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A comprehensive screening of N-acylated aziridine (aziridide)
based cysteine protease inhibitors containing either Boc-Leu-Caa
(Caa=cyclic amino acid), Boc-Gly-Caa, or Boc-Phe-Ala attached
to the aziridine nitrogen atom revealed Boc-(S)-Leu-(S)-Azy-(S,S)-
Azi(OBn), (18a) as a highly potent cathepsin L (CL) inhibitor (K;=
13 nm) (Azy = aziridine-2-carboxylate, Azi= aziridine-2,3-dicarbox-

Introduction

Cysteine proteases are widespread among living organisms.
The majority of cysteine proteases belong to the C1 family
(papain family) of the clan CA™? This family consists of a
broad variety of proteases such as plant proteases (such as
papain), mammalian proteases (such as cathepsins B, H, L, S, C,
K, O, F V, X, and W), and proteases of parasitic protozoans
(such as rhodesain from Trypanosoma b. rhodesiense, cruzain
from Trypanosoma cruzi, the falcipains of Plasmodium falcipa-
rum, as well as Leishmania proteases, which are referred to as
CPB, CPA, and CPC enzymes).” Based on sequence similarity,
CAC1 cysteine proteases have been divided into two subfami-
lies designated as cathepsin L-like (including mammalian cath-
epsins L, K, S, protozoan falcipains, rhodesain, cruzain, and
Leishmania CPA and CPB proteases) and cathepsin B-like (in-
cluding cathepsin B and Leishmania CPC proteases). According
to functional aspects these proteases can also be divided into
endo- and exopeptidases; the latter class can be further
broken down into carboxy- and aminopeptidases. Whereas
cathepsin L is a pure endopeptidase, cathepsin B additionally
exhibits the activity of a carboxypeptidase, cleaving dipeptides
from the C termini of substrate proteins (peptidyl dipeptidase).

From previous studies, two peptidic aziridide (N-acylated
aziridine) based inhibitors that exhibit a certain selectivity for
cathepsin L over cathepsin B (Table 1, compounds VI, VIIl, and
IX) were discovered in our research group.'” These com-
pounds contain either a Leu-Gly (in VIl and VI or a Gly-Pro
(in IX)' sequence attached to the aziridine nitrogen atom.
Furthermore, it is known that aziridine-2,3-dicarboxylates that
contain a Boc-Phe-Ala sequence have superior inhibitory activi-
ty than those containing only Boc-Phe attached to the aziri-
dine nitrogen atom (Table 1, compounds IV and V versus 1).'?
Furthermore, it was shown that replacement of the ester
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ylate). Docking studies, which also accounted for the unusual
bonding situations (the flexibility and hybridization of the aziri-
dides) predict that the inhibitor adopts a Y shape and spans
across the entire active site cleft, binding into both the non-
primed and primed sites of CL.

groups by acids at the three-membered ring may lead to en-
hanced inhibitory potency (Table 1, compounds II and Il
versus I, compound VI versus IV and V, and compound VIl
versus VII).'? Based on these preliminary findings, it was the
aim of this study to elucidate the essential features for im-
proved inhibitory activity against cathepsin L.

Thus, we developed a series of aziridide-based cysteine pro-
tease inhibitors"™ that consist of either ethyl esters, benzyl
esters, or acid groups at the three-membered ring, and an N-
protected cyclic amino acid (Caa) or a dipeptide sequence
(Boc-Gly-Caa, Boc-Leu-Caa, Boc-Phe-Ala) attached to the aziri-
dine nitrogen atom (Figure 1). The specificity of inhibition with
respect to the configurations of the amino acids and the aziri-
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Table 1. Inhibitory activities of aziridinyl peptides containing natural S-configured amino acids.

Compd Aziridine R' R? R3@ Cathepsin L* Cathepsin B®
Config.
K; [um] Kong (M~ min~"] K; [um] Kong M~ min~"]
| SS Et Et Boc-Phe nd 65 nd 125
I SS+RR H Et Boc-Phe nd 188 680 1230
n SS+RR H H Boc-Phe 27 38081 nd 807
v SS Et Et Boc-Phe-Ala 110 469 nd 455
\" SS+RR Bn Et Boc-Phe-Ala nd 281 nd 443
Vi SS+RR H Et Boc-Phe-Ala nd 843 nd 676
Vil SS+RR Bn Et Boc-Leu-Gly 9 3237 nd 240
2 13030 (CL P9)
-Leu- 81 766
Vil SS+RR H Et Boc-Leu-Gly d 10950 (CL h)
nd 10726 (CL P19
-Gly- 261
IX SS+RR Bn Et Cbz-Gly-Pro nd 10005 (CL h)¥ nd 615
[a] All amino acids are S-configured. [b] Values from Refs. [10] and [12]; nd: not determined. [c] CL Pt: cathepsin L from P. tetraurelia. [d] CL h: human liver
cathepsin L.
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Boc-protected N . . .
amino acid calculations and various docking
Gly  Leu Phe . )
o settings were used to find the
N N method that best describes this
cyclic amino "D NS N N N 4-7 N unusual bonding situation.
acid (Caa) )‘V"”
Oﬁ/ Azy Azet Pro Pip Nip  Ini Ala
electrophilic N N, cor R=Et AZ(OE, Results and Discussion
. VA e R =Bn Azi(OBn),
group (Azi) RO.C .
2 R=H Azi(OH), Syntheses
[ The inhibitors™ were prepared
H through  successive coupling
Boc. 0o Boc (Scheme 1: b, d, ) or fragment
H [Nj&-Y HN™ ~O coupling (Scheme 1: ¢) of Boc-
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Boc-Leu(Gly)-Caa-Azi series

Figure 1. Structures of the Gly-Caa-, Leu-Caa-, and Phe-Ala-containing aziridinyl peptides.

dine ring was investigated by including all possible stereoiso-
mers. Thus, a series of proline-, proline-mimetic-, and Phe-Ala-
containing aziridinyl peptides and peptidomimetics were syn-
thesized.

The compounds were tested against cathepsinL (CL) and
cathepsin B (CB), the prototypes of cathepsin L-like and cathe-
psin B-like cysteine proteases. The inhibition mechanism was
clarified by using a biotinylated inhibitor. To elucidate the
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zyl  aziridine-2,3-dicarboxylate.
The latter two compounds were
prepared stereoselectively as
published recently.™ Dipeptides
for fragment coupling were syn-
thesized by using standard peptide coupling procedures
(Scheme 1: a).'" These dipeptides were coupled with the aziri-
dine building block with the EEDQ procedure to give aziridinyl
tripeptides (Scheme 1: c). Successive coupling was carried out
by coupling the aziridine with the symmetric anhydrides of
Boc-protected amino acids under DMAP catalysis (Scheme 1:
b). In the cases of the B- and y-amino acids Nip and Ini the
DPPA procedure could be applied to acylate the aziridine nitro-

1127

www.chemmedchem.org


www.chemmedchem.org

MED

T. Schirmeister et al.

o R o reROL with the glycine-containing di-
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Scheme 1. Synthetic pathways to aziridinyl di- and tripeptides: a) for Boc-Phe-Ala: Boc-Phe-OSuc, Ala, NaOH, H,0/
THF; for Boc-Gly-Caa: Boc-Gly-NCA, CaaOBn, subsequently H,/Pd-C; for Boc-Leu-Caa: Boc-Leu, DCC, HOBt, subse-
quently H,/Pd-C; b) for Boc-Nip and Boc-Ini: DPPA, TEA (Method B); for all other amino acids: DCC, DMAP (Meth-
od A); ) EEDQ (Method C); d) TFA, CH,Cl, (Method B); e) Boc-Xaa, DPPA, TEA (Method B); f) H,/Pd-C (Method D).

gen atom with a Boc-protected amino acid. The resulting aziri-
dinyl dipeptides were then deprotected by TFA (Scheme 1: d).
Subsequent coupling with DPPA resulted in aziridinyl tripep-
tides (Scheme 1: e). The N-acylated aziridine-2,3-dicarboxylic
acids were prepared by hydrogenolysis of the corresponding
dibenzyl esters (Scheme 1: f).

During the synthesis of pipecolic acid (Pip) containing aziri-
dinyl tripeptides, cleavage of the aziridide bond of the aziridin-
yl peptides (such as 3¢c) was observed if TFA was used for Boc
deprotection (Scheme 2). Therefore, the corresponding Cbz-
protected aziridinyl peptide 4c was used to allow the more
gentle hydrogenolytic cleavage of the Cbz group. The depro-
tected aziridinyl dipeptide, which was obtained in 60% yield,
was then directly coupled with Cbz-Leu by using the EEDQ
method. However, the sole product of this reaction was the
aziridine N-acylated with Cbz-Leu (compound 7c) which sug-
gests that the deprotected Pip-containing aziridinyl peptide is
unstable (Scheme 2). Fragment coupling of the aziridine-2,3-di-
carboxylate with Boc-Leu-Pip or Boc-Gly-Pip was successful

N .CO,Et
EtO,C
Cie 4e EtO,C

TFA / CH,CI,
3¢, X =Boc

O + CO,Et
EtO,C

OH

Scheme 2. Reactions of pipecolic acid (Pip) containing aziridinyl dipeptides. Reaction of Boc-protected di-
peptide 3 ¢ with TFA yields Pip aziridine-2,3-dicarboxylate (Azi). Deprotection of the Cbz-protected dipep-
tide 4 ¢ with H,/Pd-C yields the deprotected compound as intermediate. This dipeptide, however, is unsta-
ble, and coupling with Cbz-Leu results in the Cbz-Leu-containing dipeptide 7 c as sole product.
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synthesis of aziridinyl dipeptide
Cbz-Azet-Azi(OEt), 1c+d; the
benzyl ester AzetOBn was used
for synthesis of the dipeptide
Boc-Leu-AzetOH, which was
then coupled to the respective
aziridines leading to the aziri-
dinyl tripeptides Boc-Leu-Azet-
Azi(OEt), 11c+d and Boc-Leu-
Azet-Azi(OBn), 12a+b. Racemic nipecotic acid benzyl ester
was prepared by hydrogenation of nicotic acid, Boc protection,
esterification with benzyl alcohol, and finally deprotection with
TFA. As the cyclic amino acids Azet, Pip, and Nip were used as
racemates for coupling with the enantiomerically pure aziri-
dines, the aziridinyl di- or tripeptides were obtained as diaste-
reomeric mixtures. In three cases (Pip-containing aziridinyl di-
peptides 3a and 3b, 3c and 3d, and 4c and 4d),"” the single
diastereomers could be separated by preparative-scale column
chromatography. Coupling of racemic Boc-Gly-(R+ S)-Pip with
(5,5)-Azi(OBn), yielded the homochiral diastereomer (Boc-Gly-
(S)-Pip~(S,5)-Azi(OBn),, 15a) exclusively."”

Table 2 summarizes the synthesized aziridinyl tripeptides
containing a cyclic amino acid (Caa) and the aziridine building
block as diethyl or dibenzyl dicarboxylate (the structures of
aziridinyl dipeptides 1-7 are summarized in the Supporting In-
formation). Phe-Ala-containing aziridinyl tripeptides are sum-
marized in Table 3. Aziridinyl tripeptides containing cyclic
amino acids and the free aziridine-2,3-dicarboxylic acids are

shown in Table 4. The tables also con-
tain the dissociation constants K; de-
termined with cathepsins L and B.

Cbz\N O
Ho\ Enzyme inhibition and elucidation
A COE of inhibition mechanism
EtO,C 7
[

All inhibitors were tested in fluorimet-
ric microplate assays on the CACI
proteases cathepsin L and B using the
substrate Cbz-Phe-Arg-AMC. Aziridines
are electrophilic building blocks sus-
ceptible to nucleophilic ring opening.
Hence, the enzymes should be inhibit-
ed irreversibly, in which case time-de-
pendent inhibition would be expect-
ed. However, in most cases only time-
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showed time-independent in-

Table 3. Inhibition of CL and CB by Boc-Phe-Ala-containing aziridinyl tri-
peptides (Boc-Phe-Ala-(S,5)-Azi(OR),).
Compd™ Phe Ala R CL CB

Config. Config. K; [um] K [um]
19a S S Bn 16.6+3.9 170+19
19b S R Bn 15.24+2.1 190+13
19e R S Bn 14.7+1.1 ni
19f R R Bn 21.6+4.1 250412
20a S S H 153410 183+0.7"
20b S R H 17.84+0.9 106 +10
20e R S H ni@ 160+12
20f R R H 26.0+1.9 174+10
[a] ni: No inhibition at [I]=140 um. [b] Time-dependent inhibition, 20a:
k;=0.027 £0.001 min~", kypg=1475M""'min~".

Table 2. Inhibition of CL and CB by aziridinyl tripeptides (Boc-Xaa-Caa-Azi(OR),) containing cyclic amino acids. hibition of cathepsin L and the
Compd"™ Xaa Caa Aziridine R Synthetic CL B rela.ted. CACT cysteine Pmtease
Config. Method K; [um] K; Tum] falcipain 2 of the malaria para-
B ; H [20,24]
8a (S-leu  (S)Pro 55s B sCH 77413 i site Plasmodium falciparum.”"
8c (S)-Leu (S)-Pro RR Et S.C. ni@ ni HOWeVer, it was shown by 1) di-
9a+b (S)-Leu (R+S5)-Nip sS Et S.C. 244069 24.044.1 alysis experiments, 2) detection
9c+d (S)-Leu (R+S)-Nip RR Et S.C. 59408 210412 of plasmodial cysteine proteas-
10a (S)-Leu Ini S,S Et S.C. ni ni . . .
Toc (5)Leu Ini RR Et sc. i ni es by affinity labeling after 2D
Mct+d (S)-Leu (R+S)-Azet RR Et FCb 48403 ni gel electrophoresis and Western
12a+b (S)-Leu (R+S5)-Azet 5S Bn FC. 3.840.2 ni blotting, and 3) identification of
13a ©)-Lleu  (5)-Pro 55 B FC ni ni labeled  plasmodial  cysteine
13b (S)-Leu (R)-Pro S,S Bn F.C. 6.0+0.8 ni roteases by mass spectrometr
13¢ (S)-Leu (S)-Pro RR Bn FC. 04+0.29 115418 P . y. o P y
13e (Ri-leu  (S)-Pro 55 B FC. 40+02 ni that the inhibition of the cys-
13f (R)-Leu (R)-Pro S.S Bn FC. ni ni teine proteases was irreversi-
14a Gly (S)-Pro S5, Bn FC. 15.8+1.7 430+19 ble.22% Owing to the fact that
14b Gly (R)-Pro 5,5 Bn FC. 7.1404 326414 the biotin aroup is easily de-
15a Gly (S)-Pip 5.S B FC. 64406 ni group Y
16a+b (S)leu  (R+S)-Nip s5S Bh  FC 44+04 ni tectable, compound 26 is an
16e+f (R)-Leu (R+S)-Nip SS Bn F.C. 42404 ni optimal model compound for
17a+b Gly (R+S)M-Nip 55 Bn  FC. 584014 ni affinity labeling, representing N-
18a (S)-Leu (5)-Azy S.S Bn FC. 0.013+0.001 9.441.19 L .
186 (RI-Leu (5)-Azy ss Bn EC 64404 i acylated aziridine-2,3-dicarboxy-
lates. To evaluate whether the
[a] S,C..: successive peptldle cot.JpImg, Methods A a.nd B de.scrlbefj |r1 .E.xperlm.ent.aI.Sectlon. [b] FC.: fr.agment inhibition by aziridine-2,3-dicar-
coupling, Method C described in Experimental Section. [c] ni: No inhibition at [inhibitor] =140 um. [d] Time-de- ) i X .
pendent inhibition, 13¢: k=0.01+0.001 min", kyg=26115M""min""; 177a+b: k=0.007 = 0.001 Min~", kyg= boxylates is active-site directed,
1145m 'min~"; 9a4b: k=0.02+0.001 min"", ky;y=833m 'min~"; 18a: k=0.02+0.001 min~', k= affinity labeling assays and
1915m 'min~", competition experiments on
cathepsinL were performed
using this model compound

Table 4. Inhibition of CL and CB by tripeptides containing aziridine-2,3-
dicarboxylic acid (Boc-Xaa-Caa-(S,5)-Azi(OH),).

