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Abstract. Cytisine (CYT) is a naturally occurring chiral alkaloid which is known to be a ligand of
nicotinic acetylcholinergic receptors (nAChRs). This compound has been a subject of quite intensive
pharmacological research to explore CYT impact on the nAChRs. CYT may be a both more
clinically effective and more cost-effective smoking cessation aid than varenicline (the most effective,
but most expensive smoking cessation medication currently available), which belongs to the same
category of agonists. Several strategies have been developed for the synthesis of CYT and its
derivatives. Herein we review the strategies that have been employed for the synthetic formation of
the tricyclic CYT molecule. Synthetic approaches include the formation of (+)-CYT from bipyridines,
synthesis of (+)-CYT using chiral pools and the use of microorganisms to synthesize (-)-CYT. Due to
the clinical importance of CYT, we hope a review of synthetic pathways may advance research into
CYT.
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1 Introduction to Cytisine Chemistry

Cytisine (CYT), a naturally occurring quinolizidine alkaloid, is the oldest medication for smoking
cessation [1-3] widely used in Central/Eastern Europe and Central Asia. The drug remained unnoticed
as a smoking cessation medication to Western countries and the US and was not cited in the English-
language literature until 2006 [1,3]. The clinical observations and large studies demonstrating the
effectiveness of CYT coupled with the potential very low cost of therapy make CYT an attractive drug
for smoking cessation which should become more widely available. According to the latest
recommendations of world’s experts, CYT should be licensed worldwide as soon as possible [4-9].

In 1862, Husemann and Marme isolated pure (-)-CYT from seeds of Laburnum anagyroides [10]. The
chemical structure of CYT was determined using analyses developed by several researchers: Partheil,
Freund, Ing and Spath [11-15]. The structure of CYT, a member of the lupin alkaloid family, was
studied by chemists for more than eight decades. The correct molecular formula (C;H,,N,O) of CYT
was described in 1890 by Partheil [16]. The absolute configuration of naturally occurring CYT was
determined in 1944 by the synthesis of (1R,5S,125)-N-tosyl tetrahydrodeoxocytisine from CYT [17].
This early work established the structure of CYT [17, 18] and its absolute configuration and was
assigned as [(1R,55)-1,2,3,4,5,6-hexahydro-1,5-methano-8H-pyrido[1,2][1,5]. The first synthetic sample of
CYT was obtained by van Tamelen and Baren as a racemic mixture [19]. Studies on synthetic strategies
for CYT construction have increased over the past twenty years since it is recognized as a partial
agonist of nicotinic acetylcholinergic receptors (nAChRs) with a high affinity for the o4B2 subtype of
nAChRs [20,21]. For many years CYT has been used by pharmacologists to examine the function of
nAChRs. Very encouraging results of recent clinical trials and strong theoretical background for its use
make CYT an affordable alternative for currently available antismoking treatments, particularly in
underdeveloped countries where smoking rates are rising and smoking cessation treatments are too
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expensive [4,8,22]. Therefore, CYT has recently started to serve as a prototype and vehicle for the
synthesis of new compounds as possible aids to smoking cessation.

The next syntheses of achiral ((+)-cytisine) CYT was reported by chemists at Pfizer in 2000 [23,24]
and was closely followed by the work of Gallagher and coworkers in 2006 [25]. The first asymmetric
synthesis of (-)-CYT was reported by Danieli in 2004 [26]. In the same year, Honda and coworkers
synthetized (4)-CYT using a chiral pool approach [27]. To date, several reviews and monographs
discussing the synthesis and properties of CYT have been published [1,28,29]. The structure and
numbering of CYT is shown in Figure 1.
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Figure 1. Structure and absolute configuration of (-)-CYT with IUPAC numbering of the atoms.

The CY'T molecule has affinity for nAChRs subtypes composed of o, and B, subunits (o8, nAChRs)
[20]. The oyB, nAChRs are known as fundamental receptors in physiology because they mediate various
brain functions and represent an important target for drug discovery. Studies have shown that CYT
prevents other ligands, such as nicotine, from binding to the o,B, nAChRs due toits greater affinity [30].
A growing body of evidence strongly implicates the involvement of o3, nAChRs in the addictive effects
of nicotine [31,32]. The nAChRs play a key role in the dopamine-releasing effects of nicotine [33]. An
increase in the dopamine level is responsible for pharmacological reward whereas lower dopamine levels
are associated with the withdrawal symptoms experienced by smokers during cessation attempts.
Therefore, CYT derivatives have attracted much interest as a target for smoking cessation therapies
[34,35]. Moreover, (-)-CYT derivatives have also been evaluated as potential drugs for the treatment of
Alzheimer’s and Parkinson’s disease [36,37].

