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Many w o r k e r s  have repor ted  that in the m a s s  spec t r a  of the cardenol ides  the molecu la r  ion has a 
low intensity or  is absent  [1-6]. A compar i son  of spec t r a  has shown that a dec r ea se  in the size of t h i s p e a k  
is obse rved  with an i nc rea se  in the number  of oxygen-containing subst i tuents  in the s teroid  nucleus of the 
aglycone.  There  is no doubt that because  of the low volat i l i ty of the compounds under  cons idera t ion  a c e r -  
ta in role  may be played by the spli t t ing off of subst i tuents  before  e lec t ron  impact .  The absence of t r a c e s  
of dehydrat ion products  on the c h r o m a t o g r a m  of a sample  of s trophanthidin kept under  the conditions of the 
inlet s y s t e m  of a m a s s  s p e c t r o m e t e r  [6] is not a definitive proof  of the absence  of t h e r m a l  react ions .  Ac-  
cording to Marshal l  and Wil l iams [7], the decomposi t ion of the molecules  of the sample  may  take place at 
the walls of the ion source  a f t e r  the evapora t ion  of the molecules  f rom the inlet sys t em.  Such a possibi l i ty  
is  shown by a red is t r ibu t ion  of intensi t ies  in the spec t r a  of aglycones of the s t rophanthidin s e r i e s  with an 
inc rease  in the durat ion of the exper iment ,  

We had avai lable  exper imen ta l  r e su l t s  showing that the stabil i ty of the M + ion of the aglycones depends 
not only on the total  number  of subst i tuents  but a lso  on the nature of some of them. In o rde r  to study the 
influence of var ious  substi tut ing groups on the s tabi l i ty  of the molecu la r  ions, we have compared  the spec-  
t r a  of a number  of cardenol ides .  To reduce to a min imum the di f ferences  caused by the d i s s i m i l a r  vol-  
a t i l i t ies  of the subs tances  se lec ted,  the m a s s  s p e c t r a  were  taken under  comparab le  conditions (MKh-1303 
ins t rument ;  t e m p e r a t u r e  of the inlet tube ml60°C and of the ionization c h a m b e r  m125"C; ionizing voltage 
40 V). 

Table  1 gives  for  the compounds (I-XI) studied the m a s s  numbers  and intensi t ies  of the mo lecu l a r  
ions in re la t ion  to the total ion cu r ren t  in the sequence of a dec rease  in the l a t t e r  magnitude.  

Let us f i r s t  compare  the s tabi l i t ies  of the mo lecu l a r  ions of subs tances  differing by some one sub-  
st i tuent.  On pass ing  f r o m  digltoxigenin (III) to per ip logenin  (VI) and f r o m  the methyl  e s t e r  of cannogenic 
acid (IV) to the analogous e s t e r  of s trophanthidinic acid {V), i.e., on the r ep lacement  of 5-H by 5-OH, the 
intensi ty of M + d e c r e a s e s  fou r -  to flvefold. A dec rea se  of this magnitude also takes  place with an in- 
c r e a s e  in the degree  of oxidation of the angular  subst i tueat  R1. In a s e r i e s  of compounds where all the 
o ther  subst i tuents  a re  the same,  per ip logenin  (VI, R~ =CH 3) has the g r ea t e s t  value of M + (0.2%); in s t r o -  
phanthidol (VII, R 1 =CH2OH) it is 0.1%, and in the spec t r a  of strophanthidin (VIII, R~ =CHO) and s t rophan-  
thidinic acid (XI, Rl=COOH),  the mo lecu l a r  ion is absent .  

The 10f l -hydroxy-19-nors te ro ids  (I) and (II) [8], the molecu la r  ions of which a re  the mos t  stable,  
occupy a specia l  posi t ion.  While in the s p e c t r u m  of 17(~-hydroxystrophanthidin 3 -ace ta te  (IX) M + is absent, 
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in the spec t rum of the acetate {II), which differs f rom the preceding compound only with respect  to R l, the 
intensity of the molecu la r  ion amounts to 1.2%. Thus, when the other s t ructural  elements of rings A, B, 
and C are constant the substituent at C10 has the grea tes t  influence on the stability of the M + ions of the 

cardenol ides .  

