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ABSTRACT: Virtual screening in a huge collection of virtual
combinatorial libraries has led to the identification of two new
structural classes of GPR119 agonists with submicromolar in
vitro potencies. Herein, we describe the virtual screening
process involving feature trees fragment space searches
followed by a 3D postprocessing step. The in silico findings
were then filtered and prioritized, and finally, combinatorial
libraries of target molecules were synthesized. Furthermore the
so-called “activity-anchor principle” is introduced as an
element to increase the chance to generate true hits. An
activity anchor is a structural element expected to provide key
contributions to a certain biological activity. Application of this
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technique has led to the discovery of two new GPR119-agonist hit series, one of which was further optimized to progress as a

novel lead class.

B INTRODUCTION

In the year 2000 at least 171 million people in the world
suffered from type 2 diabetes mellitus (T2DM), and it is
expected that the incidence of this disease will almost double
within just one generation to reach 335 million in 2025."
Consequently there is an enormous need for innovative drugs
in this field. A characteristic feature of the progression of
T2DM is a gradual loss of pancreatic -cell function.” The G-
protein-coupled receptor GPR119 was recently deorphanized’
and is a focus of current drug development as a new
antidiabetic target.*”” The receptor is expressed in pancreatic
P-cells as well as in the gastrointestinal tract,” and GPR119
agonists have been shown to promote the glucose dependent
insulin secretion.” Furthermore it has been reported that
GPR119 agonists stimulate the secretion of glucagon-like
peptide 1 (GLP-1) from intestinal L-cells.” GPR119 agonists
support a very interesting new drug concept, as they are
expected to regulate the glucose homeostasis by different
mechanisms. Several GPR119 agonists have been published,
and some compounds have already reached the stage of clinical
trials.*~ "

In our group, similarity searches in a huge virtual library have
been performed in addition to high-throughput screening
(HTS) with the aim to identify new GPR119 agonists. Our
virtual library called BICLAIM (Boehringer Ingelheim
Comprehensive Library of Accessible Innovative Molecules)
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has already been published'* and is similar to a database
reported by Pfizer.'> BICLAIM is based on combinatorial
reactions and stored in a feature trees (FTrees) fragment space.
When the virtual screening (VS) campaign for GPR119
agonists was performed, the virtual chemical space contained
about 1600 scaffolds and 30 000 reagents encoding about S X
10" theoretically chemically accessible molecules. Our
continuous efforts to expand the BICLAIM space by extracting
in-house and external (data) sources have led to approximately
41300 scaffolds today. For each library scaffold, possible
synthesis routes and lists of reagents compatible with the
corresponding chemistry providing the decoration of the cores
have been collected and stored.

The advantage of concentrating on combinatorially accessible
space is that this chemistry is usually very robust and fast. Thus,
interesting virtual hits can be easily synthesized and explored by
combinatorial chemistry. We rely on synthetic chemistry which
is well established preferably in-house or in literature as well as
on readily available building blocks for our combinatorial
chemistry efforts to ensure fast alignment with other hit
identification activities (e.g., HTS or fragment based screening,
FBS). Although the VS techniques enrich active molecules in
the hit set, very similar molecules have a problem of inaccurate

Received: October 23, 2012
Published: December 4, 2012

dx.doi.org/10.1021/jm301549a | J. Med. Chem. 2012, 55, 11031-11041


pubs.acs.org/jmc
http://pubs.acs.org/action/showImage?doi=10.1021/jm301549a&iName=master.img-000.jpg&w=238&h=114

Journal of Medicinal Chemistry

1.) Definition of FTrees queries

2) Individual FTrees search in
the BICLAIM fragment space

oo T\ﬁ:wwo

Nooslzu‘l 0 WO008137435 0
WOO0B005576 WOO0T7003964

)
;

b 1

4.) Filtering by substructures and
definition of activity anchor(s)

QJO H3C‘S..;O —
!

5.) Visual inspection of the remaining ROCS
overlaps and selection of the cores

n-C.

R —
P N-R :

3.) Merging of FTrees results and generation|
of ROCS overlap with 3D Query

6.) Design and synthesis of combinatorial|
libraries of the selected core(s)

Figure 1. Workflow of FTrees fragment space searches at Boehringer Ingelheim (BICLAIM campaign).

predictivity of their biological activity in virtual screening and
there is no inherent solution to avoid false positives. Therefore,
it is not recommended to synthesize and test exclusively the few
best predicted molecule(s) but a larger number of analogues in
a combinatorial library. This enhances the chance to get active
hits and additionally allows for a fast assessment of structure—
activity-relationships (SARs). The SAR information obtained in
the first generation of molecules can be used for the design of
follow-up libraries during an exploration and/or optimization
phase. In our hands the combination of virtual screening and
combinatorial chemistry has been very successful in identifying
new lead structures for several projects. Here we describe the
application of this technique for the discovery of new GPR119
agonists. Two new classes with submicromolar in vitro potency

could be identified.

B RESULTS AND DISCUSSION

Virtual Screening. The outline of the BICLAIM workflow
is illustrated in Figure 1.

The virtual library BICLAIM is stored in a FTrees fragment
space which allows for fast similarity searches against given
queries based on the FTrees descriptors.'®™'® The FTrees
software cleaves all rotatable single bonds and represents the
resulting fragments by nodes that are connected in the same
manner like the fragments. Each node is annotated with steric
properties of the corresponding fragments like for instance its
volume and an 1nteract10n profile with the H-bond donor and
acceptor capabilities.'® In order to compare two molecules
based on FTrees descriptors, a FTrees score describing the
similarity of the properties of the corresponding nodes is
maximized. This involves a conformation independent
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comparison of the nodes’ topologies. The fragment space
module'® of the FTrees software is making use of the additivity
of the FTrees similarity and thus allows searching a large virtual
(combinatorial) space. This approach is very fast, as only the
fragments representing the potential parts of a molecule from
combinatorial chemistry have to be considered instead of
comparing enumerated molecules.

