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New potent isophthalic acid derivatives armed withidazolyl and indolyl groups a-secretase
inhibitors have been synthesized. The most potamipound,11b, displayed an E£ value of 0.29 puM.
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ABSTRACT: We have identified potent isophthalic acid derivesi armed with imidazol and indolyl
groups as poterfi-secretase inhibitors. The most effective anal@sahstrated low nano-molar potency
for the BACE1L [-secretase cleaving enzyme) as measured by FRE®réscence Resonance Energy
Transfer)and cell-based (ELISA) assays. Our design strateligwed a traditional SAR approach and
was supported by molecular modeling studies basegreviously reported hydroxyethylene transition
state inhibitor derived from isophthalic add In the FRET assay, the most potent compourtih
displayed an Ig value for BACEL of 75 nM, and exhibited cellulatigity with an EC50 value of 0.81
HUM. On the other hand, compouthib was found to be the most potent compound in thébesed assay
with an EGg value of 0.29 uM.
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1. INTRODUCTION

Alzheimer’s disease (AD) is a progressive, neuredegative disorder and considered the most common
form of irreversible dementia. To date, there avecures that stop or reverse the underlying pregras

of the disease. With an aging population and irstnrganumber of people with Alzheimer’s, the need to
develop ways to halt and treat the disease hasieeparamount [1]. According to many resources, more
than 25 million people are suffering from demeratrl the worldwide annual socioeconomic burden has
been estimated to exceed US$200 billion [2]. Asaased age is the leading risk factor of the desseab
frequency is expected to increase to an estimatédnillion cases in 2030 and 11-16 million cases in
2050 in the United States alone. These numbersootentompass the large number of people with mild
cognitive impairment, a considerable proportiomtibm will progress to AD [3]. Although, the caude o
AD remains unknown, a large bodies of evidence higitlights the central role of(Rin the pathogenesis
of the disease [4-7]. Genetic and pathological eviés strongly support the amyloid cascade hypisthes
for AD: It states that B (amyloid 3), a proteolytic derivative of the large transmemieraamyloid
precursor protein (APP), particularly the leasubté 42 amino-acid fragmen{342 isoform, has an early
and imperative role in all forms of AD [3] (Figur®. AB—peptides are produced as a result of the
sequential cleavage of APP (amyloid precursor pmptérst at the N-terminus bf-secretase enzymg-(
site APP cleaving enzyme, BACEL1) [8-10], followetl the C-terminus by one or mofesecretase
complexes (intramembrane aspartyl proteases) §Opaat of thg3-amyloidogenic pathway. During this
process, tw@-secretase cleavage products are produced; ae@abdomain fragment named APPsol,
and the membrane-bound C-terminal fragment C99 BP A10]. Following[3 -secretase cleavage, a
second proteasg;secretase, cleaves C99 to generate the toRipeptides (48, 39—43 residues) which
are secreted from the cell. Thus, processes that W3 production and deposition by preventing
formation, inhibiting aggregation, and/or enhanciilgarance may offer effective treatments for AD.
Since 3-secretase mediated cleavage of APP is the ratgAgnstep of the amyloidogenic pathway,
BACEL inhibition is considered a prominghérapeutic target for treating AD by diminishin@ peptide
formation in AD patients (Figure 1) [11-14].
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Figure 1. The amyloid hypothesis of Alzheimer’s disease aiadeolytic processing of the amyloid-b

precursor protein (APP) leading to dementia.

The normal biological role of-secretase is still unclear. As expected, BACElckoat mice are
deficient in A production, indicating no compensatory mechanigong3-secretase cleavage in mice.
More surprisingly, knockout mice did not exhibirises problems due tp-secretase deletion, they were

healthy, fertile, and clinical chemistry parameteese normal in both young and aged animals [15].

The absence of f\production and the distinct pathology in BACE1-kkout mice is encouraging f@r
secretase drug development. However, inhibitor ldg@veent has proven to be highly challenging, and so
far, only one company has reported clinical dataagiisecretase inhibitor [16]. Most potent aspartic
protease inhibitors are large hydrophilic peptided the need for blood—brain barrier penetratiatsah

additional hurdle on the path towards developméatfesecretase inhibitor [17-18].
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Figure 2. De novodesign strategies utilized to find optimal fragitseoased on isophthalic acid mdtif

Recently, we have reported on the discovery of smalecules, isophthalic acid and imidazopyridine
derivatives as potent BACE1 inhibitors [19-20]. Fr@ur early SAR investigations we quickly learned
that the truncation of the benzamide portion oplgbalic acid (Figure 2), leads to a compact scaffbld
and proved to be a conceptually valid strategy.nSafterwards we carried out a detailed structute4ac
relationship studies around compounthat ultimately led to compounds of tyfié which resulted in
improvement of ligand affinity for the BACEL1 enzyni€so = 20 nM; Figure 2). Furthermore, in these
reports we proposed a pharmacophoric model bas&bphthalic acid scaffolds that ultimately guidesd

in this work to efficiently design small collectisiof potent BACEL1 inhibitors (Tables 1 and 2).
2. RESULTS AND DISCUSSION

2.1. Chemistry

2.1.1.Inhibitors Design Concept

In our previous reports we found that an imidazapge ring is an optimal bioisoster of the left aei
appendage of compound however, an H-bond donor attached to this moregy lead to strong
interactions with the catalytic amino acid residueshe enzyme active site. At this point in tinveg
decided to replace the left amide portion of conmabluby an indolyl group anchored on an imidazole



ring leading to compounds of tyd¥, hypothesizing this might improve the affinity sfich motifs
against BACEL. Accordingly, the igof such motifs -9 and10-11) ranged from 0.29 puM to 1.33 pM in
the FRET assay (Tables 1 and 2). As a result, werrénerein the design and synthesis of new motifs
derived from isophthalic acid as potential BACEhimtors. As can be concluded from Figure 2, we
followed traditional medicinal chemistry strategi@nong others, extension/contraction, rigidificati

and bioisostere replacement to arrive at our ptegemotifs.

