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INTRODUCTION

There have been many studies on the analogy of organic reactions induced

.by electron impact in the mass spectrometer to those using heat or light as the
source of enersy. The thermal and photochemical reactions are readily studied
because they can be gbserved and the products can be easily isolated and iden-
tified. This is not so with reactions in the mass spectrometer. The reaction
time scale is so fast compared to the conventional experimental time scale and
the ionic products formed with excess energy is in such small quantities that
it is impossible under usual conditions to trap any of the products or inter-
mediates for observation. The analysis of the reactions is based solely on the
comparative intercretation of the mass spectra with those from other known re-
actions and on the enersetics of the different fragments formed upon electron
impzet. It is, tharefore, iIntcresting to study analogous reactions by electron
" impact, thermal and photochemical means.

1

Statistical Theory assumes that the molecular ion is initially equilibrae

ted to an energized state before reactions take place in the mass spectrometer

(eqs 1).

M= N > M » product (L

where M is the molecular ion

M* is the energized molecular ion

M+ is the complex transition state of the reactien

The energized molecular ion can be one with a highly excited electronic
and vibrational state or one which has under gone a radiationless decay to a
hot ground state (vibrationally excited and electronically unexcited). The
former type might correspond to a first excited state in photochemical reactions

while the second type will correspond to a ground state thermal reaction.

This research attempts to examine the direction of analogy (photochemical



or thermal) for the reactions of 3,7,7-trimethylecycloheptatriene under electron

impact with VYoodward-Hoffman products.

REVIEW OF LITERATURE

Photochemical or Thermal Analozies To Mass Spectral Reactions

Many different types of photochemical analogies to mass spectral reactions
have been observed, Some of the more interesting studies includes the isomerie
zation of the nitro group to the nitrite group. Beynon2 et al. found that upon
electron impact nitrobenzene loses NO from the molecular ion (eq. 2). This has
bean explained by the rearrangement of the nitro=group. A similar photochemical

reaction was observed by Chapman et al.

” ¥ 1t
O — Ol O =
NO

Dimethyl ketene dlmer4 losses CO under the influence of light to give
cyclopropyl ketone. The cyclopropyl ketone has been observed to either ree
arrange to an allyl ketone or losses another CO to form 2,3-dimethyl-2-butene
(eq.3). The mass spectrum of dimethyl ketene gives fragments for the loss of
CC as well as the loss of 2CO (eq. 4y,
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A more recent photochemical analogy has been observed for the bicyclo=
{4,1,0) «heptane-2-one leads to 3-methyle2ecyclohexenone via rearrangement. The

mass spectrum of 3J-methyl-2-cyclohexenone gives a major fragment at m/e=82,

i g ™ iy
__,d-——» 1 o

which 1s a retro Diels=Alder product. The fact that the bicycloe[4.l.0]-heptane=

2-cnes under electron impact also give the same retro Diels-Alder fragment,
except in the case when there is no 6«H available for transfer, indicates that
a similar rearrangement must have taken place as well., It is also noted in
this study that electron impact induced rearrangements with photochemical
analogies will be prominent in the low=ev spectrum because it is a loweenergy
process.

When the loweev spectra of cise and trans-3,4=-cyclobutene-dicarboxylic
acids and their muconic acid isomers were compared,6 it was found that the
isomers resulting from the photochemical rearrangement gave similar spectra,
The cis-3,4=cyclobutene=dicarboxylic acid reaction induced by electron impact
in the mass spectrometer is more like the cis, cis-muconic acid and the trans,
trans-muconic acid, while the trans-3,4-cyclobutene-dicarboxylic acid resembles

the trans, cis-muconic acid (eq. 6,7).
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A very common rearrangement process found in aliphatic ketones is the lce
Lafferty rearrangement7 (eq. 8)« 1Its photochemical analog, the Norrish Type Il

rearrangement8 (eq.9) is likewise a very common process.

M 1! 1t
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? has been found in the electron impact reaction of phthalics

Thermal analogy
anhydride in the formation of an ion at m/e = 76, which is presumed to be similar
in structure to benzyne (eq. 10, 1l).
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Cyclic fluoroethers have also been found to fragment by similar pathways

upon electron impact or heating to glive rise to difluoroethylene as one of the
fragmentsl®(eq, 12, 13).

CEw  1F
e 1t
T"‘ |H1L —— C=CH, o+ (R, * 2CH,0 (12)
c:j -(;

/(lﬁ.h CF,=CH, ~+ CF,=CF, + CFH=CH,
CHy, c\Hz A 13

o +C0 4+ COz + CH"_ + CHL-': CHL

Some commonly observed reactions, such as the Cope rearrangementll(eq. 14,15),

the retro DielseAlder reactionlz(eq. 16), and the retrocycloaddition reaction13

(eq. 17), under thermalytic conditions are also found in the mass spectrometer.

