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Introduction

Tumors produce many angiogenic factors that are able to acti-
vate endothelial cells in established blood vessels and induce
endothelial proliferation, migration, and new vessel formation.
Angiogenesis is a requirement for both tumor growth and
metastasis.[1] The angiogenic process depends mainly on vas-
cular endothelial cell migration, which is regulated by cell ad-
hesion receptors. Integrins are transmembrane-spanning re-
ceptors that participate in cell-matrix interactions in all normal
and malignant cell types.[2] The most common integrins recog-
nize the tripeptide sequence Arg-Gly-Asp (RGD), found in
many extracellular matrix adhesive proteins.[3] The context of
the RGD sequence (flanking residues, 3D presentation, and in-
dividual features of the integrin binding pockets) determines
the specificity and efficacy of interaction.[4] It is therefore a
major challenge to identify compounds that can discriminate
between RGD-binding integrins implicated in human patholo-
gies. Thus, the vitronectin receptors avb3 and avb5 emerged as
potential therapeutic targets for the treatment of osteoporosis,
restenosis, ocular disease, tumor-induced angiogenesis, meta-
stasis formation, and sickle-cell anemia.[5]

Endothelial cells in the angiogenic vessels within solid
tumors express several proteins that are absent or hardly de-
tectable in established blood vessels, including integrins and
receptors for certain angiogenic growth factors. The avb3 integ-
rin, for instance, is expressed at low levels on epithelial cells
and mature endothelial cells ; however, it is highly expressed
on activated endothelial cells in the neovasculature of tumors,
including osteosarcomas, neuroblastomas, glioblastomas, mel-
anomas, lung carcinomas, and breast cancer. Furthermore, an-
tagonists of avb3 integrins significantly inhibit vessel develop-
ment and tumor growth induced by cytokines and solid tumor
fragments.[6] Notably, avb3 antagonists have very little effect on

preexisting blood vessels, indicating the usefulness of target-
ing this receptor for therapeutic benefit without adverse side
effects. Besides the avb3 integrin, the avb5 integrin has also
been implicated in the angiogenic process, possibly via a sig-
naling pathway distinct from that of avb3.[7] Therefore, selective
antagonists of avb3 and/or avb5 may be useful in blocking
tumor-induced angiogenesis.

A few years ago the crystal structure of the extracellular seg-
ment of integrin avb3 complexed with the cyclic pentapeptide
ligand cyclo-(Arg-Gly-Asp-d-Phe-[N-Me]Val) (EMD121974) was
reported.[8] The crystal structure of the peptide–integrin com-
plex provides the exact conformation of EMD121974 bound to
avb3 integrin, and serves as a basis for understanding the gen-
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eral mode of interaction of integrins with other RGD-contain-
ing ligands.

Cyclic RGD peptides have been developed by various re-
search groups as active and selective integrin antagonists that
compete with matrix molecules for specific integrin recep-
tors.[9] The conformational constraint imposed by the cyclic
template has been shown to be a valuable tool in the indirect
determination of the bioactive conformation. The pioneering
work in this field by Kessler and co-workers has led to a highly
active avb3-selective first-generation cyclic pentapeptide: cyclo-
(Arg-Gly-Asp-d-Phe-Val).[10] Extensive modification of this lead
structure with various peptidomimetics and carbohydrate scaf-
folds has been performed, and new potent antagonists have
been identified.[11] Systematic derivatization of the lead peptide
resulted in the N-alkylated cyclopeptide mentioned above,
cyclo-(Arg-Gly-Asp-d-Phe-[N-Me]Val) (EMD121974), which has
entered clinical phase II studies as an angiogenesis inhibi-
tor.[12, 13]

Among the conformationally constrained cyclic RGD pep-
tides discovered over the last decade as avb3/avb5 binders with
affinity in the low-nanomolar range, is notably a series of cyclic
tetrapeptide ligands containing g-aminocyclopentanecarboxyl-
ic acid fragments or 4-aminoproline residues.[14a, b] In particular,
the use of the g-amino and carboxyl functions of the 4-amino-
proline scaffold to generate 14-membered RGD cyclotetrapep-
tides resulted in the discovery of sub-nanomolar avb3/avb5 li-
gands, leaving the Na-proline site free for conjugation to
useful functional units.

In this context, our research group has reported a library of
15-membered cyclic RGD pentapeptide mimics based on 1-
aza-2-oxobicyclo ACHTUNGTRENNUNG[X.3.0]alkane amino acids.[15] Stereoisomeric
6,5- and 7,5-fused bicyclic lactams 1 with different reverse-turn
mimetic properties were exploited as dipeptide analogues for
the synthesis of a library of the general formula cyclo-(Arg-Gly-
Asp-lactam) 2 (Figure 1). The replacement of the d-Phe-Val di-
peptide in the lead structure cyclo-(RGDfV) with such azabicy-
cloalkane scaffolds showing different reverse-turn mimetic
properties constrains the RGD sequences into different confor-
mations and provides the required activity and selectivity for
integrin antagonism. This library was found to contain specific
high-affinity ligands for avb3 and avb5 integrins, which are pres-
ently under evaluation as very promising anti-angiogenic
drugs. Among the peptides tested, 3 (ST1646) showed the

highest affinity for aVb3 and avb5, inhibiting echistatin binding
to aVb3 and aVb5 with IC50 values of 3.7�0.6 and 1.39�0.2 nm,
respectively (Figure 1).[16]

The functionalization of such azabicycloalkane scaffolds with
heteroalkyl substituents is of great interest, as it allows the
conjugation of various chemical entities for application in med-
ical diagnosis and therapeutics. New research in the integrin
field suggests that high-affinity integrin ligands can express
their potential not only as such, but even as intelligent vectors
for other active units. The RGD ligand– active unit conjugates
may be selectively targeted to those tissues that overexpress
integrins (such as epithelial cells involved in vascular growth)
and selectively control the release of a drug (i.e. a cytotoxic
agent) bound to the lactam ring as well as inhibit angiogene-
sis. Furthermore, the targeting of biological pathways with mo-
lecular imaging probes holds great promise as a means of de-
tecting and diagnosing disease at a much earlier stage than is
the norm today. The low number of “scaffolds” suitable for the
preparation of conjugated integrin ligands and the necessity
to obtain them in high yield over a minimal number of steps,
forced us to design and synthesize novel conformationally con-
strained dipeptide mimetics, functionalized with hetero-substi-
tuted side chains.[14, 17, 18]

Herein we report the synthesis, conformational analysis by
spectroscopic and computational methods, in vitro evaluation
toward avb3 and avb5 integrins, and docking studies of cyclic
RGD compounds (5, Figure 1) containing the conformationally
constrained homoSer-Pro dipeptide unit structure (4, Figure 1).
These compounds could be useful as anti-angiogenic drugs;
moreover, they are particularly suitable candidates as vectors
for therapeutics and diagnostics.

Results and Discussion

Chemistry

The synthesis of compounds of general formula 5, shown in
Figure 1, required the preparation of scaffolds 6–9 (Figure 2).
These were obtained through a known synthetic procedure
based on a stereoselective 1,3-dipolar nitrone cycloaddition on
suitably protected allylprolines.[18] With these precursors in
hand, we started the synthesis of the cyclic RGD compounds.

Figure 1. Integrin ligands and scaffolds used in their preparation. Figure 2. Bicyclic lactam templates 6–9.
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The synthetic plan for preparation of the RGD pseudopepti-
des was based on a linear peptide synthesis in solution using
the benzyloxycarbonyl (Cbz) protection strategy, followed by
cyclization and side chain deprotection. To minimize steric hin-
drance at the cyclization site and to avoid the possibility of C-
terminal racemization, cyclization between the Gly and Asp
residues was envisaged, and the linear peptides 10–13 were
chosen as the target linear sequences (Figure 3). Arg and Asp,

with the side chains protected using 2,2,5,7,8-pentamethylcro-
man-6-sulfonyl (Pmc) and tert-butyl groups, respectively, were
employed in the synthesis. Both these protecting groups are
removed under acidic conditions, and are therefore compatible
with the Cbz strategy.

The first step in the synthesis consisted of the deprotection
of the tert-butyl ester of the bicyclic lactams 6–9 by treatment
with trifluoroacetic acid (TFA) in dichloromethane to give the
corresponding carboxylic acids in quantitative yields
(Scheme 1). These compounds were used in the subsequent
coupling step without further purification.

The dipeptide H-Arg ACHTUNGTRENNUNG(Pmc)-Gly-OMe was coupled to the free
carboxyl group of bicyclic lactams 6–9 using 1,3-diisopropyl-
carbodiimide (DIC)/1-hydroxy-1H-benzotriazole (HOBt) to fur-
nish the desired products 15 and 17 in good yields, whereas
for compounds 14 and 16, the yields were lower (Scheme 1).[19]

After conversion of the N-benzyloxazolidine function of com-
pounds 14–17 into the appropriate amino alcohols by hydro-
genation on Pd/C at 5 atm, Cbz-Asp ACHTUNGTRENNUNG(OtBu)-OH was coupled to
the free amine. The reaction was performed by using an equi-
molar ratio of Cbz-Asp ACHTUNGTRENNUNG(OtBu)-OH and free amine at �30 8C in
order to avoid the undesired condensation of the amino acid
with the free hydroxy group of the scaffold. The low yield ob-
served in the methyl ester hydrolysis of compounds 18–21
under standard, basic conditions forced us to change the gly-
cine carboxylic acid protecting group. Acid-catalyzed transes-
terification mediated by Ti ACHTUNGTRENNUNG(OiPr)4 in the presence of excess
benzyl alcohol gave 22–25 with two simultaneously removable
protecting groups. Hydrogenation on Pd/C followed by cycliza-
tion using O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluroni-
um hexafluorophosphate (HATU) and 7-aza-1-hydroxy-1H-ben-
zotriazole (HOAt) as condensing agents provided protected
cyclic pseudopentapeptides 26–29 in 54–74 % yield over two
steps (Scheme 2).

Finally, the side chain protecting groups of compounds 26–
29 were removed by TFA in the presence of cation scavengers.
Compounds 30, 31, and 33 were obtained in good yields (85–
98 %) after HPLC purification, unlike compound 32, which was
recovered in only 30 % yield. The low yield was due to the for-
mation of many byproducts during the deprotection reaction,
the most relevant of which appeared to be the product ob-
tained from the shift of the aspartic acid residue from the
amine to the hydroxy group of the side chain.[20]

Figure 3. Linear pseudopeptides H2N-Asp ACHTUNGTRENNUNG(tBu)-Temp-Arg ACHTUNGTRENNUNG(Pmc)-Gly-OH 10–
13 ; Temp = azabicycloalkane scaffold.

Scheme 1. Synthesis of the protected linear peptides 10–13. Reagents and
conditions: 1) TFA, CH2Cl2; 2) H-Arg ACHTUNGTRENNUNG(Pmc)-Gly-OMe, DIC, HOBt, THF/CH2Cl2,
30–90 % over two steps; 3) H2, Pd/C, MeOH, 5 atm, 3 days; 4) DIC, HOBt, TEA,
Z-Asp ACHTUNGTRENNUNG(tBu)-OH, THF, �30 8C, 60–87 % over two steps; 5) BnOH, TiACHTUNGTRENNUNG(iPrO)4, THF,
90 8C, 67–90 %; 6) H2, Pd/C, MeOH.

Scheme 2. Cyclization of 10–13 and deprotection. Reagents and conditions:
1) HATU, HOAt, DIPEA, DMF, 54–74 %; 2) TFA/thioanisole/1,2-ethanedithiol/
anisole (90:5:3:2), 85–98 %.
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With the aim of exploring the application of these function-
alized cyclic RGD pseudopeptides in conjugation reactions and
to evaluate the effect that a substituent would have on their
activity, we decided to investigate the formation of an amide
bond by preparing the corresponding valeroylamido deriva-
tives. The synthesis of the amide derivatives was performed as
follows: the hydroxy groups of compounds 26–29 were trans-
formed into azido derivatives via mesylate displacement. The
azido compounds 34, 35, and 37 were subjected to standard
hydrogenation on Pd/C to afford the corresponding amines,
which were condensed with valeroyl chloride to give the de-
sired amides 38–40 (Scheme 3). The amide derivative of com-
pound 28 was not obtained because azide 36 submitted to
standard hydrogenation conditions afforded a complex mix-
ture containing, apart from the desired product, two main im-
purities that were difficult to purify. No improvement was ob-
tained by performing the reduction of azide 36 under Stau-
dinger conditions. Given the difficulty in obtaining the corre-
sponding amine, we decided to synthesize the ester derivative
by simply reacting compound 28 with valeroyl chloride. The
protecting groups of amides 38–40 and ester 41 were re-
moved under the conditions reported above, and the resulting
TFA salts were purified by HPLC (Scheme 3) to afford com-
pounds 42–44 and 45, respectively.

For compound 31, which showed the best results in the
binding assay as reported in Table 1, a scale-up procedure was
performed (see Supporting Information). The reaction steps
were improved in order to obtain better yields, shorter reac-
tion times and, where possible, to economize reagents and sol-
vents.

Biological evaluation

Receptor binding assay

The cyclic pentapeptides 30–33, the amide derivatives 42–44,
and the ester derivative 45 were examined in vitro for their
ability to compete with biotinylated vitronectin for binding to
the purified avb3 and avb5 receptors (Table 1). Screening assays
were performed by measuring the effects of the RGD penta-
peptide mimics on the interaction between immobilized integ-
rin receptors and soluble biotinylated ligands. The ability of
the new compounds to inhibit the binding of vitronectin to
the isolated avb3 and avb5 receptors was compared with that

of the standard compound,
cyclo-(RGDfV), and that of com-
pound ST1646, whose affinity
for the avb3 and avb5 integrins
was previously determined in
competitive binding experi-
ments using radiolabeled echis-
tatin.[16] Among the eight new
peptides tested, compound 31
showed the highest affinity
toward avb3 and avb5 integrins,
inhibiting the binding of biotin-
ylated vitronectin to avb3 and
avb5 with IC50 values of 53.7�
17.3 and 205�33.5 nm, respec-
tively. However, cyclopentapep-
tide 31 has lower affinity toward
avb3 and avb5 integrins than the
low-nanomolar reference ligand
ST1646. Nevertheless, the nano-
molar-range affinities of ligand
31 and its corresponding amide
derivative 43 toward avb3 integ-
rin suggest that these function-

Scheme 3. Synthesis of the amide derivatives 42–44 and ester 45. Reagents and conditions: 1) MsCl, TEA, CH2Cl2;
2) NaN3, DMF, 80 8C, 62–90 % over two steps; 3) H2, Pd/C, MeOH; 4) valeroyl chloride, TEA, CH2Cl2, 40–57 % over
two steps; 5) TFA/thioanisole/1,2-ethanedithiol/anisole (90:5:3:2), 98 %; 6) valeroyl chloride, pyridine, DMAP, THF,
84 %.

Table 1. Inhibition of biotinylated vitronectin binding to avb3 and avb5 re-
ceptors.

Compound
IC50 [nm][a]

avb3 avb5

vitronectin 47.1�10.0 13.7�6.2
cyclo-(RGDfV) 3.2�1.3 7.5�4.8

ST1646 1.0�0.5 1.4�0.8
30 1816�612 >10 000
31 53.7�17.3 205�33.5
32 88�7.3 929�149
33 460�126 334�83.4
42 >10 000 >10 000
43 114�59 234�78
44 >10 000 >10 000
45 1850�300 1527�416

[a] IC50 values were calculated as the concentration of compound re-
quired for 50 % inhibition of biotinylated vitronectin binding as estimated
by GraphPad Prism software; all values are the mean �SD of triplicate
determinations.
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alized RGD cyclic peptides could be suitable vectors for target-
ed drug delivery.

Cell adhesion and wound assays

To assess the activity of compound 31 as an integrin antago-
nist, cell adhesion assays were performed using two cell
models: human umbilical vein vascular endothelial cells
(HUVEC) and bladder carcinoma cells (ECV-304). Cells were al-
lowed to adhere to immobilized fibronectin or vitronectin in
the presence of increasing concentrations of the compound.
An adhesion assay to uncoated plastic Petri dishes was includ-
ed as a control. As shown in Table 2, compound 31 significant-

ly inhibited cell adhesion of both cell types to either fibronec-
tin or vitronectin in a similar micromolar range. As expected,
compound 31 does not interfere with the binding to the unre-
lated substrate plastic.

Fibronectin, vitronectin, and the related integrin receptors
play crucial and specific roles during angiogenic events. In par-
ticular, the fibronectin–a5b1 complex is mainly involved in de-
velopmental angiogenesis, whereas vitronectin–avb3 and vitro-
nectin–avb5 are related mainly to postnatal tumor angiogene-
sis.[21] Therefore, to evaluate the suitability of compound 31 as
an integrin antagonist for tumor targeting, we performed
wound assay experiments on HUVEC and ECV-304 cells grown
on immobilized vitronectin. As shown in Figure 4 and the Sup-
porting Information, treatment with compound 31 at 10 mm

significantly slows healing of the wounded area in the two cell

types. Moreover, through Trypan blue exclusion assays, we
demonstrated that compound 31 does not exert a cytotoxic
effect on these two cell types; the percentage of dead cells
grown on vitronectin and exposed to 10 mm compound 31 is,
in fact, less than 0.1 % (data not shown). Taken together, these
results indicate that compound 31 acts efficiently as an avb3/
avb5–integrin antagonist by interfering with both cell adhesion
and movement on vitronectin, with no evidence of cytotoxic
activity.

