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I. Introduction

The synthesis of the 7-azabicyclo[2.2.1]hepta-2,5-
diene (1), 7-azabicyclo[2.2.1]hept-2-ene (2), and
7-azabicyclo[2.2.1]heptane (3) systems has been the
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subject of numerous synthetic studies which have

resulted in the development of several methods for
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the construction of these novel azabicyclic systems.?
Until recently these syntheses were only a matter of
academic interest since no naturally occurring com-
pound was known at the time to contain these ring
systems.! However, in 1992 Daly et al. reported the
discovery and structural elucidation of (—)-epibati-
dine (4), a new alkaloid isolated from Ecuadorian
poison frog, Epipedobates tricolor.? Subsequent stud-
ies have shown that the absolute configuration of this
structurally unique natural compound which features
the 7-azabicyclo[2.2.1]heptane ring system with an
exo-oriented 5-(2-chloropyridyl) substituent, is 1R,
2R, 4S.37% As the free base, the natural material 4
exhibits a levorotatory optical rotation, while the
salts of 4 (hydrochloride, hydrogen oxalate) were
found to possess dextrorotatory optical rotations.®
Preliminary biological assays have shown that epi-
batidine (4) is a very potent analgesic (200—500-fold
more potent than morphine) with a non-opioid mech-
anism of action.””*! Due to the novel biological
activity associated with epibatidine (4) and its pau-
city in nature (1 mg isolated from 750 frogs) the total
synthesis of 4 has aroused the interests of organic
chemists around the world.*>716 In addition, a large
number of 7-azabicyclo[2.2.1]heptane and 7-azabicyclo-
[2.2.1]hept-2-ene derivatives have been recently syn-
thesized and protected by patents.1”18

The renewed interest in these ring systems as
important biomolecular substructures has prompted
the writing of this review. The synthetic approaches
employed to construct the 7-azabicyclo[2.2.1]hepta-
2,5-diene (1), 7-azabicyclo[2.2.1]hept-2-ene (2), and
7-azabicyclo[2.2.1]heptane (3) systems are the pri-
mary focus of this review. In addition, the chemical,
physical and biological properties associated with
these and related compounds will be discussed.

Il. Preparation of
7-Azabicyclo[2.2.1]hepta-2,5-dienes and
7-Azabicyclo[2.2.1]hept-2-enes by the [4 +2]
Cycloaddition Reaction

The [4+2] cycloaddition reaction between pyrroles
and dienophiles has been shown to be a general
method for the synthesis of the 7-azabicyclo[2.2.1]-
hepta-2,5-diene and 7-azabicyclo[2.2.1]hept-2-ene de-
rivatives. However, pyrrole (5a) is a poor diene for
the [4+2] cycloaddition reaction and usually reacts
with alkenyl and acetylenic dicarboxylic acid deriva-
tives to give Michael addition products (Scheme 1).1°
Similarly, N-alkylpyrroles react with acetylene di-
carboxylic acid derivatives to give the corresponding
2-substituted pyrrolyl derivatives.?2>2! In their paper
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exploring the reaction of dienophiles with pyrroles,
Diels and Alder reported the isolation of a 1:2 adduct,
which they formulated as the dihydroindole 11
(Scheme 1), from the reaction of 1-methylpyrrole (5b)
with dimethyl acetylenedicarboxylate (DMAD, 6).22
The structure of 11 was compatible with a [4+2]
cycloaddition of a second molecule of DMAD (6) to
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the initially formed Michael addition product 8.
However, it was later shown that the actual structure
of the 1:2 adduct was that of the isomeric compound
12 (Scheme 1).2224 The formation of 12 was rational-
ized by the initial formation of the [4+2] cycloadduct
10 which then reacted with a second molecule of
DMAD (6). A similar product has been reported to
be formed from the reaction of DMAD (6) with pyrrole
(5a).%> It has been suggested that the mechanism of
the reaction involves electrophilic addition of the
acetylene at the C(2) position of the pyrrole ring to
form the zwitterionic intermediate 7. In the case of
pyrrole (5a), the zwitterion 7 may be quenched by
migration of a proton from the acidic NH to give
Michael addition products 8 and 9. However, in the
absence of an acidic proton (5b), it is believed that
the zwitterionic intermediate 7 undergoes an in-
tramolecular cyclization reaction to form the bicyclic
adduct 10, which then further reacts with a second
equivalent of 6 to furnish 12.26:27

The first derivative of a 7-azabicyclo[2.2.1]hepta-
2,5-diene to be isolated and characterized was the
[4+2] cycloaddition adduct 15, obtained as a minor
product (8%) from the reaction of N-benzylpyrrole
(13) and acetylenedicarboxylic acid (14) together with
the Michael addition products 16 and 17 (Scheme
2).28730 ‘When an electron-withdrawing group was
placed on the nitrogen atom of pyrrole, the aromatic
ring was found to be more reactive as a diene toward
acetylenic dienophiles.3! The yields of the cycload-
ducts 19a—d were found to be in the range 30—45%
from the reaction of pyrroles 18 with 6 when the
pyrrole was substituted at the N(1) position by
electron-withdrawing groups [CO,Me, CONH,, COMEe,
and SO,C¢HsMe (Ts)]. However, the Michael addi-
tion products were still found to be the major
products of these reactions.
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To prevent Michael addition at the C(2) position
of the pyrrole, Acheson et al. and Gabel et al.
independently attempted the reaction of 1,2,5-
substituted pyrrole 20 with 6 at 150 °C.?4#32 The only
product obtained from this reaction was the 1,2,3,4,5-
pentasubstituted pyrrole 22 (Scheme 3). The forma-
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tion of 22 can be explained by the formation and
subsequent retrocycloaddition reaction of the adduct
21 with loss of acetylene. Actually, the failure to
isolate many of the [4+2] cycloadducts of pyrrole
derivatives has been attributed to their thermal
instability and their susceptibility to rearrange in
acidic or basic media and even when exposed to light.

To stabilize the resultant adduct and accelerate the
cycloaddition reaction, various physical and catalytic
methods have been explored for the reaction between
substituted pyrroles and various dienophiles. In
most cases, these manipulations considerably extend
the scope of the [4+2] cycloaddition reaction of
pyrroles with dienophiles and enhance the synthetic
utility of this reaction.

A. Lewis Acid Catalyzed Reactions

Lewis acids have been widely used to catalyze
Diels—Alder reactions when the thermal conditions
were not efficient.®® The application of Lewis acids
in the [4+2] cycloaddition reactions of pyrroles with
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dienophiles has led to improved yields of the desired
cycloaddition adducts. Bansal et al. showed that
aluminum trichloride increased the yield of the
bicyclic triester 19a to 90% from 42% (Scheme 2).3435
Rajakuman also has shown that boron trifluoride
catalyzed the [4+2] cycloaddition reaction between
N-p-toluenesulfonylpyrrole (23) and trans-1,4-diphen-
yl-2-butene-1,4-dione (24) to furnish the [4+2] cy-
cloaddition adduct 25 in 80% yield (Scheme 4).3¢ The
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role of the Lewis acid may not be as simple as to
lower the energy differential between the HOMO and
the LUMO of the dienophile and pyrrole. It is
believed that the Lewis acids form a stabilized
complex with the cycloaddition adduct. In addition,
the Lewis acids may also complex with pyrrole and
deactivate the pyrrole ring toward electrophiles while
enhancing its reactivity as a diene by diminishing
the aromaticity. Recently, Adams et al. used cation-
exchanged clay minerals to catalyze the stereoselec-
tive cycloaddition reaction of pyrrole (5a) with methyl
vinyl ketone (26) and obtained a 35% yield of the
cycloaddition adduct 27 (Scheme 4).%7

It is important to note that the choice of Lewis acid,
the quantity of the Lewis acid, and the reaction
temperature were found to be key elements for the
efficient catalysis of the [4+2] cycloaddition reaction
of pyrroles and dienophiles. The optimum yield (65—
90%) of the desired adducts 19 could be obtained from
the reaction of acyl pyrroles 18 and 6 only when a
5-fold excess of aluminum trichloride was employed
and the reaction temperature was maintained at 40
°C.3438 Variation of the reaction temperature and the
ratio of aluminum trichloride to addends were found
to lead to low yields of the desired cycloaddition
adducts where the corresponding 2-substituted pyr-
roles 8 and 9 were obtained as the major products.

