Pergamon

Bioorganic & Medicinal Chemistry Letters 11 (2001) 2709-2713

BIOORGANIC &
MEDICINAL
CHEMISTRY

LETTERS

The Discovery of Sulfonylated Dipeptides as Potent
VLA-4 Antagonists

William K. Hagmann,?* Philippe L. Durette,® Thomas Lanza,* Nancy Jo Kevin,?
Stephen E. de Laszlo,? Thor E. Kopka,* David Young,* Plato A. Magriotis,?
Bing Li,* Linus S. Lin,* Ginger Yang,* Theodore Kamenecka,* Linda L. Chang,?
Jonathan Wilson,® Malcolm MacCoss,* Sander G. Mills,* Gail Van Riper,®
Ermengilda McCauley,® Linda A. Egger,® Usha Kidambi,® Kathryn Lyons,®
Stella Vincent, Ralph Stearns,® Adria Colletti,® Johannes Teffera,® Sharon Tong,?
Judy Fenyk-Melody,9 Karen Owens,* Dorothy Levorse,® Philip Kim,°
John A. Schmidt® and Richard A. Mumford®

aDepartment of Medicinal Chemistry, Merck Research Laboratories, Rahway, NJ 07065, USA
>Department of Inflammation and Rheumatology Research, Merck Research Laboratories, Rahway, NJ 07065, USA
°Department of Drug Metabolism, Merck Research Laboratories, Rahway, NJ 07065, USA
dDepartment of Comparative Medicine, Merck Research Laboratories, Rahway, NJ 07065, USA
¢Peptidogenic Research & Co., Livermore, CA 94550, USA

Received 10 May 2001; accepted 2 August 2001

Abstract—Directed screening of a carboxylic acid-containing combinatorial library led to the discovery of potent inhibitors of the
integrin VLA-4. Subsequent optimization by solid-phase synthesis afforded a series of sulfonylated dipeptide inhibitors with struc-
tural components that when combined in a single hybrid molecule gave a sub-nanomolar inhibitor as a lead for medicinal chem-
istry. Preliminary metabolic studies led to the discovery of substituted biphenyl derivatives with low picomolar activities. SAR and
pharmacokinetic characterization of this series are presented. © 2001 Elsevier Science Ltd. All rights reserved.

VLA-4 (a4B1; CD49d/CD29; ‘very late antigen-4’) is a
member of the integrin family and is expressed on all
leukocytes, except platelets.! Its ligands include vascular
cell adhesion molecule-1 (VCAM-1), which is expressed
on activated endothelial cells at sites of inflammation
and is produced in response to inflammatory cytokines,
and the CS-1 domain of fibronectin (FN), which arises
by alternative splicing within a region of FN. These cell
adhesion interactions may be required for the activa-
tion, migration, proliferation, and differentiation of
leukocytes during normal and/or pathophysiological
processes. Thus, inhibition of VLA-4 may produce a
reduction in the migration and/or activation of cell
types important to sustaining a prolonged inflammatory
response.?

*Corresponding author. Tel.: +1-732-594-7249; fax: + 1-732-594-
5966; e-mail: william_hagmann@merck.com

VLA-4 has been shown to bind to the sequences -Ile-
Asp-Ser- (-IDS-) in the C-D loop of VCAM-1 and -Leu-
Asp-Val- (-LDV-) in the CS-1 domain of FN.3# Potent
acyclic and cyclic VLA-4 antagonists based upon these
binding sequences have been reported.>® The common
feature among these and all reported VLA-4 antagonists
is the presence of a free carboxylic acid moiety, which
presumably mimics the aspartic acid in the VCAM-1
and CS-1 binding sequences. In our search for unique
antagonists of VLA-4, we initially focused our screening
efforts on carboxylate-containing compounds. From a
combinatorial library that had been prepared for a
different molecular target, sulfonylated dipeptides 1-3
were identified after deconvolution (Fig. 1).”

