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Thiol-containing diketopiperazines have been recently identified as novel heterocyclic inhibitors
of matrix metalloproteinase (MMPs). The compounds described had similar activities against
the MMPs collagenase-1 and gelatinase-B. An inhibitor that showed greater than 10-fold
selectivity for collagenase-1 over gelatinase-B was desired. Previously published work with
peptidyl hydroxamates and thiols indicated that while preparing gelatinase selective inhibitors
was straightforward, there was not an obvious route to selective inhibitors of collagenase-1.
Combinatorial libraries were prepared and evaluated for their ability to inhibit collagenase-1
and gelatinase-B substrate hydrolysis. A method for estimating the IC50 values of compounds
generated by high-throughput parallel synthesis aided in the identification of compounds with
the desired properties. We have found that thiol diketopiperazines derived from nitropheny-
lalanine are both potent and selective inhibitors of collagenase-1. In addition, we have
demonstrated that combinatorial chemistry can be utilized to identify molecules with a desired
selectivity profile without access to the traditional tools of rational drug design.

Introduction

There are now many examples of the application of
combinatorial chemistry in the identification of enzyme
inhibitors.1 We recently described the use of combina-
torial chemistry to design and evaluate the activity of
a new scaffold, the thiol-containing diketopiperazines
(DKPs), as inhibitors of the matrix metalloproteases
(MMPs).2 Starting with inhibitors that showed IC50
values in the range of 10-20 µM, compounds as potent
as 30 nM against collagenase-1 were identified in
libraries of DKPs.

The MMPs are a family of zinc-dependent enzymes
involved in the degradation and remodeling of extra-
cellular matrix.3-5 They are important therapeutic
targets, especially in cancer and arthritis.6-12 In the past
decade, numerous new classes of MMP inhibitors, both
peptidic and nonpeptidic, have been developed as po-
tential pharmaceutical agents.6,13,14 Although many of
these inhibitors were potent, the first generation of
these compounds lacked selectivity. Second generation
compounds were developed to exhibit selective inhibition
on different subsets of MMPs. In the case of peptide-
based succinyl hydroxamate inhibitors, selectivity for
gelatinase and stromleysin was easily obtained by
incorporating large substituents into the portion of the
molecule mimicking the P1′ side chain of the peptide
substrate.15-17

Prior to the characterization of the enzyme collage-
nase-3 (MMP-13),18-20 collagenase-1 (MMP-1) was con-
sidered an important target in the development of MMP
inhibitors for the treatment of rheumatoid arthritis.21-23

In addition, anecdotal information available at that time
suggested that the use of nonselective MMP inhibitors

in treatment regimens could result in undesirable side
effects, possibly due to the inhibition of gelatinase or
stromelysin. Thus, there was a requirement for colla-
genase-1 inhibitors selective against gelatinase-B and
stromelysin. Known structure-activity relationships
(SAR) provided very limited information as to how to
design a selective collagenase-1 inhibitor.24 SAR and
structural studies indicated that collagenase-1 would
only tolerate small substituents (such as the isobutyl
moiety of leucine) in its P1′ binding pocket. Gelatinase
and stromelysin were inhibited just as potently by these
inhibitors.13,25

The challenge we were presented with was to rapidly
identify selective DKP inhibitors of collagenase-1 with-
out access to X-ray coordinates or insight into collage-
nase-1 selectivity from peptide hydroxamate SAR. We
had previously shown that through iterative screening
of libraries of thiol diketopiperazines, we could improve
the potency of this class of compounds from 15 µM
to 30 nM. In this report, we demonstrate the use of
various methodologies of combinatorial chemistry to
identify and improve highly selective inhibitors of col-
lagenase-1.

Chemistry
DKPs were synthesized on solid support as described

previously26 (see Schemes 1 and 2). For an automated
library and parallel synthesis, instruments developed
in house were utilized. The multicomponent condensa-
tion was especially suited for a high-throughput parallel
synthesis and all Ugi DKPs were synthesized in a
parallel fashion in a 96-well plate format. The crude
compounds were analyzed by LC/MS to confirm struc-
tures and purities.

Results and Discussion
To identify compounds from combinatorial libraries

that were selective as well as potent inhibitors of
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collagenase-1, the following process was implemented:
libraries of thiol diketopiperazines were prepared as
described above with instrumentation to facilitate the
pooling and splitting process. Because of the cyclative
cleavage step, the crude compounds were typically >
90% pure.26 We took advantage of this property of the
DKP pools to make more reliable measurements of
inhibitor concentration by determining the concentra-
tion of free thiol in the sample using Ellman’s reagent
(see Experimental Section). A fluorogenic assay for the
four targeted enzymes, collagenase-1, gelatinase-B,
stromelysin, and matrilysin was utilized.2 Library pools
were rank-ordered based upon inhibition of substrate
proteolysis. Pools exhibiting the best inhibition were
then deconvoluted and the crude products assayed to
identify the active components. Compounds with desired
potencies were resynthesized, purified, fully character-
ized, and assayed by traditional eight-point determina-
tions to obtain accurate IC50 values.

