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Calpain is a cytosolic cysteine endopeptidase that has been implicated in a number of disorders including
cancer. We have synthesized and studiedthelpain inhibitory activity and cytotoxicity of peptidyl
aldehydes and peptidgl-ketoamides with N-substitutedproline orL-thiaproline residues at theJpostion.

The most potent and most selective members of the series Refe(é-nitrophenylsulfonylN-((R,9-1-
oxo-3-phenylpropan-2-yl)pyrrolidine-2-carboxamidg) @nd R)-1-(4-iodophenylsulfonylN-((R,9-1-oxo-
3-phenylpropan-2-yl)pyrrolidine-2-carboxamidinj. The compounds inhibited@-calpain withK; values of
0.02uM and 0.03uM, respectively, and displayed over 180-folij)(and 130-fold {n) greater affinity for
u-calpain compared to cathepsin B. The cytotoxic effect of the compounds was evaluated in two leukemia
cell lines (Daudi and Jurkat) and three solid tumor cell lines (DU-145, PC-3, and HelLa). Generally the
compounds were modestly cytotoxic and displayed no correlation between the cytotoxic activitgapein

inhibition.
Introduction molecular target for the discovery of novel anticancer agents.
Calpains are unique among the cysteine protease family of We therefore syl_nthe5|zed and_ studied 2the cytotoxic activity of
enzymes because they require2Cdor activation! Several the C(_)mpounds in Table 1. Trlpathy et élldemonstrated that
calpain isoenzymes have been identified of whickalpain ~ calpain can accommodateproline andi-proline at the B

(calpain 1) and m-calpain (calpain 1) are the most widely dis- position_ of peptidyl alde_hyde inhit_)itors_. Following this report
tributed calpain isoenzymes in mammalian cé®alpains have W€ studied the effect of incorporating nng-c_o_ntracted and_rlng-
been implicated in diverse range of cellular functions, including .expa.n.deolzsanalogues of proline at thgp@sition on calpain
signal transduction, platelet activation, cell cycle progression, Inhibition# In concert with the work of Tripathy et &f.com-
long-term potentiation, cell proliferation, membrane fusion, and Poundslaandlb (Table 1) witho-proline and.-thiaproline,
apoptosi$6 Calpain is considered an attractive therapeutic "eSPectively, at the #position were the most potent calpain
target because overactivation and/or improper regulation of the INhibitors of the series. In this report we present the synthesis,
enzyme is associated with several diseases including neurologi-calPain inhibitory potency, and in vitro cytotoxic activity of a
cal disorders and cancer. series of peptidyl aldehydes and peptidyketoamides related
Calpain has been suggested as a potential anticancer targd® cOmpoundda and1b. The compounds incorporate proline
because of the cellular functions of some calpain substrates,and thlapr.o.llne residues with variobsulfonyl substituents at
including the c-Fos and c-Jun transcription facfotise tumor ~ the P-position (Table 1). _
suppressor protein p532! the antiapoptotic protein Bel-1, and ' Chemlstry. The pepudyl aldehydes in Table 1 were synthe-
the pro-apoptotic protein Ba%-16 All of these calpain substrates ~ Sizéd following our previously reported procedure for the syn-
have been implicated in the pathogenesis of many human thesis of com_pound:baandlb gnd is summarized in Schgmé-”l.
tumors, suggesting an important regulatory role of calpain in 1€ synthesis of the-ketoamidesZa—c) commenced with the
cancer. Furthermore, calpain has been shown to be involved inprepar%tlzc;n ofa-hydroxy-amino acid6 as previously re-
the regulation of cell proliferation and apoptosis in various types Ported=>"Compoundé was Boc protected and coupled with
of cells*~7 Most data seem to indicate a level of collaboration Phenylethylamine to giv8, which was deprotected using TFA
between calpains and caspases in the induction of apolft&sis. to give 9 (Scheme 2). Coupling 08 with the appropriately
However, other investigators have observed induction of apop- Sulfonylatedo-proline afforded hydroxyl amide intermediates
tosis when cellular calpains were selectively inhib#éd3 For ~ 11~13, which were oxidized (DessMartin reagent) to give
example, Zhu and Uckdh showed that calpain inhibitor 11 target compoundg. The target compounds were purified by
triggers rapid apoptosis in acute lymphoblastic leukemia (ALL) flash chromatography over silical gel to give diastereomeric
and non-Hodgkin’s lymphoma (NHL) cells as well as some solid mixtures that are epimeric at the position. The diasteriomeric _
tumor cells. Witowski et a2 have also demonstrated that the Fatios of selected compounds that demonstrated potent calpain
activity and expression qi-calpain is significantly higher in inhibition and/or significant cytotoxic activity were determined
chronic lymphocytic leukemia (B-CLL) cells than in non- Py HPLC using a Greversed phase column with 6.2% aqueous
malignant cells. These observations implicate calpain as a new! A and acetonitrile as the mobile phase (Table 2).

* Corresponding author: Isaac O. Donkor, Ph.D., Department of Results and Discussion
Pharmaceutical Sciences, Johnson Bldg. Room 327E, 847 Monroe Ave., SAR Studies.The compounds were evaluated as inhibitors

Memphis, TN 38163. Phone: (901) 448-7736. Fax: (901) 448-6828. of /_calpain from porcine erythrocytes and cathepsin B from
idonkor@utmem.edu

T University of Tennessee Health Science Center. human liver. The calpain assay was performed as previously
*The Ohio State University. reported® using two different concentrations (0.2 and 1.0 mM)
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Table 1. u-Calpain and Cathepsin B Inhibitory Activities of Peptidyl Aldehyd&a-r) and o-Ketoamides Za—c) Synthesized as

Diastereomeric Mixtures
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0 ® © /(\'(
R{ N Rz
<x Aol
4 b p-Calpain® Cat. B

P, R, R, X K (UM) K;(uM) SR°

1’ D @—cm H -CH;- 0.081+0001 1212074 151
L @—cm H S 00740035 0119+001 170
lc D NN H -CHy 0313+0.002  1.48+0018 4.72
d D —< H CHy 0836+0.004 3504007 1.19
le D OO H -CH>- 0.191 +0.012 2.54+0.05 13.0
If D @ H CHy 0.196+0.004 2474007 130
lg D < > OCH, H CHy 0.037+0001  148+002 40
th D @ H CHy 042440012  461£009 109

NO,
454011 21
i D O H CHy- 025640011 >PE0 3
ij D H CH- 002040014 375+0.09 188
Ik D @—F H CH- 0386+0015 699+0.17 18.1
1 D Ou H -CH- 0.141+0.013  540+0.12 382
Im D < > Br H CH- 0.128+0016 442+008 345
In D 4©—| H CH- 0.033+0002 4.18+0.14 131
1o L @_F H S- 011040016 034+0.09  3.09
p L — ) H - 0.090+0008 023+001  2.50
-S- .09 + 0. .
q L — ) H S-  0074+0011 0094001 121
0 H S- 0.042+0.009 0.11+0.02 261
1r L | -

2a D Ocm CONHEtPh -CH,- 0.850+0.039 6.90+0.17 812
b D —@NOZ CONHEtPh -CH» 0280+0021 5.18+0.13  18.1
% D —<i>—ocﬁ3 CONHEtPh -CH,- 0450+0.081  2.59+0.11  5.70

aK; values were determined by Dixon plots using the average of triplicate assays and plattiveyslisl to give intersecting lines with correlation
coefficient= 0.95.° P, = Configuration of the proline or thiaproline residue at thepBsition of the compound.Porcine erythrocyta-calpain (Calbiochem).
d Cat. B= Human liver cathepsin B (Calbiochenf)SR = selectivity ratio, which was determined by dividing tkefor cathepsin B inhibition by thé;
for u-calpain inhibition.f The values for compoundka and 1b are from ref 25.
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Scheme & Table 2. Diastereomeric Ratios
0\\8//0 compound DRDL:DD
o —— L5 i i
COCH COOH 19 84:16
3,X= CH2 or S 4 1j 88:12
in 83:17
b lo 87:13
1r 85:15
0. 0 apR is diastereomeric ratio determine by HPL'G/alues from ref 25.
\\IS/:R c O\\Isfii
N o .
X%(H X/_N R« value of 0.02«M. The compound was over 180-fold selective
H J\rf {f ©H for u-calpain compared to cathepsin B. The position of the nitro
o 0 group of theN-phenylsulfonyl substituent significantly affected
1 5 the u-calpain inhibitory potency of the compounds but not