Computational studies

Conformational analysis

Monte Carlo/energy minimization (MC/EM) conformational
searches were performed on the cyclo-(Ala-Gly-Ala-lactam)
pentapeptide analogues 30 a–33 a to investigate the effects of
functionalized azabicycloalkane scaffolds on the cyclopeptide
conformations.[22] The principal types of backbone geometries
calculated for these compounds and their relative stabilities
are reported in Table 3.

As discussed previously for the library of RGD mimics 2 in-
corporating the unsubstituted 6,5- and 7,5-bicyclic lactams
1,[23] depending on the lactam ring size and stereochemistry,
the calculated geometries of compounds 30 a–33 a can adopt
specific secondary structure elements of peptides, in particular
g and b turns. In line with previous work,[23] the classification of
the low-energy conformers of compounds 30 a–33 a into spe-
cific b/g turn types was based, where possible, on the ideal
values of the f and y backbone torsional angles (�308), ac-
cording to the definition of Rose et al.[24]

Due to the conformational constraints introduced by the
cyclic pentapeptide system and by the rigid scaffold, the pep-
tide backbone is forced to adopt only few types of geometries.
Notably, the b/g turn arrangements reported in Table 3 for the
low-energy conformers of mimics 30 a–33 a match the four
types of significant geometries already detected for the cyclic
RGD pentapeptide mimics 2 and are denoted as type SI, SII,
SIII, and SIV geometries (see Supporting Information).[23]

In these four types of cyclopeptide geometries, the AGA se-
quence adopts different kinked conformations characterized
by a specific CbACHTUNGTRENNUNG(Ala)–Cb ACHTUNGTRENNUNG(Ala) distance (see Table 3). The stron-
gest kink corresponds to the shortest Cb–Cb value and to the
type SI geometry. In such a conformation the bicyclic unit oc-
cupies the i + 1 and the i + 2 positions of the bII’ turn, and the
Gly residue the i + 1 position of the g turn. On the opposite
site, the most extended conformation of the AGA sequence
corresponds to the highest Cb–Cb distance value and to the
type SIV geometry, featuring the Pro residue of the lactam ring
in the i + 1 position of the bI turn, and the Ala replacing Asp
residue in the i + 1 position of the inverse g turn. The other
two geometries featuring the SII and SIII structural types pres-
ent a g turn at Gly or an inverse g turn at Ala (Asp), respective-
ly, in combination with a distorted bII’ turn with Gly at the i + 1
position, and show intermediate values of the Cb–Cb distance.

Monte Carlo/stochastic dynamics (MC/SD) simulations of the
cyclic RGD pentapeptide mimics 30–33 were then performed

Table 2. Effect of compound 31 on HUVEC and ECV-304 cell adhesion to
plastic, fibronectin, or vitronectin.

Cell type
IC50 [mm][a]

Plastic Fibronectin Vitronectin

HUVEC >100 26.2�1.4 29.5�1.1
ECV-304 >100 25.0�1.5 14.1�1.6

[a] Each data point was performed in triplicate in two independent ex-
periments.

Figure 4. Compound 31 (&) at 10 mm affects wound closure on HUVEC and
ECV-304 cells. The experiment was carried out in duplicate, with untreated
cells (&) as reference.
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in water,[25] as implicitly represented by the generalized Born/
surface area (GB/SA) solvation model,[26] starting from the
cyclopeptide backbone geometries located by the previous
MC/EM step. The population of the various b/g turn arrange-
ments during the 10-ns MC/SD simulations for compounds
30–33 is reported in Table 4. For each compound, the MC/SD
results closely agree with the set of MC/EM low-energy con-
formers of Table 3.

Compound 30 adopts the type SII geometry (g turn at Gly
and bII’ turn at Gly-Asp) characterized by a slightly kinked con-
formation of the RGD sequence for 57 % of the simulation and
the extended type SIV geometry (inverse g turn at Asp and
bI turn at Pro-Arg) for 29 % of the simulation. According to the
MC/EM and MC/SD results, the type SIII (inverse g turn at Asp
and bII’ turn at Gly-Asp) and the type SI (g turn at Gly and bII’
turn at bicyclic template) geometries do not appear to take
part in the conformational equilibrium of mimic 30. Such find-
ings are supported by the NMR analysis (see below) and are in
agreement with the behavior previously observed for the cor-
responding unsubstituted cyclic RGD pentapeptide mimic.[23]

During the MC/SD calculation, compound 31, which con-
tains the poor b turn inducer bicyclic lactam 6,5-trans R, prefer-
entially adopts extended geometries, as indicated by the Cb-ACHTUNGTRENNUNG(Arg)–CbACHTUNGTRENNUNG(Asp) average distance of 8.99 �, featuring the SIV and
the SIII conformations for 66 % and 8 % of the simulation, re-
spectively. Thus, the mimic 31, like the corresponding unsub-
stituted cyclic RGD pentapeptide mimic,[23] behaves in solution

like an almost rigid system, preferring to adopt an extended
RGD conformation represented by the type SIV geometry.

Compound 33 shows the maximum degree of backbone
flexibility among the compounds studied, by adopting three
different cyclopeptide geometries. According to the MC/SD re-
sults, the SIV type geometry is populated by 27 %, the type SIII
geometry by 24 %, and the type SII geometry by 18 %. In par-
ticular, with respect to the analogue ST1646 (see Figure 1),
owing to the presence of the substituent on the lactam ring,
mimic 33 seems to show more flexibility at conformational
equilibrium. Finally, compound 32 adopts the extended type
SIV geometry for 96 % of the simulation, confirming the MC/
EM view of a single possible backbone conformation for such
type of functionalized scaffold.

The MC/EM and MC/SD calculations performed on the
amide derivatives 42–44 and the ester derivative 45 (data not
shown) revealed the same conformational preferences of the
corresponding mimics 30–33, suggesting that the nature of
the substituent on the lactam ring should not affect the con-
formations of the cyclopentapeptide system.

Docking studies

To interpret, on a molecular basis, the affinity of compounds
30–33 and 42–45 for the avb3 receptor, docking studies were
performed by starting from the low-energy cyclopeptide back-
bone conformations obtained from computational studies

(free-state molecular mechanics
conformational searches and
molecular dynamics simula-
tions). The Glide program (ver-
sion 4.5) employed in docking
calculations holds the protein
rigid, while permitting torsional
flexibility of the ligand.[27] How-
ever, during the docking pro-
cess, the Glide program consid-
ers the cyclopeptide as a rigid
body and prevents switching
between backbone conforma-

Table 3. Characteristics of conformers found within 3 kcal mol�1 of the global minimum (MC/EM, AMBER*, H2O GB/SA) for the lactam ring CH2OH function-
alized cyclo-(Ala-Gly-Ala-lactam) pentapeptide mimics 30 a–33 a.[a]

Compound DE [kcal mol�1] Conformation Cb ACHTUNGTRENNUNG(Ala)–Cb ACHTUNGTRENNUNG(Ala) [�]

30 a : cyclo-(Ala-Gly-Ala-6,5-cis S) 0.00 type SIV inverse g ACHTUNGTRENNUNG(Asp)/bIACHTUNGTRENNUNG(Pro,Arg) 9.36
0.86 type SII g ACHTUNGTRENNUNG(Gly)/bII’ACHTUNGTRENNUNG(Gly,Asp)[b] 8.22
2.75 type SI g ACHTUNGTRENNUNG(Gly)/bII’ ACHTUNGTRENNUNG(lactam) 7.48

31 a : cyclo-(Ala-Gly-Ala-6,5-trans R) 0.00 type SIV inverse g ACHTUNGTRENNUNG(Asp)/bIACHTUNGTRENNUNG(Pro,Arg) 9.39
0.32 type SIII inverse g ACHTUNGTRENNUNG(Asp)/bII’ ACHTUNGTRENNUNG(Gly,Asp)[b] 8.62

32 a : cyclo-(Ala-Gly-Ala-7,5-cis S) 0.00 type SIV inverse g ACHTUNGTRENNUNG(Asp)/bIACHTUNGTRENNUNG(Pro,Arg) 9.34

33 a : cyclo-(Ala-Gly-Ala-7,5-trans R) 0.00 type SIII inverse g ACHTUNGTRENNUNG(Asp)/bII’ ACHTUNGTRENNUNG(Gly,Asp)[b] 8.52
0.35 type SII g ACHTUNGTRENNUNG(Gly)/bII’ACHTUNGTRENNUNG(Gly,Asp)[b] 8.22
1.35 type SIV inverse g ACHTUNGTRENNUNG(Asp)/bIACHTUNGTRENNUNG(Pro,Arg) 9.36

[a] The lowest-energy conformer of each conformational family within 3 kcal mol�1 of the global minimum is described. [b] Distorted type II’ b turn.

Table 4. Population of the four SI–SIV type geometries during the 10-ns MC/SD simulations (AMBER*, H2O GB/
SA) of the cyclic RGD pentapeptide mimics 30–33 cyclo-(Arg-Gly-Asp-lactam).

Geometries
Percent of structures[a]

30 31 32 33

type SI g ACHTUNGTRENNUNG(Gly)/bII’ ACHTUNGTRENNUNG(lactam) 0 0 0 1
type SII g ACHTUNGTRENNUNG(Gly)/bII’ACHTUNGTRENNUNG(Gly,Asp)[b] 57 2 0 18
type SIII inverse g ACHTUNGTRENNUNG(Asp)/bII’ ACHTUNGTRENNUNG(Gly,Asp)[b] 1 8 0 24
type SIV inverse g ACHTUNGTRENNUNG(Asp)/bIACHTUNGTRENNUNG(Pro,Arg) 29 66 96 27

[a]Percentage of conformations sampled during the simulation in which both the hydrogen bonds for g turn
(H–O distance: <3 �) and for b turn (H–O distance: <4 �) are formed. [b] Distorted type II’ b turn.
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tions, whereas the side chains remain free to rotate (see Exper-
imental Section for computational details).

The crystal structure of the extracellular segment of integrin
avb3 in complex with the cyclic pentapeptide ligand
EMD121974 (PDB code: 1L5G) was taken as a reference model
for the interpretation of the docking results in terms of the
ligand-bound conformation and ligand–protein interactions.[8]

In the X-ray crystal structure, the potent avb3 antagonist
EMD121974, bound to the head group of the integrin, features
a specific conformation characterized by the formation of an
inverse g turn at Asp (i + 1) position and a distorted bII’ turn at
Gly, Asp, (i + 1) and (i + 2) positions, respectively. Indeed, the
RGD sequence in this bound conformation is almost extended,
with a Cb ACHTUNGTRENNUNG(Arg)–Cb ACHTUNGTRENNUNG(Asp) distance of 8.9 �. The type SIII geome-
try obtained in our calculations for the cyclopentapeptide
mimics 30–33 is very similar to the bioactive conformation ex-
perimentally observed for EMD121974 bound to avb3. The
root-mean-square deviation (rmsd) of the RGD backbone
atoms between the type SIII conformation of 33 a and the crys-
tallographic structure of EMD121974 is 0.16 �.

In the crystal complex, EMD121974 binds to the interface of
the a and b units, forming specific electrostatic interactions.
The acidic and basic pharmacophore groups and their orienta-
tion are essential for binding to avb3 because they act like an
electrostatic clamp, attaching to charged regions of the bind-
ing site of the receptor. The positively charged Arg guanidini-
um group of EMD121974 interacts with the negatively charged
side chains of Asp218 and Asp150 in the a unit. One carboxyl-
ate oxygen atom of the Asp side chain is coordinated to the
metal cation in the metal-ion-dependent adhesion site (MIDAS)
region of the b unit, while the second carboxylate oxygen
atom forms hydrogen bonds with the backbone amides of
Asn215 and Tyr122 in the b unit. The acidic and basic moieties
of the RGD sequence point in opposite directions, effecting a
separation of 14.2 � between the barycenter of positive and
negative charges, represented by the carbon atoms of the car-
boxylate group of Asp and of the guanidinium group of Arg,
respectively. Further stabilizing interactions can occur that in-
volve the formation of hydrogen bonds between the ligand
backbone NH group of the Asp residue and the backbone car-
bonyl group of Arg216 in the b unit.

Assuming that the X-ray crystal structure pose describes the
best interaction mode with the avb3 receptor, the top-ranked
poses resulting from docking calculations for the conformers
of compounds 30–33 are evaluated for their ability to repro-
duce the crystal structure model of binding. For mimic 30,
docking calculations starting from the type SI and SII geome-
tries produced top-ranked poses, conserving only one of the
two important electrostatic interactions with the avb3 receptor.
The short CbACHTUNGTRENNUNG(Arg)–CbACHTUNGTRENNUNG(Asp) distances of the type SI and SII geo-
metries probably prevent the guanidine and carboxyl groups
from achieving the required separation for binding to the avb3

integrin. Moreover, the g turn at Gly prevents formation of the
hydrogen bond with Arg216 in the b unit. On the other hand,
starting from the type SIV geometry featuring a more extend-
ed RGD sequence, top-ranked poses of compound 30 in avb3

reproduce all the important interactions of EMD121974 in the

crystal structure, but show the CH2OH group directed toward
the integrin surface.

In light of such considerations, the micromolar affinity of
mimic 30 for avb3 (Table 1) can be explained in terms of its
low pre-organization for binding. In fact, as determined by
computational and NMR studies (see below), compound 30 in
solution mainly features the kinked-RGD type SII geometry
which, according to the docking results previously discussed, is
not able to properly fit into avb3 receptor due to the short Cb-ACHTUNGTRENNUNG(Arg)–CbACHTUNGTRENNUNG(Asp) distance and the inside amide orientation of the
Asp NH group (g turn at Gly).

Compound 31 is the most active mimic of the series (IC50 =

53.7�17.3 nm for avb3). Automated docking calculations start-
ing from SIII and SIV cyclopeptide conformations produce
poses that conserve all the interactions observed in the X-ray
crystal structure (Figure 5). The 6,5-trans scaffold drives the
substituent in the direction of the aromatic ring of the Phe res-
idue of EMD121974, that is, toward the outside of the integrin
binding site, allowing the hydroxy group to fit unhindered.

Thus, the type SIV geometry obtained from the molecular
modeling calculations might represent an alternative ligand
conformation suitable for binding to the avb3 receptor with re-
spect to the experimental geometry of EMD121974 in the crys-
tal complex. In fact, such type SIV geometry differs from the
crystallographic binding conformation, that is, the type SIII ge-
ometry, only for the Gly amide proton orientation, maintaining
all the key crystallographic interactions with the integrin bind-
ing site.

Because compound 31, according to the computational and
NMR studies (see below), mainly adopts the type SIV geometry
in solution, the high affinity for avb3 can be attributed to its
high structural pre-organization. However, compound 31 was
shown to have lower affinity for avb3 than ST1646 (see Biologi-
cal evaluation section above), which is probably due to the
presence of a minor contribution from the SII type geometry

Figure 5. Top-ranked binding mode of ligand 31 (gray tube representation,
type SIV inverse g ACHTUNGTRENNUNG(Asp)/b ACHTUNGTRENNUNG(Pro-Arg) conformation of the cyclopeptide back-
bone) in the crystal structure of the extracellular domain of avb3 integrin
overlayed on the bound conformation of EMD121974 (white tube represen-
tation). Selected integrin residues involved in the interactions with the
ligand are shown in wire representation. The Mn2+ ion at MIDAS is shown
as a black CPK sphere. Nonpolar hydrogen atoms are removed for clarity.
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at conformational equilibrium (see NMR discussion reported
below).

Compound 33, with an IC50 value of 460�126 nm, shows an
intermediate affinity for avb3 relative to compounds 30 and 31.
This could be related to the major flexibility of this compound
(see Tables 3 and 4), in particular to the participation of the
type SII geometry in the conformational equilibrium of this
mimic. The docking results starting from the SII, SIII, and SIV
conformations of compound 33 reproduce the behavior ob-
served for the corresponding conformers of mimic 30 and 31
(data not shown).

Finally, mimic 32, with an IC50 value of 88�7 nm, can be
considered a good affinity ligand for avb3 due to its high pre-
organization for binding. In fact, according to the modeling
studies in solution, mimic 32 seems to adopt only the type SIV
geometry that forms all key crystallographic interactions in the
top-ranked poses of the docking calculation. The lower affinity
toward avb3 with respect to the mimic 31 can be explained by
considering the different orientation of the substituent on the
lactam ring in the binding site. In fact, as already observed for
mimic 30, which incorporates the 6,5-cis scaffold, the 7,5-cis
scaffold directs the hydroxy group toward the binding pocket,
leading to potentially unfavorable contacts.

Regarding amide derivatives 42–44 and ester 45, only dock-
ing calculations starting from the type SIII and SIV geometries
are discussed. In fact, as already observed in the docking stud-
ies of mimics 30–33, the cyclopeptide type SII g ACHTUNGTRENNUNG(Gly)/bACHTUNGTRENNUNG(Gly-
Asp) conformation does not ensure the proper RGD disposition
for binding to the receptor.

