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The mechanis m of the process  M +. ~ ( M - C O )  +" during fragmentation,  under the influence 
of e lectron impact, of some btcyclic amines with a nodal ni trogen atom and containing an 
oxo group in various positions of the bridged sys t em is discussed. Data on the ionization 
potentials and low-voltage mass spec t ra  and f rom high-resolut ion mass spec t romet ry  are 
used. 

It has been shown [2, 3] that the relat ive intensities of the M +. molecular  ion peak and the peak of the 
(M-CO) +. f ragment  in the mass spec t ra  of various substituted fl-oxoquinuclidines at 10-70 eV are indepen- 
dent of a change in the ionizing-electron energy.  It follows f rom Fig. 1 that the M +. and (M-CO) +. peaks and 
their M +. / (M-CO) +. ra t io  have pract ica l ly  equal values in the spec t ra  of fl-oxoquinuclidine (I) at 70 and 12 
eV. Regulari t ies  of this sor t  are  absent in the m a s s - s p e c t r o m e t r i c  disintegration of both monocyclic [4, 5] 
and bicyclic [6] compounds containing a CO group. 

In order  to explain this unusual regular i ty  we determined the ionization potential of the fl-oxoquinu- 
clidine molecule and the energy charac te r i s t i cs  of the formation of the fragment ions. These measurements  
may give an unambiguous answer to the nature of the e lementary  act of ionization of the investigated com-  
pounds, inas much as removal  of an electron fro m the unshared electron pairs of both the nitrogen atom and 
the oxygen atom is possible during the formation of M +.. In addition, the resul ts  obtained make it possible 
to est imate the activation energies of the p rocesses  under consideration. The ionization and appearance po- 
tentials were determined with a photoionization mass spec t rometer .  
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Fig. 1. _Mass spec t rum of f l -oxo-  
quinuclidine at 70 (a) and 12 eV (b). 

The ionization potentials (IP) and appearance potentials 
(AP), the excess energy (AP- IP )  neces sa ry  for the formation of 
the ions, and the relat ive intensities (I) of the peaks formed at ion- 
izing-photon energies of 12.08 eV are  presented in Table 1. 

The ionization potential of the ~-oxoquinuclidine molecule 
(IP =7.95 eV) is typical for saturated amines.  It is known that the 
ionization potentials of diethylamine and t r ie thylamine,  which are  
8.0 and 7.58 eV, respect ively ,  correspond to detachment of an 
electron f rom the unshared electron pair  of the nitrogen atom [7]. 
However, the ionization potentials of various oxo-eontaining com-  
pounds usually are  on the order  of 9.1 eV and higher [8, 9]. F r o m  
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TABLE 1. Mass Spectrum of I and Its Energy Charac te r i s t i cs  

l ionization (IP) andappear~ Activation energy 
Rel. intensity, I, % lance (AP) potentials, eV i (AP-IP),  eV 

IOQ ITIaSS, 
m/e 

125 
97 
82 
69 
56 
55 
42 
41 

i 
40 E 7,95+0,03 

100 i 8,40+0,05 
17 ' 10,8 +0,05 
26 ! 10,87+0,05 
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31 
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11,5< A P  < 1 2  
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Fig. 2. Mass spec t ra  of 4 -oxo - l - azab i cyc lo -  
[3.2.2]nonane at 30 (a) and 12 eV (b) and of 
fi-oxoquinuclidine ethyleneketal at 30 (c) and 
12 e V  (d). 

a compar ison of these data one can probably conclude that the ionization of the fl-oxoquinuclidine molecule 
is rea l ized  via the unshared pair  of the nitrogen atom. 

It follows f rom the last  column of Table i that the activation energy  (c) for the elimination of carbon 
monoxide f rom M +- is 0.45 eV, disregarding the kinetic shift. Moreover ,  the values for all of the other p ro -  
cesses  are higher by a factor of six or more than the analogous pa ramete r  for the react ion M +" -*(M-CO) +-. 
The kinetic shift usually does not exceed 0.2 eV [10]. Consequently, the predominance of the peak of the 
(M-CO) +. f ragment  in the spec t ra  of the investigated compounds at 70 and 12 eV might have been explained 
by the ext remely  low activation energy (~ =0.25 eV) for the splitting out of a neutral  CO molecule. How- 
ever ,  this assumption does not explain the constancy of the M+-/(M-CO) +. ra t io  as the ionizing voltage is 
var ied f rom 12 to 70 eV. 

