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Tricyclic analogues were rationally designed as the high affinity niacin receptor G-protein-coupled receptor
109A (GPR109A) agonists by overlapping three lead structures. Various tricyclic anthranilide and cycloalkene
carboxylic acid full agonists were discovered with excellent in vitro activity. Compound 2g displayed a
good therapeutic index regarding free fatty acids (FFA) reduction and vasodilation effects in rats, with very
weak cytochrome P450 2C8 (CYP2C8) and cytochrome P450 2C9 (CYP2C9) inhibition, and a good mouse
pharmacokinetics (PK) profile.

Introduction

Niacin (nicotinic acid), a B group vitamin, has been used in
humans to treat hyperlipidaemia since 1955. Niacin favorably
alters lipid profiles by lowering total plasma cholesterol,
triglycerides (TGa), very-low-density lipoprotein cholesterol
(VLDL-C), and low-density lipoprotein cholesterol (LDL-C) and
by raising high-density lipoprotein cholesterol (HDL-C).1

Specifically, niacin increases HDL-C by approximately 25% at
a daily dose of 1-2 g.2 In addition, niacin reduces 30% of serum
lipoprotein a (Lp(a)), which is also an independent risk factor
for cardiovascular disease. Furthermore, niacin has been shown
to slow the progression of atherosclerosis3 and reduce coronary
disease morbidity and mortality when taken alone or in
combination with statins.4 Despite these attributes, niacin
treatment often causes intense cutaneous flushing that limits
patient compliance. Thus, an extended release form of niacin
has been introduced to attenuate the drug peak plasma levels,
thereby reducing the severity of flushing.5 More recently, Merck
has developed a combination of an extended release form of
niacin and a prostaglandin D2 (PGD2) receptor DP1 antagonist
to reduce the niacin-induced flushing while maintaining the
favorable lipid profile change.6

Prior to the identification of the niacin receptors, efforts
seeking compounds with the desirable pharmacological proper-
ties of niacin were limited to simple heterocyclic carboxylic

acids or tetrazoles, such as 5-(3-pyridyl)tetrazole,7 “acipimox”,8

pyrazole carboxylic acid,9 isoxazole carboxylic acid,10 and
acifran.11

In 2001, the niacin receptor in mouse was discovered and
named “protein up-regulated in macrophages by interferon γ”,
or PUMA-G.12 Subsequently, GPR109A and GPR109B, two
closely related human homologues of PUMA-G, were found to
bind niacin with high and low affinity, respectively.13 Both
GPR109A and PUMA-G are Gi-coupled receptors are expressed
mainly in adipose, spleen, and myeloid lineage leukocytes.

Despite its long history of clinical use, niacin’s precise
mechanism of action toward HDL-C elevation and regression
of atherosclerosis has not been well understood. It has been
shown that the binding of niacin to GPR109A leads to the
decrease of cAMP levels, which results in the downstream
adipose lipolysis suppression. As a result, the release of free
fatty acids (FFA) is decreased. It is postulated that depriving
the liver of FFA substrates for TG synthesis may alter the lipid
profile.14 Importantly, the FFA reduction is GPR109A-depend-
ent, since the niacin-induced lipolysis suppression was abrogated
in PUMA-G knockout mice.13b On the other hand, the vasodi-
lation effect of niacin is also dependent on GPR109A.15

Therefore, it appears that a separation of these two pharmaco-
logical effects would be impossible. However, we16 and Arena17

both reported niacin receptor agonists that successfully achieved
a superior therapeutic index of FFA reduction over vasodilation
in the mouse model. Although the mechanistic rational for such
observation is unclear, it is conceivable that these compounds
might possess different tissue distribution and/or binding kinetics
from niacin, which could contribute to the separation of FFA
reduction and vasodilation effects.18

Since the discovery of the niacin receptors, extensive efforts
have been devoted to develop niacin receptor agonists19 by
GlaxoSmithKline,20 Arena,21 Merck,22 Roche,23 Schering-
Plough,24 Incyte,25 and the Ijzerman group.26 To develop niacin
receptor agonists with superior therapeutic profiles, reduced
adverse effects, and distinctive structures, we explored novel
tricyclic full agonists possessing remarkable affinity and selec-
tivity for GPR109A. In addition, as rats and dogs are the most
common species used for studies of niacin-induced inhibition
of lipolysis,27 a rat model was adopted to evaluate FFA reduction
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and vasodilation. Herein we report the structure-activity
relationship (SAR) of novel tricyclic agonists for GPR109A and
pharmacological properties of several potent analogues.

Design

On the basis of the high-throughput screening hit 1a and
preliminary SAR study, three anthranilic acid derivatives (1b-d)
were identified as leads. It was envisioned that the overlay of
these structures might offer novel structures that could provide
optimized interactions with the receptor (Scheme 1). Thus, four
different scaffolds including tricyclic [6,6,5], [6,5,5], [6,6,6],
and [5,6,6] systems were designed. Furthermore, the replacement
of anthranilide fragment with cyclohexene or cyclopentene
carboxylic acids that were applied in the biaryl series16b was
also adopted.

In Vitro SAR

The in vitro activity of our compounds was measured by their
competitive binding to GPR109A against [3H]niacin and the
guanine nucleotide exchange ([35S]GTPγS) functional assay.
Meanwhile, compound-induced inhibition of lipolysis was
ascertained by the human adipocyte lipolysis assay.28 This assay
quantifies the reduction of the glycerol release by adipocytes
resulting from the binding of agonists with the receptor.

Tables 1 and 2 summarize the SAR of tricyclic anthranilides,
and Table 3 summarizes the SAR of the cycloalkene carboxylic
acid class. These compounds were highly selective for GPR109A
over GPR109B, as supported by the observation that a subset
of compounds were completely inactive against GPR109B.

Analogues bearing different inner heterocycles, such as
pyrazole, isoxazole, imidazole, or triazole, had good to excellent
affinity for GPR109A. In general, a hydrogen bond donor, such
as a hydroxyl group at the terminal position of the tricyclic
scaffold, significantly increased the affinity. For example,
analogue 2k was 3- and 6-fold more active than 2l in the binding
and functional assay, respectively. The employment of a
pyrazole to mimic the phenol hydroxyl group proved to be
effective in that the activity of analogue 2p (EC50 ) 0.27 µM
in hGTPγS assay) matched the corresponding naphthol com-
pound 2q (EC50 ) 0.34 µM in hGTPγS assay). The advantage
of pyrazole 2p over naphthol 2q is to avoid potential covalent
protein binding that results from the oxidation of the naphthol
moiety.29

The size of the middle ring of the tricyclic skeleton appeared
to be crucial for activity. For instance, analogue 2e containing
the [6,6,5] ring system was almost 100-fold more active than
2m, the [6,5,5] tricyclic counterpart. The use of a sulfur atom
in 2k, as a bioisostere for an ethylene group, gave a 30-fold
higher activity than 2m, where only one methylene group was
used to bridge the phenol and isoxazole moiety. The presence
of a nitrogen atom in the bridge of the tricyclic structure seemed
to be detrimental, as shown by analogues 2i, 2j, and 2o.

With the realization that plasma protein binding could lead
to discrepancies between the activity of compounds in the
absence of serum and the IC50 values of the human lipolysis
assay in the presence of bovine serum (1%), as well as their in
vivo efficacy, 4% of human serum was applied in an additional
[3H]niacin binding assay to estimate the serum shift. In general,
high serum shift was observed for the tricyclic class (250- to
5000-fold). It was, however, unexpected that minor structural
changes could lead to a significant difference in the magnitude
of serum shift. For example, greater than 20-fold reduction in
serum shift was observed for compound 2b with respect to
analogues 2a and 2c. Also, cyclopentene carboxylic acid
derivatives typically had 8- to 50-fold smaller serum shift than
the corresponding cyclohexene carboxylic acid analogues (3g
vs 3a; 3h vs 3f). Despite the large serum shift, analogues 2d,
2h, and 3e were superior to niacin in the human adipocyte
lipolysis inhibition assay, in which 1% of bovine serum was
present.

Chemistry

The syntheses of analogues 2a-f commenced with tetralone
4.30 In general, the R-acylation of 4 was followed by a
cyclization with hydrazines or hydroxamine to furnish the
tricyclic scaffold. The subsequent amide formation and func-
tional group manipulations afforded the desired analogues
(Schemes 2 and 3). In both cases described in Schemes 2 and
3, the cyclization step was concomitant with esterification, and
therefore, a subsequent hydrolysis was required to afford the
corresponding acid.

As shown in Scheme 4, the synthesis of analogue 2g involved
a Cu-catalyzed intramolecular N-arylation as the key step to
construct the tricyclic core.31

The preparation of 2h featured a diazo transfer and the
ensuing cyclization to form the triazole system (Scheme 5).