Cope Rearrangement11
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Retro=cycloaddition Zi‘ix
N
Z %4 °
N, N\ 7
H/E—N\D +(T§Er/u ——F  (CH, M —0 (17)

2
The mass spectrum of the product represented in eq. 17 is the same as that of

the startinz materials, indicating that rearrangement occurred prior to the
ionization. It is possible that this particular reaction took place on the

walls of the instrument, and is not a true mass spectral decomposition.

Selection Rules for Thermal and Photochemical Reactions

14,15 have been useful in explaining

Woodward-Hoffman's selection rules
many thermal and photochemical reactions, especially those of pericyclic come
pounds. The concept of the selection rules to decide whether a compound will
proceed to rcact photochemically or thermally is based on the conservation of
orbital symmetry. The generalized rule states that all pericyclic transforma-
tions in the ground state are symmetry allowed when the total number of f-elec-
trons (4g+2)s and (4r)a components is odd, where q and r are integers, and s
and a represent suprafacial and antarafacial, respectively. In pericyclic
reactions these components usually represent ¢ or v bonds taking part in the
rexction, or just an unbonded (rbital which is represented as » . Thus, for

example, a Diels=Alder reaction can be represented as a ground state symmetry

allowed, thermal process, [wWOS+w2s+d0a+w2a+w0s+u2s].

The type of reactions included under the heading of pericyclic reactions

are cycloadditions, cycloreversions and sigmatropic reations. An intrae



molecular cycloaddition or reversion in a concerted manner is also called elec=
trocyclic reaction. The DielseAlder reaction obviously belongs to the first
two types while the migrations of a hydrozen or methyl, such as the Cope ree-

arrangementlﬁ(eq. 18, 19), would belong to the third,

() 7
| Y SN | (18)

DLC CI-I3 DCH CH,
SN =
HJ& Coy Hgb cD,, (19)

The large isotope effect observed for the above reaction16

provides evidence
of a symmetrical transition in a concerted manner,

The Woodward-Hoffmann rules can be easily applied to different types of
electrocyclic systems involving carbonium ions, carbanions or radicals with
elther odd or even electrons present. The scope of the application should not
give rise to complexity in the different systems. "It may be noted specially
that electrocyclic transformations within odd electron systems should follow
the same stereochemical course as the even electron systems containing one
further electrons and that charged systems should behave in the same manner as

neutral systems containing the same number of electrons."15

Theoretically,
Woodward=Hoffmann rules can be readily applied to mass spectral reactions,
which involve odd electron species, by considering the neutral molecules before
fonization.

There seem to be no violations or exceptions to the Woodward-Hoffmann rules.
However, there are cases when no product is observed although symmetry indicates

that the reaction 1s allowed. This iIs not due to the fallure of the selection

rules, but rather due to one or both of the following factors:



1) The geometry of the compound may be such that the allowed transition cannot
be physically realized. An example of this would be the l,2-antarafacial shift
with inversion at the migrating center. This reaction is symmetry allowed,

[Wwos+02s] , but physically impossible.

- ‘or -

In the methyl migration of the trimethyl cycloheptatriene systems,26 1,3-and
1,5-methyl migrations are antarafacial and not ébserved because of the presence
of the ring system.

2} The reacting components are directly joined by noneparticipating bonds
forcing the antibonding orbitals to interact, thus forbidding the expected
reaction to take place. An example of this would be the isomerization of

prismane to three ethylenes,[ﬁZsi-GZa-l»ﬂa].

~—— 3

Thus, in the prediction of the products using WoodwardeHoffmann rules for
pericyclic reactions, precautions have to be taken to view each molecule indi=-

vidually in light of the principle of orbital symmetry conservation.

Semiquantitative Theory for Reactions Induced by Electron Impact
Up till now, there are no comparable selection rules for reactions induced
by electron impact. The Woodward=Hoffmann rules are found to apply to some

5,17,18 » while in other cases they are not consistent.19

cases
A limitation20 for the development of a semiquantitative electronic theory
for mass spectral fragmentation reactions is the difficulty in defining the

reactive electronic states for lons that are produced by electron impact. The



Statistical Theory of the QuasisEquilibrium ‘1‘1‘:15*«:’1'.'371 of Mass Spectral Decompo=
sition is5 sometimes used, but is considered impractical for large systems be=
cause it involves very complex calculations and assumes that the contributions
to reactivity of the excited states all cancel. Another limitation is that the

reactivity of molecular ions is not directly analogous to even-electron systems.
12,18

In the study of reactions given in the following equations, Johnstone

H H
owlE:
2 X8

suggested that the loss of H atom observed for the case where X is NH or CH=CH
and the loss of H2 molecule when X is CH, corresponds to a rearrangement analo=
gous to photochemical reactions. Fleming and Bishoplg however disagreed and
believed that it simply reflects a common mass spectral observation where rad=-
fcal cations tend to lose radicals, and even electron fons lose molecules.lehey
also suggested that the Woodward-Hoffmann rules for pericyclic reactions at

the present state of knowledge are a poor probe into the energy levels of ion
fragments in the mass spectrometer, and that the results just coincide with the
theory fortuitously,

Other theories or methods need to be devised to give better correlation

between the different systems in order to study their analogies.

