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The review deals with the chemical properties and the biological activity of the derivatives of 1-azab|cyclo [2,2,2] octane
widely known as quinuclidine. The work of the Soviet School of Chemists, founded by M.V. Rubtsov in the field of

quinuclidine derivatives is reviewed in detail.

In the review an attempt is made in the first place to examine as a whole the chemistry and the blolog«cai action of
quinuclidine derivatives from the standpoint of the characteristics of the structure of the quinuclidine molecule. The
description of the methods of synthesis of various quinuclidine derivatives features prominently in the review. These
data are presented with separate discussion of the methods of synthesising the bicyclic quinuclidine system and the
methods for the introduction of various substituents into the preformed quinuclidine ring. This system made it possible
to give a general account of the abundant factual data which have accumulated so far on the synthesis of quinuclidine
derivatives and to emphasise the characteristics of the synthetic studies on this class of substances.

A special section deals with the comparatively new reactions involving the expansion of the quinuclidine ring. The

bibliography comprises 227 references.
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I. INTRODUCTION

The heterocyclic quinuclidine 1-azabicyclo{2,2,2]octane
system is a structural fragment in a number of natural
physiologically active substances and synthetic medicinal
preparationsf.

Among natural alkaloids, derivatives of quinoline and
indole, containing the quinuclidine ring in the molecule,
mention should be made of the cinchonine-cinchonamine
(alkaloids of the bark of the cinchona tree)®~'?, sarpagine-
ajmaline (Rauwolfia alkaloids)8-%!¢, and macusaine (strych-
nine alkaloids)!5,*¢ groups.

In connection with the high chemotherapeutic activity of
the cinchona alkaloids, among which quinine occupies a
particularly important place as an antimalarial drug, the
study of the methods of synthesis of quinine and its ana-
logues has occupied the attention of investigators in many
countries for a long time. The ability of natural quinucli-
dine compounds (quinidine, ajmaline) to reduce the capacity
of heart muscle to be stimulated, the comparatively re-
cently discovered high pharmacological activity of certain
synthetic quinuclidine derivatives and its wide variety, and
the possibility of employing quinuclidine compounds as
catalysts for the synthesis of polymers?!? have all stimu-
lated further interest in studies on the quinuclidine series.

Among important advances in the investigation of natural
quinuclidine compounds, mention should be made of the
total synthesis of quinine achieved by Woodward and
Doering!® in 1944 and also the synthesis of cinchonamine
carried out in 1958 by Ch'én Ch'ang-Pai et al.'® The total
synthesis of racemic homomeroquinene, an intermediate
in the synthesis of quinine, was achieved by Rubtsov from
trichlorocollidine 2°.

T Previously a number of reviews were published giving
a fairly complete description of the development of the
chemistry of quinuclidine derivatives~7,
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A number of reviews have been devoted®~!2:%, to prob-
lems connected with the chemistry of natural quinuclidine
compounds and in particular the history of their discovery
and practical applications, the examination of the natural
sources, the methods of analysis and isolation, the deter-
mination of the structure and reactions of these compounds,
and also problems of their stereochemistry. Therefore
these data need not be described again and attention may
be concentrated in the present review on the general chem-
ical characteristics of quinuclidine derivatives, the meth-
ods of synthesising the quinuclidine ring and introducing
substituents into the quinuclidine molecule, and also the
biological properties of synthetic quinuclidine derivatives.

II. SOME CHARACTERISTICS OF QUINUCLIDINE DE-
RIVATIVES

Quinuclidine (I) is the saturated bicyclic system with a
nodal nitrogen atom

((

In contrast to aliphatic tertiary amines and N-gubsti-
tuted piperidines, quinuclidine has a rigidly fixed struc-~
ture. The atoms comprising the quinuclidine ring are in-
capable of altering their relative positions by rotating about
their bonds, which are included in a bicyclic system where
each ring has the “boat” form. Compared with other 1-
azabicycloalkanes, quinuclidine is characterised by high
symmetry and only slight strain of the cyclic system. A
distinctive feature of the quinuclidine molecule is also
almost complete absence of screening of the sp®-hybridised
unshared electron pair at the nitrogen atom. These char-
acteristics of the structure explain many physical and
chemical properties of both quinuclidine itself and its vari-
ous derivatives. For example, quinuclidine is a volatile
crystalline substance with a high melting point (158°C).

It readily sublimes even on standing in air. Breakdown of
the symmetry of the quinuclidine molecule (by its conver-
sion into condensed systems or by introduction of alkyl
substituents) leads to a lowering of the melting point?22-26,

Interesting results were obtained in a comparative study
of the infrared spectra of quinuclidine and piperidine and
piperazine derivatives substituted at the nitrogen atom .
The spectra of the monocyclic compounds show in the
range 2700—-2800 cm~! characteristic absorption bands due
to the interaction of the free electron pair of the nitrogen
atom with the adjacent axial C~H bonds. Quinuclidine
does not absorb in this region, probably because of the ab-
sence of such interaction. Characteristic absorption
bands at 2430, 2915, and 3405 cm™ have been noted for
quinuclidine 28,

The bagicity of quinuclidine, which depends on the elec-
tron density at the nitrogen atom, is fairly high and close
to that of the lower aliphatic amines and N-alkylpiperidines.
The basicity of the condensed systems of benzo- and di-
benzo-quimaclidine is reduced because of the inductive
effect of the phenyl groups 26,*, Comparison of the pKj of
the benzo- and dibenzo-quinuclidines with those of diethyl«
aniline and diphenylamine, which have similar structures,
demonstrates clearly the effect of the rigidity of the struc-
ture of quinuclidine derivatives (Table) %°.

Like other aliphatic tertiary amines, quinuclidine
readily forms salts with mineral and organic acids and
also quaternary derivatives with alkyl halides. However,
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kinetic studies have shown %2 that the rate of reaction of
alkyl iodides with quinuclidine is much higher than in simi-
lar reactions with aliphatic tertiary amines. For example,
quinuclidine reacts with methyl iodide 50 times faster and
with isopropyl iodide 700 times faster than does triethyl-
amine. The trimethylborane adduct of quinuclidine proved
to be more stable than the corresponding adducts of the
trialkylamine series. These results can be explained by
the virtual absence of steric hindrance at the electron pair
of the nitrogen of the bicyclic system.

pKgy values for quinuclidine and related compounds

Compound pK. References
Dimethylamine 10.77 31
Diethylamine 10.93 31
Triethylamine 10.87 31
N-Methylpiperidine 10.08 31
Quinuclidine 10.58 26
Benzoquinuclidine 7.79 26
Diethylaniline 6.56 31
Dibenzoquinuclidine 4.46 26
Diphenylamine 0.79 31.

The considerable chemical stability of the quinuclidine
molecule is associated with the characteristics of its
structure. Quinuclidine does not change on heating with
concentrated mineral acids and on oxidation with potassium
permanganate 22,

Leonard et al. 3¢ showed that, when 3-quinuclidone (I) is
subjected to the Clemmensen reduction, the quinuclidine
ring is retained, while ring fission occurs in other 1-aza-

bicyclic ketones:
Q)—cocus

an l
L 560(}[,
1
H H

Quinuclidine is not dehydrogenated by mercury acetate,
probably because in this case the reaction would have to
proceed via a salt of Al-dehydroquinuclidine and the for-
mation of the latter is impossible according to the Bredt
rule?:»*, Quinuclidine can be dehydrogenated only under
severe conditions (300°C) using palladium on charcoal or
selenium%. The C-N bond then breaks and 4-ethylpyri-
dine is formed.

The pyrolysis and hydrogenolysis of quaternary quinu-
clidine salts leads to high yields of quinuclidine2,%~38, The
formation of tertiary amines, in this case due to the elimi-
nation of aliphatic alcohols, is also a fundamental process
accompanying the Hofmann degradation of quaternary quinu-
clidinium bases3 -4, For example, in the Hofmann degra-
dation of 1-methylguinuclidinium hydroxide unsubstituted
quinuclidine was isolated in 35% yield together with prod-
ucts obtained as a result of the opening of the quinuclidine .
ring—1-methyl-4-vinylpiperidine and 1-methyl-4-(8-hy-
droxyethyl)piperidine . All these findings constitute
additional confirmation of the thermal and chemical stabil-
ity of the quinuclidine ring.