CYT exhibits poor brain penetration which, to some extent, limits its clinical usefulness. The reason
for the low brain exposure of CYT is unclear. As the lipophilic characteristics of a drug are most
frequently used to indicate the probable penetration of the drug through the blood-brain barrier, the
limited brain penetration of CYT has been attributed to its high lipophilicity that has a lower logP
value than nicotine [1,38]. On the other hand, there are speculations that the low brain concentrations
of CYT could be due to active, non-P-gp, non BCRP efflux mechanism [39], however, no study
supporting this speculation has been performed. In the past years trials of drug modification to improve
the penetration of the blood-brain barrier have been performed [40].
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Figure 2. (2A) Anomeric equilibria and (2B) conformations of (-)-N-acetylcytisines in DMSO solutions.
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A weak CYT absorption through the blood brain barrier may be caused by nitrogen protonation at
physiological pH. The presence of reactive free electron pairs on the secondary nitrogen atom also
permits a number of derivatives to be constructed [40-43] whose biological activity may be greater than
that of CYT itself. Figure 2A shows an anomeric equilibrium between two stable conformers when the
hydrogen of the piperidine nitrogen is in the ezo or endo orientation. In the liquid state, the
conformation of the hydrogen atom on the piperidine nitrogen is inverted in the range of 10’-10° s™ due
to minimization of steric effects between ring B and C. Figure 2B shows that a solution of (-)-N-
acylcytisine in DMSO is in cis-trans equilibrium with ring C in chair and boat conformations,
respectively.

In the solid state, the ezo conformer forms intermolecular hydrogen bonds (C=0 - H-N). Figure 3
shows stabilization in the solid phase by hydrogen bonding between the equatorial hydrogen of the
piperidine nitrogen with the piperidone oxygen of a second molecule [44].

Figure 3. Conformations of (-)-CYT in the solid phase.

2 Material and Methods

The research discussed here reflects the synthesis techniques of cvtisine. The data was collected from the
PubMed database. The key steps of the cytisine syntheses are presented in the paragraphs below.

3 Cytisine Syntheses

The general strategies for the CYT syntheses are presented below based upon final ring closure of the
tricyclic structure (A, B or C) in Figure 4.

Among the total synthesis of CYT reported are syntheses using pyridine-derived A ring [19,24,27],
glutarimide or pyridone-derived A ring [23,25], pyridine derived B-ring [45,46], piperidine derived C-ring
[26] and constructions of bispidine core by O’Brien and coworkers [47,48]. The synthetic routes to obtain
Ring A were fully developed by O’Brien and coworkers. Their research presents a synthesis of (£)-CYT
using a ring closing metathesis (RCM) to form ring A (4a) [47]. In syntheses by Bohlmann [49] and
Govindachari [46], ring C was built from conveniently substituted quinoline-4-one derivatives (4b). Both
of the syntheses employed a trisubstituted starting pyridine to build CYT. The formation of the C4N;
bond of ring B (4¢) is the most common route to (£)-CYT. The bond CyN; results from nucleophilic
substitution of a leaving group by the nitrogen of pyridine or of a dihydropyridinone [19]. The C;-C,,
bond (4d) is linked via an intermolecular 1,6-nucleophilic addition of piperidinone or piperidone enolate
[25] to a pyridone ring mediated by base or via a palladium mediated Hartwig’s o-arylation of a
bromopyridone. The most recent attempts have been to prepare enantiopure CYT.

All of the known total syntheses of CYT are described in detail below. The best yield in range 16-35%
is obtained by Coe’s five step synthesis of (+)-CYT. Despite these approaches described below which
represent the best known routes of CYT synthesis, there is still need to develop new synthetic strategies
with higher yield, shorter synthetic steps, and more efficient asymmetric routes.
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Figure 4. Formations of cytisine rings A, B and C. Abbreviations are: (4a) R, = protecting group; (4b) R, =
leaving group and X = R, or NH,; (4¢) R, = protecting group, X =CH, or O, Z = H, or OMe; (4d) R, = protecting
group, X= R,, (4d) X= R,.

