 9 Hz), 8.55 (1H, s)*C NMR (125 MHz, CDGJ): 14.24, 24.36, 60.96,
118.92, 120.75, 122.53, 124.82, 126.95, 127.23,0028129.17, 130.33, 132.96, 136.15,
140.28, 143.03, 151.95, 166.97. ESI-MS: m/z 35F1H)]". Anal. Calc for GaHooN,O». C,
77.51%; H, 5.66%; N, 7.86%. Found: C, 77.62%; 182%; N, 8.78%.

4.1.14 Ethyl 2-(4-(trifluoromethyl)phenyl)-1-phenyl-1H-benzo[d]imidazol e-5-carboxylate
(4m) Yield: 89%;'H NMR (500 MHz, CDCJ): & 1.44 (3H, tJ = 7.1 Hz), 4.44 (2H, q) =
7.1 Hz), 7.27 (1H, d) = 9 Hz), 7.33-7.60 (5H, m), 7.58 (2H, = 9 Hz), 7.70 (2H, dJ = 9
Hz), 8.03 (1H, dd,J = 1.5 Hz, 9 Hz), 8.63 (1H, s}3C NMR (125 MHz, CDGJ): 14.38,
61.03, 110.32, 122.45, 122.67, 124.84, 125.33,3R25125.41, 125.97, 127.29, 130.30,
132.89, 136.15, 140.28, 142.43, 152.26, 166.89-NESIm/z 410.1 [M+H]. Anal. Calc for
Co4H23N300. C, 67.31%; H, 4.18%; N, 6.83%. Found: C, 67.30%4H2%; N, 6.88%.

4.1.15 Ethyl 2-(4-nitrophenyl)-1-phenyl-1H-benzo[d]imidazole-5-carboxylate (4n) Yield:
90%;'H NMR (500 MHz, CDCJ): & 1.45 (3H, tJ = 7.1 Hz), 4.47 (2H, g] = 7.1 Hz), 7.15
(1H, d,J = 9 Hz), 7.35-7.60 (5H, m), 7.50 (2H,X5 9 Hz), 7.63 (2H, dJ = 9 Hz), 8.01 (1H,
dd, J = 1.5 Hz, 9 Hz), 8.62 (1H, s}°C NMR (125 MHz, CDGJ): 14.38, 61.11, 111.06,
122.59, 124.84, 125.33, 125.36, 125.41, 125.97,3¥27130.33, 132.96, 136.15, 140.27,
142.42, 150.49, 151.99, 167.10. ESI-MS: m/z 388112H]". Anal. Calc for G,H17N30,. C,
68.21%; H, 4.42%; N, 10.85%. Found: C, 68.20%; H¥2%; N, 10.87%.

4.1.16 Ethyl 2-(4-chlorophenyl)-1-phenyl-1H-benzo[d]imidazole-5-carboxylate (40) Yield:
81%;'H NMR (500 MHz, CDCJ): & 1.43 (3H, tJ = 7.1 Hz), 4.42 (2H, g] = 7.1 Hz), 7.25
(1H, d,J =9 Hz), 7.28 (2H, d) = 9 Hz), 7.40-7.60 (5H, m), 7.54 (2H,Hs 9 Hz), 8.00 (1H,

dd, J = 1.5 Hz, 9 Hz), 8.52 (1H, s}°C NMR (125 MHz, CDGJ): 14.40, 61.64, 110.28,
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111.80, 116.26, 122.70, 122.97, 124.65, 125.67,9127129.20, 130.35, 131.18, 137.50,
140.76, 142.71, 152.68, 167.48. ESI-MS: m/z 37K%H]*. Anal. Calc for G:H1/N,O.Cl:

C, 70.12%; H, 4.55%; N, 7.43%. Found: C, 70.10%4132%; N, 7.54%.

4.1.17 Ethyl 2-(4-bromophenyl)-1-phenyl-1H-benzo[d]imidazole-5-carboxylate (4p) Yield:
79%;'H NMR (500 MHz, CDCY): & 1.44 (3H, tJ = 7.1 Hz), 4.44 (2H, q] = 7.1 Hz), 7.24
(1H, d,J = 9 Hz), 7.32 (2H, dJ = 9 Hz), 7.40-7.60 (5H, m), 7.58 (2H,1s 9 Hz), 8.00 (1H,
dd, J = 1.5 Hz, 9 Hz), 8.60 (1H, s}°C NMR (125 MHz, CDGJ): 14.39, 61.65, 110.30,
111.82, 116.37, 122.75, 123.89, 124.65, 125.67,9127129.20, 130.32, 131.08, 137.50,
140.76, 142.71, 152.69, 167.50. ESI-MS: m/z 42MH)]". Anal. Calc for GsH;7N,O.Br:

C, 62.72%; H, 4.07%; N, 6.65%. Found: C, 62.76%4182%; N, 6.73%.

