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Intravascular circulation of cancer cells represents a frequent
event along neoplasic progression that seriously increases the
probability of occurrence of metastasis. However, the adhe-
sion of blood-borne cancer cells to the microvascular wall is a
prerequisite for metastatic cell implantation at target organs.
Similar to capillary homing of leukocytes, this process is
proinflammatory cytokine-inducible and the mechanism
involves specific binding between cancer and endothelial
cell adhesion molecules.[1] Previously, we and others reported
that integrin “very late antigen 4” (VLA-4, a4b1) accounts for
melanoma cell adhesion to endothelium in metastasized
organs.[2] As vascular adhesion cell molecule 1 (VCAM-1) is
the natural ligand of VLA-4, the VLA-4–VCAM-1 interac-
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tion may, therefore, constitute an interesting molecular target
for innovative therapy against melanoma dissemination.
However, no results on the antimetastatic effects of synthetic
VLA-4/VCAM-1 inhibitors have been reported to date,
although interesting studies on synthetic inhibitors of the
VLA-4/VCAM-1 interaction have been recently reported.[3]

Herein, we demonstrate that small synthetic molecules which
are designed to mimic the minimal requirements for binding
between the natural macromolecules completely abrogate
1) melanoma cell adhesion to cytokine-activated endothelial
cells and 2) melanoma cell responses to soluble and immo-
bilized VCAM-1, and 3) efficiently inhibit metastatic devel-
opment in vivo, without significantly affecting their cell
viability, proliferation rate, or major metabolic activities.

Structural and electronic features of VCAM-1 were first
examined in order to reproduce these features in the synthetic

inhibitors.[4] The crystal structure of domains 1 and 2 of
VCAM-1 has been resolved by X-ray diffraction analysis.[5]

Additionally, directed mutagenesis studies have determined
that the CD loop in domain 1 of VCAM-1 is crucial for
binding to VLA-4[5] (Figure 1 a). In the solvated molecule, the
carboxymethyl group of Asp40 has considerable conforma-
tional freedom and is surrounded by a relatively hydrophobic
environment (Figure 1b). We reasoned that the compounds
shown in Table 1 could mimic the structural and electronic

features of the Ile39-Asp40-Ser41-Pro42 sequence of
domain 1 of VCAM-1 (Figure 1c). Thus, the carboxymethyl-
amido chain of these novel compounds reproduces the
binding ability of Asp40, whereas the remaining groups
provide the environment required for simulating the struc-
tural and electrostatic features of the remaining residues.
Furthermore, the pyrrolidine ring confers the necessary
restriction of conformational freedom to the molecule to
mimic the energetically available conformations of the CD
loop in the b barrel of domain 1 of VCAM-1 (Figure 1 b and
c). Therefore, these unnatural highly substituted pyrrolidine
rings should bind to VLA-4 to disrupt VLA-4/VCAM-1-
interaction-dependent mechanisms.

The new compounds 11 were synthesized in 12 prepara-
tive steps according to the design depicted in Table 1 and
Scheme 1 (for more details, see Supporting Information). The
starting materials were readily accessible and inexpensive
chemicals such as l-a-amino acids (glycine, alanine, valine,
and leucine), halides 3, and aldehydes 7. The key step in the
synthetic route shown in Scheme 1 is the formal [3+2]
cycloaddition between E-nitroalkenes 6 and imines 9 to
yield pyrrolidines 10. This reaction takes place with complete

Figure 1. a) X-ray crystal structure (taken from ref. [5]) of the active
loop of VCAM-1 which is involved in binding with integrin VLA-4.
b), c) Electrostatic potential projected onto the electron density of the
Ile39-Asp40-Ser41-Pro42 tetramer (b) and inhibitor 11d (c); energies
range from �138.2 (red) to +100.2 kcalmol�1 (blue); asterisks (*)
indicate the hydrophobic regions in both structures.