The resulting hits are then prioritized by a project-specific
postprocessing workflow (steps 3 and 4 in Figure 1). As a
consequence, interesting similar molecules containing all
essential pharmacophoric features can be successfully identified
by FTrees fragment space searches, but the method does not
guarantee an optimal arrangement in space. We postprocess the
FTrees results by 3D virtual screening techniques like docking
or 3D alignments to filter and identify those hits that are also
similar to the query molecules in 3D (see step 3 in Figure 1).
Finally, the summarized results are visually inspected by a team
of medicinal, computational, and combinatorial chemists with
the goal to select the most promising cores (step S in Figure 1).
The next step benefits from the fragment space being based on
combinatorial chemistry. Instead of synthesizing only the few
“optimal” FTrees hits, we design and synthesize combinatorial
libraries usually comprising 50—1000 compounds. In many
cases we observed that the decoration that is suggested by in
silico methods to be optimal for the query molecules indeed
resulted in active hits. However, these hits usually need further
optimization, e.g, by improved decoration of the core or
slightly modified scaffolds in order to reach optimal activity.

For the design of focused combinatorial libraries different
options can be used. We apply the software tool LoFT which
has been developed for the design of focused combinatorial
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Figure 2. Query molecules and their superimposition (1 white, 2 green, 3 blue, 4 yellow).

libraries based on feature trees similarity and physicochemical
properties.'” > However, for the application in the GPR119
project we concentrated on gaining agonistic activity by taking
only the similarity to queries 1—4 into account and did not
consider any physicochemical properties for reagent selection.
It is also possible to enumerate virtual libraries according to the
reaction scheme and to select the most appropriate reagents
based on an assessment of the products, e.g,, by looking at
docking or 3D alignment results. Last but not least we have
found it useful to manually enrich the in silico selected reagents
by making use of SAR information or other project specific
knowledge. In any case an extensive manual interaction driven
by the experience of the project team is usually included to
finalize the decoration of a core.

In addition to standard BICLAIM campaigns in which
usually not much is known about the binding mode or SAR
contributions of the query molecules, we have also introduced
the so-called “activity anchor principle”. In our hands an activity
anchor is a structural element known to or at least supposed to
provide key contributions to a certain biological activity.
Usually the activity anchor is defined by analyzing the SAR of
the query ligands and literature or in-house information. The
presence or absence of an activity anchor or the option to
introduce the corresponding structural feature via the synthesis
protocol can be used to filter the hit lists for core selection
(step 4 in Figure 1). Furthermore the activity anchor could
itself serve as a core which (by applying suitable chemistry) can
be decorated by means of focused two-dimensional combina-
torial libraries. Alternatively, scaffold replacement tools like
CAVEAT,”® ReCore™ or the scaffold replacement and ligand
growing tools implemented in MOE>* can also be applied to
further elaborate activity anchors. This “activity anchor
principle” is widely used in Boehringer Ingelheim’s BICLAIM
campaigns. A recent analysis of several projects showed that
using an activity anchor doubles the chance of identifying true
hits in a BICLAIM virtual screening campaign.

BICLAIM Virtual Screening and Synthesis Campaigns.
At the time at which the in-house virtual screening campaign
for GPR119 agonists was initiated, a wealth of different agonists

was already described in the literature and in patent
applications. Four structurally different known GPRI119
agonists were selected as query molecules (see Figure
2).7* These compounds differ mainly in the central part
but display a similar left-hand and right-hand side decoration
pattern. They all share a methyl sulfone substituted aryl part on
the left-hand side as well as an alkyl carbamate on the other
side. On the basis of the hypothesis that these peripheral
moieties are important for the activity, these features were
chosen as “activity anchors”.

The FTrees fragment space search in BICLAIM provided
thousands of virtual hits per query. Usually each hit list has to
run through a postprocessing step on its own, but in this case
all query molecules overlapped well in 3D, although they were
coming from different structural classes.

This 3D overlap indicates that they probably all share an
identical binding epitope, which allowed us to combine all the
hits from different queries into one large hit list. For each query
molecule the most similar 10 000 FTrees hits were kept for
postprocessing.

In this case 3D alignments of the virtual hits were generated
with ROCS.”® As the respective query, we chose compound 2
because of its relatively high rigidity. The putative active 3D
conformation of 2 was defined based on the overlap with the
other three queries, as shown in Figure 2. The FTrees hits were
prepared for the ROCS alignments by applying Corina*’and
Omega.®>" Recently, the first pharmacophore model for
GPR119 agonists was published.”” However, at the time this
work was conducted, the pharmacophore model was not
available, and thus, this information could not be included in
our postprocessing analysis. The ROCS alignments were
visually inspected making use of the MOE mdb-browser
functionality®* to select the most promising scaffolds. In this
case the main focus was on molecules carrying both activity
anchors. From these molecules two cores were selected for
synthesis campaigns.

The first virtual hit class that was selected for synthesis in
combinatorial chemistry consisted of a 3,9-diaza-spiro[S.5]-
undecane core (see 5, Figure 3). Both activity anchors
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Figure 3. ROCS® overlap of query 2 (green) with spiro compound $ (yellow), general information on the core and its possible decoration as stored

in BICLAIM.