3.1 Bohlmann’s Synthesis of (+)-Cytisine
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Figure 5. Bohlmann’s synthesis’.

1 (4) (i) HCHO at 140°C, (ii) H,C(CO,Et),, NaOEt, reflux; (5) (i) Raney Ni, dioxane (ii) H, (200 bar), 185°C, 2h; (6) (i) HBr
at 120°C, (ii) NHs, EtOH, 0°C, (iii) methylnaphthalene, 200°C, MeOH; (7) Ac,O at 100°C; (8) (i) Pd/C and (ii) HCL
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Figure 5 presents the total synthesis of (+)-CYT conducted by Bohlmann and coworkers [49]. The
synthesis of (+)-CYT described here utilizes 7,9-di(methoxymethyl)-4-quinolizidine as an intermediate
(5d). In order to prepare this compound, diethyl-2-methyl-3,5-pyridinedicarboxylate (5a) was reduced
with lithium aluminum hydride to the glycol which was transformed to the diether 3,5-
(dimethoxymethyl)-2-methylpyridine (5b). This compound was converted to 3,5-(dimethoxymethyl)-2-
vinylpyridine and Michael addition of malonic ester was followed by reductive cyclization to produce
(5d). Rings A and B were constructed from diethyl-2-methyl-3,5-pyridinedicarboxylate and
ethoxymethylenemalonic ester to form 3,5-pyridinecarboxyate and the peroxide of glutaric acid half ester
(5¢). Compound (5d) was cleaved with hydrogen bromide to the di(bromomethyl)intermediate (5e)
which was converted by heating in ethanolic ammonia in an autoclave followed by heating in
methylnaphthalene to 5f. By applying a dehydrogenation on Pd/C, 5f was converted to (+)-CYT.

3.2 Coe’s Synthesis of (£)-CYT

Coe’s synthesis of (£)-CYT [21] starts with N-alkylation of glutarimide via deprotonation and reaction
with mesylate (6b) in the presence of nBudN*T" and DMF to give an imide.
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Figure 6. Coe’s Synthesis2.

Deprotonation of the imide using lithium bis(trimethylsilyl)amide (LHMDS) and subsequent reaction
with diethyl chlorophosphate furnished enol phosphate (6¢) in quantitative yield. The key
intramolecular Heck reaction of enol phosphate (6¢) was accomplished to give tricyclic lactam (6d). The
dihydroxylation of the cyclopentene unit afforded diol (6e). The diol was then transformed into (+)-
CYT.

3.3 Van Tamelen’s Synthesis

Van Tamelen and Baren used a monosubstituted pyridine (7a) derivative as a starting compound of the
A-ring of CYT (Figure 7) [19].
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Figure 7. Van Tamelen’s synthesis®.

2 (1) (i) glutarimide, t-BuOK, C, THF, (ii) mesylate, cat. DMF, cat. nBu,NI, (2) (i) LHMDS, THF, 78 to 23°C; (ii)
CIP(O)(OEt), (3) 1.5 equiv Et;N, 2.0 mol% Pd(OAc),, 4 mol% P(o-tol);, MeCN, 60°C (4) (i)10-20 equiv MnO,, benzene, (ii)
MeyNO - 2H,0, cat. OsO,, CH,Cl; (5) (i) 1 equiv. NalO,, EtOH/H,0 (ii) NH,OH, H,, Pd(OH),.

% (5) HCI, BaNH,, HCHO, (6) Na, EtOH, LiAlH,, HBr (7): C;H,, reflux; (8) K;Fe(CN),, 100°C followed by AuCl, at 150°C.
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Compound (7b) was formed in 4 steps from monosubstituted pyridine (7a) and was followed by a
tandem Mannich addition—decarboxylation which enabled formation of ring C (7¢). Compound (7c)
represents a mixture of cis and trans isomers. Epimerization of the trans to the cis isomer was carried
out to improve the yield of the ring-closure step. Functional transformation of the cis ester to bromide
(7d) allowed ring B formation via intramolecular nucleophilic substitution (7e). Oxidation and
deprotection of the secondary amine afforded (£)-CYT.

