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Structure–activity relationship of a series of
cyclohexylpiperidines bearing an amide side chain as antagonists

of the human melanocortin-4 receptor
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Abstract—A series of cyclohexylpiperazines was synthesized as potent and selective antagonists of the human MC4 receptor.
Compound 14t displayed binding affinity (Ki) of 4.2 and 1100 nM at MC4R and MC3R, respectively.
� 2005 Elsevier Ltd. All rights reserved.
Among the five melanocortin receptors (MC1–5R),
MC3R and MC4R are centrally expressed and are
believed to play important roles in mediating feeding
behavior, metabolism, and energy homeostasis.1 While
it has been well documented that peptide MC3R/
MC4R antagonists such as SHU9119 and AgRP have
a profound effect in inducing feeding in animals,2 recent
discovery of selective peptide MC4R antagonists such as
MBP10 and HS131 has made it possible to define the
biological role of the melanocortin-4 receptor.3 More
importantly, additional studies have showed that
MC4R antagonists can protect weight loss in tumor-
bearing mice.4 Recent studies have also provided evi-
dences that MC4R may have a role in anxiety5 and
pain.6 Thus, a potent and selective MC4R antagonist
could be useful in treatment of human diseases such as
cachexia, anxiety, and neuropathic pain.

In addition to agonists such as 1,7 several small molecule
antagonists for the human melanocortin-4 receptor
(hMC4R) have been discovered. MCL0129 (2), which
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inhibits NDP-MSH binding to hMC4R with a Ki value
of 7.9 nM, dose-dependently blocks a-MSH-stimulated
cAMP release.8 This compound also exhibits anxioly-
tic-like and antidepressant-like activity in several animal
models. Another antagonist, compound 3
(Ki = 160 nM), has been demonstrated to be effective
in protecting tumor-induced weight loss in mice follow-
ing peripheral administration9 (Fig. 1).

We have previously reported a series of piperazineben-
zylamine derivatives as MC4R-selective ligands which,
interestingly, possesses both agonistic and antagonistic
activities with only subtly different chemical structures.10

For example, molecule 4 exhibits a Ki of 1.8 nM in com-
petitive binding and a pA2 value of 7.9 in inhibition of
MSH-stimulated cAMP release.11,12 Here, we report
the synthesis and structure–activity relationship of a ser-
ies of cyclohexylpiperazines bearing an amine or amide
side chain as potent antagonists of the human melano-
cortin-4 receptor.

The synthesis of the target compounds started from
cyclohexanone 5, which was converted to aminonitrile
6 using a Strecker reaction (N-Bn-piperizine/Na2S2O5/
KCN) in quantitative yield (Scheme 1). Reduction of
the cyano group in 6 (LiAlH4/Et2O) at room tempera-
ture, followed by protection of the resulting primary
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Scheme 1. Reagents and conditions: (a) 4-Bn-piperazine/Na2S2O5/KCN/H2O/rt, 16 h, quant.; (b) LiAlH4/Et2O/rt, 0.5 h, 94%, then TFAA/Et3N/

CH2Cl2/0 �C to rt, quant.; (c) NH4COOH/Pd-C/MeOH/65 �C, 2 h, 86%; then N-(N-Boc-b-Ala)-(R)-(2,4-Cl)Phe-OH (8)/HBTU/EtN(iPr)2/DMF/rt,

8 h, 54%; (d) K2CO3/MeOH-H2O/65 �C, 8 h, 86%; (e) R1CHO/NaBH4/MeOH/rt, 1–8 h; (f) TFA/CH2Cl2/rt, 0.5 h; then HPLC purification; (g)

R1COCl/Et3N/THF/rt, 8 h; (h) R1NCO/Et3N/THF/rt, 8 h.

Figure 1. Some small molecule MC4R ligands.
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amine with trifluoroacetic anhydride, afforded the
protected triamine 7 in about 94% yield. Debenzylation
of 7 under catalytic conditions (HCOONH4/Pd-C), fol-
lowed by a peptide coupling reaction of the free amine
with N-(N-Boc-b-Ala)-(2,4-Cl)Phe-OH (8) under stan-
dard conditions (HBTU/DIEA/DMF), gave the amide
9 in 46% yield. The key intermediate 11 was obtained
in 86% yield from deprotection of the trifluoroacetyl
group in 9 with potassium carbonate in methanol at
65 �C. Deprotection of the Boc-group in 9 and 11 with
TFA/CH2Cl2 afforded the amines 10 and 12, respec-
tively. Reductive alkylation of 11 with various aldehydes



Table 2. SAR of amides 14a–v at hMC4Ra
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(NaBH4/MeOH) and deprotection provided the second-
ary amines 13a–o as the desired products. Acylation of
11 with a set of acyl chlorides (Et3N/THF) gave the
amides 14a–v. And finally, the reaction of 11 with aryl
isocyanates afforded the ureas 15a–f.13 In each series,
the final deprotection was achieved in almost quantita-
tive yield by exposure to TFA in dichloromethane. All
final products were purified with a preparative HPLC
instrument, as previously described, and the purity of
these compounds was greater than 95%.11

Competition binding experiments were performed using
HEK293 cells stably transfected with the human mela-
nocortin receptors, as previously described, using
[125I]-NDP-MSH as a radiolabeled ligand.14 The func-
tional antagonist activity of selected compounds was
measured for their ability to inhibit a-MSH-stimulated
cAMP production in the same cell lines.