The N-oxides of quinuclidine derivatives are capable of
forming O-acylium salts which are stable to hydrolysis in
neutral or acid media. On the other hand, their sensitivity
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to alkalis is so high that they can be titrated as dibasic
acids *2: :

COC
R'{m Reoal, R'—@
| f cr
&

OOCR

where R = CH, or C;H,. Interesting chemical properties
have been found in bicyclic amides of the type of 2-quinu-
clidone (III). 43746 The axes of the free p-electron clouds
of nitrogen in such compounds prove to be almost perpen-
dicular to the axes of the 7-electron clouds of the carbonyl
group:

axis of p-electron clouds

. /)
o 7 <«—— axis of n-electron clouds
am

As a result, conjugation of the type >1\brCf’0, which is

characteristic of amides, is impossible in 2-quinuclidones.
A number of properties of 2-quinuclidones, which makes
them similar to amino-ketones, are connected with this
fact. The nitrogen atom in 2-quinuclidones is readily
protonated (ordinary amides and lactams are protonated at
the oxygen) and methylated; 2-quinuclidones are highly
basic (pKy = 5.33—5.6)* compared with other amides (for
example, N-acetylpiperidine has pK, = 0.4). In the infra-
red spectra of these substances the frequency of the C=0
stretching vibrations is on the average higher by 80 cm™
than in ordinary lactams and the integral intensity of the
carbonyl band is smaller by a factor of almost 2. The ab-
sorption maxima of 2-quinuclidones in the ultraviolet spec-
tra occupy a position intermediate between the maxima of
amides and ketones. The absence of amide mesomerism
in 2-quinuclidones results in an increase of their reactivity,
which is reflected in a higher rate of hydrolysis and alco-
holysis of their hydrochlorides. The kinetics of the above
reactions can be investigated by polarography, while nor-
mal amides and lactams cannot be reduced polarographi~
cally. The high reactivity of the C=0 group in 2-quinucli-
dones is reflected also in the acidity of the adjacent CH,
groups, which shows a tendency to undergo deuterium ex-
change. Finally, the C=0 group in 2-quinuclidone is capa-
ble of nucleophilic substitution reactions which are charac-
teristics of ketonic carbonyls—for example the formation
of oximes with hydroxylamines®. Certain unusual chemi-
cal features are shown also by unsaturated quinuclidine
derivatives— A2-dehydroquinuclidine (IV),*7,*® its 2-substi-
tuted derivatives %, and quinuclidines {V) with an exocyclic
double bond in the 2-position?®. As was to be expected on
the grounds of structural considerations, these compounds
differ in their properties from normal tertiary a-vinyl-
amines. For example, dehydroquinuclidines do not exhibit
the absorption at 230 nm characteristic of enamines and
are not hydrolysed under mild conditions by dilute acids.

aw) W

In contrast to the analogous aliphatic and nitrogen-free
bicyclic compounds, the fragmentation of quinuclidine de-
rivatives 50757 takes place unambiguously. 2-(Quinuclidin-
3’-yl)-2-bromopropane (VI) undergoes solvolysis by a step-
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wise mechanism %5 and 4-bromoquinuclidine (VII) is
solvolysed by a synchronous mechanism 59,53;

ACH,
- H="1 /c :
H, F Hy H
—Br + s
— —
Hy H, Br-
%
D - - H,
Ld r ?r v ] H,
‘) == CH,
- H - Broe
S
s L s H, | *
(vin CH,

Because of the ease of protonation of the nitrogen atom
in the quinuclidine ring, the competing reactions involving
the isomerisation of the carbonium ion and also substitution
and elimination processes do not play a significant role in
these cases.

III. METHODS OF SYNTHESIS OF QUINUCLIDINE AND
ITS DERIVATIVES

In the course of investigations over a period of many
years a large number of a wide variety of quinuclidine de-
rivatives have been synthesised. In order fo give a sys-
tematic account of the literature data and the methods of
preparation of quinuclidine and its substituted derivatives,
in this review a distinction is drawn between methods of
synthesis associated with the formation of the quinuclidine
ring and methods for the introduction of various substitu-
ents into the preformed quinuclidine ring. Reactions ac-
companied by the expansion of the quinuclidine ring with
formation of derivatives of other 1-azabicycloalkanes are
described in a special section.

1. METHODS FOR QUINUCLIDINE RING CLOSURE

The starting compounds for the formation of the quinu-
clidine ring may be both piperidine derivatives and alipha-
tic substances: trihalogenoalkanes and dihalogenoalkyl-
amines. The piperidine derivatives are obtained mainly
from pyridine bases. Dihalogenoalkylamines and trihalo-
genoalkanes are usually synthesised from tetrahydropyran
derivatives, dialkoxymalonic esters, or alkanetricarboxy-
lic acid esters.

The quinuclidine ring closure is as a rule achieved by
two mechanisms when piperidine derivatives are used: (1)
by intramolecular alkylation or acylation or (2) by Dieck-
mann's intramolecular cyclisation.

Intramolecular alkylation was proposed in
1904 by Koenigs %8,%° for the preparation of the first syn-
thetic representative of the quinuclidine series—3-ethyl-
quinuclidine (VIII):

CH,CH,0H CH,CH,0H GH,CH,!

Hy
7
! “oHy d | 2“5__> 2“5_) 2H5_> oHy o
X X
(X)

(IX) (xXn (v

The starting material in Koenigs scheme was 3-ethyl-4-
methylpyridine (IX). The product of the condensation of
compound (IX) with formaldehyde was reduced with sodium
in alcohol. The hydroxy-group in the piperidine deriva-
tive (X) obtained was replaced by iodine and 3-ethyl-4-(3-
iodoethyl)piperidine (XI) was cyclised under the influence
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of sodium carbonate with formation of 3-ethylquinuclidine
(v,

A similar scheme using 4-methylpyridine as the starting
material was employed in 1909 by Léffler and Stitzel®® to
prepare unsubstituted quinuclidine. However, these
workers were unable to isolate pure quinuclidine and it was
not until 1920 that Meisenheimer 2 obtained it. Meisen-
heimer 22 also described the conversion of 4-methylquino-
line into benzoquinuclidine by Koenigs' method.

Later intramolecular alkylation of 4-(8-halogenoalkyl)~
piperidines in the presence of alkaline reagents (sodium
hydroxide, sodium bicarbonate, potassium carbonate,
pyridine, etc.) was used frequently to synthesise quinucli-
dine® and its various derivatives. 2-Methylquinucli-
dine 2%,%2,53  4-methylquinuclidine 25, dibenzoquinuclidine 28,
3-hydroxymethyl-3-methylquinuclidine 3,%7,%¢, the lactone
of 3-carboxymethyl-3-hydroxymethylquinuclidine %, etc.
were obtained by this procedure.

Luke$ and Galik®® converted by a similar procedure the
ethyl ester of meroquinene (XII), isolated from natural
cinchonine, into optically active 3-vinylquinuclidine (XIII):

CH,CH,B1

(:?—(H=CH2 @-cﬂ::m .
— —
H

(X1

CH,CH,COOC,H, H,CHOH

H=CH, H=CH,

N
N H
x11

Grob etal.®»% uged Koenigs ' method to prepare 4-monosub-
stituted quinuclidines, including 4-cyano- (XIV), 4-bromo-
(VID), and 4-hydroxy~-quinuclidines (XV). The cyclisation
in these syntheses was not based on secondary amines of
the piperidine series but was carried out using tertiary
N-substituted (N-methyl- and N-benzyl-)piperidines:

5 NG CH,CH,CI (b
éHa éH‘, CH,
(xXvD xvin (XVIIT) XIv)

For example, 4-(B-chloroethyl)-4-cyano-1-methylpiperi-
dine (XVII), obtained by the condensation of 4-cyano-1-
methylpiperidine (XIV) with dichloroethane, was cyclised
to the methochloride of 4-cyanoquinuclidine (XVIII), from
which methyl chloride was eliminated on heating in a vac-
uum to 260~270°C.% The analogous conversion of 1-ben-
zyl-4-hydroxy-4-(8-hydroxyethyl)piperidine (XIX) into
4-bromoquinuclidine (VII) and 4-hydroxyquinuclidine (XV)¢8
can be represented as follows:

g1 CH CﬂzBl HQ CH CHZOH
" () -0 -0 -
N
H,CGH., CH,C,\ CH,CeHy
(XIX)
Hi H,CH,0Ts OH H
—_ — @ —
) + OTs
CH,CgH, CH,CeH, (XV)

Rabe ¢:7° and later other investigators” ~7% employed the
above method of formation of the quinuclidine ring in their
syntheses of analogues and isomers of cinchona alkaloids.
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In this case the starting materials were not 4-halogenoalkyl
piperidines or the analogous tosyl esters but halogeno-oxo-
derivatives of the piperidine series—4-(B~halogeno-y-oxo-
alkyl)piperidines (XX), the syntheses and reactions of which
are shown below:

CH,CH,COR

H,CH,CO0C,H,
R R
+ R'COOC,Hy—>
N

H

CH,CHXCOR'

éOC.H.

R R
g R H—R')
6 H
L
wheze R = H or C,Hg and R -CH30®; @»,m .