Compounds 42 and 45, which respectively incorporate the
functionalized 6,5-cis and 7,5-cis scaffolds, have some difficul-
ties in reproducing the interactions of the reference ligand
EMD121974, even if a bound-like cyclopentapeptide geometry
such as the type SIV geometry is considered. Docking results
highlight the formation of some steric clashes between the
amide or ester butyl chains and the chain b integrin residues
in the top-ranked poses. Such unfavorable interactions due to
the orientation of the lactam substituent toward the binding
site could perturb the binding of the RGD motif to avb3 and
lead to loss of the interactions observed in the crystal struc-
ture. Docking results for compounds 42 and 45 agree with the
experimentally determined high-micromolar binding affinity to
avb3 (Table 1). In light of such findings, and in view of develop-
ing conjugates by starting from functionalized scaffolds, the
6,5-cis- and 7,5-cis-azabicycloalkanes do not appear as promis-
ing scaffolds for our purpose.

Compound 43, which contains the functionalized 6,5-trans
scaffold, is the most active ligand of the amide series, with an
IC50 value of 114�59 nm for avb3. Docking results for the type
SIV geometry show that the ligand forms all the crystallo-
graphic interactions in the top-ranked poses and that the sub-
stituent of the lactam ring points toward the outside of the
binding site without hindrance from the receptor (Figure 6).
Docking results of compound 44 agree with the experimental
micromolar binding affinity for avb3 (Table 1). The mimic in the
type SIV geometry fails to form the interactions described in
the crystal complex even in the top-ranked poses, probably

due to some unfavorable amide chain contacts with receptor
residues.

Therefore, in view of these findings, the RGD ligand 31, con-
taining the functionalized 6,5-trans scaffold, is a suitable candi-
date for the conjugation of molecular entities for therapeutic
and diagnostic applications. Its amide derivative 43 maintains
a nanomolar binding affinity to avb3 thanks to both the confor-
mational pre-organization of the RGD sequence and the ability
to properly orient the side chain conjugated to the scaffold.

NMR studies

Compounds 30 and 31 were characterized by NMR spectrosco-
py in H2O/D2O solution at 298 K. A conformational study was
performed using standard 2D NMR NOESY experiments and
studying the chemical shifts and the temperature variation of
amide protons (see Supporting Information).

For compound 30, these studies suggest that the lactam NH
group (Lact-NH; d= 7.81 ppm) is involved in an intramolecular
hydrogen bond, while Gly-NH (d= 8.85 ppm) is solvent ex-
posed. The behavior of Arg-NH (d= 7.18 ppm) is typical of a
non-hydrogen-bound and non-solvated proton. The NOESY
data show the following significant long-range cross-peaks
(Figure 7): Lact-NH/Asp-NH (medium), Gly-Ha1/Asp-NH (weak),
and Lact-Hb/Pro-Hd (medium). Therefore, the amide protons
Asp-NH and Lact-NH must be inside the pentapeptide ring and
experience a hydrogen bond contact. Lact-NH binds to the car-
bonyl group of Arg, stabilizing a slightly distorted b turn, and
Asp-NH binds to the same carbonyl group to stabilize a g turn
at Gly. In this preferred conformation, the lactam ring appears
to adopt a pseudo-chair conformation in which the CH2OH
moiety is in a pseudo-equatorial conformation. The presence
of the CH2OH moiety on the bicyclic lactam does not affect
the conformational behavior of the pseudo-cyclopentapeptide
30, which is very similar to that of the analogue compound
without this functionalization.[28]

Figure 6. Top-ranked binding mode of ligand 43 (tube representation, type
SIV inverse g ACHTUNGTRENNUNG(Asp)/b ACHTUNGTRENNUNG(Pro-Arg) conformation of the cyclopeptide backbone) in
the crystal structure of the extracellular domain of avb3 integrin represented
as a molecular surface. Selected integrin residues involved in the interactions
with the ligand are shown in gray tube representation. Nonpolar hydrogen
atoms are removed for clarity.
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The preferred solution conformation of the cyclopentapep-
tide ring of mimic 30 is in agreement with the most populated
geometry sampled during the 10-ns MC/SD simulations (type
SII geometry, 57 % of the structures, Table 4). A CbACHTUNGTRENNUNG(Arg)–Cb-ACHTUNGTRENNUNG(Asp) mean distance of 8.0 � is calculated from the structures
sampled during the simulations and features the type SII g-ACHTUNGTRENNUNG(Gly)/distorted bII’ ACHTUNGTRENNUNG(Gly-Asp) geometry.

Both experimental and computational results indicate that
mimic 30 prefers to adopt the SII type geometry with a strong
kink in the RGD motif, although participation of the type SIV
cyclopeptide arrangement in the conformational equilibrium is
observed during the MC/SD simulation (Table 4). However, the
binding affinity of compound 30 for aVb3 integrin and docking
studies in the same receptor suggest that the contribution of
type SIV should be smaller than the calculations show.

For compound 31, analysis of the amide proton chemical
shifts and the temperature variation of amide protons suggests
that Gly-NH (d= 7.7 ppm) and Lact-NH (d= 7.58 ppm) are in-
volved in an intramolecular hydrogen bond, while Asp-NH (d=

9.19 ppm) and Arg-NH (d= 8.42 ppm) are solvent exposed. A
more detailed conformational study was undertaken with
NOESY data. We observed an intense cross-peak due to the
correlation between Pro-Hd and Lact-Ha ; this contact is ach-
ievable only if the lactam is forced into a pseudo-boat confor-
mation (Figure 8) so that Pro-Hd and Lact-Ha occupy a

pseudo-axial position in the ring structure. The observed Pro-
Hd/Lact-Hg coupling constant (13 Hz) concurs with this. As a
result, the bicyclic scaffold sets the RGD backbone in a
pseudo-equatorial conformation, modulating the distance be-
tween the side chains of Arg and Asp, a key factor in the spe-
cificity of ligand binding (Figure 8).

Moreover, the NOESY data for 31 show NOEs between Gly-
NH and Arg-NH (strong) and between Asp-NH and Lact-NH
(weak). These are exclusive NOEs and support the presence of
two different conformations, with one preferred over the
other. The Gly-NH/Arg-NH NOE contact and the chemical shift
values of Gly-NH are indicative of a b turn conformation stabi-
lized by a hydrogen bond between Gly-NH and the lactam C=

O (Figure 8 b. This preferred conformation is also stabilized by
a hydrogen bond between Lact-NH and the carbonyl group of
Gly, giving rise to a g turn centered on the aspartic acid resi-
due, in accordance with the computational results. The chemi-
cal shift value (7.78 ppm) of the amide proton Lact-NH and the
NOE contact between Asp-NH and only one Gly-Ha support
this conformational motif. The presence of bACHTUNGTRENNUNG(Pro-Arg) and g-ACHTUNGTRENNUNG(Asp) turns stabilize a cyclopeptide geometry characterized by
an RGD extended conformation (Figure 8 a. All these data pro-
vide experimental evidence toward the participation of the cal-
culated type SIV cyclopeptide arrangement in the conforma-
tional equilibrium of compound 31. Moreover, the NOEs be-

Figure 7. a) Preferred conformation of 30 sampled during the 10-ns MC/SD
simulation after energy minimization, in agreement with spectroscopic data
(type SII g ACHTUNGTRENNUNG(Gly)/distorted bII’ ACHTUNGTRENNUNG(Gly-Asp) geometry). b) Significant long-range
NOE contacts of compound 30 in H2O/D2O solution.

Figure 8. a) Preferred conformation of 31 sampled during the 10-ns MC/SD
simulation after energy minimization, in agreement with spectroscopic data
(type SIV inverse g ACHTUNGTRENNUNG(Asp)/bI ACHTUNGTRENNUNG(Pro-Arg) geometry). b) Significant long-range NOE
contacts of compound 31 in H2O/D2O solution.
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tween Asp-NH and Lact-NH (weak) are indicative of a different
conformation in which the Lact-NH and Asp-NH amide protons
point inside the pentapeptide, and Asp-NH experiences a hy-
drogen bond with Arg C=O, stabilizing a g turn centered on
the glycine residue (type SII geometry). Although the participa-
tion of this geometry in the conformational equilibrium of
ligand 31 is underestimated by computational modeling, the
NMR results offer an explanation for the IC50 value of 53.7 nm

toward the avb3 receptor.
The preferred solution conformation of the cyclopentapep-

tide ring of mimic 31 is in agreement with the most populated
geometry sampled during the 10-ns MC/SD simulations (type
SIV geometry, 66 % of the structures, Table 4). A Cb ACHTUNGTRENNUNG(Arg)–Cb-ACHTUNGTRENNUNG(Asp) mean distance of 9.2 � is calculated from the structures
sampled during the simulations, and features the type SIV in-
verse g ACHTUNGTRENNUNG(Asp)/bIACHTUNGTRENNUNG(Pro-Arg) geometry.

Conclusions

A series of eight cyclic RGD-containing functionalized azabicy-
cloalkane peptides were synthesized, and their binding toward
avb3 and avb5 receptors was evaluated. Conformational analysis
of the aforementioned series, performed by computational
and NMR studies, showed similar results to the corresponding
cyclopentapeptides containing an unsubstituted scaffold.

Among the new series, compound 31 showed the highest
affinity for avb3 and avb5 integrins. The conformational analysis
of cyclic RGD peptide 31 showed a preferred backbone geom-
etry similar to the conformation of EMD121974 bound to the
avb3 receptor and characterized by an almost extended RGD
disposition.

Compound 31 was determined to be highly pre-organized
for binding to avb3 integrin, and docking studies confirmed its
ability to form all the key interactions within the binding site.
However, mimic 31 showed slightly less activity toward avb3

than reference compound ST1646, a potent antagonist previ-
ously synthesized by our research group. The activity of com-
pound 31 toward avb3 is probably influenced, at solution equi-
librium, by the presence of a less significant conformation un-
suitable for binding to avb3, as detected by NMR studies. Nev-
ertheless, the possibility of conjugation while maintaining the
binding activity offered by the new scaffold (the corresponding
amide derivative 43 maintains activity at the nanomolar level)
suggests that this functionalized RGD cyclic peptide could be a
suitable system for targeted drug delivery and for diagnostic
applications. Docking studies of derivative 43 confirm that the
6,5-trans scaffold properly orients the substituent on the
lactam ring within the binding site of avb3, maintaining the in-
teractions observed in the reference crystallographic complex.

Moreover, experiments on cellular models indicate that com-
pound 31 acts efficiently as an avb3/avb5 integrin antagonist
by interfering with both cell adhesion and migration on vitro-
nectin in the absence of any evident cytotoxic activity.

Experimental Section

Chemical procedures

General : All chemicals and solvents were of reagent grade and
were used without further purification. Solvents were dried by
standard procedures, and reactions requiring anhydrous conditions
were performed under N2 or Ar atmospheres. Optical rotations [a]D

were measured using a PerkinElmer 241 polarimeter with a cell of
1 dm path length and 1 mL capacity. 1H and 13C NMR spectra were
recorded at 300 K on a Bruker Avance 400 or 600 MHz spectrome-
ter. Chemical shifts (d) are expressed in parts per million (ppm) rel-
ative to internal Me4Si as standard. Mass spectra were obtained
with an ESI apparatus (Bruker Esquire 3000 plus). Thin-layer chro-
matography (TLC) was carried out with pre-coated Merck F254 silica
gel plates. Flash chromatography (FC) was carried out with Ma-
cherey–Nagel silica gel 60 (230–400 mesh). Reversed-phase column
chromatography was carried out with the Biotage SP1 or SP4 sys-
tems using Biotage 25 + M C18 cartridges. Semipreparative HPLC
was carried out on a Waters SymmetryPrep C18 7 mm 7.8 � 300 mm
column, or a Waters Atlantis C18 OBD 5 mm 19 mm � 10 cm column,
or a Supleco Ascentis RPAmide 5 mm 21.1 mm � 15 cm column; the
gradient used was from 0.1 % TFA in H2O to 0.1 % TFA in H2O/
MeCN (75:25 v/v) over 30 min. Elemental analyses were performed
by the staff of the microanalytical laboratory of our department,
and the results are within �0.4 % of the calculated values unless
otherwise stated.

General procedure A: synthesis of Temp-Arg ACHTUNGTRENNUNG(Pmc)-Gly-OMe. TFA
(9.3 mL, 125 mmol) was added to a solution of bicyclic lactam tem-
plate 6–9 (2.50 mmol) in CH2Cl2 (25 mL). The reaction mixture was
stirred at room temperature for ~2 h. After reaction completion,
the solvent was evaporated under reduced pressure. The crude
product underwent the following reaction without further purifica-
tion: DIC (424 mL, 2.74 mmol) and HOBt (405 mg, 3 mmol) were
added to a solution of the crude (2.50 mmol) in dry THF (20 mL)
under Ar at room temperature. The mixture was stirred for
~20 min. A solution of dipeptide HO-Arg ACHTUNGTRENNUNG(Pmc)-Gly-OMe (1.9 g,
3.73 mmol) in dry CH2Cl2 (5 mL) was then added. The reaction mix-
ture was stirred at room temperature for ~18 h, and was then fil-
tered trough a pad of Celite and washed with THF. The collected
organic phase was evaporated under reduced pressure. The crude
was dissolved in EtOAc and washed with 5 % NaHCO3. The organic
layer, dried with Na2SO4, was evaporated under reduced pressure,
and the crude was purified by FC.

Compound 14. The pure product was obtained after FC (CHCl3/
MeOH 98:2). Yield: 30 %; white foam; [a]22

D =�44.7 (c = 1.00, CHCl3);
1H NMR (400 MHz, CDCl3): d= 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.53–1.70
(m, 2 H, 2 Hg Arg), 1.70–1.87 (m, 4 H, H-5, Hb Arg, CH2CH2Ar Pmc),
1.97 (m, 1 H, H-7), 2.0–2.18 (m, 6 H, Hb Arg, H-8, H-7, CH3 Pmc),
2.18–2.28 (m, 2 H, H-5, H-8), 2.56 (s, 3 H, CH3 Pmc), 2.58 (s, 3 H, CH3

Pmc), 2.64 (t, 2 H, J = 6.8 Hz, CH2CH2Ar Pmc), 3.02–3.18 (m, 2 H, H-4,
Hd Arg), 3.38 (m, 1 H, Hd Arg), 3.50 (m, 1 H, H-3), 3.68 (m, 1 H, H-6),
3.68 (s, 3 H, CH3O), 3.73 (m, 1 H, HCHO), 4.02 (m, 2 H, CH2Ph), 4.12
(m, 1 H, Ha Gly), 4.32 (t, 1 H, J = 8.0 Hz, HCHO), 4.44 (d, 1 H, J =
8.0 Hz, H-9), 4.49–4.60 (m, 2 H, Ha Arg, Ha Gly), 6.12 (bs, 1 H,
(NH)2C=NH), 6.36 (bs, 2 H, (NH)2C=NH), 7.25–7.32, (m, 3 H, aromatic
protons), 7.32–7.50 (m, 4 H, 2 aromatic protons, NH Arg, NH Gly);
13C NMR (100.6 MHz, CDCl3): 172.5, 171.6, 170.2, 167.9, 156.5, 153.6,
136.5, 135.6, 134.9, 134.0, 129.7, 128.4, 127.7, 124.0, 118.0, 73.7,
71.6, 64.8, 62.3, 60.2, 59.3, 53.0, 52.3, 42.6, 41.3, 40.5, 33.0, 32.8,
31.4, 29.9, 29.1, 27.0, 24.8, 21.6, 18.7, 17.7, 12.3; MS (ESI+) m/z :
810.7 [M+H]+ ; Anal. : (C40H55N7O9S) C, H, N.
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Compound 15. The pure product was obtained after FC (CHCl3/
iPrOH 9:1). Yield: 90 %; white foam; [a]22

D =�6.24 (c = 1.00, CHCl3) ;
1H NMR (400 MHz, [D6]acetone): d= 1.30 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.35
(m, 1 H, H-5), 1.58 (m, 1 H, H-7), 1.6–1.76 (m, 3 H, 2 Hg Arg, Hb Arg),
1.83 (t, 2 H, J = 6.8 Hz, CH2CH2Ar Pmc), 1.91 (m, 1 H, H-8), 1.99 (m,
1 H, Hb Arg), 2.1 (s, 3 H, CH3 Pmc), 2.14 (m, 1 H, H-5), 2.17 (m, 1 H, H-
7), 2.34 (m, 1 H, H-8), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc),
2.66 (t, 2 H, J = 6.8 Hz, CH2CH2Ar Pmc), 3.0 (m, 1 H, H-4), 3.20–3.29
(m, 2 H, Hd Arg), 3.32 (m, 1 H, H-3), 3.45 (dd, 1 H, J = 8.0 Hz, J =
8.4 Hz, HCHO), 3.67 (s, 3 H, CH3O), 3.82 (d, 1 H, J = 14.4 Hz, HCHPh),
3.86 (m, 1 H, H-6), 3.96 (m, 2 H, 2 Ha Gly), 4.09 (dd, 1 H, J = 8.0 Hz,
J = 7.6 Hz, HCHO), 4.5–4.65 (m, 3 H, H-9, Ha Arg, HCHPh), 6.41 (bs,
1 H, (NH)2C=NH), 6.60 (bs, 2 H, (NH)2C=NH), 7.21, (m, 1 H, aromatic
proton), 7.27 (m, 2 H, aromatic protons), 7.36 (m, 2 H, aromatic pro-
tons), 7.76 (d, 1 H, J = 8.0 Hz, NH Arg), 7.83 (m, 1 H, NH Gly);
13C NMR (100.6 MHz, [D6]acetone): d= 172.5, 172.1, 170.9, 168.3,
157.3, 153.7, 139.5, 136.0, 135.4, 129.8, 128.6, 127.5, 124.0, 118.7,
74.3, 71.4, 66.1, 63.0, 61.3, 60.2, 53.1, 52.1, 42.8, 41.4, 41.1, 33.8,
33.4, 33.2, 29.7, 29.1, 26.9, 26.1, 21.9, 18.8, 17.7, 12.3; MS (ESI+)
m/z : 848.3 [M+K]+ , 832.5 [M+Na]+ , 810.8 [M+H]+ ; Anal. :
(C40H55N7O9S) C, H, N.

