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1. Introduction

(8)-Nicotine (1) is present together with a number of minor
alkaloids in tobacco and a wide variety of other plants. Dried
leaves of the tobacco plants Nicotiana rustica and N. taba-
cum contain as much as 2-8% of (S)-nicotine.! Interest in
the actions of nicotine has remained high over the past cen-
tury, primarily because of the widespread exposure of people
to nicotine through recreational use of tobacco products.
First isolated in 1828, the correct structure of nicotine
was not proposed until 1883 by Pinner.? Pictet and Rotschy
are accredited with first synthesizing the alkaloid in 1904.*
Whidby and Seeman reported in 1976 that the preferred
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(>90%) configuration of the N-methyl group in nicotine is
(R) under a variety of experimental conditions.> In fresh N.
tabacum, the alkaloid mixture typically consists of 93%
(S)-nicotine (1), 3.9% (S)-anatabine (2), 2.4% (S)-nornico-
tine (3), and 0.5% (S)-anabasine (4) (Fig. 1).°

A large scale application of nicotine was its use as an insec-
ticide, as approximately 2800 tons of (S)-nicotine were used
as a crop protectant per year.” Aqueous solutions of nicotine
sulfate are still used throughout the world as insecticides.®
More recently, nicotine has attracted much attention because
of its potential pharmacological effects on central nervous
system (CNS) diseases. In particular, (S)-nicotine may
have beneficial effects in the treatment of Parkinson’s dis-
ease (PD), Alzheimer’s disease (AD), Tourette’s syndrome,
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Figure 1. Alkaloid mixture in fresh Nicotiana tabacum.

schizophrenia, attention-deficit hyperactivity disorder
(ADHD), smoking cessation, epilepsy, and depression.” An
estimated 4.5 million Americans have AD. The number of
Americans diagnosed with AD has more than doubled since
1980 and still continues to grow. By 2050, the number of
individuals with AD could range from 11.3 million to 16
million.'° PD affects over 1 million people in the US alone.
One person in 200 will get PD during their lifetime; this risk
increases with age since one in every 100 persons over 60
years of age has Parkinson’s. Both neurodegenerative dis-
orders have emerged as a major public health concern as a
consequence of the post World War II baby boom and the
changes in the global population age profile.

Neuronal nicotinic acetylcholine receptors (nAChRs) exert
an important modulatory influence in the CNS. This action
represents an attractive therapeutic opportunity for CNS
disorders. Nicotine, the prototypical agonist of nAChRs,
unfortunately activates all subtypes of nAChRs. Moreover,
nicotine’s well-known potential for abuse and its toxic
effects on the gastro intestinal and cardio vascular systems
prevents its use as a drug for CNS disorders. Researchers
are busy synthesizing analogues with nAChR subtype selec-
tivity. The goal is to develop drugs that have medicinal bene-
fits for the safe and effective treatment of CNS disorders
without adverse side-effects.!! In addition to some historical
background, this review covers the literature over the last 10
years (1997-2006) on the synthetic approaches to nicotine
and nicotine analogues.

2. Progress toward the enantioselective syntheses of
nicotine and nornicotine

Since the first synthesis by Pictet in 1904,> a plethora of
clever syntheses of nicotine has been accomplished. Most
of the early literature (1969-1996) on the preparation of
nicotine and its analogues describes the use of a pyridine
derivative as starting material onto which the pyrrolidine
ring was constructed.!?

Chavdarian and co-workers reported in 1982 the first synthe-
sis of optically active nicotine.'® This synthesis was unique
since an optically active starting material was used as the
pyrrolidine source onto which the pyridine ring was built
(Scheme 1). The synthesis starts with L-proline, which is con-
verted to amino alcohol 2. Sequential treatment of 2 with
thionyl chloride and sodium cyanide afforded 4 via chloride
3. Addition of the lithium anion of 4 with 3-ethoxyacrolein
led to 5, which underwent cyclization upon treatment with
a mixture of HBr/HOAc to give 2-bromonicotine (6). Re-
moval of the halogen by hydrogenolysis completed the syn-
thesis of nicotine (1); however, the product was obtained in
only 24% ee.

1) NaHCO;3, 0 °C,

5 SOCl,, CHCl, /D 80% aq EtOH . D
HO™ N o Coretn O e oo~ NS

N~ 0 °C to reflux H N 2)NaCN,0°C, N
| reflux, 30 min |
2 3 4
OH -
1) LDA, THF, -78 °C \O 30% HBr/HOAc | N I\{
CONT T e L
2) CHO l cN | s5°C N Br
| EtO
EtO 5 6
Hy, PdCl,,
50 p.s.i.
1, 24%ee

NaOAc, EtOH

Scheme 1. First synthesis of optically active nicotine by Chavdarian.

As studies on the affinity of nicotine and its derivatives for
nAChRs progressed, it was generalized that the affinity of
the (S) enantiomer was 10-100 times higher than that of
the (R) enantiomer.!* Synthetic efforts were then aimed
toward enantioselective syntheses, or the isolation of both
enantiomers through resolution.

In 1996, Crooks and Deo developed a simple route to norni-
cotine (3).!° Reaction of 3-(aminomethyl)pyridine (7) with
benzophenone provides the imine 8 (Scheme 2). Deprotona-
tion of the Schiff’s base with LDA, followed by addition of
methanesulfonic acid 3-ethoxypropyl ester, affords a-alkyl-
ated imine 9. Hydrolysis and basification to form the pyrrol-
idine ring complete the synthesis of 3. The Crooks group
followed up in 1999 with an asymmetric version for the syn-
thesis of (S)- and (R)-nornicotine (3) with moderately high
optical purity via alkylation of a chiral 2-hydroxy-3-pina-
none ketimine template (Scheme 3).10

Ph
X —
| N2 pp,co/PhH m N=  1)LDA
- P Ph —————
N N 2) EtO(CH,);0Ms
7 8
OEt
P e X
N= e | N+ Phco
Ph 2)K,CO, N H
9 3

Scheme 2. Crooks’ racemic synthesis of nornicotine.

In 1999, Loh and co-workers reported a four-step stereo-
selective synthesis of (S)-nornicotine.!” Hydroxyketone 16
was obtained by lithium-halogen exchange of 3-bromopyr-
idine (14) with n-BuLi followed by treatment with lactone
15 (Scheme 4). A Swern oxidation gave aldehyde 17. The
diastereoselective reductive amino cyclization with 2,3,4,6-
tetra-O-pivaloyl-B-p-galactosylamine (18) afforded com-
pound 19. The chiral auxiliary was then cleaved by acidic
hydrolysis to complete the synthesis of (S)-nornicotine
with an optical purity greater than 98%.