A similar scheme was employed also in the synthesis of
2-gcatylquinuclidine (XXI): 76
CH,CH,COOH

Cj @\_”‘/( »@—i—cﬂgcm—o—coocn,qﬂ.—,
*QSTT*“’C -Ogt -0

(XX}
Starting with the halogeno-oxo-derivatives of piperidine
of another type, compounds of the 4-(8-bromo-a-oxoethyl)-
piperidine (XXII) series, 3,4-disubstituted quinuclidines
were prepared: 3-oxo-4-phenylquinuclidine (XXIII), 38 4-
hydroxymethyl-3-oxoquinuclidine (XXIV)," and 4-bromo-
3-oxoquinuclidine (XXV):78

COCH,B1 R R
—_— —»
i . -Q

CH,CHy CHaCeHy
(XX11)

(Xx»

(XXID: R=CgH,
(XXIV): Rz CH,OH
{XXV), R=B:

It was then shown?® that quinuclidine ring closure is pos-
sible only with the axial disposition of both the 4-bromo-
acetyl residue and of the electron pair at the nitrogen atom.
The formation of this conformation in the transition state

is facilitated by the introduction of bulky substituents in the
1- and 4-positions of the piperidine ring. The attempts to
cyclise compounds without such substituents (for example,
4-bromoacetylpiperidine) were unsuccessful 78,

Rabe",8 developed a somewhat different method of
quinuclidine ring closure for the synthesis of cinchona alka-
loids containing the vinyl group in the molecule. In this
case it is difficult to introduce a halogen into the oxoalkyl
residue of 4-oxoalkyl-3~vinylpiperidines (XXVI) without
affecting the double bond. Therefore N-bromo-substituted
and not C-substituted piperidines were employed for quinu-
clidine ring closure:

COCH,CH, COCH,CH,
@ @cr{:cu o—@ <j—c Hy
(XXVE (XXVID)
CH=(;H, H—-CH,_.
CH(OH

°©(>°©©

(XXVIiY (XXIX)
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Quinotoxine (XXVI) was converted by treatment with
sodium hypobromite into N-bromoquinotoxine (XXVII),
which was cyclised under the influence of alkoxides to the
corresponding quinuclidine derivative—~quininone (XXVIII).
The scheme developed by Rabe was used in the total syn-
thesis of quinine (XXIX)!8 and also for the preparation of a
number of analogues of this alkaloid 8,82,

In contrast to the unambiguous cyclisation of N-halogeno~
4-oxoalkylpiperidines, considerable difficulties were en-
countered when 4~-alkyl-N-halogenopiperidines were used
for quinuclidine ring closure. WawzZonek and cowor-
kers 83,8%,%7 and Luke$ and coworkers 83,%6,% established that
the application of the Hofmann—Lgffler reaction to 4-alkyl-
N-chloropiperidines leads to the formation of a mixture of
products in which quinuclidine derivatives are present to-
gether with the isomeric alkyl-1-azabicyclo[2,2,1]heptanes.
The treatment of N-(3-chloroethyl)piperidine or its deriva-
tives with a methanol solution of potassium hydroxide 7%
leads to the formation of Hofmann degradation products,
arising in the synthesis of 1,4-bispentamethylenepiperazi-
nium dichloride. The main product is 1,2-bis(N-piperi-
dino)ethane ?7.

The Koenigs reaction was developed further in the work
of Rubtsov, Dorokhova, and Mikhlina®,%* and also Grob and
coworkers 92,°¢, who employed a-halogeno-acids of the
piperidine series and their esters for intramolecular alkyl-
ation. Rubtsov and Dorokhova® developed in 1953 a sim-
ple method for the synthesis of quinuclidine-2-carboxylic
acid in five stages:

_CO0C,H, _/COOC,H, _/COOC,H,
Hy H=C cH,—cH ——CBr
7 y N\CO0OC,H, Ncooc H5 Ncooc;H,
N — | — —
N
\N N N
H
XXX} 1XXXD XXXID
- 00C;H, = Q;LCOOH

COOC,H,

(XXXIT (XXXIV)

The condensation of y-picoline with mesoxalic ester gave
4-(BB-diethoxycarbonylvinyl)pyridine (XXX). The unsatu-
rated ester (XXX) was hydrogenated using platinum to com-
pound (XXXI), which was then treated with bromine. The
resulting 4-(B-bromo-S3-diethoxycarbonylethyl)piperidine
(XXXII) was cyclised in the presence of pyridine to 2,2~
diethoxycarbonylquinuclidine (XXXIII). The latter was
hydrolysed and partially decarboxylated with formation of
quinuclidine-2-carboxylic acid (XXXIV).

The above principle involving the cyclisation of a-halo-
geno-esters of the piperidine series was widely employed
subsequently for the synthesis of various 2,3~ and 2,5-di-
substituted quinuclidines: 3-carboxymethylquinuclidine-2-
carboxylic acid®, 3-methylquinuclidine-2-carboxylic
acid?®, and 5-[f-hydroxy(methoxy)ethyl]quinuclidine-2-car-
boxylic acid®,?,

A variant of the intramolecular alkylation method is the
gas-phase cyclodehydration of 4-(8-hydroxyethyl)piperidine
(XXXV) proposed by Leonard et al.®8:

H,CH,0H
Q0 -0

H
(XXXV)
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The same method was usedto synthesise 3-hydroxyquinucli-
dine (XXXVI) from piperid-4’-ylethane-1,2-diol (XXXVII):?®

on
H~CH,0H
% H
L ~ @
N
A

(XXXVII) (XXXVD

Another variant of the intramolecular alkylation method
is the synthesis of 4-cyanoquinuclidine (XIV) by the con-
densation of 1-alkyl-4-cyanopiperidines (XXXVIII) with
ethylene glycol esters in the presence of alkali metals 19;

CN

— (XIV),
N

|
R

(XXXVIID

The intramolecular acylation of piperidine derivatives
has been used together with intramolecular alkylation for
the formation of the quinuclidine ring. Yakhontov and
Rubtsov and subsequently Pracejus and coworkers synthe-
sised in this way 2-quinuclidone (III) % and its 6,6-dimeth-
yl-* and 6,6,6-trimethyl- 45,29 derivatives from the corre-
sponding acid chlorides under the influence of anhydrous
potassium carbonate or tertiary amines:

CH,COCI
R —>

R
u R

Another method for the closure of the quinuclidine ring
is based on Dieckmann's intramolecular cyclisation. This
procedure was proposed for the first time by Clemo and
Metcalfe 1?2 for the synthesis of 3~quinuclidone (II): %2

COOCgHg 00C,Hg
O )~

CH,COOC,Hs
(XXXIX)
Ethyl isonipecotate was converted by alkylation with
chloroacetic ester into ethyl 1-ethoxycarbonylmethylisoni-
pecotate (XXXIX). The latter was cyclised in the presence
of metallic potassium in toluene and the resulting S-keto-
ester (XL) was hydrolysed and decarboxylated without iso-
lation. Later this method was improved and the yield of
the ketone (II) in the cyclisation stage was increased to
84%. 103=107
The isolation of the intermediate in the synthesis—
ethyl 3-oxoquinuclidine-2-carboxylate (XL)!%®—made it
possible to develop methods based on it for the preparation
of various 2,3-disubstituted quinuclidines 49,*%8,1%,  Subse-
quently the Clemo reaction was used to synthesise ring-
substituted quinuclidines: 5-oxoquinuclidine-2~carboxylic
acid!19, 6-methyl-3-quinuclidone*!!, 6,7-dimethyl~3-quinu-
clidone!!2?, and also compounds of the tropaquinuclidine
series (XLI): 13

(XL

N—CH,COOC,H,

00C,Hy
xLp
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The recently described quinuclidine ring closure by
intramolecular aldol condensation in the synthesis of 4-
acetylquinuclidin-3-ol (XLII) from 4-acetyl-1-(2/,2’-di~-
ethoxyethyl)piperidine (XLIII) 77 is unusual:

OCH, OCH,
—_— H .

t‘:H,—cH(oc,H,},
(xLun XLID
A fundamentally different approach to the synthesis of
quinuclidine and its derivatives was developed by Prelog
and coworkers 44,115, The methods which they proposed
are based on the action of ammonia under pressure at 100—-
120°C on tribromoalkanes (XLIV):
AN
4 N
CH, CH, CH—R"’
R'—CH dH-RCH—R""
B‘l‘ B\I' B11'
(XLIV)
or on double intramolecular alkylation consisting in the
treatment with alkali of dibromoalkylamines (XLI):

VaiaN
7 N,
ﬁﬂg CH, CHR™’
R'—CH c}nR* C\HR”’
gr Br NHj3
(XLV)
Quinuclidine %,1147117  jtg 2-alkyl-23,%# 3-alkyl-?, and 4-
alkyl-derivatives 25, and also quinuclidine-2-carboxylic
acid!'® were obtained in this way.

