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This review covers classical and modern structural modifications of the alkaloid, the more recent (since

2007) syntheses of cytisine and analogues, and the pharmacology of these compounds, with emphasis

on their interactions with nicotinic receptors. 89 references are cited.
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1 Introduction

(�)-Cytisine ((1R,5S)-1,2,3,4,5,6-hexahydro-1,5-methano-8H-

pyrido[1,2-a][1,2]diazocin-8-one, Fig. 1) may be regarded as the

prototype of the tricyclic quinolizidine alkaloids of the legume

family. It is widespread in the Faboideae, often accumulates in

the seeds, and is obtained on a commercial scale from Laburnum

anagyroides Medik, Sophora alopecuroides L., Thermopsis alter-

niflora Regel & Schmalh., Thermopsis lanceolata R. Br., and

Caragana sinica (Buc’hoz) Rehder. Although it was first isolated

in the mid-19th century,1 its structure (without stereochemistry)
Fig. 1 Structure and numbering of cytisine. A) projection structure with

traditional numbering; B) three-dimensional structure with IUPAC

numbering.
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This journal is ª The Royal Society of Chemistry 2012
was only determined in 1932,2 and its absolute configuration was

demonstrated almost thirty years later.3 X-Ray crystal structures

are available for cytisine and N-methylcytisine, and the struc-

tures of cytisine in solution and in the crystal phase are

congruent.4–6 Although the cytisine skeleton has traditionally

been numbered starting at the pyridone nitrogen atom, some

authors prefer to use the systematic numbering advocated by the

IUPAC.

Although some other activities have been recorded, cytisine is

best known – and has been most studied – with regard to its

interaction with nicotinic acetylcholine receptors, which are

involved in a large array of pathologies. The main current

interest in this alkaloid seems to arise from its use as an aid to

quit tobacco smoking, for which it is still marketed, at least in

Poland and Russia,7 but its activity is far from optimal and its

molecular scaffold is therefore an inspiration for the develop-

ment of more effective drugs.
2 Structural modification of cytisine

The earliest known modifications of (�)-cytisine date back to the

late 19th century. In connection with its structure assignment, it

was proposed to be a secondary amine after conversion into its

nitroso, acetyl, N-methyl- and N-ethyl derivatives.8,9 Cytisine

was also shown to give a ‘‘nitronitrosocytisine’’ and dibromo and

dichloro derivatives, and later a monobromocytisine, dibromo-

N-methylcytisine, and its methiodide.10,11 ‘‘Nitronitrosocytisine’’

was found to be accompanied by an isomer, both forms (‘‘a’’ and

‘‘b’’) were hydrolysed giving the respective nitrocytisines, and

reduction of the former led to an aminocytisine, which was

diacetylated; treatment with formaldehyde gave a ‘‘methyl-

enedicytisine’’. Moreover, a-nitronitrosocytisine could be

brominated to produce an a-bromonitronitrosocytisine, which,

like its precursor, underwent hydrolysis giving a-bromoni-

trocytisine; treatment of dibromocytisine with nitric acid only

gave dibromonitrosocytisine, confirming that nitro and bromo
Nat. Prod. Rep., 2012, 29, 555–567 | 555
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substitutions only occurred at two positions on the cytisine

molecule. Finally, electrolytic reduction of cytisine afforded

a compound described as tetrahydrodeoxycytisine.12,13 In the

course of the structural studies that led finally to the accepted

cytisine structure, a number of products of Hofmann elimina-

tion, ozonolysis and reduction of the alkaloid were prepared in

the early 1930’s.2

Apart from the N-nitroso and N-Boc groups used in recent

years for protection of the secondary amine function, an

N-phenylthiocarbamyl derivative was prepared as long ago as

1900,14 and several phenyl-substituted analogues of this

compound were obtained 70 years later.15 The preparation of

N-2-hydroxyethylcytisine, its benzoate and cinnamate, and some

aromatic esters of N-3-hydroxypropylcytisine was reported in

1936.16 However, most of the currently known N-substituted

cytisine derivatives were prepared about a decade ago by Spar-

atore’s group.17–19
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The structures of dibromo- and dichlorocytisine were only

demonstrated in 1971 and 1972, respectively.20,21 Freund and

Horkheimer’s isomeric nitrocytisines have been prepared more

recently via their N-nitroso derivatives and shown to be 3- and 5-

nitrocytisines,22 and 3-aminocytisine and N-acetyl-3,5-dini-

trocytisine have also been obtained.19 The X-ray crystal structure

of 3-nitrocytisine has been published.23 Monohalogenation at C3

and C5 of either N-protected or unprotected cytisine has also

only been reported recently, including the iodo compounds.22,24,25

The less easily accessible fluorocytisines were obtained in

low yields even more recently by direct fluorination.26 Nitration

of 3- and 5-bromocytisines afforded 3-bromo-5-nitro- and 5-

bromo-3-nitrocytisines, respectively.26 A recent preparation of

di-N12cytisinylmethane (presumably Freund and Friedmann’s

‘‘methylenedicytisine’’),12 has been reported with no details.17

Some of these ‘‘classical’’ derivatives have served as starting

points for ‘‘modern’’ reactions. Thus, 3-methyl, 3-vinyl-, 3-

(4-fluorophenyl)-, 3-(4-butylphenyl)-, 3-(2-nitropyridyl)-, 3-(2-

fluoropyridyl)- and 3-(5-methyl-2-thienyl)cytisine were all

synthesised starting from N-protected 3-bromocytisine.22,28,29

The carbonyl oxygen of cytisine was replaced by sulfur, using

Lawesson’s reagent, affording thiocytisine.24 An unusual lithium

diisopropylamide-induced acyl migration from the secondary

amine nitrogen and alkylation of N-benzylcytisine afforded

several different C10-substituted derivatives.30,31
3 Total syntheses of cytisine and analogues

The synthesis of cytisine itself has been reviewed recently.32 A

single new synthesis has been published since then, which also

provided access to novel core analogues, such as benzo[3,4]

cytisine and 4-azacytisine (Schemes 10–12).33 A synthesis of

2,3,4,5-tetrahydrocytisine appeared recently,34 and ring-con-

tracted analogues have also been synthesised in addition to the

carba- analogues reviewed by Coe et al.35–37

As seen in the previous section, N-substitution and electro-

philic substitution at C3 and C5 are quite straightforward.

