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Peptidyl a-keto amides have been synthesized and tested as inhibitors of the cysteine protease 
calpain. A stereospecific synthesis was devised in which Cbz-dipeptidyl-a-hydroxy amides were 
oxidized with TEMPO/hypochlorite to the corresponding a-keto amides. This oxidation was 
accomplished in good yields and without epimerization of the chiral center adjacent to the 
ketone. The potent inhibition of porcine calpain I by the L,L diastereomers, combined with the 
poor inhibition by the L,D diastereomers, established the requirement for the all-L stereochem­
istry of the active inhibitor. The early lead inhibitors were very hydrophobic and, therefore, 
poorly soluble in aqueous solutions. Using the stereospecific route, new compounds were 
prepared with polar groups at the C- and N-termini. These modifications resulted in more 
soluble inhibitors that were still potent inhibitors of calpain. Studies of the stability of these 
a-keto amides showed that absolute stereochemistry can be maintained in acidic and unbuffered 
environments but general base-catalyzed epimerization of the chiral center adjacent to the 
ketone occurred rapidly. The a-hydroxy precursors were inactive as inhibitors of calpain, which 
supports the hypothesis that the a-keto compounds reversibly form an enzyme-bound 
tetrahedral species that results from the nucleophilic addition of the catalytic thiol of calpain 
to the electrophilic ketone of the inhibitor. 

Introduction 

Following either global (e.g., cardiac arrest, drowning) 
or focal (e.g., stroke) cerebral ischemia, a cascade of 
biochemical actions is initiated that results in a delayed 
degeneration of neurons.1-4 One therapeutic strategy 
that has been proposed for the treatment of the neuro-
degeneration resulting from cerebral ischemia is the 
inhibition of intracellular calpains (calcium activated 
neutral proteases). These proteases are activated by the 
increased intracellular calcium concentrations associ­
ated with ischemic events.5"8 Several neuronal struc­
tural proteins have been shown to be good substrates 
for activated calpain; therefore, the activation of calpain 
that occurs during ischemia may result in the degrada­
tion of these structural proteins. Calpain inhibitors may 
be useful therapeutics since the inhibition of activated 
calpain could also limit the delayed neuronal damage 
associated with ischemia.6-12 Although calpain displays 
a marked preference for large protein substrates,7'13 

several reports of small molecule inhibitors of calpain 
have recently appeared. These inhibitors can be clas­
sified as either irreversible (such as peptidyl halomethyl 
ketones,14 epoxides,15 peptidyl-O-acylhydroxylamines,16 

and peptidyl diazomethylketones17) or reversible (such 
as peptidyl aldehydes, 18a>20 peptidyl diketones,22 pep­
tidyl a-keto esters,21-23 a-keto acids,22'23 and a-keto 
amides22,23). 

Our approach to the development of calpain inhibitors 
is based upon the initial work of Powers22 and others23 

using peptidyl a-keto amides as reversible inhibitors of 
cysteine proteases. This previous work had shown that 
dipeptidyl a-keto esters, a-keto amides and a-keto acids, 
where P2 was leucine [Schecter and Berger nomencla­
ture24], were selective, potent inhibitors of calpain.21'22 

The Dakin—West chemistry used by Li et al.22 to 
synthesize these dicarbonyl inhibitors limited not only 
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the choice of residues at Pi and P2 but also the types of 
functionality at both the N- and C-termini. This 
synthetic route also yielded a mixture of diastereomers 
due to epimerization of the chiral center at Pi. The L,L 
diastereomer, which mimics a dipeptide substrate, 
should be the active inhibitor. To unequivocally estab­
lish this, we devised a synthetic route that would yield 
inhibitors of defined stereochemistry. This synthetic 
route also allowed the synthesis of inhibitors with 
greater structural diversity. 

In order to effectively inhibit calpains in vivo, an 
inhibitor must penetrate cell membranes. An earlier 
study had shown that peptidyl a-keto acid inhibitors, 
although potent in vitro inhibitors of calpain, were 
ineffective against intracellular calpain in platelets due 
to poor membrane permeance.22 To insure membrane 
permeability, our inhibitor design focused on the prepa­
ration of neutral, hydrophobic compounds. Others had 
observed that the ester bond of a-keto esters was rapidly 
metabolized in vivo;22 therefore, we focused our efforts 
on peptidyl a-keto amides. The hydrophobic a-keto 
amides were expected to penetrate cell membranes; 
however, the hydrophobicity of these inhibitors would 
have to be balanced with aqueous solubility to obtain a 
potential therapeutic agent. Furthermore, the stability 
of these a-keto amide inhibitors was a concern since not 
only would the electrophilic ketone be expected to react 
with nucleophiles but the chiral center adjacent to the 
ketone could be prone to epimerization. The synthesis 
of these inhibitors as single diastereomers was an 
important first step to answering these concerns. 

In this report we present the stereospecific synthesis 
of peptidyl a-keto amides and the inhibitory potency of 
these single diastereomers against calpain. Using this 
synthetic strategy, inhibitors with different C- and 
N-terminal functional groups were prepared and used 
to expand our understanding of calpain inhibitor struc­
ture-activity. Several of these structural modifications 
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yielded inhibitors with enhanced water solubility. Fi­
nally, we describe the physicochemical properties of 
single diastereomer inhibitors with respect to their 
overall stability, relative solubility, and sensitivity 
toward epimerization 

Results 

Stereospecific Synthesis of a-Keto Amides I a -
3a, 3b. Compounds l a - 3 a were synthesized from the 
corresponding Boc-protected amino acids as shown in 
Scheme 1. The Boc-amino acids were converted to the 
amides 7 - 9 using AT,0-dimethylhydroxylamine25 and 
either carbonyldiimidazole (CDI) or PyBOP in anhy­
drous THF/DMF. Extractive workup provided the 
desired amides in yields of 82-99%. Amides 7-9 were 
reduced with LAH26,27 to the Boc-amino aldehydes 10-
12 in yields of 85-99%. 

The a-hydroxy-/?-amino acids 16-18 were prepared 
from the aldehydes according to established proce­
dures.28'29 The aldehydes were converted to the cyano-
hydrins 13-15, which were isolated without purification 
and directly hydrolyzed in refluxing 1:1 concentrated 
HCl/dioxane (v/v). Isolation of the a-hydroxy-/J-amino 
acids 16-18 in yields of 52-65% was accomplished 
either by crystallization or ion-exchange chromatogra­

phy. The a-hydroxy-/3-amino acids 16-18 were pro­
tected with the Boc group by treatment with di-tert-
butyl dicarbonate in dioxane with 1 N NaOH as the 
base. The modest yields of 46-79% for this step were 
due to the aqueous solubility of some of the product 
acids, which resulted in losses during the workup. The 
Boc-protected ct-hydroxy-/?-amino acids 19—21 were 
then coupled to ethylamine using EDC to provide the 
ethyl amides 22-24 in yields ranging from 66 to 86%. 
Treatment of 22-24 with 4 N HCl/dioxane removed the 
Boc protecting group, and the resulting amine hydro­
chlorides 25-27 were coupled directly to Cbz-Leu to 
provide 28 -30 in yields of 67-83%. 

Oxidation of the a-hydroxy amides 28 -30 to the 
desired a-keto amides was achieved using the nitroxyl 
radical TEMPO as a catalyst in a biphasic reaction 
mixture of dichloromethane and aqueous sodium hy­
pochlorite.30,31 This mild oxidation procedure provided 
the a-keto amides Ia-Sa in yields of 50-75% after 
recrystallization and without detectable epimerization 
of the chiral center at Pi. These compounds were 
purified by recrystallization since silica gel chromatog­
raphy epimerized the chiral center at Pi and yielded a 
mixture of two diastereomers. In all cases, final prod­
ucts were assessed for diastereomer content by both 
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HPLC and 1H-NMR. In the absence of silica gel 
chromatography, both techniques showed that the 
amount of the L,D diastereomer was below the level for 
accurate quantitation (less than 10% by NMR and less 
than 1% by HPLC). Compound 3b, the L,D diastereomer 
of 3a, was synthesized from the Boc-D-Phe by the same 
methodology shown in Scheme 1. 

Several a-keto amides were synthesized in which the 
N-terminal Cbz group was replaced with other protect­
ing groups or suitably protected amino acids. The 
synthesis of these inhibitors is shown in Scheme 2. 
Compounds 25 and 26 were coupled to Boc-Leu to yield 
31 and 34, respectively. Compound 31 was purified by 
silica gel chromatography and then oxidized to 37 using 
TEMPO/NaOCKaq). Removal of the Boc-protecting 
group from 34 with 4 N HCl/dioxane followed by 
coupling of the amine to either Boc-Phe or Boc-L-Phe 
provided 35 and 36, respectively, which were oxidized 
with TEMPO/NaOCl (aq) to 40 and 41, respectively. 
Removal of the Boc groups from 40 and 41 yielded the 
free amines 42 and 43. Alternatively, compound 25 was 
coupled to either [(iV^V-dimethylamino)carbonyl]-Leu or 
morpholinocarbonyl-Leu to provide 32 and 33, respec­
tively, which were then oxidized as before to yield 38 
and 39. These derivatives of leucine were prepared 
according to standard literature procedures.32 

Two alternate synthetic routes for the preparation of 
compounds with different C-terminal groups are shown 
in Scheme 3. In route a, the a-hydroxy-/?-amino acid 
18 was converted to the methyl ester 44 via a Fischer 
esterification. Coupling of 44 to Cbz-Leu-OSu provided 
the Cbz-Leu-/9-amino-a-hydroxy methyl ester, which was 
saponified without purification to the acid 45. Com­
pound 45 was then coupled to alanine methyl ester to 
yield 46, which was then oxidized as previously de­
scribed to yield 47. This route was generally applicable 
to other amino acids (data not shown). The methyl ester 
of 47 was then saponified with 1 N NaOH in methanol 
to yield 51. As predicted by the pH stability studies 
{vide infra), the basic conditions of the saponification 
resulted in partial epimerization of the chiral center at 
Pi as evidenced by the appearance of multiple amide 
resonances in the 1H-NMR spectrum of 51. Alterna­
tively, as shown in route b, the cc-hydroxy-/J-amino acid 
16 was coupled directly to Cbz-Leu-OSu to yield 48, 
which was converted to 49 by coupling to (ethylthio)-

ethylamine. In this case, the TEMPO-catalyzed oxida­
tion simultaneously converted the hydroxyl to the 
ketone and the sulfide to the sulfone to provide 50. 
Route b involved fewer synthetic steps and would be 
expected to proceed in a higher overall yield; however, 
compound 48 was contaminated with Cbz-Leu resulting 
from hydrolysis of the JV-hydroxysuccinimide ester dur­
ing the coupling reaction. Chromatographic purification 
of either 48 or 49 prior to the final oxidation was 
required, whereas a majority of the peptidyl a-hydroxy 
amides synthesized by route a could be isolated without 
the need for chromatographic purification. For this 
reason, we found route a to be preferable to route b. 

Synthesis of a-Keto Amides via the Dakin-West 
Reaction. The inhibitors shown in Table 1 (mixtures 
of epimers at Pi) were synthesized by a modification of 
the published procedure.22 The a-keto ester precursors 
were synthesized using the Dakin-West reaction as 
previously described; however, the esters were isolated 
by extractive workup and trituration with hexane in 
place of column chromatography. The a-keto esters 
were then directly converted to the a-keto ethyl amides 
by treatment with ethylamine (aqueous) in EtOH. 
Crystallization provided the desired compounds la,b-
3a,b in yields of 60-70% and overall purity >98%. Both 
1H-NMR and HPLC showed the products to be mixtures 
of diastereomers in varying ratios: la: lb (L,L:L,D) = 40: 
60; 2a:2b (L,L:L,D) = 40:60; and 3a:3b (L,L:L,D) = 60:40. 
The identity of the L,L diastereomers was established 
by independent synthesis as previously described. 