Scheme 1. Synthesis of Spiro Ureas 9a—c (Library 1)
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Figure 4. ROCS™ overlap of query 2 (green) with spiro compound 10 (yellow), the general information on the core and its possible decoration as

stored in BICLAIM.

superimpose very well, whereas the spirocyclic core (yellow)
does not match optimally with the steric demand of the central
part of query 2 (green). However, we assumed that the core
only arranges the activity anchors correctly in space and
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provides the right distance between the aryl and the carbamate

moiety and should itself not contribute too much to binding.
The suggested chemistry to address the left-hand side (LHS)

decoration involved reductive amination with aldehydes, amide
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Scheme 2. Synthesis of Spiro Dihydroisoxazoles 14a—c (Library 2)
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Figure S. Outcome and activity distribution of library 1.

bond formation with carboxylic acids, carbamate synthesis with
carbamoyl halides, and finally urea formations with isocyanates.
Proposed variations for the right-hand side (RHS) were
analogous; however, we concentrated on alkyl carbamates
that were similar to the query decoration (cf. the activity anchor
principle). The urea linker between core and aryl moiety
provided the best superimposition with the queries and was
therefore chosen for our initial synthesis campaign. According
to the activity anchor principle, we maintained a tert-butyl
carbamate on the right-hand side and varied the core as well as
the aryl part of the urea in a combinatorial library matrix. In
order to diversify the core with respect to orientation and
absolute length, not only 3,9-diaza-spiro[5.5]undecane core 8a
but also the cores 2,8-diaza-spiro[4.5]decane 8b and 2,7-diaza-
spiro[3.5]nonane 8c were employed (see Scheme 1). Because
of limited accessibility of isocyanates with the appropriate
decoration, we synthesized the targeted ureas using amines
from our in-house amine collection and a suitable coupling
reagent. During method development in order to optimize the
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reaction conditions, we found that 1-1'-carbonyldi(1,2,4-
triazole) (7, CDT) was superior to other coupling reagents
like N,N’-carbonyldiimidazole (CDI) or 4-nitrophenyl chlor-
oformate.

The synthesis (Scheme 1) involved preactivation of 72
amines/anilines 6 with CDT and addition of the corresponding
readily available spiro compounds 8a—c on a 0.1 mmol scale.
1,4-Dioxane as a solvent and 1,8-diazabicyclo[5.4.0]Jundec-7-
ene (DBU) as a base showed the best conversions throughout
the differently reactive amines used. The crude products were
subsequently purified by automated preparative reversed phase
HPLC using narrow gradients. Yields were generally good,
varying between 20% and 90%, and a total number of 194 (out
of 216) compounds were submitted for in vitro testing for
GPRI119 agonistic activity.

The second class of interesting virtual hits that was selected
for synthesis consisted of an alternative spirocyclic system (1-
oxa-2,8-diaza-spiro[4.5]dec-2-ene 10). The core, when properly
decorated, overlaps very well with the query molecule (see

dx.doi.org/10.1021/jm301549a | J. Med. Chem. 2012, 55, 11031—11041
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Figure 6. Outcome and activity distribution of library 2.

Figure 4). The spirocyclic system again allows the incorpo-
ration of both activity anchors and arranges them optimally in
the 3D space. Core 10 represents a very rigid system that we
expected not to lose too much conformational entropy upon
binding. Although the overlap appears obvious retrospectively,
the idea of using spirocyclic cores had so far not been in the
focus of our medicinal chemistry activities for GPR119 agonists.

Similar to the first library (vide supra) we decided to keep
the RHS carbamate moiety constant as an activity anchor while
varying the amines for the amide bond formation and
simultaneously also varying the core as depicted in Scheme 2.
The selection of amines was primarily based on an acceptable
superimposition with queries 1—4 and by taking into account
published and in-house SAR knowledge. Therefore, we focused
on primary (het)arylamines decorated with diverse substitu-
ents. The 6-ring spiro-dihydroisoxazole 11a (see Scheme 2)
gave proper superimpositions with the queries; however, its
pyrrolidine S-ring analogue (see 1lc) was also found
interesting. The 3-piperidino analogue of 1la, 11b was
additionally included in order to diversify the structural space.
Method development prior to library synthesis showed that
N,N,N’,N’-tetramethylchloroformamidinium hexafluorophos-
phate (TCFH, 12) gave the best conversions with respect to
the broad reactivity spectrum of the employed amines
compared to other coupling reagents like Mukaiyama’s reagent
(2-chloro-1-methylpyridinium iodide), TBTU, or its aza-
analogue HATU.*

The library (three carboxylic acids 11a—c combined with 95
different alkyl- and (het)arylamines 13) was synthesized on a
0.1 mmol scale using TCFH (12) to preactivate the carboxylic
acid followed by addition of the corresponding amine 13 and
purification by means of automated preparative reversed phase
HPLC (narrow gradients). 261 of theoretically 285 compounds

were obtained in generally acceptable to good yields ranging
between 10% and 88%.

Biological Results and Hit Optimization. All synthesized
compounds were tested for their agonistic activity (potency as
ECs,) and their efficacy (intrinsic activity, % IA) toward the
human GPR119 receptor using an ALPHAscreen cAMP assay.
In this assay, the intrinsic activity as stimulation of the receptor
is reported in %, the relative activity of the test compounds
being compared to the efficacy of N-(4-methanesulfonylphen-
yl)-S-nitro-6-[4-(phenylsulfanyl)piperidin-1-yl]pyrimidin-4-
amine,** which was set to 200%. We regarded compounds
exceeding 160% IA stimulation as full agonists, whereas
compounds between 130% IA and 160% IA were considered
as partial agonists.

