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Discovery of N-{N-[(3-cyanobenzene) sulfonyl]-4(R)-(3,3-difluoropiperidin-1-yl)-
(L)-prolyl}-4-[(30,50-dichloro-isonicotinoyl) amino]-(L)-phenylalanine (MK-0617),
a highly potent and orally active VLA-4 antagonist
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A series of prolyl-N-isonicotinoyl-(L)-4-aminophenylalanine derivatives substituted at the proline 4-posi-
tion with cyclic amines was evaluated as VLA-4 antagonists. The ring size and presence or absence of
fluorine affected potency and receptor occupancy. The analog with 3,3-difluoropiperidine at the proline
4-position (13) was the most potent compound and had very good duration of receptor occupancy
in vitro. The ethyl ester prodrug of 13 demonstrated excellent receptor occupancy after oral dosing in
rats.

� 2009 Elsevier Ltd. All rights reserved.
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The integrin very late antigen-4 (VLA-4, a4b1) belongs to the
heterodimeric integrin receptor superfamily.1 VLA-4 is expressed
on the surface of most leukocytes and binds to vascular cell adhe-
sion molecule-1 (VCAM-1) and the CS-1 domain of fibronectin.
VCAM-1 is expressed on activated endothelial cells in response to
inflammatory cytokines. Adhesion interactions between VLA-4 and
VCAM-1 may be important for activation, migration, proliferation,
and differentiation of leukocytes during normal and pathophysio-
logical processes.2 Tysabri, a humanized monoclonal antibody
against VLA-4, is approved for patients suffering from multiple
sclerosis and Crohn’s disease.3 This has generated significant inter-
est in the development of small molecule antagonists of VLA-4 for
the treatment of diseases where cell-trafficking and activation are
important, such as asthma, rheumatoid arthritis and multiple
sclerosis.4

In our laboratory, earlier work on VLA-4 antagonists identified
potent prolyl-dipeptides containing secondary amines with slow
relative off-rates such as 1 (IC50 = 0.05 nM; receptor occu-
ll rights reserved.
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pancy = 64% bound @ 3 h, Fig. 1).5 The lead compound 1 did not
achieve desirable levels of receptor occupancy in vivo. Herein, we
report the synthesis and SAR of analogs of 1 substituted with cyclic
tertiary amines at the proline 4-position as a means to obtain im-
proved potency and in vivo properties.

Inhibition potency was measured using a competition binding
assay with a 35S labeled ligand and VLA-4 in its non-activated state
N
Cl

CN
1

α4β1 (Ca2+, Mg2+ ) IC50 = 0.05 nM
Receptor occupancy (Ca2+, Mg2+ ) = 

64%bound @ 3 h

Figure 1. Lead compound for the program.
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Table 1
Binding to VLA-4 by 4-substituted prolyl-N-isonicotinoyl-(L)-4-aminophenylalanine
derivatives
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Cl

Cl
CN

R

Compdsa R a4b1 Ca2+,
Mg2+ IC50 (nM)

In vitro relative off-rate
(37 �C) @ 3 h (% bound @ 3 h)

1
H
N 0.15 ± 0.01 64 ± 10

2 N

F3C
0.02 ± 0.02 80 ± 12

3 N 0.15 ± 0.03 56 ± 6

4 NF 0.27 ± 0.06 60±6

5 N
F

F
0.90 ± 0.12 65

6 N 0.22 ± 0.07 65

(R)-7 N

F
0.12 ± 0.03 80

(S)-8 N

F
0.24 ± 0.07 75

9
N

F
F 0.10 ± 0.03 81 ± 12

10 N 0.11 ± 0.03 80 ± 8

11b

N

F

0.21 ± 0.06 70

12 NF 0.35 ± 0.13 55

13
N

F F

0.03 ± 0.01 90 ± 6

14 N
F

F
0.22 ± 0.05 37 ± 4

a All data is an average of three independent runs or n = 1.
b Mixture of diastereomers.
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Figure 2. Receptor occupancy versus time curves for 1 and 13 under activating
(Mn2+) and non-activating (Ca2+, Mg2+) conditions.
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(Ca2+, Mg2+ buffer) in Jurkat cells.6 In addition, competitive binding
assay in whole blood and dissociation kinetics expressed as %
bound after three hours were utilized to further distinguish these
compounds.7–9 As shown in Table 1, a variety of fluorinated cyclic
tertiary amine-dipeptide derivatives were evaluated using these
assays in tandem.

The structure–activity trends in Table 1 suggest that both ring
size and presence or absence of fluorine at various positions are
important in optimizing potency and receptor occupancy. Increas-
ing the ring size from 4 through 6 provided greater receptor occu-
pancy; optimal results were obtained with piperdines 10 and 13. In
general, 3,3-difluoroazacycles 5, 9, and 13 were more potent
(IC50 = 0.03–0.10 nM) and afforded higher receptor occupancy
(70–90% bound @ 3 h) than the corresponding des-fluorine ana-
logues 3, 6, and 10. Additionally, most compounds presented in Ta-
ble 1 showed higher levels of receptor occupancy (>58% bound @
3 h) when compared with the initial cyclobutyl amine lead 1. The
3,3-difluoropiperdine 13 afforded the best combination of binding
affinity (IC50 = 0.03 nM) and receptor occupancy (87% bound @
3 h).