Until recently, the most economical way to obtain the de-
sired enantiomer of nicotine and its analogues was via the
resolution of a racemic mixture. In 1982, Jacob reported
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Scheme 3. Crooks’ enantioselective synthesis of nornicotine.
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Scheme 4. Loh’s synthesis of (S)-nornicotine using 2,3,4,6-tetra-O-pivaloyl-B-p-galactosylamine as a chiral auxiliary.

the preparation of 5-bromonornicotine (25) and its subse-
quent resolution to get both isomers in high enantiomeric pu-
rity (Scheme 5).!32 The enolate of N-vinylpyrrolidinone'8?
(21) was condensed with ethyl 5-bromonicotinate (20).
The hydrolysis of the enamine, decarboxylation, and cycli-
zation affords 5-bromomyosmine (24). Reduction with
NaBH, gave racemic 5-bromonornicotine (25), which was
converted to its ammonium salt with enantiomerically pure
organic acids. After several recrystallizations and conver-
sion to the free base, each enantiomer of 25 was obtained
with an optical purity greater than 95%.

Seeman and co-workers followed with the resolution of (+)
nornicotine.' The racemic mixture was acylated with opti-
cally pure (—)-menthyl chloroformate. The diastereomers

basic workup

Scheme 5. Synthesis of 5-bromonornicotine by Jacob.

were separated and the carbamate was removed using an
acid-catalyzed procedure. Each enantiomer was obtained
in optical purity greater than 99%.

For practical purpose, a racemic mixture of nicotine can be
of use, and racemizations of natural material were deve-
loped. In 1996, Jacob reported the racemization of nornico-
tine using a pyridoxal catalyst (Scheme 6).2°

In 1982, Bowman and Tsujino separately reported two
convenient methods for the racemization of (S)-nicotine.
Bowman treated (—)-(1) with NaH in p-xylene to give
(£)-(1).2! Tsujino observed that (S)-nicotine was completely
racemized by refluxing with a catalytic amount of
MC3COK.22

N
23 + NH3
Br. N N
| H
—
N
25



8068 F. F. Wagner, D. L. Comins / Tetrahedron 63 (2007) 8065-8082

Scheme 6. Racemization of nornicotine using a pyridoxal catalyst.

3. Methodologies for the synthesis of substituted
nicotines

Nicotine and its analogues have been a synthetic challenge
to the chemist. Few examples of efficient enantioselective
syntheses of nicotine and substituted nicotines have been re-
ported. The selective chemical functionalization of nicotine
at the pyridine or on the pyrrolidine ring has been difficult to
control.?® More specifically, formation or preservation of the
chiral pyrrolidine ring has stimulated a great deal of syn-
thetic activity in recent years. As previously stated, individ-
ual enantiomers were usually obtained by resolution via the
crystallization of diastereomeric salts.?* In an attempt to
avoid the use of a resolution to obtain enantiopure ana-
logues, chemists have been investigating the substitution
reactions of natural nicotine.

Early work on the reactivity of nicotine showed that the
chiral pyrrolidine ring is easily racemized. The reactivity
of (S)-nicotine toward amide bases was explored by Tschit-
schibabin and Kirssanov in 1924 (Scheme 7).2> A mixture of
6- and 2-aminonicotines (29 and 30) was prepared by treat-
ment with sodium or potassium amide. Under the reaction
conditions, the pyrrolidine was racemized. This early work
demonstrated that the Chichibabin reaction, of enormous
importance in pyridine chemistry, could not be applied to
the enantioselective preparation of nicotine derivatives.

NaNH, or KNH, N N X N
| P \ o+ | _ \
H,N™ °N N" NH;
1
29 30

Scheme 7. Reaction of natural nicotine with sodium or potassium amide.

The addition of alkyllithiums to nicotine has been used to
prepare derivatives.’*® In 1981, Seeman and co-workers
studied the alkyllithium methylation of nicotine. The reac-
tion of 1 with 2 equiv of methyllithium in refluxing toluene
afforded 31, 32, and 33 in 17%, <1%, and 19% yields, re-
spectively, with 32% of recovered nicotine (Scheme 8). In
1983, they followed up with another report discussing possi-
ble pathways for the loss of optical purity observed during

MeLi N
—
toluene, reflux N
1 o
31,17%

Scheme 8. Organometallic methylation of nicotine.

QHA) Yy | Py
0 OH
| T HO [
+ -
NJ) "CHs N" CHs
H H
27 28

the methyllithium reaction that could occur according to
three different pathways (Scheme 9).7 It was shown that
the starting material does not racemize under the reaction
conditions (Scheme 9, pathway 1) as the recovered nicotine
was nearly optically pure. The methylated nicotine could
also racemize (Scheme 9, pathway 2), but the treatment of
methylnicotine of high optical purity with methyllithium
(or other alkyl- or aryl-lithiums) did not lead to racemiza-
tion.?® It is noteworthy that 33 is also optically stable in
the presence of LDA. It was postulated that an equilibrium
might exist between intermediate 36 and ring-opened inter-
mediate 37 leading to racemization (Scheme 9, pathway 3).
Other alkyllithium reagents, i.e., Et, i-Pr, n-Bu, sec-Bu, #-Bu,
and vinyl, add regiospecifically to nicotine to provide
6-substituted nicotines of low optical purity.?®

The radical alkylation and hydroxyalkylation of nicotine
have been studied.?*?° In general, yields are low and a mix-
ture of isomers is produced with the 6-alkylnicotines pre-
dominating. The radical substitution method appears to
proceed without racemization. The reaction of nucleophiles

Meli +

a. Pathway 1. 1

c. Pathway 3

Scheme 9. Proposed mechanisms for the loss of optical purity in the meth-
ylation of nicotine with methyllithium.

NN XN
ol vl \
N N

32, <1% 33, 19%
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Scheme 10. Pyrrolidine ring-opening with phenyl chloroformate.

with N-acylpyridinium salts has proven to be a valuable
method for the synthesis of substituted pyridines.3*3! The
N-acyl salts are generally formed in situ by the addition of
a chloroformate to a solution of the pyridine. Addition of
a nucleophile, i.e., an organometallic, gives a dihydropyri-
dine intermediate, which is easily oxidized to the substituted
pyridine.

In 1999, Cosford and Bleicher demonstrated that the
pyrrolidine would ring-open with inversion of configuration
upon reaction with chloroformates, so the pyrrolidine
nitrogen prevented useful pyridinium salt formation. They
found that chloride 38 would subsequently convert back to
1 on treatment with base with net retention of configuration
(Scheme 10).3?

