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1. Introduction

Design and development of HIV-1 protease inhibitord their
introduction in combination therapy represent aan@jnovation
for the treatment of HIV-1 infection and AIDS. These
combination antiretroviral therapies (ART) signditly improve
the life expectancy of HIV-1 infected patiefitsThe mortality rates
for HIV/AIDS patients who are treated with ART, leabecome
close to those of the general populafitiowever, the majority of
approved protease inhibitors in ART have limitaiafue to rapid
occurrence of resistant strains, high pill burdems other side
effects’® The last FDA approved protease inhibitor, daruné
Figure 1), has significantly improved propertié§ Darunavir has
been shown to maintain excellent potency agaifssbad-spectrum
of highly multidrug-resistant HIV-1 variants!® Darunavir and
related derivative TMC126 2] were specifically designed to
promote extensive hydrogen-bonding interactionsh wilV-1
protease backbone atofis! Indeed, the X-ray structure of
darunavir-bound HIV-1 protease revealed these catitiigand-
binding site interactions which are now furtherlizéid in our

molecular desigh®*® The design of protease inhibitors continue toaminothiochromane

be an important area of research. There are reepotts of novel
Pls incorporating P2/P2igands™’ % Pls were also designed with
new P1 and P2ligands®* Recently, a new class of piperazine

derived non-peptide inhibitors have been repdttéd.
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Figure 1. Structure of protease inhibitots3, 4e.

In our continuing studies towards the design anmdh®sis of
new class of PIs, we have structure-based designeahge of
exceptionally potent Pls with intriguing moleculdeatures
including, GRL-6579, GRL-02031, GRL-0519, and moeeently
GRL-0142"*?%These inhibitors exhibit broad-spectrum antiviral
activity against highly multidrug-resistant HIV-1utant strains and
also show high genetic barrier to resistafiédIn these inhibitors,
we incorporated a variety of cyclic ether-derivedhplates as the
P2-ligand attached to the hydroxyethylamine sulfoida isostere
with a urethane functionalify. The major design concept behind
these Pls is to promote extensive hydrogen bondgitigthe HIV-1
protease active site backbone atoms like a moleaiab™*
Recently, we and others reported a variety of as#einhibitors
with benzoic acid amide derivatives as the P2-liigdh* These
inhibitors were designed based upon the X-ray siras of FDA

approved inhibitors darunavir and nelfinavir-bouta HIV-1
proteaseé>®® Our efforts led to very potent inhibitors with
picomolar enzyme inhibitory activity and low nandaroantiviral
activity. The X-ray structural studies of a numbef these
inhibitors provided structural insights into thgdnd and HIV-1
protease interactions, particularly in the activite sof the
enzyme'>**We have now further explored these molecular hisig
and we report the design, synthesis, biologicaluai®mn, and X-
ray structural studies of a new series of proteagebitors
incorporating stereochemically defined aminothiochane and
aminotetrahydronaphthalene carboxamide derivatigesthe P2
ligands.

2. Results and discussion
2.1Chemistry

Based upon the X-ray structures of darunavir-botiid-1
protease and nelfinavir-bound HIV-1 protease, weigied 4-
and
carboxamide derivatives as the P2 ligand. The sgighof 4-
aminothiochromane-6-carboxylic acid in opticallytiee form is
shown in Scheme 1. Reaction of 4-mercaptobenzait methyl
ester5 with 3-bromopropionic acid in the presence of giyre at
80 °C for 1 h provided the corresponding alkylapedduct. The
resulting acid was reacted with polyphosphoric §BBA) at 65 °C
for 6 h to afford 4-oxothiochromane derivatie® Reaction of
ketone6 with commercially availableR)-(+)-2-methyl-2-propane
sulfinamide in the presence of Ti(OEi THF at 70 °C furnished
sulfinyl imins 7. Imine derivative7 was reduced with NaBHn
a mixture of THF and water at -50 °C to afford admie (3:1) of
diastereomeric sulfonamid&and9 in 78% combined yield. The
diastereomers were separated by silica gel chrgraby to
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Scheme 1. 4-Aminothiochromane-6-carboxylic acid

4-aminotetrahydronaphthalene



provide R-sulfinyl inamide8 as the major product. Sulfinami@e
was treated with HCI (6 M solution in isopropaniol)methanol at
23 °C for 1 h to provide the corresponding amindrbghloride
salt. Reaction of this amine salt in gk, with BogO in the
presence of triethylamine afforded Boc- protectaing derivative
10. Saponification of the ethyl ester with aqueou®Hi provided

separated by silica gel chromatography using 30%l etcetate in
hexanes as the eluent. Reductiorl®fwith L-selectride at 0 °C to
23 °C for 3 h afforded only disatereoniérin 96% yield.
Treatment of sulfinamidel5 with HCl (6M solution in
isopropanol) in methanol at 23 °C for 2.5 h affatdéhe
corresponding amine which was reacted with Boio the presence

carboxylic acid1l. For the synthesis of the enantiomeric amineof EtN in CH,CI, at 0 °C to 23 °C for 12 h to provide optically
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Scheme 2. Synthesis of 8-amino-5-hydroxy-
tetrahydronaphthalene-2-carboxylic acid.

derivative ent11 (enantiomer of compoundl), 4-oxochromane
derivative 6 was reacted with commercially availablg)-(-)-2-
methyl-2-propane sulfinamide to obtain the corresiimg imine
which was reduced with NaBH to provide mixture of
diastereomers. Separation of diastereomers folldweceaction of
the major isomers with 6 M HCI, and protection ofiae as 88oc
derivative, and aqueous LiOH hydrolysis as desdrilabove
resulted in enantiomeric acaht11.

The synthesis of optically active amino-
hydroxytetrahydronaphthalene carboxylic acids isovah in
Scheme 2. Commercially available bromotetralé@evas reacted
with (R)-(+)-2-methyl-2-propane sulfinamide in the preseraf
Ti(OEt), in THF at 66 °C for 10 h to provide sulfinyl imiri8 in
87% vyield. Reduction a3 with NaBH, in a mixture of (98:2) THF
and water at -50 °C to 23 °C for 3 h providedand15 in 2:1 ratio
in 94% combined vyield. The diastereomeric sulfirdesi were

active Boc-derivativel6 in 85% vyield over two-steps. For
introduction of the 5-hydroxyl group, Boc-amine igative 16 was
oxidized using KMnQin the presence of MgS@n acetone at 0 °C
to 23 °C for 8 h to furnish the corresponding br&stone
derivative in 61% yield. Treatment of the resultimmoketone in
methanol in the presence of catalytic amount Pd(@A2 mol%)
xantphos (4 mol%) and excess ofNEunder a CO-filled balloon at
70 °C for 3.5 h provided methyl ester derivatifein 80% vyield>®
Ketoesterl7 was converted to the corresponding Boc-aminoalcoho
derivative by a catalytic transfer hydrogenatioact®n using the
Noyori catalyst RuCNleg[R,Rts-dpen] in DMF in the presence of
formic acid and EN at 60 °C for 12 h to afford the corresponding
alcohol as a single diastereomer in 94% y#fd Saponification of
the resulting methyl ester with 1N aqueous LiOHTIHF in the
presence of a few drops of MeOH at 23 °C for 12fforded
carboxylic acid 18 in 89% yield. Furthermore, reduction of
ketoester 17 with RuCl@p-Cym)[S,Sts-dpen] under the same
reaction conditions mentioned above, provided tiastdreomeric
alcohol as a single diastereomer in 93% yield. Basster
hydrolysis furnished ligand acitb. The synthesis of enantiomeric
ligand carboxylic acicent18 was carried out from commercially
available methyl 8-0x0-5,6,7,8-tetrahydronaphthed@n

s oH P‘ OMe
OH + HzN\/\/N s

H"- N
N B O O
NHBoc (¢]

Ph”

1
(63% )l EDC*HCI, HOBt

DIPEA THF

m- CPBA
(92%)| cHaCly

o, 0
S
OH Me
N\/\/N S

20

OMe

/, \\

_NH (0] ;
Boc Ph 4b
(gs%)i TFA, CHCl,
o, 0
S oM
y oM :
NH, o B
Ph/ 4c
(6] NHBoc
o H
EtO
T/, 4d, 4de, 4f
S

ent-11

Scheme 3. Synthesis of protease inhibitata-f.



carboxylate andS)-t-butyl sulfinamide to provide imine which corresponding enantiomeric ligareht19 was then converted to
was reduced with NaBH to obtain a mixture (2:1) of inhibitors4k and4l as described above. The full structures of these
diastereomers. The major diastereomer was watedra¢ith 6 M inhibitors are shown in Table 2.
HCI to provide the corresponding amine. Protectioh the
resulting amine as Boc-derivative. This was coregrtto 2.2 HIV-1 Protease inhibitory and antiviral actiyit
carboxylic acident18 by following the same sequence of reactions Our preliminary model of inhibitoda that we created in the
as described above. Nelfinavir-bound HIV-1 protease active sitejndicated that the
The synthesis of various inhibitors containing tHR) thiochroman heterocycle withS¢Boc-amine functionality can
hydroxyethylaminesulfonamide isostere and variduschromane interact with Asp29 and Asp30 backbone NHs in tles8bsite,
derivatives as the P2-ligand is shown in Schen@ically active  while the thiochroman moiety would fill the hydragsic pocket.
thiochromane carboxylic acidl with the known aminoalcohol The results of HIV-1 protease inhibitory; Kand antiviral IG,
20”**® was reacted with EDC and HOBt in the presence ofalues are shown in Table 1. The assay protocdifdr1 protease
diisopropyl-ethylamine (DIPEA) in THF at 23 °C f8rh to furnish  activity is similar to the report of Toth and Maaditi* Antiviral
inhibitor 4a in 63% yield. Oxidation of thiochromane derivatd@®  activity was determined in MT-4 human T-lymphoidlee&xposed
with mCPBA in CHCI, at 0 °C to 23 °C for 6 h afforded sulfone to HIV-1y..5 (Subtype B) as described by us previodslyve
derivative 4b in 92% yield. Treatment odb with trifluoroacetic  chose to utilize a hydroxyethylaminesulfonamidesisce with 4-
acid (TFA) in CHCI, at 23 °C for 3 h furnished the amine methoxybenzene sulfonamide as the P2' ligand emhibitor 2. As
derivative 4c in 83% yield. Enantiomeric ligand acehtll was can be seen, inhibitorda with 4-(R)}aminothiochroman
converted to inhibitordd-f as described above. The full structures

of these inhibitors are shown in Table 1. Table 1. Structures and potency of inhibitata-f.2*
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Scheme 4. Synthesis of protease inhibitatg-f.

