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The t au tomer ic  equi l ibr ium of 2-e thoxycarbonyl-3-oxoquinucl id ine  in var ious  med ia  was 
studied by PMR spec t roscopy .  The conclusion of the predominance  of the keto fo rm in 
nonpolar  and dipolar  f o r m s  in hydroxyl-containing solvents  was conf i rmed.  The l i fe t ime 
of the f o r m s  was es t ima ted  to be ,~0.03 sec  in CD3OD at 75~ In all  of the invest igated 
so lvents ,  2-ethoxyc arbonyl -3-oxobenz  o [b] quinuclidine ex is t s  as a mix tu re  of two d i a s t e r e o -  
m e r i c  keto f o r m s ,  the ra t io  between which depends on the solvent .  The t ime  r equ i red  to 
e s t ab l i sh  equi l ibr ium between the d i a s t e r e o m e r s  at room t e m p e r a t u r e  is no m o r e  than 5 
rain.  The proton in the 2 position is exchanged by deu te r ium in deuterohydroxyl  solvents ;  
the hal f -exchange per iod  is ~2 rain in CD3OD at -24  ~ and the activation ene rgy  of deu te r i -  
um exchange is ~8 k c a l / m o l e .  

In [1], IR and UV s p e c t r a  and potent iometr ic  t i t ra t ion methods were  used  to demons t r a t e  the exis tence 
of a c h a r a c t e r i s t i c  t au tomer ic  equi l ibr ium for  2-e thoxycarbonyl-3-oxoquinucl id ine  (I), in which an i n t r a -  
ionized fo rm par t ic ipa tes  in addition to the ketone and enol f o rms ,  and the position of the t au tomer ic  equi l ib-  
r ium depends substant ia l ly  on the solvent .  The equi l ibr ium for  2 -e thoxycarbonyl -3-oxobenzo  ~o]quinuclidine 
(1I) in all  of the invest igated solvents  was shifted a lmost  en t i re ly  to favor  the ketone f o r m .  

In the p re sen t  paper  we r epor t  the resu l t s  of an invest igat ion of the t a u t o m e r i s m  of the indicated 
compounds in var ious  solvents  by PMR spec t roscopy .  
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The compac t  mult iplet  at s t rong field (Table 1) in the spec t rum of I in CDC13 is affi l iated with the 
four ~ protons  of the quinuclidine r ing .  The quintetof  the ~ proton is s i tuated at weaker  f ield.  The signal  
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Fig.  1. P1VIR s p e c t r a  of I: 
1) in CDC13; 2) in CD3OD. 

at 3.99 ppm is a doublet with a s p i n - s p i n  coupling constant  (SSCC) [4] J = 
1.5 Hz and apparent ly  should be ass igned to the 2-H proton,  which in te rac ts  
with one of the 6-H protons  [2,3] (Fig. 1). The intensi ty  of this signal is ap-  
p rox ima te ly  one proton unit (p.e 3, which indicates  predominance  of the 
ketone t au tomer  in the equi l ibr ium 6o  less  than 90%). The s ignals  of the 

protons for  6- and 7-H lie at 2.7-3.5 and are  obse rved  as th ree  par t i a l ly  
over lapped  mul t ip le ts .  

The PMR s p e c t r a  of I in CH2C12, CH3NO 2, C6HsNO 2, and C6H5C1 have 
a s i m i l a r  appearance .  

The spec t rum of I in CD3OD differs  substant ia l ly  f rom the s p e c t r a  
examined above.  Thus two quintets with a r e l a t ive  intensi ty of 4..1, which 
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T A B L E  1.  

V a r i o u s  S o l v e n t s  (6, p p m ) *  

Solvent ~ ? ,  +~mo 

CDCI3 
CD~OD 

CDaOD 

CDzOD+0,5 M 
CD3ONa 

CD3COOCD3 

Furfural 

Chemical  Shifts of the Protons  of I and Ia + Ib in 

e 
d 
8 

2o I kot 1>9oO 
25 ket "m / i! 75 ket 
2 0 1 ~  m 

sym 20 

,v -v 

3,9~ 2,42 3,35 2,75 
2145 
2,63 3,07 3,42 
2,48 
2,65 
2,37 2,65 2,85 

2,45 
2,65 
2,87 3,3C 
2,60 2,9C. 

