
C H E M I C A L  P E C U L I A R I T I E S  O F  

C O M P O U N D S  ( R E V I E W )  

L .  N.  Y a k h o n t o v  a n d  E .  E .  

Q U I N U C L I D I N E  

M i k h l i n a  UDC 547.834.4 

P r i m a r i l y  recent  studies of the pecul iar i t ies  of the s t ruc tu res  and chemical  behavior  of 
quinuclidine compounds that distinguish them f rom aliphatic and monocycl ic  amines and 
other  azabicycloalkanes with angular nitrogen atoms a re  cor re la ted .  

Quinuclidine (1-azabicyclo[2.2.2] octane) (I) is of substantial in te res t  not only as a s t ructura l  f r ag -  
ment of a number  of natural physiologically active substances and synthetic medicinal  preparat ions  but 
atso f rom the point of view of theoret ical  organic chemis t ry  as a pecul iar  he terocycl ic  sys tem cha rac -  
ter ized by special  chemical  proper t ies  [1-3]. 
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In contras t  to te r t ia ry  aliphatic amines and N-substi tuted piperidines,  quinuclidine is charac te r ized  
by a quite rigidly fixed s t ruc ture .  Each of the s ix -membered  r ings that form this s t ruc ture  has a fixed 
"boat" form, and the considerable conformational  changes in the rings that in other c lasses  of compounds 
are  due to the relative free rotat ion are  impossible for quinuclidine and its derivat ives,  in addition, the 
fixed "boat" configuration leads to the appearance of shielded conformations in the quinuclidine sys tem,  
and this is the reason for the cer ta in  distort ion of the geometry  of the molecules with deviation of the s y m -  
met ry  of the bicycl ic  sys tem from C3v symmet ry .  

_cis 
The o~. 3 s p i n - s p i n  coupling constants in the PMR spec t ra  of unsubstituted and 4-monosubst i tuted 

quinuclidines (9.7-10.3 Hz)[4-9] are  in good agreement  with the values calculated f rom the Karplus equa- 
tion. In addition, the experimental  j t r a n s  values of 5.3-5.6 Hz differ by more  than 1 Hz f rom the values 
calculated for dihedral angle q~ = 120 ~ which consti tutes evidence for an increase  in the H - C - H  valence 
angles of quinuclidine as compared  with the te t rahedra l  angles. 

The introduction of substituents in the 3 position of the bicycl ic  sys tem induces a change in the J~ s 
�9 jeff' values.  Inasmuch as the J value is only slightly sensit ive to a change in ~ for ~ ~ 0, the decrease  xn 2~ 

as a resul t  of the success ive  introduction of carbon- ,  ni trogen-,  and oxygen-containing substituents in the 
3 position in place of hydrogen ref lec ts  only the effect of the electronegat ivi ty of the lat ter .  On the other  
hand, the increase  in the j~,~ans value on introduction of substituents in which the f i r s t  atom is carbon is 
not explained only by the electronegat ivi ty effect but constitutes evidence for an increase ,  as compared 
with unsubstituted,_ quinuclidine, of the dihedral angle between the H - - C  2 -  C 3 and H -  C 3 -  C 2 planes, which 

~ 4 ~ when AJ2~ ans  = 1 Hz. In 3-subst i tuted quinuclidines in which the f i rs t  atom of the substituent is is 
t rans oxygen or  nitrogen, the 02,3 value is reduced as compared with unsubst i tuted quinuclidine, and this 

reduction is g rea te r  than for -Tcis which constitutes evidence for the existence in this case,  in addition ~2,3 ' 
to the electronegative effect of the substituents, of distortion of the geometry of the bicyclic system due 
to a decrease in the dihederal angle between the H-C 2- C 3 and H--C 3- C 2 planes. Thus, depending on the 
character of the first atom of the substituent in 3-monosubstituted quinuclidines, the bridged conformation 
with an increase (a) or decrease (b) in dihedral angle ~ predominates. 
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H 2 m 2 ~ H 2 c i  S H2m 

. / ! \ / ~  H3 H2cis 

b INN 
a 

a R : CH 3 $CH2COOC2H 5 f COOCH 3 ; b R : NH2?OH ~OCOCH 3 

When a second subst i tuent  is introduced in the 2 posi t ion with a cis orientat ion re la t ive  to the sub-  
sti tuent a l ready  presen t ,  the PMR data do not make it poss ib le  to e s t ima te  the. c h a r a c t e r  and degree  of 
dis tor t ion of the geome t ry  of the b icycl ic  sys t em,  inasmuch as r -~, 0: the jc~s  values  differ  only slightly 
for  the c i s - 2 , 3 - d i -  and 3-moposubs t i tu ted  quinuclidines.  On the other  hand, 'when the second subst i tuent  

�9 ~rans 
has a t rans  ormntat ion,  the J2,3 values change substant ia l ly .  P roceed ing  f r o m  the di f ference in the 
t rans  cons t an t  of t r ans -2 ,  3-dicarboxyquinucl idine and unsubsti tuted quinuclidines (2.8 Hz) and f rom the 
value aJ /b~  -~0.24 Hz/deg  (when ~ ~ 120~ the magnitude of the dis tor t ion of the dihedral  angle in this 
case  can be  e s t ima ted  to be 10-12 ~ In this case  the angle between the H - C 2 - C  3 and H - C 3 - C  2 planes in- 
c r e a s e s ,  and the angle between the R 3 -  C 3- C~ and R 2-  C 2- C3 planes d e c r e a s e s ,  i ,e.,  the R 2 and R 3 sub-  
st i tutents approach one another .  

