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ABSTRACT

Indoleamine 2,3-dioxygenase 1 (IDO1) is frequemifacked by tumors to escape the host immune
response, and the enzyme is now firmly establigtedn attractive target for cancer immunotherapy.
To identify novel IDO1 inhibitors suitable for dratgvelopment, a scaffold-hopping strategy combined
with the average electrostatic potentials calcofativas ultilized to design novel benzoxazolinone
derivatives. Among these, compounds 7f and 9c exhibited the inhibitory potency in the low
micromolar range and displayed negligible levelcgfotoxicity against HelLa cells. Treatment with
these three compounds promoted the proliferatioh lgfphocyte and led to the dramatic decrease of
regulatory T cells in the B16F1 cells and naiveellscco-culture system. Subsequent spectroscopic
experiments suggested that these benzoxazolinoneed a coordinate bond with the heme iron to
stabilize the complex. This study suggested thathbibnzoxazolinone was an interesting scaffold for
discovering novel IDOL1 inhibitors, and these commsi are attractive candidates for further

development.

Keywords:

Indoleamine 2,3-dioxygenase 1; scaffold-hoppingsciebstatic potentials calculation; induced fit

docking; QM/MM



1. Introduction

Although the host immune system is able to recagrimnd destroy transformed cells, most
malignancies can create an immunosuppressive migroament to evade immune destruction [1].
This can be achieved through several molecular ewésims, including the recruitment of
immunosuppressive cells, activation of immunointoityi checkpoint pathways, and exclusion of T
cells [2].A large body of evidence suggests that indoleanZijedioxygenase 1 (IDO1) has been
proposed as a potential contributor to tumor-derivemmunosuppression in the tumor
microenvironment both by the depletion of tryptophand by the accumulation of tryptophan

metabolites [3].

IDO1 is an extrahepatic cytosolic heme-containingxyjenase that catalyzes the first and
rate-limiting step in the kynurenine pathway, leadio the degradation of the essential amino acid
tryptophan. It is widely expressed at physiologiealels in normal human tissues, including spleen,
gut and lung [4]. In human cancer, in addition &nly constitutively expressed by a wide variety of
tumor cells via an autocrine AHR-IL-6-STAT3 sigmagiloop [5], IDO1 can be induced in tumor cells
and the host antigen-representing cells by praimf@tory stimuli such as interferenflFN-y) and
transforming growth factg$- (TGF) [6,7]. High expression of IDO1 by tumors can leiadthe
depletion of tryptophan and the accumulating h&tels of kynurenine and its downstream metabolites
in the tumor microenvironment, which trigger doweam signaling through GCN [8], mTOR Ejd
AHR [10,11]. These events can inhibit the prolifema and function of effector T (Teff) cells [7kew
naive CD4 T cells toward differentiation into regulatory Trég) cells [9], promote IDO1-expressing
DCs toward an immunosuppressive phenotype [10], tand enable tumor cells to elude the host
immune response. Indeed, pharmacological inhibidnIDO1 can effectively restore antitumor
immunity and suppress tumor growth in preclinicaddels [12], and some of IDO1 inhibitors are

currently being tested in clinical trials in patigmvith various types of malignancies [13].

Not surprisingly, there have been many attemptisocover and develop IDO1 inhibitors in recent
years. Since the design of enzyme inhibitors oftegin from its substrate, many IDO1 inhibitors are
tryptophan derivatives such as 1-methyltryptophM{, Fig. 1) [14]. 1-MT has two stereoisomers
with different biological properties. THeisomer [-1-MT) was the more potent IDO1 inhibitdfi(=

30 uM), while the D isomer D-1-MT, indoximod) showed more anticancer activitymouse tumor



models [15].D-1-MT is recently in phase Il clinical trials fona treatment of refractory metastatic
prostate cancer (NCT01560923) and breast cancellQR®13430). Subsequently, a more potent
inhibitor MTH-Trp with a methylthiohydantoin rinqistead of the amino acidic chain of tryptophan
was discovered through library screening. It wascdbed as a competitive IDO1 inhibitd€i(= 11.4
uM) and was 20-fold more potent than 1-MT in a talked assay [16]. Unfortunately, in addition to
IDO1, MTH-Trp also inhibits receptor-interactingriee/threonine protein kinase 1 (RIPK1), and
therefore the results of the vitro andin vivo experiments with MTH-Trp must be interpreted with
caution [17,18]. In order to improve the potencytloé first chemotype of IDOL1 inhibitors, Donovan
and co-workers undertook a screen of commercialbilable indole-based molecules in 2006, and
found that the natural product brassinin was a maidly potent competitive inhibitor of IDO1 with a
Ki value of 97.7uM, which bears a methyldithiocarbamate moiety thataces the-aminoacetic acid
chain of tryptophan. Structural modifications o&&sinin afforded the best inhibitdk, K;= 11.5uM)
that was three-times more potent than 14klVitro through the substitution of tt&methyl group with

a naphthalene ring [19]. Then, Frédérick reportaatizer indole series of competitive IDO1 inhibitors
indol-2-yl ethanones by virtual screening, a naabtample being lead compoudvith micromolar
inhibitory potency (IG, = 65uM). It was characterized by an indole ring subtgituin the 2-position
by a 2-pyridinyl-ethanone group [20]. Then, struetand activity relationship (SAR) studies on the
indol-2-yl ethanones led to the discovery compo8mdth an 1G, value of 13.1uM, and showed that

an iron coordinating group on the linker was edaktd retain the inhibitory activity [21].
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Fig. 1. The representative IDO1 inhibitors possessing dolascaffold.

In addition to the above IDO1 inhibitors contairsdindole fragment, many inhibitors with new

structural scaffolds have been discovered by stradbased design [22], high-throughput screening



[23], and natural product derivatization [24]. Altigh significant progress has been made in the
research mentioned above, there are currentlyaféyv drugs in clinical trials testing IDO1 inhibi

as a strategy for the treatment of caneeg.epacadostat and GDC-0919) [25,26]. Thus, it I ati
unmet need to discover novel and structurally d@dDO1 inhibitors with characterized therapeutic

utility.

In our continuous efforts to identify more poteBXd1 inhibitors, we explored here a series of
novel benzo-fused five-membered heterocycles with lheteroatoms that were designed from IDO1
substrate tryptophan through a scaffold-hoppingatetyy (Fig. 2). Interestingly, the resulting
compounds7e, 7f and 9c proved to be potent IDO1 inhibitors with inhibjopotency in the low
micromolar range and displayed negligible level aytotoxicity against HelLa cells. Subsequent
experiments indicated that these compounds cownhqie T-cell growth, increase IFNproduction,
and reduce the conversion of naive T cells intgTells. Furthermore, the binding mode analysis of
them based on induced fit docking (IFD) and quantasthanics/molecular mechanics (QM/MM)

calculation will give us a direction for furtherstture optimization.
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Fig. 2. Design strategies of the target compounds.
2. Resultsand discussion
2.1. Design of the target compounds

Despite the lack of IDO1 crystal structure abouytptophan binding, there is a tryptophan
2,3-dioxygenase (TDO, an enzyme functionally relatelDO1)-tryptophan complex (PDB ID: 2NW8)
in protein data bank website that can be a referéarcus, because key active site residues of |1BQiL
TDO are conserved [27]. Through superimposing the trystal structures (PDB ID: 4PK5 and
2NW8), we can obtain the IDO1-tryptophan compleiofeed by the energy minimization. As can be
seen from Fig. 3, the indole ring of tryptophamplgced in pocket A of the active site, with the ami

acid moiety pointing toward pocket B and positivelyarged amino group interacting with the heme



7-propionate group. In consideration of the impuct of heme-ligand interaction and other
nonbonding interactions for potent IDO1 inhibitagtivity, a scaffold-hopping strategy that was the
replacement of indole ring will be applied hereiiedepth modification of tryptophan. First, many
indole bioisosteres were utilized to perform dogkiExperiment and the scaffolds that can directly
interact with the heme iron and have indole-likepsh were retained. Then, the average electrostatic
potentials (ESP) calculation was used to evaldatecbordinating capability of the coordinating atom
(see Supplementary data, Page S2-S9). Ultimateyzdxazolinone whose ESP value of the
coordinating oxygen atom was similar to that ofl4@reported IDO1 inhibitor binding to heme iron)
[28] was chosen as a starting fragment for ouradiery study (Fig. 4). In addition, benzimidazolone

and benzoimidazolamine moieties were also invetgibfor comparison.