= = ~ = 
N 

11,93 4,18 1,22 
1 ]2,02 4,22 1,28 

3,07 3,4212,02 4,17 1,28 
/2,05 4,18 1,30 

/ |2,05 4,18 1,30 

-3,70~ | 220 4,82 1,32 
-3,42[ | 2,12 4,29 I 

* T h e  P M R  s p e c t r a  w e r e  o b t a i n e d  w i t h  a J N M - 4 H - 1 0 0  s p e c t r o m e t e r  
w i t h  an o p e r a t i n g  f r e q u e n c y  of  100  M H z .  T h e  i n t e r n a l  s t a n d a r d  w a s  
t e t r a m e t h y l s i l a n e .  
t A b b r e v i a t i o n s :  k e t  i s  k e t o n e ,  s y m  i s  s y m m e t r i c a l ,  and an i s  
a n i o n i c  f o r m .  

TABLE 2. Re lat ive  Concentration of the S y m m e t r i c a l  F o r m  in 
Various  Solvents  

Indexes 

Dielectric permeability, e 

Conc. of symmetrical form, % < 10 

t Solvent 

o meth-lnitro- ~ni chloro :.~ ~ ,. propyl " i tr - 
form ~ l ~  ~h%'~"  Icohol zene ane 

' ' li 
5 7 10 25 36 36 38 

I 25 ~<10 50 80 <10 <10 

rural 

42 

50 

TABLE 3. Chemica l  Shifts of the Protons  of syn-II ,  anti-H, and 
IIc in Various  Solvents  

Solvent 

CDC13 20 

CD3OD 20 
CD3OD+0,05M 20 

CD3ONa 

II.syn- 
II ant1 
II. syn- 
II anti 
II syn ~ 
1I gnl2 
IIo 

2 - H  4 -H  

72 4,23 3,79 2,95 3,33 
28 3,90[3,75 2,8 3,8 
78 400  376 287 343 
22 412" 3,76 

376 
3,76 

30 3,57 

= & 

2,1 2,4 

2,1 2,4 

H 

(aryl) 

7,1--7,3 

7,3 

7,3 

,.~ -r 
d U 

4,06 1,06 
4,33 1,28 
4.00 1,09 
4128 1,33 
4,00 1,09 
4,28 1,33 
4,13 1,26 

*Determined  at - 5 1  ~ . 

correspond  to the s ignals  of this proton in two f o r m s ,  are observed  in the region of c h e m i c a l  shifts  c h a r a c -  
t e r i s t i c  for 4 -H.  Two se t s  of s ignals  with the s a m e  re lat ive  intensity  are  a lso  affi l iated with the ethyl 
groups of the subst i tuents .  The signal  of the proton in the 2 posit ion of keto form I is  not  observed,  ap- 
parently as a consequence  of exchange of 2-H with a labile  deuteron of the so lvent .  The addition of c h l o r o -  
form to a solution of I in CD3OD causes  an i n c r e a s e  in the re la t ive  intensi ty  of the s ignals  of the form 
present  in the l e s s e r  amount, which is  consequent ly  the ketone form,  s ince  the ketone predominates  in pure 
c h l o r o f o r m .  

