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Compound 5f (Docked into HDLP active site) showed comparable
cytotoxicity and HDAC inhibitory activity to SAHA



Spirohydantoins and 1,2,4-Triazole-3-Carboxamide Derivatives as | nhibitor s of Histone
Deacetylase: Design, Synthesis, and Biological Evaluation
Alshimaa M. A. Aboeldahafy Eman A. M. Besh?, Mai E. Shomaf, Safwat M. Rabed Omar M. Aly
ace
& Medicinal Chemistry Department, Faculty of Pharnmadinia University, Minia 61519, Egypt.
P Faculty of Pharmaceutical Sciences, The Universftritish Columbia, Vancouver, BC V6T 173
Canada.
€ College of Clinical Pharmacy, Albaha Universityn§dom of Saudi Arabia
*Corresponding author

E-mail addressesmarsokkar@yahoo.coramarsokkar@mu.edu.eg

Abstract

Two structurally novel series of histone deacewyliahibitors (HDACIS) involving two potential suda
recognition moieties; 3',4'-dihydrokspiro[imidazolidine-4,1'-naphthalene]-2,5-dione §eries |) and
1-(3-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-1E2 U-triazole-3-carboxamide (in series 1) were
designed, synthesized, and evaluated for theirpaotiferative activities, HDAC inhibitory activigis,
and their binding modes to HDAC protein. Compouriisand 10e showed comparable HDAC
inhibitory activity to SAHA.

Series Il have been also demonstrated as potedshC-tubulin dual inhibitors, promoted with
structural similarities between (1-(3-methoxyphésbA3,4,5-trimethoxyphenyl)-1H-1,2,4-triazole-3-
carboxamide) nucleus, of series Il, and Combretiaséal.

The tubulin inhibitory activities of series Il meens, together with their docking into colchicinading
site of -tubulin were performed. CompouBd showed remarkable cytotoxicity. Hybri@e behaved as
potent HDAC-tubulin dual inhibitor. It showed betteubulin inhibition than CA4 as well as its
effectiveness against HDAC.
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1. Introduction

Cancer is mainly a disease of tissue growth regudtilure, which its initiation and progression i
controlled by genetic (by mutation) and epigendby deregulation) processes:, 2. Among the
epigenetic events is acetylation/deacetylation isfone N-terminal lysine, which obviously leads to
changes in gene expression through change of chirostaucture without changing gene sequepce
The turnover of the acetyl groups on histone taduos normally in the cells and the level of acaigh

is controlled by the equilibrium between activitiglstwo enzymes; histone acetyl transferases (HATS)
and histone deacetylases (HDAG@s) HATs neutralize the positive charge of lysineidess in theN-
terminal tail of histone, by adding an acetyl grpaliowing the phosphate backbone of the DNA tonope
up and relax, thus, facilitates the accessibilityaovariety of factors to DNA and the transcrip@bn
activation of many genes including tumor suppregenes silenced in canger). HDACs, however, do
exactly the reverse; leading to a protonated hestiai, by deacetylation of lysine amino group,ttha
interact strongly with negatively charged DNA phiosie backbone, resulting in abnormal closed
chromatin structure and transcriptional repressitime overexpression of HDACs, found in various
cancers, leads to histone hypoacetylation whiadmsés the expression of onco-suppressor genes (p53,
p21, p27)7. HDACs, being localized in various organelles ddidon to the nucleus, they regulate the
chromatin structure by controlling the acetylatgiate of, not only histone protein, but also nostdne

proteins such as tubulin, BRp53, HSP90, NKFA, and GATA-1s-13].

HDACSs, thus, have a crucial role on cell cycle] gebwth, differentiation, apoptosis, immunogenjgit
and angiogenesis4] and their deregulated expression has been observeelrological disordergs;,
viral infection|ie], inflammation[17; and in malignanciegs-20;. Therefore, HDACs have been identified
as attractive targets for various human disordespecially malignancies, 21, 223 Many studies show
that inhibition of HDAC elicits anticancer acti\as in several tumor cell lings). HDAC inhibitors
show great potential for the treatment of canceiinoluction of cell cycle arrest, differentiatiomad

apoptosisz4-271. To date Four HDAC-targeting drugs have been amurdoy FDA for treatment of
2



hematological malignancies. Vorinostat (soberoyi@@ihydroxamic acid; SAHA, Merck, 2006, 29]
and Romidepsin (FK228, Gloucester Pharmaceuticals @elgene, 2009) have been approved by FDA
for treatment of cutaneous T-cell lymphoma (CTCRBglinostat (PDX-101, TopoTarget now Onxeo,
2014) 3oy has been approved for treatment of peripherallThp@phoma (PTCL), and Panobinostat
(LBH-589, Novartis, 2015) has been approved fortiplél myeloma (MM)p29, 31-33} In 2015, Chinese
Food and Drug Administration have approved a fiHIDAC: Chidamide (Shenzhen Chipscreen
Biosciences, 2015) for the treatment of PTCL. TB&Rpproval of these HDACIs has encouraged the
development of new active molecules of the samegoay. Over twenty HDACIs are currently in
clinical trials for targeting different cancers, 355 Comparing the structures of known HDACIs like
trichostatin A (TSA) and SAHA, it clearly appeartitht, despite the variety of structural motifs,ythe
share a common pharmacophore model: a metal birfdimgiionality; in another word, zinc binding
group (ZBG) acts as a chelating group for’’im the active site of HDAC, a spacer that efficignt
presents the ZBG to the active site by filling trerow tubular pocket of the enzyme. This spacer is
attached to a hydrophobic terminal residue actmguaface recognition moiety called Cap via a polar
connecting unitse-41] (Fig. 1). Hydroxamic acid derivatives are the broadestsctddHDACIs with high
affinity to HDACs, owing to the perfect chelatiorttveen hydroxamate group and?Zpz. They
inhibit HDAC at considerably lower concentratiohsn those considered being cytotoxsc Three out

of four FDA approved HDACIs are hydroxamates. Th&s encouraged efforts aiming at developing

novel potent hydroxamate derived HDACIs with beftearmacokinetic profiles.

Figure 1.

Encouraged by the aforementioned aspects, hereimeported the synthesis, HDAC enzyme inhibition,
and anti-proliferative activities against some turoell lines of two series of novel spirohydantoami
1,2,4-triazole-3-carboxamides with the objectivedetigning novel and potent HDAC(Big. 2). Two

novel nuclei were introduced; 3',4'-dihydrd4Xpiro[imidazolidine-4,1'-naphthalene]-2,5-dionen (i



series 1) and 1-(3-methoxyphenyl)-5-(3,4,5-trimetyjgthenyl)-1H-1,2,4-triazole-3-carboxamide (series
), to serve as two surface recognition moieti@ags) to make contacts with amino acid residuéseat
external entrance of the HDAC active site, with tigective of comparing their effect on cytotoxycit
and HDAC inhibitory activity of the synthesized cpounds. To probe the impact of the linker length
46), Six aliphatic chain spacers of variable lengthseaietroduced (in series |) and five spacers (imeser
II). Two different ZBGs; hydroxamic acid and carlybx groups were also provided.

The structural similarities between members ofeseli and a series of tubulin polymerization intobs

in our previous work7, 48, together with the surprising and potent antidfechtive activity of
compounda, have pushed us toward study the tubulin polyraéion inhibitory activity of all members
of series Il, to demonstrate their potential atgids promising HDAC-tubulin dual inhibitors. Owing
structural similarities between (1-(3-methoxyphébA(3,4,5-trimethoxyphenyl)-1H-1,2,4-triazole-3-
carboxamide) nucleus and Combretastatin A4 (CABig. 2), in series Il, the 1,2,4-triazole-3-
carboxamide nucleus which was supposed to sengepmdential Cap for HDAC inhibition, was also
introduced as a potential bioisostere to ¢ieedouble bond of the CA4 to arrest the bioactoigoid
conformation.

Combretastatin A4 (CA4) is a cytotoxic agent beloggo microtubule-targeted agents. Microtubule-
targeted agents (MTAS) are those agents that bimdith binding sites, thus, interfere with the dyne
stability of microtubules via stabilizing or deslaing microtubule assembly. These agents act as
spindle poisons leading to mitotic catastrophel cgtle arrest, and eventually, apoptotic cell Heat
CA4, in turn, belongs to the class of MTAs that tdbsdizes microtubules and inhibits tubulin
polymerization by binding the colchicine domaintabulin (9. It is a potent natural anti-mitotids-
stilbene derivative that was isolated by Pettit anevorkergso-s21. It exhibits strong anti-tubulin activity
and potent cytotoxicity against a variety of huntamcer cell lines including those that are multidru
resistant[ss, 54 Most importantly, it has demonstrated powerfuti-angiogenesis propertigss; by

altering endothelial cell structure and causingcu&s permeability and rapid destruction to tumor



vasculature . It is able to elicit irreversible galgr shutdown within solid tumors leading to cahtr
tumor necrosis, leaving normal vasculature intagts7. However, its poor water solubility, low
bioavailability, dose dependent toxicifsg-eo, and possibility toin vivo convert into the more stable
inactive trans-configuratione1) restrict its clinical applicatiom2). Owing to its potent anti-proliferative
activity and relatively simple chemical structul€A4 has attracted significant interest as a lead
compound in the development of new anticancer goae. Significant efforts have been done aiming at
improving the pharmacokinetic profile and stabilgithe activecis-configuration. A prodrug of CA4;
combretastatin A4 phosphate (CA4#2) together with a wide range of more water solueestricted
analogues of CA4 has been identified as colchibinding site inhibitors (CBSIs) with potent antitam
activity [e4-71. The structure-activity studies of a wide variefyCA4 analogues have demonstrated a
clear view of the anticancer pharmacophore. Threteped constituents include: a 3,4,5-trimethoylyar
motif in ring-A, acis-configured stilbene or analogous bridge retairesciboid configuration linking
ring-A to a 3,4-disubstituted ring-Bo, 721 Because modifications of ring A reduce the bivagtin
most analogues of CAd4g], ring B and the olefinic bridge offer better prests for modification. The
ring B was found to be tolerant to wide rangingstrfictural modification as well as the olefinicdge
which also has been subjected to substitution different bridges in order to arrest the conformatin

thecisoidform [74-76.

