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Exploration of Orally Available Calpain Inhibitors 2: Peptidyl Hemiacetal Derivatives
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We previously reported a potent calpain inhibitaiSJA6017 N-(4-fluorophenyl)e-valyl-L-leucinal), which
displayed relatively low oral bioavailability (BA). Replacing the metabolically labile aldehyde moiety of
with more chemically stable warheads, such as a cyclic hemiacetal, hydrazonekatmhmide, provided
the inhibitors with improved in vitro metabolic stability. Cyclic hemiacetabas the most stable of these
compounds. The optimization & led to hemiaceta8 (SNJ-1715) which exhibited high potency, good
aqueous solubility, excellent oral BA, and prolonged plasma half-life in rats. Further@msbowed
neuroprotective efficacy via oral administration in a rat retinal ischemia model.

Introduction Q\gp : \)OH
Calpains, which are activated by calcium ions, are nonlyso- /@( \H

somal cytosolic cysteine endoproteases, and several isozymes Q.0 w9 / F ° Y

have been reportédTwo major isoformsu-calpain (calpain \S/\N N\_)I\H M1

I) and m-calpain (calpain Il), are ubiquitously found in mam- H o ¢

malian cells. These enzymes are implicated in a variety of F 1 \f \

biological processes and in numerous diseases, such as muscular Q\S,g\b \J;(H COH

dystrophy, cardiac ischemia, cataract, stroke, Alzheimer’'s /©/ N v

disease, central nervous system diseases, spinal cord injury, and F ° Y

traumatic brain injury (TBI} Therefore, the development of M2
novel agents that target calpains could potentially offer a meansFigure 1. Main metabolic pathway of.
of treating these diseases.

Most calpain inhibitors consist of an active site (warhead) sojytion in the eye cannot readily deliver drugs into the retina
and a di or tripeptide-based backbone that is structurally relatedpecause several barriers lie between the retina and the surface
to the cleavage site of the substrates (Arg, Phe, Nle or Leu atarea of the ey&? Oral administration ofl. showed efficacy in

the P1 site and Leu or Val at the P2 site).Calpain inhibitors this model, but a relatively high dosage (500 mgkg?) is
are categorized into irreversible and reversible inhibitors by their required?! Hence, this phenomenon would limit its potential

mechanism of actioflrreversible inhibitors have an epoxide, a5 3 therapeutic agent for these diseases.

o-haloketone, vinyl sulfor_1e, or diazomethyl ketone mo_iety as A pharmacokinetic (PK) study of revealed that it showed
warheads. These react with the SH group in the catalytic center, - higavailability and very high total clearance in rats. We
of the enzymes and form irreversible covalent addficts. have reported thal possesses moderate Caco-2 membrane

However, aldehydesy-ketoestersp-ketoacids, andx-ketoa- permeability, whereas both its in vitro metabolic stability against
mides act as reversible warheads and form a hemithioacetal Olthe human liver S9 fraction (S9) and its water solubility are

ketal with the SH grouf.From the viewpoint of drug discovery, low.22 Because aldehydd is rapidly metabolized to the
previous studies of calpain inhibitors have focused on reversible corresponding alcohol M1 and carboxylic acid M2 in human
inhibitors because irreversible inhibitors may cause unexpectedgg in vitro and rats in vivo (Figure 1), the aldehyde moiety
adverse effects. A number of reversible calpain inhibitors have o« o major metabolic soft spot. Assuming that metabolism is
been |dent|f|§d3. Som?(,) such as Ielulpepﬁmalpaln |nhlgtor 12 the major route of clearance, the conversion of the aldehyde
MDL 28170, AK295,'° A-705239;" and SJA60171),* have moiety into more chemically stable warheads could lead to the

shown neuroprotective efficacy in animal ischemia mo#ets: generation of compounds with improved pharmacokinetics.
Our group has previously reported that neuronal cell death |, this article, we describe the design and synthesis of novel
occurs because of the activation of calpains in a rat retinal compounds based on the modifications of the metabolic soft
ischemia-reperfusion model. A potent calpain inhibitor, dipep-  spot of1 into various alternative warheads and describe further
tidyl aldehydel, showed neuroprotective efficacy in this model  gptimization studies to maximize potency. This article also
when 3 mg/kg was administrated intravenou$lyhus,1 may reports the results of pharmacokinetic studies and the neuro-

serve as a useful agent for the treatment of retinal neurological protective efficacy of a representative compound in the retinal
disorders such as glaucoma and retinitis pigmentosa. Becausgschemia model in rats.

these retinal disorders are usually chronic diseases, the develop-
ment of an oral drug is desirable because intravenous admin-Chemistry

istration (iv) woul inconvenient. Instillation of an ophthalmi . .
stration (iv) would be inconvenie stifiation ot an ophthaimic We have reported the synthesis of hemiac2f&lhydrazone

- p e e derivative3,222and ketoamidd.?® As shown in Scheme 1, nitrile
*To whom correspondence shou e addressed. Te81-78-997- P i B _
1010. Fax: +81-78-997-1016. E-mail: shirasaki@senju.co.jp. > V;{as synthgg;ed from condensaflori\p(4 ﬂuo.mp?el?yl).h

f Current address: Faculty of Pharmaceutical Sciences, Kumamoto Valine succinimide ester6) and L-leucine amide following
University, 5-1 Oe-honmachi, Kumamoto 862-0973, Japan. dehydration of the resulting dipeptidyl amidewith trifluoro-
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Scheme 1

Q§P o [ a P N__CoNH 0“3”0 N__oN
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7
aConditions: (a)-Leu-NH;-HCI, EtOAc; (b) (CRCO,).0, TEA, THF.