Scheme 1
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To incorporate an additional nitrogen atom in the linker of
the tricyclic ring, analogue 2i was designed. The synthesis
of 2i was accomplished via two key steps. The first step was

a nucleophilic aromatic substitution using the diazonium salt
generated in situ as the electrophile and using sodium azide
as the nucleophile (24 and 25). The second step incorporated

Table 1. In Vitro SAR of [6,6,5] Tricyclic Anthranilide Analoguesa

a Values are based on one or two experiments, each in triplicate, and within 20% deviation upon repeat. b Ratio of compound binding IC50 in the presence
and absence of 4% human serum. c Hyphens indicate that compounds were not tested.
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an elegant cyclization sequence involving the addition of
malononitrile to the azide followed by the subsequent addition
of the triazo group to the nitrile. The resulting enamine then
condensed with the aldehyde to generate the tricyclic core
(Scheme 6). It is noted that the hydrogenation of the double
bond of intermediate 30 utilized p-TsNHNH2 as the reducing
reagent. Standard Pd/C hydrogenation gave a complex
mixture presumably due to the reduction of the imine
functionality.

The preparation of 2j started with known intermediate 32
(Scheme 7),32 which was formed in a manner analogous to the
preparation of 2i. The final demethylation step chemoselectively
removed the methyl group of the ester and ether and left the
lactam methyl group intact.

To generate analogue 2o (Scheme 8), the key transformation
involved a C-H activation followed by an intramolecular C-C

bond formation.33 A mixture of three products was obtained,
including the dehalogenated product and two tricyclic regioi-
somers. Because of the difficult separation, the mixture (42)
was carried on to a later step in which the pure intermediate 43
was obtained. Finally, demethylation of compound 43 afforded
2o.

The synthesis of pyrazole analogue 2p is shown in Scheme
9. The Heck reaction34 of aryl bromide 45 and acrylamide
46 afforded bicyclic anthranilide 47. The pyrazole ring was
then constructed via a sequence of a regioselective bromi-
nation to afford 49 and via a Suzuki coupling to install the
methyl group of intermediate 50. An interesting N-nitroso
formation followed by the base-mediated ring closure af-
forded compound 51, which was subsequently transformed
to analogue 2p.

Table 2. In Vitro SAR of [6,5,5], [6,6,6], [5,6,6] Tricyclic and Naphthol Anthranilide Analoguesa

a Values are based on one or two experiments, each in triplicate, and within 20% deviation upon repeat. b Ratio of compound binding IC50 in the presence
and absence of 4% human serum. c Hyphens indicate that compounds were not tested.
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A representative cycloalkene carboxylic acid derivative is
depicted in Scheme 10. The R-carbonylation of tetralone 4
using diethyl oxalate gave considerably higher yield than the
corresponding reaction with 4-chloro-4-oxobutyrate (Scheme
2), in which the O-acylation was a severe side reaction. The
fully conjugated tricyclic moiety was assembled via conden-
sation of dicarbonyl compound 53 with hydroxylamine,
followed by a DDQ dehydrogenation. A chain extension
sequence allowed for the formation of acid intermediate 56.

An ensuing sequence of phenol protection, amide formation,
and phenol deprotection afforded the desired analogue
3b.

CYP Inhibition

In a previous report,16a several structurally related analogues
of 1a-d induced strong CYP2C8 and 2C9 inhibition. Therefore,
we screened the tricyclic compounds against these two CYP
enzymes (Table 4). It was found that the inner ring of the

Table 3. In Vitro SAR of Tricyclic Cycloalkene Carboxylic Acid Analoguesa

a On average, repeat determinations differed by (20%. b Ratio of compound binding IC50 in the presence and absence of 4% human serum. c Hyphens
indicate that compounds were not tested. d In this experiment, the niacin control has IC50 of 0.44 µM. The IC50 of 3e was adjusted accordingly.
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tricyclic scaffold played a key role in this regard, and the
presence of an inner pyrazole resulted in a pronounced drop of
CYP inhibition (2a, 2c, and 2g). In addition, the full conjugation
of the tricyclic system seemed to correlate to more potent CYP
inhibition (2d vs 2a; 2f vs 2e). With cycloalkene carboxylic
acid replacing the anthranilide moiety, the CYP2C8 and 2C9
inhibition was considerably reduced (3a and 3g vs 2e; 3f and
3h vs 2k; 3b vs 2f). Furthermore, within the subset of
cyclohexene carboxylic acid analogues, the introduction of a
fluoride or chloride increased the CYP 2C9 liability (3c and 3d
vs 3a).

Pharmacology

The PK profiles of a subset of compounds in mice are shown
in Table 5. Analogs 2a, 2e, 2g, and 2h generally have low
clearance, low volume of distribution, low to moderate bio-
availability, and moderate oral exposure. In contrast, the PK
profiles of 2o, 2p, and 3f were significantly improved as shown
by their better half-life, excellent oral exposure, and good Cmax

despite modest bioavailability.
As FFA reduction is GPR109A-dependent,13 FFA were

measured as the primary biomarker. In this experiment, plasma
samples were used to measure both FFA and drug levels after
oral dosing of fasted rats. Niacin (EC50 ) 0.67 µM in rat GTPγS
assay) displayed dose-dependent FFA reduction and subsequent
rebound at doses ranging from 3 to 100 mg/kg (Figure 1). The
correlation of drug level and FFA reduction established the IC50

(∼5 µM) for niacin to reduce FFA (Figure 2). At 100 mg/kg
(po), compound 2g (EC50 ) 2.7 µM in rat GTPγS assay)
displayed similar maximum FFA reduction with respect to niacin
(Figure 3). Furthermore, the FFA suppression lasted longer than
niacin at 100 mg/kg dose in the time course of the study. The
estimated EC50 for 2g was ∼60 µM based on the correlation of
FFA reduction and plasma drug level (Figure 4). The high

plasma drug level required for efficacy was presumably due to
the in vivo serum shift of compounds.

To ascertain the level of vasodilation induced by compounds
in rats, the blood perfusion change of the rat ear was measured
by applying laser Doppler flowmetry.27 All animals were
anesthetized and dosed subcutaneously. In sharp contrast to the
niacin-elicited intense flushing at g3 mg/kg doses (Figure 5),
compound 2g induced only moderate flushing at 100 mg/kg
(Figure 6). It was assumed that the extent of vasodilation
correlated with the compound level at which the maximum FFA
reduction was achieved. To measure the compound level 5-35
min after dosing in the vasodilation study, a parallel PK study
was conducted with a second cohort of rats. In this study, rats
were treated under the identical conditions as used in the flushing
experiment, and blood was collected after the subcutaneous
dosing of compound at 30 and 100 mg/kg. The peak plasma
concentration of 2g at which very moderate flushing occurred
was ∼500 µM corresponding to the 100 mg/kg dose (Figure
7). In a similar manner, the peak drug level corresponding to
niacin’s vasodilation threshold dose (1 mg/kg) was approxi-
mately 7.6 µM. With the therapeutic index (TI) being defined
as the ratio of the plasma level at the threshold dose for
vasodilation (∼7.6 µM for niacin and ∼500 µM for 2g) over
the IC50 for FFA suppression (∼5 and ∼60 µM for niacin and
compound 2g, respectively), compound 2g had a TI of at least
8 (∼500 µM/∼60 µM) whereas niacin had a much smaller TI
of 1.5 (∼7.6 µM/∼5 µM) based on the same criteria.27

Assuming that the rat model is predictive of the pharmacology
for these compounds in humans, this observation indicated the
possibility of developing niacin receptor agonists with a better
therapeutic window regarding FFA reduction and vasodilation.

Conclusion

In summary, we have discovered novel, potent, and selective
tricyclic agonists for the high affinity niacin receptor GPR109A.
Three analogues (2d, 2h, and 3e) exhibited more efficacious
lipolysis inhibition in human adipocytes than niacin. The
introduction of the cycloalkene carboxylic acid moiety to replace
the anthranilide led to a reduction of CYP inhibition in several
cases. With very weak CYP2C8 and 2C9 inhibition and a
moderate PK, analogue 2g demonstrated good FFA suppression
(100 mg/kg, po) with minor vasodilation (100 mg/kg, subcu-
taneous) in rats. The significantly larger TI of 2g with respect
to niacin suggested the potential of developing niacin receptor
agonists with niacin’s desired therapeutic effects but minimal
vasodilation. In addition, the success of utilizing tricyclic

Scheme 2a

a Reagents and conditions: (a) LDA, ClCO(CH2)2CO2Me, THF, -78 °C to room temp; (b) LiOH, THF/MeOH/H2O, room temp, 100%, 27% over two
steps; (c) BnNHNH2 HCl salt, Et3N, EtOH, 80 °C, 97%; (d) LiOH, THF/MeOH/H2O, room temp, 100%; (e) MsCl, Et3N, then methylanthranilide, 0 to
40 °C; (f) LiOH, THF/MeOH/H2O, room temp; (g) 10% Pd/C, H2, HCl, MeOH, room temp, 7% over three steps; (h) BBr3, CH2Cl2, 0 °C to room temp, 40%
for 2a, 31% for 2d.

