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Probing with tool molecules, and by modeling and X-ray crystallography the binding modes of two struc-
turally distinct series of DPP-4 inhibitors led to the discovery of a rare aromatic fluorine H-bond and the
spatial requirement for better biaryl binding in the DPP-4 enzyme active site. These newly found binding
elements were successfully incorporated into novel DPP-4 inhibitors.

© 2008 Elsevier Ltd. All rights reserved.

Incretin hormones, primarily glucagon-like peptide 1 (GLP-
1)!? and glucose dependent insulinotropic polypeptide (GIP)>
are known to stimulate glucose dependent insulin biosynthesis
and secretion.* Inhibition of dipeptidyl peptidase IV (DPP-4)
has been shown to prolong the beneficial effects of these incretin
hormones by stabilizing the intact (active) form of the hor-
mones.” Human clinical studies of several small molecule DPP-
4 inhibitors, such as sitagliptin,® have shown improvement in
glycemic control and improvement in B-cell function in patients
with type 2 diabetes.” At an early stage of the DPP-4 project,
which ultimately led to the discovery of sitagliptin (16), two
structurally distinctive lead series had been studied (Fig. 1).8°
The glycine-based DPP-4 inhibitors (a-series 1) were developed
from compounds described in earlier publications in the field,!°
whereas the B-alanine-based DPP-4 inhibitors (B-series 2) were
developed from a high throughput screening lead.® Structure-
activity relationship studies suggested that the pyrrolidine amide
moieties of series 1 and 2 did not occupy the same pocket in the
enzyme active site.

For a-series 1, only small substituents (e.g., fluorine, nitrile)
were tolerated on the pyrrolidine ring,®® whereas in B-series 2,
not only could the pyrrolidine amide be substituted with large
groups at either the 2 and 3 positions leading to increased
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potency,®® but also the pyrrolidine itself could be replaced by
piperazine and other cyclic amines.® In addition, in series 1 the
cyclohexyl ring could be substituted at the 4-position with a vari-
ety of aryl sulfonamides providing compounds with enhanced po-
tency;® however, only small substituents such as fluorine,
chlorine, and methyl group are tolerated on the benzyl group in
series 2.9% Before the X-ray structure of DPP-4 was published in
2003,'! these distinct SARs provided an opportunity for us to probe
the binding modes of these inhibitors in the DPP-4 enzyme active
site, leading to the design of novel inhibitors.

We speculated that the fluoropyrrolidine amide moiety in the
o-series and fluorobenzyl group of the p-series occupied the same
hydrophobic pocket in the DPP-4 active site. To test this hypothe-
sis, we turned our attention to aspartic acid-based analogs which
embedded both a glycine unit and a B-alanine unit (Fig. 2). Starting
from N-Boc protected aspartate 3, these compounds were readily
made through a reaction sequence of amide coupling, ester hydro-
lysis, second amide coupling, and finally deprotection (Scheme 1).
However, when these compounds (6a—c)!? were compared to their
B-series analogs (2a-c),%* significantly reduced activities were ob-
served (Table 1). All reported compounds were evaluated in vitro
for their inhibition of DPP-4 activity'® and selectivity against
DPP-8 and DPP-9. Although disputed recently,!* inhibition of
DPP-8 and DPP-9 is very likely associated with toxicity in preclin-
ical species.!”” DPP-8 and DPP-9 activities are similar, thus only
DPP-8 data are reported. All new compounds were inactive
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(IC50 > 50 uM) against fibroblast activation protein and quiescent
cell proline dipeptidase (QPP, also known as DPP-7).!°

Although the simple replacement of the fluorobenzyl group
with a fluoropyrrolidine amide moiety was not successful, contin-
ued SAR studies in the a-series had led to a group of oxadiazole
containing compounds (7a-c),!” and a completely different ap-
proach (amide bioisostere replacement) in the B-series had led to
a group of very similar oxadiazole containing compounds (12a-
c). The synthesis of the latter is outlined in Scheme 2, starting from
the known pB-lactam intermediate 8.'® Methylation yielded mostly
the trans isomer 9, which was converted to acid 10 following a
route previously reported.'® Acid 10 was then treated with corre-
sponding amidoximes in the presence of EDC to yield oxadiazole
11, which were then deprotected to give 12. The similarity be-
tween their structures, as well as their DPP-4 inhibitory activities
(summarized in Table 2), strongly suggest that the fluoropyrroli-
dine amide moiety of the o-series and the fluorobenzyl group of
the p-series occupy the same pocket in the enzyme active site."®

