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Agonists of the 5-HT2C receptor have been shown to suppress appetite and reduce body weight in animal
models as well as in humans. However, agonism of the related 5-HT2B receptor has been associated with
valvular heart disease. Synthesis and biological evaluation of a series of novel and highly selective dihy-
droquinazolinone-derived 5-HT2C agonists with no detectable agonism of the 5-HT2B receptor is
described. Among these, compounds (+)-2a and (+)-3c were identified as potent and highly selective ago-
nists which exhibited weight loss in a rat model upon oral dosing.

� 2009 Elsevier Ltd. All rights reserved.
The biological effects of the neurotransmitter serotonin (5-HT)
are mediated through at least 14 distinctly different receptor sub-
types. The serotonin subtype 5-HT2C receptor has been the focus of
considerable attention within the pharmaceutical community be-
cause of its implication in a variety of conditions including obesity,
diabetes and schizophrenia.1,2 Pre-clinical studies show that 5-
HT2C agonists reduce food intake and body weight in rats3 and
the feeding effects can be reversed with selective 5-HT2C antago-
nists.4 5-HT2C receptor knockout mice are obese, hyperphagic,
hyperinsulinemic and insensitive to the 5-HT2C agonist fenflura-
mine.5,6 Furthermore, clinical studies have shown that 5-HT2C

agonism can suppress appetite and reduce body weight in hu-
mans.7 Thus, 5-HT2C is a well validated target for obesity.
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While 5-HT2C agonists have the potential to treat obesity, it has
been hypothesized that agonism of the closely related 5-HT2B

receptor may be associated with heart valvulopathy in humans.8,9

In addition, agonists of the related 5-HT2A receptor can also have
unfavorable characteristics as they can be vasoconstrictive as well
as lead to undesirable CNS effects.10 Thus, the design and identifi-
cation of a selective 5-HT2C agonist is a necessary requisite for a
program targeting this receptor. There have been several reports
in the recent literature describing 5-HT2C agonists with significant
selectivity over 5-HT2A and 5-HT2B including lorcaserin (1), a com-
pound currently in clinical development for the treatment of
obesity.11 In the course of our efforts to identify a potential devel-
opment candidate, we set a criterion of no-to-minimal activation
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of the 5-HT2B receptor. This paper outlines the synthesis and bio-
logical evaluation of a series of novel and selective 5-HT2C receptor
agonists, represented by structures 2–4, based on the known
5-HT2C agonist mCPP.7 A summary of the SARs leading to the
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identification of compounds with potent in vitro 5-HT2C agonist
activity and no detectable activation of the 5-HT2B and 5-HT2A

receptors is described. Finally, the in vivo evaluation of select com-
pounds in rat feeding and weight loss models is described.

Syntheses of the various compounds in the 6,6,6-tricyclic series
(2) were carried out as outlined in Schemes 1–3. Readily available
2-nitrobenzoic acids 5 were converted to the corresponding
2-aminobenzamides 6 via their respective acid chlorides and
2-nitrobenzamides. Treatment of the aminobenzamides 6 with
N-boc-aminoacetaldehyde in refluxing toluene (Dean–Stark trap)
in the presence of catalytic p-toluenesulfonic acid afforded 7.12

Allylation of 7 at the ‘aniline’ nitrogen using allyl bromide and so-
dium or potassium carbonate in N,N-dimethylformamide (DMF) or
N,N-dimethylacetamide (DMA) followed by treatment of the
resulting olefins 8 with sodium periodate in THF–water in the
presence of catalytic osmium tetroxide afforded the intermediate
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Scheme 1. Reagents and conditions: (a) (COCl)2/CH2Cl2/100%; (b) NH3/MeOH–THF/90–
pTsOH/toluene/reflux/40–70%; (e) Na2CO3 or K2CO3/allyl bromide/DMF or DMA/140 �C/
steps).
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Scheme 3. Reagents and conditions: (a) Feo/AcOH/N-boc-aminoacetalde
aldehydes. Finally, treatment of the aldehydes with excess trifluo-
roacetic acid and triethylsilane in dichloromethane provided target
compounds 2a and 2d in 40–60% yield from 8. In all cases the race-
mic compounds thus obtained were isolated as free amines and re-
solved by chiral chromatography affording enantiomerically pure
analogs. While both enantiomers were tested for biological activ-
ity, Table 1 displays data for the enantiomers with more potent
5-HT2c agonist activity.13