Figure 2.

2. Results and Discussion

2.1.Chemistry

The designed e-(2,5-dioxo-3',4'-dihydro-#-spiro[imidazolidine-4,1'-naphthalen]-1-yN-hydroxyl
alkanamidesba-f were prepared starting with one putt Bucherer-Begactionzz to afford the parent
spirohydantoin (3',4'-dihydro42:spiro[imidazolidine-4,1'-naphthalene]-2,5-diorZ from o-tetralonel,

Scheme 1, followed by alkylating the amidic amino group tfe spirohydantoin2 with various



ethylbromo esters to give six ethyl ester derivegtiS8a-f. Ester3a-f hydrolysis yielded the free acid

derivatives e-(2,5-dioxo-3',4'-dihydro-H-spiro[imidazolidine-4,1'-naphthalen]-1-yl)alkanoic acids

4a-f, which then stirred with hydroxylamine hydrochtteiin presence ofN,N-carbonyldiimidazole

(CDI) 178, 791 to afford the hydroxamic acid derivativeas-f.

Scheme 1.

Procedure employed to synthesize series |l involwbe reaction of glycine with 3,4,5-
trimethoxybenzoyl chloride in 10% sodium hydroxtdeyield 2-(3,4,5-trimethoxybenzamido)acetic acid
6 [so). Heating6 with acetic anhydride afforded the correspondinglicyform 7, Scheme 2. The
synthesis of intermedia®was carried out through coupling of the diazoniwatt ef 3-methoxyaniline
with the active methylene of g11. Synthesis of the targeted compounrdd-(3-methoxyphenyl)-5-
(3,4,5-trimethoxyphenyl)H-1,2,4-triazole-3-carboxamido)alkanoic acids 9a-e and N-
hydroxyalkanamided0a-e was achieved by Sawdey rearrangement reactiod with five terminal
amino acids to afford the aci@s-e, followed by stirring the acid derivativés-e with hydroxylamine

hydrochloride in presence of CDI to afford the hopdrmic acid derivative$Oa-e.

Scheme 2.

2.2.Biological evaluation

2.2.1. In vitro anti-proliferative activity

In vitro anti-proliferative activity of compoundda-f, 5a-f, 9a-e, and 10a-e, were tested using MTT
assay against two cancer cell lines as shownhalnle 1. Results were reported ass¢Gvalues (in uM
concentrations). Voriostat (SAHA) and CA4 were uasgositive references. In series | (spirohydantoi
derivatives), compoundéa-f, having carboxylic group as a potential ZBG, shdwe anti-proliferative
activity against the two tested cancer cell linElse corresponding hydroxamic acid derivatiesf

were found to be good growth inhibitors of MCF-7IgeTable 1. The potency of the compounds



increased with increasing linker lengthwhich made compounsf the most potent growth inhibitor of
MCF-7 cells in this series havingdg&value very close to SAHA against this cancer loedl (ICso = 2.56
UM and 2.18 puM, folsf and SAHA respectively). Meanwhile, compoursf showed low activity
against HepG2 cell line. Furthermore, changing tlerad aliphatic linker didn’t show a uniform patter
in inhibiting HepG2 cell line like that seen in easf MCF-7 cell line. For 1,2,4-triazole derivatsve
(series Il), compoundSa-e, having carboxylic group as a potential ZBG, shdwe anti-proliferative
activity against the two tested cancer cell linegcept for the carboxylic derivativea which
demonstrated potent inhibition of HepG2 cells glgwwith 1G5, value comparable to that of SAHA
against the same cell line, and it is actually thest potent derivative of series Mable 1. It also
showed a moderate cytotoxic activity against MCgell line, with 1G; value slightly lower than that of
CA4. The hydroxamic acid derivativd®a-e showed a different pattern of anti-proliferativetiaty
from the corresponding spirohydantoin derivativgaiast the two different cancer cell lines. For MCF
cell line they demonstrated good anti-proliferataaivity, compared to CA4, but lower than SAHA.
The pattern of increasing activity dDa-e against MCF-7 cell line was in order of decreadinger
lengthn, with the most potent derivativi®a having 1 methylene linker. For HepG2 cell lidfa-e also
showed good to moderate inhibitory activity, butgmey increased in the order of increasing theelink

lengthn and in this casthe most potent derivative 19e having 5 methylene linker.

Table 1.

2.2.2. In vitro enzyme inhibition

2.2.2.1. Invitro HDAC inhibitory activity

To gain insight into the mechanism of action of #ymthesized compounds, compouifls
10a, and10e were tested fon vitro HDAC inhibitory activity, 1Gg values for compoundsf,
10a, and10e were determined against HDAC1, HDAC2, HDAC4, andA€6 isoforms, and

SAHA was provided as a positive referendegble 2. Results revealed that all tested



compoundssf, 10a, and 10e showed significant HDAC inhibitory activities agat the four
tested HDAC isoforms. It could be noticed that coonmud 5f with spirohydantoin Cap and
hexamethylene linker afforded the highest HDAC liory activity with 1Go value
comparable to SAHA against HDAC4 and even lowep Malue in case of HDACL. It is worth
noting that, surprisingly, 10a with one methylen&de showed considerably high HDAC

inhibitory activity.

Table 2.

2.2.2.2.  Invitro tubulin polymerization inhibitory activity
Three members of series Ba, 10a and 10e were tested fom vitro tubulin polymerization
inhibitory activity in MCF-7 cells using ELISA fdi-tubulin (TUBb). CA4 was employed as a
positive reference, and results were reported ggv&ues (in uM concentrations)able 3.
From table 3 it is noticeable that compowaand CA4 afforded very close 4§values for
TUBD inhibition. A noteworthy addition is that comynd 10e with pentamethylene bridge
potently inhibited TUBb polymerization and, surpigly, showed higher potency than CA4

(ICsp values 4.82 and 5.73 f@be and CA4; respectively).

Table 3.

2.3.Docking studies

Molecular modeling study was performed to inveséghe mode of binding of some of the synthesized
compounds. The flexible docking experiment was qrered using the multistep docking protocol
introduced by Koskaet al.[s2; and implemented in the Accelrys Discovery Studid Zoftware. The

obtained docked poses were ranked according ta ®Biocker energy (kcal-md) which was



calculated at the final stage of the flexible dagkprotocol and was used as indication for theibond
strength of the ligandss, 84}.

2.3.1. Docking at the vorinostat binding site in HDLP (kise Deacetylase-Like Protein)

Molecular docking simulation of compounges 5f, 10a, and10e into HDLP active site was done. They
got stabilized at the vorinostat binding site byltophobic and hydrogen bond interactiofable 4. It
could be noticed that all the docked compousel$f, 10a and10e showed similar binding to vorinostat
at the HDLP active site. They all showed hydrogending with TYR297 as shown in vorinostat, in
addition to additional bonding, listed irable 4. The results of binding energies, as well asrauion
energies with HDLP were listed ihable 4, and revealed high CDocker energies (used asatdrcfor
the binding strength of the ligands) and CDockeeraxction energies of the docked compounds.
Compound5f showed higher CDocker energy than vorinosthich means better binding at HDLP
active site Fig. 3). It should be noticed that compouresand5f (spirohydantoin Cap) afforded much
higher CDocker energies thaitOa and 10e (1,2,4-triazole-3-carboxamide Cap), suggestingt tha
spirohydantoin nucleus may be a better Cap for HD#Gding than 1,2,4-triazole-3-carboxamide

nucleus, and these findings look consistent withAl@Dinhibitory assay findings (Section (2.2.2.1)).

Table 4.

Figure 3.

2.3.2. Docking at the colchicine binding site in tubulirofein
Compound®a, 10a, 10e and CA4 were docked into the colchicine bindirtg buried between-tubulin andp-
tubulin mainly in thel subunit. The X-ray crystallographic structure &NdA colchicine-tubulin complex (PDB
(www.rcsh.org code 1SAO0) was used as the tubulin protein tef@pMolecular docking simulation of compounds
9a, 10a and10e into tubulin protein binding site was done. They stabilized at the colchicine-binding site of

tubulin by hydrophobic and hydrogen bond interawgitypes of interactions were listedliable 5). The results of



binding energies, as well as, interaction enengiés tubulin protein were listed ifable 5, and revealed high
CDocker energies and CDocker interaction enerdiiseodocked compounds. Compowadand10a afforded
almost the same CDocker energies as CA4. MeanwdafapoundlOe afforded higher CDocker energy than CA4
indicating better binding dfOe at the colchicine binding site. It should be ndlitieat there is an extra hydrogen
bond between hydroxamate moietyl0t and GTP in the binding site, and these findingsimagreement with the
results of tubulin inhibition assay (Section 2.2)2These results reflect the importance of thb@eaylate or
hydroxamate groups separated from the 1,2,4-teaga@up by one or more methylene group in holdneg t
molecule at place (binding) at the active site Xlysehydrogen bonds and justifies the experiméirtdings
(Section 2.2.2). These findings may be fruitfutlesigning compounds of better tubulin polymerizaiithibition

than CA4ss

Tableb.

2.4.Drug likeliness and oral bioavailability

The increase in molecular weight of the deignedmaunds is still in an acceptable range.

= Reports suggest that oral bioavailability is maiaffected by 3 different criteria; 1- no more
than 10 rotatable bonds in the specified compountR?2or fewer H bond donors and acceptors, 3-

the compound have a polar surface area (PSA) oAf40 lessss).

Table 6.

From the above table we can suggest that the dasigmmpounds are orally available. They have
only 4 HBA and 3 donors. The polar surface areasueal did not exceed 14F.£0nly compound
10e exceeded the 500 dalton rule in Lipiniski’'s bustis the only violation to the rule, also the 500
molecular weight cutoff has been questioned. Palaiace area and the number of rotatable bonds

has been found to better discriminate between camgimthat are orally active and those that are

10



not for a large data set of compounds in the ratib number of HBD and acceptors (12) and PSA
(124). Log P, all compounds in an acceptable rdtigeaccepted range is 0.4-5.6).