Previously we have shown that the basic benzylamine
functionality of 4 and its analogues is important for
binding of this series of compounds to MC4R.11 On
the basis of our receptor model, the phenyl moiety of
the benzylamine is seen to interact with several lipophilic
residues such as Phe284, Leu288, Ile289, Ile291, and
Met292 of transmembrane helix 7 (TM-7), while the
basic nitrogen may pair up with Asp122 of TM-3. Since
most of these amino acid residues of the top TM-7 pro-
jecting into the putative binding pocket are non-aro-
matic, replacing the phenyl ring of 4 with an aliphatic
Table 1. SAR of amines 13a–o at hMC4R

Compound R1 Ki (nM)a Stimulation (%)b

12 290 0.5

13a iPr- 180 0.7

13b t-BuCH2- 340 3.6

13c Cyclohexyl- 220 5.1

13d PhCH2CH2- 60 2.8

13e PhCH2- 11 0.4

13f Ph- 18 5.1

13g 2-FC6H4- 12 4.7

13h 4-FC6H4- 61 6.4

13i 4-NCC6H4- 92 5.0

13j 4-(Me2N)C6H4- 110 4.2

13k 4-CF3C6H4- 45 4.1

13l 4-CF3OC6H4- 22 2.4

13m 2-Thienyl- 12 8.1

13n 2-Thiazolyl- 49 4.9

13o 2-Pyridinyl- 36 3.0

a Inhibition of [125I]-NDP-MSH binding to the human melanocortin-4

receptor stably expressed in HEK293 cells, and as radioligand in the

competitive binding assay. Data are average of two to three inde-

pendent measurements.
b Stimulation of cAMP levels in the same cell line at 10 lM ligand

concentration, in comparison with that of a-MSH.
cyclohexyl moiety could retain or improve the interac-
tion between the ligand and the receptor. A series of
cyclohexylpiperazines bearing an alkylamine side chain
13 was, therefore, synthesized and tested in the MC4R
binding assay.

Incorporation of a small lipophilic alkyl group (com-
pound 13a–c) to the nitrogen of the primary amine 12
(Ki = 290 nM) had little effect on binding affinity, while
a phenyl group seemed to have an impact (13d,
Ki = 60 nM, Table 1). A study of the linker (13d–f) be-
tween the nitrogen and the phenyl ring revealed that
the ethylene connection provided the optimal binding
(13e, Ki = 11 nM), although the shorter methylene link-
age maintained comparable activity (13f, Ki = 18 nM).
A brief survey on the substitution of this phenyl ring
with different functionality (13g–l) showed no obvious
improvement. A heteroaromatic ring such as thiophene
and pyridine exhibited a similar effect to the phenyl
moiety in binding. Overall, despite the distinct advan-
tage of an aromatic ring over a plain aliphatic side
chain, the electronic preference of this aromatic group
is unclear.

The above results are quite similar to those of the benzyl-
amines exemplified by 4, in which an N-side chain with
an ethylene linker connecting an aromatic ring such as
phenyl or thienyl moiety to the nitrogen is optimal for
Compound R1 Ki (nM) Stimulation (%)

