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In a continuation of research on the behavior of hydrocarbons of the bicyclo[2.2, l]heptane series under 
the influence of electron impact [i], in the present communication we are examining the features of mass spec- 
tral decomposition of tri- and tetramethylbicyclo[2.2, l]heptanes (I)-(XII). 

The structure of these hydrocarbons is shown below in schematic form. The hydrocarbons (V), (IX), 
and (X) were synthesized by the procedures given below. The other structures were obtained by methylena- 
tion [2]. 
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R I = R  S = R  6 = M e  (I); R i = R  ~ = R  6 = M e  ( I I ) ;  R I = R  6 = R i 2 ( R  ~ i ) ~ M e  ( I l l ) ;  

R I ~ Me, R ~ = Et  (IV); R i = R u ~ R TM = Me (V); R I = R 6 = R 11 = R i~ = Me (VI);  
R i = R  ~ = R  l i = R  ~ = M e  (VII ) ;  R l ~ R  4 ~ R  n ~ R  ~ M e  (VI I I ) ;  R I = R  3 = R  II 
= R t~ ~ Me (IX);  R i = R ~ = R zi = R I~ = Me (X); R i = R II = Me, R n = E t  (XI) ;  
R i i =  R i ~ :  Me, R I = Et  ( X l I ) .  

EXPERIMENTAL 

i, 7,7-Trimethylbicyclo[2.2. l]heptane (V) was obtained by the reduction of i, 7,7-trimethylbicyclo[2.2. l]- 
heptanone-2 (camphor) bythe Wolff-Kishner method; yield 80%, mp 147~ The compounds endo- and exo-l,2, 
7,7-tetramethylbicyclo[2.2. l]heptane (IX) and (X) were obtained by the Grignard reaction from I, 7,7-trimethyl- 
bicyclo[2.2, l]heptanone-2 with subsequent dehydration of the tertiary alcohol on A1203 and hydrogenation of the 
unsaturated hydrocarbon on Raney nickel at 100~ and a hydrogen pressure of 60 kgf/em 2. The hydrocarbon 
that was obtained was a mixture of endo and exo isomers in a 17/83 ratio. The exo isomer was isolated by 
preparative gas-liquid chromatography, mp- 92~ 

The 1,2,4-trimethyl-, 1,4,7-trimethyl-, and 1 -methyl-4-ethylbicyclo[2.2.1 ]heptanes (I) -(IV) were ob- 
tained by methylenation of 1,4-dimethylbicyclo[2.2.1]heptane, and the 1,4,7,7-, 1,2,7,7-, and 1,3,7,7-tetra- 
methylbicyclo[2.2, l]heptanes, the I, 7-dimethyl-7-ethylbicyclo[2.2. l]heptane, and the 7,7-dimethyl-l-ethyl- 
bicyclo[2.2, l]heptane (VI)-(XII) were obtained by methylenation of 1,7,7-trimethylbicyclo[2,2, l]heptane (V). 

The composition of the products from methylenation was deciphered by chromatographic matching with 
individual samples of the hydrocarbons, and also by isomerization of the methylenated products in the presence 
of Pt/C at 300~ under hydrogen pressure, so that the configuration could be determined from the isomers of 
the 1,2,4-trimethyl- and i, 3,7,7-tetramethylbicyclo [2.2.1 ]heptane. The assignment of configuration for the 
isomers of the I, 2,7,7-tetramethylbicyclo[2.2.1 ]heptane was based on the equilibrium characteristics of the 
isomers obtained under analogous conditions. The structures (HI), (XI), and (XII) were assigned on the basis 
of the statistical distribution rule in methylenation reactions. The order of elution of the hydrocarbons and 
the composition of the methylenated products are shown in Fig. i. The equilibrium compositions of the isomers 
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Fig. i. Chromatograms of products from methylenation 
of 1,4-dimethylbicyclo[2.2. l]heptane (a) and i, 7,7-tri- 
methylbicyclo[2.2.1 ]heptane (b): (I) endo-I, 2,4-trimethyl-; 
(II) exo-i, 2,4-trimethyl-; (III) 1,4,7-trimethyl-; (IV) l- 
methyl-4-ethyl-; (V) i, 7,7-trimethyl-; (VI) 1,4,7,7-tetra- 
methyl-; (VII) endo-I, 3,7,7-tetramethyl-; (VIII) exo-l, 3, 
7,7-tetramethyl-; (IX) endo-i, 2,7,7-tetramethyl-; (X) 
exo-I, 2,7,7-tetramethyl-; (XI) I, 7-dimethyl-7-ethyl-; 
(XII) l-ethyl-7,7-dimethylbicyclo[2.2, l]heptane. 

