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ABSTRACT

A novel series of tetrahydroisoquinoline-benzimwmlazhybrids have been designed
and synthesized as multifunctional agents againshedmer’s disease (AD). These
compounds were evaluated for their inhibition ouménflammation and human
p-secretasenBACEL), and neuroprotective activity. Among therompoundBD3
possessed significant anti-neuroinflammatory atstiiCso = 5.07 uM against nitric
oxide production) through inhibiting the expressand secretion of proinflammatory
cytokines in BV2 cells. CompourBID3 also exhibited moderatdBACEL inhibitory
activity (65.7% inhibition at 2@M) and potent neuroprotective effect by increasing
GSH level and reducing ROS production (91.8% celbity at 5 uM). Parallel
artificial membrane permeation assay demonstrated BD3 could cross the
blood-brain barrier (BBB). Thus, this study demoaists that the compounds with
tetrahydroisoquinoline-benzimidazole scaffold aoteptial anti-AD agents, and they

are worth for the further development.
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1. Introduction

Alzheimer's disease (AD}, a common chronic neurodegenerative disease, is
characterized by progressive loss of memory andhitieg functions® 3. With the
increasing of population aging and the expandifegspan, the number of AD patients
is growing. It is estimated that there will be 74xfllion AD patients by 2036,
Currently, only five FDA approved anti-AD drugs asnically available. They can



only provide temporary and incomplete symptomatief ©*\. Thus, new anti-AD
agents are demanding.

Studies on AD pathogenesis demonstrate that tleastishas multiple causs
%8 Increasing evidence demonstrates that microgimidated neuroinflammation
plays a significant role in AD”. The chronic and sustained activation of brain
microglia cells and the subsequent overproductianfammatory mediators, such as
nitric oxide (NO), may cause uncontrolled neur@nfmation, elicit neurotoxicity,
and contribute to disease pathogenesis. The amgémicade hypothedtd! states that
amyloid g (Ap), in particular 484, isoform, has an early and imperative role in AD.
BACE1 (B-amyloid precursor protein cleaving enzyme 1), &sown ass-secretase,
is the key rate-limiting enzyme in the process gfgeneration. The elevated BACE1
activity has been found in the brains of patienithveporadic AD*. BACE1
knockout mice are deficient inAproduction and have no aberrant phenotyfle
Therefore, the development of BACE1 inhibitors basn recently pursuétf*®. In
addition, oxidative damage with the overproductidmeactive oxygen species (ROS)
may contribute to neuron degeneration and deathisrdisordef®..

Since AD has multiple causes, the single targeted) @¢andidates have high
failure rate in clinical trial$"”. Multi-target-directed ligands (MTDL$)®, aiming to
simultaneously target multiple pathological factfi@ example neuroinflammation,
oxidative damage, andfAformation) involved in AD etiology, can be a proms
therapeutic strategy.

Benzimidazole exists in several drug candidatesh sis antiviral drug Maribavir
and antihypertensive drug Telmisartan. Some benarale derivatives are also
anti-inflammatory agents *® and BACE1 inhibitors ?%. In addition,
tetrahydroisoquinoline  derivatives®*?? have anti-AD activities, including
anti-inflammation, anti-oxidation, and neuroproiect Therefore, we hypothesize
that compounds containing the fragments of tetredigdquinoline and
benzimidazole may act as multifunctional drugs @sfaAD. Based on the proposed
pharmacophoric model of BACEL1 inhibitdf¥ and synthetic feasibility, benzene ring
and pyridine ring were used as the linker to assethie two fragmentd{g. 1). This
resulted in the synthesis of compounB® and B series. All the synthesized
compounds were evaluated for their activities di-aauroinflammation, inhibition of
BACEL, neuroprotective effects, and blood-brairriea PAMPA-BBB) permeability.

This study aims to identify novel multifunctionajents againsiD.
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Fig. 1. The scheme of assembling privileged fragmentsnimrel multifunctional

compounds against AD.

2. Results and discussion
2.1 Chemistry

The synthetic routes for target compound8DfandB series are summarized in
Schemes land 2. As shown inScheme 1 the key intermediate$2 and 13 were
prepared by the reduction 8fand 10, which were synthesized via the Aube-Schmidt
rearrangement reactidf’ in the presence of NaNThe aminesl1-13 were mixed
with commercially available ethyl 6-bromopicolinate afford 14-16 through
Ullmann coupling reaction in the presence of EUF". Then the intermediatdy-19
obtained by the hydrolysis of the estbt-16 were subjected to couple with the
diaminobenzene derivatives followed by acid catdyzing closure leading to
benzimidazole derivativeBD1-BD11. ForB series, the reaction condition is same as
that of BD series. Twenty-two compounds includif§D and B series were

synthesized.
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Scheme 1 Synthesis oBD1-BD11. Reagents and conditions: (a) MeBO NaN;,
DCM, r.t., overnight; (b) AlLiH, THF, reflux, 4 h; (c) KCOs;, Cul, L-proline, DMSO,
80°C, 16 h; (d) LiOH, THF, reflux, 3 h; (e) TBTU,JBEA, DMF, r.t., 6 h, then AcOH,



reflux, overnight.
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Scheme 2 Synthesis 0B1-B11. Reagents and conditions: (aG0Os, Cul, L-proline,
DMSO, 80°C, 16 h; (b) LiOH, THF, reflux, 3 h; (cBTU, DIPEA, DMF, r.t., 6 h,

then AcOH, reflux, overnight.

2.2 Effects of anti-neuroinflammation in LPS-induced BV2 microglial cells and SAR
study

Anti-neuroinflammatory activities of the synthesizecompounds were
determined by the Griess ass&, which detects the NO production in
lipopolysaccharide (LPS)-induced BV2 microglia seResveratrol (Res) was used as
positive control. Results have been listedlable 1 In comparison to Res, most of
the synthesized compounds exhibited potent inhipitactivities against NO
production.

For BD series, compoundD1 (R; = R, = H), with no substituents on
tetrahydroisoquinoline and benzimidazole moietgsssesses potent NO inhibitory
activity (ICso = 7.33 uM). When substituents at,Rposition on the benzimidazole
moiety, compoundBD2-BD9 (R; = H) show similar NO inhibitory activity compared
with BD1, except foBD7 (R, = t-Bu) having the Ig, value of more than 1M. This
demonstrates that the strong electron-donating pgreutiary butyl (Bu) at R
position is not beneficial for NO inhibitory actiyi Comparing withBD3 (R;= H, R,
= 6-OCH;), BD10 (R;= OCH;, R,= 6-OCH;) exhibit reduced NO inhibitory activity
(ICs0 > 10 uM), which indicates that methoxy group at position cannot improve
inhibitory activity. Compound8D6 (R;= H, R.= 6-F) andBD11 (R;= F, R.= 6-F)
display nearly the same inhibitory activity withsiGralues of 5.7QuM and 6.43uM.
This indicates that the fluorine substituent atRagoosition has no significant impact



on NO inhibitory activity.

For B series, compounB1 inhibits NO production (16 = 6.08uM), which is
similar to that oBD1 (ICso = 7.33uM). This indicates that the effects of the linker
benzene and pyridine on NO inhibitory activity ammilar. Compound82-B10 (R =
H) have differentsubstituents at R' position on the benzimidazoleetyo The
inhibitory activities of most of these compoundsriid change much compared with
B1, while compound83 (R' = 6-CI),B8 (R' = 5-Cl, 6-F), an@®10 (R' = 7-NH) show
reduced NO inhibitory activity with 1§ values more than 10M. Comparing with
B5 (R = H, R' = 6-OCH), compoundB11 (R = OCH, R' = 6-OCH) displays reduced
activity (ICso >10 uM), which demonstrates that methoxy group at theoRition is
not beneficial for NO inhibition.



Table 1
Inhibitory activities against NO production and BBT, and BBB permeability? x 10° cm s*) of BD1-BD11 andB1-B11.