The synthesis of various aminotetrahydronapthatee/atives
as the P2 ligands is shown in Scheme 4. Couplinga@é
containing Boc-aminoalcohol derivativB8 with amine 20 using
EDCI and HOBt in the presence of DIPEA in THF tmvyde
inhibitor 4g. Removal of Boc-group by exposure to TFA in CH
at 23 °C for 3 h provided inhibitodh with aminoalcohol
functionalities. Coupling of diastereomeric ligardid 19 with
amine 20 under similar coupling conditions afforded inhdvit4i.
Removal of the Boc group with TFA provided inhilsitdj. The

2 All antiviral assays were performed using MTEells and HI\{i4-3
(subtype B). Values are the mean value of at leaseperiments’The
ICso values of amprenavir (APV), saquinavir (SQV), indinalidV),
and darunavir (DRV) were 0.03, 0.015, 0.03, and 0.0,
respectively.

carboxamide as the P2 ligand, showed a HIV-1 psetéahibitory
K; of 26.7 nM, but did not show any appreciable arghactivity



Table 2. Structures and potency of inhibitatg-.**

Entry Inhibitor Structure Ki I1Cso
(nM) (nM)
OH P‘
1 @(H oH 03  >1000
N\/\/N
HN.; . O ph
OH P‘
2 H R /©/ 17 >1000
NH, O pp”
OH
' OMe
3 yooH /©/ 014 254
N\/\/N‘S
HN-Boc O pn” 4i
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' OMe
4 @ﬁfH oR /©/ 006 232
N AN
: oo
NH, (¢] Ph 4
gH
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5 oo PI/G/ 163 >1000
N\/\/N\S
i TN
3 : d o
HN\Boc: O pr” 4k
oH
: on OMe
6 H ! /©/ 1.10 >1000
YK
NH, O’ 4l

2 All antiviral assays were performed using MTEells and HI\{L4-3
(subtype B).” The 1Gy values of amprenavir (APV), saquinavir (SQV),
indinavir (IDV), and darunavir (DRV) were 0.03, 0.015)3.and 0.003
UM, respectively.

(ICso > 1 uM). Since sulfone oxygens are knoftf to form strong

bonding interactions, we oxidized the ring sulfor its sulfone
derivative. The resulting inhibitodb showed improvement of
potency, exhibiting enzyme ;Kof 0.1 nM. It also exhibited
improvement of antiviral activity with an kg value of 476 nM
(entry 2). The removal of the Boc-group providedarine
derivative4c which displayed significant loss of activity (ent).
We then examined stereochemical effect and inhilditowith a 4-
(9-aminothiochroman carboxamide as the P2 liganavedotent
enzyme inhibitory activity with a Kof 0.38 nM. However,
inhibitor 4d did not exhibit appreciable antiviral activity g 1
puM). We oxidized the ring sulfur to its sulfone tative 4e. This
led to significant improvement of enzyme inhibitagtivity with a
K; of 8 pM (entry 5). Inhibitode also showed very good antiviral
activity (ICso = 47 nM). We presume that the improvement of
activity is due to formation of a hydrogen bondothgh one of the
sulfone oxygens of the P2 ligand. Removal of thec-Bmup

Table 3. Selectivity Index for selected inhibitofts.

Inhibitor CCso (uM) Selectivity Inde?
4b >100 >210
4e >100 >2128
4i 33.3 131
4j 35.1 151

@ Each selectivity index denotes a ratio ofse0 1Cso.

provided inhibitor 4f, which showed substantial loss of enzyme
inhibitory and antiviral activity similar to inhitwr 4c (entries 3 and
6). In general, this series of inhibitors showew loytotoxicity
(CCsg) values in MT4 cells. The selectivity index of esled
inhibitors are shown in Table 3.

Figure 2. Stereoview of the X-ray structure of inhibitat (turquoise)-bound HIV-1 protease (PDB code: 6DVA). strong active site
hydrogen bonding interactions of inhibi#d with HIV-1 proteasere shown as dotted lines.



Figure 3. Stereoview of the X-ray structure of inhibittk (green)-bound HIV-1 protease (PDB code: 6DV4). silbng active site
hydrogen bonding interactions of inhibit with HIV-1 proteasere shown as dotted lines.

Since both sulfone derivativelh and4e are significantly more
potent than the corresponding sulfiddss and 4d, we speculated
that one of the sulfone oxygens may have formedrdgeh
bonding interactions with a residue in the active. Ve, therefore,
designed tetrahydronapthalene carboxamide derastiwvith
aminoalcohol substitution on the ring to mimic ih&eractions of
Boc-amine and sulfone functionalities of inhibitée. The results
are shown in Table 2. Inhibitdig with a |®)-hydroxy derivative as
the P2 ligand showed good enzyme activity, butvaati activity
was > 1 pM. The corresponding amine derivativéh is
significantly less potent (entry 2). TheSHhydroxy derivativedi
showed improvement of both enzyme inhibitory andivaal
activity with an 1G, value of 254 nM. The corresponding
aminoalcohol derivative4j exhibited 1-fold improvement in
enzyme activity, but showed comparable antivirdivdg to its

in Figure 2. Inhibitor 4k, on the other hand, contains a
tetrahydronaphthalene carboxamide wit)-Boc-amine and §)-
hydroxyl functionalities as the P2 ligand and aesigiew of the
active site interactions is shownFhingure 3.

In inhibitor 4d-bound HIV-1 protease structure, the bulky
sulfur atom in the thiochroman group provides hypthabic
interactions with the side chains of Asp29, Asp8d de47. The
amide of the carbamate group forms a hydrogen hwin2.6 A
length with the carbonyl oxygen atom of Gly48 ire thap, and
carbonyl oxygen forms a hydrogen bond of 3.4 A WitH, moiety
of guanidinium side chain of Arg8'. As can be séem the X-ray
structure of4d, the significant improvement of enzyme inhibitory
and antiviral activity of the corresponding sulfoderivative 4e
could be due to formation of hydrogen bonding iat¢éions of the
sulfone oxygens with the backbone NH’s of Asp29 a&sp30

Boc-derivativedi. We also examined the stereochemical effect ofocated in the S2 subsite. Théutyl group forms van der Waals

the Boc derivativetk and the corresponding amine derivatile
Both compounds were less potent.

2.3 X-Ray Crystal structure of inhibitor-bound HI\protease

To obtain molecular insight into the ligand-bindirgite
interactions, we set up co-crystallization experitaewith several
inhibitors and HIV-1 proteas@. The X-ray structures were
obtained for the wild-type HIV-1 protease co-crilizad
independently with inhibitorsld (GRL-02815A) and4k (GRL-
04315A) and were refined to a resolution of 1.2Gdd 1.14 A,
respectively. The protease dimer structures werng sieilar to the
darunavir-bound HIV-1 protease compigwith a RMSD of 0.15

interactions with the hydrophobic side chains a§&r, Val82 and
Phe53. In the inhibitodk-HIV-1 protease complex, the hydroxyl
oxygen on the cyclohexane ring is in an equivalecétion to the
methoxy oxygen of the PZ3igand and forms similar hydrogen
bonds with the main chain amides of Asp29 and Asp&0 bond
lengths of 3.5 A and 3.1 A, respectively, and a&I8ng hydrogen
bond with the carboxylate oxygen of the Asp30 sitiain. The
different chiral orientation relative to inhibito#d shifts the
carbamate away from the flap residue Gly48. Thbaraate amide
and carbonyl oxygen can only form hydrogen bondsovie or two
water intermediates to the amide atom of Asp29 math chain
oxygen and amide of Gly49, respectively. The teahinbutyl
group embeds between the side chains of Arg8’, Peotl Val82,
forming a C-H.x interaction with the guanidinium group of Arg8’

A for 198 equivalent & atoms, and the largest disparity of aroundand van der Waals interactions with Pro81 and Val8Phese

0.4-0.6 A. In both structures, the active site e protease dimer
was occupied by two alternate conformations ofhitbr related by
180° rotation with a relative occupancy of 0.6000.4he two
inhibitor conformations show similar interactiongwthe protease,
hence details are given for the major conformativith the
exception of the P2 ligand, both inhibitors retdive hydrogen
bonds observed between darunavir and the main citaims of
protease. These inhibitors have distinctly différeg ligands from
the bis-tetrahydrofuran in darunavir. Inhibiteld contains a
thiochroman heterocycle withSf-Boc-amine functionality as the
P2 ligand and a stereoview of the active site auéons is shown

differences in the P2 group may contribute to tifehitor potency
against HIV-1 protease.