Table 1. Inhibitory Activities against Calpains, Solubility and
Metabolic Stability of Aldehydel and Its Analog®2—5

Q0 H
. o

IC,, (LM)* Solubility”  Metab. Stab.”
Compd Structure
p-calpain  m-calpain (mg/mL) (%)
OH
¥ A 0.88° 26° 15" 79
~
H
\.AN’N N,Me
3 Y o e 0.37° ND’ 0.21° 64
2 H
g No_~_Me
4 L0 0.021° 0.021° 0.0053" 25
~CN
5 Y > 100 > 100 ND' ND/
A
I y H 0.022° 0.049° 0.10° 3

O
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Table 2. Inhibitory Activities against Calpains, Solubility and
Metabolic Stability of Hemiacetal Derivatives

n=0:1 )
R2 s R H OH
|\\ "NJ\NJﬁfN\;/ko
P2
metab.
structure 1Go (uM)? solubility®  stabe
compd P2 R n u-calpain m-calpain (mg/mL) (%)
8d Leu H 0 0.086 0.19 15 100
9 Val H 0 0.63 1.9 ND NDe
10 lle H 0 0.60 1.7 ND NDe
11 Leu H 1 0.15 0.24 0.60 ND
12 Leu 4-F 0 0.15 0.19 3.3 ND
13 Leu 4-MeO 0 0.22 0.20 2.4 ND
14 Leu 3-CN 0 0.26 0.17 1.5 ND
15 Leu 4-CN 0 014 0.12 2.2 ND
16 Leu 2-Me 0 024 0.25 1.7 ND
17 Leu 3-Me 0 0.18 0.34 1.3 ND
18 Leu 4-Me 0 091 0.17 1.1 ND
2 0.88 1.2 15 79

a|Csp values are reported as the mean of two independent determinations;
errors are within-20%. ® Aqueous solubility in pH 7 buffer at 25C (n =

a|Csovalues are reported as the mean of two independent determinations;l)- ¢ Metabolic stability represented in residual percent after the incubation

errors are withinrt=20%. b Aqueous-solubility in pH 7 buffer, at 25C (n

= 1). ¢ Metabolic stability represented in residual percent after incubation

with human hepatic S9 fraction for 0.5 h at 3Z (n = 1). 9 Reference 23.
e Reference 22d.Not determined? Reference 12.

acetic anhydride and g4.2* The synthesis of hemiace®@&(SNJ-
1715) 23 was also reported previously and hemiace@als 8

were prepared by the same method (Table 3, Scheme 2). Boc- 8
protected amino acids (Leu, Val, and lle) were coupled to

homoserine lactone to give intermedialés-21. The interme-
diates were deprotected Wi M HCI/EtOAc, and the resulting

with human hepatic S9 fraction for 0.5 h at 32 (n = 1). 9 Reference 23.
¢Not determined.

Table 3. In Vitro PK Properties of Hemiacet& and Aldehydel

metab. Caco-2
stab? Papg®
compd (%) (10 %cms™) log DA
100 14.3 0.70
1 3 2.6 1.7

a Metabolic stability represented in residual percent after the incubation
with human hepatic S9 fraction for 0.5 h at 3Z (n = 1). ® The Caco-2

crude amine hydrochloride salts were reacted with various cell monolayer permeability assay €& 1) errors of standard compound

isothiocyanates to give the thiourea intermediates. These wer

reduced with DIBAL-H, and the resulting compounds were
purified by preparative HPLC to provide hemiacet@ls18 as
a mixture of anomers.

Results and Discussion

The aldehyde functionality is an essential active site for
hemithioacetal formation by reaction with the SH group on the
Cys residue of calpains. The intrinsic instability of aliphatic

e(propranolol,n = 3) are within+5%. ¢ Papp is the apparent permeability

coefficient for the apical to basolateral flux in 10cm/s.d Reference 23.

The corresponding analogues-5)2?223of aldehyde lead
were evaluated for their metabolic stability against human S9
(Table 2). Cyclic hemiacetd,?® hydrazone3,??2 and a-ketoa-
mide 4?3 demonstrated significantly higher metabolic stability
in human S9 than that irl. Hemiacetal2 was the most
metabolically stable inhibitor in this series and showed good
aqueous solubility. However, the activities were about 50-fold

aldehydes renders them problematic as electrophilic warheadslower than that ofl. The increase in metabolic stability and
It is, therefore, desirable to replace the aldehyde with other the decrease in potency may result from a reduction in both the
electrophilic warheads that can reversibly react with the SH electrophilicity of thea-carbonyl moiety and the lipophilicity.

group but are more chemically stable than aldehydeKe-
toacids,o-ketoestersp-ketoamides, hydrazones, nitriles, and

The decrease in electrophilicity led to a suppression of the
nucleophilic attack from both calpains and metabolic enzythes.

masked aldehydes such as hydroxyoxazolidines and cyclicA reduced lipophilicity diminished the affinity of both enzymes
hemiacetals have been reported as reversible warheads foby a decrease in hydrophobic interactidhslydrazone3 also

calpain inhibitors®25 a-Ketoacids show very high potency, but
generally low membrane permeabili8#26Most a-ketoesters
would be rapidly metabolized to-ketoacids by esterases in
the plasma and tissuésWe, therefore, selected the cyclic
hemiacetal, hydrazone, nitrile, ang-tketoamide for further
development (Figure 2).

exhibited good metabolic stability presumably due to a decrease
in electrophilicity and a high water solubility in acidic condi-
tions. However, it was found to rapidly decompose to aldehyde
1 in simulated gastric juice (pH 1.2). Ketoamideshowed
improved metabolic stability and very potent inhibitory activity,
but it had extremely low aqueous solubility. Nitritewas also
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Scheme 2
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aConditions: (a) §-a-amino«-butyrolactone, TEA, DMF; (p4 M HCI/EtOAc; (c) R-NCS, TEA, EtOAc; (d) DIBAL-H, CKCl,.
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Figure 2. Warhead conversion for the improvement in metabolic stability.

unsuitable because it exhibited a complete loss of calpain 100
inhibitory activity. We focused our efforts accordingly on the
modification of the structure d? to improve its activity.

