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The behavior  of  the s imp le s t  indole s y s t e m s  upon e lec t ron  impact  is examined.  The r e -  
a r r a n g e m e n t s  occu r r ing  during the f i r s t  s tages  of  the dis integrat ion a r e  d iscussed ,  and the  
effect  of these  p r o c e s s e s  on d issoc ia t ive  ionization is demons t ra ted .  The poss ib le  d is in te-  
grat ion mechan i sms  were  conf i rmed  in a number  of cases  by invest igat ion of labeled  c o m -  
pounds and by the appl icat ion of h igh- reso lu t ion  mass  s p e c t r o m e t r y ,  kinetic methods,  and 
low-vol tage  mass  s p e c t r o m e t r y .  

The p resen t  r ev i ew is devoted to an examinat ion of the behavior  of the s imples t  indole s y s t e m s  during 
e lec t ron  impact .  R e s e a r c h  on the mass  s p e c t r o m e t r y  of pos i t ive ly  charged  ions is d iscussed .  Special  a t -  
tent ion is d i rec ted  to the r e a r r a n g e m e n t  p r o c e s s e s  occu r r ing  in the f i r s t  s tages  of the dis integrat ion of the 
molecu la r  ion, s ince it is p r e c i s e l y  these  p r o c e s s e s  that usual ly  lead to the development  of the most  intense 
c h a r a c t e r i s t i c  peaks .  Studies devoted to the quanti tat ive c h a r a c t e r i s t i c s  of d issocia t ive  ionization a r e  not 
cons ide red  in this review.  

The ci ted l i t e r a t u r e  e n c o m p a s s e s  publicat ions that  have appea red  up to October  1972. 

I n d o l e  a n d  M e t h y l i n d o l e s  

The dis in tegra t ion of indole under the influence of e lec t ron  impact  p roceeds  e x t r e m e l y  se lec t ive ly :  
t he re  a r e  only th ree  intense peaks  with m a s s e s  of 116, 90, and 89 in its mass  s p e c t r u m ,  in addition to t h e  
molecu la r  ion (mass  117) and the cor responding  doubly charged  ion [1-3]. Metastable  peaks  cor responding  
to the following p r o c e s s e s  were  obse rved  in the mass  s p e c t r u m  of indole [3]: 117+---90++27, apparent  mass  
69.2; 90+---89++1, apparen t  m a s s  88.0; 89+--63++26,  apparent  mass  44.5. 
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The metas tab le  ions make it poss ib le  to r e p r e s e n t  the dis integrat ion of indole by means of the scheme  p r e -  
sented above. * 

The ions with m a s s e s  90 and 89 a r e  probably  dehydrot ropyl ium ions. The metas tab le  ion, which indi- 
cates  detachment  of C~H2, indirect ly  conf i rms  the p r e sence  of a seven-meIr lbered  hydrocarbon  s t ruc tu re ,  
for which this so r t  of d is integrat ion is e x t r e m e l y  cha rac t e r i s t i c .  However,  the poss ib i l i ty  of the exis tence 
of other s t r uc tu r e s  is not excluded [4]. 

The p re sence  of an alkyl subst i tuent  leads to c leavage of the fl-bond with r e s p e c t  to the a roma t i c  s y s -  
t e m  and to the fo rmat ion  of an intense peak  of (M-1)  + ions for  the methylindoles.  As for me thy lpy r ro l e s ,  
as well as the O and S analogs,  it is a s sumed  that  this so r t  of c leavage leads to expansion of the f i v e - m e m -  
be red  r ing  of the indole s y s t e m  to a s i x - m e m b e r e  d r ing  and to the format ion  of a quinolinium cation [1, 5-7]. 

7 .  + 

130 

~ . . . ~ ,  - -  HCN 
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Ring expansion may be realized either with migration of the C-C  bond (path A_) or miEs of the 
C - N  bond (path B). Marx and b j e r a s s i  [8], in a study of the isotopic dis tr ibut ion in the ( M - H - H C N )  + ion 
with mass  103 in the mass  s p e c t r u m  of 2-methyl indole  labeled with C t3 at the methyl group and in the 2 po-  
sit ion, concluded that pa th  A is p r e f e r r e d ,  but ~ 14% of the ions with mass  103 a re  fo rmed via a path other  
than paths A and B; f r o m  all appea rances ,  c leavage of the phenyl r ing  occurs  here .  

The dis integrat ion of seven  i somer i c  methylindoles was co r r e l a t ed  by Powers  [9]. During d issoc ia t ive  
ionization, C-methyl indoles  init ial ly lose  hydrogen with subsequent  expansion of one of the r ings  and f o r m a -  
tion of ions b o f f ,  which in turn  lose  HCN and give the CsH~ + ion with mass  103. The la t t e r  lose  C2142 and 
f o r m  the CsH5 + ion. N-Methylind01es undergo dis in tegra t ion in a s im i l a r  manner ,  but another  route  is a lso  
poss ib le  [equation (3)]. 

The use of a kinetic method of analys is  [11, 12] for  methyltndoles [10] with applicat ion of the m e t a -  
s table  ions showed that  the ( M - l )  + ions in the mass  s p e c t r a  of 4- ,  5- ,  6- ,  and 7-methyl indoles  have ve ry  
c lose  ene rgy  distr ibut ions and s t ruc tu re s .  This is evidence for  randomiza t ion  (intermixing) of the subs t i -  
tuent in the  (M-1)+ion.  The r e s u l t s  do not enable one to draw any concre te  conclusions wha tsoever  r e g a r d -  
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*Here  and e l sewhere ,  the number s  under the fo rmulas  r e p r e s e n t  the ra t io  of the mass  to the charge  ( m / e ) ,  
the numbers  in pa ren theses  r e p r e s e n t  the intensi ty of the peak  of the cor responding  ion in percen t  of the 
total  ion cur ren t ,  the numbers  i n b r a c k e t s  r e p r e s e n t s  the intensi ty  of the ion peak  in pe rcen t  of the m a x i m u m  
peak  in the s p e c t r u m ,  and an a s t e r i s k  indicates the p r e sence  of the cor responding  metas tab le  ion. 
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ing the s t r u c t u r e  of the ions; they may be e i ther  azaazulen ium ions (ion b) o r  some  other  type of ion (for 
example ,  l inear  and polyunsatura ted  ions).  