Enzyme Inhibition. Compounds la,b-3a,b, as mix­
tures of diastereomers, were assayed with calpain I from 
human and porcine erythrocytes and with calpain II 
from human placenta, bovine heart, and porcine kidney 
(Table 1). The compounds that were synthesized as 
single diastereomers were assayed with porcine calpain 
I and these K values are shown in Table 2. The K 
values for la,b-3a,b are also shown for comparison. As 
noted in Table 2, several compounds were slow-binding 
inhibitors. 

Physicochemical properties. As several of the 
calpain inhibitors synthesized were neutral and hydro­
phobic, the suitability of these compounds to be tested 
in vitro or in vivo required an evaluation of their 
aqueous solubility limits. Inhibitors were dissolved in 
a minimal amount of dimethylacetamide (DMA) at ~30 
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Table 1. Inhibition of Calpains by a-Keto Amides Synthesized as Diastereomeric Mixtures 

compound 

Cbz-L-Leu-(D,L)-Abu-CO-NHEt(la,b) 
Cbz-L-Leu-(D,L)-Nva-C0-NHEt(2a,b) 
Cbz-L-Leu-(D,L)-Phe-C0-NHEt(3a,b/ 

hCal P 

210 ± 20 
66 ± 8 
74 ± 6 

pCal I6 

109 ± 15 
78 ± 9 
89 ± 6 

Ki(JM) 

hCal IF 

138 ± 17 
73 ± 5 
35 ± 2 

pCal IP 

122 ± 14 
42 ± 5 
51 ± 3 

bCal IP 

138 ± 15 
50 ± 5 
40 ± 3 

a Human calpain I from erythrocytes. b Porcine calpain I from erythrocytes.c Human calpain II from placenta. d Porcine calpain II 
from kidney.e Bovine calpain II from heart. f Slow-binding kinetics observed with five calpains tested. 

mg/mL and diluted with saline, and the pH was 
adjusted to 2.75 such that the final concentration of 
DMA was 3%. After incubation, the test mixture was 
centrifuged and a sample of the supernatant was 
analyzed by HPLC. Resultant inhibitor concentration 
was calculated from the area percent integrated from 
the HPLC chromatogram after calibrating the instru­
ment response factor with standard concentrations of 
the corresponding inhibitor. These results are pre­
sented in Table 2. As seen from this table, many of the 
inhibitors proved sparingly soluble in this test vehicle; 
accordingly, these inhibitors were only tested in the 
enzyme inhibition assays that used DMSO as a cosol-
vent. Compounds 40 and 41 were found to be poorly 
soluble during the enzyme assays; therefore, we did not 
feel that the solubility of these compounds should be 
determined. Likewise, 42 and 43, as hydrochloride 

salts, were very soluble and a determination of the 
upper limit of solubility was not warranted. Quantities 
of l a were available, and this compound was sufficiently 
soluble for further in vivo testing;6 therefore, additional 
physiochemical studies were initiated using l a as a 
model for the inhibitor series. 

We developed an HPLC-based assay to assess epimer-
ization rates and evaluate chiral purity of the inhibitors. 
Using this HPLC technique, we could detect approxi­
mately a 1% contamination of the other diastereomer 
(i.e., the L,D diastereomer). We chose a representative 
single diastereomer inhibitor, la, for these studies. The 
data, as presented in Table 3, show that epimerization 
is general base-catalyzed and that mildly acidic pH 
improves chiral stability. 

The reactivity of l a with alcohols was studied by 1H-
NMR using CD3OD. The formation of a methanol 
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Table 2. Inhibition Constants with Porcine Calpain I and 
Solubility Properties for Single Isomer Inhibitors 

solubility 
compound Ki (nM) (mg/mL) 

" Not determined. 6 Slow-binding inhibitor.c Activity may be 
due to epimerization occurring during the course of the assay .̂  MpI 
= morpholino. 

Table 3. Epimerization Rates of la As Measured by HPLC 
final ratio 

,:L,D (15 days) 

50:50 
51:49 
48:52 
51:49 
50:50 
49:51 
82:18 
>95:5 
>95:5 

kf(mm J) 

1.4 x 10"3 

8.6 x 10~4 

1.9 x 10"* 
2.9 x 10"3 

3.9 x 10"4 

6.9 x 10"5 

ND6 

ND6 

ND6 

PH 

10 
10 
10 
7 
7 
7 
3 
3 
3 

buffer 
concentration 

50 
10 
3 

50 
10 
3 

50 
10 
3 

" Initial concentration of phosphate buffer prior to mixing with 
DMSO. 6 The epimerization rate was too slow to measure in the 
time frame of this study. 

hemiketal was assessed by monitoring the change in 
shift of the proton a to the ketone (/J to the amide). After 
30 min at room temperature in CD3OD, the formation 
of hemiketals was apparent. The reaction reached 
equilibrium (12% ketone remaining) in less than 47 h. 
It was also noted from 1H-NMR studies in D2O-DMSO-
de (60:40) that the keto amides rapidly form hydrates; 
an equilibrium value of 44% ketone was achieved within 
1 h. While this phenomenon was not extensively 
studied, it was noted that an equilibrium between the 
ketone and the hydrate was rapidly reached (no change 
from the initial value was observed). 

Discussion 

Peptidyl a-keto amides have been prepared as single 
diastereomers using TEMPO/NaOCl (aq) as the oxidant 
for converting the a-hydroxy amides to the a-keto 
amides without epimerization of the chiral center 
adjacent to the ketone. A modified version of the 
published Dakin-West procedure22,33 was used initially 
for inhibitor synthesis. However, this procedure pro­
vided a mixture of diastereomers that could not be 
resolved by silica gel chromatography due to the inter-
conversion of diastereomers catalyzed by silica gel. 
With several of these compounds, repeated recrystalli-
zation yielded a product enriched in one diastereomer, 
the L,L diastereomer (data not shown). We believe this 
enrichment was due to the poorer solubility of the L,L 
diastereomer. The observation that the initial products 

la,b and 2a,b were enriched in the L,D diastereomer 
indicates that this diastereomer may be thermodynami-
cally favored at some step of the synthesis. These issues 
were not pursued since recrystallization did not appear 
to be a viable route to quantities of inhibitor for in vitro 
and in vivo studies. An unambiguous stereospecific 
synthesis was the preferred route. 

The a-hydroxy-/?-amino acids 16-18 (Scheme 1) were 
the key intermediates in the stereospecific synthesis of 
the a-keto amide inhibitors. The stereochemistry of the 
starting amino acid determined the stereochemistry of 
the Pi residue in the final product. This synthetic 
approach to the a-hydroxy-/3-amino acids is well-
established in the literature.28,29 Several changes, 
however, have been made to the standard methodology 
for the LAH reduction of the Weinreb amide to the 
aldehyde,27 i.e., the conversion of 7 to 10. In agreement 
with others,26 we found that an inverse addition of the 
Weinreb amide to excess LAH followed by quenching 
of the excess LAH with ethyl acetate and KHSO^aq) 
yielded the desired aldehyde with minimal epimeriza­
tion (< 1%). There have been several reports that these 
Boc-amino aldehydes are prone to racemization;34a>b 

however, the aldehydes could be stored dry for months 
at - 2 0 0C without appreciable racemization (i.e., less 
than 1%).35 Rigorous control of the stereochemistry of 
the chiral aldehyde is important since the chirality of 
this center in the final product is critical for inhibitory 
activity. 

TEMPO/NaOCKaq) has been reported to be a mild, 
economical oxidant30'31 that maintains chiral integrity 
in oxidations of primary alcohols to aldehydes; therefore, 
we were pleased to find that the oxidation of the 
a-hydroxy amides using this reagent proceeded in good 
yields and maintained the optical purity at the C-a of 
the Pi amino acid residue. Several other methods have 
been previously reported for the oxidation of peptidyl 
hydroxyls to ketones, notably the Swern oxidation36 and 
Dess-Martin periodinane.37 The Swern oxidation was 
not suitable due to its potential to cause epimerization 
and reported poor yields of similar compounds.28'38 

Although high yields and chiral integrity were generally 
reported with Dess-Martin periodinane,38'39 its lack of 
commercial availability and potential handling hazards 
made this reagent less desirable. 

As shown by the K values in Table 1, the three 
peptidyl a-keto amides tested did not show a pro­
nounced selectivity for either calpain I or calpain II. 
Additionally, there did not appear to be any notable 
difference in K values for calpains isolated from various 
mammalian species. This same lack of selectivity was 
observed for several other a-keto amides that were 
synthesized and tested (data not shown). For this 
reason, we chose to assay all single isomer inhibitors 
using the commercially available porcine calpain I from 
erythrocytes. These results are shown in Table 2. 
Many of these compounds were potent inhibitors of 
porcine calpain I. Since others had reported that 
leucine at P2 is an important recognition element in 
calpain binding,22'40 all of the compounds prepared 
incorporated this residue. The other moiety that is 
critical for inhibitory activity is the ketone, since the 
a-hydroxy amide precursors (see compound 30, Table 
2) were inactive as calpain inhibitors. This requirement 
of the ketone for inhibitory activity supports the pro-

Cbz-L-Leu-L-Abu-CO-NHEt (la) 
Cbz-L-Leu-(D,L)-Abu-CO-NHEt(la,b) 
Cbz-L-Leu-L-Nva-CO-NHEt (2a) 
Cbz-L-Leu-(D,L)-Nva-CO-NHEt(2a,b) 
Cbz-L-Leu-L-Phe-CO-NHEt (3a)b 

Cbz-L-Leu-(D,L)-Phe-CO-NHEt(3a,b)b 

Cbz-L-Leu-D-Phe-CO-NHEt (3b) 
Boc-L-Leu-L-Abu-CO-NHEt (37) 
(CH3)2N-CO-L-Leu-L-Abu-CO-NHEt (38) 
Mpld-CO-L-Leu-L-Abu-CO-NHEt (39) 
Boc-L-Phe-L-Leu-L-Nva-CO-NHEt (40) 
Boc-D-Phe-L-Leu-Nva-CO-NHEt (41) 
L-Phe-L-Leu-L-Nva-CO-NHEt (42) 
D-Phe-L-Leu-L-Nva-CO-NHEt (43) 
Cbz-L-Leu-L-Phe-CO-L-Ala-OMe(47)6 

Cbz-L-Leu-L-Abu-CO-NHEt-S02-Et (50) 
Cbz-L-Leu-L-Phe-CO-L-Ala-OH (51)6 

Cbz-L-Leu-L-PheV>[CH(OH)CO-NH]Et (30) > 350000 ND 

77 ±10 
109 ± 15 
32 ± 3 
78 ± 9 
36 ± 2 
89 ± 6 
>1500° 
170 ±15 
333 ± 29 
119 ±16 
61 ± 2 
93 ± 4 
116 ± 5 
244 ± 11 
92 ± 6 
129 ± 15 
718 ± 84 

0.08 
ND" 
<0.02 
ND 
<0.02 
ND 
ND 
0.72 
0.77 
0.63 
ND 
ND 
ND 
ND 
ND 
0.73 
ND 
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posed mechanism22 that these inhibitors form an enzyme-
bound, tetrahedral species that results from the nucleo-
philic addition of the active site cysteine sulfhydryl to 
the electrophilic ketone. This proposed mechanism 
mimics the catalytic mechanism of cysteine proteases 
in which the cysteine sulfhydryl attacks the amide 
carbonyl of the scissile bond. 