We conducted an optimization study of the P2 substituent
and P3N-capping group to enhance inhibitory activity. The
activities and water solubility of the cyclic hemiacetals are
shown in Table 3. The substitution of thé=4phenylsulfonamide
moiety with the phenylthiourea moiety at P3 slightly increased
inhibition againsiu-calpain @ vs 9). The placement of a Leu
residue at P2 was the most effective in inhibiting calpaBs ( 0 2 4 6 3
vs 9 vs 10). Leu derivative8 exhibited a 7-fold higher activity Time (h)
than the Val and lle derivatives. The P2 substituent SAR was Figure 3. Plasma levels of (po 500 mg/kg) and (po 10 mglkg) via

identical to that ofN-Chz-dipeptidyl aldehydésand cyclic single oral administration in rats. Each value represents the atean

-0-8

10 | —&1

Plasma level (uM, normalaized)

hemi{_icetals previously reporteo_l in the Iiteratuﬁ%‘_ﬁhe incor- SD (0 = 4-5, dose normalized to 10 mg/kg).

poration of a methylene spacer into the phenylthiourea resulted _ _

in a 2-fold reduction in potency and aqueous solubilByvé Table 4. PK Parameters of Hemiacet@land Aldehydel in Rats

11). The various substituents on the phenyl ring8afesulted parameters 8 1

in the decreased inhibitory activity and no significant change " route/dose (mg/kg) iv/3 po/10 iv/3 po/500
in the aqueous solubilityl@—18). Therefore, the nonsubstituted  number of animals 5 5 4 4

phenyl moiety was optimal. Hemiacetlvas the most potent (ntime point)

inhibitor in this series, and in addition, its metabolic stability AUCP (uM-h) 26+£01 57+04 15+03 45+11

in human S9 was higher than that of parent hemia@(ﬁhble_ '(lgr:]::((/r:)'v(?nedian) 5.6;225;5 9'4i1%4
2). Furthermore, compour8ishowed good Caco-2 permeability ;¢ (h) 1.9+ 0.7 0.7+ 0.8
(Table 3). Vsd! (L/kg) 23403 6.1+ 4.0
Pharmacokinetics.Pharmacokinetic properties of hemiacetal ~ Cl° (mL/min/kg) 55+ 2.7 89+ 86
Ff (%) 66+ 7.3 18+ 4.5

8 and aldehyde leatl were determined in rats, and the plasma
concentration time profiles after single oral administration are  2The values are mea# SD." The area under the curvesrfo h to
shown in Figure 3. Hemiacet8ldemonstrated a rapid absorp- Lnflnlty. ¢ The terminal hallf—ll_fe.d T_he §t_eady—state volume of distribution.

tion (Tmax = 0.25 h) and an increased AUC (based on dose The total clearancé Oral bioavailabilty.

normalized values) compared to thosé.ofhe pharmacokinetic ~ than that ofl, even thougt8 had lower lipophilicity 8, log D
parameters oB and 1 after single oral and intravenous (iv) = 0.70;1, log D; = 1.7)23 The reason for this may be attributed
administrations are summarized in Table 4. Hemiac®&al to a reduced reactivity. The aldehyde group may react with
showed excellent oral bioavailabilityF(= 66%) and an various membrane substances that contain nucleophiles such
improved iv terminal half-life §y, = 1.9 h). The plasma as an NH or SH group/ A decrease in the reactivity on
clearance (55 mL/min/kg) and volume of distribution (2.3 L/kg) replacement of the aldehyde with the hemiacetal resulted in an
of 8 were lower than those df (89 mL/min/kg, 6.1 L/kg). We increase in membrane permeability. Therefore, the enhancement
considered that the improvement of in vitro hepatic stability of the oral BA of 8 is ascribed to an improvement in these
was associated with the decline in plasma total clearance andparameters. The prolongation of the terminal half-life8afas

first pass metabolism. Furthermore, hemiacealshowed caused by a reduced plasma clearance, which predominated over
adequate aqueous solubility and high Caco-2 permeability for a reduction in the volume of distribution. Thus, the replacement
oral absorption (Table 3). The permeability ®was higher of the aldehyde moiety with the cyclic hemiacetal significantly
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270 carbon. The major and minor peaks of the same proton were

18t separately listed, in case each peak was identified. Specific rotations
were measured with a Horiba SEPA-2000 model. Matrix-assisted

laser desorption ionization time-of-flight mass spectrometry (MALDI-

141 TOF MS) were obtained on a Perceptive Voyager DE PRO using

. a-cyano-4-hydroxycinnamic acid as a matrix. Analytical HPLC was
performed with a Shimadzu Class LC-10A system (LC-10AD, SPD-

for * * 10A, SIL-10A, CTO-10A, CBM-10A). Preparative HPLC was

performed using two Shimadzu LC-8A pumps with an SPD-6AV
UV —Vis detector set at 250 nm. Elemental analyses were performed
on an Elementar Vario EL analyzer.
N-(4-Fluorophenylsulfonyl)-L-valyl-L-leucinamide (7). N-(4-
Fluorophanylsulfonyl)--valine N-hydroxysuccinimide ester (6.0 g,
16 mmol) 6) was dissolved in EtOAc (200 mL), and |-leucinamide
Normal Control  po30mgkg Ppo100mgkg po 500 mg/kg HCI (3.2 g, 19 mmol) and BN (3.3 g, 32 mmol) were added
thereto. The mixture was stirred at room temperature for 18 h. After
8 1 the reaction occurred M HCl was added, and the precipitate was
Figure 4. Cell density in the retinal ganglion cell layer seven days dissolved in EtOAc. The organic layer was washedwitvl HCI,

Number of ganglion cells / 0.25 mm

after retinal ischemia. Each column represents the me&EM for saturated NaHC§) and saturated NaCl, dried over Mg$@nd
eight rat§. *p < 0.05, significantly different from the control group  cgoncentrated in vacuo. The solid was washed with hexane/EtOAc
(student'st-test). (1:1) to give7 (5.2 g, 83%) as colorless crystals. Mp 224225.0

o 1 =
improved the BA and the terminal half-life through the 0(.:7.6|_(|ng/||—|? J(Szog_g/' Hi) %'\./;890(36)3?_8'105(_(;‘ Ii?)IJO.Bg.ZdHé?—]

enhancement of metabolic stability, aqueous solubility, and j— .9 Hz), 1.16-1.27 (m, 3H), 1.82 (m, 1H), 3.55 (m, 1H), 3:94

membrane permeability. 4.02 (m, 1H), 6.89 (s, 1H), 7.24 (s, 1H), 7-30.36 (M, 2H), 7.77%
Retinal Ischemia Model in Rats.We evaluated the neuro-  7.83 (m, 3H), 7.87 (d, 1HJ = 8.4 Hz).

