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The 5-HT2C receptor has been implicated as a critical regulator of appetite. Small molecule activation of
the 5-HT2C receptor has been shown to affect food intake and regulate body weight gain in rodent models
and more recently in human clinical trials. Therefore, 5-HT2C is a well validated target for anti-obesity
therapy. The synthesis and structure–activity relationships of a series of novel tetrahydropyrazinoiso-
quinolinone 5-HT2C receptor agonists are presented. Several members of this series were identified as
potent 5-HT2C receptor agonists with high functional selectivity against the 5-HT2A and 5-HT2B receptors
and reduced food intake in an acute rat feeding model upon oral dosing.

� 2013 Elsevier Ltd. All rights reserved.
Serotonin (5-HT) plays an integral role in a broad range of
cardiovascular, metabolic, and central nervous system pharmaco-
logical pathways.1 Of the 14 known 5-HT receptor subtypes, the
5-HT2C receptor in particular has been implicated as a critical reg-
ulator of appetite. 5-HT2C knockout mice are obese, hyperphagic,
hyperinsulinemic and are insensitive to the action of 5-HT2C ago-
nists.2 The 5-HT2C receptor is a well validated target for anti-obes-
ity therapy since activation of this receptor has been shown to
affect food intake and regulate body weight gain in rodent models3

and human clinical trials.4 A challenge of this target has been to
identify a potent 5-HT2C receptor agonist with high selectivity ver-
sus other 5-HT receptors, primarily the 5-HT2A and 5-HT2B recep-
tors, to avoid side effects such as hallucinogensis and valvular
hypertrophy disease.5 The latter finding led to the withdrawal of
the non-selective 5-HT2C agonists fenfluramine and the (S)-enan-
tiomer dexfenfluramine from the market.6 Recently, the modestly
selective 5-HT2C receptor agonist lorcaserin (1)7 (Fig. 1) has re-
ceived FDA approval for treatment of obesity on the basis of show-
ing statistically significant weight loss in several phase 3 trials.8

Numerous 5-HT2C receptor agonists have been reported in the
literature over the last two decades.9 A common structural motif
in 5-HT2C receptor agonist design has been the presence of a basic
amine attached to a phenyl ring through a linkage (replicating the
indole and primary amine pharmacophore of 5-HT), in which
length and orientation of the groups ultimately contribute to the
potency and selectivity of the compound. Our efforts were focused
on identification of novel structural motifs with potent 5-HT2C

agonism and high selectivity over both the 5-HT2A and 5-HT2B

receptors (preferably with no functional activity at 5-HT2B). Previ-
ously, we had reported that unsubstituted tetrahydropyrazinoiso-
indolone (2) was a moderately potent 5-HT2C agonist (5-HT2C,
Ki = 630 nM, EC50 = 1500 nM) with ninefold functional selectivity
for the 5-HT2C receptor over the 5-HT2B receptor, and 14-fold over
the 5-HT2A receptor; moreover, substitution on the aryl ring,
dication.
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Figure 2. Known and proposed 5-HT2C agonists.
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Scheme 1. Reagents and conditions: (a) triphosgene, ClCH2CH2Cl, then AlCl3, 0 �C to
reflux (40–50%); (b) NaH, R0BrCHCO2Me, DMF, rt to 40 �C (61–75%); (c) LiBH4, THF,
reflux (89–96%); (d) SOCl2, CH3Cl (69–78%); (e) BnNH2, K2CO3, diglyme (52–67%,
a:b = 2:1); (f) H2, 10% Pd/C, EtOAc, OD Chiral HPLC separation, OD column, 30%
MeOH/EtOH/70% heptane (39–44%).
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especially at the 7-position, enhanced 5-HT2C potency as much as
20-fold10 (Fig. 2). We envisioned that the conceptual expansion
of the central five-membered ring of the tetrahydropyrazinoisoin-
dolone core (2) to generate the closely related tetrahydropyrazino-
isoquinolinone core (3) could possibly lead to more potent 5-HT2C

agonists with better selectivity against the 5-HT2A and 5-HT2B

receptors. Our confidence in this hypothesis was bolstered by
overlaying low energy conformations of the (R)-tetrahydropyrazi-
noisoquinolinone core (22) onto the 7-trifluoromethyl tetrahydro-
pyrazinoisoindolone analog (4), the lead compound in the series10

