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’ INTRODUCTION

Diabetes is an abnormal state marked by an inability to make
sufficient insulin (type 1 diabetes) or by an inability to appro-
priately respond to insulin (type 2 diabetes). Both conditions
lead to elevated concentrations of glucose in the blood. The
estimated global diabetes prevalence in 2010 is 285 million and is
predicted to rise to 438 million by 2030 (IDF, Diabetes Atlas).1

When left untreated, diabetes results in serious complications
including cardiovascular disease, renal failure, and retinal da-
mage. Moreover, diabetes is often associated with comorbidities
of obesity, dyslipidemia, and hypertension. This assembly of
diseases is known as metabolic syndrome.2 Current therapies
include life style intervention, oral antidiabetes drugs, and
injections of insulin or incretin mimetics. The need for novel,
safe, and easy to administer alternatives persists because of
inadequate improvement in glycemic control and/or intolerable
side effects.3 In recent years, advances in understanding the
fundamental biology underlying the diseases comprising meta-
bolic syndrome have raised possibilities for pharmacological
interventions that directly impact their etiology and progression.
One enzyme proposed to be critical for the development of
metabolic syndrome is 11β-hydroxysteroid dehydrogenase type
1 (11β-HSD1), a member of the short chain dehydrogenase/
reductase (SDR) superfamily4,5 responsible for the local activa-
tion of inactive cortisone to the active glucocorticoid cortisol.

Plasma cortisol is primarily synthesized de novo in the zona
fasciculata of the adrenal cortex in response to stimuli from the
hypothalamic�pituitary�adrenal axis (HPA).6,7 Cortisol binds to

and activates the glucocorticoid receptor, resulting in increased
expression of awide range of genes involved inmetabolism, immune
response, bone formation, memory, and reproduction. More
specifically, cortisol drives gluconeogenesis in the liver and
adipogenesis in adipose tissue, which when elevated may con-
tribute to metabolic syndrome. Circulating levels of cortisol are
tightly controlled through the HPA axis, as well as by binding to
corticosteroid-binding globulin and serum albumin and by
inactivation to cortisone by 11β-hydroxysteroid dehydrogenase
type 2 (11β-HSD2), an NAD-dependent oxidase expressed
primarily in the kidney.8

However, tissue-specific and intracellular concentrations of
cortisol vary from plasma levels primarily because of the expres-
sion and activity of 11β-HSD1 and 11β-HSD2.9 NADPH-
dependent 11β-HSD1 is primarily expressed in liver and adipose
tissue, and its elevated expression in adipose tissue has been
linked to obesity, insulin resistance, diabetes, and cardiovascular
disease in humans.10�14 There is considerable overlap between
the symptoms of hypercortisolism (Cushing’s syndrome) and
those of the metabolic syndrome.15 Transgenic mice selectively
overexpressing 11β-HSD1 in adipose tissue exhibit visceral
obesity, insulin resistance, and hypertension,16,17 while 11β-
HSD1 knockout mice are resistant to diet induced obesity and
have increased insulin sensitivity.18�20 Thus, a selective inhibitor
of 11β-HSD1 may lower tissue-specific levels of cortisol and may
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ABSTRACT: Structure based design led directly to 1,3-oxazi-
nan-2-one 9awith an IC50 of 42 nM against 11β-HSD1 in vitro.
Optimization of 9a for improved in vitro enzymatic and cellular
potency afforded 25f with IC50 values of 0.8 nM for the enzyme
and 2.5 nM in adipocytes. In addition, 25f has 94% oral bioavail-
ability in rat and >1000� selectivity over 11β-HSD2. In mice,
25f was distributed to the target tissues, liver, and adipose, and
in cynomolgus monkeys a 10 mg/kg oral dose reduced cortisol
production by 85% following a cortisone challenge.
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be useful for the treatment of diabetes and other morbidities
associated with metabolic syndrome.

Carbenoxolone (1, Figure 1), a semisynthetic derivative of the
natural product 18β-glycyrrhetinic acid, is a nonselective inhi-
bitor of 11β-HSD1 and of 11β-HSD2. Despite its lack of
selectivity for 11β-HSD1, 1 has been investigated in animal
and human studies where it improved insulin sensitivity.21,22

Since 2002,23 several classes of more selective, synthetic inhibi-
tors of 11β-HSD1 have been reported.24�26 Triazole 2 increased
insulin sensitivity and decreased fasting glucose, cholesterol, and
adipose tissue mass in mice.27 Thiazolone 3 dosed at 25 mg/kg b.
i.d. for 13 days to mice with DIO reduced fed blood glucose and
plasma insulin levels.28 Oral dosing of thiazolone 4 has been
reported to increase plasma adiponectin levels and decrease
fasting glucose levels in KKAγ mice.29,30 Sulfonamide 5 has been
shown to reduce fed glucose and fasted insulin in mice when
incorporated into a high fat diet at 30 (mg/kg)/day.31 The activity
of these compounds in animal models further validates the
potential for selective inhibitors of 11β-HSD1 in the treatment
of diabetes.

Several 11β-HSD1 inhibitors are reported to have entered
clinical trials, including adamantylamide 6.32 When added to
ongoing metformin therapy in a phase 2 trial, a 200 mg dose of
INCB13739 (structure not disclosed) reduced HBA1C by 0.6%
and fasting plasma glucose by 24 mg/dL.33 A 6 mg/day dose of
MK-0916 (structure not disclosed) in a phase 2 trial in patients
with type 2 diabetes did not improve fasting plasma glucose;
however, modest improvements in HBA1C, body weight, and
blood pressure were observed.34