Prelog's attempts to achieve the cyclisation of the tri-
bromoalkyl derivative (XLVI),

CH.
CH, CH, CH,
éHz C‘Hg CIH—COI
VA VAN

W

(XLVI)

| ]
Br Br Br

in order to obtain a quinine analogue proved to be unsuc-
cessfull'?,

Comparison of the methods of synthesis of various sub-
stituted quinuclidines on the basis of piperidine derivatives
and tribromoalkanes and dibromoalkylamines shows that in
some cases Prelog's method gives better results. For
example, in the synthesis of 2-methylquinuclidine (XLVII)
by this procedure Luke§ achieved a yield of 37%:2®

Qron "

(XLVID (XLvip

1. LIAIH,
CH,COCH; B ¢

ROOCCH, —éH—CH,COOR 3.NH,

The sole example of 3,5-disubstituted quinuclidines des-
cribed, 3,5-dimethylquinuclidine (XLVIII),!?° was synthe-
sised by Prelog's method.

At the same time the synthesis of quinuclidine deriva-
tives from tribromoalkanes and dibromoalkylamines in-
volves in many cases starting materials which are difficult
to obtain and are formed in multistage syntheses with low
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yields. Prelog's method is also less suitable for the syn-
thesis of quinuclidine derivatives containing functional
groups. As an example, one may quote the methods of
preparation of quinuclidine~2-carboxylic acid (XXXIV); 118

a a (cooc.n,). (coom, COOH  COOC;H;,

éH, CIH, A NN

dmy duy ” I J_'l |*| I

No” No No’ Mo

CH,OH CH,Br CH,CH (COOC,H;), cIH,CH (COOH),

AN
-0-0-0) L)
/ \o/ \O/ \O

CH,CH2COOH CH,CH,COOH CH;—CHBr—COOH

|
CH
/7 \
CH, CH, ~ CHy CH,
| |

CH, CH. CH; CHg
| |
r Br Br Br

— (XXXIV),

In this case the synthesis of compound (XXXIV) is achieved
by a multistage procedure (12 stages) and the overall yield
is about 4%. In the five-stage synthesis of compound
(XXX1V) starting with y-picoline described above the yield
of quinuclidine-2-carboxylic acid is 30%. °°

2. METHODS FOR THE INTRODUCTION OF SUBSTITUENTS
INTO THE QUINUCLIDINE RING

As already mentioned above, the quinuclidine molecule
is a saturated bicyclic system. The introduction into this
molecule of functional groups by direct substitution pre-
sents considerable difficulties and experiments of this kind
have not been carried out at all so far. Therefore reac~
tive groups are usually introduced during the closure of the
quinuclidine ring and are then used to convert the product
into various classes of quinuclidine derivatives. The
most readily available compounds containing such func-
tional groups are the carboxy- and carbonyl derivatives:
quinuclidine-2-carboxylic acid, 3-quinuclidone, and others.
Almost all substituted quinuclidine derivatives of a wide
variety of types were obtained from the carboxy- and car-
bonyl derivatives using the usual methods of organic syn-
thesis.

(1) Syntheses of Substituted Quinuclidines from Quinucli-
dinecarboxylic Acids

At the present time all three monocarboxylic acids of
quinuclidine are known: quinuclidine-2-carboxylic 29118,
quinuclidine-3-carboxylic!#,22  and quinuclidine-4-car-
boxylic ¥, and also quinuclidine-2-carboxylic acids with
various substituents in the 3-position®5,'°® and the 5-posi-
tion ®8,11% and quinuclidine-3-carboxylic acids with substi-
tuents in the 2-position'?® and the 6-position!*. Only one
compound containing 2-carboxy-groups in the quinuclidine
ring has been described: quinuclidine-2,3-dicarboxylic
acid'®, A large number of homologues of quinuclidine-
carboxylic acids have been obtained, among which quinu-
clidine-3-acetic!#-1#7 and 3-carboxymethylquinuclidine-2-
carboxylic acid® are of definite interest for further
reactions. The syntheses of quinuclidine derivatives from
quinuclidinecarboxylic acids may be divided into three
large groups: (a) reactions without change in the length of
the carbon chain; (b) reactions accompanied by the dis-
sociation of the C—C bond and a decrease in chain length;
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(¢) reactions associated with an increase in the length of
the carbon chain,

a. Reactions without change in the
length of the carbon chain. Quinuclidinecarboxy~
licacids readily formacid chlorides which canbe converted
without isolation into the corresponding esters 67,9,125,128 =130
or amides 125,139,131 It ig noteworthy that other methods have
also been used to prepare the esters of quinuclidinecar-
boxylic acids; esterification in the presence of sulphuric
acid and hydrogen chloride and also transesterification with
alkali metal alkoxides%¢,:%11°%, The amides of A*-dehydro-
quinuclidine~2- and -3-carboxylic acids were obtained from
the corresponding esters by the action of alcoholic ammo-
nia4,%%, Esters of quinuclidinecarboxylic acids have also
been used to synthesise many hydrazides and their hydra-
zones °%:'32 and the amides were used to synthesise ni-
triles #7,49,90,

The attempt to obtain the anhydride from 3-carboxy-
methylquinuclidine-2-carboxylic acid (XLIX) in the pres-
ence of acetic anhydride and sodium acetate unexpectedly
led to the formation of the tricyclic B-diketone (L).!3® On
interaction with substances with a mobile hydrogen atom
(water, alcohols, amines), the latter readily underwent
ring opening with formation of derivatives of 2-acetylquinu-
clidine-3-acetic acid (LI): 133

H,(,OOH H,COR
OOH OCH, ,
(XLIX?

where R = OH, OC,H,, or NRB.

Esters of acids of the quinuclidine series are readily
hydrolysed, the reaction being particularly easy for alkoxy-
carbonyl groups in the @~-position of the quinuclidine ring!%4.
On prolonged storage of aqueous solutions of diethyl 3~car-
boxymethylquinuclidine-2-carboxylate (LII) at room tem-
perature, the acid ester (LIH) is formed!®, and this has
been used to synthesise compounds containing various func-
tional groups in the 2- and 3-positions of the quinuclidine

ring:
H,COOC,Hy H,COOC,H,
m -
00C,H, COOH «

@i {L1iD)

For example, when compound (LIII) reacts with thionyl
chloride, the monochloride (LIV) forms readily and in the
presence of primary and secondary amines is converted
into the amides of 3-ethoxycarbonylmethylquinuclidine-2-
carboxylic acid (LV). 139,23 The reduction of these amido-
esters with lithium aluminium hydride leads to 2-alkyl(di-
alkyl)-3-(8-hydroxyethyl)aminomethylquinuclidines (LVI):

CH,COOC,H, CH,CO0C,H; CH,CH,0H
- - (lj/(
oci CON N CHQN

R’
(LVI)

Lt —

(LIv) (LV)

The stearate of 3-(3-hydroxyethyl)-2-N-piperidinomethyl-
quinuclidine (LVII) was converted by the Kraft reaction into
the unsaturated compound (LVIII) from which 2-N-piperid-
inomethylquinuclidine~-3~carboxylic acid (LIX) was obtained
by oxidation with potassium permanganate !23;

HQCH-;OH mﬂ’lCH,OOCC"Hu mH%H, @OOH
O

(LVll) (LV]H) (LIX)
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The formation as a result of the above reactions of a
derivative of quinuclidine-3-carboxylic acid (LIX) is con~
vincing proof that the ethoxycarbonyl group in the 2-position
is the first to be hydrolysed in the diethyl ester (LII).

A similar phenomenon obtains also in the diethyl ester
of quinuclidine-2,3-dicarboxylic acid!®, which is consis-
tent with the known greater ease of hydrolysis of a-amino-
acid esters compared with g~-amino-acid esters.

The unusual reaction of 2~diethylaminomethyl-3-(8-hy-
droxyethyl)quinuclidine is noteworthy!2?s, It has been
found that, on distillation under atmospheric pressure,
compounds (LX) and (LXI) cyclise with elimination of an
ester molecule and the formation of a new tricyclic sys-
tem— N-ethylpiperidino[3,4-b]quinuclidine (LXIII). The
corresponding amino-alcohol (LXII) behaves analogously on
heating with phthalic anhydride in the presence of benzene-

sulphonic acid!?3:
H,CH,0R
QL < Qe
CH,
ot (LX1ID)
(LX): R=COCgH;

(LXI): R=COC;Hy
(LX11): R=H

The reduction of ethyl quinuclidine-2-carboxylate (LXIV)
by the Bouveault—-Blanc method or with lithium aluminium
hydride yields quinuclidin-2-yl-methanol (LXV): #

(}—«mc,ﬁs - @—CH,OH .