Compd™ Xaa Caa CL CB

Ki [pum] Ki [um]
21a (S)-Leu (S)-Pro 18.7+£1.2 139+12
22a Gly (S)-Pro 159+1.9 88.3 6.5
22b Gly (R)-Pro ni ni
23a+b (S)-Leu (R+5)-Nip 10.1+£0.6 128+8
23e+f (R)-Leu (R+S)-Nip 52.9+43 1344 16"
24a+b Gly (R+S)-Nip ni ni
25a (S)-Leu Ini 17.8+0.8 ni

[a] Time-dependent inhibition, 21a: k;=0.058 min~', k,u=417M 'min~';

22a: k=0.028 min~"; k;ng=317M 'min~"; 23e4f: k=0.054 min~', k,nq=
408 M~ "'min"". [b] ni: No inhibition at [inhibitor] =140 um.

independent inhibition was observed, which is consistent with
previously published work with aziridine-containing inhibi-
tors.?%"! |In these cases only the dissociation constants K;
(Tables 2-4) could be determined instead of the second-order
rate constants k,,,=k/K. From previous experimental®' and
theoretical®*?¥ studies, it is well known that aziridines are far
less reactive toward ring opening by thiolates than the corre-
sponding epoxides. As a consequence, the k; values are very
low. This fact is also corroborated by the present results which
revealed k; values between 0.007 and 0.058 min~".

Previous studies with the biotinylated aziridine-2,3-dicarbox-
ylate (26, termed bADA in reference [24], Figure 2, Table 5) also

ChemMedChem 2006, 1, 1126 - 1141
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Figure 2. Biotinylated 26 (n=1) and desthiobiotinylated 27 (n=0) aziridine-
2,3-dicarboxylates as affinity labels for cysteine proteases. Numbers are refer-
red to in the NMR data.
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Table 5. Inhibition of cysteine proteases by affinity labeling aziridine-2,3-
dicarboxylates.

Compd® n Aziridine CL CB Papain
Config. K [uM] K; [um] K; [um]

26 1 S.S 1.4+0.12 50.5+6.0" 5.840.9

27 0 SS+RR 79+27 nd" 3.8+0.2

[a] For structural details of the compounds see Figure 2. [b] Time-depen-
dent inhibition, k;=0.03640.002 min~', k,,q=720M 'min~". [c] nd: Not
determined.

and E-64, a commonly used irreversible inhibitor that is specific
for the active site of cysteine proteases.” In addition, the cor-
responding desthiobiotinylated inhibitor 27 was tested
(Figure 2, Table 5) which is supposed to exhibit a weaker bind-
ing affinity to streptavidin.’® The results of these assays are
shown in Figures 3 and 4.

1 2 1 2
A) —— B)
118 - 118 -
86- 86 -
8 47- it 8 47-
& -
= 34- = 34-
L
26- [ = 26 -
19- & 19 -

Figure 3. Affinity labeling of cathepsin L by the biotinylated model com-
pound 26. Cathepsin L was incubated with compound 26 (lanes 2). Untreat-
ed cathepsin L served as a control (lanes 1). Samples were subjected to SDS-
PAGE and stained with A) silver nitrate or B) electrotransferred to a mem-
brane for affinity labeling using a streptavidin-alkaline phosphatase conju-
gate. Standards M, values are indicated at left.

Figure 3 shows that compound 26 binds to cathepsin L irre-
versibly. The resulting complex was detectable on Western
blots after SDS-PAGE. The biotin group of compound 26 is ac-
cessible for alkaline-phosphatase-conjugated streptavidin, lead-
ing to a strong labeling of enzyme-inhibitor complexes on the
blotting membrane. Accordingly, untreated cathepsin L does
not result in any label on the membrane. As shown in the
competition experiment (Figure 4), the binding of compounds
26 and 27 occurs specifically at the active site of the enzyme.
Cathepsin L was only detected by affinity labeling when incu-
bated with compound 26 or 27 prior to adding the inhibitor E-
64 (Figure 4 A). These results clearly show that cathepsin L is in-
activated irreversibly despite the observed time-independent
inhibition. The inhibitors are directed against the active site of
the enzyme as they do compete with E-64.
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M, /KkDa
«

19 -

Figure 4. Competitive binding of compounds 26 and 27 and E-64 to cathe-
psin L. Cathepsin L (CL) was incubated with E-64 alone (lane 1) at 22°C for
10 min and subsequently incubated with compound 26 (lane 2) or com-
pound 27 (lane 3) at 22°C for 30 min. In addition, cathepsin L was incubated
first with the compounds 26 (lane 4) or 27 (lane 5) and then incubated with
E-64. Samples were subjected to SDS-PAGE and A) electrotransferred on a
PVDF membrane for affinity labeling using streptavidin-alkaline phosphatase
conjugate or B) stained with silver nitrate. Note that the enzyme was labeled
only when the compounds 26 or 27 were present prior to E-64 treatment
(lanes 4 and 5).

Inhibition activity

Strikingly, most aziridinyl dipeptides are inactive or only weakly
active on both CL and CB (see Supporting Information). The
only exception is the Cbz-Leu-containing compound 7 ¢, which
exhibits a K; value of 0.3 um for CL. With the exception of tri-
peptide 20a, which is equipotent toward both enzymes (K=
15.3 um (CL), 18.3 um (CB); Table 3), all active compounds are
selective CL inhibitors. Several compounds that are inactive
toward CB up to concentrations of 140 um possess affinities
for CL in the low micromolar range (K;< 10 pum). These include
the Cbz-Leu-containing dipeptide 7 c (K;=0.3 um) and some of
the Leu(Gly)-Caa-containing tripeptides shown in Table 2 (8a,
11c+d, 12a+b, 13b, 15a, 16a+b, 16e+f, 17a+b, and
18e). Interestingly, the Ini-containing diesters 10a and 10c are
inactive, and the corresponding diacid 25a is only moderately
active toward CL (K;=17.8 um). Most of the Phe-Ala-containing
inhibitors also exhibit some activity toward CB which means
that these compounds are not selective (Table 3). This behavior
is in agreement with previous findings."” Within this series,
the dibenzyl esters (compounds 19) show an approximate ten-
fold selectivity in favor of CL. A slight improvement in inhibito-
ry potency against CB is found when the diesters 19 are con-
verted into diacids 20; compound 20a is the most active CB
inhibitor (K;=18.3 um), as it is tenfold more potent than its di-
benzyl ester counterpart 19a. Within the other series, only the
diacids Boc-(S)-Leu-(S)-Pro-(S,S)-Azi(OH), (21a) and (R)-Leu-(R+
S)-Nip-(S,5)-Azi(OH), (23e+f) are better inhibitors than their
corresponding diesters (8a, 13a; 16e+f). This again holds
true only for CB, and not for CL. In all other cases, the acid
groups do not enhance inhibitory activity (17a+b versus
24a+b, 14a versus 22a, 14b versus 22b, 9a+b and 16a+b
versus 23a+b). No general trend can be found for CL with re-
spect to the different ester moieties (ethyl versus benzyl: 8a
versus 13a, 8c versus 13¢c, 9a+b versus 16a+b). For CB the
differences between the diethyl esters 9a+b and their corre-
sponding dibenzyl esters 16a+b (Table 2) are remarkable.

ChemMedChem 2006, 1, 1126 - 1141
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Whereas the diethyl esters are moderately active, the dibenzyl
esters no longer exhibit inhibitory potency against CB. On the
other hand, both esters are equipotent against CL.

Three compound pairs differ only in the configuration of the
aziridine ring: 8a versus 8¢, 9a+b versus 9c+d, and 13a
versus 13¢). In accordance with previous results,"® the S,5-con-
figured diethyl esters 8a and 9a+b are superior to their R,R-
configured diastereomeric counterparts. Unexpectedly, and in
contrast to this, the dibenzyl ester 13 ¢, with an R,R-configured
aziridine moiety is far more active than its diastereomer 13a.
This dibenzyl ester (13 ¢, Boc-(S)-Leu-(S)-Pro-(R,R)-Azi(OBn),, K=
0.4 um) is the most active compound within the Leu-Pro and
Gly-Pro series which is in agreement with the results obtained
for the cathepsin L-like protease rhodesain (K;=0.5 um)."?

All Nip and Azet-containing inhibitors were tested as diaste-
reomeric mixtures. Most of these compounds (9a+b, 9c+d,
16a+b, 16e+f, 23a+b, 23e+f, 11c+d, 12a+b, 17a+b,
and 23 a+b) have dissociation constants in the low micromo-
lar range, possibly because of a relatively high activity of one
of the diastereomers.

The striking aspect of these results is the fact that most of
the X-Leu(Gly)-Caa-containing aziridinyl tripeptides are highly
CL-selective, whereas the Boc-Phe-Ala-containing derivatives
are not. In contrast to cathepsin L, inhibition of cathepsin B is
improved when diesters are replaced by diacids.

The most potent compound is the Azy-containing inhibitor
18a, with KK=13 nm toward CL and 9.4 um toward CB which
gives a CL/CB selectivity of >700. This compound is also one
of the most potent inhibitors of the CL-like parasite proteases
rhodesain (K;=0.3 um),"® and falcipains 2 and 3.*” With the
aziridine-2-carboxylate moiety, (Azy) this compound not only
possesses the smallest heterocycle of the Caa series leading to
a particular conformation, but also possesses a second electro-
philic center which can be attacked by the active site Cys resi-
due. The diastereomeric inhibitor 18 e, which contains (R)-Leu,
is about 500-fold less potent against cathepsin L and does not
inhibit cathepsin B.

Theoretical studies, investigation of binding modes

Because a covalent and irreversible inhibition mechanism was
elucidated, theoretical studies to investigate enzyme-inhibitor
interactions have to take into account both noncovalent com-
plex formation between enzyme and inhibitor (characterized
by K) and nucleophilic ring opening by the active site cysteine
residue (characterized by k). The latter step can only be treated
accurately by using quantum chemical methods. However, the
first step, that is, the formation of the noncovalent complex,
can be addressed by docking methods. Hence, the docking
tool FlexX?*?*' was used to investigate the binding mode of
the most active CL inhibitor 18a. In addition, the probable
binding mode of the less active diastereomer 18 e was investi-
gated.

The structure of CL (PDB code: 1TMHW®®) was taken from
published X-ray crystallographic structures. As no 3D structure
is published yet for the commercially available CL from Para-
mecium tetraurelia,®?"" the X-ray crystallographic structure of
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human CL®" was used for docking. This was done because
previous studies showed that the inhibitors are equipotent
toward both enzymes (see also Table 1).'"” Moreover, a se-
quence alignment between human and Paramecium CL forms
showed high sequence homology with a difference of five resi-
dues in the binding site (see Supporting Information).®?

It is reasonable to assume that the initial complex formed
between enzyme and inhibitor is driven mainly by noncovalent
interactions. Ring opening and the formation of the covalent
bond can only occur if the aziridine ring of the inhibitor is di-
rected close to the sulfur atom of the active site cysteine resi-
due by the remainder of the molecule. Hence, to check wheth-
er the inhibitor is placed in the active site in a way that allows
reaction with the enzyme, the ring-closed compounds were
docked into the binding site. Furthermore, the influence of the
Cys 25 sulfur atom was removed to check whether the aziridine
ring could approach this atom reasonably close (a validation of
this procedure can be found in the Supporting Information). In
this way, a simulation of the pre-transition state was attempt-
ed. With standard FlexX settings, the bond between the aziri-
dine nitrogen atom and the carbonyl carbon atom in the N-
acylated aziridine is rebuilt with a dihedral angle of 180°. How-
ever, it is known that N-acylated aziridines (aziridides) do not
possess a planar amide structure, but a tilted one® that mir-
rors the partial sp® character of the aziridine nitrogen atom.
For estimating the dihedral and the out-of-plane angles, quan-
tum chemical calculations on several N-acylated model aziri-
dines were carried out (see Supporting Information). To gain
insight into the barriers between the particular structures
(planar versus tilted), calculations of the flexibility of the aziri-
dide bond were performed.

Independent of the substituents at the carbonyl group, a di-
hedral angle of about 115° and an out-of-plane angle of about
50° were found. The barrier between the tilted (dihedral
X (C'—C2-N-C)=115°, for which C' and C? denote the carbon
atoms of the aziridine ring) and planar (dihedral X(C—C—N—
C)=180°) conformation was predicted to be only 4 kcalmol™.
This energy could easily be compensated for by binding of the
inhibitor to the enzyme through the formation of two hydro-
gen bonds, for example. In contrast to this, the barrier in an N-
alkylated model aziridine (N-methyl, X (C—C—N—-C)=107°) was
predicted to be 17 kcalmol™'. Both the magnitude of the dihe-
dral angles and the low barriers between tilted and planar con-
formation in aziridides reflects the hybridization of the aziridine
nitrogen atom as partially sp? and partially sp*. This shows that
the docking results determined with standard settings, where
the aziridide bonds are planar, are not necessarily wrong but
could as well reflect reasonable binding conformations. Hence,
both geometries (tilted and planar) were docked. In addition
to that, sp? and sp® hybridization parameter settings for the
aziridine nitrogen atoms were examined, as it is not a priori
clear which combination would yield the most sensible re-
sults.® The necessary changes to the docking methods are
given in the Experimental Section. Because 18a and 18e con-
tain a second N-acylated aziridine (Azy) which is substituted
only on one ring carbon atom, two diastereomeric structures
are possible (18a; and 18a; designated according to the con-
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figuration of the Azy nitrogen atom). Again, both diastereo-
mers were docked to take into account the flexibility of the
Azy aziridide as shown by the quantum chemical calculations.

Results of the docking studies are shown in Figure 5. The re-
sults of the docking for the planar aziridide structure of 18a
(18 @ynar) (Obtained by using sp® hybridization parameter set-

Figure 5. Overlay of docking results for the noncovalent pre-transition state
of the binding of inhibitor 18a to CL. yellow: 18a, (N: sp®), orange: 18 a
(N:sp®, cyan: 18a, (N: sp?), white: 18a, (N: sp?). The surface of the protein
is colored according to its molecular lipophilic potential (blue: hydrophilic,
green: intermediate, brown: lipophilic). N: sp® means that sp* parameter set-
tings were applied in FlexX; N: sp> means that sp® parameter settings were
applied in FlexX.

tings at both aziridine nitrogen atoms) and for the tilted aziri-
dide structure of 18e (obtained by using sp® hybridization pa-
rameter settings for both aziridine nitrogen atoms) can be
found in the Supporting Information. The interaction pattern
between inhibitor and protein, as well as the distance between
the aziridine carbon atoms and the active site sulfur atom (the
position of the Cys S atom was taken from the X-ray crystallo-
graphic structure PDB code: 1TMHW) were determined for the
docked compounds (for a detailed description, see Supporting
Information).

Independent of the configuration of the inhibitor (18ag
planar) @nd independent of the parameterization of the aziridine
nitrogen atom with respect to the hybridization state, a bind-
ing mode in which the inhibitor is predicted to bind into both
the primed and nonprimed substrate binding sites is found for
the interaction of 18a with CL (Figure 5). Either one benzyl
ester or the isobutyl group of the N-terminal Boc-Leu residue
is located in the hydrophobic S2 pocket, which consists of the
amino acids Met70, Ala135, Ala214, and Met161. The second
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benzyl ester binds into the S1° pocket (Ala138, Asp162,
His 163, and Trp 189). If the planar structure is docked, the Boc
group binds into the S1’ pocket. The Boc-Leu-Azy sequence in-
teracts with the S2' pocket (GIn19, Gly20, GIn21, Cys22, and
Gly23) through Hbonds to GIn19 (side chain NH, group),
Gly20 (backbone C=0), or Cys22 (backbone NH). Among the
different configurations of 18a (18 agpianar), 18as seems to be
most plausible. This binding mode is stabilized by a large
number of Hbonds between enzyme and ligand (seven
H bonds, mainly to residues in the S2" pocket, namely GIn19,
Gly 20, and Cys22) and hydrophobic interactions between the
ligand OBn moieties and Met 70 (S2), Trp 189, and Ala138 (S1').
According to the different docking results, it is not possible to
predict which aziridine ring carbon atom will most likely be at-
tacked by the active site Cys sulfur atom. Based on the results
obtained for 18ag (N: sp?) it is most likely to be one of the Azi
carbon atoms (the distances between the Cys S atom and the
aziridine ring carbon atoms are: Azi—C? 3.38 A; Azi—C3, 4.85 A;
Azy—C?, 5.13 A; Azy—C3, 4.88 A; for a detailed analysis of all
docking poses obtained, see Supporting Information). Howev-
er, according to the results obtained with the sp? hybridization
parameter setting (N:sp? it is most likely the Azy—C? carbon
atom (distance from Cys S: 2.44 R) B3

The docking results obtained with 18e, which only differs
from 18a in the configuration of the N-terminal Leu residue,
also predict binding into primed and nonprimed sites of CL
(benzyl into S1’, second benzyl into S2, Boc-Leu-Azy into S2/,
see Supporting Information). However, a comparison of the
binding mode of 18e with 18a shows that as a result of the
inverted configuration of the Leu residue, the isobutyl side
chain of the Leu residue of 18 e does not make contact to the
surface of the S2' pocket, but points into the space between
S2’ and S1” without any contacts to an amino acid side chain
of the protein. This probably explains the decreased inhibition
potency.