3.4 O’Neill Synthesis of (+)-Cytisine

Figure 8 presents O’Neill’s total synthesis of (£)-CYT [24]. Bis-pyridine (8b) was synthetized using
bromopyridines (8al + 8a2) and optimized palladium(0)-coupling protocol. The selective reduction of
one of the pyridine rings in 3,5-disubstituted pyridines such as (8b) is linked to the oxidation level of the
substituents.
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Figure 8. Van Tamelen’s synthesis®.

It was found that the ester in (8b) had to be reduced to a primary alcohol prior to benzylation. After
reduction, chemoselective benzylation of the least sterically hindered pyridine nitrogen gave the
pyridinium salt (8c), providing the required activation for selective hydrogenation using H, and PtO,. In
this way, a quantitative yield of an 85:15 mixture of piperidines cis- and trans- (8d) was obtained.
Mesylation of 8d followed by heating in toluene yielded N-benzylcytisine which was debenzylated to
form (£)-CYT. O’Neil and coworkers contributed significantly to review of the (-)-CYT synthesis [50].

3.5 Gallagher’s Synthesis of (£)-Cytisine
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Figure 9. Gallagher’s synthesis of (4)-CYT?.

4 (1) (i) n-BuLi, Et20, -40 °C; (ii) B(OMe)3; (iii) cat. PA(PPh3)4, 2 equiv CsF, DME, 85°C, 12 h; (2) LiAlH4, Et20; (c) BnBr,
MeCN; (3) H2, PtO2, Et3N/MeOH; (4) (i) MsCl, Et3N, CH2CI2; (ii) toluene, reflux (iii) H2, Pd(OH)2, NH4+HCOO-, MeOH.

5 (1) (i) TBSCL, Et,N, (ii) BuLi, PhSeCl then NalO,, (iii) Br, then Et,N; (2) (i) Pd(PPhy),, CuCl, LiCL; (3) (i) H,, Pd/C, (ii)
TBAF; (4) (i) MsCl, Et,N, PhMe/DMF (i) LHMDS; (5) (i) BH,THF, (ii) H,, Pd(OAc),
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Gallagher’s synthesis of (+)-CYT is summarized in Figure 9 [51]. Unsaturated lactam (9a) was used to
obtain bromide (9b) in step 1. The amide precursor (9¢) was constructed by the union of (9b) with
bromopiridone via N-pyridone N-alkylation. Hydrogenation of dihydropyridone (9¢c) followed by
desilylation afforded a mixture of cis and trans lactams (9d). Mesylation of the diastereoisomeric
mixture (9d), then thermal cyclization led to lactam (9e). In this case, (+)-cytisine is derived from
lactam (9e) by amide reduction. Lactam (9e) was obtained by mesylation of diastereoisomeric mixture
(9d) and then thermal cyclization.

3.6 Govindachari’s Synthesis

The trisubstituted pyridine (10a) was formed allowing for conversion into the bis-ester (10b) via
reaction of (10a) with Michael acceptor and KOEt in EtOH [46]. This reaction presumably proceeds by
methyl group deprotonation, Michael addition and ethoxide elimination to give an intermediate in which
the pyridine nitrogen cyclizes onto one of the esters to ultimately form quinolizinone (10b).
Chemoselective reduction of the nitrile to a primary amine gave an aminoquinolizinone, in which one of
the ester groups was removed by hydrolysis (6 M HCl(aq)) and decarboxylation upon heating. The
crude amino acid was then re-esterified using HCl in EtOH to give the amino ester (10c). LiAlH,
reduction was used to convert the ester into a primary alcohol (10d). Chemoselective reduction of the
pyridine ring in (10d) (leaving the pyridone ring intact) was accomplished using hydrogen/PtO, to give
cis-10e. Then, crude cis-10e was treated with PBr; to transform the hydroxyl group into a bromide and
cyclisation was carried out by heating at 100°C with K,CO, in a sealed tube to give a 4% yield of (+)-
CYT.
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Figure 10. Govindachari’s Synthesis®.
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Figure 11. Lesma’s Synthesis’.