(LXIV) LXV)

The second reduction procedure is easier to handle and
gives better yields and therefore lithium aluminium hydride
is mainly used in most studies for the preparation of vari-
ous alcohols 67595,121,125,134 apd glycols *4»%° of the quinucli-
dine series.

Halogenoalkylquinuclidines have been synthesised by the
reaction of the corresponding alcohols with thionyl chloride
or hydrogen halides 2*,9,121,135,136;

@(cn,»non — @‘CH?)" X,

where » =1 or 2.

Examination of the chemical properties of halogenoalkyl-
substituted quinuclidines shows that the halogen atoms in
the 2-halogenomethyl group are not very labile: for exam-
ple, 2-chloromethylquinuclidine does not react with ammo-
nia and amines!¥ and the corresponding reactions of 2-
bromomethylquinuclidine take place with low yields %7,

Although the halogen atoms in 3-halogenoalkylquinucli~
dines are more reactive, the use of compounds of this type
as starting materials in various syntheses is made difficult
by the ease of their conversion into quaternary polymeric
derivatives '3, These features of halogeno-derivatives of
quinuclidine limit their application only to those cases
where powerful nucleophilic agents are employed. There~
fore the principal method for the synthesis of aminoalkyl-
quinuclidines is not the interaction of halogeno-derivatives
of quinuclidines with amines but the reduction with lithium
aluminium hydride of the corresponding quinuclidinecar-
boxylic acid amides 122,130,131,138,

Aldehydes of the quinuclidine series are of considerable
interest for the synthesis of various quinuclidine deriva-
tives. At the present time all three monoformylquinucli~
dines are known. 2-Formylquinuclidine and 3-formylqui~-
nuclidine 132,14° have been obtained by the reduction of the
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N-methylanilides of the corresponding quinuclidinecarboxy-
lic acid with a calculated amount of lithium aluminium hy-
dride or by the reduction of the ethyl esters of these acids
with sodium aluminium hydride; 4-formylquinuclidine®
has been obtained by the oxidation of quinuclidin-4-ylmetha-
nol with potassium dichromate. 3-Formylquinuclidine
(LXVI) has also been synthesised from 3-quinuclidone by
its reaction with methoxymethylenetriphenylphosphorane
and subsequent hydrolysis of 3-methoxymethylenequinucli-
dine (LXVII) with hydrochloric acid'%:

‘ @o @cuocn, @CHO
— —_

(Lxvin (LXVD)

b. Reactions accompanied by the dissoci-
ation of a C—C bond and a decrease in the
length of the carbon chain. Substances with less
carbon atoms have been synthesised from quinuclidine-2-
carboxylic acid: 2-bromoquinuclidine (LXVIII)®® and ure-
thanes of 2-aminoquinuclidine (LXIX).!42 These compounds
are of considerable interest, since they contain at the same
carbon atom a bromine atom and an amino-group (in 2-
bromoquinuclidine) or two amino-residues (in 2-aminoqui-
nuclidine derivatives). Such combination of functional
groups leads to the appearance of new chemical properties
in these compounds. For example, compound (LXVIII)
does not form Grignard reagents and compound (LXIX) is
so stable that in the hydrolysis of its urethanes under mild
conditions ammonia is eliminated and polymers of dehydro-
quinuclidine are formed. The synthesis of compound
(LXVIII) was achieved using the Borodin reaction®; the
urethanes of compound (LXIX) were obtained starting with
the hydrazide of quinuclidine-2-carboxylic acid (LXX) by

the Curtius reaction!4?;
Oleoor, ~ Ol
@-{ xvin
OOH
-
[ Z]—CO'NHNH, E j)—NHCOOR .
(LXX)

(LXIX)

Analogous reactions in the quinuclidine-4-carboxylic
acid series made it possible to obtain 4-aminoquinuclidine

(LXXI); 143
OOH ONHNH, NHCOOR NH,
(5] *(5] - ~Q
N’

(LXXD)

The same compound was synthesised directly from quinu-
clidine-4-carboxylic acid by the Schmidt reaction. How-
ever, despite the greater number of stages, the first meth-
od proved to be more rational.

c. Processes associated with the growth
of the carbon chain. Claisen, Grignard, etc. reac-
tions have been used to synthesise quinuclidine derivatives
with increase in the length of the carbon chain.

The Claisen condensation of ethyl quinuclidine-2~car-
boxylate with ethyl acetate led to the formation of ethyl
B-oxo-B-(quinuclidin-2-yl)propionate (LXXII), which was
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then further converted into $-amino-g-(quinuclidin-2-yl1)-
propionic acid (LXXIII) 1% and 2-acetylquinuclidine (LXXIV):48

@—c‘oocm, e @-@—cm—coocms g @—i%ﬂ,cooc)ﬂs
OH
(LXX11) ‘
@—?H—CH,COOH .

t
NH,

: i ﬁ CH)
0
; LxXxun

The carbinols (LXXVII)# and pinacones (LXXVIII) ! were
obtained by the Grignard reaction from the esters of quinu-
clidine-2-carboxylic and 3-hydroxyquinuclidine-3-carboxy-
lic acids [compounds (LXXV) and (LXXVI)] respectively:

- H
00€4H, =(C¢H);

(LXXVID
H H H g
O (e ~ OV
H
(LXXIX) (LXXV): R= CH, (LXXVLID
(LXXVD):: R=C,Hy  R'=CHy; C4Hy; CoHgy;
n-CH.CH.

It is noteworthy that in the interaction of the hydroxy-
ester (LXXV) with methylmagnesium iodide the process
terminates at the stage involving the formation of the ke-
tone (LXXIX). A Grignard reaction has also been des-
cribed for 2-cyanoquinuclidine (LXXX), which was con-
verted into 2-benzoylquinuclidine (LXXXI): 4®

—

(LXXX) (LXXXD)
The introduction of 2-formylquinuclidine into reactions
with organomagnesium compounds led to the development
of a new method of synthesis of quinuclidin-2-ylmethanols
(LXXXII) which are analogues of cinchona alkaloids 143:

@_‘:HO - @‘iﬂ"n R=CH,; G Hy; @ .
H

(LXXXID
The condensation of 2-formylquinuclidine by the Knoevena-
gel reaction with cyanoacetic!%® and malonic!#® esters was
used to synthesise quinuclidine-2-B-propionic acid
(LXXXIMH) and its a-aminomethyl derivative (LXXXIV):

- _i“ - GHaNH,
CHO H=C-—COOC,Hj H,—CH—COOH

(LXXXIV)

Ok - -
\—CH=C(COOC,Hy),y CH=CH—COOH H,CH,COOH .

(LXXXIIT)

Quinuclidine-3-B-acrylic and quinuclidine-3-8-propionic
acids were synthesised similarly from 3-formylquinucli~
dine 4°;

oh .
( D—cuo - @—CH:C(COOC,H,}, . @-@H:.cu——coon___ @oc,,cn,co

The malonic ester synthesis was used to prepare quinu-
clidine-2-B-propionic acid from 2-bromomethylquinucli-
dine!? and quinuclidine-3=-y-butyric acid from 3-(3-chloro-
ethyl)quinuclidine 125,
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(2) Syntheses of Substituted Quinuclidines from 3-Quinucli-
done

Among oxo-derivatives of quinuclidine the most readily
available is 3-quinuclidone. The derivatives of 2-quinu-
clidone have been little investigated and at the present time
are hardly used as starting materials in synthetic studies.
There is an extremely wide variety of syntheses on the
basis of 3-quinuclidone and they can be divided into two
groups: (a) reactions with retention of the carbon chain
length and (b) reactions involving an increase in the carbon
chain length.

a. Reactions with retention of the car-
bon chain length. The hydrogenation of 3-quinucli-
done and its substituted derivatives to the corresponding
alcohols with subsequent esterification made it possible to
synthesise a large number of esters and urethanes of 3-
quinuclidinol, which are of considerable interest from the

standpoint of the investigation of their biological activ-
ity 33,102,103,111,112,146 =151,

R'.

