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Potent nicotinamide phosphoribosyltransferase (NAMPT) inhibitors containing 2,3-dihydro-1H-pyrrol-
o[3,4-c]pyridine-derived ureas were identified using structure-based design techniques. The new com-
pounds displayed improved aqueous solubilities, determined using a high-throughput solubility
assessment, relative to previously disclosed urea and amide-containing NAMPT inhibitors. An optimized
2,3-dihydro-1H-pyrrolo[3,4-c]pyridine-derived compound exhibited potent anti-NAMPT activity (18; BC
NAMPT IC50 = 11 nM; PC-3 antiproliferative IC50 = 36 nM), satisfactory mouse PK properties, and was effi-
cacious in a PC-3 mouse xenograft model. The crystal structure of another optimized compound (29;
NAMPT IC50 = 10 nM; A2780 antiproliferative IC50 = 7 nM) in complex with the NAMPT protein was also
determined.

� 2013 Elsevier Ltd. All rights reserved.
Nicotinamide phosphoribosyltransferase (NAMPT; also known
in the literature as pre-B cell colony-enhancing factor/PBEF and
visfatin) catalyzes the condensation of nicotinamide (NAM) and
phosphoribosyl pyrophosphate (PRPP) to produce nicotinamide
mononucleotide (NMN; Fig. 1).1 This transformation is dependent
on the phosphorylation of a histidine residue in the NAMPT active
site by ATP, and is the rate-limiting event in the two-step conver-
sion of NAM to the important enzyme co-factor nicotinamide ade-
nine dinucleotide (NAD; Fig. 1).2 The NAM–NAD conversion
represents the only known mechanism for mammalian cells to effi-
ciently produce NAD from NAM that is liberated by NAD-consum-
ing enzymes such as PARPs and Sirtuins.3 Accordingly, NAMPT
plays a key role in maintaining appropriate intracellular NAD lev-
els, and blocking NAMPT activity may thus impair the growth
and/or function of cells which are highly reliant on NAD-depen-
dent processes for survival. Given the elevated metabolisms and
high proliferation rates associated with many tumors and/or
cancer cell lines, NAMPT inhibition is currently viewed as a novel
strategy for the development of new anticancer agents.4,5

We previously described the identification of urea-containing
NAMPT inhibitors exemplified by general structure 1 (Fig. 2) and
compound 5 (Table 1).6–8,32 We also disclosed the preparation of
NAMPT inhibitors bearing amides derived from various bicyclic
heteroaromatic moieties (e.g., structures 2 and 3, Figure 2 and
compounds 6 and 7, Table 1).9 Many examples of both the
urea-containing inhibitors and the heteroaromatic compounds
exhibited desirable biological properties including potent NAMPT
inhibition activity, acceptable oral bioavailability, and efficacy in
mice bearing human tumor xenografts. However, compounds from
both of these inhibitor classes often displayed poor aqueous solu-
bilities which complicated their further development. We there-
fore hypothesized that the introduction of a urea derived from a
cyclic, aliphatic amine into the inhibitor design (structure 4,
Fig. 2) might favorably alter intra/inter hydrogen bonding charac-
teristics relative to ureas such as 1 and thereby improve aqueous
solubility properties. This design modification also involved the
saturation of an aromatic ring present in structures 2 and 3, and
such alterations were also anticipated to beneficially impact
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Figure 1. NAD recycling and NAMPT biochemical mechanism.
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Figure 2. Design of ureas derived from cyclic, aliphatic amines as NAMPT
inhibitors.
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solubility parameters.10 In this work, we describe the identification
of NAMPT inhibitors bearing such aliphatic urea moieties as well as
the subsequent transformation of the initial lead molecules into
more optimized compounds.11