Access to other positions, however, requires ‘‘total’’ synthesis.
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Scheme 1 Reagents and conditions: (a) Pd(PPh3)4, DMF, 130 �C, 15 h, 79%; (b) LiAlH4, THF,�20 �C, 3.5 h, 59%; (c) BnBr, CH3CN, reflux, 2 h; (d) H2

(1 atm), PtO2, Et3N, MeOH, rt, 15 h, cis : trans¼ 5 : 1; cis, 67%; (e) MsCl, Et3N, DCM, 0 �C, 30 min, 84%; (f) toluene, reflux, 3 h, 83%; (g) TFA, rt, 3 h,

91%; (h) H2 (1 atm), 20% Pd–C (0.1 equiv), (Boc)2O, MeOH, reflux, 30 min, 92%; (i) TFA, CH2Cl2, rt, 1 h, 87–93%.
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Several approaches to this problem have been published in the

last few years. A synthesis of 4-methyl- and 4-hydroxy-

methylcytisine29 was followed closely by substitution products of

the latter.38 Their approach was based on the synthesis of cytisine

and 3-methoxycytisine by O’Neill, inspired by van Tamelen’s

pioneering approach,39,40 and began with a Pd-catalyzed Stille

coupling of 2-chloro-6-methoxy-4-methoxymethoxymethylpyr-

idine (2) with 3-methoxycarbonyl-5-tributylstannylpyridine (3)

(Scheme 1) to afford a methoxybipyridinyl ester (4), which was

reduced (both the ester and the pyridine ring) giving 3,5-cis-

piperidine 5. This was cyclized using the O’Neill strategy with

some modifications, with final deprotection of the O-MOM

group to afford N-benzyl-10-(hydroxymethyl)cytisine (6). Palla-

dium-catalyzed hydrogenolysis in the presence of (Boc)2O

afforded a mixture of the 4-hydroxymethyl derivative (7) and the

over-reduced product (9). Finally, N-Boc deprotection of 7 with

TFA gave the 4-substituted racemic cytisine derivatives 8 and 10.
Scheme 2 Reagents and conditions: a) NaH, TBAI, allyl bromide, DMF, 0 �C
�C, 5 min., 2. TFA, DCM, rt, 69%.

This journal is ª The Royal Society of Chemistry 2012
Optimised conditions (20% Pd(OH)2–C, (0.1 eq), H2 (1 atm),

(Boc)2O, MeOH, 5 min, reflux) avoided over-reduction whilst

still giving N-debenzylation which proceeded smoothly to afford

N-Boc-10-hydroxymethylcytisine (7) in 97% yield.

10-Propyloxymethylcytisine (12) was synthesised using

N-benzyl-10-(hydroxymethyl) cytisine (6) as the precursor (Scheme

2). Thus, the reaction of allyl bromide with 6 gave the O-allyl ether

derivative (11), which upon hydrogenation followed by N-Boc-

deprotection of the intermediate afforded 12 in good yield.

N-Boc-10-(hydroxymethyl)cytisine (7) was used to synthesise

the cyclohexylmethyl and benzyl ether derivatives (13–16) using

NaH as base and the corresponding alkyl halides (Scheme 3).

The Boc group was removed and subsequent treatment with 1-

bromopentane or ethyl bromide gave compounds 17–19.

The conversion of the hydroxymethyl group to fluoromethyl

(20), was achieved using diethylaminosulphurtrifluoride

(DAST).
to rt, 3.5 h, 97%; b) 1. H2 (1 atm), 20% Pd(OH)2–C, (Boc)2O, MeOH, 72

Nat. Prod. Rep., 2012, 29, 555–567 | 557
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Scheme 3 Reagents and conditions: a) 1. NaH, TBAI, cyclohexylmethyl bromide or benzyl bromide, DMF, 0 �C to rt, 2. TFA, DCM, rt, (76–84%); b)

1-bromopentane or ethyl bromide, acetone, reflux, 16 h, 52–72%; c) 1. DAST, DCM, �78 �C to rt, 3 h, 2. TFA, DCM, rt, 61%.
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Although the number of compounds containing the cytisine

ring system is quite large, relatively little synthetic work has been

done to obtain ring-contracted analogues. Two novel skeletons

named cyfusine (27) and cyclopropylcyfusine (32) were syn-

thesised originally by Yohannes.34 The successful route

commences with a [3 + 2] cycloaddition reaction between alkyne

21 and the azomethine ylid derived from amine 22 to afford the

key intermediate 23 (Scheme 4). Reduction of the double bond

and the ester using catalytic hydrogenation and LiAlH4 gave

alcohol 25, which was cyclised using the O’Neill strategy with the

mesyl group as leaving group at 0 �C followed by warming to

room temperature to afford 26. Finally, the benzyl derivative was

hydrogenated in the presence of (Boc)2O and Pd(OH)2 with

subsequent N-Boc deprotection with HCl/MeOH affording

cyfusine (27) as its hydrochloride salt. To generate cyclo-

propylcyfusine (32), addition of dimethylsulfoxonium ylide to

the a,b double bond of 23 first formed 28. Reduction of the ester

(28) gave the alcohol (29), and to avoid possible problems with

the removal of the benzyl group from the final tetracyclic system,
Scheme 4 Reagents and conditions: a) TFA (0.1 equiv), CH2Cl2, 0
�C to rt,

equiv), Et2O, 0 �C to rt, 1.5 h, 67%; d) MsCl (1.5 equiv), DIPEA (4 equiv), CH

quantitative; 2. 1 NHCl,MeOH, rt, 16 h, quantitative; f) 1M dimethylsulfoxo

0 �C to rt, 1.5 h, 95%; h) 45 psi H2/Pd(OH)2, MeOH, (Boc)2O, 94%; i) MsCl (1

HCl, MeOH/EtOAc/hexanes, rt, 16 h, quantitative.