Compound 16. The pure product was obtained after FC (EtOAc/
iPrOH 95:5!9:1). Yield: 77 %; white foam; [a]22

D =�48.9 (c = 1.00,
CHCl3) ; 1H NMR (400 MHz, [D6]acetone): d= 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2

Pmc), 1.52–1.78 (m, 4 H, 2 Hg Arg, Hb Arg, H-5) 1.78–1.94 (m, 4 H,
2 H-6, CH2CH2Ar Pmc), 1.95–2.18 (m, 6 H, Hb Arg, 2 H-9, H-5, CH3

Pmc), 2.25 (m, 1 H, H-8), 2.55 (s, 3 H, CH3 Pmc), 2.56 (m, 1 H, H-4),
2.57 (s, 3 H, CH3 Pmc), 2.67 (m, 2 H, CH2CH2Ar Pmc), 3.21 (m, 1 H, Hd

Arg), 3.27 (m, 1 H, Hd Arg), 3.50–3.62 (m, 2 H, HCHO, H-3), 3.68 (s,
3 H, CH3O), 3.76 (m, 1 H, HCHPh), 3.90–4.06 (m, 3 H, 2 Ha Gly,
HCHO), 4.09 (m, 1 H, H-7), 4.26 (m, 1 H, HCHPh), 4.62 (m, 1 H, Ha

Arg), 4.69 (m, 2 H, H-10), 6.34 (bs, 1 H, (NH)2C=NH), 6.68 (bs, 2 H,
(NH)2C=NH), 7.20–7.32 (m, 3 H, aromatic protons), 7.32–7.42 (m, 2 H,
aromatic protons), 7.51 (m, 1 H, NH Arg), 7.78 (m, 1 H, NH Gly);
13C NMR (100.6 MHz, [D6]acetone): d= 171.4, 171.1, 170.0, 169.8,
156.5, 152.7, 137.5 135.4, 135.1, 134.5, 129.2, 127.9, 127.0, 72.8,
71.2, 61.8, 61.6, 59.1, 51.8, 51.3, 45.3, 40.6, 39.8, 37.8, 33.2, 33.0,
32.6, 31.0, 29.2, 27.0, 26.1, 24.9, 21.1, 18.0, 16.8, 11.4; MS (ESI+)
m/z : 824.4 [M+H]+ ; Anal. : (C41H57N7O9S) C, H, N.

Compound 17. The pure product was obtained after FC (CHCl3/
MeOH 95:5). Yield: 90 %; white foam; [a]22

D =+ 15.1 (c = 1.00,
CHCl3) ; 1H NMR (400 MHz, [D6]acetone): d= 1.3 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc),
1.53–1.68 (m, 3 H, H-6, 2 Hg Arg) 1.69–1.78 (m, 3 H, Hb Arg, H-5, H-
8), 1.80 (m, 1 H, H-6), 1.82 (m, 2 H, CH2CH2Ar Pmc), 1.9–2.0 (m, 2 H,
Hb Arg, H-9), 2.05 (m, 1 H, H-5), 2.08 (s, 3 H, CH3 Pmc), 2.2 (m, 1 H,
H-9), 2.35 (m, 1 H, H-8), 2.51 (m, 1 H, H-4), 2.56 (s, 3 H, CH3 Pmc),
2.58 (s, 3 H, CH3 Pmc), 2.64 (m, 2 H, CH2CH2Ar Pmc), 3.13 (m, 1 H, Hd

Arg), 3.24 (m, 1 H, Hd Arg), 3.48 (t, 1 H, J = 7.5 Hz, HCHO), 3.53 (m,
1 H, H-3), 3.54 (s, 3 H, CH3O), 3.69 (m, 1 H, HCHPh), 3.85–3.92 (m,
2 H, 2 Ha Gly), 3.94 (t, 1 H, J = 8.0 Hz, HCHO), 4.14–4.23 (m, 2 H,
HCHPh, H-7), 4.57 (m, 1 H, Ha Arg), 4.6 (m, 2 H, H-10), 6.6 (bs, 1 H,
(NH)2C=NH), 6.68 (bs, 2 H, (NH)2C=NH), 7.15–7.27 (m, 3 H, aromatic
protons), 7.33 (m, 2 H, aromatic protons), 7.72 (d, 1 H, J = 8.2 Hz, NH
Arg), 7.86 (m, 1 H, NH Gly); 13C NMR (100.6 MHz, [D6]acetone): d=

171.9, 171.5, 170.3, 169.9, 156.5, 152.9, 135.2, 135.1, 134.6, 129.2,
127.8, 126.8, 73.4, 72.7, 71.0, 61.8, 61.2, 59.1, 52.4, 51.2, 45.54, 40.6,
40.5, 33.6, 32.7, 32.5, 31.0, 27.9, 27.2, 26.2, 26.1, 24.9, 21.1, 18.0,
16.9, 11.5; MS (ESI+) m/z : 824.6 [M+H]+ ; Anal. : (C41H57N7O9S) C, H,
N.

General procedure B: synthesis of Z-AspACHTUNGTRENNUNG(tBu)-Temp-Arg ACHTUNGTRENNUNG(Pmc)-
Gly-OMe. Pd/C 10 % (20 % w/w) was added to a solution of com-
pound 14–17 (0.22 mmol) in MeOH (5 mL). The reaction was stirred

under H2 (5 atm) for 3 days. After reaction completion, the mixture
was filtered through a pad of Celite and washed with MeOH. The
collected organic phase was evaporated under reduced pressure
to yield the desired product as a white solid, which was used with-
out further purification. DIC (37 mL, 0.241 mmol) and HOBt (32 mg,
0.24 mmol) were added to a solution of Z-AspACHTUNGTRENNUNG(tBu)-OH (71 mg,
0.22 mmol) in dry THF (2 mL) under N2 at room temperature. After
15 min, the mixture was cooled to �30 8C, and a solution of the
crude compound (0.22 mmol) in dry THF (3 mL) was added drop-
wise. The reaction mixture was stirred at room temperature over-
night. After completion, the mixture was filtered through a pad of
Celite and washed with THF. The collected organic phase was
evaporated under reduced pressure. The residue was dissolved in
EtOAc and washed with 5 % NaHCO3. The solvent, dried with
Na2SO4, was evaporated, and the crude was purified by FC to yield
the desired product.

Compound 18. The pure product was obtained after FC (CH2Cl2/
acetone 1:1). Yield: 87 %; white foam; [a]22

D =�22.2 (c = 1.00,
CHCl3) ; 1H NMR (400 MHz, [D6]acetone): d= 1.31 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2

Pmc), 1.43 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.50–1.73 (m, 5 H, 2 Hg Arg, Hb Arg H-7,
H-5), 1.86 (t, 2 H, J = 6.8 Hz, CH2CH2Ar Pmc), 2.02 (m, 1 H, Hb Arg),
2.10 (s, 3 H, CH3 Pmc), 2.16 (m, 1 H, H-8), 2.23–2.36 (m, 2 H, H-8, H-
7), 2.53 (m, 1 H, H-5), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc),
2.67 (t, 2 H, J = 7.0 Hz, CH2CH2Ar Pmc), 2.79 (m, 2 H, 2 Hb Asp), 2.86
(m, 1 H, H-4), 3.23 (m, 2 H, 2 Hd Arg), 3.40 (d, 1 H, J = 10.8 Hz,
HCHO), 3.65 (m, 1 H, J = 17.6 Hz, J = 3.6 Hz, Ha Gly), 3.76 (s, 3 H,
CH3O), 3.88–4.00 (m, 2 H, H-6, HCHO), 4.14 (m, 1 H, J = 17.6 Hz, J =
7.2 Hz, Ha Gly), 4.37–4.53 (m, 3 H, H-3, H-9, Ha Arg), 4.56 (m, 1 H,
Ha Asp), 5.15 (s, 2 H, CH2Ph), 6.30 (bs, 1 H, (NH)2C=NH), 6.50 (bs,
2 H, (NH)2C=NH), 6.63 (m, 1 H, NH Asp), 7.30–7.45 (m, 5 H, aromatic
protons), 7.58–7.67 (m, 2 H, NH Temp, NH Gly), 7.85 (bs, 1 H, NH
Arg); 13C NMR (100.6 MHz, [D6]acetone): d= 172.8, 171.5, 171.0,
170.4, 170.3, 170.2, 156.3, 152.8, 137.0, 135.1, 134.6, 128.4, 127.9,
123.1, 117.8, 80.7, 73.4, 66.3, 61.4, 61.2, 60.6, 54.5, 52.1, 51.9, 51.7,
50.7, 50.6, 40.5, 40.3, 37.3, 36.3, 32.5, 31.7, 27.3, 26.1, 26.0, 21.1,
17.9, 16.8, 11.4; MS (ESI+) m/z : 1027.7 [M+H]+ ; Anal. :
(C49H70N8O14S) C, H, N.

Compound 19. The pure product was obtained after FC (CH2Cl2/
iPrOH 9:1). Yield: 84 %; white foam; [a]22

D =�33.0 (c = 1.00, CHCl3) ;
1H NMR (400 MHz, [D6]acetone): d= 1.30 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.42
(s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.46 (m, 1 H, H-5), 1.50 (m, 1 H, H-7), 1.53–1.69 (m,
3 H, 2 Hg Arg, Hb Arg), 1.83 (m, 2 H, CH2CH2Ar Pmc), 1.9–2.02 (m,
2 H, H-8, Hb Arg), 2.03–2.08 (m, 1 H, H-5), 2.1 (s, 3 H, CH3 Pmc),
2.17–20 (m, 1 H, H-7, H-8), 2.44 (m, 1 H, H-4), 2.56 (s, 3 H, CH3 Pmc),
2.58 (s, 3 H, CH3 Pmc), 2.62 (m, 1 H, Hb Asp), 2.68 (m, 2 H, CH2CH2Ar
Pmc), 2.85 (m, 1 H, Hb Asp), 3.2 (m, 2 H, 2 Hd Arg), 3.47 (m, 2 H,
CH2O), 3.67 (s, 3 H, CH3O), 3.79–3.90 (m, 2 H, H-6, OH), 3.94 (m, 2 H,
2 Ha Gly), 4.47–4.57 (m, 2 H, Ha Arg, H-9), 4.58–4.65 (m, 2 H, H-3,
Ha Asp), 5.10 (m 2 H, CH2Ph), 6.27 (bs, 1 H, (NH)2C=NH), 6.57 (bs,
2 H, (NH)2C=NH), 6.80 (m, 1 H, NH Temp), 7.27–7.44 (m, 5 H, aromat-
ic protons), 7.65 (m, 1 H, NH Arg), 7.74 (bs, 1 H, NH Gly), 7.9 (bs, 1 H,
NH Asp); 13C NMR (100.6 MHz, [D6]acetone): d= 172.6, 172.5, 172.1,
170.9, 170.6, 169.2, 157.4, 157.0, 153.7, 138.0, 136.1, 135.9, 135.5,
129.2, 128.7, 124.0, 118.7, 81.4, 74.3, 67.1, 62.8, 61.2, 59.0, 53.0,
52.8, 52.2, 51.2, 41.5, 40.9, 39.7, 38.5, 33.4, 33.0, 30.0, 29.6, 28.3,
28.2, 27.0, 26.1, 22.0, 18.9, 17.8, 12.3; MS (ESI+) m/z : 1049.0
[M+Na]+ , 1027.2 [M+H]+ ; Anal. : (C49H70N8O14S) C, H, N.

Compound 20. The pure product was obtained after FC (EtOAc/
iPrOH 9:1). Yield: 60 %; white foam; [a]22

D =�42.2 (c = 1.00, CHCl3) ;
1H NMR (400 MHz, [D6]acetone): d= 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.42
(s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.57 (m, 1 H, H-4), 1.60–1.76 (m, 4 H, 2 Hg Arg, Hb

Arg, H-6), 1.82 (m, 1 H, H-8), 1.84 (m, 2 H, CH2CH2Ar Pmc), 1.88–1.97
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(m, 3 H, H-6, H-5, b Arg), 1.97–2.05 (m, 2 H, H-9, H-5), 2.10 (s, 3 H,
CH3 Pmc), 2.12 (m, 1 H, H-9), 2.27 (m, 1 H, H-8), 2.57 (s, 3 H, CH3

Pmc), 2.59 (s, 3 H, CH3 Pmc), 2.66 (m, 2 H, CH2CH2Ar Pmc), 2.75 (m,
1 H, Hb Asp), 2.85 (m, 1 H, Hb Arg), 3.22 (m, 2 H, 2 Hd Arg), 3.38 (m,
1 H, HCHO), 3.59 (m, 1 H, HCHO), 3.68 (s, 3 H, CH3O), 3.95 (m, 1 H,
Ha Gly), 3.99–4.06 (m, 2 H, Ha Gly, H-7), 4.51 (m, 1 H, H-3), 4.57 (m,
1 H, Ha Arg), 4.62 (m, 1 H, Ha Asp), 4.65 (m, 1 H, H-10), 5.13 (m, 2 H,
CH2Ph), 6.18 (bs, 1 H, (NH)2C=NH), 6.56 (bs, 2 H, (NH)2C=NH), 7.02
(bs, 1 H, NH Asp), 7.30 (m, 1 H, aromatic proton), 7.32–7.42 (m, 4 H,
aromatic protons), 7.68 (m, 1 H, NH Temp), 7.78 (m, 1 H, NH Gly),
8.04 (m, 1 H, NH Arg); 13C NMR (100.6 MHz, [D6]acetone): d= 171.8,
171.6, 171.3, 170.9, 170.0, 169.8, 156.5, 156.2, 152.9, 137.1, 135.2,
134.9, 134.6, 128.4, 127.8, 123.1, 117.8, 80.4, 73.4, 66.3, 63.7, 61.8,
58.7, 54.1, 52.3, 52.2, 51.3, 41.7, 40.6, 37.4, 32.9, 32.5, 31.1, 29.6,
27.3, 27.1, 26.1, 26.0, 21.1, 18.0, 16.9, 11.4; MS (ESI+) m/z : 1041.5
[M+H]+ ; Anal. : (C50H72N8O14S) C, H, N.

Compound 21. The pure product was obtained after FC (EtOAc/
MeOH 9:1). Yield: 83 %; white foam; [a]22

D =�18.5 (c = 1.00, CHCl3);
1H NMR (400 MHz, [D6]acetone): d= 1.31 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.43
(s, 9 H, CACHTUNGTRENNUNG(CH3)3), 1.52–1.70 (m, 5 H, 2 Hg Arg, Hb Arg, H-4, H-6), 1.76
(m, 1 H, H-8), 1.80–1.88 (m, 3 H, H-6, CH2CH2Ar Pmc), 1.89–1.98 (m,
3 H, 2 H-5, Hb Arg), 2.06 (m, 1 H, H-9), 2.10 (s, 3 H, CH3 Pmc), 2.2–
2.35 (m, 2 H, H-9, H-8), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc),
2.62–2.70 (m, 3 H, CH2CH2Ar Pmc, Hb Asp), 2.86 (m, 1 H, Hb Arg),
3.20 (m, 2 H, 2 Hd Arg), 3.45 (m, 1 H, HCHO), 3.61 (m, 1 H, HCHO),
3.66 (s, 3 H, CH3O), 3.93 (m, 2 H, 2 Ha Gly), 4.26 (m, 1 H, H-7), 4.41
(m, 1 H, H-3), 4.54–4.63 (m, 2 H, Ha Arg, H-10), 4.69 (m, 1 H, Ha

Asp), 5.12 (m, 2 H, CH2Ph), 6.3 (bs, 1 H, (NH)2C=NH), 6.5 (bs, 2 H,
(NH)2C=NH), 6.81 (m, 1 H, NH Asp), 7.28–7.42 (m, 5 H, aromatic pro-
tons), 7.52 (m, 1 H, NH Temp), 7.58 (m, 1 H, NH Gly), 8.05 (m, 1 H,
NH Arg); 13C NMR (100.6 MHz, [D6]acetone): d= 171.8, 171.7, 171.5,
170.9, 170.4, 169.6, 156.3, 156.1, 152.8, 137.0, 135.2, 135.0, 134.6,
128.4, 127.8, 123.1, 117.8, 80.5, 73.4, 66.2, 63.7, 61.4, 58.7, 54.8,
52.5, 51.8, 51.4, 41.3, 40.6, 37.5, 32.8, 32.5, 32.1, 30.4, 29.5, 29.3,
27.3, 26.7, 26.1, 25.7, 21.1, 17.9, 16.8, 11.4; MS (ESI+) m/z : 1041.7
[M+H]+ ; Anal. : (C50H72N8O14S) C, H, N.

