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T h e  mass spectra o f  t h e  C-3, C-4, C-6, C-7, a n d  C-12b deuterated derivatives o f  t h e  indole a l ka lo id  
1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizine (1). (Dracontornelurn mangiferurn) show t h a t  t he  
P - 1 (base) peak  at 70 e V  i s  a m i x t u r e  of four discrete ions, resul t ing from loss o f  C-4 H, C-6 H, C-7 H, a n d  
C-12b H. T h e  labe l i ng  resul ts  show t h a t  t he  prev ious ly  proposed st ructure fo r  m / e  19'7 ar is ing from a ret ro  
Die ls-Alder  react ion of m/e 225 o n l y  accounts for  about  20% o f  m/e  197. T h e  revised s t ructure account ing for  
m o s t  o f  m / e  197 arises f r o m  a stepwise f ragmen ta t i on  f r o m  t h e  pa ren t  i o n  ( m / e  226). K e w  f ragmentat ion p a t h -  
ways a n d  i o n  s t ructures are also proposed a n d  suppor ted for t h e  peaks a t  mje 184,156,144,97,83, a n d  69. 

Since its first application to indole  alkaloid^,^ mass 
spectrometry has become a very important technique for 
the elucidation of the structure of alkaloids and other nat- 
ural pr0ducts.~35 

Although mass spectrometry has been applied to several 
members of the Corynanthe-Yohim be far nil^,^-^ there is 
no consensus and little direct support for the various pro- 
posed fragmentation pathways for this class of indole al- 
kaloids.? The indole alkaloid 1,2,3,4,6,7,12,12b-octahydro- 
indolo[2,3-a]quinolizine ( l)s i s  the simplest structure for 

2 

1 
which a mass spectral fragmentation pattern representa- 
tive of the Corynanthe- Yohim be class of indole alkaloids 
may be expected.6 The mass spectrum of 1 has been pre- 
viously published,6 but without direct support for the pro- 
posed fragments. We now report a mass spectral study of 
selected deuterated derivatives of 1. 

Results and  Discussion 
The 70-eV mass spectra of 1 is reproduced in Figure 1 

and each of the main fragment clusters will be discussed 
in turn. 

Parent  Ion Cluster. I t  has been widely a s s ~ m e d ~ - ~ - ~ l  
that the P - 1 (base) peak ( n / e  225 €or 1) observed in the 
mass spectra of Corynanthe-Yohim be indole alkaloids and 
other tetrahydro-@-carboline alkaloids is due to the loss of 
C-12b H leading to 2. Only in systems where for steric 
reasons a C-12b iminium ion cannot form have alternate P 
- 1 ions been suggested.12 

Our results (Table I) show that the P - 1 ion is a mix- 
ture of ions 2-5, arising by hydrogen loss from C-l2b, C-7, 

2 (m/e 225) 3 (m/e 225) 

4 (m/e 225) 5 (m/e 225) 

C-4, and C-6, respectively. For example, P - 2 ( m / e  225, 
loss of D) is intense in the spectrum of 1-7-d2 and P - 1 
(m/e 226, loss of H) is intense in the spectrum of 1-1% 
dl, both indicating the importance of other ions to P - 1. 
In contrast, 1-3-dz (statistically adjusted for isotopic inho- 
mogeneity) shows complete retention of deuterium in the 
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P - 1 ion. A quantitative analysis of the data, assuming 
100% specific deuterium incorporation, gives the result 
that most of the P - 1 peak is comprised of 2 (37%) and 3 
(32%), and the rest is due to 4 (13%) and 5 (19%) (see 
Sample Calculation). 

Loss of C-7 H to give 3 has analogy in the mass spec- 
trum of 3-methylindole,13 where P - 1 is the base peak, 
arising from loss of a methyl hydrogen. Such ions have 
also been implicated in the solution chemistry of in- 
d o l e ~ . ~ ~  

Loss of deuterium from C-4 in 1-4-dl and 1-4-d2 is 
about the same (17% us. 13%). We ascribe this to the 
trans-axial orientation of the deuterium and the nitrogen 
lone pair in 1-4-dl; this geometry is the much preferred 
one for loss of hydrogen (deuterium) ( i e . ,  in 1-4-dl there 
is little preference for loss of hydrogen from (2-4, even 
with an isotope effect working against deuterium loss). 
The axial deuterium in 1-4-dl is so assigned because the 
2040-cm-l C-D stretch in the infrared spectruml5 is a 
C-D “Bohlmann band.”16 By comparison, the infrared 
spectrum of 1-4-d2 with an axial and equatorial deuterium 
shows 2050 and 2190 cm-I for the two C-D stretches, re- 
spectively. 