As shown in Table 1, an inhibitor containing a urea moiety de-
rived from 2,3-dihydro-1H-pyrrolo[3,4-c]pyridine exhibited potent
anti-NAMPT properties in both biochemical and cell culture assess-
ments (compound 8).12 The compound’s antiproliferation effects
were ameliorated by the addition of 0.33 mM of NMN (the product
of NAMPT catalysis; c.f., Fig. 1) to the cell assay, strongly implicat-
ing NAMPT inhibition as the causative mechanism. Importantly,
the molecule also displayed improved aqueous solubility relative
to our previously characterized NAMPT inhibitors bearing unsub-
stituted ureas or heteroaromatic amides (compare to compounds
5, 6, and 7; Table 1).13 Introduction of an amino substituent adja-
cent to the pyridine nitrogen atom present in 8 significantly wors-
ened NAMPT inhibition and solubility properties (compound 9).
Relocation or removal of the pyridine nitrogen atom contained
within 8 afforded molecules (10 and 11) which retained potent
NAMPT biochemical inhibition properties but which were devoid
of anti-NAMPT cell activity. This phenomenon likely arises from
the inability of these compounds to form PRPP-derived phosphor-
ibosylated adducts in the NAMPT active site.14 Incorporation of lar-
ger aliphatic rings into the urea inhibitor design (compounds 12
and 13, Table 1) was not tolerated, likely due to tight steric con-
straints in the NAMPT active site. Similarly, replacing the urea moi-
ety present in 8 with the corresponding sulfonyl urea functional
group led to complete loss of biological activity (compound 14, Ta-
ble 1). The above SAR studies identified the 2,3-dihydro-1H-pyrrol-
o[3,4-c]pyridine-derived urea as optimal for obtaining potent
biochemical and cell-based NAMPT inhibition properties, and this
functionality was therefore incorporated into all molecules de-
scribed in the remainder of this work.

We next explored variation of the biaryl sulfone moiety present
in compound 8. As shown in Table 2, numerous substituted aro-
matic and heteroaromatic groups were tolerated at the inhibitor
terminus (compounds 15–21). These results paralleled those from
our previous SAR studies of related NAMPT inhibitors and were
consistent with this portion of the molecules residing in a sol-
vent-exposed region in the NAMPT binding site.9 We also explored
the inclusion of various aliphatic sulfones and sulfonamides into
the inhibitor design. As shown in Table 2, saturation of the termi-
nal phenyl ring present in 8 afforded a compound (22) with
encouraging NAMPT inhibition properties but unacceptably low
stability in human liver microsomes. The poor in vitro stability of
22 could be improved by blocking metabolism on the cyclohexane
ring (23) or by reducing compound lipophilicity through the incor-
poration of various polar functional groups in this region of the
molecule (24–31). However, many of these modifications were also
detrimental to anti-NAMPT potency in the biochemical and/or cell-
based assessments. Compounds containing terminal sulfonamide
moieties (32–40) were generally weaker NAMPT inhibitors than
the related sulfones, but several exceptions to this trend were
identified (38–40). With the exception of compound 22, in vitro
human liver microsomal stabilities for all compounds depicted in
Table 2 were in the stable to moderate range. Measured aqueous
solubilities were also generally favorable with many compounds
displaying values >100 lM in the high-throughput assessment.13

In anticipation of conducting in vivo experiments with the de-
scribed NAMPT inhibitors, we profiled selected examples in a vari-
ety of additional in vitro DMPK assessments. We focused these
efforts on molecules which exhibited potent anti-NAMPT activity
(A2780 IC50 6 0.020 lM), good in vitro stability toward human
liver microsomes (HLM CL 6 10 mL/min/kg), and appropriate
aqueous solubility (>50 lM in the high throughput assessment).
As shown in Table 3, the majority of these compounds were not



Table 1
Initial structure–activity relationships

X
N
H

R

S
O O

Compd R X NAMPT IC50a (lM) A2780 IC50b (lM) Solubilityc (lM)

5d N N
H C@O 0.019 0.61 10

6
NHN

C@O 0.020 0.018 3

7
O

N
C@O 0.009 0.009 21

8
N

N
C@O 0.014 0.015 115

9

N

N

H2N

C@O 0.075 0.38 5.5

10
NN C@O 0.060 >2.0 144

11
N

C@O 0.012 >2.0 1

12 N N C@O 0.31 >2.0 115

13
N

N C@O >2.0 >2.0 102

14
N

N
SO2 >2.0 >2.0 3

All biochemical and cell-based assay results are reported as the arithmetic mean of at least two separate runs. Solubility determinations are n = 1. See supplementary data for
experimental details associated with each assessment.