H2 

/ t \ H 3  2 2 

It is apparent  that the conformat ionat  dis tor t ions descr ibed  above a r e  not of considerable  magnitude,  
pa r t i cu la r ly  in compounds with unsubsti tuted br idge  c a r b o n  a toms .  

Unsubsti tuted quinuclidine is cha r ac t e r i z ed  by higher s y m m e t r y  and less  s t ra in  in the cycl ic  sy s t em 
than other  sa tu ra ted  1-azabicyc loa lkanes .  The re la t ive ly  high mel t ing  point (158 ~ and the cons iderable  
volat i l i ty  of I a re  manifes ta t ions  of these f ea tu res .  Disruption of the s y m m e t r y  of the quinuclidine mo le -  
cule by the introduction of subst i tuents  o r  t rans i t ion to condensed s y s t e m s  br ings  about a dec r ea se  in the 
mel t ing point and reduces  the vapor  tension [10-14]. 

The r igidly fixed s t ruc tu re  of the quinuclidine r ing a lso  de te rmines  the specif ic  p rope r t i e s  of some 
t rans -2 ,3 -d i subs t i tu ted  quinuclidines [15]. Thus,  for  example ,  7,9-dioxocyclohexano[b]quinuclidine (HI), 
the p rope r t i e s  of which differ  sharp ly  f rom the p rope r t i e s  of cyclic  fi-diketones [16], is fo rmed  ins tead of 
the anhydride of ( t r ans -2-carboxy-3-qu inuc l idy l )ace t i c  acid (II) on reac t ion  of II with acet ic  anhydride.  

The t r ans  fusion of the cyclohexanedione and quinuclidine s y s t e m s  hinders  enolizat ion of diketone 
HI; III does not undergo the Knoevenagel  condensation with a roma t i c  aldehydes and does not r e a c t  with 
acry loni t r i l e .  

N• 
"CH2cOOH 

~COOH 

" ~  CH2COR 

O /  "~'N/~"CO C H 3 

-- . ~ S  CH2cR2 

"-'N/'-C OC H~ 

L~ R=OHtOC2H57NCsH10 ~ ~_ R = CH 3 9C6H S 

In addition, subs tances  that  have a labile hydrogen a tom (water,  alcohols,  and amines} readi ly  c leave di-  
ketone III to (2-acetyl -3-quinucl idyl )acet ic  acid or  i ts  der iva t ives  (IV}. Under the influence of a Gr ignard  
reagent ,  diketone III is conver ted  with opening of the dioxocyclohexane f r agmen t  to keto alcohol V. 

The hindered c h a r a c t e r  of the conformat iona l  changes of the quinuclidine s y s t e m  is apparent ly  also 
respons ib le  for  the anomalous  bas ic i ty  of 3-oxo-2-azaquinucl id ine  (VI} [17]. In con t ras t  to all of the other  
3 -oxo- l , 2 -d i azab icyc loa lkanes  (VII-X), which have c lose  pK a values  (2.2-2.8}, 3-oxo-2-azaquinucl id ine  
(VI) is a cons iderably  weaker  base ,  with pK a 0.81. 
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_ _  H H3C __ 

The introduction of a carbonyl  function in 1 ,2-d iazabicycl ic  s y s t e m s ,  which entai ls  convers ion  f r o m  
sp 3 to sp 2 hybridizat ion of the C 3 atom, apparent ly  leads to a ce r ta in  dis tor t ion of the valence angles of the 
angular  ni t rogen a tom.  T h i s  dis tor t ion of the angles is compensa ted  through a ce r ta in  f r eedom of the con-  
format ional  t rans i t ions  in b icycl ic  compounds VII-X;  disrupt ions of the va lence  angles a re  re ta ined  and a r e  
mani fes ted  in an apprec iab le  reduct ion in bas ic i ty  only in VI, in which the mo lecu l a r  conformat ion is quite 
r ig id ly  fixed. This  s a m e  effect  is a lso obse rved  in the case  of C -me thy l - subs t i t u t ed  XI but vanishes  on 
r emova l  of the carbonyl  groups at tached to C 3 or on pass ing  to N-acy la t ed  b icycl ic  compounds XII, which 
have a carbonyl  group in the side chain r a t h e r  than in the r ing (pK a = 2.20-2.29 for  2 -ace ty l - ,  2 - t r i m e -  
thoxybenzoyl- ,  and 2-n i t roso-2-azaquinuc l id ines )  [17]. 

An impor tan t  fea ture  of the s t r u c t u r e  of quinuclidine molecu les  is the specif ic  c h a r a c t e r  of the non- 
bonded e lec t ron  pa i r  of the ni t rogen a tom,  which is p rac t i ca l ly  unshielded by the adjacent  hydrogen a tom.  
N-Subst i tuted p iper id ines  and p ipe raz ines  have c h a r a c t e r i s t i c  absorp t ion  bands at 2700-2800 cm -1 due to 
the in terac t ion  of the f ree  pa i r  of e lec t rons  of the ni t rogen a toms with the adjacent  axial C - H  bonds [18]. 
Quinuclidine does not absorb  in this region [19], and this const i tu tes  evidence for  the absence  of cis in- 
te rac t ion;  bands at 2430, 2915, and 3405 cm -I  a re  c h a r a c t e r i s t i c  in this case .  