A limitation of the Lewis acid catalyzed [4+2]
cycloaddition reaction has often been found to be the
sensitivity of the substrates to the strongly acidic
media. In a recent study of the [4+2] cycloaddition
reaction of N-silyloxypyrrole 28 and phenylacetylene
derivative 29, it was found that Lewis acids (AICls,
BF; TiCl,) led to decomposition of the starting
materials while the thermal processes afforded only
negligible amounts of the desired N-silyloxy-7-
azabicyclo[2.2.1]heptadiene (30, Table 1).3° The suc-
cessful preparation of 30 was achieved with lithium
perchlorate (5.0 M in diethyl ether) to furnish the
cycloaddition adduct in 68—83% yield. The mecha-
nism associated with the LiClO,—diethyl ether cata-
lyzed reactions may be due to a Lewis acid catalytic
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Table 1. [4+2] Cycloaddition Reaction of Pyrrole 28
and 29

CN

TBDMSO\N
@) I oN
N + —_— v
0,
OTBDMS O><F ><F
o F JdF
28 29 30
entry temp (°C) solvent catalyst time (h) yield (%)
1 120 N/A N/A 15 0
2 200 benzene  N/A 1.0 6
3 60 Et,O N/A 1.0 <4
4 0 CH.Cl, AICl3 0.3 0
5 60 Et,0 LiCIO,4 24 68
6 25 Et,O LiClO4 1560 83

effect by the lithium cation or due to the inner
pressure caused by changes in the solvent structure
leading to a compression of the reactants. This
compression is believed to be similar to the macro-
scopic application of external pressure.*%:41

B. High-Pressure and Ultrasound Reactions

It is well-known that intermolecular [4+2] cycload-
dition reactions generally have large negative activa-
tion volumes (about —25 to —45 cm?® mol1)*? as well
as large negative volumes of reaction and accordingly
can be accelerated by the application of high pres-
sure. This high-pressure approach certainly has
served as a useful alternative for the synthesis of a
number of 7-azabicyclo[2.2.1]hepta-2,5-diene and
7-azabicyclo[2.2.1]hept-2-ene derivatives. Pressures
up to 1.4 GPa have been shown to accelerate the
reaction between N-acylpyrroles 31 with N-substi-
tuted maleimides and maleic anhydride (32) to
provide a variety of cycloaddition adducts 33 in yields
ranging from 20 to 90% (Table 2).#3 In this system,
the ratio of endo to exo products and the yields were
case dependent. Different solvents were found to
dramatically change the ratio of endo to exo products.
The cycloaddition reaction of N-benzoylpyrrole and
maleic anhydride in chloroform gave a 25% yield of
exo adduct as a sole product; however, in ethyl
acetate the cycloaddition reaction gave a 20% vyield
of endo adduct only. In general, polar solvents were
preferred for these reactions. Benzene also exhibited
a positive solvent effect. Under high pressure, at-
tempted reactions between N-acylpyrroles and ethyl
acrylate have failed to give the [4+2] cycloaddition
adducts while acrylonitrile polymerized. This il-
lustrated that dienophiles of quite high reactivity are
still required in these systems. It was also found that
the N-methyl- and N-benzylpyrrole failed to form
cycloaddition adducts with N-phenylmaleimide (32)
or DMAD (6).44

It is interesting to note that the introduction of
alkylthio or arylthio groups as electron-donating
substituents at the C(3) position of N-acylpyrroles
enhanced the reactivity by raising the HOMO energy
level 4546 1-Methoxycarbonyl-3-phenylthiopyrrole (34)
has been shown to react readily with the electron-
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Table 2. High-Pressure [4+2] Cycloaddition Reactions
of Pyrroles with Maleimides and Maleic Anhydride

0 ROC.
N :
CoR o X
o
at a2 33
R X Solent Time (h) Yield (endo) Yield (exo)
Ph NPh  AcOEt 0 45%  46%
Ph NPh  CHCl, 150  34%  58%
Ph NPh  CeHe 6 0 80%
Ph o cHO,b 160 0 25%
Ph O  AEt 300 2% 0
Me o  cHOl, 150 3% 0
Me NPh  CHCl, 20 9% 0
Me NMe CHCL, 6  77% 0
OFt NPh  CH,Ch 70 0 46%
OFt O  CHC, 160 0 26%
OCHPh  NPh  CH,Cl, 8 0% 0
PCeHClNPh__ CH,Cly 24 9% 0

poor alkenes (methyl acrylate, phenyl vinyl sulfone,
and N-phenylmaleimide) at 12 kbar to give 80%
yields of the [4+2] cycloadducts (35a, 35b, 36,
Scheme 5). However, the reaction with other dieno-
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philes which are sterically more hindered (37, 39—
41) or less electron-deficient (38, 39) resulted in only
the recovery of the starting materials.

The application of ultrasound to the reaction of the
N-methoxycarbonyl-2,5-dimethylpyrrole (20) with 6
in an aqueous solution afforded the cycloaddition
adduct 21 in 60% vyield without the formation of
Michael type products (Scheme 6).47 It is believed

Scheme 6
Co,Me MeO,C
£, DI
Me N Me  + | — CO,Me
CoM H,0 7~
2Vie CO,Me Mé CO,Me
20 6 21

that ultrasound accelerated the cycloaddition reac-
tion and the mild reaction conditions (room temper-
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ature) helped to stabilize the cycloaddition adduct 21,
which was not isolated in the corresponding thermal
reaction (Scheme 3).2432 Compound 21 was also
obtained in yields of 85—90% from the reaction of 20
and 6 when Lewis acids (boron trifluoride or alumi-
num trichloride) were used.

C. Reactions with Acetylene Equivalents

In recent years, a number of successful [4+2]
cycloaddition reactions have employed acetylene
equivalents as dienophiles.® Ethynyl p-tolyl sulfone
(42) has been found to be one of the most syntheti-
cally useful acetylene equivalents because of its high
reactivity toward dienes and ease of removal of the
p-toluenesulfonyl moiety under reductive condi-
tions.**% It has been shown that 42 reacted with
N-methoxycarbonylpyrrole (18a) to give the [4+2]
cycloaddition adduct 43 in 68% yield (Scheme 7).5!
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The simple reductive desulfonylation with sodium
amalgam followed by the mild deprotection of N-
methoxycarbonyl group with trimethylsilyl iodide
afforded the 7-azabicyclo[2.2.1]hepta-2,5-diene (1).
Compound 43 was also selectively hydrogenated to
46 with 1 equiv of hydrogen and 10% palladium on
carbon.> The 7-azabicyclo[2.2.1]hept-2-ene (2) was
then prepared in similar fashion from 46.52

As an extension of this strategy, a few highly
functionalized 7-azabicyclo[2.2.1]hepta-2,5-dienes have
been prepared.>® The [4+2] cycloaddition reaction
between N-acylpyrroles 47 and 42 proceeded easily
and in high yield to furnish the substituted
7-azabicyclo[2.2.1]heptadienes 48—54 (Table 3). In
a typical reaction, the N-acylpyrrole 47 and 42 were
combined and heated neat at the prescribed temper-
ature (Table 3) for 24 h. In the case of compounds
51, 52, and 54, a mixture of regioisomers (a and b)
were obtained which could be separated by chroma-
tography.

An acetylene equivalent was used in the total
synthesis of (+)-epibatidine by Huang and Shen.>*
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Table 3. N-Acyl-2-p-toluenesulfonyl-7-
azabicyclo[2.2.1]heptadienes from the Thermal
Reaction of 47 and 42

R'  R2 COR® CO,R®
NS S

y 7 g
CoR® Ts G S S
a7 a2 48-54

Product R! R? R® Temp.(°C) Yield (%) ab
48 H H Me 85 85  NA
49 H H tBu 85 86  NA
50 H H Bn 85 76 NA
51 CO,Me Me Me 85 86 2:3
52 CO,Me Ph Me 110 90 1:1
53  CO,Me CO,Me Me 85 81 N/A
54 COMe Ph Me 85 87 1:1

This approach was further modified by Kotian and
Carroll into a practical synthesis of (+)-epibatidine
which was then resolved into (+)- and (—)-epibati-
dine.® The key step in this route was the facile [4+2]
cycloaddition of the N-methoxycarbonylpyrrole (18a)-
and benzenesulfonyl-6-chloro-3-pyridyl acetylene (55)
to generate the 7-azabicyclo[2.2.1]heptadiene deriva-
tive 56 (Scheme 8). Further manipulation (hydro-

Scheme 8
SO,Ph
CO,Me
= | | neat, 85°C (
QN—COQMe + —_—
3
N
Cl
18a 55

genation, desulfonylation and decarbamoylation) pro-
vided useful quantities of (+)-epibatidine.

D. Miscellaneous Reactions

In addition to the three types of [4+2] cycloaddition
reactions described above, a number of successful
[4+2] cycloaddition reactions between various sub-
stituted pyrroles and highly reactive dienophiles have
been reported over the past 20 years (Table 4). The
reactions of highly strained dienophiles and pyrroles
(entries 1, 2, 8—10, 23) furnished the corresponding
cycloaddition products. The driving force of these
reactions is believed to be the release of the ring
strain of the dienophiles. Highly reactive arynes
have also been successfully employed as dienophiles
(entries 3—5, 13—15, 22). The N-oxy-substituted
pyrroles have been shown to be more reactive in the
[4+2] cycloaddition reactions than the N-acylpyr-
roles. Thus, N-hydroxypyrrole and N-benzoyl-oxy-
pyrrole reacted with N-phenylmaleimide at room
temperature to furnish [4+2] adducts in good yields
(entries 11, 12). The intramolecular [4+2] cycload-
dition reaction of the 1-pyrrolyl fumarate was also
reported (entry 16) while the attempted intramolecu-
lar [4+2] reaction of N-acylpyrrole analogues failed.®*
Several 3,4-fused pyrroles and 3,4-disubstituted pyr-
roles have been reported to be reactive toward
activated alkenes and alkynes (entries 17—24). It
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Table 4. [4+2] Cycloaddition Reactions of Pyrroles with Highly Reactive Dienophiles