a NAMPT biochemical inhibition.
b Antiproliferation activity determined in cell culture experiments using A2780 cell line. This inhibition can be reversed by addition of 0.33 mM of NMN.
c Aqueous solubility.
d Contains piperidine derived sulfonamide in place of phenyl sulfone.
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potent inhibitors of the cytochrome P450 (CYP) 3A4 isoform in
both time-dependent and non-time-dependent assessments (two
substrates examined). They also exhibited minimal inhibition of
several other CYP isoforms (2D6, 1A2, 2C19) but were strong inhib-
itors of CYP2C9. Similar CYP2C9 inhibition properties were noted
previously for related urea-containing NAMPT inhibitors.6b In con-
trast to their favorable stability toward human liver microsomes
(Table 2), the optimized 2,3-dihydro-1H-pyrrolo[3,4-c]pyridine-
derived ureas were relatively labile when tested in the presence
of mouse liver microsomes (Table 4). However, all such compounds
displayed improved stability properties when assessed using
mouse hepatocytes (Table 4). The molecules also exhibited a range
of in vitro permeability properties in MDCK cells, with those bear-
ing polar substituents displaying the lowest (poorest) values (19,
28, 29; Table 4). Mouse plasma protein binding for the compounds
was typically moderate (ca. 90% bound), although several mole-
cules with significantly higher unbound fractions were also identi-
fied (19, 29; Table 4). Collectively, the above assessments indicated
that compound 18 possessed an ideal combination of potent
NAMPT inhibition activity and attractive in vitro DMPK properties.
The molecule also exhibited antiproliferative effects against a
number of additional human tumor cell lines (Table 5), although
in some instances such activity was slightly attenuated relative
to potency against the A2780 line. Based on these favorable char-
acteristics, compound 18 was therefore progressed to in vivo
mouse PK and xenograft efficacy studies.

As shown in Figure 3 and Table 6, inhibitor 18 exhibited accept-
able bioavailability and plasma exposure following oral adminis-
tration to female NCR nude mice.15 Single-dose IV administration
of the compound determined that the molecule’s in vivo mouse
CL value resided somewhere in between those predicted from
the in vitro mouse microsome and hepatocyte stability assess-
ments (c.f., Tables 4 and 6). Importantly, BID administration of
18 at 40 mg/kg/dose afforded free mouse plasma levels which ex-
ceeded the compound’s A2780 and PC-3 antiproliferation cell cul-
ture IC50 values for at least 12 h following the first dose (Fig. 3).
Accordingly, compound 18 displayed significant efficacy in the
NCI-PC3 human prostate cancer xenograft model with relatively



Table 2
Structure–activity relationships of 2,3-dihydro-1H-pyrrolo[3,4-c]pyridine-derived ureas

O

N
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N

S
R

N
O O

Compd R NAMPT IC50a (lM) A2780 IC50b (lM) HLM CLhepc (mL/min/kg) Solubilityd (lM)

8 0.014 0.015 7.5 115

15
CF3

0.008 0.0027 14 10

16

N

CF3

0.015 0.010 13 83

17

F

F

0.0071 0.0063 8 16

18 N 0.011 0.011 3.5 183

19 N

NH2

0.017 0.020 6 124

20 N
N

0.017 0.0073 11 105

21 N
N

0.020 0.011 4 192

22 0.002 0.013 16 145

23

F

F 0.078 0.013 6 35

24
O

0.026 0.035 6 206

25e
O 0.044 0.032 7 208

26 N

O

0.083 0.11 6 187

27 N

O

0.027 0.054 11 216

28 N

O

0.031 0.0074 10 121

29 N

O

0.010 0.0070 5 214
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Table 3
CYP inhibition properties of selected NAMPT inhibitors

Compd Time-dependent CYP Inhib CYP Inhib IC50
c (lM)

3A4 TDI (T) (% AUC shift)a 3A4 TDI (M) (% AUC shift)b 3A4 (T) 3A4 (M) 2D6 1A2 2C19 2C9

8 <15 <15 >10 >10 5–10 >10 3.7 0.054
18 23 <15 >10 >10 >10 >10 >10 0.077
19 <15 <15 >10 >10 >10 >10 6.2 0.065
21 <15 <15 >10 >10 >10 >10 6.2 0.073
28 <15 <15 >10 >10 >10 >10 >10 0.30
29 <15 <15 >10 >10 >10 >10 >10 0.27