Selective N-alkylation can also be difficult as nicotine’s two
nitrogen atoms are nucleophilic and can compete for electro-
philes.?*® When treating nicotine with iodomethane, a 2.5:1
ratio of monoalkylated products 39 and 40 is observed
(Scheme 11);* however, larger alkyl halides are reported
to selectively alkylate nicotine at the pyridine nitrogen.?3®

Scheme 11. Alkylation of nicotine with iodomethane.

The examples above demonstrated that regioselective chem-
ical functionalization of the pyridine ring of nicotine was
difficult to achieve using known pyridine substitution chem-
istry.?>33 For many years, the development of enantioselec-
tive preparations of synthetic nicotine derivatives using
nicotine as a starting material was hindered due to this
deficiency.

microbial degradation
in Arthrobacter sp.
NRRL-B-3603

51%

Scheme 12. Roduit’s semi-synthetic transformation of (S)-nicotine.
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4. New approaches to the synthesis of nicotine
and analogues

The enantioselective formation of nicotine and substituted
nicotines was recently marked by three milestones: (1) the
biotransformation of (S)-nicotine by Roduit, (2) the enantio-
selective syntheses of tobacco alkaloids reported by Lebre-
ton and later by Helmchen, and (3) the enantioselective
preparation of substituted nicotines directly from natural
(8)-nicotine by Comins and co-workers. These and other re-
cent advances in nicotine chemistry are described below.

4.1. Biotransformation of (S)-nicotine

Roduit and co-workers successfully used (S)-nicotine for the
regiospecific synthesis of enantiopure analogues. In 1997,
they optimized the biotransformation of 1 to (S)-6-hydroxy-
nicotine (41) using Arthrobacter oxydans NRRL-B-3603
as the micro-organism (Scheme 12).>* Using this method,
(8)-6-hydroxynicotine was isolated in 51% yield, and up to
30 g/L could be produced. Using known pyridine substitu-
tion chemistry, they were able to convert 41 to (S)-6-chloro-
nicotine (42) and (S)-5,6-dichloronicotine (44) in good
yields with total retention of optical activity.

4.2. Enantioselective synthesis of tobacco alkaloids by
Lebreton

In 2000, Lebreton and co-workers described a short synthe-
sis of (R)-nicotine (Scheme 13).33 Allylation of 3-pyridine-
carboxaldehyde (45) with B-allyldiisopinocamphenylborane
afforded homoallylic alcohol 46 in high optical purity. Chi-
ral azide 47 was obtained from alcohol 46 in one step with
inversion of stereochemistry. The pyrrolidine ring was con-
structed using an intramolecular hydroboration—cycloaddi-
tion of chiral azido-olefin 47 to yield (R)-nornicotine (3),
which was methylated via the formation and reduction
of an intermediate N-ethyl carbamate. (R)-Nicotine was

POCI,
PCls

89%

POCI,
PCls

70%
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obtained in optical purity greater than 92% and in 60% over-
all yield.

CHO B-allyldiisopinocamphenolborane,

m Et,0, -100 °C | N =
= Pz

N 86% N
45 46, 94% ee
N3
DBU, (PhO),P(O)N3,
toluene, rt | X X B(CeH11)2H, THF, rt, 1h
90% N/ then reflux, 3 h
85%
47
| B N 1) EtOCOCI, Et3N, Et,0, rt | A l\{
H : -
= 2) LiAlH,, THF, 0 °C NG
92%
(R)-3 (R)1

Scheme 13. Short synthesis of (R)-nicotine by Lebreton.

4.3. Enantioselective synthesis of (R)- and (S)-nicotine by
Helmchen

In 2005, Helmchen and co-workers reported the synthesis of
nicotine in greater than 99% ee via an asymmetric Ir-cata-
lyzed allylic amination followed by a ring-closing metathe-
sis as shown in Scheme 14.3° To avoid racemization, which
occurs under catalytic hydrogenation, diimide reduction of
dehydronicotine 50 was carried out. In the final step, LAH
reduction afforded enantiopure (S)-1. This route was also
used to prepare (R)-1 by changing the chiral ligand.

ANF
N Z CbzCl, K,CO4
B OCOR_HNTT CHCl t
N 2% rcoo)cll, L 82%
4% L* N
8% TBD
THF, 1t 69% 48
/\/
cozll CozN™\ 1) TSNHNH,,
S # 1) HCI, Et;0 X NaOAG,96°C_ o
Pz 2) Grubbs Il cat. | _ 2) LAH, THF,
N (5% mol), CHCl, N ah
49 92% 50 80%

Scheme 14. Enantioselective synthesis of (S)-nicotine by Helmchen.

4.4. Ley’s synthesis of nornicotine and nicotine
derivatives

Ley and co-workers applied the sequential use of solid-sup-
ported reagents and scavengers to the synthesis of nornico-
tine, nicotine, and various functionalized derivatives.?’

Their preparation of racemic nornicotine is depicted in

Scheme 15.
OH
N o
SRR

-—Pph
100% ’

o BrMg o
XxX"H 1 \/\g\)

N 2) O—COZH

90%

CBI’4
0. 0 + = Br
N; OANMes N; o
Y e D
80% = (0]
—
N N
60%\ Hy, Pd/C
o 0O
NHS 1) TFAH,0,
H,, Pd/C X

T-Z

\

+ —
= 2) O/\NMe3NaCO3
3) (QsosH

4) NH3/MeOH

58%

Scheme 15. Ley’s synthesis of racemic nornicotine.

The five-step sequence was carried out without conventional
work-up procedures or chromatography and provided norni-
cotine of >90% purity. A second approach to the nicotine
structural motif started with the Weinreb amide 51 (Scheme
16). This route provides ready access to racemic pyrrolidine
N-substituted analogues 53. The same group explored a mod-
ification of their synthetic route, which uses a chiral amine to
control the reduction step (Scheme 17). The use of enantio-
pure 2-phenylglycinol or a-methylbenzylamine with keto-
aldehyde 52 and sodium triacetoxyborohydride produced
nicotine derivatives 54 and 55, respectively. These reactions
gave essentially a single diastereomer of each compound.

0 Bngv\ro (¢}
AN
B ,quOMe 1) o— J\/j)\/\ro\
XN 2 (QCoH XN o=

77-100%
SOzH
81-97% O_
acetone/H,0O
+ -
OANMe3 BHyCN o
X N 1
| _ R ) RNH, | N cHO
X N 2
) Qrson e
53 X=H,CI 3) NEty/DCM 52 X=H.Cl
R = alkyl, aryl ’

20-96%

Scheme 16. Synthesis of pyrrolidine N-substituted analogues.
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o]
NH,
X CHO .
| ph~ "
N NaBH(OAc),
52 82%

NaBH(OAc),

0,
57% 55

Scheme 17. Diastereoselective preparation of 54 and 55.