Permutation Molecular Orbital Theo PM0O) and its Application

Dewar's PMO22 treatment has been extended by Doughertyzo

to pericyclic
reactions under electron impact and photolytic and thermelytic conditions.

This application of the theory has found consistency in several reaction523---
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the hexahelicene rearrangement, and the retro Diels-Alder and bMclLafferty re-
arranzoments.

PO theory qualitatively not only describes the reaction coordinates, but
it also provides a reasonable account of the energy separation between the
first-excited states of a large number of conjugated systems., As it makes no
allowance for electron correlation, the triplet states will be overestimated.
However, with regard to electrocyclic reactions, it was concluded that the
thermal electrocyclic reactions take place preferentially via aromatic transie
tion states and that the photochemical electrocyclic reactions of closed shell
molecules should tend to take place via excited forms of antiaromatic transition
states.

Since the FMO theory deals with the energetics of the excited transitien
states relative to the ground states in the reaction, the analozies between
reactions induced by electron impact, thermal or photochemical means will be
more meaninzful,

In the mass spectrometer at 50 to 70ev, fragmentation reactions can be
classified into three catagories:20
I. Reactions occurring from the low lying doublet or sinzlet states that give
rise to significant metastable peaks and decomposition reactions of even elec-
tron ions that were initially formed in low lying singlet states belong to
Class I,

II. Reactlons with excited electronic states (includinz states with electrons
in the antibonding orbitals), most decomposition of doubly=ionized molecules
and reactions of molecules and reactions of molecule ions for which metastables
cannot be detected belong to Class II.

II1I. Reactions for which reactive electronic states are indeterminant belong

to Class III. This also includes many of the reactions of even electron fraz=
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ment lons or molecular ions for which only very low intensity metastables can
be detected.

PO theory extended to determine the energetics of the reactions of radie
cal ions involves only the determination of the aromaticity of the systems that
are isoelectronic with the transition states of the reaction. (Aromaticity is
defined as the 7-bond energy of a cyclic conjugated system being higher than
that of an open chain conjugated analog). As a consequence of the type of
calculation, it can be seen that electrocyclic reactions that belong to Class I,
even electron systems, should follow the pattern established for neutral analogs.

Mass spectral Class I reactions are directly analogous to thermal processes.
The thermal reactions should have a higher selectivity than the electron ime
pact induced reactions since the former, being even electron systems, have
greater aromaticity in the transition state,

Mass spectral Class II reactions correlate with photochemical processes
in which the transition states are preferably antiaromatic. Class I compounds
would also correlate with photochemical processes involving a n—+w* transition
and proceed via 5-orbital, S-electron states.

Bishop and Fleminglg essentially asree with Dougherty's conclusion that
only those ions in the electronic ground state will be sufficiently long lived
to give rise to metastable peaks upon fragmentation.

Before applying the PMO approach to analogies between electron impact
induced reactions and thermal or photochemical reactions, two factors must be
considered,

1) Highly selective thermal and photochemical processes will very often not
have analogs in mass spectrometry and many high energy processes in the mass
spectrometer will have no analog in the thermal and photochemical reactions

because the Internal excitation energy for ions that give rise to Class 1
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reaction will generally be larger than excitation energies in thermal and
photochenmical experiments.

2) It is always possible that a given class I reaction in the mass spectro=
meter occurs frem a rearranged molecule ion that is not accessible at moderately

high thermal or photochemical energies.

A New Tost for Selection Rules Applied to Electron Impact Induced Reaction

It is noted that as the electron beam energy is lowered the extent of ree-
arrangement often increases24 and that the electron impact induced rearrangements
which are analogous to photochemical transformations are relatively low energy
processes and will remain prominent at low ionizing voltages.

This is found to be the case in the study of trans- and gis-cyclobutene-
dicarbonylic acids.6 The low ev fragmentation mass spectra are relatively
simple and are thought to be useful as a test for the selection rules for
electroeyelic reactions induced by electron impact. It has been found that
this case, the observation is consistent with the Woodward-Hoffmann rules for
photochemical reaction.