protective efficacy of hemiacet8land aldehyde leadl in the N-(1-Cyano-3-methylbutyl)-2-((4-fluorophenyl)sulfonyl)-3-

ischemia-reperfusion model in ratd. As shown in Figure 48 methylbutanamide (5). Compound7 (2.0 g, 5.2 mmol) was

demonstrated a significant effect at po 100 mg/kg (the cell dissolved in THF (50 mL), and BN (1.0 g, 10 mmol) and

density in the retinal ganglion cell layeB vs control; 6.38+ trifluoroacetic anhydride (1.2 g, 5.7 mmol) were added under ice-

3.36 vs 3.69+ 1.65,p < 0.05) and no effect at po 30 mg/kg cold conditions. The mixture was stirred under the same conditions

. - for 2 h. After the reaction occurred, the mixture was evaporated,
g:;)i gﬁﬁ;ﬁj&;%:g%g%:?gﬁ I(Ztilg Ssgg;gcg\;c’esrnéiigt and the residue was dissolved in EtOAc. The solution was washed

; with 1 M HCI, saturated NaHC§) and saturated NacCl, dried over
compared to that of (po 500 mg/kg). Hemiacetd@ showed a 1450, ‘and concentrated in vacuo. The residue recrystallized from
3-fold higher oral BA £ = 66%) than that of lead (F = 18%), EtOAC to give5 (0.82 g, 43%) as colorless crystalsl NMR (300
althoughg displayed 4-fold less in vitro potency. Improvement  MHz, DMSO-dg) ¢ 0.77 (d, 3H,J = 6.3 Hz), 0.79-0.83 (m, 9H),

of oral BA led to an enhanced retinal efficacy. 1.25-1.54 (m, 3H), 1.81 (m, 1H), 3.43 (dd, 18= 9.3, 7.9 Hz),
_ 4.34 (dt, 1H,J = 15.5, 7.5 Hz), 7.367.40 (m, 2H), 7.767.81
Conclusion (m, 2H), 8.14 (d, 1HJ = 9.3 Hz), 8.67 (d, 1HJ = 7.5 Hz). Anal.
On the basis of the assumption that the presence of the (C17H24FN30sS) C, H, N. .
aldehyde moiety on potent leddiecreased oral bioavailability General Procedure for the Synthesis of Butyrolactone Com-

pounds 19-20. (25)-2-((tert-Butoxy)carbonylamino)-3-methyl-

through its metabolic lability, we replaced the aldehyde moiety N-((39)-tetrahydro-2-oxo-3-furanyl)butanamide (19).To a so-

Wlth.a more chemically stable warhead. The re.sultlng inhibitors, | \+ion of N-Boc-valineN-hydroxysuccinimide ester (17 g, 54 mmol)
cyclic hemiacetal, hydrazone3, ando-ketoamided, showed in DMF (60 mL) was added-(—)-alpha-aminobutyrolactone
higher in vitro metabolic stability compared to that af hydrobromide (-homoserine lactone hydrobromide) (15 g, 81
HemiacetaP was the most metabolically stable compound with  mmol) and E4N (16 g, 162 mmol) under ice-cold conditions. The
only a modest loss of potency. Optimization2at the P2/P3 mixture was stirred at room temperature for 18 h. The mixture was
sites led to hemiacetd® with an improved inhibitory activity. diluted with EtOAc, and the solution was washedhwit M HCI,

In addition,8 had excellent metabolic stability, oral BA = saturated NaHC® and saturated NaCl, dried over Mg&@nd
66%), and a prolonged half-life. Furthermo8ayas efficacious concentrated in vacuo. The residue was crystallized from hexane
in the rat retinal ischemia model at a 5-fold lower oral dose 0 9ive19 (13 g, 82%) as colorless crystals. Mp 113814.9°C.

. , : 1H NMR (300 MHz, DMSO¢) 6 0.84 (d, 3H,J = 6.9 Hz), 0.87
It at ofL, Hemiaceta o sl oo fr ploralon of (3 3113601k 135 (¢ ), 13 . ) 2.7 (. 11 2.9
y active drug inaldi - NTUUIE 1 "1H), 3.78 (dd, 1HJ = 8.9 Hz, 7.2 Hz), 4.21 (m, 1H), 4.40 (m,

work, it will be evaluated by the appropriate pharmacological 1) 4 60 (m, 1H), 6.68 (d, 1H = 8.9), 8.37 (d, 1HJ = 7.8 Hz).

models that reflect clinical efficacy. (29)-2-((tert-Butoxy)carbonylamino)-3-methyl-N-((3S)-tet-
E . tal Secti rahydro-2-oxo-3-furanyl)pentanamide (20).Colorless crystals.
Xperimental section Mp 156.4-159.2°C. *H NMR (300 MHz, CDC}) 6 0.90 (3H, t,

General. All reagents were of commercial grade and used J= 7.5 Hz), 0.95 (d, 3H) = 6.6 Hz), 1.15 (m, 1H), 1.43 (s, 9H),
without further purification. Melting points were obtained using a 1.50 (m, 1H), 1.88 (m, 1H), 2.21 (m, 1H), 2.73 (m, 1H), 4.01 (m,
Yanaco micro melting point apparatus without correctithNMR 1H), 4.26 (m, 1H), 4.46 (td, 1H) = 9.0 Hz, 1.2 Hz), 4.54 (m,
and!3C NMR spectra were measured using a Varian Gemini-2000 1H), 5.11 (d, 1HJ = 8.7 Hz), 6.87 (m, 1H).

Spectrometer. Chemical shifts were reported in parts per million  General Procedure for the Synthesis of Cyclic Hemiacetals

(6 value), and coupling constants) (were reported in hertz. 9—-18. (X)-3-Methyl-2-(((phenylamino)thioxomethyl)amino)N-
Tetramethylsilaned 0) and DMSO § 39.7) were used as internal  ((39)-tetrahydro-2-hydroxy-3-furanyl)butanamide (9). To a solu-
standards'H NMR and3C NMR, respectively). Splitting patterns  tion of 19 (3.0 g, 10 mmol) in EtOAc (100 mL) was added 4 M
are indicated as follows: s, singlet; d, doublet; t, triplet; g, quartet; HClin EtOAc (10 mL) under ice-cold conditions. The mixture was
m, multiplet; br, broad peak. The NMR spectra of cyclic hemiacetals stirred at room temperature for 18 h (oil-down was observed). The
were extremely complicated because of the presence of anomericsolvent was removed in vacuo, and then EtOAc was added and
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removed in vacuo (twice). The resulting oil was suspended with

EtOAc, and phenyl isothiocyanate (1.35 g, 10 mmol) antNE4.8

g, 48 mmol) were added. The mixture was stirred at room
temperature fo3 h and washed wit1 M HCI, saturated NaHCO
and saturated NaCl, dried over MgS@nd evaporated in vacuo

Shirasaki et al.