Fig. 3. (A) The minimized structure of IDO1-tryptophamuolex. (B) Proposed binding mode of

compoundgf (grey) andc (cyan).L-tryptophan (red) was used as a comparison.
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Fig. 4. ESP surface of three indole bioisosteres and tleeiesponding 2D structures. On the right side is

such a plot for ESP, in which blue, white and redespond to ESP varying from -42 to 50 kcal/mol.



2.2. Synthesis of the target compounds

Synthetic route for the target compouriigs10c was shown in scheme 1. The benzoxazolinone
cores 4 were prepared by cyclization reaction of corresfrogmdsubstituted 2-aminophenol with
N,N'-carbonyldiimidazole (CDI), followed by substitutiavith various 2-chloro-1-phenylethan-1-ones,
benzyl chlorides or phenyl ethyl chlorides, acylocides or aromatic amines to yietd-5f, 7a-7j,
9a-9c or 10a-10c, respectivelyln addition,5a-5f were reduced by sodium borohydride to gbae6f,

while 5-nitrobenzoxazolinoné was reduced by zinc powder to yield 5-aminobenzotiaane8.
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Scheme 1. Reagents and conditions: (a) CDI, DMF, B0°C; (b) K,COs;, DMF, 60°C; (c) NaBH, THF, 0
°C; (d) K.COs, DMF, 60°C; (e) Zn, NHCI, ethanol, rt; (f) TEA, THF, 76C; (g) Triphosgene, TEA, DCM,
N,, 0°C.

Preparation of the target compouridsand15 was illustrated in scheme 2. The key intermediate
12 was obtained by acylation of thE-Boc protected substrat&#l, followed by cleaving the
Boc-protecting group with HCI in dioxane to giveetltorresponding benzoimidazolamiig.
Benzimidazolone 15 was prepared from 1,3-dihydréizbenzoflimidazol-2-one under similar

conditions as that for preparation@f
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Scheme 2. Reagents and conditions: (a) BO¢ THF, TEA, 60°C; (b) TEA, THF, 70°C; (c) HClI, dioxane,
r.t.; (d) K;COs, DMF, 60°C; (e) NaBH, THF, 0°C.

2.3. Inhibition of IDO1 activity

In consideration of the rapid, low-cost and valisperties of the cell-based enzymatic assay,
HelLa cell line, expressing native human IDO1 induedth IFN-, was used here to evaluate the
inhibitory activity of these compounds against ID@his cellular assay, which is informative for gru
development, has been widely used to investigat®ws IDO1 inhibitors [23c, 24b, 24c, 29], as it
evaluates not only the IDO1 inhibitory effect oeétbompounds but also their capacity to permeate the
cell and potential cytotoxicity. All synthesizednspounds were assayed for their ability to inhibit
tryptophan degradation and kynurenine productiainénHeLa kynurenine assay, and bioth-MT and
GDC-0919 analog (racemic mixture of GDC-0919) wargloyed as the positive controls. The results

were reported in Table 1.

Table 1. IDO1 inhibitory activity of the target compounds.
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&X represents the linker group connecting the beazaotinonecore and substituted benzene ring. The left wawve li
represents the connection point linking with thenzmxazolinone nitrogen atom, and the right one esgmts the
connection point linking with substituted benzeimg r

®|Csovalues are the mean of at least two independestyss

The importance of the linker was first investigat€@bmpared with ketonesg-5¢c) and tertiary
alcohol pa-6¢) derivatives, the substitution with aliphatith( 7c) or amide groupl0a) gave rise to
the enhancement of activity to a certain extenterels the replacement with an ethidene moiety
caused a 3-fold reduction of activityg ICso > 100 uM). Next, we evaluated the importance of a
single substitution on the phenyl ring?(Broup). Thep-chloro analogsb and6b showed improved
potency versus the analogous-chloro derivatives5c and 6c¢, respectively. According to the

comparisons5a versusbh, 6a versuséh), the substitution with fluorine did not produceesnarkable



effect on IDOL1 inhibition. As for the amidia, we also found that the phenyl ring substitutethwi
p-methoxy group did not produce any improvementhef activity (IGo = 31.82uM). In addition, we
studied the influence of the substituent groupghat 5-position of benzoxazolinone *(Rjroup).
Amazingly, most of 5-chloro-substituted analogspléiged increased potency compared with the
corresponding non-substituted counterpart. The @&xoeptions weresf and 6e, which displayed
slightly lower potency with an I§ value of 76.58 and 62.68M. Among these compound#, and9c
exhibited high potency with Kg values of 6.08 and 6.40M, respectively. However, significant
reduction in potency was observed for the 5-F aiDb substituted analogs ¢4). Compared to the
5-Cl derivative (e, I1Cso = 9.75 uM), the introduction of an electron-donating amigooup at
5-position B8, IC5, > 100 uM) displayed significant reduction in potency, icating that IDO1
inhibitory activity was sensitive to the electrimperty of the group at 5-position and 5-Cl subitin
was more favorable in potency in the HelLa kynurenassay. Finally, two different moieties,
benzimidazolone and benzoimidazolamine, were aisestigated through scaffold hopping. It was
found that compound3 (ICso = 22.73uM) exhibited a slightly increased potency compateda
(about 2-fold, 1Gy = 49.34 uM), which could be a good start point for futureidst Whereas,
benzimidazolone derivatives showed poor inhibitory effect against IDO1. Thessults of the SARs
analysis were summarized in Fig. 5. Since the itibibof tryptophan degradation could simply be an
effect of cytotoxicity, measurement of cell viatyilis indispensable when reporting cellulagd€alues.

In this study, for all compounds, cell viability sv@valuated at the end of the assay in a clagdital
assay. The results of this assay indicated that wiothe compounds displayed negligible level of
toxicity against HeLa cells under the experimentaiditions.The results of cell viability assay @¢,

7f, 9c, 13 and15 were shown in Fig. S1.
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Fig. 5. SARs of benzoxazolinone derivatives as IDO1 irtbitsi.

To this end, compound&, 7f and9c were identified as better potent IDO1 inhibitansai HeLa
cell-based assay measuring IDO1-mediated tryptopddynurenine conversion. Further, these three
compounds were turned out to be incapable of sgpmg IDO1 expression through Western blot

analysis, suggesting that they inhibited IDO1 eratyrractivity and not its expression in cells (Fag.
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Fig. 6. HelLa cells were treated with IFNwith or without the inhibitors at their kgconcentrations for 24
hours, and analyzed by Western blot using an &l antibody. GDC-0919 analog ahdl-MT were used

as references.