On the basis of the l i t e ra ture  data, this regular i ty  can be explained by two fac tors :  by a react ion with 
a low activation energy  and a low frequency factor [11] and by fragmentat ion f rom the isolated electronic 
state [12-14]. 

As shown in [2, 3, 15, 19], the fragmentat ion of various functional substituted quinuclidines should be 
considered f r o m t h e  open fo rm of the molecular ion that is formed during cleavage of one of the bridge 
bonds. On the basis of the low-voltage mass spec t ra  and measurements  of the ionization potential with the 
energy charac te r i s t i c s  of the appearance of the fragment  ions it should be assumed that opening of M +" of 
fi-oxoquinuclidine occurs  in only one way, namely,  at the bridge bond containing the oxo group to give ion 
A 1 (scheme 1). The open fo rm of molecular  ion A 1 is a typical amine fragment .  Subsequent splitting out of 
a CO molecule f rom A 1 is accompanied by the skeletal r ea r r angemen t  B ~ C  and the f o r m a t i o n o f r e a r r a n g e d  
ion B [2, 3]. F r o m  the measurement  of the energy charac te r i s t i cs  of the disintegration of M +" of f l -oxo-  
quinuclidine and an analysis of the l i te ra ture  data it can apparently therefore  be concluded that the inves- 
t igated fi-oxoquinuclidines are  a class of compounds, in the disintegration of which the formation of an en- 
erget ica l ly  favorable amine fragment  (fragmentation f rom the isolated state) is successful ly  coupled with 
the subsequent r ea r r angemen t  p rocess  M +- ~ ( M - C O )  +., which has a low frequency factor and an ext remely  
small  activation energy.  Unfortunately, it is impossible to evaluate the contributions of these effects sep-  
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Fig. 3. Mass spectra of 3 -oxo - l , 4 -d iazob i -  
cyclo[3.2.2]nonane at 30 (a) and 12 eV (b). 

arately.  This situation was previously  noted in [16, 17], in which the possibil i ty of fragmentat ion f rom the 
isolated electronic state for such compounds as altphat[c ketones, Sch[ff bases ,  and ketals was discussed.  
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The mechanisms for the disintegration of ions B and C that were presented in [2] and were based on 
a study of metastable ions are  confirmed by a study of the high-resolut ion mass spec t rum of I. The p re -  
cise masses  of most of the f ragments  formed during the disintegration of quinuclidine I and the empir ical  
formulas  of the ions (in parentheses)  found f rom them, which cor respond p rec i se ly  to the s t ruc tures  found 
in [2], are  presented below: 97.0900 (C~HllN); 96.0831 (C6H10N); 82.0668 (CsHsN); 70.0873 (C4HsN); 69.0605 
(C4HTN); 68.0535 (C4H6N); 57.0588 (C3HTN); 56.0495 (C3H6N); 55.0444 (C3HsN). 

One's  attention is drawn to the fact that all of the fragments  in the spec t rum of I that are  of medium 
and high intensity contain nitrogen, and this once again indicates localization of the charge p r imar i ly  on the 
nitrogen atom. The fragmentat ion of other compounds s imi lar  to it, which are considered below, served  as 
a confirmation of the proposed mechanisms of the disintegration of fl-oxoquinuclidines. The mass spec-  
t ra  of 4 -oxo- l - azab icyc lo  [3.2.]nonone (II) and fl-oxoqu[nuclidine ethyleneketal (HI) are  presented in Fig. 2. 
It follows f rom an examination of Fig. 2 (spectra a and b) that the peak of the (M-CO)+. f ragment  in the 
spec t rum of II ts of ex t remely  low intensity at 30 and 12 eV. A pecul iar i ty  of the disintegration of I-III  is 
the presence  in their  spec t ra  at mass numbers  with m/e  97 and below of identical peaks of f ragment ,  meta-  
stable,  and doubly charged ions. * 

*The mass numbers  of the metastable ions detected during the disintegration of I a re  presented  in [2]. 
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Fig. 4. Mass spec t rum of 4 ,4-d i (p- to ly l ) -3-oxo-1-  
azabicyclo[3.2.2]nonane at 70 (a) and 12 eV (b). 

