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ARTICLE INFO ABSTRACT

Article history NLG919 () with two chiral carbon atoms on its chemical stuwe is a potent indoleamine 2,3-
Received dioxygenase 1 (IDO1) inhibitor. We developed areetff/e way to prepare akereoisomers
Received in revised form 1, the key step being the chiral resolution of raicemtermediate2. The optimalresolutior
Accepted solvent system was identified as dichlorometharterapentane or petroleum ether. Usiad (
Available online di-p-toluoyl-D-tartaric acid as resolution reagemptical pure R)-2 (e.e. > 99%, yield = 70%)

was obtained. The mechanism of chiral resolutios wlarified through single-crystal X-ray
diffraction of the diastereomeric salt. The absolabnfigurations of four stereoisomers Iof

Keywords

mdmamine 2,3-dioxygenase 1 (IDO1) inhibitor were established throughlectronic circular dichroism spectra, quantum dicaimcalculatiol
Single crystal X-ray diffraction and transition metal method. Their ID@ihibitory activity was assessed by pharmacolo
Optical resolution experiments in vitro and in mouse, demonstratitag $ttonfiguration of C5 played an imgant
Absolute configuration role on the inhibition of IDO1, while the stereoaofistry on C2’exerted little effect on tt
Electronic circular dichroism IDO1 inhibitory activity in mouse.

2018 Elsevier Ltd. All rights reserved

1. Introduction The classical enantiomer separation through the&teti@omeric
. . salt formation is a useful approach for large spméparation of
~ Immune checkpoint therapies have become a reseatspot  cpiral moleculed The synthetic intermediate, (Fig. 1) contains
in cancer treatmehtSeveral immune checkpoint inhibitors have an alkaline imidazole fragment and a carbonyl growhich
been approved by FDA and applied cllnlcéllmdoleamlne_z,s- could interact with resolution agents or solventsud it was
dioxygenase 1 (IDO1) is an intracellular heme-comain ossiple to realize optical resolution ofc-2 through the
enzyme, which initiates the first and rate-limitisgp of the L t5mation of diastereomeric salts with chiral orgaadids.
tryptophan (L-Trp) degradation along the kynureni@i€yn)
pathway. The depletion of L-Trp in tumor microenvironment By using optical pure7 as resolution agent, we achieved
would lead to an immunosuppressive effect, causisgrhmune highly effective resolution ofac-2. Four diastereocisomers @f
escape of tumofs Some IDO1 inhibitors have been reported,were then prepared by the reduction 2f and column
such as epacadostat, indoximod, and NLGA1Fig. 153_ chromatography. The absolute configurations ofesispmers
were assigned by electronic circular dichroism (EGPgctra
combined with quantum-chemical calculations, andditéon
metal method. The chiral resolution mechanism wasidhted

/B o by the analysis of the diastereomeric salt crysfa(S)-2:L-7
1 N ) (CCDC 1570864). The pharmacological evaluation of
stereoisomers ol in vitro and in vivo was also carried out.
Fig. 1. Chemical structures dfand2. Herein, the results of our study will be reported.

It is reported that stereochemistry might affece #DO1 2. Result and discussion
inhibitory activity of NLG919. Meanwhile, the preparation of

stereoisomers of need harsh reaction condition and give |0W2.1.Synthe5|s and chiral resolution of rac-

yield".Therefore, it is necessary to develop an effecties to The synthesis route of optical pure diastereomdrsl ds
prepare optical pure stereoisomerslofor pharmacology and displayed in Scheme 1. Firstlyac-2 was prepared through
pharmacokinetics study. Suzuki reaction, condensation and cyclization ieast

#W.-Q. Liu and F.-F. Lai contributed equally toshiork.CJCorresponding authors. Tel.: +86-10-63165247; d:raanaleelin@imm.ac.cn (L.
Li); e-mail: chxg@imm.ac.cn (X.-G. Chen).
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Scheme 1. Synthesis route of optical pure diastereomeistbfough chiral resolution gfc-2.

Five commercially available and commonly used acidi Table 2. Optimization of the resolution conditions Ka&fc-2 with
resolving agent$-7 (Fig. 2) were screened for the enantiomerD-7°.
resolution ofrac-2. Firstly, Rac2 and resolving agents were