General procedure C: synthesis of Z-AspACHTUNGTRENNUNG(tBu)-Temp-Arg ACHTUNGTRENNUNG(Pmc)-
Gly-OBn. Benzyl alcohol (12 mL, 113.6 mmol), molecular sieves
(4 �, 2.4 g), and Ti ACHTUNGTRENNUNG(iPrO)4 (370 mL, 1.25 mmol) were added to a solu-
tion of compound 18–21(1.136 mmol) in dry THF (12 mL) under N2

atmosphere. The suspension was stirred at 90 8C for ~18 h. After
reaction completion, the reaction mixture was filtered through a
pad of Celite and washed with THF. The solvent was evaporated
under reduced pressure, and the crude was dissolved in CH2Cl2

(10 mL) and washed with 2 n HCl (2 � 10 mL). The organic layer was
dried with Na2SO4, and the solvent was evaporated under reduced
pressure.

Compound 22. The pure product was obtained after FC (CH2Cl2 to
remove BnOH, then CH2Cl2/MeOH 95:5). Yield: 67 %; white foam;
[a]22

D =�17.5 (c = 1.00, CHCl3); 1H NMR (400 MHz, [D6]acetone): d=
1.30 (s, 6 H, CACHTUNGTRENNUNG(CH3)2 Pmc), 1.42 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 1.48–1.73 (m, 5 H,
2 Hg Arg, Hb Arg H-7, H-5), 1.84 (m, 2 H, CH2CH2Ar Pmc), 2.02 (m,
1 H, Hb Arg), 2.1 (s, 3 H, CH3 Pmc), 2.16 (m, 1 H, H-8), 2.20–2.34 (m,
2 H, H-8, H-7), 2.50 (m, 1 H, H-5), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H,
CH3 Pmc), 2.65 (m, 2 H, CH2CH2Ar Pmc), 2.78 (m, 2 H, 2 Hb Asp), 2.86
(m, 1 H, H-4), 3.22 (m, 2 H, 2 Hd Arg), 3.40 (m, 1 H, HCHO), 3.77 (m,
1 H, Ha Gly), 3.87–3.98 (m, 2 H, H-6, HCHO), 4.20 (m, 1 H, Ha Gly),
4.38–4.54 (m, 3 H, H-3, H-9, Ha Arg), 4.61 (m, 1 H, Ha Asp), 5.12 (m
2 H, CH2Ph), 5.25 (m 2 H, CH2Ph), 6.18 (bs, 1 H, (NH)2C=NH), 6.38 (bs,
2 H, (NH)2C=NH), 6.56 (m, 1 H, NH Asp), 7.12–7.30 (m, 10 H, aromatic
protons), 7.43–7.58 (m, 2 H, NH Temp, NH Gly), 7.72 (bs, 1 H, NH
Arg); 13C NMR (100.6 MHz, [D6]acetone): d= 172.0, 171.7, 171.1,

170.3, 156.4, 156.0, 152.9, 137.0, 135.7, 135.1, 135.0, 134.6, 128.5,
128.4, 128.3, 128.2, 129.7, 123.1, 117.8, 80.8, 73.4, 67.0, 66.3, 61.5,
60.5, 55.5, 52.1, 51.7, 50.8, 40.8, 40.3, 37.3, 36.3, 32.5, 31.6, 29.8,
27.3, 26.1, 26.0, 22.8, 21.1, 18.0, 16.9, 11.4; MS (ESI+) m/z : 1003.7
[M+H]+ ; Anal. : (C55H74N8O14S) C, H, N.

Compound 23. The pure product was obtained after FC (CH2Cl2 to
remove BnOH, then CH2Cl2/MeOH 95:5). Yield: 90 %; white foam;
[a]22

D =�23.4 (c = 1.00, CHCl3); 1H NMR (400 MHz, [D6]acetone): d=
1.31 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.43 (m, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.45 (m, 1 H, H-5),
1.51–1.70 (m, 4 H, H-7, Hb Arg, Hg Arg), 1.83 (t, 2 H, J = 6.8 Hz,
CH2CH2Ar Pmc), 1.86–2.00 (m, 3 H, H-5, H-8, Hb Arg), 2.10 (s, 3 H,
CH3 Pmc), 2.14–2.30 (m, 2 H, H-7, H-8), 2.45 (m, 1 H, H-4), 2.58 (s,
3 H, CH3 Pmc), 2.60 (s, 3 H, CH3 Pmc), 2.63–2.70 (m, 3 H, Hb Asp,
CH2CH2Ar Pmc), 2.87 (m, 1 H, Hb Asp), 3.18 (m, 2 H, 2 Hd Arg), 3.48
(m, 2 H, CH2OH), 3.83 (m, 1 H, H-6), 4.02 (m, 2 H, 2 Ha Gly), 4.49–4.59
(m, 2 H, H-3, Ha Arg), 4.60–4.68 (m, 2 H, H-3, Ha Asp), 5.10 (m, 2 H,
CH2Ph), 5.16 (s, 2 H, CH2Ph), 6.28 (bs, 1 H, (NH)2C=NH), 6.60 (bs, 2 H,
(NH)2C=NH), 6.86 (m, 1 H, NH Arg), 7.27–7.43 (m, 10 H, aromatic pro-
tons), 7.72 (m, 1 H, NH scaffold), 7.86 (m, 1 H, NH Gly), 7.97 (m, 1 H,
NH Arg); 13C NMR (100.6 MHz, [D6]acetone): 172.8, 172.5, 172.2,
170.6, 170.4, 169.1, 157.4, 157.0, 153.8, 138.0, 136.1, 135.9, 135.5,
129.3, 129.2, 129.0, 128.9, 128.7, 128.6, 124.0, 118.7, 81.4, 74.3, 67.1,
62.8, 61.2, 59.2, 53.1, 52.8, 51.2, 41.8, 39.8, 38.6, 33.4, 33.0, 30.0,
29.5, 28.4, 28.2, 27.0, 26.0, 22.0, 18.6, 17.8, 12.4; MS (ESI+) m/z :
1126.1 [M+Na]+ , 1103.4 [M+H]+ ; Anal. : (C55H74N8O14S) C, H, N.

Compound 24. The pure product was obtained after FC (CH2Cl2 to
remove BnOH, then CH2Cl2/MeOH 95:5). Yield: 85 %; white foam;
[a]22

D =�42.1 (c = 1.00, CHCl3); 1H NMR (400 MHz, [D6]acetone): d=
1.31 (s, 6 H, CACHTUNGTRENNUNG(CH3)2 Pmc), 1.42 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 1.50–1.74 (m, 5 H,
2 Hg Arg, Hb Arg, H-4, H-6), 1.80 (m, 1 H, H-8), 1.83 (m, 2 H,
CH2CH2Ar Pmc), 1.88–1.97 (m, 3 H, H-5, H-6, Hb Arg), 1.97–2.04 (m,
2 H, H-9, H-5), 2.09 (s, 3 H, CH3 Pmc), 2.11 (m, 1 H, H-9), 2.25(m, 1 H,
H-8), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc), 2.66 (m, 2 H,
CH2CH2Ar Pmc), 2.75 (m, 1 H, Hb Asp), 2.86 (m, 1 H, Hb Asp), 3.20
(m, 2 H, 2 Hd Arg), 3.37 (m, 1 H, HCHO), 3.58 (m, 1 H, HCHO), 3.72
(bs, 1 H, OH), 3.97–4.05 (m, 2 H, Ha Gly, H-7), 4.10 (m, 1 H, Ha Gly),
4.50 (m, 1 H, H-3), 4.56 (m, 2 H, Ha Arg), 4.58–4.68 (m, 2 H, Ha Asp,
H-10), 5.12 (m, 2 H, CH2Ph), 5.18 (s, 2 H, CH2Ph), 6.18 (bs, 1 H,
(NH)2C=NH), 6.57 (bs, 2 H, (NH)2C=NH), 7.05 (bs, 1 H, NH Asp), 7.28–
7.42 (m, 10 H, aromatic protons), 7.70 (m, 1 H, NH Arg), 7.86 (m, 1 H,
NH Gly), 8.06 (m, 1 H, NH Temp); 13C NMR (100.6 MHz, [D6]acetone):
d= 171.9, 171.6, 170.9, 169.8, 169.5, 156.2, 152.9, 137.1, 136.1,
135.2, 134.9, 134.6, 128.5, 128.4, 128.1, 127.8, 127.7, 123.2, 117.8,
80.4, 73.4, 66.2, 63.7, 61.7, 58.7, 54.1, 52.3, 41.5, 40.9, 37.4, 33.6,
32.9, 32.5, 31.1, 29.7, 27.3, 27.2, 26.1, 21.1, 18.0, 16.9, 11.4; MS
(ESI+) m/z : 1117.4 [M+H]+ ; Anal. : (C56H76N8O14S) C, H, N.

Compound 25. The pure product was obtained after FC (CH2Cl2 to
remove BnOH, then CH2Cl2/MeOH 95:5). Yield: 89 %; white foam;
[a]22

D =�21.8 (c = 1.00, CHCl3); 1H NMR (400 MHz, [D6]acetone): d=
1.31 (s, 6 H, CACHTUNGTRENNUNG(CH3)2 Pmc), 1.43 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 1.50–1.68 (m, 5 H,
2 Hg Arg, Hb Arg, H-4, H-6), 1.75 (m, 1 H, H-8), 1.80–1.87 (m, 3 H, H-
6, CH2CH2Ar Pmc), 1.88–1.97 (m, 3 H, 2 H-5, Hb Arg), 2.06 (m, 1 H, H-
9), 2.10 (s, 3 H, CH3 Pmc), 2.18–2.36 (m, 2 H, H-9, H-8), 2.57 (s, 3 H,
CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc), 2.62–2.70 (m, 3 H, CH2CH2Ar Pmc,
Hb Asp), 2.85 (m, 1 H, Hb Asp), 3.18 (m, 2 H, 2 Hd Arg), 3.47 (m, 1 H,
HCHO), 3.61 (m, 1 H, HCHO), 3.82 (s, 1 H, OH), 4.00 (m, 2 H, 2 Ha

Gly), 4.24 (m, 1 H, H-7), 4.43 (m, 1 H, H-3), 4.54–4.66 (m, 2 H, Ha Arg,
H-10), 4.70 (m, 1 H, Ha Asp), 5.05–5.29 (m, 4 H, 2 CH2Ph), 6.28 (bs,
1 H, (NH)2C=NH), 6.50 (bs, 2 H, (NH)2C=NH), 6.83 (m, 1 H, NH Asp),
7.25–7.42 (m, 10 H, aromatic protons), 7.53 (m, 1 H, NH Temp), 7.62
(m, 1 H, NH Gly), 8.07 (m, 1 H, NH Arg); 13C NMR (100.6 MHz,
[D6]acetone): d= 172.0, 171.8, 171.5, 170.1, 169.8, 169.7, 156.4,

626 www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2009, 4, 615 – 632

MED L. Manzoni, L. Belvisi, et al.

www.chemmedchem.org


156.2, 152.9, 137.0, 136.1, 135.2, 135.0, 134.6, 128.4, 128.3, 128.1,
128.0, 127.8, 123.1, 117.8, 80.5, 73.4, 66.3, 63.8, 61.4, 58.7, 54.9,
52.6, 51.9, 41.3, 41.0, 40.3, 37.6, 32.8, 32.5, 32.1, 30.4, 27.3, 26.7,
26.1, 25.7, 21.1, 17.9, 16.8, 11.4; MS (ESI+) m/z : 1117.7 [M+H]+ ;
Anal. : (C56H76N8O14S) C, H, N.

General procedure D: synthesis of cyclo-[Arg ACHTUNGTRENNUNG(Pmc)-Gly-AspACHTUNGTRENNUNG(tBu)-
Temp] . A solution of compound 22–25 (0.2 mmol) in MeOH (2 mL)
containing a catalytic amount of 10 % Pd/C was stirred overnight
under H2. After reaction completion, the mixture was filtered
through a pad of Celite and washed with MeOH. The collected or-
ganic phase was evaporated under reduced pressure to yield 10–
13 as white foam that was used without further purification. A so-
lution of crude 10–13 (0.85 mmol), HATU (968 mg, 2.55 mmol), and
HOAt (347 mg, 2.55 mmol) in dry DMF (251 mL), under Ar and at
room temperature, was stirred for ~20 min, then dry N,N-diisopro-
pylethylamine (DIPEA; 442 mL, 2.55 mmol) was added. The reaction
mixture was stirred at 30 8C for ~4 days. After reaction completion,
the solvent was evaporated, and the crude was taken up with
EtOAc, washed with 5 % NaHCO3, and dried with Na2SO4. The or-
ganic phase was evaporated under reduced pressure.

Compound 26. The pure product was obtained after FC (CHCl3/
MeOH 9:1). Yield: 60 %; white foam; [a]22

D =�40.26 (c = 1.17, ace-
tone); 1H NMR (400 MHz, [D6]acetone): d= 1.31 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2

Pmc), 1.43 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.48 (m, 1 H, H-5), 1.54–1.70 (m, 3 H, 2 Hg

Arg, Hb Arg), 1.76–1.94 (m, 4 H, CH2CH2Ar Pmc, H-7, Hb Arg), 2.01
(m, 1 H, H-8), 2.10 (s, 3 H, CH3 Pmc), 2.16 (m, 1 H, H-5), 2.19–2.28 (m,
2 H, H-8, H-7), 2.33 (m, 1 H, H-4), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H,
CH3 Pmc), 2.67 (m, 2 H, CH2CH2Ar Pmc), 2.78 (m, 1 H, Hb Asp), 2.95
(m, 1 H, Hb Asp), 3.18–3.26 (m, 2 H, 2 Hd Arg), 3.40 (m, 1 H, HCHO),
3.53–3.66 (m, 2 H, Ha Gly, HCHO), 3.76 (m, 1 H, H-6), 3.89 (m, 1 H,
OH), 4.06 (m, 1 H, Ha Gly), 4.23 (m, 1 H, H-9), 4.48 (m, 1 H, Ha Arg),
4.63–4.80 (m, 2 H, Ha Asp, H-3), 6.41 (bs, 1 H, (NH)2C=NH), 6.42 (bs,
2 H, (NH)2C=NH), 6.90 (bs, 1 H, NH Arg), 7.80 (bs, 1 H, NH Temp),
8.10 (bs, 1 H, NH Asp), 8.63 (bs, 1 H, NH Gly); 13C NMR (100.6 MHz,
[D6]acetone): d= 174.6, 172.9, 172.7, 170.2, 169.8, 167.4 156.5
152.9, 135.2, 134.8, 134.6, 123.2, 117.8, 80.9, 73.4, 62.1, 61.8, 60.4,
51.3, 50.8, 50.1, 45.0, 42.7, 40.0, 36.9, 32.5, 31.3, 27.8, 27.4, 26.1,
25.6, 21.1, 18.0, 16.9, 11.4; MS (ESI+) m/z : 861.5 [M+H]+ ; Anal. :
(C40H60N8O11S) C, H, N.

Compound 27. The pure product was obtained after reversed-
phase column chromatography on a Biotage C18 25 + M cartridge
eluting with H2O/MeCN (90:10!10:90). Yield: 54 %; white foam;
[a]22

D =�62.86 (c = 1.05, acetone); 1H NMR (400 MHz, [D6]acetone):
d= 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.43 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 1.45–1.62 (m,
4 H, 2 Hg Arg, Hb Arg, H-5), 1.68 (m, 1 H, H-7), 1.85 (t, 2 H, J = 6.8 Hz,
CH2CH2, Ar Pmc), 1.98 (m, 1 H, H-8), 2.10 (s, 3 H, CH3 Pmc), 2.11 (m,
1 H, Hb Arg), 2.30–2.49 (m, 3 H, H-5, H-8, H-7), 2.56 (m, 1 H, Hb Asp),
2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc), 2.63 (m, 1 H, H-4), 2.67
(m, 2 H, CH2CH2Ar Pmc), 3.00 (dd, 1 H, J = 7.2 Hz, J = 16.6 Hz, Hb

Asp), 3.21 (m, 2 H, 2 Hd Arg), 3.38 (d, 1 H, J = 13.9 Hz, Ha Gly), 3.44
(m, 1 H, HCHO), 3.53 (m, 1 H, HCHO), 3.62 (bs, 1 H, OH), 4.17 (m, 1 H,
H-6), 4.19 4.30 (m, 3 H, H-9, Ha Gly, H-3), 4.50–4.61 (m, 2 H, Ha Arg,
Ha Asp), 6.28 (bs, 1 H, (NH)2C=NH), 6.47 (bs, 2 H, (NH)2C=NH), 7.18
(d, 1 H, J = 4.9 Hz, NH Temp), 7.38 (d 1 H, J = 9.0 Hz, NH Arg), 7.62
(d, 1 H, J = 8.7 Hz, NH Gly), 8.20 (d, 1 H, J = 7.8 Hz, NH Asp); 13C NMR
(100.6 MHz, [D6]acetone): d= 174.2, 172.4, 171.4, 171.1, 171.0,
157.3, 153.8, 136.0, 135.8, 135.5, 124.0, 118.7, 80.9, 74.2, 63.3, 62.0,
56.6, 53.7, 52.3, 51.9, 43.7, 41.2, 39.0, 35.8, 34.1, 33.3, 33.0, 30.9,
29.0, 28.2, 27.0, 26.9, 21.9, 18.8, 17.7, 12.3; MS (ESI+) m/z : 861.7
[M+H]+ ; Anal. : (C40H60N8O11S) C, H, N.