4 5 4_5
NN N 7 2 N\©/Z,N 7
| H H
= 1 1
BD1-BD11 B1-B11
ID R: R, NOICs,  BACEL inhibiton Pe (x10° ID R R’ NO 1G, BACE1 Pe (x10°
(uM)? (%)° cm sY)° (uUM)? inhibition (%)’ cm sY)°
BD1 H H 7.33+0.14 21+1.3 159+0.8 B1 H H 6.08 +0.01 1.5+2.0 8.5+0.7
BD2 H 6-OH 3.80 +0.42 28+28 13.8+0.7 B2 H 6-F 5.42 +1.21 23+17 126+03
BD3 H 6-OCH,  5.07 +0.54 65.7 + 3.5 16.8+0.3 B3 H 6-Cl >10 92.7+4.3 49+0.5
(1.3 +0.03uM)"

BD4 H 56-2F  6.58+0.16 0.8+1.2 13.9+08 B4 H 6-CH;  5.70 +0.94 21+15 9.6 +0.9
BD5 H 6-OCk  9.74+0.02 98.7+1.0 10.0+0.5 B5 H 6-OCH,  8.28 +1.13 75+3.3 5.6 +0.1

(1.1 + 0.02uM)°
BD6 H 6-F 5.70 + 0.12 5.9+0.4 145+05 B6 H 6-CR,  7.72+0.89 26+1.4 8.7+1.0
BD7 H 6+-Bu > 10 30.6 2.6 n.g. B7 H 56-2C1  7.93+0.55 1.8+3.2 9.9+0.3
BDS8 H 6-Cl 6.94 + 0.92 953+23 16.7+1.2 B8 H 5-Cl,6-F >10 1.0+2.4 10.1+0.8

(1.8 +0.3uM)¢
BD9 H 6-CR  9.33+0.67 90.2+1.9 54+0.5 B9 H 6-OH 5.95 + 0.01 3.0+5.6 8.6 +0.9

(3.6 + 0.05uM)°
BD10 OCH; 6-OCH; >10 25.9+4.2 11.5+0.6 B10 H 7-NH, > 10 48+4.8 13.0+1.1
BD11 F 6-F 6.43 +0.62 27426 14.0+05 BIl1 OCH;  6-OCH; > 10 1.8+15 7.6+0.2
Res - - 11.1+1.3 - 1.1 +0.01 MK-8931 - - - 98.6 +1.9 16.4 +0.3

(20.7 + 1.2 nMj

aConcentration(M) for 50% inhibition of NO release in BV2 cellsThe inhibitory activity of BACE1 at the concentmatiof 20pM. © Compounds were dissolved in DMSO at 5 mg/mL and
diluted with PBS/EtOH (70:30). Compounds with peainiéities Pe > 4.7 x 16 cm $? could cross the BBB by passive diffusiBCs, the concentration of compounds that inhibited 50%
BACE1 enzymatic activity’ n.d. Not determined. All values are expressedi@srtean + SD at least three independent experiments



2.3 Inhibition of human BACEL1 activity and SAR study

The BACEL screening assay utilized in this work weefluorescence resonance
energy transfer (FRET) protocol as previously regdf®.. The inhibitory activities of
compounds against BACE1 were tested at the coratemtrof 20uM. MK-8931, one
of the most potent clinical BACE1 inhibitor, wasedsas the positive control. As
shown inTable 1, compoundsB3, BD5, BD8, and BD9 at 20uM displayed potent
inhibitory activities (92.7%, 98.7%, 95.3%, and 2%, respectively) comparing to the
positive control MK-8931 (98.6%), and thesCGralues at 1.3, 1.1, 1.8, and 3!,
respectively. CompoundD3 showed moderate activity with 65.7% inhibition.
Whereas other compounds showed no significant itainjbactivities.

For BD series, compounddD1-BD9, without substituents at;Rosition (R =
H), have different substituents at, Rbosition on the benzimidazole moiety.
CompoundsBD5 (R, = 6-OCR), BD8 (R, = 6-Cl), andBD9 (R, = 6-CFK;) exhibit
significantly higher inhibitory rate of 98.7%, 9%3 and 90.2% at 2QuM,
respectively. It is worth to mention thBD5 with 6-OCRat R, position is the most
potent compound against BACE1. However, compoBi2 (R,= 6-OH),BD3 (R,
= 6-OCH), andBD7 (R, = 6+-Bu) exhibit only 2.8%, 65.7%, and 30.6% inhibitian
20 uM, respectively. This indicates that electron-witnsling groups are beneficial
for inhibitory activities comparing with electroredating groups. Compoun@b10
andBD11 do not have improved activities, which suggesas itroducing OCHhlor F
group at the Rcannot improve inhibitory activities.

For B series, compoundd4 (R' = 6-CH), B5 (R' = 6-OCH), B9 (R' = 6-OH),
andB10 (R' = 7-NH,), having an electron-donating group at R' on téezimidazole
moiety, display nearly no inhibitory activities 26, 7.5%, 3.0%, and 4.8%,
respectively). CompoundBB2 (R' = 6-F) andB6 (R' = 6-CE) with an
electron-withdrawing group on the benzimidazole etpiexhibit no inhibitory
activities (2.3% and 2.6%), whereas compoBBdR' = 6-CI) exhibits higher activity
(92.7%). When two substitutions at the R' positionthe benzimidazole moiety, the
inhibitory activities of compoundB7 (R' = 5-Cl, 6-Cl) and88 (R' = 5-Cl, 6-F)are
not improved (1.8% and 1.0%). When the R group@g) the activity of compound
B11 nearly remains unchanged (1.8%) compare®%owithout OCH; group at R
position (7.5%). This indicates that introducing O€lgroup at the R does not

increase inhibitory activity.



2.4 Neuroprotective activity against glutamate-induced cell death in HT22 cells
Neuronal death is a key characteristic in ADut@nate toxicity is a common

h% 31 |n this model, the

model to study oxidative stress-induced neuronkldeat
HT22cells (a mouse hippocampal neuron cell line) apose&d to high concentration
of extracellular glutamate, which suppresses cgstiptake into the cells via the
cystine/glutamate antiporter, leading to the deémbetof glutathione (GSH) and
accumulation of reactive oxygen species (ROS) &t tcell death. To determine
whether our compounds could protect neuronal céisn glutamate-induced
cytotoxicity, HT22 cells were treated with 5 mM tgmate (Glu) for 24 hours in the
presence or absence of different concentratiom®wipounds (M and 1uM). The
cell viability of neurons was assessed using 3-@nfethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) analysis.

As shown inFigs. 2A and2B, only 30% of HT22 cells survived after glutamate
treatment for 24 hours, whereas the tested dosempounds showed different
degrees of protection against glutamate-induced death. AmongBD series,
compoundsBD1 (R, = H), BD2 (R, = 6-OH), BD3 (R, = 6-OCH;), BD5 (R, =
6-OCFR), BD6 (R2= 6-F), andBD11 (R, = F, R.= 6-F) showed significant protective
effect against glutamate-induced cell death @5with higher cell viability of 80.3%,
98.8%, 91.8%, 62.1%, 67.8%, and 71.1%, respectiVay compounds dB series,
compoundsB3 (R' = 6-Cl),B8 (R' = 5-Cl, 6-F),B10 (R' = 7-NH,), andB11 (R =
OCH;, R' = 6-OCH) displayed potent protection againglutamate-induced
cytotoxicity at 5uM with highercell viability of 67.6%, 48.9%, 94.9%, and 93.1%,
respectively.lt is worth noting that compoun810, which contains 7-NKHon the
benzimidazole moiety, displayed high cell viabilit/54.5% at JuM.
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Fig. 2. The protective effects of compounds BD series (A) andB series (B) on
glutamate-induced cell deatHT22 cells were treated with 5 mM glutamate for 24
hours in the presence or absence of compoundsp##8#001 versus Control group

***% p < 0.0001 versus Glu group.

2.5 Blood-brain barrier (BBB) permeability

As the first requirement for successful CNS drugy$oi reach their therapeutic
targets, screening for the BBB penetration is eagimportance. To explore whether
our compounds could penetrate into the brain, timapounds were tested with the
parallel artificial membrane permeation assay (PAI)/IBZ]. This method has the
advantage of predicting compounds’ passive difiustbrough BBB with high
throughput and reproducibility. As listed irable 1, all the synthesized compounds
showed good BBB permeability.

Based on the overall performance of compoBB (ICso for NO production:



5.07 uM; BACEL1 inhibition: 65.7%; potent protection agsiinglutamate-induced
toxicity at 5 uM: 91.8%) and its brain BBB penetration, we decidedselect
compoundBD3 for further investigation.

2.6 Compound BD3 inhibits the expresson of INOS and the secretion of

proinflammatory cytokines in LPS-induced BV2 cells

When BV2 cells are stimulated with LPS, the expms®f INOS (inducible
nitric oxide synthase) and proinflammatory cytolsirseich as TNk (tumor necrosis
factor a) and IL-18 (interleukin J8) increases. To further evaluate the
anti-neuroinflammatory effects dBD3, we investigated the protein and mRNA
expression of INOS, TNE; and IL-15 through Western blot or ELISA and gPCR.
The mRNA levels of INOS, TNk; and IL-18 are generally up-regulated in
LPS-stimulated BV2 cells. When treated with variauscentrations oBD3, the
MRNA expressions of INOS, TNé&- and IL-18 significantly decreased in a
dose-dependent manner in LPS-induced BV2 cdfigs( 3E-3G). Western blot
analyses demonstrated tH2D3 significantly decreased the expression of iINOS in
LPS-stimulated BV2 cellsHgs. 3A-3B. ELISA assays suggested that the levels of
TNF-a and IL-18 in the culture medium dramatically increased in Lif@iced BV2
cells. When incubated with different dosesB#3, the levels of TNFx and IL-15
reduced in a concentration-dependent manhkgs( 3C-3D. These results indicate
that compoundBD3 exhibits anti-neuroinflammatory activities by ibhing the
protein and mMRNA expression of iINOS and proinflartona cytokines (TNFe and
IL-1p) in LPS-induced BV2 cells.
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The data are presented as mean + SEM of three endept experiments. ####
0.0001 versus control group, ***p < 0.0001, **p < 0.001, **p < 0.01, ns (no

significance) versus LPS group.