R4 3 R1\ R1\
R s N R s N R2 v
RS /N R? dienophile R};&Y R}b/
N > AN or 4
A R s X R ks X
Entry R' R? R® R* R® Dienophile Yield(%)  endoexo Ref.
1 H H H H H Hexakis(trifluoro- 12 0:100 56
methyl)benzvalene
2 H H H H H Tetrakis(trifluoro- 70 0:100 57
methyl)Dewar thiophen
3 Me H H H H [Difluorobenzyne} 44 N/A 58
4 Me H H H H F,C—==—CF,3 30 N/A 59
5 '‘Bu H H H H {Naphthyne) 78 N/A 60
6 CO,Me H H H H EtO,CHC=C=CHCO,Et 60 N/A 61
7 CO;Me Me H H Me EtO,CHC=C=CHCO,Et 66 N/A 61
8 COMe  H H H H [>—cN 27.6 0:100 62
9 COPh H H H H [>—cn 10 0:100 62
10 Ph H H H H [>—cN 13 0:100 62
1" OH H H H H NPM2 55 100:0 63
12 OCOPh H H H H NPM? 75 100:0 63
13 Me -(CHz)o- CHyC(Me), H H [Difluorobenzyne]) 12 N/A 58
14 Me Me H H Me [Benzyne) 22-23 N/A 58
15 Me Me Me Me Me [Fluorochlorobenzynes]) 20 N/A 58
0
16 = N- == intramolecular] 70 N/A 64
17 — N\/\H)—<H fintramolecular] 80 0:100 65
= T H
—
18 025, 1. N-CHoPh DMADP 28 N/A 66
19 N = NMM® 87-91 N/A 67
« j;\N—'Bu
20 N DMAD® 94 N/A 67
21 [ ] N-COM NPM? 76 3:1 68
N . Ve .
1
22 SO,CeH4-p-OMe [Benzyne] 75 N/A 68
Me
2 ©::N_Me Tricyclo[3.1.1.087] 53 N/A 69
hept-6(7)-ene
Me
24 NMP? 43 10:1 70

v+

ANPM = N-Phenylmaleimide; bDMAD = dimethyl acetylenedicarboxylate; SNMM = N-methylmaleimide.

was suggested that 3,4-disubstitution lowered the
aromaticity of the pyrrole ring, making it more
reactive as a diene.*> An extreme example of this was
the intramolecular cycloaddition of isoindole (entry
17). This is the only reaction which has been
reported to take place between a pyrrole with a
nonactivated alkene. An 80% yield of the [4+2]
cycloaddition adduct was achieved by the distillation
of the reaction mixture (entry 17).

lll. Chemistry of the 7-Azabicyclo[2.2.1]hepta-
2,5-dienes and 7-Azabicyclo[2.2.1]hept-2-enes

A. Synthesis of Substituted Pyrroles

The instability of the 7-azabicyclo[2.2.1]heptadiene
and 7-azabicyclo[2.2.1]heptene ring systems have
been exploited as synthetic approaches for the prepa-
ration of a variety of substituted pyrroles. The
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thermolysis of the 7-azabicyclo[2.2.1]heptadienes 58
have been reported to undergo a retrocycloaddition
reaction with loss of acetylene to furnish the pyrroles
59 (Scheme 9). Further decarbonylation of 59 af-
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forded 3,4-disubstituted pyrroles which are difficult
to prepare by the conventional methods.”*~7* High
temperatures were often required for the retrocy-
cloaddition reaction of the 7-azabicycloheptadienes
58. As a result, the decomposition of the diene has
been a competitive pathway which has limited the
scope of this method.

Subsequent studies have found that if the extruded
acetylene unit was incorporated into an aromatic
system, the retrocycloaddition reaction became more
facile. It is believed that the aromatic system may
help to stabilize the transition state of the retrocy-
cloaddition reaction.” Thus 1,3-dipolar addition of
the benzonitrile oxide provided endo and exo cycload-
ducts 61 and gentle heating of the cycloadducts 61
furnished the pyrrole 62 and isoxazole 63 (Scheme
10).763% Pyrroles 62 were readily deprotected during

Scheme 10
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reverse phase chromatography (YMC gel, methanol:
water, 3:2) to give N-hydroxypyrroles which are diffi-
cult to prepare via other synthetic methods. The five-
membered mesoionic compound, 2,5-diphenyl-1,3-
dithio-4-one (64), has also been shown to add to the
unsubstituted double bond of the dimethyl 7-p-
toluenesulfonyl-7-azabicyclo[2.2.1]hepta-2,5-diene-
2,3-dicarboxylate (19d). Pyrolysis of the cycloadducts
resulted in a double fragmentation reaction to give
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the substituted pyrrole 66 with 2,5-diphenyl-
thiophene 67 (Scheme 11).77

Scheme 11
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The [4+2] cycloaddition adduct 68 generated from
N-methoxycarbonylpyrrole (18a) with singlet oxygen
was condensed with nucleophiles, such as trimeth-
ylsilyl enol ethers, vinyl ethers, N-methylpyrrole and
indole catalyzed by SnCl; to afford 2-substituted pyr-
role derivatives 70 (Scheme 12).7® The reaction is

Scheme 12
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thought to proceed through the stannic complex 69,
in which the reactive C—0 bond is cleaved by the
attack of a nucleophile, followed by the subsequent
aromatization to afford 70 in moderate to good yields
(50—70%).

B. Synthesis of Substituted Arene Derivatives

The [4+2] cycloaddition reaction of the 1-(alkyl-
amino)pyrroles or 1-(alkoxycarbonylamino)pyrroles
with electron-deficient alkynes has been shown to
follow a predictable pathway and provide a remark-
ably simple route for the preparation of substituted
benzenes. Upon heating 71 with 3 equiv of DMAD
(6) or ethyl g-phenylsulfonylpropiolate in a solution
of refluxing chloroform, benzene derivatives 73 were
obtained in good yields (50—90%, Scheme 13).79781
The reaction was proposed to proceed through the
formation of intermediate cycloadducts 72 followed
by facile extrusion of aminonitrenes. However, the
cycloaddition failed when both R® and R* were
electron-withdrawing groups; only one electron-
withdrawing group was tolerated in this reaction.
When unsymmetrical dienophiles were employed, the
reaction proceeded with little regiochemical control
and mixtures of both isomers were obtained.
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The cycloaddition reaction of 2,3-fused 1-alkoxy-
carbonylaminopyrroles 74 (R = CO,Me) with DMAD
(6) required rather vigorous conditions (refluxing in
toluene for 48 h), and the yields of benzene deriva-
tives 75a—c (Scheme 14) were generally low (13—

Scheme 14
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50%).7® However, the unsubstituted 1-aminopyrroles
74 (R = H) were found to react at room temperature
to give 75a—c in high yields (90%). This benzene
ring construction method has been utilized in the
total synthesis of the highly active antineoplastic
agent juncusol (78).82 The cycloaddition reaction of
the 1-(alkoxycarbonylamino)pyrrole (76) with methyl
propiolate provided the key intermediate 77 which
was further converted into juncusol (78, Scheme
15).83

Scheme 15
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The cycloaddition of tetrabromoarene 79 (bisaryne
equivalent) with two molecules of 1-aminopyrrole (80)
in the presence of butyllithium gave the bis-adduct
82. Treatment of 82 with m-chloroperbenzoic acid
(MCPBA) afforded decamethylanthracene 83 in 54%
overall yield (Scheme 16).8* The same sequence was

Scheme 16
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used to synthesize permethylnaphthalene.®> The
analogous reaction of 1,2-dibromo-3,6-diiodo-4,5-di-
methylbenzene (84) with 1-(dimethylamino)pyrroles
followed by pyrolysis of the resultant bisadduct at
150 °C under vacuum, provided a novel synthetic
route to the phenanthrene derivative 85 (Scheme
17).86 This reaction has also been shown to be useful

Scheme 17
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with furan as the diene instead of aminopyrroles. The
same nitrene-extrusion strategy has been utilized by
Gribble et al. for the convenient preparation of
naphthalene and anthracene derivatives via the
cycloaddition of pyrrole or isoindole with benzyne or
naphthyne followed by the extrusion of the hetero-
atom bridge.6087-89

The 7-azabicyclo[2.2.1]heptene (86) generated from
N-acylpyrrole and 1,3-diethoxycarbonylallene under-
went base-induced rearrangement to afford the ox-
indole 88 in 60—75% yield (Scheme 18).°° The
mechanism of the rearrangement is believed to
proceed through a ring opening at the bridge to
generate intermediate 87, which was followed by
lactamization and aromatization to give 88. The
same ring-opening methodology has recently been
employed for the synthesis of the (+)-conduramine
alkaloids.®!
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Scheme 18

88 (R = H, Me)

C. Synthesis of the Organometallic Complexes

The 7-azabicyclo[2.2.1]hepta-2,5-dienes were re-
cently found to coordinate with transition metals to
form organometalic complexes.®27%5 The tricarbonyl-
iron complexes of 7-azabicyclo[2.2.1]heptadiene de-
rivatives were prepared from the reaction of the
7-azabicyclo[2.2.1]heptadiene derivatives 89 with Fe,-
(CO)y in tetrahydrofuran (THF) at room temperature
(Scheme 19).%2 Careful separation by column chro-

Scheme 19
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matography gave the two exo complexes 90 and 91
in moderate yield. Heating the purified samples of
90a—c or 91b in acetonitrile at 60 °C produced
dimethyl phthalate (92) in over 80% yield. This
deamination approach is different than the classical
deamination methods mentioned above by the fact
that the reaction takes place despite the presence of
an electron-withdrawing group at the N(7) position
of the 7-azabicyclo[2.2.1]hepta-2,5-dienes 89.