In this cas e, it can be assumed that fragment ions with m/e  97 and below should have identical s t ruc tures  
in the fragmentat ion of I-III .  We note that while the s imi la r i ty  in the spec t ra  of I and H is not so obvious, 
the spec t ra  of I and III a re  absolutely identical in the indicated range. The identical charac te r  of the dis-  
integration of I - I I I  and the ext remely  low intensity of the peak of the (M-CO) +. fragment in the spec t rum of 
II are  due to the format ion of the open fo rm of the molecular  ion for II and III in the fo rm of s t ruc tures  A 2 
and A3, which are  formed during a cleavage of the bond containing the functional group (scheme 1). In this 
case,  elimination of CO f r o m  A 2 is impossible,  and the known [2] disintegrative p rocesses  lead to identical 
f ragments  B and C for I-III .  It is interest ing to note two c i rcumstances  that follow f r o m  an examination of 
Fig. 2 (spectrum d). F i r s t ,  the ion peak with m/e  97 at 12 eV in the spec t rum of quinuelidine HI, in con- 
t r a s t  to I, is not of maximum intensity. Inasmuch as the A1--*B--43 and A s ~ B - - C  p rocesses  are  identical, 
this phenomenon apparently may attest  to a considerable effect on the skeletal  r ea r r angemen t  of the stabil-  
ity of the neutral  par t ic les  that are  split out. Second, the mass of spec t rum of III is an additional conf i r -  
Ination of charge local izat ion in M +" for I - I I I  only on the nitrogen atom. In fact, in contras t  to the f ragmen-  
tation of a number of ethyleneketal derivatives [18], the peak of charac te r i s t i c  f ragment  D with m/e  99, for 
the formation of which all of the n e c e s s a r y  conditions are  present  in the disintegration of ketal HI 
(M +. --*A' 3 --*m/e 99), is of re la t ively  low intensity in the spec t rum of III. 

In view of the fact that the initial cleavage of the bridge bond in M +. stabil izes the ion-radical  center  
on the ni trogen atom, the driving force of the disintegration of the compounds under considerat ion is the 
presence  of an unpaired electron on one of the carbon atoms in the open fo rm of M +.. 

C - % o  - 
*+  

N:" m/e Iio 
IV 

Scheme 2 

N.2c.o 

CH 2 CH2 
~ / .  E m/e 95 A~ 

C m/e ~7 

This assumption is i l lustrated graphical ly by an examination of the fragmentat ion of other compounds con- 
taining an oxo group in various positions of the bridge. 