TABLE 1. Equil ibrium Concentra-  
tions of S te ro isomer ic  T r i -  and Te t r a -  
methylbicyclo[2 .2 .1  ]heptanes at 3 00 ~ 
pt /c  

Equilibrium 
Hydrocarbon concentration, 

% 

1,2,4-Trimethyl-endo (I) 
~ exo (lI) 

1,2,7,7-Tetramethyl-end0(IX) 
~ exo (X) 

1,3 7 7-Tetramethyl-endo(VII) 
' ' ~> exo(VIII) 

51 
49 
87 
t3 
76 
24 

of the 1 , 2 , 4 - t r i m e t h y l -  and the 1 , 2 , 7 , 7 -  and 1 ,3 ,7 ,7 - t e t r amethy lb icyc lo [2 .2 .1 ]hep tanes  (I), (II) and (VII)-(X) 
are  listed in Table 1. Here,  in the case of hydrocarbons  with geminal CH~ groups at the C 7, con t ra ry  to the 
situation for  the 2-a lkyl -  o r  1 ,3-d ia lkylb icyclo[2 .2 .1  ]heptanes [3], of the two s t e r eo i somer s ,  the most  stable 
are  the endo(VII) and the endo (IX). 

It is in terest ing to note that the 1 ,2 ,7 ,7 - t e t r ame thy lb i cyc lo [2 .2 .1  ]heptane is a convenient model for  de-  
termining the magnitude of the interaction of exo and syn CH3 in the C 2 and C 7 posit ions,  respect ively.  As a 
consequence of the equality between the sums of the interact ions in exo-  and endo-1 ,2 -d imethy lb icyc lo[2 .2 .1 ] -  
heptanes (AE = H ~ 0), the energy of convers ion of e x o - 1 , 2 , 7 , 7 - i n t o  endo-1 ,2 ,7 ,7 - t e t r ame thy lb i cyc lo [2 .2 .1 ] -  
heptane represen ts  the sought quantity, 2 .2 k c a l / m o l e .  This interaction, which appears in 1 , 2 , 7 , 7 -  and 1 ,3 ,  
7 ,7- te t ramethylb icyc lo[2 .2 .1]heptanes  and is absent in c i s -  and t rans -1 ,3 -d imethy lcyc lopen tanes ,  is evidence 
of severe  deformation of the bond angles in the f ive-membered  rings making up the s t ruc ture  of the bicycl ic  
molecule.  

Chromatographic  mass  spec t romet r i c  studies of the synthesized hydrocarbons  was performed in an LKB- 
2091 ins t rument  {Sweden) with an ionizing e lec t ron energy  of 70 eV and an ionization chamber  tempera ture  of 
250~ The peak intensities (Table 2) are  expressed as percentages of the total ion flux. The separat ion of 
these hydrocarbons  was performed in a capi l la ry  column with a length of 50 m with squalane as the s ta t ionary 
phase and helium as the c a r r i e r  gas; the column t empera tu re  was 90-100~ and the p res su re  of the c a r r i e r  
gas at the inlet was 1.2 k g f / c m  2 gauge. 

DISCUSSION OF RESULTS 

The basic relationships in the decomposition of molecular ions (MI) under electron impact that were 
noted for the monosubstituted and disubstituted bicyclo[2.2, l]heptanes [i] remain the same for the trialkyl and 
tetraalkyl derivatives that we have examined (Table 2). As shown in [i], the bicyclo[2.2, l]heptane is charac- 
terized by the presence of several isomeric MI forms: Bicyclic M I and monocyclic M 2 and M 3 (Scheme i). The 
predominance of one form or another, which determines the subsequent path of MI decomposition, is governed 
by the type of substituent and by the number and relative location of the substituents. 
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The presence  of a substituent in (I)-(XII) at the bridgehead also determines  the main direct ion of decom-  
position of these MIs, i . e . ,  rupture of bonds at the qua ternary  C atom. The stabili ty of the MIs of these c o m -  
pounds is approximately equal to that of the MIs of mono- and dialkylbicyclo[2.2.1]heptanes with a bridgehead 
substituent. An exception is the 1 ,4 ,7 ,7 - t e t r amethy lb icyc lo [2 .2 .1 ]hep tane ,  for  which the MI stabil i ty is ve ry  
low, possibly because of the high level of s t r e ss  in the sys tem,  unusual for  diangular s t ruc tures  (eight butane 
interactions) and the features of s t ruc ture  of its MI. In contras t  to the 1 , 7 - ,  1 , 4 - ,  1 , 7 , 7 - ,  and 1 , 4 , 7 - s u b s t i -  
tuted compounds,  the M 2 form of (VI) is formed by rupture of both C 1 - C  7 and C4-C 7 bonds and contains the 
geminal grouping 1-CH3 - 1-i-C~H 7. This tends to give very  easy removal  of the C3H7 radical  f rom the M2, and 
thus reduces the stabil i ty of this ion. For  all of the mono- ,  d i - ,  t r i - ,  and te t raalkylbicyclo[2.2 .1]heptanes  
that were  studied, the rat io IM/IM-I~ depends not on the number  of CH3 groups,  but only on thei r  spatial a r -  
rangement  in the molecule.  