The 7-azabicyclo[2.2.1]heptadiene derivative 51a
was found to coordinate with ruthenium to form
organometallic complexes. The only product isolated
after chromatography was 93 in 65% yield (Scheme
20).% In contrast to other CpRu(ll) complexes, the
complex 93, was not air sensitive or moisture sensi-
tive. After 6 months exposed to the air, the sample
was found by NMR spectroscopy to be unaltered.

Scheme 20
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IV. Synthetic Approaches to the
7-Azabicyclo[2.2.1]heptanes

The synthesis of the 7-azabicyclo[2.2.1]heptane
system has been the subject of numerous synthetic
studies which have resulted in the development of
several methods for the construction of the azabicyclic
system.

A. Intramolecular Cyclization of Cyclohexylamine
Derivatives

The first synthesis of 7-azabicyclo[2.2.1]heptane (3)
was reported by von Braun and Schwarz in 1929.%7
The synthesis started with hydroquinone 94a, which
was converted into cis- and trans-4-bromocyclohexyl-
amine 95a (four steps). Intramolecular cyclization
of 95a under hot alkaline conditions resulted in the
SN displacement of bromide by the amino group to
give 3 in less than 1% overall yield (Scheme 21). An

Scheme 21
OH X H
: N
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H,O/EtOH

R NH,
94a R = OH 95a X =Br 3
94b R = NHCOCHj,4 95b X = OTs

improved synthesis of 3 was later reported by Fraser
and Swingle in 1970.® The modified approach used
the tosylate 95b (from 94b) in the intramolecular
cyclization reaction which increased the overall yield
of 3 to 18—36% (Scheme 21).

Recently, several ring-closure reactions from cy-
clohexylamine derivatives have been employed for
the synthesis of epibatidine or constrained proline
analogues (Table 5). An interesting stereochemical

Table 5. Ring-Closure Reactions from
Cyclohexylamine Derivatives

Cyclohexylamine Product Conditions Yield(%) Ref.
H<
N N__Cl  CHCl 3
| 55°C 84 13
X 4 days 16
H
N H toluene
reflux 46 99
24 h
7
N
Cl
KOt-Bu
THF 75 6
-78°C
NHCOPh O“C Ph
"COyMe N CO.Me KOtBu
MsO" Ph THF N/A 100
S -78° to
H 4°C,18 h
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feature of these ring closure reactions is that all
substituents cis to the amino group have an exo
orientation in the resultant 7-azabicyclo[2.2.1]heptanes
and trans groups have an endo orientation.
Diethoxytriphenylphosphorane is a mild, regiose-
lective cyclodehydrating reagent for the conversion
of diols or -amino alcohols to cyclic ethers or aziri-
dines.101102  Recently, this methodology has been
applied to the cyclodehydration of trans-4-hydroxy-
cyclohexylamine. Nelsen et al. showed that trans-
4-hydroxycyclohexylamine (96) could be directly con-
verted into the 7-azabicyclo[2.2.1]heptane (1, 26%)
and 7-ethyl-7-azabicyclo[2.2.1]heptane (97, 18%) with
diethoxytriphenylphosphorane (Scheme 22).1%° Hass-

Scheme 22
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ner also showed that trans-4-alkylaminocyclohex-
anols 98 and 99 could be directly converted into
7-benzyl-7-azabicyclo[2.2.1]heptane (100) by reaction
with triphenylphosphine—carbon tetrachloride.’%* The
triphenylphosphine—DEAD system was employed in
the total synthesis of epibatidine.1%®

The 4-amino-1,2-epoxycyclohexanes 101 have also
been shown to cyclize in dry N-methylpyrrolidone
(NMP) upon heating to yield 2-hydroxy-7-azabicyclo-
[2.2.1]heptane derivatives 102 (Scheme 23).45106-108

Scheme 23
(o] R\
NMP, A N
Yo
NHR
101aR =Me 102a R = Me
101b R =Bn 102b R =Bn

Here, the amino group is thought to attack at the
C(4) position and open the epoxide ring to generate
the desired bicyclic ring system. It is noteworthy that
both the cis and trans isomers of epoxide 101b were
readily converted into exo-102b and endo-102b,
respectively.5

B. Reduction of
7-Azabicyclo[2.2.1]hepta-2,5-dienes and
7-Azabicyclo[2.2.1]hept-2-enes

Catalytic hydrogenation of 7-azabicyclo[2.2.1]-
heptadienes has been reported to be a straightfor-
ward method for the preparation of 7-azabicyclo-
[2.2.1]heptanes. Hydrogenation of 15 resulted in the
saturation of both carbon—carbon double bonds and
cleavage of the N-benzyl group,3%1% giving a mixture
of diastereomeric diacids 103 and 104 (Scheme 24).

Trudell and Chen
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The cis,endo compound 103 was converted into the
7-methyl-7-azabicyclo[2.2.1]heptene (105).1° In ad-
dition, 103 was converted into the pseudo-norcocaine
analogue 106.19°

The 7-azabicyclo[2.2.1]heptene derivatives 33 ob-
tained from high-pressure [4+2] cycloaddition reac-
tions (Table 2) have also been reduced to the corre-
sponding 7-azabicyclo[2.2.1]heptanes 107, which have
been suggested to be useful precursors for a variety
of compounds of potential pharmacological interest
(Scheme 24).43

Regioselective hydrogenation of the carbon—carbon
double bonds of symmetrically substituted 7-aza-
bicyclo[2.2.1]heptadienes has also been developed. An
interesting example of this was the selective hydro-

genation of the diene 108 (Scheme 25). Catalytic
Scheme 25
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hydrogenation with one equivalent of hydrogen over
palladium on carbon reduced the 5,6-double bond
while the hydride reduction furnished 110.°*%'1 The
5,6-double bond of 7-azabicyclo[2.2.1]heptadiene 56
(Scheme 8) has also been selectively reduced with
nickel boride which was found to be a key step in the
practical synthesis of epibatidine.>®

Substituted norbornanes have been prepared by
palladium-catalyzed coupling reactions of vinyl ha-
lides or aryl halides with norbornenes.t*2~115 This
chemistry has also been applied to the 7-azabicyclo-
[2.2.1]heptene derivatives for the synthesis of epiba-
tidine (Scheme 26).16 Compounds 111 and 112 were

Scheme 26
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heated together at 70 °C in a solution of DMF
containing piperidine, formic acid, and 8 mol % of Pd-
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(Ph3P)2(OAc),. The coupling reaction proceeded to
give the exo isomer 113 in 35% yield.

C. [3+2] Cycloaddition Reactions

Huisgen et al. have described 1,3-dipolar cycload-
dition reactions of azalactones which led to the
formation of polysubstituted 7-azabicyclo[2.2.1]heptane
derivatives (Scheme 27).117118 The mechanism of
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these reactions involves tautomerization of the aza-
lactone into a mesoionic oxazolium 5-oxide which
sequentially reacts with two molecules of an olefinic
dipolarophile with concomitant decarboxylation.!®
Thus, from the 2,4-diphenyloxazolin-5-one 114, the
adducts 116 were obtained with maleic anhydride
and N-phenylmaleimide. The reaction of azalactone
114 and dimethyl fumarate (117) at 130 °C gave the
1:2 adduct 118.

In recent years, three new types of [3+2] reactions
which yield highly substituted 7-azabicyclo[2.2.1]-
heptanes have been developed. The 5-phenyl-2-
methoxycarbonyl-3,4-dihydro-2H-pyrrole derivatives
119 have been shown to tautomerize in refluxing
toluene to afford cyclic azomethine ylides, which react
with N-phenylmaleimide 115b to give the [3+2]
cycloadducts 120.120121 The stereochemistry of the
reaction was established by X-ray crystallography of
the adduct 120 (Scheme 28).12* This stereochemistry

Scheme 28
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was rationalized to be the result of an endo transition
state.'??