558 | Nat. Prod. Rep., 2012, 29, 555–567
this group was exchanged at this point for a Boc group using the

same methodology mentioned above to give 30. Finally,

repeating the mesylation-pyridone cyclization sequence on 30,

with a similar sequence as for 25, afforded 31 which was Boc-

deproctected giving cyclopropylcyfusine (32) in high yield as its

hydrochloride.

3-Hydroxy-11-norcytisine (46) is a natural product isolated

fairly recently from Laburnum anagyroides as its bisdansyl

derivative.41 This compound was synthesized by Yohannes and

co-workers who also confirmed its structure by single-crystal

X-ray analysis.35,36 In their paper, (�)-11-norcytisine (40) and

N-Boc-(�)-3-amino-11-norcytisine (42) were synthesized as well.

Their strategy was to first to access N-Boc-(�)-11-norcytisine

(39) for further elaboration via bromination or nitration a- to the

pyridone carbonyl group. To produce 39 they converted the

commercial acid 33 into its methyl ester and protected the lactam

nitrogen with a Boc-group (Scheme 5). Addition of 6-lithio-2-

methoxypyridine to the lactam carbonyl gave the amino-ketone

(36) in modest yield. This wasN-Boc- deprotected with TFA and
2 h, 85%; b) 40 psi H2/Pd(OH)2, MeOH, 2 h, 41%; c) LiAlH4/Et2O (1.6

2Cl2, 0
�C, warmed to rt, 67%; e) 1. 45 psi H2/Pd(OH)2, (Boc)2O, MeOH,

nium ylide in THF, THF, rt, 1.5 h, 61%; g) LiAlH4/Et2O (1.6 equiv), Et2O,

.5 equiv), DIPEA (4 equiv), CH2Cl2, 0
�C, warmed to rt, 16 h, 82%; j) 1 N

This journal is ª The Royal Society of Chemistry 2012
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Scheme 5 Reagents and conditions: a) Me2SiCHN2, MeOH; b) Boc2O, Et3N,MeCN, 73% both steps; c) THF,�78 �C, 55%; d) TFA, DCM; e) H2/10%

Pd–C, MeOH; f) Boc2O, NaHCO3, THF, 74% three steps; g) LiAlH4/THF, 99%; h) MsCl, DIEA, CH2Cl2; i) Toluene, reflux, 84% two steps; j) TFA,

DCM, 41%.

Scheme 6 Reagents and conditions: a) HNO3-H2SO4; b) Boc2O,

NaHCO3, THF, 22% two steps; c) H2/10% Pd–C, MeOH, 40%; d) NBS,

CCl4 54%; e) Pd(PPh3)4, toluene, reflux, 70%; f) m-CPBA, CHCl3; g)

KOH, MeOH, 40% two steps; h) TFA, DCM 67%; i) DNS-Cl, K2CO3,

MeCN, 71%.
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cyclised spontaneously after treatment with NaHCO3 to the

imine, which was hydrogenated on Pd–C to afford the pyrroli-

dine (37). The ester group was reduced and the cis-alcohol (38)

was cyclised using modified van Tamelen methodology, afford-

ing the desired N-Boc-(�)-11-norcytisine (39). This compound

was deprotected with TFA in dichloromethane to give (�)-11-

norcytisine (40).

Treatment of 39 with NBS in CCl4 provided the 3-brominated

isomer 43, which under Stille conditions gave the 3-acetyl

compound 44. This was converted to an ester and then hydrolyzed

affording N-Boc-(�)-3-hydroxy-11-norcytisine (45). Depro-

tection gave the natural product (46) that was characterised as its

bisdansyl (DNS) adduct (47) (Scheme 6). Nitration of 39 and

reprotection with (Boc)2O followed by catalytic hydrogenation

gave N-Boc-(�)-3-amino-11-norcytisine (42) (Scheme 6).

A short synthesis of 2,3,4,5-tetrahydrocytisine (51) was

described by Scheiber and Nemes,34 based on their earlier prep-

aration of (�)-N-methyl-8-oxo-2,3,4,5-tetrahydrodesox-

ocytisine.42 They began their synthesis with a double Mannich

condensation of a dioxoquinolizidine (48) with formaldehyde

and benzylamine to produce (�)-N-benzyl-8-oxo-2,3,4,5-tetra-

hydrocytisine (49) (Scheme 7). Both classical and modified

Wolff–Kishner procedures selectively reduced the bispidine

carbonyl group to afford tricyclic lactam 50, and the benzyl

group was removed by catalytic hydrogenation affording 51.

Gallagher’s group reported new cytisine syntheses in 2004 and

2006 where a key feature is the formation of the C6–C7 bond.43,44

More recently they used this strategy to access the ‘‘uncommon’’

4-halogenated cytisines. In this regard, the synthesis of the

intermediate N-benzyl-4-fluorocytisine (57a) and N-benzyl-4-

bromocytisine (57b) (Scheme 8a) began with N-alkylation of

pyridones 53 with piperidinylmethyl bromide (52) providing

lactams 54. These were treated with LiHMDS to promote eno-

lization and subsequent intramolecular 1,6-addition to give

a 2.3 : 1 mixture of the a-6 and b-6 epimers 55. The a-adduct was

oxidised with MnO2 to re-establish the pyridone ring (56) and
This journal is ª The Royal Society of Chemistry 2012
then selective lactam reduction afforded the desired N-benzyl-4-

halocytisine (57).

Removal of the benzyl group from 57a gave 4 fluorocytisine

(58) whilst treatment of (57b) with 1-chloroethyl chloroformate,

followed by methanolysis, afforded a mixture of 4-chloro- (59)

and 4-bromocytisine (60) (Scheme 8b).