Summary

A comprehensive series of aziridine-type cysteine protease in-
hibitors with the aziridine nitrogen atom acylated either with
Boc-Leu-Caa, Boc-Gly-Caa, or Boc-Phe-Ala were synthesized.
Cyclic amino acids (Caa) of varying ring size and position of
the nitrogen atom were used (Azy, Azet, Pro, Pip, Nip, Ini). The
compounds also differ in the configurations at all chiral centers
and in the substituents at the aziridine-2,3-dicarboxylic acid
moiety (acid, diethyl ester, dibenzyl ester).

The compounds were tested against the CAC1 proteases CL
and CB. Affinity labeling studies of CL with biotinylated model
compounds were performed to confirm the irreversible and
active-site-directed inhibition mechanism. Most of the tripepti-
des containing a cyclic amino acid in combination with a di-
benzyl ester moiety are highly selective for CL, whereas the
Phe-Ala-containing inhibitors are not.

The most potent inhibitor is Boc-(S)-Leu-(S)-Azy-(S,S)-Azi-
(OBn), 18a with a K; value of 13 nm for CL. To elucidate the
possible binding mode of 18a and its less active diastereomer
18e, these compounds were docked with FlexX into CL. The
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docking results predict a near perfect fit of 18a into the S2,
ST, and S2’ subsites of CL which explains the high-affinity in-
teraction. As 18a is also one of the most potent rhodesain™
and falcipain inhibitors®” within the presented series, a similar
prediction of the binding mode for these CL-like enzymes is
expected.

Abbreviations

AMC 7-amino-4-methylcoumarin

Azet azetidine-2-carboxylic acid

Azi aziridine-2,3-dicarboxylic acid

Azy aziridine-2-carboxylic acid

Bio biotin

Bn benzyl

Boc tert-butyloxycarbonyl

Caa cyclic amino acid

CAC1 clan CA family C1 cysteine proteases

CB cathepsin B

Cbz benzyloxycarbonyl

cc column chromatography

CL cathepsin L

config.  configuration

DCC N,N-dicyclohexylcarbodiimide

DMAP 4-dimethylaminopyridine

DMF N,N-dimethylformamide

DPPA diphenylphosphoryl azide

DsBio desthiobiotinyl

E-64 (((2S,35)-epoxysuccinyl-(S)-leucyl)amino)-4-guanidi-
nobutane

E-64c (25,35)-3-(1-(N-(3-methylbutyl)amino)-(S)-leucylcar-
bonyl)oxirane-2-carboxylic acid

EEDQ 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline

F fluorescence units

HOBt 1-hydroxybenzotriazole
HOSuc  N-hydroxysuccinimide
Hxa 6-aminohexanoic acid
Ini isonipecotic acid

Nip nipecotic acid

NCA N-carboxyanhydride
Pip pipecolic acid

TEA triethylamine

TFA trifluoroacetic acid

Xaa any amino acid

Supporting Information

Structures and analytical data of aziridinyl dipeptides 1-7,
purity of the inhibitors, inhibition data for compounds 1-7, re-
sults and discussion of the homology modeling, results of the
quantum chemical calculations, detailed analysis of the binding
modes obtained with the different parameters, validation of
the docking procedure, and further docking results are pre-
sented in the Supporting Information.
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Experimental Section

General information: HR ESI mass spectra were recorded on a
FTICR mass spectrometer APEX Il, Bruker. NMR spectra were record-
ed on an AVANCE 400 MHz spectrometer from Bruker Biospin
GmbH, Germany (solvent: CDCl;, 'H NMR: 400.13 MHz; "*C NMR:
100.61 MHz). IR spectra were recorded on a PharmalyzIR FTIR spec-
trometer from BioRad, USA. o Values were determined on a 241
polarimeter from PerkinElmer, USA. CHN analyses were determined
with a CHNS-932 instrument, Leco, USA. Column chromatography
was performed with silica gel 60 from Merck (0.063-0.2 mm or 70—
230 mesh). For TLC, alumina sheets from Merck coated with silica
gel 60 F,s, were used. All solvents were purified and dried prior to
use according to standard literature procedures. All reactions were
performed in a N, atmosphere under strict exclusion of humidity.
Cathepsin L (P. tetraurelia) and cathepsin B (recombinant, human
liver) were purchased from Calbiochem. Cbz-Phe-Arg-AMC was
purchased from Bachem.

General synthetic methods: Method A: N-acylation of aziridine-2,3-
dicarboxylates with symmetric anhydrides. 290 mg (1.1 mmol) DCC
are added to an ice-cooled solution (0°C) of 2.2 mmol N-protected
amino acid in 10 mL CH,Cl,. After stirring for 60 min, dicyclohexy-
lurea is filtered off, and 1 mmol aziridine-2,3-dicarboxylate is added
together with a catalytic amount of DMAP (0.1 equiv). The reaction
mixture is allowed to warm at room temperature. After 3-12 h stir-
ring (reaction control by TLC) the solvent is removed in vacuo,
50 mL EtOAc are added, and the mixture is stirred for 1 h. Precipi-
tated dicyclohexylurea is filtered off, the filtrate is washed with 2%
Na,CO,;, water, and brine. The residue remaining after removal of
the solvent is purified by cc.

Method B: N-acylation of aziridine-2,3-dicarboxylates or aziridinyl di-
peptides with DPPA. 303 mg (1.1 mmol) DPPA are added at 0°C to a
solution of 1 mmol carboxylic acid and 1 mmol aziridine-2,3-dicar-
boxylate or N-deprotected aziridinyl dipeptide in 5mL DMF.
2 equiv TEA dissolved in 3 mL DMF are added dropwise over a
period of 30 min. The mixture is stirred for 12 h at 0°C, then 50 mL
EtOAc are added, and the solution is washed with water, saturated
NaHCO;, and brine. The residue remaining after removal of the sol-
vent is purified by cc.

For the preceding deprotection of aziridinyl dipeptides, 1 mmol
Boc-protected aziridinyl dipeptide is dissolved in CH,Cl/TFA (5:1).
After stirring for 30 min, the solvents are removed in vacuo, and
the residue is dissolved in CH,Cl,. The solvent is removed again,
and this procedure is repeated twice to remove residual TFA. The
resulting TFA salt is used for coupling with an N-protected amino
acid using DPPA as coupling reagent as described above.

Method C: coupling with EEDQ. 248 mg (1 mmol) EEDQ are added
to a solution of 0.5 mmol aziridine-2,3-dicarboxylate and 1 mmol
N-protected dipeptide in 2 mL DMF or CH,Cl,. After 5 days stirring
at room temperature, the mixture is diluted with 50 mL EtOAc and
washed with 2% Na,CO;, water, and brine. The residue remaining
after removal of the solvent is purified via cc.

Method D: deprotection of dibenzyl esters. 10 pmol of the respective
dibenzyl ester are dissolved in EtOAc and 20 mg Pd-C are added.
The mixture is stirred, evacuated, and put under a stream of H,.
The reaction is monitored by TLC. After completion of the reaction
Pd-C is filtered off over celite, the solvent is removed in vacuo, the
remaining residue is recrystallized, and is finally dissolved in DMSO
for enzyme assays.

Synthesized compounds: Aziridine-2,3-dicarboxylates were pre-
pared as published previously."” Dipeptides (Boc-Phe-Ala, Boc-Leu-
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Caa, Boc-Gly-Caa) were synthesized and deprotected prior to cou-
pling with the aziridine according to standard peptide-coupling
procedures (for details, see Scheme 1)." All '"H NMR assignments
were supported by 2D COSY experiments. All *C NMR assignments
were supported by 2D HMBC and HMQC experiments.

Aziridinyl tripeptides: (2S,3S)+ (2R,3R)-2-Benzyl-3-ethyl-1-[N-
benzyloxycarbonyl)-glycyl-(S)-prolyllaziridine-2,3-dicarboxylate
(IX): Method C starting with 1.61 mmol racemic trans-2-benzyl-3-
ethylaziridine-2,3-dicarboxylate!” yielded 358 mg (41%) of a 1:1
mixture of diastereomers IX as a colorless viscous liquid; cc silica
gel 60, cyclohexane/EtOAc 2:1, R;=0.05; [a]X=—41.5 (c=0.27,
EtOH); IR (EtOAc): #=3372, 2953, 1729, 1658, 1441, 1374 cm™;
"H NMR (CDCl;, 400.13 MHz): 6=1.30 (t, J=7.1 Hz, 3H), 1.8-2.2 (m,
3H, 1xpH Pro, 2xyH Pro), 2.2-2.35 (m, 1H, BH Pro), 3.48, 3.52 (2x
d, J=1.95 Hz) and 3.58, 3.61 (2xd, J=1.95 Hz) (together 2H, ring-
H), 3.30-3.60 (m, 2H, 6H Pro), 3.80-4.10 (m, 2H, Gly), 4.20 (d, J=
7.0 Hz, 2H, ester), 4.68 (m, 1H, aH Pro), 5.10 (s, 2H), 5.21 (s, 2H),
571 (bs, 1H, NH), 72-74ppm (m, 10H); *CNMR (CDCl,
100.62 MHz): 6 =13.88 (CH;), 24.26, 24.37 (yC Pro), 28.98, 20.96 (BC
Pro), 39.41, 30.49, 39.94, 40.08 (ring-C Azi), 43.26 (aC Gly), 45.73,
45.85 (0C Pro), 60.64, 60.65 (aC Pro), 62.26, 62.37 (OCH, ethyl),
66.72, 67.82, 67.93 (OCH, benzyl), 127.85, 127.93, 128.35, 128.44,
128.54, 128.57, 128.62, 134.58, 134.65, 136.37, 156.10, 165.54,
165.67, 165.81, 167.00, 167.24, 177.64, 178.50 ppm; EIMS (70 eV):
m/z (%)=>537.2 (2.8) [M*], 91.1 (100); CHN: calcd for C,gHs;,N,0: C
62.56, H 5.81, N 7.82, found: C 63.01, H 5.99, N 7.53.

(2S,35)-Diethyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(S)-prolyl]azi-
ridine-2,3-dicarboxylate, Boc-(S)-Leu-(S)-Pro-(S,5)-Azi(OEt), (8a):
Method B starting with T mmol N-deprotected aziridinyl dipeptide
yielded 286 mg (57 %) 8a as colorless viscous liquid; cc silica gel
60, cyclohexane/EtOAc 2:1, R;=0.16; [a]2’ = —45.9 (c=1.01, CHCl);
IR (neat):#=3325, 1735, 1704, 1645, 1441, 1368, 1253, 1192, 1165,
1125, 1026, 735 cm™'; "H NMR (CDCl;, 400.13 MHz): 6=0.72 (d, J=
6.7 Hz, Leu-0’ CH,;, 3H), 0.77 (d, J=6.5 Hz, Leu-6 CH;, 3H), 1.09 (t,
J=7.2Hz, 2xCH,;, 6H), 1.14-1.32 (m, Boc+Leu-f CH,, 11H), 1.55
(sep., J=6.7 Hz, Leu-y CH, 1H), 1.73-2.07 (m, Pro- +p'+Pro-y+v
CH,, 4H), 3.24 (s, 2xAzi CH, 2H), 3.33-3.44 (m, Pro-0’ CH,, TH),
3.50-3.61 (m, Pro-6 CH,, TH), 3.99-4.11 (m, 2xOCH,, 4H), 4.48 (dt,
J=45, 7.5 Hz, Leu-a. CH, TH), 4.68 (dd, J=4.5 Hz, 7.5 Hz, Pro-a CH,
TH), 5.13ppm (bd, J=9.1Hz, NH Leu, 1H); *CNMR (CDCl,,
100.62 MHz): 6 =13.99 (OCH,-CH,), 21.71 (Leu-&' CH;), 23.37 (Leu-6
CH,), 24.52 (Leu-y CH), 24.85 (Pro-y CH,), 28.32 (Boc), 28.55 (Pro-f3
CH,), 39.60 (Azi CH), 42.11 (Leu-p CH,), 46.70 (Pro-5 CH,), 50.23
(Leu-a. CH), 60.17 (Pro-a. CH), 62.44 (OCH,-CH,), 79.40 (Boc q. (),
155.63 (=0 Boc), 165.78 (C=OEt), 171.83 (N-C=0 Leu), 177.70 ppm
(N-C=0 Pro); HRESIMS: calcd for CyHsoN,O, [M+H']: 498.2815,
found: 498.2813.

(2R,3R)-Diethyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(S)-prolyl]azi-

ridine-2,3-dicarboxylate, Boc-(S)-Leu-(S)-Pro-(R,R)-Azi(OEt), (8c):
Method B starting with T mmol N-deprotected aziridinyl dipeptide
yielded 207 mg (42%) 8c as yellowish viscous liquid; cc silica gel
60, cyclohexane/EtOAc 2:1, R;=0.23; [a]2 =—39.8 (c=1.52, CHCl,);
IR (neat):#=1740, 1709, 1646, 1503, 1429, 1368, 1252, 1166, 1028,
915, 644 cm™'; '"H NMR (CDCl;, 400.13 MHz): 6=0.88 (d, J=6.7 Hz,
Leu-d’ CH,;, 3H), 093 (d, J=6.4Hz, Leu-6 CH,;, 3H), 1.24 (t, J=
7.1 Hz, 2xCH,, 6H), 1.27-1.45 (m, Boc+Leu-3 CH,, 11H), 1.7 (sep.,
J=6.8 Hz, Leu-y CH, 1H), 1.84-2.30 (m, Pro-B+p'+Pro-y+vy" CH,,
4H), 3.50 (s, 2xAzi CH, 2H), 3.51-3.59 (m, Pro-0’ CH,, 1H), 3.65-
3.77 (m, Pro-6 CH,, 1H), 418 (q, 4H, J=7.2 Hz, 2x OCH,), 4.38-4.49
(m, Leu-a CH, 1H), 4.67 (dd, J=2.6 Hz, 7.4 Hz, Pro-a CH, 1H),
515ppm (bd, J=9.0Hz, NH Leu, 1H); ™CNMR (CDCl,
100.62 MHz): 6 =13.88 (OCH,-CH,), 21.62 (Leu-&' CH,), 23.22 (Leu-0
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CH,), 24.52 (Leu-y CH), 24.73 (Pro-y CH,), 28.19 (Boc), 28.58 (Pro-f3
CH,), 40.19 (Azi CH), 42.10 (Leu-B CH,), 46.57 (Pro-0 CH,), 50.04
(Leu-a CH), 60.00 (Pro-o. CH), 62.02 (OCH,-CH;), 79.28 (Boc q. (),
15547 (C=0 Boc), 165.92 (EtO-C=0), 171.93 (N-C=O Leu),
179.12 ppm (N-C=0 Pro); HR ESIMS: calcd for C,,H3oN;Oq, [M+H™1:
498.2815, found: 498.2808.

(2S,35)-Diethyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(R+ S)-nipe-
cotyllaziridine-2,3-dicarboxylate, Boc-(S)-Leu-(R+ S)-Nip-(S,S)-Azi-
(OEt), (9a+b): Method B starting with 0.25 mmol N-deprotected
aziridinyl dipeptide yielded 61 mg (48 %) of a 1:1 mixture of diaste-
reomers 9a and 9b as yellowish viscous liquid; cc silica gel 60, cy-
clohexane/EtOAc 2:1, Ri=0.21; (] =+10.4 (c=0.68, CHCl;); IR
(neat): 7=3385, 1731, 1698, 1661, 1518, 1441, 1367, 1327, 1219,
1192, 1167, 1024, 856 cm™~'; '"H NMR (CDCl;, 400.13 MHz): 6=0.78-
1.05 (m, d-Leu CH;, 6H), 1.17-1.49 (m, Boc+5-Nip+f3-Leu CH,+
OCH,CH,, 18H), 1.58-1.86 (m, 4'-Nip+5-Nip CH,+vy-Leu CH, 3H),
2.00-2.21 (m, 4-Nip CH,, 1H), 2.25-2.71 (m, 3-Nip CH, 1H), 2.75-
3.34 (m, 2-Nip+6'-Nip CH,, 2H), 3.35-3.51 (m, CH Azi, 2H), 3.79-
4.10 (m, 6-Nip CH,, 1H), 4.11-4.34 (m, OCH,CH;+2-Nip CH,, 5H),
4.50-4.69 (m, a-Leu CH, 1H), 5.11-539 ppm (m, NH Leu, 1H);
BCNMR (CDCl;, 100.62 MHz): 6 =14.40, 14.34 (OCH,CH,), 23.82,
21.87 (Leu-6 CH;), 24.88 (Leu-y CH), 25.06, 25.00 (5- CH, Nip), 26.94,
26.56 (4-CH, Nip), 28.73, 28.69 (Boc), 40.44, 40.39 (CH Azi), 42.86,
42.61 (Leu-p CH,), 43.68, 43.33 (6-CH, Nip), 44.35, 44.17 (3-CH Nip),
47.29, 4641 (2-CH, Nip), 49.10, 49.00 (a-Leu CH), 63.15, 62.88
(OCH,CH,), 79.57, 79.51 (q. C Boc), 155.65, 155.57 (C=O Boc),
166.78, 166.56 (EtO-C=0), 171.64, 171.39 (N-C=0O Leu), 179.78,
179.52 ppm (N-C=0 Nip); HR ESIMS: calcd for C,sH,N3Og, IM-H1:
512.2972, found: 512.2976.