Scheme 3a

a Reagents and conditions: (a) hydroxylamine hydrochloride, Et3N, EtOH,
80 °C, 81%; (b) LiOH, THF/MeOH/H2O, room temp, 28% over two steps;
(c) SOCl2, then anthranilic acid, 75 °C, 88%; (d) BBr3, CH2Cl2, 0 °C to
room temp, 67%.
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scaffolds to rigidify biaryl conformation may serve as a general
strategy in medicinal chemistry.

Experimental Section

Nuclear magnetic resonance (NMR) spectra were recorded on a
500 MHz NMR spectrometer. Chemical shifts are given in parts
per million (ppm) with the residual solvent signal used as reference.
Coupling constants are reported in Hz. NMR abbreviations are used
as follows: s ) singlet, d ) doublet, t ) triplet, q ) quartet, m )
multiplet, dd ) doublet of doublets, dt ) doublet of triplets, br )
broad.

LC/MS data were recorded by the LC/MS system with an
electrospray source, UV detector monitoring at 254 nm, a C18
column (5 µm, 50 mm × 4.6 mm) using a gradient of 5% v/v
CH3CN (containing 0.05% v/v TFA) in H2O (containing 0.05%
v/v TFA) (t ) 0.0 min) to 100% v/v CH3CN in H2O (t ) 20.0
min), and flow rate of 3.5 mL/min.

Flash chromatography was performed using Si 25 S/M cartridges.
Analytical thin layer chromatography (TLC) was performed with
0.25 mm silica gel 60-F commercial silica gel plates. Visualization
was accomplished with UV light or potassium permanganate stain,
followed by heating. Preparative HPLC was conducted on a reverse
phase HPLC using a C18 column (10 µm, 250 mm × 20 mm), 5%
(v/v) CH3CN (containing 0.1% v/v TFA) in H2O (containing 0.1%

v/v TFA) gradient to 100% CH3CN, 20-50 mL/min, λ ) 254 nm.
All compounds have >90% purity by both NMR and RP-HPLC.
In most cases, compounds have >95% purity by NMR and RP-
HPLC. For retention time and NMR spectra of all final analogues,
refer to the Supporting Information.

Procedure for the Synthesis of 2a. To a solution of diisopro-
pylamine (5.3 g, 52 mmol) in 200 mL of THF was added
n-butyllithium (22.4 mL, 56 mmol, 2.5 M in hexane) at -78 °C.
The resulting solution was stirred at -78 °C for 30 min and then
at room temperature for an additional 30 min. The solution was
cooled to -78 °C, and to this solution was dropwise added a
solution of tetralone 4 (7.03 g, 39.9 mmol) in 80 mL of THF. After
1 h at -78 °C, to the above solution was added 4-chloro-4-
oxobutyrate (8.43 g, 6.84 mL, 56 mmol) in one portion. The
resulting solution was warmed to room temperature over 2 h. The
solvent was then evaporated, and the residue was diluted with 200
mL of THF/MeOH/water (v/v/v, 3:1:1). To this mixture was added
100 mL of lithium hydroxide (1 M in water), and the resulting
solution was stirred overnight. After removal of some solvent in
vacuo, the remaining aqueous layer was extracted with ethyl acetate
(100 mL × 3). The aqueous phase was acidified with HCl until
pH 3 was attained. The mixture was extracted with ethyl acetate
(100 mL × 2). The combined organic fractions were dried with
sodium sulfate and concentrated in vacuo to give the product 5 as

Scheme 4a

a Reagents and conditions: (a) LDA, methyl acetoacetate, THF, -78 to 0 °C, 79%; (b) HC(OEt)3, Ac2O, 80 °C; (c) NH2NH2, MeOH, 65 °C, 71% over
two steps; (d) CuI, K2CO3, N,N′-dimethylethylenediamine, 110 °C, 41%; (e) Dibal-H, CH2Cl2, 0 °C, 67%; (f) diacetoxyiodobenzene, TEMPO, CH2Cl2, room
temp, 99%; (g) MeO2CCH2P(O)(OMe)2, n-BuLi, 0 °C, 95%; (h) LiOH, THF/MeOH/H2O, room temp, 99%; (i) SOCl2, then anthranilic acid, 100 °C, 45%;
(j) 10% Pd/C, 42 psi of H2, MeOH, room temp, 82%; (k) BBr3, CH2Cl2, 0 °C to room temp, 70%.

Scheme 5a

a Reagents and conditions: (a) LDA, N,N,N′,N′-tetramethylethylenediamine, THF, then ClCO 2Me, -78 °C to room temp, 41%; (b) NaH, THF, 19, 78 °C
to room temp, 20%; (c) DIBAL-H, CH2Cl2, 0 °C to room temp; (d) diacetoxyiodobenzene, TEMPO, CH2Cl2, room temp; (e) MeO2CCH2P(O)(OMe)2,
n-BuLi, THF, 0 °C to room temp; (f) LiOH, THF/MeOH/H2O, room temp, 41% over four steps; (g) SOCl2, 50 °C, then anthranilic acid, toluene, 120 °C;
(h) 10% Pd/C, 45 psi of H2, MeOH, room temp; (i) BBr3, CH2Cl2, 0 °C to room temp, 12% over four steps.
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a gray solid (3.0 g, 10.9 mmol, 27% over two steps). To 5 (0.434
g, 1.57 mmol) was added benzylhydrazine dihydrochloride salt (338
mg, 1.73 mmol), triethylamine (0.35 g, 3.46 mmol), and ethanol
(100 mL). The mixture was heated at reflux for 2 h. After removal
of the solvent, the residue was purified by RP-HPLC to give 6 (0.55
g, 1.52 mmol, 97%) as an oil. To the solution of 6 (0.34 g, 0.94
mmol) in methylene chloride (30 mL) was added trifluoromethyl-
sulfonyl chloride (215 mg, 1.88 mmol) and triethylamine (0.53 mL,
3.75 mmol) at 0 °C. After 30 min, the resulting solution was
warmed to room temperature for 20 min and then cooled to 0 °C
again. Methyl anthranilate (354 mg, 2.35 mmol) was added to the
above solution at 0 °C, and the resulting solution was heated at 40
°C overnight. After removal of the solvent, the residue was purified
by RP-HPLC to give the amide intermediate. To this intermediate
(70 mg) was added a mixture solvent of THF/MeOH/water (10
mL, v/v/v, 3/1/1) and lithium hydroxide (1 mL, 1 N), and the

resulting mixture was stirred at room temperature overnight. After
removal of the organic solvents, the aqueous phase was acidified
to pH 4 by HCl (1 N). The precipitate was extracted with ethyl
acetate. The organic phase was washed with brine, dried over
sodium sulfate, and concentrated in vacuo to give the desired
intermediate. To this intermediate (65 mg) was added methanol
(50 mL), one drop of concentrated hydrochloride, and palladium
on carbon (10%, 30 mg). The resulting mixture was subjected to
hydrogenation for 8 h before it was filtered and concentrated in
vacuo. The resulting residue was purified by RP-HPLC to give 7
(25 mg, 0.064 mmol, 7% over three steps). To the suspension of 7
(25 mg, 0.064 mmol) in methylene chloride (30 mL) was added
boron tribromide (0.64 mL, 1 N) at 0 °C. The resulting mixture
was stirred at room temperature overnight before it was quenched
by water at 0 °C. The aqueous portion was extracted with ethyl
acetate. The combined organic phase was concentrated in vacuo.

Scheme 6a

a Reagents and conditions: (a) TMSCHN2, MeOH, room temp; (b) Pd/C, 40 psi of H2, room temp; (c) NaNO2, HCl, then NaN3, 87% over three steps; (d)
DIBAL-H, CH2Cl2, room temp; (e) PCC, CH2Cl2, room temp, 71% over two steps; (f) malononitrile, piperidine, room temp, 87%; (g) DIBAL-H, DME,
CH2Cl2, -78 °C, 13% (53% based on recovered starting material); (h) MeCO2CH2P(O)(OMe)2, n-BuLi, THF, 0 °C to room temp; (i) LiOH, THF/MeOH/
H2O, room temp; (j) SOCl2, 50 °C, then anthranilic acid, toluene, 120 °C; (k) p-TsNHNH2, MeOH, room temp, 12% over four steps; (l) LiOH, THF/
MeOH/H2O, room temp; (m) BBr3, CH2Cl2, 0 °C to room temp, 75% over two steps.