The same strategy was used in this paper to synthesize cyfusine

(26) and 4-fluorocyfusine (26a) (Scheme 9).45

Very recently, Gallagher’s group reported a new cytisine

synthesis using a modified van Tamelen methodology.39 This new
Nat. Prod. Rep., 2012, 29, 555–567 | 559
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Scheme 7 Reagents and conditions: (a) CH2O, PhCH2NH2, AcOH,MeOH, reflux 6 h, 52%; (b) N2H4$H2O, KOH, ethylene glycol, 180 �C, 46%; (c) H2,

(1 atm), Pd–C, AcOH, 52%.
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and elegant approach allowed them to develop a modular

synthesis that can produce core modifications of cytisine starting

from lactam 62 via the pivotal bromide intermediate 63. Stille

coupling between 63 and 64 formed the C6–C7 bond of cytisine,

and catalytic reduction of the double bond of 65 with removal of

the TBS group gave a cis:transmixture (66), which was cyclisised

under O’Neill’s conditions to provide tricyclic lactam 67 in high

yield. Reduction of 67 with borane and N-debenzylation affor-

ded cytisine (Scheme 10).33

Starting from 63, but coupling it with 2-methoxy-3-tributyl-

stannylisoquinoline (68), a similar sequence led to benzo[3,4]

cytisine (72) (Scheme 11).33

Finally, starting from 2-methoxy-6-tributylstannylpyrazine

(73), 4-azacytisine (77) was obtained (Scheme 12).33

The synthesis of a cytisine/epibatidine hybrid by Rouden’s

group can be divided into 2 parts (Scheme 13).46 Firstly, O’Neill’s

approach was followed to obtain 85. Then, a radical cyclization

was used to produce, after deprotection, 2 compounds (87 and

89) with nanomolar affinity at the a4b2 nAChR subtype. The

initial aryl C–C coupling gave the corresponding bipyridine (80),

which was selectively N-benzylated on the pyridine ring con-

taining the ester group. Then, this pyridinium ring was reduced

with NaBH3CN to give the piperidine (82) and the ester group of

the cis isomer was reduced with LiAlH4 affording the
Scheme 8 a. Reagents and conditions: a) K2CO3, 73% for F and 69% for Br; b

d) 1. BH3$THF; 2. Pd(OH)2, H2, b. Reagents and conditions: (a) H2, Pd(OH

560 | Nat. Prod. Rep., 2012, 29, 555–567
hydroxymethylpiperidine (83). The alcohol was transformed into

the iodide (84) and the 4-methoxybenzyl group was exchanged

for a methyl carbamate before cyclisation. Finally, the radical

cyclization was optimised using dilauryl peroxide and BF3$Et2O

to yield the two isomeric 2-chloropyridine analogues of cytisine

70 and 72 after deprotection with 9 N HCl.
4 Pharmacology of cytisine and analogues

During most of the 20th century, pharmacological studies on

(�)-cytisine and a small number of derivatives was largely limited

to in vivo and isolated organ studies. In contrast, the proliferation

of hemisynthetic and synthetic cytisinoid compounds beginning

around the year 2000 occurred at a time when radioligand

displacement studies had become the standard to determine

affinities for a diversity of receptor subtypes. Unfortunately,

different authors have used different experimental paradigms,

e.g. radioligand displacement studies in rat brain homogenates,

rat or human receptors heterologously expressed in Xenopus

oocytes or in various cultured cell lines, etc. for affinity, and

electrophysiological studies, stimulated neurotransmitter release

or 86Rb efflux for functional efficacy. Moreover, even when

papers report binding studies to the same substrates, one often

finds that different radioligands were used. All this makes
) LiHMDS, 100% for F; c) MnO2, 100% for F and 80% for Br (two steps);

)2; (b) MeCH(Cl)OCOCl, then MeOH

This journal is ª The Royal Society of Chemistry 2012
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Scheme 9 Reagents and conditions: a) K2CO3, 61% for H and 75% for

F; b) LiHMDS; c) MnO2; d) BH3$THF; e) Pd(OH)2, H2, 42% for H and

14% for F (four steps).
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comparison of results from different laboratories, even with the

same compounds, extremely difficult. For this reason we have

preferred not to tabulate the sometimes very diverse data and in

most cases simply describe general trends arising for the now

rather large number of cytisine analogues that have been the

subject of biochemical-pharmacological studies.

(�)-Cytisine was first found to resemble nicotine in its

peripheral actions in 1912,47 and this similarity was confirmed,

including additional pharmacological and toxicological criteria

in the following decades.48,49 These papers showed that cytisine is

similar to nicotine in its toxicity, somewhat more potent in elic-

iting muscle contraction, and a ganglionic stimulant also causing

blockage at higher concentrations. Comparison of the crystal

structures of nicotine and cytisine showed that the latter, with

a ‘chair’ conformation of the piperidine ring as shown in Fig. 1,

holds its piperidine nitrogen at about the same distance from the

hydrogen bond-accepting carbonyl oxygen as that separating the

pyrrolidine and pyridine nitrogens of nicotine. This is a struc-

tural feature that presumably underlies the nicotinic pharma-

cology of both alkaloids.6,50 In present-day terms it must be said

that cytisine is a partial agonist at nicotinic acetylcholine recep-

tors (nAChR) containing at least combinations of the a4 and b2

subunits (a4b2* nAChR). Although no crystal structure of

a nAChR with cytisine has yet been reported, Fig. 2 shows the

result of a docking experiment with a model of the a4b2 nAChR.

