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Abstract—A novel series of oxadiazole based amides have been shown to be potent DPP-4 inhibitors. The optimized compound 43

exhibited excellent selectivity over a variety of DPP-4 homologs.

© 2006 Elsevier Ltd. All rights reserved.

Glucagon-like peptide-1 (GLP-1) and glucose-depen-
dent insulinotropic polypeptide (GIP) are incretin hor-
mones that are released from the gut during meals and
serve as enhancers of glucose-dependent insulin release
from pancreatic B cells.! Chronic infusion of GLP-1 to
patients with type 2 diabetes resulted in significant
decreases in both blood glucose and hemoglobin A lev-
els;?> however, GLP-1 as well as GIP is rapidly degraded
in plasma by the serine protease dipeptidyl peptidase IV
(DPP-4). Inhibition of DPP-4 increases the levels of
endogenous intact circulating GLP-1 and GIP. Conse-
quently, the development of DPP-4 inhibitors is rapidly
emerging as a novel therapeutic approach to the treat-
ment of type 2 diabetes.?

Earlier reports from our laboratories described a series
of (R)-B-homophenylalanine-based dipeptidyl pepti-
dase-4 inhibitors lacking an electrophile.* Our efforts
in this area culminated in the discovery of sitagliptin,’
which has been accepted for standard review by the
U.S. Food and Drug Administration (FDA). In an ef-
fort to discover a structurally diverse back-up com-
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pound, we designed and executed the initial SAR
studies of a novel series of anti substituted biaryl B-
phenylalanine-based DPP-4 inhibitors.® Further optimi-
zation of this series led to the discovery of compound 2b
(Fig. 1), a potent, orally active DPP-4 inhibitor with
excellent selectivity, oral bioavailability in preclinical
species, and in vivo efficacy in animal models.”

During the course of our investigation, we became inter-
ested in replacing the central phenyl group in biphenyl
lead 1a with a heterocycle. The work described here
summarizes our initial efforts at optimizing the potency,
selectivity, and oral bioavailability of the resulting novel
series of oxadiazole-based DPP-4 inhibitors. Quite sur-
prisingly, the potent diastereoisomer in this series has
a syn relationship between the B-methyl and the primary
amine as revealed by the X-ray crystal structure of 20.

Inhibitors were prepared from the protected rL-aspartic
acid derivative 4, and a representative example of the
synthesis of these inhibitors is shown in Scheme 1. The
route began with an EDC-mediated coupling of acid 4
with pyrrolidine to provide amide 5. The addition of
potassium hexamethyldisilazide (KHMDS, 0.5 M in tol-
uene) to a solution of 5 in THF at —78 °C followed by
quenching with methyl iodide produced 6 as the major
component of a 5:1 mixture of diastereoisomers. Sapon-
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Figure 1. Lead DPP-4 inhibitors.
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Scheme 1. Reagents and conditions: (a) EDC, HOBT, DIEA, pyrrol-
idine, DMF; (b) KHMDS, Mel, —78 °C; (c) LiOH, THF, H,O; (d)
CDI, 4-methanesulfonylbenzamidoxime, rt, 1 h, then 110 °C, 12 h; (e)
TFA/CH,Cl,, 1 h.

ification of 6 with an aqueous solution of lithium
hydroxide thus provided carboxylic acid 7. Activation
of acid 7 with 1,1-carbonyl diimidazole followed by
addition of the substituted benzamidoxime and heating
at 110 °C in DMF provided the desired product after
Boc deprotection.®

Inhibitors were tested for their selectivity profiles against
a variety of DPP-4 homologs and proline-specific en-
zymes including quiescent cell proline dipeptidase
(QPP/DPP-11), prolyl endopeptidase (PEP), amino pep-
tidase P (APP), prolidase, DPP8, and DPP9.° Since sig-
nificant off-target activity was only observed with QPP
(<10,000 nM), QPP data are presented for compari-
son.!'? Safety studies using a dual DPP8/DPP9 selective
inhibitor suggest that inhibition of DPP8 and/or DPP9
may be associated with toxicity in preclinical species.'!
While the relevance of these findings to human toxicity
is unknown, DPP8 and DPP9 binding data for these
compounds are included for comparison.