The high degree  of deshielding of the nonbonded pa i r  of e lec t rons  at tached to the quinuclidine ni t rogen 
a tom is also r e spons ib le  for  the cons iderab ly  g r e a t e r  ease  of its r eac t ion  with e lec t rophi l ic  agents as c o m -  
pa red  with the analogous reac t ions  of t e r t i a r y  al iphatic or monocycl ic  amines .  For  example ,  kinetic i nves -  
t igat ions [20] have shown that quinuclidine r e a c t s  with methyl  iodide and isopropyl  iodide 50 and 700 t imes  
f a s t e r ,  r e spec t ive ly ,  than t r i e thy lamine .  The adducts at the ni t rogen a tom of this b icycl ic  sy s t em a re  a lso  
m o r e  s table .  Thus the adduct of quinuclidine with t r imethy lborane  is cons iderab ly  more  stable than the 
analogous t r i a lkyamine  der iva t ives  [20]. 

The high bas ic i ty  of the quinuclidine ni t rogen a tom in the case  of 2-e thoxycarbonyl -3-oxoquinucl id ine  
(XIID on convers ion  of this compound to the enol f o r m  br ings  about t r a n s f e r  of a proton f rom the oxygen 
a tom to the ni t rogen a tom to give dipolar  ion XIV [21], the development  of which is unknown for  o ther  
k e t o n e - e n o l  s y s t e m s  containing an amino group.  The p r i m a r y  exis tence  of keto e s t e r  XIII in dipolar  f o r m  
XIV in hydroxyl-containing solvents  was shown by means  of PMR, IR, and UV spec t roscopy  and potent io-  
m e t r i c  t i t ra t ion [21, 22]. 

COOC2H ~ C , / O -  

H ~OC2H 5 
x.._j 

The tendency of d ive rse  quinuclidine de r iva t ives  to undergo reac t ions  with the cor responding  e lec -  
t rophi l ic  cen te r s  of b iochemica l  r e c e p t o r s  is also apparent ly  a s soc ia t ed  with the high reac t iv i ty  of the 
deshielded f ree  pa i r  of e lec t rons  of the ni t rogen a tom of the quinuclidine r ing [23]. The cons iderably  
higher  pharmaco log ica l  act ivi ty of quinuclidine p repa ra t ions  as c o m p a r e d  with the analogous der iva t ives  
of p iper id ines  or  acycl ic  amines  and the recen t ly  d i scovered  [24] poss ib i l i ty  for  the c rea t ion  of effect ive 
medicinal  agents of the quinuclidine s e r i e s  a re  explained by this poss ibi l i ty .  

The r ig id ly  fixed s t ruc tu re  of the quinuclidine bicycl ic  s y s t e m  is r espons ib le  not only for  the de-  
shielding of the nonbonded e lec t ron  pa i r  of the angular  ni t rogen a tom but also for  its definite s t e rospec i f i c i ty  
with r e s p e c t  to the axis of s y m m e t r y  of the molecule .  A manifes ta t ion  of this cha r ac t e r i s t i c  is the pecu-  
l i a r i ty  of the chemica l  behavior  of compounds with mult iple  bonds in the c~, ~ posi t ions  with r e s p e c t  to the 
angular  ni trogen a tom.  The f r ee  p e lec t rons  of the ni t rogen a toms in compounds of this type are  p rac t i ca l l y  
orthogonal  to the 7r e lec t rons  of the mult iple  bonds, and this excludes the poss ib i l i ty  of a m e s o m e r i e  effect ,  
and the ni t rogen a tom has only an inductive effect  on the adjacent  grouping with mult iple bonds.  

As an example  one may  cite the pecua l i a r i t i e s  of the chemical  behav ior  of 2-oxoquinuclidines (XV) 
[25-29], which a re  fo rma l ly  b icycl ic  amides .  However,  the absence  of amide conjugation is r e spons ib le  for  
the pecu l ia r i ty  of these  compounds,  the p r o p e r t i e s  of which approach  those  of amino ketone. 2-Oxoqui-  
nuclidines XV are  read i ly  protonated and alkylated at the ni t rogen a tom;  normal  amides  and l ac t ams  a re  
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protonated at the oxygen a tom.  Colnponnds XV have high bas ic i t i e s ;  the i r  p K  values a re  5.3-5.6,  i .e. ,  
more  than five o rde r s  of magnitude higher than the pK a values of no rma l  amides  (for example ,  N-ace ty l -  
piperidine has pK a 0.4). The frequency of the s t re tching v ibra t ions  of the C = O bond in the i r  IB spec t r a  
is,  on the average ,  80 cm -I higher than in the spec t r a  of normal  l ac tams ,  and the integral  intensi ty of the 
carbonyl  band is a lmos t  half the normal  value.  The absorpt ion m a x i m a  in the UV spec t r a  of 2-oxoquinu- 
clidines occupy an in te rmedia te  posit ion between the max ima  of amides  and ketones.  The absence  of 
aInide  m e s o m e r i s m  leads to an inc rease  in the reac t iv i ty  of XV. Thus in reac t ions  with var ious  proton 
nucleophilic agents (water,  alcohols,  amines ,  etc.), 2-oxoquinuclidines act  as effect ive acylat ing agents 
in which s tabi l izat ion of the init ially fo rmed  in te rmedia te  adducts occurs  with c leavage  of the N - C  2 bond 
of the quinuclidine ring, and the final products  of the t r ans fo rmat ions  a re  4 -p iper idy lace t ic  acids (XVI) 
and der iva t ives .  The hydrolys is ,  a lcoholysis ,  and aminolys is  of 2-oxoquinuclidine p roceed  at high r a t e s ,  and 
their  kinetics can be invest igated by polarography,  whereas  normal  amides  and l ac t ams  a re  not reduced 
polar0graphica l ly .  In the case  of 2-oxo-6 ,6 ,7 ,7- te t ramethylquinucl id ines  (XTIT, R = CH 3) [28,29] the r e a c -  
tions with nucleophilic agents in aprot ic  media  (phenyllithium in e ther ,  phosphorus pentachlor ide  in ben-  
zene, l i thium aluminum hydride in e ther ,  and acetone cyanohydrin in an excess  of this reagent)  a r e  also 
accompanied  by cleavage of the C -  N bond of the quinuclidine ring. However,  in con t ras t  to reac t ions  with 
proton nucleophilic agents,  the reac t ions  in this case  p roceed  at the N - C  (CH3) 2 bond r a the r  than at the 
N - C O  bond with subsequent  s tabi l izat ion of the in te rmedia te ly  fo rmed  unstable carbonium ion XVII e i ther  
by addition of nucleophilic agents to give piperidones XVIH or  XIX or as a r e su l t  of spli t t ing out of a proton 
with the development  of unsa tura ted  XX; in the case  of the reac t ion  with PC15 subsequent  opening of the 
piperidone r ing to give aliphatic dienonitr i le  XXT also occu r s .  