mixed and dissolved in ethanol (EtOH) for crystatiza (Table ~_ENtry Resolving agent  Conditichs ee. (%)
1, entries 1-5). Only when using D-a small amount of needle- 1 D-7 (2.0 equiv.) MeOH (4.0 L/mdl) -4
like precipitation appeared with low enantiomericc_(ess (entry 2 D7 (2.0 equiv.) DMSO (4.0 Limdf) -d
5, R)-2, e.e. = 15.62%). However, when the mixture solvent 3 D7 (2.0 eqi EG (4.0 Limal _d
based on EtOH was used, no precipitation appearecy (6 7 (2.0 equiv.) (4.0 Limdi) ,
Other resolving agents could not form solid withc-2, even 4 D-7 (2.0 equiv.)  i-PrOH (4.0 LUmdl) )
after removing the solvent. It is thus deduced thatresolution 5 D-7 (2.0 equiv.)  EA (4.0 L/mof) -
agents with large aromatic group are sunable.ferrdssolutlon o_f 6 D7 (2.0 equiv.)  THF (10.0 imdi) _d
rac-2, and the methyl group af might play an important role in ' 4
the process of chiral recognition. 7 D7(20equiv) DCM (10.0 Umoh) )
oHO 8 D-7 (2.0 equiv.) DCM:EtOH = 4:1 (8.3 L/mdl) -
oH O o o R@/< © 9  D7(20equiv) DCM:i-PrOH =4:1 (83Umél) -°
i HON )WOH ©"N.o R , d
on T OH HO ! o 10 D7(2.0equiv.) DCM:EA=4:1 (8.3 L/mdl)
(0]
o 0 k- H, D-6 11  D7(2.0equiv.) DCM:PE =4:1 (8.3 LUmél) 19.54 R
L-3 L-4 D-5 R = CHjg, D-7 .
12 D-7 (2.0 equiv.) DCM:PE = 8:1 (11.3 L/m6l) 55.78 R)
Fig. 2. Acidic resolving agents used in this study. 13 D7(2.0equiv) DCM:PE =13:1 (14.3 Limél) 82.43 R)
. . . . . 14 D7 (2.0 equiv.) DCM:PE =17:1 (18 L/m®&l) 7157 R)
Table 1. Chiral resolution ofac-2 with acidic resolving agerits )
15 D7(1.5equiv) DCM:PE =8:1(11.3 L/mbl) 64.93 R)
Entry Resolving agent  Conditidhs ee. (%) 16 D7 (15equiv) DCM:PE = 13:1(14.3 Umbl) 87.21R)
1 L-3(2.0 equiv.)  EtOH (2.0 Umd)) - 17 D7(L5equiv) Wash once 96.3R)(
2 D-4 (2.0 equiv.)  EtOH (2.0 L/md)) N 18 D7(15equiv.) Wash twice 99.78Y
3 L-5(2.0 equiv.)  EtOH (2.0 LUmdi) - 19 D7 (1.0equiv) DCM:PE =13:1 (14.3 L/mbl) -
4 D6 (2.0 equiv.)  EtOH (2.0 L/mdl) - 20 D7(0.5equiv) DCM:PE =13:1(14.3 L/mbl) -
5 D-7(2.0 equiv.)  EtOH (2.0 LUmdi) 15.62 R) 21 D7(15equiv) DCM:n-Hex=13:1(14.3 L/mbl) 80.21 R)
6 D-7(2.0 equiv.) EtOH:HO =6:1 (4.2 L/maf) -¢ 22 D7(1.5equiv) Wash once 76.5R)(
@ The amount ofac-2 was 0.30 mmoP The amount of solvent based on the ; . — 13
amount ofrac-2 is shown within the parenthesfsThe process of heating to 23 D7 (1.5 equiv.)  DCM:n-pentane = 13:1 (14.3 L/miol§2.52 §)
complete dissolution and cooling to room tempegatfor 2-24 h. * No 24 D-7 (1.5 equiv.) Wash once 99.9R)(
AR X . X
crystallization® e.e. was determined by chiral HPLC analysis. o5 D6 (15 equiv.) DCM:PE = 13:1 (14.3 L/mbl) d
26 D6 (2.0 equiv.) DCM:PE = 13:1 (14.3 L/mbI) -

@ The amount ofac-2 was 0.30 mmoP The amount of solvent relative to the
amount ofrac-2 is shown within the parenthesfsThe process of heating to
complete dissolution and cooling to room temperttor 2-24 h. ¢ No
crystallization ® e.e. was determined by chiral HPLC analysis.

When adding EtOH, i-PrOH, or EA in DCM (entries 8-10),
there were no resolution effect. Presumably, tharmsblvent
?night inhibit the interaction betweerac-2 and the resolution
agents. Fortunately, when added petroleum ether ®BHng
range is 60-9TC) in DCM (entry 11), large amounts of white
precipitate appeared with low enantiomeric exceBy4( e.e. =
19.54%).

2.2.0ptimization of resolution conditions

By using other solvents such as methanol (MeOH), ttiyhe
sulfoxide (DMSO), ethylene glycol (EG), isopropaneP(OH),
ethyl acetate (EA), tetrahydrofuran (THF) and dicbioethane
(DCM) (Table 2, entries 1-7), it was found that wheolap
solvents (MeOH, DMSO, EG, i-PrOH) was used, there was n
precipitate (entries 1-4). However, when using low pstdvents
(EA, THF, and DCM), there was still no resolutioneeff (entries
5-7). But, it was noticed thatc-2 and D7 tended to form a
solid without enantiomeric excess after removal ofMDGnder
reduced pressure. Considering this unique phenomeéuncdher
optimization of the resolution solvent was carried based on
the solvent of DCM.

After the optimization of the resolution conditiofentry 12-
20), through adjustment of the ratio of DCM to PH #me initial
molar ratio of rac-2 to D-7, obvious resolution effect was
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achieved (entry 16, e.e. = 87.21%). The enantiamexicess antiparallel chain (the CHO distance was 2.478 A) (Fig. S5).
(entry 18, e.e. = 99.75%) could be further improtagdvashing In addition, the hydrogen atom of the phenyl fragmef (S)-2
the precipitate twice with the corresponding solvefite result formed a CH-O interaction with the ester oxygen atom (the
showed that DCM was necessary to increase the soyubilihe  CH--O distance was 2.419 A). All three €#® interactions were
salt and provide a suitable environment for thereattion of D7 shorter than the sum of the van der Walls radingdrogen and
and rac-2. Meanwhile, PE in the resolution solvent mixture oxygen atoms 2.80 % indicating their contribution to the chiral
might balance the solubility of diastereomeric said facilitate it  recognition of §-2. The phenomenon that tolyl group of7L-
to deposit. involved in the chiral recognition process mighttbe reason for
the striking difference of resolution capabilitytiveen D6 and
D-7. Similar situation also occurred in the opticadatleition of
rac-2-[amino(phenyl)methyl] phendl