4.2 Biology

Fluorescent optical density fom vitro assay was measured on Tecan Infinite M200. Optical
density for cell proliferative assay was measurath Whermo Scientific MultiSkan FC

microplate reader.
4.2.1. SIRT1in vitro Assay

3.3 uM of SIRT1 substrate derived from human p5fusaces, 66.7 pM NAD 50 uM of

interested compounds (all final concentration) &% pg of SIRT1 human recombinant
(GenBank Accession #: NM_012238) with 193- 741 amatids and GST tag at its N-
terminal, were incubated for 45 minutes at® @750 pL of stop solution consisting
nicotinamide and SIRT1 developer was then addedthedmixture was incubated for a
further 10 minutes at 8€. Fluorescence was measured at 490 nm (excitadioth)520 nm

(emission) and the inhibition was calculated as thgo of absorbance under each

experimental condition to that of the control.

15



4.2.2. SIRT2 in vitro Assay

6.7 UM of SIRT2 substrate derived from human p5fusaces, 333 pM NAD 50 pM of
interested compounds (all final concentration) &%l pg of SIRT2 human recombinant
(GenBank Accession #: NM_030593) with 13- 319 ananmls and His tag at its C-terminal,
were incubated for 45 minutes at°@7 50 pL of stop solution consisting nicotinamidel a
SIRT1 developer was then added and the mixtureimcadated for a further 10 minutes at
37°C. Fluorescence was measured at 490 nm (excitatiod)520 nm (emission) and the
inhibition was calculated as the ratio of absorleameder each experimental condition to that

of the control.

4.2.3. Cell Proliferation Assay

All cell lines were obtained from the American Ty@ellture Collection (Rockville, MD).
Cells were seeded in 96-well plates at a density ®f1G per well (for MDA-MB-468 and
HCT-116) or 4 x 16 per well (for CCRF-CEM). The cells were treatedhwb0 pM of
interested compounds and allowed to adhere forot2sh Then, the proliferative activity was
determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-baxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt assay (CellTiter 96 Neadioactive Cell Proliferation Assay;
Promega, Madison, WI) to monitor the number of igatells according to the manufacturer's
instructions. Briefly, 3-(4,5-dimethylthiazol-2-y§-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt solutionsvadded at 2QL/well, and after 1 hour of
incubation at 37°C in a humidified 5% @Qatmosphere, the conversion of 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)(2-sulfophenyl)-2H-tetrazolium, inner
salt to formazan was measured in a plate readé®@tnm. All experiments were done in
triplicate, and the proliferation rate was calcethias the ratio of absorbance under each

experimental condition to that of the control nansfectant.
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4.2.4. Autofluorescence

Compounds in DMSO at 50 pM concentration (100 pkyempipetted into Nunc Microwell
96-wells plate. DMSO was used as control well. EBton wavelength was set at 490 nm
and emission wavelength at 520 nm. The criteria dorcompound being considered
autofluorescent was defined as having >50% fluenese of the control wells. None of the

analyzed compounds were found to be autofluorescent
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Tables, Figuresand Scheme:

1. Tablel. SIRT1 and SIRTZ2 inhibitory activities of novel banmazole derivatives.

2. Figure 1. Molecular interactions betweelp and SIRT2.

3. Figure 2. Molecular interactions betweeih and SIRT2.

4. Figure 3. Inhibitory activity of representative compoundls, 4j and4l against HCT-
116, MDA-MB-468 and CCRF-CEM cell line.

5. Scheme 1. Synthesis protocol of titted compounisp
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Table 1L SIRT1 and SIRTZ2 inhibitory activities of synthesil benzimidazole derivatives

SIRT1 inhibition  IC50SIRT1 SIRT2 inhibition 1Cs0 SIRT2
Entry Compound at50uM +S.D. inhibition at 50 uM £ S.D.  inhibition
(%) (M) (%) (M)

1 da 30.03 £9.08 N.D. 43.91 + 4.45 N.D.

2 4b 49.15 £10.12 60.31 +4.22 57.90 £ 6.80 52.78 £ 5.07

3 4c 30.93 +£5.13 N.D. 43.81 £ 6.77 N.D.

4 4d 33.56 +11.24 N.D. 45.40 £ 13.31 N.D.

5 4e 32.84 £7.09 N.D. 33.17+2.21 N.D.

6 4f 37.36 £3.45 N.D. 42.98 +3.18 N.D.

7 49 27.16 £ 8.73 N.D. 34.50 +5.68 N.D.

8 4h 27.30+4.94 N.D. 40.06 + 8.20 N.D.

9 4i 21.03 + 3.69 N.D. 34.31+4.91 N.D.

10 4i 60.59 + 8.26 49.12 + 3.33 71.69 +6.74 26.85+1.92

11 4k 11.01 +10.29 N.D. 22.94 £ 8.40 N.D.