aReagents: (a) aq NaOH/THF, R-8D; (b) L-phenylalaninol hydro- cathepsin B inhibition. Inhibition qi-calpain followed the order

chloride, NMM, HOBT, EDC, CHCl,; (c) Dess-Martin reagent, CkLCl,. p-nitro (1j) > menitro (1i) > o-nitro (1h). Theu-calpain inhib-
itory activity of 1g and 1j suggest that the difference in the

of Suc-Leu-Tyr-AMC as the fluorogenic substrate. The cathepsin electronic properties of the methoxy and nitro groups does not
B assay was performed in a similar manner using Z-Arg-Arg- significantly impactu-calpain inhibition. We also synthesized
AMC (50 uM and 250uM) as the substrate. The compounds and studied thg-calpain inhibitory activity of compounds—n
were tested against cathepsin B because several calpain inhibiwith p-halo phenylsulfonyl substituents. In this series compound
tors lack selectivity for calpain and are known to inhibit other 1n with K; of 0.033uM versusu-calpain and 4.1&M versus
cysteine proteases in particular the cathep&if$eK; values cathepsin B was the most potent and the most selective inhibitor
for inhibition of the enzymes were computed using Dixon of the halogenated derivatives. Generally, the inhibitory potency
plots2® Table 1 shows the results of the study. Compounds with and selectivity of the halogenated compounds for calpain
N-arylsulfonyl substituentsle and 1f) were more potent than  increased with an increase in the steric bulk of the halogen sub-
those withN-alkylsulfonyl groups {cand1d). This is consistent  stituent. The halogenated thiaproline derivativesr displayed
with previous reports, which suggest that thgs8bsite of a similar rank order of potency towapd-calpain inhibition,

calpain prefers bulky substitutes at theg®sition of inhibitors3° which is consistent with previous reports thatalpain can
CompoundLj, with an electron-withdrawing-nitro-N-phenyl- accommodate proline and thiaproline equally well ap&sition
sulfonyl substituent was the most potent and the most selectiveof inhibitors24 25 However, the thiaproline derivatives were
calpain inhibitor of the series. It inhibiteg-calpain with aK; better inhibitors of cathepsin B compared to the proline
Scheme 2

OH OH OH

R
e OH - OH
N T h H d CF3C00 H
N\/SrN — . HstkmN
0 30 v\(j o 9 w@
\® UCOOH \®

11-13 4g, 4j, or 10 (R = CH3;) 9

aReagents: (a)t{ButOCO), NaOH; (b) Ph(CH)2NH,, NMM, HOBT, EDC; (c) TFA, (d) NMM, HOBT, EDC,; (e) DessMartin reagent, ChCl,.
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Table 3. Cytotoxicity (Glso in #M) of Selected Calpain Inhibitors against Leukemia and Solid Tumor Cell Rines

no. Daudi Jurkat DU-145 PC-3 HelLa Ki (uM)b CLogP
la 16.7+ 1.85 17.6+ 1.34 45,24+ 3.10 40.14+ 2.96 48.94+ 3.05 0.081+ 0.001 3.32
1b 2.17+0.03 3.214+0.08 6.00+ 0.91 5.17+0.79 4.37+ 0.09 0.070+ 0.035 3.47
19 353+ 2.71 25.4+ 2.27 63.24+ 3.92 19.7+ 1.76 38.5+2.13 0.0374 0.001 2.99
1j 325+ 2.63 33.8£2.51 42.44+ 2.94 49.3+ 3.01 40.44+ 2.69 0.020+ 0.014 2.57
1k 248+ 2.12 24.2+2.31 24.8+1.98 27.1+ 2.04 27.4+ 2.55 0.386+ 0.041 2.97
1o 3.54+0.17 6.13+ 0.96 6.224+ 0.87 7.04+ 0.92 7.124+0.89 0.110+ 0.001 3.11
1r 4.484 0.06 5.97+ 0.83 6.29+ 0.75 6.38+ 0.61 5.42+ 0.47 0.042+ 0.001 4.09
2a 19.6+ 1.87 21.9+ 1.65 22.6+1.22 20.8+ 1.09 22.9+1.31 0.850+ 0.035 5.23
2b 23.1+2.10 21.3+1.96 31.84+ 2.03 27.8+2.11 27.6+ 2.25 0.280+ 0.007 4.48
2c 224+ 2.13 23.8+ 2.17 30.0+ 2.79 14.6+ 1.52 31.4+ 2.07 0.450+ 0.003 4.90

aThe cyctotoxicity of the compounds are reported as the concentration of the inhibitor required to inhibit growth of the cancer cell line by 509§ (i.e., G
in micromoles. The G values were determined by nonlinear regression analysis using WinNb#livalues are those for-calpain inhibition and are the
same as reported in Table ¢ICLog P is the calculated partition coefficients of the inhibitors and were determined with ChemDraw Ultra ver. 9.0.

derivatives and as such were not selectivefaralpain. For C&" concentration, which in turn activates calpain. Activated
example, compouniln with a R, proline residue was 130-fold  calpain then degrades its cellular substrate proteigpectrin,
selective fop-calpain over cathepsin B while the corresponding and generates specific 145/150 KDa spectrin breakdown prod-
thiaproline derivativelr was only about 3-fold selective for  ucts (SBDP). Inhibition of formation of SBDP by a compound
u-calpain. is used as a marker for the ability of the compound to enter
Peptidyl aldehydes are generally potent inhibitors of calpain cells and inhibit the proteolytic action of calpaifin this assay
but the compounds form hydrates and undergo tautomerizationlb (CLogP= 3.47) inhibited the production of SBDP by 82.4%
and rapid oxidation in vivd132 These factors limit their ~ while 1j (CLogP= 2.57) effected only 22.8% inhibition of the
usefulness as tools for studying calpain function in vivo and as production of SBDP at the same concentration, suggesting that
potential therapeutic agents. Unlike an aldehyde, aHesto- poor cellular permeation may account for the poor cytotoxic
amide functional group is stable to oxidati#?3We therefore activity of 1j despite its potent in vitrai-calpain inhibitory
synthesized and studied the calpain inhibitory activity of peptidyl activity. The peptidyb.-ketoamides displayed similar cytotoxic
o-ketoamidea—c. The calpain inhibitory activity of the com-  effects as the corresponding peptidyl aldehydes despite the
pounds mirrored that of the aldehydes and displayed the 10-fold greateru-calpain inhibitory potency of the peptidyl
following the rank order of potency2b (with p-nitro) > 2c aldehydes in the cell free assay. The difference in the cytotoxic
(with p-methoxy)> 2a (with p-methyl). Theo-ketoamides were,  effectiveness may be due in part to better cell penetration of
however, about 10-fold less potent than the corresponding the peptidylo-ketoamides (due to greater lipophilicity) and/or
aldehydes. better cellular stability compared to the peptidyl aldehyde®.
Cytotoxicity Studies. Calpain inhibitors have been shown
to prevent apoptosis:3435In contrast to these reports Zhu et Conclusion

al2 demonstrated that calpain inhibitors such as calpain | this report we have described the synthegisalpain
inhibitor | and Z-Leu-Leu-Tyr-diazomethyl ketone are cytotoxic inhibitory potency, and cytotoxicity of a series of peptidyl

to humalnzzprostate cell lines (LNCaP and PC-3). Other inves- 5 4ehydes and peptidyi-ketoamides incorporating-proline
tigators-?2 have also shown that calpain inhibitors trigger anq, -thiaproline residues with various-sulfonyl substituents
apoptosis in acute lymphoblastic leukemia (ALL) cells, non-  4¢ the B-position of the inhibitors. The compounds displayed
Hodgkin’s lymphoma (NHL) cells, and lymphocytic leukemia  yoderate cytotoxicity against the cell lines studied, but no corre-

(B-CLL) cells. We therefore studied the relationship between |tion petween calpain inhibition and cytotoxicity was observed.
u-calpain inhibition and the antiproliferative activity (§g8) of The peptidylo-ketoamides were about 10-fold less potent but

our compounds in two leukemia cell lines (Jurkat and Daudi) gigpjayed similar SAR toward calpain inhibition and equivalent
and three solid tumor cell lines (DU-145, PC-3, and Hela). cytotoxic activity to their aldehyde counterparts.