As we previously described, to improve pharmacodyngroperties for this challenging drug target, we
decided to eliminate the amide functionalitiesle# peptide backbone present ifFigure 2). To reduce
the rather high flexibility of acyclic hydroxyettehe (HE) TS mimetics, the HE TS mimetic was
embedded into a rigid TS mimetic (imidazole moieE), retaining the essential H-bonding interacion
with the aspartyl protease catalytic dyad and g Bmino acid residues. In addition, the cycliaftdd
should provide suitable vectors for direct extensiinto the corresponding S&nd S1-S3 subpockets
(Figure 4 and 5). We envisioned that this concépukl provide inhibitors with enhanced potency and

improved BBB permeability, due to their plausibeA?LogP balance.

2.1.2.Identification of Initial Candidates by Molecularddeling

In an iterative process, a concise set of hetetimcgcaffolds with an embedded HEA moiety and
attached fragments were docked using induced+i Iprotocol with FITTED modeling package.
Conformational energy, S1, S2, S3 and Si?e occupancy, and the overall binding potentalre
assessed, including key H bonding interactionshéodatalytic residues Asp32 and Asp228, to the Flap
residues. Lead differentiation and subpocket frags&ere modified and scored in BACE1 active site

until inhibitor candidates within the desired pragdimits and binding profiles were optimized.

The significant binding features exhibitedIpyl andlll in BACE-1 active site, and the poor blood brain-
barrier penetrating characteristics of compoumompted us to design new peptido-mimetic anaésys
potent BACE-1 inhibitors applying structure-basedigd design strategies: 1) Isophthalic acid from
compoundl was taken as core skeleton responsible for plattiegligands in most favorable binding
mode; 2) Aryl amides, benzimidazole and aryl-anetommidazole moieties were introduced on the
isophthalic based core to form exquisite bondinthwhe corresponding S1-S3 pockets; 3) An indolyl
group was incorporated on the left arm of the isloglic acid scaffold to fit into the Sbr S2 binding
pockets of BACE-1.



To confirm our hypothesis and predict accurate inigpenodes of designed compounds within the active
pockets of BACE-1, molecular docking studies wesefgrmed as the first step. Docking BACE-1 could
be a challenging task, since the enzyme reportathtiergo considerable conformational changes upon
ligand binding. Two regions of BACE-1 structure &leal notable rearrangement upon ligand binding:
The Flap region (residues-684) and the 10s-loop (residuesl@) [21]. The Flap region and the 10s loop
may adapt many conformations upon ligand bindinge TFlap region may adapt closed or open
conformations, whereas, the 10s region may adatr wfown conformations. Accordingly, selection of
appropriate docking protocols would greatly affgeedictions; hence we decided to tackle this by
employing an induced-fit like protocol as implenmeghtvithin the FITTED package.

Four BACE-1 crystal structures were selected frbm pirotein data bank as representative structdres o
the enzyme conformations (Figure 3). These crystralctures were later used as basis for our fully
flexible approach.

Figure 3. Overlay of four BACE-1 crystal structures (PDB-ceddTQF, 2B8L, 2QZL and 3EXO)
illustrating the Flap, 10s region and the catalggpartate Dyad.



An analysis of docking results revealed that thdoie arm was projected towards the amphiphilic S2
pocket and it was engaged in direct hydrogen bandith the catalytic residue, Asp32. This findingsw
observed in all of our derivatives. Based on that,decided to use the indole group as part of ithe=l f
scaffold and only vary the S1-S3 appendages. Tarexefour series of 3-indolyl isophathalic acid
derivatives were synthesized (Schemes 1-4) andiateal for their BACE-1 inhibitory activities.

2.1.3. Synthesis

We commenced our synthetic plan as contemplate@cimeme 1, we first assembled disubstituted
isophthalic acid scaffolds using indole 3-carboxycid,3 and compoun@. Thus, thex-bromoketone2
was reacted with the indolyl carboxylic acid folleevby condensation with ammonia including multiple
rearrangements to generate the core scaff¢iigure 4). With the latter in hand, it was taketoithree
directional synthetic en routes to produce threesef scaffolds|V, V andVI (Figure 4), thus allowing

diverse prime and nonprime side structure-actikgtationship (SAR) explorations needed to fit ithe
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Figure 4. Retrosynthetic modifications of indolyl imidazoiglophthalic acids scaffold

The preparation of compounds needed to delineateSAR for this study was carried out according to
synthetic Schemes 1-4. Four types of scaffolds vegrehesized: In the first, indolyl-imidazolds-b,
were synthesized using well established proced@s The latter were coupled with the desirediasgil
derivative to deliver compoundsa-d (Scheme 1). Thus, treatment 4d-b with TBTU and DIPEA in
DMF at 0°C followed by addition of desired aniline, furnisheompound$a-bin fairly good yields.



In the second approach, compouddScheme 2) was coupled with the nittedbromo ketone7 using
DIPEA in DMF at 0'C. Subsequently, the product from this step wagestdtl to cyclization reaction
with the amidic carbonyl group via reaction with MMAC in acetic acid followed by silica gel
chromatography to deliver compoungis-b. Subsequently, traditional reduction of the nigroup using
Pd/C followed by coupling with the desired benzaiad derivative furnished compoun@a-b.
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Scheme 1Reaction conditions and reagents: (i}, BBCM-MeOH,; (ii) DIPEA-DMF; (iii)) HCO:NH,,
AcOH; (iv) NaOH-MeOH then H (v) DIPEA, TBTU, DMF, amine.
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Scheme 2Reaction conditions and reagents: (i}, BXCM-MeOH,; (ii) DIPEA-DMF; (iii)-HCO:,NHa4,
AcOH, reflux; (iv) NaOH-MeOH then H (v) Pd/C, HCGNH,4, MeOH, reflux.
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Scheme 3Reaction conditions and reagentsio(ibromo ketone, DIPEA-DMF; (i) HCENH,4, AcOH,
reflux; (iii) NaOH-MeOH then H;



Scheme 4Reaction conditions and reagents: (i) Phenylenmidi@, TBTU, DIPEA, DMF; (ii) ACOH,

reflux.

For the synthesis of the third class of compoundsyely aryl-imidazole analogs of tyfi® (Scheme 3),
compounds4a-b were reacted with the desired-bromo ketone. Subsequently, without further
purification, the products from this step were sgbgd to cyclization reaction with the amidic camjo
group using NHOACc in refluxing AcOH followed by silica gel chrormgraphy, to deliver compounds
10a-b.