(Fig. 3). This analysis predicted that (1) the R enantiomers of the
tetrahydropyrazinoisoquinolinones would be required for 5-HT2C

activity as was the case for the tetrahydropyrazinoisoindolone ser-
ies and (2) only a small (or no) 7-substutution might be required
for 5-HT2C potency and selectivity against the 5-HT2A and 5-HT2B

receptors. Our strategy involved sequential evaluation of the effect
of substitutions at each position on the tetrahydropyrazinoisoquin-
olinone core to enhance potency and selectivity prior to identifica-
tion of potent and selective agonists produced by optimal additive
effects from di-substitution at different positions.

Herein we report the synthesis and structure–activity relation-
ship of a series of 5-HT2C receptor agonists by the optimization of
the tetrahydropyrazinoisoquinolinone core. All the tetrahydropy-
razinoisoquinolinone analogs were synthesized by two general
synthetic routes. The first route, based on the work of Singh,11

was developed for the synthesis of the analogs at C4 (Scheme 1)
beginning with readily available D-phenylalanine methyl esters 5,
which were acylated with triphosgene, followed by treatment with
alumnium trichloride, to give (R)-methyl tetrahydroisoquinolinone
carboxylic acid esters 6. Treatment with NaH concurrently pro-
moted racemization and alkylation with substituted ethyl bro-
moacetates to generate racemic diesters 7. Lithium borohydride
reduction of diesters 7 and subsequent reaction with thionyl chlo-
ride afforded dichlorides 8. Treatment with benzyl amine in the
presence of potassium carbonate yielded the corresponding benzyl
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Figure 3. Low energy conformation overlay of known and proposed 5-HT2C

agonists.
tetrahydropyrazinoisoquinolinones with a:b = 2:1 ratio after sepa-
ration, which were respectively, subjected to debenzylation under
standard conditions (H2, Pd/C) and chiral separation to provide
compounds 9–12 in good yield. Absolute configuration was deter-
mined by X-ray crystallography of the (1S)-(+)-10-camphor-sul-
fonamide of the final product.

Having established the absolute configuration of the active
enantiomer to be R, we developed an enantioselective synthesis
for the analogs at other positions, which began with commercially
available D-Boc-phenylalanines 13 (Scheme 2). Coupling of acids
13 with optically pure N-benzyl glycine or alanine ethyl ester
yielded amides 14. Boc-deprotection and subsequent thermal
cyclization gave diones 15. Carbamates 16 were formed by lithium
aluminium hydride reduction of diones 15 followed by treatment
with methyl chloroformate. P2O5/POCl3 catalyzed cyclization and
debenzylation under standard conditions (H2, Pd/C or CH3CHClO-
COCl/MeOH) provided the final products 17 in good yield. Where
the D-Boc-phenylalanines were not commercially available, as
was the case with some alkyl and cyano analogs in Table 2, the syn-
thesis was carried out from intermediate bromides 18. Alkylation
of bromides 18 under Negishi, Suzuki, or Stille conditions or copper
catalyzed cyanidation with CuCN, followed by debenzylation under
standard conditions (H2, Pd/C or CH3CHClOCOCl/MeOH), afforded
the corresponding alkyl and cyano analogs 17, respectively. Ana-
logue 21 was synthesized from intermediate methyl ether 19 gen-
erated using the procedure as described above. O-demethylation of
ether 19 with boron tribromide, followed by propargylation of the
resulting phenol, formed ether 20, which was cyclized to give the
final product 21 after debenzylation under acidic conditions. N-
Methyl analog 23 was generated under reductive amination condi-
tions from analog 22 (produced by either of the above two routes).