Since PE contains mainly hexane and pentane, auraixf
DCM and n-hexane (n-Hex) was used as resolution splaed a
fairly good resolution effect (entry 21, e.e. = Bb) was
attained. But the optical purity could not be ferttraised by
washing of the diastereomeric salt (entry 22). Wheimg the (@)
DCM and n-pentane, a high resolution effect was obthie.e. =
92.52%) (entry 23). After simple washing, the e.du@awas
remarkably increased to 99.93% (entry 24). The gsscof
washing might just remove the residue §f%-D-7 salt exiting in
the less-soluble salt oRJ-2-D-7. From this result, it might be
inferred that the five-carbon chain of n-pentanene suitable
for the resolution ofac-2.

Intermolecular

CH--O interactions

Under the optimized condition, B-was tried again as
resolving agent, but still no precipitate appedetries 25, 26).
Thus, it could be deduced that the methyl groupDet is
essential for the optical resolutionraic-2.

2.3.Crystallographic analysis of (L-7

To elucidate the mechanism underlying the optieablution
of rac-2, the crystallographic analysis of the less-solgal §)-
2:L-7 was performed. The single crystal of thH®-2-L-7 salt
tended to grow in ethanol after recrystallizatiod the
diastereomeric salt isolated from DCM-PE mixturessnts. The
crystallized salt consisted 08)¢2, L-7 and EtOH in a ratio of
1:1:2. They composed a one-dimensional strew linear
structure along the a axis supported by salt bbydrogen bond,
CH-r interaction, and-rn interaction (Fig. 3, Fig. S1-4).

It was observed that one carboxyl group of kas ionized
and a salt bond betwee®){2 and L7 was thus formed. The
same carboxyl group bearing negative charge alsmefd an
intermolecular hydrogen bond with another7 Lmolecule (H-
bond, the ©-O distance was 2.566 A). The methyl group of L- Fig. 3. Crystal structure ofg)-2-L-7-2EtOH. (a) Top view of the four linear
formed CHg interaction with the phenyl fragment d){2 (The  structures viewed from a axis. Hydrogen atoms anéted for clarity. (b)
distance of QI-plane was 3.338 A as shown in Fig. S2). The Side Vie"‘é of tfr:eo:i”eaf SterCLUfe éiSW_ect' a'O’t‘_g "’Sfafhde[ dOtFetd “”6'[‘_5 and
stacking distance is typically 3.4-3.6 A that représ the fg;%"giﬂjel‘;‘."’ ydrogen bonds, INteractions andr-x Interactions,
shortest interplanar distaricén this study, the distance between
two benzyl groups of adjacentmolecules was 3.441 A, and  When considering the conformation of the salt (g)t2-L-7
the dihedral angle of two-planes was 4.29Fig. S3), indicating  (Fig. 4a) in the crystal, the total binding eneofy(S)-2 and L7
that the n-n interaction appeared between adjacent7 L- was calculated to be387.15 kJ/mol, adopting time-dependent
molecules. Meanwhile, the benzyl group of7Land the density functional theory (TDDFT) methodology at the
imidazole group of §-2 were located closely in space, with the B3LYP/6-31+G(d,p) basis set. Meanwhile, the calculdtieding
distance between twa-planes being 3.492 A (Fig. S4). This energy of R)-2:L-7 salt was slightly higher-381.10 kJ/mol),
implied that ther-n interaction stabled the crystal structure of illustrating that §-2-L-7 salt was more stable than the

(9-2-L-7 salt. diastereomeric counterpart.
Each one-dimensioned chain was antiparallel with rthei,) B
neighboring chains (Fig. 3a). For this chiral resioh, the & ‘& ‘;
intermolecular interactions betwee§)-@ and the L7 from the \sf ‘o0 ¥ °
neighboring antiparallel one-dimensioned chain werecial. TR 0:.7: -
There were three GHO interactions between antiparallel chains. | $ . ‘:’ ‘\J.
The hydrogen atom of the chair carbon $fZ formed a CH-O C-¢ "‘ 8¢® ‘g
interaction with the ester carbonyl oxygen atom &f from the o9 ‘. e e €
same neighboring antiparallel one-dimensioned chéime - &

CH-O distance was 2.319 A Fig. S5). The keto Carbonyrig'4' Geometries of the diastereomeric salts. gP(-7 and (b) R)-2-L-7.

oxygen atom of -2 also formed a CHO interaction with the 2.4.Effects of solvent on the optical resolution
methyl hydrogen atom of [- from the same neighboring
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Suitable resolution solvents could enhance therant®n
between the racemic substrate and the resolutiont.age this
case, the DCM-PE solvent system might provide adpfuobic
environment for the highly selective interactionvibeen L7 and
rac-2. Two adjacent parallel chains might form a hydrdgpbo
channel by the cyclohexyl group @&){2 (Fig. S6).The distance
between two cyclohexyl groups ofS{2 was 6.901 A.
Coincidentally, the molecular lengths of n-pentam® n-Hex
were 6.793 A and 8.047 A, respectively (Fig. S7)wdts thus
inferred that the n-pentane molecule might conmgctohexyl
group through hydrophobic interaction and promotee t
formation and enhance the stabilization of the oe&nThese
might also be the reason for that the PE or n-pentzould
trigger the formation of the less-soluble salt in dCbut the
longer n-Hex exerted low resolving capability.