The c lose  in tensi ty  r a t io s  of  the metas tab le  and cor responding  daughter  ions for  2-  and 3 -me thy l in -  
doles and the i r  cons iderab le  di f ference f r o m  the r ema in ing  i s o m e r s  make it poss ib le  to a s s u m e  another  
s t r u c t u r e  for  the ( M - 1 )  + ions, for  example ,  a quinolinium ion (s t ruc ture  f ) ,  which is in ag reemen t  with the 
conclusions drawn by Marx and Dje ra s s i  [8]. According to the kinetic invest igat ions ,  the s t ruc tu re  of the 
( M -  1) +ion in the mass  s p e c t r u m  of 1- methyl  indole differs  cons iderab ly  f r o m  the s t ruc tu re  of the ( M - l )  + 
ions fo rmed  in the d is in tegra t ion of 2- and 3-methyl indoles .  

The intensi ty  r a t i o s  of the metas tab le  peak  and the peak  of the daughter  ion obtained for the p r o c e s s  
ion c (mass  103) -Hon d (mass  77) a r e  c lose  for  the m a s s  s p e c t r a  of all of the i s o m e r s  except  for  N - m e t h y l -  
indole. This fact  p rov ides  evidence that detachment  of HCN f r o m  two energ iea l ly  different  CBH~N + ions is 
accompanied  by  intensive ske le ta l  r e a r r a n g e m e n t  and leads  to the fo rmat ion  of C8H7+ ions, which a re  s t r u c -  
t u r a l l y  and ene rg ica l ly  s i m i l a r  for  all  of the C-methyl indoles .  

The data a r e  conf i rmed  [10] by an analys is  of  the s p e c t r a  of the kinetic energ ies  of the ions [13, 14]. 

Three  types  of r e a r r a n g e m e n t  p r o c e s s e s  leading to expansion of the r ings  a re  fundamental ly  poss ib le  
for  di - ,  t r i - ,  and polymethyl indoles  [15-18]. 

1. Loss  of  a hydrogen a tom of the methyl  group in the 1, 2, and 3 posi t ions  of indole with subsequent  
expansion of the p y r r o l e  r ing  and fo rmat ion  of a quinoline s t ruc tu re .  This s a m e  p roce s s  is poss ib le  when 
at l e a s t  two adjacent  methyl  groups  a re  p r e s en t  with loss  of one of them and hydrogen migrat ion.  

2. Loss  of two hydrogen  a toms  by two methyl groups  in the py r ro l e  r ing  of indole or  loss  of a hydro-  
gen a t o m  of the methyl  group of the methylquinol inium ion (which is fo rmed  ea r l i e r )  with subsequent  ex-  
pans ion of it to an azepin ium ion. The l a t t e r  on losing a hydrogen a tom can be conver ted  to an aza t ropy l ium 
ion. The loss  of CH~ and H is a lso  poss ib le  when th ree  methyl  groups a re  p r e sen t  in the py r ro l e  r ing  of in- 
dole. 

3: Loss  of  a hydrogen a tom (one of the two Vicinal methyl groups) of the methyl  group in the benzene 
r ing  of the indole with its subsequent  expansion to the cor responding  t ropy l ium s t ruc tu re :  
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The intensi ty  of the peaks  of the (M-15)  + ion in d imethy l - ,  t r i m e t h y l - ,  t e t r a m e t h y l - ,  and pen tame th -  
yl indoles [17] i nc rea se s  l i nea r ly  as the number  of methyl  subst i tuents  i nc reases .  However ,  the ra t io  of the 
intensi t ies  of the peaks  of the ( M -  15) + ions to the number  of methyl  groups in the indole s y s t e m  r e m a i n s  
constant  and is independent of this number  and of the or ienta t ion  of the methyl  groups.  In other  words ,  the 
methyl  groups  in the e x t r e m e l y  u n s y m m e t r i c a l  indole s y s t e m  behave as if they  were  under absolute ly  iden- 
t ica l  condit ions,  and the p robabi l i ty  of the i r  detachment  is independent of the posit ion.  This fact  p rovides  
indirect  evidence of r andomiza t ion  of the methyl subst i tutent  over  the ent i re  indole s y s t e m  in the case  of 
di - ,  t r i - ,  and polysubsti tus s y s t e m s .  
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The dissociative ionization of alkylindoles [5, 7, 18] with substituents larger  than methyl is real ized 
with predominant cleavage of the C - C  bond of the alkyl chain in the fl-position relative~ the indole sys-  
tem; this process is often accompanied by migration of a hydrogen atom and formation of a pseudomolecu- 
lar  rearranged ion. 

1 , 7 - D i m e t h y l e n e -  a n d  1 , 7 - T r i m e t h y l e n e i n d o l e s  

Ions formed via three principal directions can be isolated in the disintegration of 1,7-dimethylene- 
2,3-dimethylindole in the first  stages under the influence of electron impact. Firs t ,  rearranged ions that 
are formed with the expansion of the pyrrole ring during detachment f rom the starting molecule of one or 
two hydrogen atoms or a methyl group are similar to the ions observed in the disintegration of 2,3-dimeth- 
ylindole. Second, since there is a saturated f ive-membered ring condensed with the aromatic system of in- 
dole in the molecule, it undergoes extremely intensive dehydrogenation, both in the stage involving disinte- 
gration of the molecular ion and in the stage involving formation (without disintegration of the saturated 
ring) of fragment ions. Finally, ra ther  intensive disintegration of the saturated ring with splitting out of C2H2, 
C2H3, and C2H 4 particles occurs in the molecule under the influence of electron impact. 

The disintegration of 1,7-trimethylene-2,3-dimethyl- and -1,3,5-trimethylindole is basically similar ,  
but there are substantial differences associated with replacement of the f ive-membered saturated ring by a 
s ix-membered ring. 