Other analogs related to 2 were prepared from the correspond-
ing ortho-fluorobenzamides (Scheme 2) via introduction of the
allylamine functionality prior to condensation with N-boc-amino-
acetaldehyde. Thus, treatment of the readily available benzamides
9a–e with allylamine in the presence of potassium carbonate in
DMA at 130 �C afforded the corresponding allylated benzamides
10 which were converted via 11 to the respective tricyclic amines
as described in Scheme 1. The 8- and 9-methyl analogs 2b and 2c,
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Table 1
Serotonin (5-HT) binding and functional activity of the various tricyclic dihydroquinazolinonesa

Compoundb 5-HT2C (nM) 5-HT2B (nM) 5-HT2A (nM)

# Chiral column used/peak elutionc Binding Ki Function EC50 (IA) Binding Ki Function EC50 (IA) Binding Ki Function EC50 (IA)

2 OD/2nd 1936 137 (0.96) 137 ND 1980 ND
(+)-2a OJ/1st 89 ± 34 45 ± 19 (1.0) 8.6 ± 2 >10,000 (0) 229 ± 109 >10,000 (0)
(�)-2a OJ/2nd 2076 989 (0.9) 206 ND 4482 ND
2b OD/2nd 998 133 (1.0) 61 >10,000 (0) 1220 >705 (0.34)
2c AS/1st 479 34 (1.0) 280 >10,000 (0) 600 >10,00 (0.26)
2d OD/1st 6145 4197 (0.40) 2395 ND >10,000 >10,000 (0)
2e OJ/1st 223 43 (0.80) 18 >10,000 (0) 334 >10,000 (0)
2f AS/1st 757 110 (0.97) 72 ND 397 ND
2j OD/1st 153 92 (0.93) 13 >10,000 184 ND
2i OD/1st >10,000 >10,000 (0) >10,000 ND >10,000 ND
3 OD/1st 49 16 (0.80) 67 101 (0.6) 269 248 (1.0)
3a OD/1st 2.9 2.0 (1.0) 10 61 (0.44) 141 70 (1.0)
3b OD/1st 9.0 1.8 (1.0) 23 46 (0.50) 168 130 (0.80)
(+)-3c AD/1st 6.5 ± 2.8 6.6 ± 1.5 (1.1) 41 ± 12 >10,000 (0) 364 ± 30 952 ± 179 (0.28)
(�)-3c AD/2nd 60 92 (0.66) 51 ND 454 >10,000 (0.11)
4a Racemic 1547 ND 734 ND 13560 ND
mCPPd — 17 ± 2 15 ± 4 (1.0) 24 ± 1 287 ± 94 (0.4) 48 ± 4 290 ± 110 (0.3)

a Ki and EC50 values14,15 are reported as means of P2 independent 12-point dose response curves (n P 4 for data reported with standard deviations). mCPP was used as a
positive control. The reported intrinsic activity (IA) is relative to receptor activation by serotonin at 3 lM (defined as 1.0). ND = value not determined.

b All compounds were enantiomerically pure (except 4a which was a racemate). With the exception of 2a and 3c, Ki and EC50 values are reported only for enantiomers with
higher affinity for 5-HT2C.

c Chiral columns (Chiral Technologies) used for separation: AD = CHIRALPAK� AD, OD = CHIRALCEL� OD, AS = CHIRALPAK� AS, OJ = CHIRALCEL� OJ. Eluent used: hexanes–
ethanol–methanol–triethylamine, 80:10:10:0.3 to 60:20:20:0.3.