The primary goal of our research was to design a 5-HT2C agonist
with a Ki and EC50 of less than 25 nM which exhibits greater than
100-fold functional selectivity over the 5-HT2B and 5-HT2A recep-
tors. The preliminary binding and functional assay results for the
unsubstituted tetrahydropyrazinoisoquinolinone core were very
encouraging. As predicted by modeling, the 5-HT2C binding affinity
(24 nM Ki) of the R-enantiomer tetrahydropyrazinoisoquinolinone
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(g) H2, 10% Pd/C, MeOH (83–87%) or for aryl halides, CH3CHClOCOCl, ClCH2CH2Cl,
0 �C to reflux, then MeOH reflux (55–64%); (h) R2Zn, Pd(dppf)Cl2, THF, 65 �C, or R-
B(OH)2, Pd(PPh3)4, K2CO3, DME, H2O, reflux or R-Sn(n-Bu)3, Pd(PPh3)4, toluene,
reflux or CuCN, CuI, 1,3-dimethyl-2-imidazolidinone (50–90% for all the transfor-
mations); (i) BBr3, CH2Cl2, �78 �C to rt; (j) propargyl bromide, Bu4Br, NaOH, (98% for
two steps); (k) PhNEt2, 200 �C (96%); (l) H2, 10% Pd/C, concd HCl, MeOH (92%); (m)
CH2O, NaBH(OAc)3, CH2Cl2, 0 �C to rt (88%).
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22 was 64-fold greater than that of the S-enantiomer 24. More
intriguingly, compound 22 was an extremely potent 5-HT2C func-
Table 1
Serotonin (5-HT) binding and functional activity of mono-substituted saturated ring (B an

O

11

A B N

R1

Compounda 5-HT2C
b (nM)

# R11a R Binding Ki Function EC50 (IA)

22 R-H H 24 36 (1.0)
24 S-H H 1780 nd
25 R-Me H 3453 1358 (1.0)
23 R-H 2-Me 585 193 (0.8)
26 R-H 3-a-Me 2000 1744 (0.7)
27 R-H 3-b-Me 399 330 (1.0)
28 R-H 4-a-Me 2777 33 (1.0)
29 R-H 4-b-Me 58 3 (1.0)
30 R-H 11-b-Me 319 56 (0.9)

a All compounds were enatiomerically pure and exhibited satisfactory analytical data
b Radioligand binding studies were conducted to determine the binding affinities (K

receptors. Functional screenings were carried out in HEK293E cells expressing the human
receptor activation by serotonin at 3 lM (defined as 1). nd = value not determined. See
tional agonist (EC50 = 36 nM) exhibiting functional selectivity for
the 5-HT2C receptor over the 5-HT2B and 5-HT2A receptors (20-fold
functionally selective over the 5-HT2A receptor with no 5-HT2B

functional activity). The in vitro profile of compound 22 provided
a good starting point for our research.

In hopes of increasing the 5-HT2C potency and 5-HT2A selectiv-
ity of this chemotype, the SAR for methyl substituents was ex-
plored. Methylation of the saturated B and C rings at N2, C3, C11,
and C11a (23, 26, 27, 30, and 25) dramatically reduced the binding
affinity and functional activity at all three serotonin receptor sub-
types as did substitution at C4 with an a oriented methyl (28). In
contrast, substitution at C4 with a b-methyl group (29) yielded a
very potent 5-HT2C compound, albeit lacking the functional selec-
tivity versus the 5-HT2A and 5-HT2B receptors exhibited by 22.

The functional response of 5-HT2C, 5-HT2B and 5-HT2A receptors
to substitution of the A ring at C7, C8, C9 and C10 for a range of
substituents was investigated (Table 2). The finding that significant
attenuation in activity against all three receptors ensued upon
introduction of a cyano group at C7, C8, and C9 (37, 43, and 50)
suggested polar groups cannot be tolerated on the aryl ring. There-
fore the SAR focus shifted to non-polar functionalities: either elec-
tron-donating groups such as alkyl (Me, Et, and cyc-Pr) and alkoxy
(OMe, OEt, and OPr) or electron-withdrawing groups such as halo-
alkyl (CF3) and halogen (Cl). These subsituents also served to ex-
plore the effect of subtle steric interactions on functional activity
and selectivity. Though changes in binding affinity did not neces-
sary correlate with changes in functional activity, the goal re-
mained identification of a substituted analog with high 5-HT2C,
no 5-HT2B and weak 5-HT2A functional activity.