Table 3 shows the results of the study. The compounds were
more cytotoxic versus the leukemia cell lines compared to the gxperimental Section
solid tumor cell lines with GJ, values between 2.1#M to 35.3

uM versus Daudi and Jurkat, and 4.8% to 63.2uM versus Chemistry. General Methods. All evaporations were carried

the solid tumor cells. Compourid, which was one of the most out in vacuo with a rotary evaporator. Thin-layer chromatography
otent u-calpain inhibitors of the serie as also the most (TLC) was performed on silica gel chromatogram plates purchased

P ru-caipain Inhibitors Series, was als St from Analtech, Inc. Spots were visualized by UV light (254 and

effective cytotoxic agent versus all of the cell lines tested but 35 nm). Fischer silica gel S7325 (100-400 mesh) was used

and cytotoxicity. column chromatography was in the range of-3@0 times the
Compoundlj, which was the most potent and the most amount (weight) of the crude compounds being separated. Melting

selectiveu-calpain inhibitor K; = 0.02uM; SR = 188), was points (mp) were obtained utilizing a Fisher-Johns melting point

among the least effective antiproliferative agents;¢Bétween apparatus and are uncorrected. Molecular masses were recorded

32.5uM to 49.3 uM). We hypothesized that the poor cyto- ont_Bruker/HeW‘I;lét-l\P“?/lcFI;)ard Estqwre LC/MS.dPré)ton é\ucl!ea;g;g-

i ; o S vitrar ki netic resonanc spectra were recorded on Bruker

tox!c!ty of 1j despite its potent m.VI.trW calpain lnhlpltory 300 MHz and Varian Inova 500 MHz instruments. The chemical

activity compared tdb was due to limited cell penetration. To , - :

test this hvnothesi determined the abiliti fih d shift (0) values are reported as parts per million (ppm) relative to

estihis hypothesis we determined the abilities of the compoun Stetramethylsilane as internal standard=ssinglet, d= doublet,

to penetrate cells and inhibit intracellular calpain activity using  — triplet, g = quartet, m= multiplet, br = broad singlet. All

a modification of the procedure reported by Chatterjee & al. analytical samples were homogeneous on TLC in at least two

In this study Jurkat cells are treated with®Cand lonomycin different solvent systems. Analytical samples were dried in vacuo

(a calcium ionophore). This results in increased intracellular (0.2 mmHg) in a drying apparatus oves@2. Elemental analyses
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were performed by Atlantic Microlab, Inc., Norcross, GA. Elemental
compositions of target compounds were withit0.4% of the
calculated values. Fractional moles of water found in analytical

Korukonda et al.

br. 1H), 7.90 (m, 2H), 7.58 (m, 3H), 4.32 (m, 1H), 3.54 (m, 1H),
3.31 (m, 1H), 2.01 (m, 3H), 1.99 (m, 1H).
(R)-1-(4-Methoxyphenylsulfonyl)pyrrolidine-2-carboxylic Acid

samples could not be removed even after 24 h of drying in vacuo (4g). Compound4g was obtained as yellow oil in 90.4% yield.

and were confirmed, where possible, by their presence iftthe

[a]27, = +84.2 (c 1, CHCE). *H NMR (CDCL): 6 7.83 (m, 2H),

NMR spectrum. All reagents and solvents were purchased from 7.02 (m, 2H), 4.26 (m, 1H), 3.90 (s, 3H), 3.52 (m, 1H), 3.24 (m,
Advanced ChemTech Inc., Bachem, Calbiochem, Fischer Scientific, 1H), 2.18 (m, 1H), 1.98 (m, 2H), 1.81 (m, 1H).

and Sigma Aldrich and used without further purification.

General Procedure 1. Sulfonylation. Method A.p-Proline or
L-thiaproline (1 equiv) was dissolved in a mixture of 10%CO;
(10 mL) and THF (10 mL). The appropriate phenylsulfonyl chloride
(2 equiv) was added and stirred at 8C for 5 h followed by
acidification with 3 N HCI, extraction with EtOAc (3x 30 mL),
drying (N&SQy), and evaporation to afford the product.

Method B. p-Proline orc-thiaproline (1 equiv) was dissolved
in a mixture of saturated NaOH/THF (50 mL) or saturated NaBllCO
Et,O (50 mL). p-Toluenesulfonyl chloride (1.5 equiv) was added
and stirred overnight at RT, and then the mixture was acidified
with 3 N HCI and extracted with ED (3 x 30 mL). The organic
extracts were dried (N&QO,) and evaporated to give the product.

General Procedure 2. Coupling.A solution of the carboxylic
acid (1 equiv) in CHCI, was cooled in an ice-bath, EDC (1.05
equiv), HOBT (1.05 equiv), amine (1 equiv), and NMM (3 equiv)

were added consecutively, and the mixture was stirred overnight

at RT, HO (40 mL) was added, and the mixture was extracted
with CH,Cl, (3 x 30 mL). The combined organic extracts were
washed with saturated NaHG®olution (30 mL), 0.5 N HCI (30
mL), and BHO (30 mL) successively and dried (NagEvaporation

of the solvent followed by column chromatographic purification
over silica gel afforded the desired amide.

General Procedure 3. DessMartin Oxidation. Method A.
Dess-Martin reagent (1.05 equiv) was added to a solution of the
alcohol (1 equiv) in CHCI, (20 mL), and the mixture was stirred
at RT for 2 h. Sodium thiosulfate pentahydrate P8 equiv) in
saturated NaHCg&solution was added and stirred for an additional
10 min, and the mixture was extracted with £&Hp (3 x 30 mL).
The combined extracts were washed with 0.5 N HCI (30 mL) and
H,O (30 mL) and dried (Ng&5Oy). The solvent was evaporated,

(R)-1-(2-Nitrophenylsulfonyl)pyrrolidine-2-carboxylic Acid
(4h). Compound4h was obtained as a white solid in 77.5% yield.
mp 83-84°C. [a]*®, = +111.5 (c 1, CHCE). *H NMR (DMSO-
dg): 0 8.08 (M, 1H), 7.98 (m, 1H), 7.87 (m, 2H), 4.38 (dH=
3.0, 3.0 Hz, 1H), 3.47 (m, 1H), 3.33 (m, 1H), 2.18 (m, 1H), 1.87
(m, 3H).

(R)-1-(3-Nitrophenylsulfonyl)pyrrolidine-2-carboxylic Acid
(4i). Compound4i was obtained as a white solid in 81.6% yield.
mp 147-149°C. [0]?% = +74.2 (c 1, CHC}). *H NMR (DMSO-
dg): 0 8.53 (m, 1H), 8.27 (m, 1H), 7.92 (m, 1H), 7.61 (m, 1H),
4.25 (m, 1H), 3.38 (m, 2H), 1.87 (m, 4H).

(R)-1-(4-Nitrophenylsulfonyl)pyrrolidine-2-carboxylic Acid
(4j). Compound4j was obtained as a white solid in 82% yield. mp
141-143°C. [0]%®%, = + 65.1° (c 1, CHCk). 'H NMR (DMSO-
dg): 0 8.41 (m, 2H), 8.09 (m, 2H), 4.61 (m, 1H), 4.21 (m, 1H),
3.71 (m, 1H), 1.86 (m, 4H).

(R)-1-(4-Fluorophenylsulfonyl)pyrrolidine-2-carboxylic Acid
(4k). Compounddk was obtained as a white solid in 87.3% yield.
mp 110-112 °C. [0]? s = +86.8 (c 1, CHCE). *H NMR
(CDCly): 0 9.97 (s, 1H), 7.92 (m, 2H), 7.23 (m, 2H), 4.34 (m,
1H), 3.50 (m, 1H), 3.32 (m, 1H), 2.13 (m, 2H), 1.99 (m, 1H), 1.84
(m, 1H).

(R)-1-(4-Chlorophenylsulfonyl)pyrrolidine-2-carboxylic Acid
(41). Compound4l was obtained as a white solid in 88% yield. mp
102-103°C. [a]?% = +83.5’ (c 1, CHCE). *H NMR (CDCly): 6
8.85 (s, br, 1H), 7.82 (m, 2H), 7.53 (m, 2H), 4.34 (m, 1H), 3.97
(m, 1H), 3.31 (m, 1H), 1.94 (m, 4H).