2.4. Reversal of IDO1-mediated suppression of Mpeeliferation by7e, 7f and9c

It has been known that the resistance of IDO-exmgscells to immune rejection results from an
arrest of T-cell proliferation caused by local tggghan depletion. A proliferation assay was cardatl
to determine if inhibition of IDO1 activity couldnprove T-cell activity in the presence of cancdisce
Melanoma is known to be a highly immunogenic turaod in many types of melanoma cells are
strongly positive for IDO1 [30]. B16F1 cells, whielxpressed IDOL1 in high level (Fig. S2), were thus
used to co-culture with T cells. As shown in Fig\,, compound</e, 7f, 9c and GDC-0919 analog led
to a significant augmentation of T-cell activitynstilated with B16F1 cells. Especially, compoufiicht

18 uM displayed 52% on the rate of T-cell proliferatiofhese results were in conformity with the



increase of IFN+ levels compared with the T cells and B16F1 cellscalture system, which can
increase the growth of the neighboring T cells (Fi). Our finding was that these compounds which
displayed better activity in a HelLa cell-based pssauld reverse the suppression of T lymphocyte

caused by IDO1 to a great extent.
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Fig. 7. T-cell proliferation (A) and IFN-level (B) assays in the B16F1 cells-T cells cdwoa system. The
compounds were added to the system at the contentraf their triple 1G, values from the Hela
cell-based assay ([GDC-0919]: 1uB/; [7€]: 30 uM; [7f]: 18 uM; [9c]: 18 uM). Each bar of the graph

indicates the mean of three replicate wells wigmdard error of the mean.

2.5. Effect of7e, 7f and9c on Foxp3 Tregs in melanoma cells

In addition to the depletion of local tryptophawdts, IDO1 protein expressed by tumor cells
leads to the accumulation of toxic tryptophan melitgs including kynurenine, anthranilic acid,
3-hydroxykynurenine, 3-hydroxyanthranilic acid anpdnolinic acid [31]. They can indirectly suppress
Teff cells response by favoring differentiation Tfeg cells, promoting immunoescape and thereby
favoring tumor cell growth. As Tregs are a majgu@essive factor in the tumor microenvironment, we
were interested to investigate whether our compswodld influence the Tregs conversion. As shown
in Fig. 8, when naive T cells co-cultured with B16€ells, it resulted in an approximately 2-fold
increase in the number of Treg cells. Once theuttohe system treated with compouritds 7f and9c,
respectively, the number of Treg cells returnetheinitial levelto some extent. Especially, compound

7e displayed the best effect in this test.
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Fig. 8. Our IDOL1 inhibitors decreased differentiation akegd cells in the B16F1 cells-T cells co-culture
system.(A) A representative plot of FACS analysis is presd. CD4CD25FOXP3 positive cells were
defined as Treg cells. (B) Average values of 3 patwlent experiments are shown in the graph. Eas b
represent SD. *p < 0.01vs T+B16F1.

2.6. UV-visible spectra study

Although the Hela cell-based assay studies denaimsithe IDO1 inhibition capability of these
compounds, but they failed to provide any diredtlence of ligand binding to the active site of the
enzyme. Since the absorbance spectra of the hemng ¢ highly sensitive to the local surroundings
upon the ligand binding, which changes the spept@berties of the heme, UV absorption spectra of
the characteristic heme peaks have been usedtiy eedirect binding of compounds to the iron ion
the IDO1 active site [32,33]n this paper, we recorded the absorption spedtfarmus-IDO1 in the
absence and presence of the selected compoundsediliess were shown in Fig. 9. In the absence of
the compounds, the absorption spectrum of ferrb@3l exhibited a Soret peak at 424 nm.
Compound&e and7f caused a decrease in the wavelength of the almemrivaaxima for ferrous heme,
which shifted the maxima from 424 to 418 nm. Thidi¢ated their direct binding to the ¥¢DO1

enzyme and the reliability of ESP calculation foegicting coordinating capability.
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Fig. 9. Absorption spectra of ferrous-IDO1 (A), IDO1-conyma 7e (B) and IDO1-compoundf (C).
2.7. Molecular modeling studies

To gain insight into the molecular determinantst theodulate the inhibitory activity of our
compounds, molecular modeling studies were perfdriveésed on the X-ray cocrystal structure of
IDO1 complex (PDB ID: 4PK5). Since the high flexityi of side chain and backbone of IDO1 protein,
classical semi-flexible docking method often poaeproblem for IDO1 docking, whose algorithm
relies on a rigid protein structure. In additiontiat, the iron-ligand interaction in the activée sof
IDO1 is difficult to reasonably describe by classimolecular force-field parameters [34]. All those
could raise a question about the validity of presticbinding modes [35]. To overcome difficulties
mentioned above, IFD method combined with QM/MMimation was utilized in this paper. The
first step was to dock the studied compound int dhtive site of IDO1 by thenduced fit docking
protocol in Schrédinger, which could consider tleibility of hIDO1 protein and ligand, concurrentl
In the second step, QM/MM optimization was perfodniyy usingQsiteto further optimize the IFD
docking complex, in which a small region of thetsys included the full heme ring, the iron, the
coordinating His residue and the inhibitor was @mo$o be treated using QM calculation and the
remainder of the system is treated via MM. Finaldlg could reliably analyze the binding mode of the

ligand in the QM/MM optimized complex (Fig. S3).

As shown in Fig. 10, the binding modes of compoufidpresented the similar binding
conformation with9c. The modeling of the ligand to IDO1 assumed thatlienzoxazolinone core was
placed deep into hydrophobic pocket A where itegfgrtly situated to extend a 5-substituent chéorin
atom into a small hydrophobic channel surroundetebidues Met88, 1le123, Leul24, Vall25, Gly126
and Leu234. Too large (5-NPor too small (5-F) substituent group was not adayhis channel and

thus unfavorable for enhancing potency compareld B4A€CI group, which was in good agreement with



the experimental results. Besides the steric faetectrical property of 5-position substituted wpo
also influenced the binding affinity. The oxygentbé& carbonyl group was found to coordinate to the
heme iron with a distance of 2.06 A fifrlDO1 binding and 2.14 A fd@c-IDO1 binding, respectively.
The replacement of 5-position by strong electrotieliawing group such as fluorine and nitro group
lowered the electron density around the coordigatrygen atom, leading to the difficulty for the
coordination bond formation. The benzene ring alibnzoxazolinone core was interacted with Tyr126
and Phel63 through-z interaction, simultaneously. The benzyl group vimst sharply at the
methylene moiety and extended into the hydrophobidty of pocket B, interacting with Phe226 and
Arg231 byz-z andz-cation interaction, respectively. In addition hms$e interactions, the oxygen atom

of the other carbonyl group Bt formed a hydrogen bond with the main chain NH grotiAla264.

A B

Fig. 10. QM/MM optimized structures. (A§f-IDO1 complex. (BPc-IDO1complex.
3. Conclusion

IDO1 is a key mediator of immune escape and pattiogeflammation in cancer and targeting
the IDO1 pathway via inhibition of the IDO1 enzynme a prime strategy for small-molecule
immunomodulatory drugs in cancer theragy. scaffold-hopping strategy combined with ESP
calculation were performed in our laboratory toiglenovel small-molecule IDO1 inhibitors, which
led to the discovery of benzoxazolinone derivati@sbsequent modification of the linker: &d R
substituent groups directed the identificationhaf imost active compounds, 7f and9c. Furthermore,
they could promote T-cell proliferation, increageéNty production, and suppress the conversion of
naive T cells into Foxp3-expressing Treg cells. cBpscopic experiments suggested that

benzoxazolinones interacted with ferrous-IDO1 erzyin attempt to rationalize obtained biological



results and to improve enzyme inhibition, IFD dockiand QM/MM calculation were carried out.