P h e n y l -  a n d  B e n z y l i n d o l e s  

The mass spectra  of phenylindoles were examined in [9, 19]. The principal act of the dissociative ion- 
ization of isomeric 2- and 3-phenylindoles [19] is the formation of an ion with mass 165, which corresponds 
to the fluorenyl cation structure,  which may be formed both during splitting out of CH2N from the molecular 
ion and during detachment of a hydrogen cyanide molecule f rom the (M-  1) + ion; the detachment of the above- 
indicated groupings from 2-phenylindole without rearrangement  is unlikely. 

The metastable peak with mass 141.5, which corresponds to the process 192+-~165++27 in the mass 
spectra  of phenylindoies, attests to probable rearrangement  of the (M- I )  + ion with subsequent splitting out 
of HCN, although one cannot exclude the possibility of rearrangement  of the molecular ion. 

The introduction of a m~thyl group into the phenylindole molecule (3-methyl-2-phenylindole, 2-methyl- 
3-phenylindole, and 2-methyl-7-phenylindole) leads to great differences in the mass spectra of the isomeric 
compounds [19]. The rea r ranged(M-H)  + ion, which apparently has the qulnoline structure,  and the other two 
rearranged ions basically determine the paths of the subsequent disintegration. 
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Cleavage O f the bond between the phenyl and indole rings,  which corresponds to the formation of the 
(M-77) + ion, while being absolutely uncharacteristic for phenylindoles, is real ized to a considerable degree 
in the case of 3-methyl-2-phenyl- and 2-methyl-3-phenylindole. It might be assumed that the driving force 
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of these  p r o c e s s e s  is r ing  expansion and the fo rmat ion  of quinolinium ions. If this p roces s  is unlikely, the 
intensi ty of the ( M - 7 7 ) + p e a k  d e c r e a s e s  sha rp ly  [19]. 

Detachment  of a methyl  group,  accompanied  by spli t t ing out of  a hydrogen a tom to f o r m  a new bond 
between the phenyl subst i tuent  and the indole s y s t e m  competes  with detachment  of a phenyl group. In the 
case  of  2 -methy l -7 -pheny l indo le ,  cycl iza t ion with the par t ic ipa t ion  of the n i t rogen a tom and the fo rmat ion  
of a s table  f i v e - m e m b e r e d  r ing  is ene rg ica l ly  more  favorable .  

Methylphenylindoles a re  c h a r a c t e r i z e d  by an e x t r e m e l y  signif icant  dehydrogenat ion p roce s s  [19]. In 
addition to the peaks  of the examined  ( M -  1) +, ( M -  2)+and ( M - 3 )  + ions,  t he re  a r e  also ( M - 4 )  + peaks  [and 
s o m e t i m e s  even up to ( M - 8 ) + p e a k s ]  in the mass  spec t r a .  

The dis in tegra t ion  of 1-benzylindole [20] and 2 ,3 -d ime thy l - l -benzy l indo le  [18] p roceeds  with r ing  ex-  
pansion and predominant  loca l iza t ion  of the pos i t ive  charge  on the phenyl r ing;  this leads  to the most  p rob -  
able fo rmat ion  of the C7H7 + ion. The (M-77)  + ions which co r r e spond  to detachment  of a phenyl group, a re  
absent .  The fo rmat ion  of ( M - H )  +, (M-15)  +, andCTHTe ions f r o m  the molecu la r  ion and of the C5H5 + ion f r o m  
the t ropy l ium ion is conf i rmed  by  the cor responding  metas tab le  peaks .  The introduction of four f luorine 
a toms into the benzene r ing  of 1-benzylindole changes the di rect ion of d is in tegra t ion only s l ight ly [21]. 

T r y p t a m i n e  a n d  M e t h y l t r y p t a m i n e s  

The dis in tegra t ion  of t ryp tamine  [6] under the influence of e lec t ron  impact  p roceeds  p r i m a r i l y  at the 
f i -bond with the spl i t t ing out of a CH2NH 2 group and fo rmat ion  of an tmmon ium ion with mass  130, which can 
r e a r r a n g e  to a s table  quinolinium ion, as desc r ibed  for  2-  and 3-methyl indoles .  The fo rmat ion  of this ion 
is a lso  poss ib le  f r o m  the ion with m a s s  131, which is obtained in the spl i t t ing out of a CHNH 2 group f r o m  
the s t a r t ing  molecule  [6]. 
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The dis in tegra t ion  of me thy l t ryp tamines  [22-24] is bas ica l ly  analogous to the dis integrat ion of t r y p t a -  
mine.  Dis in tegra t ion at the f l -bond with migra t ion  of a hydrogen a tom and fo rmat ion  of an (M-29)+lon,  s i m -  
i la r  to the ion with m a s s  131 in the s p e c t r u m  of t ryp tamine ,  is conf i rmed  by the p r e sence  of the c a r r e -  
sponding metas tab le  p r o c e s s e s .  Competi t ion in the fo rmat ion  of these  ions and t h e ( M - 3 0 )  + ions,  which 
have the quinolinium ion s t r u c t u r e  and are  obtained during c leavage of this s a m e  f l -bond without hydrogen 
migra t ion ,  is obse rved  in the mass  s p e c t r a  of t ryp tamine  and methy l t ryp tamines .  The probabi l i ty  of  the 
o c c u r r e n c e  of these  p r o c e s s e s  depends marked ly  on the ene rgy  of the ionizing e lec t rons  [2]. 

P h e n y l t r y p t a m i n e  s 

The introduction of a phenyl subst i tuent  into the 1 posi t ion of the 2 -me thy l t ryp tamine ,  t ryp tamine ,  and 
methy l t ryp tamine  molecules  [6, 25] has p rac t i ca l l y  no effect  on the intensi ty of  the dis integrat ion p r o c e s s e s  
of the aminoethyl  side chain at the fl-bond with spl i t t ing out of CH2NH 2 and CHNH 2 groups.  As before ,  the 
mos t  intense peaks  in the mass  s p e c t r a  c o r r e s p o n d  to these  p r o c e s s e s ,  which a re  conf i rmed by  the c o r r e -  
sponding me tas t ab le  ions. 