We initiated our search with ACL0938, a 1225-
member library (Tables 1 and 2). This library was
prepared with L-cysteine, 35 amino acids (R1), and 35
aldehydes (R2). Each of the 35 pools in this library was
fixed at the aldehyde position and degenerate with
regard to the amino acids. Each pool of 35 compounds
was assayed at two dilutions against all four MMPs.
The results are shown in Figure 1 of the Supporting
Information. The observation of a relatively flat SAR

with respect to the aldehyde in R2 was consistent with
results from our previous study.2 Pool 32, carrying a
quinoline group, however, showed better activity for
collagenase-1 than the others and was selected for
further study.

Pool 32 was deconvoluted by preparing 35 discrete
compounds, each fixed with the 4-quinoline group at R2
and with one of the 35 amino acid building blocks at
R1. Each pool was assayed at two dilutions, as above,
against collagenase-1 and gelatinase-B. The results are
shown in the Supporting Information (top panel of
Figure 2). In contrast to SAR observed when the
aldehyde position was varied, the results of the decon-
volution showed that the potency of the DKPs was
significantly affected by the group at R1, which was
again consistent with our earlier studies. We had
previously observed that DKPs derived from cyclohexy-
lalanine at R1 showed good potency against collage-
nase-1 and gelatinase-B. This is consistent with SAR
observed from peptide hydroxamate MMP inhibitors. In
contrast, we were surprised to see potency with phen-
ylalanine derivatives such as chloro-, fluoro-, and ni-
trophenylalanine. While substitution of these amino
acids into the P1 position of peptide hydroxamate MMP
inhibitors would result in active stromelysin and ge-
latinase inhibitors, they would not be expected to show
good activity against collagenase-1. Moreover, it was
completely unexpected that these substituents could
lead to selectivity over gelatinase, as the results suggest.

To further explore this relationship, a second decon-
volution library was prepared. This time the amino acid
at position R1 was kept fixed with nitrophenylalanine,
and the aldehyde at R2 was varied. Thirty-five com-
pounds were prepared and tested against the enzymes,
the results of which are shown in Figure 3 of the
Supporting Information. Most compounds showed good
potency against collagenase-1 and exhibited selectivity
against gelatinase-B.

To verify the results of these experiments, several
DKPs were resynthesized and purified. The IC50 values
of these compounds against both enzymes were deter-
mined, and the results are shown in Table 3. DKPs
incorporating nitrophenylalanine (3, 4, and 5) showed
good potency against collagenase-1 and, more impor-
tantly, very good selectivity (greater than 20-fold)
against gelatinase-B. Replacement of the nitro func-
tionality in 5 with aminoacetate in 6 results in a
complete loss of activity. Removal of the nitro group
from 3, resulting in 2, causes only a 2-fold loss of activity
for collagenase-1, but this is accompanied by a 7-fold
loss in selectivity against gelatinase-B. Similarly, the
replacement of nitrophenylalanine with cyclohexylala-
nine in 1 also causes a 10-fold loss in selectivity. Note
that replacing the R1 position with a larger substituent
results in better activity for gelatinase-B than collage-
nase (7).

Improvements in Estimation of Pool Potency
and Selectivity. An important issue in the screening
of focused combinatorial libraries is the quantitative
determination of compound concentration. The nature
of parallel library synthesis makes the weighing of
individual products impractical. We were able to cir-
cumvent this problem by virtue of the fact that the crude
DKPs had excellent purities. As a consequence of this,

Scheme 1. Solid Phase DKP Synthesis Ia

a Reagents and conditions: (i) DIC, DMAP, DCM -or- 1,3-
dimethyl-2-fluoropyridinium 4-toluenesulfonate (DMFP), DIEA,
DCM; (ii) deprotect; (iii) NaCNBH3, MeOH or HOAC, trimethyl-
orthoformate; (iv) DIC, DCM; (v) TFA, TES (vi) toluene or
methanol.

Scheme 2. Solid Phase DKP Synthesis II (Ugi Route)a

a Reagents and conditions: (i) DCM, MeOH; (ii) TFA/TES/DCM;
(iii) methanol.
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we could ascertain inhibitor concentration in the pools
(or discretes) by determining the concentration of free
thiol groups in the sample using Ellman’s reagent (see
Experimental Section).2

This additional knowledge created a new dilemma.
Typically, combinatorial library samples are bioassayed
at one dilution in duplicate or once at each of two
dilutions. As an example of this, if compounds A and B
are members of a library, and compound A is present
at twice the concentration of compound B, but compound
A shows 2 times the inhibition of compound B, which is
the more potent compound? The answer is not obvious
as the relationship between inhibitor concentration and
IC50 is not linear. A more concrete example of this
problem is illustrated in Figure 1. The top panel shows
the percentage activity of the 18 discrete compounds
(from the deconvolution of ACL0938 pool 32) when
assayed at one dilution (the results of assay at lower
dilution are not shown). The center panel shows the
results of Ellman’s determination of the concentration
of the compound stocks. Again, relating compound
concentration and percentage inhibition to compound
potency for two enzymes simultaneously is of little
value.