These promising results prompt us for further degweient of this new class of IDO1 inhibitors.

4. Experimental
4.1. Chemistry

4.1.1. General procedures

Melting points were determined on a RDCSY-I capjllapparatus and were uncorrected. All
materials used were commercially available and wsedupplied. HG/T2354-92 silica gel 6@/~
sheets were used for analytical thin-layer chrograehy (TLC). Column chromatography was
performed on silica gel (200-300 mesfiH NMR spectra were recorded on a Bruker AV-300
spectrometer. Chemical shift§) (vere given in parts per million (ppm) relativette solvent peakl
values are in Hz. Chemical shifts are expressegbm downfield from internal standard TMS. MS
analyses were carried out using Shimadzu LCMS-2020ument. IR spectra were recorded on
Shimadzu IRTracer-100 in KBr with absorptions in"tmll the reagents and solvents were reagent

grade and were used without further purificatiofess otherwise specified.

4.1.2. General preparation of intermediates

The intermediated were prepared as previously described [36] wittmesanodification. Under
the atmosphere of nitrogen, starting material aptiemol (1 equiv.) andN,N-Carbonyldiimidazole
(CDI) (1.2 equiv.) were mixed in DMF and stirred 8D for 5 h .The reaction mixture was allowed to
cool to room temperature and the water was addeguémch the reaction. The mixture was and
extracted with ethyl acetate to afford the crudedpct that was purified by flash column

chromatography on silica gel to yield-d.

4.1.2.1. Benzo[d]oxazol-2(3H)-on4a]
White solid. Yield 89%. Mp 137-139 °é4 NMR (300 MHz, Chloroformd): 6(ppm) 9.81 (s, 1H),

8.00-6.85 (m, 4H).
4.1.2.2. 5-Chlorobenzo[d]oxazol-2(3H)-ortb)

White solid. Yield 87%. Mp 189-191 °éH NMR (300 MHz, Chlorofornd): (ppm) 8.87 (s, 1H),

7.28 (d,J = 1.8 Hz, 1H), 7.13 (d@ = 8.0, 2.1 Hz, 2H).



4.1.2.3. 5-Fluorobenzo[d]oxazol-2(3H)-oréc)

White solid. Yield 90%. Mp 174-176 °4 NMR (300 MHz, Chlorofornd): (ppm) 9.60 (s, 1H),

7.13 (ddJ = 8.7, 4.2 Hz, 1H), 6.93-6.68 (m, 2H).

4.1.2.4. 5-Nitrobenzo[d]oxazol-2(3H)-on&dj
Red solid. Yield 84%. Mp 145-147 °8&4 NMR (300 MHz, Chlorofornd): d(ppm) 8.22 (d,J =

1.5 Hz, 1H), 8.04 (dd] = 7.4, 1.6 Hz, 1H), 7.33 (d,= 7.5 Hz, 1H), 6.92 (s, 1H).

4.1.3. General preparation of compouridsf

A mixture of4a or 4b (1 equiv.) and KCOs (3 equiv.) in DMF was stirred at 90 °C for 1 heith
the solution was allowed to cool to 60 °C and wadded different substituted
2-chloro-1-phenylethan-1-one (3 equiv.). The migturas stirred at 60 °C for another 3 h and allowed
to cool to room temperature. The saturated,GlHsolution was added to quench the reaction. The
mixture was diluted with water and was extractethvethyl acetate to afford the crude product that

was purified by flash column chromatography orcailjel to yield the target products.

4.1.3.1. 3-(2-(4-Fluorophenyl)-2-oxoethyl)benzofxiaol-2(3H)-oneHa)
White solid. Yield 85%. Mp 193-195 °éH NMR (300 MHz, Chlorofornd): d(ppm) 8.08 (dddJ
=9.0, 5.2, 2.1 Hz, 2H), 7.39-6.96 (m, 5H), 6.8§,@= 4.8, 3.3, 2.1 Hz, 1H), 5.22 (@~ 2.0 Hz, 2H).

MS (El): m/z394.1 [M+Na]. IR (KBr): 3074, 1763, 1694, 1601, 1487, 1232'cm

4.1.3.2. 3-(2-(4-Chlorophenyl)-2-oxoethyl)benzopdimol-2(3H)-one5b) [37]
White solid. Yield 83%. Mp 148-150 °é4 NMR (300 MHz, Chlorofornd): 5(ppm) 8.14-7.86
(m, 2H), 7.53 (dJ = 8.0 Hz, 2H), 7.40-7.05 (m, 3H), 6.86 (s, 1HRS(d,J = 3.1 Hz, 2H). MS (EI):

m/z288.6 [M+HT. IR (KBr): 3065, 1763, 1691, 1587, 1487, 1246'cm

4.1.3.3. 3-(2-(3-Chlorophenyl)-2-oxoethyl)benzopdirol-2(3H)-one5c)
White solid. Yield 85%. Mp 150-152 °éH NMR (300 MHz, Chloroforrd): (ppm) 8.34-7.84
(m, 2H), 7.83-7.43 (m, 2H), 7.42-7.07 (m, 3H), 7826 (m, 1H), 5.23 (qd] = 8.4, 4.9, 4.3 Hz, 2H).

MS (El): m/z288.6 [M+H]. IR (KBr): 3071, 1722, 1683, 1601, 1512, 1229'cm

4.1.3.4 5-Chloro-3-(2-(4-fluorophenyl)-2-oxoethyl)benzo[sfzol-2(3H)-one 3d)

White solid. Yield 89%. Mp 153-155 °éH NMR (300 MHz, Chlorofornd): d(ppm) 8.08 (d,J =



7.4 Hz, 2H), 7.20 (dd] = 30.4, 9.8 Hz, 4H), 6.85 (s, 1H), 5.20 (s, 2HS KEI): m/z306.7 [M+HT. IR

(KBr): 3076, 1771, 1690, 1599, 1487, 1232'tm

4.1.3.5.5-Chloro-3-(2-(4-chlorophenyl)-2-oxoethyl)benzo[gézol-2(3H)-oneJe) [38]
White solid. Yield 87%. Mp 167-169 °éH NMR (300 MHz, Chlorofornd): 5(ppm) 8.05-7.93
(m, 2H), 7.60-7.50 (m, 2H), 7.24-7.12 (m, 2H), 6(85J = 2.0 Hz, 1H), 5.21 (s, 2H). MS (Eln/z

323.1 [M+HJ. IR (KBr): 3067, 1772, 1719, 1589, 1485, 1246%cm

4.1.3.6.5-Chloro-3-(2-(3-chlorophenyl)-2-oxoethyl)benzo[g#z ol-2(3H)-one5f)
White solid. Yield 87%. Mp 134-136 °éH NMR (300 MHz, Chloroforrd): 6(ppm) 7.97 (d,) =
27.1 Hz, 2H), 7.68 (s, 1H), 7.54 (s, 1H), 7.17X¢, 10.9 Hz, 2H), 6.84 (s, 1H), 5.22 (s, 2H). MS)(EI

m/z323.1 [M+HT. IR (KBr): 3067, 1778, 1703, 1614, 1487, 1223'cm

4.1.4. General preparation of target compouidsd

To a solution one oda-5f (1 equiv.) in anhydrous THF was added NgRBl equiv.) at 0 °C and
the mixture was stirred at that temperature for ThHe saturated NI solution was added to quench
the reaction. The mixture was concentrated in vaoubthe residue was extracted with ethyl acetate t

yield the crude product that was purified by gebchatography to afford the target products.