The effect of substitution on the phenyl group was first
examined. Table 1 summarizes the DPP-4 inhibitory
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Table 1. Inhibitory properties of selected DPP-4 inhibitors

R\@“M

NH,
Compound R ICso (LM)

DPP-4 QPP DPP8 DPP9
8 H 19.7 5.7 >100 >100
9 2-CHF, 1.82 1.0  >100 >100
10 2-OCF; 12.4 2.5  >100 >100
11 2-F 4.79 4.5 >100 >100
12 2-CF;5 4.82 1.8 >100 >100
13 2-Cl 0.99 22 >100 >100
14 3-CF; 15.6 43  >100 >100
15 4-Cl1 3.82 3.8  >100 >100
16 4-OCF; 1.79 52  >100 >100
17 4-CF; 1.61 6.0 >100 >100
18 4-SO,CF; 0.33 244  >100 >100
19 4-SO,NH, 0.19 26.8  >100 >100
20 4-SO,Me 0.122 150 >100 >100
21 4-NHSO,Me 0.52 54  >100 >100
22 3-Cl, 5-Cl 7.36 2.5  >100 >100
23 2-F, 4-F 4.59 8.1 >100 >100
24 2-Cl, 4-Cl1 0.20 1.4 >100 >100
25 2-Cl, 4-Br 0.16 1.3 >100 >100
26 2-Cl, 4-F 0.83 3.0 >100 >100
27 2-Cl 0.008 1.4  >100 >100

4-NHSO,Me

28 2-Cl, 4-SO,Me 0.017 64 >100 >100
29 2-F, 4-SO,Me 0.043 14.1 >100 >100

properties of these a-amino acid pyrrolidides. Introduc-
tion of a fluorine at the 2-position increased potency by
4-fold (11), while a 20-fold increase in potency was
achieved when a chlorine was introduced at the 2-posi-
tion (13). Substitution at the 3-position has little effect
on potency. Introduction of a polar group at the 4-posi-
tion improved potency dramatically. A 160-fold increase
in potency was achieved when a methanesulfonyl group
was incorporated at the 4-position (20). We also ob-
served substantial additive effects of substitution at both
the 2- and 4-position on the phenyl ring. A 2500-fold in-
crease in potency relative to the unsubstituted phenyl
group was achieved when a chlorine was introduced at
the 2-position and a methanesulfonamide group was
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introduced at the 4-position (27). Incorporating a meth-
anesulfonyl group at the 4-position and a fluorine at the
2-position (29) improved not only the potency but also
the selectivity (>320-fold window over inhibition of

QPP).

The effect of the central heterocycle on the potency and
selectivity was next briefly explored. Table 2 summarizes
the DPP-4 inhibitory properties of these a-amino acid
pyrrolidides. Among the heterocycles we prepared, the
1,2,4-oxadiazole analog 24 gave the best overall potency
and selectivity profile. Given also the ease of synthesis of
1,2,4-oxadiazoles, further optimization of potency,
selectivity, and pharmacokinetic profiles was thus con-
tinued with the 1,2,4-oxadiazole series.

The effect of modification of the pyrrolidine amide was
next explored (Table 3). In general, consistent with what
we observed in the related a-amino acid series, the 3,3-
difluoropyrrolidine analog 36 displayed markedly lower
selectivity for inhibition of DPP-4 over QPP. The (S)-
and (R)-3-fluoropyrrolidides 34 and 35 exhibited a mod-
erate decrease in DPP-4 potency relative to pyrrolidide
27. Since better pharmacokinetic profiles were observed
with analogs which incorporated (S)-3-fluoropyrroli-
dine, further optimization was continued with com-
pounds derived from (S)-3-fluoropyrrolidine.'?

The effect of changing the B-substituent in this series was
also explored (Table 4) In general, potency could be fur-
ther improved by increasing the lipophilicity at the B-po-
sition as evidenced by compounds 38 and 39. Since
analogs incorporating cyclopropylmethyl group at the
B-position exhibited much better improved pharmacoki-
netic properties relative to analogs with isobutyl group,
the cyclopropylmethyl group was incorporated into
other derivatives. The optimized compound, 43, exhibit-

Table 2. Effect of changing the heterocycle

o
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Compound X ICso (LM)

DPP-4 QPP DPP8 DPP9
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N
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Table 3. Effect of changing the right-hand side amide
(]

A A
MeO,SHN \
N’O NHa+
Cl TFA-
Compound X I1Cso (LM)

DPP-4 QPP DPP8 DPP9

27 fN(j 0008 14  >100 >100

34 *NG,, 0019 257  >100  >100
F

35 - G\ 0019 17  >100  >100
F

36 - G\F 0019 016 >100  >100
F

Table 4. Inhibitory properties of selected DPP-4 inhibitors

RZ O

N
MeO,S C N'\D
N— NHg* /

R TFA- F
Compound R! R? ICso(LM)
DPP-4 QPP DPP8 DPP9

37 Cl  Me 0.040 3.5 =100 >100
38 Cl  ¢Pr-CH, 0.013 1.7 >100 >100
39 Cl iPr-CH,  0.013 37 >100 >100
40 Cl (CH»,,OH 0.070 448 >100 >100
41 H cPr-CH, 0.052 204 >100 >100

42 Me cPr-CH, 0.031 292 >100 >100
43 F cPr-CH, 0.019 17.6  >100 >100

ed excellent selectivity over a variety of DPP-4
homologs.