(29)-2-((((4-Methoxyphenyl)amino)thioxomethyl)amino)-4-
methyl-N-((3S)-tetrahydro-2-hydroxy-3-furanyl)pentanamide (13).
Colorless crystals. Mp 67-968.8 °C. [0]?>, +19.9 (c = 0.2,
DMSO). 1H NMR (300 MHz, DMSO¢s) ¢ 0.88-0.91 (m, 6H),
1.47-1.87 (m, 4H), 2.14 (m, 1H), 3.69/3.94 (m/m, 1H), 3.74 (s,

to give the thiourea intermediate (2.9 g, 86%, 8.6 mmol) as a white 3H), 3.86-3.90 (m, 2H), 4.89 (m, 1H), 4.99/5.11 (dit, 18,=
solid, which was used directly in the subsequent reaction without 4.8/4.4 Hz), 6.15/6.35 (d/d, 1H}, = 4.8/4.2 Hz), 6.886.91 (m,

further purification.

To a solution of the resulting thiourea in @&, (150 mL) was
added DIBAL-H (1.0 M solution in toluene) (26 mL, 26 mmol) at
—78 °C. The mixture was stirred below70 °C for 3 h, and
saturated NKCI solution (3.0 mL) was added and stirred for 30
min. MgSQ, and EtOAc (150 mL) were added, and the inorganic
was filtered off (using Celite). After concentration in vacuo, the
residue was purified with HPLC system (column; YMC-Pack
ODS-A 250x 20 mm, eluent CHCN/H,O/TFA = 30:70:0.1). The

2H), 7.28-7.33 (m, 2H), 7.47/7.53 (d/d, 1H,= 8.1/6.9 Hz), 8.22/
7.81 (d/d, 1H,J = 6.6/7.8 Hz), 9.49 (s, 1H), major/miner 1.0:
0.78.13C NMR (75 MHz, DMSO¢g) ¢ 22.5/22.7, 23.1/23.2, 24.4]
245, 28.0/29.1, 41.7/42.0, 52.0/56.0, 55.4/55.9, 55.7, 64.1/65.3,
94.0/100.8, 114.0 (2C), 125.5 (2C), 132.1, 172.0, 180.5/180.7.
MALDI-TOF MS calcd for GgHo7/N3OsS [M + Nalt, 404.162;
found, 404.166.
(29)-2-((((3-Cyanophenyl)amino)thioxomethyl)amino)-4-methyl-
N-((39)-tetrahydro-2-hydroxy-3-furanyl)pentanamide (14).Col-

main fractions were collected and extracted with EtOAc. The extract Orless crystals. Mp 54:155.1°C. [o]?% +23.8 (c = 0.2, DMSO).

was washed with saturated NaHg&hd saturated NaCl, dried over

H NMR (300 MHz, DMSO¢g) 6 0.90-0.92 (m, 6H), 1.451.90

MgSOs, and concentrated in vacuo. The resulting residue was (M. 4H), 2.15 (m, 1H), 3.69/3.96 (m/m, 1H), 3:88.91 (m, 2H),

crystallized from hexane to giv&(1.3 g, 44%) as colorless crystals.
Mp 50.9-51.9°C. [0]%% +39.8 (c = 0.2, DMSO).2H NMR (300
MHz, DMSO-ds) 6 0.86-0.92 (m, 6H), 1.80 (m, 1H), 2.632.26
(m, 2H), 3.69/3.89 (m/m, 1H), 3.93.97 (m, 2H), 4.92 (m, 1H),
5.02/5.13 (d/t, 1H) = 4.5/4.7 Hz), 6.16/6.31 (d/d, 1H,= 4.5/
4.8 Hz), 7.10 (m, 1H), 7.297.34 (m, 2H), 7.527.55 (m, 2H),
7.71 (m, 1H), 8.24/7.92 (d/d, 1H, = 6.6/7.5 Hz), 9.82 (s, 1H),
major/minor= 1.0:0.83.13C NMR (75 MHz, DMSO¢) 6 18.3/

18.5, 18.9/19.0, 27.8/28.9, 31.4/31.6, 52.1/56.0, 61.2/61.3, 64.0/

4.93 (m, 1H), 5.01/5.12 (d/t, 1H}, = 4.8/4.5 Hz), 6.16/6.34 (d/d,
1H,J=4.8/4.5Hz), 7.487.54 (m, 2H), 7.75 (m, 1H), 8.068.18
(m, 2H), 8.30/7.92 (d/d, 1H] = 6.9/7.5 Hz), 9.93 (s, 1H), major/
minor= 1.0:0.75X3C NMR (75 MHz, DMSO€) 0 22.5/22.6, 23.1/
23.2, 24.5/24.5, 27.9/29.2, 41.6/41.9, 52.1/56.0, 55.7, 64.1/65.3,
94.0/100.8, 111.2, 118.9, 125.1, 127.1, 130.0 (2C), 140.8, 171.7,
180.2/180.4. MALDI-TOF MS calcd for gH24N303S [M + NaJ*,
399.147; found, 399.167.
(29)-2-((((4-Cyanophenyl)amino)thioxomethyl)amino)-4-methyl-

65.3, 94.0/100.8, 122.9 (2C), 124.2, 128.7 (2C), 139.6, 170.6, 180.5/N-((39)-tetrahydro-2-hydroxy-3-furanyl)pentanamide (15).Col-