3. Conclusion

In summary, we have reported the structure-bassijmiend
synthesis of a series of HIV-1 protease inhibitorsorporating
stereochemically defined amino-thiochroman and
aminotetrahydronaphthalene carboxamide derivatiessthe P2
ligands. We have investigated various stereoisorirergrder to
promote effective hydrogen bonding interactionshwitackbone
atoms in the S2 subsite. These functionalized tganvere



synthesized stereoselectively in optically actigenf by reduction
of chiral sulfinamide derivatives. Also, Noyori tsfer
hydrogenation using chiral ruthenium catalyst pided selective
reduction of the 8-amino-5-tetralone derivatives tthe
corresponding  5-hydroxy-naphthalene  derivatives. idem
derivatives of these ligands on a hydroxyethylamgnéonamide
isostere provided potent inhibitors. Inhibitats and 4j exhibited
very potent enzyme inhibitory activity in the picolar range.
These inhibitors have also shown very good antiaddivity. To
obtain molecular insights into the ligand-bindirige Snteractions,
we determined high resolution X-ray crystal struetuof related

added and the resulting mixture was stirred at@%or 6 h. After
this period, the reaction mixture was allowed tmlcto room
temperature and quenched by the addition of coldemwand
extracted with ethyl acetate (3x25 mL). The orgalaiger was
washed with saturated ag. NaHC6blution, water, saturated aqg.
NaCl solution, and dried over anhydrous,8@,. The solvent was
removed under reduced pressure to divel4l mg, 76 %) as a
yellow solid. R = 0.4 (30% EtOAc/hexanes). LRMS-E&h/z)
223 [M+H]".

Ethyl (S,E)-4-((tert-butylsulfinyl)imino)thiochr omane-6-

inhibitors 4d and 4k-bound HIV-1 protease. The structures showcarboxylate (7)

key interactions of amino-thiochroman and
tetrahydronaphthalene ligands in the S2 subsiteth Bamine
functionalities formed strong hydrogen bonds witie tAsp30
backbone NH. This may explain the high enzyme iitdnip
activity of these inhibitors. Further design anghld optimization
using X-ray structural insights are currently undsy in our
laboratories.

4. Experimental Section

4.1. General experimental conditions

All moisture-sensitive reactions were carried subven-dried
glassware under an argon atmosphere unless otleerstiged.
Anhydrous solvents were obtained as follows: Diettyer and
tetrahydrofuran were distilled from sodium metaibephenone
under argon. Toluene and dichloromethane werelldistifrom
calcium hydride under argon. All other solvents eveeagent
grade. Column chromatography was performed usidigySe
SiliaFlash F60 230-400 mesh silica gel. Thin-lagi@romatography
was carried out using EMD Millipore TLC silica g0 Fs, plates.

'H NMR and *C NMR spectra were recorded on a Varian

INOVA300, Bruker ARX400, Bruker DRX500, or Brukéi/-IIl-
500-HD. Low-resolution mass spectra were colleciada Waters
600 LCMS or by the Purdue University Campus-Widashs
Spectrometry Center. High-resolution mass spectee wollected
by the Purdue University Campus-Wide Mass Spectign@enter.
HPLC analysis and purification was done an on AgilEL00 series
instrument using a YMC Pack ODS-A column of 4.6 ribnfor
analysis and either 10 mm ID or 20 mm ID for pedfion. The
purity of all test compounds was determined by HRir@2lysis to
be>95% pure.

4.2 Synthesis of inhibitors

M ethyl 4-oxothiochr omane-6-car boxylate (6)

A mixture of 3-bromopropionic acid (0.91 g, 5.95 pijnand
p-(carbomethoxy)thio-phenol (1 g, 5.95 mmol) wascpthin a
round-bottom flask. The flask was heated slowlhhviite aid of an
oil bath. When the mixture melted, giving a homaggmis solution,
pyridine (0.96 mL, 11.90 mmol) was added and thectien was
allowed to proceed under an atmosphere of nitr@ge80°C for 1
h. After this period, the product was dissolvecihyl acetate an
extracted repeatedly with aqueous bicarbonate.ification of the
bicarbonate layer afforded
(methoxycarbonyl)phenyl)thio)propanoic acid (982, 16§%) as an
amorphous crystals. LRMS-E8h/z) 241 [M+H]".

To the above 3-((4-(methoxycarbonyl)phenyl)-thioymnoic
acid (200 mg, 0.832 mmol), 1.5 g of polyphosphaxiid was

amino-

3-((4-

To a stirred solution 06 (435 mg, 1.92 mmol) in THF (18
mL) was added Ti(OEf)(1.0 mL, 4.805 mmol). The solution was
stirred at ambient temperature for 5 min beforeitamdof (R)-(+)-
2-methyl-2-propanesulfinamide (291 mg, 2.4 mmobeil reaction
mixture refluxed for 12 h. The reaction mixture vea®led to room
temperature and concentrated viacug diluted with EtOAc (35
mL). Saturated NaHCO(17 mL) was added under vigourous
stirring and the slurry was filtered through a pafdcelite. The
organic phase was separated, dried oveSBaand concentrated
in vacua The crude residue was purified by silica gel owiu
chromatography (30% EtOAc/hexanes) to furrigb00 mg, 76%).
R = 0.3 (30% EtOAc/hexanes)!H NMR (400 MHz, CDCJ) &
8.81 (d,J = 2.0 Hz, 1H), 7.91 (df] = 8.3, 2.0 Hz, 1H), 7.28 (s, 1H),
4.36 (q,d = 7.1 Hz, 2H), 3.77 — 3.61 (m, 1H), 3.50 (ddd; 16.9,
6.7, 5.5 Hz, 1H), 3.14 (dd,= 7.1, 5.6 Hz, 2H), 1.38 (§,= 7.3 Hz,
3H), 1.35 (s, 9H); LRMS-ESim/z) 340 [M+HT.

Ethyl (R)-4-(((R)-tert-butylsulfinyl)amino)thiochr omane-6-
carboxylate (©)] and Ethyl (9)-4-(((R)-tert-
butylsulfinyl)amino)thiochr omane-6-car boxylate (9)

To a srirred solution af (400 mg, 1.22 mmol) in THFA®
(4 mL, 98:2) was added NaBH139 mg, 3.68 mmol) at -5%C.
The resulting solution was warmed to room tempeeatwer 3 h.
The solvent was then removed\acuoand the resulting residue
was triturated with CECl,. The solution was dried over anhydrous
Na,SQ,, filtered, and concentrated wacuo to furnish a crude
product. The crude product was purified by flashluem
chromatography over silica gel (30% ethyl acetaednes) to
furnish8 (250 mg, 60%) an€l (76 mg, 18%).

Compound 8

Ri = 0.4 (50% EtOAc/hexanes)y]p® = -14.4 € 0.83, CHCJ); 'H
NMR (400 MHz, CDC}) § 8.05 (d,J = 1.9 Hz, 1H), 7.77 (dd] =
8.3, 2.0 Hz, 1H), 7.16 (d] = 8.3 Hz, 1H), 4.56 (dt) = 10.2, 5.5
Hz, 1H), 4.34 (9] = 7.1 Hz, 2H), 3.49 (d] = 9.2 Hz, 1H), 3.21 —
3.06 (m, 2H), 2.43 (qdJ = 6.2, 5.4, 2.7 Hz, 2H), 1.37 3,= 7.1
Hz, 3H), 1.27 (s, 9H); LRMS-ESm/z) 342 [M+H]'".

Compound 9

R = 0.3 (50% EtOAc/hexanes)y]p? = +32.2 (c 0.75, CHG); 'H

NMR (400 MHz, CDC}) § 7.95 (d,J = 1.9 Hz, 1H), 7.81 (dd] =

8.3, 1.9 Hz, 1H), 7.19 (d,= 8.3 Hz, 1H), 4.69 (d] = 4.7 Hz, 1H),

g 435(q,d=7.1Hz 2H), 3.34 (td) = 12.7, 3.0 Hz, 1H), 3.17 (s,

1H), 2.85 (dt,) = 12.4, 4.0 Hz, 1H), 2.58 (dd= 14.5, 3.9 Hz, 1H),
2.07 — 1.93 (m, 2H), 1.38 @,= 7.1 Hz, 3H), 1.23 (s, 9H). LRMS-
ESI(m/z) 342 [M+HT".