’DISCUSSION OF ENZYME STRUCTURE

Prior to initiation of our medicinal chemistry program, we
examined the crystal structures of 11β-HSD1 that were publicly
available at that time (PDB codes 1XSE, 1XU7, 1XU9, 1Y5M,
1Y5R, 2BEL). In 11β-HSD1, Ser170 and Tyr183, along with the
cofactor NADPH, are key elements involved in the catalytic

cycle. In the mouse 11β-HSD1 structure 1Y5R,35 the side chain
hydroxyl groups of Ser170 and Tyr183 both donate hydrogen
bonds to the hydroxyl oxygen at C11 of corticosterone, the
murine analogue of cortisol. 1n 2BEL, a human 11β-HSD1
structure, Ser170 and Tyr183 donate hydrogen bonds to the
ketone and ring E carboxylate of 1, respectively. 11β-HSD1 has
large, primarily hydrophobic pockets on both sides of the key
hydrogen-bonding residues, Ser170 and Tyr183. One of these
(pocket I) is formed by the cofactor, Thr124, Leu126, and
Val180. The second hydrophobic pocket (pocket II) is formed
by Leu126, Val180, and Tyr177. In 2BEL, Pocket II has a large
opening to solvent due to the truncated C-terminus of the
protein construct used for crystallization. Subsequently, a full
length dimeric human 11β-HSD1 X-ray structure, 2IRW,36 was
published. This structure revealed that the hydrophobic residues
of the C-terminal tail of the second monomer substantially close
off pocket II, leaving a much smaller opening to solvent than is
present in 2BEL. Our early design work employed 2BEL, but
once the more physiologically relevant 2IRW became available,
this was adopted.

Figure 1. Literature 11β-HSD1 inhibitors.

Figure 2. Design of oxazinanone 11β-HSD1 inhibitors.
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’TEMPLATE DESIGN

The 1,3-oxazinan-2-one ring system 7 was one of a small
number of cyclic, carbonyl-containing rings selected as starting

templates (Figure 2). Fragment 7 was docked into the binding
site of the 2BEL structure of 11β-HSD1 with the carbonyl
oxygen of the cyclic carbamate positioned to accept a hydrogen
bond from the hydroxyl of Ser170 and the ring oxygen positioned
to accept a hydrogen bond from the hydroxyl of Tyr183. This
binding mode was suggested by the hydrogen bonding network
of the 1,2,4-triazole ligand in fungal SDR structure 1YBV.37 By
use of a proprietary structure based design tool,38 more than
5000molecules were grown in silico by adding fragments directly
to the N3 and C6 positions of 7. Diphenyloxazinanone 8 was
selected from this set of de novo grown molecules based on its
excellent and complementary fit to the binding pocket of the
enzyme (Figure 3). In the model of 8, both the carbonyl oxygen
and the ring oxygen remained in good hydrogen bonding
distance to the hydroxyl groups of Ser170 and Tyr183. The
3-phenyl substituent enjoyed excellent hydrophobic interactions
with the enzyme. However, to achieve a good fit to the enzyme
binding site, the 6-phenyl substituent had to adopt an energeti-
cally unfavorable pseudoaxial orientation on the oxazinanone
ring. To reduce the energetic penalty for the pseudoaxial
orientation, we appended a methyl group at the 6-position of
the oxazinanone. This methyl group was also expected to block
oxidative metabolism at the benzylic position. In addition, to fill
pocket II better, we appended a methyl group at the meta
position of the 3-phenyl ring. These changes gave compound
(R)-9a which retained the hydrogen bond network to the
carbamate oxygens modeled for 8. The added methyl groups
better filled pockets I and II, and an improved fit of the 6-phenyl
group within pocket I was observed. Compound 9a and analogues
of general structure 9 were selected for synthesis.

’CHEMISTRY

Compounds of general structure 9 (Table 1) were prepared as
shown in Scheme 1. Addition of allyl Grignard to acetophenone
(10) followed by ozonolysis and selective tosylation of the
primary alcohol gave hydroxytoslyate 11a. Enantiopure hydro-
xytosylates 11b were prepared from the corresponding commer-
cially available (R) and (S) enantiomers of 12. The oxazinanone
ring was formed in one pot by treatment of hydroxytosylates 11
with aryl isocyanates in the presence of DBU. The enantiomers of
9a were separated by HPLC on a chiral column.

N-(4-Bromobenzyl) analogue 16 was prepared as shown in
Scheme 2. Hydroxynitrile 13, prepared by addition of acetonitrile
anion to acetophenone (10), was reduced with borane to amino

Figure 3. Model of 8 bound to the 2BEL structure of human 11β-
HSD1. The second monomer chain is not shown. Ligand 8 interacts
with the catalytic site through hydrogen bonds between the carbonyl
oxygen and the side chain hydroxyl of Ser170 and between the ring
oxygen and the side chain hydroxyl of Tyr183.

Scheme 1. Synthesis of Analogues 9a

a See Table 1 for definitions of R3 and X. Reagents and conditions: (a) H2Cd=CHCH2MgBr, THF,�70 �C to room temp; (b)O3, CH2Cl2,�70 �C,
then NaBH4, �20 �C; (c)TsCl, Et3N, CH2Cl2, 0 �C to room temp; (d) X-C6H4NCO, DBU, THF, CH2Cl2, 0 �C to room temp.

Table 1. Aniline SAR

compd R3 X enzyme IC50
a (nM)

9a Me 3-Me 42

9a1b Me 3-Me 23

9a2c Me 3-Me 152

9b1d H 3-Me 999

9b2e H 3-Me 353

9c Me H 160

9d Me 2-Cl 40

9e Me 3-Cl 103

9f Me 3-Br 23

9g Me 4-Cl 229

9h Me 4-CF3 805

16f Me 631
aAverage of at least two replicates. bShorter tR isomer. Stereochemical
configuration not assigned. cLonger tR isomer. Stereochemical configuration
not assigned. d (R) isomer. e (S) isomer. fStructure is shown in Scheme 2.
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alcohol 14. Treatment of 14 with triphosgene afforded oxazinanone
15 which was N-alkylated with 4-bromobenzyl bromide to give 16.

Compounds of general structure 18 (Table 3) were prepared as
shown in Scheme 3. Starting bromide 9f was prepared as shown in
Scheme 1, while 17 was accessed as shown in Scheme 4. Suzuki
coupling of fluorophenylboronic acids with 9f and 17 afforded
18a�f. The allyl R3 substituent of compound18fwas converted to a
2-hydroxyethyl group in 18g by ozonolysis and borohydride reduc-
tion. Hydroboration effected the conversion of the allyl R3

substituent in 18f to the 3-hydroxypropyl substituent in 18h. The
enantiomers of two compounds, 18d and 18h, were separated by
preparative SFC on a chiral column.