Having demonstrated the successful synthesis gbrin@ous three unique collections, we next turoed
attention towards the conversion 4d-b to more compact scaffolds. In this regard, thetfoseries of
compounds (Scheme 4) were synthesized using tloe whiphenylene diamines with the carboxylic acid
derivatives4a-b. The products from this step were subjected tdizaton reaction through reflux in

AcOH to furnish benzimidazole motifsla-b

2.2. Biological activities and SAR analysis

Having established robust en routes to the aforéored compound collections, we initially profiled
those for their activities against BACE1. The gohthe current study is to develop selective antkmpio
BACEL1 inhibitors. Toward this objective, we havisfireplaced the P1-P1' portions in compolthy an
indolyl arm anchored on imidazole to project dilgtdward the S1'/S2' sub-pockets of the BACE1vacti
site. This was initiated based on our earlier esitenSAR analysis of compountsandlll (Figure 2).

To prove that the HE transition state mimic in coonpd! could be replaced by imidazole group, we have
subjected compounidto traditional medicinal chemistry strategies iagdo scaffolds such d¥%, V and

VI (Figure 4). With the necessary tools needed tly fiulvestigate the SAR in hand, the synthesized
compounds were profiled for their potency at thrgeaenzyme BACE1. The BACEL primary screening

assay utilized for this program was the fluoreseeresonance energy transfer (FRET) protocol. Wd use



an APP-based peptide substrate (rhodamine-EVNLDAR&&cherKy value of 20 uM) carrying the
Swedish mutation and containing rhodamine as adkagnce donor and a quencher acceptor at each end.
ICso values were calculated by plotting the obtainddtiree fluorescence unit per hour (RFU/h) against
the logarithmic of inhibitor concentration. The meeed inhibition data were analyzed in GraphPashiri

4 for Windows (GraphPad Software Inc., La JollaAY®y nonlinear regression (curve fitting). Cellula
potency of advancing compounds was deizecell-based A inhibition (AB40 or A342) in an enzyme-
linked immune sandwich assay (ELISA) in H4 cellsrfan neuroglioma cell line), expressing the double
Swedish mutation (K595N/M596L) of human APP (APPsiie concentration at which the cellular
production of A40 or A342 was reduced by 50% (Etwas determined and reported in Tables 1 and 2.

Compared to compoundsand Il (Figure 2), the initial simple amides as baselmalogs (e.g5a-d,
Table 1) showed about 20-fold less potency, whempawed to compountl (Figure 2) and a 5-fold
decrease in potency when compared to compounggefitandlll . As we were not satisfied with these
results, we decided to reverse the amide appendagee thought this might be engaged in additional
network of interactions in S1-S3 sub-pockets legdinhigher affinity.

Thus, compound®a-b were synthesized according to Scheme 2 and foungb$sess approximately
similar potencies as those®d-d. Interestingly, compounda-b, were found to be more potent tHzaexb

in the cell-based assay and possesseg #ues of 480 and 410 nM, respectively. To undetthe
biological sensitivity to which compounds of typ&sand 9 were subject and to find a plausible
explanation for the difference in the activity pled between these and compoundone needed to
consider their docking profile in the enzyme acsite. Thus, we analyzed several X-ray crystalcstmes

of BACEL1 (Figure 3) available in the Protein DatanR and used them as a basis to calculate molecular

modeling data for our compounds using the FITTE&gpam [23] (for details see experimental section).

Based on docking modes, compoudssd were found to share similar binding modes withpees to
BACE-1. The aryl amide group located in the S3 pocknd the indole arm fit within the critical S2’
pocket. Furthermore, we observed that the amidét iamdazole nitrogens formed additional hydrogen
bonding with the corresponding near 10s loop resi@ly230 (Figure 5a). However, for compounds with
reversed amide appenda@geb, two consequences were observed; firstly, theamntie projected toward

10



Figure 5. Best docked poses of compouriits(A) and9b (B) within the active site of BACE-1 enzyme
based on ensemble docking. Ligands are in sticlemmg and enzyme subsites are marked for clarity.
Hydrogen bond interactions are shown as green ddstes.

Table 1 1Cso and EGg values of BACEL inhibitor8.

N 0 R
)\ R N
-1
m—/ N : () N R
H HN—/ N \”/ L
H
5a:R = H, R1 = Phenyl @]
5b: R = H, R1 = 4-flouroPhenyl
5¢: R = H, R1 = 4-pyridyl 9a: R = H, R1 = 3-pyridyl
5d: R = H, R1 = 3-pyridyl 9b: R = F, R1 = 3-pyridyl
ELISA, WT -
Compound  BACES ECso Bénd'”g PSA (8 ClogP LogBB
50 (NM) (LM, %inh) core
5a 11041z 1.21 (64% -41.2¢ 73.€ 4.62 -0.197
5b 98 +1: 1.33 (69% -41.2¢ 736 4.7¢ -0.171
5¢ 660+21 0.59 (70% -39.9: 86.t 3.5¢ -0.561
5d 310+1¢ 0.88 (42% -38.6¢ 86.t 3.5¢ -0.561
9a 220+1¢ 0.48 (75% -41.01 86.t 3.5¢ -0.561
9b 130+1¢ 0.41 (82% -41.8¢ 86.t 3.7C -0.53¢

fCs0 and EGp values are the mean values of at least three iexpats + SD.
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the S1 pocket and secondly, the amidic nitrogeangaged in different interaction with the Thr232raomn
acid residue (Figure 5b). With these results indhave turned our attention toward finding groujpest tit
more properly with S1-S3 sub-pockets. Based oneauier extensive experience in these systems, we
envisioned that a more rigid imidazole ring woullda direct projection towards the unoccupied SB-su
pocket. Therefore, we have introduced a phenyl grau4-position of the imidazole moiety leading to
compoundslOa-b (Scheme 3), and tested those for their activityfilgr@gainst BACE1 (Table 2). As
expected, compound®a-b were found to be more potent against BACE1 whenpaved to thé and9
series. The activity was decreased when the fleoaitom was replaced by the QCdroup, however,
cellular potency increased (Table 2). Upon dockisgg FITTED program under induced-fit mode, it
was found that in the aryl-anchored imidazole dges10a-b the isophthalic core favors its orientation
towards the S2 pocket and appeared to be buriguedé®o the S2 pocket (Figure 6a) with profound S2
shape complementarity. This may explain the impdgvatency of these rigid systems.

