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Discovery, SAR, and X-ray structure of novel
biaryl-based dipeptidyl peptidase IV inhibitors
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Abstract—The discovery, SAR, and X-ray crystal structure of novel biarylaminoacyl-(S)-2-cyano-pyrrolidines and biarylaminoacyl-
thiazolidines as potent inhibitors of dipeptidyl peptidase IV (DPP IV) are reported.
� 2005 Elsevier Ltd. All rights reserved.
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Glucagon-like peptide-1 (GLP-1) stimulates glucose-de-
pendent insulin secretion, inhibits hepatic glucose pro-
duction, lowers blood glucose levels, and promotes the
growth and differentiation of b-cells. GLP-1 may also
play a role in suppressing appetite in humans and in
modulating peripheral glucose uptake.1 The hormone�s
activity is rapidly abolished by the N-terminal cleavage
of the peptide by the aminopeptidase dipeptidyl pepti-
dase IV (DPP IV, CD26, EC 3.4.14.5), a sequence-spe-
cific non-classical serine protease.2 Both mice and rats
genetically deficient in DPP IV have shown enhanced
insulin secretion and accelerated clearance of blood glu-
cose partly due to increased levels of active GLP-1.3

Since Type 2 diabetes is a disease characterized by ele-
vated blood glucose levels and a relative insufficiency
of insulin, a therapeutic agent that extends the duration
of GLP-1 action may aid in controlling glucose homeo-
stasis, by enhancing b-cell glucose-stimulated insulin re-
lease and promoting insulin gene expression and its
biosynthesis.4 In addition, elevation of GLP-1 levels
may increase b-cell proliferation and survival. Thus,
DPP IV inhibition has the potential to be a promising
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new therapy for elevating plasma GLP-1 levels and the
treatment of Type 2 diabetes.5

Most of the small molecule inhibitors of DPP IV report-
ed in the literature have a 1� or 2� amine at the P2 site
with the P1 site occupied by a proline mimetic
(Fig. 1).6 The most active inhibitors incorporate an elec-
trophilic group (e.g., P(O)(OPh)2, CO–NH–O–COR 0,
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Figure 1. Selected inhibitors of DPP IV.
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Scheme 1. Synthesis of biaryl-based DPP IV inhibitors. Reagents: (a)

EDCI, HOBt, DIEA, CH2Cl2; (b) ArB(OH)2, Pd(OAc)2, Na2CO3; (c)

TFA, CH2Cl2, thioanisole.
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B(OH)2, or CN) as a replacement for the normally
cleaved P1–P1 0 substrate amide on the proline at P1
and providing a reactive center to interact with the
DPP IV active site serine residue. Low nanomolar inhi-
bition and chemical stability adequate for oral adminis-
tration have been obtained with the nitrile containing
inhibitors.6c–e,7 Recently inhibitors lacking an electro-
philic group with good activity have also appeared in
the literature.6f,8

Our goal was to identify non-nitrile inhibitors with good
potency and ADME characteristics. Optimizing the P2
interactions could allow for the removal of the electro-
philic group and still retain acceptable characteristics.
In this paper, we report the preparation of a series of
P2 optimized nitrile containing biaryl DPP IV inhibi-
tors. The SAR from this series was used to identify
non-nitrile inhibitors with low nanomolar potency and
good pharmacological properties. In addition, the X-
ray crystal structure of DPP IV with inhibitor 1-[2-(S)-
amino-3-biphenyl-4-yl-propionyl]-pyrrolidine-2-(S)-car-
bonitrile bound has been determined, revealing the nat-
ure of the covalent interaction of the nitrile group with
the active-site serine.

Analysis of the published crystal structure9 of human
DPP IV with valine pyrrolidide bound in the active site
(Fig. 2, PDB ID:1N1M) revealed a linear hydrophobic
pocket at the S2 subsite formed by the side chains of
Phe357 and Arg358. We envisioned that filling this
pocket with appropriate groups would lead to more po-
tent inhibitors and potentially allow for the removal of
the nitrile moiety at P1.10

The general synthetic route to the biaryl-based inhibi-
tors is shown in Scheme 1. The commercially available
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Figure 2. Space filling picture of DPP IV in complex with valine

pyrrolidide. PDB ID is 1N1M. Inhibitor is shown in yellow with

nitrogen colored blue and oxygen colored red.
Boc-LL-4-iodophenylalanine was coupled to the proline
mimetic using EDCI and HOBt in CH2Cl2 to give the
4-iodophenylalanine derivatives in 70–90% yields. The
iodo-compounds were then converted to the biaryls
using a Pd(OAc)2 catalyzed Suzuki reaction11 (60–
80%). Removal of the Boc-protecting group with triflu-
oroacetic acid in the presence of thioanisole gave final
products in 70–99% yields.