Scheme 7a

a Reagents and conditions: (a) LiBH4, THF, 65 °C; (b) Dess-Martin reagent, CH2Cl2, room temp, 84% over two steps; (c) MeI, K2CO3, DMF, 80 °C,
15%; (d) MeO2CCH2P(O)(OMe)2, n-BuLi, THF, 0 °C to room temp; (e) LiOH, THF/MeOH/H2O, room temp, 81% over two steps; (f) (COCl)2, cat. DMF,
CH2Cl2, then methyl anthranilate, triethylamine, 29%; (k) p-TsNHNH2, MeOH, reflux, 50%; (h) LiOH, THF/MeOH/H2O, room temp, 90%; (i) BBr3, CH2Cl2,
0 °C to room temp, 14%.
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The residue was purified by RP-HPLC to give 2a (10 mg, 0.026
mmol, 41%) and 2d (7.2 mg, 0.019 mmol, 30%). 2a: 1H NMR
(CD3OD, 500 MHz) δ 8.54 (1H, d), 8.05 (1H, d), 7.54 (1H, t),
7.47 (1H, d), 7.13 (1H, t), 6.76 (1H, s), 6.72 (1H, dd), 3.14 (2H, t),
2.89 (4H, m), 2.76 (2H, t); LCMS m/z 378 (M+ + 1). HRMS calcd
for C21H19O4N3 [M + 1+]: 378.1454. Found: 378.1392. 2d: 1H
NMR (CD3OD, 500 MHz) δ 8.54 (1H, d), 8.14 (1H, d), 8.03 (1H,
dd), 7.64 (1H, d), 7.53 (1H, m), 7.31 (1H, d), 7.23 (1H, d), 7.13
(1H, dd), 7.11 (1H, t), 3.43 (2H, t), 2.97 (2H, t); LCMS m/z 376

(M+ + 1). HRMS calcd for C21H17O4N3 [M + 1+]: 376.1297.
Found: 376.1283.

Procedure for the Synthesis of 2e. To a solution of 5 (81 mg,
0.29 mmol) in ethanol (20 mL) was added hydroxylamine hydro-
chloride salt (41 mg, 0.59 mmol). The mixture was heated at reflux
overnight. After removal of the solvent, to the residue was added
lithium hydroxide (1 N) in THF and methanol. The mixture was
stirred at room temperature for 5 h and concentrated. The residue
was then purified by RP-HPLC to give a mixture of two isoxazole

Scheme 8a

a Reagents and conditions: (a) Et3N, CH2Cl2, room temp, 100%; (b) Pd(OAc)2 (0.13 equiv), 41 (0.21 equiv), K2CO3, 125 °C, 77%; (c) LiOH, THF/
MeOH/H2O, room temp; (d) MsCl, triethylamine, anthranilic acid, 0 °C to room temp, 3% over two steps; (e) BBr3, CH2Cl2, 75%.

Scheme 9a

a Reagents and conditions: (a) acetic anhydride, Et3N, cat. DMAP, CH2Cl2, room temp, 90%; (b) Pd(OAc)2, P(O-Tol)3, Et3N, Bu4NCl, 4 Å molecular
sieves, DMF, 109 °C, 77%; (c) Pd(OH)2/C, H2, CH2Cl2/MeOH, room temp, 33%; (d) Br2, CHCl3, 0 °C, 89%; (e) Pd(PPh3)4, MeB(OH)2, aq K2CO3, dioxane,
100-110 °C, 38%; (f) amyl nitrite, KOAc, HOAc, CHCl3, 18-crown-6, 64%; (g) NaOEt, MeOH; (h) LiOH, THF/MeOH/H2O, room temp, 68% over two
steps.
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annulated regioisomers. To the major isomer 8 (22 mg, 0.08 mmol)
was added 1 mL of thionyl chloride. The resulting clear solution
was heated at 75 °C for 90 min, and thionyl chloride was removed
in vacuo. To the residue was added toluene (10 mL) and then
anthranilic acid (22 mg, 0.16 mmol). The mixture was heated at
75 °C for 2 h. The resulting yellow slurry was concentrated and
purified by RP-HPLC to give 9 (28 mg, 0.07 mmol, 88%) as a
brown solid. To this intermediate (28 mg, 0.07 mmol) in 15 mL of
dichloromethane was added boron tribromide (0.57 mL, 0.57 mmol,
1 M in dichloromethane) at 0 °C. The mixture was warmed to room
temperature and stirred overnight. The mixture was then quenched
with water at 0 °C and warmed to room temperature. The mixture
was concentrated and purified by RP-HPLC to give the desired

compound 2e (18 mg, 0.047 mmol, 67%) as a white solid. 1H NMR
(CD3OD, 500 MHz) δ 8.56 (1H, d), 8.07 (1H, dd), 7.55 (1H, m),
7.42 (1H, d), 7.14 (1H, t), 6.75 (1H, s), 6.71 (1H, dd), 3.07 (2H, t),
2.94 (2H, t), 2.87 (2H, t), 2.72 (2H, t); LCMS m/z 379 (M+ + 1).
HRMS calcd for C21H18O5N2 [M + 1+]: 379.1294. Found:
379.1291.

Procedure for the Synthesis of 2g. To a solution of diisopro-
pylamine (5.1 g, 7.1 mL, 50 mmol) in 80 mL of THF was added
n-butyllithium (22 mL, 55 mmol, 2.5 M in hexane) at 0 °C. After
30 min, the resulting solution was cooled to -78 °C. To this
solution at -78 °C was added a solution of methyl acetoacetate
(2.3 g, 2.2 mL, 20 mmol) in 20 mL of THF dropwise. After 30
min, to this solution was added N,N,N′,N′-tetramethylethylenedi-
amine (2.3 g, 3.0 mL, 20 mmol). The resulting red solution was
warmed to 0 °C and stirred for 0.5 h. To this solution was slowly
added a solution of 10 (5.6 g, 20 mmol) in 20 mL of THF. The

Scheme 10a

a Reagents and conditions: (a) LDA, (EtOCO)2, -78 °C to room temp, 71%; (b) hydroxylamine hydrochloride, Et3N, ethanol, 80 °C, 69%; (c) DDQ,
dioxane, 100 °C, 84%; (d) DIBAL-H, -78 °C, 89%; (e) MeO2CCH2P(O)(OMe)2, n-BuLi, THF, 0 °C to room temp; (f) LiOH, THF/MeOH/H2O, room temp;
(g) BBr3, CH2Cl2, 0 °C to room temp; (h) 10% Pd/C, H2, MeOH, room temp, 53% over five steps; (i) TBSCl, Et3N, CH2Cl2; (j) oxalyl chloride, cat. DMF,
CH2Cl2, then ethyl-2-amino-1-cyclohexene carboxylate; (k) LiOH, THF/MeOH/H2O, room temp, 14% over three steps.

Table 4. CYP2C8 and CYP2C9 Inhibitiona

compd CYP2C8/2C9, IC50
b (µM) compd CYP2C8/2C9, IC50

b (µM)

2a 23/26 2p -/<0.14
2c -/17 3a 44/11
2d 5.8/9.2 3b -/12
2e 5.9/2.2 3c -/2
2f -/0.99 3d -/1.5
2g 11/18 3e -/19
2h -/1.5 3f -/12
2l -/4.4 3g 47/47
2m 20/8.5 3h -/12
2o -/4.7
a The CYP2C8 inhibition assay in human liver microsomes used

paclitaxel and montelukast as the substrate and positive control, respectively.
The CYP2C9 inhibition assay in human liver microsomes used diclofenac
and sulfaphenazole as the substrate and positive control, respectively.
b Hyphens indicated that compounds were not tested.

Table 5. Mouse PK Profilesa

compd
F

(%)
Clp

((mL/min)/kg)
Vdss

(L/kg)
Cmax

(µM) T1/2 (h)
AUCNpo

(µM · h ·kg/mg)

2a 1.4 2.4 0.44 0.073 2.1 0.26
2e 8.2 9.7 1.1 0.62 1.8 0.38
2g 17 12 1.8 0.35 2.9 0.66
2h 6 7 0.95 0.17 1.7 0.4
2o 10 1.4 0.26 1.26 2.3 3.1
2p 24 0.6 0.19 3.9 3.5 20
3f 25 0.9 0.32 3.8 4.4 15.6
3g 7.5 4.1 0.20 1.83 1.9 1.7
a Values are an average of three male C57BL/6 mice. The iv doses were

formulated at 1 mg/kg and the oral doses were formulated at 2 mg/kg in
DMSO/Tween/water and given by oral gavage (5:10:85). F, oral bioavail-
ability; Clp, plasma clearance; Vd, volume of distribution; Cmax, observed
maximal plasma concentration following oral dosing; T1/2, terminal half-
life; AUCNpo, normalized area under the curve for oral dosing.