With these promising results in hand, we shifted eftorts towards further rigidification, as we tféhat
this strategy was more likely to lead to the idésdtion of drug-like BACEL inhibitors with the pential

for good oral bioavailability and CNS penetratidcordingly, benzimidazole-anchored derivativds-

b were synthesized according to Scheme 4 and subsbguested for their activities against BACE1
(Table 2). Fortunately, this brought about a simpatency toward BACE1; however, cellular potency
was increased four-folds. As shown in Figure 6bséhderivatives showed shallower penetration imto t
S2 pocket with ability to form hydrogen bonding lwihe Lys321 residue and water molecules. In both
groups, the fluorine atoms appeared to influencsr tappropriate projection toward the S2 pocket
compared to OCFHgroup.

This analysis could explain the enhanced potenayaipoundslOa-band11a-b compared to the more
flexible amide series, which could be duedifferences in the dynamic motion of the “Flap” poof
BACEL1 upon ligand engagement. This apparently mayehnfluenced the ligand/protein contacts and

impeded the ligand’s affinity for BACEL1 site, thiesulting in increased activity.

12



(A)

Figure 6. Best docked poses of compourida (A) and11b (B) within the active site of BACE-1 enzyme
based on ensemble docking. Ligands are in sticemmg and enzyme subsites are marked for clarity.
Hydrogen bond interactions are shown as green ddstes.

Table 2 1Csg and EGg values of BACEL inhibitor8.

R
R
N N\ N N F
%4 0 e b
HN N N
HN i y H H
10a: R=F 11a:R=F
10b: R = OCF; 11b:R = OCR
ELISA, WT
Compound E’ACE& ECso Bé”d'”g PSA (A) ClogP LogBB
o (M) (M, opinky  SCOTe
10a 75:¢  0.81(86%  -39.6( 732 5.4€  -0.05/
10b 180+  0.67 (77%  -42.4: 82.4 6.67  0.00¢
1la 85+1C  0.35(90%  -37.2¢ 73.2 5.2 -0.09:
11h 1206¢ 029 (87%  -43.3¢ 82.4 6.4z -0.03¢

fCs0 and EGo values are the mean values of at least three iexpets + SD.
With these promising results in hand, we next tdrioeir focus toward assessing the ability of our

derivatives in crossing the blood-brain barrierhdis been noted that molecules possessing a |&8e P

may encounter difficulty in transiting biologicalembranes. This inability to cross membranes mayltres

13



in poor absorption or lack of blood-brain barriBB@) penetration. Some of the first works correigti
PSA and oral absorption were published by KelderRalm [24] who found that highly absorbed (>90%)
drugs had a polar surface area around 7@vile drugs that were poorly absorbed (<10%) hamblar
surface area larger than 14G. Aurthermore, the contribution of molecular LogPthe overall BB-
permeation capacity was found to be well correlaé@d numerous models were reported describing such
influence including that proposed by Clark [25]r Bois purpose, we regenerated the previously tedor
Clark's equation (See supporting information) tovees the basis for evaluating our compounds. As a
result, the predicted LogBB values (Tables 1 anda@ged from modest -0.5 to very encouraging 0.005
value. The derivatived,0a-b and11a-b, with less polar character as indicated by thelcudated LogP
values, showed superior predicted penetrationlproimpared with the other derivatives. This inthsaa
plausible PSA/LogP balance characteristics favobilogd-brain penetration compared to the basic amid

analogs.

These promising biological results of the aforenmer@d four chemically diverse collections encouthge
us to find the hidden relationship that encodesctiemical features of our derivatives with respgedhe
observed BACEL I6. Towards this objective, we decided to conductlassical QSAR study by
considering the logarithmic Kgvalues of our compounds as dependent variable¢alodlatingca. 1875
different descriptors to serve as independent bega We found that the best developed model capzbl

describing the inhibitory pattern against BACE1llisstrated by the following equation.

pIC50 = 14.0703-1.4585KTSC6c+24.5008BCUTCy,
n = 10,F-Statistic = 61.15R% = 0.946,Q°LOO = 0.882Q° mo = 0.869,R% .sc:= 0.2155= 0.076

Where, the first descriptoATSC6c, is the centered Broto-Moreau autocorrelationagf 6 weighted by
atomic charges. It is basically the spatial autadation over the 2D molecular graph and descriims
atomic charges are distributed along the topoldgiracture. On the other hand, BBEUTc-1l descriptor

is the number of highest eigen-values with respectowest partial charge weighted BCUTS. This
descriptor is based on the earlier modified burdetrix taking into account molecular connectiviyy a

well as the Gasteiger-Marsilli atomic partial chesg

The illustrated model was found to fit the experimaé IG5y values (Figure 7) with considerable level of

significance as indicated by its high Fischer'suea(F), squared correlation coefficients’)(Rnd the

14



minor standard errors of estimate. The model irdgoredictive power was judged based on leave-ane-o
(LOO) and leave-many-out (LMO) procedures. The phlity of chance correlation was examined by Y-
scrambling, in which lower (R.s¢) value indicates lesser probability of chance eation. The internal
validation parameters fulfilled the predicted modeld demonstrated the reliability and robustness in

predicting new derivatives within our series and ba utilized for future development.

Predicted pICS0

6,180 —rrrrrr

6,130 6.299 6.418 6,537 6.656 6774 6893 7012 7131
Experimental pICS0

Figure 7. Scatter plobf Experimentalversuspredicted bioactivities (expressed by gj@gainst BACE1
enzyme derived from the best QSAR.

3. CONCLUSION

In this work we have optimized the synthesis ofeiplow molecular weight and potent transition etat
inhibitors of BACE1. Furthermore, we have developeptido-mimetic groups to replace P1-P1" and P3
moieties resident on compourd The synthetic methodologies followed were sim@é#icient and
economic. Several of the developed low moleculaigitescaffolds possessed high affinity, promising
ligand efficiency and acceptable PSA/LogP balaiM&ny of these motifs exhibited comparable cellular
potency. Moreover, since the peptidic nature amdnilimber of rotatable bonds of these motifs are low
the designed scaffolds represent a novel classugfiike leads. The results described here merihéu

investigations and developments in our laboratories
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4. EXPERIMENTAL SECTION

4.1. General Methods

All reagents were used as purchased from comnhesappliers without further purification. The
reactions were carried out in oven-dried or flargealuated vessels. Solvents were dried and pulifyed
conventional methods prior use. Flash column chtography was performed with silica gel 60, 0.040-
0.063 mm (230-400 mesh). Aluminum-backed platescpeged with silica gel 60 (UV254) were used for
thin layer chromatographyt and**C NMR spectra were recorded on a 400 MHz/100 MHT8pmeter.
Splitting patterns are designated as s, singletjodiblet; t, triplet; g, quartet; m, multiplet; dyroad.
Chemical shifts ) are given in ppm relative to the resonance oir ttespective residual solvent peak,
CD3;OD. High and low resolution mass spectroscopicyaesl were conducted using positive ion mode by
Electrospray lonization (ESI). The samples weresalid in acetonitrile, diluted in spray solution
(methanol/water 1:1 v/iv + 0.1% formic acid) anduséd using a syringe pump with a flow rate of 2

uL/min. External calibration was conducted usingdhginine cluster in a mass range m/z 175-871.