The solution to this problem relates to the relation-
ship between enzyme activity and inhibitor concentra-
tion. Under proper assay conditions this relationship is
described by eq 1

where V0 is the rate of the enzyme reaction in the
absence of inhibitor, [I] is inhibitor concentration, and
ν is the observed reaction rate. Normally IC50 values
are solved through nonlinear curve fitting of eq 1 with
eight pairs of experimentally measured values of [I] and
ν.

When screening combinatorial libraries, it is not
common practice, nor is it reasonable, to expect eight-
point assays for all samples. In general, only one (or
possibly two) dilutions are tested, and reliable concen-
tration data are not available. In our studies, we already
had two such pairs of data: ν was determined at two
dilutions of the pools, and [I] was known from the
Ellman’s assay. V0, of course, was known from control
reactions. We thus fit eq 1 with the two data points.
Since the result of this process was not precise enough
to be considered as a reliable IC50 value, we referred to
such a result as an EIF (“estimated IC50”) to ensure
there would be no confusion between EIF values and
true IC50 determinations. Numerous trials indicated
that EIF results were good predictors of IC50 values for
MMPs (data not shown) unless the values were very
high (in which case precision was not required) or very
low. In the latter case, potent inhibition is suggested
and warranted retesting.

The panel at the bottom of Figure 1 demonstrates the
application of this approach. The EIF values for colla-
genase-1 and gelatinase-B for the pool 32 deconvolution
are shown. In contrast to the results in the top panel,
the SAR among the building blocks becomes quite clear.
In this graph, the superior potency and selectivity of
compound 9 (nitrophenylalanine) stands out without

Table 1. Diversity Set Used for ACL0938 (Amino Acids)

ν )
V0

1 + ([I]/IC50)
(1)
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effort. The use of EIF calculations improves SAR
analysis and gives greater confidence in the selection
of building blocks for further studies.

Screening Parallel Synthesis Libraries. To fur-
ther improve the properties of this inhibitor class, we
chose to add additional functionality to the DKP mol-

Table 2. Diversity Set Used for ACL0938 (Aldehydes)

Table 3. IC50 Values for Purified DKPs

IC50 values (nM)

no. collagenase 1 gelatinase-B stromelysin coll-1:gelB ratio

1 30 79 3800 1:2.6
2 110 400 4000 1:3.6
3 47 1200 >40000 1:26
4 74 1700 >20000 1:23
5 65 2900 >20000 1:45
6 >40000 >40000 >40000
7 310 52 1100 6:1
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ecule. As described in the Chemistry section, this was
accomplished through the use of the Ugi multicompo-
nent condensation reaction. This synthetic strategy

presented several advantages: (1) it added a third
center of diversity on the DKP molecule (Scheme 2), (2)
the yields of the multicomponent reaction were better
than the previous synthesis route, and (3) the Ugi
reaction required fewer manipulations and thus lent
itself effectively to the methods of parallel synthesis.
We thus chose to prepare libraries of DKP compounds
in which the substituents in the R1, R2, and R3 positions
were varied simultaneously. The Ugi DKP syntheses
were performed in deep 96-well plates using HiTOPS
manifolds.

Nine plates of Ugi DKPs were prepared, generally
with 80-96 compounds per plate. Ellman’s assays were
performed for each sample, and each plate was assayed
at two dilutions against the four MMPs. Over 3000
curve fittings were carried out (920 compounds × 4
assays). Curve fitting was automated through the use
of the RoboSage program (Mike Lutz, Glaxo Wellcome
USA). The results for two of these plates are shown in
Figures 2 and 3.

In ACL1602 (Figure 2), four different phenylalanine
derivatives were incorporated into the DKPs. Nitrophen-
ylalanine gave the best inhibition overall, followed by
chlorophenylalanine. The nitrophenylalanine also yielded
the most selective compounds, ranging from 10- to 30-
fold selective over gelatinase-B. It is interesting to
observe that in these compounds selectivity appears to
derive strongly from the nitrophenylalanine. Variation
of the aldehyde or isocyanide group used in each
compound only had small effects on potency or selectiv-
ity over gelatinase. In contrast, for matrilysin, the
aldehyde group did have some effect on selectivity,
which ranged from about 20- to 100-fold.

Nitrophenylalanine and chlorophenylalanine were
also the most active amino acids in ACL1608 (Figure
3) whereas methyltyrosine and norvaline DKPs showed
very little potency. The range of activities for the active
amino acid containing compounds was similar to that
seen in ACL1602.

Seven other plates of compounds were prepared. The
generic structure of the compounds in these plates is
shown in Figure 4. For each plate, two amino acids were
used (amino acids used shown in Figure 4), in combina-
tion with one isocyanide only (the tert-butyl) and 44
different aldheyde groups. Some compounds with cy-
anophenylalanine and tryptophan showed weak (EIF
100-200 nM) activity. Otherwise, most compounds did
not inhibit collagenase-1. With only rare exceptions, all
the compounds examined in this series showed EIFs of
10 µM or greater against stromelysin.