In addition to the indicated s ignals  of the 7 proton and substituent,  the s p e c t r u m  of the form that p r e -  
dominates  in CD3OD contains a compact  mult iplet  of fl protons at strong field and two mult ip le ts ,  which are 
affil iated with the ~ protons,  at weaker  f ield.  The s tructures  of these  mult ip le ts  are  ev idence  that the 

891 



c'-....../...o\ 

" ' ~ (  ~c=o 
OR 

~ 

5 

2 

Fig.  2. Hydrogen bends in Ia and Ib: 
I) in t ramolecular ;  2) in te rmolecular .  

protons of the quinuclidine ring of the form that predominates in 
CD3OD are equivalent in pairs  and are  consequently affiliated 
with a molecule that is symmet r ica l  re la t ive to the plane of the 
C 2 - C 3 - C  4 atoms .* 

Both enol Ia and dipolar ion Ib, which was proposed in [1] 
as the predominant component of the tautomeric  equilibrium of 
I in CD3OD , a re  symmet r i ca l  forms of this sor t .  A mixture of 
forms Ia and Ib will also give a spec t rum that corresponds  to 
the symmet r i ca l  form when they rapidly interconver t .  

In analogy with bicyclo[2.2.2]octene or quinuclidine derivatives with an endocyclic double bond [4,5], 
the multiplet at weakest field (centered at 3.42) was assigned to the signals of the (~ protons in the anti 
orientation relat ive to the N - C  = C  - C  link. 

OH 

~LNLOOC~H~ 

l a  wb i c  

The spec t rum of a mixture of the two tautomeric  forms - symmet r i ca l  and ketone - is also observed 
at room tempera ture  in deuterated isopropyl alcohol [(CD3)~CDOD]. The ratio of the fo rms  in this solvent 
is about 1 : 1  (table 2). 

P ro ton-magne t i c - re sonance  spec t ra  that are typical for "slow" exchange between the forms [6] were 
observed in all of the cases  considered above. Exchange accelera ted on heating. The signals of the 4-H 
protons of the various fo rms  are  markedly  broadened in the spec t rum of I in CD3OD at 75 ~ while the s ig-  
nals  of the protons of the ethyl group merged as a consequence of the exchange. Using the data in Table 1 
for the 4-H and CH 2 (in C2H5) signals,  it can be demonstra ted that the lifetime of the forms at this t em-  
pera ture  is included in the interval  0.05 see > T > 0.01 sec.  

The spec t rum that cor responds  to this so r t  of " intermediate" exchange [6] between the forms was ob-  
served  at room tempera ture  in deuterated methyl acetate (CD~COOCD3). We were able to slow down the 
exchange on lowering the t empera tu re  to -10  ~ and -35  ~ and observe separa te ly  the signals of the 4-H protons 
in the ketone and symmet r i ca l  fo rms .  

Exchange occurs  even more  rapidly between the ketone and symmet r i ca l  forms in furfural .  In this 
solvent, a change in the tempera ture  has a marked effect on the relat ive concentrat ions of the tautomeric  
fo rms ,  which leads to a dependence of the observed chemical  shift of the 6-H, 7-H, and 4-H protons on the 
t empera tu re .  

Exchange between the forms is accelera ted  by CD~O- ions. Thus only one set of signals with averaged 
chemical  shifts is observed in the spec t rum of I in CD3OD + 0.005MCD3ONa. The lifetime of each of the 
forms in this solvent does not exceed 0.05 sec.  

Turning to the problem of the s t ruc ture  of the symmet r i ca l  form,  we will examine the changes in the 
chemical  shift of the protons of the quinuclidine ring as the state of the ionized groups of molecules  changes.  
As follows f rom Table 1, t ransit ion f rom the symmet r i ca l  forms (in CD3OD) to anion Ic (in fiD3OD + 0.5 M 
CD3ONa) is accompanied by a shift in the signals of all of the protons of the quinuclidine ring to s trong 
field. In this case ,  the maximum effect is observed for the signals of the ~ protons - A5 ~ = 0.5 ppm (aver- 
age value) - and the minimum effect is observed for the y proton - A 57 = 0.26 ppm. It can therefore  be 
assumed that the charge  on the nitrogen atom changes on passing f rom neutra l  methanol to alkaline me th -  
anol. Consequently, dipolar ion Ib is the predominant form in neutra l  methanol.  This conclusion is in 
agreement  with the data obtained in [1]. 

The relative concentrat ion of symmet r i ca l  form Ia + Ib in various solvents is presented in Table 2. 