2.7 Compound BD3 suppresses glutamate-induced intracellular oxidative stress in
HT22 cells

As shown inFig. 2A, 5 uM BD3 significantly increased the cell viability of
HT22 cells up to 91.8% comparing with glutamatetee HT22 cells (30%). To
further confirm the neuroprotective effectsBID3 on glutamate-treated HT22 cells,
we performed experiments to observe the morphotdgyT22 cells treated with or
without BD3. Exposed to 5 mM glutamate for 24 hours, HT22sclalt their normal
spindle-shaped morphology, and became shrunkemcamadied Fig. 4A). While, the
cells co-treated with mM BD3 stayed in normal neurite morphology, similar te th
control group. The results were consistent withdat of cell viability Fig. 2A).

To determine whether the protective effectBid3 against glutamate-induced
toxicity was achieved via inhibiting intracellulaxidative stress, the levels of GSH
and ROS in HT22 cells were detected. GSH is an itapbfree radical scavenger in
the body. To some extent, the antioxidant abilityhe body depends on the level of
GSH. The depletion of GSH is a key factor contibgitto the glutamate toxicity.
After HT22 cells were incubated with 5 mM glutaméde 12 hours in the presence or
absence of different concentrationsBid3, the contents of GSH were measured using
the commercial assay kitig. 4B indicates that M BD3 can significantly reverse
the reduction of GSH level compared to the glutaatedated cells.

The intracellular ROS was tested using the fluonageprobe DCFH-DA
(2, 7-dichlorodihydrofluorescein diacetate). After tmaant with glutamate in the
presence or absence BD3, HT22 cells were incubated with 10 uM DCFH-DA for
30 minutes, then the cells were photographed, dundrefscence intensity was
measured. As shown iRigs. 4C and 4D, ROS levels were significantly increased
after glutamate treatment for 12 hours, but gresgijuced when HT22 cells were
co-treated with 5uM BD3. These data indicate that ® BD3 can significantly
protect cells from glutamate-induced death viacaiant mechanisms, specifically
by increasing the level of GSH and inhibiting thhiequction of ROS.
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2.8 Binding mode of BD3 with BACEL in silico
CompoundBD3 was docked into the binding pocket ®BACE1 (PDB ID:



2B8L) with Glide extra precision (XP)As shown inFig. 5 the NH of the
benzimidazole moiety of the compound formed a hgdmbond with Asp32 in the
catalytic pocket and the oxygen atom of the Q@Fbupformed a hydrogen bond
with a water molecule. Thpyridine ring of BD3 interacted with Phel08 via-n
stacking and the protonation of nitrogen atom of fyridine ring produced a
hydrogen bond between Gly230 and the hydrogen atom.

)

/-_‘a

Fig. 5. The proposedinding model oBD3-BACE1 complex. The yellow dash lines

represent hydrogen bonds and the red dash linessesgin-n stacking interaction.

2.9 ADMET properties for compound BD3

To investigate the drug-like profiles @D3, the ADMET properties were
estimated using Discovery Studio 3.5 software pgek&able 2). The results indicate
that BD3 can have high blood-brain penetration, good abswrpho liver toxicity,
and no inhibition of CYP2D@D3 could easily bind to carrier proteins in the blpod
however, the solubility oBD3 is low. Hence, the structutd BD3 need to be further

optimized regarding to its pharmacokinetic profile.

Table 2
ADMET properties foBD3

Structure BBB? Absorptiof Solubility* Hepatotoxicity CYP2D6 PPB
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2 BBB predicts blood-brain penetration after oral #ustration.; ® Absorption
predicts human intestinal absorption (HIA) aftemloadministration.;® Solubility
predicts the solubility of each compound in wate2ZC.; ¢ Hepatotoxicity predicts
potential liver toxicity of compounds®,CYP2D6 (cytochrome P450 2D6) predicts
CYP2D6 enzyme inhibition using 2D chemical struetuf PPB (plasma protein
binding) predicts whether a compound is likely &Highly bound (>= 90% bound) to
carrier proteins in the blood.

3 Conclusion

This work demonstrates that multifunctional agemigainst AD can be
discovered by assembling the fragments benzimidaaol tetrahydroisoquinoline.
This is another example that develops lead compothmdugh assembling two active
fragmentst®®. Among the synthesized compounds, some compouxitibitegreat
inhibition of neuroinflammation andBACEL, as well as good neuroprotective effect
and BBB penetrationin vitro andin silico experiments indicate th&D3 can inhibit
BACE1 by interacting with the catalytic pocket InABEl. BD3 showed
anti-neuroinflammatory activity through suppressihg expressions of inflammatory
proteins and geneBD3 also possessed significant protective effectseamanal cells
against the glutamate-induced cytotoxicity in HT@ls by preventing the ROS
production and increasing the GSH level. Moreo&D3 could penetrate BBB.
Therefore,BD3 could be a lead for further optimization as a mfuwictional agent

against Alzheimer's disease.

4 Experimental section

4.1 Chemistry

4.1.1 Materials and equipment. Reagents were used without further purification
unless specified’H and *C NMR spectra were recorded using tetramethylsilane
(TMS) as the internal standard on a Bruker As€8rndDO0 or Bruker Ascerd 500
spectrometer. Coupling constants are given in Hghtfesolution mass spectra were
obtained using a Shimadzu LCMS-IT-TOF mass spedtem Mass spectra (MS)

were recorded on a Shimadzu LCMS-2010A instrumeittt wn ESI source. Flash



column chromatography was performed using silida(2@0-300 mesh) purchased
from Qingdao Haiyang Chemical Co. Ltd. All reactiprogress was monitored by
thin layer chromatography (TLC) on precoated siljgdh GF254 (Qingdao Haiyang
Chemical Co. Ltd) and the spots were detected udddrght (254 nm).
4.1.2 General procedure for the synthesis of intermediates 9 and 10

According to previously reported meth&d, 5-methoxy-1-indanone (4.30 g,
26.6 mmol) or 5-fluoro-1-indanone (4.00 g, 26.6 niymeere dissolved in the mixed
solvent of CHCI, (40 mL) and MeSgH (methanesulfonic acid, 40 mL). NakB.46
g, 53.2 mmol) was added slowly in an ice-water baten the mixture was stirred
overnight at room temperature. In an ice-water b2a@® NaOH (aq) was added to
make the solution neutral. The aqueous solution exasacted with CECl, and the
obtained organic layer was combined, washed withebrdried over MgS© and
concentrated. The residue was purified by silica gel flash chraygeaphy
(EtOAc/hexane = 2/1).
6-methoxy-3,4-dihydroisoquinolin-1(2H)-one (9). White solid (2.82 g, 60%JH NMR
(400 MHz, CRROD) ¢ 7.93 (d,J = 8.6 Hz, 1H), 6.95 (dd} = 8.6, 2.4 Hz, 1H), 6.89 (d,
J = 1.8 Hz, 1H), 3.91 (s, 3H), 3.54 @,= 6.7 Hz, 2H), 3.02 (tJ = 6.7 Hz, 2H);
ESI-MS:m/z176.0 [M-HJ.
6-fluoro-3,4-dihydroisoquinolin-1(2H)-one (10). White solid (2.32 g, 53%JH NMR
(400 MHz, CROD) ¢ 8.03 (ddJ = 8.3, 5.9 Hz, 1H), 7.20 - 7.06 (m, 2H), 3.56J(%
6.7 Hz, 2H), 3.05 (1) = 6.7 Hz, 2H); ESI-MSm/z 164.0 [M-H]J.
4.1.3 General procedure for the synthesis of intermediates 12 and 13

According to previously reported methB88, compound (1.77 g, 10 mmol) or
10(1.65 g, 10 mmol) was dissolved in dry THF (50 mRen in an ice-water bath, it
was added dropwise to a solution of LiAlih dry THF (1 mol/L, 20 mL) under N
environment. The mixture was stirred at reflux foih, and then quenched by the
sequential addition of THF and 30% NaOH solutiontle ice-water bath. The
reaction mixture was filtered through celite ancshed with MeOH. The residue was
evaporatedn vacuum and purified by silica gel flash chromatographyQE&c/MeOH
= 10/1).
6-methoxy-1,2,3,4-tetrahydroisoquinoline (12). White oil (0.81 g, 50%)‘*H NMR
(400 MHz, CROD) ¢ 7.01 (d,J = 8.4 Hz, 1H), 6.76 (d] = 8.4 Hz, 1H), 6.72 (s, 1H),
3.99 (s, 2H), 3.79 (s, 3H), 3.17 {t= 6.0 Hz, 2H), 2.89 (i) = 5.8 Hz, 2H); ESI-MS:
m/'z162.1 [M-HJ.