A method for removal of the chiral appendage from the
pyrrolidine nitrogen was not reported.

4.5. Comins’ C-4 regiospecific substitution of the
pyridine ring of nicotine

In 2005, the Comins’ group discovered that pivaloyl chloride
and nicotine formed an N-acylpyridinium salt in situ without
competitive pyrrolidine ring-opening. Attack of dialkyl
cuprates on the N-pivaloylpyridinium salt of nicotine (56)
led to the exclusive formation of N-pivaloyl-1,4-dihydro-
nicotines 57a-h as single diastereomers in most cases’®
(Scheme 18). Subsequent rearomatization of dihydropyr-
idines 57a-h with elemental sulfur in refluxing toluene
yielded 4-substituted nicotines S8a—h without loss of optical
purity. This work represents the first example of a method for
substituting the C-4 position of nicotine in a regiospecific
manner. The method is convenient, inexpensive, amenable
to scale-up, and allows several different types of substituents
to be introduced.

(0]

Sg, toluene
—

57a-h

reflux

58a, R = Me, 79%
58b, R = Ph, 59%
58¢c, R = n-Bu, 93%
58d, R = Bn, 64%

58e, R = 2-furanyl, 74%
58f, R = BnOCH,, 60%
589, R = t-BuOCH,, 68%
58h, R = PhMe;Si, 80%

4.6. Comins’ reductive disilylation of nicotine

The reductive disilylation of nicotine with lithium powder in
the presence of TMSCI affords 1,4-bis(trimethylsilyl)-1,4-
dihydronicotine 59 in 95% yield after vacuum distillation
(Scheme 19).% Several reactions of 59 were investigated
and the results are summarized in Scheme 20. This method
provides derivatives of nicotine with good to high enantio-
meric purity in a regiospecific and inexpensive manner.
Various C-5 substituted nicotines (i.e., 64), known to often
have nAChR subtype selectivity, are now available using
this two-step procedure. The dihydronicotines of the
type 61-63 should also prove to be valuable synthetic
building blocks and intermediates to other nicotine ana-
logues.

-

Si
Li powder air
TMSCI
N
Si
1 1N 60
59

Scheme 19. Reductive disilylation of (S)-nicotine.

4.7. Comins’ regioselective metalation of the pyridine
ring of (S)-nicotine

In another approach to nicotine analogues, Comins and co-
workers synthesized a variety of novel, as well as known,
C-2 and C-6 substituted nicotines directly from (S)-nicotine
in moderate to high yield using directed lithiation
methods.*® The choice of base was found to play a crucial
role in accessing the desired lithiopyridine intermediates in
a regioselective manner.

57a,R=Me, 71%

57b, R = Ph, 79%

57¢, R = n-Bu, 40%

57d, R = Bn, 64%

57e, R = furan, 77%

57f, R = BnOCH,, 76% (52% dr)
579, R = -BuOCH,, 58%

57h, R = PhMe,Si, 81% (68% dr)

Scheme 18. Synthesis of C-4 substituted nicotine derivatives via an N-acylpyridinium salt of (S)-nicotine.
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éOgMe
61, 98%ee
. .CHO
TBAF (10%),
B ) (Me0),CO
N TBAF (10%), TBAF (10%), O)\R
CF4CH,0CHO EtOCHO or
66 | _ CF3CH20AC 62a, R=H,
S 62b, R = Me
I
TBAF (10%), N
- Me,NCOCI
(PhO)-CO /S|I\ \
R
59
\N,COZPh |
) RCHO, \
TBAF (10%)
X
| ¢ A
~ (o) N
N |
65 63a, R = TMS
TBAF ( 63p, R = H

64a, R = Ph, >98%ee
64b, R = 2-thiophenyl,
64c, R = 2-furyl,
64d, R = C11H23

Scheme 20. Transformations of dihydronicotine derivative 59.

The reaction of nicotine with 7-BuLi—-LiDMAE®* resulted in
selective deprotonation at the C-6 position of the pyridine
ring (Scheme 21) without erosion of optical purity. The
synthesis of 42 was successfully performed on a large
scale (20 mmol) in excellent yield. Likewise, various other
electrophiles were installed at the C-6 position of the pyr-
idine ring (Scheme 22). This direct substitution method
was the first example of a synthetically useful lithiation of

1) n-BuLi-LiDMAE,
hexanes/toluene,
-20°C

2) C,Clg, 78 °C

1 LIDMAE = | jo~>~NMe; (major)

67

Scheme 21. Formation of (S)-6-chloronicotine via directed lithiation.

1) 2.4 equiv n-BulLi,
3.0 equiv LIDMAE
hexanes, -20 °C, 1 h _

2) 4.0 equiv E*, -78 °C

68a, R = SiMes
68b, R = Si(allyl)Me,
68c, R = SiMe,Ph

(S)-nicotine. Its success prompted the investigation of other
directed metalations of nicotine and derivatives.

On metalation of nicotine using lithium di-ferz-butyltetra-
methylpiperidinozincate (Kondo’s TMP-Zincate)*? followed
by addition of iodine, (§)-2-iodonicotine (70b) and (S)-4-
iodonicotine (71) were formed in unoptimized 19% and
24% vyields, respectively (Scheme 23).*° The two isomers

1) TMP-Zincate, THF, rt

2)4.0 equiv I
THF, rt, 12 h

70b

E

42, E=CI,R=H,87%

69a, E=Br,R=H, 67%

69b, E =1, R = H, 55%

69¢, E = SiPh(Me),, R = H, 92%
69d, E = SMe, R = H, 70%

69e, E = SnBug, R = H, 55%

69f, E = CHO, R = H, 26%

69g, E = Cl, R = SiMe3, 53%

69h, E = Cl, R = Si(allyl)Mej, 56%
69i, E = CI, R = SiMe,Ph, 43%

67, 70a-i

traces-21 %

Scheme 22. Lithiation and substitution of nicotine and nicotine derivatives using n-BuLi—-LiDMAE as base.
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are readily separated by chromatography, thus the method
provides access to these potentially valuable iodonicotines.