While substitution at C7 (31–36) often resulted in significant
increases in binding affinity versus 5-HT2B, these modifications
invariably ablated all functional activity for this receptor. C7 sub-
stitution also typically resulted in an increase in functional activity
for the 5-HT2C receptor, but this was accompanied by a commensu-
rately greater enhancement for 5-HT2A. In case of the ethyl analog
32, the net result was to cause the original 20-fold functional selec-
tivity between 5-HT2C and 5-HT2A of 22 to collapse to near unity.
The C7 methyl derivative 31 exhibited functional selectivity be-
tween that of the H (22) and Et (33) analogs. The consequences
of C8 substitution (38–42) were particularly unfavorable due to
the appearance of potent partial 5-HT2B agonist activity for all
but 40 (CF3). In addition, relative to 22, the functional selectivity
d C ring) analogs

1

3
4

C
NH 2

R

1a

5-HT2B
b (nM) 5-HT2A

b (nM)

Binding Ki Function EC50 (IA) Binding Ki Function EC50 (IA)

213 >10000 326 707 (1.0)
5710 nd nd nd
3445 nd 6933 nd
488 >10000 1460 >10000
1340 >2500 2960 >2500
681 >10000 1740 >10000
1637 >2500 1081 >2500
39 37 (0.3) 81 123 (1.4)
402 271 (0.3) 3020 >10000

.
i values) of compounds for the human recombinant 5-HT2A, 5-HT2B, and 5-HT2C

5-HT2A, 5-HT2B, or 5-HT2C receptor. The reported intrinsic activity (IA) is relative to
reference 10 for complete description of all in vitro and in vivo assays.



Table 2
Serotonin (5-HT) binding and functional activity of mono-substituted compounds

N

R H
NH

O7
8

9
10

Compounda 5-HT2C
b (nM) 5-HT2B

b (nM) 5-HT2A
b (nM)

# R7 R8 R9 R10 Binding Ki Function EC50 (IA) Binding Ki Function EC50 (IA) Binding Ki Function EC50 (IA)

31 Me H H H 9 5 (0.9) 13 >10000 110 64 (0.7)
32 Et H H H 8 14 (1.0) 2 >10000 24 22 (1.0)
33 cycPr H H H 80 64 (0.9) 6 >10000 73 109 (0.3)
34 CF3 H H H 33 16 (1.5) 47 >10000 84 107 (0.3)
35 Cl H H H 57 22 (0.9) 8 >10000 120 381 (1.0)
36 OMe H H H 203 12 (1.2) 139 >10000 1655 193 (0.4)
37 CN H H H 1661 320 (1.0) 510 >10000 2710 >10000
38 H Me H H 92 8 (0.8) 32 12 (0.2) 322 53 (0.9)
39 H Et H H 33 4 (0.8) 47 28 (0.4) 111 37 (1.0)
40 H CF3 H H 39 18 (1.0) 340 >10000 108 106 (1.4)
41 H Cl H H 30 10 (0.8) 54 9 (0.6) 85 97 (1.3)
42 H OMe H H 37 3 (1.0) 115 56 (0.4) 85 47 (1.5)
43 H CN H H 1760 600 (1.0) nd >2500 4000 >2500
44 H H Me H 143 55 (0.9) 105 >10000 260 >10000
45 H H Et H 56 55 (1.0) 227 >10000 231 >10000
46 H H Pr H 77 108 (1.0) 340 >10000 275 >10000
47 H H CF3 H 456 583 (1.3) 778 >10000 795 >10000
48 H H Cl H 234 171 (1.0) 127 >10000 396 >10000
49 H H OMe H 255 241 (1.0) 196 >10000 1716 >10000
50 H H CN H 5931 610 (0.9) 5816 >2500 6027 >2500
51 H H H Me 114 28 (1.3) 118 >10000 1010 206 (0.8)
52 H H H Et 269 48 (1.3) 930 >10000 1424 >3000 (0.2)
53 H H H CF3 1428 3337 (1.0) 5513 nd >10000 nd
54 H H H OMe 78 12 (1.0) 78 >10000 511 1030 (1.0)
55 H H H OEt 19 25 (1.0) 63 >10000 1034 >10000
56 H H H OPr 78 70 (0.8) 129 >10000 1448 >10000
57 Me H Me H 24 14 (1.0) 21 >10000 326 1046 (0.1)
58 Me H Et H 98 92 (1.0) 40 2366 (0.4) 456 >10000
59 Me H H OMe 52 6 (1.0) 17 >10000 146 148 (0.5)
60 H H Me OMe 235 77 (1.2) 217 827 (0.7) 231 921(0.9)
21 H H -(CH2)3O- 26 16 (1.0) 21 >10000 337 1379 (0.9)