6-fluoro-1,2,3,4-tetrahydroisoquinoline (13). White oil (0.95 g, 63%)H NMR (400
MHz, CD;OD) ¢ 7.14 - 7.08 (m, 1H), 6.95 - 6.85 (m, 2H), 4.0428), 3.18 (tJ =
6.1 Hz, 2H), 2.92 () = 5.9 Hz, 2H); ESI-MSm/z 150.0 [M-H].
4.1.4 General procedure for the synthesis of intermediates 14-16, 20, and 21

To a dried sealed vessel was added 1,2,3,4-tetraispduinoline (5 mL, 40
mmol), anhydrous CO; (8.34 g, 60 mmol), Cul (0.8 g, 4 mmol), L-Prolif@92 g,
8 mmol), ethyl 6-bromopicolinate (4.32 g, 20 mmaijd DMSO (25 mL). Then the
mixture was stirred at 80°C for 16 h under &hvironment. After cooling to room
temperature, water (100 mL) was added and extraatitl EtOAc. Then, the
combined organic layer was dried over MgS@ltered, and concentrated. The
residue was purified by silica gel flash chromaapiny (hexane/EtOAc = 5/1) to
provide compound4 as a white oil (3.94 g, 70%).
Ethyl 6-(3,4-dihydroisoquinolin-2(1H)-yl)picolinate (14). 'H NMR (400 MHz, CDGJ)
0 7.59 (t,J =7.9 Hz, 1H), 7.40 (d) = 7.3 Hz, 1H), 7.24 - 7.16 (m, 4H), 6.83 (d5
8.6 Hz, 1H), 4.76 (s, 2H), 4.42 (8= 7.2 Hz, 2H), 3.94 (1) = 5.8 Hz, 2H), 2.98 (1)
= 5.8 Hz, 2H), 1.43 () = 7.1 Hz, 3H) ; ESI-MSm/z 281.1 [M-H]J.
Ethyl 6-(6-methoxy-3,4-dihydroisoquinolin-2(1H)-yl)picolinate (15). White oil, 70%.
'H NMR (400 MHz, CDC}) 6 7.58 (t,J = 7.9 Hz, 1H), 7.39 (d] = 7.3 Hz, 1H), 7.13
(d,J = 8.4 Hz, 1H), 6.81 (d] = 8.6 Hz, 1H), 6.78 (dd] = 8.4, 2.4 Hz, 1H), 6.72 (s,
1H), 4.68 (s, 2H), 4.42 (¢,= 7.1 Hz, 2H), 3.92 () = 5.8 Hz, 2H), 3.80 (s, 3H), 2.95
(t, J=5.8 Hz, 2H), 1.42 ({} = 7.1 Hz, 3H); ESI-MSm/z 311.1 [M-H].
Ethyl 6-(6-fluoro-3,4-dihydroisoquinolin-2(1H)-yl)picolinate (16). Yellow oil, 72%.
'H NMR (400 MHz, CDC}) 6 7.60 (ddJ = 8.4, 7.4 Hz, 1H), 7.41 (d,= 7.3 Hz, 1H),
7.17 (dd,J = 8.1, 5.7 Hz, 1H), 6.93 - 6.85(m, 2H), 6.82 Jd&; 8.5 Hz, 1H), 4.72 (s,
2H), 4.42 (qJ = 7.1 Hz, 2H), 3.91 (1] = 5.9 Hz, 2H), 2.96 (1] = 5.8 Hz, 2H), 1.42 (t,
J=7.1Hz, 3H); ESI-MSm/z299.1 [M-H]J.
Ethyl 3-(3,4-dihydroisoquinolin-2(1H)-yl)benzoate (20). white oil, 75%.'"H NMR
(400 MHz, CDC}) 6 7.66 (ddJ = 2.5, 1.6 Hz, 1H), 7.50 (d,= 7.6 Hz, 1H), 7.34 (1]
= 7.9 Hz, 1H), 7.22 - 7.12(m, 5H), 4.46 (s, 2HB3(q,J = 7.1 Hz, 2H), 3.61 (L) =
5.9 Hz, 2H), 3.01 (tJ = 5.8 Hz, 2H), 1.41 (t) = 7.1 Hz, 3H); ESI-MSm/z 280.1
[M-H]".
Ethyl 3-(6-methoxy-3,4-dihydroisoquinolin-2(1H)-yl)benzoate (21). White oil, 70%.
'H NMR (400 MHz, CDC}) 6 7.68 (s, 1H), 7.54 (d] = 7.3 Hz, 1H), 7.35 (J = 7.9
Hz, 1H), 7.25 - 7.18 (m, 1H), 7.09 @@= 8.4 Hz, 1H), 6.78 (ddl = 8.4, 2.6 Hz, 1H),



6.71 (d,J = 2.5 Hz, 1H), 4.42 (s, 2H), 4.38 @= 7.1 Hz, 2H), 3.80 (s, 3H), 3.61 {t,
= 5.9 Hz, 2H), 3.00 (t) = 5.5 Hz, 2H), 1.40 (&) = 7.1 Hz, 3H); ESI-MSm/z 310.1
[M-H]".
4.15 General procedure for the synthesis of intermediates 17-19, 22, and 23

The intermediatel4 (2.82 g, 10 mmol) was dissolved in THF (50 mL).efh
LiOH (1.19 g, 50 mmol) and the mixture of EtOHM= 5:1 (5 mL) were added into
the round flask. After stirred at reflux for 3 hgetsolvent was evaporatatvacuo. A
small amount of ice-water was added to dissolveréisedue. The 1N HCI aqueous
solution was added slowly to make the solution r@uThe resulting precipitate was
isolated by filtration and dried under vacuum timaf compoundL?.
6-(3,4-dihydroisoquinolin-2(1H)-yl)picolinic acid (17). Light yellow solid, 92%H
NMR (400 MHz, CROD) ¢ 8.12 (dd,J = 9.1, 7.3 Hz, 1H), 7.68 (d,= 9.2 Hz, 1H),
7.63 (d,J = 7.1 Hz, 1H), 7.37 - 7.28 (m, 4H), 4.92 (s, 2BR7 (t,J = 5.9 Hz, 2H),
3.15 (t,J = 5.9 Hz, 2H); ESI-MSm/z 253.1 [M-H]J.
6-(6-methoxy-3,4-dihydroisoquinolin-2(1H)-yl)picolinic acid (18). Light yellow solid,
70%.'"H NMR (400 MHz, CDCYJ) § 7.70 (t,J = 7.8 Hz, 1H), 7.51 (d] = 7.1 Hz, 1H),
7.13 (d,J = 8.3 Hz, 1H), 6.93 (d] = 8.6 Hz, 1H), 6.80 (d] = 8.3 Hz, 1H), 6.75 (s,
1H), 4.65 (s, 2H), 3.86 - 3.76 (m, 5H), 2.97Jt 5.5 Hz, 2H); ESI-MSm/z 283.1
[M-H]".
6-(6-fluoro-3,4-dihydroisoquinolin-2(1H)-yl)picolinic acid (19). Yellow solid, 80%.
'H NMR (400 MHz, CDC}) 6 7.60 (ddJ = 8.4, 7.4 Hz, 1H), 7.41 (d,= 7.3 Hz, 1H),
7.17 (dd,J = 8.1, 5.7 Hz, 1H), 6.93 - 6.85(m, 2H), 6.82 {d& 8.5 Hz, 1H), 4.72 (s,
2H), 3.91 (tJ = 5.9 Hz, 2H), 2.96 (] = 5.8 Hz, 2H); ESI-MSm/z271.1 [M-H].
3-(3,4-dihydroisoquinolin-2(1H)-yl benzoic acid (22). Light yellow solid, 65%. *H
NMR (400 MHz, CDC¥) ¢ 7.71 (s, 1H), 7.58 (dl = 7.6 Hz, 1H), 7.38 (1) = 7.9 Hz,
1H), 7.24 - 7.17 (m, 5H), 4.48 (s, 2H), 3.64Jt 5.9 Hz, 2H), 3.02 () = 5.8 Hz,
2H) ; ESI-MS:m/z252.1 [M-H].
3-(6-methoxy-3,4-dihydroisoquinolin-2(1H)-yl)benzoic acid (23). Light yellow solid,
80%.'H NMR (400 MHz, CDG}) 6 7.67 (s, 1H), 7.54 (dl = 7.6 Hz, 1H), 7.36 (] =
7.9 Hz, 1H), 7.18 (dd] = 8.1, 2.3 Hz, 1H), 7.10 (d,= 8.4 Hz, 1H), 6.78 (dd} = 8.4,
2.6 Hz, 1H), 6.72 (d) = 2.4 Hz, 1H), 4.41 (s, 2H), 3.80 (s, 3H), 3.6Q)(t 5.9 Hz,
2H), 2.98 (tJ = 5.7 Hz, 2H); ESI-MSm/z 282.1 [M-H].
4.1.6 General procedure for the synthesis of BD1-BD11 and B1-B11

To a solution of the desired carboxylic acidg, (18, 19, 22 or 23) (1 mmol) in



DMF (5 mL) at 0°C was added DIPEA (0.21 mL, 1.2 nim®BTU (385 mg, 1.2
mmol) was added and the resulting mixture were stirre@f@tfor 30 minutes. Then
the desired diaminobenzene derivative (1.1 mmo$ added. The mixture was stirred
at room temperature for 6 h and then quenched isétlwater. The precipitated solid
was filtered, washed with water, and dissolved t©OAc. The organic layer was
washed with a 1 N HCI aqueous solution, then witkaturated NaHC{aqueous
solution and finally HO, dried over MgS@) and concentrateh vacuo, which was
used in the next step without further purificatidn.the appropriate amide was added
AcOH (10 mL), and the mixture was refluxed overmjgiooled to room temperature
and concentrated under reduced pressure. The eesihs purified by flash
chromatography.