It is clear that the protonated piperidine ring nestles in an

aromatic ‘‘box’’ including a likely cation-p interaction with

tryptophan 143 and, possibly, 53.27
Scheme 10 Reagents and conditions: a) 1. BuLi, PhSeCl, THF,�78 �C to 0 �C
Et3N, CH2Cl2, 45

�C, 17 h, 63%; c) [Pd(PPh3)4], CuCl, LiCl, THF, 70 �C, 15 h,
trans 1.5 : 1.0); f) MeSO2Cl, Et3N, CH2Cl2, 0

�C, 20 min; g) PhMe/DMF (9

BH3$THF, 0 �C to rt, 2. Pd(OAc)2, H2 (1 atm), MeOH, 3. HCl, 60% overall

This journal is ª The Royal Society of Chemistry 2012
The affinity of (�)-cytisine for these receptors is greater than

that of nicotine (although, being a partial agonist, i.e. unable to

elicit a full response like the natural agonist acetylcholine, it is

less efficacious). However, like this prototypical drug, it has

a similar preference for central nervous system (CNS) a4b2*

receptors over CNS a7 and ganglionic a3b4 nAChR, at which it

is a full agonist.25,51–63 The high affinity and selectivity of cytisine

for a4b2* nAChR explains the extensive use of [3H]cytisine in

binding and autoradiographic studies. The nicotinic agonist

activities of cytisine are probably related to its obsolete use as

a respiratory analeptic,52 and to its potent antinociceptive

activity.53,54 Interestingly, (+)-cytisine is completely devoid of

affinity at the a4b2* nAChR.44

As discussed below (�)-cytisine is an effective aid in smoking

cessation, presumably due to its potent activity as a partial

agonist at a4b2* nAChR. Most recently cytisine, like nicotine,

has been shown to reduce food intake by a mechanism initiated

by the activation of brain a3b4 nAChR.55 Possibly unrelated

properties are the hypoglycaemic and anti-inflammatory activi-

ties claimed for cytisine and N-methylcytisine.56 Cytisine also

concentration-dependently reduces the formation of hydroxyl

radicals in the Fenton reaction and protects mice against brain

dopamine depletion caused by the dopaminergic neurotoxin

MPTP.57

N-Methylcytisine (caulophylline) is less toxic and less potent

than cytisine, and N,N-dimethylcytisinium (caulophylline

methiodide) is even less so in a set of anaesthetised animal and

isolated organ tests.49 However, it appeared to be selective for

nAChR from squid optical ganglia over Torpedo marmorata

electroplax receptors.58 Like cytisine, N-methylcytisine is selec-

tive for a4b2* nAChR over the other major CNS subtype (a7)

and the possibly artefactual a4b4 subtype in cultured cells, but its

affinity and functional potency are lower.24,59–61 N,N-Dime-

thylcytisinium has only two- to sevenfold lower affinity but

greater efficacy than cytisine at native rat brain receptors and

ganglionic a3b4 nAChR,60 so its very low activity in vivo can

probably be ascribed to unfavourable pharmacokinetics. Thio-

cytisine has somewhat lower affinity than cytisine for a4b2*
, 2. THF/MeOH/H2O, NaIO4, 14 h, 50%; b) 1. Br2, CH2Cl2, 45
�C, 3 h, 2.

99%; d) H2, Pd/C,MeOH, 6 h; e) TBAF, THF/H2O, 50 �C, 36 h, 85% (cis/

: 1), 110 �C, 21 h, then LiHMDS (in THF) rt to 110 �C, 18 h, 91%; h) 1.

from 67.

Nat. Prod. Rep., 2012, 29, 555–567 | 561
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Scheme 11 Reagents and conditions: a) [Pd(PPh3)4], CuCl, LiCl, THF, 70 �C, 24 h, 92%; b) H2, Pd/C, MeOH, 22 h, 100% (cis/trans 1.7 : 1.0); c) 1.

MeSO2Cl, Et3N, CH2Cl2, 0
�C, 20 min, 2. PhMe, 110 �C, 15 h, then LiHMDS (in THF), rt to 110 �C, 24 h, 59%; d) 1. BH3, THF, 3 h, 85%, 2. Pd(OH)2,

MeOH, HCl, H2, 5 h, 68%.

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

 D
E

 C
H

IL
E

 o
n 

16
 M

ay
 2

01
2

Pu
bl

is
he

d 
on

 2
7 

Fe
br

ua
ry

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2N
P0

01
00

D

View Online
nAChR but very low affinity for a7 nAChR, making it highly

selective.24 Its efficacy at a4b2* nAChR is also somewhat lower

than that of cytisine, while both affinity and efficacy at ganglionic

a3b4 and neuromuscular nAChR are negligible.60

The preparation ofN-2-hydroxyethylcytisine, its benzoate and

cinnamate, and some aromatic esters of N-3-hydroxy-

propylcytisine was reported in 1936. Most of them ‘‘have

pronounced local anaesthetic activities and. are less toxic than

cocaine’’.16 Several N-arylthiocarbamate derivatives of cytisine

were tested in vivo as respiratory and cardiovascular stimulants.

All were at least 10-20-fold less active than cytisine.15

Many compounds of the extensive list of N-substituted

(�)-cytisine derivatives prepared by Sparatore’s group since 1999

have been assayed as nAChR ligands. An initial series of 31

compounds was generally disappointing regarding displacement

of [3H]cytisine from the nAChR of a brain membrane prepara-

tion, although 1,2-bis-N-cytisinylethane (90), 1,3-bis-N-cytisin-

ylpropane (91), N-pentyl- and N-(3-oxobutyl)cytisine exhibited

Ki values in the nanomolar range. The great majority of these 31
Scheme 12 Reagents and conditions: a) [Pd(PPh3)4], CuCl, LiCl, THF, 70 �

LiAlH4, THF, 15 h; d) TBAF, THF/H2O (9 : 1), 50 �C, 16 h, 49%; e) 1. MeSO

73%; g) 1. 1-chloroethyl chloroformate, ClCH2CH2Cl, 80
�C, 17 h, 2. MeOH

562 | Nat. Prod. Rep., 2012, 29, 555–567
compounds, including those with higher nAChR affinities, were

relatively nontoxic. Amongst the less toxic analogues,N-(3-(4-(2-

methoxyphenyl)piperazin-1-ylpropyl)cytisine (92) exhibited

potentially useful analgesic and anti-inflammatory, and modest

antiallergic-antihistamine, anti-hypertensive, and hypoglycaemic

activities (Fig. 3).