A one-pot reaction of the pyrollidine 121 with a
mixture of AgF and phenyl vinyl sulfone in dry
acetonitrile under an argon atmosphere at room
temperature gave cycloadduct 122 in 90% vyield
(Scheme 29).*2% This reaction proceeded via [3+2]
cycloaddition of the transient cyclic azomethine ylide
with the dipolarophile. The exo stereochemistry of
the benzenesulfonyl group was elucidated by exten-

Chemical Reviews, 1996, Vol. 96, No. 3 1189

Scheme 29
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sive proton decoupling experiments.’?3 This strategy
was recently used for the total synthesis of epibati-
dine.'®

Reaction of pyrrole with [Os(NH3)sOTf](OTf)./Mg°
in DME/DMACc has been shown to give Os(NH3)s(572-
pyrrole)(OTf), complex 123. Addition of the penta-
ammineosmium(l1) moiety across C(3) and C(4) was
found to transform the aromatic pyrrole into an
azomethine ylide, which readily reacted with a
variety of diplolarophiles.*?4=126 The »?-pyrrole com-
plex 123 was combined with Michael acceptors in the
absence of a Lewis acid to give the dipolar cycload-
dition products 124 (Scheme 30). The metal served
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1
R? ,& R2 * il z " R? +2
=y E (NHa)s0sy N S
_é-S(NHs)s mi
123 R i2e -
R! R? cisltrans E z exo/endo yield (%)
H Me cis  CO,Me CO,Me 2:1 82
H Me cis  CO,Me 3-pyridyl  9:1 83
H H trans CO,Me COMe - 78
H Me trans CO,Me CO,Me - 86
H Me trans CO,Me 3-pyridyl  16:1 93
H Me - CO;Me H 12:1 97
H Me - CN H 5:1 83
Me H - CO,Me H 1:1 84
Me H - CN H 1:1 98

not only to activate the pyrrole toward the formation
of an exo cycloaddition product but also stabilized the
resultant 7-azabicyclo[2.2.1]hept-2-ene, which would
have otherwise spontaneously undergone a retrocy-
cloaddition reaction at ambient conditions. Treat-
ment of the adduct 124 with excess of triflic acid,
followed by hydrogenation over palladium on carbon
provided the corresponding 7-azabicyclo[2.2.1]heptane
derivatives 125 (Scheme 31).1%6

Scheme 31

R1

N\
(NHy:0s, NP
)[//Q" 1.TIOH, DDQ _ 4@/*
E 2. H,, PA/C
R2
124 125

D. Intramolecular Cyclization of Substituted
Proline Derivatives

N-benzyl-5-(1'-methoxycarbonyl-3'-oxobutyl)pro-
line (126) has been converted into trans-2,3-disub-
stituted-7-azabicyclo[2.2.1]heptanes 127 and 128 (3:
1) via a decarbonylation/iminium ion cyclization
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process (Scheme 32).%2” The mixture of 127 and 128
Scheme 32
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was selectively converted into (+)- or (—)-N-Boc-7-
azabicyclo[2.2.1]heptane-2-one (129). This asym-
metric methodology has been suggested to have
potential for the enantiospecific synthesis of (+)- and
(—)-epibatidine.*?”

E. Miscellaneous Reactions

Mariano et al. have described photocyclization
reactions of 5-vinyl-1-pyrrolinium perchlorates 130
upon irradiation in methanol to furnish the intramo-
lecular cycloaddition adduct 131 with a trace amount
of the endo-methoxy isomer 132 (Scheme 33).12¢ The

Scheme 33
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photoinitiated reaction of 1,1'-bis(methoxycarbonyl)-
divinylamine (133) with dimethyl maleate and di-
methyl fumarate was also reported to afford
7-azabicyclo[2.2.1]heptane-1,2,3,4-tetracarboxy-
lates 134 and 135, respectively (Scheme 33).12° This
reaction was found to proceed stereoselectively, re-
taining the original configuration of the dipolaro-
philes. Compound 133 was also found to react with
dialkyl acetylenedicarboxylates to give tetraalkyl
7-azabicyclo[2.2.1]hept-2-ene-1,2,3,4-carboxy-
lates.130

1-lodo-2-acetoxy-8-methyl-8-azabicyclo[3.2.1]octan-
3-one (136) was reductively transformed into
7-azabicyclo[2.2.1]heptane (137) with lithium alumi-
num hydride.’3* The structural assignment of the
1-(hydroxymethyl)-2a-hydroxy-7-methyl-7-azabicyclo-
[2.2.1]heptane (137) was determined spectroscopi-
cally (IR, NMR, and mass spectrometry) and by
chemical transformation into 1-methyl-2o-hydroxy-
7-methyl-7-azabicyclo[2.2.1]heptane 138 (Scheme
34).131

Trudell and Chen

Scheme 34
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7—Benzy|—7—azablcyclo[2.2.1]heptane—1—acet|c aC|d
ethyl ester (140) was recently prepared by a silica
gel catalyzed transannular cyclization reaction
(Scheme 35).132 The intramolecular conjugate addi-

Scheme 35
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tion reaction of 139 was found to be an equilibrium
process. However, the equilibrium could be shifted
toward 140 by performing the reaction in a nonpolar
solvent. When 139 was refluxed in heptane with
silica gel (10%) equilibrium was achieved in 14 h
(139:140, 34:66). Workup with acetic anhydride to
acetylate any secondary amines (139 and 141) present
in the reaction mixture furnished 140 in 61% isolated
yield. This methodology has also been employed for
the synthesis of the tricyclic analogue 142.1%2

V. Properties of 7-Azabicyclo[2.2.1]heptane
Derivatives

A. 7-Azabicyclo[2.2.1]heptane and
7-Azabicyclo[2.2.1]heptene Derivatives as
Potential Chemotherapeutic Drugs

The 7-azabicyclo[2.2.1]heptane ring as a conforma-
tionally rigid, nitrogen-containing ring system has
been employed as a representative substructure in
a number of biological studies to differentiate the
biological responses induced by conformationally
mobile analogues. 2-exo-(Benzoyloxy)-3-endo-car-
bomethoxy-7-methyl-7-azabicyclo[2.2.1]heptane (106,
pseudo-norcocaine) was the first 7-azabicyclo[2.2.1]-

Me, M
N ° My CcoMe
H NHCOCH,N(Et),
L ocoph OCOPh
CO,Me Me
106 H 143 144

heptane derivative designed and synthesized as a
potential biological agent.1®® The cocaine analogue
106 was prepared to investigate the structure—
activity relationships (SAR) of local anesthetics. The
anesthetic activity of 106 was found to be equipotent
with lidocaine (143) and half as potent as (—)-cocaine
(144).13

A number of ester derivatives of endo-7-methyl-7-
azabicyclo[2.2.1]heptan-2-0l (102a) and the corre-
sponding quaternary salts have been described in
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patents as potential anticholinergic bronchodila-
tors. 34135 The endo-2-(2-cyclopentyl-2-hydroxy-2-
phenyl)acetoxy-7-methyl-7-azabicyclo[2.2.1]heptane
methobromide (145) was found to be a potent, long-
acting anticholinergic bronchodilator.1%®

Me\ﬁ,Me Br~

H Ph
OH
© H
145 ) 146

2-exo-Phenyl-7-azabicyclo[2.2.1]heptane-1-carbox-
ylic acid (146) was recently synthesized as a confor-
mationally constrained proline analogue.’® The
amino acid 146 will be employed for the synthesis of
structurally defined peptides to be used as biological
probes and pharmacological agents.

A number of unsaturated analogues of 7-azabicyclo-
[2.2.1]heptane have also been developed as pharma-
cological agents. One example of these is the 1-(ami-
nomethyl)-7-azabicyclo[2.2.1]heptene-2,3-dicarbox-
ylates (147) which were recently patented as neo-
plasm inhibitors.'”

Moy NR°R® R' = R? = alkyl, cycloalkyl
R! COR* R® = R* = OH, amino acid
) / R = carbonyl, sulfonyl
R COR? R® = alkyl, OPh
147

B. Biological Activity of Epibatidine

Epibatidine (4) has been shown to possess potent
analgesic activity.? The analgesic effects of epibati-
dine were not blocked by administration of the potent
opiate receptor antagonist naloxone (148).27- How-

Cl
Hey N l NHMe
™ Me
Me
Me
4 (-)-epibatidine 149
=
+ N(Me) - X, I H l\rl\llle
(Me)sN/W\/+ 3 ] 2Cl N
150 151

ever, the analgesic activity was antagonized by the
neuronal nicotinic acetylcholine receptor channel
blocker, mecamylamine (149) but was not affected by
the nicotinic acetylcholine receptor antagonist, hex-
amethonium (150). Since hexamethonium has been
shown to be incapable of crossing the blood—brain
barrier, it is believed that the primary mechanism
of action of epibatidine is mediated through occupa-
tion of nicotinic acetylcholine receptors in the
brain.78136

Limited SAR studies have demonstrated that both
the (+) and (=) enantiomers of 4 exhibit equipotent
analgesic activity. Both enantiomers also equally
displaced bound [3H]nicotine (151) from rat brain (K;
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= 55 pM), making epibatidine one of the most potent
nicotinic acetylcholine receptor ligands known to
date.”19136 In addition, it was found that removal of
the chlorine atom had little effect on the binding
affinity. More recently it has been shown that (+)-
[*H]epibatidine binds to two sites in rat brain with
affinities of 15 and 360 pM (ICsp).23"138 (L)-[?H]-
Epibatidine was also found to bind to two sites in
human brain with affinities less than 1 pM (ICs).*%8

Studies with epibatidine (4) in vivo have further
demonstrated that the pharmacological activity of
this novel alkaloid is mediated by nicotinic acetyl-
choline receptors in the central and autonomic ner-
vous systems.”10136-140 | addition to analgesic
activity, 4 elicited similar effects to those of other
nicotinic acetylcholine receptor ligands, albeit with
much greater potency. Moreover, epibatidine has
been shown to be an extremely potent toxin produc-
ing convulsions and death at doses of 40—86 ug/kg
in mice. 141142