Table 1: General structure and retrosynthetic analysis of the novel
inhibitors of the VLA-4/VCAM-1 interaction.

11 R1 R2 R3[a] R4

a Me Ph Ph H
b Me Ph tBu H
c Me 2-FC6H4 Ph H
d Et Ph Ph H
e Me 2,6-F2C6H3 Ph H
f Et Ph cHex H
g Et 3,5-F2C6H3 Ph H
h Et Ph cPr H
i Et 2,3-F2C6H3 Ph H
j Et Ph Ph Me

k Et Ph H

[a] cHex= cyclohexyl, cPr = cyclopropyl, Bn = benzyl.
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stereocontrol when R3 is a phenyl group, and R1 = Me or Et
(compounds 10 a,c–e, g, i, j). When R3 is an alkyl group, the
stereocontrol is variable and ranges from greater than 99:1
when R3 = tBu (10 b) to 91:9 when R3 = cHex (10 f) or cPr
(10 h). In the case of pyrrolidine 10k, which has a chiral group
at R3, three stereoisomers were obtained in a ratio of 77:15:8.

Previous studies[6] have shown that the reaction between
p-deficient alkenes and metalated azomethine ylides takes
place through a stepwise mechanism, not a concerted

mechanism, to give the [3+2] cycloadduct. The first step
comprises a Michael-type nucleophilic attack of the a carbon
atom of the azomethine ylide A, which forms in situ, on the
b carbon atom of the nitroalkene (Scheme 2). The cyclization
step takes place by means of an intramolecular Henry-type
reaction between the intermediate nitronate moiety and the
iminic fragment of the zwitterionic intermediate denoted as B
in Scheme 2.

To understand the origins of the stereocontrol of the
reaction, we computed the two possible diastereomeric
transition-state structures TS 1 and TS 1’ for the model
system depicted in Figure 2.[7] As shown in Figure 2 and
Scheme 2, part of the stereocontrol of the reaction stems from
the retention of configuration of the E-nitroalkene and the

Scheme 1. Synthesis of compounds 11. a) 1 (1.0 equiv in 1n H2SO4),
NaNO2 (1.5 equiv in H2O), 0 8C, 24 h, 83–90%; b) DMP (1.0 equiv),
TsOH·H2O (0.007 equiv), MeOH, 45 8C, 24 h, 88–96%; c) 2 (1.0 equiv),
NaH (1.0 equiv), anhydrous THF/DMF (2:0.6), 0 8C, 10 min, then
3 (1.2 equiv), RT, 24 h, 45–64%; d) LiAlH4 (1.0 equiv), Et2O, 0 8C, then
4 (1.0 equiv), Et2O, RT, 3 h, 80–90%; e) ClCOCOCl (1.5 equiv),
DMSO (2.0 equiv), TEA (4.0 equiv), CH2Cl2, �67 8C, 5 h, 79–90%;
f) 5 (1.0 equiv), CH3NO2 (5.0 equiv), TEA (0.14 equiv), RT, overnight,
87–96%; g) MsCl (1.2 equiv), DIPEA (2.5 equiv), CH2Cl2, �78 8C, 2 h,
85–95%; h) 8 (1.15 equiv), TEA (1.25 equiv), MgSO4, CH2Cl2, RT, 1 h,
then 7 (1.0 equiv), RT, overnight, 75–95%; i) 6 (1.0 equiv),
9 (1.0 equiv), AgOAc (0.1 equiv), TEA (1 equiv), CH3CN, RT, 5 h, 60–
92%; j) 1n DME/LiOH (5:3, aq), 0 8C, 1–4 h, 82–95%;
k) 10 (1.0 equiv), MeGly·HCl (1 equiv), DECP (1.2 equiv), DMF, 0 8C,
then TEA (2.0 equiv), RT, overnight, 64–95%; l) 1n DME/LiOH (5:3,
aq), 0 8C, 1–4 h, 85–97%. DMP =2,2-dimethoxypropane, Ts = p-
toluenesulfonyl, DMF= N,N-dimethylformamide, DMSO =dimethyl-
sulfoxide, DMP = 2,2-dimethoxypropane, TEA = triethylamine,
DIPEA = diisopropylethylamine, DME= 1,2-dimethoxyethane, MeGly =
glycine methyl ester, DECP= diethylcyanophosphonate.