(R)-1-(4-Bromophenylsulfonyl)pyrrolidine-2-carboxylic Acid
(4m). Compound4m was obtained as a white solid in 87.2%
yield: mp 175-177°C. [0]?% = +75.8 (c 1, CHCE). 'H NMR
(CDCly): 6 8.60 (s, br, 1H), 7.74 (m, 2H), 7.67 (m, 2H), 4.33 (m,

and the crude product was purified by column chromatography over 1H), 3.97 (m, 1H), 3.29 (m, 1H), 1.98 (m, 4H).

silica gel.

Method B. t-BuOH (1.05 equiv) was added to Deddartin
reagent (1.05 equiv) in Ci€l,. After 20 min, a solution of the
alcohol (1 equiv) in CHCI, (20 mL) was added and the mixture
was stirred at RT fo2 h followed by workup as described in
Method A.

Synthesis of Compounds 4er. Compoundgic—e, and4gwere
synthesized using sulfonylation Method A. Compourdsand
4h—m were synthesized using sulfonylation Method B with
saturated NaOH/THF (50 mL) as the solvent. Compoufatsr
were synthesized using sulfonylation Method B with saturated
NaHCOy/EtO (50 mL) as the solvent.

(R)-1-(Butylsulfonyl)pyrrolidine-2-carboxylic Acid (4c). Com-
pound4c was obtained as colorless viscous oil in 93.1% yield.
[0]?% = +65.1° (c 1, CHCE). *H NMR (CDClg): 6 10.44 (br,
1H), 4.55 (m, 1H), 3.58 (m, 1H), 3.46 (m, 1H), 3.11 (m, 2H), 2.30
(m, 1H), 2.15 (m, 1H), 2.01 (m, 2H), 1.82 (m, 2H), 1.45 (m, 2H),
0.95 (t, 1H,J = 7.50 Hz).

(R)-1-(Isopropylsulfonyl)pyrrolidine-2-carboxylic Acid (4d).
Compound4d was obtained as a white solid in 92.5% yield. mp
67—69 °C. [0]?%, = +55.7 (c 1, CHCE). 'H NMR (CDCly): ¢
4.57 (m, 1H), 3.67 (m, 1H), 3.45 (m, 1H), 3.34 (m, 1H), 2.32 (m,
1H), 2.17 (m, 1H), 2.02 (m, 2H), 1.27 (d,= 7.20 Hz, 6H).

(R)-1-(Naphthalen-1-ylsulfonyl)pyrrolidine-2-carboxylic Acid
(4e).Compounddlewas obtained as a white solid in 96.2% yield.
mp 111113 °C. [o]?’p = +61.5 (c 1, CHCE). *H NMR
(CDCly): 6 10.78 (s, 1H), 8.47 (s, 1H), 7.92 (m, 6H), 4.41 (m,
1H), 3.56 (m, 1H), 3.36 (m, 1H), 2.05 (m, 1H), 1.98 (m, 2H), 1.79
(m, 1H).

(R)-1-(Phenylsulfonyl)pyrrolidine-2-carboxylic Acid (4f). Com-
pound4f was obtained as a white solid in 90.4% yield. mp-8B
°C. [a]*p = +102.7 (c 1, CHCE). *H NMR (CDCl3): 6 8.01 (s,

(R)-1-(4-lodophenylsulfonyl)pyrrolidine-2-carboxylic Acid (4n).
Compound4n was obtained as a white solid in 72.7% yield. mp
121-123°C. [a]?’p = +66.6° (c 1, CHCE). *H NMR (CDCly): 6
8.95 (s, br, 1H), 7.91 (m, 2H), 7.61 (m, 2H), 4.33 (m, 1H), 3.93
(m, 1H), 3.42 (m, 1H), 1.98 (m, 4H).

(S)-3-(4-Fluorophenylsulfonyl)thiazolidine-4-carboxylic Acid
(40). Compound4o was obtained as a white solid in 94.5% yield.
mp 96-99 °C. [a]®p = —172.7 (c 1, CHC). 'H NMR (CDCl):

0 9.93 (s, br, 1H), 7.92 (m, 2H), 7.23 (m, 2H), 4.91 (m, 1H), 4.68
(d, 3 = 9.31 Hz, 1H), 4.42 (dJ = 9.31 Hz, 1H), 3.26 (m, 1H),
3.08 (m, 1H).

(S)-3-(4-Chlorophenylsulfonyl)thiazolidine-4-carboxylic Acid
(4p). Compound4p was obtained as a white solid in 91.1% yield:
mp 115-118 °C. [a]%% —161.4 (c 1, CHCE). 'H NMR
(CDCly): 6 7.83 (m, 2H), 7.51 (m, 2H), 4.89 (m, 1H), 4.68 (d,
J=9.20 Hz, 1H), 4.42 (d) = 9.30 Hz, 1H), 3.27 (m, 1H), 3.08
(m, 1H).

(S)-3-(4-Bromophenylsulfonyl)thiazolidine-4-carboxylic Acid
(4q). Compound4q was obtained as a white solid in 80.6% yield.
mp 127-130 °C. [a]%% —141.4 (c 1, CHCE). 'H NMR
(CDCly): 6 7.74 (m, 4H), 4.89 (m, 1H), 4.67 (d, = 9.30 Hz,
1H), 3.27 (m, 1H), 3.07 (m, 1H).

(9)-3-(4-lodophenylsulfonyl)thiazolidine-4-carboxylic Acid (4r).
Compound4r was obtained as a white solid in 86.4% yield: mp
149-152°C. [0]?% = —124.5 (c 1, CHCE). 'H NMR (CDCly):

0 7.91 (m, 2H), 7.61 (m, 2H), 4.90 (dd,= 3.60, 3.30 Hz, 1H),
4.68 (d,J = 9.30 Hz, 1H), 4.44 (dJ = 9.30 Hz, 1H), 3.29 (dd,
J = 3.60, 3.3 Hz, 1H), 3.08 (m, 1H).

Synthesis of compounds 5er. Compoundssc—r were syn-
thesized using General Procedure 2.

(R)-1-(Butylsulfonyl)-N-((S)-1-hydroxy-3-phenylpropan-2-yl)-
pyrrolidine-2-carboxamide (5c). Compound5c was obtained as
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viscous ail in 79.2% yield'H NMR (DMSO-dg): 6 7.95 (s, 1H),
7.67 (d,J = 9.0 Hz, 1H), 7.22 (m, 5H), 4.81 (§ = 5.4 Hz, 1H),
4.13 (dd,J = 3.6, 3.6 Hz, 1H), 3.88 (m, 1H), 3.06 (m, 2H), 2.85
(m, 1H), 2.60 (m, 2H), 2.50 (m, 2H), 1.96 (m, 1H), 1.68 (m, 2H),
1.63 (m, 3H), 1.38 (m, 2H), 0.88 (§, = 7.2 Hz, 3H).

(R)-N-((9)-1-Hydroxy-3-phenylpropan-2-yl)-1-(isopropyl-
sulfonyl)pyrrolidine-2-carboxamide (5d). Compound5d was
obtained as viscous oil in 28% yielld NMR (CDCl): o 7.27
(m, 5H), 6.59 (dJ = 7.8 Hz, 1H), 4.29 (m, 1H), 4.14 (m, 1H),
3.70 (m, 1H), 3.64 (m, 1H), 3.44 (m, 2H), 3.31 (m, 1H), 2.97 (s,
1H), 2.64 (t,J = 5.7 Hz, 1H), 2.16 (m, 2H), 1.93 (m, 2H), 1.37 (d,
J=16.9, 6H).

(R)-N-((9)-1-Hydroxy-3-phenylpropan-2-yl)-1-(naphthalen-1-
ylsulfonyl)pyrrolidine-2-carboxamide (5e). Compound5e was
obtained as a white crystalline solid in 68.4% yield: mp £2@2
°C;H NMR (CDClg): ¢ 8.42 (s, 1H), 7.96 (m, 3H), 7.84 (m, 1H),
7.67 (m, 2H), 7.34 (m, 5H), 7.13 (d, = 7.2 Hz, 1H), 4.16 (m,
1H), 3.70 (m, 2H), 3.53 (m, 1H), 3.23 (m, 1H), 2.96 (m, 3H), 2.10
(m, 1H), 1.65 (m, 3H). ESI MSm/z 461 (M + Na)".