Cis- and trans-3,4=cyclobutens=dicarboxylic acids (CCBDA and TCIDA), cis,

¢is-, cis,trans-, and trans,trans-muconic acids (CCiiA, CIMA and TTMA) are related

to each other in their thermal and photochemical reactions and conform to the

14,15 An addtive c1astrogram25 for

selection rules of Woodward and Hoffmann.
the individual compounds was constructed from the intensities of the major ions
formed in the mass spectrometer at the various electron voltages. By compara
ing the clastrograms (Fig. 1) of the different compounds, it was noted that
CCBDA, CQHA and TTMA are similar while CTMA and TCBDA resembles one another.
Further analogy was established from the observation that the mass spectrally

similar compounds produce same metastable peaks for the same transitions. The

Woodward-Hoffmann rules establish that, the similar compounds are related to
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each other by disrotatory process through an 100
3055553521555$§§f§§§§5?
excited state. It seems, then, that ioniza- 60 Ha s ;
«0] ccpoh
tion by electron impact for this system is ’:_ ]
e — :
similar to photochemical behavior, in other pEF—— " T
ig €cMA 11

words, a photochemical analogy is derived,

Figs 1. Clastrograms of cise3,4-cyclo=

butene=-dicarboxylic acid, cis, cise=muconic

acid, trans, trans-muconic acid, transe3,4-

cyclobutene=dicarboxylic acid and cis,trans-

muconic acid.

3,7,7=Trircthylevelcheptatriene System as a Further Test

3,747-Trimethylcycloheptatriene (377-TNCHT) has been well studied both
thermally and photochemically and is a good system for further test of the
selection rules in mass spectrometric reactions. The object of the investiga-
tion would be to observe from low ev spectra whether fragmentation patterns and
clastrograms of the parent compound will be similar to those of the photo or
thermal isomers, in an attempt to establish some photochemical or thermal
analogy. Would it follow from the cyclobutene experiemnt that a 4n electron
system will have a photochemical analogy, while a 4n+2 electron system will
have a thermal analogy? Will it be independent of the selection rules? The
results should give some insight to the application of the selection rules

for clectron impact induced reactions in the mass spectrometer.

Photolysis of the 3,7,7-Trimethylcycloheptatriene2d
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On irradiation of the triene (1) in benzene solution, the compound isomer=-
izes to three major products, 2,6,6=trimethylbicyclo= [3.2.d}-hepta—l,4-diene
(2), 1,5,7=-trimethylcycloheptatriene (3) and 1,3,7-trimethylcyclcheptatriene

().

L1y

1 2 3 4

The last two products (3 and &) isomerizes from highly selective 1,7-
sigmatropic shift of the methyl and hydrogen. The bicyclic compound arises
from a selective electrocyclic reaction. It has also been found that 4 was an
equilibrium product from further irradiation of 3.

The electrocyclization observed for 1 is highly specifiec., Only one of

the two possible valence tautomers, 2 and 5, 1s produced, although the Woodward=-

1) L,

2 s

Hoffmann rules for electrocyclic reactions allow either compound to be formed
through a disrotatory cyclization process., Similar conclusions may be drawm
from molecular orbital calculation === free valence indices and 7-bond orders —
fail to explain the selectivity. Yet no trace of 5 was observed. The only
explanation for the observation is that 3 is unstable relative to 2, because
of the eclipsing of the methyl group on the unsaturated carbon in 2.

The selectivé formation of other tautomers can be more easily explained.
Of the possible 1,7-methyl shifts to give 1,5,7-TMCHT (3) and 1,4,7-TMCHT (6),

only compound 3 i1s detected among the photoe-chemical products.
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3 [}

Symmetry considerations allow a 1,3- and 1,5- antarafacial sigmatropic
methyl shiftsin the cycloheptatriene systems, but because of the ring system
it is impossible to migrate antarafacially. The choice between 3 and 6 was
easily seen from the HMO calculation of the transition states, where the methyl
substituent favors 3'(the transition state for l,7-sigmatropic shift) by
supplying electrons to the ring carbon by inductive and hyperconjugative

interaction mechanisms,

3F 6"
Similar considerations of the charge density and symmetry arguments indi=-
cate that compound 3 upon further irradiation should transform selectively to

compound 4 and viceeversa via a hydrogen migration. This is indeed what has

been observed (eq. 20).

3 &

In summary, the photoreaction of 377-TMCHT can be represented by scheme 1,
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Scneme 1

f—
lw
[

/&

8
Pyrolysis of 3.,7,7=trimethylecyclohe tatriene27’2

Pyrolysis of 377-TMCHT in the gas phase at 300° C produced a variety of
products; 3,7,7«TMCHT (1), 2,7,7-TMCHT (7), 1,7,7=-TMCHT (8), mecymene (9),
p-cymene (10), 3-isopropenyl=lemethylcyclohexa-l,4=diene (ll) and 6eisoproe-

penyl=l-methylcyclohexael ;4=diene (12).