Bromides 22 (Scheme 5) were used as key intermediates to
access analogues of general structure 25 (Table 4). Reaction of
3-chloropropiophenones 20 with allyl Grignard in the presence
of CeCl3 gave chloro alcohols 21, which were treated with
(S)-4-bromo-R-methylbenzyl isocyanate to give bromooxazina-
nones 22 as mixtures of diastereomers. Suzuki coupling of

Scheme 2. Synthesis of 16a

aReagents and conditions: (a)MeCN, n-BuLi, THF,�20 �C to room temp; (b) BH3 3Me2S, THF, reflux, 16 h; (c) triphosgene, Et3N, CH2Cl2, 0 �C, 1 h;
(d) 4-bromobenzyl bromide, NaH, THF, room temp, 16 h.

Scheme 3. Synthesis of Analogues 18a

a SeeTable 3 for definitions of R3 and Y. Reagents and conditions: (a) Y-PhB(OH)2, Pd(PPh3)2Cl2, NaHCO3, H2O, THF, reflux; (b) O3, CH2Cl2,�78 �C,
then NaBH4, �20 �C to room temp; (c) BH3 3THF, 0 �C to room temp, then NaBO3 3H2O, H2O, 0 �C to room temp.

Scheme 4. Synthesis of Intermediate 17a

aReagents and conditions: (a) Me2NH, HCHO, HCl, EtOH, 70 �C, 16 h; (b) 3-Br-C6H3NH2, 1:1 H2O/EtOH, 80 �C, 16 h; (c) MeOCOCl, K2CO3,
THF, 0 �C to room temp, 2 h; (d) H2CdCHCH2MgBr, THF, �70 �C to room temp, 2 h.
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bromooxazinanones 22 with 4-fluoro and 2,4-difluorophenyl-
boronic acids afforded biphenyl intermediates 23. The allyl side
chains were elaborated to the 2-hydroxyethyl and 3-hydroxypro-
pyl side chains, as described above for 18g and 18h, to give
diastereomeric products 24 and 25. Compound 25e (Table 4),
with an ethyl group at the benzylic position, was prepared by an
analogous sequence using (S)-4-BrC6H4CHEtNCO in the second
step. In one case (25k), the allyl group of bromo intermediate 23d

was elaborated to 2-hydroxyethyl prior to Suzuki coupling. The
desired, potent compounds 25 were readily separated from the
undesired diastereomers 24 by chromatography on silica gel.
Separation of the diastereomers of 22 and 23 on silica gel could
also be achieved routinely. In all cases, the potent diastereomers
25, and the diastereomers of precursors 22 and 23 that could be
converted to 25, were characterized by a consistent downfield shift
of the benzylic methyl doublet (∼1.5 ppm) in the 1H NMR

Scheme 5. Synthesis of Biphenylethyl Analogues 25a

aDefinitions of R3, Y, and Z in 25 are given in Table 4. Reagents and conditions: (a) H2CdCHCH2MgBr, CeCl3, THF, �78 �C to room temp, 16 h;
(b) (S)-4-Br-C6H4CHMeNCO, DBU, THF, reflux, 1 day; (c) Y-C6H5B(OH)2, (PPh3)2PdCl2, Na2CO3, H2O, THF; (d) O3, CH2Cl2, �78 �C, then
NaBH4,�20 �C to room temp; (e) NaIO4, OsO4, 1:1 H2O/THF, room temp, 2 h, then NaBH4, MeOH, room temp, 1 h; (f) BH3 3THF, 0 �C to room
temp, then NaBO3 3H2O, H2O, 0 �C to room temp.

Figure 4. Diastereomers of 25f.
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spectrum compared to the same resonance in 24 (∼1.2 ppm). The
absolute configuration of 25f (Table 4) was established by X-ray
crystallography, and the configurations of other analogues were
assigned based on the 1H NMR chemical shift of the benzylic

methyl doublet. Compounds 27 and 28 (Figure 4), the enantio-
mers of 24f and 25f, were prepared by the sequence shown in
Scheme 5 using (R)-4-bromo-R-methylbenzyl isocyanate in the
second step.

Scheme 6. Elaboration of 2-Hydroxyethyl to Other Two-Carbon Side Chainsa

aReagents and conditions: (a) Jones reagent, Me2CO, 0 �C to room temp, 16 h; (b) NH3, EDC, HOBt, i-Pr2NEt, CH2Cl2, room temp, 16 h; (c) MsCl,
Et3N, CH2Cl2, 0 �C to room temp, (d) NaN3, DMF, 70 �C, 16 h; (e) PPh3, 20:1 THF/H2O, room temp, 16 h; (f) Ac2O, NaOAc, room temp, 2 h;
(g) H2CONH2, HCl, H2O, reflux, 16 h; (h) MeNH2, CDI, i-Pr2NEt, CH2Cl2, room temp, 16 h; (i) EtNH2, CDI, i-Pr2NEt, CH2Cl2, room temp, 16 h;
(j) MeSO2Cl, Et3N, CH2Cl2, room temp, 2 h; (k) H2NSO2NH2, dioxane, reflux, 16 h.

Scheme 7. Elaboration of 3-Hydroxypropyl to Other Three-Carbon Side Chainsa

aReagents and conditions: (a) Jones reagent, Me2CO, 0 �C to room temp, 16 h; (b) R30NH2, EDC, HOBt, i-Pr2NEt, CH2Cl2, room temp, 16 h;
(c) MsCl, Et3N, CH2Cl2, 0 �C to room temp; (d) NaN3, DMF, 70 �C, 16 h; (e) PPh3, 20:1 THF/H2O, room temp, 16 h; (f) H2CONH2, HCl, H2O,
reflux, 16 h; (g) MeNH2, CDI, i-Pr2NEt, CH2Cl2, room temp, 16 h; (h) MeSO2Cl, Et3N, CH2Cl2, room temp, 2 h.
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The syntheses of analogues 26 (Table 5) in which the
2-hydroxyethyl or 3-hydroxypropyl side chains in 25f and
25g were further elaborated are depicted in Schemes 6 and 7,
respectively. Oxidation of alcohols 25f and 25g to carboxylic
acids followed by amide formation afforded 26a, 26i, and 26j.
Alcohols 25f and 25g were converted to the corresponding
primary amines 26b and 26kwhich were used to access a number
of acylated derivatives (26c�h, Scheme 6; 26l�n, Scheme 7).