It follows from Table 2 that the relat ive concentrat ion of the symmet r i ca l  forms does not cor re la te  
with a charac te r i s t i c  of the solvent such as the dielectr ic  permeabi l i ty  (e). However, solvents whose mole -  
cules contain an oxygen atom with an unshared pair  of e lectrons in the p or sp 3 orbitals stand out not ice-  

*The paired equivalence of the fl protons is less appreciable because of merging of the signals of these 
protons into one multiplet.  
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I r 1, 

Fig. 3. PMR spec t rum of a mixture of 
d i a s t e reomers  syn-I I  and anti-II  in CDC13. 

ably with respect  to the percentage of the symmet r i ca l  form.  
It can therefore  be assumed that an in termolecular  hydrogen 
bond, in which the O atoms of the solvent and the N - H  + 
group of the dipolar ion part icipate (Fig. 2, s t ruc ture  1), is 
more  favorable in the bicycl ic  sys tem under considerat ion 
than in t ramolecular  hydrogen bonding in the enol form (Fig. 2, 
s t ruc ture  27. 

The reason for this may be the decrease  in the energy 
of the in t ramolecular  hydrogen bond in Ia because of s ter ic  
effects .  

For  undistorted angles and bond lengths, the distance between the c i s -or ien ted  N and 4-C atoms in 
the N - C  - ~ C - C  f ragment  (taken as being isolated) exceeds the same distance in the N - C - C - C  fragment  
by 0.5 A. The Z C4C3C 2 and Z C3C2N angles in a real  molecule of quinuclidine with an endocyclic double 
bond (for example, in Ia, Ib, or  Ic) are  reduced as compared with the values of these angles in an isolated 
N - C  ~ C - C  f ragment .  Reduction of the Z C4C3C 2 and Z C3C2N angles will induce an increase  in the r e -  
maining angles of this fragment ,  including Z C (OOR)C2C 3 and Z C2C30(H), which will lead to an increase  in 
the (C ~ ) O  "" "H(-O)  distance (Fig. 2, s t ructure  2) and weakening of the in t ramolecular  hydrogen bond. 

Turning to II, it should f i rs t  be noted that the appearance of a second asymmet r i ca l  4-C center  in II 
leads to the possibil i ty of the existence of two d ias te reomer ic  keto forms with syn or  anti orientations of 
the substituent re la t ive to the benzene r ing.  The PMR spec t ra  of II are the spec t ra  of mixtures  of the in-  
dicated d i a s t e r eomers .  Of the signals of the protons of the quinuclidine ring, two singlets of different in-  
tensity,  which are  apparently affiliated with the 2-H protons of the two d ias t e reomer ic  keto forms {Table 3), 
are found at weakest field. The singlet at re la t ively s t ronger  field was assigned to the proton of the 
d i a s t e r eomer  that contains the indicated proton in the syn orientation (and the COOC2H 5 substituent in the 
anti orientation) relat ive to the benzene r ing [7]. The two (and only two) sets  of signals of the protons of 
the ethyl groups of the substituent in the 2 position also attest to the presence  of a mixture  of d i a s t e re -  
omers  in solution. 

Thus the signals of enol" form IIa or dipolar ion IIb were not detected in the PMR spect ra  of any of 
the investigated solvents;  on the basis of this, it can be asse r ted  that the concentrat ion of these forms did 
not exceed 3-5%. 