4.2. Chemistry

4.2.1.General procedures for the synthesis of compodadsd and 11a-b: To a solution of 3-(2-(1H-
indol-3-yl)-1H-imidazol-5-yl) benzoic acid4) (303 mg, 1 equiv) in DMF (8 mL) at %C was added
DIPEA (0.21 mL, 1.2 mmol, 1.2 equiv). After 10 miiBTU (551 mg, 1.2 mmol, 1.2 equiv) was added
and the resulting mixture stirred at the same teaipee for 30 min. Then the desired aniline or
diaminobenzene (1.1 mmol, 1.1 equiv) was added.r&belting mixture was stirred at°C for 4 h, and
then quenched with ice-water. The precipitateddsulas filtered, washed with water and dissolved in
EtOAc. The organic phase was washed with a 1 N &t@kous solution, then with a saturated NakICO
aqueous solution, and finally,8, dried over MgS@ and concentrated in vacuo, which was used in the
next stage without further purification. Féa-b, the crude product was purified by silica gel lilas
chromatography using increasing concentratiol3@M/AcOEt. For the synthesis of compourids-

b, to the amides from the previous stepas added AcOH (30 mL) and the resulting suspengias
refluxed for 5 h, cooled to room temperature, cotreged in vacuo and diluted with crushed ice. The
brown solid was filtered, washed thoroughly witht@&raThe crude was dissolved in EtOAc washed with a

saturated NaHC®aqueous solution and with,8, dried over MgS@ and concentrated in vacuo. The
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crude product was purified by flash chromatograpiysilica gel (DCM/AcOEt, 8/2 to 7/3) to give
benzimidazole derivativeklab.

4.2.2 General procedures for the synthesis of compodadt and10a-10b: To a solution of 1H-indole-
3-carboxylic acid ) (161 mg, 1.0 mmol, 1 equiv) in DMF (10 mL) or 3+1H-indol-3-yl)-1H-imidazol-
5-yl)benzoic acid4) (303 mg, 1 equiv) at 8C was added DIPEA (0.21 mL, 1.2 mmol, 1.2 equile T
resulting mixture was stirred at € for 30 min followed by dropwise addition of thppsopriatea-
bromoketone (1.1 mmol, 1.1 equiv) in DMF. The réagl mixture was stirred at €@ for 4 h, and then
guenched with ice-water. The precipitated solid Viltered, washed with water and dissolved in EtOAc
The organic phase was washed with a 1 N HCI| aqusolusion, and then a saturated NaHCG{Queous
solution, then KO, dried over MgSQ and concentrated in vacuo, which was used innthég stage
without further purification. To this product, AcO25 mL) and AcONH (924 mg, 12 mmol, 12 equiv)
was added and the resulting suspension was reflioxésih, cooled to room temperature, concentrated
vacuo and diluted with crushed ice. The brown suolak filtered, washed thoroughly with water. The
crude cake was dissolved in EtOAc washed with aratd NaHC® aqueous solution and with,@,
dried over MgS@ and concentrated in vacuo. The crude productpmagied by flash chromatography
on silica gel (DCM/EtOAC, 8/2 to 7/3) to give imitae derivativegla-4b or 10a-10b.

4.2.3 General procedures for the synthesis of compouab: To a solution of of 1H-indole-3-
carboxylic acid 8) (161 mg, 1.0 mmol, 1 equiv) in DMF (10 mL) or 3+(1H-indol-3-yl)-1H-imidazol-5-
yl)benzoic acid 4) (303 mg, 1 equiv) at 0C was added DIPEA (0.21 mL, 1.2 mmol, 1.2 equihe T
resulting mixture was stirred at @ for 30 min followed by dropwise addition of thppaopriatea-
bromoketone (1.1 mmol, 1.1 equiv) in DMF. The résgl mixture was stirred at €@ for 4 h, and then
guenched with ice-water. The precipitated solid Viltered, washed with water and dissolved in EtOAc
The organic phase was washed with a 1 N HCI| aqusolusion, and then a saturated NaHCGQueous
solution, then KO, dried over MgSQ and concentrateth-vacug which was used in the next stage
without further purification. To this product, AcO25 mL) and AcONH (924 mg, 12 mmol, 12 equiv)
was added and the resulting suspension was reflioxésih, cooled to room temperature, concentrated
vacuo and diluted with crushed ice. The brown suolak filtered, washed thoroughly with water. The
crude cake was dissolved in EtOAc washed with araed NaHC® aqueous solution and with,€,
dried over MgS@ and concentrated in vacuo. The crude productpuaigied by flash chromatography

on silica gel (DCM/EtOAc, 8/2 to 7/3) to give nitnmidazole derivativeSa-b. To this product (1 mmol)
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in MeOH (10 ml) was added HGRH4 (4 mmol) and Pd/C (10%wt/wt) and DMF (0.1 ml) athe
mixture was heated to 7qC for 1h, filtered over celite, evaporated to dissmeThe crude solid was
dissolved in EtOAc and washed with a saturated Nagjueous solution, thern,€, dried over MgSQ
and concentrated in vacuo, which was used in the stage without further purification. The amine
product (1 mmol) was dissolved in DMF (8 mL) at@followed by the adition of DIPEA (0.21 mL, 1.2
mmol, 1.2 equiv). After 10 min, TBTU (551 mg, 1.2mml, 1.2 equiv) was added and the resulting
mixture stirred at the same temperature for 30 miren the desired benzoic acid (1.1 mmol, 1.1 gquiv
was added. The resulting mixture was stirred d€dor 4 h, and then quenched with ice-water. The
precipitated solid was filtered, washed with wated dissolved in EtOAc. The organic phase was whshe
with a 1 N HCI aqueous solution, then with a saeddNaHCQ aqueous solution, and finally.8, dried
over MgSQ, and concentrated in vacuo, which was purifiedflagh chromatography on silica gel
(DCM/EtOAC) to give amide derivativés-b.