(R)-N-((S)-1-Hydroxy-3-phenylpropan-2-yl)-1-(phenylsulfonyl)-
pyrrolidine-2-carboxamide (5f). Compoundbf was obtained as a
white solid in 84.6% yield: mp 98100°C; IH NMR (CDCl): ¢
7.85 (m, 2H), 7.60 (m, 3H), 7.30 (m, 5H), 7.10 @= 7.2 Hz,
1H), 4.07 (m, 2H), 3.67 (m, 2H), 3.50 (m, 1H), 3.17 (m, 1H), 3.03
(m, 2H), 2.78 (m, 1H), 2.11 (m, 1H), 1.59 (m, 2H).

(R)-N-((9)-1-Hydroxy-3-phenylpropan-2-yl)-1-(4-methoxy-
phenylsulfonyl)pyrrolidine-2-carboxamide (5g). Compound5g
was obtained as a white solid in 73.8% yield: mp +4@8 °C;
1H NMR (CDClg): 6 7.78 (m, 2H), 7.32 (m, 5H), 7.13 (d,= 7.5
Hz, 1H), 7.02 (m, 2H), 4.11 (m, 1H), 4.00 (m, 1H), 3.90 (s, 3H),
3.72 (m, 2H), 3.49 (m, 1H), 3.14 (m, 1H), 2.97 (m, 2H), 2.71 (m,
1H), 2.10 (m, 1H), 1.60 (m, 2H).

(R)-N-((S)-1-Hydroxy-3-phenylpropan-2-yl)-1-(2-nitrophenyl-
sulfonyl)pyrrolidine-2-carboxamide (5h). Compound5h was
obtained as colorless oil in 49% yieldHd NMR (CDCl;, 300
MHz): 6 8.08 (m, 1H), 7.72 (m, 3H), 7.26 (m, 5H), 6.79 M=
8.1 Hz, 1H), 4.43 (ddJ = 4.0, 4.0 Hz, 5H), 4.09 (m, 1H), 3.66
(m, 1H), 3.54 (m, 3H), 2.74 (dd] = 2.7, 2.7 Hz, 2H), 2.14 (m,
1H), 1.86 (m, 3H).

(R)-N-((S)-1-Hydroxy-3-phenylpropan-2-yl)-1-(3-nitrophenyl-
sulfonyl)pyrrolidine-2-carboxamide (5i). Compoundsi was ob-
tained as a white solid in 76% yield: mp 12921 °C; 'H NMR
(CDCl): 6 8.70 (m, 1H), 8.50 (m, 1H), 8.19 (m, 1H), 7.80Jt=
4.8 Hz, 1H), 7.24 (m, 5H), 6.89 (d,= 6.3 Hz, 1H), 4.23 (m, 2H),
3.58 (m, 2H), 3.52 (m, 1H), 3.25 (m, 1H), 2.98 (m, 2H), 1.54 (m,
4H).

(R)-N-((S)-1-Hydroxy-3-phenylpropan-2-yl)-1-(4-nitrophenyl-
sulfonyl)pyrrolidine-2-carboxamide (5j). Compound 5] was
obtained as a white solid in 73% yield: mp 18486°C; 'H NMR
(CDCly): ¢ 8.42 (d,J = 9.0 Hz, 2H), 8.06 (dJ = 9.0 Hz, 2H),
7.33 (m, 5H), 6.83 (dJ = 9.0 Hz, 1H), 4.17 (m, 1H), 4.08 (m,
2H), 3.68 (m, 2H), 3.53 (m, 1H), 3.19 (m, 1H), 2.97 (m, 2H), 2.43
(m, 1H), 2.14 (m, 1H), 1.73 (m, 2H).

(R)-1-(4-Fluorophenylsulfonyl)-N-((S)-1-hydroxy-3-phenyl-
propan-2-yl)pyrrolidine-2-carboxamide (5k). Compoundbk was
obtained as a white crystalline solid in 81.1% yield: mp 44862
°C;™H NMR (CDCly): 6 7.86 (m, 2H), 7.28 (m, 7H), 7.03 (d,=
7.20 Hz 1H), 4.13 (m, 1H), 4.01 (m, 1H), 3.68 (m, 2H), 3.48 (m,
1H), 3.06 (m, 3H), 2.63 (m, 1H), 2.12 (m, 1H), 1.64 (m, 3H). ESI
MS: m/z 429 (M + Na)*.

(R)-1-(4-Chlorophenylsulfonyl)-N-((S)-1-hydroxy-3-phenyl-
propan-2-yl)pyrrolidine-2-carboxamide (51). Compoundsl was
obtained as a white crystalline solid in 52% yield: mp 102
°C;H NMR (CDCly): 6 7.71 (m, 3H), 7.28 (m, 6H), 7.03 (d,=
7.20 Hz, 1H), 4.13 (m, 1H), 4.01 (m, 1H), 3.68 (m, 2H), 3.48 (m,
1H), 3.06 (m, 3H), 2.63 (m, 1H), 2.12 (m, 1H), 1.64 (m, 2H). ESI
MS: m/z 445.5 (M+ Na)*.

(R)-1-(4-Bromophenylsulfonyl)-N-((S)-1-hydroxy-3-phenyl-
propan-2-yl)pyrrolidine-2-carboxamide (5m). Compoundsm was
obtained as a white crystalline solid in 50.4% yielti NMR
(CDCly): 6 7.48 (m, 4H), 7.29 (m, 5H), 7.03 (d, = 7.50 Hz,
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1H), 4.13 (m, 1H), 3.68 (m, 2H), 3.48 (m, 1H), 3.36 (m, 1H), 3.13
(m, 1H), 2.96 (m, 2H), 2.12 (m, 1H), 1.64 (m, 3H). ESI M8vz
489.6 (M+ Na)'.

(R)-N-((9)-1-Hydroxy-3-phenylpropan-2-yl)-1-(4-iodophenyl-
sulfonyl)pyrrolidine-2-carboxamide (5n). Compound5n was
obtained as a white crystalline solid in 30.8% yield: mp 1180
°C; IH NMR (CDCl): 0 8.96 (s, br, 1H), 7.90 (m, 2H), 7.61 (m,
2H), 7.32 (d,J = 7.50 Hz, 1H), 4.32 (m, 1H), 3.90 (m, 1H), 3.49
(m, 1H), 3.30 (m, 1H), 2.01 (m, 6H). ESI MS1z 537.10 (M+
Na)*.

(9)-3-(4-Fluorophenylsulfonyl)-N-((S)-1-hydroxy-3-phenyl-
propan-2-yl)thiazolidine-4-carboxamide (50).Compoundowas
obtained as colorless viscous oil in 26.3% yiéld.NMR (CDCls,
500 MHz): 6 7.84 (m, 2H), 7.32 (m, 2H), 7.24 (m, 5H), 6.82 (d,
J=7.20 Hz, 1H), 4.46 (dJ = 6.91 Hz, 1H), 4.40 (m, 1H), 4.24
(m, 1H), 4.02 (dJ = 6.91 Hz, 1H), 3.78 (dJ = 9.10 Hz, 1H),
3.64 (m, 1H), 3.15 (dd) = 5.80, 5.80 Hz, 1H), 3.02 (m, 1H), 2.84
(m, 1H), 2.65 (m, 1H), 2.58 (s, br, 1H). ESI M$wz 447.3 (M+
Na)*.

(9)-3-(4-Chlorophenylsulfonyl)-N-((S)-1-hydroxy-3-phenyl-
propan-2-yl)thiazolidine-4-carboxamide (5p).Compouncdbp was
obtained as a yellow white solid in 54.3% yield: mp ¥D4°C;
H NMR (CDCly): 6 7.78 (m, 2H), 7.56 (m, 2H), 7.28 (m, 5H),
6.82 (d,J = 8.10 Hz, 1H), 4.48 (dJ = 10.50 Hz, 1H), 4.40 (m,
1H), 4.24 (m, 1H), 4.04 (dJ = 10.50 Hz, 1H), 3.80 (m, 1H), 3.65
(m, 1H), 3.18 (ddJ = 3.60, 3.60 Hz, 1H), 3.02 (m, 1H), 2.81 (m,
1H), 2.65 (m, 1H), 2.58 (s, br, 1H). ESI MSwz 463.10 (M +
Na)*.