Qo0 a0 Qo

L 1 8 :

12
The pyrolytic reaction was postulated to take place via cycloheptatriene=
norcaradiene interconversions. A rough estimation of 1l + 4 Kcal/mole (about
0.5 ev) of activation energy for this conversion has been calculated.zg (An
activation energy of l4.6 + 0.4 Kcal/mole has been estimated from the N.M.R.

Study of the interconversion of 7,7-dicyano=2,5=bis~(difluoromethyl)=norcarae=

diene and 7,7-d1cyano-2,S-bis-(difluoromethyl)-cycloheptatriene.)30 It is
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expected that the intermediate involved in the thermal reaction should have a
norcaradiene like structure. Scheme 2 is the postulated mechanism.

Schene 2

SR VRN
I I It
Pl Xy

56©6@6

The interconversion of the norcaradienes might be via the isopropenyl-

cyclohexadienes, 11 and 12, which would involve hydride shifts due to the proxe
imity of the methylhydrogens and 3=carbons. An alternate mechanism is an all
carbon or direct transformation process. The two mechanisms can be best
illustrated from the reaction schemes (scheme 3) of dideuterated cyclohepta-
triene~norcaradiene and related molecules. Path a is the direct transformation,
while path b involves the hydride shifts, The distinction between the two
processes is too fine and there is no concrete experimental results that dise

tinguish as between them. However, in methyl substituted 7,7-dicyanc~norcara-
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Scheme 3
He i”-i’-@ ue cH)
_a, a, 2,
— ' — —
b- 2 3 /
/ .\‘b b / ,.\1‘:
et
/A
NN
31

dienes, it has been found that an all carbon rearrangement is the mechanism
for the interconversion of the isomeric norcaradienes.

The mechanism involved in the pyrolysis has two important features. First,
the nonaromatizing rearrangements are reversible and second, rearrangements do
not involve intermolecular hydrogen transfers. These features are supported
by experimental results,

It has been noted from the deuterium labelling experiments that hydride
shifts involved in these conversions are completely stereospecific since all
labels are retained in their original positions on the carbon. It is not clear
as to whether the shifts are due to diradical intermediates, A, or direct cone

certed reactions, B. Both mechanisms are allowed.

EAD

According to Scheme 2, three additional products, 13, 14 and 15, are also
available from the pyrolysis. They were not collected as major products, but
they might be present as traces of uncharacterized compounds.

Though other mechanisms have also been suggested and are conceptionally

possible, they are not consistent with labelling results that had been observed.
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Parameters in Qualitative Analogy

In order to develop a qualitative analogy between electron impact induced

reactions and thermal or photochemical reaction systems, at least five para-

2
meters must be cansidered.3

1) Topography of the respmective reaction surfaces, This is the most important
factor. Only the electronic states of the ground state and first excited state
of the molecule and molecular ions have to be considered since other surfaces
have little effect on the reaction. Actually, mass spectral reactions are gen=-
erally less selective than thermal or photochemical reactions. But the atomic
coordinate space of the potential wells for reactions of the different systems
are coincidentally such that their differences in the ground states and excited
states correspond to one another.

2) Energy available to the reaction systems. The energy distribution only

slightly affects the competition between different reaction pathways in the
reactions induced by electron impact, thermal or photochemical means. The
activation energy is by far more important. Accessibility to different pathe
ways can be estimated from the appearance potentials. When low ev fragments

are absent at the high ev spectrum, no analogy is obvious.

3) Driving forece for the reaction. In the thermal reactions an increase in

the entropy and decrease in electronic energy is the driving force. In photo-
chemical reactions, the relaxation of excitation energy is similar. The driving
force for the ground state and excited mass spectrometric reactions is essenti=
ally the same as for neutral analogs.

4) Relative time scale. The time scale is lmportant since mass spectrometric

reactions are generally fast. However, as long as photochemical and thermal
reactions give primary products which do not react subsequently, or multistep

reactions are not being mistaken for primary products, the comparison should be
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valid.

5) Medium effect. Any medium effect should be eliminated. Fortunately, the

medium effect for radical processes are much smaller than for ionic reactions
in condensed phase.

In addition to the above parameters, there are other factorsaz’33 to be
awvare of in studies of this nature., Only primary photoproducts can be anticie
pated by studying mass spectral reactivity. Pyrolysis experiments should be
conducted in such a way that primary products are preserved to the fullest
possible extent. In the analysis of the mass spectrum, only major singly
charged ions should be considered. Ions making up the top 80% of the total
ionization would likely consist of all major pathways. Mass spectral fragmene-
tations and frazments should be interpreted by use of models from conventicnal
thermal and photochemistry., Low energy mass spectral reactions whieh do not
show intensc metastable ilons are probably reactions from excited states with
photochemical analogy. 3But if the activation energy is larger than 2.3 ev,
the reaction can be considered equally well for ground state and excited state
ions. Anticipated correspondence between mass spectral and thermal reactivity

can be identified by the simple }O procedures.
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EXPERIMENTAL