Direct comparison of our data with the previously 
published work of Li et al.22 was complicated by the 
fact that the relative proportions of L,L versus L,D 
diastereomers in the inhibitors prepared by Dakin-
West chemistry could vary. As we clearly demonstrated 
by synthesizing both the L,L and L,D diastereomers 3a 
and 3b, respectively, the active inhibitor was the L,L 
diastereomer. For this reason, experimentally deter­
mined K values will be dependent upon the amount of 
the L,L diastereomer when one is working with a 
mixture of diastereomers. 

In some cases, the Ki values that are reported in 
Tables 1 and 2 may not be true dissociation constants 
due to the conditions of the enzyme assays. Since the 
inhibitors were synthesized as the active L,L diastere­
omer, the actual concentration of inhibitor was known, 
and in several cases this was similar to the concentra­
tion of enzyme (40-60 nM) in the assays. Inhibitors 
assayed under these "tight-binding" conditions do not 
follow Michaelis-Menten kinetics since the concentra­
tion of free inhibitor is not constant.41a,b A K{ value 
obtained under these conditions is dependent upon the 
concentration of enzyme in the assay, and this K\ is not 
a true dissociation constant. In the cases of tight-
binding inhibitors such as la, 2a, 3a, and 40, we are 
currently modifying the assay to allow lower enzyme 
concentrations, which will then eliminate the tight-
binding conditions. 

As noted in Table 2, compounds 3a, 47, and 51 were 
slow-binding inhibitors.42 Slow-binding inhibitors do 
not show a steady-state initial velocity; instead, these 
inhibitors exhibit a slow onset of inhibition with time 
until a steady-state velocity is attained. These inhibi­
tors all have a phenylalanine side chain at Pi indicating 
that this bulky substituent is required for slow binding 
to calpains. The slow-binding phenomenon could be due 
to a conformational change of the enzyme that is 
required for optimum binding of the bulky benzyl 
substituent; however, the synthesis of analogs of 3a 
bearing other bulky groups and more detailed kinetic 
analyses will be required to address this issue. The 
kinetic behavior of these slow-binding inhibitors may 
cause the reported K values to be larger than the true 
dissociation constants. If the rate of enzyme-catalyzed 
substrate hydrolysis in the presence of the inhibitor did 
not attain a steady-state value during the time course 
of the assay, then the K value will be artificially 
increased. The assay time could not be lengthened to 
check this since autolysis of the enzyme becomes 
significant after 3 -4 min. This autolysis results in a 
loss in enzyme activity, which further complicates the 
slow-binding phenomenon. For these reasons, we have 
recently started to evaluate slow, tight-binding inhibi­
tors such as 3a and 47 by analysis of the progress curves 
for the onset of inhibition using an equation derived for 
slow, tight-binding inhibition. Details of these studies 
will be reported elsewhere. 

In the series of Z-Leu-Xxx-keto ethyl amides, our data 

confirm that compounds with L-Phe, L-Abu, and L-Nva 
at Pi were all potent inhibitors of calpain I. In all cases, 
any structural modifications of la-3a decreased the 
inhibitory activity; however, some of these changes 
resulted in increased solubility. Compounds 38, 39, and 
50 were all slightly less active than l a (4x, 1.5x, and 
1.7x, respectively) whereas the increased solubility 
(1Ox, 8x, and 9x, respectively) was much greater than 
the loss in inhibitory activity. Whether this increased 
solubility can compensate for the loss in potency will 
be determined in future in vivo studies. 

It is of particular interest that modifications at the 
Pi' and P3 positions had only modest effects upon K. 
Replacement of the Cbz of 2a with either Boc-Phe (40) 
or Boc-D-Phe (41) decreased affinity 2-fold and 3-fold, 
respectively. The observation that a D residue at P3 had 
such a small effect was very surprising since proteases 
are usually very strict in their requirements for L-amino 
acids in a peptide substrate. Another surprising feature 
was the activity of 42. Calpains cleave large peptides 
and proteins, and yet this inhibitor with a free N-
terminus was only 3.6x less active than 2a. Compound 
47 showed that replacing the C-terminal ethyl amide 
with an aHni^f methyl ester decreased affinity even 
though adding this amino acid residue, which should 
bind on the enzyme at Pi', was expected to enhance 
affinity. Taken together, these results indicate that a 
dipeptide is the optimum size for these a-keto amides. 
The inhibitory potency shown by these dipeptide a-keto 
amides makes identifying a non-peptide, small molecule 
inhibitor a reasonable goal for future studies. 

Saponification of the methyl ester of 47 yielded 51, 
which was at least 10-fold weaker as an inhibitor than 
47. Some of this loss in potency is due to base-catalyzed 
epimerization at the Pi position that occurred during 
the saponification. However, 1H-NMR showed that 
approximately 15% of the sample was the inactive 
diastereomer, which is not sufficient to explain the 10-
fold loss in activity. Li et al.22 had reported that the 
a-keto acid, Z-Leu-Phe-C02H, was a very potent inhibi­
tor of calpain and suggested that the carboxylic acid 
may interact with a histidyl residue in the active site. 
If this postulate is true, then increasing the distance 
between the ketone and the acid, as in the case of 
compound 51, may perturb the ability of the ketone to 
interact with the free sulfhydryl of the active-site 
cysteine, possibly due to the interaction of the carboxyl-
ate with an active-site histidine residue. 

The a-keto amide moiety is essential for inhibitory 
activity; however, our studies showed that this struc­
tural feature is very susceptible to epimerization. As 
shown in Table 3, epimerization was more rapid at high 
buffer concentrations (tyz = 2 h at pH = 7 in 50 mM 
phosphate buffer) as seen in the rate difference between 
50 and 3 mM phosphate buffer. No significant differ­
ence was seen between pH 7 and 10 in the phosphate 
buffered solutions tested; however, epimerization was 
much slower at pH 3. Similar to previous reports of 
hemi-ketal formation of a-keto amides in methanol,28 

1H-NMR analysis indicated a comparable reaction of the 
a-keto amide with this solvent. These findings stress 
the importance of proper solvent or buffer selection for 
in vitro and in vivo studies with these compounds. 
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S u m m a r y 

Stereospecific syntheses of peptidyl a-keto amides 
have been achieved us ing TEMPO/hypochlorite as the 
final oxidation reagent . Several potent inhibitors of 
calpain were synthesized, and th ree impor tant struc­
tu ra l features were identified: a leucyl residue a t P2, 
an electrophilic ketone a t the scissile bond, and a 
hydrophobic residue a t P i . Various extensions a t P3 or 
P i ' did not drastically affect the potency of these 
compounds as inhibitors of calpain. However, these 
extensions did increase the aqueous solubility of these 
compounds. In assessing the chiral stabili ty of the C-a 
of the residue a t P i , we found t h a t under general base 
conditions, epimerizat ion proceeds rapidly; however, 
chirality can be main ta ined in unbuffered or slightly 
acidic conditions. Our studies also clearly showed t h a t 
the L,L diastereomer is the active inhibitor. As a class 
of compounds, peptidyl a-keto amides appear to be 
effective inhibitors of calpain. These potent inhibitors 
of calpain should provide useful probes for the assess­
ment of calpain's role in the neurodegenerat ive cascade 
t ha t accompanies head t r a u m a and ischemic events 
such as stroke. 

E x p e r i m e n t a l S e c t i o n 

General Methods. All chemicals were reagent grade or 
better. TLC analysis was performed using EM Science pre-
coated silica gel 60 F254 plates (0.25-mm thickness), and 
compounds were visualized by one or more of the following: 
iodine, UV, phosphomolybdic acid (PMA), or ninhydrin. Flash 
chromatography was performed on EM Science's silica gel 60 
(200-400 mesh). 1H-NMR spectra were obtained on Bruker 
AM 500 or AM 600 instruments at the National Center for 
NMR Application, Colorado State University, Ft. Collins, CO., 
operating at 500 or 600 MHz, respectively; either a Bruker 
300- or 500-MHz NMR at Harvard University, Cambridge, 
MA; or a 360-MHz instrument operated by Spectral Data 
Services, Champaign, IL. Chemical shifts are reported relative 
to TMS, and coupling constants (J) are in Hz. Mass spectral 
analysis (FAB) was performed at M-Scan Inc., West Chester, 
PA on a VG-ZAB-2SE instrument. Elemental analyses were 
performed at Oneida Research Services, Inc, Whitesboro, NY. 
Melting points were determined using a Mel-Temp II from 
Laboratory Devices, USA, and are uncorrected. 

General Synthet ic P rocedure 1: Synthesis of a-Keto 
Amides via Dakin—West Chemistry. The dipeptidyl a-keto 
esters were prepared as described previously.22 The a-keto 
ester (1 equiv) was dissolved in EtOH (10 mL/mmol), and to 
this solution was added ethylamine (70% aqueous solution, 
10 equiv). After stirring for 13 h at room temperature, the 
reaction mixture was diluted into EtOAc and washed with 
saturated NaHC03,1N HCl, and saturated NaCl. The organic 
phase was dried with anhydrous MgS04, suction filtered, and 
concentrated in vacuo to yield a yellow residue that was 
crystallized from ethyl ether. 

CbZ-LeU-(D1L)-AbU-CONH-CH2CH3 ( la,b). Yield: 60%. 
TLC: Rf = 0.37 (CH2Cl2:MeOH 20:1). MS: (M + H)+ = 406. 
500-MHz 1H-NMR (DMSO-d6) 6 0.87 (m, 9H), 1.05 (dt, 3H), 
1.35-1.67 (m, 4H), 1.78 (m, IH), 3.14 (m, 2H), 4.12 (m, IH), 
4.89 (m, IH), 5.03 (s, 2H), 7.35 (m, 6H), 8.22 (d, 0.4H), 8.26 
(d, 0.6H), 8.68 (q, IH). Anal. (C21H31N3O5) C, H, N. 

Cbz-Leu-(D,L)-Nva-CONH-CH2CH3 (2a,b). Yield: 67%. 
TLC: Rf = 0.34 (CH2Cl2:MeOH 20:1). MS: (M + H)+ = 420. 
500-MHz 1H-NMR (DMSO-d6) d 0.85 (m, 9H), 1.04 (dt, 3H), 
1.20-1.52 (m, 5H), 1.55-1.75 (m, 2H), 3.14 (m, 2H), 4 .05-
4.17 (m, IH), 4.97 (m, IH), 5.02 (s, 2H), 7.34 (m, 6H), 8.22 (d, 
0.4H), 8.27 (d, 0.6H), 8.68 (q, IH). Anal. (C22H33N3O5) C, H, 
N. 

Cbz-Leu-(D,L)-Phe-CONH-CH2CHs (3a,b). Yield: 71%. 
TLC: Rf= 0.58 (CH2Cl2:MeOH 20:1). MS: (M + H ) + = 468. 
500-MHz 1H-NMR (DMSO-d6) 6 0.73-0.87 (m, 6H), 1.05 (dt, 

3H), 1.12-1.28 (m, 2H), 1.37-1.57 (m, 2H), 2.68-2.86 (m, IH), 
3.07-3.2 (m, 2H), 4.06 (m, IH), 5.0 (m, 2H), 5.2 (m, IH), 7.18-
7.38 (m, HH), 8.30 (d, 0.6 H), 8.37 (d, 0.4H), 8.70 (t, 0.6H), 
8.76 (t, 0.4H). Anal. (C26H33N3O6) C, H, N. 

