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Abstract—A series of boron-containing nicotine (NIC) analogues 7–9 was synthesized and evaluated for binding to a4b2 and a7
nicotinic receptors. Compound ACME-B inhibited [3H]methyllycaconitine binding to rat brain membranes with a similar potency
compared to NIC (Ki=2.4 and 0.77 mM, respectively), but was markedly less potent in inhibiting [3H]NIC binding when compared
to NIC (Ki=0.60 mM and 1.0 nM, respectively). Thus, tethering a two-carbon bridge between the 2-pyridyl and 30-pyrrolidino
carbons of NIC or 7 affords analogues that bind to the a7 receptor in a manner similar to NIC, but with a dramatic loss of affinity
for the a4b2 receptor. # 2001 Elsevier Science Ltd. All rights reserved.

Over the last 12 years, there has been a substantial
increase in the number of studies on neuronal nicotinic
receptors (nAChRs).1�5 nAChRs are composed of two
types of subunits (a and b), and are believed to assemble
as pentameric receptor cation channel complexes with a
general stoichiometry of 2a and 3b, or 5a subunit in the
case of a7, a8, a9, and a10.6�10 Presently, nine a (a2–a10)
and three b (b2–b4) subunits have been isolated and
cloned.11�13 Numerous combinations of a and b sub-
units can be expressed in Xenopus oocytes or other cell
expression systems, resulting in functional receptors
with diverse pharmacological properties.11,14,15

It is generally accepted that the predominant nAChR in
the CNS that binds [3H]NIC with high affinity
(Kd=0.5–5 nM) is composed of a4 and b2 subunits
(a4b2).14�20 This receptor subtype contains two ligand
binding domains located at the interface of each ab
subunit.21 The a4b2 subtype has been implicated as
important in cognition, neurodegeneration, pain, anxiety,
and depression.2 A second predominant nicotinic
receptor subtype contains protein encoded by the a7
subunit gene and represents the major a-bungarotoxin
binding site in the CNS.22�25 The a7 receptor subtype
has been implicated as important in nicotine-induced

improvement of learning and memory, and nicotine-
induced slowing of neuronal degeneration, as may
occur in aging, dementia, and neurodegenerative
diseases.26 Activation of a7 receptors may also be a
beneficial therapeutic approach for the treatment of
schizophrenia.27

Syntheses have recently been reported for an extensive
series of boron-containing compounds,28 which offer
exciting new possibilities in drug development due to
their unique structure and interesting biological activities.
The amine-carboxyboranes and their derivatives are
regarded as being isoelectronic and isosteric boron ana-
logues of amino acids. Interest is increasing regarding the
synthesis of such compounds because of their antitumor,
antiarthritic, and hypocholesteremic activity.29�31 For
example, pyridine-carboxyborane has been shown to
inhibit tumor growth in mice.32 As a result of the inter-
est in the biological activity of new borane adducts, and
as part of our continuing efforts to develop subtype-
selective nAChR ligands, we undertook a study to syn-
thesize boron-containing nicotine analogues. This paper
reports for the first time the synthesis, characterization,
and evaluation of a number of nicotine-borane adducts
and their interaction with nAChRs.

Compounds 3–6 (Fig. 1) were prepared by modifications
of reported literature methods.33�35 Boron-containing
analogues 7, 8, and 9 were synthesized by refluxing a
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suspension of NaBH3CN and hydrochloride salts of the
corresponding precursors (1, 5, and 6) in THF under N2

overnight. The complexes were purified by column
chromatography over silica gel and were then converted
to hydrobromide or hydrochloride salts. All three

compounds were characterized by elemental analyses,
and IR, 1H, 11B, and 13C NMR spectroscopy.36 The IR
spectra exhibited characteristic absorptions for B–H and
C�N groups. The 1H, 11B, and 13C NMR spectral data
were consistent with the proposed structures of these
compounds. X-ray crystallographic analysis unequivocally
confirmed the structure of 8 (Fig. 2).37

All three boron-containing analogues were found to be
very stable in water. Hydrolytic stability at pH 7 is cri-
tical for biological testing. No decomposition was
observed after a 0.1M solution of 7 in D2O was kept at
room temperature for 8 days, as indicated by 1H NMR.
Hydrolysis of 7 also occurred very slowly in alkali.
However, significant decomposition (8%) was observed
when 7 was exposed to 1N HCl for 1 week.