The ability of the carbonyl  group in these compounds,  in con t r a s t  to the normal  amides  and l a c t ams ,  
to undergo reduct ion by l i thium aluminum hydride only to CHOH ra the r  than CH2 (the reduct ion product  is 
acylated by excess  2-oxoquinuelidine to e s t e r  XXII), to fo rm oximes  XXTII with hydroxylamines  and to in- 
c r ea se  the labil i ty of the protons  of the adjacent CH 2 group to such an extent that they readi ly  undergo the 
usual deuter ium exchange is also assoc ia ted  with the absence  of m e s o m e r i s m  in 2-oxoquinuclidines.  

CH2COR' 

/ ~  CH2C(CH3) 2 ' CH~----'C (. CH3) 2 

,R "~'- ~ N"~ ~ NOH H3 c~  "N" "-O H lC"  =N" "-O 

{ CH3)2 C,~--CH-- OH-- C H i C  ( CH3} 2 ! 
CH2C~N 

~R*'=H,CH$ ,; X~ R=Hf, CH 3 ; XV"-"~ R'=OH,OAIK,NR;' CI:C. 

The pecul ia r i t i es  of the chemica l  behavior  of unsa tura ted  quinuclidine compounds such as A2-dehy - 
droquinuclidine (XXIV) [30,31] and its 2-  and 3 -a lkoxycarbony l - subs t i tu ted  der iva t ives  (XXV, XXVI) [4] 
and quinuclidine der iva t ives  with a semicyc l i c  double bond in the 2 posi t ion (XXVII) [32] a re  a lso  a s s o -  
c iated with the fixed spat ia l  or ienta t ion of the f r ee  pa i r  of e lec t rons  of the angular  nitrogen a tom.  

XXIV ~ XXV--'~ . X.XVII XXVIII 
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These  compounds a r e  fo rma l ly  b icycl ic  enamines .  However ,  the absence  of p ~ conjugation is r e spon-  
sible for  the i r  d i f ference  f r o m  o rd ina ry  t e r t i a r y  a~vinylamines .  Thus,  for  example ,  A2-dehydroquinuclidines 
do not have the c h a r a c t e r i s t i c  (for enamines)  absorpt ion  m a x i m u m  at 230 nm and a re  not hydrolyzed under  
mild  conditions by dilute acids .  

In addition, XXV and XXVI differ  subs tant ia l ly  f rom l inear  vinylogs of amides  in reac t ions  with nu- 
cleophil ic agents with r e s p e c t  to the cons iderab ly  l e s s e r  (due only to the inductive effect  of nitrogen) de-  
act ivat ion of the double bond. Compounds XXVI a re  capable  of adding s t rong nucleophiles  such as  a lcohols ,  
e thyleneimine,  1 ,3-d ipolar  agents ,  and i sop ropy lmagnes ium iodide [4, 30, 33] to the double bond, whereas  
XXV also adds subs tances  with an act ive methylene g r o u p -  n i t romethane  and malonic  and cyanoaeet ic  
e s t e r s  [4]. A2-Dehydroquinuclidine (XXIV), in which both the m e s o m e r i c  effect  of the angular  ni t rogen 
a tom and the act ivat ing effect  of the a lkoxycarbonyl  group on the double bond a re  absent ,  r e a c t s  only with 
phenyl azide [30, 33]. 

The absence  of enamine  p r o p e r t i e s  is also dist inct ly displayed in 2-methylene-3-oxoquinucl id ine  
(XXVIII) [34, 36], which read i ly  adds var ious  nucleophilic reagen ts  - wa te r ,  alcohols,  phenols,  a r o m a t i c  
and al iphat ic  amines ,  hydrogen halides,  and subs tances  with an act ive methylene  g r o u p -  to the s e m i c y c l i e  
double bond. 

The spat ia l  or ienta t ion of the f r ee  pa i r  of e lec t rons  of the quinuclidine ni t rogen a tom also affects  the 
p r o p e r t i e s  of the condensed benzo[b]-  and dibenzo[b, e ] -  quinuclidine s y s t e m s  (XXIX, XXX) [37-39]. Wh erea s  
the f r ee  pa i r  of e lec t rons  of the ni t rogen a tom is conjugated with the ~ e lec t rons  of the a roma t i c  s y s t e m  in 
N,N-dialkylanilines, 1,2 ,3 ,4- te t rahydroquinol ines ,  or  indolines,  the pT m e s o m e r i c  effect  is absent  in ben-  
zoquinuclidines XXIX and XXX. 

