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Neuronal nicotinic acetylcholine receptors (nAChR) are widely
distributed in the central and peripheral nervous systems.[1–4]

These receptors are crucial to many normal physiological func-
tions, and they are involved in a wide range of diseases.[5–7] For
these reasons nAChRs are important targets for drug discov-
ery.[8–10]

Neuronal nAChRs are composed of subunits (a2-a10, b2-b4)
that form pentameric ligand-gated cation channels.[11] Different
combinations of subunits define the nAChR subtypes.[12,13]

Among all heteromeric nAChR subtypes in the vertebrate
brain, the a4b2 receptor is the predominant subtype.[14–16] In
contrast, the a3b4 nAChR is the major subtype in ganglia.[17–19]

The a4b2 receptors are involved in important brain functions,
including memory, cognition, arousal, relaxation, and pleas-
ure.[2,15, 20,21] Several lines of evidence suggest that the a4b2
nAChRs mediate addiction to nicotine in tobacco smok-
ing.[20–22]

In addition to acetylcholine and (�)-nicotine (1), many
nAChR ligands have been discovered from natural sources, in-
cluding epibatidine (2) and (�)-cytisine (3). The structures of
nicotine, epibatidine, cytisine, and other natural nicotinic li-
gands have led to the development of a host of other synthet-
ic compounds that act on neuronal nicotinic receptors.[8,10] Al-
though many of the synthetic analogues of these natural li-
gands exhibit excellent overall selectivity to neuronal nAChRs
over other families of receptors, the development of ligands
highly selective for a certain nAChR subtype over other sub-
types has been slow because of the large number of nAChR
subtypes together with the relatively subtle differences in their
structures.

(�)-Cytisine (3) is a plant alkaloid isolated originally from the
gold chain tree (Laburnum anagyroides).[23] This ligand binds to
a4b2 nAChRs with a much higher affinity than it binds to
a3b4 receptors in in vitro ligand binding assays.[24–27] However,
when its effects on nAChR channel function were measured in
heterologous expression models, cytisine is a full or nearly full
agonist at a3b4 nAChRs but a partial agonist at b2-containing
receptors, stimulating less than 50% of the maximal response
elicited by acetylcholine or nicotine.[28–33] Cytisine has been
marketed in central and eastern Europe for aiding smoking
cessation for more than 40 years though its effectiveness and
safety have not been conclusively established through
randomized, double-blind, placebo-controlled clinical
trials.[34–36] As cytisine shows poor penetration of the blood-
brain barrier this may be one of the reasons that cytisine failed
to show a robust effect in the clinic.[37,38] In spite of these clini-
cal shortcomings, the interesting pharmacological profile of cy-
tisine has led to a number of medicinal chemistry efforts in
recent years to create analogues with an improved subtype se-
lectivity or PK parameters.[8, 10,39–42] Most of these reported
structural modifications involve the introduction of substitu-
ents at the alicyclic nitrogen (position 3), or at the 9- or 11- po-
sitions of the pyridone ring (Figure 1).

Varenicline (4), a partial a4b2 nAChR agonist developed
through synthetic efforts that used cytisine as the starting tem-
plate, has been marketed as a smoking cessation drug since
August 2006.[43–46] Much like cytisine, varenicline also acts as
nearly a full agonist at a3b4 nAChRs.[47] In randomized, double-
blind, placebo-controlled clinical trials, 23% of participants in
the varenicline group were continuously abstinent at 52 weeks
after starting on a 12-week treatment, compared with 10.3%
in the placebo group and 14.6% in a bupropion group.[48]

Though varenicline was generally well tolerated during the 12-
week treatment, 29.4% of participants reported nausea. These
and other clinical trials demonstrate that varenicline is reasona-
bly efficacious for smoking cessation and that it has an accept-
able safety profile. On the other hand, these data also show
the need for developing improved smoking cessation drugs
with higher efficacy and a better safety profile.[49]
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Figure 1. nAChR ligands.
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We recently reported the first synthesis of two cytisine deriv-
atives (5 and 6) bearing substitution at the 10-position of the
pyridone ring.[50] These two cytisine analogues showed much
higher selectivity for the a4b2 nAChR subtype in binding
assays than cytisine. In continuation of our efforts to further
improve upon subtype selectivity and, in particular, to find li-
gands with improved ClogP values to facilitate brain entry, we
expanded the structure activity relationship (SAR) study of
these 10-substituted cytisine derivatives. Herein we report pre-
liminary molecular modeling studies, synthesis, and pharmaco-
logical properties of the new cytisine derivatives rac-7 and rac-
16–23.
At the start of this study, we carried out preliminary model-

ing investigations to explore the type of structural modifica-
tions that could be made to cytisine (3) that would be compat-
ible with its predicted binding site. Nicotine, epibatidine, and
(�)-cytisine were docked individually to the binding site of
a4b2 and a3b4 using GOLD docking software.[51–58] GOLDScore
was used as a fitness function and all docking parameters
were set to default values. Homology models of the rat a3b4
(PDB entry 1OLJ) and a4b2 (PDB entry 1OLE) nicotinic recep-
tors used for the docking studies have been published by Le
Novere et al.[59] The models were built using the model of the
chick a7-pentamer as the template, whereas the a7-pentamer
was created from the X-ray structure of AChBP.[59,60] Docking
and visualization were performed on a RedHat EL WS 4.0 Linux
workstation.
In both proteins a4b2 and a3b4, the docking poses of nico-