To seek supporting evidence for this working hypothesis, com-
puter modeling was carried out after the publication of the DPP-4
X-ray structure.!! In the original structure of the enzyme bound to
L-valine pyrrolidine amide 13, two key interactions were identi-
fied: a salt bridge between the amino group of the valine amide
and Glu205 and/or Glu206 and a hydrogen bond between the va-
line carbonyl oxygen and Arg125. When B-alanine-based DPP-4
inhibitors were docked in a similar orientation (A), many highly
potent inhibitors with large substituents on the amide ring, e.g.
compound 14,%° could not be accommodated (Fig. 3). This result
prompted a computer search for new orientations that would fit
a large substituent on the amide ring into the active site. The
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Table 1
Activities of aspartic acid-based DPP-4 inhibitors 6 and their B-series analogs 2

Compound X, R DPP-4 ICs¢* (nM) DPP-8 ICs¢* (nM)
6a X=S: R=H 9800 17,000
2a 270 2100
6b X=CH,; R=CH,OH 9200 18,000
2b 200 27,000
6¢ i’”‘{>\ 8800 47,000
2 Ay 55 >100,000

2 Values reported are the mean of a minimum of two experiments with a stan-
dard deviation <25% of the mean, and the same for data in other tables.
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Table 2
Activities of oxadiazole containing DPP-4 inhibitors 7 and their p-series analogs 12

Compound R XY DPP-4 ICso (nM) DPP-8 ICso (nM)
7a R=H; X=H, Y=0CF; 1800 >100,000
12a 4400 >100,000
7b R=F; X=Cl; Y=CI 615 >100,000
12b 600 >100,000
7c R=F; X=Cl, Y=SO,Me 40 >100,000
12¢ 46 >100,000
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search resulted in a new orientation (B) consistent with our work-
ing hypothesis that the fluoropyrrolidine amide moiety of the a-
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series and fluorobenzyl group of the B-series occupy the same
hydrophobic pocket in DPP-4 active site, while the free amino
group keeps the same salt bridge with Glu205 and/or Glu206.
However, a hydrogen bond to the carbonyl oxygen was not well
defined, and no conclusions were drawn on detailed alignment
and interactions until X-ray structures of the B-series of inhibitors
bound DPP-4 became available.

The overlay of X-ray structures of compound 152! (a-series) and
sitagliptin® (16, -series) bound to the active site of DPP-4 is shown
in Figure 4. As it was proposed, the fluoropyrrolidine amide moiety
of the a-series and the fluorobenzyl group of the p-series do occu-
py the same pocket in the enzyme active site, even though sitaglip-
tin 16 lacks the sterically demanding benzyl substitution. In this
new orientation, the carbonyl oxygen of 16 forms a hydrogen bond
to Tyr547 through a bridging water molecule in the active site.® In
the complex with compound 15, the water molecule was displaced
by the dimethyl amide moiety which forms a hydrogen bond di-
rectly with Tyr547 (in green), which was re-oriented to have a bet-
ter alignment for hydrogen bonding.?!

An unexpected discovery was that the fluorine (Fig. 4, X) at the
2 position of the benzyl group in 16 occupied the same space as the
pyrrolidine amide oxygen (Fig. 4, X) in 15 and formed a hydrogen
bond to Asn710. The distance between the fluorine and the NH
nitrogen is measured at 3.2 A, in the range of a typical hydrogen
bond. Although rarely observed, aromatic carbon-bound fluorine
is known to participate in significant hydrogen bonds and can also
interact with charged molecules.?? This newly discovered binding
element became a focal point in our continued search for structur-
ally diverse new leads. We envisaged that a carbonyl oxygen could
be used to replace the fluorine, form the same hydrogen bond, and
therefore, retain the binding energy. Thus, valerolactam-based
DPP-4 inhibitors 20 were designed and synthesized (Scheme 3).

Using cesium carbonate as a base, alkylation of pyridone went
exclusively on nitrogen to yield 17. Michael addition was carried
out in neat o-methylbenzylamine. Diastereomers of 18 were not
easily separated, so the mixture was carried on, and the two dias-
teromers of the t-Boc protected final product were separated by
HPLC using a Chiral-Cell O] column. The absolute configuration of
20a was confirmed by X-ray crystal structure, and others were as-
signed analogously, based on their DPP-4 inhibitory activities.
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Figure 4. Overlay of X-ray structures of 15 (yellow) and 16 (magenta) bound to the
active site of DPP-4.

_0%:C0;
\/\)L

17

NH, O
N\)\)LOH
(0]

Q\/\)L

/L Ph

1) LioH
PRNH, (TN RO L

— N A g, 2 He PeC
o 18 19
1) tBoc 1) Chiral Separation Q NHz O 2/_40
2) EDC 2) Deportection 3 N\/'\/ILNK//NH
20a
Scheme 3.