Ethyl (R)-4-((tert-butoxycar bonyl)amino)thiochromane-6-
carboxylate (10)
To a solution 0B (350 mg, 1.02 mmol) in MeOH (10 mL) was



added 6 M HCI in Isopropanol (4mL) at Z& under argon
atmosphere. The reaction mixture was stirred &C2fr 1 h. After
this period, the solvent was removed under reduymedsure to
afford the desired amine salt. Thus obtained arsale and EN

(0.46 mL, 3.20 mmol) were dissolved in &2, (5 mL), cooled to

0.41 mmol) in anhydrous THF (5 mL) af0 was added EDC.HCI
(58 mg, 0.30 mmol) and stirred at 23 for 1 h. An isostere amine
20 (112 mg, 0.27 mmol) and DIPEA (0.1 mL, 0.54 mmiol)THF
(3 mL) was added and resulting mixture was stifieed8 h at 23
°C. The reaction mixture was extracted with ethyetate and

0 °C and ditert-butyldicarbonate (349 mg, 1.60 mmol) was addedsuccessively washed with 5% citric acid, sat NakC@rine

and allowed to warm to 2. After stirring for 12 h, the reaction
was diluted with CHCI, and washed with water, brine solution,

solution, dried over N&O, and concentrated. The crude product
was purified by column chromatography over silical §30%

dried over NgSO, and concentrated under reduced pressure. ThEtOAc/hexanes) to afford inhibitofa (120 mg, 63%). R= 0.3

crude product was purified by silica gel columnashatography
(10% EtOAc/hexanes) to affotd (347 mg, 99% over two steps).
R = 0.3 (10% EtOAc/hexanes)]p? = +36.5 ¢ 1.0, CHCY); *H
NMR (400 MHz, CDC}) 6 7.96 (d,J = 1.9 Hz, 1H), 7.77 (dd] =
8.3, 2.0 Hz, 1H), 7.15 (d] = 8.3 Hz, 1H), 4.89 (s, 1H), 4.75 (s,
1H), 4.35 (qdJ = 7.1, 1.4 Hz, 2H), 3.13 (td,= 11.8, 10.6, 3.1 Hz,
1H), 3.07 — 2.98 (m, 1H), 2.39 (s, 1H), 2.09 @d; 10.5, 3.5 Hz,
1H), 1.49 (s, 10H), 1.38 (8, = 7.1 Hz, 3H). LRMS-ES(m/z) 355
[M+NH]".

(R)-4-((tert-Butoxycar bonyl)amino)thiochr omane-6-car boxylic
acid (11)

A solution of10 (364 mg, 1.08 mmol) in THF: MeOH (6 mL,
2:1) was treated with 1N LiOH solution (1.62 mL62.mmol). The
resulting mixture was stirred for 12 h, and thenaamtrated under
reduced pressure. The residue was dissolved i aatkacidified
with citric acid then extracted with ethyl acet§8x20 mL). The
combined ethyl acetate layer was dried oveySQy, filtered, and
concentrated to give carboxylic acld (280 mg, 84%). R= 0.5
(10% MeOH/CHCI,); [a]p> = +33.2 £ 0.8, CHC}); 'H NMR (400
MHz, CDCk) $ 8.03 (s, 1H), 7.82 (dd,= 8.3, 1.9 Hz, 1H), 7.19 (d,
J = 8.3 Hz, 1H), 4.91 (s, 1H), 4.78 (s, 1H), 3.14J(t 11.5 Hz,
1H), 3.04 (dddJ = 12.7, 6.5, 3.6 Hz, 1H), 2.39 (s, 1H), 2.18 -62.0
(m, 1H), 1.49 (s, 9H). LRMS-ESin/z) 332 [M+Na].

Ethyl (9)-4-((tert-butoxycar bonyl)amino)thiochr omane-6-
carboxylate (ent-10)

Compoundent10 (50 mg, 68%) was synthesized frent8
(75 mg, 0.21 mmol) by following the procedure sl for
compoundl0. R = 0.2 (10% EtOAc/hexanesh]p? = -37.5 € 1.0,
CHCly); '"H NMR (400 MHz, CDCJ) & 7.96 (d,J = 1.9 Hz, 1H),

7.77 (dd,J = 8.3, 2.0 Hz, 1H), 7.15 (d = 8.3 Hz, 1H), 4.89 (s,
1H), 4.75 (s, 1H), 4.35 (4, = 7.1, 1.4 Hz, 2H), 3.12 (id,= 11.8,
10.6, 3.2 Hz, 1H), 3.06 — 2.97 (m, 1H), 2.38 (s),1M18 — 2.03
(m, 1H), 1.48 (s, 9H), 1.38 (8, = 7.1 Hz, 3H). LRMS-ES(m/z)
360 [M+Na.

(S)-4-((tert-Butoxycar bonyl)amino)thiochr omane-6-car boxylic
acid (ent-11)

Compoundent10 (120 mg, 0.37 mmol) was treated with 1N
LiOH (0.55 mL, 0.55 mmol) by following the proce@uoutlined
for compoundLl to give compoun@nt1l (75 mg, 66%). R= 0.5
(10% MeOH/CHCL,); [a]p*® = -36.6 € 0.12, CHCJ)); 'H NMR
(400 MHz, CDC}) 4 8.03 (s, 1H), 7.81 (ddl = 8.3, 1.9 Hz, 1H),
7.19 (d,J = 8.3 Hz, 1H), 4.91 (s, 1H), 4.77 (s, 1H), 3.12)& 11.2
Hz, 1H), 3.07 — 2.98 (m, 1H), 2.39 (s, 1H), 2.12.86 (m, 1H),
1.49 (s, 9H); LRMS-ES{m/z) 332 [M+NaJ.

tert-Butyl ((R)-6-(((2S,3R)-3-hydr oxy-4-((N-isobutyl-4-
methoxyphenyl)sulfonamido)-1-phenylbutan-2-
yl)carbamoyl)thiochr oman-4-yl)carbamate (4a)

To a solution ofl1 (85 mg, 0.27 mmol) and HOBt (56 mg,

(30% EtOAc/hexanes)u]p™ = +22.0 ¢ 0.85, CHC); ‘H NMR

(400 MHz, CDC}) 5 7.66 (t,J = 6.7 Hz, 2H), 7.57 (d] = 5.4 Hz,
1H), 7.29 (m, 4H), 7.21 (m, 1H), 7.10 — 7.05 (m,)1B93 (t,J =
7.5 Hz, 2H), 6.48 (d] = 8.6 Hz, 1H), 4.79 (m, 2H), 4.40 — 4.17 (m,
2H), 3.98 (s, 1H), 3.85 (s, 3H), 3.24 — 2.90 (m),6H89 — 2.73 (m,
2H), 2.35 (dJ=9.5 Hz, 1H), 2.04 (d] = 12.3 Hz, 1H), 1.91 — 1.67
(m, 2H), 1.51 — 1.34 (m, 9H), 0.85 (= 6.2 Hz, 6H);"*C NMR
(100 MHz, CDC})) & 167.52, 163.14, 154.95, 138.99, 137.99,
133.15, 129.92, 129.52, 129.00, 128.79, 126.88,7926126.08,
114.46, 80.15, 73.00, 58.93, 55.75, 54.86, 53.@10} 35.15,
28.52, 28.25, 27.34, 22.99, 20.24, 20.14; HRMS{&ES1: [M+H]"
calcd for GgH4gN30S,, 698.2928; found 698.2925.

tert-Butyl ((R)-6-(((2S,3R)-3-hydroxy-4-((N-isobutyl-4-
methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)car bamoyl)-1,1-
dioxidothiochroman-4-yl)carbamate (4b)

To a solution of inhibitor4a (50 mg, 0.07 mmol) in
dichloromethane (1 mL), 3- chloroperbenzoic acié (2g, 0.15
mmol) was added slowly at 0 °C under argon atmagphEhe
reaction was stirred for 6 h at 28. The reaction mixture was
diluted with dichloromethane and washed with sagQQO;
solution and brine. The organic layers were drigdroNgSO,,
filtered and concentrated wacuo The crude residue was purified
by flash column chromatography over silica gel ffora inhibitor
4b (48 mg, 92%). R= 0.3 (60% EtOAc/hexanesy]p® = -11.0 ¢
0.2, CHCB); 'H NMR (400 MHz, CDCJ) 5 7.78 — 7.70 (m, 2H),

7.70 — 7.62 (m, 2H), 7.54 (d,= 8.1 Hz, 1H), 7.29— 7.26 (m, 4H),
7.20 (m, 1H), 7.00 - 6.91 (m, 3H), 5.20 Jc 8.5 Hz, 1H), 4.98 (s,
1H), 4.42 (s, 1H), 4.06 (dd,= 12.0, 4.8 Hz, 1H), 3.86 (s, 3H), 3.50
(t, J = 11.5 Hz, 1H), 3.37 (1 = 10.9 Hz, 1H), 3.11 (dt] = 21.0,
7.4 Hz, 4H), 2.87 (dt) = 10.1, 5.2 Hz, 2H), 2.70 — 2.47 (m, 2H),
1.87 (m, 1H), 1.47 (s, 9H), 0.86 (diiz 6.7, 3.5 Hz, 6H)**C NMR
(100 MHz, CDC}) & 166.26, 163.24, 155.10, 138.40, 137.88,
137.05, 130.25, 129.84, 129.54, 129.42, 128.79,2128127.44,
126.86, 124.18, 114.54, 80.64, 72.86, 60.54, 586829, 54.92,
53.42, 48.15, 47.72, 35.03, 28.46, 27.84, 27.3319120.24,
20.13, 14.32; HRMS-ESIn{/2: [M+H]" calcd for GeHagN:OoSs,
730.2827; found 730.2824.