a See Table 1 legend.
b See Table 1 legend.
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of these analogs (5-HT2C vs 5-HT2A) was diminished despite often
robust increases in 5-HT2C functional activity (see analogs 39 and
42). In contrast, introduction of substituents at C9 (44–50) ap-
peared to abolish functional responses versus the 5-HT2A and 5-
HT2B receptors, although functional activity for the 5-HT2C receptor
seemed to vary based upon both electronic and steric factors. The
methyl and ethyl analogs 44 and 45 were identified as particularly
functionally potent and selective 5-HT2C agonists (5-HT2C,
EC50 = 55 nM; inactive for the 5-HT2B and 5-HT2A receptors); how-
ever, neither compound exhibited enhanced potency for the target
receptor as compared with lead 22.

The SAR response for C10 substituents (51–56) differed in that
steric effects were no longer the primary factor dictating functional
potency. The greatest increases for both 5-HT2C affinity and agonist
responses were observed with the methoxy 54 and ethoxy 55 sub-
stitutions (superior to the methyl (51) and ethyl (52) analogs).
Replacement of ethoxy with a propoxy group (56) resulted in only
a threefold decrease in functional activity (vs 5-HT2C). Alkoxy ana-
logs 54–56 exhibited significantly diminished 5-HT2A and 5-HT2B

functional activity. Among this set, compounds 54 (5-HT2C,
EC50 = 12 nM; 5-HT2B, functionally inactive; 5-HT2A, 86-fold func-
tional selectivity) and 55 (5-HT2C, EC50 = 25 nM; inactive for both
the 5-HT2B and 5-HT2A receptors) were identified as potent and
selective 5-HT2C agonists.

Given the varied effect of mono-substitution of the A ring on
functional activity (pictorially summarized in Fig. 4), we decided
to explore multiple di-substitution patterns in hopes of maximiz-
ing 5-HT2C functional activity while while maximizing 5-HT2A

and 5-HT2B selectivity.
Representative di-substituted analogs obtained by combining

preferred functionalities at favored positions, that is, 7-methyl, 9-
methyl and ethyl, and 10-methoxy (57–60) are listed in Table 2.
The 7,9-dimethyl analog 57 exhibited enhanced 5-HT2C functional
potency (EC50 = 14 nM) and >75-fold 5-HT2A functional selectivity
with minimal agonist response (IA = 0.1). This compound was also
functional inactive versus 5-HT2B. This potency and selectivity pro-
file lies between that of the 7-methyl (31) and the 9-methyl (44)
analogs suggesting that an additive effect exists for this combina-
tion of substituents. In contrast, no comparable additive effect
was obtained for the 7-methyl, 9-ethyl analog 58. Additionally,
neither the 7-methyl,10-methoxy analog 59 nor the 9-methyl,10-
methoxy analog 60 improved 5-HT2C potency and selectivity over
the 5-HT2B and 5-HT2A receptors relative to that of their corre-
sponding mono-substituted counterparts, suggesting that adding
bulk from either of the two opposing positions of the benzene ring
is not preferred. Interestingly, internal cyclization of the methyl
and methoxy groups of 60 to generate the 9,10-pyrano counterpart
21 improved 5-HT2C functional potency (EC50 = 16 nM) and 5-HT2A

functional selectivity (86-fold) while maintaining 5-HT2B func-
tional inactivity.