34
Preparation of 3,7,7-Trimethylcycloheptatriene

9 g of cucarvone (0.06 moles) in 20 ml of ether was added dropwise to an
ethereal suspension of LiAlH& (0.08 moles) and stirred for an additional 30

mine3 0.8 ml of H O, 0.8 ml of 157 KCH and 2.4 ml of H, O were added in the

2 2
order stated, After filtration, and evaporation of the ether, about 7,5 ml

2Sp was added to the eucarvol, it

was distilled under reduced pressure of 20 mm in an oil bath of 120° C. Ree

of eucarvol was obtained. After a drop of H

distillation yielded about 1.8 g of the desired compound,

26
Photolvysis of 3,7,7-Trimethylcycloheptatriene
A solution of 0.6'g of 3,7,7«THCHT in 25 ml of benzene was irradiated in

pyrex soft glass tubes with a 450w Hanovia lamp for two 15 min. periods. The
irradiation was interrupted to follow the reaction by means of gas chromato-
grapiny, Se.C. A class beaded Vigreau column was used to fractionally distilled
the benzene over a range of temperature 36.5°C to 37.500 at aspirator pressure
and in an oil bath. The solvent was discarded and the residue was analyzed
and isolated by g.c. using two columns,

Colum A is a 6-feet colum of 207% SE30 on 60«80 mesh chromosorb P at
11500. 2,6,6=Trimethylbicyclo= f3.2.0]-hepta-1,4-diene (2), the starting mat=
erial, 3,7,7-THCHT (1), and a mixture of 1,5,7=TMNCHT and 1,3,6=THCHT (3 and &)
were collected in the order of increasing retention time.26

Colurm B is a 6feet column of NMPN on 80-100 mesh chromosorb P at 89°C.

1,5,7=TCAT (3) and 1,3,7-THCHT (4) were separated in order of increasing ree

tention time,

. 7
Pyrolysis of 3,Zl7-rrimethy;gyclohentatrienez

The pyrolysis reaction was carried out in a sealed Pyrex tube of about
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150 ml capacity. The tube was washed with distilled water, conc. NH&OH and
rinsed thoroughly with distilled water again and then dried. After placing
0,75 g of 3,7,7-TMCHT (1) into the reaction vessel, it was attached to a vacuum
manifold, cooled in liquid nitrogen, and evacuated to about &4 x Io'smm. After
several freezeethaw cycles, the tube was sealed and placed in an oven at 300°C,
takine care that the tube did not touch the sides of the oven., After an hour
the tube was removed from the oven. The narrow end was placed in liquid nitro-
gen and a heat gun used to drive off any material from the walls, Analysis

and isolation of the contents was again carried out with the g.c. on the two
following colums: |

Colum A is an Sefeet coluum of 307 UCCH=HB200 on 80-100 mesh chromosorb
P and used at 13300. Five fractions, a mixture, 3=isopropenyl=le=methylcyclohexa=
l,4=diene (11), m=cymene (9), p-cymene (10) and 1,7,7=-TMCHT (8) were collected
in order of retention time, (increasing).

Colum B is a 15-feet colum of 20/ TCEP on 80=-100 mesh chromosorb P and
used at 125°C. The mixture from the above was separated into three fractions,
6=-1sopropenylel-methylcyclohexa=1,4-diene (12), 2,7,7=-TMCHT (7) and the starte
ing material 3,7,7-TMCHT (1) in order of increasing retention time.27

The Aerograph Gas Chromatograph, Manual Temperature Programmer, model
A=90=P3 was used. All fractions was collected with a helium flow rate of

60 ml/min. The fractions were identified from the retention time of authentic

samples whenever available,

Mass Spectrometric leasurements

All mass spectral measurements were taken from the AEI=MSO double focusing
mass spectrometer. The source and the system temperature were kept as low as
possible to avoid any complications due to thermal reactions that might arise.

Thus the source temperature was approximately 120°c, while the sample inlet
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system temperature was approximately 75°C. The heated inlet system was used
to maintain stabilized pressure conditions in the source while obtaining data.