(2R,3R)-Diethyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(R + S)-nipe-
cotyllaziridine-2,3-dicarboxylate, Boc-(S)-Leu-(R + S)-Nip-(R,R)-
Azi(OEt), (9 c+d): Method B starting with 0.25 mmol N-deprotect-
ed aziridinyl dipeptide yielded 76 mg (60 %) of a 1:1 mixture of dia-
stereomers 9c¢ and 9d as yellowish viscous liquid; cc silica gel 60,
cyclohexane/EtOAc 2:1, Re=0.22; [a]’=-9.3 (c=1.17, CHCL,); IR
(neat): 7=1737, 1707, 1640, 1504, 1445, 1368, 1327, 1270, 1195,
1166, 1129, 1026, 857 cm™'; 'H NMR (CDCl;, 400.13 MHz): 6 =0.78-
0.99 (m, d-Leu CH;, 6H), 1.19-1.52 (m, Boc+5-Nip + -Leu CH,+
OCH,CH,, 18H), 1.57-1.87 (m, 4-Nip+5-Nip CH,+y-Leu CH, 3H),
1.95-2.31 (m, 4-Nip CH,, 1H), 2.30-2.65 (m, 3-Nip CH, 1H), 2.70-
3.29 (m, 2-Nip+6'-Nip CH,, 2H), 3.38-3.47 (m, CH Azi, 2H), 3.76-
3.90 (m, 6-Nip CH,, 1H), 4.02-4.33 (m, OCH,CH;+2-Nip CH, 5H),
442-4.72 (m, a-CH Leu, TH), 5.13-535 ppm (m, NH Leu, 1H);
BCNMR (CDCl;, 100.62 MHz): 6=13.93 (OCH,CH,), 23.28, 21.80
(Leu-0’ CH;), 24.53 (Leu-y CH), 25.26 (5-CH, Nip), 26.76, 26.56 (4-CH,
Nip), 28.29 (Boc), 39.98, 39.88 (CH Azi), 42.85, 42.67 (Leu-p CH,),
43.59, 43.20 (6-CH, Nip), 43.90, 43.64 (3-CH Nip), 46.49, 45.87 (2-CH,
Nip), 48.85, 48.53 (a-Leu CH), 62.59, 62.43 (OCH,CH;), 79.57, 79.51
(9. C Boc), 155.63, 155.55 (C=O Boc), 166.66, 166.57 (EtO-C=0),
171.44, 171.29 (N-C=0 Leu), 179.80, 179.62 ppm (N-C=O Nip); HR
ESIMS: calcd for CysHyyN;Og, IM+H™1: 512.2972, found: 512.2970.

(2S,3S)-Diethyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-isonipecotyl]-

aziridine-2,3-dicarboxylate, Boc-(S)-Leu-Ini-(S,5)-Azi(OEt), (10a):
Method B starting with 0.25 mmol N-deprotected aziridinyl dipep-
tide yielded 72 mg (56%) 10a as colorless viscous liquid; cc silica
gel 60, cyclohexane/EtOAc 2:1, R=0.15; [a|]=+17.7, (c=1.02,
CHCI,); IR (neat): #=1737, 1700, 1640, 1447, 1369, 1327, 1269,
1194, 1167, 1140, 1024, 857 cm™'; 'H NMR (CDCl;, 400.13 MHz2): 6 =
0.86-1.07 (m, 2xCH; O-Leu, 6H), 1.31 (t, J=7.1 Hz, OCH,CH;, 6H),
1.35-1.53 (m, 3xCH; Boc+p-Leu CH,, 11H), 1.59-1.85 (m, 3-Ini+
5"-Ini CH,+v-Leu CH, 3H), 1.89 (bt, J=13.6 Hz, 5-Ini CH,, TH), 2.01
(bd, J=13.3 Hz, 3-Ini CH,, 1H), 2.39-2.53 (m, 4-Ini CH,, TH), 2.76-
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2.89 (dt, J=11.1 Hz, 2.8 Hz, 2"-Ini CH,, 1H), 3.13 (dt, J/=10.9 Hz,
2.2 Hz, 6'-Ini CH,, 1H), 3.49 (s, 2xCH Azi, 2H), 3.88-3.91 (bd, J=
13.6 Hz, 6-Ini CH,, TH), 4.16-4.29 (m, OCH,CH,, 4H), 4.35-4.44 (bd,
J=135Hz, 2-Ini CH,, 1H), 464 (t, J=72Hz, a-Leu CH, 1H),
5.21 ppm (s, NH-Leu, 1H); *C NMR (CDCl;, 100.62 MHz): 6 =14.06
(OCH,CH5), 21.87 (Leu-8' CH,), 23.49 (Leu-6 CH5), 24.70 (y-CH Leu),
27.61 (5-CH, Ini), 28.37 (3x CH; Boc), 28.73 (3-CH, Ini), 39.97 (2xCH
Azi), 41.36 (6-CH, Ini), 42.90 (B-CH, Leu), 43.31 (4-CH Ini), 44.32 (2-
CH, Ini), 48.63 (a-CH Leu), 62.61 (OCH,CH,), 79.44 (q. C Boc), 155.68
(C=0 Bocq), 166.47 (2xEtO-C=0), 171.33 (N-C=0O Leu), 181.50 ppm
(N-C=O Ini); HRESIMS: calcd for ChHyN;Op [M+HTL: 512.2972,
found: 512.2969.

(2R,3R)-Diethyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-isonipecotyl]-
aziridine-2,3-dicarboxylate, Boc-(S)-Leu-Ini-(R,R)-Azi(OEt), (10c¢):
Method B starting with 0.5 mmol N-deprotected aziridinyl dipep-
tide yielded 167 mg (65 %) 10c as yellowish viscous liquid; cc silica
gel 60, cyclohexane/EtOAc 2:1, Ri=0.15; [a]X=-1456, (c=1.32,
CHCL); IR (neat): ¥=3300, 1737, 1706, 1638, 1504, 1448, 1368,
1327, 1269, 1194, 1165, 1126, 1014cm™'; 'HNMR (CDCl,,
400.13 MHz): 6=0.86-1.01 (m, 2xCH; 0O-Leu, 6H), 131 (t, J=
7.1 Hz, OCH,CH;,, 6H), 1.35-1.53 (m, 3xCH; Boc+ f-Leu CH,, 11H),
1.60-1.84 (m, 3-Ini+5-Ini CH,+vy-Leu CH, 3H), 1.90 (bt, J=
13.6 Hz, 5-Ini, TH), 2.02 (bd, J=13.3 Hz, 3-Ini CH,, 1H), 2.40-2.54
(m, 4-Ini CH, 1H), 2.78-2.90 (dt, J=11.1 Hz, 2.8 Hz, 2'-Ini CH,, TH),
3.14 (dt, J=10.9 Hz, 2.2 Hz, 6'-Ini CH,, 1H), 3.49 (s, 2xCH Azi, 2H),
3.89-3.96 (bd, J=13.6 Hz, 6-Ini CH,, TH), 4.17-431 (m, OCH,CH,,
4H), 4.36-4.46 (bd, J=13.5 Hz, 2-Ini CH,, TH), 4.64 (t, J=7.2 Hz, a-
Leu CH, 1H), 525ppm (s, NH-Leu, TH); "™CNMR (CDCl;,
100.62 MHz): 6 =14.06 (OCH,CH,), 23.39, 21.84 (Leu-d CH,), 24.69
(y-CH Leu), 27.61 (5-CH, Ini), 28.37 (3x CH; Boc), 28.73 (3-CH, Ini),
39.97 (2xCH Azi), 41.26 (6-CH, Ini), 42.90 (-CH, Leu), 43.31 (4-CH
Ini), 44.32 (2-CH, Ini), 48.53 (a-CH Leu), 62.61 (OCH,CH,), 79.44 (q. C
Boc), 155.68 (C=0 Boc), 166.47 (2xEtO-C=0), 171.43 (N-C=0O Leu),
181.60 ppm (N-C=0 Ini); HR ESIMS: calcd for C,sH,N;Og, [M+H™1:
512.2972, found: 512.2970.

(2R,3R)-Diethyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(R + S)-azeti-
dine-2-carbonyl]aziridine-2,3-dicarboxylate, Boc-(S)-Leu-(R+S)-
Azet-(R,R)-Azi(OEt), (11c+d): Method C starting with 0.25 mmol
aziridine yielded 40 mg (33%) of a 1:1 mixture of diastereomers
11c and 11d as colorless viscous liquid; cc silica gel 60, cyclohex-
ane/EtOAc 2:1, Ri=0.27; [a]X=-223 (c=1.35, CHCly); IR (neat):
7=1738, 1706, 156, 1497, 1449, 1324, 1250, 1170, 1021, 736 cm™';
"H NMR (CDCl,, 400.13 MHz): 6=0.91 (d, J=6.4 Hz, Leu-&' CH,, 3H),
0.92 (d, J=6.3 Hz, Leu-6 CH,, 3H), 1.28 (t, J=7.1 Hz, OCH,CH,, 6H),
1.39-1.49 (m, Boc+ Leu-f CH,, 11H), 1.64-1.74 (m, Leu-y CH, TH),
2.52-2.68 (m, Azet-f CH,, 2H), 3.52 (s, 2x Azi CH, 2H), 4.15-4.30 (m,
Leu-a CH, Azet-y CH,, 3H), 4.22 (g, J=7.1 Hz, OCH,CH;, 4H), 4.78
(dd, J=6.1, 8.7 Hz, Azet-a. CH, 1H), 4.98 ppm (bd, J=8.7 Hz, Leu-
NH, 1H); ®C NMR (CDCl;, 100.62 MHz): 5 =14.19, 14.06 (OCH,-CH,),
21.18, 21.06 (Azet-f CH,), 23.12, 21.09 (Leu-6 CH;), 24.52 (Leu-y
CH), 28.29, 28.25 (Boc), 40.23, 40.17 (Azi CH), 42.36, 42.10 (Leu-p
CH,), 48.07, 47.96 (Leu-a. CH), 49.11, 48.93 (Azet-y CH,), 61.76, 61.65
(Azet-a CH), 62.26, 62.03 (OCH,-CH,), 79.63, 79.56 (Boc q. Q),
155.53, 155.45 (C=0 Boc), 165.91, 165.78 (EtO-C=0), 173.65, 173.44
(N-C=0 Leu), 178.92, 178.77 ppm (N-C=0 Azet); HR ESIMS: calcd for
C,5H3/N;04, [M+H"1: 484.2659, found: 484.2653.

(25,3S)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(R + S)-aze-
tidine-2-carbonyl]aziridine-2,3-dicarboxylate, Boc-(S)-Leu-(R+S)-
Azet-(5,5)-Azi(OBn), (12a+b): Method C starting with 0.25 mmol
aziridine yielded 52 mg (34%) of a 1:1 mixture of diastereomers
12a and 12b as colorless viscous liquid; cc silica gel 60, cyclohex-
ane/EtOAc 2:1, Ri=0.26; [a]? =+36.5, (c=1.06, CHCl,); IR (neat):
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7=1740, 1708, 1657, 1499, 1451, 1427, 1367, 1326, 1249, 1171,
1120, 1022, 698 cm™'; "H NMR (CDCl;, 400.13 MHz): 6=0.91 (d, J=
6.4 Hz,Leu-0' CH;, 3H), 0.92 (d, J=6.2 Hz, Leu-0 CH,, 3H), 1.39-1.49
(m, Boc+Leu-f CH,, 11H), 1.64-1.74 (m, Leu-y CH, 1H), 2.50-2.59
(m, Azet-f CH,, 2H), 3.56 (s, 2xAzi CH, 2H), 4.13-4.34 (m, Leu-a
CH, Azet-y CH,, 3H), 478 (dd, J=6.2, 8.8 Hz, Azet-o. CH, 1H), 4.98
(d, J=8.7 Hz, Leu-NH, 1H), 5.14-5.26 (m, 2xOCH,Ph, 4H), 7.30-
7.44 ppm (m, arom., 10H); *C NMR (CDCl;, 100.62 MHz): 6 =21.03
(Azet-p CH,), 23.08, 21.99 (Leu-6 CH,), 24.52 (Leu-y CH), 28.35 (Boc),
40.63 (Azi CH), 42.12 (Leu-f CH,), 47.92 (Leu-a. CH), 49.02 (Azet-y
CH,), 61.73 (Azet-o. CH), 67.97 (OCH,Ph), 79.63 (Boc q. (), 128.56,
128.50 (arom. CH), 134.69 (g. arom. C), 155.49 (C=0 Boc), 166.18
(BnO-C=0), 173.75 (N-C=0O Leu), 178.66 ppm (N-C=O Azet); HR
ESIMS: calcd for C33H, N30, IM+H™1: 608.2972, found: 608.2957.

(25,35)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(S)-prolyl]-
aziridine-2,3-dicarboxylate, Boc-(S)-Leu-(S)-Pro-(S,5)-Azi(OBn),
(13a): Method C starting with 0.5 mmol aziridine yielded 188 mg
(60%) 13a as colorless viscous liquid; cc silica gel 60, cyclohexane/
EtOAc 2:1, R=0.34; [a]? =-37.8 (c=1.22, CHCl); IR (neat): 7=
3403, 2959, 1742, 1708, 1647, 1500, 1428, 1367, 1327, 1249, 1169,
1122, 1022, 698 cm™'; "H NMR (CDCl;, 400.13 MHz): 6=0.91 (d, TH,
J=6.7 Hz, Leu-&’ CH;, 3H), 0.97 (d, J=6.2 Hz, Leu-6 CH,, 3H), 1.36-
1.52 (m, Boc+Leu-f CH,, 11H), 1.65-1.83 (m, Leu-y CH, TH), 1.91-
2.06 (m, Pro-f’, Pro-y' CH,, 2H), 2.07-2.17 (m, Pro-y CH,, 1H), 2.18-
2.31 (m, Pro-f CH,, 1H), 3.55-3.62 (m, Pro-8' CH,, 1H), 3.63 (s, 2%
Azi CH, 2H), 3.69-3.81 (m, Pro-0 CH,, 1H), 4.43-4.54 (m, Leu-o. CH,
1H), 4.71 (dd, 1H, J=3.3 Hz, 8.3 Hz, Pro-a. CH, 1H), 5.13 (d, 1H, J=
9.0 Hz, Leu NH, TH), 5.15-5.25 (m, 2x OCH,Ph, 4H), 7.27-7.45 ppm
(m, arom. CH, 10H); *C NMR (CDCl;, 100.62 MHz): 6 =23.35, 21.73
(Leu-6 CH,), 24.51 (Leu-y CH), 24.68 (Pro-y CH,), 28.34 (Boc), 28.64
(Pro-p CH,), 40.39 (2xAzi CH), 42.19 (Leu-p CH,), 46.67 (Pro-6 CH,),
50.18 (Leu-a CH), 60.23 (Pro-a. CH), 67.81 (OCH,Ph), 79.42 (Boc q.
(), 128.59, 128.49 (arom. CH), 134.80 (q. arom. (), 155.60 (C=0
Boc), 165.87 (BnO-C=0), 172.08 (N-C=0O Leu), 179.19 ppm (N-C=0
Pro); HRESIMS: calcd for C3,H,3N;0g [M4HT']; 622.3128, found:
622.3113.

