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In a continuation of research on the behavior of hydrocarbons of the bicyclof2.2. 1]heptane series under
the influence of electron impact [1], in the present communication we are examining the features of mass spec-
tral decomposition of tri- and tetramethylbicyclo[2. 2. 1jheptanes (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].

Ri=R3=Rf=Me (I); RI=R?=R6==Me (II}; R!=RS=R¥RB¥ =Me (III};
Rl=Me, RE=Et (IV); RI=RU=RiZ=Me (V); RI=RS=RU=R2=Me (VI}
Rl= R5=R!l=R2=Me (VII); R!=R== R"=RE2=Me (VII[}; RE=RS=Ril=
= R12=Me (IX); R!=R?=RU=RE=Me (X); Rl=R1=Me, RE=Et (XI)
R!l= R12= Me, R!= Et(XII).

EXPERIMENTAL

1,7,7-Trimethylbicyclo[2. 2. 1]heptane (V) was obtained by the reduction of 1,7,7-trimethylbicyclo{2.2.1]-
heptanone-2 (camphor) by the Wolff—Kishner method; yield 80%, mp 147°C. The compounds endo- and exo-~1,2,
7,7-tetramethylbicyclo[2. 2. 1]heptane (IX) and (X) were obtained by the Grignard reaction from 1,7,7-trimethyl-
bicyclo[2.2.1]heptanone-2 with subsequent dehydration of the tertiary alcohol on Al,O; and hydrogenation of the
unsaturated hydrocarbon on Raney nickel at 100°C and a hydrogen pressure of 60 kgf/cm?. The hydrocarbon
that was obtained was a mixture of endo and exo isomers in a 17/83 ratic. The exo isomer was isolated by
preparative gas —liquid chromatography, mp — 92°C.*

The 1,2,4~trimethyl~, 1,4, 7-trimethyl-, and 1-methyl-4-ethylbicyclo[2.2.1]lheptanes (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-
methylbicyclof2. 2. 1Theptanes, the 1,7-dimethyl-7-ethylbicyclo[2. 2. 1]heptane, and the 7,7-dimethyl-1-ethyl-
bicyclo[2.2.1]heptane (VI)-(XII) were obtained by methylenation of 1,7, 7-trimethylbicyclo[2, 2, 1theptane (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°C under hydrogen pressure, so that the configuration could be determined from the isomers of
the 1,2,4-trimethyl- and 1,3,7,7-tetramethylbicyclo[2.2.1]heptane. The assignment of configuration for the
isomers of the 1,2,7,7-tetramethylbicyclo[2.2. 1Theptane was based on the equilibrium characteristics of the
isomers obtained under analogous conditions. The structures (I}, (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. 1. The equilibrium compositions of the isomers

* As in Russian original — Translator.
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Fig. 1. Chromatograms of products from methylenation

of 1,4-dimethylbicyclo[2. 2. 1}heptane (a) and 1,7, 7-tri-
methylbicyclo[2.2.1]heptane (b): (I) endo-1,2,4-trimethyl-;
(I) exo~-1,2,4-trimethyl-; (III) 1,4, 7-trimethyl-; (IV) 1~
methyl-4~ethyl-; (V) 1,7,7-trimethyl-; (VI) 1,4,7,7-tetra-
methyl-; (VII) endo-1,3,7,7-tetramethyl-; (VIII) exo-1,3,
7,7-tetramethyl-; (IX) endo-1,2,7,7-tetramethyl-; (X)
exo-1,2,7,7T-tetramethyl-; (XI) 1,7-dimethyl-7-ethyl-;
(X1) 1-ethyl-7,7~dimethylbicyclo[2. 2, 1]heptane.

TABLE 1. Equilibrium Concentra-
tions of Steroisomeric Tri- and Tetra-
methylbicyclo{2. 2. 1Theptanes at 300°C,

Pt/C
Equilibrium
Hydrocarbon concegtration ,

{]
1,2,4-Trimethyl-endo (I) 51
» exo (II) 49
1,2,7,7-Tetramethyl-endo(IX) 87
» exo (X) 13
1,3,7,7-Tetramethyl-endo(VII) 76
» exo (VIII) 24

of the 1,2,4-trimethyl- and the 1,2,7,7- and 1,3,7,7-tetramethylbicyclo[2. 2. 1]heptanes (I), (II) and (VII)~(X)
are listed in Table 1. Here, in the case of hydrocarbons with geminal CH; groups at the C’, contrary to the
situation for the 2-alkyl- or 1,3-dialkylbicyclo[2.2.1]heptanes [3], of the two stereoisomers, the most stable
are the endo(VII) and the endo (IX).