Figure 1. Effect of niacin on FFA reduction in Sprague-Dawley rats
(fasted, oral dosing, 5% HPBCD).

Figure 2. Correlation of FFA reduction with drug level of niacin (IC50

≈ 5 µM).
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resulting solution was slowly warmed to room temperature and
stirred for 2 h. The solution was then quenched with 1 N HCl (15
mL). The mixture was then extracted with ethyl acetate (100 mL).
The organic layer was dried with sodium sulfate and concentrated.
The residue was purified by silica gel chromatography (2-20%
ethyl acetate-hexanes) to provide 11 as a light-yellow oil (5.0 g,
16 mmol, 79%). A mixture of this intermediate ketoester (5.0 g,
16 mmol), acetic anhydride (3.25 g, 3 mL, 32 mmol), and triethyl

orthoformate (2.3 g, 2.75 mL, 16 mmol) was heated at 135 °C for
1.5 h. The crude was quickly purified by silica gel chromatography
using 5-20% ethyl acetate-hexanes to give a dark oil, which was
then added to a mixture of hydrazine monohydrate (20 mL,
64-65%) and ethanol (300 mL). The mixture was heated overnight,
concentrated, and purified by silica gel chromatography (5-50%
ethyl acetate-hexanes) to provide compound 12 and its ethyl ester
(upon ester exchange) as an off-white solid (3.8 g, 11.2 mmol, 71%
over two steps). A mixture of 12 and its ethyl ester (30 mg, 0.088
mmol), copper(I) iodide (1 mg, 0.0044 mmol), N,N′-dimethyleth-
ylenediamine (1.6 mg), potassium carbonate (26 mg, 0.18 mmol),
and toluene (2 mL) was heated at 110 °C under nitrogen overnight.
The mixture was purified by RP-HPLC to give a white solid 13
(16 mg, 0.062 mmol, 70%). Following a similar sequence as
described for the preparation of 2h from 20 provided the desired
compound 2g (10 mg) as a white solid. 1H NMR (acetone-d6, 500
MHz) δ 11.2 (1H, d), 8.75 (1H, d), 8.08 (1H, dd), 7.61 (2H, m),
7.45 (1H, s), 7.13 (1H, t), 6.76 (2H, m), 2.88 (2H, t), 2.70 (2H, t);
LCMS m/z 378 (M+ + 1). HRMS calcd for C21H19O4N3 [M +
1+]: 378.1454. Found: 378.1392.

Procedure for the Synthesis of 2h. To a solution of diisopro-
pylamine (2.34 g, 3.3 mL, 23 mmol) in 50 mL of THF was added
n-butyllithium (16 mL, 25.3 mmol, 1.6 M in hexane) at -78 °C.
After 10 min, the resulting solution was warmed to 0 °C and stirred
for 30 min. To this solution at -78 °C was added a solution of 17
(2 g, 11.5 mmol) in 25 mL of THF dropwise. After 5 min, to this
solution was added N,N,N′,N′-tetramethylethylenediamine (2.67 g,
3.5 mL, 23 mmol). The resulting red solution was stirred at -78
°C for 1 h. To this solution was then slowly added methyl
chloroformate (2.17 g, 1.77 mL, 23 mol). The resulting solution
was slowly warmed to room temperature. The solution was then
quenched with water (250 mL). The mixture was then extracted
with ethyl acetate (100 mL). The organic layer was dried and
concentrated. The residue was purified by silica gel chromatography
(2-25% ethyl acetate-hexanes) to give a mixture of products,
which was further purified by RP-HPLC to give 18 (1.1 g, 4.76
mmol, 41%, washed with sodium carbonate) as a brown solid. To
18 (1.1 g, 4.76 mmol) and sodium hydride (230 mg, 5.71 mmol,
60% in petroleum oil) was added 80 mL of THF at -78 °C. The
mixture was slowly warmed to room temperature. After 30 min, to
this mixture was added 4-acetamidobenzenesulfonyl azide 19 (1.37
g, 5.71 mmol) in one portion. The slurry was stirred at room
temperature for 3 h. To this mixture was added water, and the
resulting mixture was extracted with dichloromethane (100 mL ×
5). The combined organic layer was dried and concentrated. The
residue was taken up with methanol and filtered. The solid was
washed with methanol and became light-yellow. The filtrate was
concentrated and purified by RP-HPLC to give 20 (300 mg, 1.17
mmol, 20%), which was combined with the collected light-yellow
solid. To a solution of 20 (300 mg, 1.17 mmol) in 20 mL of
dichloromethane was added DIBAL-H (3.5 mL, 3.5 mmol, 1 M in
toluene) at 0 °C. The mixture was warmed to room temperature
and stirred for 4 h. The mixture was then quenched with water and
saturated Rochelle’s salt (100 mL). The aqueous layer was then
extracted with 30% isopropyl alcohol in chloroform. The combined
fractions were dried with sodium sulfate and concentrated in vacuo

Figure 3. Effect of 2g on FFA reduction in Sprague-Dawley rats
(fasted, oral dosing, 5% HPBCD).

Figure 4. Correlation of FFA reduction with drug level of 2g (IC50 ≈
60 µM).

Figure 5. Effect of niacin on Sprague-Dawley rat vasodilation (5%
HPBCD, subcutaneous dosing).

Figure 6. Effect of 2g on Sprague-Dawley rat vasodilation (5%
HPBCD, subcutaneous dosing).

Figure 7. Correlation of FFA reduction and the drug level of 2g (5%
HPBCD, subcutaneous dosing, DL ) drug level).
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to give the desired alcohol as a light-yellow solid that contained
some inorganic salt. To a solution of this alcohol in 30 mL of
dichloromethane were added diacetoxyiodobenzene (450 mg, 1.4
mmol) and 15 mg of TEMPO. The resulting slurry turned clear.
After 16 h at room temperature, the mixture was washed with
sodium sulfite solution and extracted twice with 30% isopropanol
in chloroform (100 mL). The combined organic fractions were dried
with sodium sulfate and concentrated in vacuo to give 21 as a
yellow solid. To a solution of trimethylphosphonoacetate (499 mg,
0.44 mL, 2.74 mmol) in 30 mL of THF was added n-butyllithium
(1.21 mL, 2.5 M in hexane, 3.0 mmol) at 0 °C. After 15 min, the
mixture was warmed to room temperature and transferred to a
solution of the aldehyde (310 mg, 1.37 mmol) in 10 mL of THF.
The resulting slurry was stirred at room temperature for 2 h, and
to this mixture was added 50 mL of water. The mixture was then
extracted with 100 mL of ethyl acetate and 100 mL of 30%
isopropanol in chloroform. The combined organic fractions were
dried with sodium sulfate and concentrated to give the enoate as a
yellow solid. To this enoate were added 50 mL of THF/methanol/
water (3:1:1, 50 mL) and 1 N lithium hydroxide solution (15 mL).
After 4 h, the clear yellow solution was washed with ethyl acetate
(100 mL). The aqueous layer was acidified with concentrated HCl
until precipitate appeared. This mixture was extracted four times
with 30% isopropanol in chloroform (50 mL). The combined
organic layers were dried with sodium sulfate and concentrated in
vacuo to give compound 22 (130 mg, 0.48 mmol, 41% over four
steps) as a yellow solid. To compound 22 (130 mg, 0.48 mmol)
was added 3 mL of thionyl chloride. The resulting clear solution
was heated at 50 °C for 30 min, and thionyl chloride was removed
in vacuo. To the residue was added toluene (20 mL) and then
anthranilic acid (137 mg, 1.0 mmol). The mixture was heated at
120 °C for 3 h. The resulting yellow slurry was washed with acetone
and methanol and filtered to give 23 as a yellow solid. To a slurry
of this intermediate (155 mg, 0.40 mmol) in 20 mL of methanol
was added 50 mg of Pd/C (10%). The mixture was held under 45
psi of hydrogen gas overnight. The slurry was filtered, and the solid
was washed with acetone (50 mL) and 30% isopropanol in
chloroform (500 mL). The filtrate was concentrated to give a yellow
solid. To this methyl ether (40 mg, 0.10 mmol) in 5 mL of
dichloromethane was added boron tribromide (3 mL, 3 mmol, 1 M
in dichloromethane) at 0 °C. The mixture was warmed to room
temperature and stirred for 12 h. The mixture was then quenched
with water at -78 °C and warmed to room temperature. The
mixture was concentrated and purified by RP-HPLC to give 2h
(21 mg, 0.056 mmol, 12% over four steps) as a white solid. 1H
NMR (CD3OD, 500 MHz) δ 8.53 (2H, t), 8.03 (1H, dd), 7.66 (1H,
d), 7.54 (1H, m), 7.50 (1H, d), 7.30 (1H, dd), 7.26 (1H, d), 7.13
(1H, t), 3.44 (2H, t), 2.99 (2H, t); LCMS m/z 377 (M+ + 1). HRMS
calcd for C20H16O4N4 [M + 1+]: 377.1250. Found: 377.1252.