The outcome of the activity distribution of the initial in vitro
testing toward activity on human GPR119 receptors of
compounds derived from library 1 is depicted in Figure S.

Overall we obtained disappointing results, as only ureas of a
3,9-diaza-spiro[S5.5]Jundecane-type core (see 9a in library 1a)
yielded active compounds, albeit with only modest potency.
The most active derivative was 15, displaying an ECy, of 800 +
260 nM, a full agonist with an intrinsic activation of 165 + 9%
IA. However, the structure—activity relationships were rather
steep, which did not encourage us to invest in further syntheses.

Biological in vitro results for library 2 also showed a steep
SAR, again with a strong preference for one specific core
variation (see Figure 6). All synthesized 1-oxa-2,7-diaza-
spiro[4.5]dec-2-enes (see 14b in library 2b) or 1-oxa-2,7-
diaza-spiro[4.4]non-2-enes (see 14c in library 2c) were
inactive. However, we were pleased to discover that some
compounds of type 14a (see library 2a) displayed submicro-
molar potencies. The most active compound was 16 with an
EC;, of 93 + 48 nM showing full agonistic activity of 170 +
10% IA.

dx.doi.org/10.1021/jm301549a | J. Med. Chem. 2012, 55, 11031—11041
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The vast differences in potency could not be explained solely
by the quality of the overlap compared to the queries, as all
molecules gave acceptable superimpositions. Especially when it
comes to small structural variations, computational methods
may not always sufficiently predict their influence. On the basis
of these promising results, we initiated a hit-to-lead approach in
order to further improve the potency and other in vitro
parameters (data not shown). Structural modifications involved
combinatorial variations of the LHS arylamine moiety which
were closely related to the difluoro-p-cyano substitution pattern
of 16. Also, we diversified the carbamate portion by introducing
turther alkyl substituents but also included bioisosters and other
known binding motifs (see Figure 7).

Focus on 4-piperidinyl
spiro core

Further close

analogs
g Carbamate analogs

and replacements

16

Figure 7. From hit to lead: strategies for structural modification of 16.

Scheme 3. Synthesis of Oxadiazole 18
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?(a) TCFH, DIPEA, DCM, r.t; (b) 4-amino-2,5-difluoro-benzonitrile;
(c) dichloromethane, TFA, 43% (over three steps); (d) S-chloro-3-
phenyl-[1,2,4]oxadiazole, DIPEA, NMP, 160 °C, 50%.

4-(Pyrimidin-2-yl) substituents and 3-alkyl-1,2,4-oxadiazoles
attached to the nitrogen of the piperidine can be found in
recent };atent literature as replacements for the carbamate
part.***” Therefore, compound 18 was synthesized as outlined

in Scheme 3 by TCFH mediated amide bond formation of 11a
with the corresponding aniline followed by boc-deprotection
with TFA yielding piperidine 17 which was then reacted with 5-
chloro-3-phenyl[ 1,2,4]oxadiazole. The alternative route to 18
via reaction of 17 with cyanogen bromide followed by ring
closure with N-hydroxybenzamidine resulted in a lower total
yield. Compared to 16, 18 exhibited increased agonistic activity
in terms of both potency (ECy, = 30 + 11 nM) and efficacy
(173 + 7% IA).

We then considered combinations of promising LHS and
RHS decorations, exemplified by spiro compound 21 (see
Scheme 4). HATU assisted amide coupling followed by
attachment of the phenyl substituted oxadiazole yielded 20
which was subsequently oxidized with mCPBA to give
methanesulfinyl substituted 21. 21 showed an ECg, of 21 =+
1S nM, while being a borderline full agonist with an intrinsic
activity of 160 + 6% IA.

The structure—activity relationships obtained from 21, its
close analogues, and other related potent and fully efficacious
compounds with structurally diverse substitution patterns
(compounds and data not shown) were very promising.
Thus, we progressed 1-oxa-2,8-diaza-spiro[4.5]dec-2-ene type
compounds into a lead optimization program with the goal to
identify candidates for preclinical development in order to
provide new options to treat type 2 diabetes mellitus.

B SUMMARY AND CONCLUSION

The discovery of a novel lead class of GPR119 agonists was
achieved through a fruitful combination of virtual screening and
combinatorial chemistry using the BICLAIM approach. In our
group we successfully applied this technology in various
projects, yielding single hits, leads, or even advanced compound
classes. The pillars for this success are diverse. First, our vast
virtual BICLAIM space is based on numerous manifold
combinatorial libraries. The chemistry to synthesize the libraries
and their building blocks is well established in-house, allowing
for short cycle times from idea to synthesis. Second, it is
important to identify and select the most appropriate and
promising scaffolds followed by a careful selection of their
decoration. We noticed that the synthesis of virtual hits as
combinatorial library arrays using a much more diverse
decoration pattern than suggested by the single in silico hits
dramatically increases the probability of discovering real hits.
The design of these libraries is done as teamwork involving
computational, combinatorial, and medicinal chemists, making
extensive use of in-house and literature knowledge. In our

Scheme 4. Synthesis of Spiro-Compound 21

-0 o] F ®) N-o
o ) N— ab.c \ / d
o% - s N NH >
OH
F
1a 19
F o) ;\Fo F o) 5\1~o
s N% N e N NW |

/ Q NS = s Ny

F 0-N = N

“(a) HATU, DIPEA, dichloroethane, r.t; (b) 2,5-difluoro-4-methylsulfanyl-phenyl amine; (c) HCl in diethyl ether, 44% (over three steps); (d) S-
chloro-3-phenyl-[1,2,4]oxadiazole, DIPEA, NMP, 150 °C, 51%; (e) 3-chloroperoxybenzoic acid, dichloromethane, 68%.