Given the limited structural diversity in this library and
the objective to optimize these lead compounds, we chose
to prepare single compounds by solid-phase methods
employing commercially available a- and B-amino acids
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Figure 1. Lead structures obtained from combinatorial library.

and acyl chlorides and sulfonyl chlorides. As outlined in
Scheme 1, an appropriate resin was loaded with an
N-Fmoc-amino acid. The Fmoc protecting group was
removed with 20% piperidine followed by coupling with
another N-Fmoc-amino acid. Subsequent removal of
the Fmoc protecting group again with 20% piperidine
followed by reaction with a sulfonyl chloride or acyl
chloride gave the capped dipeptide on resin. The desired
product was removed from the resin with trifluoroacetic
acid/thioanisole/ethanedithiol. The solvents were removed
in vacuo, the residue purified by reverse-phase HPLC, and
the product characterized by mass spectrometry.

Approximately 300 compounds were prepared in this
effort and led to the following SAR: (i) sulfonamides
were much more potent than their acyl analogues; (ii) 3-
substituted arylsulfonamides (RSO, in Scheme 1) were
preferred as the capping group; (iii) the second amino
acid AA, preferred cyclic (S)-a-amino acids; and (iv) the
first AA; preferred the (S) configuration with hydro-
phobic side chains. Three compounds, 4-6, illustrate the
most potent substituents at AA;, AA,, and the capping
sulfonamide (RSO,). The 3,4-dichlorobenzene-dime-
thoxybenzene-sulfonamide 1 was replaced by the 3,5-
sulfonamide in 4 with a ~6-fold improvement in
potency. The AA, tetrahydroisoquinoline group was
replaced with the smaller (S)-prolyl group in 5 with little
change in potency. 2(S)-B-Naphthylalanine in 6 pro-
vided an ~8-fold improvement in potency.

Wang® resin

c
or Fmoc-AA1—o —
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RSO, (or COMAA-AA—()  — +
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Scheme 1. (a) N-Fmoc-AAl, DCC, HOBt, DMF; (b) N-Fmoc-AAl,
EtN(iPr),, DMF; (c) 20% piperidine, DMF; (d) N-Fmoc-AA,, HOBt,
HATu, EtN(iPr),, DMF; (¢) RSO,ClI (or RCOCI), EtN(iPr),, CH,Cl,;
(f) TFA/thioanisole/ethanedithiol (38:1:1).
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The individual contributions to binding from the new
substituents found in 4-6 proved to be nearly additive.
The combined hybrid structure 7 was nearly 100-fold
more potent that the original lead 1. Compound 7 was
determined to be reasonably specific with respect to
other lntegrlns (0(4[.))7 IC5() 789 nM; 0(5[31 IC50 > 50 HM
a,B3 ICs9 >S50 uM). In pharmacoklnetlc studies in rats,
7 was determined to have low oral bioavailability
(F=15%), high plasma clearance (Cl, =49 mL/min/kg),
and a short plasma half-life (¢;,=0.6 h). It was found
to be highly protein bound in human plasma (99.6%).

Initially, the relatively poor pharmacokinetic para-
meters of 7 were considered from a drug metabolism
perspective. Preincubation of 7 in rat hepatocytes or rat
liver microsomes led to a rapid loss of parent molecule
and the appearance of several oxidized species. Most of
these metabolites could be attributed to oxidation of the
naphthyl group in the AA; position. Rather than
attempt to block oxidation with substituted naphthyl-
alanine analogues, 4-biphenyl replacements for the
labile naphthylene were prepared.

Substituted 4-biphenylalanines were prepared from
arylboronates and  N-Boc-(L)-O-trifluoromethane-
sulfonyl-tyrosine or N-Boc-(L)-4-iodophenylalanine
ester as reported.® Alternatively, arylhalides were reac-
ted with 4-trimethylstannyl-(L)-phenylalanine to form
the desired biaryl-amino acid derivative.” The N-Boc
group was removed in the presence of concentrated sul-
furic acid in tert-butanol to afford the free amine,!°
which was subsequently coupled to the appropriate
N-sulfonylated proline. Removal of the ester gave the
free acids listed in Tables 1-4. Binding data for two
compounds reported to be a potent, selective VLA-4
antagonist (BIO-1211)'> and a dual oyB;/VLA-4
antagonist (TR-14035)!3 are included in Table 2 for
comparison to the data reported herein.