12 41 43.93 +5.96 79.87 £8.10 50.79+11.94 60.60 22.4

13 4m 33.76 £ 2.43 N.D. 45.52 + 8.47 N.D.

14 4n 34.20 +10.87 N.D. 48.03 +9.93 N.D.

15 40 19.82 + 3.49 N.D. 32.52 +£3.54 N.D.

16 4p 26.70 £ 7.33 N.D. 41.31 £15.83 N.D.

17  Cambinol 67.59 £ 4.85 47.90 £ 4.55 62.04 + 9.80 45.86 + 3.31

18  Tenovin-6 44.00 £ 7.84 58.10 + 3.67 66.20 + 5.98 29.73+£1.84

N.D. = Not determined



Figure 1. Molecular interactions between 4j and SIRT2.
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Figure 2. Molecular interactions between 4b and SIRT2
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ACCEPTED MANUSCRIPT

Figure 3. Inhibitory activity of representative compounds 4b, 4j and 4l against HCT-116,

MDA-MB-468 and CCRF-CEM cdll line.
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Scheme 1. Synthesis protocol of titled compounds 4a-p

EtOH / o} NH, 0
HOOC\O:NOZ conc. H,SO, o NO, R1 o NO,
_ > —_
= reflux EtOH/R.T. NH
6 hrs F 1hr R
1
4-fluoro-3-nitrobenzoic 2
acid
HCOONH, EtOH/R.T.
10% Pd/C 1-2 hrs
(0]
/\O NH2
NH
Rl
3
R2
NaHS0;
water / R.T.
CHO Lhr
\
(0]
@ ©
R
® N
) Rl
4
4a R! = 3-(2-oxopyrrolidin-1-yl)propyl R*=-H
4b R! = 3-(2-oxopyrrolidin-1-yl)propyl R? = -N(CH3),
4c R! = 3-(2-oxopyrrolidin-1-yl)propyl R?=-OH
4d R! = 3-(2-oxopyrrolidin-1-yl)propyl R?=-CHs
4e R! = 3-(2-oxopyrrolidin-1-yl)propyl R?=-CFs
4f R! = 3-(2-oxopyrrolidin-1-yl)propyl R?=-NO,
49 R! = 3-(2-oxopyrrolidin-1-yl)propyl R?=-Cl
4h R! = 3-(2-oxopyrrolidin-1-yl)propyl R%=-Br
4 R = phenyl R*=-H
4 R! = phenyl R?=-N(CHa)2
4k R! = phenyl R?=-OH
4 R! = phenyl R?=-CH,
4m R® = phenyl R*=-CF;
4n R! = phenyl R?=-NO,
40 R! = phenyl R?=-Cl

4p R! = phenyl R?=-Br



HIGHLIGHTS:

*  Compounds with better in vitro SIRT?2 inhibition than cambinol and Tenovin-6
» Good anti proliferative effect against three different cancer cell lines

» Binding mode of potent compounds with SIRT2 was established

* Novel green chemistry method in benzimidazole synthesis

» Benzimidazoles as potential anti-cancer agent
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4. Figure $4. ORTEP diagram for 4.

5. Figure S5. 'H NMR for 4b.

6. Figure S6.*C NMR for 4b.

7. Figure S7. Direct Infusion LC-MSfor 4b.



5 IX DMAB_1H

| |

T kB2 T T T T
10 9 8 7 6 5 4

g B BEE i

Figure S1. *H NMR for 4.



5 IX DMAB 13C

LEQ”"
Sk9”
SEL”
LyL”

98¢’

6bS°

ZET”

TLG®

0TT~
0TI —
TIT—
zZIT—"

9TT—

ST —

SST—

L9T—

T
Ppm

T
110

|
T T T T T T T T T T
160 155 150 145 140 135 130 125 120 115

T
165

N

T
10

50 40

60

T T T T T T ey T
190 180 170 160 150 140 130 120 110 100 90 80

T
200

ppm

Figure S2. *C NMR for 4.



MCounts
1
10.0+
7.5+
5.0+
645'25‘””“Ib,hd”‘“I“0.|75““'”Ill.bd”“I”:I.ESHI““I:I.!-}(;IIIII““l.'?&';””"I“E
minutes
Spectrum 1A
BP; 386.1 (1.855e+6=100%), Sixdmab 12-23-2011001.xms 0.269 min, Scan: 5, 100.0:800.0>, RIC: 4.762e+6, BC
4 386.1
100%— 1.855e+6 —
75% 3
50%— n
3§7.2 1
25% 421765 ]
% s 1 . lu .{«., 1 [ L 1y .||1
..160..‘.....Azéoi.....l..aéo......,.;460... LI R
miz

Figure S3. Direct Infusion LC-MSfor 4.
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Figure 4. ORTEP diagram for 4.
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Figure S5. *H NMR for 4b.
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Figure S6. *C NMR for 4b
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Figure S7. Direct Infusion LC-MSfor 4b.