The borane-containing analogues 7–9 were evaluated as
their hydrobromide or hydrochloride salts for their
binding affinities for a4b2 and a7 nAChRs. Methylly-
caconitine (MLA), alpha bungarotoxin (BTX), NIC (1),
nornicotine (2), and compounds 3–6 were also tested for
comparison. The affinity of the analogues for the a4b2
receptor subtype was assayed by analogue-induced
inhibition of [3H]NIC binding to rat striatal mem-
branes.38 The affinity of the analogues for the a7 recep-
tor subtype was assayed by inhibition of [3H]MLA
binding to rat brain membranes.39 Results are reported
as Ki values (Table 1).

Both MLA and BTX bind with very high affinity to the
a7 receptor (Ki=0.0023 and 0.0072 mM, respectively),
and MLA also exhibited low affinity for the a4b2
receptor (Ki=1.56 mM). In contrast, NIC showed about
100-fold higher affinity for the a4b2 receptor than for
the a7 receptor.

Figure 1. Structures of (S)-nicotine, (S)-nornicotine, bridged nicotine
analogues and boron-containing nicotine analogues.

Figure 2. X-ray structure of compound 8 with atomic numbering scheme.
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NIC is a conformationally flexible molecule. The con-
formational freedom mainly arises from the rotation of
the pyrrolidine ring relative to the pyridine ring about
the C3–C20 bond. Compounds 5 and 6 represent the syn-
and anti-rotamers of NIC, respectively. Similarly, com-
pounds 3 and 4 can be viewed as conformationally-
restricted analogues of nornicotine. Thus, compounds 8
and 9 can be regarded as rigid analogues of 7. Interest-
ingly, all the anti-rotameric analogues 4, 6, and 9 failed
to inhibit [3H]MLA binding at concentrations >100
mM. These three compounds also bind with low affinity
(>10 mM) to the a4b2 receptor (Table 1). The syn-
rotameric analogue ACME (5) inhibited [3H]MLA
binding with a similar potency to NIC (Ki=0.59 and
0.77 mM, respectively) and was markedly less potent in
inhibiting [3H]NIC binding than was NIC (Ki=0.4 mM
and 1.0 nM, respectively). Thus, tethering a two-carbon
bridge between the 2-pyridyl carbon and 30-pyrrolidino
carbon of NIC results in comparable binding affinity for
the a7 receptor, but a dramatic loss in affinity for the
a4b2 receptor. N-Demethylation of ACME to ACNOR
reduced affinity for the a7 receptor by 33-fold, but the
affinity for the a4b2 receptor was retained. The NIC–
borane complex 7 binds with 20-fold lower affinity than
NIC at the a7 receptor (Ki=15.2 mM) and with 40-fold
lower affinity at the a4b2 receptor (Ki=41 nM). How-
ever, the syn-rotamer ACME-B (8) had an affinity
(Ki=2.4 mM) 7-fold higher than 7 at the a7 receptor
subtype, and was 15-fold less potent (Ki=0.60 mM) than
7 at the a4b2 receptor. The results suggest that restrict-
ing the rotation of the C3–C20 bond of NIC-like mole-
cules to the syn conformation affords analogues that
interact with the a7 receptor in a manner similar to
NIC, but in contrast, disrupts the interaction with the
a4b2 receptor. In the syn-rotameric analogues, NIC was
locked into a conformation that retains its activity and
interaction with the a7 receptor, indicating that the syn
conformation is likely to be that responsible for inter-
action of nicotine with this receptor subtype. In addi-
tion, in the syn-rotamer series, loss of the pyridino-
nitrogen lone pair, as a consequence of boron com-
plexation, does not appear to greatly affect a7 receptor
affinity (compare compounds 5 and 8, Ki=0.59 mM and
2.4 mM, respectively), and both 5 and 8 have compar-
able affinities to S-(�)-nicotine (Ki=0.77 mM). Thus,

the crucial interaction of the pyridino-nitrogen lone pair
of nicotine and nicotine analogues with a hydrogen
donor moiety at the a4b2 binding site40 does not appear
to be a structural requirement in the binding of nicotine
and the nicotine analogues 5 and 8 at the a7 receptor.
These conformationally restrained analogues can be
used to study the structural requirements for binding to
different nAChRs and to determine the pharmacophore
characteristics of specific nicotinic receptor ligands.
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