In the crystal of diastereomeric salt, EtOH onlynfied an H-
bond with the carboxyl group of - Moreover, when only EtOH
was used to dissolve T-and §)-2 for the recrystallization, no
precipitate appeared. It is thus regarded that Et@jthtattribute
little to the chiral recognition but could promotee crystal
growth of the less-soluble salt.

2.5.Large scale optical resolution and absolute configion
assignments of enantiopu?e

With the optimized condition in hand, we applietbiprepare

spectra combined with TDDFT calculation has become a
powerful tool to stereochemical stddyin this work, this method
was also adopted to confirm the absolute configomati of
enantiopure (Fig. 5). Albeit slightly blue-shifted by 5 nm ihe
range of 280-200 nm, the calculated ECD spectraodeymed all

the Cotton effects (CEs) appeared in the experiai&€D of the
corresponding sterecisomerdf

2.6.Preparation and absolute configuration assignmeritfoar
stereoisomers df

Four diastereoisomers @fwere prepared by the reduction of
enantiopure?, followed by the separation of the silica gel cotum
chromatography. Stereo-selectivity was observedtoiroduring
the reduction by NaBH since §-2 tended to give (§2'R)-1
and (552'9-1 at a ratio of 4:1. This priority might be due ket
difference between steric hindrances encountered thogy
reduction agent from two sides of the large plamamatic ring.
Chiral HPLC analysis ofac-1 showed four peaks at 9.78 min,
11.93 min, 18.71 min, and 21.15 min (Fig. S9).

ECD method and quantum chemical calculation werglyfirs
tried to establish the absolute configurations df the
stereoisomers of. Nevertheless, since the C2’ atom is far from
the aromatic chromophore and exerts little effecttioe ECD
spectra, two isomers with the same C5 configurationlevgive
quite similar ECD spectra. Both experimental andotégcal

the optical pure in a large scale. By using two commercially ECD spectra verified the presumption (Fig. 6). Whemparing

available resolving agents Dand L7, two enantiomers afac-2
was obtained in a good efficiency in a gram scalabl@ 3).

the ECD spectra of optical purk and 2 with the same C5
configuration, it was obvious that the C2’ chiralithanged the

Compared with DCM-PE solvent, using DCM of n-pentanesign of the CE at 300 nm.

solvent as resolution solvent could get betterdyiela short time
and with great resolution effect (e.e. > 99%, gffta0.7).

24 4

- - - Calc. ECD for (S)-2
r - - - Calc. ECD for (R)-2
Exp. ECD for (S)-2
Exp. ECD for (R)-2

24
200

T T 1
300 350 400

Wavelength (nm)

T
250

Fig. 5. Comparison of experimental and theoretical ECD spec

for four stereoisomers @&

Although the optical pure stereocisomer2obbtained using L-

7 could be assigned & configuration according to the single

crystal of diastereomeric salt, it is more convmggito use
another independent method to verify the stereodam
characterization. Nowadays, electronic circular didm (ECD)

Table 3. Enantioseparation @hc-2 with acidic resolving agents.

104 - - -Calc. ECD for (55,2'R)-1
- = - Calc. ECD for (55,2'S)-1
- = - Calc. ECD for (5R,2'S)-1
- - -Calc. ECD for (5R2'R)1
Exp. ECD for (55,2'R)-1
Exp. ECD for (55,2'S)-1
Exp. ECD for (5R,2'S)-1
Exp. ECD for (5R2'R)-1

T
300 350 400

Wavelength (nm)

Fig. 6. Comparison of experimental and theoretical ECD spec
for four stereocisomers df

The establishment of C2’' configuration fell backteansition
metal method developed for the chiral secondarghaits™. The
absolute configuration at the C2' atom could be uted
unambiguously from the induced ECD (ICD) data of ithsitu-
formed RR(CF,COO), complexes of enantiopufe

Entry rac-2 Resolving agent Conditiohs e.e. (%) Yield (%) eff

1 2.14 mmol D7 (1.5 equiv.) DCM:PE = 13:1 (14.3 LmdI) 98.75 R) 61 0.60
2 7.85 mmol L7 (1.5 equiv.) DCM:PE = 13:1 (14.3 L/mdl) 99.61 0 56 0.55
3 1.0 mmol D7 (1.5 equiv.) DCM:n-pentane = 13:1 (14.3 L/nfol)  99.98 R) 70 0.69
4 2.85 mmol L-7 (1.5 equiv.) DCM:n-pentane = 13:1 (14.3 L/nfol)  99.93 § 68 0.67

2 The amount of solvent relative to the amountaaf2 is shown within the parenthesisThe process of keeping slow volatilization in rommperature for 3 to
24 h, and the precipitation was washed twicEhe process of keeping slow volatilization in roeemperature for 2 to 6 h, and the precipitatiors washed
once or twice!? e.e. was determined by chiral HPLC analysedf = e.e.%X yield%/10000.