(2S,3S)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(R)-prolyl]-

aziridine-2,3-dicarboxylate, Boc-(S)-Leu-(R)-Pro-(S,S)-Azi(OBn),
(13b): Method C starting with 0.5 mmol aziridine yielded 95 mg
(31%) 13 b as colorless viscous liquid; cc silica gel 60, cyclohexane/
EtOAc 2:1, R;=0.29; [a}é°:+7.3 (c=1.13, CHCLy); IR (neat): 7=
3396, 2959, 1742, 1707, 1646, 1500, 1429, 1367, 1326, 1249, 1167,
1126, 1022, 698 cm™'; '"H NMR (CDCl;, 400.13 MHz): 6=0.93 (d, J=
6.7 Hz, Leu-&’ CH,, 3H), 0.99 (d, J=6.3 Hz, Leu-6 CHs;, 3H), 1.35-
1.52 (m, Boc+ Leu-f} CH,, 11H), 1.66-1.77 (m, Leu-y CH, 1H), 1.92-
2.04 (m, Pro-f/, Pro-y’ CH,, 2H), 2.05-2.19 (m, Pro-y CH,, 1H), 2.20-
2.30 (m, Pro-f CH,, 1H), 3.55-3.61 (m, Pro-0’ CH,, 1H), 3.64 (s, 2x
Azi CH, 2H), 3.76-3.90 (m, Pro-6 CH,, 1H), 4.45-4.57 (m, Leu-a. CH,
1H), 4.62 (dd, J=25, 8.0Hz, Pro-o. CH, TH), 5.13-5.24 (m, 2x
OCH,Ph+Leu NH, 5H), 7.31-739ppm (m, arom. CH, 10H);
BCNMR (CDCl;, 100.62 MHz): 6=23.49, 22.06 (Leu-0 CH;), 24.49
(Leu-y CH), 24.75 (Pro-y CH,), 28.35 (Boc), 29.43 (Pro-§ CH,), 40.15
(Azi CH), 42.56 (Leu-p CH,), 46.62 (Pro-6 CH,), 50.37 (Leu-a CH),
60.70 (Pro-a. CH), 67.89 (OCH,Ph), 79.36 (Boc q. C), 128.63, 128.63
(arom. CH), 134.66 (g. arom. C), 155.50 ((=0 Boc), 165.69 (BnO-C=
0), 171.66 (N-C=0 Leu), 178.53 ppm (N-C=0 Pro); HR ESIMS: calcd
for Cs4HasN;0g, [M+H'1: 6223128, found: 622.3138.

(2R,3R)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(S)-prolyl]-
aziridine-2,3-dicarboxylate, Boc-(S)-Leu-(S)-Pro-(R,R)-Azi(OBn),
(13¢): Method C starting with 0.5 mmol aziridine yielded 152 mg
(49%) 13c colorless viscous liquid; cc silica gel 60, cyclohexane/
EtOAC 2:1, R=0.32; [¢]®=—-26.0 (c=1.19, CHCl,); IR (neat): 7=
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3355, 2959, 1746, 1699, 1500, 1456, 1367, 1250, 1167, 1104, 1022,
698 cm~"; "TH NMR (CDCl,, 400.13 MHz): 6=0.93 (d, J=6.8 Hz, Leu-
9’ CH,, 3H), 0.98 (d, J=6.6 Hz, Leu-6 CH;, 3H), 1.38-1.52 (m, Boc+
Leu-p CH,, 11H), 1.74 (sep, J=6.7 Hz, Leu-y CH, 1H), 1.94-2.08 (m,
Pro-f}', Pro-y’ CH,, 2H), 2.08-2.20 (m, Pro-y CH,, 1H), 2.22-2.33 (m,
Pro-p CH,, TH), 3.56-3.62 (m, Pro-d' CH,, 1H), 3.64 (s, 2xAzi CH,
2H), 3.71-3.78 (m, Pro-0 CH,, 1H), 448 (dt, J=5.9, 8.8 Hz, Leu-a
CH, 1H), 472 (dd, J=2.9, 7.7 Hz, Pro-a. CH, 1H), 5.14 (d, J=9.3 Hz,
Leu NH, TH); 5.17-5.27 (m, 2xOCH,Ph, 4H); 7.34-7.42 ppm (m,
arom. CH, 10H); CNMR (CDCl;, 100.62 MHz): 6=21.75 (Leu-&'
CH;), 23.38 (Leu-0 CH,), 24.55 (Leu-y CH), 24.72 (Pro-y CH,), 28.37
(CH; Boc), 28.68 (Pro-} CH,), 40.42 (Azi CH), 42.20 (Leu-} CH,),
46.70 (Pro-0 CH,), 50.22 (Leu-a CH), 60.27 (Pro-o. CH), 67.86
(OCH,Ph), 79.48 (Boc g. (), 128.63, 128.53 (arom. CH), 134.82 (q.
arom. C), 155.64 (C=0 Boc), 165.91 (BnO-C=0), 172.15 (N-C=0 Leu),
179.22 ppm (N-C=0 Pro); HR ESIMS: calcd for C5,H,;3N;Oq, [M+H1:
622.3128, found: 622.3209.

(25,3S)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(R)-leucyl-(S)-prolyl]-
aziridine-2,3-dicarboxylate, Boc-(R)-Leu-(S)-Pro-(S,S)-Azi(OBn),
(13 e): Method C starting with 0.25 mmol aziridine yielded 36 mg
(23%) 13e as yellowish viscous liquid; cc silica gel 60, cyclohex-
ane/EtOAc 2:1, R;=0.23; [a]’=—19.5 (c=1.05, CHCl;); IR (neat):
7=3300, 2959, 1739, 1708, 1647, 1497, 1427, 1367, 1245, 1165,
1121, 1026 cm™"; '"HNMR (CDCl;, 400.13 MHz): 6=0.77 (d, J=
6.7 Hz, Leu-0’ CH,, 3H), 0.84 (d, J=6.5Hz, Leu-0 CH;, 3H), 1.21-
1.35 (m, Boc+Leu-f CH,, 11H), 1.48-1.61 (m, Leu-y CH, 1H), 1.70-
1.80 (m, Pro-y' CH,, 1H), 1.86-1.96 (m, Pro-f§/, Pro-y CH,, 2H), 1.97-
2.08 (m, Pro-f CH,, 1H), 3.24-3.34 (m, Pro-0’ CH,, 1H), 3.37 (s, 2x
Azi CH, 2H), 3.47-3.56 (m, Pro-6 CH,, 1H), 4.35 (dt, J=4.0, 9.3 Hz,
Leu-a CH, 1H), 444 (dd, J=2.9, 7.7 Hz, Pro-a. CH, 1H), 5.02-5.09
(m, 2xOCH,Ph, 4H), 5.12 (d, J=9.0Hz, Leu NH, 1H), 7.14-
7.28 ppm (m, arom. CH, 10H);*C NMR (CDCl;, 100.62 MHz): 0=
21.96 (Leu-d&' CH;), 23.43 (Leu-0 CHs), 24.52 (Leu-y CH), 24.60 (Pro-y
CH,), 28.31 (Boc), 28.80 (Pro-p CH,), 39.60 (Azi CH), 42.89 (Leu-p
CH,), 46.61 (Pro-0 CH,), 50.35 (Leu-o. CH), 60.62 (Pro-a. CH), 68.02
(OCH,Ph), 79.36 (Boc q. (), 134.66 (q. arom. (C), 155.40 (C(=0 Boc),
165.59 (BnO-C=0), 171.56 (N-C=0 Leu), 128.78, 128.75, 128.63
(@arom. CH), 17753 ppm (N-C=0 Pro); HRESIMS: calcd for
C3HisN;04 [M+H™]: 622.3128, found: 622.3141.

(25,35)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(R)-leucyl-(R)-prolyl]-
aziridine-2,3-dicarboxylate, = Boc-(R)-Leu-(R)-Pro-(S,S)-Azi(OBn),
(13f): Method C starting with 0.5 mmol aziridine yielded 73 mg
(24%) 13 f as colorless viscous liquid; cc silica gel 60, cyclohexane/
EtOAc 2:1, R;=0.21; (]2 =+40.0 (c=1.15, CHCl); IR (neat): 7=
3385, 2958, 1743, 1708, 1645, 1500, 1428, 1367, 1333, 1269, 1250,
1166, 1122, 1024, 699 cm™'; '"H NMR (CDCl;, 400.13 MHz): 6 =0.92
(d, J=6.7 Hz, Leu-§' CHs, 3H), 0.97 (d, J=6.5 Hz, Leu-0 CH,, 3H),
1.37-1.50 (m, Boc+Leu-f CH,, 11H), 1.73 (h, J=6.7 Hz, Leu-y CH,
1H), 1.93-2.06 (m, Pro-f}, Pro-y’ CH,, 2H), 2.07-2.18 (m, Pro-y CH,,
1H), 2.21-2.31 (m, Pro-f3 CH,, TH), 3.63 (s, 2x Azi CH, 2H), 3.70-3.77
(m, Pro-6 CH,, 1H), 3.55-3.61 (m, Pro-0’ CH,, 1H), 4.47 (dt, J=6.0,
8.8 Hz, Leu-a. CH, 1H), 4.71 (dd, J=2.8, 7.7 Hz, Pro-o. CH, 1H), 5.13
(d, J=9.2Hz, Leu NH, 1H), 5.16-5.25 (m, 2XxOCH,Ph, 4H), 7.33-
7.40 ppm (m, arom. CH, 10H); *C NMR (CDCl;, 100.62 MHz): 6=
23.37, 21.74 (Leu-0 CH;), 24.54 (Leu-y CH), 24.71 (Pro-y CH,), 28.36
(Boc), 28.67 (Pro-f CH,), 40.41 (Azi CH), 42.19 (Leu-} CH,), 46.69
(Pro-6 CH,), 50.21 (Leu-a. CH), 60.26 (Pro-a. CH), 67.85 (OCH,Ph),
79.47 (Boc g. €), 134.81 (g. arom. (), 155.63 (C=0O Boc), 165.90
(BnO-CG=0), 172.14 (N-C=O Leu), 179.21 (N-G=0O Pro), 128.62,
128.52 ppm (arom. CH); HR ESIMS: calcd for C3,H,;3N;0q, [M+HTI:
622.3128, found: 622.3133.
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(25,35)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-glycyl-(S)-prolyllaziri-
dine-2,3-dicarboxylate, Boc-Gly-(S)-Pro-(S5,5)-Azi(OBn), (14a):
Method C starting with 1 mmol aziridine yielded 301 mg (53 %)
14 a as yellowish viscous liquid; cc silica gel 60, cyclohexane/EtOAc
2:1, Re=0.10; [a]¥=-18.3 (c=1.05 CHCl); IR (neat): 7=3401,
2978, 1739, 1713, 1649, 1451, 1368, 1281, 1248, 1164, 699 cm™';
'HNMR (CDCl;, 400.13 MHz): 0 =1.97-2.06 (m, Pro-f’+Pro-y CH,,
3H), 1.37-1.48 (s, Boc, 9H), 2.17-2.22 (m, Pro-f CH,, 1H), 3.44-3.47
(m, Pro-&' CH,, 1H), 3.53 (s, 2xCH Azi, 2H), 3.54-3.57 (m, Pro-d
CH,, TH), 3.85-4.04 (m, Gly CH,, 2H), 4.49 (dd, J=3.3, 8.5 Hz, Pro-a
CH, TH), 5.17-5.21 (m, 2xOCH,Ph, 4H), 5.25-5.30 (bs, Gly NH, 1H),
7.27-7.42 ppm (m, arom. CH, 10H); *C NMR (CDCl;, 100.62 MHz):
0 =24.56 (Pro-y CH,), 28.28 (Boc), 28.96 (Pro-f3 CH,), 39.51 (Azi CH),
42.94 (CH, Gly), 45.87 (Pro-0 CH,), 59.00 (Pro-a. CH), 68.06 (OCH,Ph),
79.64 (Boc q. (), 128.69, 128.64 (arom. CH), 134.57 (q. arom. (),
15593 (G=0 Boc), 16554 (BnO-C=0), 167.48 (N-C=0 Gly),
177.79 ppm (N-C=0 Pro); HR ESIMS: calcd for CyyH3sN;Oq, [M+HT:
566.2502, found: 566.2491.

(25,35)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-glycyl-(R)-prolyl]laziri-
dine-2,3-dicarboxylate, Boc-Gly-(R)-Pro-(S,5)-Azi(OBn), (14b):
Method C starting with 0.5 mmol aziridine yielded 102 mg (36 %)
14b as colorless viscous liquid; cc silica gel 60, cyclohexane/EtOAc
2:1, R=0.14; [a] =+29.6 (c=1.13, CHCl;); IR (neat): 7=3418,
2977, 1739, 1708, 1654, 1499, 1432, 1326, 1271, 1248, 1167, 1024,
698 cm~"; 'H NMR (CDCl,, 400.13 MHz): 6=1.34-1.50 (s, Boc, 9H),
1.91-2.09 (m, Pro-f’ + Pro-y’ CH,, 3H), 2.05-2.19 (m, Pro-y CH,, TH),
2.17-2.31 (m, Pro- CH,, 1H), 3.35-3.47 (m, Pro-0’ CH,, 1H), 3.50-
3.59 (m, Pro-6 CH,, 1H), 3.64 (s, 2xCH Azi, 2H), 3.74-4.06 (m, Gly
CH,, 2H), 4.59 (dd, /=3.2, 8.6 Hz, Pro-a. CH, 1H), 5.12-5.25 (m, 2X
OCH,Ph, 4H), 5.32 (bs, Gly NH, 1H), 7.28-7.43 ppm (m, arom. CH,
10H); *CNMR (CDCl;, 100.62 MHz): $=24.49 (Pro-y CH,), 28.30
(Boc), 29.07 (Pro-f CH,), 40.09 (Azi CH), 42.9 (CH, Gly), 45.89 (Pro-6
CH,), 60.57 (Pro-a. CH), 67.95 (OCH,Ph), 79.56 (Boc q. C), 128.77,
128.61 (arom. CH), 134.66 (g. arom. C), 155.66 (C=0O Boc), 165.80
(BnO-C=0), 167.46 (N-C=0O Gly), 178.66 ppm (N-C=O Pro); HR
ESIMS: calcd for C3oH;5N;50q, [IM+H*1: 566.2502, found: 566.2510.

(2S,3S)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-glycyl-(S)-pipecolyll-

aziridine-2,3-dicarboxylate, Boc-Gly-(S)-Pip-(S,S)-Azi(OBn), (15a):
Method C starting with 0.5 mmol aziridine yielded 100 mg (34 %)
of a 2:1 mixture of rotamers of 15a as yellowish viscous liquid; cc
silica gel 60, cyclohexane/EtOAc 2:1, Ri=0.28; [a]3=+31.1 (c=
1.31, CHCLy); IR (neat): 7=3422, 2941, 1735, 1710, 1651, 1497, 1451,
1436, 1367, 1325, 1244, 1166, 1014, 738, 698 cm™'; 'H NMR (CDCl,,
400.13 MHz): 6 =1.40-1.50 (br. m, Pip-8’'+Pip-y CH,+Boc, 12H),
1.66-1.76 (m, Pip-8+Pip-p’ CH, 2H), 2.32 (bd, J=13.3 Hz, Pip-B
CH,, TH), 3.27 (bdt, J=2.5, 13.5, 13.6 Hz, Pip-¢’ CH,, 1H), 3.42 (s, 2x
Azi-CH, 2H), 3.61 (bd, J=12.8 Hz, Pip-¢ CH,, 1H), 3.88-4.13 (m, Gly
CH,, 2H), 5.27 (bd, J=5.1 Hz, Pip-a. CH, 1H), 5.28 (bs, 2x CH,0Bn,
4H), 544 (bd, Gly-NH, 1H), 7.27-7.38 ppm (m, arom. CH, 10H);
BCNMR (CDCl;, 100.62 MHz): 6=20.81, 20.62 (Pip-y CH,), 25.25,
24.99 (Pip-0 CH,), 26.55, 25.85 (Pip-f CH,), 28.40, 27.79 (Boc), 40.03
(Azi-2x CH), 42.33, 42.25 (Pip-&¢ CH,), 42.99 (Gly-CH,), 54.33, 52.43
(Pip-a CH), 68.14 (2xCH,0Bn), 79.67 (Boc g. C), 128.69, 128.65,
128.71 (arom. CH), 134.63 (C=0 Boc), 166.06 (BnO-C=0), 167.75 (N-
C=0 Gly), 178.23 ppm (N-C=0 Pip); HR ESIMS: calcd for C;,H;;N;Os,
[M+H*1: 580.2659, found: 580.2670.