We conclude that the facile loss of one hydrogen from 1 
is much less specific than previously believed, loss of hy- 
drogen from C-12b, C-7, and C-4-C-6 each representing 
about one-third of the P - 1 peak. 

m / e  197 Cluster. The peak at  mle 197 (28%) in the 
mass spectrum of 1 and many other indole alkaloids has 
been assigned to 6 and is proposed to  arise by a retro 
Diels-Alder loss of ethylene from 2.6 This pathway is also 
implicated in quinolizidine itself.11 A high-resolution 
measurement shows mle  197 to have a molecular formula 
due entirely to C13H13N2. 

6 (m/e 197) 

Our results (Table 11) require that an additional struc- 
ture be written for mle 197. This new species must retain 
hydrogen on C-12b and C-3, and one-half of the hydrogen 
on C-4. The precursor to this ion, at  mle 198 (8%) and 
previously unexplained, must retain all of the hydrogen on 
C-3, C-4, and C-12b. We propose 9 as the mle 198 ion and 
10 as the other mle 197 ion, with the following sequence 
accounting for their formation. 

7 (m/e 2216) 8 (m/e 226) 

9 (m/e 198) 10 (m/e 197) 
Metastables are found for both routes to mle 197. In the 

deuterated derivatives the metastables corresponding to 
the stepwise process 7 - 10 are usually more pronounced 
than those for the retro Diels-Alder route. 

The clusters observed for 1-3-d~ and 1-12b-dl at mle 
197, 198, 199, and 200 were used to calculate the contribu- 
tions of the pathways leading to mle 197. In the 1-3-d2 
spectrum the mle  199 peak will uniquely reflect the con- 
tribution of 10 and mle 197 will be the contribution from 
6 .  After correction for isotopic distribution the intensity of 

these two peaks relative to the total m / e  (197 + 199) in- 
tensity is 20% for 6 and 80% for 10. A similar analysis for 
1-12b-dl gives 16% for 6 and 84% for 10. 

mle  184 Cluster. The cluster of three peaks at mle  184 
(7%), 183 (7%), and 182 (7%) has been ascribed6J7J8 to 
two sets of ions, 11-12 or 13, with the latter generally fa- 
vored17 ~8 and being supported by deuterium labelling 
(ajmalicine) .18 A high-resolution measurement shows m / e  
1% to have a molecular formula due entirely to C12H1zN2. 

T $ H  q N t  R a<. H 

11 (m/e 184) 12 (m/e 184) 13 (m/e 184) 
H .  

Our results (Table 111) indicate that both sets of ions 
are contributors to the mle 184 cluster. For 1-4-d2, the 
mle 186 peak will be due primarily to fission of the C- 
12b-C-1 bond and subsequent loss of the carbon fragment 
(13). The mle 184 peak will consist of ions from aromati- 
zation of mle  186 ( i e . ,  loss of 2 H to give 14) and 11-12. 
Knowing the relative frequency of aromatization of both 
11-12 and 13 in forming 15 and 14, respectively, one can, 
by adjusting m / e  184 by the ratio mle 1841182, determine 
the percentages to be 76% for 13 and 24% for 11-12. 

The formation of 13 and its cluster partners at  mle 183 
and 182 can be viewed as arising from 8 with loss of cyclo- 
propane or propene. Loss of C3H6 from the ion corre- 
sponding to 8 from quinolizidine itself is supported by a 
metastable peak.ll We see a metastable for mle  226 - 
182 a t  147.0 (calcd 146.6). 

8 (m/e 226) - -C& 13 (m/e 184) aN,. m* 

115 (m/e 182) 

The formation of 11-12 might be visualized as involving 
C-1-C-2 cleavage followed by H migration and loss of allyl 
radical. The H migration from C-3 in 16 is supported by 
the increased peak at mle  185 in 1-3-d2. 

2 (m/e 225) 16 (mle 225) 

17 (m/e 225) 
Such rearrangements are proposed to occur in the mass 

spectra of simple cyclic amines.lg.20 
At 20 eV mle 183 and 182 are much less intense than a t  

70 eV (Table 111), indicating that these fragments are 
formed from mle 184 by successive hydrogen loss. At low 
ionization energy mle 184 does not have enough residual 
energy to lose one or two hydrogens and it tends to accu- 
mulate. 

mle 170 Cluster. The cluster of two peaks at  mle 170 
(24%) and 169 (33%) has been previously assigned17.18 to 
18 and 19, respectively, and these fr‘agments are support- 
ed by a deuterium label at C-12b in ajmalicine, each 
being shifted to one higher mass unit.18 The lesser peaks 
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Figure 1. Mass spectrum (70 eV) of 1. 

a t  mle 168 (15%) and 171 (15%) are assigned to 20 and 21, 
respectively. A high-resolution measurement shows m/e 
170 to have a molecular formula due entirely to CIIH1oNz. 