Reaction of nicotine with LiTMP was also investigated
(Scheme 24). When nicotine was added to a solution contain-
ing 3.0 equiv of LITMP and chlorotrimethylsilane (TMSCI),
the C-2 substituted nicotine 70j was obtained as the major
product in 64% yield along with the C-6 substituted 69j in
24% yield. Interestingly, the use of tricyclohexyltin chloride
as the electrophile in this reaction affords the 2-substituted
product 70k in excellent yield. To help rationalize these
results, it is proposed that LiTMP coordinates at the pyrroli-
dine nitrogen in the transition state. The C-2 position of the
pyridine ring is selectively deprotonated versus the C-6
position, although the reaction is likely reversible. The rea-
son for the high regioselectivity observed on trapping with
tricyclohexyltin chloride is unclear at this time.

4.0 equiv E*, -78 °C

—_—
3.0 equiv LITMP
THF, -78°C, 1h

1

69 70

69j, E=TMS,24% 70, E=TMS, 64%
69k, E =SnCy;, <5% 70k, E = SnCys, 94%

Scheme 24. Electrophile-dependent regioselectivity in the reaction of nico-
tine with LiITMP as base.

The development of a convenient preparation of 6-chloro-
nicotine (Scheme 21) opened the door to additional directed
ortho-metalation (DoM) reactions directed by the chlorine
atom. Taking this approach, Comins and co-workers reported
the regioselective substitution of (§)-6-chloronicotine (42)
via directed lithiation of the pyridine ring.*® Initially, Grib-
ble’s lithiation*? of halopyridines with LDA was attempted
without success. Fortunately, the stronger base, LiTMP,
was effective. Deprotonation of 42, using LiTMP in THF at
—78 °C, followed by addition of the appropriate electrophile,
afforded the C-5 substituted derivatives 44 and 71a—f
(Scheme 25). This convenient reaction allows the regioselec-
tive introduction of various functional groups at C-5 of 42.

1) 1.1 equiv LiTMP,

THF,-78 °C, 1 h

2) 1.2 equiv of E¥,
-78°C,1h

44, E=CI, 87%
71a,E=1,74%

71b, E=Br, 37%

71c, E = SiPhMe,, 45%
71d, E = SMe, 63%
71e, E = SnBujz, 66%
71f, E = CHO, 58%

Scheme 25. Substitution at the C-5 position of the pyridine ring of (S)-6-
chloronicotine using LiTMP as base.

Treatment of 6-chloronicotine with 3.0 equiv of LiTMP fol-
lowed by the addition of only 1.0 equiv of iodine resulted in
the near quantitative formation of (S)-6-chloro-2-iodonico-
tine (72a) via a proposed halogen dance mechanism*®
(Scheme 26). Although other C-2 substituted 6-chloronico-
tines can likely be prepared from 72a using lithium-halogen
exchange or cross-coupling reactions, a direct route from 42

was developed. Treatment of 6-chloronicotine with n-BuLi—
LiDMAE in toluene at —78 °C, followed by addition of the
electrophile, afforded the desired products 72b—e in moder-
ate to good yield.

1) 3.0 equiv n-BuLi-LiDMAE,
toluene/hexanes, -78 °C, 1 h
2)E*,-78°C,1h

42 72a,E=1

1) 3 equiv LITMP, 72b, E=Cl, 72%
= 0
THF, -78°C,1h 72c, E = SMe, 53%
72d, E = SnBus, 42%

2) 1.0 equiv of I, 72e, E = CHO, 57%

72a  95%

Scheme 26. Substitution at the C-2 position of the pyridine ring of (S)-6-
chloronicotine using n-BuLi—-LiDMAE as base.

Remarkably, regiospecific formation of 4-substituted 6-
chloronicotines 73a—h was achieved by simple treatment
of 6-chloronicotine with 1.1 equiv of n-BuLi in THF at
—78 °C and subsequent addition of electrophiles (Scheme
27).%0 This directed lithiation is obviously effected by intra-
molecular coordination of n-butyllithium to the pyrrolidine
nitrogen during the deprotonation step. This method not
only provides a two-step synthesis of 4,6-disubstituted nico-
tines, but also allows the preparation of polyhalo derivatives
that can be used for sequential lithium-halogen exchange
and cross-coupling reactions. For example, 4-bromo-6-
chloronicotine (73d) can be lithiated at C-5 with LDA and
treated with iodine to afford trihalonicotine 74 (Scheme
28).** Regioselective palladium-catalyzed amination of 74

1) 1 equiv n-Buli,
THF,-78°C, 1h

2)E*

73a, E =1, 80%

73b, E = D, 79%

73c, E = Cl, 63%

73d, E = Br, 27%

73e, E = CHO, 62%

73f, E = SnBus, 51%
73g, E = SMe, 34%

73h, E= CH(OH)Ph, 65%

Scheme 27. Regiospecific substitution at the C-4 position of the pyridine
ring of (S)-6-chloronicotine.

2) 1.1 equiv |,
87%

CL,
NH2

5% szd ba3,
052003,
10% Xantphos

75

68%

Scheme 28. Regioselective amination of a polyhalonicotine.
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with 2-bromoaniline gives the C-5 amino derivative 75 in
good yield.

Alternatively, the bromochloronicotine 71b and dichloroni-
cotine 44 can be lithiated with LDA or n-BuLi at C-4 and io-
dinated to provide trihalo derivatives 76 and 77 in good yields
(Scheme 29). A Suzuki cross-coupling of 77 with phenylbor-
onic acid afforded the 4-phenyl derivative 78 in good yield.**

1) 1.0 LDA,
THF, -78 °C,
1h

2) 1.1 equiv |,

56%

1) 1.1 n-BulLi,
THF, -78 °C,
1t

2) 1.2 equiv |,

80%

1.2 PhB(OH),

Pd(PPhg3)4

K,COj3, toluene,
reflux

78

69%

Scheme 29. Preparation of polyhalonicotines.

Comins and Wagner*® developed a methodology for the syn-
thesis of 4,5-disubstituted nicotines. (S)-5,6-Dichloronico-
tine was treated with zinc powder in a 1.0 M solution of
HCI in acetic acid to afford (S)-5-chloronicotine (79) in
65% yield (Scheme 30).

Zn
HCI/AcOH

44 79, 65% 1, 12%

Scheme 30. Regioselective C-6 dehalogenation of 5,6-dichloronicotine.