11037

dx.doi.org/10.1021/jm301549a | J. Med. Chem. 2012, 55, 11031—11041


http://pubs.acs.org/action/showImage?doi=10.1021/jm301549a&iName=master.img-009.jpg&w=187&h=86
http://pubs.acs.org/action/showImage?doi=10.1021/jm301549a&iName=master.img-010.png&w=239&h=112
http://pubs.acs.org/action/showImage?doi=10.1021/jm301549a&iName=master.img-011.png&w=356&h=122

Journal of Medicinal Chemistry

experience, the synthesis only of prototypic virtual hits as
diagnostic compounds has turned out to be inferior. Third, the
concept of an “activity anchor” has been proven rewarding and
also increases the chances of finding true hits. We successfully
applied the above-mentioned factors for the in silico discovery,
selection, and design of two combinatorial libraries, which
yielded two new structural classes of potent GPR119 agonists.
Subsequent improvement of spiro compound 16 finally led to a
new lead class.

B EXPERIMENTAL SECTION

Virtual Screening. The query molecules were generated in ISIS
Draw’® and exported as mol files. Hydrogens and formal charges were
added with Corina:*

corina —i t=sdf —o t=mol2 -d wh —o fcharges input.mol
query.mol2

For the fragment space search with the FTrees software'’” the
following script was used:

firees

mol

convert query.mol2 1 1 query.fdfny|
firees

read 0 query.fdf
firees>fragspace

read BICLAIM.fsf yn
ftrees>tfsearch

mcreate 0 10 0.75 1.5

msearch 10000 y n

seloutput hits.smi

2smiles 1-10000 yyyysn
quit

The smiles files were converted to SD files, and the structures
were unified using Pipeline Pilot.*®

For the postprocessing with ROCS? the following commands were
used:

corina —i t=sdf —o t=sdf —d wh hits.sdf hits 3D.sdf

omega —in hits_3D.sdf —out hits_conf.oeb

rocs —query query.mol2 —dbase hits_conf.oeb —prefix

hits_aligned
The SD files resulting from ROCS>® were imported in a MOE
database and visually inspected with the database browser.**

Determination of Agonistic Activity (nGPR119 Assay). The

effect of the compounds on the activation of GPR119 and on the
stimulation of intracellular cAMP concentration is determined using
the ALPHAscreen cAMP assay kit (catalog no. 6760625R) made by
PerkinElmer. MING cells** are stably transfected with an expression
vector for human GPR119 cDNA (accession no. NP_848566). Min-
6/hGPR119 cells are cultured in DMEM, 10% FBS, 50 uM p-
mercaptoethanol, 0.6 mg/mL geneticin, 2 mM GlutaMAX at 37 °C,
5% CO,. For the assay, the cells are seeded in culture plates (white,
384-well, TC, sterile with lid, catalog no. 6006280 (Perkin-Elmer);
10000 cells/well; SO uL). The plates covered with lids are then
incubated for 24 h at 37 °C/5% CO,. After the medium is aspirated
from the wells completely, an amount of 10 yL of the test compounds
is added, the compounds are diluted using stimulating buffer (140 mM

NaCl, 3.6 mM KC], 0.5 mM NaH,PO,, 0.5 mM MgSO,, 1.5 mM
CaCl,, 10 mM Hepes, S mM NaHCO;, pH 7.4, 0.5 mM IBMX, and
0.1% BSA; the final DMSO concentration is 1%). After 45 min of
incubation at room temperature (approximately 20 °C), the cAMP
concentrations are determined using the ALPHAscreen cAMP assay
kit (catalog no. 6760625R from PerkinElmer). An amount of 10 L of
biotin-cAMP-bead solution (final concentration of 1 U/well in lysing
buffer (S mM Hepes (pH 7.4), 0.1% BSA, 0.5% Tween)) is added.
The plates are incubated for another 2 h at room temperature. The
cAMP concentrations are calculated using a cAMP standard curve
from the Alpha screen counts. The data analysis is carried out by
calculating the ECs, value and the maximum value based on a positive
control (N-(4-methanesulfonylphenyl)-S-nitro-6-[4-(phenylsulfanyl)-
piperidin-1-yl]pyrimidin-4-amine),** using suitable software (XLAit).
By default six measurements were conducted and the ECy, was
calculated using the geometric mean of the individual results
(arithmetic mean for intrinsic activation).

Synthesis. All commercially available reagents were used without
further purification unless otherwise stated. 3,9-Diaza-spiro[$.5]-
undecane-3-carboxylic acid tert-butyl ester (8a, MFCDO05861627)
was purchased from Small Molecules, Inc., Hoboken, NJ, U.S. tert-
Butyl 2,8-diaza-spiro[4.5]decane-8-carboxylate (8b, MFCD09608078),
tert-butyl 2,7-diaza-spiro[3.5]nonane-2-carboxylate (8¢,
MFCD09834803), 8-(tert-butoxycarbonyl)-1-oxa-2,8-diaza-spiro[4.5]-
dec-2-ene-3-carboxylic acid (11a, MFCD12198539), 7-(tert-butoxy-
carbonyl)-1-oxa-2,7-diaza-spiro[4.5]dec-2-ene-3-carboxylic acid (11b,
MFCD12198540), and 7-(tert-butoxycarbonyl)-1-oxa-2,7-diaza-spiro-
[4.4]non-2-ene-3-carboxylic acid (11c, MFCD12198541) were
purchased from WuXi App Tec Co. Ltd., Shanghai, China. 'H NMR
spectra were recorded on Bruker DRX 400 and DPX 400
spectrometers. Chemical shifts are reported in ppm using the residual
of deuterated solvents as an internal standard. FTIR spectra were
recorded using a Thermo Nicolet Avatar system 370. Prior to
biological testing, NMR and/or analytical reversed phase HPLC was
used to verify the purity of the compounds. All tested compounds
derived from combinatorial libraries were at least 80% pure; all other
compounds including resynthesis of the most interesting hits were at
least 95% pure.