4.2.4 3-(2-(1H-Indol-3-yl)-1H-imidazol-5-yl)-N-phenylbeamide(5a)

This derivative was synthesized according to theega procedure C. Yield 55%, white soliéhiNMR
(CDsOD, 400 MHz in ppn): & = 8.18 (1H, m), 7.32 (5H, m) 7.19 (3H, m), 7.04 (3Hl), 6.94(2H, m),
6.63(2H, m).”*C NMR (100 MHz, CROD, in ppm):3161.2, 150.3, 137.1, 133.8, 132.7, 127.9, 125.3,
125.0, 124.7, 123.3, 122.2, 121.2, 120.7, 119.6,411115.6, 112.5, 112.2. HRMS (ESI): calcd. for
C24H1sN4O [M]™: 378.1481; found 378.1451.

4.2.5 3-(2-(1H-Indol-3-yl)-1H-imidazol-5-yl)-N-(4-fluephenyl)benzamid@&b)

This derivative was synthesized according to theega procedure C. Yield 63%, white soliéiNMR
(CD;OD, 400 MHz in ppm): & = 8.18 (1H, $)7.63 (3H, m) 7.26 (m, 3H), 7.19 (m, 4H), 7.10 (IH] = 6.7
Hz), 7.02 (2H, m)**C NMR (100 MHz, CROD, in ppm):5161.2, 157.9, 150.3, , 139.1, 136.3, 132.7,
129.2, 128.8,127.7, 126.9, 126.3, 125.3, 125.@,112123.3, 122.3, 121.0, 121.2, 120.9, 119.5,319.
117.4, 116.3, 115.9, 112.5, 108.2. HRMS (ESI): aaflor GouH1/FN,O [M]*: 396.1386; found 396.1381.

4.2.6 3-(2-(1H-Indol-3-yl)-1H-imidazol-5-yl)-N-(pyridid-yl)benzamid€5c)

This derivative was synthesized according to theega procedure C. Yield 45%, white soliéiNMR
(CD;OD, 400 MHz in ppm): 3 =8.64 (2H, d.J = 8.1 Hz) , 8.11(4H, m), 8.02(1H, s) 7.82 (5H, MB4(2H,
t, J = 7.1 Hz), 7.14(1H, tJ = 7.4 Hz)."*C NMR (100 MHz, CROD, in ppm):5166.6, 148.4, 148.2,
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147.9, 146.5, 146.1, 137.4, 131.2, 130.7, 130.8,22127.8, 126.2, 125.7, 123.2, 121.3, 119.8,918.
115.9, 114.7, 114.4, 112.5, 112.3. HRMS (ESI): ataflor GgH17NsO [M]*: 379.1433; found 379.1435.

4.2.7. 3-(2-(1H-Indol-3-yl)-1H-imidazol-5-yl)-N-(pyridig-yl)benzamid€5d)

This derivative was synthesized according to theega procedure C. Yield 71%, white soliddNMR
(CD;OD, 400 MHz in ppn): & = 9.09 (1H, s),8.45 (1H, d] = 7.4 Hz), 8.37 (1H, dd) =1.2, 6.7 Hz),
8.07(3H, m),8.10(1H, s),7.93 (2H, m),7.84(1H,t7.2 Hz), 7.72 (2H, m),7.57(1H, dd = 6.7, 8.3 Hz),
7.21(1H, t, J = 8.2 HzJ3C NMR (100 MHz, CROD, in ppm):5 167.1, 147.2, 144.1, 141.4, 140.1, 137.4,
134.2, 133.2, 130.9, 130.1, 129.4, 128.3, 127.6,512125.9, 125.2, 124.4, 122.7, 120.4, 119.2,3,16.
112.7, 112.5. HRMS (ESI): calcd. fop4E1/NsO [M]": 379.1433; found 379.1421.

4.2.8 N-(3-(2-(1H-Indol-3-yl)-1H-imidazol-5-yl)phenylpsicotinamide9a)

This derivative was synthesized according to theega procedure C. Yield 69%, white solihiNMR
(CD;0OD, 400 MHz in ppm): 3 =8.92 (1H, s) 8.70 (1H, 8 = 3.8 Hz), 8.61(1H, d] = 7.1 Hz), 8.34 (1H, s),
8.13 (3H, m), 8.07 (1H, s), 7.79 (1H,Xs 7.2 Hz), 7.67 (2H, m), 7.53 (1H,X= 3.5 Hz), 7.41(1H, dd]

= 3.8, 7.4 Hz) , 7.19 (1H, 8 = 7.3 Hz)."*C NMR (100 MHz, CROD, in ppm):5163.7, 154.1, 147.4,
147.1, 143.5, 138.7, 137.5, 137.2, 133.4, 132.2,113127.5, 125.1, 123.2, 121.4, 120.3, 119.2,918.
118.2, 115.7, 113.1, 112.7. HRMS (ESI): calcd.GesH:7/NsO [M]*: 379.1433; found 379.1430.

4.2.9 N-(3-(2-(6-Fluoro-1H-indol-3-yl)-1H-imidazol-5-yhenyl)nicotinamid€9b)

This derivative was synthesized according to theegsl procedure C. Yield 58%HNMR (CD;OD, 400
MHz, in ppn): 8 =9.00 (1H, s), 8.71(1H, 1§ = 3.7 Hz), 861(1H, d) = 7.1 Hz), 8.39 (1H , s), 8.13 (2H,
m), 8.10 (1H, s),7.99 (1H, d,= 7.2 Hz), 7.84(1H, dJ = 7.3 Hz), 7.54 (2H, m) 7.43(1H, ddi= 6.9, 7.3
Hz), 7.14 (1H, ddJ = 3.2,6.7 Hz)*C NMR (100 MHz, CROD, in ppm):5164.1, 157.9, 154.3, 153.8,
149.7, 148.4, 147.9, 139.5, 139.2, 138.8, 137.4,513133.2, 131.3, 124.7, 123.4, 122.9, 119.1,4118.
114.1, 113.2, 109.1, 104.5. HRMS (ESI): calcd.GaiH16FNsO [M]*: 397.1339; found 397.1341.