It is interesting to note that the 1,2,7,7-tetramethylbicyclo{2.2.1]heptane is a convenient model for de-
termining the magnitude of the interaction of exo and syn CHj in the C? and C7 positions, respectively. As a
consequence of the equality between the sums of the interactions in exo- and endo-1,2-dimethylbicyclo[2.2.1]-
heptanes (AE = H = 0), the energy of conversion of exo-1,2,7,7-into endo-1,2,7,7-tetramethylbicyclo[2.2.1]-
heptane represents the sought quantity, 2.2 kcal/mole. This interaction, which appears in1,2,7,7- and 1,3,
7,7-tetramethylbicyclo[2. 2. 11heptanes and is absent in cis- and trans-1,3-dimethylcyclopentanes, is evidence
of severe deformation of the bond angles in the five-membered rings making up the structure of the bicyclic
molecule.

Chromatographic mass spectrometric studies of the synthesized hydrocarbons was performed in an LKB-
2091 instrument (Sweden) with an ionizing electron energy of 70 eV and an ionization chamber temperature of
250°C. The peak intensities (Table 2) are expressed as percentages of the total ion flux. The separation of
these hydrocarbons was performed in a capillary column with a length of 50 m with squalane as the stationary
phase and helium as the carrier gas; the column temperature was 90-100°C, and the pressure of the carrier
gas at the inlet was 1.2 kgf/cm? gauge.

DISCUSSION OF RESULTS

The basic relationships in the decomposition of molecular ions (MI) under eleciron impact that were
noted for the monosubstituted and disubstituted bicyclo[2.2.1]heptanes [1] remain the same for the trialkyl and
tetraalkyl derivatives that we have examined (Table 2). As shown in [1], the bicycio[2.2.1]heptane is charac-
terized by the presence of several isomeric MI forms: Bicyclic M; and monocyclic M, and My (Scheme 1). 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 direction of decom-
position of these Mls, i.e., rupture of bonds at the quaternary C atom. The stability of the MIs of these com-
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-tetramethylbicyclo[2.2.1]heptane, for which the MI stability is very
low, possibly because of the high level of stress in the system, unusual for diangular structures (eight butane
interactions) and the features of structure of its MI. In contrast to the 1,7-, 1,4-, 1,7,7~, and 1,4, 7-substi-
tuted compounds, the M, form of (VI) is formed by rupture of both C!—C" and C*—C7 bonds and contains the
geminal grouping 1-CH; — 1-i-C3H;. This tends to give very easy removal of the 63H7 radical from the M,, and
thus reduces the stability of this ion. For all of the mono-, di~, tri-, and tetraalkylbicyclof2. 2.1]heptanes
that were studied, the ratio Iy;/Ip-5 depends not on the number of CH; groups, but only on their spatial ar-
rangement in the molecule.

The mass spectrum of (IV) is similar to those of the 1-alkyl~ and 1,4-dialkylbicyclo[2.2,1]heptanes that
were examined in [1]. The spectrum of (IV) is characterized by a very marked predominance of the peak for
the ion [M—C,H;]* with m/e 109, which is related to preferential ionization of the bonds at the quaternary C
atom. The high intensity of the [M—C,H;]™ ion peak in comparison with the intensity of this peak for 1,4-di~
methylbicyclo[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 CyH; radical and detachment of the bridge part of the molecule in the form of

C,H;.

The spectra of (I) and (II) are similar to those of the stereoisomers of 2-methyl- and 1,2~dimethylbicyclo-~
[2.2.1]heptane [1]. The maximum-intensity peaks in these spectra are those of a C;H;; ion with m/e 95,
formed by elimination of a substituted ethylene bridge from the MI in the form of a C3H7 radical. The presence
of two angular CH; groups leads to an increase in the intensity of the [M—C,H;}" ion peak that is formed by eli-
mination of the unsubstituted ethylene bridge. The spectra of the endo compound (I) and the exo compound (II)
are similar, and this correlates with the small differences in their thermodynamic stabilities.

For the compounds (III), (V)-(VII), (IX), and (X), which have a substituent on the CT, the main direction
of MI decomposition is rupture of the C! —C7 bond, leading to the rearranged form M, (see Scheme 1) [1]. Re-
moval of the C’ atom with its substituent groups from the M, leads to the appearance of a peak for the type b
ion that is the maximum peak for (IlI), (V)-(VIil), (IX), and (X).
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Scheme 1

In accordance with the proposed scheme, the intensity of odd~electron ions of type a increases in com-
parison with the norbornanes that do not have a substituent on the CY. 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 C,Hs group or two CH; groups.

For the spectra of (V) and (VI), containing respectively two and three neighboring quaternary C atoms,
similar to the spectra of bicyclanes with a bridgehead substituent, a characteristic feature is the considerable
predominance of one peak, i.e., the type b peak. A feature of the spectrum of (VI) is the predominance of the
peak of the odd~electron 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 contrast to the spectra described above, the mass spectrum of compound (III}, which does not have any
neighboring quaternary carbon atoms, contains, along with the maximum peak of the [M—C,H;]t ion* a peak of

*The [M—C,H;]*ion is formed by two paths: by elimination of the ethylene bridge from the MI inthe form ofa C,H;
radical and by removal of the C' atom with an CH; group from M,.
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TABLE 3. Characteristic Indicators in Mass
Spectra of Bicyclo[2.2.1Theptanes with Composi-
tions ClOH18 and C11H20