X X f X  XX._.~X XXXI 

This changes the bas ic i t i e s  of the compounds substant ia l ly .  Whereas  the pK~ values  of N, N-d ie -  
thylaniline [40] and diphenylamine [40] a r e  6.56 and 0.79, r e spec t ive ly ,  the pK a values  for  XXIX and XXX 
are  7.79 and 4.46, r e spec t ive ly .  The r eac t iv i ty  of the a r o m a t i c  por t ion of the molecule  is also reduced  
cons iderab ly  [38, 41, 42]. Thus, for  example ,  benzo[b]quinuclidine does not undergo diazo coupling with 
p -n i t robenzened iazon ium chloride [38] and is not b romina ted  in the benzene r ing:  only the pe rb romide  or 
a mo lecu l a r  complex a r e  fo rmed  in va r ious  solvents  at var ious  t e m p e r a t u r e s  in the p r e sence  or  absence  
of ca ta lys t s  [42]. Substi tuents can be  in t roduced in the benzene r ing of benzo[b]quinuclidine with m o r e  
act ive e lec t rophi l ic  reagents  - a n i t ra t ing mix tu re  or  chlorosulfonic  acid [41, 42]. However,  in con t r a s t  
to o rd ina ry  a roma t i c  amines ,  the e lec t rophi l ic  subst i tuent  en t e r s  the me ta  posi t ion re la t ive  to the n i t rogen 
a tom r a t h e r  than the ortho or p a r a  posit ion: it was es tab l i shed  by means  of the PMR spec t r a  and dipole 
momen t s  that  the products  of n i t ra t ion and chlorosulfonat ion of benzo[b]-quinucl idines  a r e  the 7 -subs t i tu ted  
de r iva t ives  [41, 42]. 

t t  has also been shown by PMR spec t roscopy  that the quinuelidine r ing  in benzo[b]quinuclidine is 
more  s t ra ined  than in unsubst i tuted quinuclidine because  of the di f ferent  lengths of the br idge  bond [4-7]. 
This fac tor  is respons ib le ,  for  example ,  for  the cons iderable  shift  of the k e t o n e - e n o l  t au tomet r i c  equi-  
l i b r ium of 2-e thoxycarbonyl-3-oxobenzo[b]quinucl id ine  (XXXI) to favor  the ketone f o r m  as compared  with 
2-e thoxycarbonyl -3-oxoquinucl id ine  (XIII), inasmuch as the convers ion  to the enol f o r m  in ben zoquinucli-  
dine XXXI is a s soc ia ted  with a fu r the r  i nc rea se  in the s t ra ined c h a r a c t e r  of the b icycl ic  sys tem [4]. 

Invest igat ions  of the t he rmodynamic  equi l ibr ia  of the d i a s t e r e o m e r i e  2 -e thoxyca rbony l -3 -oxobenzo-  
[b]quinuclidines and of the kinet ics  of deu te r ium exchange in these  compounds showed [4] that s t e r i c  in- 
t e rac t ion  of the subst i tuents  with the protons  of the adjacent  (unsubst i tuted)br idge of the quinuclidine r ing,  
as one should have expected,  is substant ia l ly  g r e a t e r  than with the benzene  r ing .  This  is also in a g r e e m e n t  
with the different  r eac t iv i t i e s  of the subst i tuents  in the syn and anti pos i t ions  re la t ive  to the benzene r ing of 
var ious  benzo[b]quinuclidine der iva t ives  [4-7]. Thus,  for  example ,  in the reac t ion  with thionyl chlor ide  of 
d i a s t e r e o m e r s  of 3 -hyd roxy -3 -e thoxyca rbony l -  and 3-hydroxy-3-cyanobenzo[b]  quinuclidines having an 
anti or ienta t ion of the hydroxyl  groups the r eac t ion  p roceeds  v ia  an SN 2 m e c h a n i s m  with a t tack  by the 
reagent  on the C~ a tom f r o m  the benzene r ing side and format ion  of the cor responding  syn -3 -ch lo ro  d e r i -  

887 



vat ives  as the final p roducts .  In the case  of i s o m e r s  with a syn or ienta t ion of the hydroxyl  group the 
reac t ion  p roceeds  ambiguously,  but the an t i -3 -ch lo ro  der iva t ives  a re  not fo rmed .  

The chemica l  ine r tness  of 2-halomethylquinucl idines (XXXII) is a lso assoc ia ted  with the fixed 
orientat ion of the f r ee  e lec t ron  pa i r  of the quinuclidine r ing [43, 44]. 

X~ C1-12 CH 2 CH;~R 

x.xx~---3 ~.xx ~,J x x •  iv . x x x q  x'k •  

It  is well  known that the reac t ions  of f i -aminoalklyl  halides with nucleophilie agents p roceeds  through 
in te rmedia te  azir idiniurn der iva t ives .  This pathway act ivates  the halogen a toms in var ious  /3-aminoalkyl 
halides in which the ni t rogen a tom is located in the al iphatic chain or  is included in the mono-  or  1 - a z a -  
b icycl ic  sys t em.  Halomethyl  der iva t ives  of 1-azabicyclo[3 ~ . I ] o c t a n e  (XXXIV) apparent ly  r e a c t  with nu- 
cleophil ic agents via  the indicated mechan i sm (XXXIV ~ XXXV - -  XXXVI). In the case  of 2 -ha lomethy t -  
quinuclidines XXXII the fo rmat ion  of the in te rmedia te  i somer i c  az i r id in ium sa l t s  (XXXIIT) is s t e r i ca l ly  
hindered,  and XXXIT a re  the re fo re  c h a r a c t e r i z e d  by e x t r e m e l y  low reac t iv i t i e s .  They e i ther  do not r e a c t  
with d ive rse  nucleophilic agents (amines,  alcohols,  me ta l  cyanides,  sodiomalonic  es te r ,  etc.), or  the r e a c -  
tions take place  under s eve re  conditions with fo rmat ion  of the products  in low yield.  