The mass  spec t rum of (IV) is s imi l a r  to those of the 1-a lkyl -  and 1 ,4-dia lkylbicyclo[2 .2 .1]heptanes  that 
were examined in [1]. The spec t rum of (IV) is charac te r ized  by a ve ry  marked predominance of the peak for  
the ion [M-C2Hs] + with m / e  109, which is related to preferent ia l  ionization of the bonds at the qua ternary  C 
atom. The high intensity of the [M-C2Hs] + ion peak in compar ison  with the intensity of this peak for  1 , 4 - d i -  
methylbieyclo[2.2.1]heptane is explained by the presence  of two paths for  the formation of this ion in the case  
of (IV), i . e . ,  elimination of a C2H 5 radical  and detachment of the bridge part  of the molecule in the form of 

C2H 5. 

The spec t ra  of (I) and (II) a re  s imi l a r  to those of the s t e r eo i somers  of 2 -methy l -  and 1 ,2 -d imethy lb icyc lo-  
[2.2.1]heptane [1]. The maximum-in tens i ty  peaks in these spec t ra  are  those of a C.7H13 ion with m / e  95, 
formed by elimination of a substituted ethylene bridge f rom the MI in the form of a C3H 7 radical .  The presence  
of two angular  CHs groups leads to an increase  in the intensity of the [M-C2Hs] + ion peak that is formed by el i -  
mination of the unsubstituted ethylene bridge.  The spec t ra  of the endo compound (I) and the exo compound (II) 
a re  s imi la r ,  and this cor re la tes  with the small  differences in the i r  thermodynamic  stabil i t ies.  

For  the compounds (III), (V)-(VII), (IX), and (X), which have a substituent on the C 7, the main direct ion 
of MI decomposit ion is rupture of the C 1 -C  7 bond, leading to the rea r ranged  form M 2 (see Scheme 1) [1]. Re-  
moval of the C 7 atom with its substituent groups f rom the M 2 leads to the appearance of a peak for the type b 
ion that is the maximum peak for  (III), (V)-(VII), (IX), and (X). 

~f~ s2 ~/~ 96 ) 
ill), (v), (vii), (Ix), (x) (,,,I), (xi), (xii) / /  
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Scheme 1 

In accordance  with the proposed scheme,  the intensity of odd-elec t ron ions of type a increases  in com-  
par ison with the norbornanes that do not have a substituent on the C 7. This ion has m / e  68 if the diene that is 
formed contains one CH3 group,  and is shifted to m / e  82 if the diene contains one  C2H 5 group o r  two CH3 groups.  

For  the spec t ra  of (V) and (VI), containing respect ively  two and three  neighboring qua te rnary  C a toms,  
s imi la r  to the spec t ra  of bicyclanes with a bridgehead substituent,  a charac te r i s t i c  feature is the considerable 
predominance of one peak, i . e . ,  the type b peak. A feature of the spec t rum of (VI) is the predominance of the 
peak of the odd-e lec t ron  ion in the groups of ions with five and seven C atoms ( m / e  68 and 96, ions of types a 
and e, respectively) (Scheme 1). 