General Synthetic Procedure 2: Synthesis of Boc-
Aminoacyl Weinreb Amides 7 - 9 [iV-ferf-Boc-Nval-NCCHs)-
OCH3 (8)]. Boc-L-Nval (5) (25.0 g, 115.0 mmol) was coupled 
toN,0-dimethyhydroxylamine4iydrochloride (12.2g, 126.5 mmol) 
by the following procedure. Boc-L-Nva was dissolved in 
anhydrous THF (200 mL) and placed under argon. Carbon-
yldiimidazole (22.4 g, 138 mmol) was then added portionwise 
over a 10-min period and the solution was stirred for 30 min 
under argon at room temperature. 2V,0-Dimethylhydroxyl-
amine-hydrochloride was dissolved in DMF (75 mL) with DIEA 
(21 mL, 15.6 g, 120 mmol) and added to the Boc amino acid 
solution. The reaction was allowed to stir overnight at room 
temperature. The reaction solution was concentrated in vacuo, 
diluted into ethyl acetate (300 mL), and washed with 1 N HCl 
(3 x 100 mL), saturated NaHCO3 (3 x 100 mL), and saturated 
NaCl (1 x 100 mL). The organic phase was dried with 
anhydrous MgS04 and suction filtered and the filtrate con­
centrated in vacuo to yield 8 as a clear viscous oil that was 
dried overnight in vacuo: 23.2 g, 82%. TLC: Rf = 0.78 (1:1 
hexane:EtOAc). MS: (M + H)+ = 247. 

General Synthetic Procedure 3: Synthesis of N-tert-
Boc Amino Aldehydes 10-12 [AT-ferf-Boc-norvalinal (11)]. 
Compound 8 (20.8 g, 84.5 mmol) was dissolved in 125 mL of 
anhydrous ethyl ether. Lithium aluminum hydride (3.5 g, 92 
mmol) was added to 125 mL of anhydrous ethyl ether and 
chilled (ice bath) in a round-bottom flask equipped with a 
pressure-equalizing dropping funnel and thermometer. The 
amide solution was added to the dropping funnel, placed under 
argon, and added to the LAH suspension at a rate in which 
the temperature was not allowed to exceed 5 0C. After all the 
amide was added, the reaction mixture was allowed to stir for 
30 min at which point EtOAc (50 mL) was added dropwise to 
destroy any excess LAH. KHSO4 (5%) (50 mL) was then added 
dropwise to quench the complex, while the temperature was 
maintained at less than 5 °C. The mixture was washed with 
1 N HCl (3 x 100 mL), saturated NaHCO3 (3 x 100 mL), and 
saturated NaCl (1 x 100 mL). The organic phase was dried 
with anhydrous MgS04 and suction filtered and the filtrate 
concentrated in vacuo to yield 11 as a clear viscous oil: 15.3 
g, 90%. TLC: Rf= 0.42 (4:1 EtOAc:hexane). MS: (M-HH)+ 

= 202. 

General Synthetic Procedure 4: Synthesis of a-Hy-
droxy/3-Amino Acids 16-18 [2CR,S)-Hydroxy-3(S)-amino-
4-phenylbutanoic Acid (18)]. 2V-teri-Boc-L-phenylalaninal 
12 (16.7 g, 67 mmol) was dissolved in MeOH (100 mL) and 
chilled to 5 0C. Sodium bisulfite (7.0 g, 67 mmol) was dissolved 
in deionized water (150 mL) and chilled to 5 0C before addition 
to the aldehyde solution. This mixture was stirred overnight 
at 5 0C. NaCN (4.0 g, 81 mmol) was dissolved in deionized 
water (100 mL) and added with ethyl acetate (300 mL) to the 
above mixture. The reaction was allowed to stir for 5 h at 
room temperature. The organic layer was collected, dried with 
anhydrous MgS04, and suction filtered, and the filtrate was 
concentrated in vacuo to yield the crude cyanohydrin as a clear, 
colorless, viscous syrup. This crude cyanohydrin was hydro-
lyzed without further purification. The crude cyanohydrin was 
dissolved in 1,4-dioxane (250 mL), concentrated HCl (250 mL), 
and 10 mL of anisole; the solution was gently refluxed, with 
stirring, overnight. The hydrolysis reaction was allowed to 
cool to room temperature and then concentrated in vacuo to a 
brown paste. The residue was dissolved in deionized water 
(100 mL) and washed with ethyl ether (3 x 50 mL). The 
aqueous phase was then placed on a Dowex 50X8—100 column 
(H+ form; 25 x 1.8 cm). The column was washed with 
deionized water until the pH was 5.5 and then eluted with 2 
M ammonium hydroxide (ca. 1.5 L). The eluant was dried in 
vacuo to yield 18 as an off-white, amorphous solid: 6.8 g, 52%. 
TLC: Rf= 0.34 (4:1:1 butanol:HOAc:water). MS: (M + H)+ 

= 196. 
General Synthet ic Procedure 5: Synthesis of N-tert-

Boc-/3-amino-a-hydroxy Ethyl Amides 22-24 [Z(R9S)-
Hydroxy-3(S)-(Ar-tert-Boc-amino)-4-phenylbutanoic Acid 
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Table 4. Analytical Data for Synthetic Intermediates in the Synthesis of la-3a. 

compound 

7 
9 

16 
17 
22 
23 
28 
29 

yield (%) 

77 
99 
65 
61 
66 
66 
70 
67 

TLC Rf 

0.77 
0.43 
0.15 
0.23 
0.39, 0.436 

0.33, 0.406 

0.20, 0.26* 
0.30 

TLC solventl 

2:1 EtOAc Hex 
1:1 EtOAc-Hex 
4:1:1 BAW 
4:1:1 BAW 
9:1 DCM-MeOH 
9:1 DCM-MeOH 
20:1 DCM-MeOH 
20:1 DCM-MeOH 

MS mle (M + H)+ 

247 
309 
134 
147 
261 
275 
408 
422 

1H-NMR 

yes 
yes 
ND° 
ND" 
yes 
yes 
yes 
yes 

a Not determined. b Resolution of diastereomers observed. 

Ethyl Amide (24)]. Compound 18 (1.4 g, 7.2 mmol) was 
dissolved in 1 N NaOH (9 mL). To this solution was added a 
solution of di-tert-butyl dicarbonate (1.6 g, 7.3 mmol) in dioxane 
(9 mL). The reaction was stirred at room temperature while 
the pH was maintained between 10 and 11 with 1 N NaOH. 
After 4 h, the reaction was diluted into deionized water (80 
mL) and washed with ethyl ether (2 x 25 mL). The aqueous 
phase was chilled in an ice bath and acidified to pH 2 with 1 
N HCl. This mixture was extracted with ethyl ether (3 x 30 
mL). The organic phase was dried with anhydrous MgS04 and 
suction filtered and the filtrate concentrated in vacuo to yield 
21 as a clear colorless oil: 1.7 g, 79%. MS: (M + H)+ = 296. 
Compound 21 was converted to the ethyl amide without 
further purification. 

Compound 21 (1.7 g, 5.7 mmol) was dissolved in 0.5 M HOBt 
in DMF (12 mL) and cooled in an ice bath. EDC (1.2 g, 6.25 
mmol) was added followed by 70% aqueous ethylamine solution 
(800 fih, 9.9 mmol). The solution was stirred overnight. The 
solution was diluted into EtOAc (50 mL) and washed with 1 
N HCl (3 x 50 mL), saturated NaHCO3 (3 x 50 mL), and 
saturated NaCl (1 x 50 mL). The organic phase was dried 
with anhydrous MgS04 and suction filtered and the filtrate 
concentrated in vacuo to yield 24 as an off white solid: 1.6 g, 
86%. TLC: Rf = 0.38 (9:1 EtOAc:hexane). MS: (M + H ) + = 
323. 500 MHz 1H-NMR (DMSO-d6) d 0.99 (m, 3H), 1.28 (d, 
9H), 2.63 (dd, IH), 2.79 (dd, IH), 3.10 (m, 2H), 3.77 (m, 0.5H), 
3.92-4.05 (m, 1.5H), 5.67 (d, 0.5H), 5.76 (d, 0.5H), 6.12 (d, 
0.5H), 6.57 (d, 0.5H), 7.12-7.29 (m, 5H), 7.82 (dt, IH). 

General Synthetic Procedure 6: Synthesis of Cbz-Leu-
a-hydroxy-/3-amino Acid Ethyl Amides 28-30 [2V-Cbz-
leucyl-3(S)-amino-2(Ji,S)-hydroxy-4-phenylbutyricAcid 
Ethyl Amide (30)]. The Boc group was cleaved by dissolving 
compound 24 (3.35 g, 10.4 mmol) in 4 N HCl/dioxane (40 mL) 
and stirring for 30 min at room temperature. The white 
semisolid reaction mixture was dried in vacuo to yield the 
hydrochloride salt of the amine. This amine was coupled to 
Cbz-Leu without further purification. 

Cbz-Leu (3.0 g, 11.3 mmol) was dissolved in IM HOBt in 
NMP (11.3 mL, 11.3 mmol HOBt) and added to a flask 
containing EDC (2.2 g, 11.5 mmol) and the amine hydrochlo­
ride 27 (3.2 g, 10.4 mmol). To this mixture was added DMF 
(10 mL) and diisopropylethylamine (2.0 mL, 11.5 mmol), and 
the reaction mixture was allowed to stir overnight at room 
temperature. The reaction solution was diluted into EtOAc 
(150 mL), and the resulting milky mixture was washed with 
1 N HCl (3 x 50 mL), saturated NaHCO3 (3 x 50 mL, and 
saturated NaCl (1 x 50 mL). The organic phase was dried 
with anhydrous MgS04 and suction filtered, and the filtrate 
was concentrated to a viscous syrup on a rotary evaporator. 
This syrup was dried in vacuo to a brittle foam which was 
redissolved in the minimum amount of ethyl ether and allowed 
to crystallize in an ice bath. The solid was isolated by suction 
filtration, washed with cold ethyl ether, and dried in vacuo to 
yield 30: 4.05 g, 83%. TLC: Rf= 0.18 (25:1 CH2Cl2:MeOH). 
MS: (M + H)+ = 470. 500-MHz 1H-NMR (DMSO-d6) 6 0.80 
(m, 6H), 0.98 (t, 3H), 1.23-1.38 (m, 2H), 1.52 (m, IH), 2.63 
(dd, IH), 2.82 (dd, IH), 3.03 (m, 2H), 3.77 (m, IH), 3.98 (td, 
IH), 4.20 (q, IH), 5.05 (s, 2H), 6.10 (d, IH), 7.13-7.37 (m, 10H), 
7.42 (d, IH), 7.48 (d, IH), 7.63 (t, 3H). 

The other intermediates prepared in the course of a-keto 
amide synthesis were isolated and characterized. The char­
acterization of these intermediates is summarized in Table 4. 