’BIOLOGICAL ASSAYS

Compounds were assayed for inhibition of 11β-HSD1 in
enzyme- and cell-based assays. Both assays measured the con-
version of [3H]cortisone to [3H]cortisol, which was quantified
using SPA beads and a microscintillation plate reader.39 Enzyme
assays used recombinant 11β-HSD1 isolated as a microsomal
preparation from CHO cells. Assays were performed in 25 mM
HEPES, pH 7.4, 50 mMKCl, 2.5 mMNaCl, 1 mMMgCl2, 1 mM
NADPH, and 80 nM [3H]cortisone at room temperature for 1 h.
Cell-based potency was assessed in differentiated human adipo-
cytes by the addition of cortisone (80 nM [3H]cortisone). Cells

were incubated at 37 �C for 2 h, and [3H]cortisol production
was quantitated by HPLC. IC50 values represent the mean of at
least duplicate assays and were generated from an eight-point
concentration�response curve.

’RESULTS AND DISCUSSION

Designed compound 9a had enzyme and adipocyte IC50 of 42
and 166 nM as a racemate. The enantiomers of 9awere separated
by chiral chromatography, and isomer 9a1 was substantially
more potent than 9a2. The absolute configuration of 9a1 was
not determined. The importance of the methyl group at the
6-position of the oxazinanone ring, introduced to favor the
desired pseudoaxial conformation of the 6-phenyl ring in pocket
I, was demonstrated by preparation of 9b1 and 9b2, both of
which were less potent than 9a1. Substitution on the N-phenyl
ring was briefly examined. Deletion of the methyl group at the
meta-position decreased potency (9c versus 9a). Introduction of
chlorine at the ortho-position (9d) or bromine at the meta-
position (9f) restored potency levels comparable to that of 9a,
while chlorine substitution at the para-position (9g) was un-
favorable. A rat PK study showed that 9a1 had low oral
bioavailability and was subject to rapid clearance (Table 2).

Inspection of a model of 9a bound to 11β-HSD138 suggested
that the m-methyl group of 9a could be replaced with a phenyl
ring to give 18a which was expected to better fill hydrophobic
pocket II. With an enzyme IC50 of 4.7 nM, compound 18a
(Table 3) was 9� more potent than 9a. The adipocyte
potency of 18a exhibited a 2.5� improvement over that of
9a; however, its t1/2 in rat liver microsomes (RLM t1/2) was
only 16 min. Introduction of fluorine substituents on the
aromatic rings was expected to improve metabolic stability.
In fact, fluorine (Table 3) and other small lipophilic substit-
uents (data not shown) were generally tolerated on the distal
ring of the biphenyl system, and fluorine in the para position
(18d) increased the RLM t1/2 to >60 min. The 2,4-difluoro
substitution in 18e proved to be especially favorable with

Table 2. Rat PK Dataa

compd

po AUC(inf)

(ng 3 h/mL)
po t1/2
(h)

iv CL

(mL/(min 3 kg)) F (%)

9a1b 99 0.8 71 4

18g1c 1045 4.7 71 44

25bd 915 3.6 48 19

25dd 450 1.6 86 23

25fe 3870 3.0 41 94

25kd 3168 3.3 44 83
a iv dose of 2 mg/kg, po dose of 10 mg/kg. b po vehicle: 10% ethanol/
10% Tween 80/80% PEG 400 (solution). c po vehicle: 1% DMSO qs
with 10% ethanol/10% Tween 80/80% PEG 400 (solution). d po vehicle:
0.5% methyl cellulose in deionized water (homogeneous suspension).
e 10% ethanol/10% polysorbate 80/80% PEG 400 (solution).

Table 3. Biphenyl SAR

compd R3 Y enzyme IC50
a (nM) adipocyte IC50

a (nM) RLM t1/2 (min)

18a Me H 4.7 64 16

18b Me 2-F 12 40

18c Me 3-F 4.2 50

18d Me 4-F 3.3 62

18d1b Me 4-F 3.3 36

18d2c Me 4-F 29

18e Me 2,4-di-F 1.6 24 75

18f CH2dCHCH2 2,4-di-F 3.2 50

18g HOCH2CH2 2,4-di-F 1.2 4.4

18g1d HOCH2CH2 2,4-di-F 0.8 1.9 47

18g2e HOCH2CH2 2,4-di-F 140 570

18h HOCH2CH2CH2 2,4-di-F 4.4 6.9
aAverage of at least two replicates. b Longer tR isomer on a ChiralCel-AS column. c Shorter tR isomer on a ChiralCel-AS column. d Longer tR isomer on a
Chiralpak IA column. e Shorter tR isomer on a Chiralpak IA column.
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enzyme and adipocyte potencies 3� better than 18a. Despite
the attractive potency of 18e, its hydrophobicity (alogP > 5;
PSA = 30 Å2) was outside the desirable range for druglike
molecules.

Two approaches were explored to reduce hydrophobicity by
introduction of polar functionality groups. First, a library of 34
analogues of general structure 18 with polar Y substituents was
prepared by coupling commercially available boronic acids to 9f.
As predicted by our model, polar Y substitutuents were not
tolerated (data shown in Supporting Information).