According to the l i tera ture  [9], one of the p r ima ry  acts of the decomposit ion of M + of s teroids  is the 
cleavage of the C1-C10 bond. This leads to a rapid elimination of the oxygen-containing substituents of 
ring A,  and also to an increase  in the stability of the ions obtained by the e l iminat ionof  these substituents [6]. 

10/~-Hydroxy-19-nor compounds differ f rom the other compounds by the fact that the C10 atom here 
is t e r t i a ry  and not quaternary .  With this fact we connect the decrease  in the probabil i ty of the initial rup- 
ture  of the C1-C10 bond as a consequence of which the stability of the M+ion of compounds (I) and (II) in- 
c reases .  

Apparently, a definite competit ion exists  between the p rocesses  of the splitting off of the side chains 
and the f a r - reach ing  decomposit ion of the steroid nucleus under e lectron impact.  In the preceding paper  
[6], we did not give any concrete  charac ter iza t ion  of the la t ter  process ,  l imiting ourselves to some qual-  
itative ideas.  Consequently, in Table 1 we give the intensities of the peaks forming the ions of ser ies  a 
and c. These ions are  the most  important of all those formed in the fragmentat ion of the cardenolide skel-  
eton [2, 6, 10]. They include the par t  of the steroid nucleus shown in the general  formula.  

The numerical  indices attached to the le t ters  a and c (Table 1) show the numbers  of the substituents 
of ring A retained by this ion. For  example, al,2, 3 means that this ion contains the substituents R 1, R 2, 
and R30. The ions a 0 and c o do not include any of these substituents. Thus, the index attached to the ion a 
o r  c with the grea tes t  mass  shows the maximum number of substituents capable of being retained in the 
f ragment  of this se r i es .  It can be seen f rom the Table that, with some exceptions, the more  stable molec-  
u lar  ions correspond to the g rea te r  number  of substituents retained by f ragments  a and c. 

There is no apparent relationship between the intensities of M + and the s izes of the ions a and c 
g rea tes t  in mass .  At the same time, on summing the intensities of all the ions of ser ies  a and c (Table 1) 
it is not difficult to observe a definite regular i ty .  The level of the values of Y~ of compounds with stable 
molecular  ions {I-VI) is, as a rule, an o rder  of magnitude higher than the corresponding values in spec t ra  
where M + is absent (VIII-XI) or  is very  small  (VII). 

In the values of Ec, excluding the acids (X) and (XI) and their  e s t e r s  (IV) and (V) a symbatic  relat ion- 
ship with the stability M + appears .  

Thus, with an increase  in the stability of M + to electron impact a general  tendency is noted to a rise 
in the total contribution of the ions formed by the cleavage of the bonds of the main skeleton. 

Before beginning a discussion of the causes  of the anomalies in compounds (IV, V, X, and XI) we 
must  dwell on the pathways of the origin of the individual ions of ser ies  a and c. Two independent decom- 
posit ion pathways of M + have been considered in the l i terature  [2-5, 11], i.e. 

I - - ~ ( M - -  H~O i* -~ ( M - - 2 H 2 0 }  * ~ . . . .  ( M - - n  H..,O) ~-, 

2 L--+a+--+(a--H20)+~(a--2H~O)+.-+...--+(a-- n H20) + 

Analysis  of the spec t ra  of the cardenolides has shown, however, that routes 1 and 2 are  interdepen- 
dent, i.e., the ions {a - nH20) + can be formed not only f rom a+bu t  also f rom ( M -  nH20) +. For  this reason,  
the individual ions of ser ies  a Oust like c) can differ not only by the number  of double bonds, as has been 
considered [1-5], but also by the s t ruc ture  of the whole skeleton. 

Let us cons ider  the spect rum of the s implest  of the aglycones - digitoxigenin (III). Although its M + 
ion is one of the most  stable (1.0%), we do not observe in it the peak of the ion al,2, 3 with m/e  221. 