Representative analogs were selected for in vivo evalua-
tion of pharmacokinetic properties in rats and possible
ion channel activity as a measure of potential off-target
activity (Table 5). The latter is illustrated here with data
for binding to the hERG potassium channel.'® In gener-
al, these compounds exhibited excellent selectivity with
regard to ion channel binding. However, with few excep-
tions, these compounds exhibited a relatively short half-
life and moderate clearance in rats. The optimized com-

Table 5. Pharmacokinetic properties of selected DPP-4 inhibitors in
the rat (1 mpk iv/2 mpk po) and hERG binding

Compound  Clp (mL/min/kg) #,(h) F (%) hERG
ICso (M)

24 13.8 2.71 35 36.7

28 6.0 0.82 27 >100

41 11.2 1.8 49 >100

43 18.7 1.3 36 58.5
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life observed upon oral administration in both rats and
dogs.

Figure 2. Compound 20 bound to DPP-4. The overlay of compound
20 (yellow) and 2a (green, 2FJP.pdb) shows the different orientation of
the two compounds. Interactions of compound 20 with DPP-4 are
shown as red dotted lines. The hydrogen-bond network present
between the ordered water molecules, compound 20, and protein
atoms has been omitted for clarity.

pound 43 displayed moderate oral bioavailability in rats
(F=36%) and excellent oral bioavailability in dogs
(F = 95%). Unfortunately, 43 exhibited a short half-life
in both rats (¢;», = 1.3 h) and dogs (¢, = 1.75 h).

Co-crystallization of 20 with the DPP-4 enzyme indi-
cates that the major interactions of compound 20 with
DPP-4 are similar to those observed with the Val-Pro
and Diprotin A substrate analogs and several other clas-
ses of inhibitors reported to date (Fig. 2).!* The pyrrol-
idine moiety is located in the P-1 site, adjacent to the
catalytic Ser630. The o-amino acid group forms four
hydrogen-bond interactions with the side chains of
Glu205, Glu206, Tyr662, and Asn710. The major differ-
ence between the binding mode of compound 20 and
that of other amino-acid derived compounds such as 2
is that it does not extend across the binding site to inter-
act with Arg358. The methylsulfonylphenyl ring stacks
against the side chain of Tyr547, and the methylsulfonyl
group extends toward a polar surface in an area of the
binding site that has not been utilized by any previously
reported compounds, although aminomethylpyrimi-
dines have been shown to extend in the same general
direction.'™™ The stereochemistry at the B-position is
critical for the binding potency, since the corresponding
anti-diastereoisomer is typically 10-fold less potent than
the syn-diastereoisomer in this series. The difference in
binding modes accounts for the switch in stereochemical
preference observed in this series (syn over anti) relative

—_—

References and notes

Creutzfeldt, W. Diabetologia 1979, 16, 75.

(a) Zander, M.; Madsbad, S.; Madsen, J. L.; Holst, J. J.
Lancet 2002, 359, 824; (b) Gautier, J. F.; Fetita, S.;
Sobngwi, E.; Salaun-Martin, C. Diabetes Metab. 2005, 31,
233.

. (a) Villhauer, E. B.; Coppola, G. M.; Hughes, T. E. 4nn.

Rep. Med. Chem. 2001, 36, 191; (b) Drucker, D. J. Expert
Opin. Investig. Drugs 2003, 12, 87; (c) Wiedeman, P. E.;
Trevillyan, J. M. Curr. Opin. Investig. Drugs 2003, 4, 412;
(d) Weber, A. E. J. Med Chem. 2004, 47, 4135; (e)
Deacon, C. F.; Ahrén, B.; Holst, J. J. Expert Opin.
Investig. Drugs 2004, 13, 1091; (f) Augustyns, K.; Veken,
P. V. V.; Haemers, A. Expert Opin. Ther. Patents 2005, 15,
1387.