6 (1) diethyl ethoxymethylenemalonate 60, KOEt/EtOH, reflux, 4 h; (2) (i) PtO,, H,, EtOH; (ii) 6M HCl(aq), reflux, 1 h; (iii)
HCI, EtOH; (3) LiAlH,, Et,0; (4) PtO,, Hy; (5) (i) PBrs, benzene, 100°C, 4 h; (ii) K,COs,, 18 h, sealed tube, 100°C.

7 (1) Pseudomonas fluorescens lipase (PFL), vinyl acetate (2) (COCL),, DMSO, Et,N, CH,Cl,; (3) allyldiisopinocampheylborane,
allyl MgBr, Et,0, C then NaOH, H,0,; (4) MsCl, Et;N, CH,Cl,; (5) NaN,;, DMF, 80°C; (6) PPh;, THF then water; (7)
acryloyl chloride, Et;N, CH,Cly; (8) Ru(CHPh)(PCys,),Cl,,CH,Cl, reflux; (9) NaOH, THF; (10) MsCl, Et;N, CH,Cly; (11)
NaH, THFrt; (12) DDQ, 1,4-dioxane, reflux; (13) 6 M, HCI, reflux.
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3.7 Lesma’s Synthesis

Cis diol (11a) was the starting compound for the synthesis of (-)-CYT [26].

Enzymatic acetylation of the diol (11a) using Pseudomonas fluorescens lipase yields monoacetate
(11b). Compound (1lc) was formed by using allyldiisopinocampheylborane. The amine (11d) was
generated by mesylation of alcohol and by reaction with NaN, in DMF. In the next step, 11d was
reacted with Grubbs’ first-generation catalyst to achieve ring-closing metathesis to (11e). The pyridone
11f was constructed from diene (11le) via a ring closing metastasis. Dihydropirydone (11g) was formed
from cis-piperidine. (-)-CYT was obtained by oxidation, N-deprotection of 11f.

3.8 Synthesis via Initial Construction of the Bispidine Core (BC-Rings)

The synthesis of (-)-CYT was obtained by the double-Mannich reaction of N-Boc piperidone (12a) with
benzylamine and paraformaldehyde, which resulted in bispidinone (Figure 12). The carbonyl group was
removed via the formation of the tosyl hydrazone and reduction with NaBH, to give (12b). Construction
of the pyridine ring started with allylation of (12b). Thus, deprotonation of bispidine (12b) at the
position o to the N-Boc group was obtained by the use of s-Buli/TMEDA in Et,0. Allylated N-Boc
bispidine (12¢) was produced as a single diastereomer, which is believed to arise by preferential
equatorial lithiation and retention of configuration through subsequent processes (transmetalation and
electrophilic trapping).

Next, allylated N-Boc bispidine (12¢) was converted into diene (12d) by TFA deprotection and
acylation with acryloyl chloride. Ring-closing metathesis was then used to form the dihydropyridone
ring. Reaction of diene (12d) with Grubbs’ first-generation catalyst in toluene at reflux generated
dihydropyridone (12¢). This ring-closing metathesis of (+)-CYT was completed in six steps. Oxidation
and deprotection was necessary after ring-closing metathesis.

Z—T

(o]

Boc k
12a 12b 12¢ = 12d 12e (£)-Cytisine
Figure 12. Synthesis via initial construction of the bispidine core (BC-rings)®.

3.9 Honda’s Synthesis

Hydroxyproline derivative 13a was a starting compound for the (4)-CYT synthesis (Figure 13) [27].
Oxidation of 13a resulted in ketone 13b. Compound 13b was deprotonated and formed enol triflate 13c
by reaction by O-triflylation using N-(5-chloro-2-pyridyl)triflimide. Stille coupling between enol triflate
13c and 2-tributylstannyl-6-methoxypyridine was used to install the 2-ethoxypyridine moiety 13d.
Compound 13e was generated after Boc-deprotection of 13d and reductive deamination followed by
lactam formation and benzylation. In the next step, using LDA and electrophilic trapping with ethyl
chloroformate, a mixture of esters cis- and trans- 13f was obtained. The last two steps of the synthesis
were completed to give (+)-CYT.