2,5-Difluoro-4-methylsulfanylphenylamine. 4-Bromo-2,5-di-
fluorophenylamine (0.91 g, 4.4 mmol), Cul (120 mg, 0.63 mmol),
Nal (1.31 g, 8.7 mmol), and dimethylethylenediamine (0.12 mL, 0.9
mmol) in 1,4-dioxane (4.0 mL) were purged with argon, and the
mixture was stirred in a pressure pipe at 140 °C for 3 h. After the
mixture was cooled to room temperature DCM was added, and the
mixture was then washed consecutively with aqueous HCI solution (1
mol/L), aqueous Na,COj; solution (10%), and brine. The organic
layer was concentrated in vacuo to yield 2,5-difluoro-4-iodophenyl-
amine (790 mg, 71%) which was used without further purification.
Under an argon atmosphere 2,5-difluoro-4-iodophenylamine (790 mg,
3.1 mmol) was dissolved in dry DMF (4.0 mL), and dimethyl disulfide
(0.68 mL, 7.7 mmol) was added followed by addition of NiBr, (80 mg,
0.37 mmol), 2,2-dipyridyl (50 mg, 0.32 mmol), and zinc dust (410 mg,
6.3 mmol). The reaction mixture was allowed to react at 80 °C for 2 h.
After the mixture was cooled to room temperature DCM and active
charcoal were added and the mixture was filtered through powdered
cellulose. The remaining liquid is consecutively washed with aqueous
Na,CO; solution (10%) and brine. The organic layer was concentrated
in vacuo to afford 2,5-difluoro-4-methylsulfanylphenylamine (400 mg,
74%) which was used without further purification. C,H,F,NS (M =
175.2 g/mol). ESI-MS: 176 [M + H]". t; (HPLC): 1.09 min (Waters
ZQ MS, Alliance 2690/2695, Waters XBridge C18 3.5 ym, 4.6 mm X
20 mm IS, flow 4.0 mL/min, temperature 40 °C, H,0 (+0.1% TFA)/
MeOH).

General Procedure for the Synthesis of Spiro Ureas 9a—c
(Library 1). To a stirred solution of amine 6 (0.10 mmol) in 1,4-
dioxane (2.5 mL) were added sequentially DBU (30 uL, 0.20 mmol)
and CDT (7, 33 mg, 0.20 mmol). The mixture was stirred for S min at
room temperature prior to addition of spiro-amine 8 (0.11 mmol) in
1,4-dioxane (1.0 mL). The reaction mixture was allowed to react at
room temperature for 12 h. Subsequently the mixture was
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concentrated in vacuo and the residue was purified by preparative
reversed phase HPLC (C18 RP Sunfire column, gradient MeOH/H,0
(+0.1% TFA)) to afford the desired urea derivative.

9-(2-Bromo-4-methanesulfonylphenylcarbamoyl)-3,9-diaza-
spiro[5.5]undecane-3-carboxylic Acid tert-Butyl Ester (15).
Compound 15 was synthesized following the general procedure
described above. 3,9-Diaza-spiro[S.5]undecane-3-carboxylic acid tert-
butyl ester (8a) and 2-bromo-4-methanesulfonylphenylamine were
used as starting materials. Yield: 21.5 mg (41%). C,,H;,BrN;0,S (M
= 530.5 g/mol). ESI-MS: 530/532 [M + H]*. t (HPLC): 2.0S min
(Agilent 1100 with DA and Waters MS detector, Sunfire C18, 4.6 mm
X 50 mm, 3.5 ym (Waters), flow 1.5 mL/min, temperature 60 °C,
H,O (+0.1% TFA)/acetonitrile (+0.08% TFA)). "H NMR (400 MHz,
DMSO-dg): & 1.38—1.43 (m, 4H), 1.39 (s, 9H), 1.45—1.50 (m, 4H),
3.24 (s, 3 H), 3.26—3.34 (m, 4H), 3.43—3.48 (m, 4H), 7.83 (dd, 1H, J
= 8.6,2.0 Hz), 7.88 (d, 1H, J = 8.6 Hz), 8.08 (d, 1H, ] = 2.0 Hz), 8.24
(s, 1H).

General Procedure for the Synthesis of Spiro Amides 14a—c
(Library 2). To a stirred solution of acid 11 (0.10 mmol) in THF (1.0
mL) were added sequentially DIPEA (52 uL, 0.30 mmol) and chloro-
N,N,N’,N’-tetramethylformamidinium hexafluorophosphate (TCFH
12, 45 mg, 0.16 mmol). The mixture was stirred for 45 min at
room temperature prior to addition of a solution of the corresponding
amine 13 (0.12 mmol) in THF (1.0 mL). The reaction mixture was
allowed to react at room temperature for 12 h. Subsequently DMF was
added and the mixture was filtered through basic aluminum oxide
followed by washing with DMF/MeOH (9:1). The mixture was
concentrated in vacuo, and the residue was taken up in DMF and was
purified by preparative reversed phase HPLC (C18 RP Sunfire
column, gradient MeOH/H,O (+0.1% TFA)) to afford the desired
amide.