N-4-(4-fluorophenyl)-4-oxobutylcytisine was also anti-inflam-

matory and inhibited PAF-induced platelet aggregation, and in

addition increased the force and decreased the rate in sponta-

neously beating guinea-pig right atria.17 Interestingly, 1,2-bis-N-

cytisinylethane was not only a potent antagonist of nAChR

expressed by neuroblastoma cells, but also exposure to this

compound (and to cytisine or nicotine) for 48 h increased the

expression of a3b2* and, presumably, a7 receptors.62

In subsequent papers nAChR affinities were determined for

a more extensive series of (�)-cytisine derivatives. Interestingly,

N-aminocytisine was found to be almost as potent as cytisine in

this assay, and 3-nitrocytisine (93) has twice the affinity of cyti-

sine, while the 5-nitro derivative (94) was two orders of
C, 15 h, 86%; b) LiAlH4, THF, 0 �C, 15 min, 89% (cis/trans 2.7 : 1.0); c)

2Cl, Et3N, CH2Cl2, 0
�C to rt; f) Et3N, PhMe/DMF (4 : 1), 110 �C, 15 h,

, 65 �C, 3 h, 61%.

This journal is ª The Royal Society of Chemistry 2012
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Scheme 13 Reagents and conditions: a) Pd(OAc)2, dppf, CsF, DME, 80 �C, 5 h, 86%; b) 4-methoxybenzyl chloride, KI, MeCN, 80 �C, 98%; c)

NaBH3CN, AcOH, EtOH, 20 �C, 3 h, cis 45%; d) LiAlH4, Et2O, 1 h,�20 �C to 0 �C, 89%; e) PPh3, imidazole, I2, CH2Cl2, 35
�C, 2 h; 78%; f) MeOCOCl,

CH2Cl2, 20
�C, 90%; g) dilauryl peroxide, DCE, BF3 Et2O, 80 �C, 16 h, 37 and 15%; h) 9 N HCl, 100 �C, 16 h, 80% for 87 and 70% for 89.

Fig. 2 A docking representation of cytisine (yellow carbon skeleton) in

the active site of the human a4b2 nAChR.

Fig. 3 Potent N-substituted cytisine nAChR ligands.
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magnitude less potent. The affinity of tetrahydrocytisine for rat

brain membranes was also about 50 times lower than that of

cytisine. A CoMFA study of 20 of these compounds, after

excluding the pyridone-substituted analogues and N-nitro-

socytisine, reached the tentative conclusion that steric, rather

than electrostatic interactions modulate their affinities, that

longer N-substituents are favoured and that branching is dis-

favoured. This was interpreted as an explanation of the

increasing pKi values for the previously mentioned dimeric
This journal is ª The Royal Society of Chemistry 2012
cytisines (7.02 and 7.52 for the (CH2)2 and (CH2)3 connectors,

respectively) and the yet higher value (7.60) for the analogue with

a CH2CCCH2 connector.
18,19 Nevertheless, it should be pointed

out that an intrinsic weakness of 3DQSAR studies like this one is

the tacit assumption that different compounds share a common

binding mode. Another paper compared the binding of a subset

of the former compounds to native membranes of rat brain
Nat. Prod. Rep., 2012, 29, 555–567 | 563
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Fig. 4 Potent 3- and 5-substituted cytisine nAChR ligands.
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(mainly a4b2* or a7 nAChR, depending on the radioligand used)

and of rat superior cervical ganglion (largely a3b4 nAChR),

confirming the relatively weak affinities to a7 and ganglionic

receptors. Unlike cytisine, all these compounds were nAChR

antagonists or, at most, very inefficacious partial agonists. A

previously unmentioned derivative, N-1-adamantyloxy-

carbonylcytisine, of interest as a possible prodrug, had very low

affinity for all three nAChR subtypes.63

An attempt has been made to relate the crystal structures of

three cytisine derivatives with bulky N-substituents to their

widely differing affinities for a4b2* nAChR. However, the flex-

ible substituents may adopt quite different conformations in

solution and when bound to the receptor, making any conclusion

rather tentative.64 Some new compounds were recently added to

this collection and assayed for a4b2* and a7 nAChR binding. In

that communication a docking study for cytisine and a large set

of derivatives led to the conclusion that, in addition to the

generally acknowledged cation–p interaction of the protonated

nitrogen atom and a hydrogen bond formed by the pyridone

carbonyl, a b-carbonyl group on an N-substituent is generally

favourable to a4b2* nAChR affinity, and that this is probably

a consequence of hydrogen bonding to the hydroxyl group of

a neighbouring tyrosine residue. Furthermore, an aromatic ring

joined to the cytisine secondary amine nitrogen through a short

connector can also establish a favourable aromatic stacking

interaction.65

In the 1960’s (�)-cytisine was introduced to the clinic as an aid

to quit smoking, and it is still marketed in tablet form in some

countries for this purpose (Tabex�). Several studies indicated its

effectiveness,66–68 but only very recent work conforms to present-

day standards.7 It is now clear that the chronic administration of

frequent low doses of cytisine (1.5 mg orally, 6 times per day

initially) is associated with higher abstinence rates than placebo,

comparable to those attained with nicotine replacement therapy.