To test the SAR generated from the parallel synthesis
screening, a selection of compounds was resynthesized
on a larger scale to allow full characterization and
standard eight-point IC50 determinations (Table 4). All
compounds had IC50 values of approximately 100 nM
or better and showed selectivity versus gelatinase-B
from 30- to 60-fold.

It is intriguing to speculate as to the source of the
selectivity of the nitrophenyl DKPs. One model that
could account for this selectivity of these compounds
would involve the presence of an arginine at the bottom
of the S1′ pocket of collagenase-1. Most of the MMPs
studied by X-ray crystallography have deep S1′ pockets,
which allow the entry of large aliphatic or aromatic

Figure 1. Proteolytic actitivity (percent of control) of 18
compounds from the deconvolution of ACL0938 pool 32. The
pool number corresponds to the amino acid building block in
Table 1 (e.g., pool 2 incorporates amino acid b2 at R1). Top
panel: Pools assayed at 100-fold dilution. Middle panel:
Concentration of the pool stock solutions as determined by
Ellman’s assay. Bottom panel: EIF values of the 18 pools
calculated as described in the text.
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substituents. In collagenase-1, this pocket is blocked
primarily by the side chain of an arginine residue, which
is held rigidly in place by a network of hydrogen
bonds.27-29 It is possible that the selectivity of the
nitrophenyl DKPs is due to the interaction of the
aromatic nitro group with the arginine side chain.
Whether this contact is based on ionic interactions or
π-stacking is unclear. The SAR from HiTOPs plates,
which showed that fluoro- and chloro-phenyl DKPs also
show potency and selectivity, supports the latter model,
but is insufficient at this point to be definitive.

Conclusion
We have previously demonstrated that thiol DKPs can

serve as potent inhibitors of MMPs.2 Further prepara-
tion and screening of thiol DKP libraries has revealed
that when the substituent that presumably binds to the
active site S1′ pocket contains a nitrophenyl group, the
DKP shows unexpected selectivity for collagenase-1 over
gelatinase-B. The basis of this selectivity is unclear, but
comparisons of the activities of 2 and 3 indicate the
selectivity is a result of both increased potency for
collagenase-1 and decreased potency for gelatinase-B.

In the last five years, combinatorial chemistry has
been shown to be a powerful tool for the development
of potent inhibitors of therapeutically interesting tar-
gets. As more compounds are progressed into the
progression pathway of drug development, the chemists
and biologists that practice combinatorial technologies
will be called upon to improve the properties of mol-
ecules other than potency. In this work, we have
demonstrated that combinatorial approaches can be
utilized to rapidly achieve selectivity in a compound
class without input from the usual tools of rational drug
design (e.g., crystal structure, etc.).

Due to the ability of combinatorial chemistry to
generate large numbers of compounds, the investigator
can quickly become overwhelmed with data. Trying to
get sense of SAR from the results of 3000 assays can be
a daunting challenge. The use of the EIF measurements,
which relies on the accurate determination of inhibitor
concentration, coupled with innovative approaches to
data visualization, provides a means for a more mean-
ingful analysis of the screening process. The extraction
of quantitative data from an essentially qualitative

Figure 2. EIF analysis of the 96 discrete Ugi DKPs prepared by parallel synthesis of library ACL1602. Each sample from the
96-well plate is represented as a box. The gray scale in the box corresponds to the EIF against collagenase-1 (see the “thermometer”
for gray scale). The selectivity of each compound is represented as a ratio. The top number in each box is the ratio of the EIF for
gelatinase-B to the EIF for collagenase-1. The lower number is the corresponding ratio for matrilysin. A value of zero indicates
that either the ratio was less than 1 or the activity of the sample for collagenase-1 was too high to determine reliably. Boxes
shaded yellow indicate that the EIF value was deemed to be unreliable.
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process gives the investigator greater confidence in the
selection of compounds for follow-up studies.

In the aggregate, we have been able to use combina-
torial chemistry to design and evaluate new concepts
in enzyme inhibition, resulting in the development of
thiol DKPs as potent MMP inhibitors. In this work, we
have demonstrated that the combinatorial approach can
enable one to “dial in” a desired selectivity profile
without any preconceived notions or insight as to how
that selectivity should be achieved.

Experimental Section

General Methods. All reagents were purchased from
Aldrich, Bachem Bioscience, or Novabiochem and used without
further purification. Resins were purchased from Rapp Poly-
mere (TentaGel S OH) or Argonaut Technologies, Inc. (Argo-
Gel-OH). NMR spectra were obtained on a Varian Gemini 400
instrument. Mass spectra (flow-injection ESI) were obtained
on a Finnigan TSQ 7000. High-resolution mass spectra were
obtained on a VG ZAB 2SE (U. C. Berkeley). Microanalysis
was done in the Microanalytical lab at U. C. Berkeley. All
compounds were purified either by flash column chromatog-
raphy using 5% methanol/DCM or preparative TLC using 10%
methanol/DCM. Mercapto DKPs were handled in degassed
solvents and stored at -20 °C or lower temperatures.