The c h a r a c t e r i s t i c  (for phenylindoles) p r o c e s s e s  of fo rmat ion  of ions cor responding  to subsequent  
spl i t t ing out of hydrogen a toms  in the mass  s p e c t r a  of phenyl t ryp tamine  appear  only a f t e r  dis integrat ion of 
the side chain. 

257 



The behavior of 1,2-diphenyltryptamine is similar to the behavior of the corresponding phenylindoles. 
Just as in phenylindole, disruption of conjugation, which is associated with the noncoplanarity of the molec- 
ular ion, leads to a decrease in the stability of the pr imary  ion, and, as a consequence, to the occurrence of 
disintegration via a large number of paths. The most intense peaks correspondto ions associated with dis- 
integration at the fl-bond of the side chain and the formatinn of rearranged ions with subsequent dehydro- 
genation, which leads to ions with aromatic structures.  

The disintegration of benzyltryptamines reflects  the competition in the possibility of localization of 
the charge on various portions of the molecule. 

Thus the disintegration of aryltryptamines to a considerable degree is in agreement with the dissocia- 
tive ionization of the corresponding indoles. However, the processes  character is t ic  for the analogous indole 
derivatives proceed only after disintegration of the side aminoethyl chain of tryptamine. As in phenylin- 
doles, the ions formed by successive dehydrogenation correspond to aromatic s tructures.  

H o m o t r y p t a m i n e s  

An increase in the length of the aminoalkyl side chain as compared with tryptamines (dimethylhomo- 
tryptamine) changes the behavior of these systems only relat ively little under the influence of electron im- 
pact [6]. Just as in tryptamines,  the pr imary  act of disintegration is cleavage of the side chain with split- 
ting out of CH2NH 2 and CHNH 2 groups, although the second process becomes less intense. However, disin- 
tegration paths absent or uncharacteristic for tryptamines begin to manifest themselves in these com- 
pounds. As seen f~om the scheme for the disintegration of 2,7-dimethylhomotryptamine, the disintegration 
of the C - N  bond with splitting out of ammonia, which is not too intense in the spectrum of tryptamine and 
is almost completely absent in the spectra  of methyltryptamines, leads to a third (with respect  to intensity) 
Ion in the mass spectrum. Processes  involving cleavage at the T-bond relative to the indole system, which 
are activated by the effect of an amino group [the characterist ic  (for amines) disintegration at the ~-bond 
with respect  to the amine nitrogen], also are quite intensive. However, the possibility of complete splitting 
out of an aminoalkyl group with migration of hydrogen from the adjacent methyl substituent and ex- 
pansion of the pyrrole  ring of the indole system is most character is t ic  for homotryptamines. This 
process  was not realized in tryptamines, inasmuch as the coordinated effect of the aromatic system 
and of the amino group leads only to cleavage of the /3-bond. The subsequent disintegration of the 
resulting ions is similar to that described for methylindole and methyltryptamines. 

S t a b i l i t y  o f  A l k y l -  a n d  A r y l - S u b s t i t u t e d  I n d o l e s  a n d  T r y p t a m i n e s  

Compounds of the indole ser ies  are extremely resis tant  to electron impact. In the dissociative ion- 
ization of indole, ~40% of the total ion current  (W M) goes into the production of the molecular ion fraction, 
and the peak corresponding to it is a maximum in the mass spectrum. The introduction of the f irs t  methyl 
substituent reduces the resistance of the molecule to electron impact by a factor of almost two. The intro- 
duction of the second and third methyl groups also lowers WM, but to a considerably l esse r  extent; the ad- 
dition of a fourth and fifth substituent leads to an increase in the stability [26]. A similar  picture is also 
observed in the disintegration of tryptamine [26]. 
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The obse rved  inc rease  in W M as the volume of the molecule  i nc reases  can take place only in the case  
of  s o m e  r e a r r a n g e m e n t s  of the molecu la r  ion i tself .  This may  be r e f l ec t ed  in a change in the s t r u c t u r e  of 
the f r agmen t  ions of identical  mass  that  a r e  f o rmed  in the f i r s t  s tages  of the dis integrat ion of the molecu la r  
ion [27]. 

Monophenylindoles [9] differ  cons ide rab ly  with r e s p e c t  to the i r  s tab i l i ty  as a function of  the posit ion 
of the phenyl group. The i nc rea sed  e lec t ron  densi ty  in the 3 posi t ion of the indole sy s t em,  due to the opt i-  
m u m  conditions for  its conjugation with the phenyl subst i tuent ,  leads  to an inc rease  in W M of 60 re la t ive  % 
for 3-phenylindole as c o m p a r e d  with 2-phenylindole and even to a s l ight  i nc rease  as compa red  with indole. 
The introduction of yet  another  phenyl group (2,7-diphenylindole) leads  to an inc rease  in W M as a r e su l t  of 
s tabi l iza t ion of the molecu la r  ion due to the e l ec t ron -donor  phenyl subst i tuents .  One might have expected 
a ce r t a in  fu r the r  i nc rease  in W M in t r iphenyl indoles .  However ,  a g r e a t e r  than twofold dec r ea se  in the s t a -  
bi l i ty,  caused  by two adjacent  phenyl groups  which disrupt  the cop lanar i ty  of the m o l e c u l a r  ion and the con- 
jugation of the phenyl groups with the indole s y s t e m ,  is obse rved  in 2 ,3 ,7- t r iphenyl indole .  The poss ib i l i ty  
of the o c c u r r e n c e  of profound dis in tegra t ion  via a l a r g e  number  of paths is a consequence of this.  