A survey of the S2 site was undertaken using the 2-
(S)-cyano-pyrrolidine at the S1 as our initial probe
with the intention of extrapolating the findings of this
study to non-nitrile analogs (Table 1). Entries 2–5
indicated that non-polar groups are favored at the
4-position of phenylalanine moiety, giving potencies
similar to the reference NVP-DPP728 (entry 1).12

Placement of a carboxylic acid moiety at the 4-posi-
tion of the phenylalanine (entry 4) resulted in a 7-fold
loss of potency compared to the known7b compound
entry 2. However, addition of a phenyl ring at the
4-position (entry 5) resulted in a 5-fold improvement
in activity. Substitution on the terminal phenyl ring
was then explored.13 Substitution with bulky or elec-
tron-donating groups, for example, 4-methyl or 3,4-di-
methoxy groups (entries 6 and 7), gave less active
compounds compared with the unsubstituted entry 5.
However, when fluorine was placed to the 4-position
(entry 8), a 4-fold improvement in activity was ob-
served. This increase in activity was attributed to a
better fit in the targeted lipophilic pocket and a stron-
ger edge-to-face p–p interaction between the middle
ring of the biphenyl group and the Phe357. Moving
the fluorine to the 2-position of the terminal phenyl
ring (entry 9) was also tolerated. Di-substitution with
fluorine at the 2- and 4-positions (entry 10) had an
additive effect to give a compound with further in-
creased activity. And lastly replacement of the termi-
nal phenyl ring with a furan (entry 11) gave a
compound with activities comparable to that of the
known10a 4-iodophenyl-alaninyl-(S)-2-cyano-pyrroli-
dine (entry 3).



Figure 3. X-ray structure of DPP IV in complex with compound 5.

PDB code is 2AJL. (A) Active site residues are depicted in gray.

Inhibitor is in green and atoms are colored by element with nitrogen

blue and oxygen red. (B) Space filling picture showing the ligand-

binding cavity.

Table 1. Ki values of the 4-substituted phenylalanine cyano-(S)-

pyrrolidine derivativesa
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0.027
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H2N
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N

CN

R

Ki (µM)

Compound R Ki (lM)

2 H 0.063

3 I 0.034

4 HO2C 0.470

5 0.013

6
Me

0.020

7
H3CO

OCH3

0.026

8

F
0.0031

9

F

0.0053

10

F

F

0.0022

11
O

0.036

a Potency was assessed by a kinetic method monitored at 405 nm

similar to that of Hughes et al.12 IC50 was determined from the slope

of regression lines of modified Dixon plots of uninhibited velocity/

inhibited velocity versus inhibitor concentration. Ki was calculated

using substrate concentration [S], substrate Km, and IC50 with

Ki = IC50 · (1/(1 + [S]/Km)).
14 Compounds were assayed in duplicate.

The assay coefficient of variation was 10.1% (N = 5).
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A crystal structure of compound 5 covalently bound
to the active site of the enzyme was determined (Figs.
3A and B).15 The structural information validated the
inhibitor design and binding hypothesis. The inhibitor
is covalently bound to active site Ser630 through the
nitrile at P1. The pyrrolidine ring fits into the hydro-
phobic S1 pocket formed by the side chains of
Arg125, Tyr547, Ser630, Tyr662, and Tyr666. The
main chain of the P2-residue interacts with the enzyme
at two anchor sites. Glu206 forms a salt bridge with
the free amino terminus of the P2 residue.9 The Nd2
of Asn710 stabilizes the P2 carbonyl oxygen atom.
The biphenyl extends into the lipophilic pocket
formed by the side chains of Phe357 and methylene
groups of the Arg358 side chain. The surface represen-
tation clearly shows the biphenyl group extending into
the lipophilic pocket (Fig. 3B). The middle ring of the
biphenyl group is situated in the pocket in such a way
as to allow for an edge to face p–p interaction with
the Phe357.