Compound 28. The pure product was obtained after reversed-
phase column chromatography on a Biotage C18 25 + M cartridge
eluting with H2O/MeCN (90:10!10:90). Yield: 60 %; white foam;
[a]22

D =�56.2 (c = 1.00, CHCl3); 1H NMR (600 MHz, [D6]acetone): d=
1.32 (s, 6 H, CACHTUNGTRENNUNG(CH3)2 Pmc), 1.45 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 1.50–1.68 (m, 3 H,
2 Hg Arg, Hb Arg), 1.74–1.86 (m, 6 H, H-5, H-6, H-8, Hb Arg,
CH2CH2Ar Pmc), 1.86–1.97 (m, 2 H, H-5, H-9), 2.06 (m, 1 H, H-4), 2.10
(s, 1 H, CH3 Pmc), 2.13 (m, 1 H, H-9), 2.20 (m, 1 H, H-6), 2.30 (m, 1 H,
H-8), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc), 2.67 (m, 2 H,
CH2CH2Ar Pmc), 2.80 (m, 1 H, Hb Asp), 2.88 (m, 1 H, Hb Asp), 3.20–
3.32 (m, 2 H, 2 Hd Arg), 3.53 (m, 1 H, HCHO), 3.62 (m, 1 H, Ha Gly),
3.70 (m, 1 H, HCHO), 3.89 (bs, 1 H, H-7), 3.97 (m, 1 H, Ha Gly), 4.15
(m, 1 H, H-10), 4.44 (m, 1 H, H-3), 4.52 (m, 1 H, Ha Arg), 4.83 (m, 1 H,
Ha Asp), 6.37 (bs, 1 H, (NH)2C=NH), 6.56 (bs, 2 H, (NH)2C=NH), 6.77
(m, 1 H, NH Arg), 7.75 (m, 1 H, NH Temp), 8.17 (m, 1 H, NH Asp),
8.76 (m, 1 H, NH Gly); 13C NMR (150.95 MHz, [D6]acetone): d= 174.5,
173.2, 170.7, 170.6, 170.1, 156.5, 152.9, 135.2, 134.7, 123.2, 117.8,
80.7, 73.4, 66.3, 65.7, 59.7, 56.5, 52.3, 50.8, 44.9, 42.9, 36.1, 34.5,
32.9, 32.5, 31.6, 27.4, 26.5, 26.1, 21.1, 18.1, 16.9, 11.5; MS (ESI+) m/
z : 875.5 [M+H]+ ; Anal. : (C41H62N8O11S) C, H, N.

Compound 29. The pure product was obtained after FC (CHCl3/
MeOH 9:1). Yield: 74 %; white foam; [a]22

D =�27.2 (c = 1.00, CHCl3);
1H NMR (400 MHz, [D6]acetone): d= 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.45
(s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.46–1.68 (m, 5 H, 2 Hg Arg, Hb Arg, H-4, H-6), 1.75–
1.90 (m, 4 H, H-6, H-8, CH2CH2Ar Pmc), 1.90–2.03 (m, 2 H, H-5, H-9),
2.03–2.14 (m, 5 H, Hb Arg, H-5, CH3 Pmc), 2.26–2.44 (m, 2 H, H-9, H-
8), 2.55 (m, 1 H, Hb Asp), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3

Pmc), 2.68 (m, 2 H, CH2CH2Ar Pmc), 2.92 (m, 1 H, Hb Asp), 3.12–3.28
(m, 2 H, 2 Hd Arg), 3.31–3.43 (m, 2 H, HCHO, Ha Gly), 3.75 (m, 1 H,
HCHO), 3.90 (bs, 1 H, OH), 4.20–4.35 (m, 2 H, H-7, Ha Gly), 4.40–4.55
(m, 3 H, H-10, H-3, Ha Arg), 5.87 (m, 1 H, Ha Asp), 6.38 (bs, 1 H,
(NH)2C=NH), 6.50 (bs, 2 H, (NH)2C=NH), 7.28 (m, 1 H, NH Gly), 7.52
(m, 1 H, NH Arg), 7.72 (d, 1 H, J = 6.4 Hz, NH Temp), 8.16 (d, 1 H, J =
8.3 Hz, NH Asp); 13C NMR (100.6 MHz, [D6]acetone): d= 173.5, 172.4,
171.3, 169.8, 169.7, 156.4, 152.9, 135.1, 134.9, 134.6, 123.1, 117.8,
80.1, 73.4, 63.8, 63.2, 59.3, 55.4, 51.7, 49.9, 43.4, 41.2, 40.4, 35.0,
33.1, 32.5, 32.2, 30.6, 27.9, 27.6, 27.3, 26.1, 26.0, 21.1, 17.9, 16.8,
11.4; MS (ESI+) m/z : 875.3 [M+H]+ ; Anal. : (C41H62N8O11S) C, H, N.

General procedure E: synthesis of azide derivatives 34–37. MsCl
(80 mL, 1.02 mmol) and TEA (280 mL, 2.04 mmol) were added to a
solution of compound 26–29 (0.51 mmol) in dry CH2Cl2 (5.1 mL)
under N2 at room temperature. The solution was stirred for ~1 h,
then a saturated solution of NH4Cl was added, and the intermedi-
ate was extracted with CH2Cl2. The organic phase, dried with
Na2SO4, was evaporated under reduced pressure. The crude was
dissolved in dry DMF (5.1 mL) and, under N2 at room temperature,
NaN3 (330 mg, 5.1 mmol) was added. The reaction was stirred at
80 8C for ~18 h. After reaction completion, the resulting suspension
was filtered through a pad of Celite and washed with CH2Cl2. The
combined filtrates were evaporated under reduced pressure. The
crude was purified by FC.

Compound 34. The pure product was obtained after FC (CH2Cl2/
iPrOH 9:1!8:2). Yield: 62 %; white solid; [a]22

D =�6.3 (c = 1.00,
CHCl3) ; 1H NMR (400 MHz, [D6]acetone): d= 1.33 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2

Pmc), 1.47 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.52–1.69 (m, 4 H, 2 Hg Arg, Hb Arg, H-5),
1.77–1.92 (m, 4 H, H-7, Hb Arg, CH2CH2Ar Pmc), 1.97 (m, 1 H, H-8),
2.11 (s, 3 H, CH3 Pmc), 2.13–2.20 (m, 2 H, H-7, H-8), 2.24 (m, 1 H, H-
5), 2.42 (m, 1 H, H-4), 2.58 (s, 3 H, CH3 Pmc), 2.60 (s, 3 H, CH3 Pmc),
2.68 (m, 2 H, CH2CH2Ar Pmc), 2.74 (m, 1 H, Hb Asp), 2.92 (dd, 1 H,
J = 6.6 Hz, J = 16.6 Hz, Hb Asp), 3.28–3.40 (m, 3 H, 2 Hd Arg, HCHN3),
3.47 (d, 1 H, J = 14.0 Hz, Ha Gly), 3.61 (m, 1 H, HCHN3), 3.73 (m, 1 H,
H-6), 4.09 (d, 1 H, J = 14.0 Hz, Ha Gly), 4.18 (d, 1 H, J = 9.2 Hz, H-9),
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4.39 (m, 1 H, Ha Arg), 4.66–4.80 (m, 2 H, H-3, Ha Asp), 6.40 (bs, 1 H,
(NH)2C=NH), 6.52 (bs, 2 H, (NH)2C=NH), 6.90 (bs, 1 H, NH Arg), 7.64
(m, 1 H, NH Asp), 7.70 (m, 1 H, NH Temp), 8.52 (bs, 1 H, NH Gly);
13C NMR (100.6 MHz, [D6]acetone): d= 174.5, 172.3, 171.4, 170.5,
168.9, 166.5, 156.5, 152.9, 135.2, 134.6, 123.1, 117.8, 80.7, 73.4, 61.7,
59.7, 52.3, 51.2, 50.3, 49.6, 45.0, 39.9, 39.6, 37.1, 32.5, 31.3, 31.1,
27.4, 26.1, 25.6, 21.1, 17.9, 16.8, 11.4; MS (ESI+) m/z : 886.6 [M+H]+ ;
Anal. : (C40H59N11O10S) C, H, N.

Compound 35. The pure product was obtained after FC (CH2Cl2/
MeOH 95:5!9:1). Yield: 90 %; white solid; [a]22

D =�65.83 (c = 1.15,
CHCl3) ; 1H NMR (400 MHz, [D6]acetone): d= 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2

Pmc), 1.36 (m, 1 H, H-5), 1.45 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.47–1.56 (m, 2 H, Hg

Arg, Hb Arg), 1.59 (m, 1 H, Hg Arg), 1.68 (m, 1 H, H-7), 1.85 (t, 2 H,
J = 6.8 Hz, CH2CH2, Ar Pmc), 1.96–2.08 (m, 2 H, H-8, Hb Arg), 2.10 (s,
3 H, CH3 Pmc), 2.36–2.50 (m, 3 H, H-5, H-8, H-7), 2.54–2.64 (m, 7 H,
Hb Asp, 2 CH3 Pmc), 2.67 (t, 2 H, J = 6.8 Hz, CH2CH2Ar Pmc), 2.88 (m,
1 H, H-4), 3.02 (dd, 1 H, J = 6.8 Hz, J = 16.4 Hz, Hb Asp), 3.21 (m, 2 H,
2 Hd Arg), 3.37 (dd, 1 H, J = 5.8 Hz, J = 12.2 Hz, HCHN3), 3.42–3.51
(m, 2 H, Ha Gly, HCHN3), 4.14–4.32 (m, 4 H, H-6, H-3, Ha Gly, H-9),
4.50–4.621 (m, 2 H, Ha Arg, Ha Asp), 6.38 (bs, 1 H, (NH)2C=NH), 6.51
(bs, 2 H, (NH)2C=NH), 7.34 (d, 1 H, J = 3.6 Hz, NH Temp), 7.47 (d 1 H,
J = 9.2 Hz, NH Arg), 7.61 (d, 1 H, J = 8.0 Hz, NH Gly), 8.44 (d, 1 H, J =
7.6 Hz, NH Asp); 13C NMR (100.6 MHz, [D6]acetone): d= 173.7, 171.6,
171.4, 170.2, 170.0, 169.2, 156.4, 152.9, 135.1, 134.9 134.6, 123.1,
117.8, 80.0, 73.4, 62.6, 59.5, 55.6, 53.0, 52.6, 51.6, 51.2, 42.7, 40.5,
35.8, 34.9, 33.2, 33.0, 32.5, 29.9, 27.4, 26.1, 21.1, 17.9, 16.8, 11.4; MS
(ESI+) m/z : 886.4 [M+H]+ ; Anal. : (C40H59N11O10S) C, H, N.

Compound 36. The pure product was obtained after reversed-
phase column chromatography on a Biotage C18 25 + M cartridge
eluting with H2O/MeCN (90:10!10:90). Yield: 83 %; white foam;
[a]22

D =�65.2 (c = 1.00, CHCl3); 1H NMR (600 MHz, [D6]acetone): d=
1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.46 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.49–1.70 (m, 3 H,
2 Hg Arg, Hb Arg), 1.72–1.96 (m, 8 H, Hb Arg, 2 H-5, H-6, H-8, H-9,
CH2CH2Ar Pmc), 2.09–2.22 (m, 5 H, CH3 Pmc, H-9, H-6), 2.27–2.38 (m,
2 H, H-4 H-8), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc), 2.67 (m,
2 H, CH2CH2Ar Pmc), 2.78–2.98 (m, 2 H, Hb Asp), 3.20–3.30 (m, 2 H,
2 Hd Arg), 3.53 (m, 1 H, HCHN3), 3.60 (m, 1 H, Ha Gly), 3.69 (m, 1 H,
HCHN3), 3.90 (m, 1 H, H-7), 3.99 (m, 1 H, Ha Gly), 4.18 (m, 1 H, H-10),
4.47 (m, 1 H, H-3), 4.53 (m, 1 H, Ha Arg), 4.80 (m, 1 H, Ha Asp), 6.40
(bs, 1 H, (NH)2C=NH), 6.54 (bs, 2 H, (NH)2C=NH), 6.72 (m, 1 H, NH
Arg), 7.63 (m, 1 H, NH Temp), 8.18 (m, 1 H, NH Asp), 8.75 (m, 1 H,
NH Gly); 13C NMR (150.95 MHz, [D6]acetone): d= 174.4, 173.1, 172.5,
170.4, 170.1, 156.5, 152.9, 135.2, 134.9, 134.7, 123.1, 117.8, 80.7,
73.4, 66.2, 59.4, 56.5, 56.0, 52.3, 51.1, 44.7, 40.4, 36.4, 34.2, 32.9,
32.6, 31.9, 29.7, 27.4, 26.1, 21.1, 18.1, 16.9, 11.5; MS (ESI+) m/z :
900.9 [M+H]+ ; Anal. : (C41H61N11O10S) C, H, N.

Compound 37. The pure product was obtained after FC (CH2Cl2/
iPrOH 9:1!8:2). Yield: 75 %; white solid; [a]22

D =�35.74 (c = 1.20,
CHCl3) ; 1H NMR (400 MHz, [D6]acetone): d= 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2

Pmc), 1.40–1.52 (m, 11 H, C ACHTUNGTRENNUNG(CH3)3, Hb Arg, Hg Arg), 1.53–1.76 (m,
4 H, Hg Arg, H-6, H-5, H-4), 1.80 (m, 1 H, H-8), 1.85 (m, 2 H, CH2CH2Ar
Pmc),1.91 (m, 1 H, H-6), 1.99 (m, 1 H, H-9), 2.06 (m, 1 H, Hb Arg),
2.10 (s, 3 H, CH3 Pmc), 2.13 (m, 1 H, H-5), 2.28–2.33 (m, 2 H, H-8, H-
9), 2.53 (m, 1 H, Hb Asp), 2.56 (s, 3 H, CH3 Pmc), 2.58 (s, 3 H, CH3

Pmc), 2.68 (m, 2 H, CH2CH2Ar Pmc), 2.88 (m, 1 H, Hb Asp), 3.16–3.28
(m, 3 H, 2 Hd Arg, HCHN3), 3.46 (d, 1 H, J = 13.9 Hz, Ha Gly), 3.72 (m,
1 H, HCHN3), 4.21–3.36 (m, 2 H, H-7, Ha Gly), 4.39–4.52 (m, 3 H, H-
10, H-3, Ha Arg), 4.82 (m, 1 H, Ha Asp), 6.31 (bs, 1 H, (NH)2C=NH),
6.49 (bs, 2 H, (NH)2C=NH), 7.30 (d, 1 H, J = 8.0 Hz, NH Gly), 7.40–7.50
(m, 2 H, NH Arg, NH Temp), 7.92 (d, 1 H, J = 8.7 Hz, NH Asp);
13C NMR (100.6 MHz, [D6]acetone): d= 171.4, 171.3, 169.8, 169.6,
156.4, 152.9, 135.1, 134.6, 123.1, 117.8, 80.1, 73.4, 63.2, 59.1, 55.2,

54.0, 51.7, 49.8, 43.6, 40.4, 39.5, 34.9, 32.5, 32.2, 31.3, 28.0, 27.6,
27.4, 26.1, 26.0, 21.1, 17.9, 16.8, 11.4; MS (ESI+) m/z : 900.4 [M+H]+ ;
Anal. : (C41H61N11O10S) C, H, N.

General procedure F: synthesis of the amide derivatives 38–40.
Catalytic 10 % Pd/C was added to a solution of compound 34, 35,
or 37 (0.27 mmol) in MeOH (10 mL). The suspension was stirred
under H2 for ~18 h. After this time, the catalyst was filtered
through a pad of Celite and washed with MeOH. The collected or-
ganic phase was evaporated under reduced pressure to yield the
desired compound as a white foam, which was used without fur-
ther purification. Valeroyl chloride (6.5 mL, 0.054 mmol) and TEA
(15 mL, 0.11 mmol) were added to a solution of the crude
(0.027 mmol) in dry CH2Cl2 (700 mL) under N2 at room temperature.
The solution was stirred for ~1.5 h. After this time, the solvent was
evaporated, and the crude was purified by FC to yield the desired
product.

Compound 38. The pure product was obtained after FC (CH2Cl2/
iPrOH 85:15!8:2). Yield: 40 %; white solid; [a]22

D =�83.10 (c = 0.48,
acetone); 1H NMR (400 MHz, [D6]acetone): d= 0.9 (t, 3 H, J = 7.4 Hz,
COCH2CH2CH2CH3), 1.22–1.39 (m, 8 H, C ACHTUNGTRENNUNG(CH3)2 Pmc,
COCH2CH2CH2CH3), 1.45 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.50–1.75 (m, 7 H, 2 Hg Arg,
COCH2CH2CH2CH3, 2 H-5, Hb Arg), 1.75–2.0 (m, 5 H, H-7, CH2CH2Ar
Pmc, Hb Arg, H-8), 2.10 (s, 3 H, CH3 Pmc), 2.12–2.32 (m, 5 H,
COCH2CH2CH2CH3, H-7, H-8, H-4), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H,
CH3 Pmc), 2.67 (m, 2 H, CH2CH2Ar Pmc), 2.78(m, 1 H, Hb Asp), 2.88–
3.00 (m, 2 H, HCHNHCO, Hb Asp), 3.27 (m, 2 H, 2 Hd Arg), 3.48 (m,
1 H, Ha Gly), 3.57 (m, 1 H, HCHNHCO), 3.69 (m, 1 H, H-6), 4.08–4.22
(m, 2 H, Ha Gly, H-9), 4.43 (m, 1 H, Ha Arg), 4.62 (m, 1 H, H-3), 4.8
(m, 1 H, Ha Asp), 6.5 (m, 3 H, (NH)2C=NH), 7.08 (m, 1 H, NHCO-ACHTUNGTRENNUNG(CH2)3CH3), 7.12 (bs, 1 H, NH Arg), 7.88 (m, 1 H, NH Asp), 8.0 (bs, 1 H,
NH Temp), 8.4 (bs, 1 H, NH Gly); 13C NMR HETCOR (400 MHz,
[D6]acetone): d= 61.9, 60.5, 51.7, 51.3, 50.5, 45.1, 40.5, 40.4, 40.1,
37.7, 36.4, 32.9, 31.7, 30.8, 30.7, 28.2, 28.0, 27.6, 26.4, 25.9, 22.5,
21.6, 18.6, 17.1, 16.6, 11.8; MS (ESI+) m/z : 944.5 [M+H]+ ; Anal. :
(C45H69N9O11S) C, H, N.