The second approach resulted from examination of a model of
(R)-18e bound to the protein. This model suggested the
possibility of forming hydrogen bonds to the pyrophosphate
portion of the NADP cofactor using the 6-methyl substituent on
the oxazinanone ring as an attachment point. Models suggested
that replacement of themethyl group with a 2-hydroxyethyl ((S)-
18g) or 3-hydroxypropyl ((R)-18h) moiety would position a
hydroxyl group within hydrogen bonding distance of the NADP
cofactor pyrophosphate. These compounds were prepared as
their racemates. The 2-hydroxyethyl compound 18g retained the
enzyme potency of 18e, while 18h was 2.5� less potent. In the

adipocyte assay, both 18g and 18h were markedly more potent
than 18e. The isomers of 18gwere separated by chromatography
on a chiral column, and isomer 18g1was shown to be responsible
for the activity of 18g. In a rat PK study, 18g1 demonstrated
substantially greater exposure than 9a1, although it remained
subject to high clearance (Table 2). The calculated physical
properties of 18g1 (alogP = 4.6; PSA = 50 Å2) were more
favorable than those of 18e.

Despite its improved physical properties and PK profile, the
aniline functionality of 18g1 was considered undesirable in a
chronically administered drug.40,41 Replacement of theN-phenyl
group with anN-benzyl group was investigated. Examination of a
model of 16 suggested that an (S)-methyl group at the benzylic
carbon would gain hydrophobic interactions but that transposi-
tion of the distal phenyl ring from the meta to para position
would be necessary to properly occupy pocket II.

Thus, 25a and 25b, (S)-R-methylbenzyl analogues of 18g and
18h, were prepared and exhibited excellent enzyme and cell
potencies (Table 4). The 3-hydroxypropyl compound 25b
suffered a greater loss in potency in the presence of human plasma
than 25a. Analogues25c and 25d, in which the Y substitutuentwas

Table 4. SAR of Biphenylmethyl Analogues 25

compd R1 R3 Y Z

enzyme

IC50
a (nM)

adipocyte

IC50
a (nM)

enzyme/plasma

IC50 (nM)

CYP3A4 IC50
a

(μM)

RLM t1/2
(min)

25a Me CH2CH2OH 2,4-di-F H 0.7 0.9 8.4 16

25b Me CH2CH2CH2OH 2,4-di-F H 0.6 0.7 17.9 14 18

25c Me CH2CH2OH 4-F H 0.5 0.8 5.7 28

25d Me CH2CH2CH2OH 4-F H 0.6 0.4 11.9 11 28

25e Et CH2CH2CH2OH 4-F H 0.6 0.9 18.7 1.5 >60

25f Me CH2CH2OH 2,4-di-F 4-F 0.8 2.5 17.5 12 119

25g Me CH2CH2CH2OH 2,4-di-F 4-F 1.1 2.1 18.0 >30 21

25h Me CH2CH2CH2OH 4-F 2-F 0.9 1.2 8.6 6 32

25i Me CH2CH2CH2OH 4-F 3-F 0.9 1.3 11.8 7 63

25j Me CH2CH2CH2OH 4-F 4-F 0.6 0.7 14.7 8 29

25k Me CH2CH2OH 4-F 4-F 0.5 1.5 18.5 21 58
aAverage of at least two replicates.

Figure 5. Model of 25f bound to the 2IRW structure of human 11β-HSD1. The side chain hydroxyl of Ser170 forms a hydrogen bond to the carbonyl
oxygen of the ligand, while the phenolic hydroxyl of Tyr183 lies within hydrogen bonding distance of both the carbonyl and ring oxygen atoms of the
ligand. The primary alcohol of the ligand forms a hydrogen bond to a phosphate oxygen of NADP. The 4-fluorophenyl ring stacks with Tyr183, and its
para carbon fits into a hydrophobic subpocket formed by Thr124, Ser125, Leu126, and Val180. The 2,4-difluorophenyl ring interacts with the Tyr284
side chain of the partner chain in this model.
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changed from 2,4-difluoro to 4-fluoro, showed similar trends.
Changing the R1 substituent from methyl to ethyl increased both
plasma shift and CYP3A4 inhibition (25e versus 25d). Introduc-
tion of a 4-fluoro substituent on the left-hand phenyl ring gave 25f
and 25g, both of which had excellent enzyme and cell potency,
combined with limited CYP3A4 inhibition. Hydroxyethyl com-
pound 25f was distinguished by its superior metabolic stability in
rat liver microsomes. Analogues of 25d with fluoro substitution at
the 2-position (25h), 3-position (25i), and 4-position (25j) on the
left-hand phenyl ring all had excellent potency but had IC50 < 10
μM against CYP3A4. Introduction of a 4-fluoro substituent onto
the left-hand phenyl ring of 25c raised the CYP3A4 IC50 above
10 μM and gave 25k with good RLM stability. Rat PK parameters
were determined for 25b, 25d, 25f, and 25k. The monofluoro,
3-hydroxypropyl analogue 25d demonstrated the highest clear-
ance (Table 2). Both 2-hydroxyethyl compounds, 25f and 25k,
possessed excellent oral bioavailability.

Protein-bound models of 25f (Figure 5) and 25g indicated
that other functional groups capable of donating a hydrogen
bond to the cofactor pyrophosphate would be accommodated
within the protein binding site. Table 5 shows that certain
analogues of this type retained enzyme IC50 < 5 nM; however,
in no case did the adipocyte potencies of these compounds
exceed those of 25f and 25g. Furthermore, with the exception of
primary amides 26a and 26i, these compounds were more potent
inhibitors of CYP3A4 than 25f and 25g.

Compounds 24f, 27, and 28, the three diastereomers of 25f,
were much less potent than 25f (Figure 4), supporting the
validity of our model.
Profile of 25f. Compound 25f was selected for further in

vitro and in vivo characterization. The compound displayed
>1000� selectivity for 11β-HSD1over three related hydroxysteroid

dehydrogenases, three CYP isozymes, hERG, and three nuc-
lear receptors (MR, FXR, and GR) (Table 6). Among this group

Table 5. Side Chain SAR

compd R3 enzyme IC50
a (nM) adipocyte IC50

a (nM) enzyme/plasma IC50
a (nM) CYP3A4 IC50

a (μM) RLM t1/2 (min)

25f CH2CH2OH 0.8 2.5 18 12 119

26a CH2CONH2 2.8 12 62 >30

26b CH2CH2NH2 2.7 66 3

26c CH2CH2NHAc 7.1 34 164

26d CH2CH2NHCONH2 0.8 3.5 29 5

26e CH2CH2NHCONHMe 3.1 16 1

26f CH2CH2NHCONHEt 22 69

26g CH2CH2NHSO2Me 1.0 9.0 45 9

26h CH2CH2NHSO2NH2 2.0 11 37 12

25g CH2CH2CH2OH 1.1 2.0 18 >30 21

26i CH2CH2CONH2 1.0 5.0 42 >30 25

26j CH2CH2CONHMe 22 145

26k CH2CH2CH2NH2 5.7 16 2

26l CH2CH2CH2NHCONH2 1.4 19 53 4

26m CH2CH2CH2NHCONHMe 4.1 19 0.6

26n CH2CH2CH2NHSO2Me 1.8 3.7 32 7 >60
aAverage of at least two replicates.