General Synthetic Procedure 7: Oxidation to the 

a-Keto Amides la-3a, 3b [Cbz-Leu-Phe-CONH-CH2CH3 
(3a)]. In a 25-mL round-bottom flask was placed TEMPO (5 
mg), potassium bromide (25 mg), water (0.11 mL), and CH2-
Cl2 (5 mL). As this mixture was stirred, compound 30 (1.0 g, 
2.13 mmol) was added, and the reaction mixture was stirred 
in an ice bath until the hydroxy amide was dissolved. To a 
5.25% sodium hypochlorite solution (commercial bleach, 25 
mL) was added NaHCO3 (300 mg), and this was stirred until 
the solid was dissolved. Over a period of ca. 5 min, 3.4 mL of 
the bleach solution was added with vigorous stirring to the 
above reaction mixture in an ice bath. The reaction mixture 
became a solid mass requiring the addition of 5-10 mL of CH2-
Cl2 to obtain a slurry. After 20 min, another portion of 
TEMPO (5 mg) was added, and additional bleach solution was 
added as above. When the addition was complete, TLC showed 
no starting material remaining. The reaction was diluted into 
EtOAc (100 mL) and washed with 0.5 N HCl (3 x 30 mL), 
saturated NaHCO3 (3 x 30 mL), and saturated NaCl (1 x 30 
mL). The organic phase was dried with anhydrous MgS04, 
suction filtered, and concentrated in vacuo to a white solid. 
This solid was vigorously stirred with ethyl ether (ca. 10 mL) 
and then isolated by suction filtration to obtain 3a as a white 
solid: 0.75 g, 75%. TLC: Rf = 0.58 (20:1 CH2Cl2:MeOH). 
Mp: 156-157 0C. MS: (M + H ) + = 468. 600-MHz 1H-NMR 
(DMSO-<f6) d 0.85 (dd, 6H), 1.03 (t, 3H), 1.36 (m, 2H), 1.57 (m, 
IH), 2.83 (dd, IH), 3.12 (m, 3H), 4.07 (q, IH), 5.02 (q, 2H), 
5.20 (m, IH), 7.20-7.40 (m, HH), 8.28 (d, IH), 8.68 (t, IH). 
Anal. (C26H33N3O6) C, H, N. 

CbZ-LeU-AbU-CONH-CH2CH3 (la). Yield: 81%. TLC: Rf 

= 0.38 (20:1 CH2Cl2:MeOH). Mp: 159-160 0C. MS: (M + 
H)+ = 406. 500-MHz 1H-NMR (DMSO-d6) <5 0.84-0.93 (m, 
9H), 1.04 (t, 3H), 1.43 (t, 2H), 1.54 (m, IH), 1.64 (m, IH), 1.78 
(m, IH), 3.15 (m, 2H), 4.1 (q, IH), 4.87 (m, IH), 5.05 (s, 2H), 
7.30-7.45 (m, 6H), 8.23 (d, IH), 8.67 (t, IH). Anal. (C21H31-
N3O5) C, H, N. 

Cbz-Leu-Nva-CONH-CHaCHs (2a). Yield: 67%. TLC: Rf 

= 0.34 (20:1 CH2Cl2:MeOH). Mp: 169-170 0C. MS: (M + 
H)+ = 420. 500-MHz 1H-NMR (DMSO-d6) 6 0.87 (m, 9H), 1.04 
(t, 3H), 1.25-1.52 (m, 5H), 1.60-1.75 (m, 2H), 3.15 (m, 2H), 
4.10 (q, IH), 4.95 (m, IH), 5.02 (s, 2H), 7.25-7.40 (m, 6H), 
8.23 (d, IH), 8.69 (t, IH). Anal. (C22H33N3O5) C, H, N. 

Cbz-Leu-D.Phe-CONH-CH2CH3 (3b). Yield: 84%. TLC: 
Rf= 0.34 (20:1 CH2Cl2:MeOH). Mp: 166-167 0C. MS: (M + 
H)+ = 468. 500-MHz 1H-NMR (DMSO-^6) d 0.77 (dd, 6H), 1.06 
(t, 3H), 1.15 (m, IH), 1.23 (m, IH), 1.39 (m, IH), 2.72 (dd, IH), 
3.12-3.21 (m, 3H), 4.05 (m, IH), 4.99 (q, 2H), 5.19 (m, IH), 
7.22-7.36 (m, HH), 8.36 (d, IH), 8.76 (t, IH). Anal. (C26H33-
N3O5) C, H, N. 

N-(Boc-Leu)-3(S)-amino-2(B,S)-hydroxypentanoic Acid 
Ethyl Amide (31). Compound 25 (0.176 g, 0.894 mmol) was 
dissolved in anhydrous DMF (25 mL) and cooled on an ice bath 
for 10 min. To this solution was added Boc-Leu*H20 (0.267 g, 
1.07 mmol), DIEA (0.46 mL, 2.68 mmol), and HOBt (0.133 g, 
0.984 mmol), and the reaction mixture was allowed to equili­
brate for 30 min. After this time EDC (0.188 g, 0.984 mmol) 
in anhydrous DMF (10 mL) was added and the reaction 
mixture was allowed to react overnight. The reaction mixture 
was concentrated in vacuo and the resulting residue redis­
solved in CHCl3 (100 mL). The solution was washed twice with 
50 mL of both saturated NaHCO3 (2 x 50 mL) and brine (2 x 
50 mL). The organic layer was dried over anhydrous MgS04, 
filtered, and concentrated in vacuo. The crude material was 
purified by silica gel column chromatography (9:1 CHCl3: 
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MeOH as the eluent) to obtain 31 as a white solid: 0.184 g, 
55.1%. TLC: Rf = 0.42 (9:1 CHCl3=MeOH). 

iV-[[(2V^-Dimethylamino)carbonyl]-Leu]-3(S)-amino-
2(A,S)-hydroxypentanoic Acid Ethyl Amide (32). Com­
pound 25 (0.176 g, 0.894 mmol) was coupled to N-I(NJf-
dimethylamino)carbonyl]-L-Leu (0.217 g, 1.07 mmol) as 
described for compound 31. The crude product was purified 
by silica gel column chromatography (9:1 CHCl3:MeOH as the 
eluent) to yield 32 as a white solid: 0.204 g, 66.5%. TLC: Rf 

= 0.38 (9:1 CHCl3:MeOH). ' 
iV-[iV-(Morpholinocarbonyl)-Leu]-3(S)-amino-2(H,S)-

hydroxypentanoic Acid Ethyl Amide (33). Compound 25 
(0.201 g, 1.02 mmol) was coupled to iV-(morpholinocarbonyl)-
Leu (0.30 g, 1.23 mmol) as described for compound 31. The 
crude product was purified by silica gel column chromatogra­
phy (90:10 CHCl3:MeOH as the eluent) to yield 33 as a white 
solid: 0.241 g, 61.0%. TLC: Rf= 0.36 (9:1 CHCl3:MeOH). 

iV-(Boc-Leu)-3(S)-amino-2CR,S)-hydroxyhexanoicAcid 
Ethyl Amide (34). Boc-LeuH20 (1.30 g, 5.22 mmol) was 
coupled to compound 26 (1.00 g, 4.75 mmol) with EDC (1.0 g, 
5.22 mmol) according to procedure 6 to yield 34: 1.65 g, 4.26 
mmol, 89.6%. MS: (M + H)+ = 388. 600-MHz 1H-NMR 
(DMSO-de) d 0.78-0.88 (m, 9H), 1.00 (q, 3H), 1.20-1.48 (m, 
15H), 1.56 (m, IH), 3.04-3.15 (m, 2H), 3.80 (m, IH), 3.85 (q, 
0.5H), 3.95 (q, 0.5H), 4.01 (m, 0.5H), 4.09 (m, 0.5H), 5.67 (d, 
0.5H), 5.85 (d, 0.5H), 6.94 (d, 0.5H), 7.34 (d, 0.5H), 7.62 (t, 
0.5H), 7.78 (t, 0.5H). 

iV-(Boc-Phe-Leu)-3(S)-amino-2(A,S)-hydroxyhexa-
noic Acid Ethyl Amide (35). The Boc protecting group was 
cleaved from 34 (1.65 g, 4.26 mmol) with 4 N HCl/dioxane (10 
mL, 40 mmol HCl), and the resulting amine hydrochloride salt 
(0.30 g, 0.93 mmol) was coupled to Boc-Phe (0.27 g, 1.02 mmol) 
according to procedure 6 to yield 35: 270 mg, 54%. TLC: Rf 
= 0.52 and 0.55, 2 diastereomers (9:1 CH2Cl2:MeOH). MS: 
(M + H)+ = 535. 600-MHz 1H-NMR (DMSO-d6) <3 0.78-0.89 
(m, 9H), 1.00 (q, 3H), 1.15-1.50 (m, 15H), 1.60 (m, IH), 2.72 
(m, IH), 2.96 (m, IH), 3.01-3.19 (m, 2H), 3.81 (m, IH), 4.02 
(m, 0.5H), 4.07-4.16 (m, 1.5H), 4.30 (q, 0.5H), 4.35 (q, 0.5H), 
5.65 (d, 0.5H), 5.75 (d, 0.5H), 6.94 (m, IH), 7.18-7.31 (m, 5H), 
7.40 (d, 0.5H), 7.58 (d, 0.5H), 7.67 (t, 0.5H), 7.77 (t, 0.5H), 7.95 
(m, IH). Anal. (C28H46N4O6) C, H, N. 

iV-(Boc-D-Phe-Leu)-3(S)-amino-2(i?,S)-hydroxyhex-
anoic Acid Ethyl Amide (36). The same procedure as above 
was used to couple Boc-D-Phe to the amine derived from 
compound 34 to yield compound 36: 320 mg, 64%. TLC: Rf 

= 0.52 (9:1 CH2Cl2:MeOH). MS: (M + H ) + = 535. 600-MHz 
1H-NMR (DMSO-de) S 0.78-0.86 (m, 9H), 1.00 (m, 3H), 1.15-
1.50 (m, 16H), 2.74 (m, IH), 2.90 (m, IH), 3.04-3.14 (m, 2H), 
3.82 (m, IH), 4.00 (m, 0.5H), 4.05 (m, 0.5H), 4.16-4.30 (m, 2H), 
5.60 (d, 0.5H), 5.70 (d, 0.5H), 6.85 (d, IH), 6.95 (d, 0.5H), 7.18-
7.32 (m, 5H), 7.34 (d, 0.5H), 7.51 (d, 0.5H), 7.64 (t, 0.5H), 7.72 
(t, 0.5H), 8.00 (m, IH). Anal. (C28H46N4O6) C, H, N. 

BoC-LeU-AbU-CONH-CH2CH3 (37). Compound 31 (0.0823 
g, 0.22 mmol) was oxidized according to procedure 7. Recrys-
tallization from EtOAc:hexane yielded 37 as a white solid: 
0.067 g, 82.3%. TLC: Rf = 0.52 (9:1 CHCl3:MeOH). HPLC 
analysis was performed on a Vydac C4 column (4.6 x 250 mm) 
at 60 0C, using a gradient of 25-35% B/30 min (A = 0.1% TFA 
in water, B = 0.1% TFA in acetonitrile. The product had a 
retention time of 21.05 min and a purity of 99.1%. Mp: 157-
158 0C. 600-MHz 1H-NMR (DMSO-d6) d 8.66 (t, IH), 8.06 (d, 
IH), 6.85 (d, IH), 4.88 (m, IH), 3,99 (m, IH), 3.12 (m, 2H), 
1.77 (m, IH), 1.60 (m, IH), 1.51 (m, IH), 1.35 (br s, HH), 1.02 
(t, 3H), 0.86 (m, 9H). MS: (M + H)+ = 372. Anal. (Ci8H33N3O6) 
C, H, N. 

AT-[(iV,iV-Dimethylaniinocarbonyl)-Leu]-Abu-CONH-
CH2CH3 (38). Compound 32 (0.100 g, 0.291 mmol) was 
oxidized according to procedure 7. Recrystallization from 
EtOAc:hexane yielded 38 as a white solid: 0.048 g, 48%. 
TLC: Rf= 0.43 (9:1 CHCl3=MeOH). Mp: 135-136 0C. HPLC 
analysis was performed on a Vydac C4 column (4.6 x 250 mm) 
at 60 0C using a linear gradient of 15—25% B over 30 min (A 
= 0.1%TFA in water, B = 0.1% TFA in acetonitrile). The 
product had a retention time of 14.49 min and a purity of 97%. 
600-MHz 1H-NMR (DMSO-d6) 6 8.65 (t, IH), 8.10 (d, IH), 6.07 
(d, IH), 4.85 (m, IH), 4.20 (m, IH), 3.12 (m, 2H), 2.77 (s, 6H), 
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1.77 (m, IH), 1.63 (m, IH), 1.48 (m, 2H), 1.40 (m, IH), 1.02 (t, 
3H), 0.85 (m, 9H). MS: (M+ H) + = 343. Anal. (Ci6H30N4O4) 
C, H, N. 