See supplementary data for experimental details associated with each assessment. All assay results are reported as the arithmetic mean of at least two separate runs. ND = not
determined.

a Time-dependent inhibition of 3A4 cytochrome P450 isoform (substrate = testosterone); >15% AUC shift considered possible TDI risk.
b Time-dependent inhibition of 3A4 cytochrome P450 isoform (substrate = midazolam); >15% AUC shift considered possible TDI risk.
c Cytochrome P450 inhibition activity (various isoforms; T = testosterone substrate, M = midazolam substrate).

Table 2 (continued)

Compd R NAMPT IC50a (lM) A2780 IC50b (lM) HLM CLhepc (mL/min/kg) Solubilityd (lM)

30
N

0.048 0.099 11 240

31 N 0.058 0.026 9 142

32 N
O

0.071 0.068 9 59

33 N

OH
0.044 0.098 6 174

34f
N

OH
0.028 0.070 ND 216

35f
N

OH
0.77 0.15 8 215

36 N
N

0.038 0.071 9 160

37
N

N

O

0.059 0.046 9 196

38

N
N

O

0.022 0.0095 13 194

39
N

O

0.020 0.010 13 272

40

N

N
0.0074 0.0056 6 6.2

See supplementary data for experimental details associated with each assessment. All biochemical and cell-based assay results are reported as the arithmetic mean of at least
two separate runs. Solubility and HLM determinations are n = 1.

a NAMPT biochemical inhibition.
b Antiproliferation activity determined in cell culture experiments using A2780 cell line. This inhibition can be reversed by addition of 0.33 mM of NMN.
c Human hepatic clearance predicted from human liver microsomes (stable, moderate, labile = <6, 6–15, >15 mL/min/kg, respectively).
d Aqueous solubility.
e Racemic mixture.
f Single enantiomer (unknown absolute configuration). ND = not determined.
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Table 4
In vitro DMPK properties of selected NAMPT inhibitors

Compd MLM CLhep
a(mL/min/kg) MH CLhep

b(mL/min/kg) MDCK Papp,A–B � 10�6 cm/sc Mouse PPB (fu)d

8 75 43 8.3 0.093
18 71 36 2.5 0.14
19 63 26 0.50 0.20
21 71 45 4.1 0.12
28 56 19 0.10 0.078
29 65 25 0.10 0.36

See supplementary data for experimental details associated with each assessment. All assay results are reported as the arithmetic mean of at least two separate runs.
a Mouse hepatic clearance predicted from mouse liver microsomes (stable, moderate, labile = <27, 27–63, >63 mL/min/kg, respectively).
b Mouse hepatic clearance predicted from mouse hepatocytes (stable, moderate, labile = <27, 27–63, >63 mL/min/kg, respectively).
c Apparent permeability coefficients (Papp,A–B) across MDCK cell monolayers.
d Mouse plasma protein binding; fraction unbound.

Table 5
Antiproliferation effects determined for compound 18 in various human tumor cell
linesa,b

HT1080 PC3 MiaPaCa2 HCT116

IC50 (nM) 25 ± 1 36 ± 19 70 ± 9 22 ± 4

a CyQuant endpoint; arithmetic mean of three separate runs (n = 3, standard
deviations are also shown).

b All antiproliferation effects were reversed by addition of 330 lM NMN, strongly
implicating NAMPT inhibition as the causative MOA. See Supplementary data for
experimental details.
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minor decreases in body weights (Fig. 4; see supplementary data
for additional details).15
Table 6
In vivo PK properties of compound 18 in nude mice.

Route Dosea (mg/kg) Cmax
b (lM) Tmax

c (h)

IV 5 — —
PO 5 0.33 0.25

a Formulation = 35:10:15:40 PEG400:EtOH:PG:H2O (solution).
b Maximum plasma concentration.
c Time at which maximum plasma concentration observed.
d Volume of distribution (steady-state).
e Clearance.
f Half-life.
g Bioavailibility. See supplementary data for experimental descriptions.