Procedure for the Synthesis of 2i. To 2-nitro-5-methoxybenzoic
acid 24 (4 g, 20.3 mmol) in 35 mL of methanol was added
trimethylsilyldiazomethane (35 mL, 70 mmol, 2 M in dichlo-
romethane) at room temperature dropwise. The mixture was stirred
at room temperature for 10 h. To the mixture was added several
drops of acetic acid. The resulting solution was concentrated in
vacuo to give the methyl ester of 24 as a brown solid. To this
intermediate was added 150 mg of Pd/C (10%). The mixture was
stirred under 40 psi of hydrogen gas for 5 h. The mixture was
filtered and washed with dichloromethane. The filtrate was con-
centrated in vacuo to give the aniline intermediate as a dark-red
oil. To this aniline intermediate were added 30 mL of ethanol and
5 mL of concentrated HCl. To this mixture at 0 °C was dropwise
added a solution of sodium nitrite (5.6 g, 81.2 mmol) in 15 mL of
water to form the diazonium salt. After 1 h at 0 °C, to the resulting
dark-red solution was slowly added sodium azide (8.6 g, 132 mmol)
in 15 mL of water. After 1 h at 0 °C, the slurry was filtered and
washed with saturated sodium carbonate solution and water to give
azide 25 (3.6 g, 18 mmol, 87% over three steps) as a red solid.
The same DIBAL-H reduction procedure as described in the
synthesis of 2g gave the corresponding benzyl alcohol as a dark-
red oil. To this oil in 100 mL of dichloromethane was added PCC

(8 g) at 0 °C. The mixture was stirred at room temperature for 4 h
and purified by silica gel chromatography (2-20% ethyl acetate-
hexanes) to give the aryl azide aldehyde intermediate 26 (1.1 g,
6.3 mmol, 71% over two steps) as a light-yellow solid. To a solution
of 26 (1.1 g, 6.3 mmol), malononitrile (423 mg, 0.40 mL, 6.4
mmol), and 15 mL of dichloromethane was added a solution of
piperidine (145 mg, 0.17 mL, 1.7 mmol) in 5 mL of dichlo-
romethane. After 2 h at room temperature, the mixture was filtered
and the solid was washed with dichloromethane to give the tricycle
27 (1.23 g, 5.5 mmol, 87%) as a brown solid. To compound 27
(0.64 g, 2.8 mmol) in 10 mL of DME and 20 mL of dichlo-
romethane was added Dibal-H (7 mL, 7 mmol, 1 M in hexane) at
-78 °C. The mixture was stirred at -78 °C for 3 days. The mixture
was then quenched with water and saturated Rochelle’s salt (200
mL) at -78 °C. The aqueous layer was then extracted with 30%
isopropyl alcohol in chloroform. The combined fractions were dried
with sodium sulfate and concentrated in vacuo. The residue was
purified by RP-HPLC to give aldehyde 28 (85 mg, 0.37 mmol,
13%, 53% based on recovered starting material) as a light-yellow
solid. A similar homologation sequence described in the preparation
of 2h gave the intermediate enamide 30. To a slurry of this enamide
30 in 150 mL of methanol was added p-toluenesulfonylhydrazide
(400 mg). The mixture was heated at reflux overnight. After removal
of the solvent, the residue was purified by RP-HPLC to give 31
(18 mg, 0.044 mmol, 12% over four steps) as a pale-yellow solid.
Following similar hydrolysis and demethylation procedures as
described for the preparation of 2e, the desired compound 2i (14
mg, 0.033 mmol, 75% over two steps) was obtained as a white
solid. 1H NMR (CD3OD, 500 MHz) δ 8.50 (1H, d), 8.47 (1H, d),
8.00 (1H, d), 7.84 (1H, s), 7.52 (1H, t), 7.34 (1H, dd), 7.29 (1H,
d), 7.11 (1H, t), 3.50 (2H, t), 3.06 (2H, t); LCMS m/z 378 (M+ +
1).

Procedure for the Synthesis of 2j. Compound 32 was obtained
following the literature procedures.33 To 32 (1.42 g, 4.9 mmol) in
80 mL of THF was added LiBH4 (129 mg, 5.9 mmol). The mixture
was heated at reflux for 1 h. To this mixture was then added 80
mL of THF and LiBH4 (81 mg, 3.7 mmol). The mixture was heated
at reflux until the reaction mixture became clear. It was then
quenched with 1 N HCl until gas evolution ceased. The solvent
was removed, and the solid was washed with water, ether, and
azeotropically dried using toluene to give the corresponding alcohol
(1.16 g, 4.7 mmol, 96%) as a solid. To a mixture of this alcohol
(180 mg, 0.74 mmol) in 30 mL of DCM was added Dess-Martin
reagent (0.31 g, 0.74 mmol). The mixture was stirred at room
temperature overnight and concentrated. The solid was washed with
DCM and methanol to give 33 (158 mg, 0.65 mmol, 88%) as a
solid. To 33 (158 mg, 0.65 mmol) were added MeI (184 mg, 1.3
mmol), potassium carbonate (446 mg, 3.2 mmol), and DMF (10
mL). The mixture was heated at 80 °C for 1.5 h, diluted in ethyl
acetate, and washed with brine. The organic layer was dried over
sodium sulfate, concentrated, and purified by silica gel chroma-
tography, eluting with 40-74% ethyl acetate-hexanes to give 34
(25 mg, 0.097 mmol, 15%). A similar chain extension, amide
formation, reduction of the double bond, hydrolysis of the methyl
ester, and demethylation using boron tribromide for the preparation
of 2i gave 2j. 1H NMR (CD3OD, 500 MHz) δ 8.55 (1H, d), 8.26
(1H, d), 8.03 (1H, d), 7.53 (1H, t), 7.12 (1H, t), 6.98 (1H, s), 6.89
(1H, d), 3.62 (3H, s), 3.54 (2H, t), 2.99 (2H, t); LCMS m/z 408
(M+ + 1).

Procedure for the Synthesis of 2o. At room temperature, to a
solution of 39 (0.49 g, 1.94 mmol) in dichloromethane (20 mL)
was slowly added 38 (0.375 g, 1.94 mmol) followed by the addition
of triethylamine (0.5 mL). The mixture was stirred for additional
2 h before it was quenched with 1 N HCl (15 mL). To this mixture
was then added dichloromethane (50 mL). The organic layer was
washed with water, dried with sodium sulfate, concentrated in
vacuo, and purified by silica gel chromatography (2-25% ethyl
acetate-hexanes) to give 40 (0.79 g, 1.95 mmol, 100%) as a
colorless oil. To 40 (112 mg, 0.28 mmol), potassium carbonate
(114 mg), and 2 mL of dimethylacetamide were added palladium
acetate (8 mg, 0.036 mmol) and ligand 41 (22 mg, 0.058 mmol)
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under nitrogen. The mixture was heated at 125 °C for 3 days and
purified by silica gel chromatography (2-15% ethyl acetate-hexanes)
to give a mixture of three products (70 mg in total, 0.22 mmol,
77%), which were dissolved in 5 mL of THF/MeOH/water
(3:1:1). To this solution was added LiOH (2 mL, 1 N). The mixture
was stirred at room temperature overnight, concentrated, and
acidified using HCl. To the resulting white slurry was added water
(20 mL). The mixture was extracted with 30% isopropanol in
chloroform (2 × 50 mL). The organic layer was dried with sodium
sulfate, concentrated, and purified by RP-HPLC to give a mixture
of acids (25 mg in total, 0.080 mmol, 37%). To this mixture (25
mg, 0.080 mmol) in 2 mL of dichloromethane was added MsCl (8
mg) and then triethylamine (11 mg) at 0 °C. The mixture was
warmed to room temperature and stirred for 30 min. To this almost
clear yellow solution was added anthranilic acid (10 mg). The
resulting mixture was stirred overnight, concentrated, and purified
by RP-HPLC to give 43 (3 mg, 0.007 mmol, 3% over two steps)
as a white solid. Repeating the above procedures afforded 7 mg of
43 in total. To a mixture of 43 (7 mg, 0.016 mmol) in 3 mL of
dichloromethane was added boron tribromide (0.16 mL, 1 M in
dichloromethane) at 0 °C. The mixture was warmed to room
temperature and stirred overnight. It was then quenched with a few
drops of water and purified by RP-HPLC to give 2o (5 mg, 0.012
mmol, 75%) as a white solid. 1H NMR (acetone-d6, 500 MHz) δ
11.35 (1H, s), 8.79 (1H, d), 8.46 (1H, d), 8.12 (1H, d), 8.01 (1H,
d), 7.63 (1H, t), 7.46 (3H, m), 7.32 (1H, d), 7.17 (1H, t), 3.78 (3H,
s), 3.72 (2H, t), 2.97 (2H, t); LCMS m/z 417 (M+ + 1).