(S)-3-(4-Bromophenylsulfonyl)-N-((S)-1-hydroxy-3-phenyl-
propan-2-yl)thiazolidine-4-carboxamide (5q).Compoundbq was
obtained as a yellow white solid in 38.7% yield: mp H115°C;
H NMR (CDCl3, 300 MHz): 6 7.69 (m, 4H), 7.25 (m, 5H), 6.79
(d,J=8.1Hz, 1H), 4.44 (m, 2H), 4.24 (m, 1H), 4.03 @= 10.5
Hz, 1H), 3.78 (m, 1H), 3.63 (m, 1H), 3.15 (ddi= 3.60, 3.60 Hz,
1H), 3.01 (m, 1H), 2.81 (m, 1H), 2.65 (m, 1H). ESI M8Yz509.10
(M + Na)'.

(S)-N-((9)-1-Hydroxy-3-phenylpropan-2-yl)-3-(4-iodophenyl-
sulfonyl)thiazolidine-4-carboxamide (5r). Compound 5r was
obtained as a yellow white solid in 40.3% yield: mp #I®D2°C;
IH NMR (CDCls, 300 MHz): 6 7.94 (m, 2H), 7.54 (m, 2H), 7.27
(m, 5H), 6.79 (dJ = 7.8 Hz, 1H), 4.47 (dJ = 10.5 Hz, 1H), 4.39
(m, 1H), 4.23 (m, 1H), 4.04 (d] = 10.5 Hz, 1H), 3.78 (m, 1H),
3.66 (m, 1H), 3.18 (ddj = 3.60, 3.60 Hz, 1H), 3.02 (m, 1H), 2.82
(m, 1H), 2.65 (m, 1H), 2.53 (m, 1H). ESI MSz 559.10 (M+
Na)*.

Synthesis of Compounds lar. The synthesis of compounds
laandlb have been previously report&dCompoundd.c—m were
synthesized using oxidation Method A whila—r were synthesized
using oxidation Method B.

(R)-1-(Butylsulfonyl)-N-((R,S)-1-oxo-3-phenylpropan-2-yl)-
pyrrolidine-2-carboxamide (1c). Compoundlc was obtained as
colorless oil in 32% yield!H NMR (CDCl): ¢ 9.62 (s, 1H), 7.27
(m, 6H), 4.69 (m, 1H), 4.30 (m, 1H), 3.40 (m, 2H), 3.19 (m, 2H),
2.95 (m, 2H), 2.15 (m, 2H), 1.93 (m, 2H), 1.79 (m, 2H), 1.43 (m,
2H), 0.97 (t,J = 7.2 Hz, 3H). Anal. (GgH2eN204S), C, H, N. ESI
MS: mz 421 (M + Na + CHzOH)*.

(R)-1-(Isopropylsulfonyl)-N-((R,S-1-ox0-3-phenylpropan-2-
yl)pyrrolidine-2-carboxamide (1d). Compoundld was obtained
as colorless oil in 68% yieldtH NMR (CDCl): 6 9.62 (s, 1H),
7.23 (m, 5H), 7.01 (m, 1H), 4.68 (¢, = 6.9, 6.9 Hz, 2H), 4.39
(m, 1H), 3.49 (m, 1H), 3.37 (m, 1H), 3.16 (m, 3H), 2.13 (m, 2H),
1.90 (m, 2H), 1.31 (m, 6H). Anal. (GH24N,O4S - 0.6H,0), C, H,
N. ESI MS: m/z 407 (M + Na + CHzOH)*.

(R)-1-(Naphthalen-1-ylsulfonyl)N-((R,S-1-oxo-3-phenylpro-
pan-2-yl)pyrrolidine-2-carboxamide (1e). Compound 1le was
obtained as a white foamy solid in 75.8% vyield: mp-@&2 °C;
H NMR (CDCl;, 300 MHz): ¢ 9.65 (s, 1H), 8.42 (s, 1H), 7.98
(m, 3H), 7.82 (m, 1H), 7.67 (m, 2H), 7.31 (m, 6H), 4.71 Jo&=
7.5, 7.5 Hz, 1H), 4.25 (m, 1H), 3.56 (m, 1H), 3.22 (m, 3H), 2.11
(m, 1H), 1.74 (m, 1H), 1.58 (m, 2H). Anal. §H>/N,O,S
0.16H:0), C, H, N. ESI MS: m/z 491 (M + Na + CH;OH)".
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(R)-N-((R,9-1-ox0-3-phenylpropan-2-yl)-1-(phenylsulfonyl)-
pyrrolidine-2-carboxamide (1f). Compoundlf was obtained as
colorless oil in 43% yield!H NMR (CDCl;, 300 MHz): 6 9.64
(s, 1H), 7.93 (m, 2H), 7.60 (m, 4H), 7.37 (m, 5H), 4.68Jt=
6.90, 6.90 Hz, 1H), 3.50 (m, 1H), 3.24 (m, 4H), 1.63 (m, 4H).
Anal. (CoH2N20,S + 1.02H0), C, H, N. ESI MS:m/z441 (M +
Na + CHZ;OH)".

(R)-1-(4-Methoxyphenylsulfonyl)N-((R,9-1-ox0-3-phenylpro-
pan-2-yl)pyrrolidine-2-carboxamide (1g). Compound1lg was
obtained as colorless oil in 96% yieltH NMR (CDCly): 6 9.64
(s, 1H), 7.77 (dJ = 8.70, 2H), 7.30 (m, 6H), 7.02 (d, = 9.00,
2H), 4.68 (t,J = 6.90, 6.90 Hz, 1H), 4.60 (m, 1H), 3.45 (m, 1H),
3.19 (m, 3H), 1.65 (m, 4H). Anal. (gH24N20sS - 1.0H,0), C, H,
N. ESI MS: m/z 471 (M + Na + CHzOH)".

(R)-1-(2-Nitrophenylsulfonyl)-N-((R,9-1-o0xo-3-phenylpropan-
2-yl)pyrrolidine-2-carboxamide (1h). CompoundLh was obtained
as colorless oil in 48.4% yieldH NMR (CDCl): ¢ 9.57 (s, 1H),
8.06 (m, 1H), 7.71 (m, 3H), 7.26 (m, 5H), 7.02 @= 7.5 Hz,
1H), 4.61 (m, 5H), 4.49 (m, 1H), 3.48 (m, 2H), 3.10 ®= 6.9
Hz 2H), 2.24 (m, 1H), 1.93 (m, 3H). Anal. §§12:N306S - 0.2H:0),

C, H, N. ESI MS: m/z 486 (M + Na + CHz;OH)*.

(R)-1-(3-Nitrophenylsulfonyl)-N-((R,9-1-oxo-3-phenylpropan-
2-yl)pyrrolidine-2-carboxamide (1i). CompoundLli was obtained
as colorless oil in 60% yielddH NMR (CDCl): ¢ 9.67 (d,J =
6.0 Hz, 1H), 8.68 (m, 1H), 8.51 (m, 1H), 8.16 (m, 1H), 7.80 (t,
J=28.1Hz, 1H), 7.32 (m, 5H), 7.08 (d,= 6.9 Hz, 1H), 4.75 (m,
1H), 4.15 (m, 1H), 3.56 (m, 1H), 3.22 (m, 3H), 1.80 (m, 4H). Anal.
(C20H21N306S - 0.2H,0), C, H, N. ESI MS: m/z 486 (M + Na +
CH3;OH)*.

(R)-1-(4-Nitrophenylsulfonyl)-N-((R,9-1-ox0-3-phenylpropan-
2-yl)pyrrolidine-2-carboxamide (1j). Compoundlj was obtained
as colorless oil in 77% yielddH NMR (CDCl): 6 9.68 (s, 1H),
8.42 (d,J = 9.0 Hz, 2H), 8.02 (dJ = 9.0 Hz, 2H), 7.32 (m, 5H),
7.05 (d,J = 9.0 Hz, 1H), 4.74 (tJ = 6.0, 6.0 Hz, 1H), 4.16 (m,
1H), 3.53 (m, 1H), 3.24 (m, 3H), 2.16 (m, 1H), 1.85 (m, 1H), 1.70
(m, 2H). Anal. (GoH21N306S + 0.16H0), C, H, N. ESI MS: m/z
486 (M + Na + CHzOH)".