Figure 3. Mean (± standard deviation) plasma concentration-time profiles of compou
To enable further optimization of the described urea-containing
series of NAMPT inhibitors, we obtained a crystal structure of com-
pound 29 in complex with the NAMPT enzyme.16 As shown in Fig-
ure 5, the compound made numerous favorable contacts with the
protein. For example, the pyridine ring of the 2,3-dihydro-1H-pyr-
rolo[3,4-c]pyridine-derived urea moiety participated in an offset
face-to-face pi-stack with the side chains of NAMPT residues
Tyr180 and Phe193. This binding location was previously observed
to be occupied by the pyridine ring of the nicotinamide NAMPT
substrate as well as by heterocycles associated with several other
classes of NAMPT inhibitors.6,9,17 The electron density of the
NAMPT-29 structure did not allow unambiguous orientation of
the pyridine nitrogen atom. The depicted urea rotamer placed this
atom within hydrogen bonding distance of a water molecule and
Vssd (L/kg) CLe(mL/min/kg) T1/2
f (h) Fg (%)

2.04 57.7 1.12 —
— — 1.85 20.3

nd 18 in female NCR nude mice following intravenous and oral administration.
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properly positioned it for reaction with the PRPP co-factor in the
NAMPT active site.14 The urea linkage of 29 extended into a polar
portion of the substrate tunnel region and the urea NH formed a
hydrogen bond with the side chain of Asp219. As shown in Figure 5,
a water-mediated hydrogen bond was observed to bridge between
the urea carbonyl oxygen of 29 and the side chain of Ser275. The
benzylic portion of 29 formed favorable Van der Waals contacts
with the more hydrophobic regions of the NAMPT substrate tunnel
including the side chains of Val242 and Ile351. The central phenyl
ring of the inhibitor phenyl ring also participated in a favorable
edge-to-face pi interaction with the His191 side chain. The sulfone
moiety of 29 made one hydrogen bond to a structural water
molecule while the substituted piperidine fragment was highly
Figure 5. Co-crystal structure of inhibitor 29 (green) in complex with NAMPT. The ligand
as white and cyan, respectively). Water molecules are depicted as red spheres. Hydrogen
protein is shown in grey. Two phosphates (orange), likely originating from the crystalliz
solvent-exposed and made relatively few specific protein interac-
tions. For example, Van der Waals contacts were noted only be-
tween the piperidine ring of 29 and Ile309 as well as between
the ligand’s tetrahydropyran ring and Pro307. A water molecule
was also observed within hydrogen bonding distance of the piper-
idine nitrogen atom, although this entity was not present in the
other ligand binding site contained in the NAMPT dimer.16

The inhibitors described in this work were prepared by the
general method depicted in Scheme 1.18 In this approach, various
benzylic amines (41) were converted to their corresponding 4-ni-
tro-phenyl carbamates (42) and these entities were subsequently
condensed with bicyclic amines 43–47 to give the desired ureas.19

With the exception of 44 (see below), the required bicyclic amines
were commercially available and the preparations of 43,20 45,21

and 4622 are also described in the literature. The sulfonyl urea 14
was prepared from amine 41 (R = Ph) and 2,3-dihydro-1H-pyrrol-
o[3,4-c]pyridine (43) by sequentially reacting the amine compo-
nents with 2-oxo-1,3-oxazolidine-3-sulfonyl chloride generated
in situ from 2-bromoethanol and chlorosulfonyl isocyanate.23