The pressure in the source was less than 1.5 x 10'6 torr. Ionization and
appearance potential measurements of the different major ions were calculated
by the semi=log method35 using naphthalene (IP = 8.12ev)25 and chlorobenzene
(IP = 9.07ev)25 as standards,

Mass spectra of all the samples were taken at 50ev, 30ev and every electron
volt down from 20ev to l12ev. The intensities of the major fragments were normale
ized and an additive clastrogramzs was plotted to show the fraction of the ion
current carried by the major ions at each voltage studied. This i1s done by
plotting the intensities of each ion as a band above the band for the ions of
lower m/e. The ban:d width is proportional to the observed ion current produced

by that particular ion.
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RESULTS AND DISCUSSIONS

Mass Spectra

The 50ev and the 20ev mass spectra of 3,7,7-trimethylcycloheptatriene
(1) and its photo and thermal isomers are given in Fig. 2 and 3 respectively.
The relative intensities of the mass spectra are also tabulated in Tables 1
and 2,

It can be seen that all the trimethylcycloheptatrienes (TMCHTS), m= and
p-cymenes (1,3,4,7-10) have similar mass spectra at 50ev. All show a base
peak at m/c=119 corresponding to the loss of 15 mass unit, (presumably a
methyl group) from the molecular ion, m/e=134. The molecular ion and m/e=91
are the next two most intense peaks in the TMCHT. There are small differences
in the relative intensities of the major peaks among the different compounds,

At 20ev, all of the compounds still had m/e=l19 as the base peak, and in
general, m/e=134 increased in intensity while m/e=9] decreased. The molecule
ion of 1,5,7=-TMCHT (3) and 1,3,7-THCHT (4) are somewhat more intense than the
molecular ions of the other compounds in this group, at high ev.

2,6,6=Trimethylbicyclo={3.2,0] =hepta-1,4=diene (2), at 50ev shows the
same base peak as that of the TMCHT's m/e=119, but the next most abundant peak
is at m/e=91 (26%) while the molecular ion is very weak (3.6%)., This suggests
the ease with which the molecular ion loses the 15 mass unit. At 20ev, m/e=ll9
still predcminates in the spectrum, m/e=91 (10%) decreased in intensity and
m/e=134 remairs very weak (4%).

The compounds 3eIsopropenyl-lemethylcyclohexa-l,4=diene (11) and 6=
isopropenyl-=lamethylcyclohexa=1,4=diene (Lg) show distinct differences from
the spectra of‘the above mentioned isomers. But the spectra of the two come

pounds, contrary to what one would expect, also differ from one another. The

6=isopropenyl-l-methylcyclohexae=l ,4=diene (12) has m/e=91 as the base peak at



25

Fig. 2 = Mass Spectra at 50ev
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Table 1

Relative Intensities at 50ev

compounds m/e R.I1. m/e R.I. m/e R.I
3,7,7-trimethyl=
cycloheptatriene (1) 38 7.2 40 4.5 50 3.6
51 1.4 52 2.0 62 2,2
64 6.5 77 10.2 78 4,5
79 5.6 89 1.6 o1 42,0
92 5.8 93 445 102 1.3
103 6.8 104 4,6 105 6.8
115 6.3 116 1.4 117 10.0
118 1.6 119 100.0 120 10.5
133 1.0 134 12,5 135 1.2
2,6,6=trimethylbicyclo-
[3.2.0]=1,4=heptadiene 50 1.4 51 5.2 52 2.3
(2) 53 4,1 55 1.1 63 2.2
65 5.0 66 1.0 77 2,2
78 LA 79 16.5 80 1.2
91 26.0 92 3.6 93 5.6
94 5.0 103 4,0 104 3.3
106 1.0 115 3.3 116 1.0
117 5.0 118 1.2 119 100.0
120 10.8 133 1.7 134 3.6
l,5,7=trimethyl=
cyclcheptatriene (3) 40 5.2 42 7.2 51 2.8
52 1.3 53 2.6 57.5 1.0
58.5 1.0 63 1.7 65 5.0
65.5 3.7 66 2,0 66.5 1.5
77 9.2 78 2.8 79 4.6
91 21.2 92 2.1 93 3.2
103 4,5 104 3.1 105 8.3
106 2.1 115 5.5 116 1.5
117 9.3 118 2.2 119 100.0
120 14.0 133 4,7 134 51.5
135 5.5
1,3,7=trimethyl=
cycloheptatriene (4) 40 6.7 42 8.7 43 3.8
51 3.3 52 1.3 53 2.7
57 1.0 62 1.4 63 1.4
65 5.4 66 1.7 77 9.1
78 2.4 79 4.6 89 1.0
91 23,0 92 1.8 93 2.2
103 4.9 104 3.1 105 7.7
106 1.8 115 4.6 116 1.2
13Y 8.0 119 100.0 120 10.1
128 1.6 133 3.2 134 36,0
135 3.7
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Table 1 (continued)
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Table 1 (continued)

3-isopropenyl=l=methyl=

cyclohexa-1,4-diene (11) 39 1.3 &40 25.0 41
42 1.5 43 6.5 50
51 11.1 52 4.1 53
55 2.9 57.5 1.2 58
64 4,0 65 2.1 66
67 2.1 68 l.1 77
78  11.0 79 19.0 80
89 2.7 90 1.0 91
92 45.0 93 73.0 9%