Maximum Characteristic indicatorg of bi-
Compound k. m/e cyclo[2, 2, I]heptanes with compo-
peak, m. sition CygHys and CyyHyg
ClﬂHiS
Iy, an 95 f106>Im
(1) 109 T109™1gs. High intensity of odd elec-
tron jons (m/e 68 and 110)
() 109 I199> 1 of other fragment jons
(V) 95 Tioo<Im
CuiHyo
(V) 109 Iyg9 > I of other fragment ions
(VID) 109 lg2>Tyy
(IX) 109 Tyge ™ Lgs ® yge Ipp is 2,5 times that
for (VII)
x) 82 Tpe~lgs~1Iss
(X1) 95 Tgs=Iys
(XII) 109 Los=Ios=Ier

similar intensity for a type d ion (C;H;;, m/e 95). The existence of two paths for the formation of this ion is
confirmed by the corresponding metastable transitions (123 — 95, *73.4; 110 — 95, x82.1). The favorability
of C;Hy, ion formation is related to the ease of bond rupture at the quaternary C atoms.

The intensity of the peak for the odd-electron ion CgHy, (m/e 110, type ¢ ion) is approximately equal to
that of the peak of the other primary odd-electron ion CgH; (m/e 68, type a ion). The formation of these ions
proceeds along two parallel paths from the MI and M, (Scheme 1). In both cases, interactions between the (ol
CH; and the exo-hydrogens on the C? are eliminated, and this explains the favorability of these decomposition
paths.

The spectra of the structural isomers (XI) and (XII) are considerably different; this is well explained
by the difference in structure between the form M, and the molecular ions (Scheme 2). Thus, decomposition of the
form M, with the formation of a maximum ion of type b, in the case of the isomers (XI) and (XII), leads to the
appearance of ions with respective m/e 95 and 109 in their mass spectra. It should be noticed that, in con-
trast to (XI), the ion with m/e 95 in the case of (XII) is apparently formed solely as a result of two-step de-
composition (Scheme 2). Also, the spectra of these norbornanes differ in the intensity of the peaks for the
[M—C,H;]" ions (m/e 123) and [M—CH;]* (m/e 137). The existence of a double bond in the M, form in the
vinyl position with respect to the C,H; group in the case of (XII) hinders its removal, and the intensity of the
peak with m/e 123 is low in comparison with its intensity in the spectrum of (XI), for which removal of the
,62H5 radical proceeds from the i-C,Hy substituent. Thus, removal of a CZH5 radical from the quaternary C'
atom proceeds to a greater degree than from the C! at the bridgehead. The elimination of the CH; group is
more favorable in the case of (XII). For the formation of the [M—CH;]* ion from the form M, of this hydro-
carbon, there are three possibilities, one of which is initiated by the presence of the allyl bond. In the case
of (XI), only two CH; groups can be the main participants in formation of the [M—CH;]* ion. The presence of
a double bond in the vinyl position relative to one of these groups does not favor the occurrence of this process.

.l..
+e At ~CaH,
‘:M——CH3 =3 c,m}
: : m/fe 95.

C/H}; CeH,
m/e 95 m/e 109
M, M,
(xn {XI1)

Scheme 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[2.2.1]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, group onthe C? (IX) and (X) or C® (VII) affects primarily the intensity of the peak for
the C¢H;, ion with m/e 82. For these hydrocarbons, this ion can be formed both directly from M, (type a ion)
and from M; (type e ion). The appearance of a substituent at C? (or C°) favors rupture of the C!'—C? bond (or
c? ~C4) and the formation of the ion [M—03H6]+' , the subsequent decomposition of which with elimination of a
C,H; 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 process, and the peak of this ion is maximum in the spectra of the isomers (VII) and (IX), we
also observe an intense peak of a CgH;, ion, which becomes the maximum peak in the spectrum of the most
sterically hindered hydrocarbon (X). This is the only spectrum among those examined for the 7T-substituted
norbornanes in which the peak of the type b ion is not maximum.

The presence of a CH; group on C? or C* leads to the appearance of an intense peak for a C;H;; ion with
m/e 95. In the case of (VI), which does not have any such substituents, the peak of this ion is much less in-
tense. The metastable transition (110 — 95, x82.1), as well as the low intensity of this peak in the low-voltage
spectrum (12 eV), indicates that it is secondary in character.

Thus, from the features observed in the mass spectra of structural isomers of the compositions CyHg
and Cy;Hy;, these isomers can be identified quite reliably (Table 3).

CONCLUSIONS

1. 1,7,7-Trimethyl- and 1,2,7,7-tetramethylbicyclo[2. 2, 1Jheptanes have been synthesized. The stereo-
chemistry and equilibrium ratios of the stereoisomers have been investigated.

2. The mass spectra of bicyclo[2.2.1]heptanes with the compositions CyoHjg and C;yHy, have been studied
and analyzed. The features of the spectra for the structural isomers offer the possibility of identifying these
isomers quite reliably.

3. The mass spectra of the stereoisomers show differences if their relative thermodynamic stabilities
differ by a factor of more than 2.
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