A survey of Table 1 suggests that substitution on the
distal ring of the biphenylalanine with polar groups
(11a, 13a, 16a, 17a, 18a, 20a, and 21a) may have a slight
potency enhancing advantage over the unsubstituted
parent 8. This potency enhancing effect is not as dramatic
as that reported for a series of substituted N-benzoyl-
biphenylalanine derivatives that are dual o4f,/VLA-4
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antagonists.!? The addition of a second methoxy group
to the 6'-position (21a, 23, and 31) gave a significant
improvement in potency. Interestingly, this same com-
pound had been prepared via a different optimization
strategy.'#

Analogues with a 2(.S)-methyl group on the central (L)-
proline were prepared in order to prevent the possible
cleavage of the central amide bond in vivo. As seen in

Table 1. Inhibition of VLA-4* by substituted sulfonylated proline
biphenylalanine derivatives (ICsy, nM)

HH
N X N\/COZH
Cl ISOZ (0] <
2 (a)
\©/ | AN 3Rsb)
Cl = 4()
No. R 2 (a) 3(b) 4 (¢c)
8 H 0.63
9a,c CH; 1.43 1.53
10a OCHj; 0.64
11a,b,c CHO 0.22 0.23 0.38
12a,b CO,H 0.95 0.54
13a,b CO,CH; 0.15 0.40
14a,b CN 0.46 0.39
15a,¢ F 1.02 0.90
16a CONH, 0.09
17a CONHCHj; 0.10
18a CON(CH3), 0.13
19a SCH; 0.36
20a SO,CHj; 0.10
21a 2,6(0CHs3), 0.09

al2S].yCAM-Ig was used as the ligand in a binding assay; see ref 11.

Table 2. Inhibition of VLA-4 and oyf; by substituted sulfonylated
2(S)-methyl-proline biphenylalanine derivatives (ICsy, nM)

LHsy
N 3 N\;_/COZH
Cl 80, O %
T :
X 3
Cl 6 | = R

No. R VLA-4* o437
22 2-OCHj; 0.52 2422
23 2,6-(OCHs3), 0.08 2.98,211.5°
24 2,6-(OH), 0.50 669.9°
25 2,6-(0CO-i-C5H,), 4.50 3551.1°
26 2-Cl 1.92 22602
27 2-F 2.4 >4000*

28 2-F, 5-CN 1.01 12352
29 2-CN 0.92 344 .57
30 3-CN 1.12 1140.8*
31 2-CN, 6-OCHj; 0.28 77°
32 2-CONH, 0.14 24.322
33 2-CON(CH3), 0.22 82.72
34 2-SCH; 0.65 78.25%
35 2-SO,CH; 0.16 13.22
BIO-1211 0.13 4332 862°
TR-14035 0.11 0.75°

al2S].VCAM-Ig was used as the ligand in a binding assay; see refs 11
and 15.
bI2S 1M AdCAM-Ig was used as the ligand in a binding assay; see ref 15.

Table 2, the effect of this methyl group was variable
compared to the des-methyl proline derivatives in Table
1 (e.g., 10a vs 22; 14a vs 29; 20a vs 35). The 2,6-dime-
thoxy substitution in 23 again gave the most potent
analogue of the series. Little difference was noted in the
potency between 21a and 23. In order to assess specifi-
city, binding data for the related oy, integrin were
added in Table 2. As can be seen, the compounds in
Table 2 are >100-fold specific for VLA-4 with respect
to a4fB7. This class of compounds also does not inhibit
VLA-5 (a5B1, data not shown).

The azetidine ring analogues 36 and 37 were prepared to
examine the effect of contracting the central pyrrolidine
ring (Table 3). These compounds have potency and
specificity similar to their proline analogues (21a and
23).