Procedure for the Synthesis of 2p. To a solution of amino-
bromonaphthalene 44 (1.81 g, 8.2 mmol) in 80 mL of dichlo-
romethane at 0 °C were added acetic anhydride (1.15 mL, 12.2
mmol), triethylamine (2.86 mL, 20 mmol), and a small amount of
DMAP. The solution was warmed to room temperature and stirred
for 3 h. The solvent was removed, and the residue was dissolved
in ethyl acetate, washed with water, 1 N HCl, water, 1 N NaOH,
saturated sodium bicarbonate solution, and brine, successively. The
organic layer was then dried with sodium sulfate and concentrated
in vacuo to give acetamide 45 (1.95 g, 7.4 mmol, 90%) as a pink
solid. A mixture of 45 (1.95 g, 7.4 mmol), 46 (1.51 g, 7.4 mmol),
palladium acetate (249 mg, 1.1 mmol), tri-o-tolylphosphine (494
mg, 1.6 mmol), triethylamine (3.1 mL, 22 mmol), tetrabutylam-
monium chloride (2.1 g, 7.4 mmol), and 4 Å molecular sieves was
added to DMF (20 mL) under argon. The mixture was heated at
109 °C in a sealed tube overnight. The mixture was then filtered,
concentrated, and partitioned between water and dichloromethane.
The organic layer was washed with water, dried with sodium sulfate,
and concentrated. The residue was treated with methanol to give
47 (1.47 g, 3.79 mmol, 51%) as a yellow solid, which was collected
by filtration. To 47 (1.47 g, 3.79 mmol) was added 300 mg of Pd/C
(10%) and 100 mL of MeOH/DCM. To the mixture was then added
palladium hydroxide (100 mg), and the slurry was agitated under
45 psi of hydrogen in a Parr shaker overnight. The slurry was
filtered, concentrated, and purified by silica gel chromatography
(5% methanol/DCM) to give 48 (0.49 g, 1.26 mmol, 33%) as a
sticky oil. To a solution of 48 (522 mg, 1.34 mmol) in 60 mL of
chloroform at 0 °C was added dropwise a solution of bromine (83
µL, 1.6 mmol). The mixture was stirred at 0 °C for 5 min and
quenched with 1% sodium sulfite. The aqueous phase was extracted
with chloroform three times. The combined organic layers were
washed with saturated aqueous sodium bicarbonate and dried over
sodium sulfate to give 49 (0.56 g, 1.19 mmol, 89%). A mixture of
this bromide intermediate 49 (0.56 g, 1.19 mmol), methyl boronic
acid (93 mg, 1.55 mmol), potassium carbonate (494 mg, 3.58
mmol), palladium tetrakistriphenylphosphine (138 mg, 0.l2
mmol), 2 mL of water, and 20 mL of dioxane was degassed
with argon and heated at 100 °C overnight. After concentration,
the residue was purified by silica gel chromatography to give
50 (0.18 g, 0.45 mmol, 38%) as a white solid. To a solution of
this methylated intermediate 50 (89 mg, 0.22 mmol) in 5 mL of
chloroform were added potassium acetate (44 mg, 0.44 mmol),
acetic acid (26 mg, 0.44 mmol), acetic anhydride (45 mg, 0.44
mmol), 18-crown-6 (10 mg), and amylnitrite (74 uL, 0.63 mmol).

The mixture was heated at 70 °C overnight. The reaction mixture
was then purified by silica gel chromatography to give 51 (58
mg, 0.14 mmol, 64%) as a white solid. To a suspension of this
tricyclic acetamide intermediate 51 (58 mg, 0.14 mmol) in 40
mL of methanol was added sodium ethoxide (226 uL, 21% in
methanol). After 5 min, to the mixture was added 10 mL of
aqueous 1 N lithium hydroxide solution, and the mixture was
stirred for 30 min. The solvent was evaporated, and the aqueous
residue was acidified and extracted with 30% isopropanol in
chloroform. After removal of the solvent, the residue was purified
by RP-HPLC to give the desired product 2p (34 mg, 0.094 mmol,
68% over two steps) as a white solid. 1H NMR (DMSO-d6, 500
MHz) δ 11.2 (1H, s), 8.55 (1H, s), 8.47 (1H, d), 8.24 (1H, d),
7.95 (1H, d), 7.84 (1H, s), 7.67 (1H, d), 7.59 (3H, m), 7.12
(1H, t), 3.12 (2H, t), 2.83 (2H, t); LCMS m/z 360 (M+ + 1).