8 (1) (i) BuNH,, AcOH, (CHO)n, MeOH, reflux, 5 h; (ii) TsNHNH,, EtOH, reflux, 2 h; (iii) NaBH,, 4:1 THF/water, rt, 16 h
then reflux, 3 h; (2) (i) 1.6 equiv s-BuLi/TMEDA, Et,O, 7 h; (ii) 1.0 equiv CuCN - 2LiCl, THF; (iii) 2.2 equiv allyldiphenyl
phosphate; (3) (i) 1:1 TFA/CH,CL, 2 h; (ii) 10% NaOH(aq), CH,Cl; (4) Ru(CHPh)(PCy;),Cl,, toluene, reflux, 15 min; (5)
10% Pd/C, toluene/cyclohexene.
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Figure 13. Honda’s Synthesis®.

4 Nicotinic Acetylcholine Receptors (Nachrs) and Its Ligand Cytisine

A literature search revealed more than 2000 references reporting the synthesis of CYT and targeting of
nAChRs. Over 300 research studies were published describing the synthesis of radio-labeled CYT. The
variability and multiple combinations of nAChRs subunits and the lack of selective inhibitory ligands
make studies of CYT very important. The binding characteristics of (-)-CYT have been intensively
studied since 1980. It has been found that introduction of substituents modifying the molecular
structure of CYT also changes its pharmacological properties, that is the affinity and inner activity
towards certain nAChRs subtypes and the affinity to ganglionic and centric receptors [43,52,53].
Moreover, among N-substituted CYT derivatives, some compounds with analgesic activities have been
found [54].

Additionally, it has been observed that the substituents on the ring at the N-3 position increase the
affinity to the receptors o,B, while the C-5 substituents decrease the binding affinity [55].

Based on Figure 1, ring A of CYT and its derivatives assume a planar conformation, while ring B is
in a chair conformation with the bridging C-8 atom directed out-of-plane. Ring C assumes a chair
conformation and the nitrogen atom has a free electron pair in the axial position. The crystallographic
data obtained for the CYT derivatives have confirmed the trans configuration with respect to the free
electron pair on the nitrogen atom [56]. The same positions of the substituents are also indicated by the
NMR spectra in solution.

(-)-CYT substituted with *H in the positions of 9- and 11- is called ["H]-CYT and is often applied to
study of binding to nAChRs. ["H]-CYT has been extensively studied since 1980. [*HJ-cytisine is a crucial
ligand for quantitation of neuronal nAChRs. The introduction of radionuclei in the CYT structure
provides the opportunity for the use of positron emitting technology (PET) in targeting studies. It was
demonstrated that at concentrations of 15 nM [*PH]-CYT, the specific binding was 60—90% [20,57,58].
The density of [*H]-CYT binding sites in rat cortex was found to be close to unity with the binding of
[*H]-methylcarbamylcholine and [*H]-nicotine [20].

Carbon-substituted and N-substituted derivatives are potentially useful in the discovery of novel
pharmacologically active compounds. Nitrated and halogenated derivatives of CYT were reported before

% (1) (i) Boc,O, Et;N, CH,CL,, 1t; (ii) (COCI),, DMSO, Et;N, CH,Cl,, 40°C to rt; (2) LHMDS, N-(5-chloro- 2-pyridyl)triflimide,
THF, 78°C to 20°C; (3) (i) Pd(PPh),, LiCl, Cul, 2-tributylstannyl-6-methoxypyridine, THF, 65°C; (ii) H,, Pd/C, MeOH, rt,
100%; (4) (i) TFA, CH,Cl, 0°C; (ii) Sml, THF/HMPA, McOH, 0°C to rt; (iii) NaH, BuBr, THF/HMPA, THF, 0°C to rt;
(iv) LDA, CICO,Et, THF, 78°C; (5) LiAlH,, THF, 0°C to rt; (6) (i) MsCl, Et;N, CH,CL, 0°C; (ii) toluene, reflux; (7)
Pd(OH),, NH,/HCOO", MeOH, reflux.
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the structure was elucidated. To date, the halogenation reaction is the key route of CYT derivative
synthesis because it has provided compounds with increased lipophilicity and higher affinity to nAChRs.

N-Methylcytisine, N-Butenylcytisine and N-formyl cytisine derivatives have also been found in plants.
It was observed that the introduction of a substituent on the amine nitrogen decreased affinity of
compound when compared to CYT [43]. Synthesis of N-substituted derivatives have shown that nitroso-,
amino-, and hydroxyl- N- derivative are less efficient than CYT alone [59]. The binding of N-substituted
derivatives was studied using PET and showed that the introduction of substituent on N-3 always
brought a decrease of affinity in respect of CYT [60-62].