The ICD of components at 11.93 min and 18.71 mipldied
a positive CE at around 340 nm (Fig. 7), indicatimgt C2’ atom
on their structures could be assignedSasonfiguration. Both
other peaks gave negative CEs at around 340 nrhenlGD
spectra, leading to the assignments of their C2mat asR
configuration. Thus, four stereoisomers were obthimad their
absolute configurations were firmly established.

20+
——ICD of (652'R)-1

(

——ICD of (552'S)1
——ICD of (5R2'S)-1
——ICD of (5R2'RI1

10

CD (mdeg)

-10 4

-20
300

T T T 1
350 400 450 500

Wavelength (nm)

Fig. 7. ICD spectra induced by RICFRCOQ), complexation
with four stereoisomers df.

2.7.Effect of stereochemistry on IDO1 inhibitory activity

The inhibitory activity assessment resultsad-1 and its four
stereoisomers against IDO1 enzymatically and in HEK@SIB
are listed in Table 4. It is obvious thatS(B R)-1 possessed the
most potent IDO1 inhibitory activity with kg < 0.001puM in
both assessments. Another isomer with
configuration displayed moderate activity againSOL, while
the inhibitory activity was totally lost in the othéwvo isomers
with C5 position aR configuration. This result is in coincidence
with Peng’s report against IDO1 at the level of isedaenzyme,
which showed that §2'R)- and (%5,2'S)- isomers significantly
contributed to the IDO1 inhibitory activify

Table4. IDO1 inhibitory activity ofrac-1 and its stereoisomers in vitro.

ICs0 (UM)

Entry

rhiDO1 HEK293T cell
rac-1 0.517 0.76
(552'9-1 0.329 0.29
(5S2'R)-1 <0.001 <0.001
(5R2'R)-1 > 100 > 100
(5R2'9-1 > 100 > 100

Table5. IDO1 inhibitory activity ofrac-1 and its stereoisomers in mouse.

Specific metabolic rate (%)

Entry 0h 15h
vehicle 1.830.64 2.1%0.51
rac-1 1.42:0.22 1.240.08"
(552'9-1 1.66:0.27 0.720.15"
(5S2'R)-1 1.45:0.10 1.0%0.07"
(5R2'R)-1 1.33:0.35 1.360.20
(5R2'9-1 1.610.26 1.530.27

# Specific metabolic rate (%) =k{/Cmp x 100%, and values are represented
as meang S.D.Compared with vehicle group,P < 0.05," P <0.01," P
< 0.001.

5

Thinking of the complexity of biological metabolisgystem
and the original function of IDO1 enzyme, it mightieasonable
and acceptable that the tremendous difference of ID@ibitory
activity between these stereoisomers reduced gr@athpouse
(Table 5). Nevertheless, both isomers withonfiguration at C5
position showed significant IDO1 inhibitory activitypmpared
with vehicle group and two other isomers’ groups.atii. It is
thus inferred tha® configuration at C5 position is crucial for the
in vivo inhibitory activity against IDO1, while the 2C
stereochemistry shows less affection.

3. Conclusion

In this study, we carried out the direct enantiosgparation
of rac-2 by using di-p-toluoyl-L-tartaric acid () in
dichloromethane of petroleum ether or n-pentaneestl The
special solvent system provided a suitable conditior the
interaction betweenac-2 and L, including salt bond, H-bond,
CH--x interaction, CH-O interaction and---= interaction, which
caused the highly selective combination and theecéffe
resolution. Absolute configurations of all stereoigss ofl and
2 were assigned by single crystal X-ray diffractioomparison
of experimental and theoretical ECD spectra, anusitan metal
methods. The IDO inhibitory activity of each stereoigr ofl in
vitro and in mouse plasma demonstrated Shaonfiguration of
C5 played great role on the IDO1 inhibitory activityhile the
stereochemistry on C2' exerted little effect on tidibitory
activity of IDO1 in mouse plasma.

4, Experimental section

the same C

.1.Materials and methods

Reagents and solvents were purchased from Energy
Chemistry, and J&K Chemical. All commercial produgisre
used without further purification. The reactions warenitored
by thin layer chromatography (TLC). The silica galumn
chromatography was carried out with 300—400 meshasiiel.
Melting points were measured on a RY-2 digital meltpoint
apparatus. Chiral HPLC analysis was performed usidgszo
LC-2000 HPLC instrument with a UV detector (MD-2010dan
an auto sampler (AS-2055). Separation was implemented
Daicel Chiralpak AD-H column (4.6 x 250 mmyur&) or Daicel
Chiralcel OD-H column (4.6 x 250 mmu®). NMR spectra
were recorded on Joel ECZ-400S NMR System or Bruker
Avance-lll 500 NMR spectrometer in CDGdr DMSO4s. ESI-
HRMS data were collected on the Thermo Exactive Caitr
mass spectrometer. Optical rotations were obtaineng uan
INESA SGW-5 automatic polarimeter at D line at room
temperature. ECD spectra were recorded on a Jasgib J-
spectrometer in methanol. X-ray crystallographic adatere
collected on an Oxford Gemini E diffractometer witraghite
monochromated Cu-iradiation.