(a) Xu, J.; OK, H. O.; Gonzalez, E. J.; Colwell, L. F.;
Habulihaz, B.; He, H.; Leiting, B.; Lyons, K.; Marsilio, F.;
Patel, R. A.; Wu, J. K.; Thornberry, N. A.; Weber, A. E.;
Parmee, E. R. Bioorg. Med. Chem. Lett. 2004, 14, 4759; (b)
Brockunier, L. L.; He, J.; Colwell, L. F.; Habulihaz, B.;
He, H.; Leiting, B.; Lyons, K.; Marsilio, F.; Patel, R. A.;
Teffera, Y.; Wu, J. K.; Thornberry, N. A.; Weber, A. E;
Parmee, E. R. Bioorg. Med. Chem. Lett. 2004, 14, 4763.

. Kim, D.; Wang, L.; Beconi, M.; Eiermann, G. J.; Fisher,

M. H.; He, H.; Hickey, G. J.; Kowalchick, J. E.; Leiting,
B.; Lyons, K.; Marsilio, F.; McCann, M.; Patel, R. A.;
Petrov, A.; Scapin, G.; Patel, S. B.; Roy, R. S.; Wu, J. K;
Wyvratt, M. J.; Zhang, B. B.; Zhu, L.; Thornberry, N. A ;
Weber, A. E. J. Med. Chem. 2005, 48, 141.

(a) Xu, J.; Wei, L.; Mathvink, R.; He, J.; Park, Y.-J.; He,
H.; Leiting, B.; Lyons, K. A.; Marsilio, F.; Patel, R. A.;
Wu, J. K.; Thornberry, N. A.; Weber, A. Bioorg. Med.
Chem. Lett. 2005, 15, 2533; (b) Edmondson, S. D,
Mastracchio, A.; Duffy, J. L.; Eiermann, G. J.; He, H.;
Ita, I.; Leiting, B.; Leone, J. F.; Lyons, K. A.; Mak-
arewicz, A. M.; Patel, R. A.; Petrov, A.; Wu, J;
Thornberry, N. A.; Weber, A. E. Bioorg. Med. Chem.
Lett. 2005, 15, 3048; (c) Xu, J.; Wei, L.; Mathvink, R.;
Edmondson, S. D.; Mastracchio, A.; Eiermann, G. J.; He,
H.; Leone, J. F.; Leiting, B.; Lyons, K. A.; Marsilio, F.;
Patel, R. A.; Wu, J. K.; Thornberry, N. A.; Weber, A.
Bioorg. Med. Chem. Lett. 2006, 16, 1346.

Edmondson, S. D.; Mastracchio, A.; Mathvink, R.; He, J.;
Harper, B.; Park, Y.-J.; Beconi, M.; Di Salvo, J;
Eiermann, G. J.; He, H.; Leiting, B.; Leone, J. F.; Levorse,
K.; Lyons, K. A.; Patel, R. A.; Patel, S. B.; Petrov, A.;
Scalpin, G.; Shang, J.; Sinha Roy, R.; Smith, A.; Wu, J.
K.; Shiyao, Xu.; Zhu, B.; Thornberry, N. A.; Weber, A. J.
Med. Chem. 2006, 49, 3614.

. Deegan, T. L.; Nitz, T. J.; Cebzanov, D.; Pufko, D. E.;

Porco, J. A., Jr. Bioorg. Med. Chem. Lett. 1999, 9, 209.
Rosenblum, J. S.; Kozarich, J. W. Curr. Opin. Chem. Biol.
2003, 7, 1.

to the biaryl derivatives 1 and 2. 10. For assay conditions for DPP-4 and QPP inhibition, see:

(a) Leiting, B.; Pryor, K. D.; Wu, J. K.; Marsilio, F.; Patel,

. . R. A.; Craik, C. S.; Ellman, J. A.; Cummings, R. T.;

In S“mlma?y’ we ﬁavend‘s];’.overe.‘li ilnovel Ser.lelsl.g.f po- Thornberry, N. A. Biochem. J. 2003, 371, 525; (b) All

tent, selective, and orally bioavailable DPP-4 inhibitors. multiple determinations of the ICs, values were within 1.5-
These are among the most potent compounds reported fold of the reported average.

to date lacking an electrophilic trap. The optimized 11. Lankas, G. R.; Leiting, B.; Sinha Roy, R.; Eiermann, G.

compound 43 exhibited excellent selectivity over a vari-
ety of DPP-4 homologs. However, further development
of this compound was not pursued due to the short half-

J.; Beconi, M. G.; Biftu, T.; Chan, C.-C.; Edmondson, S.;
Feeney, W. P.; He, H.; Ippolito, D. E.; Kim, D.; Lyons, K.
A.; Ok, H. O,; Patel, R. A.; Petrov, A. N.; Pryor, K. A;



12.