180.6. MALDI-TOF MS calcd for GgH23sN3OsS [M + Najt,
360.136; found, 360.137.
(2S,39)-3-Methyl-2-(((phenylamino)thioxomethyl)amino)N-
((39)-tetrahydro-2-hydroxy-3-furanyl)pentanamide (10). Color-
less crystals. Mp 51:352.9°C. [a]?%, +33.6° (c = 0.2, DMSO).
IH NMR (300 MHz, DMSO¢) ¢ 0.81-0.87 (m, 6H), 1.03 (m,
1H), 1.48 (m, 1H), 1.681.86 (m, 2H), 2.11 (m, 1H), 3.48/3.86
(m/m, 1H), 3.9%3.96 (m, 2H), 4.88 (m, 1H), 4.99/5.10 (d/t, 1H,
J = 4.5/4.5 Hz), 6.13/6.27 (d/d, 1H} = 4.5/4.2 Hz), 7.07 (m,
1H), 7.27-7.32 (m, 2H), 7.49-7.52 (m, 2H), 7.70/7.71 (d/d, 1H,
J=8.4/8.1 Hz), 7.85/8.21 (d/d, 1H,= 7.8/6.6 Hz), 9.76 (s, 1H),
major/minor= 1.0:0.77.233C NMR (75 MHz, DMSO¢) 6 11.69,

15.3/15.4, 24.7/24.9, 27.8/28.9, 37.9/38.1, 52.1/56.0, 60.8/61.0, 64.0/
65.3, 94.0/100.8, 122.8 (2C), 124.2, 128.6 (2C), 139.6, 170.6, 180.4/

180.4. MALDI-TOF MS calcd for G/H2sN30sS [M + NaJ*,
374.151,; found, 374.185.
(29)-2-((Benzylamino)thioxomethyl)amino)-4-methyIN-((3S)-
tetrahydro-2-hydroxy-3-furanyl)pentanamide (11). Colorless
crystals. Mp 62.264.4°C. [a]?> +18.9 (c = 0.2, DMSO).'H
NMR (300 MHz, DMSO¢) 6 0.84-0.89 (m, 6H), 1.441.82 (m,
4H), 2.14 (m, 1H), 3.68/4.03 (m/m, 1H), 3.88.97 (m, 2H), 4.66
(bs, 1H), 4.85 (m, 1H), 4.99/5.11 (d/t, 18,= 4.5/4.4 Hz), 6.12/
6.34 (d/bs, 1HJ = 4.8 Hz), 7.22-7.36 (m, 5H), 7.58 (m, 1H),
7.68/8.13 (brs, 1H), 7.96 (brs, 1H), major/mirer1.0:0.80.13C
NMR (75 MHz, DMSO+g) 6 22.4/22.5, 23.1/23.2, 24.4/24.5, 28.1/

orless crystals. Mp 80:082.9°C. [a]?% +51.2 (c = 0.2, DMSO).
H NMR (300 MHz, DMSO#g) 6 0.89-0.92 (m, 6H), 1.56-1.90
(m, 4H), 2.14 (m, 1H), 3.69/3.96 (m/m, 1H), 3:88.91 (m, 2H),
4.93 (m, 1H), 5.01/5.12 (d/t, 1H,= 5.1/4.5 Hz), 6.16/6.33 (d/d,
1H,J=4.5/4.2 Hz), 7.737.76 (m, 2H), 7.847.88 (m, 2H), 8.18
(m, 1H), 8.31/7.95 (d/d, 1H] = 6.6/7.8 Hz), 10.10 (s, 1H), major/
minor= 1.0:0.75X3C NMR (75 MHz, DMSO€) 0 22.4/22.5, 23.0/
23.1, 24.4/24.5, 27.9/29.2, 41.5/41.7, 52.0/56.1, 55.6, 64.0/65.2,
94.0/100.8, 104.9, 119.2, 121.2 (2C), 132.8 (2C), 144.4, 1715,
179.7. MALDI-TOF MS calcd for GH24N30sS [M + Nal*,
399.147; found, 399.150.
(29)-4-Methyl-2-((((2-methylphenyl)amino)thioxomethyl)-
amino)-N-((3S)-tetrahydro-2-hydroxy-3-furanyl)pentanamide (16).
Colorless crystals. Mp 57-9%68.9 °C. [a]® +9.8° (c = 0.2,
DMSO). 'H NMR (300 MHz, DMSO¢g) 6 0.88-0.91 (m, 6H),
1.48-1.86 (m, 4H), 2.16 (m, 1H), 2.17 (s, 3H), 3.69/3.94 (m/m,
1H), 3.86-3.90 (m, 2H), 4.91 (m, 1H), 4.98/5.11 (d/t, 1B,=
4.5/4.5 Hz), 6.15/6.36 (d/d, 1H, = 4.8/3.9 Hz), 7.127.31 (m,
4H), 7.46/7.52 (d/d, 1H) = 8.4/9.9 Hz), 7.78/8.19 (d/d, 1H,=
7.216.6 Hz), 9.20 (s, 1H), major/miner 1.0:0.89.23C NMR (75
MHz, DMSO-dg) 6 17.8, 22.5/22.7, 23.1/23.2, 24.5/24.5, 28.1/29.1,
41.5/41.9, 51.9/56.0, 56.0, 64.1/65.2, 94.0/100.8, 126.3, 126.5,
127.9, 130.6, 134.5, 137.4, 171.9, 181.2/181.3. MALDI-TOF MS
calcd for GgH7N30sS [M + NaJ*, 388.167; found, 388.176.
(29)-4-Methyl-2-((((3-methylphenyl)amino)thioxomethyl)-
amino)-N-((39)-tetrahydro-2-hydroxy-3-furanyl)pentanamide (17).

29.2,42.1,47.2,51.9/56.0, 55.8, 64.1/65.2, 94.0/100.8, 127.1/127.4Colorless crystals. Mp 61-461.9 °C. [a] +4.8° (c = 0.2,

127.4 (2C), 128.5 (2C), 139.3, 172.1, 182.8. MALDI-TOF MS calcd
for C1gH27N303S [M + Nalt, 388.167; found, 388.162.
(29-2-((((4-Fluorophenyl)amino)thioxomethyl)amino)-4-methyl-
N-((39)-tetrahydro-2-hydroxy-3-furanyl)pentanamide (12). Col-
orless crystals. Mp 77-278.3°C. [a]®p +20.1° (c = 0.2, DMSO).
1H NMR (300 MHz, DMSOsg) ¢ 0.90 (d, 6HJ = 6.3 Hz), 1.48-
1.91 (m, 4H), 2.14 (m, 1H), 3.69/3.95 (m/m, 1H), 38691 (m,
2H), 4.93 (m, 1H), 5.00/5.12 (d/t, 1H,= 5.1/4.5 Hz), 6.15/6.34
(d/d, 1H,J = 4.8/3.9 Hz), 7.12-7.18 (m, 2H), 7.46-7.52 (m, 2H),
7.73/7.77 (d/d, 1HJ) = 8.1/7.8 Hz), 7.84/8.25 (d/d, 1H,= 7.8/
7.2 Hz), 9.64 (s, 1H), major/minet 1.0:0.85.13C NMR (75 MHz,
DMSO-dg) 6 22.5/22.6, 23.1/23.2, 24.4/24.5, 28.1/29.1, 41.7/42.0,