)
The Clemmensen 3 and Wolff-Kishner 52 reduction of 3-
quinuclidone yields quinuclidine. The application of the
Wolff-Kishner reaction to 2-substituted derivatives of 3-
quinuclidone made it possible to obtain 2-substituted quinu-
clidine derivatives. Ethyl quinuclidine-2-8~propionate
(LXXXVII)1% and 2,6-dimethylquinuclidine (LXXXVIII)
were obtained in this way from the corresponding 3-oxo-
derivatives (ILXXXV) and (LXXXVI):

- H, e H,
CH,CH,CO0C;H, H,CHICOOGH;  CHy CH3 se

(LXXXV) (LXXXVID (LXXXVI} (LXXXVIH)}

The oximes of 3-quinuclidone (LXXXIX)!03,122 and of ethyl
3-oxoquinuclidine-2-carboxylate (XC)'% were reduced to
the amines (XCI):

NH
" 2 NNH,

NOH / {XCn
N
(LXXXIX): R=H @'0" .
(XC}  R=COOC,H;
It was found that the reduction of the oxime of 3-quinucli-
done (LXXXIX) in acid and neutral media is accompanied
by hydrogenolysis and the reaction leads to the formation
of 3-quinuclidinol together with 3-aminoquinuclidine (XCI,
R =H). The reduction of the hydrazone of 3-quinuclidone
(XCII) to 3-aminoquinuclidine takes place more unambigu-~
ously!?2,

When 3-quinuclidone is treated with hydrogen sulphide
and this is then followed by reduction with sodium tetra-
hydroborate, a sulphur-containing compound is produced—
3-mercaptoquinuclidine (XCIII)!s3;

SH H
Q==
N N

(xctin)

(XCin

involving an increase in
The interaction

b. Reactions
the length of the carbon chain.
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of 3-oxo-derivatives of quinuclidine with potassium cyan-
ide 199,121,154 or acetone cyanohydrin'?? was used to prepare
cyanohydrins of the quinuclidine series:

H
I iR—-b N,
R

where R = H or COOC,H;. The hydrolysis of the cyano-
hydrin of 3-quinuclidone (XCIV) and subsequent dehydration
led to the synthesis of 3-alkoxycarbonyl-A2-dehydroquinu-
clidines (XCV), which were then reduced and hydrolysed

to give quinuclidine~3-carboxylic acid (XCVI)12,122;

H H
()(EN_) (rp(jom!._» @—cocm - @-coon .
(xciwv (Xcv) (xcvi)
Quinuclidine-2,3~-dicarboxylic acid (XCVIII) was obtained
similarly from the cyanohydrin of 2-ethoxycarbonyl-3-
quinuclidone (XCVII):1®

H
N - @foou
cooH ,
00C,H,
(xevin xevim

Various methods for incrementing the carbon chain were
used to synthesise quinuclidine-3-acetic acid (XCIX):

0S0,C¢H; 1. CHNa(COOR);
2.HY, ¢°
/ 1. BrCH,COOC;Hs + Zn
o0 3 Hy N H,COOH ,
I NCCH,COOR 2.H% 3.0, 7
(XCIX)
1. (CoHg0),P(0)CH,COOC Hg

2 Hz/ HC1

Comparison of different syntheses shows that the smallest
yield of the acid (XCIX) is observed in sodiomalonic syn-
thesis (13.4%),25 much better results being obtained in the
Reformatsky (40%) 2% and Knoevenagel condensations (65—
70%): 126 a nearly quantitative yield can be achieved in the
Wittig—Horner reaction?!s,

The application of the Wittig—Horner reactions to 3-
quinuclidone and other B-oxo~derivatives of quinucli-
dine 127,140,155-157 made possible the preparation of a wide
variety of 3~substituted quinuclidines 128,140,457;

o
o

H
b
)
COOR
@—-{HO @—cn:cn,
— .

For example 3-methylene-, 3~ethylidene-!%", 3-alkoxy-
carbonylmethylene-128  and 3-formyl-quinuclidines 14° have
been synthesised by means of the above reactions. The
reactions were found to be stereospecific!%’, In the syn-~
thesis of 3-ethylidenequinuclidine the ylide was found to
attack predominantly from the sterically more favourable
direction, when the methyl group in the transition com-
plex is furthest removed from the 2 a-protons of the

o

R=CHj, C,H,
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quinuclidine ring. In the synthesis of 3-alkoxycarbonyl~
methylenequinuclidines the stereochemistry of the process
was determined by the interaction of the nitrogen of the
quinuclidine ring with the alkoxycarbonyl groups which led
to the formation of only that geometrical isomer in which
the above groups are close to one another.

Double application of the Wittig reaction initially with
methoxymethylenetriphenylphosphorane and then with
methylenetriphenylphosphorane led to the conversion of
3-quinuclidone into 3-vinylquinuclidine in two stages with
an overall yield of 50%.!% The above method for the
introduction of the vinyl group into the B-position of the
quinuclidine ring is of considerable interest, since various
other synthetic procedures %,%7,'58,159 gither did not result
in the formation of unsaturated quinuclidine compounds or
involved the migration of the double bond to an exocyclic
position. The introduction of an ethyne group into 3-qui-
nuclidone 136,169 and its 2-substituted derivatives leads to
3-ethynyl-3-hydroxyquinuclidines, which are readily hy-
drogenated to 3-ethyl-3-hydroxyquinuclidines:

H
Ot~ e - Q= — (=
R

(<) (cvn (cvin

N o

QS Q=
@)

(cviy

@:cﬂ—cr{,x . @(HCH,OH_} @-—e

(cn (ci (ci1 crv)
X=Cl,Br

Ho— CH=
7 A .
R=H; [ | . @

The selective reduction of 3-ethynyl-3-hydroxyquinu-
clidine, (C, R = H) led to the preparation of 3-hydroxy-
3-vinylquinuclidine (CI)!%6, The latter was also synthe-
sised directly from 3-quinuclidone and vinylmagnesium
bromide 8!,

The substitution of the hydroxy~group in compound (CI)
by a halogen with thionyl chloride or hydrobromic acid is
accompanied by allyl rearrangement with formation of
3-(8-halogenoethylidene)quinuclidines (CI). 3-(3-Bromo-
ethylidene)quinuclidine was converted via the 3~(3-hy-
droxyethylidene) derivative (CII) into 3-(8-hydroxyethyl)-
quinuclidine (CIV)!%* and then 3-vinyl- A%2~-dehydroquinuclidine
(CV) was obtained by the dehydrohalogenation of 3-(8-chlo-
roethylidene)quinuclidine 6!,

Similar processes, associated this time with the acety-
lene-allene rearrangement were observed also when the
hydroxy-group in 3-ethynyl-3-hydroxyquinuclidine (C, R =
H) was replaced by a halogen. In this case the product
was 3-(B-chloroallene)quinuclidine (CVI)!5? which readily
eliminates hydrogen halide with formation of 3~ethynyl-A?-
dehydroquinuclidine (CVII). The study of the allyl and
acetylene—allene rearrangements in the series of 3-substi-
tuted quinuclidines ¢! led to the determination of the effect
of these processes on the positions of the multiple bonds in
unsaturated quinuclidine compounds. In the course of
these investigations it was shown that in the oxidation and
ozonolysis of substances containing functional groups in the
allyl position relative to the double bond not only the multi-
ple but also the single C—C bonds adjacent to them are dis-
sociated. For example, in the oxidation with potassium
permanganate under mild conditions and in the ozonolysis

H/

'k H=CH, _» H,CH,OH |
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of 3-hydroxy-3-vinylquinuclidine (CI), 3-quinuclidone is
formed!¢:. Therefore the position of multiple bonds in
such allyl systems may be established unambiguously not
with the aid of oxidative procedures but by analysing the
NMR spectra 8,

Two series of geometrical isomers of 3-substituted
quinuclidines with a semicyclic double bond were synthe-
sised by various reactions of 3-quinuclidone: 3-ethyli-
dene 138,157,162 3-(g3-hydroxyethylidene)-136,157 and 3-(B-
chloroethylidene)-quinuclidines !%’; within each series
interconversions were carried out!%? and the steric struc-
ture of the compounds was established with the aid of NMR
spectra 16,157,163;

i
-— (|3
- COOC,H,
?H,O}‘ H H
- CH=CH, —
. éH,oH

} |
! f
O O e
¢ ?‘:a/ ' H
L. T QJ_CH,CHQOH Qﬁna.