In an attempt to mimic the polar substitutions on the
distal ring of the biphenylalanine and seek alternatives
to metabolically labile methoxy groups, heteroaryl
analogues were prepared (Table 4). With respect to the
biphenyl parent 8 or 2'-methoxy 22, the 2- and 3-pyr-
idyls 38 and 41 and thiazole 42 demonstrated some

Table 3. Inhibition of VLA-4 and o4, by sulfonylated 2(S)-azetidi-
nyl-4-biphenylalanine derivatives (ICsy, nM)

R H
. N__ CO;H
N
o) =
C|\©/SOZ O OCH;
cl CH30 ‘
No. R VLA-4* 0(4B7b
36 H 0.08 10.6
37 CH; 0.07 14.2

al2ST.yCAM-Ig was used as the ligand in a binding assay; see refs 11
and 15.
PI2SI.MAdCAM-Ig was used as the ligand in a binding assay; see ref 15.

Table 4. Inhibition of VLA-4 and o4, by sulfonylated 2(S)-methyl-
proline 4-heteroaryl-phenylalanine derivatives (ICsy, nM)

CHsH
X N.__COyH
N Y
RGOSR
heteroaryl
Cl
No. Heteroaryl VLA-42 o437

38 2-Pyridyl 0.15 97.12
39 3-CN-2-pyridyl 0.14 NDe¢
40 3-CH;0-2-pyridyl 0.11 52.5°
41 3-Pyridyl 0.35 3112
42 2-Thiazolyl 0.24 4132
43 3-(1,2,4)-Triazolyl 0.52 948.8>
44 7-Indolyl 1.33 57202

al2S].yCAM-Ig was used as the ligand in a binding assay; see refs 11
and 15.

bI25I-MAdCAM-Ig was used as the ligand in a binding assay; see ref 15.
°ND, not determined.
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Table 5. Pharmacokinetic parameters® of selected compounds

No. F® (%) Cl, (mL/kg/min) t12° (h)
10a 3 39 ND¢
14a 4 21 ND
22 20 20 ND
23 23 >100 2.2
29 33 5 1.5
32 13 26 1.1
36 11 >100 2.4
37 9 > 100 1.5
38 31 17 1.0
40 2 71 0.5

4Sprague-Dawley rats.

®Dose: 1 mg/kg iv; 2 mg/kg po.
cll/z = plasma half-life((),gh).
dND, not determined.

increase in potency. The addition of a cyano (39) or a
methoxy (40) at the 3’-position of the 2-pyridyl had little
effect. Specificity with respect to a4f; was > 100-fold.

The pharmacokinetic (PK) properties of representative
VLA-4 antagonists were measured in rats (Table 5).
Generally, the compounds had low to moderate oral
bioavailability and moderate to fast plasma clearance
rates. Compounds 23, 36, and 37 had exceptionally high
clearance rates (equal to or exceeding rat hepatic
bloodflow!), yet appeared to have comparatively long
plasma half-lives. The plasma concentration vs. time
curves (AUC) for these compounds exhibited a very
rapid drop in plasma concentration followed by very
low but sustained circulating concentrations (~ 1 nM).

Given the apparent attractive PK profile of compound
29 in rats, it was examined in beagle dogs and rhesus
monkeys. In both species, the oral bioavailability was
low, plasma clearance was moderate to high, and half-
lives moderate to long (dog: F=4%; Cl,=25 mL/kg/
min; t,=3.4 h; monkey: F=17%; Cl,=12 mL/kg/
min; 71, =15.3 h). Compound 29 was found to be highly
protein bound (>99.5% in human and rat plasma) and
much less potent in a plasma shift assay where plasma
was added to the binding assay, suggesting that the
attractive pharmacokinetic profile of 29 may be a result
of high plasma protein binding.

In summary, substituted sulfonylated dipeptides as
VLA-4 antagonists were discovered from directed
screening of a combinatorial library. Single compound
synthesis by solid phase chemistry and subsequent opti-
mization led to very potent compounds (ICsy’s < 100
pM) that could not be distinguished by the current
assay. Initial pharmacokinetic evaluations suggest that
these compounds are very rapidly cleared from plasma
but may have some use in evaluating the role of VLA-4
in animal models of disease.
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