4.1.4.1.3-(2-(4-Fluorophenyl)-2-hydroxyethyl)benzo[d]oxa2¢BH)-one 6a)
White solid. Yield 99%. Mp 111-113 °é4 NMR (300 MHz, Chlorofornd): 5(ppm) 7.89 (s, 1H),
7.53-7.37 (m, 2H), 7.26-6.86 (m, 5H), 5.79)(& 7.6 Hz, 1H), 4.41 (1) = 7.1 Hz, 1H), 4.10 (1 = 5.8

Hz, 1H). MS (El)m/z274.3 [M+H]. IR (KBr): 3645, 3071, 1722, 1601, 1512, 1229, &6i".

4.1.4.2 3-(2-(4-Chlorophenyl)-2-hydroxyethyl)benzo[d]oxa2¢BH)-one 6b) [38]

White solid. Yield 99%. Mp 140-142 °éH4 NMR (300 MHz, Chloroforrd): d(ppm) 7.36 (q,) =
7.5, 6.4 Hz, 4H), 7.15 (dg, = 14.1, 6.9 Hz, 3H), 6.99 (d,= 7.0 Hz, 1H), 5.14 (s, 1H), 3.95 @=
10.8 Hz, 2H), 3.06 (s, 1H). MS (El/z290.7 [M+H]. IR (KBr): 3645, 3063, 1748, 1593, 1485, 1240,

1090 cnf.

4.1.4.3.3-(2-(3-Chlorophenyl)-2-hydroxyethyl)benzo[d]oxa2¢BH)-one 6c)
White solid. Yield 99%. Mp 113-115 °éH4 NMR (300 MHz, Chlorofornd): (ppm) 7.52-7.42
(m, 1H), 7.28 (dJ = 2.2 Hz, 3H), 7.20-7.05 (m, 3H), 7.01 (dds 7.9, 1.7 Hz, 1H), 5.11 (dd,= 8.2,

4.0 Hz, 1H), 4.13-3.83 (m, 3H), 3.54 (s, 1H). M3){E/290.7 [M+H". IR (KBr): 3646, 3063, 1759,



1599, 1485, 1240, 1103 ¢m

4.1.4.45-Chloro-3-(2-(4-fluorophenyl)-2-hydroxyethyl)befdloxazol-2(3H)-one §d)
White solid. Yield 99%. Mp 142-144 °H4 NMR (300 MHz, Chloroformd): 5(ppm) 7.42 (dd,
= 8.4, 5.3 Hz, 2H), 7.18-6.87 (m, 5H), 5.14 (dd; 8.4, 3.7 Hz, 1H), 4.17-3.79 (m, 2H), 2.94 (s)1H

MS (El): m/z308.7 [M+HJ. IR (KBr): 3646, 3089, 1771, 1607, 1485, 1223,6.08i".

4.1.4.5. 5-Chloro-3-(2-(4-chlorophenyl)-2-hydroxydibenzo[d]oxazol-2(3H)-oneé¢) [38]

White solid. Yield 99%. Mp 127-129 °é4 NMR (300 MHz, Chlorofornd): 5(ppm) 7.42-7.32
(m, 4H), 7.09 (dJ = 1.1 Hz, 1H), 7.08 (s, 1H), 7.03 (dbz 1.8, 0.8 Hz, 1H), 5.12 (dd,= 8.3, 3.6 Hz,
1H), 3.99 (dd,) = 14.6, 3.6 Hz, 1H), 3.87 (dd,= 14.5, 8.3 Hz, 1H), 2.97 (s, 1H). MS (E)/z325.1

[M+H]*. IR (KBr): 3626, 3063, 1767, 1614, 1485, 1252,2681".

4.1.4.6.5-Chloro-3-(2-(3-chlorophenyl)-2-hydroxyethyl)befdjoxazol-2(3H)-one §f)

White solid. Yield 99%. Mp 157-159 °éH NMR (300 MHz, Chloroformd): 5(ppm) 7.45 (dqy
= 1.6, 0.9 Hz, 1H), 7.43-7.37 (m, 2H), 7.37-7.3] (H), 7.16-7.05 (m, 2H), 6.95 (d,= 8.5 Hz, 1H),
5.74 (t,J = 8.3 Hz, 1H), 4.38 (t) = 8.9 Hz, 1H), 4.01 (dd] = 9.1, 7.9 Hz, 1H). MS (El)m/z325.1

[M+H]*. IR (KBr): 3647, 3078, 1728, 1599, 1506, 1261,9681".

4.1.5. General preparation of compouridsj

One ofd4a-d (1 equiv.) and KCGO; (3 equiv.) in DMF was stirred at 90 °C for 1 hetithe solution
was allowed to cool to 60 °C and was added diffeseiostituted benzyl chlorides or phenyl ethyl
chlorides (3 equiv.). The reaction mixture wasrstirat 60 °C for another 7 h and allowed to cool to
room temperature. The saturated /@Hsolution was added to quench the reaction. Theune was
diluted with water and extracted with ethyl acetatafford the crude product that was purified lagl

column chromatography on silica gel to yield theyéd products.

4.1.5.1.3-Phenethylbenzo[d]oxazol-2(3H)-on&) [39]
White solid. Yield 86%. Mp 116-118 °é4 NMR (300 MHz, Chlorofornd): d(ppm) 7.29 (d,) =
7.7 Hz, 3H), 7.20 (s, 3H), 7.10 @,= 5.9 Hz, 2H), 6.79 (d] = 7.1 Hz, 1H), 4.06 () = 7.4 Hz, 2H),

3.08 (t,J = 7.2 Hz, 2H). MS (EI)m/z240.3 [M+H]". IR (KBr): 3061, 1767, 1614, 1489, 1258'tm

4.1.5.2. 3-(3-Fluorobenzyl)benzo[d]oxazol-2(3H)- k)

White solid. Yield 88%. Mp 119-121 °4 NMR (300 MHz, Chlorofornd): (ppm) 7.48-7.31



(m, 2H), 7.30-6.86 (m, 6H), 5.12-4.86 (m, 2H). MS)( m/z244.2 [M+HT. IR (KBr): 3042, 1757,

1589, 1487, 1252 ¢

4.1.5.3. 3-(4-Chlorobenzyl)benzo[d]oxazol-2(3H)-¢ne
White solid. Yield 87%. Mp 145-147 °éH NMR (300 MHz, Chloroforrd): (ppm) 7.57-7.25
(m, 4H), 7.23 (s, 1H), 7.18-7.01 (m, 2H), 6.95-6(# 1H), 5.26-4.79 (m, 2H). MS (Eljn/z 260.7

[M+H]". IR (KBr): 3005, 1771, 1597, 1485, 1275tm

4.1.5.45-Chloro-3-phenethylbenzo[d]oxazol-2(3H)-orTe)
White solid. Yield 88%. Mp 102-104 °éH4 NMR (300 MHz, Chloroforrd): 5(ppm) 7.36-7.24
(m, 3H), 7.24-7.15 (m, 2H), 7.14-6.99 (m, 2H), 6(67J = 2.0 Hz, 1H), 4.03 (t) = 7.3 Hz, 2H), 3.06