Carbazoles and Tetrahydrocarbazoles 

In comparison with the corresponding aromatic hydrocarbons, carbazoles have extremely high resis- 
tances to electron impact [28, 29]. The mass spectra of these compounds are simple: the maximum peak 
corresponds to the molecular peak in the spectrum, and disintegration of the compound takes place ex- 
tremely selectively. Apart from the molecular ion peak with mass 167 (CI2HgN) + in the mass spectrum of 
carbazole itself, only ion peaks with masses 139 (CIIHT) + and 140 (Ci0II~N)+have adequate intensities. The 
elementary compositions of these ions were established on the basis of a precise measurement of the 
m a s s e s  [29]. 

The detachment  of C2H 3 f r o m  the molecu la r  ion is obse rved  only in the mass  s p e c t r u m  of ca rbazo le ;  
subst i tu ted  ca rbazo l e s  e l iminate  only H2CN fro m the molecu la r  ion, while N-me thy l - subs t i t u t ed  ca rbazo les  
a lso  e l iminate  a methyl  group. Detachment  of a subst i tuent  is not obse rved  in the case  of N - a r y l - s u b s t i -  
tuted c a r b a z o l e s ;  detachment  of  H2CN is a l so  blocked in this case .  

The mass  s p e c t r a  of t e t r ahyd roea rbazo l e  and methy l - ,  phenyl- ,  and benzy l - subs t i tu ted  t e t r a h y d r o -  
ca rbazo le s  [30] a re  c h a r a c t e r i z e d  by intense,  succes s ive  dehydrogenat ion of the sy s t em,  both in the s tage 
involving the molecu la r  ion and in the s tage involving the ions fo rmed  af ter  spl i t t ing out of the subst i tuent .  
A cons iderab le  por t ion  of the ions fo rmed  as a r e su l t  of dehydrogenation a r i s e  f r o m  the ( M - l )  + ion, The 
intensi ty  of the peaks  of the ( M - l )  + ions depends to a cons iderab le  degree  on the nature  of the subst i tuent  
in the indole r ing.  

In addition to dehydrogenat ion,  d is in tegra t ion  at the f l  bonds with r e s p e c t  to the indole s y s t e m  with 
spl i t t ing out of an ethylene molecule ,  poss ib ly  with the following r e a r r a n g e m e n t ,  is common  for  all of the 
t e t r a h y d r o c a r b a z o l e s :  

_ C2H 4 ~ ~- 

H H 

171 ( 3 2 ~ , 2 )  

I n d o l e - C o n t a i n i n g  C o n d e n s e d  S y s t e m s  

The overwhelming  ma jo r i t y  of  compounds of this type,  pa r t i cu l a r l y  compounds with an indole r ing  
condensed with n i t rogen-conta in ing  r ings ,  a re  indole alkaloids and t h e r e f o r e  a re  beyond the scope of the 
p r e s e n t  rev iew.  However ,  an examinat ion of r e l a t i v e l y  s imp le  s y s t e m s  that  do not enter  into the indicated 
c l a s se s  of na tura l  compounds is of  undoubted in te res t .  

The m a s s  s p e c t r a  of benzindole and dihydrobenzindole were  desc r ibed  by Pandi t  and c o - w o r k e r s  [31, 
32] and Leeh  [33]. An inves t iga t ionof2 ,3-phenylenedihydro indoles  showed [34] that the most  probable  p r o -  
cess  involves e l iminat ion of CH2N and fo rmat ion  of an ion with mass  165, which co r responds  to the f luorenyl  
cat ion s t ruc tu re .  It is in te res t ing  to note that  s imple  d is in tegra t ion  of the f o u r - m e m b e r e d  r ing  does not oc -  
cur  during e lec t ron  impact  of this compound. 
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CH2N ' ~,, 

165 

A m a s s - s p e c t r o m e t r i c  method was used by Bergman  and c o - w o r k e r s  [35, 36] for  the identification of 
the products  of mac rocyc l i c  condensation of indoles and s imple  aldehydes.  Thus the reac t ion  of 1- methyl in- 
dole With formaldehyde gave a t r i m e r ,  the mass  s p e c t r u m  of which has a molecu la r  ion peak of secondary  
intensity.  Indolo [3,2-b]carbazole was identified in the case  of the condensat ion of indole and formaldehyde.  

�9 o§ C.~o 

The mass  s p e c t r a  of methylindolylearbaT.oles f o rmed  during t h e r m a l  and catalyt ic  d imer tza t ion  of 
vinylindole were  examined in [37]. The mass  s p e c t r a  of [ndolylmethylpiperidines  were  a lso  desc r ibed  [38]. 

An investigation of the mass  s p e c t r a  of N-ska ty lbenz imidazole ,  N - s k a t y l - 2 - m e t h y l -  and N - s k a t y l - 2 -  
benT.ylber~im[dazole, and N-skatyl-l,2,3-benT.otriazoles showed that the dis integrat ion of these  compounds 
during e lec t ron  impact  is r ea l i zed  via  the expected paths and leads  to r ead i ly  identified f r agmen t s  that  a re  
fo rmed  f r o m  the methylindole or  tmidazole  (triazole) port ions of the molecule.  The molecu la r  peaks  a re  
intense,  and an ion with m a s s  130 with the probable  s t ruc tu re  of the quinolinium cation co r responds  to the 
max imum peak in all  of the mass  s p e c t r a  [39]. 

In the d issocia t ive  ionization of methyl - subs t i tu ted  3 ,3 ' -azoindoles  [40], d is in tegra t ion at the f l -bond 
with the format ion  o f ( M - l )  + ions is supp re s sed  by  other  p r o c e s s e s .  The max imum peak co r r e sponds  t o a n  
ion with mass  159; this ion is fo rmed  as a r e su l t  of migra t ion  of a hydrogen of the methyl group to the ni -  
t rogen  a tom of the azo group with subsequent  c leavage of the N - N  bond. Charge local izat ion on the n i t ro -  
gen a tom of the azo group probab ly  p recedes  the indicated p roce s s .  

CH 3 

C H 2::;:~/N 

CH3 / 
316 [.67] 1 NH 

I CH] 
CH 3 

~59 ~_1oo ] 

The mass  s p e c t r a  of hexahydroazepine [2,3-b]indoles were  invest igated by  
p les t  der iva t ives  of pyridoindoles were  studied in [42-47]. 