4.2.10 6-Fluoro-3-(5-(3-(5-(4-fluorophenyl)-1H-imidazohg)phenyl)-1H-imidazol-2-yl)-1H-indole

(109)
This derivative was synthesized according to theegal procedure C. Yield 67%{NMR (CD;OD, 400
MHz, in ppn): 8 =8.52(1H, dJ = 8.1 Hz), 8.16 (1H, tJ = 7.9 Hz), 8.07 (2H, d] = 3.4 Hz), 7.41 (1H, s),
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7.39 (2H, m),7.18 (1H, dl = 7.4 Hz), 7.16 (1H, d, J = 7.1 Hz), 6.93 (1H, did, 4.74 Hz), 6.90 ( 3H, m),
6.67 (1H, ddJ = 1.3, 3.2, 6.5 Hz)!3C NMR (100 MHz, CBOD, in ppm):5160.2, 159.4, 155.9, 150.3,
150.0, 140.2, 136.9, 132.5, 132.4, 129.8, 129.8,712126.2, 125.5, 124.0, 123.8, 123.7, 118.2,4,17.
114.3, 111.7, 108.2, 102.5, 102.7. HRMS (ESI): ¢tdllor GoeHi7FoNs [M]*: 437.1452; found 437.14492.

4.2.11 3-(5-(3-(5-(4-Fluorophenyl)-1H-imidazol-2-yl)phdyt H-imidazol-2-yl)-6-(trifluoromethoxy)-
1H-indole(10b)

This derivative was synthesized according to theega procedure C. Yield 60%, white soliéiNMR
(CD;OD, 400 MHz in ppm): & = 8.47 (1H, dJ = 8.1 Hz), 8.31(1H, tJ = 7.3 Hz), 8.03 (2H, m), 8.11(1H,
s), 8.06 (1H, s), 7.73 (1H, d,= 7.4 Hz), 7.70 (2H, m), 7.16 (1H, m), 6.90 (1K),b5.80 (1H, bs)**C
NMR (100 MHz, CROD, in ppm):5159.4, 156.8, 155.9, 153.2, 150.3, 147.4, 146.%,9,4.39.9, 136.7,
134.7, 129.7, 128.2, 127.0, 126.0, 125.7, 125.8,8,2121.5, 117.4, 116.2, 116.1, 112.0, 111.8,2,08.
102.5, 102.2. HRMS (ESI): calcd. fop#El17FNsO [M]*: 503.1369; found 503.1372.

4.2.12 6-Fluoro-2-(3-(2-(6-fluoro-1H-indol-3-yl)-1H-imideol-5-yl)phenyl)-1H-benzo[d]imidazol(@1a)
This derivative was synthesized according to theega procedure C. Yield 51%, white soliéiNMR
(CD;OD, 400 MHz in ppm): & = 8.36 (1H, s), 8.01(1H, d, = 7.1 Hz) , 7.91 (1H, d] = 7.7 Hz), 7.69 (3H,
m), 7.61 (2H, bs), 7.51 (4H, m), 7.12 (3H, MIC NMR (100 MHz, CROD, in ppm):d159.4, 156.8,
159.9, 153.3, 150.3, 139.9, 135.7, 134.7, 12&827.0, 126.4, 125.6, 125.0, 123.8, 121.5, 121.5,4117
116.2, 112.0, 111.8, 108.2, 102.5, 102.2. HRMS )EG&ilcd. for GsHisF>:Ns [M]™: 411.1295; found
411.1299.

4.2.13 6-Fluoro-2-(3-(2-(6-(trifluoromethoxy)-1H-indol-$h-1H-imidazol-5-yl)phenyl)-1H-
benzo[d]imidazolg11b)

This derivative was synthesized according to theega procedure C. Yield 73%, white solihiNMR
(CD;0OD, 400 MHz,, in ppm: & = 9.121 (1H, bs)8.74(1H, s), 8.34 (1H, d| = 7.4 Hz), 8.12 (2H, m), 8.27
(1H, s), 8.02 (1H, d) = 3.8 Hz), 7.91 (1H, ddl = 1.4, 7.4 Hz), 7.70 (2H, m), 7.50 (2H, m), 7.3#4( dd,

J = 3.4, 7.3 Hz), 7.12 (2H, m}3C NMR (100 MHz, CROD, in ppm):5160.0, 156.6, 153.2, 150.3,
149.0, 142.8, 138.1, 135.7, 127.0, 126.4, 125.8,02123.0, 122.9, 122.4, 121.5, 117.4, 112.9,5,12.
109.8, 109.7, 103.9, 103.5, 98.8. HRMS (ESI): caledCosH15FNsO [M]™: 477.1213; found 477.1220.
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4.3. Biology

4.3.1. BACE1 Enzymatic Assay
BACEL1 assay was carried out according to the matwfar described protocol available from Invitrogen

USA (http://tools.invitrogen.com/content/sfs/maraia0724.pdf). Briefly, BACE1lin-vitro assay was

carried out by fluorescence resonance energy #an@RET). An APP-based peptide substrate
(rhodamine-EVNLDAEFK-quencheKy value of 20 uM) carrying the Swedish mutation andtaining

a rhodamine as a fluorescence donor and a queacbeptor at each end was used. The intact subistrate
weakly fluorescent and becomes highly fluorescg@ainuenzymatic cleavage. The assays were conducted
for both enzymes in 50 mM sodium acetate buffer4bl in a final enzyme concentration (1 U/mL),
inhibitor (first line screening: 30 uM, 10 pM, 3 yM puM, and 0.3 pM) compounds that showed high
activity at 0.3 uM were validated at low concentmatand both substrates were used at a concemtraitio
750 nM. Inhibitor compounds were diluted from stos&lutions to result in 3.3% DMSO final
concentration. The reaction was incubated for 60 ati25 °C under dark conditions and then stopped
with 2.5 M sodium acetate. Fluorescemesasured with a Victdrl420 (Wallac) microplate readat 545 nm
excitation and 585 nm emissions. The assay kit wadidated by manufacturer. The obtained values are
the mean values of 3 different experiments,, Nalues were calculated by plotting the obtainddtinee
fluorescence unit per hour (RFU/h) against the ritigaic of inhibitor concentration. The measured
inhibition data were analyzed in GraphPad PrisrardNindows (GraphPad Software Inc., La Jolla, USA)
by nonlinear regression (curve fitting).