3. Conclusion

Two novel series of spirohydantoins and 1,2,4-tle@f-carboxamide derivatives were successfully
designed, synthesized, evaluated for their antifprative activity as well as enzyme inhibitorytady.
Molecular modeling study was performed to assesgttential binding ability of some compounds to
HDAC enzyme as well as the colchicine binding sit§-tubulin. Results of anti-proliferative activity,
tubulin and HDAC enzyme inhibitory activities, aselWwas docking simulation results of tested
compounds were found to be consistent with eachratha reasonable way, and they confirmed the
following; For series 1, introduction of the spisgtantoin nucleus (3',4'-dihydrok®
spiro[imidazolidine-4,1'-naphthalene]-2,5-dione)aasew Cap for HDAC binding is successful. Linking
this Cap to a hydroxamic moiety as a ZBG looks msslefor activity of these derivatives, as the
corresponding carboxylic derivatives devoided frany cytotoxic activity against the tested cell $ine
Aliphatic linkers of various lengths affect the igotoliferative activity together with HDAC inhiloty
activity of compounds; the potency against MCF-1 bee increase, in an ascending pattern, with
increasing methylene bridge length reaching the highest activity with hexamethyldmélge in
compound>sf, which also showed a remarkable inhibition of HDAGmparable to SAHA (Sections
(2.2.2) and (2.3.1)). The involvement of HDAC initikm as a possible mechanism of action is
confirmed fromin vitro HDAC inhibitory assay as well as docking at HDLd®e site. For series I, the
nucleus (1-(3-methoxyphenyl)-5-(3,4,5-trimethoxypyig-1H-1,2,4-triazole-3-carboxamide) is found to
be a successful Cap for HDAC binding, as well agoad CA4 analogous moiety for tubulin inhibition
(sections (2.2.2) and (2.3.2)). The lack of analperative activity in compound8b-e suggests the
importance of a small linker (one methylene bridfgg)the activity of carboxylic derivatives as seen
from the great variation between the activityafand the rest of membe®b-e against HepG2 cell line.

For hydroxamic acid derivativea-e, aliphatic linkers of variable lengths affect teti-proliferative

11



activity as follows; for MCF-7 cell line, the patteof increasing activity oflOa-e was in order of
decreasing linker lengtm). These results are in agreement with results @fipus studies introducing
HDAC-tubulin dual acting entities on the same ¢@ek (MCF-7)[44). Meanwhile, for HepG2 cell line,
potency ofl0a-e increased in the order of increasing the linkergth (), which goes in line with
HDAC and tubulin inhibitory findings, as well asaking results. The previous findings suggests that,
the possible mechanisms explaining the cytotoxiioas of the series Il derivativd®a-e might involve
both HDAC inhibition, in addition to tubulin polymieation inhibition activities. Comparing the retsul
of spirohydantoin derivativeSa-f versus 1,2,4-triazole derivativda-e, the higher HDAC inhibition
shown for spirohydantoin seriéa-f suggests that spirohydantoin nucleus may actlaesttar Cap for
HDAC binding than 1,2,4-triazole-3-carboxamide mrwd. Meanwhile, thénigher anti-proliferative
activities of 10a-e than 5a-e suggest involvement of another mechanism of actwonl,2,4-triazole

derivatives, which might be tubulin polymerizatioibition.

4. Experimental
4.1.Chemistry
Chemicals and solvents used were of analyticalegrReaction progression was routinely monitored by

thin-layer chromatography (TLC) on Merck 9385 poated aluminum plate silica gel (Kieselgel 60) 5 x
20 cm plates with a layer thickness of 0.2 mm, spats were visualized by exposure to UV-lamp at

254 nm. Melting points were determined on Stuagttedb-thermal melting point apparatus and were
uncorrected. IR spectra were recorded on Nicolet(/A&TR) FT-IR spectrometer, Faculty of Pharmacy,
Minia University.'H NMR spectra were carried out using Bruker appasrat00 MHz spectrometer,
Faculty of Pharmaceutical sciences, The Universitgritish Columbia, Canada, using DMS@+@.5)

as a solvent®C NMR spectra were carried out using Bruker apparab0 MHz spectrometer, Faculty
of Science, Western University, Canada, using DMB@39.51) as a solvent. High resolution mass
spectra (HRMS) were obtained on a Thermo ScientficExactive™ Orbitrap mass spectrometer,
Faculty of Pharmaceutical sciences, The Univeditgritish Columbia, Canada.

12



4.1.1. 3',4'-dihydro-2'H-spiro[imidazolidine-4,1'-naphtheie]-2,5-dione2 (87. Yellowish white

solid (1.44 g, 66.67% yield); mp 239-41 °C; repdrgg1-2.5 °C.

4.1.2. General procedure for the synthesis of compowads To a solution of the spirohydantoin
2 (0.01 mol, 2.16 g) in dry acetone (90 mL), anhydrpotassium carbonate (0.02 mol, 2.76 g) and the
appropriate bromoester (0.01 mol) were added. &aetion mixture was stirred under reflux for 6He t
solvent was then distilled off under reduced pressand the reaction mixture was diluted with ice
water. The precipitate formed was filtered off, ed with water, and dried to give the corresponding
ester.

4.1.2.1. Ethyl 2-(2,5-dioxo-3',4'-dihydro-2'H-spiro[imidaidine-4,1'-naphthalen]-1-yl) acetata

(s8]. Reaction oR with ethyl bromoacetate yielded pale yellow powde®6 g, 64.90% vyield); mp 130-
2°C; reported 133-135°C.

4.1.2.2. Ethyl 3-(2,5-dioxo-3',4'-dihydro-2'H-spiro[imida4dine-4,1'-naphthalen]-1-yl) propionate
3b. Reaction oR with ethyl 3-bromopropionate yielded pale yelloawgler (1.92 g, 60.76%); mp 161-
2°C; IR (cmi®): 3317 (NH), 1771 (C=0), 1751 (C=0), 1704 (C=0)9Q (C-O);*H NMR (400 MHz,
DMSO-ds) 6 (ppm): 1.18 (t, 3HJ = 7.20 Hz, CH-CHg), 1.82-1.93 (m, 2H, CHcyclohexane), 2.06 (t,
2H, J = 8.01 Hz, CH-cyclohexane), 2.64 (t, 2H,= 6.80 Hz, CH-CO), 2.79 (t, 2HJ = 8.01 Hz, CH-
cyclohexane), 3.69 (t, 2H,= 6.80 Hz, N-CH), 4.05 (q, 2H, = 7.20 Hz, O-CH-CHj), 7.04 (d, 1H,]) =
8.00 Hz, Ar-H), 7.17 (d, 2H] = 8.00 Hz, 2 Ar-H), 7.24 (d, 1H, = 8.00 Hz, Ar-H), 8.86 (s, 1H, NH);
HRMS: m/z calculated for SH2oN-04[M-H] *: 315.13503, found: 315.13538.

4.1.2.3. Ethyl 4-(2,5-dioxo-3',4'-dihydro-2'H-spiro[imidazdine-4,1'-naphthalen]-1-yl) butyrat8c.
Reaction o2 with ethyl 4-bromobutyrate yielded pale yellow pew (2.24 g, 67.87%); mp 172-4°C; IR
(cm™): 3309 (NH), 1771 (C=0), 1748 (C=0), 1707 (C=Q)9Q (C-O);'H NMR (400 MHz, DMSO#dq)

§ (ppm): 1.19 (t, 3H,) = 7.20 Hz, CH-CHs), 1.80-1.84 (m, 2H, CHCH,-CO), 1.92-1.94 (m, 2H, CH
cyclohexane), 2.08 (t, 2H,= 7.20 Hz, CH-cyclohexane), 2.34 (t, 2H,= 6.80 Hz, CH-CO), 2.79 (t,

2H,J = 7.20 Hz, CH-cyclohexane), 3.47 (t, 2H,= 6.80 Hz, N-CH), 4.06 (q, 2HJ = 7.20 Hz, O-CH
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CHs), 6.99 (d, 1HJ = 8.00 Hz, Ar-H), 7.19 (d, 2H = 8.00 Hz, 2 Ar-H), 7.24 (d, 1H),= 8.00 Hz, Ar-
H), 8.83 (br s, 1H, NH); HRMS: m/z calculated forg8,,N,04[M-H] *: 329.15068, found: 329.15054.
4.1.2.4. Ethyl 5-(2,5-dioxo-3',4'-dihydro-2'H-spiro[imidazdine-4,1'-naphthalen]-1-yl) pentanoate
3d. Reaction oR with ethyl 5-bromovalerate yielded pale yellow mtex (2.12 g, 61.62%); mp 156-7°C;
IR (cmi?): 3306 (NH), 1771 (C=0), 1753 (C=0), 1700 (C=01 (C-0):*H NMR (400 MHz, DMSO-
de) & (ppm): 1.17 (t, 3H,) = 6.80 Hz, CH-CHs), 1.52-1.57 (m, 4H, CHCH,-CH,-CO), 1.82-1.94 (m,
2H, CH-cyclohexane), 2.07 (t, 2H,= 6.40 Hz, CH-cyclohexane), 2.34 (t, 2H,= 7.20 Hz, CH-CO),
2.79 (t, 2HJ = 6.40 Hz, CH-cyclohexane), 3.43 (t, 2H,= 7.20 Hz, N-CH), 4.05 (g, 2HJ = 6.80 Hz,
O-CH,-CHs), 6.99 (d, 1H,J = 8.00 Hz, Ar-H), 7.18 (d, 2H] = 8.00 Hz, 2 Ar-H), 7.25 (d, 1H,= 8.00
Hz, Ar-H), 8.83 (br s, 1H, NH); HRMS: m/z calculdtdor C;oH24N-O4M-H]*: 343.16633, found:
343.16595.