The intensity of the single ion of this ser ies ,  al,  2, with m/e  203 is of the same order  as Y.a of com-  
pounds the spec t ra  of which contain all the ions of this ger tes ,  including al,2, s (I, IV, V). Consequently, the 
ion with m / e  203 was formed as the result  of an ext remely  energet ical ly favorable p rocess .  The s t ructure  
a with the charge on C13 and the double bond at C3=C 4 [10] or  C2=C s [2] usually ascr ibed to this ion con- 
t radic ts  such a charac te r i s t i c .  F rom these points of view, it is not c lea r  why the hydrated fo rm of this 
ion with m/e  221 is unstable.  
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At the same  t ime,  the metas tab le  peak  with 115.7 a .m.u  in the spec t rum of (IT[) shows the p r e sence  
of the t rans i t ion  356 + (M - H20)-~203+~ i .e. ,  the fo rmat ion  of the ion al ,  2 is p receded  by the e ject ion of a 
molecule of wa te r  at the expense of the 3fl-OH group (the e l iminat ion of H20 with the par t ic ipa t ion  of the 
14/~-OH group would grea t ly  reduce the probabi l i ty  of the appearance  of the ions a). This  a s s u m e s  the t r a n s -  
f e r  of the act ive cen te r  f r o m  one point of the cardenolide ion to another .  

We have shown previous ly  [6] that  the ions cl,2, 3 and ct, 2 in the same  spec t rum of (III) a re  fo rmed  by 
- :  H20 

different  pathways and a re  not connected with the t rans i t ion  c i , 2 ,  3 -  • cl, 2. Then the metas tab le  t rans i~  
tion ct, 2 - -a t ,~  (m* = 167.5 a.m.u) was observed .  

What has been  said above p e r m i t s  the following scheme for  the decomposi t ion  of M+ofdigi toxigenin 
to be put forward:  

• - ] - t  

HO 

,3 ,7J 
,5~1e I 

1~ 10 ••DH 
O0 

]V1-H20 , 3zt6 m/e 

+ J 
° 

~'f,2,3 ~ 284 m/~ + + 

c~,2,24e role _ . H(O)I H(IGJ 

After  the c leavage of the Ct3-C17 bond, the c leavage of the C15-Ct6 bond takes  place,  which i m m e -  
diately leads  to the ion ct,2, 3 with m / e  264. The fo rma t ion  of the ion ct, 2 with m / e  246 is p receded  by the 
c leavage of the C1-C10 bond, the e l iminat ion  of wa te r  at the expense of the 3;~-OH group, the t r a n s f e r  of 
the act ive cen te r  r ing D, and decomposi t ion through the in te rmedia te  s tate  of the iso compound [6]. Ap- 
parent ly ,  the fo rmat ion  of the ions c of the ma jo r i ty  of the compounds cons idered  takes p lace  s imi l a r ly ,  
Only in the spec t rum of the methyl  e s t e r  (IV) is there  an ion cl,2, 3 a r i s ing  in the same way as the ion 264 
m / e  (Scheme). 

In genera l ,  the local izat ion of the charge  on the C10 a tom is probably  l e s s  c h a r a c t e r i s t i c  of compounds 
with a COOCH 3 group (IV and V); the main  decomposi t ion pathways begin with the c leavage of the C13-C17 
bond, and the tons at,2, 3 a re  p re sen t  in the i r  spec t ra .  

Now we mus t  explain the anomalously  high value of ~c in the spec t r a  of the acids (X) and (XI) and the 
e s t e r s  (IV) and (V). The mos t  acceptable  explanation may be the lactonizat ion of these compounds by the 
e l iminat ion of wa t e r  (or methanol) through the 19-COOR group and one of the hydroxyls .  This  p r o c e s s  may 
lead to the s tabi l iza t ion of the tons. Here  the re  a re  analogies with the8,19~-lactone of p r e g n a n e - 1 9 - c a r -  
boxylic acid {XIII) [12]. In the spec t rum of this  compound taken r e c e ~ l y ,  the m o l e c u l a r  ton has a cons ide r -  
able intensity,  while in the spec t rum of t~he cor responding  acid (XII) obtained by the oxidation of s t rophan-  
thidln (VIII), the M + ion is absent .  
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TABLE 2. Relative Contents of Deuterium (d) in Var i -  
ous Ions of the Spectrum of Deuterated Methyl Canno:  
genate (IV) 