Compound 39. The pure product was obtained after FC (CH2Cl2/
iPrOH 8:2). Yield: 54 %; white solid; [a]22

D =�84.4 (c = 0.75, acetone);
1H NMR (400 MHz, [D6]acetone): d= 0.9 (t, 3 H, J = 7.3 Hz,
COCH2CH2CH2CH3), 1.25–1.40 (m, 9 H, COCH2CH2CH2CH3, C ACHTUNGTRENNUNG(CH3)2

Pmc, H-5), 1.45 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.48–1.70 (m, 6 H, 2 Hg Arg, Hb Arg,
COCH2CH2CH2CH3, H-7), 1.85 (m, 2 H, CH2CH2Ar Pmc), 2.0 (m, 1 H, H-
8), 2.08 (m, 1 H, Hb Arg), 2.1 (s, 3 H, CH3 Pmc), 2.12 (m, 2 H,
COCH2CH2CH2CH3), 2.35–2.50 (m, 3 H, H-7, H-8, H-5), 2.56 (m, 1 H,
Hb Asp), 2.57 (s, 3 H, CH3 Pmc), 2.59 (s, 3 H, CH3 Pmc), 2.68 (m, 2 H,
CH2CH2Ar Pmc), 2.74 (m, 1 H, H-4), 3.01 (dd, 1 H, J = 16.6 Hz, J =
7.0 Hz, Hb Asp), 3.12 (m, 1 H, HCHNHCO), 3.15–3.26 (m, 3 H,
HCHNHCO, 2 Hd Arg), 3.43 (d, 1 H, J = 14.2 Hz, Ha Gly), 4.13–4.36
(m, 4 H, H-6, Ha Gly, H-9, H-3), 4.50–4.62 (m, 2 H, Ha Arg, Ha Asp),
6.32 (bs, 1 H, (NH)2C=NH), 6.48 (bs, 2 H, (NH)2C=NH), 6.67 (m, 1 H,
NHCOACHTUNGTRENNUNG(CH2)3CH3), 7.33 (m, 1 H, NH Temp), 7.42 (m, 1 H, NH Arg), 7.58
(m, 1 H, NH Gly), 8.32 (m, 1 H, NH Asp); 13C NMR HETCOR (400 MHz,
[D6]acetone): d= 62.5, 55.7, 53.4, 51.2, 42.7, 40.6, 40.3, 36.3, 35.5,
34.9, 33.4, 33.3, 33.4, 30.0, 28.4, 28.3, 27.5, 26.0, 22.1, 20.8, 17.9,
16.7, 13.2, 11.4; MS (ESI+) m/z : 944.6 [M+H]+ ; Anal. : (C45H69N9O11S)
C, H, N.

Compound 40. The pure product was obtained after FC (CH2Cl2/
iPrOH 85:15). Yield: 57 %; white solid; [a]22

D =�13.78 (c = 1.02, ace-
tone); 1H NMR (400 MHz, [D6]acetone): d= 0.92 (t, 3 H, J = 7.4 Hz,
COCH2CH2CH2CH3), 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.34 (m, 2 H,
COCH2CH2CH2CH3), 1.45 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 1.46–1.53 (m, 2 H, Hg Arg,
Hb Arg), 1.52–1.63 (m, 4 H, Hg Arg, COCH2CH2CH2CH3, H-6), 1.63–
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1.73 (m, 2 H, H-5, H-4), 1.73–1.89 (m, 4 H, H-8, CH2CH2Ar Pmc, H-6),
1.90–2.01 (m, 2 H, H-5, H-9), 2.06 (m, 1 H, Hb Arg), 2.1 (s, 3 H, CH3

Pmc), 2.12 (m, 2 H, COCH2CH2CH2CH3), 2.22–2.43 (m, 2 H, H-8, H-9),
2.54 (m, 1 H, Hb Asp), 2.56 (s, 3 H, CH3 Pmc), 2.58 (s, 3 H, CH3 Pmc),
2.67 (m, 2 H, CH2CH2Ar Pmc), 2.94 (m, 1 H, Hb Asp), 3.05 (m, 1 H,
HCHNHCO), 3.20 (m, 2 H, 2 Hd Arg), 3.37 (d, 1 H, J = 14.3 Hz, Ha

Gly), 3.65 (m, 1 H, HCHNHCO), 4.20–4.34 (m, 2 H, H-7, Ha Gly), 4.36–
4.54 (m, 3 H, H-3, H-10, Ha Arg), 4.85 (m, 1 H, Ha Asp), 6.33 (bs, 1 H,
(NH)2C=NH), 6.48 (bs, 2 H, (NH)2C=NH), 7.13 (m, 1 H, NHCO-ACHTUNGTRENNUNG(CH2)3CH3), 7.27 (m, 1 H, NH Gly), 7.48 (m, 1 H, NH Arg) 7.61 (m, 1 H,
NH Temp), 8.04 (m, 1 H, NH Asp); 13C NMR HETCOR (400 MHz,
[D6]acetone): d= 63.1, 59.2, 55.7, 51.7, 49.9, 43.6, 40.8, 40.3, 39.6,
35.9, 34.8, 33.0, 32.6, 32.2, 31.4, 27.8, 27.7, 27.5, 27.3, 26.1, 26.0,
22.1, 21.0, 17.9, 16.9, 13.3, 11.4; MS (ESI+) m/z : 958.7 [M+H]+ ;
Anal. : (C46H71N9O11S) C, H, N.

General procedure G: synthesis of the ester derivative 41. Pyri-
dine (22 mL, 22.0 mg, 0.275 mmol, 5 equiv) and a catalytic amount
of 4-dimethylaminopyridine (DMAP) were added to a solution of
compound 28 (48 mg, 0.055 mmol) in dry THF (1.0 mL) under Ar.
Valeroyl chloride (10 mL, 9.92 mg, 0.822 mmol, 1.5 equiv) was
added dropwise to this solution. The resulting mixture was left to
stir at room temperature for 24 h. After 24 h, further amounts of
pyridine (22 mL, 22.0 mg, 0.275 mmol, 5 equiv) and valeroyl chlo-
ride (10 mL, 9.92 mg, 0.822 mmol, 1.5 equiv) were added, and the
solution was left to stir for 24 h. After 48 h the reaction was
quenched with H2O and then purified by reversed-phase column
chromatography on a Biotage 25 + M cartridge, eluting with H2O/
MeCN (90:10!10:90) to give the desired compound.

Compound 41. Yield: 84 %; white solid; [a]22
D =�53.80 (c = 0.90,

CHCl3) ; 1H NMR (600 MHz, [D6]acetone): d= 0.92 (t, 3 H, J = 7.3 Hz,
COCH2CH2CH2CH3), 1.32 (s, 6 H, C ACHTUNGTRENNUNG(CH3)2 Pmc), 1.36 (m, 2 H,
COCH2CH2CH2CH3) 1.43 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 1.50–1.68 (m, 5 H, 2 Hg Arg,
Hb Arg, COCH2CH2CH2CH3), 1.77 (m, 1 H, Hb Arg), 1.80–1.88 (m, 6 H,
H-5, H-6, H-8, H-9, CH2CH2Ar Pmc), 1.93 (m, 1 H, H-5), 2.10 (s, 3 H,
CH3 Pmc), 2.11(m, 1 H, H-9), 2.18 (m, 1 H, H-8), 2.30 (m, 2 H,
COCH2CH2CH2CH3), 2.42 (m, 1 H, H-4), 2.58 (s, 3 H, CH3 Pmc), 2.60 (s,
3 H, CH3 Pmc), 2.62–2.70 (m, 3 H, CH2CH2Ar Pmc, Hb Asp), 2.68 (m,
1 H, Hb Asp), 3.20–3.33 (m, 2 H, 2 Hd Arg), 3.56 (m, 1 H, Ha Gly),
3.89–3.97 (m, 2 H, H-7, HCHO), 4.02 (m, 1 H, Ha Gly), 4.15 (m, 1 H, H-
10), 4.40 (dd, 1 H, J = 10.9 Hz, J = 5.3 Hz, HCHO), 4.45–4.53(m, 2 H,
H-3, Ha Arg), 4.79 (m, 1 H, Ha Asp), 6.37 (bs, 1 H, (NH)2C=NH), 6.48
(bs, 2 H, (NH)2C=NH), 6.65 (m, 1 H, NH Arg), 7.57 (m, 1 H, NH Temp),
8.12 (m, 1 H, NH Asp), 8.62 (bs, 1 H, NH Gly); 13C NMR (150.95 MHz,
[D6]acetone): d= 174.4, 172.8, 172.7, 170.2, 170.0, 156.5, 152.9,
135.2, 134.6, 123.1, 100.0, 80.4, 73.4, 67.3, 66.2, 59.4, 55.8, 52.3,
51.4, 44.6, 39.8, 36.7, 34.4, 33.5, 32.9, 32.6, 31.9, 29.8, 27.4, 26.8,
26.6, 26.1, 22.1, 21.1, 18.1, 16.9, 13.2, 11.5; MS (ESI+) m/z : 959.5
[M+H]+ ; Anal. : (C46H70N8O12S) C, H, N.

General procedure H: deprotection reaction. A solution of pro-
tected compound (0.015 mmol) in TFA/thioanisole/1,2-ethanedi-
thiol/anisole (90:5:3:2; 1 mL) was stirred at room temperature for
2 h. The solvent was evaporated under reduced pressure, and then
the crude was dissolved in H2O and washed with iPr2O. The aque-
ous phase was evaporated under reduced pressure, and the crude
was purified by HPLC.

Compound 30. Yield: 93 %; white foam; [a]22
D =�59.08 (c = 1.02,

MeOH); 1H NMR (400 MHz, D2O): d= 1.33 (m, 1 H, H-5), 1.41–1.62
(m, 3 H, 2 Hg Arg, Hb Arg), 1.62–1.80 (m, 2 H, H-7, Hb Arg), 1.90 (m,
1 H, H-8), 2.12–2.24 (m, 3 H, H-8, H-7, H-5), 2.28 (m, 1 H, H-4), 2.78–
2.92 (m, 2 H, 2 Hb Asp), 3.03–3.18 (m, 2 H, 2 Hd Arg), 3.37 (dd, 1 H,
J = 7.4 Hz, J = 11.3 Hz, HCHO), 3.47–3.57 (m, 2 H, Ha Gly, HCHO),

3.63 (m, 1 H, H-6), 3.94 (d, 1 H, J = 14.2 Hz, Ha Gly), 4.17–4.27 (m,
2 H, H-9, Ha Arg), 4.61 (dd, 1 H, J = 5.2 Hz, J = 7.2 Hz, Ha Asp),
4.67(m, 1 H, H-3) ; 13C NMR HETCOR (400 MHz, D2O): d= 62.2, 62.0,
60.9, 52.2, 51.8, 49.8, 45.1, 40.8, 40.9, 40.8, 36.0, 31.2, 29.9, 29.0,
28.3, 24.8; for a more detailed NMR characterization, see the Sup-
porting Information; MS (ESI+) m/z : 539.5 [M+H]+ ; Anal. :
(C22H34N8O8·CF3CO2H) C, H, N.

Compound 31. Yield: 85 %; white foam; [a]22
D =�49.9 (c = 1.00,

MeOH); 1H NMR (400 MHz, D2O): d= 1.31 (m, 1 H, H-5), 1.38–1.54
(m, 3 H, 2 Hg Arg, Hb Arg), 1.60 (m, 1 H, H-7), 1.78 (m, 1 H, H-8), 1.98
(m, 1 H, Hb Arg), 2.28–2.43 (m, 3 H, H-8, H-7, H-5), 2.57–2.69 (m, 2 H,
H-4, Hb Asp), 3.00 (dd, 1 H, J = 7.5 Hz, J = 16.9 Hz, Hb Asp), 3.03–
3.16 (m, 2 H, 2 Hd Arg), 3.42–3.50 (m, 3 H, CH2OH, Ha Gly), 3.92 (m,
1 H, H-6), 4.13–4.30 (m, 3 H, H-9, Ha Gly, H-3), 4.45 (t, 1 H, J = 7.3 Hz,
Ha Asp), 4.50 (dd, 1 H, J = 3.9 Hz, J = 10.6 Hz, Ha Arg); 13C NMR
HETCOR (400 MHz, D2O): d= 62.0, 61.0, 55.8, 52.32, 51.3, 51.2, 42.2,
40.3, 37.4, 33.2, 32.5, 31.6, 29.9, 26.7, 28.3, 24.1; for a more detailed
NMR characterization, see the Supporting Information; MS (ESI+)
m/z : 539.2 [M+H]+ ; Anal. : (C22H34N8O8·CF3CO2H) C, H, N.

Compound 32. Yield: 30 %; white foam; [a]22
D =�75.60 (c = 1.00,

MeOH); 1H NMR (600 MHz, H2O + D2O): d= 1.43–1.58 (m, 2 H, 2 Hg

Arg) 1.62–1.70 (m, 2 H, H-5, H-6), 1.70–1.88 (m, 5 H, 2 Hb Arg, H-9,
H-8, H-6), 1.94 (m, 1 H, H-4), 2.03–2.16 (m, 2 H, H-5, H-9), 2.20 (m,
1 H, H-8), 2.73–2.80 (m, 2 H, 2 Hb Asp), 3.05–3.20 (m, 2 H, 2 Hd Arg),
3.52 (m, 1 H, HCHO), 3.56 (m, 1 H, HCHO), 3.66 (dd, 1 H, J = 14.3 Hz,
J = 6.4 Hz, Ha Gly), 3.73–3.88 (m, 2 H, Ha Gly, H-7), 4.12 (m, 1 H, H-
10), 4.18 (m, 1 H, Ha Arg), 4.42 (m, 1 H, H-3), 4.74 (m, 1 H, Ha Asp),
7.09 (m, 1 H, NH Arg), 7.36 (m, 1 H, NH Asp), 7.59 (m, 1 H, NH Temp),
8.82 (m, 1 H, NH Gly); 13C NMR HETCOR (600 MHz, H2O + D2O): d=
65.6, 64.5, 59.8, 56.7, 53.4, 51.9, 44.3, 40.9, 40.4, 35.1, 33.0, 32.5,
30.8, 27.2, 26.0, 24.4; MS (ESI) m/z : 553.4 [M+H]+ ; Anal. :
(C23H36N8O8·CF3CO2H) C, H, N.

Compound 33. Yield: 98 %; white foam; [a]22
D =�17.78 (c = 1.05,

MeOH); 1H NMR (400 MHz, D2O): d= 1.44–1.56 (m, 3 H, 2 Hg Arg, H-
6), 1.56–1.69 (m, 2 H, Hb Arg, H-4), 1.73 (m, 1 H, H-5), 1.78–1.93 (m,
3 H, H-6, H-8, H-9), 1.93–2.07 (m, 2 H, H-5, Hb Arg), 2.20 (m, 1 H, H-
8), 2.39 (m, 1 H, H-9), 2.72 (dd, 1 H, J = 8.0 Hz, J = 16.2 Hz, Hb Asp),
3.03 (dd, 1 H, J = 8.0 Hz, J = 16.2 Hz, Hb Asp), 3.08–3.23 (m, 2 H, 2 Hd

Arg), 3.42–3.53 (m, 2 H, Ha Gly, HCHO), 3.58 (dd, 1 H, J = 3.8 Hz, J =
11.4 Hz, HCHO), 4.20 (m, 1 H, H-7), 4.24 (d, 1 H, J = 12.0 Hz, Ha Gly),
4.40 (m, 1 H, H-10), 4.46 (m, 1 H, Ha Arg), 4.55 (d, 1 H, J = 12.0 Hz, H-
3), 4.64 (t, 1 H, J = 7.2 Hz, Ha Asp); 13C NMR HETCOR (400 MHz,
D2O): d= 63.9, 63.5, 59.8, 53.0, 52.8, 51.0, 43.8, 41.0, 40.4, 34.0, 32.2,
30.1, 27.7, 27.5, 25.2; MS (ESI+) m/z : 553.4 [M+H]+ ; Anal. :
(C23H36N8O8·CF3CO2H) C, H, N.