In cont ras t  to the spec t ra  descr ibed above, the mass spec t rum of compound (III), which does not have any 
neighboring qua te rnary  carbon a toms,  contains,  along with the maximum peak of the [M-C2Hs] + ion* a peak of 

* The [M-  C 2I-I 5 ] + ion is formed by two paths: by elimination of the ethylene bridge f rom the MI in the form of a C 2I-I5 

radical  and by removal  of the C ~ atom with an CH 3 group f rom M 2. 
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TABLE 3. Characteristic Indicators in Mass 
Spectra of Bicyclo[2.2. l]heptanes with Composi- 

tions CIoHi8 and CIIH20 

Maximum Characteristic indicators of bi- --  
Compound peak, m/e cyclo[2.2. 1]heptanes with compo- 

sition CloHt8 and CnH2~ 

(I), (II) 95 
(III) 109 

(iv) 109 

(v) 95 

109 

t09 
t09 

82 
95 

109 

(VI) 

(VII) 
(IX) 

(x) 
!xi) 
(XiI) 

CioHlg 

1I]09~I~. High intensity of odd elec- 
tron ions (m/e 68 and 110) 

I109 >> I of other fragment ions 

Ci,H2o 

It09 >> I of other fragment ions 

I82>I's~. 

Iic 9 ~ Igs ~ I82. Is2 is 2.5 times that 
for (VII) 
Ito~195~Isz 

[io9~,I95~1e7 

s i m i l a r  i n t e n s i t y  f o r  a t ype  d ion (CTH n ,  m / e  95). The  e x i s t e n c e  of two pa ths  f o r  the  f o r m a t i o n  o f  th i s  ion is  
c o n f i r m e d  b y  the  c o r r e s p o n d i n g  m e t a s t a b l e  t r a n s i t i o n s  (123 --* 95, , 7 3 . 4 ;  110 ~ 95, , 8 2 . 1 ) .  The f a v o r a b i l i t y  
of  CTHll ion  f o r m a t i o n  is r e l a t e d  to  the  e a s e  of  bond r u p t u r e  at  the  q u a t e r n a r y  C a t o m s .  

The i n t e n s i t y  of  t he  p e a k  fo r  the  o d d - e l e c t r o n  ion CsH14 ( m / e  110,  t ype  c ion) is  a p p r o x i m a t e l y  equa l  to  
tha t  of the  p e a k  of  the  o t h e r  p r i m a r y  o d d - e l e c t r o n  ion C~H 8 ( m / e  68, t ype  a ion).  The f o r m a t i o n  of  t h e s e  ions  
p r o c e e d s  a long  two p a r a l l e l  pa ths  f r o m  the  MI and M 2 (Scheme  1). In both  c a s e s ,  i n t e r a c t i o n s  b e t w e e n  the  C 7 
CHa and the  e x o - h y d r o g e n s  on the  C 2 a r e  e l i m i n a t e d ,  and th i s  e x p l a i n s  the  f a v o r a b i l i t y  of  t h e s e  d e c o m p o s i t i o n  

p a t h s .  

The s p e c t r a  of the  s t r u c t u r a l  i s o m e r s  (XI) and (XII) a r e  c o n s i d e r a b l y  d i f f e r e n t ;  th i s  is  we l l  exp la ined  
b y  the  d i f f e r e n c e  in s t r u c t u r e  b e t w e e n  the  f o r m  M 2 and the  m o l e c u l a r  ions  (Sc he me  2)o Thus ,  d e c o m p o s i t i o n  o f t h e  
f o r m  M 2 wi th  the  f o r m a t i o n  of  a m a x i m u m  ion  of  t ype  b ,  in  the  c a s e  of  the  i s o m e r s  (XI) and (XII), l e a d s  to  the  
a p p e a r a n c e  of  ions  wi th  r e s p e c t i v e  m / e  95 and 109 in t h e i r  m a s s  s p e c t r a .  I t  should  be  no t i ced  tha t ,  in c o n -  
t r a s t  to  (XI), the  ion wi th  m / e  95 in the  c a s e  of  (XII) is  a p p a r e n t l y  f o r m e d  s o l e l y  a s  a r e s u l t  of  t w o - s t e p  d e -  
c o m p o s i t i o n  (Scheme  2). A l s o ,  the  s p e c t r a  of  t h e s e  n o r b o r n a n e s  d i f f e r  in the  i n t e n s i t y  of  the  p e a k s  f o r  the  
[M-C2Hs]  + ions  ( m / e  123) and [M-CH3]  + ( m / e  137). The e x i s t e n c e  of  a doub le  bond in the  M 2 f o r m  in the  
v iny l  p o s i t i o n  wi th  r e s p e c t  to  the  C2H 5 g roup  in the  c a s e  of  (XII) h i n d e r s  i ts  r e m o v a l ,  and the  i n t e n s i t y  of  the  
p.eak wi th  m / e  123 i s  low in c o m p a r i s o n  with  i t s  i n t e n s i t y  in  the  s p e c t r u m  of  (XI), f o r  which  remow~l  of the  
C2H 5 r a d i c a l  p r o c e e d s  f r o m  the  i-C4H 9 s u b s t i t u e n t .  Thus ,  r e m o v a l  of  a C2H 5 r a d i c a l  f r o m  the  q u a t e r n a r y  C Y 
a t o m  p r o c e e d s  to  a g r e a t e r  d e g r e e  than  f r o m  the  C 1 at  the  b r i d g e h e a d .  The  e l i m i n a t i o n  of  the  CH 3 g roup  is  
m o r e  f a v o r a b l e  in  the  c a s e  of (XII). F o r  the  f o r m a t i o n  of  t he  [M-CH3]  + ion  f r o m  the  f o r m  M 2 of  th i s  h y d r o -  
c a r b o n ,  t h e r e  a r e  t h r e e  p o s s i b i l i t i e s ,  one of  which  is  i n i t i a t e d  by  the  p r e s e n c e  of  the  a l l y l  bond.  In the  c a s e  
of (XI),  on ly  two CH3 g r o u p s  can  be the  m a i n  p a r t i c i p a n t s  in f o r m a t i o n  of  the  [M-CH3]  + ion. The  p r e s e n c e  of 
a doub le  bond in the  v iny l  p o s i t i o n  r e l a t i v e  to  one of  t h e s e  g r o u p s  does  not  f a v o r  the  o c c u r r e n c e  of t h i s  p r o c e s s .  

