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Figure 1. Previously reported 11beta-HSD1 inhibitors.

Please cite this article in press as: Udagawa, S.; et al. Bioorg. Med. Chem. Lett. (2013), http://dx.doi.org/10.1016/j.bmcl.2013.01.090
Shuji Udagawa ⇑, Satoshi Sakami, Takahiro Takemura, Mikiya Sato, Takahiro Arai, Aiko Nitta,
Takumi Aoki, Koji Kawai, Tomokatsu Iwamura, Seiji Okazaki, Takehiro Takahashi, Mie Kaino
Toray Industries, Inc., Pharmaceutical Research Laboratories, 10-1 Tebiro 6-chome, Kamakura, Kanagawa 248-8555, Japan

a r t i c l e i n f o
Article history:
Received 28 September 2012
Revised 18 January 2013
Accepted 22 January 2013
Available online xxxx

Keywords:
11beta-HSD1 inhibitor
Type 2 diabetes
7-Membered cyclicamide
Pharmacophore
Docking study
a b s t r a c t

A series of novel 5-trans-hydroxyadamantan-2-yl-5,6,7,8-tetrahydropyrazolo[4,3-c]azepin-4(1H)-ones
that inhibit 11beta-hydroxysteroid dehydrogenase type 1 are described. We discovered these 7-mem-
bered cyclic amide derivatives by introducing a distinctive linker through pharmacophore analysis of
known ligands included in X-ray co-crystal structures. Further optimization using docking studies led
to highly potent inhibitors 15b and 27, which furthermore showed the potent efficacy in in vivo studies.
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11beta-Hydroxysteroid dehydrogenase type 1 (11beta-HSD1) is
an enzyme involved in glucocorticoid regulation through catalysis
of the conversion of inactive cortisone to active cortisol in liver,
adipose, and brain tissues.1 An important role of cortisol is increas-
ing gluconeogenesis in the liver and inhibiting peripheral glucose
uptake in muscle and adipose tissue; hence excess cortisol or
11beta-HSD1 leads to insulin resistance and metabolic syndrome.

In genetic studies, mice overexpressing 11beta-HSD1 in liver or
adipose tissue exhibited several features of metabolic syndrome
and type 2 diabetes, including high active glucocorticoid levels,
insulin resistance, and glucose tolerance.2 In addition, 11beta-
HSD1 knockout mice showed increased insulin sensitivity and im-
proved glucose tolerance even when fed a high fat diet.3 These
findings suggest that 11beta-HSD1 is a novel therapeutic target
for the treatment of type 2 diabetes and metabolic syndrome;
therefore, researchers in the pharmaceutical industry have investi-
gated 11beta-HSD1 inhibition as a potential therapeutic strategy
for such diseases.4 As a result, many chemical classes have been re-
ported as potent and selective 11beta-HSD1 inhibitors (Fig. 1), for
example: AMG-221,5 PF-915275,6 BVT-2733,7 AZD-4017.8 Our goal
was to discover novel 11beta-HSD1 inhibitors with excellent po-
tency and in vivo efficacy.

To facilitate the iterative design of 11beta-HSD1 inhibitors, we
investigated X-ray crystal structures of the protein and selected
two kinds of crystal structures (Fig. 2). One is the co-crystal of cor-
ticosterone and 11beta-HSD1 (PDB code: 1Y5R),9 and the other is
the co-crystal of an adamantane derivative prepared by Abbott
(PDB code: 2IRW).10 By examining the superposition of these li-
gands included in the two crystal structures, we found a common
structural characteristic: two hydrophobic moieties are linked by
hydrogen-bonding groups in both ligands. This observation led to
the hypothesis that the combination of hydrophobic moieties and
a hydrogen-bonding linker is an essential pharmacophore of
11beta-HSD1 inhibitors. To explore this hypothesis, we attempted
to generate new ring scaffolds able to link two hydrophobic moie-
ties. Following this strategy, we designed a unique 7-membered
cyclic amide (Fig. 3). In this Letter, we report the discovery, struc-
ture–activity relationships, and pharmacological properties of a
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Table 1
11beta-HSD1 inhibitory activity of 5a–g