(25,3S)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(R + S)-ni-

pecotyllaziridine-2,3-dicarboxylate, Boc-(S)-Leu-(R+S)-Nip-(S,S)-
Azi(OBn), (16a+b): Method C starting with 0.5 mmol aziridine
yielded 140 mg (44 %) of a 1:1 mixture of diastereomers 16a and
16 b as yellowish viscous liquid; cc silica gel 60, cyclohexane/EtOAc
2:1, R=028; [a]®=+21.6 (c=1.16, CHCly); IR (neat): 7=3398,
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2955, 1737, 1705, 1640, 1499, 1446, 1367, 1325, 1265, 1246, 1173,
1126, 1022, 698 cm™'; '"H NMR (CDCl;, 400.13 MHz): 6 =0.83-1.08
(m, 2x08-Leu CH,, 6H), 1.19-1.51 (m, Boc+ 5"-Nip CH,+ [-Leu CH,,
12H), 1.52-1.82 (m, 4-Nip+5-Nip CH,+vy-Leu CH, 3H), 2.04-2.41
(m, 4-Nip CH,, TH), 2.45-2.66 (m, 3-Nip CH, 1H), 2.92-3.07 (m, 6-
Nip CH,, 1H), 3.08-3.34 (m, 2’-Nip CH,, 1H), 3.43-3.65 (m, CH Az,
2H), 3.74-3.94 (m, 6-Nip CH,, 1H), 4.04-4.23 (m, 2-Nip CH,, 1H),
4.50-4.76 (m, o-Leu CH, 1H), 5.08-5.37 (m, OCH,Ph+NH Leu, 5H),
7.29-7.49 ppm (m, arom. CH, 10H); *C NMR (CDCl;, 100.62 MHz):
0=21.89, 21.69 (Leu-&' CH,), 23.44, 23.34 (Leu-5 CH,), 24.69, 24.62
(5-CH, Nip), 26.67, 26.43 (4-CH, Nip), 28.33, 28.28 (Boc), 40.05, 39.97
(Azi CH), 42.82, 4245 (Leu-f CH,), 43.67, 43.33 (3-CH Nip), 45.54,
45.22 (6-CH, Nip), 46.79, 45.91 (2-CH, Nip), 48.74, 48.58 (a-Leu CH),
68.31, 68.14 (OCH,Ph), 79.44, 79.39 (q. C Boc), 128.78, 128.69,
128.58 (arom. CH), 134.51 (g. arom. (), 155.61, 155.53 (C=0O Boc),
166.15, 166.10 (BnO-C=0), 171.42, 171.27 (N-C=0 Leu), 179.78,
179.60 ppm (N-C=0O Nip); HR ESIMS: calcd for C3sH,sN;Og, [M+H1:
636.3285, found: 636.3296.

(2S,35)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(R)-leucyl-(R + S)-ni-
pecotyllaziridine-2,3-dicarboxylate, Boc-(R)-Leu-(R+S)-Nip-(S,S)-
Azi(OBn), (16e+f): Method C starting with 0.5 mmol aziridine
yielded 136 mg (43%) of a 1:1 mixture of diastereomers 16e and
16 f as yellowish viscous liquid; cc silica gel 60, cyclohexane/EtOAc
2:1, R=0.28; [¢]® = —1.8 (c=1.08, CHCl,); IR (neat): 7= 3409, 2955,
1738, 1705, 1640, 1499, 1446, 1367, 1325, 1246, 1173, 1126, 1022,
698 cm™'; 'HNMR (CDCl;, 400.13 MHz): 6=0.84-1.10 (m, &-Leu
CH,, 6H), 1.21-1.53 (m, Boc+5-Nip+f-Leu CH,, 12H), 1.54-1.84
(m, 4-Nip+5-Nip CH,+y-Leu CH, 3H), 2.06-2.43 (m, 4-Nip CH,,
1H), 2.46-2.68 (m, 3-Nip CH, 1H), 2.94-3.08 (m, 6-Nip CH,, TH),
3.10-3.35 (m, 2'-Nip CH,, TH), 3.45-3.67 (m, CH Azi, 2H), 3.75-3.96
(m, 6-Nip CH,, 1H), 451-4.78 (m, ao-CH Leu, TH), 5.09-5.39 (m,
OCH,Ph+NH Leu, 5H), 7.50-7.30 ppm (m, arom. CH, 10H);
BCNMR (CDCl;, 100.62 MHz): 6=21.91, 21.70 (Leu-&’ CH,), 23.45,
23.35 (Leu-0 CH;), 24.51 (Leu-y CH), 24.70, 24.63 (5-CH, Nip), 46.80,
45.93 (2-CH, Nip), 45.56, 45.24 (6-CH, Nip), 43.69, 43.35 (3-CH Nip),
26.69, 26.44 (4-CH, Nip), 28.34, 28.29 (Boc), 40.06, 39.99 (Azi CH),
42.83, 4247 (Leu-f CH,), 48.74, 48.58 (a-Leu CH), 6832, 68.15
(OCH,Ph), 79.45, 79.40 (g. C Boc), 128.80, 128.71, 128.60 (arom. CH),
134.53 (g. arom. C), 155.63, 155.55 ((=0 Boc), 166.17, 166.12 (BnO-
C=0), 17144, 171.29 (N-C=0 Leu), 179.80, 179.62 ppm (N-C=0
Nip); HRESIMS: calcd for C3sHusN;Og [M+HT]: 636.3285, found:
636.3295.

(25,3S)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-glycyl-(R + S)-nipeco-
tyllaziridine-2,3-dicarboxylate, Boc-Gly-(R + S)-Nip-(S,S)-Azi(OBn),
(17 a+b): Method C starting with 1 mmol aziridine yielded 361 mg
(62%) of a 1:1 mixture of diastereomers 17a and 17b as colorless
viscous liquid; cc silica gel 60, cyclohexane/EtOAc 2:1, R=0.15;
[@]® =+12.5 (c=1.19, CHCL,); IR (neat): #=3417, 2975, 1710, 1650,
1497, 1459, 1442, 1366, 1250, 1166, 1049, 1028, 699 cm~'; 'H NMR
(CDCl;, 400.13 MHz): 6 =1.38-1.54-1.38 (m, Boc+ 5-Nip CH,, 10H),
1.61-1.88 (m, 4-Nip + 5-Nip CH,, 2H), 2.04-2.14 (m, 4-Nip CH,, 1H),
2.44-2.61 (m, 3-Nip CH, 1H), 2.97-3.09 and 3.10-3.23 (m each, to-
gether TH, 6'-Nip CH,), 3.51-3.58 and 3.85-4.04 (m each, together
3H, 6-Nip CH,+Gly CH,), 3.61-3.71 and 4.46-4.56 (m each, togeth-
er 1H, 2-Nip CH,), 2.97-3.09 and 3.33-3.45 (m each, together 1H,
2'-Nip CH,), 3.60 (s, 2xAzi CH, 2H), 5.12 (bd, J=6.1 Hz, 1H, NH
Gly), 5.15-5.24 (m, 2xOCH,Ph, 4H), 7.26-7.44 ppm (m, arom. CH,
10H); *C NMR (CDCl;, 100.62 MHz): 0 =24.66, 24.61 (5-CH, Nip),
26.61, 26.42 (4-CH, Nip), 28.35, 28.30 (Boc), 40.71, 40.39 (2xAzi
CH), 42.27, 42.02 (Gly-CH,), 43.65, 43.35 (3-CH Nip), 45.43, 45.26 (6-
CH, Nip), 46.75, 45.95 (2-CH, Nip), 67.81, 67.70 (OCH,Ph), 79.33,
79.29 (g. C Boc), 128.59, 128.49, 128.47 (arom. CH), 134.79 (q. arom.
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(), 155.48, 155.42 (C=0O Boc), 165.87, 165.81 (BnO-C=0), 171.40,
17133 (N-C=0 Gly), 179.80, 179.64 ppm (N-C=O Nip); HR ESIMS:
calcd for C54H;,N;0g, IM+H"]: 580.2659, found: 580.2669.

(25,3S)-Dibenzyl-1-{1-[N-(tert-butoxycarbonyl)-(S)-leucyl]-(S)-aziri-
dine-2-carbonyl}aziridine-2,3-dicarboxylate, Boc-(S)-Leu-(S)-Azy-
(5,5)-Azi(OBn), (18a): Method C starting with 1 mmol aziridine-2,3-
dicarboxylate yielded 123 mg (23%) 18a as colorless viscous
liquid; cc silica gel 60, cyclohexane/EtOAc 2:1, R=0.50; [a]d=
+31.1 (c=1.06, CHCI,); IR (neat): #=3352, 2959, 1742, 1695, 1500,
1454, 1367, 1250, 1167, 1105, 1022, 698 cm™"; '"H NMR (CDCl;,
400.13 MHz): 6=0.87 (d, J=4.2 Hz, Leu-0’ CH,, 3H), 0.89 (d, J=
4.3 Hz, Leu-6 CH;, 3H), 1.40 (bs, Boc, 9H), 1.45-1.58 (m, '-CH, Leu,
1H), 1.62-1.82 (m, 3-CH, Leu+vy-Leu CH, 2H), 2.55 (d, J=1.5 Hz, 3"-
CH, Azy, 1H), 2.58 (d, J=5.7 Hz, 3-CH, Azy, 1H), 3.40 (dd, /=29,
5.4 Hz, 2-CH Azy, 1H), 3.61 (s, 2xAzi CH, 2H), 425 (dt, J=4.6,
8.7 Hz, Leu-a CH, TH), 496 (d, 1H, J=8.0 Hz, Leu NH), 5.14-5.24
(m, 2x0OCH,Ph, 4H), 7.25-7.44 ppm (m, arom. CH, 10H); *C NMR
(CDCl;, 100.62 MHz): 6 =22.83, 21.84 (Leu-6 CH,), 24.75 (Leu-y CH),
28.29 (Boc), 30.46 (3-CH, Azy), 34.36 (2-CH Azy), 41.38 (2xAzi CH),
41.88 (Leu-f CH,), 53.96 (Leu-a CH), 67.80 (OCH,Ph), 79.87 (Boc q.
(), 128.62, 128.54, 128.49 (arom. CH), 134.78 (q. arom. C), 155.55
(C=0 Boc), 165.86 (BnO-C=0), 181.31 (N-C=0 Azy), 184.26 ppm (N-
C=0 Leu); HRESIMS: calcd for Cy,Hs;N;Op [M+HH'1: 5932737,
found: 593.2734.

(2S,35)-Dibenzyl-1-{1-[N-(tert-butoxycarbonyl)-(R)-leucyll-(S)-aziri-
dine-2-carbonyl}aziridine-2,3-dicarboxylate, Boc-(R)-Leu-(S)-Azy-
(5,5)-Azi(OBn), (18e): Method C starting with 1 mmol aziridine-2,3-
dicarboxylate yielded 318 mg (59%) 18e as yellowish viscous
liquid; cc silica gel 60, cyclohexane/EtOAc 2:1, R;=0.48; [a]® =+
64.4 (c=1.26, CHCl,); IR (neat): #=3350, 2959, 1742, 1699, 1500,
1454, 1367, 1250, 1166, 1020, 698 cm~'; 'HNMR (CDCl,,
400.13 MHz): 6=0.88 (d, J=4.1 Hz, Leu-0’ CH,, 3H), 0.89 (d, J=
4.2 Hz, Leu-0 CH,, 3H), 1.40 (bs, Boc, 9H), 1.46-1.58 (m, (}'-Leu, 1H),
1.64-1.78 (m, B-Leu CH,+y-Leu CH, 2H), 2.55 (d, J=1.5 Hz, 3'-CH,
Azy, 1H), 2.59 (dd, J=5.8, 1.5 Hz, 3-CH, Azy, 1H), 3.40 (dd, J=2.9,
5.5Hz, 2-CH Azy, 1H), 3.63 (s, 2xAzi CH, 2H), 425 (dt, J=4.7,
8.6 Hz, Leu-a CH, 1H), 4.96 (d, J=8.2 Hz, Leu NH, 1H), 5.12-5.25
(m, OCH,Ph, 4H), 7.27-7.45 ppm (m, arom. CH, 10H); CNMR
(CDCl;, 100.62 MHz): § =22.37, 21.38 (8-CH; Leu), 24.29 (y Leu CH),
27.83 (Boc), 30.00 (3-CH, Azy), 33.90 (2-CH Azy), 40.38 (2x Azi CH),
4143 (B-CH, Leu), 53.50 (a-CH Leu), 67.80 (OCH,Ph), 79.41 (q. C
Boc), 128.16, 128.08, 128.03 (arom. CH), 134.78 (g. arom. C), 155.10
(C=0 Boc), 165.86 (BnO-C=0), 180.22 (N-C=0 Azy), 183.81 ppm (N-
(=0 Leu); HRESIMS: caled for C;,H3oN;O [M4H'1: 593.2737,
found: 593.2731.

(2S,35)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(S)-phenylalanyl-(S)-

alanyllaziridine-2,3-dicarboxylate,  Boc-(S)-Phe-(S)-Ala-(S,S)-Azi-
(OBn), (19a): Method C starting with 0.25 mmol aziridine yielded
65 mg (41%) 19a as yellowish viscous liquid; cc silica gel 60, cyclo-
hexane/EtOAc 2:1, R=022; [a|®=+274 (c=196, CHCl); IR
(neat): 7=3485, 2924, 1741, 1656, 1593, 1499, 1450, 1426, 1366,
1325, 1248, 1170, 1119, 1021, 698cm™'; 'HNMR (CDCl;,
400.13 MHz): 6=1.37 (d, J=7.2Hz, 3H, p-Ala CH,), 1.40 (bs, 9H,
Boc), 2.98-3.09 (m, 2H, B-Phe CH,), 3.69 (s, 2H, 2xAzi CH), 4.31-
4.40 (bs, 1H, a-Ala CH), 4.43 (p, J=7.0 Hz, TH, a-Phe CH), 5.05-5.11
(bs, TH, NH-Phe), 5.15-5.25 (m, 2xOCH,Ph, 4H), 6.63 (bs, 1H, NH-
Ala), 7.15-7.45ppm (m, 15H, arom. CH); "CNMR (CDCl,
100.62 MHz): 6=18.26 (B-CH, Ala), 28.26 (CH, Boc), 38.43 (B-CH,
Phe), 40.07 (2xAzi CH), 48.21 (a-CH Phe), 55.60 (0-CH Ala), 67.85
(OCH,Ph), 80.15 (g. C Boc), 129.43, 128.69, 128.65, 128.44, 126.89
(arom. CH), 134.85 (g. arom. (), 136.66 (g. arom C, Phe), 155.46 (O-
(=0 Boc), 165.92 (BnO-C=0), 171.11 (N-C=0 Phe), 180.15 ppm (N-
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C=0 Ala); HRESIMS: calcd for CjH;gN;Og [M+H'I:
found: 630.2809.

630.2815,

(25,3S)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(S)-phenylalanyl-(R)-
alanyllaziridine-2,3-dicarboxylate,  Boc-(S)-Phe-(R)-Ala-(S,S)-Azi-
(OBn), (19b): Method C starting with 0.25 mmol aziridine yielded
19 mg (12%) 19b as yellowish viscous liquid; cc silica gel 60, cyclo-
hexane/EtOAc 2:1, R=0.24; [a]®¥=+31.5 (c=2.54, CHCl); IR
(neat): 7=3496, 2928, 1740, 1658, 1596, 1498, 1451, 1426, 1367,
1326, 1248, 1170, 1120, 1021, 699cm~'; 'HNMR (CDCl,,
400.13 MHz): 6=1.31 (d, 3H, J=6.9 Hz, B-CH; Ala), 1.45 (bs, 9H,
Boc), 3.10 (d, J=6.4 Hz, 2H, B-CH, Phe), 3.69 (s, 2xAzi CH, 2H),
4.40 (bs, 1H, a-CH Ala), 4.55-4.70 (m, 1H, a-CH Phe), 5.17 (bs, TH,
NH-Phe), 5.21-5.33 (m, 2xOCH,Ph, 4H), 6.46 (bd, J/=7.3Hz, 1H,
NH-Ala), 7.22-7.53 ppm (m, 15H, arom. CH); CNMR (CDCl;,
100.62 MHz): 6=18.20 (3-CH; Ala), 28.38 (Boc), 38.89 (3-CH, Phe),
40.59 (2xAzi CH), 48.13 (a-CH Phe), 55.83 (a-CH Ala), 67.98
(OCH,Ph), 80.27 (g. C Boc), 129.43, 128.73, 128.53, 128.20, 127.02
(arom. CH), 134.98 (g. arom. C), 136.79 (g. arom C, Phe), 155.47 ((=
O Boc), 166.05 (BnO-C=0), 172.49 (N-C=0 Phe), 180.18 ppm (N-C=0
Phe); HRESIMS: calcd for CisH3N;Og [M+H']: 630.2815, found:
630.2813.