(8)-5-Chloronicotine (79) was treated with 1.1 equiv of
n-BuLi in THF at —78 °C to effect a DoM reaction at C-4.
Upon addition of electrophiles, C-4 substituted 5-chloro-
nicotine derivatives 80a—g were obtained in moderate to
good yield (Scheme 31). Gros and co-workers recently

1) 1.1 equiv n-Buli,
-78°C,1h

2) 1.2 equiv of E*

79 80a, E=D, 80%
80b, E =1, 65%
80c, E = SMe, 68%
80d, E = CHO, 55%
80e, E = SnBuj3, 58%
80f, E = SiMe,Ph, 39%
80g, E = TMS, 56%

Scheme 31. Regioselective substitution at the C-4 position of the pyridine
ring of (S)-5-chloronicotine.

reported the lithiation/substitution of (S)-nicotine at C-4
using TMSCH,Li (2 equiv) as the base.*

A halogen at C-6 of nicotine is more reactive toward cross-
coupling than the same halogen at C-5. This was demon-
strated by the conversion of dichloronicotine 44 to the
6-methyl derivative 81 (Scheme 32). Conversion of 81 to
the iodonicotine 82 was carried out via C-4 lithiation with
n-BuLi. It is interesting that this conversion can be carried
out i41‘1‘ the presence of a relatively acidic methyl group at
C-6.

1.0 equiv trimethylboroxine,
10% Pd(PPh3)4, KoCOg3

1,4-dioxane, 110 °C , 2-3d
70%

1) 1.1 equiv n-Buli,
-78°C,1h
2)1.2 equivof E*
53%

Scheme 32.

5. Synthesis of anti-Parkinson’s drug SIB-1508Y

(8)-(—)-5-Ethynyl-3-(1-methyl-2-pyrrolidinyl)pyridine mal-
eate (SIB-1508Y, 83, Fig. 2), also known as Altinicline, was
discovered and developed at SIBIA Neurosciences Inc.3246
SIB-1508Y possesses the nicotine core structure that is
substituted at the C-5 position with an acetylene group.
This fairly simple compound is an agonist of human neuro-
nal nAChRs. Functional assay studies led to the preclinical
development of 83 for the treatment of Parkinson’s disease
(PD); although, clinical trials in PD patients were stopped
in Phase I in 1999. SIB-1508Y is still the subject of ongoing
research and its reported syntheses represent inventive and
useful ways to construct or substitute the nicotine ring
system.

5.1. First synthesis of SIB-1508Y

The first synthesis of SIB-1508Y was reported by Cosford
and co-workers in 1998.4¢ Ethyl 5-bromonicotinate was
treated with the enolate of 1-vinylpyrrolidinone to form
ketone 22 (Scheme 33). The subsequent hydrolysis of the
enamide and decarboxylation allowed the ring closure of
the intermediate to afford imine 24. Compound 24 was then
reduced with NaBH, in the presence of CBz-p-proline (com-
plex 84), and the pyrrolidine nitrogen was methylated to

Figure 2. Anti-Parkinson’s nicotine analogue SIB-1508Y.
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dibenzoyl-L-tartaric acid, Br .,
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0
HCI | X N
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37 % HCHO (aq), Br XN
HCO,H, A | \
. —
N
85, 30% ee

= 10 % Pd/C, PPh;,

after 2 recrystallizations

NaH cat.
toluene, A

87

Scheme 33. Cosford’s synthesis of SIB-1508Y.

give enantiomerically enriched 5-bromonicotine (85) (30%
ee) in good yield. Two consecutive recrystallizations as its
diastereomeric dibenzoyl-L-tartrate salt furnished 85 in
>99% ee. The palladium-catalyzed Sonogashira cross-cou-
pling reaction with 2-methyl-3-butyn-2-ol (86) provided
protected ethyne 87 in 92% yield. Finally, base-catalyzed
deprotection of the acetylene afforded 83. Soon after, Cos-
ford described a method for the racemization of enriched
(R)-85, which was isolated from their classical resolution
procedure.>? This allowed the (R) isomer byproduct to be
converted to (§5)-85 via their resolution method. This route
left room for improvement since the enantiomerically pure
material was obtained after several costly fractional crystal-
lizations.

5.2. First enantioselective synthesis of SIB-1508Y

In 2001, Lebreton and co-workers offered a clever enantio-
selective construction of the pyrrolidine ring of 5-bromo-
nicotine (85) (Scheme 34).*” 5-Bromonicotinic acid (88)
was converted to the corresponding aldehyde 89. Allylation
with allyl bromide in the presence of zinc gave racemic
allyl alcohol 90, which was subsequently oxidized under
Dess—Martin oxidation conditions to ketone 91. The
enantiomerically pure alcohol (R)-90 was obtained using
diisopinocamphenylchloroborane as the reducing agent.
Nucleophilic displacement of the corresponding mesylate
92 by azide occurred with complete inversion of con-
figuration. An intramolecular hydroboration—cycloaddition
tandem reaction*’® of azido-olefin 93 completed the forma-
tion of 85 in 94% ee. SIB-1508Y was synthesized in 10 steps
with an overall 18% yield and constituted the first enantio-
selective synthesis of the nAChR agonist.

N

HO 86 CUI: KQCOSy
DME/H,0
A ‘N
P \
N
83

5.3. Synthesis of SIB-1508Y from natural nicotine

In 2006, the Comins’ group reported a novel approach to the
synthesis of SIB-1508Y using (S)-nicotine as an inexpensive
starting material (Scheme 35).%8 This route avoids the use of
fractional crystallization of a diastereomeric salt, as the chi-
ral integrity of the pyrrolidine ring is conserved throughout
the synthesis. Treatment of (S)-nicotine with lithium powder
and chlorotrimethylsilane afforded 1,4-bis(trimethylsilyl)-
1,4-dihydronicotine (59) in high yield.>®*° Acylation of 59
with methyl carbonate in the presence of TBAF (10%)
gave the 1-acyl-1,4-dihydronicotine 61 (98% ee). Formyl-
ation® of 61 under Vilsmeier—-Haack conditions provided
the desired C-5 aldehyde 94. The N-carbomethoxy group
was removed under mild conditions (TEA, MeOH, rt, 1 d)
to provide, after rearomatization using elemental sulfur in
refluxing toluene, S5-formylnicotine (96). The synthesis
was completed by using the Seyferth—Gilbert homologa-
tion®" to convert 96 to 83. SIB-1508Y was synthesized in
six steps with an overall 20% yield and constituted its first
enantioselective synthesis directly from natural nicotine.