Table 3
Activities of valerolactam containing DPP-4 inhibitors 20 and their B-series analogs 21

NH, O
X

0 F
20a-c 21a-c
Compound X DPP-4 ICs (nM) DPP-8 ICso (nM)
- 0
20a . 20 41,000
21a “I~N NH 40 87,000
FC— O
20b 8 pay 120 15,000
21b —E—N\\//NH 85 27,000
1
I N
20c NN 120 43,000
21c N\’( 98 75,000
CFs

When these valerolactam DPP-4 inhibitors (20) were compared
to their 2-fluorophenyl analogs 21,'° very similar potencies were
observed (Table 3), indicating the arylfluorine to Asn710 H-bond
was successfully replaced with a carbonyl to Asn710 H-bond.
These new DPP-4 inhibitors are potent and selective against DPP-
8. Unfortunately, preliminary rat PK studies on 20a showed poor
oral bioavailability, much lower than that of fluorophenyl analogs
reported earlier.2°

Additional analysis of the X-ray structure overlay indicated an
interesting alignment of C1 of the biaryl moiety in compound 15
(Fig. 4, C) with the a-carbon of the B-alanine unit in compound
16 (Fig. 4, C), suggesting another possible hybrid structure:
replacement of the amidomethylene moiety in the B-series with
the biaryl unit in the a-series to provide compounds 24.

The synthesis of this new series is shown in Scheme 4. The lith-
ium enolate of methyl phenylacetate was alkylated with 2,5-dif-
luorobenzylbromide, followed by ester hydrolysis. The resulting
carboxylic acid 22 was subjected to Curtius rearrangement with
diphenylphosphoryl azide under basic condition, and the product
was captured in situ by tert-butanol to give the t-Boc protected
amino aryl bromide 23. Suzuki coupling with various aromatic
boronic acids, followed by chiral separation and acid deprotection
of the t-Boc group yielded biaryl compounds 24. Again, the abso-
lute configuration of 24d was confirmed by X-ray crystal structure
(Fig. 5) and the others by analogy based on DPP-4 inhibitory
activities.

Comparison of DPP-4 inhibition of the new biaryl compounds
24 and their o-series analogs 252 is summarized in Table 4. Biaryl
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Figure 5. Overlay of X-ray structures of 24d (yellow) and 16 (cyan) bound to the
active site of DPP-4.

Table 4
Activities of biaryl containing DPP-4 inhibitors 24 and their o-series analogs 25

F E
NH, C‘ NH, X
S
F x o =
24a-d 25a-d
Compound -X DPP-4 ICso (nM) DPP-8 ICso (nM)
24a -Br 1300 >100,000
25a 245 >100,000
24b S 253 64,000
25b ]@ 110 >100,000
N
24c PATEN 107 >100,000
25¢ | _N 71 >100,000
cl
24d S CONH, 32 >100,000
25d O/ 100 39,000

inhibitor 24d, in particular, showed good potency (DPP-4
ICs0=32nM) and selective against DPP8. More importantly, its
pharmacokinetic properties®* (Cl,, 13 mL/min/kg; t1/2, 3.8 h; Cinax,
2.1 uM; F%, 130) compare favorably to the o-series analogs.

The X-ray structure of 24d,2> shown in Fig. 5, revealed that it
overlapped with Sitaglitin 16 almost perfectly in the DPP-4 active
site. Not only the aromatic fluorine is in the same position for H-
bonding, but also the carboxamide group of 24d is overlapping
with the trifluoromethyl group of 16, and engaged in favorable
interactions with the side chains of residue F208, S209, and R358
(Fig. 5). This observation is consistent with our working hypothesis
mentioned earlier that this new orientation of the biaryl moiety
would result in better inhibitors of DPP-4.

In summary, our efforts to seek common features of two struc-
turally distinct series of DPP-4 inhibitors led to compounds which
provided insights into the binding modes of these inhibitors in the
DPP-4 active site. Computer modeling based on the DPP-4 X-ray
structure provided credible supporting evidence of the possible
alignment of the two inhibitor classes. Finally the availability of
the X-ray structures of enzyme-inhibitor complexes allowed de-
tailed analysis of specific interactions and structural unit align-
ment. With newly discovered binding elements, such as the
aromatic fluorine H-bond, we were able to design structurally dis-
tinct, potent and selective inhibitors of DPP-4. These studies fur-
ther demonstrated the value of structural biology and computer
modeling in medicinal chemistry programs.
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