General Procedure for the Synthesis of Discrete Cys-
DKPs. Loading of amino acids on hydroxy resin and reductive
alkylations were performed as previously described.26 BocCys-
(Trt)-OH was coupled to the secondary amine via the sym-
metric anhydride using 2 equiv of BocCys(Trt)-OH and 1 equiv
of dicylohexylcarbodiimide in anhydrous dichloromethane at

Figure 3. EIF analysis of the 88 discrete Ugi DKPs prepared by parallel synthesis of library ACL1608.

Figure 4. Amino acid building blocks used in the remaining
parallel synthesis libraries. The generic structure of the library
is highlighted. Amino acids were substituted at R1, aldehydes
at R2.
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0.5 M concentration overnight. The resin was washed several
times with dimethylformamide, methanol, and dichloromethane.
For Boc and trityl deprotection, a mixture of 45% dichlo-
romethane, 50% trifluoroacetic acid, and 5% triethylsilane was
added and the resin agitated for 30 min. The solvent was
drained and the solid support washed several times with
dichloromethane until it was pH neutral. For the cyclative
cleavage, 1% acetic acid in degassed methanol was added and
the resin shaken for 5-10 h. After that time, the supernatant
was filtered and the resin washed several times with degassed
methanol. The combined filtrate and washings were concen-
trated and the crude product purified. After removal of the
chromatography solvents under vacuum, the samples were
lyophilized from tert-butyl alcohol.

Library and Parallel Synthesis. DKP libraries were
synthesized on a 36-channel Affymax ESL synthesizer. Dis-
crete DKPs were synthesized on a HiTOPs manifold.30 Amino
acids were manually loaded to the resin as previously de-
scribed. In each HiTOPs well was placed 20-50 mg resin, and
the Ugi reaction was performed as described previously.26 After
Boc cleavage and DKP cyclization, the supernatants were
collected into a 96-well plate and concentrated in a Savant
SpeedVac system and analyzed by LC/MS.

Thiol Determinations. The concentration of free thiol in
the parallel synthesis libraries was determined using 5,5′-
dithiobis(2-nitrobenzoic acid) (DTNB), more commonly known
as Ellman’s reagent.31 Aliquots of compounds (stored in
methanol in 96-well microtiter plates) were diluted into an
aqueous solution containing 200 µM DTNB in 0.1 M Tris, pH
8.0. The optical density at 405 nM of the resulting solution
was obtained. A dilution series of cysteine was used to prepare
a standard curve.

Enzyme Assays. Recombinant matrilysin, as well as C-
terminally truncated forms of collagenase-1, gelatinase-B, and

stromelysin were prepared as described previously.2 IC50
values were determined using the quenched-fluorescence
substrate (7-methoxycoumarin-4-yl) acetyl-Pro-Leu-Gly-Leu-
(3-[2,4-dinitrophenyl]-L-2,3-diaminopropionyl)-Ala-Arg-NH2
(Bachem, Torrance, CA), developed by Knight et al.32 as
described previously.2 The results shown are the average of
two or more independent determinations and have a standard
deviations of (20% or better. Assays were peformed in the
presence of 0.5 mM cysteine to prevent any potential dimer-
ization of the mercaptan compounds.

(6S,3R)-1-(4-Methoxybenzyl)-6-(4-nitrobenzyl)-3-sulfa-
nylmethylhexahydro-2,5-pyrazinedione (3): 1H NMR
(CDCl3) δ 8.19 (d, J ) 8.4 Hz, 2H), 7.28 (d, J ) 8.4 Hz, 2H),
7.19 (d, J ) 8.4 Hz, 2H), 6.89 (d, J ) 8.4 Hz, 2H), 6.77 (s, 1H),
5.44 (d, J ) 14.4 Hz, 1H), 4.23 (m, 1H), 3.97 (d, J ) 14.4 Hz,
1H), 3.82 (s, 3H), 3.35 (m, 2H), 2.79 (m, 1H), 1.26 (m 1H), 1.09
(m, 1H); 13C NMR (CDCl3) δ 165.55, 164.06, 159.80, 147.44,
142.71, 131.16, 130.11, 128.41, 126.60, 123.96, 114.66, 59.20,
57.57, 55.64, 47.16, 37.01, 30.30; HRMS (M + H) C20H21N2O3S
calcd 416.1280, found 416.1276. Anal. (C20H21N2O3S) C, H, N.

(6S,3R)-6-(4-Nitrobenzyl)-1-(2-quinolylmethyl)-3-sulfa-
nylmethylhexahydro-2,5-pyrazine-dione (4): 1H NMR
(CDCl3) δ 8.37 (d, J ) 8.4 Hz, 1H), 8.13 (d, J ) 8.8 Hz, 2H),
7.98 (m, 2H), 7.81 (m, 1H), 7.64 (m, 1H), 7.54 (d, J ) 8.4 Hz,
1H), 7.43 (d, J ) 8.8 Hz, 2H), 5.32 (d, J ) 15.6 Hz, 1H), 4.71
(d, J ) 15.6 Hz, 1H), 4.62 (m, 1H), 4.17 (m, 1H), 3.57 (m 2H),
2.62 (m, 1H), 1.94 (m, 1H); HRMS (M + H) C22H20N4O4S calcd
437.1284, found 437.1282.