NN
N
R1

OHO

Compound R1 Human 11beta-HSD1
IC50 (nM)

Mouse 11beta-HSD1
IC50 (nM)

5a Me >300 >300
5b Et 111 >300
5c tert-Bu 39.3 104
5d Cyclohexyl 54.4 24.3
5e Cycloheptyl 73.9 N.D.
5f Ph 127 27.4
5g 2-Pyridyl 83.1 59.3

Figure 2. Superposition of two X-ray co-crystal structures. corticosterone (PDB
code: 1Y5R) and adamantane derivative (by Abbot; PDB code: 2IRW) with 11beta-
HSD1.
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series of novel 5-trans-hydroxyadamantan-2-yl-5,6,7,8-tetrahyd-
ropyrazolo[4,3-c]azepin-4(1H)-ones as potent 11beta-HSD1
inhibitors.

Cyclic amide analogues were prepared according to Scheme 1.
Commercially available 4-benzyloxy butanoic acid 1 was con-
verted to ketoester 211 through reaction with potassium 3-eth-
oxy-3-oxopropanoate in the presence of CDI. Treatment of 2 with
DMF–DMA gave the enamine, which was then reacted with a series
of hydrazines or hydrazine hydrochlorides to yield the correspond-
ing pyrazoles 3.12 The protecting benzyl ether was removed by
iii)
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N
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Scheme 1. Reagents and conditions: (i) potassium 3-ethoxy-3-oxopropanoate, CDI, MgC
R1-NHNH2�HCl, Et3N, EtOH, 80 �C, 35–98%; (iii) (a) H2, Pd/C, EtOH, rt; or H2, Pd(OH)2/C,
NaBH(OAc)3, AcOH, CHCl3, rt, (b) 1 N NaOH, MeOH, rt, (c) HBTU, DIPEA, CHCl3, rt, 9–56%

Figure 3. Our strategy for de
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hydrogenolysis, and then aldehyde 4 was obtained by Dess–Martin
oxidation. Reductive amination of 4 with trans-5-hydroxy-2-ada-
mantylamine13 followed by hydrolysis of the ethyl ester gave the
corresponding carboxylic acid. Lastly, intramolecular cyclization
using HBTU gave the desired 7-membered cyclic amide derivatives
5a–g.

The synthesized compounds were evaluated for inhibition of
human and mouse 11beta-HSD1 enzymes. The results are shown
in Table 1. In regard to substituent R1, the derivatives with methyl
or ethyl groups (5a and 5b) were less potent. In the case of tert-
butyl, cycloalkyl, or aryl groups (5c–5g), higher potency was ob-
served. These results suggested that the steric factor of substituent
R1 has a considerable impact on 11beta-HSD1 inhibitory activity.

Next, to further investigate the design of other inhibitors, we
carried out docking studies of the cyclic amide 5f with the X-ray
crystal structure of 11beta-HSD1 (2IRW) (Fig. 4). The results
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l2, Et3N, CH3CN, 90 �C, 86%; (ii) (a) DMF–DMA, 80 �C, (b) R1-NHNH2, EtOH, 80 �C; or
EtOH, rt, (b) DMP, CH2Cl2, rt, 21–59%; (iv) (a) trans-5-hydroxy-2-adamantylamine,
.

signing a new scaffold.
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Figure 4. Binding site of the putative structure of the complex of 11beta-HSD1 and
5f.
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revealed a hydrophobic void composed of hydrophobic amino acid
residues, such as Val231 and Val227, around the methylene linker
of the 7-memberd ring. Thus, we hypothesized that this space was
likely available for an additional ligand–protein interaction. To test
this hypothesis, we attempted to introduce substituents capable of
suitably occupying this space.