The effect  of the angular  ni t rogen a tom of the quinuclidine molecu les  is also c l ea r ly  mani fes ted  in 
reac t ions  of 3-oxoquinuclidine (XXXVII) with diazomethane and ni t rous acid, of the oxime (XXXVIII) of 
ketone XXXVII with polyphosphoric  acid, and of (3-hydroxy-3-quinucl idyl )d imethyl(d iaryl )carbinols  (XXXIX) 
with sulfuric  acid. These  reac t ions ,  which p roceed  with r ing expansion, invar iab ly  lead to the fo rmat ion  
of one of two poss ib le  i s om er i c  1-azabicyclononanes .  Thus 3-oxo- l ,4 -d iazabicyc lo[3 .2 .2]nonane  (XL) and 
1-cyanomethyl -A!-dehydropiper id ine  (XLI) a re  obtained in the reac t ion  of ketone XXXVII with nitrous acid 
(Schmidt react ion)  [45] and of oxime XXXVITI with polyphosphoric  acid (Beckmann react ion) [46, 47] : 

�9 0 i.~ N+ 

X--X-X'VIf X = O ; CH2CN 

x : NOH E X-CT ~ 

The format ion  of a second i s om er i c  l ac t am (XLII) is not obse rved .  The nucleophil ici ty of a bond a 
in the in te rmedia te  dipolar  ion of the XLIII  type is apparent ly  reduced owing to the inductive ef fec t  of the 
protonated ni t rogen a tom of the quinuclidine ring, and migra t ion  of the m o r e  nucleophilic b bond, which 
leads to l ac t am XL, is r ea l i zed .  An analogous pa t te rn  is obse rved  in the dehydrat ion of d i t e r t i a ry  alcohols 
XXXIX with sulfur ic  acid [48-50]. Of the two poss ib le  products  of r ing expansion (XLTV and XLV), only 
ketone XLIV is fo rmed .  

xx;<!~, XLV, 

O 

O 

XLIV XLV 

The convers ion  of glycol XXXIX to ketone XLIV is assoc ia ted ,  as in the p reced ing  ease ,  with m i g r a -  
tion in the in te rmedia te  dipolar  ion of the XLVI type of ~ bond d, which is m o r e  r e m o t e  f r o m  the protonated 
r ing ni t rogen atom. 

In the reac t ion  of 3-oxoquinuclidine (XXXVII) with diazomethane,  which p roceeds  in the p r e sen ce  of 
an alkaline reagent  (bar ium oxide), the sexte t  r e a r r a n g e m e n t  is also r ea l i zed  through migra t ion  of the 
m o r e  nucleophilie bond. However,  in this case ,  when the r ing ni t rogen a tom is not protonated,  the m o r e  
nucleophilie a bond p roves  to be a ,  f l -carbon bond e of the quinuclidine ring, and the final product  of the 
r e a r r a n g e m e n t  is 4 -oxo- l -azab ieyc lo[3 .2 .2]nonane  (XLVHI) [51]: 
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,~(XVt|  )~LVII X LV III 

The above-noted  pecu l i a r i t i e s  of the s t ruc tu re  of the s y m m e t r i c a l ,  r ig id ly  fixed quinuclidine s t r u c -  
ture  also de te rmine  its cons iderab ly  g r e a t e r  s tabi l i ty  in var ious  reac t ions  as c o m p a r e d  with other  1 - a z a -  
b icyc loa lkanes .  Thus,  for  example ,  quinuclidine r e m a i n s  unchanged when it  is heated with concent ra ted  
acids and when it  is t r ea t ed  with a s t rong  oxidizing agent  such as po t a s s ium permangana te  [10]. The qui-  
nuclidine r ing is re ta ined  in the C lemmens  reduct ion of 3-oxoquinuclidine (XXXVII), whereas  analogous 
r eac t ions  with other  1-azabicyc loa lkanones  (XLIX and L) a re  accompanied  by c leavage  of the b icycl ic  
s y s t e m s  [52]; 

Cy~ ~ 
x x x v .  ~L,X Z__ 

t 
CH2COCH,3 1 

H H 

The pyro lys i s  and hydrogenolys is  of qua te rna ry  quinuclidinium sa l t s  also p roceed  to a cons iderab le  
degree  with re tent ion of the b icycl ic  s t r u c t u r e  [53-55]. In con t ras t  to the qua te rnary  bases  of other  1 - a z a -  
b icycloalkanes ,  in which opening of the b icyc l ic  s y s t e m  proceeds  read i ly  during Hofmann degrada t ion ,  
quinuclidinium base s  a re  m o r e  inclined to spli t t ing out of al iphatic alcohols with r e t en t ionof the  ene rge t i ca l ly  
advantageous b icycl ic  s y s t e m  [56-58]. 

N-Oxides of the quinuclidine s e r i e s  also display t h e r m a l  s tabi l i ty  [59]. It  is well known that the py-  
ro lys i s  of N-oxides of monoeycl ic  amines  is often accompanied  by r e a r r a n g e m e n t s  with r ing expansion,  
Cope e l iminat ion  to give hydroxylamine  der iva t ives ,  and other  t r ans fo rma t ions  of the cyclic  sy s t em.  Qui-  
nuclidine N-oxide undergoes pyro lys i s  [59] only above 200 ~ In this case  N-deoxidation to give quinuclidine 
is observed .  