With the availability of synthetic ()-, (+)-, and (—)-
epibatidine, a number of useful nicotinic acetylcholine
receptor probes have been developed. [*H]Epibati-
dine has been employed as chemical probe for the
study of nicotinic receptors in chick retina and in
rodent and human brains.137:138.143 The high affinity
of epibatidine and noncompliance with current nico-
tine receptor pharmacophore models suggests that
a new nicotine receptor pharmacophore needs to be
developed.1#4145 In addition, the 4'-substituted 8F
and 23l analogues are currently being developed as
useful imaging agents for emission tomography.146

C. Physical and Spectroscopic Characteristics

The stereochemistry of a number of 7-azabicyclo-
[2.2.1]heptane derivatives has been determined by
the magnitude of *H NMR coupling constants (Table
6). A coupling constant of ~0 Hz for Hpridgenead—Hendo
and ~3.5—5 Hz for Hpriggeneas—Hexo Were diagnostic
for exo and endo substitution, respectively. It has
been found that the H(2)—H(3) vicinal coupling
constants are smaller in exo isomers (6 Hz < 3J2434
< 10 Hz) than in endo isomers (10 Hz < 33435 < 13
Hz). In addition, the presence of long-range W-
coupling between exo ring protons has been shown
to be useful in cases where the bridgehead positions
are substituted.'?® The values of Jys6s and “Jassp
coupling constants are usually in the range of 1—3
Hz. For compound 154, the 4J3555 was reported to
be 5.4 Hz.5

A study of mass spectral fragmentation of
7-azabicyclo[2.2.1]heptane derivatives has revealed
that the general fragmentation mode is the loss of
the C(2), C(3) moiety from the molecular ion. The
driving force for this fragmentation process has been
assumed to be the ease of formation of the substituted
pyrrolidinyl ion.**” The mass spectral fragmentation
pattern was instrumental for the structural identi-
fication of epibatidine.?

The 7-azabicyclo[2.2.1]heptane derivatives have
been shown to posses an especially high nitrogen
inversion barrier which is on the order of ~3.5 kcal/
mol relative to an a-unbranched monocyclic com-
pound of the same pyramidal geometry at nitrogen.'%
This has been referred to as the “bicyclic effect”.148-152
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Table 6. Coupling Constants of Selected
7-Azabicyclo[2.2.1]heptanes

N_ Cl N_ Cl
Han O 0 By L o0
IS Hap U Hop
H4 HZu z ) Hg qu a |
4 152 N 153 158 N
cl Cl
H\ H. Me‘ Me‘
NPcome ™Mty M ON Hep ™ o
Hsﬂwsss AT A s wf
H4 COzMe Ph H2a CN
155 156 157 158

cmpd  Jion Ji2p Jogap Jouaw Jopap J2p3o Jaoap Jope Japsp
42 <1 NA 51 90 NA NA 122 NA NA
1522 N/A 44 NA NA 12 56 125 <1 NA
153 <1 NA 49 90 NA NA 124 NA NA
154®° N/A 54 NA NA 113 54 113 NA 54
155° 0 NA 48 NA NA NA NA NA 18
156 NA 5 NA NA 125 55 13 NA 3

157° 0 NA 51 93 NA NA 126 NA NA
158° N/A 45 NA NA 120 48 123 18 NA

a: The coupling constants of compounds 4 and 152 are from ref. 99,
the values published in ref.5 are slightly different;
b: ref.5; c: ref. 126; d: ref. 46.

Restricted nitrogen inversion in 7-azabicyclo[2.2.1]-
hepta-2,5-diene derivatives has also been
studied.537161 A similar bicyclic effect has been found
to exist.

VI. Conclusions

In the past 20 years, the development of special
physical methods, catalysts and new acetylene equiva-
lents has led to facile synthesis of 7-azabicyclo[2.2.1]-
hepta-2,5-dienes. The 7-azabicyclo[2.2.1]hepta-2,5-
dienes have been shown to be important precursors
for numerous syntheses. In addition, several new
synthetic routes have been developed for the prepa-
ration of the 7-azabicyclo[2.2.1]heptane derivatives.
Much of this chemistry has been recently used in the
syntheses of epibatidine and other 7-azabicyclo[2.2.1]-
heptanes of biological and pharmacological interests.

VII. References

(1) 1. Kricka, L. J.; Vernon, J. M. Adv. Heterocycl. Chem. 1974, 16,
87.
(2) Spand, T. F.; Garraffo, H. M.; Edwards, M. W.; Daly, J. W. J.
Am. Chem. Soc. 1992, 114, 3475.
(3) Broka, C. A. Tetrahedron Lett. 1993, 34, 3251.
(4) Fletcher, S. R.; Baker, R.; Chamber, M. S.; Hobbs, S. C.; Mitchell,
P. J. J. Chem. Soc., Chem. Commun. 1993, 1216.
(5) Fletcher, S. R.; Baker, R.; Chamber, M. S.; Hobbs, S. C.; Mitchell,
P. J. J. Org. Chem. 1994, 59, 1771.
(6) Corey, E. J.; Loh, T.-P.; Achyutha Rao, S.; Daley, D. C.; Sarshar,
S. J. Org. Chem. 1993, 58, 5600.
(7) Badio, B.; Daly, J. W. Mol. Pharmacol. 1994, 45, 563.
(8) Qian, C.; Li, T.; Shen, T. Y. Eur. J. Pharm. 1993, 150, R13.
(9) Li, T.; Eckman, J.; Huang, D. F.; Shen, T. Y.; Bio-Org. Med.
Chem. Lett. 1993, 3, 2759.
(10) Dukat, M.; Damaj, M. I.; Glassco, W.; Dumas, D.; May, E. L.;
Martin, B. R.; Glennon, R. A. Med. Chem. Res. 1994, 4, 131.
(11) Badio, B.; Garraffo, H. M.; Spande, T. F.; Daly, J. W. Med. Chem.
Res. 1994, 4, 440.
(12) For reviews on recent syntheses of epibatidine see: Broka, C.
A. Med. Chem. Res. 1994, 4, 449. Szantay, G.; Kardos-Balogh,
Z.; Szantay, C., Jr. The Alkaloids, Cordell, G. A.; Ed.; Academic
Press: San Diego, 1995; Vol. 46, 95 and references cited therein.
Also see: Hiroya, K.; Uwai, K.; Ogasawara, K. Chem. Pharm.
Bull. 1995, 43, 901. Xu, R.; Chu, G.; Bai, D. Tetrahedron Lett.
1996, 37, 1463.

Trudell and Chen

(13) Ko, S. Y.; Lerpiniere, J.; Linney, I. D.; Wrigglesworth, R. J.
Chem. Soc., Chem. Commun. 1994, 1775.

(14) Senokuchi, K.; Nakai, H.; Kawamura, M.; Katrsube, N.; Nonaka,
S.; Sawaragi, H.; Hamanaka, N. SynLett 1994, 343.

(15) Pandey, G.; Bagul, T. D.; Lakshmaiah, G. Tetrahedron Lett.
1994, 35, 7439.

(16) Albertini, E.; Barco, A.; Benetti, S.; Risi, C. D.; Pollini, G. P;
Romagnoli, R.; Zanirato, V. Tetrahedron Lett. 1994, 35, 9297.

(17) Gluesenkamp, K. H.; Jaehde, E.; Drosdziok, W.; Rajewsky, M.
Ger. Offen. DE 4,295,306 1993; Chem. Abstr. 1994, 120, 134539n.

(18) Akasaka, K.; Kimura, T.; Senaga, M.; Machida, Y. Jpn. Kokai
Tokkyo Koho JP 07 10,878 [95 10,878] 1993; Chem. Abstr. 1994,
122, 291257c.

(19) Jones, R. A., Ed. The Chemistry of Heterocyclic Compounds:
Pyrroles; Wiley & Sons: New York, 1990; Vol. 48, pp 401—410.

(20) Diels, O.; Alder, K.; Winckler, H.; Peterson, E. Justus Liebigs
Ann. Chem. 1932, 498, 1.

(21) Fischer, H.; Gademann, H. Justus Liebigs Ann. Chem. 1931,
490, 267.

(22) Diels, O.; Alder, K.; Winckler, H.; Peterson, E. Justus Liebigs
Ann. Chem. 1931, 490, 267.

(23) Acheson, R. M.; Hand, A. R.; Vernon, J. M. Proc. Chem. Soc.
1961, 164.

(24) Acheson, R. M.; Vernon, J. M. J. Chem. Soc. 1961, 457.

(25) Lee, C. K.; Hahn, C. S.; Noland, W. E. J. Org. Chem. 1978, 43,
3727.

(26) Noland, W. E.; Lee, C. K. J. Org. Chem. 1980, 45, 4573.

(27) Jones, R. A.; Bean, G. P. In The Chemistry of Pyrroles; Academic
Press Inc.: New York, 1977, and references therein.

(28) Mandell, L.; Blanchard, W. E. J. Am. Chem. Soc. 1957, 79, 2343.

(29) Mandell, L.; Blanchard, W. E. 3. Am. Chem. Soc. 1957, 79, 6198.

(30) Cervinka, O.; Pelz, K.; Jirkovsky, I. Coll. Czech. Chem. Commun.
1961, 26, 3116.

(31) Kitzing, R.; Fuchs, R.; Joyeux, M.; Prinzbach, H. Helv. Chim.
Acta 1968, 51, 888.

(32) Gabel, N. W. J. Org. Chem. 1962, 27, 301.