The monomethyl- or dimethyl-substituted cyclic amide deriva-
tives were prepared according to Scheme 2. Compounds 15a–d
and 16–25 were synthesized from ketoesters 8a–d, and 26–29
were synthesized from ketoester 8e. The preparation of 8a–b was
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Scheme 2. Reagents and conditions: (i) H2SO4, MeOH, rt, 99%; (ii) LDA, THF, then MeI, 0
potassium 3-ethoxy-3-oxopropanoate, CDI, MgCl2, Et3N, CH3CN, 90 �C, 95%; (v) (a) LiAlH4

rt, 60–79%; (vii) (a) NaClO2, NaH2PO4, tBuOH, H2O, rt, (b) potassium 3-ethoxy-3-oxopr
110 �C, (b) potassium 3-ethoxy-3-oxopropanoate, CDI, MgCl2, Et3N, CH3CN, 90 �C, 53%; (
80 �C, 81–86%; (x) H2, Pd/C, EtOH, rt to 50 �C; or H2, Pd(OH)2/C, EtOH, rt to 50 �C; or TBAF,
trans-5-hydroxy-2-adamantylamine, NaBH(OAc)3, AcOH, CHCl3, rt, (b) 1 N NaOH, MeOH
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as follows: Esterification of carboxylic acid 1 with concentrated
H2SO4 in EtOH, followed by methylation of the carbonyl alpha-car-
bon using LDA and MeI led to monomethylated ester 7a. The dime-
thylated ester 7b was prepared by the same procedure but with 7a
as the starting material. The desired ketoesters were prepared by
hydrolysis of these compounds followed by reaction with
potassium 3-ethoxy-3-oxopropanoate and CDI. The preparation
of 8c–d was as follows: Reduction of methylesters 7a–b with
LiAlH4, and subsequent protection of the alcohol using TBSCl, gave
the silyl-protected alcohol. Deprotection of the benzyl ether and
Dess–Martin oxidation afforded aldehydes 10c–d. Oxidation of
aldehydes to carboxylic acids progressed under Pinnick oxidation
conditions,14 and further reaction to form ketoester was performed
as described above. Compound 8e was prepared as follows: Hydro-
lysis of commercially available 3,3-dimethyldihydrofuranone with
KOH, and protection of the alcohol with MPM led to the desired
ketoester. Ketoesters 8a–e were converted to enamines by treat-
ment with DMF–DMA, and cyclized by reaction with a series of
hydrazines or hydrazine hydrochlorides to give pyrazole 12. The
alcohol was deprotected by hydrogenolysis or treatment with TBAF
or CAN, and then oxidized to aldehyde 14. Further steps to the
substituted cyclic amides followed the approach shown in Scheme
1.

The effects of methyl substitution at the methylene linker (i.e.,
the 7- or 8-positon of the tetrahydropyrazoloazepin ring) were
examined (Table 2). The results suggest that methyl substitution
significantly enhanced in vitro inhibitory activity, and that hydro-
phobicity at the 7- or 8-position was advantageous for inhibition of
11beta-HSD1. Next, the inhibitory activities of the 7- and 8-substi-
tuted compounds were compared between human and mouse
11beta-HSD1. The potency of the compounds was in the following
order: no substitution (5f) < 7-monomethyl (15c) < 7,7-dimethyl
(15d) < 8-monomethyl (15a) < 8,8-dimethyl (15b). Notably,
methyl substitution at the 8-position achieved an approximately
15-fold improvement in potency over the non-substituted com-
pound for inhibition of human 11beta-HSD1. Therefore, this strat-
egy led to more potent compounds. Additionally, further
derivatization of R1 was performed. For this series, an interesting
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�C, 94%; (iii) LDA, THF, then MeI, 0 �C, 94%; (iv) (a) 1 N NaOH, MeOH, rt to 50 �C, (b)
, THF, rt, (b) TBSCl, imidazole, DMF, rt, 86–94%; (vi) (a) H2, Pd/C, rt, (b) DMP, CH2Cl2,

opanoate, CDI, MgCl2, Et3N, CH3CN, 90 �C, 46–54%; (viii) (a) KOH, MPMCl, toluene,
ix) (a) DMF–DMA, 80 �C, (b) R1-NHNH2, EtOH, 80 �C; or R1-NHNH2�HCl, Et3N, EtOH,
THF, rt; or CAN, MeCN, H2O, rt, 17–83%, (xi) DMP, CH2Cl2, tBuOH, rt, 58–81%, (xii) (a)
, rt to 60 �C, (c) HBTU, DIPEA, CHCl3, rt, 41–60%.
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Table 3
Optimization of phenyl substitution: 11beta-HSD1 inhibitory activity of 15b and
19–29