10 CF3- 490 0.9

14a Ph- 220 5.1

14b 4-FC6H4- 190 7.9

14c 4-ClC6H4- 210 10

14d 4-BrC6H4- 240 12

14e 4-MeOC6H4- 250 7.7

14f 2-MeOC6H4- 350 6.5

14g 4-CF3OC6H4- 400 8.9

14h 4-NO2C6H4- 120 6.7

14i 4-MeC6H4- 270 7.8

14j 4-CF3C6H4- 340 8.7

14k 4-t-BuC6H4- 520 8.2

14l 2-Furanyl- 260 4.5

14m 2-Thienyl- 230 5.1

14n 3-Pyridinyl- 220 4.3

14o 4-Pyridinyl- 150 4.4

14p C6H5CH2- 8.8 1.6

14q 4-FC6H4CH2- 21 2.3

14r 4-ClC6H4CH2- 23 1.4

14s 3-MeOC6H4CH2- 7.6 1.8

14t 4-MeOC6H4CH2- 4.2 0.6

14u 3,4-(MeO)2C6H3CH2- 18 2.7

14v 2-ThienylCH2- 8.4 3.4

a See footnotes of Table 1.
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binding,10c and appear to indicate that the phenethyl-
amino side chain in these two series binds to the same
site of the receptor. Therefore, the role of cyclohexyl
moiety of 13 is similar to that of the phenyl group of
4, even though 13 exhibited about 10-fold reduced affin-
ity. We have shown that the basic nitrogen of the benzyl-
amine is very important for high affinity binding, and
this seems to agree with the results from a series of ben-
zoylamides 14a–k (Table 2). Thus, the benzoyl analogue
14a (Ki = 220 nM), having a similar binding affinity to
the TFA intermediate 10 (Ki = 490 nM), was much less
potent than the corresponding benzyl derivative 13f
(Ki = 18 nM). While these data might suggest an impor-
tant role of the basic nitrogen, the 12-fold reduction in
binding for the amide 14a could be the result of a con-
formational change induced by the carbonyl group,
since substitution on the phenyl ring had little effect in
binding (14b–k), and heteroaromatic derivatives exhib-
ited similar potency (14l–o). These results actually point
out that this aromatic ring is no longer in place to inter-
act with the receptor. Replacing the benzoyl moiety with
a phenylacetyl group, however, resulted in over a 20-fold
increase in potency (14p, Ki = 8.8 nM). Based on the
limited data, the substitution at the phenyl ring had no
significant effect (14q–u). Thus, thienylacetyl compound
Table 3. SAR of ureas 15a–f at hMC4Ra

Compound R1 Ki (nM) Stimulation (%)

15a 4-FC6H4- 210 5.5

15b 4-ClC6H4- 420 5.9

15c 4-MeOC6H4- 36 1.0

15d 4-(Me2N)C6H4- 62 2.7

15e 4-NO2C6H4- 540 11

15f 4-(MeOCO)C6H4- 260 12

a See footnotes of Table 1.

Table 4. Binding affinity (Ki, nM) at the melanocortin receptor subtypes an

Compound MC1R MC3R MC5R

13e (44%)d 3200 1200

13g (45%)d 2300 1400

13m 4500 2400 1900

14p (47%)d 710 920

14s 2800 650 470

14t 5700 1100 540

14v 4600 1100 480

aHuman melanocortin-1, -3, -4, and -5 receptors stably expressed in HEK29

assay.
b [125I]-AgRP(83–132) as radioligand in the competitive binding assay.
c Dose-dependent inhibition of cAMP production stimulated by 10 nM a-M
d Percentage of inhibition at 10 lM concentration.
e ND—not determined.
14v had a Ki value of 8.4 nM, and the 4-methoxyphenyl-
acetyl compound (14t) possessed a Ki of 4.2 nM.

Replacement of the phenylacetyl amide with a
phenylurea resulted in reduction of potency for these
compounds (15a–f, Table 3). Thus, the urea 15a
(Ki = 210 nM) was about 10-fold less potent than the
acetyl analogue 14q (Ki = 21 nM). This set of data
clearly showed that an electron-donating substituent at
the phenyl ring was favored. Thus, the 4-methoxyphenyl
compound 15c (Ki = 36 nM) was about 15-fold better
than the 4-nitrophenyl analogue 15e (Ki = 540 nM) in
binding affinity.

In this study, we demonstrated that, for this series of
cyclohexylpiperidines bearing a functional side chain,
an aromatic group and the linker connecting the nitro-
gen to this aromatic ring are important for receptor
binding. The basic nitrogen could be replaced by an
amide moiety, which presumably forms hydrogen-bond-
ing interaction with an acidic residue of the MC4
receptor.

Further evaluation of selected compounds from this ser-
ies demonstrated that these compounds were MC4R-se-
lective. They were at least 80-fold selective over MC1R,
MC3R, and MC5R (Table 4). For example, 14t pos-
sessed Ki values of 5700, 1100, 4.2, and 540 nM at the
MC1R, MC3R, MC4R, and MC5R, respectively. These
compounds displayed similar affinity in displacement of
both NDP-MSH and AgRP binding (Ki = 2.8 nM for
14t) to the MC4 receptor (Table 4). None of the com-
pounds were able to stimulate significant level of cAMP
release at 10 lM concentration (less than 12% of the a-
MSH level), suggesting they were not efficacious ago-
nists. Instead, selected compounds were demonstrated
to be potent antagonists in dose-dependent inhibition
of a-MSH-stimulated cAMP release (Table 4). For
example, 14t exhibited an IC50 value of 150 nM in this
cAMP assay.

In conclusion, a series of cyclohexylpiperidines bearing
an amine or amide side chain was synthesized and found
to possess potent antagonist activity at the human mel-
anocortin-4 receptor. Results from this study indicate
that the phenyl ring of the benzylamine moiety of 4
d functional activity at MC4R of selected compoundsa

MC4R MC4Rb IC50 (nM)c

11 NDe 430

10 13 760

12 NDe NDe

8.8 6.4 260

7.6 NDe NDe

4.2 2.8 150

8.4 NDe NDe

3 cells, and [125I]-NDP-MSH as radioligand in the competitive binding

SH in the same cell line.
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might interact with lipophilic residues of the receptor
since it is replaceable by a non-aromatic cyclohexyl moi-
ety, which resides in an area near TM-7 based on a
receptor model. These compounds are highly selective
over the human melanocortin-3 receptor, as well as
other melanocortin receptor subtypes.
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