(6S,3R)-6-(4-Nitrobenzyl)-1-(4-propyl)-3-sulfanylmeth-
ylhexahydro-2,5-pyrazinedione (5): 1H NMR (CDCl3) δ 8.22
(d, J ) 8.4 Hz, 2H), 7.38 (d, J ) 8.4 Hz, 2H), 6.72 (s, 1H), 4.36
(m, 1H), 4.09 (m, 1H), 3.81 (m, 1H), 3.45 (m, 1H), 3.30 (m,
1H), 2.81 (m, 2H), 1.66 (m, 2H), 1.23 (m, 1H), 0.93 (m, 3H);

Table 4. IC50 Values (in nM) for Purified Ugi Derived DKPs
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MS m/z (M + Na); HRMS (M + H) for C15H19N3O4S calcd
338.1170, found 338.1170.

N1-{4-[(2S,5R)-3,6-Dioxo-1-propyl-5-sulfanylmethyl-
hexahydro-2-pyrazinylmethyl]-phenyl}acetamide (6): 1H
NMR (CDCl3) δ 7.72 (s, 1H), 7.50 (d, J ) 8.4 Hz, 2H), 7.12 (s,
1H), 7.06 (d, J ) 8.4 Hz, 2H), 4.27 (m, 1H), 4.11 (m, 1H), 3.70
(m, 1H), 3.31 (m, 1H), 3.11 (m, 1H), 2.89 (m, 1H), 2.63 (m,
1H), 1.68 (m, 1H), 1.22 (m, 1H), 0.98 (m, 3H), 0.61 (m, 1H);
MS m/z 350 (M + H); HRMS (M + H) for C17H23N3O3S calcd
350.1538, found 350.1548.

(6R,3R)-1-(4-Methoxybenzyl)-6-(4-methoxybenzylsulfa-
nylmethyl)-3-sulfanylmethylhexa-hydro-2,5-pyrazinedi-
one (7): 1H NMR (CD3OD) δ 7.33 (m, 4H), 6.99 (m, 4H), 5.15
(d, J ) 15.2 Hz, 1H), 4.31 (m, 1H), 4.21 (m, 1H), 4.17 (d, J )
15.2 Hz, 1H), 3.79 (s, 3H), 3.43 (s, 3H), 3.26 (m, 2H), 3.15 (m,
2H), 1.42 (m, 1H), 1.08 (m, 1H); HRMS (M + H) C22H26N2O4S2

calcd 447.1412, found 447.1411. Anal. (C22H26N2O4S2) C, H,
N.

N1-(tert-Butyl)-2-cyclopropyl-2-[(2S,5R)-2-(4-nitroben-
zyl)-3,6-dioxo-5-sulfanylmethylhexa-hydro-1-pyrazinyl]-
acetamide (8): 1H NMR (CDCl3) δ 8.17 (d, J ) 8.8 Hz, 2H),
7.54 (d, J ) 8.8 Hz, 2H), 6.79 (m 2H), 4.30 (m, 1H), 4.12 (m,
1H), 3.91 (m, 1H), 3.49 (m, 2H), 2.87 (d, J ) 10.8 Hz, 1H),
2.72 (m, 1H), 1.72 (m, 1H), 1.53 (m, 1H), 1.41 (s, 9H), 0.82 (m,
1H), 0.73 (m, 1H), 0.44 (m, 2H); HRMS (M + H) C21H28N4O5S
calcd 485.1859, found 485.1853. Anal. (C21H28N4O5S) C, H, N.

N1-(tert-Butyl)-4-methyl-2-[(2S,5R)-2-(4-nitrobenzyl)-
3,6-dioxo-5-sulfanylmethylhexa-hydro-1-pyrazinyl]pen-
tanamide (9): 1H NMR (CDCl3) δ 8.16 (d, J ) 8.8 Hz, 2H),
7.45 (d, J ) 8.8 Hz, 2H), 6.90 (s, 1H), 6.83 (s, 1H), 4.83 (m,
1H), 4.36 (m, 1H), 3.99 (m, 1H), 3.44 (m, 2H), 2.82 (m, 1H),
1.99 (m, 1H), 1.53 (m, 3H), 1.43 (s, 9H), 1.24 (m, 6H); 13C NMR
(CDCl3) δ 168.72, 166.07, 165.82, 147.25, 143.46, 131.37,
123.70, 57.86, 56.75, 51.91, 39.11, 36.19, 30.15, 29.07, 25.25,
23.11, 22.80; HRMS (M + H) C22H32N4O5S calcd 465.2171,
found 465.2177. Anal.(C22H32N4O5S) C, H, N.