3-(4-Cyano-2,5-difluorophenylcarbamoyl)-1-oxa-2,8-diaza-
spiro[4.5]dec-2-ene-8-carboxylic Acid tert-Butyl Ester (16). To
a stirred solution of 8-(tert-butoxycarbonyl)-1-oxa-2,8-diaza-spiro[4.5]-
dec-2-ene-3-carboxylic acid (11a, 150 mg, 0.53 mmol) in THF (3.0
mL) were added sequentially DIPEA (0.27 mL, 1.58 mmol) and
chloro-N,N,N’,N’-tetramethylformamidinium hexafluorophosphate
(TCFH 12, 237 mg, 0.84 mmol). The mixture was stirred for 45
min at room temperature prior to addition of 4-amino-2,5-
difluorobenzonitrile (89 mg, 0.60 mmol). The reaction mixture was
allowed to react at room temperature for 12 h. The reaction mixture
was quenched with water and was extracted with EtOAc. The
combined organic layers were concentrated in vacuo. The residue was
taken up in DMF and was purified by preparative reversed phase
HPLC (C18 RP Sunfire column, gradient MeOH/H,0 (+0.1% TFA))
to afford compound 16 (73 mg, 33%). C,0H,,FoN,O, (M = 4204 g/
mol). ESI-MS: 421.2 [M + H]*. ty (HPLC): 0.83 min (Waters Acquity
with DA and MS detector, Sunfire C18, 2.1 mm X 50 mm, 2.5 ym
(Waters), flow 1.5 mL/min, temperature 60 °C, H,O (+0.1% formic
acid)/acetonitrile (+0.1% formic acid)). 'H NMR (400 MHz, DMSO-
dg): 6 141 (s, 9H), 1.71-1.77 (m, 4H), 3.11 (s, 2H), 3.35—3.47 (m, 4
H), 7.88—7.95 (m, 1H), 8.04—8.09 (m, 1H), 10.41 (s, 1H).

1-Oxa-2,8-diaza-spiro[4.5]dec-2-ene-3-carboxylic Acid (4-
Cyano-2,5-difluorophenyl)amide (17). To a stirred solution of
8-(tert-butoxycarbonyl)-1-oxa-2,8-diaza-spiro[4.5]dec-2-ene-3-carbox-
ylic acid (11a, 250 mg, 0.88 mmol) in DCM (40 mL) were added
sequentially DIPEA (0.31 mL, 1.80 mmol) and chloro-N,N,N’,N'-
tetramethylformamidinium hexafluorophosphate (310 mg, 1.10
mmol). Subsequently 4-amino-2,5-difluorobenzonitrile (170 mg, 1.10
mmol) was added and the reaction mixture was allowed to react at
room temperature for 7 days. The mixture was then washed
consecutively with aqueous HCl solution (1 mol/L), aqueous
Na,CO; solution, and brine. The organic layer was treated with
TFA (2 mL), and the mixture was stirred at room temperature for 2 h.
The mixture was diluted with DCM, and aqueous HCl solution (50
mL, 1 mol/L) was added. To the aqueous layer was added DCM, and
aqueous Na,COj; solution was added until the mixture was basic. The
organic layer was washed with brine followed by drying over Na,SO,
and concentration in vacuo to yield compound 17 (120 mg, 43%) as
the corresponding hydrochloride, which was used without further
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purification. C;sH,F,N,O, (M = 320.3 g/mol). ESI-MS: 321 [M +
H]*. tg (HPLC): 0.93 min (Waters ZQ MS, Alliance 2690/2695,
Waters XBridge C18 3.5 ym, 4.6 mm X 20 mm IS, flow 4.0 mL/min,
temperature 40 °C, H,0O (+0.1% TFA)/MeOH). IR (ATR) v,,,, 3344,
2236, 1696, 1526, 1485, 1430, 1237, 909, 643 cm™'. '"H NMR (400
MHz, DMSO-dy): § 1.65—1.72 (m, 4H), 2.58—2.69 (m, 2H), 2.85—
2.93 (m, 2H), 3.05 (s, 2H), 7.92—8.02 (m, 2H).

8-(3-Phenyl[1,2,4]oxadiazol-5-yl)-1-oxa-2,8-diaza-spiro[4.5]-
dec-2-ene-3-carboxylic Acid (4-Cyano-2,5-difluorophenyl)-
amide (18). 17 (18 mg, 0.056 mmol) was dissolved in NMP (1.0
mL), and DIPEA (40 uL, 0.23 mmol) and S-chloro-3-phenyl-1,2,4-
oxadiazole (13 mg, 0.072 mmol) were added. The reaction mixture
was allowed to react at 160 °C for 15 min. After the mixture was
cooled to room temperature DCM was added and the mixture was
washed consecutively with aqueous HCI solution (2 mol/L), aqueous
Na,CO; solution (10%), and brine. The organic layer was
concentrated in vacuo, and the residue was purified by preparative
MPLC (silica, DCM/MeOH = 98:2). The product containing
fractions were concentrated in vacuo, and the residue was crystallized
from diethyl ether/petrol ether to afford compound 18 (13 mg, 50%)
as a colorless solid. C,3HsF,N¢O; (M = 464.4 g/mol). ESI-MS: 465
[M + H]". tg (HPLC): 1.52 min (Waters ZQ MS, Alliance 2690/2695,
Waters XBridge C18 3.5 ym, 4.6 mm X 20 mm IS, flow 4.0 mL/min,
temperature 40 °C, H,0O (+0.1% TFA)/MeOH). '"H NMR (400 MHz,
DMSO-dy): 6 1.93—1.98 (m, 4H), 3.19 (s, 2H), 3.67—3.80 (m, 4H),
7.48-7.55 (m, 3H), 7.89—7.96 (m, 3H), 8.04—8.10 (m, 1H), 10.46 (s,
1H).