Using the information gleaned from the crystal struc-
ture and the SAR generated from our study of the 4-
substituted phenylalanine cyano-(S)-pyrrolidines, we
looked to extend our results to non-nitrile inhibitors.
The nitrile group forms a reversible covalent bond
with the active site serine and yields potent inhibitors.
However, under neutral and basic aqueous conditions,
the P2 site amine could potentially undergo a nucleo-
philic attack of the carbon of the nitrile to form an
inactive cyclic amidine.16 For this reason it was of
interest to identify non-nitrile containing and revers-
ible inhibitors, which may offer an advantage over
existing inhibitors. A quick survey of the proline mim-
ics was done using 4-phenyl-phenylalanine as P2 moi-
ety (Table 2). Replacement of the (S)-cyano-
pyrrolidine with a thiazolidine ring gave compound
12 with sufficient potency (360 nM) to build on. Ex-
change of the terminal phenyl ring with a pyridyl ring
(Table 3, Entry 18) had little effect on the activity.
Placement of a carboxylic acid to the 4-position of
the biaryl gave compound 19 with only slightly in-
creased activity. However,sss addition of a carboxylic
acid at the 3-position increased the potency by 2-fold
(entry 20), indicating a potential interaction of the
acid moiety with R358. Addition of a cyano- or fluo-
rine atom to the 4-position of the biphenyl (entry 21,
22) also resulted in a 2-fold increase in potency. Inter-
estingly parallel to the SAR of the (S)-cyano-pyrroli-
dine series, disubstitution with fluorine at the 2- and
4-positions (entry 23) again demonstrated an additive



Table 3. Ki value of aminoacylthiazolidines

N S
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Compound R Ki (lM)

17
I

0.98

12 0.36

18 N 0.355

19

OH

O
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Table 2. Ki values of 4-phenylphenylalaninyl proline mimetics

R
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O

Compound R Ki (lM)

5
N

CN

0.013

12 N S 0.36

13 N 1.16

14
N

OH

>12.8

15
N

OBn

>12.8

16 N O >12.8
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effect and increased the potency by about 4-fold to
96 nM and gave us our most potent inhibitor of this
series to date.

The size requirements of the S2 pocket were also probed.
Replacement of the linear biphenyl group with naphtha-
len-2-yl group resulted in a huge loss of activity (Table 3,
entry 24). A naphthalen-1-yl or a 1H-indol-3-yl group in
place of the biaryl was detrimental to activity (entry 25,
26).

After the discovery that the biaryl thiazolidines were
potent inhibitors of DPP IV, a study was conducted
to investigate Caco-2 permeability and microsome
stability of the thiazolidine analogs compared to the
corresponding nitrile derivatives. Five compounds
were selected and the results are shown in Table 4.
In most cases, changing from (S)-cyano-pyrrolidine
to the thiazolidine improved the Caco-2 permeability
while maintaining good human liver microsome
stability.

In summary, a series of novel biaryl inhibitors of DPP
IV was identified using a structure-based approach.
The Ki of the biaryl (S)-cyano-pyrrolidines reached a
lower single digit nanomolar range, and a preliminary
SAR was established. The SAR was then successfully
transferred to non-cyano containing biaryl thiazoli-
dines, and double-digit nanomolar Ki as well as im-
proved ADME characteristics were achieved. A
crystal structure of human DPP IV in complex with
one of our inhibitors was obtained, and the structural
information is expected to facilitate future lead opti-
mization efforts.



Table 4. Caco-2 permeability and human microsome stability study of selected compounds

R1

R2

H2N
O

Compound R1 R2 Caco-2a HLMb

A ! B B! A

5 N

CN
2.66 3.82 52.3

12 N
S 4.56 1.5 62

8
F

N

CN
7.21 4.45 6.7

22
F

N
S 16.81 5.61 78.5

10
F

F

N

CN
4.93 4.93 73.9

aPapp, apparent permeability (·10�6 cm/s) at 10 lM compound concentration.
b % remaining after 10 min of incubation at 1 lM compound concentration.
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