Procedure for the Synthesis of 3b. To a solution of diisopro-
pylamine (2.5 g, 14.2 mmol) in 80 mL of THF was added
n-butyllithium (12.4 mL, 19.9 mmol, 1.6 M in hexane) at -78 °C.
The resulting solution was stirred at -78 °C for 1 h and then at
room temperature for an additional 30 min. The solution was
recooled to -78 °C, and to this solution was added dropwise a
solution of 6-methoxytetralone 4 (2.5 g, 14.2 mmol) in 20 mL of
THF. After 1 h at -78 °C, to the above solution was added diethyl
oxalate (1.91 g, 2.70 mL, 19.88 mmol) in one portion, and the
mixture was aged for 1 h. The resulting solution was warmed to
room temperature for 2 h. The solution was diluted with 200 mL
of ethyl acetate and washed with 1 N HCl, water, saturated sodium
bicarbonate, dried over sodium sulfate, and concentrated in vacuo.
The residue was purified by chromatography (SiO2) using 15% ethyl
acetate-hexanes to afford 53 (2.79 g, 10.1 mmol, 71%) as an oil.
To the solution of 53 (2.79 g, 10.1 mmol) in ethanol (100 mL)
was added hydroxylamine hydrochloride (0.84 g, 12.1 mmol), and
the resulting mixture was heated at reflux for 2 h. After removal
of the solvent, the residue was dissolved in ethyl acetate (200 mL)
and washed with water, saturated sodium bicarbonate, and con-
centrated to give 54 (1.9 g, 6.96 mol, 69%). To the solution of 54
(0.90 g, 3.3 mmol) in dioxane (100 mL) was added DDQ (2.3 g,
9.9 mmol), and the resulting mixture was heated at reflux for 6 h.
After removal of the solvent, the residue was dissolved in ethyl
acetate and washed with sodium hydroxide (1 N, 100 mL), saturated
sodium bicarbonate (100 mL), brine (200 mL), dried over sodium
sulfate, and concentrated in vacuo to afford 55 (0.75 g, 2.8 mmol,
84%) as an off-white solid. To the solution of 55 (0.75 g, 2.77
mmol) in dichloromethane (80 mL) was added Dibal-H (6.6 mL, 1
N, 6.6 mmol) at -78 °C. The resulting solution was stirred at -78
°C for 1.5 h before it was quenched by methanol at -78 °C. To
the above solution was added saturated potassium tartrate (300 mL)
at room temperature, and the mixture was stirred for 2 h. The water
phase was extracted with methylene chloride (200 mL), and the
combined organic phase was washed with brine (3 × 200 mL),
dried over sodium sulfate, and concentrated in vacuo. The residue
was purified on silica gel chromatography using 10% ethyl
acetate-hexanes to afford the aldehyde (0.57 g, 2.5 mmol, 91%)
as a white solid. To a solution of trimethylphosphonoacetate (300
mg, 1.65 mmol) in 20 mL of THF was added n-butyllithium (1.1
mL, 1.6 M in hexane, 1.8 mmol) at 0 °C. After 15 min, the mixture
was warmed to room temperature and transferred to a solution of
aldehyde (0.288 g, 1.27 mmol) in 10 mL of THF. The resulting
slurry was stirred at room temperature for 2 h, and to this mixture
was added 50 mL of water. The mixture was then extracted with
100 mL of ethyl acetate and 100 mL of 30% isopropanol in
chloroform. The combined organic portions were dried with sodium
sulfate and concentrated to give the corresponding R,�-unsaturated
ester (0.32 g, 1.20 mmol, 95%) as a white solid. To the solution of
the ester (0.34 g, 1.20 mmol) in a mixture solvents of THF/MeOH/
water (100 mL, v/v/v, 3/1/1) was added lithium hydroxide (1 N,
10 mL). The resulting solution was stirred at room temperature for
1 h. After removal of the organic solvent, the alkaline mixture was
acidified to pH 4 with hydrochloride (1 N). The precipitate was
extracted with 30% isopropanol in chloroform. The organic phase
was concentrated in vacuo to afford the corresponding acid (290
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mg, 1.08 mmol, 90%). To the suspension of the acid (290 mg, 1.08
mmol) in methylene chloride (100 mL) was added boron tribromide
(11 mL, 11 mmol) at 0 °C. The resulting mixture was stirred at
room temperature overnight. The reaction was then quenched by
water at 0 °C. The mixture was extracted with 30% isopropanol/
chloroform, and the organic phase was washed with water and
concentrated in vacuo. The residue was purified by RP-HPLC to
give the corresponding phenol (0.25 g, 0.98 mmol, 91%) as a white
solid. The solution of phenol (0.25 g, 0.98 mmol) in methanol (50
mL) in the presence of palladium on carbon (10%, 46 mg) was
subjected to hydrogenation at room temperature for 1 h. After
filtration through Celite under nitrogen, the filtrate was concentrated
to give 56 (190 mg, 0.74 mmol, 75%). To the solution of 56 (190
mg, 0.74 mmol) in methylene chloride (10 mL) was added dimethyl-
tert-butylsilyl chloride (0.33 g, 2.2 mmol), triethylamine (0.22 g,
2.2 mmol), and a small amount of DMAP at room temperature.
After being stirred for 3 h, the mixture was diluted in methylene
chloride (100 mL), washed with water, dried over sodium sulfate,
and concentrated in vacuo to give the TBS-silyl ether as a crude
product. To this crude product in methylene chloride (10 mL) was
added DMF (5 µL) and oxalyl chloride (0.64 mL, 1.28 mmol, 2M)
at 0 °C. The mixture was stirred at room temperature for 2 h. The
excess of oxalyl chloride and solvent was removed in vacuo. The
residue was treated with ethyl 2-amino-1-cyclohexene carboxyl-
ate (216 mg, 1.28 mmol), and the mixture was aged overnight. The
mixture was concentrated and purified by RP-HPLC to give 57.
To 57 was added a mixture solvent of THF/MeOH/water (10 mL,
v/v/v, 3/1/1) and lithium hydroxide (1 N, 1 mL) and stirred at room
temperature overnight. After removal of the organic solvents, the
aqueous phase was acidified to pH 4, and the precipitate was
extracted with 30% isopropanol in chloroform. The combined
organic phase was washed with water and concentrated in vacuo.
The residue was purified by RP-HPLC to afford 3b (39 mg, 0.10
mmol, 14% over three steps) as a white solid. 1H NMR (DMSO-
d6, 500 MHz) δ 11.7 (s, 1H), 10.2 (s, 1H), 8.19 (s, 1H), 7.67 (d,
2H), 7.32 (d, 2H), 3.42 (m, 2H), 2.84 (m, 2H), 2.51 (bs, 2H), 2.22
(bs, 2H), 1.53 (bs, 4H); LCMS m/z 381 (M+ + 1). HRMS calcd
for C21H20O5N2 [M + 1+]: 381.1451. Found: 381.1443.

Biological Assays. [3H]Niacin Binding Assay. Radioligand
binding assays were conducted on membranes derived from stably
transfected Chinese hamster ovary (CHO) cells. The derivation of
the cell lines and the applied radioligand binding protocol are
described in the Supporting Information of the previous paper.16b

[35S]GTPγS Binding Assay. The [35S]GTPγS binding assay
protocol was described in the Supporting Information of the
previous paper.16b

Human Subcutaneous Adipocyte Lipolysis Assay.28 Primary
human subcutaneous preadipocytes were purchased from Cambrex
(now Lonza) and differentiated into adipocytes in 96-well tissue
culture plates according to the manufacturer’s directions and
proprietary media. Sixteen hours prior to assay, the differentiation
medium was completely removed from the wells and replaced with
150 µL per well of PGM (preadipocyte growth medium, a
proprietary medium supplied by the manufacturer). The plates were
incubated overnight at 37 °C, 5% CO2, 90% humidity. The 96-
well plates containing the differentiated adipocytes were washed
three times with PBS (no Ca2+ or Mg2+) in 100, 100, and 50 µL
volumes in a nonsterile environment. Treatment began with the
addition of 50 µL of Krebs buffer to all wells followed by 50 µL
of test compound or buffer (controls). The plates were incubated
for 5 min at room temperature, and then 50 µL/well of the
nonspecific phosphodiesterase inhibitor, IBMX, was added at a
working concentration of 1 mM or buffer was added to the controls.
Thus, a 150 µL volume was achieved for all assay wells with a
final DMSO concentration of 1.04%. The purpose of the IBMX is
to elevate intracellular cAMP, which can subsequently be sup-
pressed via niacin receptor GPR109A signaling. The compound
was applied to the cells first, and shortly thereafter the stimulant
IBMX was added. The whole mixture incubated for 5 h, and
lipolysis data could be read out by measuring glycerol. After 5 h
of incubation at 37 °C, 5% CO2, 90% humidity, a 100 µL volume

was removed from each well and transferred to a clear, flat-
bottomed 96-well plate. A standard curve was run in column 12 of
the plate by diluting the Sigma glycerol standard in Krebs buffer
to make 0, 1, 2.5, 5, 10, and 20 mg/dL in individual 100 µL
volumes. Glycerol content in the wells was assayed by adding 100
µL of free glycerol reagent (Sigma) followed by a 10 min incubation
at room temperature, approximately 23 °C. Absorbance was
determined at 540 nm in a Molecular Devices ThermoMax
microplate reader, and free glycerol content was quantitated on the
basis of a standard curve. The amount of glycerol released was
calculated on the basis of regression analysis of known glycerol
concentrations using a glycerol standard (Sigma).

Measurement of Rat Vasodilation.27 Compound 2g was titrated
in the rat ear vasodilation model at 100, 30, 10, and 3 mg/kg. The
compound was formulated in 5% HPBCD. For vasodilation studies,
rats were not fasted. All animals were anesthetized with sodium
pentobarbital (50 mg/kg) 30 min before placing the animals under
the laser Doppler. Dosing was done subcutaneously after measuring
baseline perfusion for 2.5 min. After dosing, perfusion measure-
ments continued for 30 min, and blood for drug levels was collected
at 35 min postdose.

Laser Doppler was performed with a PeriScan PIMII laser
Doppler perfusion imager system, from Perimed (repeated mode,
image size of 25 × 25, autointerval of 30 s, medium resolution,
very high scan speed, 40 images recorded, intensity of 8-9 V.
Perfusion color scale: user defined, 0-3 V).

The laser beam was positioned in the center of the ear or in an
area with suitable basal perfusion. Baseline measurements were
taken for 3 min (first seven frames). At this point, the compounds
or vehicle was injected subcutaneously, and the recording continued
for the remaining 33 frames.

Calculations were performed using the analysis tools in the
LDPIwin 2.3 software, defining a Region of Interest (ROI) and
exporting the data to Excel. Graphs were prepared using the Prism
software.

In Vivo Rat Lipolysis. Rat lipolysis studies were conducted as
previously described.27 For all studies, 2g was formulated in 5%
hydroxypropyl �-cyclodextrin (HPBCD) and pH was adjusted to
7-8. Male CD rats from Charles River were used in all of the
studies. For the FFA reduction study, rats were fasted for 18 h on
wire. Dosing was done po (100, 30, 10, and 3 mg/kg), and blood
samples (EDTA) were collected at 0, 20 min, 1 h, 2 h, and 4 h
postdosing. FFA were measured with an enzymatic method (WAKO
Chemicals GmbH 994-75409 NEFA C free fatty acid assay). Plasma
samples were also used to measure compound levels.

MiniPK Studies. In order to calculate the Cmax at which flushing
does not occur, a miniPK study was conducted. In this study, rats
were treated in the exact same conditions as the animals used in
the flushing studies, and blood was collected at 5 min intervals
after subcutaneous dosing of compound. In this case, the doses
tested were 100 and 30 mg/kg.

Supporting Information Available: Experimental procedures
for compound preparation, characterization data, biological assay
protocols, and LC/MS and 1H NMR spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.
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