The mass spec t rum of 3-oxo-l ,4-diazobicyclo[3.2.2]nonane (IV) and its deutero analog (IVa) are  p r e -  
sented in Fig. 3. The pecul iar i ty  of the disintegration of this compound is also explained by the s t ruc ture  
of open molecular  ion Ar (scheme 2). The elimination of a CONH radical  f rom A 4 with subsequent cleavage 
of a second bridge bond leads to known fragment C with m/e  97. Yet another possibil i ty before the occur -  
rence  of the ene rge t i ca l l y f avo rab l e r ea r r angemen t  p rocess  - formation f rom A 4 of an ion with conjugated 
bonds (E) with m/e  95 during elimination of a formamide molecule - is rea l ized  in the fragmentat ion of IV. 
The r ea r r angemen t  charac te r  of the formation of f ragments  with m/e  97 and 95 is confirmed by the low; 
voltage mass spec t rum,  in which peaks of these ions are  distinctly observed.  The A 4 ~ E  and A 4~C mech-  
anisms are  conf i rmed by the spec t rum of the deutero analog (IVa), in which the peaks of ions with m/e  97 
and 95 have the same charac te r i s t i cs  as those observed  for IV. It follows f rom an examination of Fig. 3 
that the (M-CO) +. ion peak in the spec t rum of 3-oxo-l ,4-dtazobicyclo[3.2.2]nonane at 70 and 12 eV has an 
approximately constant re la t ive  intensity. In this connection, it seems of interest  to us to also study the 
mass spec t ra  of other compounds s imi lar  to IV but substituted, for example, in the 4 position. The mass 
spec t ra  of 4 ,4-di (p- to lyl ) -3-oxo- l -azabicyclo[3 .2 .2]nonane (V) and 4 ,4-d imethy l -3-oxo- l -azab icyc lo[3 .2 .2 ] -  
nonane (VI) are  presented in Figs.  4 and 5. In contras t  to II mid IV, (M-CO) +. f ragments  G (with m/e  291) 
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Fig. 5. Mass spectrum of 4,4-dimethyl-3-oxo- 
1-azabicyclo [3.2.2]nonane at 70 eV. 

and H (with m/e 139) are primarily formed during the disintegration of V and VI at both 70 and 12 eV. The 
fundamental mechanisms of the disintegration of V and VI are presented in scheme 3. From an examination 

Scheme 3 
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of this scheme it should be assumed that the ease of elimination of a CO molecule from open molecular ions 

A 5 and A 6 is apparently due to the effective stabilization in the (M-CO) +" ion of the radical center at C 4. In 
the first case, this is achieved through the effect of conjugation of the unpaired electron with the ~ electrons 

of the tolyl substituent, while in the second case it is achieved through inductive stabilization of the radical 

center by two electron-donor groups. Inasmuch as the process M +. ~(IK-CO) +. for V is not accompanied 

by simultaneous skeletal rearrangement, the practically constant M+./(M-CO) +. ratio in the spectrum of 

V at 70 and 12 eV can apparently be explained only by fragmentation from the isolated electronic state of 
the A 5 ion. It is obvious that the process F ~G facilitates this to a great extent. 

CH 3 C11~ 
\ /CH 3 \ /CH 3 

/C~.co ~ c  

CH 2 CH 2 

,~I:" ra/e 167 A s H m/e 139 

VI 

Thus it follows from an examination of the mass spectra of I-VI that the (M-CO) +. ion is observed 

during the disintegration of all of the investigated bicyclic compounds with a nodal nitrogen atom and con- 

taining oxo groups inthe /3 position. However, predominant elimination of a CO molecule is observed only 

if: a) the formation of the open form of M +" occurs at the bridge bond that immediately contains the oxo 

group; b) stabilization of the radical center in the (M-CO) +. ion is realized as a result of the energetically 
favorable skeletal rearrangement or due to other stabilizing factors. In this case, the process 
M +" -*(M-CO) +. can be characterized by a low frequency factor and a low activation energy or by fragmen- 
tation from the isolated electronic state. 

EXPERIMENTAL 

The low-resolution mass spectra were investigated with an MKh 1303 spectrometer and an LKV-9000 

chromatographic mass spectrometer with introduction of the substances directly into the ion source; the 

ionizing voltage was 10-70 eV, and the cathode emission current was 0.75 pA (MKh 1303) or 60 pA (LKV- 

9000). The inlet temperature of the substances was 20-50~ and the ionization chamber temperature was 

125 ~ (MKh 1303) or 250 ~ (LKV-9000). The ionization and appearance potentials were determined with an 
MKh 1311 photoion[zat[on mass spectrometer. The high-resolution mass spectrum was recorded with an 

IMS-01 SG-2 mass spectrometer with an automatic system for information processing. 
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The compounds were synthesized and purified by the method described for I [2], II [19], III [20], IV 
[21], V [22], and VI [22]. 

In conclusion, the authors thank E. E. Mikhlina, A. D. Yanina, V. Ya. Vorob'eva, and L. I. Mastafanova 
for kindly providing us with the compounds used in this research.  
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