Biemann [42] found that  the dis integrat ion of 1 -a lky l - f i - ca rbo l ines  with an 
than two carbon  a toms p roceeds  with McLaffer ty  r e a r r a n g e m e n t .  

Coutts and c o - w o r k e r s  [46] invest igated 12 subst i tu ted f l -ca rbo l ines  using 
pounds and h igh-reso lu t ion  mass  s p e c t r o m e t r y .  

The dis integrat ion of 1 -a lky l - l , 2 ,3 ,4 - t . e t r ahydro - f l - ca rbo l ines  is r e a l i z ed  in the f i r s t  s tage with de-  
tachment  of an alkyl r ad ica l  (It) or with e l iminat ion of RNH. The resu l t ing  (M-R)+ion  with mass  171 c o r -  
responds  to the max i m um  peak in the spec t rum.  This ion on dis in tegra t ion giv.es a number  of intense peaks.  
The use of h igh- reso lu t ion  mass  s p e c t r o m e t r y  showed that in the dis integrat ion of 1 - m e t h y l - l , 2 , 3 , 4 - t e t r a -  
hyd roca rbo l ine ,  67% of the ions with nominal  mass  117 a re  CsHTN + ions, while 33% a re  C9H9 + ions. The 
second path of d is in tegra t ion leads  to  ions with mass  156, which subsequent ly  e l iminate  CHsCN and f o r m  
ions with m a s s  115. 

Hes t e r  [41], and the s i m -  

alkyl chain containing more  

deu te r ium- labe led  c o m -  

260 



Rather l i t t le  study has been devoted to the m a s s  s p e c t r a  of  compounds with the e ser tne  and h o m o e s e r -  
ine ske le tons  [48-51]. The most  probable p r i m a r y  paths of  d i s soc ia t ive  ionizat ion of the e s e r o l i n e s  axe d i s -  
integrat ion of the pyrrol id ine  r ing ,  detachment  of a methyl  group, and format ion  of  ions with m a s s  30 (CH2= 
NH2). 

N l + '  - ~ '  " 

H F~ 

~R NH- t'~" 

'!5& 143 

t -- C2H 2 

§ H 

115 117 

I=NH 
H 

171 [100..] 

--HCN I ~ 

~ CH 3 

H 

-HCN 

+ 
CgH 9 

117 

The dis integrat ion of the pyrrol idine  r ing with detachment  of  a CH2CH2NH part ic le  f r o m  the molecu lar  ion 
l eads  to the format ion  of  one of  the most  intense ion peaks  in the m a s s  s p e c t r a  of  e s e r o l i n e s  - ( M - 4 3 ) + .  
The s tructure  of  the ( M - 4 3 )  + tons probably corresponds  to the s tructure  of  the pseudomolecu lar  tons of  
2 ,3 -d imethy l indole  der iva t ives .  Detachment  of a methyl  group f r o m  the molecu lar  tons l eads  to a s tructure  
with poss ib le  charge de loca l i za t ion  between two nitrogen atoms  [51]. 

-~- R1 ~ -t- 

C H2=NH 2 

~r~--CH 3" 

~2 !3 "c% 

- H .  
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I CH3 

-- CH3" [ ~" 

F? CH,~ 

Just  as in the c a s e  of  the e s e r o l i n e s  t h e m s e l v e s ,  in the ease  of  d i s soc ia t ive  ionizat ion of h o m o e s e r o -  
l ines  [51] the most  intense peaks in the mass  spec tra  correspond  to the format ion  of  pseudomolecu lar  ions 
of  2 ,3 -d imethy l indole  der ivat ives  - ( M - 5 7 )  +. An interest ing  pecul iar i ty  of  the m a s s  spec tra  of  h o m o e s e r o -  
l ine  is the p r e s e n c e  [n them of  intense ion peaks corresponding  to the protonated f o r m  of  tndole. 

O x y g e n - C o n t a i n i n g  I n d o l e  C o m p o u n d s  

The m a s s  spec tra  of 2 -keto indol ines  have been invest igated by a number of authors [9, 52-58];  the 
general  s c h e m e  of  the f i r s t  s tages  of  the dis integrat ion can be i l lustrated in the fol lowing manner:  

[ ~ ~ 0  -CO 

H 105 104 

-- HCN I "~ - -HCNI~ 
-t- 

C6H; C6H5 
78 77 
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It has been assumed that the carbon in the HCN eliminated f rom ions with mass 105 and 104 is r e -  
moved f rom the methylene group of the 2-keto-tndoline. In conformity with this, a mechanism for the r e -  
moval of HCN with hydrogen migration to the aromat ic  r ing has been proposed. This mechanism cont ra-  
dicts the data of Brown and Butcher [59], who investigated the mechanism of the pyrolysis  of carbon-labeled 
2-ketotndolines at 850 ~ and 0.7 mm.  Proceeding f rom this,  Brown and Butcher [59] investigated the high- 
resolut ion mass spec t ra  of (3-C13)-2-ketoindoline. It was observed that in the ease of the M - C O - H C N  pro -  
cess ,  detachment of HClaN corresponds  only to a small portion of the ions (-,30%), while a large  portion of 
the ions (~70%) correspond to elimination of HC12N. The fract ions of the corresponding ions for the 
M - C O - H - H C N  process  are  25 and 75%. Thus it can be supposed that the prevail ing process  is elimination 
of unlabeled HCN, probably with removal  of carbon f rom the 7a position. 

The mass spect ra  of 4-,  5-,  6-,  and 7-hydroxyskatoles  are  ext remely  s imi lar  [60]. An investigation 
of the disintegration p rocesses  by means of high-resolut ion mass spec t rome t ry  led to the conclusion that 
all four i somers  fo rm an ion with mass 118 principally due to elimination of CO f rom the (M-H)  + ion; a 
total of 5-20% of ions with the same nominal mass is formed during the detachment of H2CN f rom the mo- 
lecular  ion. According to a kinetic method for the investigation of metastable ions, the (M-H)  ~- ions have 
identical s t ruc tures ;  this indicates randomizat ion of the substituent in the investigated i somers .  