I l a  lib II c 

Exchange exists between the' keto forms,  since a difference m the relat ive concentrat ions of the di-  
a s t e r eomer s  of Tr is observed in different solvents.  The exchange can be cha rac te r i zed  as "stow," since 
the signals corresponding to t he twod ia s t e r eomer i c  keto forms are na r row at room tempera ture  (and even 
at 90 ~ .* 

The conversion of one d i a s t e reomer  of II into the other is associa ted with detachment of a 2-H proton. 
Replacement  of a 2-H proton by a deuteron therefore  occurs  in solvents that contain labile deuterons 
[CD3OD and (CD3)2CDOD], and this is accompanied by disappearance of the signal of this proton in the PMR 
spec t ra  of the keto fo rms .  At room temperature  deuter ium exchange occurs  at such a ra te  that the 2-H 
signal cannot be observed in the PMR spect ra  of II in the indicated solvents .  Solutions of IIc in CD3OD 
were  prepared  and studied at low {-51 and-24~ tempera tures  in order  to investigate the deuteration ki -  
netics.  The deuter ium-exchange rate  constants (K) at -24 and-51  ~ and the half-exchange t imes (r) at these 
t empera tu res  were found f rom the dependence of the relat ive intensity of the 2-H signals on time, and the 
deuter ium-exchange activation energy (E) was also es t imated. t  

* ~Intermediate" exchange between syn-I I  and anti-II  is observed only on heating (to 75~ in CD3OD in the 
presence  of CD3ONa. 

The values indicated below pertain to the kinetics of deuterium exchange in the predominant d ias te reomer ,  
which is cha rac te r i zed  by a syn orientation of the substituent relat ive to the benzene r ing.  The co r re spond-  
ing constants for the second i somer  have the same order  of magnitude. 
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~ K, min "1 ~=0.695/K, rain E, kcal/mole 
- 2 4  0.34 2 
-51  0.046 16 8 

Thus the deu te r ium-exchange  activation energy ,  i .e . ,  the energy  for detachment  of 2-H in II, is low, 
which is in ag reemen t  with the prev ious ly  indicated low ra te  of exchange between the two d i a s t e r e o m e r i c  
keto f o r m s  at 90 ~ 

The data on the equi l ibr ium of t au tomer ic  fo rms  of I and II in the s ame  solvent  - CD3OD (Tables 1 
and 3) - demons t ra te  that the re la t ive  concentrat ion of the s y m m e t r i c a l  f o rm of 2 -e thoxyca rbony l -3 -oxo-  
quinuclidine exceeds the re la t ive  concentrat ion of the cor responding  fo rm of 2 -e thoxyca rbony l -3 -oxo-  
benzo[b]quinuclidine by a fac tor  of at l eas t  80. This  is poss ib ly  due to the g rea t  r igidi ty  of the benzo[b]-  
quinuclidine molecule ,  as a consequence of which the above-ment ioned  di f ference  in the d is tances  between 
the N and 4-C a toms for  the N - C  ~ C - C  and N - C T - C s - C  4 f r agments  in IIa  or  l ib can be compensa ted  ex-  
c lus ive ly  through dis tor t ion of the valence angles (or bond lengths) and is assoc ia ted  with a cons iderable  
inc rease  in the energy  of the molecu le .  

In addition, it can be assumed  that the shift  of the equi l ibr ium to favor  the keto fo rm of I! over  I is 
a s soc ia ted  with the lower bas ic i ty  of the ni t rogen of the quinuclidine ring of benzo [b]quinuclidine. The 
format ion  of dipolar  ion lib for  the keto e s t e r  of benzo[b]quinuclidine the re fo re  p roves  to be l ess  favorable  

t h a n  the format ion  of Ib for  the keto e s t e r  of quinuclidine. 

A f o r m  with sp2-hybridized 2-C and 3-C a toms in II was observed  only in methanol  in the p re sence  
of sodium methoxide.  In this medium,  s ignals  of anion IIc,  the mo la r  concentrat ion of which approximate ly  
co r r e sponds  to the Na + mo la r  concentrat ion in solution, a re  p resen t  along with the s ignals  of the two di-  
a s t e r e o m e r i c k e t o  fo rms .  The magnitudes of the chemica l  shifts  of the protons  of the C2H 5 group of anion 
IIc a re  in te rmedia te  between the cor responding  values in keto f o r m s  II, as should have been expected f rom 
the g e o m e t r y  of the IIc molecule  and the anisotropic  effect  of the benzene ring on the shif ts  of the protons 
of the C2H 5 groups .  
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