(9)-4-Amino-N-((2S,3R)-3-hydr oxy-4-((N-isobutyl-4-
methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)thiochromane-6-
carboxamide 1,1-dioxide (4c)

To a stirred solution of inhibitodb (25 mg, 0.034 mmol) in
dichloromethane (1.0 mL) was added TFA (0.1 mL) & under
argon atmosphere. The reaction mixture was warmez8fC and
stirred at for 3 h. Upon completion, solvent wameoged under
reduced pressure. The residue was extracted witliadomethane
and washed with sat. NaHCO3 solution, brine, doedr NaSO,
and concentrated ivacua The crude residue was purified by
column chromatography over silica gel to give intoib4c (18 mg,
83%) as an amorphous solid.=R0.2 (5% MeOH/CHKCl,); [a]p>
-13.6 € 0.6, CHC}); 'H NMR (400 MHz, CDC))  7.82 — 7.74 (m,



2H), 7.69 — 7.63 (m, 2H), 7.56 (dd,= 8.2, 1.7 Hz, 1H), 7.29 —
7.23 (m, 4H), 7.19 (m, 1H), 6.95 (dii= 8.4, 5.4 Hz, 3H), 4.40 (it,
J=9.4, 5.0 Hz, 1H), 4.15 (dd,= 7.1, 4.3 Hz, 1H), 4.05 (df, =
8.3, 4.3 Hz, 1H), 3.85 (s, 3H), 3.67 (ddds 13.4, 9.8, 3.0 Hz, 1H),
3.37 — 3.24 (m, 1H), 3.22 — 2.99 (m, 4H), 2.87X&, 7.5 Hz, 2H),
2.65 (dt,J = 20.3, 6.8 Hz, 1H), 2.38 — 2.26 (m, 2H), 1.87 (iH),
0.85 (d,J = 6.6 Hz, 6H);°C NMR (100 MHz, CDC)) § 166.71,
163.13, 142.56, 138.11, 137.26, 130.04, 129.54,4729128.68,
126.71, 114.46, 72.90, 60.51, 58.73, 55.75, 5453648, 48.12,
44.11, 34.91, 28.56, 28.47, 27.28, 22.25, 21.7324020.13;
HRMS-ESI m/2: [M+H]" calcd for GiH,N:O,S, 630.2302;
found 630.2298.

tert-Butyl ((9)-6-(((2S,3R)-3-hydr oxy-4-((N-isobutyl-4-
methoxyphenyl)sulfonamido)-1-phenylbutan-2-
yl)carbamoyl)thiochr oman-4-yl)carbamate (4d)

Compoundentll (65 mg, 0.21 mmol) was treated with
isostere amin@0 (85 mg, 0.21 mmol) by following the procedure
outlined for inhibitor4a to give inhibitor4d (117 mg, 80%) as an
amorphous solid. &= 0.2 (30% EtOAc/hexanes)]p> = -6.5 €
0.49, CHC}); 'H NMR (400 MHz, CDC}) & 7.66 (d,J = 8.5 Hz,

2H), 7.54 (s, 1H), 7.27 (d = 4.6 Hz, 3H), 7.24 (s, 1H), 7.19 (m,
1H), 7.06 (dJ = 8.3 Hz, 1H), 6.92 (d] = 8.6 Hz, 2H), 6.43 (d] =
8.4 Hz, 1H), 4.78 (s, 2H), 4.32 (m, 1H), 3.96 (4,),13.84 (s, 3H),
3.22 -2.91 (m, 6H), 2.85 (d,= 7.5 Hz, 1H), 2.33 (s, 1H), 2.03 (d,
J=9.7 Hz, 1H), 1.83 (m, 1H), 1.72 (m, 1H), 1.4598!), 0.84 (tJ

= 5.7 Hz, 6H);"*C NMR (100 MHz, CDG)) & 167.80, 163.44,
155.25, 139.27, 138.28, 133.42, 130.32, 129.88,1129127.21,
127.13, 126.50, 114.78, 80.51, 73.21, 59.24, 5668)4, 53.96,
48.40, 35.43, 28.87, 28.53, 27.67, 23.27, 20.5642MHRMS-ESI
(m/2: [M+H] " calcd for GgHagN30;S,, 698.2928; found 698.2920.

tert-Butyl ((9)-6-(((2S,3R)-3-hydroxy-4-((N-isobutyl-4-
methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)car bamoyl)-
1,1-dioxidothiochroman-4-yl)car bamate (4€)

Inhibitor 4d (25 mg, 0.035 mmol) was treated withCPBA
(13 mg, 0.075 mmol) by following the procedure med for
compound4b to give compound inhibitode (26 mg, 96%) as an
amorphous solid. &= 0.2 (60% EtOAc/hexanes)]p® = -8.0 €
0.1, CHCh); 'H NMR (400 MHz, CDCJ) § 7.70 (s, 1H), 7.67 (dl

= 8.8 Hz, 2H), 7.58 (ddl = 15.8, 8.3 Hz, 1H), 7.44 — 7.36 (m, 1H),
7.30 — 7.26 (m, 4H), 7.19 (m, 1H), 7.07 §cs 8.6 Hz, 1H), 6.94 (d,
J=8.8 Hz, 2H), 5.34 (s, 1H), 4.97 (s, 1H), 4.40,(dq 9.6, 4.8
Hz, 1H), 4.06 (dt) = 8.3, 4.6 Hz, 1H), 3.85 (s, 3H), 3.53 (ddd;
12.5, 8.8, 3.2 Hz, 1H), 3.36 (ddl= 13.3, 8.0 Hz, 1H), 3.18 — 3.01
(m, 4H), 2.89 (dd)) = 7.7, 2.1 Hz, 2H), 2.70 — 2.49 (m, 3H), 1.88
(m, 1H), 1.49 (dJ = 5.0 Hz, 9H), 0.86 (dJ = 6.6 Hz, 6H);C

NMR (100 MHz, CDC}) 5 166.24, 163.21, 155.40, 141.03, 138.30,

137.96, 137.02, 133.68, 129.95, 129.56, 129.50,7528128.29,
127.45, 126.90, 124.00, 114.52, 80.96, 77.43 75884, 55.79,
54.85, 53.49, 48.04, 47.58, 34.94, 28.51, 27.32262020.11;
HRMS-ESI /2: [M+H]" calcd for GeHuN:OsS, 730.2827;
found 730.2822.

(9)-4-Amino-N-((2S,3R)-3-hydr oxy-4-((N-isobutyl-4-
methoxyphenyl)sulfonamido)-1-phenylbutan-2-
yh)thiochromane-6-car boxamide 1,1-dioxide (4f)

Inhibitor 4f (20 mg, 0.027 mmol) was treated with TFA (0.1
mL) by following the procedure outlined for inbitdc to give
inhibitor 4f (16 mg, 93%) as an amorphous solid;=R0.1 (5%
MeOH/CH,C,); [a]p> = +13.7 ¢ 0.35, CHCJ); '"H NMR (400

MHz, CDCk) & 7.80 (d,J = 8.1 Hz, 2H), 7.71 — 7.63 (m, 2H), 7.56
(d, J = 8.2 Hz, 1H), 7.27 (d] = 4.4 Hz, 4H), 7.20 (m, 1H), 6.99 —
6.91 (M, 2H), 6.88 (d] = 8.5 Hz, 1H), 4.46 — 4.33 (M, 1H), 4.16 (s,
1H), 4.05 (dt,J = 8.4, 4.2 Hz, 1H), 3.86 (s, 3H), 3.68 (dduz=
13.5, 9.6, 3.0 Hz, 1H), 3.38 — 3.24 (m, 1H), 3.48 4H), 2.88 (dJ

= 7.5 Hz, 2H), 2.65 (1) = 12.8 Hz, 1H), 2.41 — 2.28 (m, 1H), 1.87
(m, 2H), 0.86 (d,) = 6.6 Hz, 6H);°C NMR (100 MHz, CDG)) &
166.45, 163.24, 140.49, 138.15, 137.92, 129.84,5629129.49,
128.79, 128.09, 126.93, 126.85, 124.19, 114.54417772.81,
58.89, 55.80, 54.84, 53.51, 48.12, 47.53, 35.0058027.31,
20.24, 20.15; HRMS-ESIn{/2: [M+H]" calcd for GiHaN:0:S,,
630.2302; found 630.2294.

(R,E)-N-(7-Bromo-3,4-dihydronaphthalen-1(2H)-ylidene)-2-
methylpropane-2-sulfinamide (13)

A mixture of 5-bromo-1-tetralon#2 (1.5 g, 6.66 mmol),R)-
(+)-2-methyl-2 propanesulfinamide (1.21 g, 9.99 mMmand
titanium (V) ethoxide (3.01 g, 13.32 mmol) weresshlved in
anhydrous THF (15 mL) and stirred at %5 for 10 h under argon
atmosphere. The reaction mixture was cooled tdQ@znd ethyl
acetate and aq sodium bicarbonate was added. Tktereniwas
filtered through a pad of celite and the aqueoysrlavas extracted
with ethyl acetate. The combined organic phase wieied over
N&SQO, and concentrated under reduced pressure. The crude
residue was purified by column chromatography eiera gel (5%
EtOAc/hexanes) to affordl3 (1.9 g, 87%). R= 0.5 (40%
EtOAc/hexanes)!H NMR (400 MHz, CDCJ) & 8.24 (d,J = 2.2
Hz, 1H), 7.48 (ddJ = 8.2, 2.2 Hz, 1H), 7.07 (d,= 8.2 Hz, 1H),
3.27 (dddJ = 17.6, 9.3, 4.8 Hz, 1H), 3.05 (dd#i= 17.6, 7.5, 4.5
Hz, 1H), 2.81 (tJ = 6.2 Hz, 2H), 1.99 — 1.87 (m, 2H), 1.33 {&&
2.3 Hz, 9H).