(2S,35)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(R)-phenylalanyl-(S)-
alanyllaziridine-2,3-dicarboxylate,  Boc-(R)-Phe-(S)-Ala-(S,S)-Azi-
(OBn), (19e): Method C starting with 0.25 mmol aziridine yielded
25 mg (16%) 19 e as yellowish viscous liquid; cc silica gel 60, cyclo-
hexane/EtOAc 2:1, R=035; [a]’=-52.1 (c=1.91, CHCl); IR
(neat): 7=3486, 2934, 1739, 1659, 1594, 1451, 1426, 1368, 1322,
1248, 1169, 1120, 1022, 698 cm™~'; "H NMR (CDCl;, 400.13 MHz): 6 =
1.26 (d, 3H, J=6.9 Hz, 3-CH; Ala), 1.40 (bs, 9H, Boc), 3.05 (d, J=
6.4 Hz, 2H, B-Phe CH,), 3.64 (s, 2H, 2xAzi CH), 4.35-4.47 (bs, 1H,
a-Ala CH), 4.50-4.63 (m, 1H, a-Phe CH), 5.11 (bs, 1H, NH-Phe),
5.16-5.26 (m, 2xOCH,Ph, 4H), 6.41 (bd, J=7.4Hz, 1H, NH-Ala),
7.16-7.46 ppm (m, 15H, arom. CH); *C NMR (CDCl;, 100.62 MHz):
0=18.02 (B-CH; Ala), 28.20 (Boc), 38.71 (3-CH, Phe), 40.41 (2xAzi
CH), 47.95 (a-CH Phe), 55.65 (a-CH Ala), 67.80 (OCH,Ph), 80.11 (q. C
Boc), 129.27, 128.57, 128.37, 128.04, 126.86 (arom. CH), 134.82 (q.
arom. (), 136.63 (g. arom C, Phe), 155.31 (C=0 Boc), 165.88 (BnO-
(=0), 172.33 (N-C=0 Phe), 180.02 ppm (N-C=0O Phe); HR ESIMS:
calcd for C35H36N;0g, [IM+H™1: 630.2815, found: 630.2822.

(25,35)-Dibenzyl-1-[N-(tert-butoxycarbonyl)-(R)-phenylalanyl-(R)-
alanyl]aziridine-2,3-dicarboxylate, Boc-(R)-Phe-(R)-Ala-(S,S)-Azi-
(OBn), (19f): Method C starting with 0.25 mmol aziridine yielded
46 mg (29%) 19 f as yellowish viscous liquid; cc silica gel 60, cyclo-
hexane/EtOAc 2:1, R=027; [a]®=+143 (c=203, CHCl); IR
(neat): 7=3495, 2918, 1739, 1651, 1596, 1499, 1449, 1425, 1365,
1324, 1246, 1168, 1119, 1022, 699cm™; 'HNMR (CDCl,
400.13 MHz): 6=1.35 (d, 3H, J=7.2 Hz, §-CH; Ala), 1.37 (bs, 9H,
Boc), 2.96-3.06 (m, 2H, B-CH, Phe), 3.67 (s, 2H, 2xAzi CH), 4.29-
4.37 (bs, TH, a-CH Ala), 441 (p, J=7.0 Hz, 1H, a-CH Phe), 5.03-5.08
(bs, 1H, NH-Phe), 5.13-5.22 (m, 4H, 2xOCH,Ph), 6.62 (bs, 1H, NH-
Ala), 7.12-742ppm (m, 15H, arom. H); "“CNMR (CDCl,
100.62 MHz): 6=17.84 (3-CH; Ala), 27.84 (CH; Boc), 38.01 (3-CH,
Phe), 39.65 (2xAzi CH), 47.79 (a-CH Phe), 55.18 (a-CH Ala), 67.80
(OCH,Ph), 80.10 (g. C Boc), 129.37, 128.63, 128.59, 128.39, 126.83
(arom. CH), 134.79 (g. arom. C), 136.61 (g. arom C, Phe), 155.40 ((=
O Boc), 165.87 (BnO-C=0), 171.05 (N-C=0 Phe), 180.10 ppm (N-C=0O
Ala); HRESIMS: calcd for C3sH3N;O,, [M+H']: 630.2815, found:
630.2807.

(25,35)-1-[N-(tert-butoxycarbonyl)-(S)-phenylalanyl-(S)-alanyl]azi-
ridine-2,3-dicarbocylic acid, Boc-(S)-Phe-(S)-Ala-(S,5)-Azi(OH),
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(20a): Method D starting with 10 umol 19a yielded 4.3 mg (96 %)
20a as colorless crystals; ESIMS: C,,H,,N;05 [M—H™1: 448.1.

(2S,35)-1-[N-(tert-butoxycarbonyl)-(S)-phenylalanyl-(R)-alanyllazi-
ridine-2,3-dicarboxylic acid, Boc-(S)-Phe-(R)-Ala-(S,5)-Azi(OH),
(20b): Method D starting with 10 umol 19b yielded 4.2 mg (94 %)
20b as colorless crystals; ESIMS: Cy;H,,N;05 [M—H*1: 448.2.

(25,35)-1-[N-(tert-butoxycarbonyl)-(R)-phenylalanyl-(S)-alanyl]azi-
ridine-2,3-dicarboxylic acid, Boc-(R)-Phe-(S)-Ala-(S,5)-Azi(OH),
(20e): Method D starting with 10 umol 19e yielded 4.4 mg (98 %)
20e as colorless crystals; ESIMS: C,;H,,N;05 [M—H"]: 448.2.

(25,35)-1-[N-(tert-butoxycarbonyl)-(R)-phenylalanyl-(R)-alanyl]azi-
ridine-2,3-dicarboxylic acid, Boc-(R)-Phe-(R)-Ala-(S,5)-Azi(OH),
(20 f): Method D starting with 10 umol 19 f yielded 4.3 mg (96 %)
20 f as colorless crystals; ESIMS: CyH,,N;05 [M—H"]: 448.3.

(25,35)-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(S)-prolyllaziridine-
2,3-dicarboxylic acid, Boc-(S)-Leu-(S)-Pro-(S,5)-Azi(OH), (21a):
Method D starting with 10 pmol of the respective dibenzyl ester
13a yielded 43 mg (97%) 21a as colorless crystals; ESIMS:
CyoH3N305 [M+OH]: 458.1.

(2S5,35)-1-[N-(tert-butoxycarbonyl)-glycyl-(S)-prolyl]aziridine-2,3-
dicarboxylic acid, Boc-Gly-(S)-Pro-(S,S)-Azi(OH), (22a): Method D
starting with 10 umol of the respective dibenzyl ester 14a yielded
3.6mg (94%) 22a as colorless crystals; ESIMS: Ci Hy,; N; Og
[M—H"]: 384.1.

(25,35)-1-[N-(tert-butoxycarbonyl)-glycyl-(R)-prolyllaziridine-2,3-
dicarboxylic acid, Boc-Gly-(R)-Pro-(S,S)-Azi(OH), (22b): Method D
starting with 10 umol of the respective dibenzyl ester 14b yielded
3.5mg (92%) 22b as colorless crystals; ESIMS: C;s Hy; N; Og
[M—H™]: 384.3.

(2S5,35)-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-(R + S)-nipecotyl]azi-
ridine-2,3-dicarboxylic acid, Boc-(S)-Leu-(R+ S)-Nip-(S,5)-Azi(OH),
(23a+b): Method D starting with 10 umol of a mixture of the re-
spective dibenzyl esters 16a+b yielded 4.4 mg (98 %) of a 1:1 mix-
ture of diastereomers 23a and 23b as colorless crystals; ESIMS:
C,iH3sN;05 IM—H*: 454.1.

(25,35)-1-[N-(tert-butoxycarbonyl)-(R)-leucyl-(R + S)-nipecotyl]azi-
ridine-2,3-dicarboxylic acid, Boc-(R)-Leu-(R+ S)-Nip-(S,5)-Azi(OH),
(23 e+f): Method D starting with 10 umol of a mixture of the re-
spective dibenzyl esters 16 e+f yielded 4.2 mg (93 %) of a 1:1 mix-
ture of diastereomers 23e and 23f as colorless crystals; ESIMS:
C,iH3sN;05 IM—H '] 454.4,

(25,35)-1-[N-(tert-butoxycarbonyl)-glycyl-(R + S)-nipecotyllaziri-
dine-2,3-dicarboxylic  acid, = Boc-Gly-(R+S)-Nip-(S,5)-Azi(OH),
(24 a+b): Method D starting with 10 umol of a mixture of the re-
spective dibenzyl esters 17 a+b yielded 3.6 mg (90%) of a 1:1 mix-
ture of diastereomers 24a and 24b as colorless crystals; ESIMS:
Cy7HsN;05 IM—H*1: 398.1.

(25,35)-1-[N-(tert-butoxycarbonyl)-(S)-leucyl-isonipecotyl]aziri-
dine-2,3-dicarboxylic acid, Boc-(S)-Leu-Ini-(S,S)-Azi(OH), (25a):
Method D starting with 10 pmol of the respective dibenzyl ester
yielded 4.1 mg (90%) 25a as colorless crystals; ESIMS: C,;H35N;04
[IM—H*1: 454.3.

(25,3S)-Dibenzyl-1-[biotinyl-6-aminohexanoyll-aziridine-2,3-di-

carboxylate, Bio-Hxa-(S,S)-Azi(OBn), (26): 508 mg (2.2 mmol) Boc-
6-amino hexanoic acid (Boc-Hxa) and 227 mg (1.1 mmol) DCC are
stirred in 15 mL CH,Cl, at 0°C for 30 min. Insoluble dicyclohexyl-
urea is filtered off, and 311 mg (1 mmol) aziridine-2,3-dicarboxylate
dissolved in 1 mL CH,Cl, are added, followed by addition of 60 mg
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(0.5 mmol) DMAP. The mixture is stirred for 12 h at room tempera-
ture. The solvent is removed in vacuo, and the residue is dissolved
in 100 mL diethyl ether. The organic phase is washed twice with
10% Na,CO; (30 mL) and 10% citric acid (30 mL). After removal of
the solvent, the intermediate Boc-Hxa-(S,5)-Azi-(OBn), is dissolved
in 5 mL TFA/CH,Cl, (1:5) at 0°C and stirred for 1 h. The residue re-
maining after evaporation of the solvent is dissolved in 5 mL DMF.
2 uL (2 mmol) Et;N and 375 mg (1.1 mmol) biotin-N-hydroxysucci-
nimidate® are added at room temperature, and the solution is
stirred for 5 days. After removal of the solvent Bio-Hxa-(S,5)-Azi-
(OBn), (26) is purified by flash chromatography on silica gel 60
(methanol/CHCI; gradient); overall yield: 253 mg (39%) 26 as yel-
lowish solid; TLC R;=0.45 with silica gel 60, methanol/CHCI; 1:10;
[2]2 =—30.4 (c=1.01, MeOH); IR (neat): #=23250 (m, br.), 2930 (m),
2862 (m), 2360 (s), 1735 (s), 1697 (s, C=0), 1637 (s), 1379 (s), 1324
(s), 1182 (s), 1074 (s), 954 (m), 730 (s), 649 (m) cm™~'; "H NMR (CDCl;,
400.13 MHz): aziridine: 6 =3.49 (s, 2H, 2xCH ring), 5.19 (s, 4H, 2x
CH,), 7.30-7.37 (m, 10H, 2C,H;); amino hexanoic acid: 6=1.15-
1.30 (m, 2H, 4-CH,), 1.33-1.48 (m, 2H, 5-CH,), 1.58-1.75 (m, 2H, 3-
CH,), 2.10-2.25 (m, 1H, 2-CH,), 2.28-2.40 (m, 1H, 2-CH,), 3.07-3.15
(m, 2H, 6-CH,), 6.76 (bt, 1H, NH); biotin: 1.33-1.48 (m, 2H, 4-CH,),
1.48-1.75 (m, 4H, 3+5-CH,), 2.20-2.25 (m, 2H, 2-CH,), 2.73 (d, TH,
J=12.1 Hz, cis 12-CH,), 2.87 (dd, TH, J=12.1, 5.0 Hz, trans 12-CH,),
4.30-4.35 (m, 1H, 7-CH), 4.50-4.55 (m, 1H, 11-CH), 5.7 (bs, 1H, 10-
NH), 6.32 ppm (bs, TH, 8-NH); *C NMR (CDCl;, 100.62 MHz): aziri-
dine: d=40.0 (2x CH ring), 68.2 (2x CH,), 128.6, 128.7, 128.8, 134.5
(arom. C), 168.4 ppm (2xC=0); amino hexanoic acid: 6=23.8 (3-
CH,), 25.6 (4-CH,), 28.9 (5-CH,), 36.5 (2-CH,), 39.4 (6-CH,), 173.2 (1-
C=0); biotin: 26.2 (3-CH,), 27.8 (5-CH,), 27.9 (4-CH,), 35.7 (2-CH,),
40.5 (12-CH,), 55.4 (6-CH), 60.5 (11-CH), 62.2 (7-CH), 169.4 (1-C=0),
180.5 ppm (9-G=0); ESIMS m/z: 651.3 [M+H"] (100%), 673.3
[M+Na*] (25%); HRESIMS: calcd for C5H,N,O,S, [M+HTT:
651.2852, found: 651.2855.

(25,35+2R,3R)-Dibenzyl-1-[desthiobiotinyl-6-aminohexanoyl]-

aziridine-2,3-dicarboxylate, DsBio-Hxa-(5,S+R,R)-Azi(OBn), (27):
522 mg (2.26 mmol) Boc-6-amino hexanoic acid (Boc-Hxa) and
256 mg (1.24 mmol) DCC are stirred in 20 mL CH,Cl, at 0°C for
30 min. Insoluble dicyclohexylurea is filtered off and 352.3 mg
(1.13 mmol) racemic dibenzyl aziridine-2,3-dicarboxylate” dis-
solved in 2 mL CH,CI, are added, followed by addition of 67.8 mg
(0.565 mmol) DMAP. The mixture is stirred for 12 h at room tem-
perature. The solvent is removed in vacuo and the residue is dis-
solved in 100 mL diethyl ether. The organic phase is washed twice
with 10% Na,CO; (30 mL) and 10% citric acid (30 mL). After remov-
al of the solvent the intermediate Boc-Hxa-(S,S+ R,R)-Azi-(OBn), is
dissolved in 5 mL TFA/CH,CI, (1:5) at 0°C and stirred for 1 h. The
residue remaining after removal of the solvent is dissolved in
25mL DMF, and 3564 mg (1.44mmol) EEDQ, 308.59 mg
(1.44 mmol) desthiobiotin and 307 pL (1.44 mmol) TEA are added.
After 48 h stirring at room temperature the solvent is removed in
vacuo and the crude product is purified by flash chromatography
on silica gel 60 (1. CHCl;/MeOH 5:1; 2. 5% MeOH in CHCI,); overall
yield: 73.4 mg (16%) 27 as yellowish viscous liquid; TLC R;=0.63
with silica gel 60, methanol/CHC; 1:5; [a]’=+12 (c=0.8, CHCl;);
IR (neat): ¥=3276.5 (m, br.), 2961 (m), 2929 (m), 2858 (m), 2361 (s),
1734 (s), 1694 (s, C=0), 1645 (s), 1259 (s), 1015 (s), 795 (m), 679
(m) cm~"; "TH NMR (CDCl,, 400.13 MHz): aziridine: 0=3.41 (s, 2H, 2x
CH ring), 5.13 (s, 4H, 2xCH,), 7.28-7.31 ppm (m, 10H, 2xCiH,);
amino hexanoic acid: 6=1.17-1.27 (m, 2H, 4-CH,), 1.52-1.62 (m,
4H, 5-CH, and 3-CH,), 2.07-2.15 (m, 1H, 2-CH,), 2.23-2.33 (m, 1H,
2-CH,), 3.12-3.17 (m, 2H, 6-CH,), 4.66 ppm (bs, 1H, NH); desthio-
biotin: d=1.05 (d, 3H, 12-CH,, >J=6.3 Hz), 1.32-1.46 (m, 4H, 4-CH,
and 5-CH,), 1.52-1.63 (m, 4H, 3-CH, and 6-CH,), 2.23-2.33 (m, 2H,
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2-CH,), 3.59-3.65 (m, 1H, 7-CH), 3.76-3.81 (m, TH, 11-CH), 5.69 (bs,
1H, NH), 5.75 ppm (bs, 1H, NH); *C NMR (CDCl,, 100.62 MHz): aziri-
dine: d=39.01 (CH ring), 67.17 (CH,), 127.64, 127.74, 127.84, 133.49
(aromatic), 171.93 ppm (C=0); amino hexanoic acid: 6=23.47 (3-
CH,), 25.02 (4-CH,), 2847 (5-CH,), 3531 (2-CH,), 38.19 (6-CH,),
172.46 ppm (1-G=0); desthiobiotin: 0 =14.74 (12-CH,), 2535 (5-
CH,), 27.87 (6-CH,), 28.15 (4-CH,), 35.46 (3-CH,), 38.10 (2-CH,), 50.42
(11-CH), 55.01 (7-CH), 172.52 (1-C=0), 179.23 ppm (9-C=0); ESIMS:
C3,HuN,O, [M]T 620.75.