However, its unfavourable pharmacokinetics seem to be an

important limitation to its use.,69–71 The discriminative stimulus

effects in rats of cytisine have been studied on several occasions,

indicating partial generalization to nicotine.72–79 Varenicline,

a smoking cessation drug designed on the basis of the cytisine

structure and, like the natural product, a partial agonist mainly

at a4b2* nAChR, has been directly compared with cytisine in

this regard, and shown to have similar, but stronger effects.79

Like nicotine, cytisine elicits the release of dopamine (and, with

much lower potency, noradrenaline) from brain tissue, both in

vitro and in vivo.61 This effect is believed to underlie the addictive

properties of nicotine and is presumably related to the increased

locomotor activity elicited by nicotine and cytisine in laboratory

animals.80,81

(�)-Cytisine exhibits antidepressant-like effects in several

murine models of depression when injected at doses of 1.5 mg

kg�1, and reduces c-fos immunoreactivity in the basolateral

amygdala, a brain structure where similar changes are elicited by

classical antidepressants. These effects were tentatively attrib-

uted to the partial agonist character of cytisine at a4b2* nAChR,

as some similar results had been obtained with nicotine (which

inactivates nAChR upon chronic administration) and the

nonselective antagonist mecamylamine.82 3-(30-Pyridyl)cytisine
(95) (Fig. 4), which has very low efficacy at a4b2* nAChR and

causes no measurable response at other subtypes, also showed
564 | Nat. Prod. Rep., 2012, 29, 555–567
dose-dependent antidepressant-like effects. Peripheral adminis-

tration of the low efficacy partial agonist 5-bromocytisine did not

elicit any antidepressant-like behaviours, although it was effec-

tive in one model when administered intracerebrally, suggesting

that its inactivity might be related to poor access to the brain.83

Binding studies have been done on the easily accessible 3- (96)

and 5- (97) chloro-, bromo- and iodocytisines and the corre-

sponding dihalo (98) compounds (Fig. 4), using native and

recombinant, rat and human nAChR and different radioligands,

which may explain in part the quantitatively different results.

Nevertheless, halogenation at C3 consistently results in increased

affinity for a4b2 and a4b2* nAChR but also for the a7 subtype,

with some loss of selectivity. Similar affinity enhancements were

found at a4b3 and a4b4 nAChR. Different functional assays

(electrophysiological, calcium entry, membrane potential,

neurotransmitter release) generally showed that the 3-halo

derivatives are also more potent than cytisine, with little change

in their efficacies, i.e. all are partial agonists. Halogenation at C5

or at C3 and C5 leads to reduced affinity and functional

potency.24,25,59–61As stated above, 3-nitrocytisine has high affinity

for brain membranes, and 5-nitrocytisine is much less potent.19

Functional experiments demonstrated that 3-nitrocytisine is

a very low efficacy partial agonist at a4b2 receptors, with

potency in the micromolar range. At a7 receptors, it is a full

agonist with higher functional potency than 3-bromocytisine.

5-Nitrocytisine showed no activity at either nAChR subtype. The

affinity profile of the recently prepared 3-bromo-5-nitrocytisine

resembles that of 3,5-dibromocytisine, and this derivative is

a partial agonist with very low efficacy at a4b2 receptors and

a full agonist of higher functional potency than 3,5-dibromo-

cytisine. On the other hand, 5-bromo-3-nitrocytisine has low

affinity at a4b2 nAChR, does not bind appreciably to the a7

subtype, and is functionally inactive at both subtypes.27 Bromi-

nation of N-methylcytisine at C3 raised affinity for a4b2 nAChR

to approximately the same level as cytisine and had a smaller

effect at a7 receptors. Bromination at C5 was strongly detri-

mental to a4b2 receptor affinity and less so to a7 nAChR

binding. Both the 3-bromo and the 5-bromo derivative are

partial agonists at a4b2 nAChR.59,61 3-Methyl-, 3-tri-

fluoromethyl- and 3-fluorocytisine have been synthesised and

assayed more recently. The methyl and trifluoromethyl deriva-

tives showed increased affinity for a4b2* nAChr, approaching
This journal is ª The Royal Society of Chemistry 2012
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the value for 3-bromocytisine, but their low affinities for the a7

subtype are similar to that of cytisine, and they are therefore

several times more selective than the natural product. Unex-

pectedly, the a4b2* affinity of 3-fluorocytisine is about six times

lower than that of cytisine.26

The first in vivo study of the potent halogenated (�)-cytisine

derivatives followed on the demonstration of the dopamine-

releasing effects of these compounds in rat brain slices, in which

3-bromo- and 3-iodocytisine were ten or more times as potent as

cytisine and nicotine as releasers of dopamine and norepineph-

rine from brain slices.61 Microdialysis in anaesthetised rats, with

the probe placed in the corpus striatum and introducing the

drugs through the microdialysis cannula, showed that dopamine

release elicited by nicotine, cytisine and 5-bromocytisine was

dose-dependent with the apparent rank order of potency 5-bro-

mocytisine > nicotine > cytisine. The effect of 3-bromocytisine

exhibited little dose-dependency and at the highest concentration

assayed (10 mM) it released less dopamine than 10 mM cytisine

but, unlike the other drugs, its effect was measurable at

a concentration 10 times lower than the threshold concentration

of cytisine, nicotine or 5-bromonicotine. In a rat model of Par-

kinson’s disease (caused by injection of 6-hydroxydopamine into

the striatum), subcutaneous nicotine, cytisine (at twice the dose)

and 5-bromocytisine (at the same dose as nicotine) attenuated the

decrease in striatal dopamine levels. The in vitro less efficacious

3-bromocytisine, at a dose 10 times lower than 5-bromocytisine

(0.1 mg kg�1, as higher doses were not tolerated) had no effect in

spite of its higher in vitro potency.61,84 After acute administration

of nicotine, cytisine, 3- or 5-bromocytisine, only 3-bromocytisine

(at a dose level 10 times lower than that of the other drugs tested)