Ion 

N[ + 
M--H20 
M--2H20 
M--CH3OH 
M- CHaO H-- H,20 
M--CH3OH--2 H20 
265(al,2,3) 
247( ~,2 ) 
233(a2,3) 

205(a2,3) 
187( a2 ) 
308(fl,2,3) 
29ol c,,2 ) 

231/230( c2 ) 
213m2( ~ ) 

Ill m/e 

I 
19-COOCH~ 

+_ 

+ 

+ 
+ 

$ubstituent~ retained in 
the fragmentary ions 

3~-OD 14~-OD 

_+ ; 

+ 

+ 

+ - 

+ 

bute- 
nolide 
rin~ 

+ 

++ 
+ 

+ 

1,00 
0,70 
0,52 
0,82 
0 65 
0,40 
0,25 
0,00 
0,15 
0,00 
0,18 
0, O0 
0,44 
023 
0,00 
0,00 
0,47 

If the elimination of water  at the expense of the 19-COOR and C14-OH groups under e lectron impact 
will take place without the t r ans fe r  of the oxygen function to C3, the formation of a C O - O - C 1 4  bond will 
prevent  the appearance of the ions of ser ies  a. At the same time, this p roces s  does not prevent the fo rma-  
tion of ions c, since cleavage of the C15-C16 bond is neces sa ry  for this. 

For  a proof of lactonization it was necessa ry  to determine whether the splitting off of the OH (orOCH3) 
group f rom C19 takes place simultaneously with that of the hydrogen f rom any of the hydroxyls.  It was nec-  
e s s a r y  to study the spec t ra  of the OD analogs, since in this p rocess  of lactonization a molecule of D20 (or 
CH3OD~ and not of HDO (CH3OH) as usual, must be eliminated. However, the possibil i ty is not excluded of 
the el imination of D20 at the expense of two hydroxy groups.  Consequently, we dwelt on the products  of the 
deuter ium-exchange of the methyl e s t e r s  (IV) and {V), considering that although their  lactonization is less  
p re fe r r ed  than that of the acids, its detection may be more  reliable. 

; 00" 

H[ ]~OH H 
XI! Xtll 

For  a quantitative evaluation of the distribution of the isotopic label in the various f ragments  of the 
spec t ra  of the deuteroanalogs,  we had recourse  to the following method of calculation. By Biemann's  meth-  
od [13] we calculated the precentage contribution of the D n ions containing 0, 1, 2 . . . n  deuter ium atoms 
for  each fragment .  Then the magnitudes obtained were multiplied by the number of deuterons cor respond-  
ing to them and the products  were added: 

Do.0 + D1"I + D 2 " 2 +  " "  + D , ~ . n  = Dx . (1) 

The value of D i for  the molecular  ion (D M) calculated by means of Eq. (1) is the grea tes t  among the values 
of D 1 for  this spect rum.  The values of D 1 of the f r a g m e n t a r y  ions (DF), r e fe r red  to D M, showed the re la-  
tive contents of deuter ium in each f ragment :  

d = D ~ / D ~ .  (2) 

Thus, d for  the molecular  ion is equal to unity. The differences between the values of d of the ions passing 
into one another  numerical ly  charac te r ize  that f ract ion of the total amount of isotope that is lost during the 
given transi t ion.  

The distr ibution of the values of d between the individual ions of the spect ra  of the deuterated e s t e r s  
(IV) and (V) is shown in Tables 2 and 3. Table 2 also shows the substituents retained in the given ions 
with the grea tes t  probabili ty.  