(R)-N-((R)-7-Bromo-1,2,3,4-tetr ahydr onaphthalen-1-yl)-2-
methylpropane-2-sulfinamide (14)

Compound 13 (175 mg, 0.53 mmol) was dissolved in
THF/H,O (2 mL, 98:2) and cooled to -50 °C. To the mixtwas
then added NaBH(61 mg, 1.59 mmol), and the resulting solution
was warmed to 28C over a period of 3 h. The solvent was then
removed invacuq and the resulting residue was ftriturated with
dichloromethane, dried over pBO,, filtered, and concentrated
under reduced pressure.The crude product was guifify column
chromatography over silica gel (30% EtOAc/hexantsgafford14
(110 mg, 63%) andl5 (55 mg, 31%). R= 0.4 (30%
EtOAc/hexanes),H NMR (400 MHz, CDC})) 6 7.60 (d,J = 2.1
Hz, 1H), 7.30 (ddJ = 8.2, 2.1 Hz, 1H), 6.98 (d, = 8.2 Hz, 1H),
4.52 (q,d = 4.2 Hz, 1H), 3.21 (dJ = 3.7 Hz, 1H), 2.76 (di =
17.0, 5.2 Hz, 1H), 2.70 — 2.57 (m, 1H), 2.08 — 1197 1H), 1.96 —
1.81 (m, 2H), 1.79 — 1.70 (m, 1H), 1.22 (s, 9H).

(R)-N-((S)-7-Bromo-1,2,3,4-tetr ahydr onaphthalen-1-yl)-2-
methylpropane-2-sulfinamide (15)

Compound 13 (275 mg, 0.83 mmol) was dissolved in
anhydrous THF (3 mL) and cooled to 0 °C. To thitison was
then added L-Selectride (2.5 mL, 1.0 M in THF, 2rBtnol) and
the resulting solution was allowed to warm to°23over period of
3 h. The solution was then concentrated underuoto furnish
crude product. The crude residue was purified byuroo
chromatography over silica gel (30% EtOAc/hexartesyive 15
(265 mg, 96%). R= 0.3 (30% EtOAc/hexanesjH NMR (400
MHz, CDCk) § 7.54 (d,J = 2.1 Hz, 1H), 7.28 (dd] = 8.1, 2.1 Hz,
1H), 6.96 (dJ = 8.2 Hz, 1H), 4.42 (g] = 8.0, 7.4 Hz, 1H), 3.36 (d,
J=10.1 Hz, 1H), 2.80 — 2.56 (m, 2H), 2.40 — 2.24 {H), 1.96 —



1.73 (m, 3H), 1.28 (s, 9H).

tert-Butyl

yl)carbamate (16)
A solution of 15 (1.2 g, 3.63 mmol) in MeOH (20 mL) was

treated with 6 N HCI in isopropanol (5 mL). After52h, solvent

(9)-(7-bromo-1,2,3,4-tetrahydronaphthalen-1-

1.52 (s, 9H); LRMS-ES(m/z) 342 [M+NaJ.

(5R,85)-8-((tert-Butoxycar bonyl)amino)-5-hydr oxy-5,6,7,8-
tetrahydronaphthalene-2-carboxylic acid (18)

Argon was bubbled through a solution bf (150 mg, 0.46
mmol) and RuClRR)-TsDPEN](mesitylene) (9.0 mg, 0.014

was removed invacuq and the residue was co-evaporated withmmol) in dry DMF (2 mL) for 10 min. A premixed cornlation of

ethyl acetate. The residue obtained was dried umdérvacuum to
provide
hydrochloride (0.94 g).

To a stirred solution of above amine hydrochlo@d®4 g, 3.6
mmol) in CHCI, (30 mL) was consecutively added triethylamine
(1.5 mL, 10.89 mmol) and dert-butyl-dicarbonate (1.17 g, 5.44
mmol) at 0°C. The reaction mixture was stirred at“€3for 12 h.
The reaction mixture was then diluted with Ly and washed
with water and brine solution, dried over 88, and concentrated.
The crude product was purified by column chromaipby over
silica gel (20% EtOAc/hexanes) to gité (1.0 g, 85% over two
steps) as an amorphous solig =R0.7 (20% EtOAc/hexanesy]b.
#=-9.32 £ 1.0, CHCR); 'H NMR (400 MHz, CDC)) & 7.54 —

7.39 (m, 1H), 7.33 — 7.09 (m, 1H), 6.94 Jcs 8.1 Hz, 1H), 4.78 (q,
J=10.6, 8.8 Hz, 2H), 2.88 — 2.50 (m, 2H), 2.02 {t¢: 10.9, 9.9,
4.9 Hz, 1H), 1.78 (ddp] = 23.3, 11.4, 4.2 Hz, 3H), 1.49 (s, 9H);
%C NMR (100 MHz, CDGJ) & 155.55, 139.66, 136.43, 131.38,
130.84, 130.31, 119.73, 79.77, 48.67, 30.45, 2@28%7, 20.05.

Methyl (9)-8-((tert-butoxycar bonyl)amino)-5-oxo-5,6,7,8-
tetrahydronaphthalene-2-car boxylate (17)

Boc-amine derivativd6 (950 mg, 2.91 mmol) was dissolved
in acetone (55 mL) and cooled to 0 °C. MgS@37 mg, 6.99
mmol) and water (23 mL) were added to the solutikdivinO, (2.38
g, 15.15 mmol) was added to this mixture in smaitipns over 1 h
and stirred for 8 h at 23C. The solid was filtered off and the
filtrate was treated with a saturated solutionadism sulfite. The
resulting mixture was filtered and the acetone weamoved from
the filtrate invacua The remaining aqueous residue was extracte
with dichloromethane. The combined organic phaseewashed
with water, brine, dried over anhydrous,S@), and concentrated
under reduced pressure. The crude residue wasgouby column
chromatography over silica gel (20% EtOAc/hexantes)fford
bromo ketone derivative (600 mg, 61%) as an amarpisolid."H
NMR (400 MHz, CDC}) 5 7.88 (d,J = 8.4 Hz, 1H), 7.62 (s, 1H),
7.53 (dd,J = 8.4, 2.0 Hz, 1H), 5.03 (s, 1H), 4.82 ®F 9.0 Hz,
1H), 2.81 (dtJ = 17.4, 5.3 Hz, 1H), 2.66 (ddd,= 17.1, 11.5, 4.7
Hz, 1H), 2.49 — 2.32 (m, 1H), 2.18 — 1.99 (m, 2HBR1 (s, 9H).

A solution of above bromo ketone (600 mg, 1.76 mniol
triethylamine (5.3 mL) and methanol (1 mL) was dsgal with
argon and palladium (Il) acetate (8.0 mg, 0.035 ihrmand
Xantphos (41 mg, 0.070 mmol) were added. The swlutvas
degassed again and CO gas was bubbled througlolitéos for
approximately 2 min. The reaction flask was fittedth a
condenser and a CO balloon and the reaction mixtaseheated at
70 °C for 3.5 h. The reaction mixture was coole@3dC, diluted
with EtOAc and filtered through a pad of celite.€eTfiltrate was
evaporated and the residue was purified by silieh a@plumn
chromatography (20% EtOAc/hexanes) to afford titbenpound
17 (450 mg, 80 %). R= 0.3 (20% EtOAc/hexanes)]b® = -10.7
(c 1.28, CHCY); '"H NMR (400 MHz, CDCJ) & 8.15 (s, 1H), 8.09
(d,J=8.1Hz, 1H), 8.03 (d] = 8.1 Hz, 1H), 5.09 (s, 1H), 4.83 (s,
1H), 3.95 (s, 3H), 2.87 (dfj = 17.4, 5.0 Hz, 1H), 2.71 (ddd,=
16.9, 11.4, 4.7 Hz, 1H), 2.50 — 2.32 (m, 1H), 2:22.03 (m, 1H),

formic acid (35 pL, 0.938 mmol) and;Bt (135 pL, 0.938 mmol)

©-7-bromo-1,2,3,4-tetrahydronaphthalen-1-aminewas added and the mixture stirred at 60 °C for 1ZHe mixture

was cooled to 23C and diluted with CkCl, and successively
washed with water, brine and dried over anhydroasSK),. The
solvent was removed wacuoto give the crude product. The crude
residue was purified by column chromatography osiica gel
(30% EtOAc/hexanes) to afford the desired alcothdP(mg, 94%)
as an amorphous white solid; 0.3 (30% EtOAc/hexanes)
NMR (400 MHz, CDC}) & 8.04 (s, 1H), 7.92 (d] = 7.9 Hz, 1H),
7.51 (d,J = 8.0 Hz, 1H), 4.85 (s, 1H), 4.77 (m, 2H), 3.913Hl),
2.09 —1.93 (m, 5H), 1.49 (s, 9H); LRMS-E®&l/z) 643 [2M+HT.