(R)-1-(4-Fluorophenylsulfonyl)N-((R,9-1-ox0-3-phenylpro-
pan-2-yl)pyrrolidine-2-carboxamide (1k). Compound1k was
obtained as a white foamy solid in 85.7% yield: mp4& °C; 'H
NMR (CDCl): 6 9.62 (s, 1H), 7.84 (m, 2H), 7.26 (m, 8H), 4.68
(9,3 =6.90, 6.90 Hz, 1H), 4.11 (m, 1H), 3.48 (m, 1H), 3.13 (m,
3H), 2.11 (m, 1H), 1.66 (m, 3H). Anal. ¢gH21FN,O,S - 0.4H,0),

C, H, N. ESI MS: m/z 459 (M + Na + CHz;OH)*.

(R)-1-(4-Chlorophenylsulfonyl)-N-((R,S-1-oxo-3-phenylpro-
pan-2-yl)pyrrolidine-2-carboxamide (1l). Compound 1l was
obtained as a white foamy solid in 56.9% yield: mp—4& °C;
IH NMR (CDCl): 6 9.64 (s, 1H), 7.77 (m, 2H), 7.29 (m, 6H),
4.72 (9, = 6.90, 7.20 Hz, 1H), 4.12 (m, 1H), 3.48 (m, 1H), 3.21
(m, 2H), 3.10 (m, 1H), 2.13 (m, 1H), 1.66 (m, 3H). Anal.x(82:-
CIN2O4S - 0.4H,0), C, H, N. ESI MS: m/z475 (M + Na+ CHs-
OH)*.

(R)-1-(4-Bromophenylsulfonyl)N-((R,9-1-0x0-3-phenylpro-
pan-2-yl)pyrrolidine-2-carboxamide (1m). Compoundlm was
obtained as a white foamy solid in 86.7% yield: mp45 °C;
IH NMR (CDCl): 6 9.61 (s, 1H), 7.68 (m, 4H), 7.26 (m, 6H),
4.69 (g,J = 6.90, 6.90 Hz, 1H), 4.10 (m, 1H), 3.48 (m, 1H), 3.19
(m, 3H), 2.10 (m, 1H), 1.63 (m, 3H). Anal. ¢81,,BrN,0O,S), C,
H, N. ESI MS: m/z520 (M + Na + CHzOH)*.

(R)-1-(4-lodophenylsulfonyl)-N-((R,9-1-oxo-3-phenylpropan-
2-yl)pyrrolidine-2-carboxamide (1n). CompoundLn was obtained
as a white foamy solid in 69.4% yield: mp 562 °C; *H NMR
(CDCly): 6 9.64 (s, 1H), 7.93 (m, 2H), 7.54 (m, 2H), 7.32 (m,
6H), 4.72 (q,d = 6.90, 6.90 Hz, 1H), 4.10 (m, 1H), 3.48 (m, 1H),
3.19 (m, 3H), 2.10 (m, 1H), 1.63 (m, 3H). Anal. {1,1IN,O,S)
C, H, N. ESI MS: m/z511.10 (M— H)*.

(9)-3-(4-Fluorophenylsulfonyl)-N-((R,9-1-oxo-3-phenylpro-
pan-2-yl)thiazolidine-4-carboxamide (10). Compoundlo was
obtained as a white foamy solid in 55.7% yield: mp-38 °C;
IH NMR (CDCly): 6 9.64 (s, 1H), 7.87 (m, 2H), 7.24 (m, 8H),
4.72 (m, 1H), 4.63 (m, 1H), 4.54 (d,= 10.50 Hz, 1H), 4.03 (d,
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J = 10.50 Hz, 1H), 3.29 (m, 2H), 3.09 (m, 1H), 2.59 (m, 1H).
Anal. (CigH1oFN204S; - 0.4H,0), C, H, N. ESI MS: m/z 477.3
(M + Na+ CH;OH)".

(9)-3-(4-Chlorophenylsulfonyl)N-((R,9-1-oxo0-3-phenylpro-
pan-2-yl)thiazolidine-4-carboxamide (1p). Compoundlp was
obtained as a white foamy solid in 50.4% vyield: mp—4% °C;

IH NMR (CDCly): ¢ 9.62 (s, 1H), 7.78 (dJ = 8.40 Hz, 2H), 7.52
(d, J = 8.40 Hz, 2H), 7.23 (m, 6H), 4.63 (m, 3H), 4.04 @=
10.20 Hz, 1H), 3.26 (m, 2H), 2.59 (m, 1H). Anal.1¢8:4CIN,O,S;
- 0.01H0), C, H, N. ESI MS: /2 493.3 (M+ Na + CHzOH)".

(9)-3-(4-Bromophenylsulfonyl)-N-((R,9-1-oxo-3-phenylpro-
pan-2-yl)thiazolidine-4-carboxamide (1q). Compoundlq was
obtained as a white foamy solid in 64.4% vyield: mp+4% °C;

H NMR (CDCls, 300 MHz): 6 9.67 (s, 1H), 7.71 (m, 4H), 7.29
(m, 6H), 4.60 (m, 3H), 4.03 (d] = 10.20 Hz, 1H), 3.27 (m, 3H),
2.63 (m, 1H). Anal. (GH1sBrN,0,S,), C, H, N. ESI MS: m/z537.2
(M + Na+ CHzOH)".

(S)-3-(4-lodophenylsulfonyl)N-((R,9-1-oxo-3-phenylpropan-
2-ylthiazolidine-4-carboxamide (1r). Compoundlr was obtained
as a white foamy solid in 86.3% yield: mp 557 °C; *H NMR
(CDCly): 6 9.66 (s, 1H), 7.91 (m, 2H), 7.53 (m, 2H), 7.29 (m,
6H), 4.67 (m, 1H), 4.58 (m, 1H), 4.50 (d,= 10.2 Hz, 1H), 4.00
(d, 3 = 10.5 Hz, 1H), 3.30 (m, 2H), 3.13 (m, 1H), 2.61 (m, 1H).
Anal. (CigH19IN,O4S; - 0.14EtOAC), C, H, N. ESI MSm/z585.2
(M + Na+ CHzOH)".

Synthesis ofa-Ketoamides 2a-c. 2[R,9-Hydroxy-3(S)-amino-
4-phenylbutanoic Acid (6). Compound6 was synthesized as
previously reported’

2(R,9-Hydroxy-3(9)-(tert-butoxycarbonylamino)-4-phenyl-
butanoic Acid (7). To 6 (0.4 g, 2.04 mmol) in 1IN NaOH (5 mL),
2-methyl-2-propranol (5 mL) and déert-butyl carbonate (0.44 mg,
2.04 mmol) were added and stirred overnight at RTJOK15 mL)
was added and the mixture was extracted with hexanes 20
mL). The pH of the aqueous layer was acidified (gH1) and
extracted with EtOAc (3x 30 mL). The combined extracts were
washed with HO (30 mL), brine (30 mL), dried (N&O;,), and
concentrated to give a white solid in 60% yield: mp £+225°C;

IH NMR (CDClg): 6 7.27 (m, 5H), 4.26 (m, 1H), 2.93 (m, 2H),
1.38 (s, 9H).
tert-butyl-2(9)-3(R,9)-Hydroxy-4-oxo-4-(phenylethylamino)-
1-phenylbutan-2-ylcarbamate (8).Coupling of 7 with phenyl-
ethylamine afforde® as a white solid in 77.6% yield: mp 118
120°C; 'H NMR (CDClg): ¢ 7.25 (m, 10H), 5.45 (m, 1H), 5.05
(m, 1H), 4.07 (m, 1H), 3.98 (m, 1H), 3.52 (m, 2H), 3.01 (m, 2H),
2.81 (m, 2H), 1.35 (s, 9H).
3(9)-3-Amino-2(R,9-hydroxy-N-phenethyl-4-phenylbutan-
amide (9). Compound8 (0.129 g, 0.323 mmol) was dissolved in
TFA (0.3 mL) and CHCI, (0.5 mL) and the mixture was stirred
for 4 h at RT. Thesolvent was removed and the residue was
recrystallized from and CHLI, /hexanes to affor@ in 53% yield:
mp 164-166 °C; *H NMR (MeOD): 6 7.29 (m, 10H), 3.77 (m,
1H), 3.58 (m, 1H), 3.41 (m, 1H), 3.33 (m, 1H), 3.02 (m, 1H), 2.92
(m, 1H), 2.83 (m, 2H).
2(R)-N-((29)-3(R,9-Hydroxy-4-oxo-4-(phenethylamino)-1-
phenylbutan-2-yl)-1-tosyl-pyrrolidine-2-carboxamide (11).Cou-
pling of 9 with 1-(toluene-4-sulfonyl)-pyrrolidine-2-carboxylic acid
(10) gavell as a white solid in 93.1% yield*H NMR (CDCly):
0 7.70 (d,J = 8.4 Hz, 2H), 7.25 (m, 12H), 7.01 (m, 1H), 6.89 (m,
1H), 4.37 (m, 1H), 4.16 (m, 1H), 3.97 (m, 1H), 3.65 (m, 1H), 3.55
(m, 1H), 3.45 (m, 1H), 3.24(m, 1H), 3.06 (m, 2H), 2.91 (m, 2H),
2.45 (s, 3H), 2.05 (m, 1H), 1.72 (m, 1H), 1.59 (m, 1H), 1.48 (m,
1H).