Interestingly, 4,4-difluoropiperdine 14 was sevenfold less
potent and exhibited a 2.5-fold lower receptor occupancy than
3,3-difluoropiperdine 13, suggesting that location of fluorine
groups is critical. Only small differences in potency and receptor
occupancy could be observed with enantiomers of mono-fluori-
nated compounds such as 7 and 8. Differences in the pKa values
of fluorinated verses des-fluorinated cyclic tertiary amines did
not explain the differences in binding affinities and receptor occu-
pancy. For example, 10 and 13 exhibit nearly identical binding
affinities and receptor occupancies, while their measured pKa val-
ues for the amine were 8.4 and 4.6, respectively.10 Introduction
of 2,2,2-trifluoroethyl in the lead compound provided 2 with
improved potency, but 2 exhibited a significant shift to lower
potency in the human whole blood assay, (IC50 = 3.1 nM) compared
to cyclic amines such as 13 which exhibited little shift in the same
assay (IC50 = 0.07 nM).

Since monoclonal antibodies have the ability to recognize both
the activated and non-activated states of VLA-4,2 we explored the
binding and receptor occupancy for 3,3-difluoropiperdine 13 using
the activated state of VLA-4 (Mn2+, Fig. 2). The potency of 3,3-diflu-
oropiperdine 13 with the activated form of VLA-4 afforded an IC50

value of 0.02 nM, similar to that of the resting state
(IC50 = 0.03 nM). In addition, 13 exhibited similar receptor occu-
pancies at 3 h using the activated and non-activated forms of
VLA-4. Interestingly, when the receptor occupancies at 3 h were
compared for 13 and the initial lead 1, we could only differentiate
the two compounds using the non-activated state of VLA-4. The
results demonstrated utility of the receptor occupancy assay to
better distinguish between compounds in the non-activated state
and highlighted the improved receptor occupancy of 3,3-difluoro-
piperdine 13 compared to 1.
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Scheme 1. Reagents and conditions: (a) 15, Et3N, CH2Cl2; (b) TfO2, iPrEtN, CH2Cl2,
�60 �C, 2 h then R, iPrEtN �20 �C to rt, 12 h; (c) LiOH, CH3CN/H2O; (d) 18, EDC,
HOBT, Et3 N, DMF; (e) LiOH, CH3CN/H2O.
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Figure 3. Portal plasma levels and VLA-4 receptor occupancy in rats following oral
dosing of 13 at 5 mpk.
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As a prelude to evaluating 3,3-difluoropiperdine 13 in animal
models of autoimmune and allergic diseases, the receptor occu-
pancy and pharmacokinetics were measured (Fig. 3). While the
systemic pharmacokinetics were poor for 13 (AUC and Cmax could
not be determined; Clp >100 mL/min/kg; F <5%), portal plasma lev-
els provided an AUC of 50 nM h and a Cmax of 27 nM. Although the
drug levels were low, the Cmax was 75-fold over the average con-
centration of VLA-4 receptors in the rat (300 pM). Furthermore,
in the receptor occupancy assay, 13 achieved 70% occupancy at
12 h and 40% occupancy at 24 h (Fig. 2). The initial exposure of
13 to circulating leukocytes bearing VLA-4 in the portal vein and
slow off-rate likely compensate for the poor systemic pharmacoki-
netics to provide receptor occupancy coverage even after the drug
levels can no longer be detected. The correlation between receptor
occupancy and efficacy in animal models and human is well
documented.8

Furthermore, when 13 was dosed as the ethyl ester prodrug at
1.5 mpk in rats, it yielded receptor occupancy values of 88% and
60% at 12 h and 24 h, respectively. This is in contrast to the parent
acid which, when dosed at 5 mpk orally in rats, gave receptor occu-
pancy values of 65% and 22% at 12 h and 24 h, respectively. The
ethyl ester prodrug of 13 also had higher receptor occupancy com-
pared to the ethyl ester prodrug of 1 at 1.5 mpk over 24 h as shown
in Figure 4.

The fluorinated and non-fluorinated cyclic tertiary amine-dipep-
tide derivatives were prepared as outlined in Scheme 1. The synthe-
sis began with commercially available cis-4-hydroxy-L-proline
methyl ester (15) which was sulfonylated with 3-cyano-sulfonyl-
chloride (16). Exposure of the resulting sulfonamide to triflic anhy-
dride (Tf2O) in the presence of diisopropylethyl amine at �60 �C
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Figure 4. Rat Receptor occupancy of 1 and 13 following oral dosing of ester
prodrugs at 1.5 mpk.
provided a triflate. This was displaced with a variety of commercially
available cyclic tertiary amines (R) to provide 17 in one pot.9 Hydro-
lysis of the methyl ester 17 by reaction with lithium hydroxide affor-
ded the corresponding acids 18. Standard peptide coupling of these
acids 18 with N-isonicotinoyl-(L)-4-aminophenylalanine (19) using
1-(3-dimethylamino-propyl)-3-ethylcarbodiimide hydrochloride
(EDC) and 1-hydroxybenzotriazole hydrate (HOBT) followed by
hydrolysis of the ethyl ester in the presence of lithium hydroxide
delivered the final acids 2–14.11

In summary, we have developed a novel series of potent prolyl
dipeptide VLA-4 antagonists containing fluorinated cyclic tertiary
amines at the proline 4-position. In general, the fluorinated cyclic
tertiary amines provided improved potency and receptor occu-
pancy levels when compared with their des-fluoro analogues and
the initial cyclobutyl amine lead compound. An optimal compound
from this work is 3,3-difluoropiperdine 13 (MK-0617) with an IC50

value of 0.03 nM and a receptor occupancy on both activated and
non-activated VLA-4 receptors of �90% at 3 h. Dosed orally as its
ethyl ester prodrug to rats, 13 had low systemic exposure but
excellent receptor occupancy at 24 h due to its slow off-rate.
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