4.1.2.5. Ethyl 6-(2,5-dioxo-3",4'-dihydro-2'H-spiro[imidazdine-4,1'-naphthalen]-1-yl) hexanoate
3e. Reaction o2 with ethyl 6-bromohexanoate yielded pale yellowvder (2.20 g, 61.45%); mp 143-
5°C; IRv (cm®): 3306 (NH), 1771 (C=0), 1753 (C=0), 1700 (C=0)71 (C-O);'H NMR (400 MHz,
DMSO-ds) & (ppm): 1.16 (t, 3H, = 7.20 Hz, CH-CHs), 1.25-1.30 (m, 2H, CHCH,-CH,-CO), 1.56-
1.59 (m, 4H, CHCH,-CH,-CH,-CO), 1.80-1.93 (m, 2H, Cityclohexane), 2.08 (t, 2H, = 6.40 Hz,
CHa-cyclohexane), 2.29 (t, 2H,= 7.20 Hz, CH-CO), 2.79 (t, 2HJ = 6.40 Hz, CH-cyclohexane), 3.41
(t, 2H,J = 7.20 Hz, N-CH), 4.06 (g, 2H,J = 7.20 Hz, O-CH-CHs), 6.97 (d, 1HJ = 7.20 Hz, Ar-H),
7.19 (d, 2H,J = 7.20 Hz, 2 Ar-H), 7.24 (d, 1H = 7.20 Hz, Ar-H), 8.80 (br s, 1H, NH); HRMS: m/z
calculated for GgH,6N204[M-H] *: 357.18198, found: 357.18216.

4.1.2.6. Ethyl 7-(2,5-dioxo-3',4'-dihydro-2'H-spiro[imidazdine-4,1'-naphthalen]-1-yl) heptanoate
3f. Reaction oR with ethyl 7-bromoheptanoate yielded pale yellowwgder (2.30 g, 61.82%); mp 162-
3°C; IRv (cm): 3306 (NH), 1772 (C=0), 1751 (C=0), 1703 (C=0)82 (C-O);'H NMR (400 MHz,
DMSO-ds) 6 (ppm): 1.15-1.17 (m, 2H, GHCH,-CH,-CO), 1.20 (t, 3HJ = 6.80 Hz, CH-CHs), 1.25-

1.29 (M, 2H, N-CH-CHy-CHy), 1.56-1.59 (m, 4H, CHCH,-CH,-CH,-CH,-CO), 1.82-1.93 (m, 2H,
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CH,-cyclohexane), 2.08 (t, 2H,= 7.20 Hz, CH-cyclohexane), 2.28 (t, 2H,= 7.20 Hz, CH-CO), 2.79
(t, 2H,J = 7.20 Hz, CH-cyclohexane), 3.41 (t, 2H,= 7.20 Hz, N-CH), 4.06 (q, 2HJ = 6.80 Hz, O-
CH,-CHs), 6.97 (d, 1H,)= 7.80 Hz, Ar-H), 7.20 (d, 2Hl = 7.80 Hz, 2 Ar-H), 7.24 (d, 1H),= 7.80 Hz,
Ar-H), 8.82 (br s, 1H, NH); HRMS: m/z calculatedr ©,;H,gN,O4[M-H] : 371.19887, found:
371.19977.

4.1.3. General procedure for the synthesis of compouiaeis

General procedure for the synthesis of compodafgss).

41.3.1. 2-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidiné;1'-naphthalen]-1-yl)acetic acida [ss.
Yellowish white powder (3.50 g, 51.10% vyield); m8229°C; reported 231-3°C.

4.1.3.2. 3-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidiné;1'-naphthalen]-1-yl)propionic acidb.
Yellowish white powder (3.70 g, 51.40% vyield); m#021°C; IRv (cm™): 3675-2570 (OH), 3306 (NH),
1769 (C=0), 1706 (C=0), 1690 (C=C} NMR (400 MHz, DMSOds) & (ppm): 1.83-1.93 (m, 2H,
CH,-cyclohexane), 2.06 (t, 2H,= 7.20 Hz, CH-cyclohexane), 2.58 (t, 2H,= 8.01 Hz, CH-CO), 2.79
(t, 2H,J = 7.20 Hz, CH-cyclohexane), 3.66 (t, 2H,= 8.01 Hz, N-CH), 7.06 (d, 1HJ = 7.80 Hz, Ar-
H), 7.18 (d, 2H,J = 7.80 Hz, 2 Ar-H), 7.23 (d, 1H,= 7.80 Hz, Ar-H), 8.84 (s, 1H, NH), 12.39 (br s,,1H
OH); **C NMR (100 MHz, DMSOdg) & (ppm): 176.4, 162.3, 155.9, 138.2, 134.5., 12928.5, 127.3,
126.9, 62.3, 34.6, 33.9, 32.5, 28.9, 18.8; HRM%z nalculated for gH1eN,Oy[M-H] *: 287.10373,
found: 287.10397.

4.1.3.3. 4-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidinég;1'-naphthalen]-1-yl)butyric acid4c.
Yellowish white powder (3.85 g, 51% vyield); mp 2892C; IRv (cm™): 3670-2550 (OH), 3322 (NH),
1765 (C=0), 1705 (C=0), 1690 (C=C} NMR (400 MHz, DMSOds) & (ppm): 1.81-1.85 (m, 2H,
CH,-CH,-CO), 1.89-1.94 (m, 2H, Cktyclohexane), 2.09 (t, 2H,= 7.20 Hz, CH-cyclohexane), 2.26
(t, 2H,J = 6.80 Hz, CH-CO), 2.79 (t, 2H,) = 7.20 Hz, CH-cyclohexane), 3.46 (t, 2H,= 6.80 Hz, N-
CHy), 6.99 (d, 1H,J = 6.40 Hz, Ar-H), 7.19 (d, 2Hl = 6.40 Hz, 2 Ar-H), 7.25 (d, 1H}, = 6.40 Hz, Ar-

H), 8.83 (s, 1H, NH),12.11 (br s, 1H, OHYC NMR (100 MHz, DMSQOdg) & (ppm): 176.7, 174.1,
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156.3, 138.3, 134.5, 129.7, 128.5, 127.0, 126.93,627.8, 33.9, 31.3, 28.9, 23.6, 18.8; HRMS: m/z
calculated for €H1gN204[M-H] *: 301.11938, found: 301.11938.

4.1.3.4. 5-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidiné;1'-naphthalen]-1-yl)pentanoic acit.
Yellowish white powder (4.02 g, 50.88% vyield); mf021°C; IR (cn1): 3665-2560 (OH), 3400 (NH),
1766 (C=0), 1711 (C=0), 1700 (C=0¥ NMR (400 MHz, DMSOds) & (ppm): 1.56-1.58 (m, 4H,
CH,-CH,-CH,-CO), 1.88-1.93 (m, 2H, Cityclohexane), 2.08 (t, 2H,= 6.80 Hz, CH-cyclohexane),
2.26 (t, 2H,J = 7.80 Hz, CHCO), 2.78 (t, 2H,) = 6.80 Hz, CH-cyclohexane), 3.42 (t, 2H,= 7.80
Hz, N-CHp), 6.99 (d, 1HJ = 8.00 Hz, Ar-H), 7.18 (d, 2H] = 8.00 Hz, 2 Ar-H), 7.24 (d, 1H = 8.00
Hz, Ar-H), 8.83 (s, 1H, NH), 12.03 (br s, 1H, OHJC NMR (100 MHz, DMSOdg) & (ppm): 177.9,
174.3, 157.5, 139.5, 135.8, 131.0, 129.7, 128.51,68.1, 35.3, 34.5, 30.1, 28.7, 23.3, 15.8; HRm&
calculated for &H,oN,04[M-H] *: 315.13503, found: 315.13531.

4.1.3.5. 6-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidiné;1'-naphthalen]-1-yl)hexanoic acide.
Yellowish white powder (4.20 g, 50.90% vyield); mp527°C; IR (cn1): 3678-2575 (OH), 3348 (NH),
1764 (C=0), 1711 (C=0), 1698 (C=0} NMR (400 MHz, DMSOds) § (ppm): 1.24-1.29 (m, 2H,
CH,-CH,-CH,-CO), 1.51-1.59 (m, 4H, CHCH,-CH,-CH,-CO), 1.82-1.94 (m, 2H, Cktyclohexane),
2.07 (t, 2H,J = 6.80 Hz, CH-cyclohexane), 2.21 (t, 2H,= 7.80 Hz, CH-CO), 2.78 (t, 2H,) = 6.80
Hz, CH-cyclohexane), 3.42 (t, 2H,= 7.20 Hz, N-CH), 6.98 (d, 1HJ = 7.80 Hz, Ar-H), 7.20 (d, 2H,
J=7.80 Hz, 2 Ar-H), 7.24 (d, 1H,= 7.80 Hz, Ar-H), 8.82 (s, 1H, NH), 11.94 (br s,,1BH); *C NMR
(100 MHz, DMSO#) & (ppm): 176.7, 174.7, 156.3, 138.2, 134.5, 1298,4, 127.3, 126.9, 62.2, 38.1,
34.0, 33.9, 28.9, 27.7, 26.1, 24.5, 18.9; HRMS: wdiculated for GgH2N,O4M-H]™: 329.15068,
found: 329.15088.

4.1.3.6. 7-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazoliding;1'-naphthalen]-1-yl)heptanoic acif.
Yellowish white powder (4.43 g, 51.51% vyield); m@426°C; IR (cn1): 3675-2550 (OH), 3335 (NH),
1769 (C=0), 1708 (C=0), 1698 (C=C} NMR (400 MHz, DMSOds) & (ppm): 1.18-1.22 (m, 2H,

Cﬂz-CHz-CHz-CO), 1.27-1.30 (m, 2H, N-Cﬂ{Hz-Cﬂg), 1.52-1.59 (m, 4H, QﬁCHz-CHz-Cﬂg-CHz-
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CO), 1.82-1.94 (m, 2H, Cktyclohexane), 2.08 (t, 2H,= 6.80 Hz, CH-cyclohexane), 2.23 (t, 2H,=
7.20 Hz, CH-CO), 2.78 (t, 2H,]) = 6.80 Hz, CH-cyclohexane), 3.41 (t, 2H,= 7.20 Hz, N-CH), 6.97

(d, 1H,J=7.20 Hz, Ar-H), 7.19 (d, 2Hl = 7.20 Hz, 2 Ar-H), 7.25 (d, 1H,= 7.20 Hz, Ar-H) 8.83 (s,
1H, NH), 11.96 (br s, 1H, OH}*C NMR (100 MHz, DMSQdg) & (ppm): 177.9, 174.2, 156.3, 138.2,
135.2, 129.7, 128.4, 126.9 126.8, 62.2, 38.2, 3B®, 28.5, 27.8, 26.2, 25.6, 25.5, 18.6; HRM& m/
calculated for GH,4N,04[M-H] *: 343.17088, found: 343.17090.