H H 
18 (m/e 170) 19 (m/e 169) 

a t  W I H  
H H 

20 (m/e 168) 21 (m/e 171) 

Our results (Table IV) support these assignments. As 
expected, the mass spectrum of 1-3-dz shows complete 
deuterium loss from this cluster. The increase by 20% in 
the mle 170 peak in 1 - 4 - d ~  may indicate that the origin of 
the hydrogen on N-5 in 19 and 21 is a t  least partly C-4. 
The spectrum of 1-12b-dl shows retention of deuterium in 
all four fragments (18-21). 1-7-dz shows a surprisingly 
large m/e 171 that may be due to 19 containing deuterium 
at both C-7 and N-5. 

The formation of these fragments may proceed as shown 
below. Quinolizidine shows a similar loss of ethylene to 

8 (m/e 226) m* 1 - 2 ~ .  

19 (m/e 169) 

18 (m/e 170) 

40 

give a fragment corresponding to m/e 170 (18), and is sup- 
ported by a metastable.ll 

mle 156 Cluster. The peak a t  m/e 156 (12%) has been 
'previously assigned both to 22 and 23. A high-resolution 
measurement shows mle 156 to have a molecular formula 
due entirely to CIlHloN. 

22 (m/e 156) 23 (m/e 156) 

Our results (Table V) show that both 22 and 23 are 
present. The data for 1-3-dz, 1-4-dl, and 1-4-dz indicate 
clearly that C-3 and C-4 are not retained in the mje 156 
fragment. C-6 is retained but to a lesser extent than C-7 
and C-12b, indicating a mixture of fragments 22 and 23. 
An analysis of the data gives the relative contributions of 
each: 22,48%; 23,52%. 

m/e 144 Cluster. The cluster at  m/e 144 (9%), 143 
(ll%), and 142 (10%) has previously been represented as 
24 (or 25) but this was in a study of oxindole alkaloid@ 
and may not be the structure of the mle 144 fragment 
from 1. A high-resolution measurement shows mle 144 to 
have a molecular formula due entirely to CloHloN. 

H H 
24 (m/e 144) 25 (m/e 144) 

Our data (Table VI) indicate that the m/e 144 cluster 
cannot only be due to 24. Carbons C-3 and C-4 are clearly 
not present in the mle 144-142 fragments, nor is hydrogen 
transferred from these carbons to the fragments. The data 
for 1-3-dz, 1-4-dl, and 1-4-dz are self-consistent, but the 
small increase in m/e 145 in these three spectra compared 
to that for 1 is difficult to rationalize. It is clear from the 
data that both hydrogens on C-7 are retained but that 
only one from C-6 is retained in the fragments. The hy- 
drogen on C-12b is retained to the extent of about 75%. 
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This suggests that the m/e 144 peak is due both to 24-25 
(55%) and 26--27 (45%). 

m a  H H 

26 (m/e 144) 27 (m/e 144) 

These ions have been proposed to occur in the fragmen- 
tation of quebrachamine.21 

m/e 130 Cluster. The cluster of four peaks a t  mle  130 
(7%), 129 ('7%), 128 (870), and 127 (2%) has previously 
been ascribed18 to 28 and subsequent ions. A high-resolu- 
tion measurement shows mle  130 to have a molecular for- 
mula due entirely to C&N. 

28 (m/e 130) 29 (m/e 130) 

Fragment 28 is invariably found in the mass spectra of 
simple i n d o l e ~ , ~ ~ J ~ , ~ ~  but it is still not clear whether it 
has indole structure 28 or quinoline structure 29,23-26 even 
though ring expansion has been proposed to be significant 
In the fragmentation of 2 - m e t h y l i n d 0 l e . ~ ~ l ~ ~  

Our results (Table VII) show that C-3, C-4, and C-6 are 
not present in the mle  130 fragment, as expected. Fur- 
thermore, it  is clear that  hydrogens from C-7 and C-12b 
are present in the fragment, supporting 28 (or 29) as the 
m/e 130 structure. The mle  129 and 128 fragments both 
appear to retain a t  least some hydrogen from C-7 and C- 
12b, but it is difficult to postulate appropriate structures. 

The other ion formed in the fragmentation leading to 
m/e 130 appears a t  mle  97 (1%). Our data (not tabulated) 
show that C-3, C-4, C-6 and C-12b, but not C-7, are re- 
tained in the ion. This i s  consistent with 7 + 30 + 31. 