1-Oxa-2,8-diaza-spiro[4.5]dec-2-ene-3-carboxylic Acid (2,5-
Difluoro-4-methylsulfanylphenyl)amide (19). To a stirred
solution of 8-(tert-butoxycarbonyl)-1-oxa-2,8-diaza-spiro[4.5]dec-2-
ene-3-carboxylic acid (11a, 600 mg, 2.11 mmol) in 1,2-dichloroethane
(20 mL) were added sequentially DIPEA (0.65 mL, 3.780 mmol) and
HATU (12 g 3.2 mmol). The mixture was stirred at room
temperature for 45 min. Subsequently 2,5-difluoro-4-methylsulfanyl-
phenylamine (400 mg, 2.28 mmol) was added and the reaction
mixture was allowed to react at room temperature for 3 h. The mixture
was then washed consecutively with aqueous HCl solution (1 mol/L),
aqueous Na,COj; solution, and brine. The organic layer was
concentrated and taken up in ethanol/DCM. In order to remove
the boc protection group, the mixture was treated with etheric HCI
and the mixture was stirred at room temperature for 2 h. After
completion of the reaction the precipitate was collected by filtration
and was dried in vacuo to yield compound 19 (350 mg, 44%) as the
corresponding HCI salt. C;sH;,F,N;0,S-HCl (M = 377.8 g/mol).
ESI-MS: 342 [M + HJ". tg (HPLC): 1.13 min (Waters ZQ MS,
Alliance 2690/2695, Waters XBridge C18 3.5 ym, 4.6 mm X 20 mm
IS, flow 4.0 mL/min, temperature 40 °C, H,0 (+0.1% TFA)/MeOH).
'H NMR (400 MHz, DMSO-dy): 6 1.98—2.04 (m, 4H), 2.50 (s, 3H),
3.13-3.19 (m, 4H), 3.27 (s, 2H), 7.29—7.35 (m, 1H), 7.43—7.49 (m,
1H), 8.94 (bs, 2H), 10.16 (s, 1H).

8-(3-Phenyl[1,2,4]oxadiazol-5-yl)-1-oxa-2,8-diaza-spiro[4.5]-
dec-2-ene-3-carboxylic Acid (2,5-Difluoro-4-
methylsulfanylphenyl)amide (20). To a stirred solution of 19
(350 mg, 0.93 mmol) in NMP (5.0 mL) were added sequentially
DIPEA (0.65 mL, 3.76 mmol) and S-chloro-3-phenyl[1,2,4]oxadiazole
(250 mg, 1.4 mmol). The mixture was stirred for 10 min at 150 °C.
After cooling to room temperature, the reaction mixture was washed
consecutively with aqueous HCl solution (2 mol/L), aqueous Na,CO,
solution (10%), and brine. The organic layer was concentrated under
reduced pressure, and the residue was purified by MPLC (silica,
DCM/MeOH = 97:3). The product containing fractions were
concentrated in vacuo and the residue was crystallized from diethyl
ether to afford compound 20 (230 mg, 51%) as a colorless solid.
Cy3H,y FoNO5S (M = 485.5 g/mol). ESI-MS: 486 [M + H]". t
(HPLC): 1.59 min (Waters ZQ MS, Alliance 2690/2695, Waters
XBridge C18 3.5 um, 46 mm X 20 mm IS, flow 4.0 mL/min,
temperature 40 °C, H,0O (+0.1% TFA)/MeOH). '"H NMR (400 MHz,
DMSO-dg): 6 1.92—1.98 (m, 4H), 2.51 (s, 3H), 3.17 (s, 2H), 3.71—
3.77 (m, 4H), 7.30—7.36 (m, 1H), 7.45—7.55 (m, 4H), 7.89—7.93 (m,
2H), 10.16 (s, 1H).
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8-(3-Phenyl[1,2,4]oxadiazol-5-yl)-1-oxa-2,8-diaza-spiro[4.5]-
dec-2-ene-3-carboxylic Acid (2,5-Difluoro-4-
methanesulfinylphenyl)amide (21). 20 (100 mg, 021 mmol)
was dissolved in DCM (10 mL), and the mixture was cooled to 0 °C.
3-Chloroperoxybenzoic acid (38 mg, 0.22 mmol) was added, and the
reaction mixture was allowed to react at 0 °C for 2 h. The mixture was
then extracted with aqueous NaOH solution (1 mol/L), and the
organic layer was washed with brine followed by drying over Na,SO,
and concentration in vacuo. The residue was triturated with diethyl
ether, filtered, and dried to yield compound 21 (70 mg, 68%) as a
colorless solid. C,3H,,F,N;0,S (M = 501.5 g/mol). ESI-MS: 502 [M
+ H]*. tx (HPLC): 1.44 min (Waters Alliance with DA and MS
detector, Waters XBridge C18 3.5 ym, 4.6 mm X 30 mm, flow 4.0
mL/min, temperature 60 °C, H,0 (+0.1% TFA)/MeOH (+0.1%
TFA)). '"H NMR (400 MHz, DMSO-dg): § 1.94—1.99 (m, 4H), 2.87
(s, 3H), 3.19 (s, 2H), 3.71—3.78 (m, 4H), 7.49-7.55 (m, 3H), 7.56—
7.61 (m, 1H), 7.72—=7.77 (m, 1H), 7.89—7.93 (m, 2H), 10.38 (s, 1H).
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