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Synthesis of a small library of diketopiperazines as
potential inhibitors of calpain
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Abstract—A small library of 2,5-diketopiperazines based on previously reported calpain inhibitors was synthesized. In addition, a
concise total synthesis of the structurally related natural product phevalin (2) was accomplished. Despite literature reports that some
of the compounds prepared were calpain inhibitors, none of the library members were found to have significant activity against
recombinant human calpain I.
� 2005 Elsevier Ltd. All rights reserved.
Figure 1. Some reported non-peptide inhibitors of calpain.
Calpains are a class of intracellular cytoplasmic non-
lysosomal cysteine proteases expressed ubiquitously in
mammalian cells. Among the 16 kinds of calpain identi-
fied thus far, l-calpain (or calpain I) and m-calpain (or
calpain II) are the two most thoroughly studied calpain
isoforms. The two enzymes differ in their sensitivity to
activation by calcium ions. Thus, calpain I is sensitive
to activation by micromolar concentrations of calcium,
whereas calpain II responds only to millimolar calcium
concentrations.1–3 Both isoforms are heterodimers made
up of identical 30 kDa subunits but different 80 kDa
subunits. Overactivation of calpain has been implicated
in many pathological conditions such as stroke,4 myo-
cardial infarction,4 Alzheimer�s disease,5 Parkinson�s
disease5 and cancer.6 Accordingly, selective inhibitors
of calpain are of interest as pharmacological probes
and as potential therapeutics.7–9

As part of our ongoing study of cysteine proteases and
their associated medicinal chemistry, we were interested
in the identification of selective non-peptide inhibitors of
calpain. Several groups have reported small molecules
having modest (micromolar) activity as calpain inhibi-
tors (Fig. 1). These include the a-mercaptoacrylic acid
PD 150606 (which binds remotely to the catalytic site
of calpain)10 and the natural products phevalin (2)11
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and penicillide.12 The diketopiperazine dimer of N-
methyltyrosine, 1, has also been reported to inhibit cal-
pain,13 but this report has recently been questioned.14

Despite some structural and/or binding site differences
between these non-peptide calpain inhibitors, there are
also some similarities. Specifically, the presence of an
aromatic group two or three atoms away from either an-
other aromatic group or a hydrogen bonding substituent
suggests a possible motif for inhibitor design. In addi-
tion, the prominence of aromatic moieties in these mole-
cules is consistent with the observed preference of
calpain for hydrophobic residues in small peptide sub-
strates and inhibitors.7
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Taking into consideration that both diketopiperazine
and phevalin are derived from 2,5-disubstituted piper-
azines (Fig. 2), we thought it possible to employ this com-
mon element as a scaffold for inhibitor synthesis. Thus,
a small library of diketopiperazines (Fig. 3) based on
compound 1 was synthesized. The library was specifi-
cally devised to examine the effects of N–Me versus
N–H substitution (1, 4, 6, 8, 10 vs 3, 5, 7, 9, 11), stereo-
chemistry (14, 15 vs 24, 25) and the hydrophobicity/
hydrophilicity of the side chain, on calpain inhibition
(e.g., 22, 23, 29, 30 vs 17–21).

Since no synthesis of phevalin (2) has been reported, we
also devised a concise total synthesis to obtain this natural
product. Because of conflicting reports13,14 on its activity,
the previously reported cyclic dimer of N-methyltyrosine
(1) was also prepared. The peptide aldehyde Boc-Val-
Phe-H (33) was prepared for use as a positive control in
inhibition assays. The related aldehyde Z-Val-Phe-H
(MDL 28170) is reported to be a slow tight-binding inhib-
itor of rat erythrocyte calpain (Ki = 10 nM).15
Figure 3. Structural list of compounds in the initial library.

Figure 2. Structural similarity between diketopiperazine and phevalin.
There are a number of reported routes for the parallel
synthesis of diketopiperazines.16 In the course of meth-
odology verification, we found that a one-pot cycliza-
tion process of the dipeptide precursors could be
deployed in a straightforward parallel synthesis proto-
col.17 Thus the crude dipeptides were directly subjected
to treatment with TFA to release the Boc group and al-
low subsequent ring closure (Scheme 1). The diketopi-
perazines were obtained in 35–60% yield over three
steps. Twenty-four diketopiperazines were prepared in
this manner. When needed, methylation was carried
out using NaH/MeI in DMF,18 and debenzylation by
catalytic hydrogenation.19

A short total synthesis of phevalin20 proceeded in a
similar fashion described for the diketopiperazines ex-
cept that an additional reduction of the Boc-Val-Phe-
OMe to the corresponding aldehydes was carried out be-
fore Boc-deprotection and cyclization (Scheme 2). The
in situ oxidation during the cyclization was a surprise
to us.



Scheme 1. General synthesis of diketopiperazine analogues.

Scheme 2. Synthesis of phevalin.

Table 1. Inhibitory activity of analogues 1–32 against recombinant human calpain I

Compds Highest conc

tested (lM)

Percent inhibition

observeda
Compds Highest conc

tested (lM)

Percent inhibition

observeda

1 680 0 17 130 0

2 550 0 18 190 0

3 500 0 19 300 0

4 180 0 20 120 0

5 360 0 21 200 0

6 280 0 22 190 30

7 300 0 23 580 0

8 650 50 24 610 25

9 540 0 25 210 0

10 97 50 26 180 0

11 350 50 27 920 0

12 100 0 28 200 0

13 150 0 29 350 0

14 160 13 30 170 0

15 90 25 31 150 0

16 120 0 32 110 0

a Inhibition values are within ±10%.
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Compounds 1–32were evaluated for inhibition of calpain
I in a continuous fluorescence assay essentially as de-
scribed by Croce et al.21 using recombinant calpain I pro-
duced by the baculovirus expression system22 and Suc-
Leu-Tyr-AMC23 as the fluorogenic substrate. The in-
crease in fluorescence was linear for at least 2 min, and
inhibition was assessed from the decrease in initial rate
compared to control incubations containing pure DMSO
instead of inhibitor dissolved inDMSO. Peptide aldehyde
33, used as a positive control compound, was found to de-
crease initial rates of substrate hydrolysis by 50%at a con-
centration of 1.2 lM in our assay system (see Table 1).
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It was disappointing to find that phevalin (2), which had
previously been reported to inhibit calpain, showed no
detectable inhibition of recombinant human calpain I
in our assay system. Likewise, and in agreement with
Donkor and Sanders,14 we found that diketopiperazine
1 also had negligible calpain inhibitory activity. The
other diketopiperazine compounds synthesized and
tested at best showed slight inhibitory activity, the best
having IC50 values in the 0.1–1.0 mM range.

In summary, a small library of 2,5-diketopiperazines
was synthesized as potential calpain inhibitors. How-
ever, neither these constrained dipeptide analogues nor
phevalin showed any significant inhibition against re-
combinant human calpain I. On the other hand, the
dipeptidyl aldehyde analogue Boc-Val-Phe-H was, as ex-
pected, a potent inhibitor. We have therefore refocused
our efforts in the calpain inhibition area to structure-
based methods and to a high-throughput screening
approach.
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