4

The interaction of 3-quinuclidones with organolithium or
organomagnesium compounds is a general method for the
synthesis of a large number of tertiary alcohols

(CVIIN) 47,62,164=168  Their subsequent dehydration led to
the formation together with A?-dehydroquinuclidines (CIX)
of substances with an exocyclic double bond (CX)165-168,
The reduction of the unsaturated products made it possible
to obtain various 3-substituted quinuclidines (CXI):

- QF Q110

(cIx) (€cx) (cx1)

When 3-alkyl(aryl)-3-hydroxyquinuclidines (CVIII) were
allowed to react with acetonitrile under the conditions of
the Ritter reaction, acetylated 3-alkyl(aryl)-3-aminoquinu-
clidines (CXII) were obtained:

NHCOQCH, NH, ,
cvin — Qj< - Qj<

(CX11)

An interesting method for the introduction of substitu-
ents into the 2-position of the quinuclidine ring on the basis
of 3-substituted A2-dehydroquinuclidines (CIX) has been
described?’. When methyl A?-~-dehydroquinuclidine-3-car-
boxylate (CXII) reacts with isopropylmagnesium bromide,
1,4-addition takes place with subsequent formation, in the
course of further treatment, of 2-isopropyl-3-methoxy-
carbonylquinuclidine (CXIV):

QOR OOR
l = @c
N CH(CHy), ,

(CX1n (CX1V)
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Unusual 2-substituted quinuclidines were obtained also on
nitrating 3-phenyl- A%2-dehydroquinuclidine (CXV). The
reaction products in this case proved to be 2-nitro-3-
phenyl- A%-dehydroquinuclidine (CXVI) and 2-nitro-3-(p-
nitrophenyl)- A2-dehydroquinuclidine (CXVII)47:

lB% 36%

(CXV) CXvn {CXVI1i}

A number of 2-substituted quinuclidines were obtained by
the condensation of 3-quinuclidone with aldehydes 77,083,109

and acrylonitrile!®:
H i . N
HR — HR R= )
(CXIX)

(cxvi
{In >
(ﬁ H,CH,CN [Nj:tg}{,cmcow
\ (CXX) (CXXD

2
N7 N\CH,0H .

(Cxxi11) (CXX11D

These reactions made it possible to convert 3-substituted
quinuclidines into 2,3-disubstituted derivatives. For ex-
ample 3-quinuclidone was converted via 2-[phenyl(quinolin-
4’-yl)methylene]-3-quinuclidone (CXVII) into 2-[phenyl-
(quinolin-4’-yl)methyl]quinuclidin-3-0l (CXIX) and also into
2-(B-cyanoethyl)-3-oxoquinuclidine (CXX) and further into
3-oxoquinuclidine-2-B-propionic acid (CXXI). The for-
mylation of 3-quinuclidone leads to the formation of 2-
methylene-3-quinuclidone (CXXII) and, when a large excess
of formaldehyde is employed, the product is a g8-ketol—
2,2-bishydroxymethyl-3-quinuclidone (CXXIII)™.
2-Methylene-3-quinuclidone (CXXII) was also obtained
by the Mannich reaction!’®. The 2-dialkylaminomethyl-
3-quinuclidones (CXXIV) formed as intermediates in this
case are converted into compound (CXXII) on distillation:

0
—> (CXXII
- @CH,NRIR, ©@xm,

(CXXIV)

Condensed heterocyclic systems containing the quinuclidine
ring (pyrazolo-, oxazolo-, triazolo-, pyrimidino-, and
pyridazino-quinuclidines ') were synthesised from ethyl
3-oxoquinuclidine-2-carboxylate (CXXXV) and also from
A?-dehydroquinuclidine and methyl A?-dehydroquinuclidine-
3-carboxylate obtained from 3-quinuclidone:

34
N\
J

R O

(k % " | Y
N COOC,Hy it R=H; COOCH; CH
l \
i NH, CoHy

> (%
- [

N
OOCZHs N c‘ " 1Y
13

%z
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3. REACTIONS INVOLVING THE EXPANSION OF THE QUINU-
CLIDINE RING

The study of the pinacol rearrangement of ditertiary
quinuclidine alcohols of the type of compound (LXXVIII) 144,172
showed that, depending on the nature of the substituents R
and the reactants employed, the process takes place either
with ring expansion or with the formation of ketones of the
quinuclidine series [compounds (CXXV)]:

-k

(C XVI (Cxxvipy
(LXXV]II) XxvD
\ R _R
R |
@—iﬂ (o} ’
(€XXVID {CXXWVY

where R = CH,, C,Hy, C;H;, or p~CH;C,H,. This is asso-
ciated with the possible reaction via two types of carbonium
ions [(CXXVI) and (CXXVII)] with electrophilic centres at
the C; atom of the quinuclidine ring or at the carbon atom
of the side chain respectively. The subsequent migration
of the aryl or alkyl group leads in the first case to ketones
of the quinuclidine series (CXXV) and the migration of the
methylene group in the second case leads to the formation
of 4-oxo-derivatives of 1-azabicyclo[3,2,2]nonane
(CXXVII). For aryl substituents, stabilisation is achieved
as a result of the conjugation of carbonium ions of type
(CXXVI). Therefore, on treatment with sulphuric acid,
3-(aa-~-diaryl-a-hydroxymethyl)-3-hydroxyquinuclidines
(LXXVII, R = Ar) are more readily converted into com-
pounds (CXXVIII) than the analogous 3-(aa-dialkyl-a-hy-
droxymethyl)-3-hydroxyquinuclidines (LXXIII, R = Alk).
The use of an aprotic reagent, zinc chloride in acetic an-
hydride, yields carbonium ions (CXXVII) as a result of the
elimination of an acetate ion from the initially formed
monoacetyl derivatives of the glycols (LXXVII). There-
fore in aprotic media expansion of the quinuclidine ring
does not take place and the reaction leads to ketones of the
quinuclidine series (CXXV) or dehydration and acylation
products of the initial glycols.

The Beckmann rearrangement of the oxime of 3-quinu-
clidone (LXXXIX) in the presence of polyphosphoric acid
or oleum takes place with expansion of the quinuclidine
ring and the formation of 3-oxo-1,4-diazabicyclo[3,3,2]no-

nane (CXXIX)178,174;
H
Q-

(CXXIX)
@
i

CH,CONH,
(CXXX) &

In the reaction with polyphosphoric acid the intermediate
cation is stabilised after the dissociation of the C3—C, bond
not only by the formation of a new C—N bond but also by
the elimination of the proton from C,. In the latter case
a product resulting from the opening of the quinuclidine
ring is formed: the amide of A*-dehydropiperidine-N-
acetic acid (CXXX).

The same products of quinuclidine ring expansion or
opening arise also on treatment of 3-quinuclidone with
hydrazoic acid under the conditions of the Schmidt reac-
tion!’s, However, in the latter case the process is
largely displaced towards the monocyclic amide (CXXX).

(LXXXIX)
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When the oxime of 3-quinuclidone reacts with arenesul-
phonyl chlorides in an alkaline medium, N-gubstituted
4-cyanopiperidines are formed?!7%,77,

IV. BIOLOGICAL PROPERTIES OF QUINUCLIDINE
DERIVATIVES

There have been mainly two aspects to the study of the
biological properties of quinuclidine derivatives: on the
one hand natural alkaloids, their synthetic analogues, and
reaction products were investigated and on the other the
characteristics of the pharmacological activity of com-
pounds associated with the presence of the quinuclidine
ring were elucidated. In the present review it is probably
useful to consider only the investigations of the second
type, since, as mentioned above, a number of reviews are
available on the biological activity of the quinuclidine alka-
loids.

The first study on the pharmacological activity of un-
substituted quinuclidine was carried out by Stern in 1941 .78
In experiments on animals, it was shown that the hydro-
chloride of unsubstituted quinuclidine exhibits appreciable
hypotensive activity and relaxes the smooth musculature,
while the corresponding quaternary ammonium salts show
a curare-like activity. In the course of subsequent sys-
tematic studies of quinuclidine and other 1-azabicycloal-
kane derivatives in the USSR under the direction of M. V.
Rubtsov, synthetic methods were developed and a large
number of compounds of this series were obtained and sub-
jected to biological tests. The study of the pharmacologi-
cal properties of quinuclidine and other 1-azabicycloalkane
derivatives carried out under the direction of M. D. Mash-
kovskii revealed the high activity of compounds of this kind
and led to the discovery of effective medicinal preparations,
which have found application in medical practice30,179-182,

The experimental investigation of aminoalkyl esters of
quinuclidinecarboxylic acids and their halogenoalkylate
derivatives and also tertiary amines of the 2- and 3-mono-
substituted and 2,3-disubstituted quinuclidine series led to
the discovery of preparations which interfere with the
transmission of nervous excitation in ganglia!®°,'83, Thus
ethyl quinuclidine-3-carboxylate shows a nicotine-like
activity and 2-diethylaminoethylaminomethylquinuclidine
and other similar tertiary amines suppress the excitation
in ganglia. The most active ganglion-blocking agents
proved to be the quaternary derivatives of dialkylamino-
ethyl esters of quinuclidine-2- and quinuclidine-3-carboxy-
lic acids. The di-iodomethylate of the diethylaminoethyl
ester of quinuclidine-2~carboxylic acid (CXXXI), which
was called Dioquin, is one of the most powerful modern
ganglion-blocking agents '84~188,  Substances with similar
activity, namely the di-iodomethylate of the dimethylamino-
ethyl ester of quinuclidine-3-carboxylic acid and the di-
iodomethylate of the dimethylaminoethyl ester of quinucli-
dine-2-carboxylic acid, i.e. the dimethyl analogue of
Dioquin, are three times more active than Dioquin itself.
In subsequent studies of the relation between chemical
structure and biological activity it was established that the
ganglion-blocking activity persists on going over from the
bicyclic quinuclidine system to the monocyclic piperidine
system: the di-iodomethylates of the dimethylaminoethyl
(CXXXII) and diethylaminoethyl (CXXXII) esters of 1,6~
dimethylpipecolic acid, called Dimecoline and D1colme 189-196
have been introduced 1nto the medical practice in the USSR
as active ganglion-blocking agents for the treatment of
hypertonia, stomach ulcers, bronchial asthma, and many
other diseases. The introduction into the molecule of the
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active compound of various branched dialkylaminoalkyl
chains instead of the dialkylaminoethyl substituents lowers
the ganglion-blocking activity of these substances !9,