Enzyme assays: The fluorimetric enzyme assays were performed
on a Cary Eclipse fluorescence spectrophotometer from Varian,
Darmstadt, Germany, using a microplate reader (Aiution =365 NM,
Aemission =460 nm). For the inhibition assays, 96-well microplates
from Nunc GmbH, Wiesbaden, Germany, were used. Assays were
performed at 25°C in a 20 mm Tris-HCl buffer, pH 6.0, containing
5mm EDTA, 2.5 mm DTT, 200 mm NaCl, 0.005% Brij 35 in a total
volume of 285 pL. Substrate (Cbz-Phe-Arg-AMC for both enzymes)
and inhibitor stock solutions were prepared in DMSO (10% final
concentration) and were diluted with assay buffer; enzymes were
held in buffer. The final substrate concentration for inhibition
assays was between 10.0 and 81.0 um; the final enzyme concentra-
tion was 53 ngmL~' for CL (P. tetraurelia) and 58 pgmL~" for CB
(recombinant, human liver). Inhibitors were used at concentrations
between 0.35 pm and 140 pm.

K; values for time-independent inhibition were obtained by Dixon
plots®” using the equation vy/v,=1-+[/K** and correction to zero
substrate concentration from K;=K™?/(1+[S)/Ky). In cases of time-
dependent inhibition, the inactivation rates (k) for different in-
hibitor concentrations in the presence of the substrate were deter-
mined according to the continuous method of Tian and Tsou®® by
monitoring the product released from hydrolysis of the substrate
in the presence of the inhibitor as a function of time (fluores-
cence =A(1—exp(—kyp t)) 4+ B). Fitting of the k,,, values against the
inhibitor concentrations to the hyperbolic equation k.,,=k [/
K:*®4-[I] gave the individual values of K" and k. The K{*® values
were corrected to zero substrate concentration by the term (1+
[SI/Kw) in the equation K;=K"/(1+[S]/K\). The second-order rate
constants k,,q=ki/K, were directly calculated from the individual
constants. K; and k; values were calculated by nonlinear regression
analyses using the program GraFit.®*¥ All values are mean values
from at least two independent assays. The Ky, values used to cor-
rect K{*® values were 6.5 um for CL and 150.0 pum for CB.

Affinity labeling: Cathepsin L from P, tetraurelia was incubated in
50 mm sodium acetate, 2 mm dithiothreitol pH 5.5, supplemented
with 10 pm of the biotinylated compound at 25°C for 1 h. Excess
of the compound was removed from the sample by use of a PD10
column (Amersham Biosciences) equilibrated in the same buffer.
Protein was subjected to reversed-phase chromatography using a
PRP-3 column (Hamilton, Reno, USA). Eluted protein was collected
and subjected to SDS-polyacrylamide 12.5% separating gels. Pro-
teins separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) were electrotransferred to a polyvinylidene difluoride (PVDF)
membrane or directly stained with silver nitrate.*” As a control, un-
treated cathepsin L was used. Enzyme-inhibitor complexes were
detected on the membrane by alkaline phosphatase conjugated
streptavidin  (Promega). BCIP  (5-bromo-4-chloro-3-indolyl-phos-
phate) and NBT (nitro blue tetrazolium) were used as substrates
for the colorimetric detection of alkaline phosphatase activity
(both obtained from Promega).

Docking procedures: Ligands: The ligand input structures were
sketched and energy-minimized using Sybyl (Tripos force field,
2000 iterations, Powell minimizer). The tilted angle at the aziridine
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nitrogen atom obtained from quantum chemical calculations was
kept rigid during minimization. Within all ligand mol2 files, the
bond type “UN” was assigned to the carbon-carbon bond of the
aziridine ring. This prevented CORINA, which is automatically exe-
cuted during FlexX docking for the generation of ring conforma-
tions, from processing the aziridine ring and altering the tilted
bond angle.

Docking with FlexX was performed with default settings except
the parameters SOLUTIONS_PER_IT 800 and SOLUTIONS_PER_
FRAG 400. Although this results in longer computation times, more
solutions are generated and evaluated during the docking process,
leading to a larger probability of finding the correct binding mode.
Additionally, the geometry of the spherical cap representing the
hydrogen bonding interaction of the aziridine nitrogen atom had
to be slightly adjusted (sp® hybridization model only). In the geo-
metry.dat parameter file, the respective interaction center was de-
fined with the entry “cone e —1 —0.55 —0.55 0 40". Furthermore,
in the contact.dat file, a “@subgraph” entry matching the sp® aziri-
dine moiety was defined (using the respective amino subgraph as
a template).

Receptors: The X-ray crystal structure with the PDB code TMHW
was taken as target structure cathepsin L. The active site was de-
fined with Sybyl as a region about 12 A around the cysteine resi-
due responsible for covalent ligand binding (Cys25). The sulfur
atom of this active site cysteine was deleted to deliberately
remove its influence. Otherwise, the noncovalent pre-transition
state could not be reliably simulated. Applying this procedure to
10 cysteine protease-inhibitor complexes taken from the Brook-
haven protein data bank showed that the crystal structure binding
mode could be reproduced with a median RMSD of about 2 A for
the best docking pose (see Supporting Information). Given the
high flexibility of the investigated compounds (the compound
with the fewest rotatable bonds has 17 of them), the prediction
was found sufficient. The FlexX his + template was assigned to the
histidine residue in the active site, leading to a positively charged
histidinium ion. Water molecules were removed from the protein
structure.

The parameters to obtain the two different aziridide geometries
and to simulate the two different hybridization states are explained
in the following. The tilted angles were conserved by preventing
CORINA from processing the aziridine rings. Thus, for the latter
fragment FlexX used the given structure obtained from the quan-
tum chemical calculations. The docking models for sp? and sp® hy-
bridization differ only in the atom type of the aziridine nitrogen
atom within the Sybyl mol2 file. For the sp? and sp®> model, we as-
signed to it the N.am and N.3 atom type, respectively.

For the sp® hybridization model, minor changes in the hydrogen
bond interaction geometry of the aziridine nitrogen atom were re-
quired. The special situation of a tilted “amide” bond with the ni-
trogen atom having partial sp® character is not defined in the
FlexX standard parameterization. Therefore, we had to slightly
adjust the direction of the hydrogen bonding interaction of the
aziridine nitrogen atom.

Quantum chemical calculations: All the structures were first opti-
mized using the DFT method combined with the B“"-LYP*? func-
tional and the TZVP¥ basis set. The Rl approach®**! was em-
ployed. In one set of calculations all internal coordinates were al-
lowed to change, while in the other set the geometry was kept
planar (X (C—C—N—C)=180°). The final energies were obtained in
the single-point calculations on the optimized structures using the
B3“-LYP functional and TZVP basis set. All the calculations were
done in the TURBOMOLE™” program package.

1140

www.chemmedchem.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. Schirmeister et al.

Acknowledgements

Financial support of this work by the Deutsche Forschungsge-
meinschaft (DFG) (T.S.: DFG SCHI 441/4-1; SFB 630, TP A4) (K.B.:
SFB 630, TP C5) (B.E.: SFB 630, TP C3) (M.L.: DFG LE 1075/5-1) is
gratefully acknowledged. M.B. thanks Dr. Bernd Kramer, 45C AG,
for valuable hints concerning FlexX.

Keywords: aziridines - cathepsins -
docking - inhibitors

cystei ne proteases -

[1] F. Lecaille, J. Kaleta, D. Bromme, Chem. Rev. 2002, 102, 4459 - 4488.

[2] N.D. Rawlings, F. R. Morton, A. J. Barrett, Nucleic Acids Res. 2006, 34 (Da-
tabase issue), D270-272.

[3] B. Turk, D. Turk, V. Turk, Biochim. Biophys. Acta 2000, 1477, 98—-111.

[4] M. E. McGrath, Annu. Rev. Biophys. Biomol. Struct. 1999, 28, 181-204.

[5] D. Turk, G. Guncar, Acta Crystallogr. Sect. D 2003, 59, 203-213.

[6] P. Rosenthal, Emerging Infect. Dis. 1998, 4, 49-56.

[7] J. H. McKerrow, J.C. Engel, C.R. Caffrey, Bioorg. Med. Chem. 1999, 7,
639-644.

[8] M. Sajid, J. H. McKerrow, Mol. Biochem. Parasitol. 2002, 120, 1-21.

[9] J. C. Mottram, G. H. Coombs, J. Alexander, Curr. Opin. Microbiol. 2004, 7,
375-381.

10] T. Schirmeister, J. Med. Chem. 1999, 42, 560-572.

11] T. Schirmeister, unpublished results.

12] T. Schirmeister, M. Peric, Bioorg. Med. Chem. 2000, 8, 1281-1291.

13] R. Vicik, V. Hoerr, M. Glaser, M. Schultheis, E. Hansell, J. H. McKerrow, U.
Holzgrabe, C. R. Caffrey, A. Ponte-Sucre, H. Moll, A. Stich, T. Schirmeister,
Bioorg. Med. Chem. Lett. 2006, 16, 2753 -2757.

[14] The following list of descriptors are used for the different stereoisomers
of aziridinyl peptides.

X-Xaa-Caa-Azi

Xaa CaaorAla Az Descriptor
s s, a
R SS b
s RR c
R RR d
S S S, a
S R SS b
S s RR c
s R RR d
R s S,S e
R R S,S f

[a] X = protecting group; Xaa = Leu,
Gly, Phe; Caa = cyclic amino acid:
Azy, Azet, Pro, Pip, Nip, Ini; Azi =
aziridine-2,3-dicarboxylate.

[15] A. Breuning, R. Vicik, T. Schirmeister, Tetrahedron: Asymmetry 2003, 14,
3301-3312.

[16] M. Bodansky, Practice of Peptide Synthesis, Springer, Berlin, 1984.

[17] A. Korn, S. Rudolph-Béhner, L. Moroder, Tetrahedron 1994, 50, 1717 -
1730.

[18] R. M. Rodebaugh, N.H. Cromwell, J. Heterocycl. Chem. 1969, 6, 435-
437.

[19] The diastereomers were separated by cc on silica gel 60, petrolether/di-
ethyl ether 3:1. Assignment of configuration to pipecolic acid in the
aziridinyl dipeptides 3a and 3b, 3c and 3d, and 4c and 4d, and in the
aziridinyl tripeptide 15a was done by comparison with samples pre-
pared with enantiomerically enriched Boc-protected pipecolic acids.
These are commercially available as Boc-(S)-Pip and Boc-(R)-Pip. Howev-
er, chromatographic analysis on a chiral HPLC column (Chirobiotic T,
250x4.6 mm, 5pum, isopropanol/water 60:40, flow 0.5 mLmin b}
showed the enantiomeric purity of the R enantiomer to be only 76 % ee
and of the S enantiomer, 92% ee (see Supporting Information).

ChemMedChem 2006, 1, 1126 - 1141


www.chemmedchem.org

Inhibitors of Cathepsin L

[20] C. Gelhaus, R. Vicik, R. Hilgenfeld, C. L. Schmidt, M. Leippe, T. Schirmeis-
ter, Biol. Chem. 2004, 385, 435-438.

[21] V. Martichonok, C. Plouffe, A.C. Storer, R. Menard, J. B. Jones, J. Med.
Chem. 1995, 38, 3078 -3085.

[22] H. Helten, T. Schirmeister, B. Engels, J. Phys. Chem. A 2004, 108, 7691 -
7701.

[23] H. Helten, T. Schirmeister, B. Engels, J. Org. Chem. 2005, 70, 233-237.

[24] C. Gelhaus, R. Vicik, T. Schirmeister, M. Leippe, Biol. Chem. 2005, 386,
499-502.

[25] K. Hanada, M. Tamai, M. Yamagishi, S. Ohmura, J. Sawada, |. Tanaka,
Agric. Biol. Chem. 1978, 42, 523 -526.

[26] J. D. Hirsch, L. Eslamizar, B.J. Filanoski, N. Malekzadeh, R. P. Haugland,

J. M. Beechem, Anal. Biochem. 2002, 308, 343 -357.

Falcipain 2: 0.2 pm, falcipain 3: 79 nm.

M. Rarey, B. Kramer, T. Lengauer, G. Klebe, J. Mol. Biol. 1996, 261, 470 -

489.

FlexX 1.12 BioSolvelT, An der Ziegelei 75, 53757 St.Augustin (Germany)

2003.

[30] S.F. Chowdhury, J. Sivaraman, J. Wang, G. Devanathan, P. Lachance, H.

Qi, R. Menard, J. Lefebvre, Y. Konishi, M. Cygler, T. Sulea, E. O. Purisima,

J. Med. Chem. 2002, 45, 5321-5329.

H. Volkel, U. Kurz, J. Linder, S. Klumpp, V. Gnau, G. Jung, J. E. Schultz,

Eur. J. Biochem. 1996, 238, 198 - 206.

[32] The human enzyme was chosen for docking because the sequence sim-

ilarity is large enough to expect that the error with the experimental

structure with few mutations is less than the error in building a homol-
ogy model. Furthermore, we are ultimately interested to determine if
and how the compounds fit into the human enzyme.

H. Shao, X. Jiang, P. Gantzel, M. Goodman, Chem. Biol. 1994, 1, 231-

234.

[34] Overall, the docking results using sp® hybridization parameter settings
of the aziridine nitrogen atom (N: sp®) led to the more plausible dock-
ing poses. This is probably because quantum chemical calculations pre-
dict a pyramidal structure for the aziridine nitrogen center, which is
better represented in the docking tool using the parameters of the sp-

[27]
[28]

[29]

311

[33]

[35]

[46]
[47]

hybridized nitrogen. It should be stressed here that geometrically the
sp® hybridization is only more realistic for the first noncovalent complex
formation. After the covalent bond is formed the nitrogen will be sp?
hybridized.

This can be elucidated unequivocally only by either an X-ray structure
analysis of an enzyme-inhibitor complex or by NMR studies with an in-
hibitor *C-labeled at the aziridine ring carbon atoms. These studies are
underway.

R. von Grunigen, G. Siglmuller, A. Papini, K. Kocher, B. Traving, W. Gohr-
ing, L. Moroder, Biol. Chem. Hoppe-Seyler 1991, 372, 163-172.

P. J. F. Henderson, Biochem. J. 1972, 127, 321-333.

W.-X. Tian, C.-L. Tsou, Biochemistry 1982, 21, 1028-1032.

GraFit, Version 3.0, Erithacus Software Ltd., London, 1992.

J. Heukeshoven, R. Dernick, Electrophoresis 1988, 9, 28-32.

A. D. Becke, Phys. Rev. A 1988, 38, 3098-3100.

C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785-789.

A. Schéfer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100, 5829-5835.
O. Vahtras, J. Almlof, M. W. Feyereisen, Chem. Phys. Lett. 1993, 213, 514—
518.

K. Eichkorn, O. Treutler, H. Ohm, M. Haser, R. Ahlrichs, Chem. Phys. Lett.
1995, 240, 283-289; erratum: K. Eichkorn, O. Treutler, H. Ohm, M.
Haser, R. Ahlrichs, Chem. Phys. Lett. 1995, 242, 652 -660.

A.D. Becke, J. Chem. Phys. 1993, 98, 5648 —5652.

TURBOMOLE, Versions 5.6: R. Ahlrichs, M. Bér, H.-P. Baron, R. Bauernsch-
mitt, S. Bocker, M. Ehrig, K. Eichkorn, S. Elliott, F. Furche, F. Haase, M.
Haser, H. Horn, C. Huber, U. Huniar, M. Kattaneck, C. Kélmel, M. Kollwitz,
K. May, C. Ochsenfeld, H. Ohm, A. Schifer, U. Schneider, O. Treutler, M. v.
Arnim, F. Weigend, P. Weis, H. Weiss, University of Karlsruhe, Germany,
since 1988.

Received: May 2, 2006
Revised: June 28, 2006
Published online on August 25, 2006

ChemMedChem 2006, 1, 1126 - 1141

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1141

www.chemmedchem.org


www.chemmedchem.org