~ "c~176 - -  ~ o  c~3 c~176 

xxvl 

I•+ 
COOCH3 

I- 

CH 3 

L)___V 

CH 3 
LV 
t 

- - C H  3 

I 
C H  3 

L.VI 

L,__J 

--~CONR2 
NR 2 

C H  3 
C H  3 

LVFJ_._J LV I_.._ ! 

The N-oxides of quinuclidine and its de r iva t ives  display a capaci ty  for  the format ion  of O-aeyl ium sa l t s  
that a re  r e s i s t an t  to hydrolys is  in neut ra l  and acidic media  and a re  t i t ra ted  by alkal is  as dibasic acids [60]. 

In addition, examples  of quite faci le  opening of the quinuclidine r ing a r e  known for  some subst i tuted 
quinuclidines.  The t he rm a l  convers ion  of 3-methoxycarbonyl-A2-dehydroquinucl idine (XXVI) and its be -  
taine (LIII) and methiodide (LIV) to lactone LV has been desc r ibed  [61, 62]. 

Amide  methiodides LVII undergo s i m i l a r  r e a r r a n g e m e n t ,  and the resu l t ing  iminolactones  (LVIII) 
a re  conver ted  to laetone LV by acid hydro lys i s  [63]. It  has been  a s sumed  that the convers ion  of methiodide 
LIV to lactone LV is a consequence of two 1 ,3 - s igma t rop ic  r e a r r a n g e m e n t s  and that  the in te rmedia te  is 
LVI; It has been shown that the alkyl halide l ibe ra ted  in the reac t ion  is fo rmed  through the e s t e r  function. 
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The indicated sigmatropic rearrangements of quaternary 3-ethoxycarbonyl-A 2- dehydroquinuclidinium salts 
have also been used as key steps in a new synthesis of indoloquinolizidines [64]. 

Opening of the quinuc]idine ring is observed under mild conditions in the reduction of 2-methylene- 
3-oxoquinuelidine (XXVIII). The final product of this reaction is 1-(4-piperidyl)-2-propenol (LIX). 

The quinuclidine ring in quaternary salt LXI, formed from quinuclidine (I) and 2-iodocyclohepta-2,- 
4 ,6- t r ien-I-one (LX), is c leavedunder  mild conditions (at room temperature in benzene) [65, 66]. 

C 
i 

CH(OH)CH=CH 2 

CH 2 
H 

,~XVlll LI_XX 

+ 

0 I 

L._XX 

I -  

CH2CH2I 

�9 

LX-'--i LX~---i 

.•+I- 
CH2CH 2 

U 
t.~,l 

Iodide IZ~II formed by opening of the quinuclidine ring reacts with excess quinuclidine (I) to give quater- 
nary salt LXIII, which is also the final product of the transformations described above. 

The peculiarities of the opening of the bicyclic quinuclidine system are associated with problems 
involved in the applicability of Bredt 's  rule. Thus, for example, quinuclidine cannot be dehydrogenated by 
means of mercuric  acetate, inasmuch a s the reaction should proceed through the ALdehydroquinuclidinium 
salt which is prohibited by Bredt' s rule. Quinuclidine is dehydrogenated under severe conditions by pal- 
ladium on carbon or by selenium at 300% during which cleavage of the C - N  bond and subsequent aromati- 
zation of the system are observed to give 4-ethylpyridine [67]. The quinuclidine ring in 3-hydroxy deriva- 
tives of benzo[b]quinuclidine derivatives containing electron-acceptor aryl or ethoxycarbonyl groupings 
(LXIV, LXV) is opened considerably more readily [8, 9]. 

LXIV LXVI L X-'-~ ~-XVll 

R=C6Hs~ C6H/~CH3- P ~ R i = H f O C H 3  

When LXIV and LXV are heated with acetic anhydride, the ethylene bridge is ejected from the quinu- 
clidine portion of the molecule with aromatization of the product to quinoline derivatives LXVI and LXVII. 

The fragmentation of 4-haloquinuclidines and ethers of 3-oxoquinuclidine and 2-benzoylquinuclidine 
oximes has been studied extensively. It has been shown that the acetate, benzoate, and pr imari ly  the p- 
toluenesulfonate of 3-oxoquinuclidine oxime (LXVIII) undergo fragmentation under alkaline saponification 
conditions with subsequent hydrolysis of the intermediate carbimmonium ion LXIX to secondary amine 
LXX [48, 68, 69]. 

C 
NOR 

-xvm 
L XV.,,III 

CN 

0 
II + 

�9 .CH2 
L-XTR 

R = C l i o  ~ C6H5CO ~ p -  CH3C6H~SO 2 

CN 

H 

LX_~X 

The chief product of the hydrolysis of2-benzoylquinuclidine oxime tosylate (LXXI) is 2-benzamido- 
quinuclidine (LXXII), which is formed along with benz onitrile and 4-piperidylacetaldehyde (LXXIII); this 
constitutes evidence for cleavage of tosylate LXXI via a synchronous fragmentation scheme through quinu- 
clidinium cation LX-XIV [70, 71]. 
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C6H~ 
LXXI 