tine, epibatine, and (�)-cytisine (Figure 2a, only the docked
pose of cytisine in a4b2 is shown) are similar to those reported
earlier by us[61] and other research groups[59,62, 63] and are con-
sistent with X-ray findings.[1] Figure 2b shows that C10 in (�)-
cytisine is close to the opening of the binding site. C10 is also
positioned so that it can be modified with an additional sub-
stituent without clashing with the binding site residues. The
distance between C10 of cytisine and the gorge located on
the outer surface of the a4 and b2 subunits varies between
approximately 7 I near Cys190 and Phe117 and 10 I near
Glu193. The amino acid residues closest to the C10 position of
cytisine are the protonated amino group of Lys77 and isopro-
pyl group of Val109 (Figure 2a).

The overall geometries of the a4b2 and a3b4 binding sites
were found to be suitable for the introduction of either small
substituents able to fit within the cavity or longer, flexible sub-
stituents able to turn towards the gorge region (shown in Fig-
ure 2b) and thereby avoid unfavorable clashes with the bind-
ing site. We also found that bulky groups attached in a rigid
fashion to the pyridone ring of 3 were likely to clash with the
binding site. On the other hand, C10 substituents that are long
enough to reach the surface of the protein may actually con-
tain large end groups, as these may bind to the surface of the
protein. Such end group modifications may possibly be used
to further improve the activity and selectivity of the ligands. In-
terestingly, a similar narrow channel connecting the ligands
with the protein surface was found near C4 of (�)-cytisine. On
the basis of these findings, ligands containing either flexible
acyclic alkyl substituents or flexible substitutents with a bulky
end group were suggested for further synthesis.
To synthesize precursors 12 and 13 of rac-7 and rac-16–23,

we followed the synthetic route summarized in Scheme 1 for
synthesizing the precursors 12 and 13.[50] Starting from rac-6
as starting material, we synthesized several alkyl and benzyl
ether derivatives by functionalization of the hydroxyl group to-
gether with the possible introduction of substitution at the ali-
cyclic nitrogen (Scheme 2–3). Thus, the propyl ether derivative
16 was prepared by reaction of allyl bromide with the N-
benzyl cytisine derivative 12 to yield the O-allyl ether deriva-
tive 15. Hydrogenation followed by N-Boc deprotection using
trifluoroacetic acid (TFA) gave the 10-propyloxymethyl cytisine
analog 16.
Following the steps of Scheme 3, we synthesized cyclohexyl-

methyl and benzyl ether derivatives 17–20 starting from 13. N-
alkylation of rac-17 and rac-18 gave the N-substituted cytisine
derivatives 21–23. The conversion of the hydroxymethyl group
to fluoromethyl rac-7, was achieved using diethylaminosul-
phurtrifluoride (DAST). The chemistry used for the syntheses of
these compounds was efficient and straightforward; the prod-
ucts were obtained in good yields. The best binding poses of
the synthesized ligands were predicted by GOLDScore and
were found to be consistent with the orientation of cytisine
shown in Figure 2. The correlation between the experimental
Ki values and the docking scores for the a3b4 and a4b2

nAChRs was poor (not shown),
which is not surprising for dock-
ing based on homology models.
It is well accepted that homolo-
gy models are generally more
useful in guiding synthetic
chemistry efforts than for
making high quality affinity pre-
dictions.
In vitro binding affinities (Ki

values) of nine new cytisine C10
analogues 7 and 16–23 were
measured at six defined nAChR
subtypes expressed in stably
transfected cell lines, as well as
at native nAChRs expressed in

Figure 2. (�)-Cytisine docked to its calculated binding site in a4b2. a) The amino acids located within a 6 I radius
of the a4b2 nAChR subtype of the docked ligands; b) solvent accessible area in the binding site of a4b2.
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rat forebrain, which are mainly a4b2 receptors. As shown in
Table 1, compounds 7, 16–20 showed high binding affinities
(with low nm Ki values) to a4b2 nAChRs. The three N-substitut-
ed analogues, 21–23, however, showed markedly reduced
binding affinities to the a4b2 receptors. All nine new ana-
logues showed very low binding affinities (with mm Ki values)
to a3b4 nAChRs. Compared to that of cytisine, compounds 7

and 17–20 had much higher selectivity for the a4b2
nAChR subtype over the a3b4 subtype. It is worth to
note that three new analogues, 7, 19, and 20,
showed even higher selectivity for the a4b2 subtype
over the a3b4 subtype than that of varenicline (4). To
the best of our knowledge, the 6400-fold selectivity
for a4b2 nAChRs over the a3b4 subtype in binding
assays, makes the 4-CF3 substituted benzyl ether de-
rivative 19 the most selective cytisine derivative that
has been reported to date. We note here that this
high degree of subtype selectivity was not predicted
from the initial modeling studies, which may reflect
the poor quality of the model used for the a3b4 sub-
type.
As shown in Table 1, all nine new cytisine deriva-

tives possess higher calculated ClogP values. There-
fore, the five highly selective ligands, 7 and 17–20,
may be able to penetrate the blood-brain-barrier
better than (�)-cytisine does.
Though they have high binding affinities to the

a4b2 nAChRs, the five new selective cytisine deriva-
tives, 7 and 17–20, did not show any agonist activity
at the a4b2 nAChRs in preliminary experiments.