Scheme 2. Mechanism of formation of cycloadducts 10 from the
reaction between imines 9 and nitroalkenes 6. X*

c = chiral group.

Figure 2. Ball-and-stick representations of the fully optimized
structures of transition-state structures TS1 and TS 1’ (C gray, O red,
N dark blue, Ag light blue); green lines represent the new sigma bonds
that form; see ref. [7] for further details.
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chelated nature of the metalated azomethine ylide. The
diastereoselectivity can be explained in terms of a two-
electron interaction between the localized s* orbital of the
C�C bond that forms and the localized s orbital of the
antiperiplanar C�CH3 bond, with the alkoxy group occupying
the inside position with respect to the pyrrolidine ring that
forms, as seen in Figure 2. The alternative diastereomeric
transition-state structure TS 1’, in which the C�H bond is anti
with respect to the new C�C bond that forms, is more than
1 kcalmol�1 higher in energy than TS1 and corresponds to
high stereocontrol in favor of the (2S,3R,4S,5S) cycloadduct,
provided that groups which are bulkier than methyl are used.
The absolute configuration of the new stereogenic centers was
verified by X-ray diffraction analysis on compound 11 d and
confirmed the validity of our computational results.[8]

Next, the potential VLA-4 antagonism of compounds 11
was tested through a previously established model[2b] on
VLA-4/VCAM-1-interaction-dependent B16M cell adhesion
to primary cultured hepatic sinusoidal endothelial (HSE) cells
in vitro. As shown in Figure 3, both B16M cell adhesion to
TNF-a (tumor necrosis factor alpha)-treated HSE—which
increases VCAM-1 expression on endothelial cells—and
H2O2-treated B16M cell adhesion to unstimulated HSE
cells—which increases VLA-4 activation in cancer cells—
significantly increased relative to their respective untreated
control cells (P< 0.01, where P is the statistical probability
value).[2b] Preincubation of B16M cells with compounds 11
and measurement of adhesion to HSE resulted in variable
responses as shown in Figure 3. Interestingly, compounds 11b
and 11 h with tBu and cPr groups at R3, respectively, did not
show any significant antiadhesive activity. Similarly, com-
pound 11 e, with a 2,6-difluorophenyl group at R2 and a
methyl group at R1 was also almost inactive. In contrast, the
presence of a quaternary atom at the a-position of the
pyrrolidine ring (R4 = Me), such as in 11 j, did not result in a
significant loss of activity.

To assess if interactions other than VLA-4/VCAM-1 were
involved in the inhibitory activity of compounds 11, we used
the chemical shift perturbation method[9] on the I domain of
the a2-subunit of a2b1-VLA-2 integrin which is also relevant in
melanoma metastasis and binds different ligands such as
collagen or laminin.[10] 15N–1H heteronuclear single-quantum
coherence (HSQC) NMR spectra[9] of uniformly 15N-labeled
I domain were recorded in the presence and the absence of
inhibitors 11 a–j. In these spectra each amino acid of the
I domain appeared as a cross-peak that corresponds to the
NH group of its amide backbone. Analysis of the spectra at
different pH values (pH 6.5 and 7.4) and at different temper-
atures (T= 283 and 298 K, see Supporting Information) did
not lead to any significant shift of the cross-signals upon
addition of the inhibitors, which indicates the lack of binding
and, therefore, the high selectivity of these compounds with
respect to integrin VLA-2.