4.1.6.1 2-(6-(1H-benzo[d]imidazol-2-yl)pyridin-2-yl)-1,2,3,4-tetrahydroisoquinoline
(BD1).

Following the general procedure abowi)1l was obtained as a white solid
(60%).'"H NMR (400 MHz, CDC}) 6 10.45 (s, 1H), 7.84 (s, 1H), 7.77 (b= 7.3 Hz,
1H), 7.66 (t,J = 7.8 Hz, 1H), 7.55 (s, 1H), 7.32 - 7.27 (m, 2AR5 - 7.17 (m, 4H),
6.77 (d,J = 8.4 Hz, 1H), 4.79 (s, 2H), 3.95 {t= 5.9 Hz, 2H), 3.01 ({) = 5.8 Hz, 2H).
3C NMR (100 MHz, DMSQds) 6 157.7, 150.7, 145.5, 138.1, 138.0, 134.8, 134.1,
128.0, 127.8, 127.0, 126.0, 125.8, 125.5, 122.5,011114.9, 109.8, 107.5, 46.3, 41.8,
27.8. HR-ESI-MS: [M+H] m/z = 327.1604, calcd for GH1gN4, found 327.1585.

4.1.6.2 2-(6-(3,4-dihydroisoquinolin-2(1H)-yl)pyridin-2-yl)- 1H-benzo[ d] imidazol-6-ol
(BD2).

Following the general procedure abo®BH3 was obtained firstly. Then compound
BD3 was dissolved in HBr (48% inJB). The mixture was stirred at 120 °C for 3 h
and then concentrateesh vacuo. CompoundBD2 was obtained as a yellow solid
(50%).'"H NMR (400 MHz, CROD) ¢ 7.84 (ddJ = 8.7, 7.3 Hz, 1H), 7.67 (d,= 9.1
Hz, 1H), 7.48 (dJ = 7.3 Hz, 1H), 7.31 (d] = 7.0 Hz, 1H), 7.25 - 7.12 (m, 6H), 4.90
(s, 2H), 4.03 (tJ = 5.9 Hz, 2H), 3.03 () = 5.9 Hz, 2H).**C NMR (100 MHz,
CD3;0D) ¢ 159.9, 158.8, 148.9, 140.6, 139.9, 136.5, 1382,2, 129.3, 127.7, 127.5,
127.3, 126.4, 118.2, 115.8, 112.3, 112.0, 99.38,43.7, 29.8. HR-ESI-MS: [M+H]
m/z = 343.1553, calcd for £H1sN4O, found 343.1522.



4.1.6.3

2-(6-(6-methoxy-1H-benzo[ d] imidazol -2-yl)pyridin-2-yl)-1,2,3,4-tetrahydr oisoquinoli

ne (BD3).

Following the general procedure aboB&3 was obtained as a white solid (22%y.
NMR (400 MHz, DMSOe) 5 7.64 (t,J = 7.9 Hz, 1H), 7.48 (d] = 7.3 Hz, 2H), 7.25
(d,J = 7.4 Hz, 1H), 7.18 - 7.05 (m, 4H), 6.86 {d= 8.5 Hz, 1H), 6.81 (d] = 7.9 Hz,
1H), 4.79 (s, 2H), 3.93 (fl = 5.5 Hz, 2H), 3.76 (s, 3H), 2.90 {t= 5.4 Hz, 2H)>C
NMR (100 MHz, DMSOsdg) ¢ 157.8, 156.2, 150.5, 146.4, 138.5, 135.1, 1348,4]
126.5, 126.2, 125.9, 119.7, 111.5, 109.3, 107.2/,985.3, 46.5, 41.9, 28.1.
HR-ESI-MS: [M+H] vz = 357.1710, calcd for £H20N40O, found 357.1688.

4164

2-(6-(5,6-difluoro-1H-benzo[ d] imidazol -2-yl)pyridin-2-yl)-1,2,3,4-tetrahydroisoquino
line (BD4).

Following the general procedure aboB®4 was obtained as a white solid (25%y.
NMR (400 MHz, CDC}) ¢ 10.37 (s, 1H), 7.81 - 7.50 (m, 4H), 7.41 - 7.28 gH),
7.24 (s, 3H), 6.86 - 6.73 (m, 1H), 4.80 {5 11.6 Hz, 2H), 3.95 (1] = 5.9 Hz, 2H),
3.03 (t,J = 5.8 Hz, 2H)**C NMR (100 MHz, DMSOds) § 157.9, 152.9, 148.4, 148.2,
146.0, 145.9, 145.0, 138.6, 135.0, 134.3, 128.4,4,2126.2, 126.0, 110.0, 108.3,
103.1, 102.8, 46.5, 41.8, 28.1. HR-ESI-MS: [M+HilVz = 363.1416, calcd for
Co1H16F2N4, found 363.1395.

4.1.6.5

2-(6-(6-(trifluor omethoxy)-1H-benzo[ d] imidazol-2-yl)pyridin-2-yl)-1,2,3,4-tetrahydro
isoquinoline (BD5).

Following the general procedure aboB®5 was obtained as a white solid (20%).
NMR (400 MHz, CDC}) 6 7.73 (d,J = 8.8 Hz, 1H), 7.69 - 7.57 (m, 2H), 7.46 (&=
8.7 Hz, 1H), 7.38 (s, 1H), 7.19 - 7.07 (m, 4H),%6(@,J = 8.4 Hz, 1H), 4.73 (s, 2H),
3.89 (t,J = 5.8 Hz, 2H), 2.96 (tJ = 5.8 Hz, 2H)*C NMR (100 MHz, DMSOds) &
157.9, 153.3, 145.5, 143.9, 139.7, 138.6, 135.4,313128.3, 127.5, 126.5, 126.2,
125.9, 120.6, 120.4 (¢, = 255.2 Hz), 117.8, 116.2, 110.1, 108.2, 46.59428.1.
HR-ESI-MS: [M+H] myz = 411.1427, calcd for £5H17F3N4O, found 411.1421.

4.1.6.6



2-(6-(6-fluor o-1H-benzo[ d] imidazol-2-yl)pyridin-2-yl)-1,2,3,4-tetrahydr oi soquinoline
(BD6).

Following the general procedure aboB®6 was obtained as a white solid (20%).
NMR (400 MHz, CDC}) ¢ 10.34 (s, 1H), 7.78 - 7.61 (m, 3H), 7.52 - 7.43 (),
7.25-7.19 (m, 4H), 7.09 - 7.00 (m, 1H), 6.78 (@,8.3, 3.6 Hz, 1H), 4.79 (s, 2H),
3.96 (t,J = 5.9 Hz, 2H), 3.02 (t) = 5.9 Hz, 2H)**C NMR (100 MHz, DMSOds) &
160.0, 157.9, 157.7, 152.3, 145.3, 138.6 (2C),0,3834.3, 128.3, 126.5, 126.2, 125.9,
111.0, 110.7, 110.0 (2C), 108.1, 46.5, 41.8, 28R-ESI-MS: [M+H] m/z =
345.1510, calcd for £H;17FN4, found 345.1488.

4.1.6.7

2-(6-(6-(tert-butyl)-1H-benzo[ d] imidazol-2-yl )pyridin-2-yl)-1,2,3,4-tetr ahydroi soquin
oline (BD7).

Following the general procedure aboB&7 was obtained as a white solid (50%).
NMR (400 MHz, DMSOdg) 6 12.50 (s, 1H), 7.74 - 7.68 (m, 1H), 7.63 - 7.52 8id),
7.32 (d,J = 7.4 Hz, 2H), 7.26 - 7.17 (m, 3H), 6.96 (d= 8.5 Hz, 2H), 4.86 (s, 2H),
4.01 (t,J = 5.9 Hz, 2H), 2.97 () = 5.8 Hz, 2H), 1.37 (s, 9H}*C NMR (100 MHz,
DMSO-tg) 6 157.66, 151.03, 146.32, 144.90, 137.94, 134.82,173427.90, 126.06,
125.82, 125.50, 119.74, 119.69, 119.53, 109.39,9P0616.36, 41.84, 34.11, 31.28
(3C), 27.87. HR-ESI-MS: [M+H] m/z = 383.2230, calcd for £H.eN4, found
383.2210.

4.1.6.8

2-(6-(6-chloro-1H-benzo[ d] imidazol-2-yl)pyridin-2-yl)-1,2,3,4-tetrahydroisoquinoline
(BDS).

Following the general procedure aboB®8 was obtained as a white solid (40%).
NMR (400 MHz, CDC}) 6 7.73 (d,J = 7.3 Hz, 1H), 7.67 () = 7.8 Hz, 2H), 7.63 -
7.55(m, 1H), 7.27 (d) = 2.5 Hz, 1H), 7.25 - 7.20 (m, 4H), 6.79 (d5 8.4 Hz, 1H),
4.79 (s, 2H), 3.96 (t) = 5.9 Hz, 2H), 3.03 (tJ = 5.8 Hz, 2H)*C NMR (100 MHz,
DMSO-g) ¢ 157.9, 152.8, 145.8, 138.6, 135.3, 135.1, 13433.4] 128.4, 127.0,
126.5, 126.2, 126.0, 122.9, 120.4, 118.4, 110.8,01016.5, 41.8, 28.1. HR-ESI-MS:
[M+H] " m/z= 361.1215, calcd for £H17CIN,, found 361.1197.