Compound 42. Yield: 98 %; white foam; [a]22
D =�86.15 (c = 0.4,

MeOH); 1H NMR (400 MHz, D2O): d= 0.84 (t, 3 H, J = 7.4 Hz,
COCH2CH2CH2CH3), 1.26 (m, 2 H, COCH2CH2CH2CH3), 1.42 (m, 1 H, H-
5), 1.48–1.60 (m, 4 H, 2 Hg Arg, COCH2CH2CH2CH3), 1.64 (m, 1 H, Hb

Arg), 1.72 (m, 1 H, H-7), 1.82 (m, 1 H, Hb Arg), 1.95 (m, 1 H, H-8),
2.10–2.30 (m, 5 H, H-5, COCH2CH2CH2CH3, 1 H, H-7, H-8), 2.36 (m,
1 H, H-4), 2.71–2.86 (m, 2 H, 2 Hb Asp), 3.03–3.31 (m, 4 H, CH2NHCO,
2 Hd Arg), 3.24 (m, 1 H, HCHNHCO), 3.56 (d, 1 H, J = 14.3 Hz, Ha

Gly), 3.66 (t, 1 H, J = 10.4 Hz, H-6), 4.04 (d, 1 H, J = 14.3 Hz, Ha Gly),
4.26 (d, 1 H, J = 10.1 Hz, H-9), 4.3 (m, 1 H, Ha Arg), 4.63 (m, 1 H, Ha

Asp), 4.74 (m, 1 H, H-3) ; 13C NMR HETCOR (100.6 MHz, D2O): d=
61.3, 59.9, 51.8, 51.7, 49.7, 44.5, 40.4, 39.8, 38.0, 36.9, 35.6, 30.8,
29.0, 28.9, 27.7, 27.3, 24.3, 21.5, 12.8; MS (ESI+) m/z : 544.5
[M+Na]+ , 622.5 [M+H]+ ; Anal. : (C27H43N9O8·CF3CO2H) C, H, N.

Compound 43 Yield: 98 %; white foam; [a]22
D =�64.9 (c = 0.68,

MeOH); 1H NMR (400 MHz, D2O): d= 0.83 (t, 3 H, J = 7.3 Hz,
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COCH2CH2CH2CH3), 1.14–1.30 (m, 3 H, H-5, COCH2CH2CH2CH3), 1.40–
1.54 (m, 4 H, 2 Hg Arg, COCH2CH2CH2CH3), 1.54–1.70 (m, 2 H, Hb

Arg, H-7), 1.85 (m, 1 H, H-8), 2.05 (m, 1 H, Hb Arg), 2.15 (t, 2 H, J =
7.4 Hz, COCH2CH2CH2CH3), 2.35, 2.50 (m, 3 H, H-8, H-7, H-5), 2.66–
2.80 (m, 2 H, Hb Asp, H-4), 3.00–3.23 (m, 5 H, Hb Asp, 2 Hd Arg,
CH2NHCO), 3.48 (d, 1 H, J = 14.6 Hz, Ha Gly), 3.98 (m, 1 H, H-6),
4.20–4.30 (m, 2 H, H-9, Ha Gly), 4.36 (t, 1 H, J = 7.0 Hz, H-3), 4.50 (t,
1 H, J = 7.2 Hz, Ha Asp), 4.57 (dd, 1 H, J = 10.1 Hz, J = 3.4 Hz, Ha

Arg); 13C NMR (100.6 MHz, D2O): d= 177.7, 174.8, 174.5, 174.0,
173.0, 171.6, 170.2, 62.1, 56.0, 52.9, 51.6, 51.3, 42.3, 40.3, 40.1, 35.8,
35.6, 33.2, 32.8, 32.6, 30.1, 27.5, 26.9, 24.3, 21.6, 13.0; MS (ESI+)
m/z : 622.3 [M+H]+ ; Anal. : (C27H43N9O8·CF3CO2H) C, H, N.

Compound 44. Yield: 98 %; white solid; [a]22
D =�12.6 (c = 1.00,

MeOH); 1H NMR (400 MHz, D2O): d= 0.85 (t, 3 H, J = 7.3 Hz,
COCH2CH2CH2CH3), 1.25 (m, 2 H, COCH2CH2CH2CH3), 1.43–1.56 (m,
5 H, COCH2CH2CH2CH3, 2 Hg Arg, H-6), 1.56–1.69 (m, 2 H, Hb Arg, H-
5), 1.75 (m, 1 H, H-4), 1.73–2.04 (m, 5 H, H-6, H-8, H-5, Hb Arg, H-9),
2.12–2.27 (m, 3 H, COCH2CH2CH2CH3, H-8), 2.4 (m, 1 H, H-9), 2.73
(dd, 1 H, J = 17.0 Hz, J = 6.7 Hz, Hb Asp), 2.93–3.08 (m, 2 H,
HCHNHCO, Hb Asp), 3.08–3.23 (m, 2 H, 2 Hd Arg), 3.42 (dd, 1 H, J =
14.0 Hz, J = 3.9 Hz, HCHNHCO), 3.47 (d, 1 H, J = 14.5 Hz, Ha Gly),
4.17 (m, 1 H, H-7), 4.22 (d, 1 H, J = 14.5 Hz, Ha Gly), 4.39 (dd, 1 H, J =
8.8 Hz, J = 4.7 Hz, H-10), 4.46 (dd, 1 H, J = 10.6 Hz, J = 4.2 Hz, Ha

Arg), 4.56 (m, 1 H, H-3), 4.65 (dd, 1 H, J = 7.6 Hz, Ha Asp); 13C NMR
HETCOR (400 MHz, D2O): d= 62.8, 59.3, 55.2, 51.8, 50.6, 43.0, 41.4,
40.0, 38.1, 35.7, 33.2, 31.8, 31.7, 30.5, 27.4, 27.3, 27.0, 25.5, 21.4,
12.8; MS (ESI+) m/z : 636.7 [M+H]+ ; Anal. : (C28H45N9O8·CF3CO2H) C,
H, N.

Compound 45. Yield: 30 %; white foam; [a]22
D =�67.75 (c = 0.70,

MeOH); 1H NMR (600 MHz, H2O + D2O): d= 0.78 (t, 3 H, J = 7.5 Hz,
COCH2CH2CH2CH3), 1.20 (m, 2 H, COCH2CH2CH2CH3), 1.41–1.57 (m,
4 H, 2 Hg Arg, COCH2CH2CH2CH3) 1.66–1.85 (m, 6 H, 2 Hb Arg, H-9,
H-8, 2 H-6), 1.89 (m, 1 H, H-5), 2.02–2.13 (m, 2 H, H-5, H-9), 2.15–2.24
(m, 2 H, H-8, H-4), 2.27 (t, 2 H, J = 7.5 Hz, COCH2CH2CH2CH3), 2.72–
2.83 (m, 2 H, 2 Hb Asp), 3.06–3.17 (m, 2 H, 2 Hd Arg), 3.63 (m, 1 H,
Ha Gly), 3.75–3.87 (m, 2 H, H-7, Ha Gly), 3.40 (dd, 1 H, J = 11.4 Hz,
J = 1.2 Hz, HCHO), 4.08 (m, 1 H, H-10), 4.22 (m, 1 H, Ha Arg), 4.26
(m, 1 H, HCHO), 4.50 (m, 1 H, H-3), 4.61 (m, 1 H, Ha Asp), 7.09 (m,
1 H, NH Arg), 7.26 (m, 1 H, NH Asp), 7.62 (m, 1 H, NH Temp), 8.83 (m,
1 H, NH Gly); 13C NMR HETCOR (600 MHz, H2O + D2O): d= 68.2, 65.8,
59.8, 56.0, 53.4, 51.4, 44.5, 40.5, 38.7, 34.7, 33.6, 33.3, 32.6, 31.9,
27.7, 26.5, 26.2, 24.6, 21.7, 13.0; MS (ESI) m/z : 636.5 [M+H]+ ; Anal. :
(C28H44N8O9·CF3CO2H) C, H, N.

Solid-phase receptor binding assay

Purified avb3 and avb5 receptors (Chemicon International, Inc. , Te-
mecula, CA, USA) were diluted to 0.5 mg mL�1 in coating buffer
containing 20 mm Tris-HCl (pH 7.4), 150 mm NaCl, 1 mm MnCl2,
2 mm CaCl2, and 1 mm MgCl2. An aliquot of diluted receptors
(100 mL well�1) was added to 96-well microtiter plates (NUNC
MW 96F Medisorp Straight) and incubated overnight at 4 8C. The
plates were then incubated with blocking solution (coating buffer
plus 1 % bovine serum albumin) for an additional 2 h at room tem-
perature to block nonspecific binding, followed by 3 h incubation
at room temperature with various concentrations (10�10–10�5

m) of
test compounds in the presence of biotinylated vitronectin
(1 mg mL�1) using an EZ-Link Sulfo-NHS-Biotinylation kit (Pierce,
Rockford, IL, USA). After washing, the plates were incubated for 1 h
at room temperature with biotinylated streptavidin–peroxidase
complex (Amersham Biosciences, Uppsala, Sweden) followed by
30 min incubation with 100 mL Substrate Reagent Solution (R&D
Systems, Minneapolis, MN) before stopping the reaction with the

addition of 50 mL 1 n H2SO4. Absorbance at 415 nm was read in a
SynergyTM HT Multi-Detection Microplate Reader (BioTek Instru-
ments, Inc.). Each data point represents the average of triplicate
wells; data analysis was carried out by nonlinear regression analysis
with GraphPad Prism software.

Cell cultures

Reagents were purchased from Sigma unless otherwise indicated.
Human umbilical vein vascular endothelial cells (HUVEC) were ob-
tained from Promocell GmbH (Heidelberg, Germany) and grown in
medium M199 supplemented with 20 % fetal calf serum (FCS),
l-glutamine (2 mm), penicillin (100 U mL�1)/streptomycin
(100 mg mL�1), porcine heparin (100 mg mL�1), and endothelial cell
growth factor (ECGF; 50 ng mL�1). HUVECs were maintained in cul-
ture and used at five passages. ECV-304 bladder carcinoma cells
were kindly provided by Prof. M. L. Villa (University of Milan, Italy) ;
despite their epithelial origin, ECV-304 cells share many characteris-
tics with the human endothelium, and they are widely used as en-
dothelial-like cells. ECV-304 cells were grown in medium M199 sup-
plemented with 10 % FCS, l-glutamine (2 mm), and penicillin
(100 U mL�1)/streptomycin (100 mg mL�1). Cells were maintained at
37 8C in an atmosphere of 95 % air and 5 % CO2.

Cell adhesion assay

Plates (96 wells) were coated with fibronectin or vitronectin (Duo-
tech) at 10 mg mL�1 in phosphate-buffered saline (PBS, Sigma) over-
night at 4 8C. Cells (2.5 � 104 per 100 mL) were seeded in each well
and allowed to adhere for 2 h at 37 8C in the presence of various
concentrations of compound 31. Nonadherent cells were removed
with PBS. The remaining adherent cells were stained with a 0.5 %
solution of Crystal Violet for 10 min and rinsed with H2O. Stained
cells were solubilized with 1 % SDS and quantified on a microtiter
plate reader at 595 nm. Experiments were carried out in triplicate.
Results are expressed as the mean compound concentration �SE
that inhibited 50 % of cell adhesion (IC50). The IC50 was calculated
using GraphPad Prism 5 software.

Wound assay

Plates (24 wells) were coated with vitronectin (Duotech) at
10 mg mL�1 in PBS (Sigma) overnight at 4 8C. 1.6 � 105 HUVEC or
ECV-304 cells were seeded and allowed to adhere overnight. Ad-
herent cells were scratched with a p200 pipette tip, washed three
times with M199, and immediately photographed with a Zeiss Axio
Observer A1 inverted microscope equipped with a Zeiss AxioCam
MRm. Subsequently, cells were incubated for 24 h (HUVEC) or 48 h
(ECV-304) with 10 mm compound 31, diluted in the basal medium
of culture, and supplemented with 2 % FCS. Control cells were
scratched and cultured in the same medium without compound.
After treatment, cells were photographed again to measure and
compare wound healing. Images were printed on A4 paper, and
the width of the wounds was evaluated and compared with a
ruler, according to the experimental time course. Results are ex-
pressed as a percentage of closure relative to the width of the
wound before treatment. Each point was done in triplicate, and
the experiment was repeated twice.

Computational studies

All calculations were run using the Schrçdinger suite of programs
(http://www.schrodinger.com) through the Maestro graphical inter-
face.

630 www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2009, 4, 615 – 632

MED L. Manzoni, L. Belvisi, et al.

www.chemmedchem.org


Conformational analysis. Conformational preferences of the RGD
cyclopeptides were investigated by molecular mechanics calcula-
tions within the framework of MacroModel version 9.1,[29] using the
MacroModel implementation of the Amber all-atom force field (de-
noted AMBER*) and the implicit water GB/SA solvation model of
Still et al.[26, 30] A two-step protocol was used. Monte Carlo/energy
minimization (MC/EM) conformational searches of the AGA (Ala-
Gly-Ala) cyclopeptide analogues containing methyl groups instead
of the Arg and Asp side chains were performed as the first step.[22]

Amide bonds were included among the rotatable bonds. For each
search, at least 1000 starting structures for each variable torsion
angle were generated and minimized until the gradient was
<0.05 kJ ��1 mol�1 using the truncated Newton–Raphson method
implemented in MacroModel.[31] Duplicate conformations and
those with energy >6 kcal mol�1 above the global minimum were
discarded. Free simulations of the complete RGD cyclic peptides
(Asp and Arg side chains were considered ionized) were then per-
formed at 300 K using the metropolis Monte Carlo/stochastic dy-
namics (MC/SD) hybrid simulation algorithm,[25] starting from the
cyclopeptide backbone geometries located by the previous MC/EM
step. RGD side chain dihedral angles were defined as internal coor-
dinate degrees of freedom in the Monte Carlo part of the algo-
rithm. A time step of 1 fs was used for the stochastic dynamics
part of the algorithm. At least two 10-ns simulations were run for
each RGD cyclopeptide starting from different conformations to
test the convergence. Samples were taken at 2-ps intervals during
each simulation, yielding 5000 conformations for analysis.

Protein setup. The recently solved crystal structure of the extracel-
lular domain of the integrin avb3 receptor in complex with
EMD121974 and in the presence of the pro-adhesive ion Mn2+

(PDB code: 1L5G) was used for docking studies.[8] Docking was per-
formed only on the globular head of integrin because the head
group of integrin has been identified in the crystal structure as the
ligand binding region. The protein structure was set up for docking
as follows: the protein was truncated to residue sequences 41–342
for chain a and 114–347 for chain b. Due to a lack of parameters,
the Mn2 + ions in the experimental protein structure were modeled
by replacing them with Ca2 + ions. The charged protein groups
that were neither located in the ligand binding pocket nor in-
volved in salt bridges were neutralized by using the Schrçdinger
pprep script. The hydrogen atoms were added by using the Schrç-
dinger graphical user interface Maestro, and the resulting structure
was optimized using the Schrçdinger impref script.

Docking. The automated docking calculations were performed
using Glide (Grid-based Ligand Docking with Energetics) within the
framework of Impact version 4.5.[27] Glide uses a hierarchical series
of filters to search for possible locations of the ligand in the active
site region of the receptor. The shape and properties of the recep-
tor are represented on a grid by several different sets of fields that
provide progressively more accurate scoring of the ligand poses.
To begin the Glide calculation, an enclosing box and a bounding
box are defined starting from the center of the reference ligand.
The starting poses for the ligands to be screened are generated by
placing the center of the ligand in random points of the bounding
box. Conformational flexibility is handled in Glide by an extensive
conformational search, augmented by a heuristic screen that rapid-
ly eliminates conformations deemed unsuitable for binding to a re-
ceptor, such as conformations that have long-range internal hydro-
gen bonds. After all the filters have been applied, the remaining
best 400 poses are partially minimized in the grid field using
OPLSAA and finally scored using the GlideScore scoring function.
GlideScore is based on ChemScore,[32] but includes a steric clash

term and adds buried polar terms to penalize electrostatic mis-
matches. The grid-generation step started from the extracellular
fragment of the crystal structure of aVb3 in complex with
EMD121974, as described in the protein setup section, and used
mae input files of both ligand and active site, including hydrogen
atoms. The center of the grid enclosing box was defined by the
center of the bound ligand, as described in the original PDB entry.
The enclosing box dimensions, which are automatically deduced
from the ligand size, fit the entire active site. For the docking step,
the size of the bounding box for placing the ligand center was set
to 12 �. No further modifications were applied to the default set-
tings. The GlideScore function was used to select 30 poses for
each ligand. The Glide program was initially tested for its ability to
reproduce the crystallized binding geometry of EMD121974. The
program was successful in reproducing the experimentally deter-
mined binding mode of this compound, as it corresponds to the
best-scored pose.

NMR spectroscopy

NMR experiments were performed at a temperature of 294 K on
Bruker Avance 400 and 600 MHz spectrometers. All proton and
carbon chemical shifts were assigned unambiguously. The NMR ex-
periments were carried out in a D2O/H2O 1:9 mixture in order to
observe amide protons. Two-dimensional experiments (TOCSY,
COSY, NOESY, and HSQC) were carried out on samples of 30 and
31 at a concentration of 3 mm. NOESY experiments were per-
formed at 0.2, 0.4, 0.6 and 0.8 s. The water resonance was saturat-
ed with the excitation sculpting sequence from the Bruker library.
The conformation of the pentapeptide was first analyzed with re-
spect to hydrogen bonding of amide protons (VT-NMR spectrosco-
py) and NOE contacts.
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