Although the best activity in vitro was shown by
compound 11 f, which has a cyclohexyl group at R3, prelimi-
nary assays in vivo were carried out with 11d (R3 = Ph)
because of its higher solubility in water. Additionally, 11d
displayed comparable antiadhesive activity to monoclonal
antibodies against murine VLA-4 (Figure 3b). Furthermore,

addition of 11d compound to IL-1b (interleukin-1b)-treated
melanoma cells completely abrogated their adhesion to
immobilized VCAM-1 and prevented vascular endothelial
growth factor (VEGF) production induced by soluble-
VCAM-1-stimulated cells (see Supporting Information),
which confirms the potent VLA-4 antagonism of compound
11d. Finally, metastasis density and volume significantly
decreased (P< 0.01) by 60% and 95%, respectively, in mice
that were intrasplenically injected with 11 d-pretreated B16M
cells relative to those that received untreated cells (Figure 4).
Parallel measurements on cell viability and cytotoxicity,
intracellular oxidative metabolism, and cell-proliferation
rates of 11d-treated melanoma cells excluded that antimeta-
static effects of 11 d compound may have been caused by

Figure 3. Inhibition of adhesion between HSE and B16M cells by com-
pounds 11. The degree of inhibition was measured on a) TNF-a-acti-
vated cultured HSE cells and b) H2O2-pretreated melanoma B16M
cells. Asterisks (*) indicate the inhibition measured on unstimulated
HSE. The concentration of compounds 11 was 50 mg per 1 � 106 B16M
cells. The lyophilized compounds were dissolved in DMSO and diluted
to a final working stock solution of 5 mgmL�1 in serum-free medium.
1 � 106 B16M cells resuspended in 300 mL of serum-free medium were
preincubated with 11 (10 mL of stock solution, 50 mg) for 15 min at
37 8C before the adhesion assay. m(VLA-4)Ab denotes rat anti-mouse
CD49d monoclonal antibody (Serotec Ltd, Oxford, UK) against VLA-4.
In this case, B16M cells were incubated with 10 mgmL�1 of m(VLA-
4)Ab before the adhesion assay. The results are the mean standard
deviation of three independent experiments, each performed in sextu-
plicate (n = 18).
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indirect effects on cell functions other than those specifically
operated through a VLA-4-dependent mechanism.[11]

In summary, we have described a new family of inhibitors
of the VLA-4/VCAM-1 interaction that 1) block the in vitro
adhesion of melanoma cells to microvascular endothelium
induced by proinflammatory cytokines and oxidative stress,
2) prevent melanoma cell production of VEGF induced by
VCAM-1 in vitro, and 3) exhibit a potent antimetastatic
activity in vivo. These small synthetic molecules fulfill the
bioavailability requirements proposed by Lipinski et al.[12]

Finally, the synthetic route developed for these inhibitors
was convergent, completely regio- and stereoselective, versa-
tile, and did not require sophisticated experimental devices or
purifications. Therefore, it is well-suited to extensive studies
of structural variation to refine the biological properties of the
most promising lead compounds.
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Figure 4. Antimetastatic activity of compound 11d on male C57BL/6J
mice (6 to 8 weeks old). At least 30 mice were used per experiment,
and each experiment was carried out 3 times. The bars on the left cor-
respond to the control group. The test group was treated with 11d-pre-
incubated B16M viable cells (50 mg per 1 � 106 B16M cells). Livers were
removed on day 12 after intrasplenical injection of B16M cells and
photographed. Photographs on the left and on the right correspond to
livers obtained from the control and test groups, respectively. Metasta-
ses can be identified as black melanotic nodules. Metastasis density
(dm) was measured as the number of foci per 100 mm3 of liver, and
metastasis volume (Vm) was measured as the percentage fraction of
liver volume occupied by metastases.

Angewandte
Chemie

2907Angew. Chem. Int. Ed. 2005, 44, 2903 –2907 www.angewandte.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org