N-(Morpholinocarbonyl)-Leu-Abu-CONH-CH2CH3(39). 
Compound 33 (0.122 g, 0.317 mmol) was oxidized according 
to procedure 7. Recrystallization from EtOAc:hexane yielded 
39 as a white solid: 0.048 g, 40%. TLC: fy= 0.32 (9:1 CHCl3: 
MeOH). Mp: 142-144 0C. HPLC analysis was performed on 
a Vydac C4 column (4.6 x 250 mm) at 60 0C using a linear 
gradient of 15-25% B over 30 min (A = 0.1% TFA in water, B 
= 0.1% TFA in acetonitrile). The product had a retention time 
of 14 min and a purity of 97.8%. 600-MHz 1H-NMR (DMSO-
d6) 6 8.65 (t, IH), 8.10 (d, IH), 6.41 (d, IH), 4.85 (m, IH), 4.20 
(m, IH), 3.51 (m, 4H), 3.26 (m, 4 H), 3.12 (m, 2H), 1.75 (m, 
IH), 1.62 (m, IH), 1.48 (m, 2H), 1.40 (m, IH), 1.02 (t, 3H), 
0.85 (m, 9H). MS: (M + H)+ = 385. Anal. (Ci8H32N4O5) C, 
H, N. 

Boc-Phe-Leu-Nva-CONH-CHsCHs (40). Compound 35 
(255 mg, 0.48 mmol) was oxidized according to procedure 7 to 
yield 40:141 mg, 0.26 mmol, 55%. TLC: Rf= 0.27 (20:1 CH2-
Cl2:MeOH). Mp: 182-183 0C. MS: (M + H)+ = 533. 600-
MHz 1H-NMR (DMSO-d6) <5 0.86-0.91 (m, 9H), 1.04 (t, 3H), 
1.23-1.49 (m, 15H), 1.68 (m, IH), 2.71 (m, IH), 2.94 (m, IH), 
3.13 (m, 2H), 4.15 (m, IH), 4.42 (m, IH), 4.98 (m, IH), 6.91 (d, 
IH), 7.18-7.29 (m, 5H), 7.87 (d, IH), 8.29 (d, IH), 8.70 (t, IH). 
Anal. (C 2 8H 4 4N 4O 6)C^ 1N. 

Boc-D-Phe-Leu-Nva-CONH-CH2CH3 (41). Compound 36 
(255 mg, 0.48 mmol) was oxidized according to procedure 7 to 
yield 41:222 mg, 0.42 mmol, 55%. TLC: Rf= 0.38(20:1 CH2-
Cl2:MeOH). Mp: 178-179 0C. MS: (M + H)+ = 533. 600-
MHz 1H-NMR (DMSO-eW 6 0.76-0.91 (m, 9H), 1.04 (t, 3H), 
1.21-1.44 (m, 15H), 1.70 (m, IH), 2.75 (m, IH), 2.87 (m, IH), 
3.14 (m, 2H), 4.18 (q, IH), 4.34 (m, IH), 4.95 (m, IH), 6.98 (d, 
IH), 7.05-7.38 (m, 5H), 8.04 (d, IH), 8.18 (d, IH), 8.68 (t, IH). 
Anal. (C28H44N4O6)C1H1N. 

Phe-Leu-Nva-CONH-CH2CHs-HCl (42). The Boc protect­
ing group was cleaved from 40 (70 mg, 0.13 mmol) while 
stirring with 4 N HCl/dioxane (1 mL, 4 mmol HCl) for 30 min 
at room temperature. The solvent was removed in vacuo, and 
the resulting white solid was triturated with diethyl ether and 
dried in vacuo to yield 42: 41 mg, 67%. TLC: Rf = 0.20 (85: 
10:5 CHCl3:MeOH:HOAc). MS (FAB, high-resolution, calcd 
for M + H, C23H37N4O4,433.2813): (M + H)+ = 433.2833. 600-
MHz 1H-NMR (DMSO-d6) d 0.87-0.93 (m, 9H), 1.04 (t, 3H), 
1.31-1.52 (m, 5H), 1.65-1.72 (m, 2H), 2.95 (dd, IH), 3.14 (m, 
3H), 4.07 (s, IH), 4.43 (q, IH), 5.01 (m, IH), 7.27 (m, 5H), 8.20 
(br s, 3H), 8.47 (d, IH), 8.72 (t, IH), 8.76 (d, IH). 

D.Phe-Leu-Nva-CONH-CH2CHs-HCl (43). The Boc pro­
tecting group was cleaved from 41 (100 mg, 0.19 mmol) with 
4 N HCl/dioxane (1 mL, 4 mmol HCl) for 30 min at room 
temperature. The solvent was removed in vacuo, and the 
resulting white solid was triturated with diethyl ether and 
dried in vacuo to yield 43: 54 mg, 60%. TLC: Rf = 0.22 (85: 
10:5 CHCl3:MeOH:HOAc). MS (FAB, high-resolution, calcd 
for M + H, C23H37N4O4,433.2813): (M + H)+ = 433.2831. 600-
MHz 1H-NMR (DMSO-d6) d 0.74 (d, 3H), 0.79 (d, 3H), 0.88 (t, 
3H), 1.17-1.26 (m, 2H), 1.31 (m, 2H), 1.40 (m, IH), 1.49 (m, 
IH), 1.68 (m, IH), 7.25-7.33 (m, 5H), 8.33 (br s, 3H), 8.47 (d, 
IH), 8.68 (t, IH). 

Methyl 3(S)-Amino-2(E,S)-hydroxy-4-phenylbutanoate-
Hydrochlor ide (44). MeOH (40 mL) was chilled in an ice 
bath, to which thionyl chloride (5.OmL, 68.5mmol) was care­
fully added. When the addition was complete, 18 (4.0 g, 17.3 
mmol) was added and the stoppered flask was allowed to come 
to room temperature and was stirred overnight. The resulting 
solution was diluted into MeOH and twice rotory evaporated 
to dryness. The glassy foam was redissolved in a minimum 
amount of MeOH and the compound crystallized upon addition 
of ethyl ether. The solid was isolated by suction filtration, 
washed with cold ether, and dried in vacuo to yield 44 as a 
white, crystalline solid: 2.72 g, 64%. TLC: Rf= 0.59 (butanol: 
HOAc:water, 4:1:1). MS: (M + H ) + = 210. 

2V-(Cbz-Leu)-3(S)-amino-2CR,S)-hydroxy-4-phenylbu-
tanoic Acid (45). Compound 44 (1.75 g, 7.14 mmol) was 
dissolved in THF (20 mL) containing DIEA (1.4 mL, 14.3 
mmol). Cbz-leucine Af-hydroxysuccinimide ester (3.2 g, 113.2 
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mmol) was dissolved in 1,4-dioxane (20 mL) and added to the 
solution of the methyl ester. The reaction was allowed to stir 
at room temperature overnight. The reaction mixture was 
diluted into EtOAc (100 mL) and washed with 1 N HCl (3 x 
80 mL), saturated aqueous NaHCO3 (3 x 80 mL), and 
saturated NaCl (1 x 80 mL). The organic phase was dried 
with MgSCU and suction filtered, and the filtrate was concen­
trated on a rotary evaporator to an off-white solid that was 
saponified without purification. 

The crude ester was dissolved in MeOH (16 mL) and to this 
solution was added 1 N NaOH (16 mL). The reaction was 
stirred for 1 h, after which a white solid mass formed. The 
reaction mixture was dissolved in 100 mL of water and washed 
with ethyl ether (3 x 50 mL). The aqueous phase was acidified 
with solid sodium bisulfate to approximately pH 2.0 and 
extracted with EtOAc (3 x 50 mL). The EtOAc layer was dried 
with anhydrous MgSCi, suction filtered, and dried on a rotary 
evaporator to a clear colorless glass. The compound was 
recrystallized from a minimum amount of ethyl ether to yield 
45: 2.83 g, 89.6%. TLC: Rf = 0.42 and 0.32 (CHCl3:MeOH: 
HOAc 85:10:5). MS: (M + H)+ = 443. 500-MHz 1H-NMR 
(DMSO-^6) 6 0.78-0.85 (m, 6H), 1.33 (m, 2H), 1.53 (m, IH), 
2.66 (dd, IH), 2.83 (dd, IH), 3.88 (s, IH), 3.99 (m, IH), 4.28 
(br q, IH), 7.15-7.37 (m, 6H), 7.58 (d, IH). 

iV-[iV-(Cbz-Leu)-3(S)-amino-2(iJ,S)-hydroxy-4-phenyl-
butanoyI]-AIa-OCH3 (46). Compound 45 (175.0 mg, 0.4 
mmol) was coupled to AIa-OCH3-HCl salt (0.059 g, 0.42 mmol) 
with EDC (120 mg, 6.3 mmol) according to procedure 6. 
Recrystallization from ethyl ether provided 46: 0.34 g, 81%. 
TLC: Rf= 0.24 (20:1 CH2Cl2:MeOH). MS: (M + H ) + = 528. 
500-MHz 1H-NMR (DMSO-d6) <5 0.80 (m, 6H), 1.28 (m, 5H), 
1.50 (m, IH), 2.60 (dd, IH), 2.86 (dd, IH), 3.61 (s, 3H), 3.86 
(m, IH), 3.96 (m, IH), 4.24 (m, 2H), 5.02 (s, 2H), 6.05 (d, IH), 
7.13-7.43 (m, HH), 7.53 (d, IH), 8.10 (d, IH). 

Cbz-Leu-Phe-CO-Ala-OCHs (47). Compound 46 (0.26 g, 
0.50 mmol) was oxidized according to procedure 7. Recrys­
tallization from EtOAc yielded 47: 0.168 g, 64%. TLC: Rf = 
0.47 (20:1 CH2Cl2:MeOH). Mp: 149-150 0C. MS (FAB, high 
resolution, calcd for C28H36N3O7 526.2551): (M + H)+ = 
526.2501. 500-MHz 1H-NMR (DMSO-d6) 6 0.85 (dd, 6H), 1.33 
(d, 3H), 1.37 (t, 2H), 1.57 (m, IH), 2.83 (dd, IH), 3.10 (dd, IH), 
3.65 (s, 3H), 4.07 (q, IH), 4.34 (qt, IH), 5.02 (m, 2H), 5.22 (m, 
IH), 7.15-7.40 (m, HH), 8.30 (d, IH), 9.10 (d, IH). 