(t, J = 7.3 Hz, 2H). MS (E)m/z274.7 [M+H]". IR (KBr): 3057, 1759, 1610, 1485, 1246 tm

4.1.5.5.5-Chloro-3-(3-fluorobenzyl)benzo[d]oxazol-2(3H)-ofTe)
White solid. Yield 92%. Mp 134-136 °éH NMR (300 MHz, Chloroforrd): d(ppm) 7.36 (q,) =
11.9, 9.7 Hz, 1H), 7.22-6.92 (m, 5H), 6.81 Jd; 14.5 Hz, 1H), 4.96 (dl = 9.4 Hz, 2H). MS (El)m/z

278.7 [M+HJ". IR (KBr): 3065, 1772, 1589, 1506, 1256 tm

4.1.5.6.5-Chloro-3-(4-chlorobenzyl)benzo[d]oxazol-2(3H)-o[7é)
White solid. Yield 91%. Mp 122-124 °éH4 NMR (300 MHz, Chlorofornd): d(ppm) 7.32 (q,) =
8.1 Hz, 4H), 7.23-6.97 (m, 3H), 6.90-6.73 (m, 1405 (s, 2H). MS (ENm/z295.1 [M+H]. IR (KBr):

3067, 1767, 1601, 1483, 1252'tm

4.1.5.7 5-Fluoro-3-(3-fluorobenzyl)benzo[d]oxazol-2(3H)-ofe)

White solid. Yield 88%. Mp 156-158 °éH NMR (300 MHz, Chlorofornd): 5(ppm) 7.37 (td,) =
8.3, 5.6 Hz, 1H), 7.23-7.11 (m, 2H), 7.06 (dd&; 10.2, 4.0 Hz, 2H), 6.83 (td,= 9.2, 2.6 Hz, 1H), 6.59
(dd,J = 7.7, 2.6 Hz, 1H), 5.00 (s, 2H). MS (Et)/z262.1 [M+HT. IR (KBr): 3063, 1765, 1591, 1487,

1250 cnf.

4.1.5.8.3-(4-Chlorobenzyl)-5-fluorobenzo[d]oxazol-2(3H)-ofté)
White solid. Yield 82%. Mp 103-105 °éH4 NMR (300 MHz, Chlorofornd): 5(ppm) 7.46-7.21
(m, 4H), 7.13 (ddJ = 8.8, 4.2 Hz, 1H), 6.79 (td,= 9.2, 2.6 Hz, 1H), 6.57 (dd,= 7.6, 2.6 Hz, 1H),

4.94 (s, 2H). MS (EN)m/z278.2 [M+H]". IR (KBr): 3061, 1778, 1614, 1489, 1250'tm



4.1.5.9.3-(3-Fluorobenzyl)-5-nitrobenzo[d]oxazol-2(3H)-ofi&)

White solid. Yield 81%. Mp 116-118 °&4 NMR (300 MHz, Chlorofornd): 6(ppm) 8.42 (d,) =
1.8 Hz, 1H), 8.10 (ddj = 7.5, 2.0 Hz, 1H), 7.40 (d,= 7.5 Hz, 1H), 7.35-7.25 (m, 2H), 7.19 (dt
8.7, 1.8 Hz, 1H), 6.97 (ddf, = 8.9, 6.8, 2.3 Hz, 1H), 5.56 (d,= 1.3 Hz, 2H). MS (El)m/z 289.1

[M+H]". IR (KBr): 3065, 1792, 1614, 1506, 1261 tm

4.1.5.10.3-(4-Chlorobenzyl)-5-nitrobenzo[d]oxazol-2(3H)-of )
White solid. Yield 77%. Mp 165-167 °éH NMR (300 MHz, Chloroformd): 5(ppm) 8.14 (dd,
= 8.8, 2.3 Hz, 1H), 7.76 (d] = 2.3 Hz, 1H), 7.48-7.29 (m, 5H), 5.05 (s, 2H). NEH): m/z303.1

[M-H]*. IR (KBr): 3080, 1784, 1595, 1522, 1260 tm

4.1.6. General preparation of compour8isc

To a solution of4a or 4b (1 mol equiv.) in anhydrous THF was added TEA @ equiv.). The
mixture was added drop wise the solution of acybrithes (1.1 mol equiv.) in anhydrous THF at 0 °C
and stirred at 70 °C for 6 h. The water was addequench the reaction. The mitxure was extracted
with ethyl acetate to afford the crude product thvas purified by flash column chromatography on

silica gel to yield the target products.

4.1.6.1.3-(2-(4-Fluorophenyl)acetyl)benzo[d]oxazol-2(3H)eo®a)
White solid. Yield 86%. Mp 180-182 °éH NMR (300 MHz, DMSOd): d(ppm)7.98-7.89 (m,
1H), 7.50-7.41 (m, 1H), 7.41-7.28 (m, 4H), 7.2447 (tn, 2H), 4.41 (s, 2H). MS (El)n/z 272.2

[M+H]". IR (KBr): 3067, 1796, 1721, 1601, 1514, 1248'%cm

4.1.6.2.3-Benzoylbenzo[d]oxazol-2(3H)-on@bj [40]
White solid. Yield 89%. Mp 185-187 °CH NMR (300 MHz, DMSOdy): 5(ppm)7.95-7.85 (m,
2H), 7.84-7.75 (m, 1H), 7.67 @,= 7.4 Hz, 1H), 7.53 (§ = 7.6 Hz, 2H), 7.49-7.42 (m, 1H), 7.40-7.26

(m, 2H). MS (El):m/z240.2 [M+H]". IR (KBr): 3069, 1805, 1697, 1599, 1481, 1250'%cm

4.1.6.3. 5-Chloro-3-(2-(4-fluorophenyl)acetyl)beftioxazol-2(3H)-one 9c)
White solid. Yield 87%. Mp 193-195 °éH NMR (300 MHz, Chlorofornd): d(ppm) 7.99 (d,) =
8.2 Hz, 2H), 7.56 (d] = 8.0 Hz, 2H), 7.35-6.99 (m, 2H), 6.85 (s, 1HR13(s, 2H). MS (EI)m/z306.7

[M+H]"*. IR (KBr): 3063, 1755, 1715, 1611, 1485, 1246'cm

4.1.7. General preparation of compourids-c



To a solution of triphosgene (1 equiv.) in anhydrdichloromethane was addéalor 4b (1 equiv.)
and TEA (4 equiv.) in anhydrous dichloromethane fC. Under the atmosphere of nitrogen, the
mixture was stirred at room temperature for 1 h added a mixture aromatic amines (1.5 equiv.) and
TEA (1.5 equiv.) in anhydrous dichloromethane &) The reaction was allowed to cool to room
temperature and the saturated J8Hsolution was added to quench the reaction. Tht&une was
diluted with water extracted with dichloromethaoeafford the crude product which was purified by

flash column chromatography on silica gel to yittld target products.