(33) Pindur, U.; Lutz, G.; Otto, C. Chem. Rev. 1993, 93, 741.

(34) Bansal, R. C.; McCulloch, A. W.; Mclnnes, A. G. Can. J. Chem.
1969, 47, 2391.

(35) Bansal, R. C.; McCulloch, A. W.; Mclnnes, A. G. Can. J. Chem.
1970, 48, 1472.

(36) Rajakumar, P.; Kanan, A. Ind. J. Chem. 1993, 32B, 1275.

(37) Adams, J. M,; Dyer, S.; Martin, K.; Matear, W. A.; McCabe, R.
W. J. Chem. Soc., Perkin Trans. 1 1994, 761.

(38) Donnini, C. P.; Just, G. J. Heterocycl. Chem. 1977, 1423.

(39) Heard, N. E.; Turner, J. J. Org. Chem. 1995, 60, 4302.

(40) Forman, M. A.; Dailey, W. P. J. Am. Chem. Soc. 1991, 113, 2761.

(41) Grieco, P. A.; Numes, J. J.; Gaul, M. D. 3. Am. Chem. Soc. 1990,
111, 4595.

(42) Matsumoto, K.; Sera, A. Synthesis 1985, 999.

(43) Drew, M. G. B.; George, A. V.; Isaacs, N. S.; Rzepa, H. S. J. Chem.
Soc., Perkin Trans. 1 1985, 1277.

(44) Kotsuki, H.; Mori, Y.; Nishizawa, H.; Ochi, M.; Matsuoka, K.
Heterocycles 1985, 19, 1915.

(45) Keijsers, J.; Hams, B.; Scheeren, H. W. Heterocycles 1989, 29,
79.

(46) Aben, R. W. M.; Keijsers, J.; Hams, B.; Kruse, C. G.; Scheeren,
H. W. Tetrahedron Lett. 1994, 35, 1299.

(47) Cury, A. B.; Gore, J. Bull Soc. Chim. Fr. 1992, 129, 490.

(48) Larock, R. C. In Comprehensive Organic Transformations; VCH
Publisher: New York, 1989; p 270, and references therein.

(49) For arecent review of acetylenic sulfone chemistry see: Simkins,
N. S. Sulphones in Organic Chemistry; Pergamon: Oxford, 1993,
and references therein.

(50) Chen, Z.; Trudell, M. L. Synth. Commun. 1994, 24, 3149.

(51) Altenbach, H. J.; Bleck, B.; Marco, J. A.; Vogel, E. Angew. Chem.,
Int. Ed. Engl. 1982, 21, 778.

(52) Altenbach, H. J.; Constant, D.; Martin, H. D.; Mayer, B.; Muller,
M.; Vogel, E. Chem. Ber. 1991, 124, 791.

(53) Chen, Z.; Trudell, M. L. Tetrahedron Lett. 1994, 35, 9649.

(54) Huang, D. F.; Shen, T. Y. Tetrahedron Lett. 1993, 34, 4477.

(55) Kaotian, P. L.; Carroll, F. I. Synth. Commun. 1995, 25, 63.

(56) Kobayashi, Y.; Honda, M.; Hanzawa, Y.; Kumadaki, I.; Ohsawa,
A. J. Chem. Soc., Perkin. Trans. 1 1979, 1743.

(57) Kobayashi, Y.; Kumadaki, I.; Ohsawa, A.; Sekine, Y.; Ando, A.
J. Chem. Soc., Perkin. Trans. 1 1977, 2355.

(58) Gribble, G. W.; Sibi, M. P.; Kumar, S.; Kelly, W. J. Synthesis
1983, 502.

(59) Blazejewski, J. C.; Cantacuzene, D.; Wakselman, C. Tetrahedron
Lett. 1975, 16, 363.

(60) LeHoullier, C. S.; Gribble, G. W. J. Org. Chem. 1983, 48, 2364.

(61) Kozikowski, A. P.; Floyd, W. C.; Kuniak, M. P. J. Chem. Soc.,
Chem. Commun. 1977, 6582.

(62) Saito, K.; Ito, K.; Takahashi, K. Heterocycles 1989, 29, 2135.

(63) Kreher, T.; Pawelczyk, H. Z. Naturforsch., Teil B 1976, 31, 599.

(64) Jung, M. G.; Rohloff, J. C. 3. Chem. Soc., Chem. Commun. 1984,
630.

(65) Ciganek, E. J. Org. Chem. 1980, 45, 1512.

(66) Ando, K.; Kankake, Mutuo, Suzuki, T.; Takayama, H. J. Chem.
Soc., Chem. Commun. 1992, 1100.



7-Azabicyclo[2.2.1]hepta-2,5-dienes, -hept-2-enes, and -heptanes

(67) Kreher, R.; Use, G. Tetrahedron Lett. 1978, 19, 4671.
(68) Sha, C.-K.; Chuang, K.-S.; Young, J.-J. J. Chem. Soc., Chem.
Commun. 1984, 1552.
(69) Zoch, H.-G.; Schluter, A.-D.; Szeimies, G. Tetrahedron Lett. 1981,
22, 3835.
(70) Sha, C.-K.; Tsou, C.-P. J. Chem. Soc., Chem. Commun. 1986,
310.
(71) Groves, J. K.; Cundasawmy, N. E.; Anderson, H. J. Can. J.
Chem. 1973, 51, 1089.
(72) Kaesler, R.; LeGoff, E. J. Org. Chem. 1982, 47, 4779.
(73) Leroy, L.; Cantacuzene, D.; Wakselman, C. Synthesis 1982, 313.
(74) Umino, S.; Kariyone, K.; Tanaka, K.; Kishimoto, T. Jpn. Pat.
679,337; Chem. Abstr. 1968, 68, 95674.
(75) Reinhoudt, D. N.; Kouwenhoven, C. G. Tetrahedron Lett. 1974,
15, 2163.
(76) Keana, J. F. W.; Heo, G. S.; Mann, J. S.; Van Nice, F. L.; Lex,
L.; Prabhu, V. S.; Ferguson, G. J. Org. Chem. 1988, 53, 2268.
(77) Matsukubo, H.; Kato, H. Bull. Chem. Soc. Jpn. 1976, 49, 3314.
(78) Natsume, M.; Muratake, H. Tetrahedron Lett. 1979, 20, 3477.
(79) Schultz, A. G.; Shen, M. Tetrahedron Lett. 1979, 20, 2969.
(80) Schultz, A. G.; Shen, M. Tetrahedron Lett. 1981, 22, 1767.
(81) Schultz, A. G.; Shen, M. Tetrahedron Lett. 1981, 22, 3347.
(82) Miles, D. H.; Bhattacharyya, J.; Mody, N. V.; Atwood, J. L.;
Black, S.; Hedin, P. A. 3. Am. Chem. Soc. 1977, 99, 618.
(83) Schultz, A. G.; Shen, M. Tetrahedron Lett. 1981, 1775.
(84) Hart, H.; Lai, C.-Y.; Nwokogu, G.; Shamoulian, S.; Teuerstein,
A.; Zlotogorski, C. 3. Am Chem. Soc. 1980, 102, 6649.
(85) Sy, A.; Hart, H. J. Org. Chem. 1979, 44, 7.
(86) Hart, H.; Shamoulian, S. J. Org. Chem. 1981, 46, 4874.
(87) Gribble, G. W.; Allen R. W. Tetrahedron Lett. 1976, 3673.
(88) Gribble, G. W.; Allen, R. W.; LeHoullier, C. S.; Eaton, J. T.;
Easton, R., Jr.; Slayton, R. I. J. Org. Chem. 1981, 46, 1025.
(89) Gribble, G. W.; Sibi, M. P.; Kumar, S.; Kelly, W. J. Synthesis
1983, 502.
(90) Kozikowski, A. P.; Kuniak, M. P. J. Org. Chem. 1978, 43, 2083.
(91) Leung-Toung, R.; Liu, Y.; Muchowski, J. M.; Wu, Y.-L. Tetra-
hedron Lett. 1994, 35, 1639.
(92) Sun, C.-H.; Chow, T. J. J. Chem. Soc., Chem. Commun. 1988,
535.
(93) Sun, C.-H.; Chow, T. J.; Liu, L.-K. Organometallics 1990, 9, 560.
(94) Liu, L.-K.; Sun, C.-H.; Yang, C.-Z.; Shih, S. Y,; Lin, K. S.; Wen,
Y.-S.; Wu, C. F. Organometallics 1992, 11, 972.
(95) Chow, T. J.; Hwang, J. J.; Sun, C. H.; Ding, M.-H. Organome-
tallics 1993, 12, 3762.
(96) Chen, Z. Ph.D. Thesis, University of New Orleans, 1995.
(97) Braun, J. V.; Schwarz, K. Justus Liebigs Ann. Chem. 1930, 56,
481.
(98) Fraser, R. R.; Swingle, R. B. Can. J. Chem. 1970, 48, 2065.
(99) Szantay, C.; Kardos-Balogh, Z.; Molfvai, I.; Szantay, C., Jr.;
Temesvari-Major, E.; Blasko, G. Tetrahedron Lett. 1994, 35,
3171.
(100) Avenoza, A.; Cativiela, C.; Busto, J. H.; Peregrina, J. M.
Tetrahedron Lett. 1995, 36, 7123.
(101) Robinson, P. L.; Barry, C. N.; Kelly, J. W.; Evans, S. A, Jr. J.
Am. Chem. Soc. 1985, 107, 5210.
(102) Kelly, J. W.; Eskey, N. L.; Evans, S. A., Jr. J. Org. Chem. 1986,
51, 95.
(103) Nelsen, S. F.; Ippoliti, J. T.; Frigo, T. B.; Petillo, P. A. J. Am.
Chem. Soc. 1989, 111, 1776.
(104) Hassner, A.; Belostotskii, A. M. Tetrahedron Lett. 1995, 36, 1709.
(105) Sestanj, K.; Melenski, E.; Jirkovsky, I. Tetrahedron Lett. 1994,
35, 5417.
(106) Kozikowski, A. P.; Schmiesing, R. J. Chem. Soc., Chem. Com-
mun. 1979, 106.
(107) Glass, R. S.; Deardorff, D. R.; Gains, L. H. Tetrahedron Lett.
1978, 19, 2965.
(108) Pfister, J. R.; Wymann, W. E.; Weissberg, R. M.; Strosberg, A.
R. J. Pharm. Sci. 1985, 74, 208.
(109) Shafiee, A.; Hite, G. J. Org. Chem. 1968, 33, 3435.
(110) Marchand, A. P.; Allen, R. W. J. Org. Chem. 1975, 40, 2551.
(111) Chen, Z.; Trudell, M. L. Unpublished results.
(112) Larock, R. C.; Hershberger, S. S.; Takagi, K.; Mitchell, M. A. J.
Org. Chem. 1986, 51, 2450.
(113) Kosugi, M.; Tamura, H.; Sano, H.; Migita, T. Chem. Lett. 1987,
193.
(114) Kosugi, M.; Tamura, H.; Sano, H.; Migita, T. Tetrahedron 1989,
45, 961.
(115) Arcadi, A.; Marinelli, F.; Bernocchi, E.; Cacchi, S.; Ortar, G. J.
Organomet. Chem. 1989, 368, 249.
(116) Clayton, S. C.; Regan, A. C. Tetrahedron Lett. 1993, 34, 7493.
(117) Huisgen, R.; Gotthardt, H.; Bayer, H. O. Tetrahedron Lett. 1964,
5, 481.
(118) Huisgen, R.; Gotthardt, H.; Bayer, H. O. Chem. Ber. 1970, 103,
2368.
(119) Gotthardt, H.; Huisgen, R.; Bayer, H. O. 3. Am. Chem. Soc. 1970,
92, 4340.