4.1.4. General procedure for the synthesis of compouaels The acid4 (0.01 mol) was dissolved
in tetrahydrofuran (THF, 10 mL)\,N-carbonyldiimidazole (CDI, 0.04 mol, 6.48 g) waded at 25-
30°C and stirred for 1 h. Hydroxylamine hydrochtieri(0.04 mol, 2.78 g) was added, and the stirring
was continued for another 1 h. The solvent waslldi$toff, ethylacetate (10 mL) was added, washed
with water (2 x 10 mL), and the organic layer wadlected, dried over anhydrous sodium sulphate,
filtered, and evaporated under vacuum. The progastcollected as oily droplets.

41.4.1. 2-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidinég;1'-naphthalen]-1-yl)-N-
hydroxyacetamid®&a. Yellowish brown oil (1.46 g, 50.52% vyield); IRnic"): 3401 (OH), 3360 (NH),
3306 (NH), 1777 (C=0), 1706 (C=0), 1698 (C=¢;NMR (400 MHz, DMSOds) & (ppm): 1.95-1.97
(m, 2H, CH-cyclohexane), 2.09 (t, 2H,= 7.20 Hz, CH-cyclohexane), 2.79 (t, 2H,= 7.20 Hz, CH-
cyclohexane), 4.14 (s, 2H, N- Gi€O), 7.07 (d, 1HJ = 8.00 Hz, Ar-H), 7.19 (d, 2H} = 8.00 Hz, 2 Ar-

H), 7.25 (d, 1H,J = 8.00 Hz, Ar-H), 8.99 (s, 1H, NH), 11.20 (br s,,28HOH); *C NMR (100 MHz,
DMSO-dg) 5 (ppm): 176.4, 169.3, 155.5, 138.2, 134.4, 1298,3, 127.6, 126.9, 62.8, 40.8, 34.0, 28.8,
18.8; HRMS: m/z calculated forigH:sN30,M-H] *: 288.10923, found: 288.10935.

4.1.4.2. 3-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidinég;1'-naphthalen]-1-yl)-N-
hydroxypropionamidesb. Yellowish brown oil (1.51 g, 49.83% yield); IRn@): 3400 (OH), 3362
(NH), 3305 (NH), 1778 (C=0), 1705 (C=0), 1697 (C=) NMR (400 MHz, DMSOeg) 5 (ppm):
1.85-1.93 (m, 2H, CHcyclohexane), 2.07 (t, 2H,= 6.80 Hz, CH-cyclohexane), 2.58 (t, 2H,= 7.20

Hz, CH-CO), 2.78 (t, 2H, = 6.80 Hz, CH-cyclohexane), 3.66 (t, 2H, = 7.20 Hz, N-CH), 7.06 (d,
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1H, J= 6.40 Hz, Ar-H), 7.17 (d, 2H,J = 6.40 Hz, 2 Ar-H), 7.23 (d, 1H,J = 6.40 Hz, Ar-H), 8.84 (s,
1H, NH), 11.50 (br s, 2H, NHOH}*C NMR (100 MHz, DMSQsdg) 5 (ppm): 176.4, 169.7, 155.9, 138.2,
134.5., 129.6, 128.5, 127.3, 126.9, 63.5, 34.69,332.5, 28.9, 18.8; HRMS: m/z calculated
for CisH17N3O4[M-H] *: 302.11963, found: 302.11985.

4.1.4.3. 4-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidiné;1'-naphthalen]-1-yl)-N-
hydroxybutyramidésc. Pale brown oil (1.53 g, 48.26% yield); IR (¢)n3402 (OH), 3365 (NH), 3302
(NH), 1777 (C=0), 1707 (C=0), 1697 (C=GH NMR (400 MHz, DMSOs) & (ppm): 1.81-1.85 (m,
2H, CH-CH,-CO), 1.89-1.94 (m, 2H, Cltyclohexane), 2.09 (t, 2H, = 6.80 Hz, CH-cyclohexane),
2.26 (t, 2H,J = 7.20 Hz, CH-CO), 2.80 (t, 2H,) = 6.80 Hz, CH-cyclohexane), 3.46 (t, 2H,= 7.20 Hz,
N-CHy), 6.99 (d, 1HJ = 8.00 Hz, Ar-H), 7.19 (d, 2H] = 8.00 Hz, 2 Ar-H), 7.25 (d, 1H] = 8.00 Hz,
Ar-H), 8.83 (s, 1H, NH), 11.30 (br s, 2H, NHOHYC NMR (100 MHz, DMSOds) & (ppm): 174.1,
162.3, 156.3, 138.3, 134.5, 129.7, 128.5, 127.6,9.562 .4, 37.8, 33.9, 31.4, 28.9, 23.6, 18.8; HRMS
m/z calculated for GH1dN3O4[M-H] *: 316.13811, found: 316.13902.

4.1.4.4. 5-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidinég;1'-naphthalen]-1-yl)-N-
hydroxypentanamidgd. Pale brown oil (1.71 g, 51.66% yield); IR (¢)n3404 (OH), 3367 (NH), 3306
(NH), 1778 (C=0), 1707 (C=0), 1699 (C=CGH NMR (400 MHz, DMSOdg) & (ppm): 1.56-1.58 (m,
4H, CH-CH,-CH,-CO), 1.88-1.93 (m, 2H, Cityclohexane), 2.07 (t, 2H) = 6.80 Hz, CH
cyclohexane), 2.26 (t, 2H,= 7.20 Hz, CH-CO), 2.79 (t, 2H, = 6.80 Hz, CH-cyclohexane), 3.43 (t,
2H, J = 7.20 Hz, N-CH), 6.99 (d, 1HJ = 8.00 Hz, Ar-H), 7.18 (d, 2H] = 8.00 Hz, 2 Ar-H), 7.24 (d,
1H, J = 8.00 Hz, Ar-H), 8.83 (s, 1H, NH), 11.25 (br s,,28HOH); *C NMR (100MHz, DMSOds) &
(ppm): 174.4, 169.3, 157.4, 139.5, 135.7, 13129.7, 128.2, 63.5, 38.9, 35.3, 34.5, 30.1, 28.83,23
15.9; HRMS: m/z calculated for;@4,:N30,M-H] *: 330.14883, found: 330.14903.

4.1.45. 6-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidinég;1'-naphthalen]-1-yl)-N-
hydroxyhexanamidBe. Pale brown oil (1.75 g, 50.72% vyield); IR (¢n3407 (OH), 3367 (NH), 3306

(NH), 1778 (C=0), 1708 (C=0), 1699 (C=0M NMR (400 MHz, DMSOdq) & (ppm): 1.26-1.29 (m,
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2H, CHy-CHx-CH,-CO), 1.53-1.60 (m, 4H, CHCH,-CH,-CH,-CO), 1.82-1.94 (m, Chcyclohexane),
2.07 (t, 2H,J = 6.80 Hz, CH-cyclohexane), 2.26 (t, 2H,= 7.20 Hz, CH-CO), 2.79 (t, 2HJ = 6.80
Hz, CH-cyclohexane), 3.41 (t, 2H,= 7.20 Hz, N-CH), 6.97 (d, 1HJ= 7.00 Hz, Ar-H), 7.19 (d, 2H
= 7.00 Hz, 2 Ar-H), 7.23 (d, 1H] = 7.00 Hz, Ar-H), 8.82 (s, 1H, NH), 11.46 (br s, ,2HOH); *°C
NMR (100 MHz, DMSO€s) & (ppm): 174.7, 169.4, 156.5, 138.4, 134.5, 12928.4, 127.3, 126.9,
62.3, 38.3, 34.0, 33.9, 28.8, 27.7, 26.1, 24.39;18IRMS: m/z calculated for@H23N304M-H] "
344.16158, found: 344.16301.

4.1.4.6. 7-(2,5-Dioxo-3',4'-dihydro-2'H-spiro[imidazolidinég;1'-naphthalen]-1-yl)-N-
hydroxyheptanamidsf. Pale brown oil (4.43 g, 51.51% vyield); IR (&n3402 (OH), 3365 (NH), 3302
(NH), 1777 (C=0), 1707 (C=0), 1697 (C=GH NMR (400 MHz, DMSOsdg) & (ppm): 1.19-1.22 (m,
2H, CHy-CH,-CH,-CO), 1.27-1.30 (m, 2H, N-CHCH»-CH,), 1.52-1.60 (m, 4H, CHCH,-CH,-CHy-
CH,-CO), 1.82-1.94 (m, 2H, Cityclohexane), 2.07 (t, 2H, = 6.80 Hz, CH-cyclohexane), 2.21 (t,
2H, J = 7.20 Hz, CH-CO), 2.78 (t, 2H,J = 6.80 Hz, CH-cyclohexane), 3.42 (t, 2H, = 7.20 Hz, N-
CHy), 6.98 (d, 1H,J = 6.40 Hz, Ar-H), 7.20 (d, 2H] = 6.40 Hz, 2 Ar-H), 7.24 (d, 1H), = 6.40 Hz, Ar-
H) 8.82 (s, 1H, NH), 11.17 (br s, 2H, NHOHJC NMR (100 MHz, DMSOdg) & (ppm): 176.7, 169.7,
156.3, 138.3, 135.1, 129.7, 128.4, 126.9 126.8,&8.1, 34.0, 28.8, 28.5, 27.8, 26.3, 25.6, 25853;
HRMS: m/z calculated for fgH2sN304M-H] *: 358.17723, found: 358.17920.

4.1.5. 4-(2-(3-methoxyphenyl)hydrazono)-2-(3,4,5-trimeypirenyl)oxazol-5(4H)-on&s9).
Orange solid (3.50 g, 70.01% yield); mp 88-90 ¢parted 90-91 °C.