To a solution of above methyl ester (80 mg, 0.248ai) in
THF: MeOH (1.5 mL, (2:1) was added 1N LiOH (0.37 nfL373
mmol) at 23 °C. The reaction mixture was stirre@&C for 12 h.
Solvent was removed under reduced pressure, addifith ag.
saturated citric acid to pH 3-4 and the product esgisacted with
ethyl acetate, dried over &0, and concentrated to affodd (68
mg, 89 %) as an amorphous solid.=R0.3 (10% MeOH/CKLCI,);
[a]p”® = -38.6 € 0.29, CHOH); 'H NMR (400 MHz, CDCJ) & 7.98
(s, 1H), 7.89 (ddJ = 8.0, 1.9 Hz, 1H), 7.52 (dl = 8.1 Hz, 1H),
7.08 (d,J = 9.1 Hz, 1H), 4.71 (s, 2H), 2.05 — 1.89 (m, 4H}O0 (d,
J = 4.7 Hz, 9H); LRMS-ES(m/z) 615 [2M+HT.
(5S,89)-8-((tert-Butoxycar bonyl)amino)-5-hydr oxy-5,6,7,8-
tetrahydronaphthalene-2-carboxylic acid (19)

Argon was bubbled through a solution Iaf (150 mg, 0.469
mmol) and RuCl(p-cymenef}S)-Ts-DPEN] (9.0 mg, 0.014 mmol)
in dry DMF (1.5 mL) for 10 min. A premixed combimat of
formic acid (35 pL, 0.938 mmol) andsBt (135 pL, 0.938 mmol)
yvas added and the mixture was stirred at 60 °Clbrh. The
mixture was cooled to 23C and diluted with CKCl, and
successively washed with water, brine and dried @dydrous
N&SQ,. The solvent was removed wacuo to give the crude
product. The crude product was purified by column
chromatography over silica gel (30% EtOAc/ hexariegjive the
desired alcohol (140 mg, 93%) as an amorphous veoiid. R =
0.3 (30% EtOAc/hexanes)H NMR (400 MHz, CDCJ) & 8.01 (s,
1H), 7.94 — 7.88 (m, 1H), 7.57 (d,= 8.1 Hz, 1H), 4.88 (s, 1H),
4.83 — 4.59 (m, 2H), 3.90 (s, 3H), 2.38 — 2.16 2#), 2.07 — 1.94
(m, 1H), 1.89 — 1.66 (m, 2H), 1.49 (s, 9H); LRMS}EB\/z) 643
[2M+H]".

Above methyl ester (75 mg, 0.233 mmol) was treaded 1N
LiOH (0.46 mL, 0.466 mmol) by following the procedéuwoutlined
for 18 to give the titled compound9 (60 mg, 85%) as an
amorphous solid; R= 0.3 (10% MeOH/CkLCL,); [a]p> = -6.0 €
0.5, CHOH); 'H NMR (400 MHz, CDCJ) & 7.94 (s, 1H), 7.85
(dd,J =8.2, 1.8 Hz, 1H), 7.56 (d,= 8.1 Hz, 1H), 4.79 — 4.67 (m,
2H), 2.24 — 2.11 (m, 3H), 1.74 (td,= 12.1, 8.8 Hz, 2H), 1.46 (s,
9H); LRMS-ESI(m/z) 615 [2M+H]".

(5S,8R)-8-((tert-Butoxycar bonyl)amino)-5-hydr oxy-5,6,7,8-
tetrahydronaphthalene-2-carboxylic acid (ent-18)

Argon was bubbled through a solution of ethi®)-8-((tert-
butoxycarbonyl)amino)-5-oxo0-5,6,7,8-tetrahydrondyalene-2-
carboxylate (100 mg, 0.299 mmol) and RuCl(p-cymg®&s)-Ts-
DPEN] (6.0 mg, 0.0089 mmol) in dry DMF (1.0 mL) fb® min. A



premixed combination of formic acid (22 pL, 0.598noi) and
Et;N (83 pL, 0.598 mmol) was added and the mixtuneestiat 60
°C for 12 h. The mixture was cooled to room tempem and

114.41, 77.48, 72.92, 67.88, 58.60, 55.71, 54.@&14%5 49.18,
34.97, 28.64, 28.50, 27.18, 20.20, 20.11; HRMS@ESY: [M+H]"
calcd for G,H4N306S, 596.2789; found 596.2785.

diluted with CHCI, and successively washed with water, brine and

dried over anhydrous N&0,. The solvent was removed vacuo
to give the crude product. The crude product wasfipd by
column chromatography over silica gel (30% EtOAekdnes) to
give desired alcohol (87 mg, 86%) as an amorphdugevsolid. R
= 0.3 (30% EtOAc/hexanes)d NMR (400 MHz, CDCJ) & 8.03
(s, 1H), 7.94 (dJ = 7.9 Hz, 1H), 7.57 (d] = 8.1 Hz, 1H), 4.90 (s,
1H), 4.84 — 4.67 (m, 2H), 4.37 (@~ 7.1 Hz, 2H), 2.46 — 2.12 (m,
2H), 1.90 — 1.67 (m, 3H), 1.50 (s, 9H), 1.39Xt 7.2 Hz, 3H).
LRMS-ESI(m/z) 353 [M+NH,]".

Above ethyl ester (47 mg, 0.11 mmol) was treateth iiN
LiOH (0.2 mL, 0.21 mmol) by following the procedusetlined for
18 to give the titled compoun@ntl8 (40 mg, 89%) as an
amorphous solid. R 0.3 (10% MeOH/CELCI,); LRMS-ESI(m/z)
615 [2M+HT]'.

tert-Butyl ((1S,4R)-4-hydr oxy-7-(((2S,3R)-3-hydr oxy-4-((N-
isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-
yl)carbamoyl)-1,2,3,4-tetrahydr onaphthalen-1-yl)car bamate
(49)

Carboxylic acid18 (40 mg, 0.130 mmol) was treated with
isostere amin@0 (68 mg, 0.130 mmol) by following the procedure
outlined for inhibitorda to give inhibitor4g (85 mg, 94%) as an
amorphous white solid.;R 0.5 (80% EtOAc/hexanes)]p® = -
3.2 € 0.62, CHCY); 'H NMR (400 MHz, CDC})) & 7.65 (d,J = 8.5
Hz, 2H), 7.57 (dJ = 17.2 Hz, 1H), 7.40 (m, 1H), 7.31 — 7.18 (m,
4H), 7.18 — 7.07 (m, 2H), 6.952 (@ = 8.8 Hz, 2H), 6.86 (d] = 8.5
Hz, 1H), 5.35 — 5.24 (m, 1H), 4.66 (m, 1H), 4.56 (Hl), 4.35 (m,
2H), 4.10 (qJ = 7.1 Hz, 1H), 3.97 (s, 1H), 3.83 (s, 3H), 3.27.93

(m, 5H), 2.85 (dJ) = 7.6 Hz, 2H), 1.89 (m, 2H), 1.46 (s, 9H), 0.84 0.15 (10% MeOH/ChCL); [0]o2

(m, 6H); *C NMR (100 MHz, CDCJ) 5 167.75, 163.09, 155.79,
142.78, 138.07, 137.74, 133.70, 129.94, 129.52,8528128.65,

126.90, 126.65, 126.10, 114.44, 79.83, 73.00, 6/B8&0, 55.73,
5457, 53.53, 48.80, 35.08, 29.79, 29.20, 28.5624,725.96,

20.21, 20.06; HRMS-ESI nf/2: [M+Na]® caled for

C3/H4oN30sSNa, 718.3133; found 718.3124.

(5R,85)-8-Amino-5-hydroxy-N-((2S,3R)-3-hydr oxy-4-((N-
isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)-
5,6,7,8-tetrahydronaphthalene-2-car boxamide (4h)

To a solution of4g (80 mg, 0.114 mmol) in C}I, (1 mL)
was added TFA (0.3 mL) and resulting solution wasesl at 23°C
for 3 h. Then reaction mixture concentrated undgcuo and
extracted with ethyl acetate and washed with saHG;, water,

tert-Butyl ((1S,49)-4-hydr oxy-7-(((2S,3R)-3-hydr oxy-4-((N-
isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-
yl)carbamoyl)-1,2,3,4-tetrahydr onaphthalen-1-yl)car bamate
(40)

Carboxylic acid19 (40 mg, 0.13 mmol) was treated with
isostere amin@0 (68 mg, 0.13 mmol) by following the procedure
outlined for inhibitor4a to give inhibitor4i (85mg, 94%) as an
amorphous solid. & 0.5 (80% EtOAc/hexanes)]p™ = +15.0 €
0.22, CHCY); 'H NMR (400 MHz, CDC}) & 7.64 (d,J = 8.9 Hz,

2H), 7.53 (s, 1H), 7.46 — 7.43 (m, 1H), 7.41 Jds 8.1 Hz, 1H),
7.25 - 7.20 (m, 4H), 7.15 (td,= 6.2, 2.9 Hz, 2H), 6.90 (d,= 8.9
Hz, 2H), 5.03 (dJ = 8.9 Hz, 1H), 4.68 (dd] = 16.6, 10.3 Hz, 2H),
4.28 (d,J = 20.1 Hz, 1H), 3.96 (dt] = 8.6, 4.3 Hz, 1H), 3.82 (s,
3H), 3.22 — 2.92 (m, 4H), 2.84 (i,= 7.6, 6.8 Hz, 2H), 2.22 (m,
6H), 1.86 (dtJ = 13.6, 6.7 Hz, 1H), 1.77 — 1.55 (m, 2H), 1.46 (s,
9H), 0.83 (d,J = 6.6 Hz, 6H);"*C NMR (100 MHz, CDC) 5
168.13, 163.05, 156.10, 143.27, 138.26, 137.31,6433129.93,
129.49, 128.58, 128.46, 126.57, 114.40, 80.15,658.63, 58.61,
55.70, 54.74, 53.42, 49.80, 49.58, 49.37, 49.0398430.22,
28.49, 27.73, 27.18, 20.11, 20.03; HRMS-E8I4; [M+H]" calcd
for CaHsgFoN40sS, 696.3313; found 696.3305.