When applied simultaneously with nicotine to cells expressing
a4b2 receptors, these ligands showed very low potencies in in-
hibiting channel activation by nicotine. Similarly, when tested
at the a3b4 subtype, these cytisine analogues showed no ago-
nist activity and very low potencies in inhibiting nicotine
stimulated channel activation.
Interestingly, the in vitro pharmacological properties of com-

pounds 7 and 17–20 are similar to those of sazetidine-A, a
silent desensitizer of a4b2 nAChRs.[65] Sazetidine-A has very
high affinity to a4b2 nAChRs in binding assays. However, in

functional assays in vitro, sazetidine-A neither acti-
vates the channel function of nAChRs when applied
alone nor inhibits nAChR channel function when ap-
plied simultaneously with nicotine, but sazetidine-A
does block a4b2 nAChR channel function very po-
tently when it is preincubated for 10 min with
nAChRs. In fact, under these conditions, it is one of
the most potent inhibitors of heteromeric nAChR that
we have studied. It is likely that a silent desensitizer
of the a4b2 nAChRs, such as sazetidine-A, may exhib-
it some in vivo effects that are similar to those caused
by nicotine.[65] It will thus be valuable to test these cy-
tisine analogues for their ability to desensitize the
a4b2 nAChRs in cell models.
In summary, preliminary modeling studies, the

chemical synthesis, and the SAR of nine new 10-sub-
stituted cytisine analogues have been described. The

fluoromethyl derivative rac-7 and the cyclohexylmethyl and
benzyl ether derivatives rac-17–20 were found to exhibit
better pharmacological profiles than that of the parent natural
product. Compared to (�)-cytisine, these ligands have similar
or slightly lower binding affinities for the a4b2 nAChRs. How-
ever, their binding affinities for the a3b4 subtype are at least
30-fold lower than that of cytisine. Thus, these analogues are

Scheme 1. Reagents and conditions: a) Pd ACHTUNGTRENNUNG(PPh3)4, DMF, 130 8C, 15 h, 79%; b) LiAlH4, THF,
�20 8C, 3.5 h, 59%; c) BnBr, CH3CN, reflux, 2 h; d) H2 (1 atm), PtO2, Et3N, MeOH, RT, 15 h,
cis :trans=5:1; cis, 67%; e) MsCl, Et3N, DCM, 0 8C, 30 min, 84%; f) Toluene, reflux, 3 h,
83%; g) TFA, RT, 3 h, 91%; h) H2 (1 atm), 10% Pd-C (1 equiv w/w), MeOH, RT, 15 h; i) H2

(1 atm), 20% Pd(OH)2-C (0.1 equiv), (Boc)2O, MeOH, reflux, 30 min, 92%; j) TFA, CH2Cl2, RT,
1 h, 87–93%.

Scheme 2. Reagents and conditions: a) NaH, TBAI, allyl bromide, DMF, 0 8C–
RT, 3.5 h, 97%; b) 1. H2 (1 atm), 20% Pd (OH)2-C, (Boc)2O, MeOH, 72 8C,
5 min. , 2. TFA, DCM, RT, 69%.

Scheme 3. Reagents and conditions: a) 1. NaH, TBAI, cyclohexylmethyl bromide or benzyl
bromide, DMF, 0 8C–RT, 2. TFA, DCM, RT, (76–84%); b) 1-bromo pentane or ethyl bromide,
acetone, reflux, 16 h, 52–72%; c) 1. DAST, DCM, �78 8C to RT, 3 h, 2. TFA, DCM, RT, 61%.
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much more selective for the a4b2 nAChRs over the a3b4 re-
ceptors than cytisine. Despite their high affinities for the a4b2
nAChRs, they do not have any agonist activity at this receptor
subtype, nor do they show agonist activity at the a3b4 recep-
tors. Furthermore, these compounds showed very low poten-
cies in inhibiting nicotine activated channel function at both
nAChR subtypes. Taken together, the overall in vitro pharmaco-
logical properties of these cytisine analogues indicate that
these highly selective nicotinic ligands may prove to be mem-
bers of a new class of nicotinic ligands, the silent desensitizers,
which we discovered recently.[65] We anticipate that some of
these new cytisine analogues may prove to be safe and effica-
cious therapeutics for treating CNS diseases, including aiding
smoking cessation. Psychogenics Inc. analytical system reveals
compound 18 to possess therapeutic potential for psychiatric
disorders.

Experimental Section

For a detailed experimental procedure, Please see the Supporting
Information.
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