4.1.6. General procedure for the synthesis of compow@ads. A mixture of8 (0.01 mol, 3.85 @),
the appropriate amino acid (0.012 mol), and anhyslsndium acetate (0.75 g) were dissolved in dlacia
acetic acid (25 mL). The reaction mixture was stlirunder reflux for 2 h, and was left to cool, arab
diluted with ice water. The precipitate formed wéigered off, washed with water, and re-crystaltize

from aqueous methanol.
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4.1.6.1. 2-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-carboxamido)acetic
acid 9a. Reaction oB with glycine yielded pale yellow powder (2.10 §,..80%); mp 177-8°C; IR (cm
1): 3675-2595 (OH), 3302 (NH), 1701 (C=0), 1669 (¢=T589 (C=N);"H NMR (400 MHz, DMSO-
ds) 8 (ppm): 3.61 (s, 6H, 2 OCGH 3.69 (s, 3H, OCH), 3.78 (s, 3H, OCE), 3.95 (d, 2HJ = 7.20 Hz,
HN-CH,-CO), 6.81 (s, 2H, 2 Ar-H), 7.07 (t, 18,= 7.80 Hz,Ar-H), 7.16 (d, 2HJ = 7.80 Hz, 2 Ar-H),
7.48 (s, 1H, Ar-H), 8.87 (t, 1H= 7.20 Hz, NH), 12.66 (br s, 1H, OHYC NMR (100 MHz, DMSOd)

o (ppm): 171.3, 162.3, 160.3, 159.3, 156.1, 15453.1, 139.6, 139.1, 130.8, 122.3, 118.8, 118.1,1116
112.4, 106.8, 60.6, 56.4, 56.2, 56.1, 41.4; HRM% oalculated for gH,,N4O/[M-H] *: 441.14157,
found: 441.14221.

4.1.6.2. 3-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-
carboxamido)propionic aci®b. Reaction o8 with B-alanine yielded yellowish white powder (2.25 g,
49.34%); mp 189-91°C; IR (cfi): 3640-2540 (OH), 3301 (NH), 1698 (C=0), 1669 (§=0592 (C=N);
'H NMR (400 MHz, DMSOds) & (ppm): 2.54 (t, 2H,) = 6.80 Hz, CH-CO), 3.48-3.53 (m, 2H, HN-
CHy), 3.61 (s, 6H, 2 OC#), 3.69 (s, 3H, OCH}, 3.77 (s, 3H, OCH}, 6.80 (s, 2H, 2 Ar-H), 7.05 (t, 1H,

= 7.80 Hz,Ar-H), 7.14 (d, 2HJ = 7.80 Hz, 2 Ar-H), 7.47 (s, 1H, Ar-H), 8.65 (t, 18= 6.80 Hz,NH),
12.30 (br s, 1H, OH)}*C NMR (100 MHz, DMSOdg) & (ppm): 173.3, 160.3, 159.0, 156.4, 154.7, 153.1,
139.6, 139.1, 130.8, 122.3, 118.8, 116.1, 112.4.8,060.6, 56.2, 56.1, 35.4, 34.1; HRMS: m/z
calculated for GH,4N4O7[M-H] *: 455.15722, found: 455.15796.

4.1.6.3. 4-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-
carboxamido)butyric aci®c. Reaction of8 with 4-aminobutyric acid yielded yellowish whit@wder
(2.30 g, 48.93%); mp 198-200°C; IR (¢jn 3640-2550 (OH), 3303 (NH), 1700 (C=0), 1667 (§=O
1588 (C=N);"H NMR (400 MHz, DMSOdg) & (ppm): 1.77-1.83 (m, 2H, GHCH,-CO), 2.55 (t, 2H,

= 6.80 Hz, CH-CO), 3.55-3.58 (m, 2H, HN-CHi 3.62 (s, 6H, 2 OC}¥), 3.69 (s, 3H, OC}H}, 3.79 (s,
3H, OCHp), 6.83 (s, 2H, 2 Ar-H), 7.05 (t, 1H,= 8.00 Hz, Ar-H), 7.16 (d, 2HJ = 8.00 Hz, 2 Ar-H),

7.47 (s, 1H, Ar-H), 8.63 (t, 1H = 6.80 Hz, NH), 12.39 (br s, 1H, OHYC NMR (100 MHz, DMSOd)
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o (ppm): 174.7, 160.3, 159.2, 156.6, 154.6, 15339.3, 139.2, 130.8, 122.4, 118.8, 116.1, 112.4,8.06
60.6, 56.2, 56.1, 38.6, 31.6, 25.0; HRMS: m/z dakea for GsHo6N4O,[M-H]*: 469.17287, found:
469.17322.

4.1.6.4. 5-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-
carboxamido)pentanoic aci@t. Reaction o8 with 5-aminovaleric acid yielded yellowish whiteyeder
(2.61 g, 53.73%); mp 211-3°C; IR (&) 3672-2569 (OH), 3299 (NH), 1701 (C=0), 1659 (§=0594
(C=N); *H NMR (400 MHz, DMSO¢g) 5 (ppm): 1.54-1.59 (m, 4H, GHCH,-CH,-CO), 2.34 (t, 2H,) =
6.80 Hz, CH-CO), 3.48-3.52 (m, 2H, HN-CHi 3.61 (s, 6H, 2 OCH), 3.69 (s, 3H, OCH), 3.77 (s, 3H,
OCHg), 6.80 (s, 2H, 2 Ar-H), 7.05 (t, 1H,= 7.20 Hz Ar-H), 7.15 (d, 2H,J = 7.20 Hz, 2 Ar-H), 7.47 (s,
1H, Ar-H), 8.66 (t, 1H,J = 6.80 Hz, NH), 12.44 (br s, 1H, OH)*C NMR (100 MHz, DMSOdg) &
(ppm): 174.8, 162.3, 160.3, 159.0, 156.6, 154.8,1,5139.5, 139.2, 130.8, 122.4, 118.8, 116.0,4112.
106.9, 60.6, 56.2, 56.1, 38.7, 33.8, 29.0, 22.3;M3R m/z calculated for £H2gN;sO/[M-H]":
483.19157, found: 483.19215.

4.1.6.5. 6-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-
carboxamido)hexanoic acifle. Reaction of8 with 6-aminohexanoic acid yielded pale yellow pewd
(2.35 g, 47.20%); mp 223-5°C; IR (&n 3629-2570 (OH), 3303 (NH), 1700 (C=0), 1666 (§=0598
(C=N); '"H NMR (400 MHz, DMSO€g) & (ppm): 1.23-1.26 (m, 2H, GHCH,-CH»-CO), 1.54-1.62 (m,
4H, CH,-CH,-CH,-CH,-CO), 2.58 (t, 2H,) = 6.20 Hz, CH-CO), 3.56-3.58 (m, 2H, HN-Cfi 3.61 (s,
6H, 2 OCH), 3.69 (s, 3H, OCH), 3.78 (s, 3H, OCH), 6.81 (s, 2H, 2 Ar-H), 7.07 (t, 1H,= 8.00 Hz,
Ar-H), 7.16 (d, 2H,J = 8.00 Hz, 2 Ar-H), 7.48 (s, 1H, Ar-H), 8.87 (t, 18= 6.40 Hz, NH), 12.51 (br s,
1H, OH); *C NMR (100 MHz, DMSOdg) & (ppm): 174.9, 162.3, 160.3, 159.0, 156.6, 15453.1L,
139.5, 139.2, 130.8, 128.6, 122.4, 116.0, 112.4,9.1106.8, 60.6, 56.3, 56.2, 56.1, 38.5, 34.03,29.
26.4, 24.7; HRMS: m/z calculated fops83oNsO;[M-H] *: 497.20417, found: 497.20513.

4.1.7. General procedure for the synthesis of compoub@se. The acid9 (0.01 mol) was

dissolved in tetrahydrofuran (THF, 10 mLY,N-carbonyldiimidazole (CDI) (0.04 mol, 6.48 g) was
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added at 25-30°C and stirred for 1 h. Hydroxylantgdrochloride (0.04 mol, 2.78 g) was added, and
the stirring was continued for another 1 h. Theeal was distilled off, ethylacetate (10 mL) wasledi,
washed with water (2 x 10 mL), and the organic layas collected, dried over anhydrous sodium
sulphate, filtered, and evaporated under vacuura.pfbduct was collected as oily droplets.

41.7.1. 2-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi)-1,2,4-triazole-3-carboxamido)-N-
hydroxylacetamidd0Oa. Pale brown oil (2.24 g, 49.01% yield); IR (¢)n3402 (OH), 3365 (NH), 3302
(NH), 1707 (C=0), 1697 (C=0), 1589 (C=N)}i NMR (400 MHz, DMSOdg) 5 (ppm): 3.61 (s, 6H, 2
OCH), 3.69 (s, 3H, OC}, 3.78 (s, 3H, OC}H}, 3.95 (d, 2HJ = 7.20 Hz, HN-CH-CO), 6.81 (s, 2H, 2
Ar-H), 7.07 (t, 1H,J = 8.00 Hz, Ar-H), 7.16 (d, 2H] = 8.00 Hz, 2 Ar-H), 7.48 (s, 1H, Ar-H), 8.87 (t,
1H, J= 7.20 Hz, NH), 11.51 (br s, 2H, NHOHJC NMR (100 MHz, DMSOds) & (ppm): 169.3, 162.3,
160.3, 159.2, 156.1, 154.8, 153.1, 139.6, 139.2,8 3122.4, 118.8, 118.1, 116.1, 112.4, 106.8,,60.6
56.4, 56.2, 56.1, 41.4; HRMS: m/z calculated fgiHz3NsO,[M-H] *: 456.15247, found: 456.15311.
4.1.7.2. 3-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-carboxamido)-N-
hydroxypropionamiddOb. Pale brown oil (2.31 g, 49.04% yield); iR(cm™): 3404 (OH), 3366 (NH),
3302 (NH), 1706 (C=0), 1698 (C=0), 1592 (C=Rjt NMR (400 MHz, DMSOds) & (ppm): 2.53 (t,
2H,J = 6.80 Hz, CH-CO), 3.51-3.56 (m, 2H, HN-CH 3.61 (s, 6H, 2 OC}), 3.69 (s, 3H, OC}}, 3.78

(s, 3H, OCH), 6.80 (s, 2H, 2 Ar-H), 7.05 (8,= 8.00 Hz, 1HAr-H), 7.14 (d, 2H,J = 8.00 Hz, 2 Ar-H),
7.47 (s, 1H, Ar-H), 8.66 (t, 1H) = 6.80 Hz, NH), 11.46 (br s, 2H, NHOH)*C NMR (100 MHz,
DMSO-dg) & (ppm): 169.6, 160.3, 159.0, 156.4, 154.7, 1533D.4, 139.1, 130.8, 122.3, 118.8, 116.1,
112.4, 106.8, 60.6, 56.2, 56.1, 35.4, 34.1; HRM% oalculated for H,sNsO;[M-H] *: 470.18124,
found: 470.18213.