4.2.Synthesis of rac-1-cyclohexyl-2-(5H-imidazo[5,1-aljilol-
5-yl)ethanone (ra®

The synthesis of rac-1-cyclohexyl-2-(5H-imidazo[5,1-a]
isoindol-5-yl)ethanonerdéc-2) followed the reported procedure
with necessary modificatiohsRac2 was purified by silica gel
column chromatography using PE and EA as elutewte rgic-2
with a yield of 51%. Yellow solid, m.p.: 88 81.9C. 'H NMR
(400 MHz, DMSO#d): 3 (ppm) 7.56 (d, 2HJ = 6.0 Hz), 7.45 (d,
1H, J=7.6 Hz), 734 (t, 1IH) =75 Hz), 7.23 (t, IH) = 7.5
Hz), 7.08 (s, 1H), 5.54 (dd, 1d,= 8.4, 4.0 Hz), 3.42 (dd, 18,
= 18.8, 4.0 Hz), 3.04 (dd, 1H,= 17.6, 8.0 Hz), 2.40 (m, 1H),
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1.84 — 1.52 (m, 5H), 1.28 — 1.12 (m, 5H). ESI-HRMScddor
CigH21N,0O [M+H]" 281.1648, found 281.1646.

4.3.Synthesis of rac-5-(2-hydroxylcyclohexylethyl)-Biidazo
[5,1-a]isoindole (raci)

The synthesis of rac-5-(2-hydroxylcyclohexylethyl)-5H-
imidazo[5,1-a]isoindoler&c-1) followed the reported procedure
with necessary modificatiohsRac1 was purified by silica gel
column chromatography using PE and EA as elute wyiikld of
80%. White solid, m.p.: 158 159C. 'H (500 MHz, CDC] for a
mixture of two pairs of diastereoisomersm, majorfmia 4/1)3
(ppm) 7.94 (s, 1H, minor), 7.89 (s, 1H, major)58/(d,J = 7.5
Hz, 1H), 7.48 (dJ = 7.5 Hz, 1H), 7.41 () = 7.5 Hz, 1H, major),
7.38 (s, 1H, minor), 7.27 (s, 1H), 7.21 (s, 1H), 585/ = 12.0
Hz, 1H, minor), 5.41 (tJ = 6.0 Hz, 1H, major), 3.86 3.80
(m,1H, minor), 3.80- 3.76 (m, 1H, major), 2.28(s,1H), 2.20
2.18 (m, 1H), 1.80- 1.69 (m, 5H), 1.30-1.04 (m, 6H). ESI-
HRMS: calcd for GgH,aN,O [M+H]* 283.1805, found 283.1805.

4.4, Chiral resolution of rac2

Rac2 (2.20 g, 7.85 mmol) and resolving agent/§4.55 g,
11.78 mmol) were dissolved in DCM (104 mL). PE (hB) was
added to the mixture and stirred at room tempegdtur24h. The
precipitated salt was collected by filtration and hexsby 20 mL

Tetrahedron

n-Hex/EtOH = 85:15, 2T, 1.0 mL/min, §5R2'R) = 9.78 min;
tr(5R,2’S) = 11.93 min; 4(552'S) = 18.71 min; §(5S2'R) =
21.15 min).

4.5.1.(R)-5-((R)-2-hydroxylcyclohexylethyl)-5H-
imidazo[5,1-a]isoindole ((5R,2'R))

White solid, m.p.: 142 143C. 'H NMR (400 MHz, CDC)): §
(ppm) 7.88 (s, 1H), 7.50 (d,= 7.6 Hz, 1H), 7.36 — 7.29 (m, 2H),
7.24 —7.19 (m, 1H), 7.15 (s, 1H), 5.49 (dd; 10.8, 2.8 Hz, 1H),
3.79-3.74 (m, 1H), 3.40 (s, 1H), 2.23 (m, 1H), 1.90 i), 1.81
— 1.59 (m, 5H), 1.29 — 0.92 (m, 6HYC NMR (125 MHz,
CDCly): 8 (ppm) 145.50, 137.60, 132.66, 130.02, 128.56,6026.
124.15, 120.25, 117.89, 73.26, 59.35, 44.76, 4@9&0, 28.21,
26.61, 26.38, 26.29. ESI-HRMS: calcd forgd,sN,O [M+H]"
283.1805, found 283.1805],*° = -20.9 (c = 0.3, EtOH). ECD
(CH;OH): Ae 267.5 (2.41), 246.51.39), 231.52.51), 203.0
(+6.05).

4.5.2.(S)-5-((S)-2-hydroxylcyclohexylethyl)-5H-
imidazo[5,1-a]isoindole ((5S,2’'S])

White solid, m.p.: 141-14Z. '"H NMR (400 MHz, CDC)): &
(ppm) 7.91 (s, 1H), 7.52 (d,= 7.2 Hz, 1H), 7.34 () = 8.0 Hz,
2H), 7.23 (tJ = 8.0 Hz, 1H), 7.17 (s, 1H), 5.49 (diiz 10.4, 2.8
Hz, 1H), 3.78 (m, 1H), 2.95 (s, 1H), 2.27-2.19 (m,1H§$911.86
(m,1H), 1.83 — 1.59 (m, 5H), 1.30 — 0.93 (m, 6H& NMR (125