4.1.6.9



2-(6-(6-(trifluoromethyl)-1H-benzo[ d] imidazol-2-yl)pyridin-2-yl)-1,2,3,4-tetrahydrois
oquinoline (BD9).

Following the general procedure aboB®9 was obtained as a white solid (36%).
NMR (400 MHz, CDC}) 6 7.75 (d,J = 7.3 Hz, 1H), 7.67 - 7.62 (m, 2H), 7.52 {&=
8.2 Hz, 2H), 7.24 - 7.16 (m, 4H), 6.79 ®= 8.4 Hz, 1H), 4.78 (s, 2H), 3.93 &=
5.8 Hz, 2H), 3.01 (&) = 5.7 Hz, 2H)!*C NMR (100 MHz, DMSOds) § 157.9, 153.7,
145.5, 138.6, 137.0, 135.1, 134.3, 134.0, 128.4.512126.2, 126.0, 119.9, 119.4,
116.4, 112.9, 110.2, 109.3, 108.3, 46.5, 41.8, .2BIR-ESI-MS: [M+H] mvz =
395.1478, calcd fo€,,H17F3N4, found 395.1455.

4.1.6.10

6-methoxy-2-(6-(6-methoxy-1H-benzo[ d] imidazol -2-yl)pyridin-2-y1)-1,2,3,4-tetrahydr
oisoquinoline (BD10).

Following the general procedure aboB#)10 was obtained as a light yellow solid
(22%).*H NMR (400 MHz, CDC}) § 7.74 - 7.61 (m, 3H), 7.15 (d,= 8.3 Hz, 1H),
7.03 (brs, 1H), 6.94 (d, = 8.8 Hz, 1H), 6.80 (d] = 8.3 Hz, 1H), 6.73 (d] = 8.4 Hz,
2H), 4.71 (s, 2H), 3.93 (1 = 5.8 Hz, 2H), 3.88 (s, 3H), 3.81 (s, 3H), 2.9 (¢ 5.7
Hz, 2H).”*C NMR (100 MHz, DMSOds) 6 157.9, 157.7, 156.2, 150.6, 146.4, 138.5,
136.3, 135.3, 127.5, 126.4, 119.7, 113.0, 112.851109.2, 107.2, 101.3, 94.6, 55.4,
55.0, 46.1, 41.8, 28.4. HR-ESI-MS: [M+Hjvz = 387.1816, calcd for £5H,N40»,
found 387.1793.

4.16.11

6-fluoro-2-(6-(6-fluoro-1H-benzo[ d] imidazol-2-yl)pyridin-2-yl)-1,2,3,4-tetrahydroiso
quinoline (BD11).

Following the general procedure aboB)11 was obtained as a light yellow solid
(20%).'"H NMR (400 MHz, CDCJ) 6 7.78 - 7.64 (m, 3H), 7.52 - 7.45 (m, 1H), 7.25 -
7.19 (m, 2H), 7.08 - 7.01 (m, 1H), 6.97 - 6.89 @Hl), 6.78 (dd,J = 7.9, 4.1 Hz, 1H),
4.76 (s, 2H), 3.94 (1) = 5.9 Hz, 2H), 3.02 (tJ = 5.8 Hz, 2H)**C NMR (100 MHz,
DMSO-dg) 6 157.9, 153.1, 147.1 (dic.r = 237.4 Hz), 146.9 (djc.r = 237.4 Hz),
145.4, 138.6, 137.5, 135.0, 134.3, 130.4, 128.4.42126.2, 125.9, 110.3, 109.9,
108.4, 108.1, 47.0, 46.4, 28.61. HR-ESI-MS: [M+¥i}z = 363.1416, calcd for
Co1H16F2N4, found 363.1377.



4.1.6.12 2-(3-(1H-benzo[ d] imidazol-2-yl)phenyl)-1,2,3,4-tetrahydroisoquinoline (B1).
Following the general procedure abo®d, was obtained as a white solid (50%).
NMR (400 MHz, DMSOdg) § 12.84 (s, 1H), 7.82 (s, 1H), 7.68 (= 7.6 Hz, 1H),
7.60-7.52 (m, 2H), 7.41 (= 7.9 Hz, 1H), 7.30 (d] = 7.0 Hz, 1H), 7.27 - 7.17 (m,
5H), 7.14 (ddJ = 8.2, 1.6 Hz, 1H), 4.52 (s, 2H), 3.66Jt 5.8 Hz, 2H), 3.00 ({J =
5.7 Hz, 2H).*C NMR (100 MHz, DMSQdg) ¢ 151.8, 150.3, 143.7, 134.8, 134.6,
134.2, 130.8, 129.5, 128.3, 126.5, 126.2, 125.2,3,2121.5, 118.7, 116.0, 115.9,
112.0, 111.1, 49.5, 45.4, 28.1. HR-ESI-MS: [M+HVz = 326.1652, calcd for
Ca2H19N3, found 326.1629.

4.1.6.13

2-(3-(6-fluoro-1H-benzo[ d] imidazol-2-yl)phenyl)-1,2,3,4-tetrahydroisoquinoline (B2).
Following the general procedure aboB® was obtained as a white solid (40%).
NMR (400 MHz, CDC}) 6 7.72 (s, 1H), 7.55 (dd, = 8.3, 4.5 Hz, 1H), 7.31-7.20 (m,
3H), 7.18 - 7.10 (m, 3H), 7.09 - 7.04 (m, 1H), 6887 (m, 2H), 4.40 (s, 2H), 3.54 (t,
J = 5.8 Hz, 2H), 2.92 () = 5.7 Hz, 2H)»*C NMR (100 MHz, CDGJ) 6 158.6 (d,J =
195.3 Hz), 153.6, 150.3, 140.4, 134.6, 134.2, 13126.6, 128.3, 126.5, 126.3, 125.9,
119.6 (d,J = 10.3 Hz), 116.1, 116.0, 112.0, 104.2Jd; 23.7 Hz), 97.61 (d] = 26.5
Hz), 49.5, 45.5, 28.1. HR-ESI-MS: [M+Hinz = 344.1558, calcd for &H1gFNa,
found 344.1533.

4.1.6.14 2-(3-(6-chloro-1H-benzo[ d] imidazol -2-yl)phenyl)-1,2,3,4-
tetrahydroisoquinoline (B3).

Following the general procedure abo®& was obtained as a white solid (32%).
NMR (400 MHz, DMSOdg) 6 7.80 (s, 1H), 7.76 - 7.67 (m, 1H), 7.57 Jds 7.7 Hz,
2H), 7.42 (tJ = 7.9 Hz, 1H), 7.32 - 7.14 (m, 6H), 4.53 (s, 2BlK7 (t,J = 5.8 Hz,
2H), 3.01 (tJ = 5.7 Hz, 2H)>*C NMR (125 MHz, DMSOds) J 153.9, 150.8, 135.1,
134.7, 131.0, 130.8, 130.1, 128.8, 128.7, 127.6,9,2126.7, 126.4, 122.6, 116.8,
116.7, 116.5, 112.9, 112.5, 50.0, 45.9, 28.6. HRMS: [M+H]" m/z = 360.1262,
calcd for G,H18CIN3, found 360.1242.

4.1.6.15
2-(3-(6-methyl-1H-benzo[ d] imidazol-2-yl)phenyl)-1,2,3,4-tetr ahydroi soquinoline
(B4).



Following the general procedure aboBd,was obtained as a light yellow solid (40%).
'H NMR (400 MHz, DMSOsdg) 6 12.67 (d,J = 14.5 Hz, 1H), 7.76 (s, 1H), 7.52 @,

= 7.4 Hz, 1H), 7.45-7.38 (m, 1H), 7.36 {t= 8.0 Hz, 1H), 7.31 - 7.24 (m, 2H), 7.21 -
7.16 (m, 3H), 7.09 (dd] = 8.2, 2.2 Hz, 1H), 7.04-6.95 (m, 1H), 4.48 (s)28162 (t,J

= 5.9 Hz, 2H), 2.96 (I} = 5.8 Hz, 2H), 2.41 (d] = 8.4 Hz, 3H)*C NMR (100 MHz,
DMSO-tg) 0 150.3 (2C), 134.6, 134.3, 130.9, 129.5, 128.3,8,2127.5, 126.9, 126.6,
126.3, 125.9, 123.1, 118.3, 115.9, 115.8, 111.9).91149.6, 45.5, 28.2, 21.3.
HR-ESI-MS: [M+H] m/z = 340.1808, calcd for £H»1N3, found 340.1776.

4.1.6.16

2-(3-(6-methoxy-1H-benzo[ d] imidazol -2-yl)phenyl)-1,2,3,4-tetrahydroi soquinoline

(B5).