4.1.7.3. 4-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-carboxamido)-N-
hydroxybutyramidelOc. Brown oil (2.42 g, 49.89% vyield); IR (cm™): 3402 (OH), 3366 (NH), 3301
(NH), 1705 (C=0), 1699 (C=0), 1588 (C=NH NMR (400 MHz, DMSOds) & (ppm): 1.77-1.83 (m,

2H, CH-CH,-CO), 2.55 (t, 2H,J = 6.80 Hz, CH-CO), 3.55-3.58 (m, 2H, HN-CHi 3.62 (s, 6H, 2
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OCH), 3.69 (s, 3H, OCH), 3.79 (s, 3H, OCE}J, 6.83 (s, 2H, 2 Ar-H), 7.05 (t, 1H,= 8.00 Hz,Ar-H),
7.16 (d, 2H,J = 8.00 Hz, 2 Ar-H), 7.47 (s, 1H, Ar-H), 8.63 (t, 1Bi= 6.80 Hz, NH), 11.30 (br s, 2H,
NHOH); °C NMR (100 MHz, DMSOds) & (ppm): 169.3, 162.3, 160.3, 159.2, 156.6, 15453.1,
139.6, 139.2, 130.8, 122.4, 118.8, 116.1, 112.4,8.050.6, 56.2, 56.1, 38.6, 30.6, 24.8; HRMS: m/z
calculated for GgH27NsO;[M-H] *: 484.19117, found: 484.19194.

4.1.7.4. 5-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-carboxamido)-N-
hydroxypentanamid&0d. Brown oil (2.61 g, 52.3% vyield); IR (cm‘): 3402 (OH), 3365 (NH), 3302
(NH), 1707 (C=0), 1697 (C=0), 1594 (C=N) NMR (400 MHz, DMSOsdg) & (ppm): 1.54-1.59 (m,
4H, CHy-CH,-CH,-CO), 2.34 (t, 2H,) = 6.80 Hz, CH-CO), 3.48-3.52 (m, 2H, HN-CH?2), 3.61 (s, 6H, 2
OCH), 3.69 (s, 3H, OC}H), 3.77 (s, 3H, OCEJ, 6.80 (s, 2H, 2 Ar-H), 7.05 (t, 1H,= 8.00 Hz, Ar-H),
7.15 (d, 2H,J = 8.00 Hz, 2 Ar-H), 7.47 (s, 1H, Ar-H), 8.65 (t, 1Bi= 6.80 Hz, NH), 11.22 (br s, 2H,
NHOH); °C NMR (100 MHz, DMSOds) & (ppm): 167.0, 162.3, 160.3, 159.0, 156.6, 15453.1,
139.5, 139.2, 130.8, 122.4, 118.8, 116.0, 112.8,91.(60.6, 56.2, 56.1, 38.7, 32.8, 29.0, 22.3; HRMS
m/z calculated for &H,dNsO/[M-H] *: 498.19882, found: 498.19916.

4.1.7.5. 6-(1-(3-Methoxyphenyl)-5-(3,4,5-trimethoxyphenyi-1,2,4-triazole-3-carboxamido)-N-
hydroxyhexanamid&Oe. Pale brown oil (2.57 g, 50.09% vyield); IR (¢mn3405 (OH), 3365 (NH), 3306
(NH), 1707 (C=0), 1699 (C=0), 1598 (C=N}4 NMR (400 MHz, DMSOss) & (ppm): 1.23-1.26 (m,
2H, CH-CH,-CH,-CO), 1.54-1.62 (m, 4H, CHCH,-CH,-CH,-CO), 2.58 (t, 2H,) = 6.20 Hz, CH-CO),
3.56-3.58 (m, 2H, HN-C}J, 3.61 (s, 6H, 2 OCH), 3.69 (s, 3H, OC}J, 3.78 (s, 3H, OCH}, 6.81 (s, 2H,

2 Ar-H), 7.07 (t, 1HJ = 8.00 Hz, Ar-H), 7.16 (d, 2H] = 8.00 Hz, 2 Ar-H), 7.48 (s, 1H, Ar-H), 8.86 (t,
1H, J = 6.80 Hz, NH), 11.32 (br s, 2H, NHOHJC NMR (100 MHz, DMSOds) & (ppm): 169.6, 162.3,
160.3, 159.0, 156.6, 154.6, 153.1, 139.6, 139.P.813128.6, 122.4, 116.0, 112.4, 106.8, 60.6, 56.3,
56.2, 56.1, 38.5, 33.3, 29.3, 26.4, 24.3; HRMSz wdlculated for gHs;NsO;[M-H]": 512.21507,
found: 512.21304.

4.2.Biological evaluation
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4.2.1. In vitro anti-proliferative activity assay

Cancer cells from different cancer cell lines; hamareast adenocarcinoma (MCF7) and human
hepatocellular carcinoma (HepG2) were purchased #onerican type Cell Culture collection (ATCC,
Manassas, USA) and grown on Dulbecco's modified eEaghedium (DMEM) or Roswell Park
Memorial Institute medium (RPMI 1640) supplementgth 100 mg/ mL of streptomycin, 100 units/
mL of penicillin, and 10% of heat-inactivated fetabvine serum. The cell lines were kept in a
humidified, 5% (v/v) CQ atmosphere at 37 °C. Exponentially growing ceitenf the two cancer cell
lines were trypsinized (for detachment), counted aseded at the appropriate densities (2000-1000
cells/0.33 crhwell) into 96-well microtiter plates. Cells therere incubated in a humidified atmosphere
at 37°C for 24 hours. Then, cells were exposedfferdnt concentrations of compounds 4a-f, 5a-fg9a
10a-e, SAHA, and CA4 (0.1,1, 10,100,1000 uM) forh7Zhe viability of treated cells was determined
using MTT technique. Media were removed, cells wecabated with MTT (5%, 20QL) solution/well
(Sigma Aldrich, MO, USA), and were allowed to meaikie the dye into a colored-insoluble formazan
crystals for 2 h. The remaining MTT solution wetiscdrded from the wells and the formazan crystals
were dissolved in 200 pL/well acidified isoproparfot 30 min, covered with aluminum foil and
continuously shaken using a MaxQ 2000 plate sh@keermo Fisher Scientific Inc, MIl, USA) at room
temperature. Absorbances were measured at 570 imy asStat Fak 4200 plate reader (Awareness
Technology, Inc., FL, USA). The cell viability werexpressed as percentage of control and the
concentration that induces 50% of maximum inhibitad cell proliferation (I1Gy) were determined using
Graph Pad Prism 5 software (Graph Pad softwaredAg(so, 91}

4.2.2. In vitro enzyme inhibitory assays

HelLa cells and MCF-7 cell lines were obtained frémmerican Type Culture Collection, cells were
cultured using Dulbecco's Modified Eagle's MediudMEM) (Invitrogen/Life Technologies)
supplemented with 10% Fetal Bovine Serum (FBS) (bhe,), 10 pug/mL of insulin (Sigma), and 1%

penicillin-streptomycin. All of the other chemicasd reagents were from Sigma, or Invitrogen. Cells
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were plated (cells density 1.2 — 1.8 x 100,000s6&#ll) in a volume of 100 puL complete growth
medium + 100 pL of the tested compound per wek i@6-well plate for 18-24 h before the enzyme
assay for HDAC and Tubulin.

4.2.2.1. HDAC inhibitory assay

The in vitro HDAC inhibitory activities of compoundSf, 10a and 10e against four HDAC isoforms
(HDAC1, 2, 4, 6) were measured using ELISA assats KMybiosource, Inc.) according to
manufacturer’s directions. Briefly, HeLa cells wergpsinized, counted and seeded at the appropriate
densities into 96-well microtiter plates. Cellsrihgere incubated in a humidified atmosphere at 3@iC

24 h.The standards, the tested compounds, and thevyeosgfierence SAHA were diluted to designated
concentrations. On the 96-well microtiter platesnsiard or sample was added to each well in 100 pL,
and incubated at 37 °C for 2 h. The solution wasrated and 100 pL of prepared Detection Reagent A
was added to each well. Incubation was done at 38t h. After washing 100 pL of prepared
Detection Reagent B was added and incubation watshced at 37°C for 30 min. Five washings were
done, then 90 uL of 3,3',5,5'-tetramethylbenzidiflgB) substrate solution was added and incubated at
37°C for 15-25 min. Stop solution was added in 50Q@ells were exposed to different concentratioins o
compound$f, 10a, 10e and SAHA (0.01,0.1, 1,10 uM) for 72 @ptical density (O.D.) was measured at
450 nm using microplate reader (Spectromax Plusw@ll plate spectrophotometer), and the
concentration that induces 50% of maximum inhibitcd HDAC isoforms (1Gg) were determined using
Graph Pad Prism 5 software (Graph Pad softwaredA¢,