4.1.7.1 N-(4-Methoxybenzyl)-2-oxobenzo[d]oxazole-3(2H)-cadmide {0a)

White solid. Yield 83%. Mp 82-84 °CH NMR (300 MHz, DMSOs): 6(ppm) 8.56 (s, 1H), 7.89
(d,J = 8.0 Hz, 1H), 7.43 (s, 1H), 7.41-7.25 (m, 4H¥G(d,J = 7.8 Hz, 2H), 4.45 (d] = 4.9 Hz, 2H),
3.73 (s, 3H). MS (EI)m/z299.4 [M+H]. IR (KBr): 3266, 3009, 2951, 2870, 1761, 1722,2,61514,

1275, 1260, 1034 ch

4.1.7.2 5-Chloro-N-(3-methoxybenzyl)-2-oxobenzo[d]oxazd&-3-carboxamide 10b)
White solid. Yield 90%. Mp 120-122 °4 NMR (300 MHz, Chlorofornd): §(ppm) 8.37 (s, 1H),
8.15 (d,J = 8.2 Hz, 1H), 7.33-7.16 (m, 3H), 6.97-6.84 (m,)3#60 (d,J = 5.2 Hz, 2H), 3.83 (s, 3H).

MS (EI): m/z333.7 [M+HT]. IR (KBr): 3354, 3048, 1771, 1724, 1601, 1477,8,252, 1042 cth

4.1.7.3.5-Chloro-N-(4-methoxyphenyl)-2-oxobenzo[d]oxazd@+3-carboxamide 10c)

White solid. Yield 86%. Mp 162-164 °éH NMR (300 MHz, DMSOdg): d(ppm) 9.85 (s, 1H),
7.89 (d,J = 2.3 Hz, 1H), 7.53 (dd) = 8.8, 2.4 Hz, 3H), 7.41-7.28 (m, 2H), 7.22-7.0d, @H),
7.03-6.79 (m, 3H), 3.77 (s, 3H), 3.35 (s, 1H). NE)(m/z319.7 [M+H]. IR (KBr): 3291, 3036, 2957,

2866, 1784, 1734, 1609, 1477, 1246, 1182, 1034 cm

4.1.8. Preparation of 5-amino-3-(3-fluorobenzyl)beju]oxazol-2(3H)-ong8)

A solution of7i (0.10 g, 0.37 mmol) in ethanol (10 mL) was addéth®l (0.19 g, 3.47 mmol) in
water (2 mL) at O °C. After that, the mixture waklad zinc powder (0.23 g, 3.47 mmol) and stirred at
0 °C for 2 h. The solution was diluted with watedaextracted with ethyl acetate to afford the crude
product, which was purified by flash column chroogaiphy on silica gel to yielfl as a white solid
(0.07 g, 78%). Mp 179-181°CH NMR (300 MHz, Chlorofornd): s(ppm) 7.29 (d,) = 21.3 Hz, 2H),

7.10 (d,J = 7.7 Hz, 1H), 7.03-6.96 (m, 2H), 6.37 (dus 8.5, 2.4 Hz, 1H), 6.15 (d,= 2.2 Hz, 1H),



4.92 (s, 2H), 3.59 (s, 2H). MS (Ef1/z257.1 [M-HJ. IR (KBr): 3356, 3048, 1746, 1591, 1489, 1254
cm.

4.1.9. Preparation of compouri®

4.1.9.1. Tert-butyl (1H-benzo[d]imidazol-2-yl)carbate (1)

A solution of H-benzofllimidazol-2-amine (2 g, 15.02 mmol) in THF (30 mAkjs added BgO
(3.61 g, 16.52 mmol) and TEA (3.04 g, 30.04 mmolambient temperature. Then, the mixture was
stirred at 60°C for 3 h. After the completion of the reactiong tmixture was cooled to room
temperature and the solvent was evaporated undeced pressure. The remained solid was washed
with petroleum ether for 3 times to obtain the erd8 (3g, 85.62%) as a white solid which will be

used in the following step without any further figetion.

4.1.9.2 Tert-butyl (1-(2-(4-fluorophenyl)acetyl)-1H-benzifdidazol-2-yl)carbamatel2)

This compound was prepared as a white solid follgvd procedure similar to that of preparation
of compound®a-c in 53% yield. Mp 310-312 °CH NMR (300 MHz, Chlorofornd): d(ppm) 8.53 (s,
1H), 7.92-7.80 (m, 1H), 7.76-7.64 (ddl= 7.7, 1.4 Hz, 1H), 7.41-7.21 (m, 4H), 7.11-6.98, @H),
4.04-3.88 (tJ = 1.0 Hz, 2H), 1.46 (s, 9H). MS (EM/z370.4 [M+H]. IR (KBr): 3353, 3038, 1680,

1531, 1423, 1370 ¢t

4.1.9.3. 1-(2-Amino-1H-benzo[d]imidazol-1-yl)-2f{derophenyl)ethan-1-onelg)

A solution of 14 (0.5g, 1.35 mmol) in dioxane (5 mL) was added HGlution (4 M HCI in
dioxane, 6.8 mL) dropwise at’C. After the reaction was stirred at room tempeeafar 2 h, the white
solid was filtered and washed with dioxane for Be$ to obtain hydrochloride, followed by the
dissociation to give the free amift® as a white solid (0.26 g, 71.33%). Mp 237-239#CNMR (300
MHz, Chloroformé): é(ppm) 7.84-7.69 (m, 2H), 7.36-7.22 (m, 4H), 7.1@27(m, 2H), 6.15-6.08 (d)
= 5.9 Hz, 1H), 6.06-6.00 (d,= 5.9 Hz, 1H), 4.03-3.93 (§,= 1.0 Hz, 2H). MS (El)m/z270.2 [M+HT.

IR (KBr): 3356, 3148, 3048, 1646, 1591, 1419'cm
4.1.10. Preparation of compouri8

4.1.10.1.1-(2-(4-Fluorophenyl)-2-oxoethyl)-1,3-dihydro-2HHz®[d]imidazol-2-one 14)
This compound was prepared as a white solid follgvd procedure similar to that of preparation

of compounds5a-f in 78% yield. Mp 280-282 °C'H NMR (300 MHz, Chlorofornd): &(ppm)



8.22-8.03 (m, 2H), 7.43-7.31 (ddl= 7.9, 1.5 Hz, 1H), 7.26-7.14 (m, 3H), 7.12-7.@6J = 7.6, 1.5 Hz,
1H), 7.05-6.97 (td) = 7.6, 1.5 Hz, 1H), 5.61 (s, 2H). MS (Efvz273.3 [M+H]. IR (KBr): 3323,

3018, 1687, 1520, 1439 ém

4.1.10.2. 1-(2-(4-Fluorophenyl)-2-hydroxyethyl)-tjBydro-2H-benzo[d]imidazol-2-ond %)

This compound was prepared as a white solid foligvd procedure similar to that of preparation
of compounds6a-f in 73% yield. Mp 276-278 °C*H NMR (300 MHz, Chloroforrd): (ppm)
7.49-7.43 (m, 2H), 7.39-7.35 (m, 1H), 7.13-7.07 &), 7.06-7.01 (tdJ = 7.6, 1.5 Hz, 1H), 7.00-6.96
(dd,J = 7.8, 1.5 Hz, 1H), 5.25-5.17 (d,= 6.4 Hz, 1H), 5.14-5.07 (m, 1H), 4.38-4.27 Jck 4.9 Hz,

2H). MS (EI):m/z273.3 [M+HT]. IR (KBr): 3570, 3343, 3028, 1670, 1521, 1449'cm
4.2. Biology