Table 6. In Vitro Characterization of 25f

enzyme/receptor IC50 (μM)

11β-HSD2a >10

17β-HSD1b >10

3β-HSD2c 4.7

CYP3A4d >10

CYP2D6d >10

CYP2C9d 4.9

hERGe >10

receptor EC50 (μM)

FXRf >10

GRg >10

MRh >5
aCompounds were diluted in DMSO and dispensed to 96-well microtiter
plates. Substrate (35mM3H-cortisol and 1mMNAD+ in 50mMpotassium
phosphate buffer, pH 7.4) and microsomes isolated from CHO cells
overexpressing 11B-HSD2were added, and the plate was incubated at room
temperature for 60 min. The reaction was quenched with ACN, and
cortisone product was detected by HPLC. bPuranen, T.; Poutanen, M.;
Ghosh, D.; Vihko, P.; Vihko, R.Mol. Endocrinol. 1997, 11, 77. cFrye, S. V.;
Haffner, C. D.; Maloney, P. R.; Mook, R. A.; Dorsey, G. F.; Hiner, R. N.;
Cribbs, C.M.;Wheeler, T.N.; Ray, J. A. J.Med. Chem.1994,37, 2352. dAssay
kit was purchased from Invitrogen. eAssay was performed by MDS Pharma
Services. fParks, D. J.; Blanchard, S. G.; Bledsoe, R. K.; Chandra, G.; Consler,
T. G.; Kliewer, S. A.; Stimmel, J. B.; Willson, T. M.; Zavacki, A. M.; Moore,
D. D.; Lehmann, J. M. Science 1999, 284, 1365. gAssay kit was purchased
fromPanvera/Invitrogen. hGrover,G. S.; Turner, B. A.; Parker, C.N.;Meier,
J.; Lala, D. S.; Lee, P. H. J. Biomol. Screening 2003, 8, 239.
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of antitargets, IC50 values for 3β-HSD2 and CYP2C9 of 4.7 and
4.9 μM were determined. Profiling against 165 enzymes and
receptors (MDS PanLabs Spectrum Screen) showed 25f to be
>5000� selective over all targets tested. The compound is >99%
protein bound in dog, monkey, and human plasma, consistent
with a pronounced shift in enzyme potency when assayed in
the presence of 50% human plasma. 25f was stable in rat liver

microsomes and was bioavailable in rat and to a lesser extent in
dog and monkey (Table 7). When dosed orally at 30 mg/kg to
mice, 25fwas distributed into adipose and liver, key target tissues
for the inhibition of 11β-HSD1 (Table 8).
In Vivo Biology. The poor potency of 25f against mouse

11β-HSD1 (IC50 = 670 nM) precluded the use of rodent pharma-
codynamic models. However, the compound was equally potent
against 11β-HSD1 from cynomolgus monkeys (IC50 = 0.97 nM),
and this species was selected to measure in vivo inhibition of
11β-HSD1. In this model, endogenous plasma glucocorticoids
were suppressed with dexamethasone, and the animals were
challenged with a bolus of cortisone 21-acetate 5 h after compound
administration. A single 10 mg/kg dose of 25f, administered by oral
gavage, reduced cortisol production ∼85% (Figure 6), consistent
with substantial inhibition of 11β-HSD1 in vivo.

’CONCLUSION

We have described the structure-based design of a novel class
of 11β-HSD1 inhibitors built around a 1,3-oxazinan-2-one ring.
Optimization (Figure 7) furnished 25fwhich combined excellent
potency against 11β-HSD1 in human adipocytes with >1000�
selectivity over three other hydroxysteroid dehydrogenases,
including 11β-HSD2. This compound was orally bioavailable
in three species and distributed to adipose tissue in mouse. Oral
administration to cynomolgus monkeys substantially reduced
plasma cortisol levels following a cortisone challenge.

’EXPERIMENTAL SECTION

1-Chloro-3-(4-fluorophenyl)hex-5-en-3-ol (21d). A 250 mL
flask was charged with anhydrous CeCl3 (5.58 g, 22.6 mmol) and THF
(40 mL). The mixture was vigorously stirred for 3.5 h at room
temperature. The suspension was cooled to �78 �C, and a solution of
allylmagnesium bromide (1.0M in THF, 21mL, 21.0 mmol) was added.
After the mixture was stirred for 2 h at �78 �C, a solution of 3-chloro-
1-(4-fluorophenyl)propan-1-one (2.52 g, 13.5 mmol) in THF (30 mL)
was added via cannula. The reactionmixture was allowed to slowly warm
to 8 �C while stirring overnight (18 h). The reaction was quenched with
saturated aqueous NaHCO3, and the aqueous layer was extracted with
EtOAc. The organic layer was dried over Na2SO4. After the solvents
were evaporated, the residue was purified by chromatography on silica
gel, eluting with hexanes/EtOAc to afford 21d (3.00 g, 97%) as an oil. 1H
NMR (400 MHz, CDCl3) δ 7.37�7.32 (m, 2H), 7.07�7.02 (m, 2H),
5.57�5.47 (m, 1H), 5.20�5.19 (m, 1H), 5.16 (m, 1H), 3.59�3.52 (m,
1H), 3.24�3.18 (m, 1H), 2.70 (dd, J = 13.8, 5.9 Hz, 1H), 2.50 (dd, J =
13.8, 8.5 Hz, 1H), 2.29 (t, J = 7.9 Hz, 2H), 2.22 (s, 1H); 19F NMR (376
MHz, CDCl3) δ �116.52 (m); LC�MS method 1, tR = 1.79 min, m/z
213, 211 (M � OH)+.
6-Allyl-3-((S)-1-(4-bromophenyl)ethyl)-6-(4-fluorophenyl)-

1,3-oxazinan-2-one (22d). A mixture of 21d (0.413 g, 1.8 mmol,
1.0 equiv), (S)-(�)-1-(4-bromophenyl)ethyl isocyanate (0.501 g,
2.2 mmol, 1.2 equiv), and DBU (0.738 g, 4.8 mmol, 2.7 equiv) in
THF (10mL)was heated at reflux for 25 h. Themixture was diluted with
EtOAc and washed with 1 N aqueous HCl. The aqueous phase was
extracted with EtOAc (2�). The combined organic phase was dried over
Na2SO4. After the solvents were evaporated, the crude product was
directly used in the next step without further purification.