Ar-(Cbz-Leu)-3(S)-amino-2(i?,S)-hydroxypentanoicAcid 
(48). Compound 16 (2.58 g, 19.4 mmol) was dissolved in 
saturated NaHCO3 (40 mL). To this solution was added a 
solution of Cbz-Leu-ONSu (8.8 g, 24.3 mmol) in dioxane (20 
mL). The reaction was stirred at room temperature overnight. 
The solution was concentrated in vacuo and the residue 
dissolved in EtOAc (100 mL) and washed with 1 N HCl (3 x 
50 mL) followed by saturated NaCl (1 x 50 mL). The organic 
phase was dried with anhydrous MgS04 and suction filtered 
and the filtrate concentrated in vacuo to an off-white semisolid. 
This material was purified by silica gel column chromatogra­
phy (91:8:1 CHCl3:MeOH:HOAc eluant) to yield 48: 5.60 g, 
76%. TLC: ify= 0.28,0.39, two diastereomers (85:10:5 CHCl3: 
MeOH:HOAc). MS: (M + H ) + = 381. 

iV-(Cbz-Leu)-3(S)-amino-2(.R,S)-hydroxypentanoic Acid 
(Ethylthio)ethyl Amide (49). Compound 48 (50 mg, 0.131 
mmol) was coupled to 2-(ethylthio)-ethylamine hydrochloride 
(38 mg, 0.263 mmol) with EDC (52 mg, 0.263 mmol) according 
to procedure 6 to yield 49 as an off-white solid: 0.0413 g, 33%. 
TLC: Rf = 0.24, 0.30 (20:1 CHCl3:MeOH). MS: (M + H)+ = 
468. 600-MHz 1H-NMR (DMSO-de) d 0.75-0.90 (m, 9H), 1.15 
(m, 3H), 1.30-1.50 (m, 4H), 1.50-1.70 (m, 2H), 2.53-2.60 (m, 
overlaps with DMSO), 3.20 (m, 2H), 3.80-4.10 (m, 3H), 5.00 
(s, 2H), 5.80 (m, 0.5 H), 5.91 (m, 0.5H), 7.35 (m, 4H), 7.42 (d, 
0.5H), 7.48 (m, 1.5H), 7.85 (t, 0.5H), 7.92 (t, 0.5H). Anal. 
(C23H37N3O5S) C, H, N. 

CbZ-L-LeU-L-AbU-CONH-CH2CH2-SO2-Et (50). Compound 
49 (41 mg, 0.088 mmol) was oxidized according to procedure 
7 to yield 18 mg of the crude product. This material was 
further purified by preparative reverse-phase HPLC on a 
Vydac C4 column (250 x 4.6 mm) at 60 0C eluting with a 
gradient system (eluant A = 0.1% aqueous TFA, eluant B = 
0.1% TFA in CH3CN) which ran from 25% to 35% eluant B 

over 40 min at 1 mlVmin to yield 50: 7.7 mg, 17%. TLC: Rf 
= 0.32 (CH2Cl2:MeOH, 20:1). MS (FAB, high resolution, calcd 
for C23H35N3O7S, 498.2274): (M + H)+ = 498.2325. 600-MHz 
1H-NMR (DMSO-ds) 6 0.88 (m, 9H), 1.20 (t, J = 7.5 Hz, 3H), 
1.41 (m, 3H), 1.58 (m, 2H), 1.80 (m, IH), 3.12 (q, J = 7.5 Hz, 
2H), 3.52 (m, 2H), 4.10 (dt, J = 8.4 Hz, 0.5H), 4.87 (m, IH), 
5.02 (s, 2H), 7.35 (m, 5H), 7.40 (d, J = 8.4 Hz, IH), 8.28 (d, J 
= 6.6 Hz, IH), 8.85 (t, J = 5.6 Hz, IH). 

Cbz-Leu-Phe-CO-Ala-OH (51). Compound 47 (75 mg, 
0.14 mmol) was suspended in MeOH (1.2 mL) and stirred while 
1 N NaOH (0.3 mL) was added dropwise. After being stirred 
for 10 min (clear yellow solution), the reaction was diluted into 
deionized water (10 mL) and washed with EtOAc (1 x 10 mL). 
The aqueous phase was acidified with 1 N HCl to pH 2 and 
then extracted with EtOAc (3 x 10 mL). The organic phase 
was dried over MgSO4, suction filtered, and concentrated to a 
yellow solid. This solid was triturated with diethyl ether to 
yield 51 as a white solid: 17 mg, 24%. TLC: Rf = 0.65 (91: 
8:1 CHCl3:MeOH:HOAc). MS (FAB, high resolution, calcd for 
C27H34N3O7, 512.2395): (M + H)+ = 512.2378. 360-MHz 1H-
NMR (DMSO-de) <5 0.76-0.87 (m, 6H), 1.15-1.60 (m, 6H), 
2.69-2.92 (m, IH), 3.16 (m, IH), 4.06 (m, IH), 4.28 (m, 
1H),5.00 (m, 2H), 5.21 (m, IH), 7.10-7.40 (m, HH), 8.28 (d, 
0.25H), 8.34 (d, 0.75H), 8.86 (d, 0.25H), 8.93 (d, 0.75H), 12.55 
(br, IH). 

Enzymology. Calpain activity was monitored using a 
continuous spectrofluorometic assay with succinyl-Leu-Tyr-4-
methylcoumaryl-7-amide (SLY-AMC) at 25 0C.40 Porcine 
calpain I from erythrocytes and porcine calpain II from kidney 
were purchased from Nacalai Tesque, Kyoto, Japan. Human 
calpain I and II were isolated from erythrocytes and placenta, 
respectively, as previously described.43,44 Bovine calpain I was 
kindly provided by Dr. Dorothy Croall (U. Maine, Orono). 
Substrate (SLY-AMC) was purchased from Bachem Bioscience. 
Spectrofluorescent changes were measured using a Hitachi 
F4500 fluorescence spectrophotometer. Substrate (0.2-2 mM) 
was prepared in 50 mM MOPS, 5 mM CaCl2, 5 mM /3-mer-
captoethanol, 1% DMSO, pH 7.5. Stock inhibitor solutions 
(approximately 1 mM) were prepared fresh each day in 1:1 
(v/v)DMSO: 1OmM HCl and kept at 4 0C. The stock inhibitor 
solutions were diluted into substrate buffer immediately prior 
to the assay to provide concentrations in the range 100-500 
nM. Calpain was diluted to 0.18 mg/mL in 20 mM HEPES, 2 
mM EDTA, 2 mM EGTA, 5 mM DTT, pH 7.5. The kinetic 
analysis was initiated by first incubating 0.9 mL of substrate 
solution with 0.05 mL of inhibitor (or buffer as a control). The 
reaction was initiated by addition of calpain solution (0.05 mL), 
and the increase in fluorescence (Aex = 380 nm, Xem = 460 nm) 
was monitored for 3—10 min. The initial velocities were then 
used to obtain the values of Vmax, Km, and Ki by an iterative 
least-squares fit46 of the data to the equation for competitive 
inhibition:46 

V= {VmJSLY-MCA]}/{(l + [InhVKi)^ + 
[SLY-MCA]} 

Epimerization Studies. Epimerization rates were as­
sessed chromatographically using compound l a prepared as 
a single L,L isomer. Compound l a (2 mM) was dissolved in 
DMSO. Kinetic analysis of each condition was initiated by 
the addition of an equal volume of aqueous phosphate buffer 
at various ionic strengths and pH values. Analytical samples 
for each time point were obtained by removing a 200-ftL aliquot 
and extracting the inhibitor using 800 ^L of methylene 
chloride. A 700-fiL portion of the organic phase was removed 
and dried under a stream of nitrogen. The resultant pellet 
was dissolved in 60 fiL of dioxane for subsequent analysis. 
Analysis and quantification of diastereomer levels were per­
formed on a Hewlett-Packard 1050 series HPLC using a 
variable-wavelength UV detector monitoring absorbance at 
210 nm. Analysis was conducted on a 25-/*L portion of the 
sample over a Macherey-Nagel Nucleosil Chiral-2 column (4 
x 250 mm) using a mobile phase of hexane:dioxane:acetonitrile 
(86:11:3, v/v) at a flow rate of 1 mL/min. 

At pH 7 and 10, the experimentally measured ratio of the 
L,L diastereomer to L,D diastereomer at 15 days was assumed 
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to represent the thermodynamic equilibrium for the calcualtion 
of rate constants. At pH 3, it was evident that equilibrium 
was not reached, therefore exact rate constants could not be 
calculated. The forward rate constant, kf, was calculated for 
a first-order reversible reaction according to the following 
equation: 

t = -0.5AJf-1 ln{[2(%L,L isomert)/%L,L isomere=0] -

At pH 3, kf values could not be calculated by this equation. 
In teract ion of a-Keto Amides with Alcohol. Hemiketal 

formation of l a was studied using a Bruker 300-MHz 1H-NMR. 
The compound was dissolved at 5 mg/mL in CDsOD, and the 
proton spectra were monitored over time at room temperature. 
At t = 0, initial spectral interpretation is as follows: 6 (ppm) 
7.45-7.2 (m, 5H, Cbz aromatic), 5.10 (s, 2H, CH2 of Cbz), 5.05 
(m, IH, aCH of Abu), 4.2 (dd, IH, aCH of Leu), 3.28 (2 x m, 
2H, CH2N of ethylamide), 1.95(m, IH, yCH of Leu), 1.80-1.45 
(m, 3H1(SCH2 of Leu and Abu), 1.15 (t, 3H, /CH of Abu), 1.05-
0.8 (overlapping t, 9H, <5CH3 of Leu, CH3 of ethylamide). 
Proton resonances assigned to the Cbz group remained con­
stant over time; however, the remainder of the spectra rapidly 
became extremely complex with evidence of multiple chemical 
species. 

Solubility Measurements. Solubility of various peptidyl 
a-keto amides was evaluated by first dissolving (with sonica-
tion, if necessary) 3 mg of inhibitor in dimethylacetamide 
(DMA) to a stock concentration of 30 mg/mL. A portion was 
diluted with 0.9% saline to a final concentration of 3% DMA 
(final inhibitor concentration <0.9 mg/mL). The pH of the 
mixture was adjusted to 2.75 with 0.1 N HCl, sonicated for 5 
min in a sonic bath, and allowed to sit at room temperature 
for 15 min. The sample was then centrifuged for 5 min 
(16500g) in a microfuge and the supernatant sampled for 
HPLC analysis. Standard solutions of inhibitor were prepared 
at known concentrations in acetonitrile for quantitation. 
HPLC quantification of peak area integrated from the signal 
at 210 nm for each sample was measured on a Hewlett-
Packard 1090M HPLC system using a Vydac C4 reverse-phase 
column (4.6 x 250 mm, 5-/<m particle size) maintained at 60 
0C at a flow rate of 1 mL/min. Gradients of 15-50% acetoni­
trile using an aqueous buffer of 0.1% TFA were employed to 
elute the various inhibitors. 

A c k n o w l e d g m e n t . The au thors would like to ex­
press our thanks to Drs. Tracy Olson and Dorothy Croall 
for providing h u m a n calpain and bovine calpain, re­
spectively. The helpful comments of Drs. Raymond 
Bar tus , Scott Putney, John Kozarich, Ju l ius Rebek, and 
J a m e s Powers are duly appreciated as is the support 
and encouragement of Richard Pops. 

References 
(1) Zivin, J. A.; Choi, D. W. Stroke Therapy. Sci. Am. 1991, 265, 

56-63. 
(2) Greenberg, D. A. Calcium Channels and Calcium Channel 

Antagonists. Ann. Neurol. 1987, 21, 317-330. 
(3) Siesjo, B. K; Bengtsson, F. Calcium Fluxes, Calcium Antago­

nists, and Calcium-Related Pathology in Brain Ischemia, Hy­
poglycemia, and Spreading Depression: A Unifying Hypothesis. 
J. Cerebral Blood Flow Metab. 1988, 9, 127-140. 

(4) Ginsberg, M. D.; Lin, B.; Morikawa, E.; Dietrich, W. D.; Busto, 
R.; Globus, M.Y.T. Calcium Antagonists in the Treatment of 
Experimental Cerebral Ischemia. Arzneim-Forsch. Drug Res. 
1991,41, 334-337. 

(5) Arai, A.; Kessler, M.; Lee, K; Lynch, G. Calpain Inhibitors 
Improve the Recovery of Synaptic Transmission from Hypoxia 
in Hippocampus Slices. Brain Res. 1990,532, 63-68. 