4.2.1. Hela cell-based enzyme assays

Hela cells were seeded in  96-well culture plates aatlensity of 810’ per well. On the

next day, human IFN{100 ng/mL) and compounds in a total volume of 200L culture
medium containing 1pig/mL of L-tryptophan were added to the cells. After incudoatior 24 hours,
140 uL of the supernatant was mixed with iQ of 6.1 N trichloroacetic acid and the mixture was
incubated for 30 min at 50 °C. The reaction mixtwas then centrifuged for 10 minutes at 4000 rpm
toremove sediments. 100 puL of the supernatant was mixed  with 100uL of 2%
(w/v) p-dimethylaminobenzaldehyde in acetic acid and nmeaswat 480 nm. The initial wells
containing the cells in the remaining volume offiOwere used to estimate cell viability in a claasic
MTT assay. To that end, €L of culture medium (Iscove medium with 10% FCS amino acids)
were added to the wells together withi104 mg/mL of MTT. After 4 h of incubation at 3T, 200uL

of DMSO were added to dissolve the crystals of fimwam blue and the absorbance at 570 nm was

measured after overnight incubation afG7
4.2.2. T-cell proliferation assay

T lymphocytes prepared from splenocytes of C57/ni6e were resuspended in RPMI 1640
containing 10% FBSI.-glutamate, penicillin, and streptomycin. The B16fells were treated with

mitomycin C at a final concentration of 25 mg/L aheén incubated at 37 °C for 30 min. After being



washed three times, the B16F1 cells were resusdemieRPMI 1640 containing 10% FBS,
L-glutamate, penicillin, and streptomycin. 12 T0lymphocytes (responder cells) and 2@rtomycin

C treated B16F1 cells (stimulator cells) were adtie@ach well of a 96-well plate in RPMI 1640
containing 10% FBS in the presence of ConAu§BmL). Cell proliferation was quantified by MTT
assay. The cells were incubated at 37 °C and 5%f@@8 h; and 1L MTT (4 mg/mL) was added
to each well. MTT formazan production was dissolagdDMSO replacing the medium 4 h later. The

absorbance at 570 nm (OD570) was measured by aptate reader.
4.2.3. Cytokine assays

Supernatant collected from the co-culture systemewebjected to ELISA analysis for IFNby

using kits from Dakawe (Beijing, China).
4.2.4. Treg cells experiments

Treg cells were analyzed by using an eBioscientedallular staining kit according to the
manufacturer’s instructions. After co-cultured wBh6F1 cells, T cells were collected. Surface sigin
was performed with a CDEITC and CD25°E for 15 min at 4 °C. After this, the cells wepeetl and
permeabilized with fixation buffer and permeabiliaa wash buffer. The intracellular staining was

performed with FOXP2APC for 20 min. The cells were then analyzed bwfytometry analysis.
4.2.5. Measurement of IDO1 absorbance spectra

Absorbance spectra (370-700 nm, Safire multifumctimicroplate reader) were measured
immediately after addition of compounds (2 mM) kDO1 (3uM) in phosphate buffer (pH 6.5) using
Safire multifunctional microplate reader. Ferroosni of the heme was obtained by adding sodium
dithionite (10 mM) to the solution under, Mtmosphere. Changes in the 424 nm maxima indicated

binding to the ferrous iron of the heme.
4.3. Molecular modeling
4.3.1. Average ESP analysis

Structural optimization of all compounds based BD talculation was conducted with the Lee—
Yang—Parr correlation functional (B3LYP)/6-31G**ing Gaussian 09 software package [41]. Then,

the wavefunction produced by QM calculation was leygd for ESP analysis by Multiwfn [42]. ESP,



V(r), has been widely used for prediction of nuchdlip and electrophilic sites, as well as molecular
recognition mode for a long time, the theoreticasib is that molecules always tend to approach each
other in a complementary manner of ESP. These semlyf ESP are common performed on molecular
van der Waals (vdW) surface. Through quantitativalysis of molecular surface, the average ESP on
the local surface of the coodinating atom can bBeutated to reveal characteristic of atom. It idlwe
known that electrophiles always prefer to attack &om which has very low ESP around it, so the

coodinating atom with low ESP value should be aalideaction site for coordinate bond formation.
4.3.2 Induced fit docking

In order to consider the flexibility of both ligarahd protein, thénduced fit dockingprotocol in
Schroédinger was employed [43]. In IFD calculatiottse ligands were first docked into the rigid
receptor using softened energy functionGhde. By default, a maximum 20 poses per ligand were
retained. Then, the protein degrees of freedoneémh complex are sampled and the protein-ligand
complexes were minimized. The protein structureedch pose now reflected an induced fit to the
ligand structure and conformation. The best preligemd complex was then identified based on the
predicted binding affinities of the docked ligaktere, the residues within 5 A of each of the 2@ig
poses were subjected to a conformational searcheaadyy minimizations, and the residues outside
this range were fixed. Finally, the minimized ligawas rigorously redocked into the induced-fit
protein structure usinglide XP scoring mode, and metal constraints can beieappd bothGlide
docking stages in IFD protocol. The choice of testllocked structure for each ligand was made using
a model energy score that combines the energysgdrk, the binding affinity predicted by GlideScore
and the internal strain energy for the model pddénised to direct the conformational-search

algorithm.
4.3.3. QM/MM geometry optimization.

QM/MM calculations were performed via a two-lay@site program in Schrddinger [44QSiteis
a mixed mode QM/MM program used to study geometiesenergies of structures not parameterized
for use with molecular mechanics, such as those dbatain metal. The reason for this may be
complicated. For example, the partial charge of thetal cation is far from being at least

approximately constant, and its value might becadfé by many factors, for instance by switching the



oxidation state of the metal, the nature of therdoated ligands, the solvation, and/or other
environmental factors. Nevertheless, the MM simoitatan be basically performed with a reasonable
accuracy for a particular coordination sphere whly well-parametrized ligands of the metal intérac
with the complex surrounding. This is especially tase of a combined QM/MM method where the
metal and its closest neighborhood are calculatethea QM level.QSite is uniquely equipped to
perform QM/MM calculations because it combines shperior speed and power &dguar with the
recognized accuracy of the OPLS force fieldguaris used for the quantum mechanical part of the
calculations [45], antimpactprovides the molecular mechanics simulation [46 QM region is the
full heme ring, the Fe, the coordinating His residund the inhibitor. This subsystem was optimizgd b
employing density functional theory (DFT) using Re's three-parameter hybrid exchange functional
and B3LYP with the lacvp* basis set and the conewog criterion for geometry optimizations
followed the originalQsite defaults [47]. The remaining subsystem was trewiitd the MM method,
and was geometry-optimized by using OPLS-2005 ffiedd. The geometry optimization convergence
criterion for MM subsystem was set as RMSD of epeadient 60 kcal m8A™, and cutoff value
was set to 10 A for non-bonded interactions dutirgQM/MM calculations. Throughout the QM/MM
calculation, the cuts between the QM and MM regiovere treated as specially parameterized

frozen-orbital boundaries, which was placed betw@&geand G of the residue His346.
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Highlights:

» A scaffold-hopping strategy combined with the average electrostatic potentials
calculation was utilized to design novel benzoxazolinone derivatives.
A novel interesting scaffold for IDOL1 inhibition was identified.
T-cell proliferation and Tregs assays were performed to evauate the capacity of
the compounds in the reversal of IDO1-mediated immunosuppression.

» UV spectroscopic experiment provided a direct evidence of our compounds
binding to the active site of IDOL.

» The induced fit docking and QM/MM calculation were performed to predict the
binding mode of IDO1 and its ligand.