significantly increased locomotion once the animals were habit-

uated to the novel test environment, but reduced rearings,

generally associated with exploratory activity. These effects were

shown to be mediated by nAChR in the striatum, and to involve

the dopaminergic system.85

(�)-Cytisine and its 3- and 5-bromo derivatives were used as

tools to characterise the nAChR in cat petrosal ganglion neurons

in culture. The relative potencies of different agonists suggested

a predominance of the a7 subtype in these cells.86 3-Iodocytisine

was studied in greater detail in live mice. Intraperitoneal injection

of this compound produced a profound, reversible hypothermia

(a drop of up to 13 �C in body temperature at 1 mg kg�1), an

effect that was related to interaction mainly with b4 (and to

a lesser extent b2) subunit-containing nAChR in both the central

and peripheral nervous systems. Lower doses (0.2 mg kg�1) were

well tolerated and also produced significant, reproducible

hypothermia. This level was therefore used to study the up-

regulation of a4b2* and a7 nAChR (b4* nAChR were insensi-

tive) in different brain regions, which was found to be greater

than that elicited by nicotine.87

(�)-3-Vinylcytisine had somewhat better affinity than

(�)-cytisine for all the nAChR subtypes tested (a2b2, a2b4,

a3b2, a3b4, a4b2, a4b4), showing a similar moderate selectivity

(130-fold) for the abundant brain a4b2 vs. the important

ganglionic a3b4 subtype. Substitution at C3 with an aryl group

led to sharply reduced affinities for all these nAChR subtypes,

particularly with the very bulky 4-n-butylphenyl group.29

(�)-4-Methylcytisine has practically the same affinity for a4b2

nAChR as (�)-cytisine, but its affinities for all other subtypes
This journal is ª The Royal Society of Chemistry 2012
tested (a2b2, a2b4, a3b2, a3b4, a4b4) were considerably lower,

suggesting a possibly useful selectivity, particularly vs. the

ganglionic a3b4 subtype (3526-fold). Its agonist potency at a4b2

nAChR was about 7 times greater than that of the full agonist

nicotine, but with only 22% efficacy, whilst a similar comparison

at the a3b4 subtype revealed almost identical potency as nicotine

and 83% efficacy. (�)-4-Hydroxymethylcytisine bound more

weakly to all these receptors than (�)-4-methylcytisine, but still

retaining 909-fold a3b4/a4b2 selectivity.29 (�)-4-Fluo-

romethylcytisine resembled the non-fluorinated analogue in its

affinities. Substitution on the hydroxymethyl oxygen of (�)-4-

hydroxymethylcytisine (propyl, cyclohexylmethyl, benzyl, tri-

fluoromethylbenzyl, fluorobenzyl) was generally detrimental to

binding, although the cyclohexylmethyl and benzyl ethers were

more selective than cytisine, and the latter two still exhibited low

nanomolar affinities and even higher selectivities than (�)-4-

methylcytisine. Alkylation (ethyl or n-pentyl) of the piperidine

nitrogen of these two ethers led to the least potent and least

selective members of the series.38 Two (�)-cytisine derivatives

substituted at C10 (C6 in the IUPAC numbering): 10-a-

methoxycarbonyl- and 10-a-propionylcytisine, had negligible

affinities for all nAChR subtypes tested.29

Amongst Gallagher’s ‘core-modified’ cytisine analogues, only

benzo[3,4]cytisine (84), which can be viewed as a 3,4-disubsti-

tuted cytisine, seems to have been subjected to a binding study

that indicated that this compound has fairly high affinity (IC50 ¼
85 nM) for [3H]epibatidine-labeled whole rat brain membranes,

which probably represents mainly a4b2* nAChR binding.88 The

ring-contracted 11-norcytisine and 3-hydroxy-11-norcytisine

have rather low nAChR affinities, in the micromolar range for

the a4b2 and above 10�4 M for the a7 subtype, respectively.36

This suggests that the preferred geometry of cytisine, with the

basic nitrogen atom lying almost above the pyridone ring

(Fig. 1), is crucial for nicotinic receptor binding.

A large number of carba-analogues of cytisine (with a vari-

ously substituted benzene ring instead of the pyridone ring) have

been synthesised and assayed for affinity, mainly at a4b2 but in

some low- to subnanomolar affinity cases at other nAChR. All

exhibited lower affinities than cytisine at this receptor subtype (in

several cases Ki > 500 nM), but the presence of a small electron-

withdrawing group favoured affinity. The three most potent

compounds of this series (3-methoxy, 3-fluoro and 2,3-difluoro,

numbered congruently with the usual cytisine numbering) were

tested and compared with cytisine for their effects on sponta-

neous and nicotine-elicited dopamine turnover in rat nucleus

accumbens: the 3-methoxy analogue strongly resembled cytisine

in this regard, eliciting dopamine release but partially blocking

the releasing effect of nicotine, while the fluorinated derivatives

had no significant effect on spontaneous release but were more

effective than cytisine in reducing the nicotine response.37,89
5 Perspectives

(�)-Cytisine, its derivatives and analogues are of interest as

pharmacological tools and as potential drugs for the treatment of

a wide variety of conditions, from eating disorders, nicotine and

alcohol dependence, to depression, schizophrenia and neurode-

generative diseases. (�)-Cytisine itself is used as an aid to quit

tobacco smoking, although it is not very effective and
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appropriate structural modification might well make it more so.

The only related compound in current therapeutic use, concep-

tually derived from cytisine though not strictly a cytisine deriv-

ative or analogue, is the smoking cessation drug varenicline

(Chantix�, Champix�).89 Several publications reviewed here

suggest that some cytisinoids show promise as appetite reducers,

antidepressants or drugs to treat Parkinson’s disease.

Relatively few natural products are used as such in modern

medicine. In contrast, many drugs are modified natural products

or have been developed from natural product templates. Natural

products have an important place in the history of medicinal

chemistry, and their structural modification to modulate their

potency and selectivity or promiscuity, to improve their solu-

bility or their pharmacokinetics, continue to be an intellectually

challenging and potentially rewarding field. In this regard, cyti-

sine has been used as a model compound for little more than

a decade, with remarkable commercial success by the Pfizer

group and with unanticipated and promising activities arising

from work carried out largely in Europe and South America.

Much remains to be done, and we firmly believe that active

research into the chemistry and pharmacology of cytisine and

cytisinoids will not only continue to generate basic knowledge

but is also likely to provide us with novel drugs for pathologies

that are often refractory to treatment or for which current

therapies are unsatisfactory.
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