A portion of the crude product was purified by chromatography on
silica gel, eluting with hexanes/EtOAc to afford analytical samples.
(R)-6-Allyl-3-((S)-1-(4-bromophenyl)ethyl)-6-(4-fluoro-

phenyl)-1,3-oxazinan-2-one (RS)-22d. 1H NMR (400 MHz,
CDCl3) δ 7.25�7.20 (m, 4H), 7.05�7.01 (m, 2H), 6.71 (d, J = 8.5 Hz,
2H), 5.74�5.64 (m, 1H), 5.58 (q, J = 7.0 Hz, 1H), 5.09�4.99 (m, 2H),
2.92�2.87 (m, 1H), 2.63�2.50 (m, 2H), 2.33�2.16 (m, 3H), 1.47

Table 7. Pharmacokinetics of 25f in Three Species

species

dose iv/po

(mg/kg)

AUC(inf)

(ng 3 h/mL) t1/2 (h)

iv CL

(mL/(min 3 kg)) F (%)

rat 2/10a 3870 3.0 41 94

dog 1/2b 584 3.7 9.2 16

monkey 1/2b 1500 10.9 5.8 26
a po vehicle:10% ethanol/10% polysorbate 80/80% PEG 400 (solution).
b po vehicle: 0.5% methylcellulose in deionized water.

Table 8. Mouse Tissue Distribution of 25f a

drug level (ng/mL)

time (h) liver adipose plasma

1 15317 5519 5927

4 9813 3165 3260

8 1898 632 573
aAnimals (n = 3) were dosed po with 30 mg/kg dissolved in 10%
ethanol/10% Tween 80/80% PEG 400. Tissues were collected upon
sacrifice at 1, 4, and 8 h and snap frozen. Later, thawed tissues were
homogenized in 0.05 M BES, pH 7, and compound was extracted into
acetonitrile. Concentrations were determined by LC�MS/MS by
comparison to a standard curve generated independently in each tissue
matrix.

Figure 6. Pharmacodynamic effects of 25f in cynomolgus monkeys.
Animals were dosed with dexamethasone 8 h prior to compound
administration (t = �8 h) to suppress endogenous plasma cortisol
concentrations. The animals received vehicle or compound (10 mg/kg, po)
at time zero (t = 0 h) and 5 h later (t = 5 h) and were challenged
with cortisone 21-acetate (25 mg, po). Blood samples were drawn every
30 min for 6 h to measure cortisol production. The animals were crossed
over after a 7-day washout.
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(d, J = 7.0 Hz, 3H); 19F NMR (376 MHz, CDCl3) δ �114.91 (m).
LC�MSmethod 1, tR = 9.71 min,m/z = 418, purity = 86%. Anal. Calcd
for C21H21BrFNO2: C, 60.30; H, 5.06; N, 3.35. Found: C, 60.25; H,
4.87; N, 3.24.
(S)-6-Allyl-3-((S)-1-(4-bromophenyl)ethyl)-6-(4-fluoro-

phenyl)-1,3-oxazinan-2-one (SS)-22d. 1H NMR (400 MHz,
CDCl3) δ 7.46 (d, J = 8.2 Hz, 2H), 7.31�7.28 (m, 2H), 7.17 (d, J =
8.2 Hz, 2H), 7.07 (t, J = 8.5 Hz, 2H), 5.76�5.66 (m, 2H), 5.10�4.99 (m,
2H), 2.75�2.52 (m, 4H), 2.23�2.19 (m, 1H), 2.08�2.00 (m, 1H), 1.24
(d, J = 7.0 Hz, 3H); 19F NMR (376 MHz, CDCl3) δ �115.07 (m);
LC�MS method 2, tR = 2.03 min, m/z 420, 418 (MH+).
6-Allyl-3-((S)-1-(20,40-difluoro-[1,10-biphenyl]-4-yl)ethyl)-

6-(4-fluorophenyl)-1,3-oxazinan-2-one (23f). A mixture of 22d
(10.0 g, 24.0 mmol), 2,4-difluorophenylboronic acid (4.74 g, 28.7
mmol), PdCl2(PPh3)2 (672 mg, 0.96 mmol), 2 M aqueous Cs2CO3

(30 mL, 600 mmol), and dioxane (120 mL) was heated at reflux under
N2 for 2 h. The mixture was cooled to room temperature and filtered.
The filtrate was extracted with EtOAc (3�). The combined organic
layer was washed with brine, dried over Na2SO4, and concentrated to
afford crude 23f which was used in the next step without further
purification. A portion of the crude product was purified by chroma-
tography on silica gel, eluting with hexanes/EtOAc to provide analytical
samples.
(S)-6-Allyl-3-((S)-1-(20,40-difluorobiphenyl-4-yl)ethyl)-6-