The maximum peak in the mass spec t rum of isatin [52, 61] is formed in the elimination of CO f rom 
the molecular  ion. Subsequent disintegration is rea l ized  via three al ternative paths: one of them is a s so -  
ciated with removal  of HCh r with subsequent detachment of CO, while the second is associated with removal  
of CO and subsequent detachment of HCN; detachment of CONH leading to an ion with mass 76 is also pos-  
sible. Thus all three heteroatoms of [satin are  eliminated in the formation of these p r ima ry  ions [52]. 

The disintegration of the i somer ic  formylindole [9, 62] is rea l ized  via a common scheme with the for -  
mation of qualitatively s imi lar  mass spectra .  

"- C O  - - I I C N  - - C ~ H 2  

M +  ~ 144+  ~ 1 1 6 + - - - - 8 9  + . 6 3 +  

The incomplete m a s s  spec t ra  of 1- and 3-acetyl indoles have been published; the formation of a maxi-  
mum peak (mass 117), which corresponds  to detachment of ketene, is charac te r i s t i c  for 1-acetylindole [7, 
63]. 
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The maximum peak in the mass spec t rum of 3-acetylindole cor responds  to the (M-CH3CO)+ ion with mass 
116. 
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An investigation of 10-substituted 1-acyl-2- indol inols  showed that the predominant form for all of the 
investigated compounds in the gas phase is the open form [64]. 
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The dis in tegra t ion  of i s o m e r i c  indoleearboxyl ie  acids [9] p roceeds  with succes s ive  el iminat ion of OH, 
CO, and HCN, but an ortho effect  is mani fes ted  in the case  of the 7-subs t i tu ted  i s o m e r ,  and wate r  is r e -  
moved in the f i r s t  step.  

-IV i :  

COOH 

The dis in tegra t ion  of n i t r i l e s ,  amides ,  e s t e r s ,  and other  der iva t ives  of indolecarboxyl ic  acid [9, 32, 
62, 65-67] p roceeds  in accordance  with the genera l  p r inc ip les  of the behavior  of a roma t i c  acid der iva t ives  
during e lec t ron  impact  and t h e r e f o r e  does not r equ i r e  additional considera t ion .  

Chizhov and c o - w o r k e r s  [68-70] have desc r ibed  the s o - c a l l e d  oxygen r e a r r a n g e m e n t  in e s t e r s  of a l i -  
p h a t i c - a r o m a t i c  and unsa tura ted  ac ids ,  which is induced by e lec t ron  impact  and cons is t s  in the migra t ion  
of one of the oxygen a toms  of the carboxyl  group to the tmsatura ted  port ion of the molecule.  It has been 
shown [70] that  this r e a r r a n g e m e n t  also occurs  in the case  of d issoc ia t ive  ionization of the [ndole analog of 
f l -phenyl -propionic  acid e s t e r s .  

H H H H 

The introduction of a methyl  group into the a - p o s i t i o n  of the py r ro l e  r ing  hinders  r e a r r a n g e m e n t .  
Shortening of the chahu length a lso  leads  to comple te  suppres s ion  of the r e a r r a n g e m e n t .  Consequently,  r e -  
a r r a n g e m e n t  in the 4-pos i t ion  of the indole r ing  does not occur .  

A l a rge  num ber  of r e p r e s e n t a t i v e s  of o ther  types of oxygen-containing der iva t ives  of indoles have 
a lso  been inves t iga ted  by mass  s p e c t r o m e t r y :  methoxyindoles [9], methoxyt ryp tamines  [22], methyl ,  benzyl ,  
and methoxy der iva t ives  of t ryptophols  and homotryptophols  [1], carbonyl  der iva t ives  of [sat in [72], 2 - su b -  
s t i tuted de r iva t ives  of 3-benzoyl indoles  [73], methoxybenzyl indoles  [74], [ndolylpyruvic acid [75], hydroxy-  
[ndoloindolizines [76], and 2-phenyl isa togen [77]. 

I n d o l e  C o m p o u n d s  w i t h  O t h e r  F u n c t i o n a l  

S u b s t [ t u e n t s .  S y s t e m s  w i t h  S e v e r a l  S u b s t i t u e n t s  

The p r e s e n c e  of two different  subst i tuents  in the [ndole r ing  may lead to a sha rp  change in the mass  
s p e c t r u m  as c o m p a r e d  with the s p e c t r a  of monosubst i tu ted de r iva t ives  p r i m a r i l y  because  of the poss ib i l i ty  
of  charge  local iza t ion on different  groups of the molecule .  The in teract ion of these  groups in the exci ted 
molecule  or  hu the molecu la r  ion has a l e s s e r  but s o m e t i m e s  substant ia l  effect  (especial ly  when the two 
groups a r e  adjacent).  In a num ber  of c a s e s ,  one of the subst i tutents  de te rmines  the pa t te rn  of d i s in tegra -  
t ion during e lec t ron  impact  of the disubst i tuted s y s t e m s  [9, 78]. 

An inc rea se  in the length of the aminoalkyl  group, branching  of it, or  r e p l a c e m e n t  of n i t rogen a toms 
of the amino group by  alkyl groups or acyl groups  leads  to the development  of new p r o c e s s e s  that a r e  not 
typica l  for  the d is in tegra t ion  of t ryp t amines  and homot ryp tamines .  Thus the mass  s p e c t r u m  of 3 - ( 6 - d i -  
methyaminobutyl) indole i l lus t ra tes  the poss ib i l i ty  of charge  local izat ion in both the indole s y s t e m s  and on 
the n i t rogen of the d imethylamino group,  with p redominance  of the second p roce s s  [18, 78]. 