(5S,89)-8-Amino-5-hydr oxy-N-((2S,3R)-3-hydr oxy-4-((N-
isobutyl-4-methoxyphnyl)sulfonamido)-1-phenylbutan-2-yl)-
5,6,7,8-tetrahydronaphthalene-2-carboxamide (4j)

Inhibitor 4i (50 mg, 0.071 mmol) was treated with TFA (0.2
mL) by following the procedure outlined for inbitdh to give
compound inhibitodj (40 mg, 94%) as an amorphous solid=R
+35.6 ¢ 0.8, CHCh); H

NMR (400 MHz, CDC}) & 7.67 (d,J = 8.8 Hz, 2H), 7.62 (s, 1H),
7.38 — 7.31 (m, 2H), 7.30 — 7.24 (m, 4H), 7.22147m, 1H), 6.98
— 6.86 (m, 2H), 6.83 (dl = 8.3 Hz, 1H), 4.68 (dd] = 7.6, 4.3 Hz,
1H), 4.37 (ddJ = 9.4, 4.9 Hz, 1H), 4.04 (m, 1H), 3.84 (s, 3HR3.
(dd,J = 15.0, 4.2 Hz, 1H), 3.16 — 2.97 (m, 4H), 2.873H), 2.26 —
2.10 (m, 2H), 1.87 (dq] = 13.8, 6.8 Hz, 2H), 1.69 (d,= 9.6, 8.2
Hz, 2H), 1.52 (gJ = 11.3, 9.9 Hz, 1H), 0.84 (dd,= 6.6, 2.5 Hz,
6H); °C NMR (100 MHz, CDGCJ) 5 168.10, 163.09, 142.51,
140.87, 138.30, 133.51, 130.08, 129.55, 128.68,3B28126.68,
125.50, 114.44, 72.92, 68.03, 58.72, 55.74, 5458750, 49.34,
35.00, 31.05, 30.20, 29.89, 27.22, 20.22, 20.14MBFES| (/2):
[M+H] " calcd for GH.N306S, 596.2789; found 596.2784.

tert-Butyl ((1R,4S)-4-hydr oxy-7-(((2S,3R)-3-hydr oxy-4-((N-

brine, dried over N&O,, filtered and evaporated under reduce‘jisobutyl-4-methoxyphenyl)sulfonamido)-l-phenylbutan-2—

pressure. The crude residue was
chromatography over silica gel (10% MeOH/Nk CH,CI,) to
give inhibitor4h (60 mg, 88%) as an amorphous white solid=R
0.15 (10% MeOH/CKLCL,); [o]p™® = +12.2 ¢ 0.63, CHCh); H

NMR (400 MHz, CDC}) 8 7.66 (dd,J = 9.1, 2.8 Hz, 2H), 7.58 —
7.53 (m, 1H), 7.36 — 7.29 (m, 1H), 7.29 — 7.24 &), 7.21 (tJ =
7.4 Hz, 2H), 7.17 — 7.07 (m, 2H), 6.91 (ddz 9.5, 2.6 Hz, 2H),
4.54 (d,J = 5.3 Hz, 1H), 4.38 (dpl = 9.2, 4.8 Hz, 2H), 4.03 (d4,

= 8.4, 4.2 Hz, 2H), 3.86 (d,= 6.0 Hz, 1H), 3.82 (s, 3H), 3.23 (dd,
J=15.1, 4.0 Hz, 1H), 3.15 — 2.96 (m, 4H), 2.88 (¢ 13.9, 6.9
Hz, 3H), 1.97 — 1.61 (m, 6H), 0.83 (= 5.6 Hz, 6H);*C NMR

(100 MHz, CDC}) o6 168.11, 163.05, 143.02, 140.41, 138.27,

133.62, 130.06, 129.51, 128.60, 128.46, 126.94,5626125.91,

purified by columRy)ycarpamoyl)-1,2,3,4-tetr ahydr onaphthalen-1-yl)car bamate

(4k)

Carboxylic acident18 (41 mg, 0.10 mmol) was treated with
isostere amin@0 (52 mg, 0.10 mmol) by following the procedure
outlined for compoundla to give compound inhibito#k (75 mg,
94%) as an amorphous solid.=R0.5 (80% EtOAc/hexanesy]p>
= +5.9 € 0.57, CHC); *H NMR (400 MHz, CDCJ) § 7.65 (dd,J

= 8.5, 6.4 Hz, 3H), 7.34 (d, = 7.7 Hz, 1H), 7.28 (m, 4H), 7.23 —
7.15 (m, 1H), 6.99 — 6.87 (m, 2H), 6.70 Jc5 8.7 Hz, 1H), 5.06 (d,
J=8.9 Hz, 1H), 4.71 (m, 1H), 4.64 (m, 1H), 4.43.27 (m, 2H),
3.99 (s, 1H), 3.85 (s, 3H), 3.21 — 2.99 (m, 4H5Xd,J = 7.5 Hz,
2H), 2.62 (s, 1H), 1.97 (m, 3H), 1.86 (m, 3H), 147 9H), 0.85
(dd, J = 6.6, 3.3 Hz, 6H)*C NMR (100 MHz, CDGJ) § 167.89,



163.15, 155.72, 142.88, 138.06, 137.88, 133.87,9529129.55,
128.96, 128.76, 127.01, 126.75, 126.08, 114.47937973.04,
67.50, 58.87, 55.76, 54.87, 53.62, 48.89, 35.0283929.33,
28.57, 27.34, 26.07, 20.24, 20.13; HRMS-E8I4: [M+H]" calcd
for Ca7HsoN30sS, 696.3313; found 696.3310.

(5S,8R)-8-Amino-5-hydroxy-N-((2S,3R)-3-hydr oxy-4-((N-
isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)-
5,6,7,8-tetrahydronaphthalene-2-car boxamide (4l)
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4.3 Determination of X-ray structure of HIV-1 prase inhibitor
complexes.

For X-ray crystallographic studies, HIV-1 proteaseas
expressed and purified as descrifedThe protease-inhibitor
complex was crystallized by the hanging drop vagdfusion
method with well solutions of 0.9M NaCl, 0.1M Soniu
Cacodylate, pH 6.4 for PR/GRL-02815Ad) complex, and 0.95M
NaCl, 0.1M Sodium Acetate, pH 5.5 for PR/IGRL-04A18K)
complex. Diffraction data were collected on a singlystal cooled
to 90 K at SER-CAT (22-ID beamline), Advanced Pimo8burce,
Argonne National Lab (Chicago, USA) with X-ray wéamgth of
1.0 A. X-ray data were processed by HKL-2tf0@o give Rmerge
values of 8.5% and 7.8% for inhibitors 4d- and 4kdd HIV-1
protease complexes, respectively. The crystal sires were
solved by PHASER in CCP4i Suit#* using one of the
previously reported isomorphous structitess the initial model,
and refined by SHELX-20f%°® with X-ray data at 1.20 A

resolution for inhibitordd and HIV-1 protease complex and 1.14 A

for inhibitor 4k and HIV-1 protease complex. PRODR&-@vas
used to construct the inhibitor and geometric &a@sts for

refinement. COOT*® was used for modification of the model.

Alternative conformations were modeled, and isdtroptomic
displacement parameters (B factors) were appligdafb atoms
including solvent molecules. The final refined swiv structure

comprised one Ndon, two CI ions, one glycerol molecules and
209 water molecules for inhibiteld and HIV-1 protease complex
and Ndion, two CI ions, one acetate ion, one glycerol molecules

and 142 water molecules for for inhibitdk and HIV-1 protease
complex. The crystallographic statistics are ligte@able 1 (Please
see, supporting information). The coordinates andctre factors
of the protease complexes with inhibitatd and 4k have been

deposited in the Protein Data Bahwith accession codes of 6DVO

and 6DV4, respectively.
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Highlights

Design and synthesis of novel HIV-1 protease inhibitors are reported
Aminothiochromane and aminotetrahydronaphthal ene derivatives were synthesized
The synthesis of ligands utilized reduction of chiral sulfinamide derivatives

The X-ray crysta structures of inhibitor-bound HIV-1 protease were determined
Hydrogen bonding and van der Waals interactions were observed in the active site