CTH + 
m/e 95 

+.r 
10 

M2 M2 
(XI) (XII) 

S c h e m e  2 
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The stability of the MIs of the stereoisomers (IX) and (X) correlates with their thermodynamic stability. 
We were not able to achieve a clean separation of the stereoisomers of 1,3,7,7-tetramethylbicyclo[2.2. l]hep- 
tane, and hence we will not discuss the mass spectrum of the exo-(VIII). We were able to obtain the spectrum 
of the endo-(VII), since it is the main component in the equilibrium mixture of the stereoisomers. 

The introduction of a CH 3 group on the C 2 (IX) and (X) or C a (VII) affects p r imar i ly  the intensity of the peak for 
the C6H10 ion with m / e  82. For  these hydrocarbons ,  this ion can be formed both d i rec t ly  f rom M 2 (type a ion) 
and f rom M 1 (type e ion). The appearance of a substituent at C 2 (or C 3) favors rupture of the C1-C 2 bond (or 
C 3 - C  4) and the formation of the ion [M-C3H6] +" , the subsequent decomposit ion of which with elimination of a 
C2H 4 molecule leads to an ion with m / e  82. Hence, even though the process  of formation of the type b ion is 
still the main p rocess ,  and the peak of this ion is maximum in the spec t ra  of the i somers  (VII) and (IX), we 
also observe an intense peak of a C6H10 ion, which becomes the maximum peak in the spec t rum of the most 
s te r ica l ly  hindered hydrocarbon  (~4). This is the only spec t rum among those examined for  the 7-substi tuted 
norbornanes in which the peak of the type b ion is not maximum. 

The presence  of a CH3 group on C 2 or  C 3 leads to the appearance of an intense peak for a CTHll ion with 
m / e  95. In the case of (VI), which does not have any such substi tuents,  the peak of this ion is much less in- 
tense.  The metastable t ransi t ion (110 ~ 95, .82.1) ,  as well as the low intensity of this peak in the low-voltage 
spec t rum (12 eV), indicates that it is secondary  in charac te r .  

Thus, f rom the features observed in the mass  spec t ra  of s t ruc tura l  i somers  of the composit ions C10H18 
and CIIH20, these i somers  can be identified quite re l iably (Table 3). 

C ONC L U S I O N S  

1. 1 , 7 , 7 - T r i m e t h y l -  and 1 ,2 ,7 ,7 - t e t r ame thy lb icyc lo [2 .2 .1 ]hep tanes  have been synthesized.  The s t e r eo -  
chemis t ry  and equilibrium ratios of the s t e r eo i somer s  have been investigated. 

2. The mass  spec t ra  of b icyclo[2.2 .1]heptanes  with the composit ions C10H18 and CllH20 have been studied 
and analyzed. The features of the spec t ra  for  the s t ruc tura l  i somers  offer  the possibil i ty of identifying these 
i somers  quite rel iably.  

3. The mass spec t ra  of the s t e r eo i somers  show differences if the i r  relat ive thermodynamic stabilit ies 
differ  by a factor  of more  than 2. 

1. 

2. 
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