I 
7 (m/e 226) -+ m' -t 0 

H 31 (m/e 97) 
30 

The tricyclic amine 32 shows in its mass spectrum the 
indicating the facile fragments 28 (3%) and 33 

cleavage of the "tryptamine bond."22 

28 (m/e  130) 33 (m/e 98) 
32 

Quinolizidine shows a very intense mle  97 peak which 
has been assigned to 31.11 

Summary. It is clear that the mass spectral fragmenta- 
tion pattern of indole alkaloid l ,  and probably most of the 
Corynanthe-Yohimbe alkaloids, is more complex than 
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previously believed. All of the important high molecular 
weight fragments are shown to be mixtures of different 
ions. The main points of this work are summarized as fol- 
lows. 

(1) The P - 1 peak (m/e 225) consists of a mixture of 
four ions, 2-5, arising from loss of hydrogen a t  C-12b, C-7, 
C-4, and C-6, respectively. Three of these ions result when 
ionization occurs a t  N-5, while the fourth (3) occurs when 
an electron is lost from the aromatic ring, presumably 
from N-12. 

(2) The large molecular weight fragments at  m/e 197, 
184, and 170 arise principally from parent ion 7 by cleav- 
age of the C-12b-C-1 bond and subsequent loss of two, 
three, and four carbons, respectively. 

(3) The m/e 197 fragment is a mixture of two ions, 6 
and 10. The previously proposed retro Diels-Alder reac- 
tion from 2 (mle 225) accounts for a t  most 20% of m/e 
197 (6). 

(4) The fragments that appear at  mle  184, 156, and 144 
are each due to a mixture of at  least two discrete ions 
(11-13, 22-23, and 24-27, respectively) arising from differ- 
ent fragmentation pathways. 

(5) When hydrogen loss within a cluster at high ioniza- 
tion energy (70 eV) is important, a t  low ionization energy 
(< 20 eV) it is greatly retarded. This results in the accu- 
mulation of certain ions (e.g., m/e 198, 171, 158, and 145) 
that are not easily seen at  high ionization energy. 

(6) Hydrogen loss from a carbon 01 to a nitrogen (Le., 
C-4, C-6, and C-12b in 1) is more favorable when the hy- 
drogen is trans diaxial to the nitrogen lone pair. This in- 
teresting observation, seen in the present work (cf. 1-4-dl 
and 1-4-d2) and in our earlier worklo* with the cis- and 
trans-2-tert-butyl derivatives of 1, should be generally ap- 
plicable to the problem of determining stereochemistry 
and ring fusion in Corynanthe-Yohimbe and other quinol- 
izidine alkaloids. 
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Ketones 3X, 3N, 4X, a n d  4N were synthesized and i r rad ia ted  wi th u l t rav io le t  l ight .  Compounds 3X a n d  3N 
gave products, ena l  6 a n d  oxetane 5,  respectively, w h i c h  are bel ieved t o  have been fo rmed  f r o m  n,r* states of t h e  
carbonyl  groups. Ketones 4X a n d  4N gave products, 8 and 7, respectively, w h i c h  were p robab ly  fo rmed  f r o m  
~ , r *  states o f  t h e  double bonds. 

Earlier studies of the photochemistry of simple endo-5- 
acylnorbornenes2,3 (1) have revealed a photocycloaddition 
reaction of significant synthetic versatility as well as one 
which involves intriguing mechanistic subtleties. I t  has 
been shown4 that oxetanes of structure 2 are formed from 
1 with quantum efficiencies ranging from 0.10 to 0.22 and 3x 3N 

1 2 

that essentially no other products are produced. In partic- 
ular, type I and type I1 cleavages were not competitive 
even in favorable cases, e.g. ,  R = t-C4H9, i-CsH11.~ 
Preliminary studies with exo-5-acylnorbornenes did not 
yield well-defined product mixtures, on the other hand. 
Thus, these results raised several questions concerning the 
factors which control the efficiency of oxetane formation 
and the general structural limitations of this reaction. In 
addition, the behavior of the exo systems was perplexing 
and a more detailed investigation was clearly of interest in 
view of the paucity of data on the behavior of constrained 
y,d-unsaturated  ketone^.^ 

To these ends, an investigation of the synthesis and 
photochemistry of the following four ketones was initiat- 
ed: 3X, 3N, 4X, and 4N. 

4x 4N 

The choice of these systems was governed by the rela- 
tively fixed geometrical orientations of the chromophores. 
From the drawings shown below, it can be seen that only 

3N 4N 

in 3N is the n orbital of the carbonyl group suitably posi- 
tioned with respect to the double bond to permit the 
mode of interaction proposed for exciplex formation in the 