(-)-CYT derivatives have been developed by substituting the 6-C [42], 10-C [63], 9-C [30] and 11-C [30]
positions in order to evaluate their binding properties to nAChRs. The first product of CYT
bromination was provided in 1857 [64]. More recently, the synthesis of 9-bromo, 11-bromo and 9,11-
dibromo was developed with the yield of 27%, 27% and 5%, respectively [30]. 9,11-dichlorocytisine was
obtained by chlorination with PCl; [65]. 9-iodo and 1l-iodocytisine was obtained in the reaction with
iodine chloride [30]. Also 9-fluoro, 11-fluoro and 9,11-difluoro were recently synthetized [66]. It has been
reported 9-bromo [67], 9-iodo [30], 9-vinyl [30] and 10-methyl [62] cytisine display higher affinities and
selectivities than CYT. For example, 9-bromocytisine has a 10-fold higher affinity for oy, nAChR than
(-)-CYT itself. Table 1 presents a summary of binding affinities of halocytisine derivatives in the human
brain.

Table 1. Ligand binding affinities of halocytisine derivatives to o,B, nicotinic acetylcholine receptors.

Compound The relative binding References
constant (nM)

9,11 (Br), cytisine 420 [52]

9-1 cytisine 0.7 [52]

11-T cytisine 10 [52]

Bromination at C-11, C-9 and C-9,11 afforded affinities higher than (-)-CYT. The same trend was
observed in the human brain for the iodination product at C-11. The addition of halogen to the CYT
structure favors the hydrogen bonding between the CYT and receptor leading to higher affinity and
efficacy. Another study of CYT analogues revealed that phenyl ring replacements of the pyridone ring of
CYT reduced the binding affinities and functional efficacies [23]. Substitution at N-3 by —CH=CH, [63]
—NO, [43] or pyridinyl [68], at C-4 by —CH, [62] or at C-5 by -Br could lead to the same or improved
o, B,-nAChRs binding affinity [69]. Substitution by —CO,CH; or —COCH,CH; at the piperidine nitrogen,
at N-3 position [43,59], or at C-12 position has shown reduced affinity [63].

It is worth stressing that CYT is a good starting point for studies searching for novel compounds of
potential therapeutic interest. The chemical modifications of CYT would be expected to increase its
lipophilicity, thus improving its ability to pass the blood-brain barrier, to reduce the affinity for
ganglionic receptors, and to alter its selectivity for different subtypes of central nAChRs [1]. Of the
cytisine derivatives synthesized, only a few have succeeded in clinical trials [70]; however, it is very
likely that over the next decade novel nicotinic receptor partial agonists with improved binding affinity
and efficacy, and minimal side effects, will be advanced to the clinic to provide novel medications for
smoking cessation. Biological testing of many CYT’s derivatives is currently under way. A literature
search confirms increasing interest in synthetic routes to cytisine [71]. Recently, a review dedicated to
the study of varenicline and cytisine for smoking cessation was published by Cahil and coworkers [72].
In 2016, the asymmetric synthesis of (4)- and (-)-CYT was achieved by interconversions of functional
group followed by ring closing metathesis [73]. To obtain (+)- and (-)-CYT these studies employed
diastereospecific conversion in thirteen steps using Matteson homologations and bromination [73].

5 Conclusion
This review has shown that CYT is molecule with a unique and synthetically challenging structure

which can bind to the oy, subunit of nAChRs. During the past century, in particular in the last two
decades, enormous progress has been made in understanding the chemistry of CYT. New synthetic
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methods including formation of (£), (+) and (-)-CYT isomers have been reported. New strategies for
the asymmetric synthesis of CYT and the development of new convenient methods for the optical
resolution of racemic CYT will undoubtedly be reported in future studies. Moreover, recent studies of
CYT have employed X-ray, Positron Emission Tomograpy (PET) and Magnetic Resonance Imaging
(MRI) analysis [74]. The progress made thus far in the synthesis of CYT and derivatives is very
promising for continued applications to nicotinic receptor targeting.
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