DMSO). 'H NMR (300 MHz, DMSO¢g) ¢ 0.91 (d, 6H,J = 6.3
Hz), 1.471.88 (m, 4H), 2.12 (m, 1H), 2.28 (s, 3H), 3.69/3.95 (m/
m, 1H), 3.86-3.91 (m, 2H), 4.92 (m, 1H), 5.00/5.11 (d/t, 18=
4.8/4.5 Hz), 6.15/6.34 (d/d, 1H = 4.8/4.5 Hz), 6.92 (m, 1H),
7.17-7.30 (m, 3H), 7.68/7.74 (d/d, 1H,= 8.4/7.8 Hz), 8.24/7.84
(d/d, 1H,J = 6.6/7.5 Hz), 9.63 (s, 1H), major/minet 1.0:0.87.
13C NMR (75 MHz, DMSO#) 0 21.2, 22.5/22.6, 23.1/23.2, 24.5/
24.5, 28.0/29.1, 41.6/42.0, 52.0/56.0, 55.6/55.8, 64.1/65.3, 94.0/
100.8, 120.1, 123.4, 125.0, 128.5, 138.0, 139.4, 171.9, 180.1/180.3.
MALDI-TOF MS calcd for GgH27N3OsS [M + Nal*, 388.167;
found, 388.175.
(2S)-4-Methyl-2-((((4-methylphenyl)amino)thioxomethyl)-

52.0/56.0, 55.7, 64.1/65.3, 94.0/100.8, 115.1/115.4 (2C), 125.3 (2C),amino)-N-((39)-tetrahydro-2-hydroxy-3-furanyl)pentanamide (18).
135.9/136.0, 157.4/160.6, 171.9, 180.6. MALDI-TOF MS calcd for Colorless crystals. Mp 87-388.7 °C. [a]®p +23.9 (c = 0.2,
C17H24FN3OsS [M + NaJt, 392.142; found, 392.141. DMSO). H NMR (300 MHz, DMSO¢) ¢ 0.89 (d, 6H,J = 6.6
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Hz), 1.36-1.85 (m, 4H), 2.14 (m, 1H), 2.21 (s, 3H), 3.68/3.94 (m/ Solubility Determination. A suspension of test compound in

m, 1H), 3.85-3.90 (m, 2H), 4.28 (m, 1H), 4.98/5.10 (d/t, 18i= 2.0 mL of buffer solution (pH 7.0) or simulated gastric juice (pH
4.8/4.7 Hz), 6.14/6.33 (d/d, 1H} = 4.5/3.6 Hz), 6.24 (m, 1H), 1.2) was shaken at 25C for 5 h. The suspension was filtered
7.01-7.03 (m, 2H), 7.23-7.26 (m, 2H), 8.19/7.84 (d/d, 1H, = through CHROMATODISK (0.45um, GL Sciences), and the

7.217.8 Hz), 8.46 (s, 1H), major/minet 1.0:0.46.13C NMR (75 filtrate (1.0 mL) was made exactly 10 mL by the addition of the
MHz, DMSO-tg) 6 20.4, 22.1/22.3, 23.2/23.4, 24.4/24.5, 27.9/29.1, mobile phase as a sample solution. The measurement was performed
42.5/42.8,51.1/51.2, 51.9/55.9, 64.1/65.3, 94.0/100.9, 117.7 (2C),with 20 uL each of the sample solution and the standard solution
129.3 (2C), 130.0, 138.0, 154.9, 172.8. MALDI-TOF MS calcd under analytical HPLC according to the following conditions:
for CigH,7N305S [M + Na]*, 388.167; found, 388.165. wavelength, UV 250 nm; column, YMC-Pack ODS A-303 (2560
Inhibition Assays for Calpains. The inhibition assays were 4.6 mm, 5um); column temperature, 48C; mobile phase, CH
performed as described in the literaf#® using commercial CN/H,O/TFA = 40:60:0.1; and flow rate, 1.0 mL/min. The
u-calpain (human erythrocyte, Calbiochem) and m-calpain (porcine concentration of the test compound in the sample solution was
kidney, Calbiochem). An assay solution containing 0.5 mg/mL of calculated from the ratio of the peak area in the sample solution
casein, 20 mM dithiothreitol, 50 mM Tris-HCI (pH 7.4), and 1.0 and the standard solution.
nmol of enzyme was used. The assay solution (200and DMSO Retinal Ischemia—Reperfusion Model in Rats!® Male Spra-
(2.5 uL) containing inhibitors of different concentrations were gue-Dawley rats (156-250 g) were used, and the compounds
placed in each well. The reaction was started by the addition of 20 formuylated as a suspension in 0.5% CMC solution were orally
mM CaCh (S0 L) in a test well and 1 mM EDTA (S@iL) in a administrated to rats 15 min before ischemiag00 mg/kg:8, 30
blank well. After incubation for 60 min at 3UC, the mixture (100 and 100 mg/kg). The control group received the vehicle solution.
uL) was transferred to another plate, angCH100xL) and Bio- The rats were anesthetized with an intraperitoneal injection of
Rad protein assay dye reagent (d0) were placed in each well.  gogium pentobarbital (60 mg/kg). The body temperature was
After incubation at room temperature for 15 min, the OD of the ajntained at 37C. Retinal ischemia on the left eye was produced

mixture at 595 nm was recorded on a plate reader (Multiscan py the occlusion of the central retina and posterior ciliary arteries
Multisoft, Labsystems). The percent inhibition was calculated from ity 5 clip. After retinal ischemia was produced for 55 min, the

the differences in the ODs between when the compound was presenti was removed. The retinal arteries were allowed to reperfuse.
and when it was absent. _ ) . A sham operation was performed on the right eye without ligation.
Metabolic Stability. Human hepatic S9 incubations were after reperfusion, the same dose of compounds was orally
performed in the presence of an NADPH-generating system ggministrated. The efficacy was evaluated by a measurement of
composed of 3 mM MgG| 1 mM NADP', 5 mM glucose-6- cell density in the retinal ganglion cell laye—2 mm from the
phosphate, and 1 Unit/mL of glucose-6-phosphate dehydrogenase,piic disk. The cells were stained with hematoxylin and eosin (HE

in an 50 mM potassium phosphate buffer (pH 7.4). The human S9 gtaining). The number of cell nuclei in the ganglion cell layers was
prepared by XenoTech LLC (Lenexa, CS) was purchased from the o nted at a width of 25@m at three sites.