4.3.2. Cell based assay

Ap42 and A40 were measured in culture medium of H4 cells @umeuroglioma cell line), expressing
the double Swedish mutation (K595N/M596L), of hun#d?PP (APPsw). Cells were seeded onto 24-well
plates (2x105 cell well-1) and allowed to grow ®h, in 5% CQ@95% air in humidified atmosphere.
Increasing concentrations of compounds were aduléaketcells for overnight in a final volume of Gr.
R-flurbiprofen was used as positive control. DMSO{d&6) was used as negative control. At the end of
the incubation, 10@l of supernatants were removed and treated witio@nglated mouse monoclonal
antibody (4G8, Signet Laboratories Inc., Dedham,, MISA), specifically recognizing the 17-24 amino
acid region of A and two rabbit polyclonal antibodies (C-term 42da@-term 40, BioSource
International, Camarillo, CA, USA), specifically o@gnizing the C-terminus of (¥2and A40,
respectively. Antigen—antibodies 5 complexes wermgnized by TAG-donkey anti-rabbit IgG (Jackson
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Immuno Research Laboratories, Soham, UK). Streitazioated magnetic beads captured the complexes
and the signals were read by an electrochemiluroere instrument (Origen M8 Analyzer, BioVeris
Corporation, Gaithersburg, MD, USA). The cytoto®igpotential of test compound was assessed in the
same cells of the f\assay using the 3-[4,5-dimethylthiazol-2-yl]-2 jBitenyltetrazol-iumbromide (MTT)
assay. After medium removal for offA2 and A40 determination, cells were incubated for 3h Veidiaul
culture medium containing 0.5 mg ml-1 MTT, at 37 3% CQ and saturated humidity. After removal of
the medium, 25-5Q0 of 100% DMSO-d6 were added to each well. The amoti formed formazan was
determined reading the samples at 570 nm (backdr686 nm) using a microplater reader (model 450,
Bio-Rad, Hercules, CA, USA).

4.4.Molecular Modeling

4.4.1 Molecular Docking

The binding modes for the synthesized compound wgplored by means of fully flexible molecular
docking computations employing the FITTED Suitersien 3.6 [23]. A well resolved X-ray crystal
structures for human beta secretase complexedpetdnt inhibitors were retrieved from the proteatal
bank(http://lwww.rcsb.org/pdbAinder the entry codes (1TQF, 2B8L, 2QZL and 3EXQ@)r compounds
were drawn using ChemBioDraw Ultra, version 11githvww.cambridgesoft.com) and were optimised
for energy and geometry using MMFF94s force fidldxt, the compounds were prepared for docking by
assigning the proper bond orders, atom types, thgation, partial atomic charges using the SMART
module within FITTED Suite.

The B-secretase crystal structures were subjected tanaber of automated preparation steps prior
docking employing the different FITTED Suite modul@he PREPARE module was utilized to perform
sequence alignment, deletion and mutation to erthatell of the protein ensembles are similar diffe:r
only by their Cartesian coordinates. Subsequeml@L?2 files for the different proteins ensembles
including water molecules apart from their comptéx@hibitors were optimised for energy and
orientation by adding hydrogens, identifying altdive conformations and protonation states. The
catalytic Asp 32 residue was kept protonated duthig procedure [26]. Later, the different protein
conformations were processed using ProCESS modujerterate a truncated cavity and interaction site
within 10 A from the center of the binding site atal identify the flexible residues within such

dimensions. Each of our compounds was docked iddatly using FITTED program under a fully
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flexible mode using the default parameters. Theggnm accounts for the flexibility of protein/ligand
complexesvia an hybrid matching/genetic algorithm search engine., evolution, mutation and
crossover) allowing water molecules to be exchamgeedpendently from the different protein backbones
Such computations provided an Induced-Fit like apph that simulates reality in biological enviromine
The optimal binding mode for each compound wastifled according to the lowest energy complex
emerged after each run. Finally, the results weesgnted using OpenEye VIDA [27] specialized 3D

molecular docking results viewer.

4.4.2. Quantitative-Structure Activity Relationship

The studied compounds were drawn using ChemBioDwdve 11 (http://www.cambridgesoft.com) and
for each compound, the lowest energy conformatias wbtained by means of MOPAC2012 program
[28] embedded within VEGA-ZZ [29-30]. The accuraeergy minimization was achieved by Austin
Model-1 (AM1) semiemperical force-field within MORA The AML1 force-field is characterized by its
high accuracy and coverage for wide range of atdviadecular descriptors calculations were carrietl-ou
using PaDEL-Descriptor software [31]. The softwaralculates a large set of 1D-3D molecular
descriptors ¢a. 1875) of different classes including constitutipn@pological, information indices,
eigenvalue-based indices, radial distribution fiowc{RDF), 2D/3D autocorrelatioetc. The calculated
descriptors were served as independent variablaagd@QSAR model development. The logarithmic
values of experimentally observedsjalues were served as the dependent variableQBAR models
were developed and validated employing the QSAR#d¥®ware [32-33]. Model development process
initiated by reducing co-linear variables (corr098) and excluding the descriptor showing highear-p
wise correlation with others. All subsets procedues adapted for the variables selection. Multilear
regression (GA-MLR) method was used for the finalded building. The final models robustness were
validated employing internal predictive measuresebaon & oo (leave one-out), Quo (leave many-out)
and Ry.scr (Y-scrambling).

4.4.3. Evaluation of Blood-Brain Permeation

The ability of the synthesized compounds for tangethe central nervous system and permeating the
blood-brain barrier was assessed computationalpl@ymg the previously reported Clark's equatios][2

For the original compound's training set found ilars paper, both the polar surface area (PSA) and
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ClogP were recalculated using Marvin, version 5.¢&p://www.chemaxon.com). Subsequently, the

QSAR equation was regenerated using QSARIns saffwanere such regeneration was carried out to
account for the difference between the PSA and Eleged by Clark and those generated by Mervin as
such difference would affect the corresponding desx's coefficients. The resulted QSAR equatisee(

supporting information) was applied to predict (begBB) of our compounds.
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Resear ch Highlights

»  Four new series of isophthalic acid derivatives clubbed with Indolyl-Imidazole derivatives

were synthesized.
Some of the synthesized compounds exhibited potent activity against BACEL

>
A QSAR model of the synthesized motifs was developed using QSARINS software.

>