13.

14.

J. Xu et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5373-5377 5377

Qian, X.; Reigle, L.; Woods, A.; Wu, J. K.; Zaller, D.;
Zhang, X.; Zhu, L.; Weber, A. E.; Thornberry, N. A.
Diabetes 2005, 54, 2988.

(a) Parmee, E. R.; He, J.; Mastracchio, A.; Edmondson, S.
D.; Colwell, L.; Eiermann, G.; Feeney, W. P.; Habulihaz,
B.; He, H.; Kilburn, R.; Leiting, B.; Lyons, K.; Marsilio, F.;
Patel, R. A.; Petrov, A.; DiSalvo, J.; Wu, J. K.; Thornberry,
N. A.; Weber, A. E. Bioorg. Med. Chem. Lett. 2004, 14, 43;
(b) Caldwell, C. G.; Chen, P.; He, J.; Parmee, E. R.; Leiting,
B.; Marsilio, F.; Patel, R. A.; Wu, J. K.; Eiermann, G. J;
Petrov, A.; He, H.; Lyons, K.; Thornberry, N. A.; Weber, A.
E. Bioorg. Med. Chem. Lett. 2004, 14, 1265.

For a lead reference on the significance of hERG and
assay details, see: Friesen, R. W.; Ducharme, Y.; Ball, R.
G.; Blouin, M.; Boulet, L.; Cote, B.; Frenette, R.; Girard,
M.; Guay, D.; Huang, Z.; Jones, T. R.; Laliberte, F.;
Lynch, J. J.; Mancini, J.; Martins, E.; Masson, P.; Muise,
E.; Pon, D. J.; Siegel, P. K. S.; Styhler, A.; Tsou, N. N.;
Turner, M. J.; Young, R. N.; Girard, Y. J. Med. Chem.
2003, 46, 2413.

(a) The structure of DPP-4 in complex with an oxadiazole
inhibitor has been assigned the RCSB ID code rcsb038347
and PDB ID code 2 HHA; (b) Rasmussen, H. B.; Branner,

S.; Wiberg, F. C.; Wagtmann, N. Nat. Struct. Biol. 2003,
10, 19; (c¢) Hiramatsu, H.; Kyono, K.; Higashiyama, Y.;
Fukushima, C.; Shima, H.; Sugiyama, S.; Inaka, K.
Yamamoto, A.; Shimizu, R. Biochem. Biophys. Res.
Commun. 2003, 302, 849; (d) Hiramatsu, H.; Yamamoto,
A.; Kyono, K.; Higashiyama, Y.; Fukushima, C.; Shima,
H.; Sugiyama, S.; Inaka, K.; Shimizu, R. Biol Chem.
2004, 385, 561; (e) Aertgeerts, K.; Ye, S.; Tennant, M. G.;
Kraus, M. L.; Rogers, J.; Sang, B.-C.; Skene, R. J.; Webb,
D. R.; Prasad, G. S. Protein Sci. 2004, 13, 412; (f) Kim,
K.-R.; Rhee, S.-D.; Kim, H. Y.; Jung, W. H. S.-D.; Kim,
S. S.; Ahn, J. H.; Cheon, H. G. Eur. J. Pharmacol. 2005,
518, 63; (g) Oefner, C.; D’Arcy, A.; Mac Sweeney, A.;
Pierau, S.; Gardiner, R.; Dale, G. E. Acta Crystallogr. D
Biol. Crystallogr. 2003, D59, 1206; (h) Peters, J.-U.;
Weber, S.; Kritter, S.; Weiss, P.; Wallier, A.; Boehrringer,
M.; Hennig, M.; Kuhn, B.; Loeffler, B.-M. Bioorg. Med.
Chem. Lett. 2004, 14, 1491; (i) Qiao, L.; Baumann, C. A.;
Crysler, C. S.; Ninan, N. S.; Abad, M. C.; Spurlino, J. C.;
Desjarlais, R. L.; Kervinen, J.; Neeper, M. P.; Bayoumy,
S. S.; William, R.; Deckman, I. C.; Dasgupta, M.; Reed,
R. L.; Huebert, N. D.; Tomczuk, B. E.; Moriarty, K. J.
Bioorg. Med. Chem. Lett. 2006, 16, 123.



	Discovery of potent, selective, and orally bioavailable oxadiazole-based dipeptidyl peptidase IV inhibitors
	References and notes