d m-Chlorophenylpiperazine.
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Scheme 5. Reagents and conditions: (a) BH3–Me2S/Et2O then H2O2/NaOH/31%; (b)
Dess–Martin periodinane/CH2Cl2; (c) TFA/Et3SiH/CH2Cl2 (7% yield from 18).
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respectively were prepared from the iodo and bromo tricyclics 2g
and 2h by conducting a Stille coupling reaction on the respective
boc-protected amines. The unsubstituted analog 2 was readily pre-
pared from iodo compound 2g by palladium catalyzed hydrogenol-
ysis. Compound 13, the intermediate for 2e, was generated by a
one pot reduction/condensation reaction of 2-chloro-6-nitrobenza-
mide and N-boc-aminoacetaldehyde in the presence of iron pow-
der in warm acetic acid (Scheme 3).

Compounds in the related 6,6,7-series were prepared as out-
lined in Schemes 4 and 5. Treatment of 2-fluorobenzoyl chlorides
14a–d in THF with a solution of ammonia in methanol afforded
the corresponding benzamides which were readily converted to
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tion of the resulting aldehyde (with concomitant removal of the
protecting group when PG = boc) afforded 17a–c and 3b. Removal
of the cbz protecting group accompanied by reduction of the iodo
group of 17a via palladium catalyzed hydrogenolysis afforded 3.
Compound 3a was prepared from 17b via Suzuki coupling using
trimethylboroxine in the presence of catalytic amounts of tetra-
kis(triphenylphosphine)palladium(0) and potassium carbonate
prior to removal of the cbz protecting group. Compound 3c was
similarly prepared from the dibromo compound 17c using a Negi-
shi coupling reaction. The isomeric 6,6,7-tricyclic analog of 3b,
compound 4a, could be prepared from 16d in low overall yield
via a sequence that involved hydroboration followed by Dess–Mar-
tin periodinane oxidation of the resulting primary alcohol to the
corresponding aldehyde and subsequent intramolecular reductive
amination (Scheme 5).

Table 1 displays in vitro data for select analogs in the 6,6,6- and
two isomeric 6,6,7-tricyclic amine derived series. All compounds
were initially screened in binding assays for the target 5-HT2C

receptor as well as for 5-HT2B and 5-HT2A selectivity.14,15 Com-
pounds with significant binding affinities were also evaluated for
activity in corresponding functional assays. The baseline com-
pound 2 in the 6,6,6-tricyclic series displayed a modest binding
affinity for the 5-HT2C receptor (1.9 lM). However, it displayed full
functional agonism (IA = 0.96) with an EC50 value of 137 nM. Intro-
duction of small hydrophobic substituents such as chloro, methyl
and trifluoromethyl at the ‘A’ ring resulted in the generation of a
variety of compounds that displayed, with a few exceptions, signif-
icantly improved 5-HT2C binding and functional activities (e.g.,
compounds (+)-2a and 2e). Most compounds in the 6,6,6-tricyclic
series displayed relatively higher binding affinity for the 5-HT2B

over the 5-HT2C receptor. However, compounds in this series were
completely devoid of functional activity at the 5-HT2B receptor.
Thus, while (+)-2a (5-HT2C EC50 = 45 nM, IA = 1) is a potent binder
at the 5-HT2B receptor (Ki = 8.6 nM), the lack of functional agonism
of the 5-HT2B receptor at concentrations up to 10 lM (IA = 0) rep-
resented a more desirable profile. Furthermore, compound (+)-2a,
as well as most compounds in the 6,6,6-series, displayed no signif-
icant functional agonism at the 5-HT2A receptor (EC50 >10 lM).