/CH 3 
~ J  CH3 [ ~ ~ N  CH2CH2CH2CH2 N , 

C H i N  - - ~  
\ C H  3 CH3 

H H 
5 8  { 3 9 , 5  ) "~30 ( 3 ~ 8  ) 

The m a s s  s p e c t r u m  of 1 - (4-ch lorobenzoxy) -2-methy l indole  a t tes ts  to c leavage of the a lkyl-oxygen 
bond in the molecu la r  ion [58]. The charge  is loca l ized  with g r e a t e r  probabi l i ty  on the acyl port ion of the 

263 



molecule (mass 139), which subsequently disintegrates with elimination of CO (mass 111) and C1 (mass 75). 
Disintegration of the indole-containing fragment (mass 146) is realized with elimination of O (mass 130); 
the subsequent path is analogous to the disintegration of 2-methylindole. 

The disintegration of tryptophan ethyl ester at the #-bond leads to a quinolinium ion with mass 130 
(the maximum peak ia the spectrum); onty aa msignificg_at portion of the ions (2%) /s formed ~n the case of 
alternative charge localization on the substituent (ions with mass 102) [7, 79]; 4,7-dihydrotryptophan dis- 
integrates similarly [80]. 

The identical character of the mass spectra of 5-, 6-, and 7-hydroxyindole-3-carboxylic acids is a 
consequence of the randomization of one of the substituents [60].. The sharp contrast between these spectra 
and the mass spectrum of the 4-isomer is due to 3,4-trans-interaetion, which leads in this case to suppres- 
sion of the elimination of OH and an increase in the probability of the removal of HzO. 

The mass spectra of 2-ketoindolh~yl-3-methines [55} differ markedly from the mass spectrum o[ t -  
methyl-2-ketoindol/ne with respect to the low intensity of the molecular ion peak; in some cases, the doubly 
charged molecular ion corresponds to the peak of seeondat 7 intensity in the mass spectrum. The dlsinte- 
gration of 2-ketoindolinyl-3-methines, in addition to the usual transformations of indole compounds during 
electron impact, proceeds with condensation and the formation of a rearranged 1-methylbenz [b]azepinium 
ion. 

CH 3 
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[ -b 

CH3273 

/t N 
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The mass s l~etra  of l-ethyl-5-hydroxy-6-methoxy- and 5-hydroxy-6-methoxyindole, 1- (3-acetoxy- 
benzyl)-5,6-diaeetoxyindole [81], 1,5-dimethoxy-3- (dimethylamtnomethyl)indole [821, 6-hydroxy-, 5,6-di- 
hydroxy-, and 6-methoxy.2-earbethoxyindoles, 6-hydroxy-5,7-dibromo-2-aeetamidomethylindole [83], 6- 
hydroxy-5-methoxy-3-(acetamidoethyl)indole [84], indolimicinic acid [85], peracetyltryptamine [471, acetyl- 
tryptophan derivatives [86- 88], N-mesidino-2-methyl-ALpyrroline [18], 3-inclolyl acetic acid derivatives 
[89I, 5- and 7-nitro-2-keto[ndoltnes, 2~hydroxy-5,7-dinitroiadote [90 i, l~3-dtmethyl-Z-p~cryl ~ ratno~ndole 
[91], N- [2- (3-indolyl)ethyl]pyrrolidino maleinimide [92], products of the autooxidattve dimerizatton of vari- 
ous alkylindoles [93, 94], indodidthiones [57, 95], benzodithihaindoles [96], 2-ethylthioindole derivatives [15, 
97], indolyl toluene sulfonates [98], and 3-indolyl thiocyanates [99] have also been studied. 

S e l e n i u m - C o n t a i n i n g  I n d o l e  C o m p o u n d s  

An extremely specific group of selenium-containing ~ndoles was the subject of the steadfast attention 
of Agenaa~ [100-1037 aad, in part, Bergman [I04], 

An investigat(on of the mass spectra of 3-selenocygnatolndole and its 1- and 3-methyl-substituted de- 
rivatives and of 3,3'-diindolyl diselenide and its methyl-substituted derivatives showed that selenoeyanate 
compounds, like aromatic selenocyanates, disintegrate in the first  step with removal of Se and CN. 
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The selenium-containing indole fragment subsequently disintegrates to form either selenium-containing 
fragments or  indole fragments [100]. 

The disintegration of diindolyl diselenides is also similar to that of the corresponding aromatic ana- 
logs, and the principal peaks in the mass spectrum are formed during the elimination of Se. 

3 9 2  [1 ] 312 [18 , ]  

- CsH6NSe - S e  

Se f 

H H H H 
116 E2Q] 232 [100_]  

3,3-Diindolyl selenides also undergo simultaneous disintegration of both S e - C  bonds and "recombin- 
ation" of the fragments [104]. 

se 7 + '  ! +" 

I I ' 1 

This type of disintegration is probably a general one for aryl selenides [100]. A similar  process ap- 
parently also occurs during electronic impact of diphenyl sulfide, diphenyl disulfide, benzophenone, and azo- 
benzene, although the intensity of the C12H10 + ion peak is lower. It is interesting to note that this peak is not 
present in the mass spectrum of diphenyl ether. 

A comparison of the mass spectra  of 3-indolylmethyl benzyl selenide, di(3-indolyl)methyl selenide, 
and di(3-indolyl)methyl diselenide with the spectra  of the corresponding sulfur analogs provides evidence 
[103] that the pr imary  paths of disintegration and the intensity of the overwhelming number of peaks of 
analogous ions are s imilar  for the S and Se indole compounds. However, in each pair of mass spectra  there 
are differences that make it possible to readily distinguish between the indicated compounds. These dif- 
ferences show up part icularly distinctly in rearrangement  processes ,  for example, those associated with 
migration of a hydrogen atom during cleavage of the S -Se  or C -S  bonds. 

The mass spectra  of 5-selenocyanatoindoles, 5,5'-diindolyl diselenides, and the corresponding indoline 
analogs have been studied [101]. The disintegration of these compounds, which have intense molecular ion 
peaks, is real ized with elimination of Se, HSe, and CN from the selenocyanate group. The presence of a 
saturated f ive-membered ring in the ease of indoline derivatives leads to the appearance of additional chan- 
nels for disintegration. 
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