(4-fluorophenyl)-1,3-oxazinan-2-one (SS)-23f. 1H NMR
(CDCl3) δ 7.47 (d, J = 8.2 Hz, 2H), 7.42�7.30 (m, 5H), 7.08 (t,
J = 8.2 Hz, 2H), 6.98�6.88 (m, 2H), 5.82�5.68 (m, 2H), 5.08 (d, J =
10.2 Hz, 1H), 5.02 (d, J = 17.0 Hz, 1H), 2.78�2.71 (m, 2H),
2.66�2.54 (m, 2H), 2.25�2.20 (m, 1H), 2.13�2.05 (m, 1H), 1.30
(d, J = 7.0 Hz, 3H). LC�MS method 1, tR = 10.68 min, m/z = 452.
purity = 96%. HRMS calcd for C27H24F3NO2 + Na 454.1896, found
454.1891.
(R)-6-Allyl-3-((S)-1-(20,40-difluorobiphenyl-4-yl)ethyl)-6-(4-

fluorophenyl)-1,3-oxazinan-2-one (RS)-23f. 1H NMR (CDCl3)
δ 7.33�7.23 (m, 5H), 7.03 (t, J = 8.2 Hz, 2H), 6.96�6.86 (m, 4H),
5.77�5.67 (m, 2H), 5.10 (d, J = 10.3 Hz, 1H), 5.04 (d, J = 17.3 Hz, 1H),
2.99�2.94 (m, 1H), 2.66�2.54 (m, 2H), 2.41�2.34 (m, 1H), 2.30�2.17
(m, 2H), 1.55 (d, J = 7.0 Hz, 3H); LC�MS method 2, tR = 2.13 min,
m/z = 452.
(S)-3-((S)-1-(20,40-Difluoro-[1,10-biphenyl]-4-yl)ethyl)-6-(4-

fluorophenyl)-6-(2-hydroxyethyl)-1,3-oxazinan-2-one (25f).
A solution of 23f (23 g, 43 mmol) in CH2Cl2 (250 mL) was cooled

to �78 �C, and ozone was bubbled in until the mixture turned blue.
NaBH4 (9.8 g, 258 mmol) was added, and the mixture was allowed to
warm to room temperature and stirred overnight. Saturated aqueous
NH4Cl was added, and the mixture was extracted with CH2Cl2 (3�).
The combined organic layer was washed with brine, dried over Na2SO4,
and concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel, and the more polar isomer was
collected. Recrystallization from ethanol afforded 25f (6.0 g, 25%). 1H
NMR (400 MHz, CDCl3) δ 7.24�7.17 (m, 5H), 7.00�6.79 (m, 6H),
5.62 (q, J = 7.0 Hz, 1H), 3.74�3.68 (m, 1H), 3.51�3.45 (m, 1H),
2.91�2.88 (m, 1H), 2.30�2.01 (m, 5H), 1.96 (br s, 1H), 1.48 (d, J=7.0Hz,
3H); 19F NMR (376 MHz, CDCl3) δ �111.61 (m), �114.05 (m),
�114.90 (m); 13C NMR (100 MHz, CDCl3) δ 162.28 (dd, J = 250.0,
12.3 Hz), 162.17 (d, J = 247.7 Hz), 159.66 (dd, J = 250.7, 12.3 Hz),
153.03, 138.53, 137.09 (d, J = 3.1 Hz), 134.06, 131.24 (dd, J = 9.2, 4.6
Hz), 128.70 (d, J = 2.3 Hz), 127.09, 126.58 (d, J = 8.4 Hz), 124.57 (dd,
J = 13.8, 3.8 Hz), 115.74 (d, J = 21.5 Hz), 111.59 (dd, J = 21.5, 3.8 Hz),
104.37 (t, J = 26.1 Hz), 82.83, 58.09, 53.18, 44.82, 36.11, 31.75, 15.16;
LC�MSmethod 1, tR = 8.61min,m/z = 456, purity = 100%. Anal. Calcd
for C26H24F3NO3: C, 68.56; H, 5.31; F, 12.51; N, 3.08; O, 10.54. Found:
C, 68.53; H, 5.21; N, 3.06.

The less polar diastereomer 24f exhibited the following spectral
characteristics. 1H NMR (400 MHz, CDCl3) δ 7.48�7.30 (m, 7H),
7.13�6.88 (m, 4H), 5.78 (q, J = 7.0 Hz, 1H), 3.78�3.74 (m, 1H),
3.57�3.50 (m, 1H), 2.79�2.67 (m, 2H), 2.31�2.11 (m, 4H), 1.81 (br s,
1H), 1.31 (d, J = 7.3 Hz, 3H); 19F NMR (376 MHz, CDCl3) δ�111.48
(m), �113.88 (m), �114.67 (m); LC�MS method 2, tR = 1.86 min,
m/z 456 (MH+).
(R)-3-((S)-1-(20,40-Difluoro-[1,10-biphenyl]-4-yl)ethyl)-6-

(4-fluorophenyl)-6-(3-hydroxypropyl)-1,3-oxazinan-2-one
(25g). To a stirred solution of (RS)-23f (3.05 g, 6.7 mmol) in THF
(40 mL) at 0 �C was added 1 M BH3 in THF (8.1 mL, 8.1 mmol). The
mixture was stirred at room temperature for 2 h, recooled to 0 �C, and
treated with water (2 mL), 3 M aqueous NaOH (2 mL, 6 mmol), and
30% aqueous H2O2 (2 mL). The mixture was stirred overnight at room
temperature, and the pH was adjusted to 6�7 with aqueous HCl. The
mixture was extracted with EtOAc (3�). The combined organic layer
was washed with saturated aqueous NaHCO3 and brine and dried over
Na2SO4. Removal of the solvent left a residue which was purified by
chromatography on silica gel, followed by preparative HPLC to afford
25g (700 mg, 22%). 1H NMR (CDCl3) δ 7.34�7.22 (m, 4H),
7.07�6.98 (m, 4H), 6.96�6.85 (m, 3H), 5.69 (q, J = 7.02 Hz, 1H),

Figure 7. Evolution of 25f from (R)-9a.
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3.58 (t, J = 6.24 Hz, 1H), 3.10�2.87 (m, 4H), 2.39�2.16 (m, 3H),
2.14�1.89 (m, 2H), 1.56 (d, J = 7.02 Hz, 3H); 19F NMR (CDCl3)
�111.60, �114.06, �114.62. LC�MS method 1, tR = 8.79 min, m/z =
470, purity = 99%. HRMS calcd for C27H26F3NO3 + Na. 492.1762,
found 492.1745.
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