2(R)-N-((29)-3(R,9-Hydroxy-4-oxo-4-(phenethylamino)-1-
phenylbutan-2-yl)-1-(4-nitro-phenylsulfonyl)pyrrolidine-2-car-
boxamide (12).Coupling of9 with 4j gavel2 as a white solid in
92.4% yield: mp 7577 °C; 'H NMR (CDCly): ¢ 8.38 (d,J =
8.2 Hz, 2H), 7.98 (tJ = 9 Hz, 2H), 7.26 (m, 10H), 7.04 (m, 1H),
6.83 (m, 1H), 5.02 (m, 1H), 4.36 (m, 1H), 4.16 (m, 1H), 3.97 (m,
1H), 3.52 (m, 3H), 3.21 (m, 1H), 3.08(m, 2H), 2.84 (m, 2H), 1.79
(m, 1H), 1.73 (m, 1H), 1.44 (m, 1H). ESI MS1/z 603.65 (M+
Na)t.
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2(R)-N-((29)-3(R,9-Hydroxy-4-oxo0-4-(phenethylamino)-1-
phenylbutan-2-yl)-1-(4-methoxy-phenylsulfonyl)pyrrolidine-2-
carboxamide (13).Coupling of9 with 4g gavel3as a white solid
in 81.9% yield: mp 96-92°C;*H NMR (CDCl3): 6 7.73 (m, 2H),
7.27 (m, 10H), 7.02 (m, 2H), 6.78 (m, 1H), 5.61 (m, 1H), 4.35 (m,
1H), 4.16 (m, 1H), 3.97 (m, 1H), 3.87 (s, 3H), 3.56 (m, 2H), 3.28
(m, 2H), 3.07 (m, 2H), 2.86 (m, 2H), 1.90 (m, 1H), 1.42 (m, 3H).
ESI MS: m/z573.6 (M+ Na)".

(R)-N-((2R,9-3,4-Dioxo-4-(phenethylamino)-1-phenylbutan-
2-yl)-1-tosylpyrrolidine-2-carboxamide (2a).Oxidation (Method
A) of 11 gaveZ2a as a white solid in 62.3% yield: mp 13820
°C;H NMR (CDCly): ¢ 7.70 (d,J = 8.4 Hz, 2H), 7.25 (m, 12H),
6.98 (m, 1H), 5.58 (m, 1H), 4.08 (m, 1H), 3.61 (m, 2H), 3.44 (m,
1H), 3.31 (m, 2H), 3.08 (m, 2H), 2.88 (m, 2H), 2.44(s, 3H), 2.03
(m, 1H), 1.65 (m, 1H), 1.48 (m, 2H). Anal. §gH33N30sS), C, H,

N. ESI MS: m/z570 (M + Na)*.

(R)-N-((2R,9-3,4-Dioxo-4-(phenethylamino)-1-phenylbutan-
2-yl)-1-(4-nitrophenyl-sulfonylpyrrolidine-2-carboxamide (2b).
Oxidation (Method A) ofl2 gave2b as a white solid 72.5% yield:
mp 110-112°C;*H NMR (CDCl): 6 8.36 (m, 2H), 7.99 (m, 2H),
7.26 (m, 10H), 6.93 (m, 2H), 5.59 (m, 1H), 4.13 (m, 1H), 3.63 (m,
2H), 3.46 (m, 2H), 3.24 (m, 2H), 2.89 (m, 2H), 2.09 (m, 1H), 1.69
(m, 3H) Anal. (Q9H30N407S), C, H, N. ESI MS:nm/z 601.64 (M
+ Na)*.

(R)-N-((2R,9-3,4-Dioxo-4-(phenethylamino)-1-phenylbutan-
2-yl)-1-(4-methoxyphenyl-sulfonylpyrrolidine-2-carboxamide (2c).
Oxidation (Method A) of13 gave2c as a white solid in 69.6%
yield: mp 130-132°C;IH NMR (CDCL): 6 7.75 (m, 2H), 7.26
(m, 11H), 6.99 (m, 2H), 6.80 (m, 1H), 5.63 (m, 1H), 4.07 (m, 1H),
3.86 (s, 3H), 3.59 (m, 2H), 3.44(m, 1H), 3.28 (m, 2H), 3.09 (m,
1H), 2.87 (m, 2H), 2.04 (m, 1H), 1.58 (m, 3H). Anal 3{B33N30sS),

C, H, N. ESI MS: m/z 586.6 (M+ Na)'.

Biology. Enzymological assaysTheK; values for inhibition of
u-calpain activity was monitored in a reaction mixture containing
50 mM Tris HCI (pH 7.4), 50 mM NacCl, 10 mM dithiothreitol,
1 mM EDTA, 1 mM EGTA, 0.2 mM or 1.0 mM Suc-Leu-Tyr-
AMC (Calbiochem), 1ug of porcine erythrocyte:-calpain (Cal-
biochem), varying concentrations of inhibitor dissolved in DMSO
(2% total concentration) and 5 mM CaGh a final volume of
250uL in a polystyrene microtiter plate as previously reported.

TheK;| values for inhibition of human liver cathepsin B activity
was determined using a reaction mixture containing 1 nM human
liver cathepsin B (Calbiochem), 50 mM NaOAc (pH 6.0), 1 mM
EDTA, 0.5 mM DTT, 50uM or 250uM of substrate (Z-Arg-Arg-
AMC), and varying concentrations of inhibitor dissolved in DMSO
(2% total concentration) in a final volume of 254

MTT Assay. Cells were distributed into 96-well plates at density
of 2000 to 15000 cells/well and exposed to a range of drug con-
centrations (1 to 10@M) for 96 h at 37°C and 5% CQ atmo-

sphere. Wells to which no drug was added were used as negative

controls. At the end of treatment, an aliquot (2B) of MTT

(3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenylF2-tetrazolium bromide)
dye (5 mg/mL) was added to each well for the finat2 h of
incubation. The plates were then centrifuged atg3f® 15 min.

The supernatant media in each well was aspirated, and the formazen

product was solubilized with 100L of DMSO. The absorbance
values of wells were determined at 595 nm using a MRX microplate
reader (DYNEX Technologies). Percentage cell survival was plotted
against the drug concentration, and theGthe concentration of
drug required to reduce living cell number by 50% as compared to
non-drug-treated wells) was determined by nonlinear regression
analysis using WinNonlin (Pharsight Corporation).

Spectrin Breakdown Assay.Jurkat cell line, a unique cellular
system, was used for evaluation of inhibitory activity fecalpain
since it only expresses-calpain but not m-calpai#®. Hence, the
use of Jurkat cell line for evaluation of inhibitory activity for
u-calpain eliminates any proteolytic effects from m-calpain. Briefly,
Jurkat cells were washed with HEPES-buffered saline (HBS) and
preincubated with inhibitors for 10 min at 26M. Then, HBS
containing ionomycin and Ca was added to active intracellular
calpain activity at a final concentration of 20M and 5 mM,
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respectively. After 60 min incubation at 3T, cells were collected
and lysed in a lysis buffer. The supernatant was collected after
centrifugation, and equal amounts of protein were loaded and
resolved on SDSPAGE gel and then transferred to nitrocellulose
membranes. The blots were probed with monoclonal@sipectrin
(Chemicon) antibody angtactin (Abcam). Appropriate conjugated
secondary antibodies were used prior to detection by chemilumi-
nescence (Amersham). The relative intensities of the calpain-specific
145/150-kDa spectrin fragment doublet, calpain-mediated spectrin
breakdown products (SBDPs), were obtained by using Quantity One
densitometry software (PDI Imageware Systems), corrected with
the 5-actin loading control.
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