The synthesis of bicyclic amine 44 (required for the preparation
of compound 9) is depicted in Scheme 2.24 6-Chloronicotinic acid
(48) was converted to the corresponding acyl chloride and this
binds to a site formed by the interface of two NAMPT protein monomers (depicted
bonds are indicated with dashed yellow lines, and the van der Waals surface of the
ation buffer, are also depicted. The resolution of the structure is 1.84 Å.
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entity was subsequently condensed with N,N-diisopropylamine to
afford amide 50. Directed deprotonation of 50 with lithium diiso-
propylamide followed by trapping with ethyl formate provided
aldehyde 51 which was then reduced to give the corresponding
alcohol (52). Intramolecular cyclization of 52 was then accom-
plished under acidic conditions at elevated temperature and the
resulting lactone (53) was subsequently reduced to afford diol 54.
After exposure of 54 to thionyl chloride, the resulting dichloride
(not shown) was condensed with 2,4-dimethoxybenzylamine to
provide amine 55. A second 2,4-dimethoxybenzylamino substituent
was then introduced using a palladium-catalyzed process to give
intermediate 56. Removal of both 2,4-dimethoxybenzyl moieties
present in 56 under strongly acidic conditions afforded amine 44.
The syntheses of the benzylic amines (41) required to prepare
ureas 822 and 17–20 are depicted in Scheme 3. Various aryl bro-
mides (57) were converted to their corresponding lithium sulfi-
nates (58) by n-butyllithium-mediated metal–halogen exchange
followed by trapping with sulfur dioxide gas.25 The sulfinates were
subsequently coupled with 4-bromobenzonitrile at elevated tem-
perature to give various cyano-containing sulfones (59).26 Reduc-
tion of the cyano groups present in these entities with hydrogen/
Raney nickel27 afforded the desired amines (41). The aryl bromide
57 required for the synthesis of inhibitor 20 was prepared by alkly-
ation of 4-bromo-1H-pyrazole.28 Two alternate syntheses of
sulfones 59 are also depicted in Scheme 3. In the first method,
4-fluorobenzonitrile was condensed with commercially available
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sodium benzenesulfinate to afford the desired sulfone (59,
Ar = Ph).29 In the second method, 4-fluorobenzonitrile was reacted
with 3,5-difluorobenzenethiol to give the sulfide 60. This entity
was subsequently oxidized to the corresponding sulfone (59,
Ar = 3,5-di-F–Ph) by treatment with Oxone.

The syntheses of the benzylic amines (41) required to prepare
ureas 15, 16, 21, and 22 are depicted in Scheme 4. Sulfinate inter-
mediate 619 was condensed with 3-bromo-5-(trifluoromethyl)pyr-
idine to give sulfone 62 (Ar = 3-pyridyl-5-trifluoromethyl).26

Deprotection of the N-Boc moiety present in 62 under acidic con-
ditions then afforded the desired amine 41. Similarly, sulfinate
intermediate 6329 was coupled with a variety of boronic acids to
give the corresponding sulfones 64.26 Deprotection of the N-acetyl
moiety present in 64 under acidic conditions subsequently affor-
ded the desired amines 41.

The syntheses of the benzylic amines (41) required to prepare
ureas 23–31 are depicted in Scheme 5. 4-Bromobenzenethiol was
coupled under Mitsunobu conditions with a variety of secondary
alcohols to give sulfides 66.30 These entities were oxidized to the
corresponding sulfones, and the bromides present in these oxi-
dized molecules were replaced with nitrile groups using palla-
dium-catalyzed transformations (providing intermediates 68).31
As described in Scheme 3 above, reduction of the cyano groups
present in the tetrahydropyran-containing intermediates 68 with
hydrogen/Raney nickel27 afforded the desired amines (41). The
amine 41 required to synthesize difluoro-containing inhibitor 23
was prepared by acidic deprotection of the dioxolane-containing
intermediate 67 to give cyclohexanone 69. Reaction of 69 with
(diethylamino)sulfur trifluoride (DAST) afforded intermediate 70
which was transformed to the corresponding nitrile 68 (and subse-
quently amine 41) by the methods described above. The amines 41
required to synthesize inhibitors 26 and 27 were prepared by
removal of the Boc protecting group present in the piperidine-
containing intermediate 68 under acidic conditions followed by
derivitization of the free amine (71) with various acid chlorides. The
resulting acylated intermediates (72) were reduced as described
above to give the desired amines 41. Similarly, the alkylated
piperidines (41) required for the syntheses of inhibitors 28–31 were
prepared by alkylation or reductive amination of intermediate 71
followed by nitrile reduction as previously described.

The syntheses of the sulfonamide-containing benzylic amines
(41) required to prepare ureas 32–40 are depicted in Scheme 6.
Commercially available 4-cyanobenzene-1-sulfonyl chloride was
condensed with a variety of commercially available amines to give
the corresponding sulfonamides (75). Reduction of the nitrile moi-
eties present in 75 using the hydrogen/Raney nickel procedure de-
scribed in several other synthesis Schemes then afforded the
desired amines 41.
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