(6) Bartus, R. T.; Baker, K; Heiser, A. D.; Sawyer, S. D.; Dean, R. 
L.; Elliott, P. J.; Straub, J. A. Post-Ischemic Administration of 
AK275, A Calpain Inhibitor, Provides Substantial Protection 
Against Focal Ischemic Brain Damage. J. Cerebral Blood Flow 
Metab, in press. 

(7) Mellgren, R. L.; Murachi, T., eds. Intracellular Calcium-Depend­
ent Proteolysis; CRC Press: Boca Raton, FL, 1990; pp 1-288. 

(8) Siman, R.; Noszek, J. C; Kegerise, C. Calpain I Activation is 
Specifically Related to Excitatory Amino Acid Induction of 
Hippocampal Damage. J. Neurosci. 1989, 9, 579-590. 

(9) Inuzuka, T.; Tamura, A.; Sato, S.; Kirino, T.; Toyoshima, I.; 
Miyatake, T. Suppressive Effect of E-64c on Ischemic Degrada­
tion of Cerebral Proteins Following Occlusion of the Middle 
Cerebral Artery in Rats. Brain Res. 1990, 526, 177-179. 

(10) Lee, K. S.; Frank, S.; Vanderklish, P.; Arai, A.; Lynch, G. 
Inhibition of Proteolysis Protects Hippocampal Neurons from 
Ischemia. Proc. Natl. Acad. Sci. U.SA. 1989, 88, 233-237. 

(11) Seubert, P.; Lee, K.; Lynch, G. Ischemia Triggers NMDA 
Receptor-Linked Cytoskeletal Proteolysis in Hippocampus. Brain 
Res. 1989, 492, 366-370. 

(12) Hong, S.-C; Goto, Y.; Lanzino, G.; Soleau, S.; Kassell, N. F.; Lee, 
K. S. Neuroprotection With a Calpain Inhibitor in a Model of 
Focal Cerebral Ischemia. Stroke 1994,25, 663-669. 

(13) Croall, D. E.; Demartino, G. N. Calcium-Activated Neutral 
Protease (Calpain) System: Structure, Function, and Regulation. 
Physiolog. Rev. 1991, 71, 813-847. 

(14) Angliker, H.; Anagli, J.; Shaw, E. Inactivation of Calpain by 
Peptidyl Fluoromethyl Ketones. J. Med. Chem. 1992, 35, 216-
220. 

(15) Parkes, C; Kembhavi, A. A.; Barrett, A. J. Calpain Inhibition 
by Peptide Epoxides. Biochem. J. 1985,230, 509-516. 

(16) Bromme, D.; Schierhorn, A.; Kirschke, H.; Wiederanders, B.; 
Barth, A.; Fittkau, S.; Demuth H.-U. Potent and Selective 
Inactivation of Cysteine Proteinases with N-Peptidyl-O-Acyl 
Hydroxylamines. Biochem. J. 1989, 263, 861-866. 

(17) Crawford, C; Mason, R. W.; Wikstrom, P.; Shaw, E. The Design 
of Peptidyldiazomethane Inhibitors to Distinguish Between the 
Cysteine Proteinases Calpain II, Cathepsin L, and Cathepsin 
B. Biochem. J. 1988,253, 751-758. 

(18) Mehdi, S. Synthetic adn Naturally Occurring Protease Inhibitors 
Containing an Electrophilic Carbonyl Group. Bioorg. Chem., 
1993,21, 249-259. (b) Mehdi, S. Cell-Penetrating Inhibitors of 
Calpain. Trends Biol. Sci. 1991,16, 150-153. 

(19) Rich, D. H. Inhibitors of Cysteine Proteinases. In Proteinase 
Inhibitors; Barrett, A. G., Salvesen, G., Eds.; Elsevier Science 
Publishers BV: 1986; pp 154-177. 

(20) Wang, K. K. W. Developing Selective Inhibitors of Calpain. 
Trends Pharm. Sci. 1990, 11, 139-142. 

(21) Angelastro, M. R.; Mehdi, S.; Burkhart, J. P.; Peet, N. P.; Bey, 
P. a-Diketones and a-Keto Ester Derivatives of N-Protected 
Amino Acids and Peptides as Novel Inhibitors of Cysteine and 
Serine Proteinases. J. Med. Chem. 1990, 33, 11-13. 

(22) Li, Z.; Patil, G. S.; Golubski, Z. E.; Hori, H.; Tehrani, K.; 
Foreman, J. E.; Eveleth, D. D.; Bartus, R. T.; Powers, J. C. 
Peptide a-Keto Ester, a-Keto Amide, and a-Keto Acid Inhibitors 
of Calpains and Other Cysteine Proteases J. Med. Chem. 1993, 
36, 3472-3480. 

(23) Hu, L.-Y.; Abeles, R. H. Inhibition of Cathepsin B and Papain 
by Peptidyl a-Keto Esters, a-Keto Amides, a-Diketones, and 
a-Keto Acids. Arch. Biochem. Biophys. 1990, 281, 271-274. 

(24) Schecter, R.; Berger, A. On the Size in the Active Site in 
Proteases. I. Papain. Biochem. Biophys. Res. Commun. 1967,27, 
157-161. 

(25) Nahm, S.; Weinreb, S. N-Methoxy-N-Methylamides as Effective 
Acylating Agents. Tetrahedron Lett. 1982, 22, 3815-3818. 

(26) Goel, O. P.; Krolls, U.; Stier, M.; Kesten, S. N-tert-Butoxycar-
bonyl-L-Leucinal. In Organic Syntheses; Smart, B. E., Ed.; 1988; 
Vol. 67, pp 69-75. 

(27) Fehrentz, J. A.; Castro, B. An Efficient Synthesis of Optically 
Active a-(t-butoxycarbonylamino)-Aldehydes From a-Amino 
Acids. Synthesis 1983, 676-678. 

(28) Ocain, T. D.; Rich, D. H. a-Keto Amide Inhibitors of Aminopep-
tidases J. Med. Chem. 1992, 35, 451-456. 

(29) Nishizawa, R.; Saino, T.; Takita, T.; Suda, H.; Aoyogi, T.; 
Umezawa, H. Synthesis and Structure-Activity Relationships of 
Bestatin Analogues, Inhibitors of Aminopeptidase B. J. Med. 
Chem. 1977, 20, 510-515. 

(30) Ma, Z.; Bobbitt, J. M. Organic Oxammonium Salts. 3. A New 
Convenient Method for the Oxidation of Alcohols to Aldehydes 
and Ketones. J. Org. Chem. 1991, 56, 6110-6114. 

(31) Anelli, P. L.; Montanari, F.; Quici, S. A General Synthetic 
Method for the Oxidation of Primary Alcohols to Aldehydes: (S)-
(+)-2-Methylbutanal. In Organic Syntheses; Paquette, L. A., Ed.; 
Wiley: New York, 1990; Vol. 69; pp 212-219. 

(32) Carter, H. E.; Frank, R. L.; Johnston, H. W. In Organic 
Syntheses; 1955; Collect. Vol. Ill; p 76. 

(33) Charles, L; Latham, D. W. S.; Hartley, D.; Oxford, A. W.; Scopes, 
D. I. C. Bicyclic Heterocycles with Nitrogen at the Ring Junction, 
Part 2. Application of the Dakin-West Reaction to the Synthesis 
of Imidazo-[5,l-fJ-l,2,4-triazin-4(3H)-ones. J. Chem. Soc., Perkin 
Trans. 1 1980, 1139-1146. 

(34) (a) Rittle, K. E.; Homnick, C. F.; Poticello, G. S.; Evans, B. E. A 
Synthesis of Statine Utilizing an Oxidative Route to Chiral 
a-Amino Aldehydes. J. Org. Chem. 1981, 47, 3016-3018. (b) 
Stanfield, C. F.; Parker, J. E.; Kanellis, P. Preparation of 
Protected Amino Aldehydes. J. Org. Chem. 1981,46, 4797-4798. 

(35) Jurczak, J.; Golebiowski, A. Optically Active N-Protected a-Ami­
no Aldehydes in Organic Synthesis. Chem. Rev. 1989, 89, 149-
164. 



Inhibitors of Calpain 

(36) Mancuso, A.; Huang, S. L.; Swern, D. Oxidation of Long-Chain 
Alcohols to Carbonyls by Dimethyl Sulfoxide "Activated" by 
Oxalyl Chloride. J. Org. Chem. 1978, 43, 2480-2482. 

(37) Dess, D. B.; Martin, J. C. Readily Accessible 12-1-5 Oxidant for 
the Conversion of Primary and Secondary Alcohols to Aldehydes 
and Ketones. J. Org. Chem. 1983, 48, 4155-4156. 

(38) Peet, N. P.; Burkhart, J. P.; Angelastro, M. R.; Giroux, E. L.; 
Mehdi, S.; Bey, P.; KoIb, M.; Neises, B.; Schirlin, D. Synthesis 
of Peptidyl Fluoromethyl Ketones and Peptidyl a-Keto Esters 
as Inhibitors of Porcine Pancreatic Elastase, Human Neutrophil 
Elastase, and Rat and Numan Neutrophil Cathepsin G. J. Med. 
Chem. 1990, 33, 394-407. 

(39) Patel, D. V.; Rielly-Gauvin K; Ryonon, D. E.; Free, C. A.; Smith, 
S. A.; Petrillo, E. W., Jr., Activated Ketone Based Inhibitors of 
Human Renin. J. Med. Chem. 1993, 36, 2431-2447. 

(40) Sasaki, T.; Kikuchi, T.; Yumoto, N.; Yoshimura, N.; Murachi, 
T. Comparative Specificity and Kinetic Studies on Porcine 
Calpain I and Calpain II with Naturally Occurring Peptides and 
Synthetic Fluorogenic Substrates. J. Biol. Chem. 1984, 259, 
12489-12494. 

(41) (a) Morrison, J. F. Kinetics of the Reversible Inhibition of 
enzyme-Catalysed Reactions by Tight-Binding Inhibitors. Bio-

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 18 2929 

chem. Biophys. Acta 1969, 185, 269-286. (b) Cha, S. Tight-
Binding Inhibitors - 1 . Kinetic Behavior. Biochem. Pharmacol. 
1975, 24, 2177-2185. 

(42) Morrison, J. F.; Walsh, C. T. The Behavior and Significance of 
Slow-Binding Enzyme Inhibitors. Adv. Enzymol. 1988,201-301. 

(43) Yoshimura, N.; Kikuchi, T.; Sasaki, T.; Kitahara, A.; Hatanake, 
M.; Murachi, T. Two Distinct Ca2+ Proteases (Calpain I and 
Calpain II) Purified Concurrently by the Same Method from Rat 
Kidney. J. Biol. Chem. 1983, 258, 8883-8889. 

(44) Kitahara, A.; Sasaki, T.; Kikuchi, T.; Yumoto, N.; Yoshimura, 
N.; Hatanaka, M.; Murachi, T. Large-Scale Purification of 
Porcine Calpain I and Calpain II and Comparison of Proteolytic 
Fragments of Their Subunits. J. Biochem. 1984,95,1759-1766. 

(45) Duggleby, R. G. Regression Analysis of Nonlinear Arrhenius 
Plots: An Empirical Model and a Computer Program. Comput. 
Biol. Med. 1984,14, 447-455. 

(46) Cleland, W. W. The Kinetics of Enzyme-Catalyzed Reactions 
with Two or More Substrates or Products. II. Inhibition: No­
menclature and Theory. Biochim. Biophys. Acta 1963, 67, 173-
187. 