Chemical Reviews, 1996, Vol. 96, No. 3 1193

(120) Mkhairi, A.; Hamelin, J. Tetrahedron Lett. 1987, 28, 1397.

(121) Theobald, F.; Rodier, N.; Lakhlifi, T; Sedqui, A.; Laude, B. Acta
Crystallogr. 1990, C46, 1077.

(122) Lakhlifi, T.; Sedqui, A.; Fathi, T.; Laude, B.; Rober, J. F. Can.
J. Chem. 1994, 72, 1417.

(123) Pandey, G.; Lakshmajah, G.; Ghatak, A. Tetrahedron Lett. 1993,
34, 7301.

(124) Hodges, L. M.; Gonzalez, J.; Harman, W. D. J. Org. Chem. 1993,
58, 4788.

(125) Hodges, L. M.; Gonzalez, Koontz, J. I. J.; Myers, W. H.; Harman,
W. D. J. Org. Chem. 1995, 60, 2125.

(126) Gonzalez, J.; Koontz, J. I.; Hodges, L. M.; Nilsson, K. R.; Neely,
L. K,; Myers, W. H.; Sabat, M.; Harman, W. D. J. Am. Chem.
Soc. 1995, 117, 3405.

(127) Hernandez, A.; Marcos, M.; Rapoport, H. J. Org. Chem. 1995,
60, 2683.

(128) Stavinoha, J. L.; Mariano, P. S.; Leone-Bay, A.; Swanson, R.;
Bracken, C. J. Am. Chem. Soc. 1981, 103, 3148.

(129) Zaima, T.; Matsuno, C.; Matsunaga, Y. J. Heterocycl. Chem.
1984, 21, 445.

(130) Zaima, T.; Matsuno, C. J. Heterocycl. Chem. 1983, 20, 1.

(131) Sarel, S.; Dykman, E. Heterocycles 1981, 15, 719.

(132) Johnson, S. J. J. Org. Chem. 1995, 60, 8089.

(133) Chang, J.-S. Ph.D. Thesis, Columbia University, 1972.

(134) Pfister, J. R. U.S. Patent 4,353,922, 1982; Chem. Abstr. 1983,
98, 34827p.

(135) Alonso, M.; Tremul-Lozano, J. Span. ES 549,796, 1986; Chem.
Abstr. 1987, 106, 84176e.

(136) Damaj, M. I.; Creasy, K. R.; Grove, A. D.; Rosecrans, J. A.;
Martin, B. R. Brain Res. 1994, 664, 34.

(137) Houghtling, R. A,; Déavila-Garcia, M. I.; Hurt, S.; Kellar, K. J.
Med. Chem. Res. 1994, 4, 538.

(138) Houghtling, R. A.; Davila-Garcia, M. I.; Kellar, K. J. Mol.
Pharmacol. 1995, 48, 280.

(139) Fisher, M.; Huangfu, D.; Shen, T. Y.; Guynet, G. J. Pharmacol.
Exp. Ther. 1994, 270, 702.

(140) Sullivan, J. P.; Briggs, C. A.; Donnelly-Roberts, D.; Brioni, J.
D.; Radek, R. J.; McKenna, D. G.; Campbell, J. E.; Arneric, S.
P.; Decker, M. W.; Bannon, A. W. Med. Chem. Res. 1994, 4, 502.

(141) Sullivan, J. P.; Decker, M. W.; Brioni, J. D.; Donnelly-Roberts,
D.; Anderson, D. J.; Bannon, A. W.; Kang, C.-H.; Adams, P.;
Piattoni-Kaplan, M.; Buckley, M. J.; Gopalakrishnan, M.; Wil-
liams, M.; Arneric, S. P. J. Pharmacol. Exp. Ther. 1994, 271,
624.

(142) Bonhaus, D. W.; Bley, K. R.; Broka, C. A.; Fontana, D. J.; Leong,
L.; Lewis, R.; Sheih, A.; Wong, E. H. F. J. Pharmacol. Exp. Ther.
1995, 272, 1199.

(143) McKay, J.; Lindstrom, J.; Loring, R. H. Med. Chem. Res. 1995,
4, 528.

(144) Glennon, R. A.; Herndon, J. L.; Dukat, M. Med. Chem. Res. 1994,
4, 461.

(145) Ember, L. R. Chem. Eng. News 1994, 72 (48), 8.

(146) London, E. D.; Scheffel, U.; Kimes, A. S.; Kellar, K. J. Eur. J.
Pharmacol. 1995, 278, R1.

(147) Das, K. G.; Kulkarni, P. S.; Roy, S. K. Org. Mass Spectrom. 1973,
7, 14109.

(148) Lehn, 3. M. Chem. Forsch. 1970, 15, 311.

(149) Rautenstrauch, V. J. J. Chem. Soc., Chem. Commun. 1969, 1122.

(150) Rauk, A.; Allen, L. C.; Mislow, K. Angew. Chem., Int. Ed. Engl.

1970, 9, 219.

Lambert, J. B.; Oliver, W. L., Jr.; Packard, B. S. 3. Am. Chem.

Soc. 1971, 93, 933.

(152) Davies, J. W.; Malpass, J. R.; Moss, R. E. Tetrahedron Lett. 1985,

26, 4533.

Gribble, G. W.; Easton, N. R., Jr.; Eaton, J. T. Tetrahedron Lett.

1970, 11, 1075.

(154) Deloughry, W. J.; Sutherland, I. O. J. Chem. Soc., Chem.
Commun. 1971, 619.

(155) Blazejewski, J. C.; Cantacuzene, D.; Wakselman, C. Tetrahedron

Lett. 1975, 16, 363.

Yoshikawa, K.; Bekki, K.; Karatsu, M.; Toyoda, K.; Kamio, T.;

Morishima, I. 3. Am. Chem. Soc. 1976, 98, 3272.

(157) Marchand, A. P.; Allen, R. W. Tetrahedron Lett. 1977, 18, 619.

(158) Imamura, A.; Tachibana, A.; Ohsaku, M. Tetrahedron 1981, 16,
2793.

(159) Quin, L. D.; Caster, K. C.; Marsi, B. G.; Miller, J. A. J. Org.

Chem. 1986, 51, 3724.

Davies, J. W.; Durrant, M. L.; Walker, M. P.; Belkacemi, D.;

Malpass, J. R. Tetrahedron 1992, 48, 861.

(161) Bushweller, C. H.; Brown, J. H.; DiMeglio, C. M.; Gribble, G.
W.; Eaton, J. T.; LeHoullier, C. S.; Olson, E. R. J. Org. Chem.
1995, 60, 268.

CR9500388

==

(151

~—

(153

=

(156

-

(160

N=—



1194 Chemical Reviews, 1996, Vol. 96, No. 3 Trudell and Chen