177 



TABLE 3. Relat ive Deute r iumC0n-  
tents  {d) in Var ious  Ions of the Spec-  
t r u m  of Deutera ted  Methyl Strophan- 
thidtnate (V) 

Ion d I Ion 

M ÷ 
M-H20 
M--2 H20 
M--3 H~O 

1,00 M- H20~--CHaOH 0,78 
0.69 M-2 HeO-CH3OH 
0,55 M--3 H~O--CH3OH 

Illl m,le 

0.66 
0,52 
0,40 
0,46 

The e l iminat ion of two molecu les  of wa te r  and a molecule  
of methanol  f r o m  M + of (IV) can take  place by six a l te rnat ive  
routes ,  the e l iminat ion of a molecule  of wa te r  decreas ing  the 
value of d by an average  of 0.24, and the eject ion of methanol  
by 0.12. 

On the el iminat ion of water ,  the mean  dec rease  in d in the 
spec t rum of the deutera ted  e s t e r  (V) is about 0.15. Almost  the 
same change in this  value takes  place on the e ject ion of methanol 
(Table 3). The l a t t e r  fact,  just  like the analogous phenomenon 
in the case  of the e s t e r  (IV) is evidence in favor  of the absence 
of lactonizat ion.  

Some of the f r agmen t s  of s e r i e s  c of the e s t e r s  (IV) and (V) a re  doublets,  which is connected with 
the possibi l i ty  of the e l iminat ion of R 1 e i the r  in the fo rm of COOCH 3 or  in the f o r m  of HCOOCH 3. (In the 
case  of the acids (X) and (XI), e i ther  COOH or  CO 2 is spli t  off.) 

The ions 231-230 m / e  {c 2) in the spec t rum of (IV) do not contain an isotopic label .  This  conf i rms  
the fact that in the fo rmat ion  of the ions c the mobile  hydrogen of ~he 14fl-OH group can mig ra t e  into the 
f r agmen t s  spli t  out in the same  way as has been  shown in the scheme for  the ion w i t h m / e  246 of digitoxigenin. 
The possibi l i ty  of the i somer iza t ion  of the lactone ring with the par t ic ipa t ion  of the 14/3-OH is not excluded, 
e i ther  [6]. 

F r o m  this point of view, it is useful to cons ider  the magnitude of d for  the ion with m / e  111 including 
the lactone ring and the C16-C17 chain [2, 6]. In the spec t r a  of both e s t e r s  it occupies an in te rmedia te  pos t -  
t ion [0.47 (IV) and 0.46 (V)] between the values  of d of the ions obtained in the success ive  e l iminat ion of all 
the wa te r  molecu les  [0.52 (IV) and 0.55 (V)] and the magnitudes calculated for  the ions which have lost,  in 
addition, a molecule  of methanol [0.40 (IV) and 0.40 (V)]. 

This  c i r cums tance  apparent ly  re f lec t s  the compet i t ion between the p r o c e s s e s  of i somer iza t ion  and 
lactonization,  since in the f i r s t  case  the 14fl-OD deute r ium a toms are  t r a n s f e r r e d  into the lactone ring [14], 
thus increas ing  the value of d of the ion with m / e  111, and in the second case  a lmos t  all the deuterons  of 
this group are  spli t  off in the f o r m  of CH3OD. Fu r the rmore ,  it mus t  be borne in mind that the usual mech-  
an ism of the e l iminat ion  of a molecule  of wa te r  at the expense of the 14fl-OD group is superposed on the 
p r o c e s s e s  descr ibed  above. 

S U M M A R Y  

The stabil i ty of the molecu la r  ions of the cardenol ides  depends to the g r e a t e s t  extent on the nature 
of the substi tuent  at CI0. A tendency is observed  to a dec rea se  in the intensi t ies  of the peaks  of the main  
ions of the s e r i e s  fo rmed  by the c leavage of the bonds of the s teroid  skeleton with a dec rea se  in the s t a -  
bili ty of the M + ion. The anomalous inc rease  in the intensity of some f r a g m e n t a r y  ions in the spec t r a  of 
the 19 -COOR compounds is due to the lactonizat ion of the l a t t e r  under the conditions of m a s s  s p e c t r o m e t r y .  
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