Expansion of the ‘C’ ring afforded two isomeric series of 6,6,7-
tricyclic amines with significantly different biological profiles.
Chloro compound 4a showed a significantly diminished binding
affinity for the 5-HT2C receptor (Ki = 1547 nM) as compared to 2e.
In contrast, compounds in the isomeric series (represented by com-
pound 3) were dramatically more potent at the 5-HT2C receptor. As
an example, compound 3a with a Ki value of 2.9 nM showed a 30-
fold increased affinity for the 5-HT2C receptor over the correspond-
ing analog in the 6,6,6-series ((+)-2a, Ki = 89 nM). Similarly, the
Table 2
Pharmacokinetic data for compound (+)-2a in male Sprague–Dawley ratsa

Route Dose (mpk) T1/2 (h) Cl (mL/min/kg) Vd

Intravenous 1 0.9 ± 0.1 27 ± 7.4 1.
Oral 1 2.5 ± 1.6 ND ND

a Values are reported as means of 3 animals each iv and po. ND = value not determin

Table 3
Oral pharmacokinetic data for compounds (+)-2a and (+)-3c in male Sprague–Dawley rats

Compound Dose (mpk) Tmax (h) Cmax (nM)

(+)-2a 1 1 398
(+)-2a 10 0.5 5376
(+)-3c 10 1.5 1749

a Compounds were dosed only po; values are reported as means of 2 animals.
b The reported data was collected over 4 h for compound (+)-2a and 8 h for compoun
c Exposure levels for (+)-2a and (+)-3c at 4 and 8 h, respectively.
chloro analog 3b (5-HT2C Ki = 9 nM) displayed 25-fold improve-
ment in the binding affinity for 5-HT2C over the corresponding ana-
log in the 6,6,6-series (2e, Ki = 223 nM). In addition, compounds in
this series showed a marked improvement in 5-HT2C functional
activity as demonstrated by a 22-fold increase in potency for com-
pound 3a (EC50 = 2.0 nM, IA = 1.0) over compound (+)-2a. However,
in contrast to most compounds in the 6,6,6-series, compounds 3a
and the chloro analog 3b (as well as the baseline compound 3)
are partial agonists (IA = 0.4–0.6) of the 5-HT2B as well as full ago-
nists (IA = 0.8–1.0) at the 5-HT2A receptors. Extensive SAR studies
were carried out in this series in order to increase functional selec-
tivity for the 5-HT2C receptor over 5-HT2A and 5-HT2B receptors.
These efforts resulted in the generation of the dimethyl analog
(+)-3c with single digit nM 5-HT2C binding and function
(Ki = 6.5 nM, EC50 = 6.6 nM, IA = 1.0), no measurable activation of
the 5-HT2B receptor (IA = 0 at 10 lM) and only weak activation
(EC50 = 952 nM, IA = 0.28) of the 5-HT2A receptor. Consistent with
the cell based 5-HT2B functional data, compound (+)-3c did not
show any significant activity in a tissue based (rat fundus) assay
at concentrations up to 10 lM. In contrast, the 5-HT2B partial ago-
nist 3a (5-HT2B EC50 = 61 nM, IA = 0.44) produced a weak (IA = 0.2)
response in the rat fundus at 10 lM.

Based on these data, two compounds were selected for detailed
in vivo testing and characterization. Compound (+)-2a displayed
favorable PK properties in rat with 49% oral bioavailability when
dosed at 1 mpk (Table 2). In addition, when orally dosed at
10 mpk (Table 3), compound (+)-2a exhibited plasma and total
brain exposures of 2122 nM and 3010 nmol/kg, respectively, 4 h
post administration. Demonstrating reasonable exposure, the ago-
nist was advanced into rat efficacy models. In an acute (20 h) feed-
ing assay (Fig. 1), compound (+)-2a produced a dose dependent
reduction in food intake with a robust 22% reduction in feeding
at 10 mpk. Further evaluation of (+)-2a was carried out in a sub-
chronic 4 day weight loss model in the rat (Fig. 2). After 30 mpk
daily oral dosing, compound (+)-2a produced a statistically signif-
icant 4.1% reduction in body weight (as well as a 16% reduction in
cumulative caloric intake) as compared to vehicle-treated animals.