4.2.2.2. Tubulin polymerization inhibitory assay

In vitro kinetics of microtubule assembly were measuredgu&hlSA kit for TUBb (Cloud-Clone.
Corp.) on MCF-7 cell line. The compounds testede/@a; 10a, 10e, and CA4. Briefly, growing cells
from MCF-7 cell lines were trypsinized, counted awkded at the appropriate densities into 96-well
microtiter plates. Cells then were incubated iruenhified atmosphere at 37°C for 24The standards,

the tested compounds, and the control CA4 werdatdilto designated concentrations. On the 96-well
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microtiter plates standard or sample was addedd¢b gell in 100 pL, and incubated at 37°C for 2 h.
The solution was aspirated and 100 pL of preparete@on Reagent A was added to each well.
Incubation was done at 37°C for 2 h. After wasHiQ@ pL of prepared Detection Reagent B was added
and incubation was continued at 37°C for 30 miveRvashings were done, then 90 uL of 3,3',5,5'-
tetramethylbenzidine (TMB) substrate solution wddesl and incubated at 37°C for 15-25 min. Stop
solution was added in 50 pL. Cells were exposetifferent concentrations of compoun@s 10a, 10e

and CA4 (0.4,2, 10,50 uM) for 72 @ptical density (O.D.) was measured at 450 nm usiiggoplate
reader (Spectromax Plus 96 well plate spectrophet®ry) and the concentration that induces 50% of
maximum inhibition of TUBb (IG) were determined using Graph Pad Prism 5 softy@raph Pad
software Inc, CA)eo, 91}

Docking studies

Discovery Studio 2.5 software (Accelrys Inc., Saredd, CA, USA) was used for docking analysis.
Fully automated docking tool using “Dock ligandsD@ker)” protocol running on Intel(R) core(TM)
132370 CPU @ 2.4 GHz 2.4 GHz, RAM Memory 2 GB unttexr Windows 7.0 system. The receptor
protein is prepared. The force field applied is &id to the receptor and the hydrogens are minimized
By selecting only the ligand part and clicking obefine sphere from selection” so that the crystal
ligand is used to define the binding site of 13 Atlgstroms for tubulin and HDAC, respectively, tie t
receptor molecule. Now the above prepared recaptgiven as input for “input receptor molecule”
parameter in the CDocker protocol parameter expléi@ce fields are applied on compoubfiSe, 9a,

10a and10e to get the minimum lowest energy structure. Thiaioled poses were studied and the poses
showing best ligand—tubulin or HDAC interactionsrgveelected and used for CDocker energy (protein-
ligand interaction energies) calculations.

4.2.2.3. Docking of the target molecules to HDLP in vorirdiinding site.

Compound$f, 5e, 10a, 10e and vorinostat were docked into the empty voriaiosinding site of HDLP

(Histone Deacetylase Like Protein) a homologue floyperthermophilic bacterium Aquifex aeolicus,
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that shares 35.2% identity with human HDAC 1 ov&b 3esidues. Docking of the conformation
database of the target compound was done usingp@isg Studio 2.5 software program. The X-ray
crystallographic structure of HDLP complexed wittrimostat was obtained from the Protein Data Bank
(http://www. rcsb.org/, PDB code 1C3%y.

4.2.2.4. Docking of the target molecules to tubulin proteirthe colchicine binding site
Compounds9a, 10a, 10e and CA4 were docked into the empty colchicine higdsite of tubulin.
Docking of the conformation database of the tam@hpound was done using Discovery Studio 2.5
software program. The X-ray crystallographic stuoetof tubulin complexed with DAMA-colchicine

was obtained from the Protein Data Bank (http://wwagb.org/, PDB code 1SA@}).
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Scheme 4. Synthesis of: e-(1-(3-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-1kR,4-triazole-3-

carboxamido)alkanoic acid94-e) and -N-hydroxyalkanamidegda-e).
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Table 1.1Csq values for anti-proliferative activity of compows#ia-f, 5a-f, 9a-e 10a-e CA4,

and SAHA measured using MTT assay against two caretelines MCF-7, and HepG2.

o)
(«),R
o O
é"‘iﬁo H;,COQL @»00%
HCO  oeh,
4and5 9and 10
Compound 1Go (UM)?¥ cell line®
Number n R MCF-7 HepG2

4a 1 COOCH 1000 1000
4b 2 COOH 1000 1000

4c 3 COOH 676.08 1000
4d 4 COOH 1000 1000

4e 5 COOCH 1000 1000

Af 6 COOCH 1000 1000

ba 1 CONHOH 85.11 407.38

5b 2 CONHOH 48.98 162.18

5c 3 CONHOH 42.66 138.04

5d 4 CONHOH 19.05 245.47

5e 5 CONHOH 13.8 575.44

5f 6 CONHOH 2.56 169.82

9a 1 COOCH 67.6 6.19

9b 2 COOH 1000 1000

9c 3 COOH 1000 1000

9d 4 COOH 645.65 1000

9e 5 COCH 245.74 1000
10a 1 CONHOH 14.05 120.23
10b 2 CONHOH 24.05 85.11
10c 3 CONHOH 47.56 48.96
10d 4 CONHOH 51.04 43.03
10e 5 CONHOH 57.61 42.07
CA4 69.6 0.19

SAHA 2.18 3.33

& The concentration (uM) that produce 50% reductionéill growth, the number represent the average
results from triplicate experiments with deviatimHess than 10%.

P Cell lines: MCF-7, human breast adenocarcinomaGZmhuman hepatocellular carcinoma.



Table 1.1Cs values for In vitro HDAC inhibitory activity of 5f, 10a 10e and SAHA against

HDACL, 2, 4, and 6.

RESULTS

IC 50 values (UM?

Compound HDAC1 HDAC2 HDACA4 HDACG6
5f 0.027 0.114 0.0988 0.261
10a 0.058 0.263 0.198 0.290
10e 0.038 0.232 0.180 0.276
SAHA® 0.031 0.081 0.0911 0.0334

@Mean |Csp value of three independent experiments, ® SAHA: Positive reference.



Table 1.1Cs values for In vitro tubulin polymerization inhibitory activity of 9a, 10a 10e and CA4

using ELISA assay for B-tubulin.

RESULTS
IC5g values
Compound
(uM)?
9a 5.87
10a 7.07
10e 4.82
CA4° 5.73

#Mean 1Cs value of three independent experiments,
P CA4: Positive reference.



Table 1. Types of interactions and energy scores for timeptexes formed from compounds

5e, 5f, 10a, 10e and vorinostat (SAHA) with HDLP active site.

Energy scores
CDocker
Cpd Typesof interactions CDocker
interaction
energy
energy
One hydrogen bonding with Tyr297
5e -47.03 -55.67
n —o betweerbe pentamethylene chain and Phel41
One hydrogen bonding with Tyr297
5f One hydrogen bond with His132 -57.26 -51.68
n-cation bonding betweesf aromatic ring and Lys267
One hydrogen bonding with Tyr297
10a -11.63 -57.20
©- 7 interaction betweefOa triazole ring and Phel41
One hydrogen bonding with Tyr297
10e -14.77 -63.18
One hydrogen bonding with Lys267
One hydrogen bonding with Tyr297
SAHA -54.62 -54.64

©- T interaction between SAHA hexamethylene chain amellR1




Table 1. Types of interactions and energy scores for the complexes formed from compounds 9a, 10a, 10e,

and CA4 with the colchicine binding site of B-tubulin.

Energy scores
CDocker
Cpd Types of interactions CDocker
interaction
energy
energy

One hydrogen bonding between a methoxy oxygen of ring A and amino
group of GInl11l in the a-tubulin subunit.

9a -13.18 -54.71
One hydrogen bond between the second methoxy oxygen of ring A and

amino group of Lys254 in the B-tubulin subunit.

One hydrogen bonding between the hydroxamic oxygen and amino group
of Lys254 in the B-tubulin subunit.

10a -13.25 -62.03
One hydrogen bond between the terminal hydroxyl group in 10a and

carbonyl group of Asn249 in the B-tubulin subunit

One hydrogen bonding between the hydroxamic nitrogen and hydroxyl
10e group of Tyr224 in the a-tubulin subunit. -18.41 -71.05

One hydrogen bond between the hydroxyl group and GTP

Hydrogen bonding interaction between one of the methoxy oxygens of
CA4 -13.83 -42.33
ring A and the thiol group of Cys2411]

1. Ravdli, R. B.; Gigant, B.; Curmi, P. A.; Jourdain, |.; Lachkar, S.; Sobel, A.; Knossow,
M. Insight into Tubulin Regulation from a Complex with Colchicine and a Stathmin-Like

Domain. Nature 2004, 428, 198-202.
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Table 1. Caculated* molecular weight, log P. number of hydrogen bond acceptors and

donors, molecular volume and polar surface area for compounds 5a-f and 10a-e.

Compound MolVal PSA Drug likeliness
Mwt LogP HBA HBD
number (A% (A? score
5a 289.11 0.24 4 3 208.72 87.71 0.85
5b 303.12 054 4 3 31557  87.69 0.57
5c 317.14 0.81 4 3 333.47 87.69 0.66
5d 33115 1.23 4 3 351 87.69 0.66
5e 345.17 1.65 4 3 369.29 87.69 0.66
5f 359.18  2.07 4 3 387.19  87.69 0.66
10a 457.16 1 9 3 437.81 12481 0.01
10b 471.18 1.28 9 3 455.76  124.65 011
10c 485.19 1.76 9 3 473.67 124.65 0.08
10d 499.21 224 9 3 491.85 124.65 0.04
10e 513.22 2.72 9 3 509.48 124.65 0.04

HBA: Hydrogen bond acceptor HBD: Hydrogen bond donor

PSA: polar surface area

*All the previous parameters are calculated using Molsoft (molecules in silico) online
software.
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(i)

Figure 1. Docking of compounds (i) 5f and (ii) vorinostat with HDLP (Histone Deacetylase-

Like Protein). The residues of binding pocket are shown as stick while docked compounds are



presented as ball and stick. Dashed lines in green indicate H-bonds and yellow lines indicate ©

interactions.



4.

5.

Highlights

Two novel seriesof histone deacetylase inhibitors (HDACIs) involyintwo potential surface
recognition moieties; 3',4'-dihydrok'spiro[imidazolidine-4,1'-naphthalene]-2,5-dione dari-(3-
methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-1H-1,2r&zole-3-carboxamide were synthesized.
Novel compounds were evaluated for their anti-fedditive activities.

The mechanism was proved by evaluation of HDAChitbry activities.

Molecular Modeling studies were done to demonstratding modes to HDAC protein.

Series Il have been also demonstrated as potddDAC-tubulin dual inhibitors, promoted with

structural similarities between (1-(3-methoxyph@BA3,4,5-trimethoxyphenyl)-1H-1,2,4-triazole-3-

carboxamide) nucleus, of series I, and Combreiastal.