DCM. The residue was then suspended in 20 mL watet, arMHz, CDCL): & (ppm) 146.05, 137.91, 133.37, 129.80, 128.50,
saturated NACO; aqueous solution was added to adjust pH valud26.79, 123.35, 120.26, 117.78, 71.19, 58.52, 443072,

to 9-10. The solution was extracted with DCM (20 mB)xand
dried over anhydrous NaO,. After removal of the solventRy-2
(0.62 g, 2.21 mmol, 99% ee, 56% yield) was obtamegellow
oil. The yield was calculated based on a half amainiac-2
initially used. The enantiomer excess was determimedhiral
HPLC analysis (Daicel Chiralcel OD-H, 2D, n-Hex:2-propanol
= 90:10, 1.0 mL/min,(R) = 28.71 min, (S = 20.31 min).*H
NMR (400 MHz, DMSO€): & (ppm) 7.55 (d, 2HJ = 7.2 Hz),
7.44 (d, 1HJ = 7.6 Hz), 7.34 (t, 1H] = 7.6 Hz), 7.22 (t, 1H] =
7.6 Hz), 7.08 (s, 1H), 5.54 (dd, 18,= 8.4, 4.0 Hz), 3.41 (dd,
1H, J = 18.4, 4.4 Hz), 3.03 (dd, 1H,= 18.4, 8.8 Hz), 2.40 (m,
1H), 1.83 — 1.51 (m, 5H), 1.32 — 1.05 (m, 5HC NMR (125
MHz, DMSOd): & (ppm) 212.11, 145.53, 137.66, 133.35,
130.05, 129.02, 124.51, 120.23, 118.59, 56.68, H659.15,
46.72, 40.31, 28.37, 26.05, 25.66. ESI-HRMS: calat f
CigH21N,O [M+H]* 281.1648, found 281.1646a1]p>° = +81.0 (c
= 0.5, CHOH). ECD(CHOH): Ae 296.5 (+2.03), 265.5-2.30),
226.5 (3.81), 200.0 (+19.58).

By the same way, using Las resolving agent to resolvest-
2 (1 g, 3.57 mmol) obtained)-2 (0.28 g, 1.00 mmol, 99% e.e.,
56% yield). Yellow oil."H NMR (400 MHz, DMSO¢): & (ppm)
7.56 (t, 2H, J = 4.8 Hz), 7.45 (d, 1Bl 4.4 Hz), 7.34 (t, 1H]) =
8.0 Hz), 7.22 (t, 1HJ = 8.0 Hz), 7.08 (s, 1H), 5.54 (dd, 18i=
9.2, 4.8 Hz), 3.41 (dd, 1H, = 18.4, 4.4 Hz), 3.04 (dd, 1H,=
18.8, 8.8 Hz), 2.40 (m, 1H), 1.87 — 1.45 (m, 5H), :=3R02 (m,
5H). *C NMR (125 MHz, DMSOd,): & (ppm) 212.90, 145.35,
137.38, 133.16, 129.86, 128.85, 126.85, 124.33,062118.41,
56.14, 49.97, 46.53, 39.96, 28.21, 25.86, 25.48-HFOVIS:
calcd for GgHN,O [M+H]* 281.1648, found 281.1646]p* =
-85.6 (c = 0.9, CEDH). ECD (CHOH): At 296.5 ¢2.03), 267.0
(+2.47), 228.5 (+3.96), 200.620.67).

4.5.General procedure for the preparation of enantiopGré2-
hydroxylcyclohexylethyl)-5H-imidazo[5,1-a]isoind¢B

29.04, 28.51, 2657, 26.2518.66. ESI-HRMS: calcd fo
C1gH23N,0 [M+H]* 283.1805, found 283.180%]p>° = +21.1 (c

= 0.6, EtOH). ECD (CKDH): Ae 265.0 (+2.28), 245.5 (+1.37),
229.5 (+2.52), 204.0-4.15).

4.5.3.(S)-5-((R)-2-hydroxylcyclohexylethyl)-5H-
imidazo[5,1-a]isoindole ((5R,2'S})

White solid, m.p.: 139 140°C. '"H NMR (400 MHz, CDCJ): &
(ppm) 7.81 (s, 1H), 7.49 (d, J = 7.2 Hz, 1H), 7.42)(¢, 7.6 Hz,
1H), 7.32 (t, J = 7.6 Hz, 1H), 7.20 (t, J = 7.6 Hz, 1HL1 (s,
1H), 5.35 (t, J = 6.4 Hz, 1H), 3.79 — 3.70 (m, 1H)53(&, 1H),
2.13 (m, 1H), 2.01 (m, 1H), 1.74 (m, 5H), 1.29 — O(88 6H).
¥C NMR (125 MHz, CDGJ)): & (ppm) 145.50, 137.60, 132.66,
130.02, 128.56, 126.60, 124.15, 120.25, 117.89267359.35,
44.76, 40.96, 29.20, 28.21, 26.61, 26.38, 26.29-HFBVS:
calcd for GgH,aN,O [M+H]* 283.1805 found 283.1805],* =
-38.2 (c = 0.6, EtOH). ECD (GJ@H): Ae 268.0 (2.73), 245.0
(-1.35), 231.542.78), 202.0 (+8.21).