Following the general procedure aboB& was obtained as a white solid (30%).
NMR (400 MHz, CROD) ¢ 7.70 (s, 1H), 7.49-7.39 (m, 2H), 7.35Jt 7.9 Hz, 1H),
7.20 - 7.03 (m, 6H), 6.87 (dd,= 8.8, 2.3 Hz, 1H), 4.44 (s, 2H), 3.83 (s, 3HB3(t,

J = 5.9 Hz, 2H), 2.97 () = 5.8 Hz, 2H)**C NMR (125 MHz, DMSOds) § 155.8,
150.4, 150.3, 134.7, 134.6, 134.3, 134.3, 131.1,(03129.6, 128.3, 126.5, 126.2,
125.9, 115.9, 115.8, 112.0, 111.8, 55.4, 49.6,,4%51. HR-ESI-MS: [M+H]m/z =
356.1757, calcd for £H21N30, found 356.1732.

4.1.6.17

2-(3-(6-(trifluoromethyl)-1H-benzo[ d] imidazol-2-yl)phenyl)-1,2,3,4-tetr ahydroi soquin
oline (B6).

Following the general procedure aboBé,was obtained as a light yellow solid (29%).
'H NMR (400 MHz, CDCJ) 6 7.75 (s, 1H), 7.52 (d] = 7.5 Hz, 1H), 7.42 - 7.34 (m,
2H), 7.21 - 7.10 (m, 4H), 7.09 - 7.05 (m, 1H), 4(462H), 3.61 (tJ = 5.9 Hz, 2H),
2.97 (t,J = 5.8 Hz, 2H)*C NMR (100 MHz, CDGJ) § 155.1, 150.9, 134.8, 134.0,
132.2, 132.0, 130.0 (2C), 128.4 (2C), 126.6 (2@K.2 (2C), 119.8, 116.9, 116.4,
116.3, 112.8 (2C), 50.5, 45.9, 29.0. HR-ESI-MS: PJ*m/z = 394.1526, calcd for
CosH1gF3N3, found 394.1514.

4.1.6.18
2-(3-(5,6-dichloro-1H-benzo[ d] imidazol-2-yl)phenyl)-1,2,3,4-tetr ahydroi soquinoline
(B7).



Following the general procedure aboB&,was obtained as a light yellow solid (32%).
'H NMR (400 MHz, DMSOsg) 6 13.16 (s, 1H), 7.92 (s, 1H), 7.74 (s 6.0 Hz, 2H),
7.53 (d,J = 7.3 Hz, 1H), 7.39 (t) = 7.8 Hz, 1H), 7.29 - 7.08 (m, 5H), 4.48 (s, 2H),
3.61 (d,J = 5.0 Hz, 2H), 2.95 (s, 2H)®*C NMR (100 MHz, DMSO4dg) 6 154.5, 150.4,
143.5, 134.7, 134.5, 134.2, 129.9, 129.7, 128.8,612126.3, 125.9, 124.6, 124.1,
119.8, 116.59, 116.2, 112.6, 112.2, 49.5, 45.52.2BR-ESI-MS: [M+H] m/z =
394.0872, calcd for £H17CloN3, found 394.0860.

4.1.6.19

2-(3-(5-chloro-6-fluoro-1H-benzo[ d] imidazol-2-yl ) phenyl)-1,2,3,4-tetr ahydroi soquino

line (B8).

Following the general procedure aboBd,was obtained as a light yellow solid (40%).
'H NMR (400 MHz, DMSO¢g) 6 7.88 (d,J = 6.9 Hz, 1H), 7.79 - 7.76 (m, 1H), 7.74 -
7.68 (m, 1H), 7.58 — 7.52 (m, 1H), 7.44 - 7.38 Uid), 7.29- 7.27(m, 1H), 7.23 - 7.15
(m, 4H), 4.51 (s, 2H), 3.65 (@,= 5.9 Hz, 2H), 2.98 (1] = 5.8 Hz, 2H)*C NMR (100
MHz, DMSOs) ¢ 154.5, 154.1, 150.4, 140.6, 134.7, 134.2, 131.0.113129.7,
128.3, 126.6, 126.3, 125.9, 119.4, 116.4, 116.2,111111.9, 105.6, 49.5, 45.5, 28.1.
HR-ESI-MS: [M+H] m/z = 378.1168, calcd for £5H;7CIFNs, found 378.1151.

4.1.6.20 2-(3-(3,4-dihydroisoquinolin-2(1H)-yl)phenyl)-1H-benzo[ d] imi dazol -6-ol
(B9).

Following the general procedure aboB® was obtained firstly and then dissolved in
HBr (48% in HO). The mixture was stirred at 120 °C for 3 h amehtconcentrateih
vacuo. CompoundB9 was obtained as a yellow solid (509 NMR (400 MHz,
CD3s0OD) o 7.77 (s, 1H), 7.65 - 7.60 (m, 2H), 7.53 {d= 7.6 Hz, 1H), 7.47 (dd] =
8.2, 2.1 Hz, 1H), 7.27 - 7.20 (m, 3H), 7.14-7.1Q 8H), 4.63 (s, 2H), 3.79 (§,= 6.0
Hz, 2H), 3.11 (tJ = 5.9 Hz, 2H)}C NMR (100 MHz, DMSOdg) ¢ 156.5, 150.3,
148.1, 134.6, 134.0, 132.6, 130.5, 128.5, 128.4,6,2126.5, 126.1, 124.7, 123.5,
118.5, 116.2, 114.7, 112.5, 98.0, 49.3, 45.1, 2HR-ESI-MS: [M+H] m/z =
342.1601, calcd for £H19N30O, found 342.1574.

4.16.21
2-(3-(3,4-dihydroisoquinolin-2(1H)-yl)phenyl)-1H-benzo[ d] imidazol - 7-amine (B10).

Following the general procedure above, the interated2 (100 mg, 0.39 mmol) and



1,2-diamino-3-nitrobenzene (66 mg, 0.43 mmol) wewected. The resulting product,
a catalytic amount of Ni and hydrazine hydrate iaQH were sirred at 50°C for 2 h.
After filtration, the solvent was removed under ueeld pressure and the pure
compoundB10 was obtained as a black solid (4195).NMR (400 MHz, CROD) &
7.77 (s, 1H), 7.49 (d] = 7.7 Hz, 1H), 7.43 (1) = 7.9 Hz, 1H), 7.27 - 7.14 (m, 5H),
7.04 (t,J = 7.8 Hz, 1H), 6.93 (d) = 7.5 Hz, 1H), 6.58 (d] = 7.6 Hz, 1H), 4.53 (s,
2H), 3.69 (tJ = 5.8 Hz, 2H), 3.05 (t) = 5.7 Hz, 2H)*C NMR (100 MHz, DMSOds)

0 150.8, 150.5, 137.0, 135.1, 134.7, 132.0, 131.6,(0,3129.0, 128.8, 127.2, 127.0,
126.7, 126.4, 116.8, 116.6, 116.3, 114.6, 112.3,,515.0, 28.7. HR-ESI-MS: [M+H]
m/z=341.1761, calcd for ££H20N4, found 341.1734.

4.1.6.22

6-methoxy-2- (3-(6-methoxy-1H-benzo[ d] imidazol -2-yl ) phenyl)-1,2,3,4-tetrahydroisoq
uinoline (B11).

Following the general procedure abot4,1 was obtained as a yellow solid (42%).
'H NMR (400 MHz, CDCY) 6 7.72 (s, 2H), 7.41 - 7.27 (m, 3H), 7.07 Jcs 8.4 Hz,
1H), 7.03 (dJ = 8.1 Hz, 1H), 6.97 (s, 1H), 6.92 (db= 8.8, 2.4 Hz, 1H), 6.77 (dd,

= 8.3, 2.5 Hz, 1H), 6.71 (d,= 2.4 Hz, 1H), 4.43 (s, 2H), 3.87 (s, 3H), 3.803),
3.61 (t,J = 5.8 Hz, 2H), 2.96 (t) = 5.7 Hz, 2H)*C NMR (100 MHz, DMSOdg) &
166.9, 162.7, 148.7, 144.3, 143.9, 141.8, 141.6,3,.3133.8, 131.5, 130.5, 129.6,
124.8, 124.3, 123.2, 122.3, 113.5, 112.4, 106.42,5%5.9, 49.3, 48.6, 28.6.
HR-ESI-MS: [M+H] nvz = 386.1863, calcd for 4H23N30,, found 386.1848.