N1-(tert-Butyl)-2-[(2S,5R)-2-(4-nitrobenzyl)-3,6-dioxo-
5-sulfanylmethylhexahydro-1-pyrazinyl]-3-phenylpro-
panamide (10): 1H NMR (CDCl3) δ 8.16 (d, J ) 8.8 Hz, 2H),
7.45 (d, J ) 8.8 Hz, 2H), 7.32-7.20 (m, 5H), 6.51 (s, 1H), 6.25
(s, 1H), 5.04 (dd, J1 ) 8.0 Hz, J2 ) 8.4 Hz, 1H), 4.51 (m, 1H),
3.79 (m, 2H), 3.43 (dd, J ) 14.0 Hz, J ) 8.4 Hz, 1H), 3.06 (dd,
J ) 14.0 Hz, J ) 8.0 Hz, 1H), 2.79 (m, 2H), 1.34 (s, 9H); 13C
NMR (CDCl3) δ 167.89, 166.07, 165.54, 147.28, 143.39, 135.46,
131.41, 129.09, 128.91, 127.36, 123.74, 59.78, 58.30, 57.71,
52.04, 39.27, 34.09, 31.55, 30.05, 28.95; HRMS (M + H)
C25H30N4O5S calcd 499.2015, found 499.2003. Anal. (C25H30N4-
O5S) C, H, N.

N1-(tert-Butyl)-2-[(2S,5R)-2-(4-nitrobenzyl)-3,6-dioxo-
5-sulfanylmethylhexahydro-1-pyrazinyl]nonanamide (11):
1H NMR (CDCl3) δ 8.16 (m, 2H), 7.45 (m, 2H), 6.82 (s, 1H),
6.55 (s, 1H), 4.67 (m, 1H), 4.41 (m, 1H), 3.94 (m, 1H), 3.47 (m,
2H), 2.82 (m, 1H), 2.08 (m, 2H), 1.63 (m, 2H), 1.42 (s, 9H),
1.45-1.23 (m, 9H), 0.89 (m, 3H); 13C NMR (CDCl3) δ 168.66,
166.08, 165.97, 147.25, 143.44, 131.42, 123.70, 58.96, 57.85,
57.82, 51.95, 39.04, 31.85, 30.13, 29.32, 29.09, 27.62, 26.33,
22.85, 14.40; HRMS (M + H) C24H37N4O5S calcd 493.2485,
found 493.2489. Anal. (C24H37N4O5S) C, H, N.

N1-(tert-Butyl)-2-(4-methoxyphenyl)-2-[(2S,5R)-2-(4-ni-
trobenzyl)-3,6-dioxo-5-sulfanyl-methylhexahydro-1-
pyrazinyl]acetamide (12): 1H NMR (CDCl3) δ 8.05 (m, 2H),
7.40 (d, J ) 8.8 Hz, 2H), 7.14 (d, J ) 8.4 Hz, 2H), 6.97 (m,
2H), 6.37 (s, 1H), 5.60 (s, 1H), 5.30 (s, 1H), 4.06 (m, 1H), 3.96
(m, 1H), 3.87 (s, 3H), 3.47 (m, 1H), 3.34 (m, 1H), 2.87 (m, 1H),
1.62 (m, 1H), 1.36 (s, 9H); 13C NMR (CDCl3) δ 167.61, 166.18,
165.12, 160.56, 146.97, 143.71, 131.60, 131.11, 124.64, 123.48,
115.07, 94.43, 66.17, 60.43, 58.05, 55.74, 52.25, 39.49, 31.29,
30.43, 28.89; HRMS (M + H) C25H31N4O6S calcd 515.1964,
found 515.1978. Anal. (C25H31N4O6S) C, H, N.

N1-(tert-Butyl)-2-[(2S,5R)-2-(4-nitrobenzyl)-3,6-di-
oxo-5-sulfanylmethylhexahydro-1-pyrazinyl]-2-(4-phen-
oxyphenyl)acetamide (13): 1H NMR (CDCl3) δ 8.07 (d, J )
8.8 Hz, 2H), 7.42 (m, 4H), 7.23 (m, 3H), 7.10-7.03 (m, 4H),
6.40 (s, 1H), 5.66 (s, 1H), 5.36 (s, 1H), 4.07 (m, 1H), 3.96 (m,

1H), 3.48 (m, 1H), 3.37 (m, 1H), 2.87 (m, 1H), 1.67 (m, 1H),
1.37 (s, 9H); 13C NMR (CDCl3) δ 167.45, 166.13, 165.22, 159.14,
155.70, 147.02, 143.74, 131.79, 131.09, 130.22, 126.64, 124.68,
123.51, 120.09, 118.79, 65.77, 60.22, 58.05, 52.34, 39.55, 31.29,
30.42, 28.89; HRMS (M + H) C30H33N4O6S calcd 577.2121,
found 577.2132. Anal. (C30H33N4O6S) C, H, N.