NN
N

OHO

Me Me

R6

Compound R6 Human 11beta-HSD1
IC50 (nM)

Mouse 11beta-HSD1
IC50 (nM)

15b H 8.9 9.8
19 2-Me <10 8.0
20 3-Me 13 7.9
21 4-Me 5.4 31.5
22 2-OMe 11.1 18.4
23 4-OMe 11.1 >100
24 3-F 6.7 28.7
25 4-F 3.8 34.7
26 3-Cl 9.8 17.0
27 4-Cl <3 35.0
28 3-CF3 8.0 25.5
29 4-CF3 19.8 28.5

Table 2
11beta-HSD1 inhibitory activity of 5f, 15a–d and 16–18

NN
N
R1

OHO

R2
R3 R4

R5

Compound R1 R2 R3 R4 R5 Human 11beta-HSD1
IC50 (nM)

Mouse 11beta-HSD1
IC50 (nM)

5f Ph H H H H 127 27.4
15a Ph Me H H H 11.9 12.2
15b Ph Me Me H H 8.9 9.8
15c Ph H H Me H 25.3 71.8
15d Ph H H Me Me 3.5 39.3
16 Me Me Me H H 29.3 >100
17 Cyclohexyl Me Me H H 36.1 23.7
18 2-Pyridyl Me Me H H 10.3 >100
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finding was that the most appropriate substituent proved to be
phenyl.

Next, we introduced substituents on the phenyl ring to optimize
15b (Table 3). A variety of substituents were well-tolerated.
Although 19 bearing a 2-methyl substituent gave high in vitro
inhibitory activity, this compound was found to have low stability
against human cytochrome P450 (CYP) metabolism
(CLint = 0.041 mL/min/mg). Among assessed compounds, 15b and
Figure 5. In vivo effects of 15b and 27 and piogli

Please cite this article in press as: Udagawa, S.; et al. Bioorg. Med. Chem
27 showed excellent stability against CYP metabolism (15b:
CLint = 0.002 mL/min/mg; 27: CLint = 0.008 mL/min/mg). For these
two derivatives, in vivo efficacy was tested in a disease mouse
model. Diet-induced obesity (DIO) mice were orally administered
30 mg/kg of 15b, 27, or pioglitazone, which is among the most
commonly used first-line drugs for type 2 diabetes treatment.15

Then blood glucose excursion was examined. Some levels of the
reduction in fasting glucose level were observed in mice adminis-
tered 15b or 27 (Fig. 5). These results showed that 15b and 27 were
orally active and they showed the same tendency as pioglitazone
in DIO mice.

In conclusion, we have discovered novel 7-membered cyclic
amide derivatives that are potent 11beta-HSD1 inhibitors, through
pharmacophore analysis of known ligands included in X-ray co-
crystal structures. Our initial hit compound showed relatively
weak inhibitory activity; we then investigated the putative struc-
ture of the complex of 11beta-HSD1 protein and 5f in a docking
study. From this study, we found a hydrophobic void in the binding
site of the protein, which was available for another ligand–protein
interaction. In line with our hypothesis, significant improvements
in potency were achieved by introducing methyl substitution at
the methylene linker. Compound 15b and 27 were orally active
and also showed potent in vivo efficacy similar to that of the stan-
dard therapeutic agent in DIO mice model as well as the excellent
inhibition of 11beta-HSD1. Further optimization of the derivatives
is now being investigated.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmcl.2013.01.
090.
tazone on fasting blood glucose in DIO mice.
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