4.5.4.(R)-5-((S)-2-hydroxylcyclohexylethyl)-5H-
imidazo[5,1-a]isoindole ((5S,2'R})

White solid, m.p.: 139- 141°C. '"H NMR (400 MHz, CDC)): &
(ppm) 7.95 (s, 1H), 7.54 (d,= 7.6 Hz, 1H), 7.43 (d] = 7.6 Hz,
1H), 7.36 (t,J = 7.2 Hz, 1H), 7.27-7.23 (m, 1H), 7.17 (s, 1H),
5.38 (t,J = 6.0 Hz, 1H), 3.77 — 3.69 (m, 1H), 2.21 — 1.94 (m,
2H), 1.85 — 1.59 (m, 5H), 1.46 — 0.82 (m, 6HC NMR (125
MHz, CDCk): & (ppm) 145.25, 137.64, 132.68, 129.92, 128.76,
126.84, 124.12, 117.47, 120.45, 77.49, 73.60, 594063,
40.62, 29.11, 28.01, 26.55, 26.20, 18.65. ESI-HRRcd for
CigH2aN,0 [M+H]* 283.1805, found 283.18051]p>° = +38.8 (c
=0.7, EtOH). ECD (CKDH): Ae 267.5 (+2.51), 246.0 (+1.42),
231.5 (+2.46), 203.0-7.43).

4.6.Single crystal X-ray analysis

X-ray crystallographic data were collected on the @kfo

Enantiopure2 was treated in the same way as its racemate tw@&emini E diffractometer with graphite monochromatea-ka

give four enantiopure stereoisomersloéfter silica gel column
chromatography. The enantiomeric excess of eadhabgurel
was determined by an HPLC analysis (Daicel Chiralp@kH

radiation. The structure was solved by a direct methsing
Shelx97 and refined by SHELXL-2014/7 program. Crysiata
for (§-2-L-7-2EtOH: G, HsN,0,1, M = 758.84, orthorhombi@



= 13.3264(7) Ab = 15.6600(11) Ac = 19.3842(10) AU
4045.3(4) A3,T = 106.5 K, space group 222;, u(Cu Ka)
0.741,Z = 4, 13929 reflections measured, 7637 unigig €
0.0221) which were used in all calculations. The Ifiw&(F2)
was 0.1004 (all data). Crystallographic data for gtrectures in

7
mM using 50% acetonitrile. The pure water with diéfetr
concentration of Trp and Kyn solution (1) and the internal
standard (Inderal, 0.2g/mL, 170uL) were mixed, followed by
the centrifugation (14000 rpm x 5 min) twice. Theaunate (3
pL) was analyzed by LC/MS/MS, the condition of whichswes

this paper with deposition numbers CCDC 1570864 can bfollows: Zobax C18 (2.1 mm x 100 mm, duf) column, 37C,

obtained free of charge from the Cambridge Crysgatphic
Data Centre via https://www.ccdc.cam.ac.uk/structures/.

4.7.Quantum-chemical calculation

Absolute configurations at C5 atom on enantioplr@nd 2
were assigned by comparison of experimental ECD sp&dth
their theoretical ECD spectra obtained by quantuewtbal
calculations using Gaussian 09. Conformational amaland
ECD calculations were carried out according to thevipusly

reported protocolé. For each main stable conformer (Boltzmann

distribution > 1%), sixty lowest electronic transits were
obtained using combinations of hybrid functionatsl &éasis sets

including B3LYP/6-31+G(d,p) and Cam-B3LYP/6-31+G(d,p)

approaches. Solvent effects were taken into corstide by
using polarizable continuum model (PCM) for metHansing
the dielectric constants of 32.613. The overall E<plectra were

then gained at the bandwidth = 0.35 eV according to the

Boltzmann average of each conformer.

4.8.1DO1 inhibitory activity assessment

4.8.1.Enzyme-based IDOL1 inhibitory activity assay

The inhibitory activity of the compounds against H2Qwvas

determined as previously reportddA standard reaction mixture

(200 pL) containing 0.05uM rhIDO-1, 200ug/mL catalase, 20
uM methylene blue, 100 mM potassium phosphate bufer
6.5), and 40 mM ascorbic acid (neutralized with NaQ¥#s
added to the solution containing the substrate p.dnd the test
sample at a determined concentration. The reactias
performed at 37C for 45 min and stopped by adding @20 of
30% (w/v) trichloroacetic acid. After heating at*’65for 15 min,

100 pL of 2% (w/v) p-dimethylaminobenzaldehyde (DMAB) in 4.

acetic acid was added to each well. The yellow pigrdenived

from Kyn was measured at 492 nm using a Synergy-H»-
¢ was analyzed using the

microplate reader (BioTek).
GraphPad Prism 6.
4.8.2. HEK293T cell-based IDO1 inhibitory assay

The assay was performed according to a reported anféth
HEK293 cells were seeded in a 96-well culture plate dénsity

of 2x10 cells/well and cultured overnight. The HEK293 cells
using 7

were then transfected with pcDNA3.1-hIDO-1
Lipofectamin 3000 according to the manufacturem'striuctions.
At 16 h after transfection, a serial dilution of thested

acetonitrile/water (0.1% formic acid), 0.2 mL/minm/z
204.9-188 (Trp), m/z 208.8-192.1 (Kyn), m/z 260—183
(Inderal as internal standard).

Thirty mice were divided randomly into six groupsive~
groups were fed respectively by 9 mg/mL 0.5% CMGpsasion
of five tested samples, in which tween was used ferassisted
dissolution. Orbital blood collection was carried gumediately
and after 1.5 h. The serum samples (1§, 20 pL acetonitrile
and the internal standard (Inderal, u@/mL, 170 uL) were
mixed, followed by the centrifugation (14000 rpm xnfn)
twice. The supernate (@) was analyzed by LC/MS/MS.

Supplementary Materia

Single crystal X-ray diffraction, chiral HPLC analysNMR, and
ESI-HRMS spectra for compound$2 are included. This
material is available free of charge via the Inétret https://.
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