L.xx____v 

CH2CHO 

LXX IV LXXII~ 

H 

L.XXII LXXVI 

The rate of hydrolysis of LXXI is lower by a factor of two to four than that of its ni trogen-free ana log-  
2-benzoylbicyclo[2.2.2]octane oxime t o s y l a t e -  and considerably lower than the rates observed for noney- 
clic aminotosylates, and this is apparently associated pr imari ly  with the s ter ic  hindrance to mesomer ism 
in the 1-azabicyclic 2-quinuclidyl cation (LXXIV). However, inasmuch as the fragmentation of LXXI is not 
suppressed, Grob and Sieber have expressed the assumption that Bredt ' s  rule is not obligatory for the 
energy-r ich  intermediates of this reaction. The formation of 2-phenoxyquinuclidine on heating tosylate 
LXXI with phenol confirms the possibility of the existence of cation LXXIV. Moreover,  the development of 
LXXII during the hydrolysis of ether LXXI can be represented both by recombination of benzonitrile and 
quinuclidinium cation LXXIV and through intermediate nitrilium cation LXXV. The formation of an aldehyde 
(LXXIID is also possible through open acylated iminc LXXVI without participation of carbonium ion LXXIV. 

Under alkaline hydrolysis conditions, 4-acetylquinuclidine oxime tosylate (LXXVII) undergoes 97% 
Beckmann rearrangement  to 4-acetamidoquinuclidine (LXXVIID and only 3% fragmentation to 4-methylene- 
piperidine (LXXIX) [72]. Both processes  are apparently real ized through a single common intermediate 
N- (4-quinuclidyl) acetonitrilium ion (LXXX). 

H3C-- C=NOTs 

0 
.LXXVlf 

NHCOCH 3 

LXXVIII 

C H  2 
H 

LXXIX 

The fragmentation of 2-(3-quinuclidyl)-2-bromopropane (LXXXI) and 4-bromoquinuclidine (LXXXII), 
in contrast to aliphatic 7-aminoalkyl halides, in which substitution, elimination, and ring closing processes  
occur simultaneously, processeds unambiguously, via a stepwise mechanism in the f irs t  case [73], and via 
a synchronous mechanism in the second case [74]. 

%N) OH, ~ . )  OH3 

Lxxxi 

NI.'" '? '"C H: 

/CH3 
CH=C~.cH 3 

II 
C H  2 

C H  2 

CH Z 

This fragmentation mechanism is associated with the rigid bicyclic s tructure of the quinuclidine 
ring, in which the stereoelectronic condi t ion-  the C a -  Hal bond and the axis of the free electron pair  are 
anticoplanar to the C ~ - C ~  b o n d -  is observed. 

The fragmentation of 4-tosyloxymethyl- and 4-iodomethylquinuclidines (LXXXIII) in alkaline media 
also proceeds unambiguously [75]. 

In this case ter t iary  carbonium ion LXXXIV, for which 1,2-elimination with the formation of dehydro 
derivative LXXXVII is sterically impossible (because of Bredt' s rule and ring strain}, is formed by iso- 
merization of the initially formed carbonium ion (LXXXIV). 
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CH2X �9 
LXXXII |  LXXXIV 

LXXXI; I  X = I ~,OT$ 

I.. V 

�9 
LXXXVI I  

CH;, CH~" 

H + 
C H  2 

LXXXVI ~ 

The tendency for  f ragmenta t ion,  which  leads to the cation of 1 ,4 -d ime thy lene - l - azacyc lohep tane  (LXXXVI), 
the re fo re  i n c r e a s e s .  

When tosyla te  LXXXIII is heated in acidic media,  only the tosyloxy group is substituted; the f o r m a -  
tion of dication LXXXVItI is e l ec t ros ta t i ca l ly  hindered.  

The specif ic  c h a r a c t e r  of the m a s s  spec t roscop ic  behavior  of quinuclidine compounds is also a s so -  
ciated with the p rob lem of the applicabi l i ty  of B red t ' s  rule  to this c l a s s  of compounds.  It is well knox~a 
that ~ cleavage with the format ion  of s table  amine f ragments  occurs  during the dis integrat ion of aliphatic 
and monocycl ic  amines  under the influence of e lec t ron  impact .  In the course  of the f ragmenta t ion  of qui- 
nuclidine compounds for  which detachment  of a subst i tuent  f r o m  the ~ posit ion is also cha rac t e r i s t i c ,  the 
development  of ions of this type with a p lanar  posi t ively charged  nitrogen a tom in the node of the br idge 
s y s t e m  contradic ts  B red t ' s  ru le .  As a consequence of this, the dis integrat ion of the quinuclidine sy s t ems  
occurs  f rom the open fo rm of the molecu la r  ion [76-79]. The specif ic  c h a r a c t e r  of the behavior  of quinu- 
clidine compounds under  the influence of e lec t ron  impac t  was proved  by means  of low-vol tage m a s s  spec-  
t roscopy.  The intensi ty of the f ragments  cor responding  to ~ cleavage for  quinuclidine compounds that 
consume energy  in r ing opening dec rea se s  sharp ly  in this case .  For  amines  of another  type in which the 
ni trogen atom is not found at the br idgehead and the p r e l i m i n a r y  fo rmat ion  of an open fo rm of the molecu la r  
ion is not neces sa ry ,  the intensity of the M - 1  f ragment  does not change substant ia l ly  as the voltage de- 
c r e a s e s  f r o m  30 to 12 eV. The m a s s  spec t roscopic  cleavage of the C - N  bond in quinuclidine and benzo-  
quinuclidine molecules  p roceeds  p r i m a r i l y  with par t ic ipat ion of the br idge bear ing  a substi tuent.  The sub- 
sequent eject ion of f r agments  including this substi tuent leads to the format ion  of cha rac t e r i s t i c  f ragments ,  
the peaks  of which a r e  of m a x i m u m  intensity in the spec t r a .  
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