Nosan Corporation (Yokohama, Japan). All concentrations are

relative to the final incubation volume (5 mL). The compounds Acknowledgment. We thank Dr. Wataru Takayama, Yusuke
were added in acetonitrile to a final concentration giNd. The ! ) ’

inncubations were conducted at 3Z. After 30 min, 1 mL of the Sakal, and Noriko Nada for supportlr.]g our Iaborgtory vyork. In
incubations were sampled, and the reaction was terminated by the@ddition, we thank Dr. Yukuo Yoshida and Akiko Shirasaki
addition of 4 mL of acetonitrile. The precipitated proteins were for the critical reading of this manuscript. Also, we thank Drs.
removed by centrifugation, the supernatants were evaporated, andYutaka Kawamatsu and Mitsuyoshi Azuma for useful discus-
the residue was dissolved in mobile phase. The solution was sions.

analyzed by LC-UV or LC-MS/MS.

Pharmacokinetic Studies in RatsThe in vivo pharmacokinetic Supporting Information Available: Elemental analyses for
results were determined after oral or intravenous (po 10 or 500 compound5. HPLC analysis data for compounds-18. This
mg/kg or iv 3 mg/kg) single agent dosing to male SpragDawley material is available free of charge via the Internet at http://

rats fr = 4 or 5/time point, weight 206250 g). Each compound  pubs.acs.org.

(1 or 8) was formulated as a suspension in 0.5% carboxymethyl

cellulose solution (CMC) for oral administration. In the case of IV paferences

administration, each compound was dissolved in a vehicle consisting ) ) ) )

of 60% poly(ethylene glycol) and 40% water at a concentration of (1) (&) Ono, Y.; Sorimachi, H.; Suzuki, K. Pharmacology and toxicology
10 mg/mL. The animals were anesthetized with isoflurane at of calcium-dependent protease.Galpair Wang, K. K. W., Yuen,

] : . P.-W., Eds.; Taylor & Francis: Philadelphia, 1999; pi8L (b)
predetermined times (0.1 (iv only), 0.25, 0.5, 1, 2, 4, and 8 h), and Huang, Y.; Wang, K. K. The calpain family and human disease.

the blood was sampled from the abdominal aorta into heparinized Trends Mol. Med2001, 7, 355-362.
syringes. The blood was centrifuged to obtain plasma. All plasma  (2) (a) Wang, K. K. W.; Yuen, P.-W. Calpain inhibition: an overview
samples were frozen and stored-&80 °C until analysis. The frozen of its therapeutic potentiallrends Pharmacol. Sci994 15, 412~

solution was fused at room temperature, and test sample solutions ~ 419- (b) Stracher, A. Calpain inhibitors as therapeutic agents in nerve
were prepared by a solid-phase extraction procedure using OASIS and muscle degeneratioAnn. N.Y, Acad. Scl999 884, 52-59.

- . (c) Yuen, P.-W.; Wang, K. K. W. Therapeutic potential of calpain
HLB (60 mg) cartridges by Waters. The plasma concentration of inhibitors in neurodegenerative disordeEgpert Opin. Inest. Drugs

each test compound was determined by turboionspray on an Applied 1996 5, 1291-1304. (d) Zatz, M.; Starling, A. Calpains and disease.

Biosystems/MDS-Sciex APl 4000 triple-quadrupole mass spec- N. Engl. J. Med2005 352 2413-2423.

trometer equipped with a turbo ion spray source using multiple  (3) (&) Donkor, I. O. A survey of calpain inhibitor€urr. Med. Chem.
reaction monitoring (MRM). The samples were chromatographed 2009 7t 1%7}_318?- (b)tVer”S Gt JII<; Blho(\j/sk);,hR. Calpaur&mhlbltor? .
on'a NANOSPACE S1- (Shisedo) HPLC system wih Shiseido. 3 PRl reamert. for stok and other evrodegeneraiy
Capcell pak C18 MG-Il column (7% 1.5 mm, 5um) at 40°C 1998 8, 17071727 (c) Leung, D.; Abbenante, G.; Fairlie, D. P.
using a mobile phase (MeOH/HCOH = 40:60:0.1, for Protease inhibitors: current status and future prospédiéed. Chem.
compoundl) or Shiseido Capcell pak C18 ACR (1501.5 mm, 200Q 43, 305-341.

3 um) at 40°C using a mobile phase (MeCNy& = 70:30, for (4) (a) Sasaki, T.; Kikuchi, T.; Yumoto, N.; Yoshimura, N.; Murachi,
compound8) at a flow rate of 0.20 mL/min. Data reduction was ;dcocfgll?gi%t"l’le \fvﬁ’tic“;'ggrgﬁ‘f ‘;‘ng‘rcriﬁ;“dszzt%”egog‘;:gescy"’;"tﬁi‘a'gc'
performed using MDS-Sciex Analyst ver. 1.3 software. The fluorogenic substrates. Biol. Chem1984 259, 12489-12494. (b)
noncompartmental model was used to calculate pharmacokinetic Tompa, P.; Buzder-Lantos, P.; Tantos, A.; Farkas, A.; 8yilaA.;
parameters from the resulting plasma concentration vs time profiles Banoczi, Z.; Hudecz, F.; Friedrich, P.; On the sequential determinants

using WinNonLin (Scientific Consulting, Inc.). of calpain cleavagel. Biol. Chem2004 279, 20775-20785.
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