Dimethyl analog (+)-3c was similarly evaluated in vivo. In a rat
pharmacokinetic study (10 mpk, po only), (+)-3c displayed an AUC
(0–8 h) of 9.2 lM h in addition to plasma and total brain exposures
of 714 nM and 108 nmol/kg, respectively, at 8 h post dose (Table 3).
In the 20 h feeding model in rat (Fig. 1), compound (+)-3c produced
statistically significant 18% and 25% reductions in food intake at 10
and 30 mpk doses, respectively. As observed with (+)-2a, there
were minimal effects on locomotor activity and no signs of overt
clinical toxicity or malaise with dosing of these compounds. In a
separate acute feeding study, the effect on feeding by (+)-3c was
ss (L/kg) Tmax (h) Cmax (nM) AUC0-1 (nM h) %F

3 ± 0.1 ND ND 2344 ± 690 —
1.3 ± 0.6 293 ± 95 1154 ± 161 49

ed.

a

AUC (nM h)b Plasma level (nM)c Brain level (nmol/kg)c

1040 219 326
12637 2122 3010

9242 714 108

d (+)-3c.
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Figure 1. Effects on feeding in an acute (20 h) rat operant model upon treatment with compounds (+)-2a and (+)-3c. Male Sprague–Dawley rats (n = 6) were dosed orally with
test compound or vehicle (14% propylene glycol, 1% tween, 85% water, v/v/v) 60 min prior to the onset of the dark cycle (the most active period of feeding). Food pellets
consumption data for compound treated animals was compared to that for vehicle treated animals in order to determine percent reduction of food intake over a 20 h period.
Water intake and locomotor activity were also measured simultaneously to assess potential adverse effects (see Ref. 15 for detail design of all in vivo studies).
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dosed orally once a day with test compound or vehicle (14% propylene glycol, 1% tween, 85% water, v/v/v) for 4 days. Body weight and consumption of food and water were
measured daily. See Ref. 15 for detail design of all in vivo studies. BSL = Baseline.
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completely reversed by co-administration of the selective 5-HT2C

antagonist SB243213,16 supporting a mechanism-based (5-HT2c)
reduction in food intake.17 Compound (+)-3c was also evaluated
in the 4-day rat model (Fig. 2), affording statistically significant
19% and 2.7% reductions in total caloric consumption and body
weight, respectively, at a daily oral dose of 30 mpk.

In conclusion, most compounds based on the 6,6,6-dihydroqui-
nazolinone core displayed complete functional selectivity for 5-
HT2C over the 5-HT2B and 5-HT2A receptors.18 The lead compound
(+)-2a exhibited good bioavailability in the rat with micromolar
plasma and brain exposures when dosed at 10 mpk. In addition,
(+)-2a was efficacious in both an acute 20 h food intake study
and a 4 day rat weight loss model. Evaluation of (+)-2a for off-tar-
get activities showed no significant inhibition (IC50 >40 lM) of
cytochrome P450 enzymes (CYP1A2, 2C9, 2C19, 2D6, and 3A4)
and no evidence of significant (>50% inhibition at 10 lM) binding
or enzyme inhibition in a broad panel of profiling assays, including
a variety of monoaminergic receptors. In addition, (+)-2a displayed
weak hERG ion channel inhibition (37% at 30 lM) in a patch clamp
assay.

The 6,6,7-dihydroquinazolinones generally displayed superior
5-HT2C in vitro potency. While functional selectivity for the 5-
HT2C receptor (vs 5-HT2B and 5-HT2A) was suboptimal for most
compounds in this series, the dimethyl analog (+)-3c was com-
pletely selective for 5-HT2C (EC50 = 6.6 nM, IA = 1.0) vs 5-HT2B

(EC50 >10 lM, IA = 0). However, in contrast to the 6,6,6-series,
(+)-3c and most other compounds in this series exhibited relatively
lower brain exposures (vs plasma) in the rat (brain:plasma � 0.1–
0.2). Consequently, compounds in this series were often less effica-
cious in the rat despite superior in vitro activity. Efforts to uncover
the origin of this disparity between the two series supported
involvement of the P-glycoprotein (P-gp) transporter as indicated
by a differential in the efflux and influx permeability rates in
Caco-2 cells for most compounds in the 6,6,7-series ((+)-3c: Caco
A�B = 30 nm/sec, B�A = 166 nm/sec). Efforts to improve brain
exposures of the 6,6,7-series will be discussed in due course.
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