This synthesis was followed with a second generation, five-
step preparation of the nAChR agonist. (S)-6-Chloro-5-iodo-
nicotine (71a), obtained in only two steps from natural
nicotine,*® was submitted to Sonogashira cross-coupling
conditions using [(triisopropyl)silyl]acetylene. Compound
97 was obtained in quantitative yield. The reaction of 97
with a hot mixture of Zn/AcOH afforded dehalogenated
product 98 in 52% yield. The deprotection of the acetylene
moiety using tetrabutylammonium fluoride (TBAF) com-
pleted the synthesis of SIB-1508Y (83). This synthesis
represents the shortest enantioselective synthesis of this
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1) DMF, (CICO),,

\(j/u\ 20°C,1.5h Br S CHO 711, allyl bromide
2) Cul,-78 °C = THF, rt, 1 h
LiAIH(t-BuO)3, 15 min 97%
88 63% 89
OH Dess-Martin
Bf\(j)\/\ periodinane Br. N N
| 7 CH2C|2, rt, 15 min | Z
N N
()90 100% 01
OH
(+11pcBCL THF,  Br_~_ OMs
-30°C, 20 h | MsCl, TEA,  °F B \
0 L0h _
79% N CHCl,, 0 °C, 5 min N
(R)-90, 94% ee 100% 02

NaN,, DMF,
— e Br. N
60 °C, 4h |
83% N
93

B(CgHq1)oH, THF, rt, 1 h

then reflux, 3 h

62%

Li powder (Me0),CO
T™SCI 10% TBAF
95% 91% ‘
CO,Me
59 61, 98% ee

A
Sg (MeQ),POCHN,
toluene, reflux t-BuOK
0, 0,
83% 96 51% 83

Scheme 35. Comins’ first synthesis of SIB-1508Y from natural nicotine.

nicotine analogue, in only five steps and 32% overall yield
(Scheme 36).!

6. Synthesis of conformationally constrained nicotine
derivatives

Interest in nicotine analogues with modified pyrrolidine
structures increased after the isolation of the very active al-
kaloid, epibatidine (Fig. 3), isolated from the skin of a South
American frog by Daly in 1992.5% Despite its toxicity,

10 % Pd(PPhg),Cl,, 10 % Cul
Et3N, TIPS-acetylene, 15 h

99 %
7a 97
TIPS
Zn, AcOH, 70 °C, 18 h TBAF, THF, rt, 20 min 83
52 % 98 %

Scheme 36. Comins’ expedient five-step synthesis of SIB-1508Y from
natural nicotine.

Figure 3. Epibatidine.

epibatidine has prompted important research in the synthesis
of conformationally constrained nicotine analogues.>?%

6.1. Bridged and conformationally constrained
derivatives

In 1978, Leete and co-workers opened this field of nicotine
research with the first synthesis of a ‘bridged nicotine’,
a hexahydropyrroloisoquinoline.'?® In 1983, Seeman and
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co-workers reported the preparation of bridged nicotine 103
(Scheme 37).>3 Their synthesis starts with the formation of
the enolate of 7,8-dihydro-5(6H)-quinolone (99) followed
by the addition of nitroethylene. The Michael adduct, nitro
ketone 100, was isolated and subsequently reduced with
H; and Raney nickel to afford bridged myosmine 101. Its re-
duction with sodium cyanoborohydride gave bridged norni-
cotine 102, which was converted to its nicotine analogue 103
by reductive methylation with sodium cyanoborohydride in
the presence of formaldehyde. Only one ring-juncture epi-
mer was isolated.

2 _N
N
HCHO, WH
NaCNBH; "y NaCNBH; ‘\
P H
N
103

Scheme 37. Seeman’s synthesis of bridged nicotine 103.

Seeman concluded that this synthetic approach should also
be applicable to the preparation of the isomeric nicotinoid
104 from isoquinolone 105 (Fig. 4). Glassco and co-workers
reported the synthesis of 104 using this route>** while Ver-
nier and co-workers published the synthesis of 106 in
1998.5* Analogue 106 was shown to be active in animal
models for PD and pain.

X N X (0]
| \ |
— —
N N
104 105 106

Figure 4.

Along the same vein, in 2002 and 2004, Zhai and co-workers
reported a new synthesis of an annulated nicotine derivative
via a one-pot assembly of 4-allyl-3-pyridinecarboxaldehyde
(Scheme 38).%3% Ortho lithiation of 3-pyridinecarboxalde-
hyde via an a-amino alkoxide intermediate®’ followed by

1) Me,N(CH,),N(Li)Me, -78 °C

m CHO o) n-BuLi, 78 °C; 42 °C X CHO
ez 3) CUCN, -78 °C; -30 °C |

N

4) allyl bromide, -78 °C N
107
Ho / H
sarcosine, DMF N N
BEEE—— =N — N
+\ | N H
—
N N
108

Scheme 38. Nicotine analogues by intramolecular [3+2] cycloaddition.

alkylation with allyl bromide gave 4-allyl-3-pyridinecarbox-
aldehyde (107). An intramolecular azomethine ylide-alkene
[3+2] cycloaddition using sarcosine effected the formation of
the annulated analogue 108. In 2006, Zhai’s group followed
with the synthesis of bridged nicotines 110-112 using a
similar [3+2] cycloaddition as depicted in Scheme 39.%%

H
X/\/ X
CHO 1) sarcosine, heat A N

= P UTT S | H O\
| 2) 109, P

N Zn, AcOH, reflux N
109a, X = CH, 110, X =CH,
109b, X = O, 111, X=0
109¢, X =S 112, X=$

Scheme 39. Nicotine analogues by intramolecular [3+2] cycloaddition.

In 1986, Kanne and co-workers reported the synthesis of the
highly potent bridged nicotinoid (+)-114.>° In 2006, Carroll
and co-workers modified this procedure to prepare each
enantiomer of 114 (Scheme 40).°* Benzylamine was re-
placed by (R)-(+)-methylbenzylamine to generate both dia-
stereomers of 113, which were subsequently converted to

(+) and (—)-114.

PhH

K

5 steps

= Ph
N /\ H NH HN
V4 N Me HCO,NH,4 | X | X
Pd/C, MeOH P or P
N N
78%
13 (15,65)-114 (1R6R)-114

Scheme 40. Carroll’s enantioselective synthesis of 114.

In 1999, Rapoport and co-workers designed and synthesized
conformationally constrained bicyclic nicotine analogue
117 derived from p- and L-glutamic acid (Scheme 41).!
The key step in this approach is an intramolecular anionic
cyclization at the benzylic position to form azabicyclo inter-
mediate 116. Bromide 115 was formed in 10 steps from
L-glutamic acid. Using n-BuLi to deprotonate the benzylic
position an intramolecular cyclization took place to afford
Boc-protected nicotine analogue 116. Deprotection to the
free amine and methylation gave the target molecule 117.

Boq
N N
N Br n-BuLi 1) HCI, EtOAC
N _ 2) HCO,H, HCHO
/
115 Y 116 \_/ 117

Scheme 41. Rapoport’s synthesis of conformationally constrained bicyclic
analogues of nicotine from L-glutamic acid.
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The other enantiomer was obtained by starting with p-gluta-
mic acid using the same reaction sequence.