Abbreviated rat pharmacokinetic studies were conducted to
determine general exposure (Cmax and AUC (0–4 h)) and the



Table 4
Acute feeding studies in ratsa

Cmpd Dose (mpk) Pellets consumed (% change from vehicle)

1 h 2 h 4 h 8 h 12 h 20 h

22 1 �100* �100* �67* �49* �18 �14
3 �100* �100* �95* �70* �51* �25

10 �100* �100* �100* �97* �92* �73*

44 1 +14 �8 +4 0 �6 �2
3 �45 �24 �13 �12 �12 �13

10 �98* �90* �54* �26* �17* �11
52 1 �45 �15 0 0 �4 �7

3 �30 �39 �23* �10* �10* �4
10 �100* �86* �66* �52* �45* �29*

54 10 �100* �100* �78* �32* �35* �32*

55 10 �38 �15 �9 �6 0 0
21 10 �56 �23 �20 �10 �10 �5

* p <0.05.
a Effects on feeding in an acute (20 h) rat operant model upon treatment with

selected compounds. Male Sprague–Dawley rats (n = 6) were dosed orally with test
compound or vehicle (14% propylene glycol, 1% tween, 85% water) 60 min prior to
the onset of the dark cycle. Pellets consumed for compound treated animals were
compared to that of vehicle treated animals in order to determine percent reduction
of food intake over a 20 h period. Data are shown for the 1, 2, 4, 8, 12 and 20 h
timepoints. See Ref.10 for a detailed description of all in vivo studies.
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Figure 4. A SAR summary of mono-substitutions on aryl ring and additive effect
strategy by combinations.
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relative plasma and brain exposures (brain/plasma ratio) (Table 3)
for several tetrahydropyrazinoisoquinolinones exhibiting potent
selective 5-HT2C agonist activity. Following oral administration
typically at 10 mg/kg, brain exposures relative to plasma (brain/
plasma ratio, 3.5–9.0) was invariably greater than unity although
the plasma exposures and brain/plasma ratios varied widely. The
lead 22 and alkyl analogs 40, 44, 45, and 52 all achieved acceptable
plasma exposures, however exposures of the alkoxy analogs 54, 55,
and 21 were comparatively diminished, likely as a result of re-
duced metabolic stability. Data for two closely related pairs (9-
methyl and ethyl, 44 and 45, 10-methoxy and ethoxy, 54 and 55)
suggests that increasing lipophilicity in this series increases CNS
penetration but reduces exposure.

Based on their potency, selectivity and pharmacokinetic expo-
sure, several of the most promising compounds were assessed as
anorectic agents in a 20 h rat operant feeding model. Compounds
were dosed 60 min prior to the onset of the dark cycle (the most
active time of feeding). The number of food pellets consumed rel-
ative to vehicle-treated animals was assessed at several time
points (1, 2, 4, 8, 12, and 20 h) to determine percent reduction in
feeding (Table 4). Alkoxy analogs 55 and 21 failed to display a sig-
nificant reduction in food intake at any time point, probably due to
poor pharmacokinetic exposure. The parent 22 and alkyl analogs
44 and 52 caused a dose dependent reduction in food intake with
a statistically significant reduction at 10 mpk. The bulk of the
reduction occurring at the earlier time points especially for the 1
Table 3
Rat pharmacokinetic data

Compound Dose
(mpk)

Cmax

(nM)
AUC 0–4 h
(nM h)

Brain/plasma
ratio

22 3 1742 4586 4.3
40 10 890 2576 9.0
44 10 5954 17223 3.5
45 10 2176 2779 8.0
52 10 3618 9643 3.9
54 10 766 2015 4.2
55 10 26 51 6.8
21 10 272 582 4.6

PK studies were performed in Sprague–Dawley rats using a PO dosing solution of
15% propylene glycol, 1% tween, 84% water. Plasma sampling of compounds was
determined over a 4 h period except where noted. B/P ratio determined at end of
study.
and 3 mpk doses. Alkoxy analog 54 also reduced food intake at
10 mpk.

In conclusion, our studies reveal that the tetrahydropyrazino-
isoquinolinone core 22 is a potent 5-HT2C agonist with functional
selectivity against the 5-HT2B and 5-HT2A receptors. Systematic
substituent variation at different positions identified a set of
mono-substituted analogs as potent and selective 5-HT2C agonists
devoid of 5-HT2B and 5-HT2A activities. An additive effect can be
observed with appropriate substituent combinations: specific sub-
stituents attached at positions 7, 9 or 9, 10 improve 5-HT2C potency
and 5-HT2A selectivity while retaining 5-HT2B functional selectiv-
ity. In a rat acute feeding model, several compounds were found
to significantly reduce food intake in a dose-dependent manner.
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