It is interesting to note that the ganglion-blocking activ-
ity of secondary-tertiary amines of the type of 2-benzyl-
aminomethyl-3-(8-benzylaminoethyl)quinuclidine (CXXXIV)
is closely associated with the presence of the bicyclic
quinuclidine system in the molecule in contrast to the
analogous activity of the quaternary salts of aminoalkyl
esters of quinuclidinecarboxylic acid. In this case, on
going over to compounds without the quinuclidine ring, the
effect on the ganglia of the vegetative nervous system dis-
appears.

H, _AH
+, 25 -
OOCH,CH,N/C -21 H c( j—coocn CH,N s o1
N [NCat : H

L, CH, cna tH, .

Dioquin Dicoline

(CXXXD) (CXXXII)
-

- cH, H,CH,NHCH,CH,
N OOCH,CH,N\ -21 CH,NHCH, C,H,
SN
L CHy CH, (CXXXIV)
Dimecoline

(CXXXI1}

In the search for ganglion-blocking and curare-like pre-
parations diquaternary salts in which one [as in compound
(CXXXV)]!98,1% or both [as in compound (CXXX VI)]200-202
quaternary nitrogen atoms linked by the alkylidene chain
are constituents of the quinuclidine ring were synthesised
and tested together with 1-alkylquinuclidinium halides 203
(CXXXVII, R = Alk) and N-aminoquinuclidinium salts
(CXXXVII, R = NH,) 20¢;

(CH,),.—rll (CH,) —x—-(CH,),,, &
rR" X=CH,, 0

(CXXXV) (CXXXVI) CXXXVID)

The most pronounced curare-like properties were found
in the dichloride of 1,6-di~-(3’-benzylquinuclidin-1’-yl)hex~
ane (CXXXVIII), which has been introduced in the USSR
medical practice under the name of Qualidyl 299,202 35 a
curare-like preparation with a competitive activity:

H,CeHs H,CeHs
, 2c
SN————(CHp;—N;},

Qualidyl
(CXXXVIII)
The esters of 3-hydroxyquinuclidine (CXXXIX), which
are bicyclic analogues of the esters of 2-dialkylaminoetha-
nol (CXL), were found to have interesting pharmacological

properties:
0—C—R —C—R
@ 1 J J ﬁ

{CXXXIX) {CXL)

Many esters formed by 2-dialkylaminoethanols with vari-
ous carboxylic acids are known to have neurotropic
properties. The first studies by Sternbach, Kaiser, and
coworkers 108,1467148,184 a]1ready showed that the esters of
3-hydroxyquinuclidine and aromatic acids (benzilic, tropic,
etc.) caused the relaxation of the smooth musculature.
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Almost at the same time Duschinsky*® showed that car-
bamic esters of 3-hydroxyquinuclidine have a similar ef-
fect. The bromomethylate of the benzilate of 3-hydroxy-
quinuclidine (CXLI), called Clidinium bromide (Quartzan
bromide or Marplan) has found application in the medical
practice of the USA and of many other countries as a cho-
linolytic agent 405°a11;

O—ﬁ—r —C.-,Hs ()»o—c—cnJ ) CH, (H,—0— —CHs
O CiH, ! CH, lL/cu, X
| + 1+
CH, CH,
clidinium bromide
(CXLY) (CXLIN (CXLIID

A systematic study of the pharmacological properties of the
esters of 3-hydroxyquinuclidine and related compounds was
carried out by Mashkovskii and coworkers 179,180, In the
first place the iodomethylate of 3-acetoxyquinuclidine
(CXLII), which is a bicyclic analogue of acetylcholine
(CXLII), was investigated. The compound exhibited a
cholinomimetic activity but its action was weaker than that
of acetylcholine. The corresponding tertiary amine, 3-
acetoxyquinuclidine, which, in contrast to acetylcholine,
shows a more selective effect on muscarine receptors and
readily penetrates through the haematoencephalic barrier,
is an effective cholinomimetic agent. The salicylate of
3-acetoxyquinuclidine (CXLIV), called Aceclidine 8,212,213
is used in the USSR and a number of other countries in
ophthalmology for the treatment of glaucoma and also in
surgical and obstetric and gynaecological practice as a
means of combating postoperative atonia of the organs in
the abdominal cavity, including the postnatal atonia of the
mother. Further studies showed that the cholinomimetic
activity of Aceclidine is to a considerable degree associated
with the presence in the molecule of the quinuclidine

ring 151,214,215 apd the replacement of 3~hydroxyquinuclidine
and other similar bicyclic or monocyclic amino-alcohols
results in a reduction or complete loss of activity:

@ro—c—csuh

*HC)
oxilidine
(CXLVID)

_i /an,,
CeHy

Q}W‘C/Z:Z Uhe!

aprophene
(CXLVI)

aprolidine
(CXLV)

The cholinomimetic activity also falls when an alkyl
group is introduced in the 6- and 8-positions of the quinu-
clidine ring. The replacement of the acetyl group in Ace-
clidine by the residues of homologous aliphatic acids leads
initially to a decrease of the cholinomimetic activity (pro-
pionic ester) and then to the appearance of cholinolytic
properties (butyric and isovaleric esters). The esters of
3-hydroxyquinuclidine and aliphatic-aromatic acids are
also powerful cholinolytic agents. For example, the di-
phenylpropionate of 3~hydroxyquinuclidine (CXLV) (Apro-
lidin) 216~218 greatly surpasses 2!° in its effect on the central
and peripheral choline-reactive systems the analogous
ester of 2-diethylaminoethanol (CXLVI) [known in the USSR

as Aprophen]:
QD—O_ﬂ_Cﬂs

C;HgO;3
Aceclidine
(CXLIV)

The esters of 3-hydroxyquinuclidine with aromatic acids

have a calming effect on the central nervous system. For
example, the hydrochloride of 3-benzoyloxyquinuclidine
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(CXLVI), employed in the USSR under the name of Oxyli-
dine 182,220-226 hag a very pronounced sedative activity.
Oxylidine is particularly effective in nervous breakdowns
associated with the failure of blood circulation in the brain.
At the same time Oxylidine also exhibits a hypotensive
activity and has found application in the therapy of hyper-
tonia. It is noteworthy that, as in the case of Aceclidine,
the high biological activity of other 3-hydroxyquinuclidine
esters is also associated with the presence in their mole-
cules of the azabicyclic quinuclidine system. This is
confirmed by the weakening of the pharmacological activity
in the corresponding esters of 3~hydroxypiperidines and
the esters of the completely open-chain type related to 3-
hydroxyquinuclidine (N-alkyl-N-cycloalkylaminoethanols)
and also by the lowering of pharmacological activity on
going over to analogous esters of other 1-azabicycloalka~-
nols. Possibly the higher activity of 3-hydroxyquinucli-
dine derivatives, compared with that of the analogous de-
rivatives of other mono- and bi-cyclic amino-alcohols is
associated with the characteristics of the quinuclidine
molecule, noted above, in which the unshared electron
pair of the nitrogen atom is not hindered.

The more ready interaction of the free electron pair of
the nitrogen atom in the quinuclidine ring with electrophilic
centres of the corresponding receptors in the organism is
responsible, according to some workers?¥, for the higher
psychotropic activity of the benzilic esters of 3-hydroxy-
quinuclidine compared with the esters of other N-substi-
tuted amino-alcohols. The low probability of intramolecu-
lar bonds and interactions in 3-hydroxyquinuclidine esters,
where the acyl component of the molecule and the free
electron pair of the nitrogen atom are oriented in different
directions, has also been noted. Probably further studies
will lead to a more complete elucidation of the effect of the
characteristics of the chemical behaviour of the quinucli-
dine molecule, its conformation, the nature of the free
electron pair of the nitrogen atom, etc. on the physiological
activity of various quinuclidine derivatives and will lead to
the discovery of new active compounds.
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