6.2. Fused, annulated, and spirocyclic analogues

The first synthesis of a benzo-fused nicotine, compound 118,
was reported by Ide in 1970.°* This procedure was later used
and modified by Glennon and co-workers for the synthesis of

fused nornicotines and nicotines (Scheme 42).%3

In 2000, to further enhance the conformational restriction,
Rapoport designed and synthesized fused nicotine analogue
124 (Scheme 43).%* The construction of the fused framework
was achieved by an intramolecular Heck reaction of com-
pound 119. Ozonolysis of 120 gave ketone 121, which was
hydrolyzed and reduced to 123 using a Wolf—Kishner reac-
tion. Finally, 123 was methylated to yield fused nicotine
analogue 124.

In 2001, Rapoport’s group followed with an enantiospecific
synthesis of annulated nicotine analogue 128 (Scheme 44).9

o}
CN
= —— Pz
N N
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Chloropyridine 125 was formed in eight steps and high yield
from glutamic acid. The intramolecular cyclization of the
ester enolate at C-4 via an SyAr mechanism gave bicyclic
compound 126. The ester was hydrolyzed, converted to the
acyl chloride, and condensed with 2-mercaptopyridine
N-oxide. The subsequent radical decarboxylation gave the
N-Boc-protected nicotine analogue 127, which was con-
verted in two steps to the N-methylated nicotine target 128.

In 2002, Ullrich and co-workers reported the enantioselective
synthesis of 7-(3-pyridyl)-1-azabicyclo[2.2.1]heptane (133)
(Scheme 45).5¢ A Stille cross-coupling reaction between 3-
stannylpyridine 129 and acyl chloride 130 was employed to
generate pyridyl ketone 131. Reductive amination with either
enantiomer of a-methylbenzylamine provided benzylamines
132 in good de. The subsequent cleavage of the benzyl group
by hydrogenolysis and then ring formation complete the syn-
thesis of 133 in five steps with an optical purity of 90%.

Ullrich followed with the design of tetracyclic nicotine-like
compounds such as 139 (Scheme 46) and spiro-annulated

EtONa

+/) _
cHCl | Nl HCOOK I X N
330°C i) o
N ci N
H
118
Scheme 42. Synthesis of fused nicotine analogue 118.
| /™~CO,Me Ag
Pd(OAc),, O3, ACOH; N =N
[ N PPhg, EtsN_ DMs \
N T eo% To%
o
119 MeOzC 120 121
H
N =N NH2NH2 CHZO
M Hel () Kou M NaBH(OAC); Ad;)
87% oo %
© 122 124
Scheme 43. Annulated nicotine analogues by Rapoport.
Cl
Boc 1) LiOH, dioxane Boc
| > N COMe  LipmP N CO;Me  2)(COCI),, CH,Cl,/Py N
N/ Boc 7\ 3) 2-mercaptopyridine- 7 N\
_ N-oxide o
125 N 4)+BuSH, THF, hv N
/ 126
1) HCI N
2) HCHO, HCO,H %
=N
128

Scheme 44. Rapoport’s synthesis of conformationally constrained bicyclic nicotine analogue 128.
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Q Pd cat i
cat.,
@/S”BUS - xylenes, 120°C_ (7
N~ ] N o
129 130 131
1) (S)- or (R)-a.-methylbenzylamine Me" "NH
Et3N, TiCly, CH2Cl | A 1) Pd/C, H, | X N
2) NaBH, N O  2)HBr; Na,CO3 N
132 133
Scheme 45. Ullrich’s synthesis of nicotinoid 133.
o | O 1,4-addition of the organocopper reagent of 134 to the
:Ségﬁ"g;%_’ Os_OMe Eﬁ:%'ldégf N N—acylpy'ridi.nium ' salt of 3-bromopyridine, fol}oyved by
9" V) =i THA — rearomatization with elemental sulfur, led to pyridine 135.
~ n OMe OMe Lithium-halogen exchange initiated the intramolecular cy-
n=12 clization with the amide. Installment of the acetonitrile
1) LDA, o D group followed by hydrogenation led to a cascade reaction
_ BrCH,Cl 1) Zn, LiCl, Cul, THF forming the annulated pyrrolidines. After ether cleavage,
2Nal, OMe 2) 3-bromopyridine, S OMe the last cyc!ization to the azabicyclic ring system completed
acetone CICOOE, THF, -40 °C Br the synthesis of 139.
3) Sg, xylene, reflux ~ |
NS . . . .
N Using a very similar approach, spiro-annulated analogues
135 144 were designed (Scheme 47). A B-iodocarboxylic acid
n-BuLi, ester was converted to an organocopper reagent and added to
-78°C _LDA, ICH,CN. Raney-cobalt the N-acylpyridinium salt of 3-bromopyridine to form com-
H, pound 140 after rearomatization. The ester was transformed
to cyclic imine 142 via ketone 141. Lithium-halogen ex-
change afforded nornicotine analogues 143 that were methyl-
136 . . .
OMe ated to afford spiro-annulated nicotine analogues 144.
n n
NH 1) HBr, reflux y N 7. Conclusions
< I " 2)Nayc0, H0 refx [ I H . , .
N N This review has presented recent progress in the synthesis of
138 139 n=12 nicotine and analogues along with some seminal earlier

work. Significant advances have been made in the last 10

Scheme 46. Ullrich’s synthesis of analogue 139.
nicotine analogues such as 144 (Scheme 47).%” The bridged

analogues were synthesized from a pyridine derivative onto
which the azabicyclic system was built. The regioselective

o 1) Zn, LiCl,

Cul, THF
f‘\OEt

2) 3-bromopyridine, N
| CICOOE, THF, -40 °C ||

—

3) Sg, xylene, reflux N
140
~N
n-Buli,
1) 6N HCI THF, -78°C
2) NapCOs3 X Br
|
N
142

Scheme 47. First synthesis of a spiro-annulated analogue of nicotine.

OEt

years that have increased the availability of analogues for
pharmacological study. These and further efforts are crucial
to the understanding of the nicotinic pharmacophore and to
the development of drugs for the treatment of various CNS
diseases.

N—7

N-vinylpyrrolidine, 0
NaH

HCHO,
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The progress made in stereoselective syntheses and the
application of modern synthetic methods have clearly
advanced the field. The new reactions of (§)-nicotine allow
all positions on the pyridine ring to be substituted in a regio-
selective manner. These methods will allow a plethora of
interesting and potentially useful compounds based on
nicotine. These methods will undoubtedly be applied to
the preparation of potential pharmaceuticals, insecticides,
synthetic intermediates, and novel ligands for catalytic
asymmetric synthesis.
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