N1-(tert-Butyl)-2-(4-butoxyphenyl)-2-[(2S,5R)-2-(4-ni-
trobenzyl)-3,6-dioxo-5-sulfanyl-methylhexahydro-1-pyrazin-
yl]acetamide (14): 1H NMR (CDCl3) δ 8.05 (m, 2H), 7.38 (d,
J ) 8.4 Hz, 2H), 7.14 (d, J ) 8.8 Hz, 2H), 6.96 (m, 2H), 6.46
(s, 1H), 5.59 (s, 1H), 5.28 (s, 1H), 4.07 (m, 1H), 4.10 (t, J ) 6.4
Hz, 2H), 3.96 (m, 1H), 3.47 (m, 1H), 3.34 (m, 1H), 2.83 (m,
1H), 1.79 (m, 2H), 1.64 (m, 1H), 1.53 (m, 2H), 1.34 (s, 9H),
1.02 (t, J ) 7.2 Hz, 3H); 13C NMR (CDCl3) δ 167.65, 166.25,
165.09, 146.96, 143.74, 131.57, 131.10, 124.35, 123.48, 115.54,
68.18, 66.27, 60.47, 58.05, 52.34, 39.51, 31.51, 30.44, 28.89,
19.59, 14.22; HRMS (M + H) C28H36N4O6S calcd 557.2434,
found 557.2445. Anal. (C28H36N4O6S) C, H, N.

N1-(tert-Butyl)-2-(4-ethylphenyl)-2-[(2S,5R)-2-(4-ni-
trobenzyl)-3,6-dioxo-5-sulfanyl-methylhexahydro-1-
pyrazinyl]acetamide (15): 1H NMR (CDCl3) δ 8.02 (m, 2H),
7.37 (d, J ) 8 Hz, 2H), 7.29 (d, J ) 8 Hz, 2H), 7.05 (d, J ) 8.8
Hz, 2H), 6.59 (s, 1H), 5.60 (s, 1H), 5.31 (s, 1H), 4.07 (m, 1H),
4.00 (m, 1H), 3.49 (m, 1H), 3.33 (m, 1H), 2.87 (m, 1H), 2.72 (q,
J ) 7.6 Hz, 2H), 1.81 (m, 1H), 1.36 (s, 9H), 1.30 (t, J ) 7.6 Hz,
3H); 13C NMR (CDCl3) δ 167.54, 166.32, 165.14, 146.90, 146.34,
143.87, 130.92, 130.24, 130.06, 129.23, 123.43, 66.43, 60.47,
58.03, 57.93, 52.28, 39.70, 30.48, 28.92, 28.86, 15.89; HRMS
(M + H) C26H32N4O5S calcd 513.2172, found 513.2186. Anal.
(C26H32N4O5S) C, H, N.

N1-(tert-Butyl)-2-[(2S,5R)-2-(4-nitrobenzyl)-3,6-di-
oxo-5-sulfanylmethylhexahydro-1-pyrazinyl]-2-(4-phenyl-
phenyl)acetamide (16): 1H NMR (CDCl3) δ 8.03 (m, 2H),
7.70-7.41 (m, 9H), 7.12 (d, J ) 8.4 Hz, 2H), 6.72 (s, 1H), 5.66
(s, 1H), 5.34 (s, 1H), 4.18 (m, 1H), 4.03 (m, 1H), 3.50 (m, 1H),
3.39 (m, 1H), 2.87 (m, 1H), 1.82 (m, 1H), 1.37 (s, 9H); 13C NMR
(CDCl3) δ 167.34, 166.29, 165.30, 146.96, 143.76, 142.77,
139.63, 131.82, 130.96, 130.58, 129.17, 128.27, 128.23, 127.18,
123.49, 66.50, 60.84, 58.02, 57.93, 52.38, 39.74, 30.43, 28.88;
HRMS (M + H) C30H32N4O5S calcd 561.2172, found 561.2180.
Anal. (C30H32N4O5S) C, H, N.

N1-(tert-Butyl)-2-[(2S,5R)-2-(4-nitrobenzyl)-3,6-dioxo-
5-sulfanylmethylhexahydro-1-pyrazinyl]-2-phenylaceta-
mide (17): 1H NMR (CDCl3) δ 8.02 (d, J ) 8.8 Hz, 2H), 7.48
(m, 5H), 7.06 (d, J ) 8.8 Hz, 2H), 6.47 (s, 1H), 5.58 (s, 1H),
5.31 (s, 1H), 4.08 (m, 1H), 4.00 (m, 1H), 3.48 (m, 1H), 3.33 (m,
1H), 2.85 (m, 1H), 1.76 (m, 1H), 1.36 (s, 9H); 13C NMR (CDCl3)
δ 167.29, 166.15, 165.23, 146.97, 143.65, 133.15, 130.97,
130.21, 129.91, 129.78, 123.48, 66.82, 60.83, 58.02, 52.35,
39.62, 31.55, 30.47, 28.86; HRMS (M + H) C24H29N4O5S calcd
485.1859, found 485.1853. Anal. (C24H29N4O5S) C, H, N.

Supporting Information Available: Figures presenting
proteolytic activity of ACL0938. This material is available free
of charge via the Internet at http://pubs.acs.org.
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