4.2 Céll culture
As previously describe®, the murine BV-2 microglial cells or HT22 cells

(Cell Resource Center of Chinese Academy of Medsci¢nce, Beijing, China) were
cultured in Dulbecco’s modified Eagle’s medium (Gb supplemented with 10 %
(v/v) fetal bovine serum (Hyclone), 100 U/mL of patin, and 100 pg/mL of
streptomycin (Hyclone). These cells were cultured a humidified incubator
containing 5% C@at 37°C and subcultured every two days.
4.3 NO production in LPS-stimulated BV2 microglial cells

Microglia cell-based NO inhibitory activity assayere performed as previously
described®®. The BV2 cells were plated in 96-well microplatesatensity of 4 x 10
cells/mL (100uL/well). After 48 h, the medium was removed, andu®0of DMEM



was added. The cells were pretreated with variameentrations of compounds (10
uL) for 30 minutes, followed by stimulation with LR& pg/mL, 10uL, Sigma) for
24 h at 37°C. The same volume (%) of Griess assay agent (Beyotime
Biotechnology) was added into the 96-well plated anixed with the culture medium
(50 uL). The mixture solution was incubated at room terapure for 10 min, and the
absorbance at 540 nm was measured in a multifuradtimicroplate reader. The
percent of inhibition of NO production was calcelhtwith this formula: (F— Fc)/(F.
- Fy) x 100%, where &= absorbance of the cells treated with the testedpound
and LPS, F = absorbance of the cells treated with LPS, and Bbsorbance of the
normal cells. The I was defined as the concentration of the compobadreduced
50% of NO production with LPS and was calculatechbylinear regressioAll the
experiments were repeated independently at lesest thmes.
4.4 Measurement of level of TNF-a and IL-14 production

The procedure is almost the same as above. BY2 were plated in 96-well
microplates at a density of 4 x“16ells/mL. After 48 h, the medium was removed,
and 80uL of DMEM was added. The compound solutions (1) were added to the
cells firstly, and then 1QL LPS (1 pg/mL) solution was added. The cells were
incubated at 37°C for 24 h. The levels of TKRnd IL-15 in the culture medium
were measured using ELISA kits (Boster Biologicatfinology Co. Ltd) according to
the manufacturer’s instructions.
4.5 MTT assay

The measurement of the cell \viabilty was deteedi by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazatiu bromide (MTT) assay. HT22
cells were plated in 96-well microplates at a dgnsi 5000 cells/well for 24 h,
followed by treated with compounds and glutamaten®) for 24 h. After incubation,
the cell culture media were removed andu2OMTT (5 mg/mL) solution was added
to each well and incubated for 4 h at 37°C, aftet 120uL DMSO was added to
each well. The absorbance of solubilized formazas \measured by microplate
reader at 492 nm. Controls were taken as havingel\@dability.
4.6 BACEL enzymatic assay

According to the previously reported method®®, BACE1 enzymatic activity was
determined by the enhancement of fluorescencesiyempon enzymatic cleavage of
the fluorescence resonance energy transfer substitae human recombinant BACE1
and the substrate peptide (Rh-EVNLDAEFK-Quenche®rew purchased from



ThermoFisher Scientific. Briefly, the BACE1 assagsaconducted in 50 mM sodium
acetate buffer (pH = 4.5), in a final enzyme coniion (LU/mL). The substrate was
used at 750 nM. Compounds in DMSO were preincubatédthe enzyme for 20 min
at room temperature. Subsequently, the substraseadlded to initiate the reaction.
The reaction was incubated for 60 min at room teatpee under dark conditions and
then stopped with 2.5 M sodium acetate. Fluoreseentensity was measured by
microplate reader at excitation and emission wangtle of 545 nm and 585 nm,
respectively.
4.7 BBB permeation assay

The BBB penetration of compounds was evaluatedguiie parallel artificial
membrane permeation assay (PAMPA) described bgt BI'*?. Porcine brain lipid
(PBL) was obtained from Avanti Polar Lipids. The ndo microplate (PVDF
membrane, pore size 0.45 mm) and acceptor miceoplare both from Millipore.
The 96-well UV plate (COSTAR) was from Corning Ingorated. The acceptor
96-well microplate was filled with 300L PBS/EtOH/DMSO (68:30:2), and the filter
membrane was impregnated withut PBL in dodecane (20 mg/mL). Compounds
were dissolved in DMSO at 5 mg/mL and diluted 5@+o PBS/EtOH (7:3) to a final
concentration of 10@g/mL. Then, 200QuL of the solution was added to the donor
wells. The acceptor filter plate was carefully gdoon the donor plate to form a
sandwich, which was left undisturbed for 10 h at°@5 After incubation, the donor
plate was carefully removed, and the concentratibmompounds in the acceptor
wells was determined using the UV plate readerx@tiion 3). Every sample was
analyzed at five wavelengths in four wells and tineast three independent rumi.
was calculated by the following expressi®a= —Vg X VJ/[(V4 + Vo)A x t] X In(1 -
drughcceptofdrUGequiibrium), Where \§ is the volume of donor well; ¥/ volume in
acceptor well; A, filter area; t, permeation tindegiGcceptor the absorbance obtained in
the acceptor well; and drugiiium the theoretical equilibrium absorbance. The
results are given as the mean * standard deviabiothe experiment, 13 quality
control standards of known BBB permeability wereluded to validate the analysis
set. A plot of the experimental data versus litegatvalues gave a strong linear
correlation,Pe (exp.) = 1.457R(lit.) — 1.0773 (R = 0.9427). From this equation and
the limit established by Dit al. (Pe (lit.) = 4.0x 10°cm/s) for BBB permeation, we
concluded that compounds with a permeability > %.20° cm/s could cross the
BBBI,



4.8 Western blot assay

BV-2 cells were seeded on 6-well plates at a demgiB0 x 1d cells/well for 24
h, incubated with or withouBD3 for 30 minutes, then treated with or without LAS (
ug/ml) for 16 h. The cell lysates were prepared vRiFPA lysis buffer fixed with
protease inhibitor cocktail and phosphatase intibiThe concentrations of protein
were determined by Piert® Rapid Gold BCA Protein Assay Kit (ThermoFisher
Scientific). A total of 20ug protein of each sample was electrophoresed in 10%
SDS-PAGE, then transferred to polyvinylidene difide (PVDF) western membrane
(Milipore). The membranes were blocked using 5% \(Wskim milk in TBST
(Tris-buffered saline with 0.1% Tween 20) for 2 then the membranes were
incubated with primary antibodies at 4°C overnightished by TBST for three times,
the membranes were incubated with correspondingnsiecy antibody at room
temperature for 2h. Finally, immunoreactive signalgere detected using
Chemiluminescence imager (Tanon 5200, Shanghanafhrhe anti-iNOS antibody
was purchased from Abcam. The amtiFubulin antibody was purchased from Cell
Signaling Technology.
4.9 RNA isolation and quantitative PCR

Total RNA was isolated using RNAiso plus (TaKaRacading to the
manufacturer's protocol. Total RNAK@) was converted to cDNA using ReverTra
Ace gPCR RT Master Mix (TOYOBO, code: FSQ-301) adow to the
manufacturer's protocol. cDNA was used to amplpggdfic target genes by SYBR
Green Real-time PCR Master Mix (TOYOBO, code: QRKR The following was
the sequences of used PCR primers: iINOS, seiSEBGGTACGGGCATTGCT-3

and antisense '"BHCTCATGCGGCCTCCTTT-3 IL-1p5, sense
5-AAGGGCTGATTCCAAACCTT-TGAC-3 and antisense
5-ATACTGCCTGCCTGAAGCTCTTGT-3 TNF-a, sense
5-TCTCATGCACCACCATCAAGGACT-3 and antisense
5-ACCACTCTCCCTTT-GCAGAACTCA-3 GAPDH, sense
5-AACTTTGGCATTGTGGAAGG-3 and antisense

5-ACACATTGGGGGTAGGAACA-3. The final results were all normalized as fold
change of the target gene/GAPDH.
4.10 Determination of the level of intracellular ROS

HT22 cells were subcultured in 6-well plates ateagity of 20 x 1t cells/well
for 24 h, then treated with mM glutamate in the absence or presend@s for 12 h.



After that, cells were incubated with 10 DCFH-DA for 30 min, washing three
times with PBS. Cell fluorescence was immediatedgorded using high content
screening system (ThermoFisher Scientific) or aredyby fluorescence microscope
(EVOS FL Auto, Life Technologies).
4.11 Measurement of intracellular GSH

GSH level was determined as described the comnheassay kit (Jiancheng
Bio.). HT22 cells were subcultured in 6-well platgsa density of 20 x f@ells/well
for 24 h, then treated with 5 mM glutamate in theemce or presence BD3 for 12 h.
After that, whole-cell lysate was prepared accagdmthe manufacturer’s instructions.
The amount of proteins was determined using the Bf38ay. GSH level was
normalized with protein content.
4.12 Docking protocol

The protein target was thdomo sapiens BACE1 hBACE1) crystal structure,
which was derived from RCSB Protein Data Bank (PQIB) 2B8L). The resolution
was 1.7A. The structure of compoumD3 was drawn in the ChemDraw with
standard bond lengths and angles, and minimizesgusie MOE. The target was
preprocessed with the Protein Preparation Wizardha Maestro program suite
(Schrodinger). The waters beyond 5A from het groupse deleted. The native ligand
in the crystal structure was used to define thelibop site. Docking was performed
with Glide extra precision (XP) mode (Schrodingespplying post dock strain
penalties. As output options the number of posedigend to save was increased to
10. The binding mode in BACE1 was strictly dependanthe protonation state. The
figure was prepared using PyMol software.
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Highlights
Twenty-two hybrids are designed as multifunctional agents against AD.

Compound BD3 showed multifunctional activity against neuroinflammation and
BACEL

Compound BD3 also exhibited significant neuroprotective effect.

The new class of compounds can penetrate BBB and are promising CNS leads.