102 1.3 103 Sets 104

105 55 106 9.0 107

115 8.0 118 2.4 119

120 9.0 131 1.8 132

133 546 134 100.0 135
6+isopropenyl=l-methyla

cyclohexael,4=diene (12) 36 1.0 37 3.0 38
39 48.0 40 8.2 41
42 11.7 43 10.6 44
45 3.0 47 1.6 50
52  20.2 52 8.2 53
54 1.3 55 5.0 56
58 14.0 62 1.5 63
65 24.5 66 3.8 67
68 1.8 75 6.9 77
78  17.2 79 22,0 80
89 4.8 20 2.0 o1
92 40.0 93 48.0 9%

102 1.6 103 7.0 104
105 2.0 106 8.0 107
108 1.0 115 7.2 116
117 8.0 119 56,0 120
121 3.3 132 1.1 133
134 30.0 135 3.2 136
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Table 2

Relative Intensities at 20av

compounds m/e R.L. m/e R.I. m/e
3,7y7=trimethyl-
cycloheptatriene (1) 40 6.9 77 2.5 78
79 6.5 o1 32.6 92
93 3.9 103 2.4 104
105 L.4h 114 1.0 117
118 1.0 119 100.0 120
133 1.1 134 15.6 135
2464,6=trimethylbicyclo=
[3.2.07 «1,4=hepta-
diene (2) 17 1.2 78 I.0 78
91 10.0 92 2,0 93
9% 3.9 103 1.3 104
105 2,5 106 1.0 117
119 100.0 120 10,1 133
134 4.0
1,5,7=trimethyl=
cycloheptatriene (2) 77 1.0 79 1.3 91
93 1.0 105 3.6 106
117 2.0 118 1.0 119
120 11.5 133 3.3 134
}35 5.7
1,3,7=trimethyl-
cycloheptatriene (4) 7 1.0 87 1.2 89
91 6.0 93 1.0 117
119 100.0 120 14,0 128
133 2.0 134 6.4
2,7,7=-trimethyl=
cycloheptatriene (7) 42 2.7 44 7.0 45
57 5.3 79 1.9 91
92 1.0 93 1.3 105
117 1.0 119 100,0 120
133 1.0 134 34,0 135
1,7,7=trimethyla
cycloheptatriene (8) 77 2.5 91 1645 92
93 1.8 104 1.0 106
117 4.1 119 100,0 120
132 4,5 133 1,0 134
135 2.7



Table 2 (continued)

mecymene (9) 91 13.0 92 3.0 93
103 1.0 105 2,5 117
118 1.2 11¢ 100,0 120
133 1.2 134 50.0 135

p=cymene (10) 91 4,7 92 1.0 93
117 1.6 119 100,0 120
134 48.0 135 5.0

3=isopropenyle=l=

methyleyclohexa-
77 2,6 78 1.0 79
91 21,0 92 2.9 93
o4 2.4 105 4,0 106
118 3.2 119 62.5 120
132 9,2 133 3.8 134
135 10.2

6=1sopropenylel=

methylcyclohexa=

1,4=diene (12) 42 4,2 44 3.2 45
55 1.0 58 1.6 75
77 4,3 78 1.8 79
80 1.5 91 26,0 92
93 3.8 94 4,8 105
106 7.8 107 3.1 108
117 2.7 119 80.0 120
121 3.8 132 1.8 133
134 100.0 135 11.2 135
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50ev, with m/e=119 (56%) and m/e=134 (30%) as the next two intense peaks. At
20ev, the abundances of the peaks are reversed, such that m/e=134 becomes the
base peak followed by m/e=119 (80%) and m/e=91 (26%). This suggests a change
in the dominating reaction pathway going from 50ev to 20ev. Perhaps the meche
anism at 20ev is the same as that observed for 3-isopropenyl=lemethylcyclohexae
1,4=diene (11) at 50ev. At 50ev, compound 11 has a mass spectrum showing the
same order of ion Intensities for the major fragments observed as for compound
12, i.esy m/e=134 (100%), m/ewll9 (88%) and then m/e=91 (91.5%Z). However, at
20ev, the m/e=119 becomes more important.
All of the isomeric compounds studied show distinct metastables for the

folleowing transitions:

134 —» 119 o = 105.7
*

119 —— 91 D = 69.58
%*

119 — 117 m = 114.87

The intensity of m/e=ll7 is very low comﬁared to the major ions and theree
fore was not studied,

The major ions in all the spectra (m/e=134, 119, and 91) are present at
50ev as well as 20ev. These ions carry more than 807 of the total ion current
at both high and low electron energies, and include all of the major reaction
pathways for the molecules being studied.

From the mass spectra, (Fig. 1 and 2) it can be seen that 1,7,7-THCHT (1)
does not resemble all of its photolsomers nor all of its thermal isomers at 50
or 20ev. Spectra of 3= and 6-isopropenylelemethylcyclohexa-l,4-diene (11l and 12),
which are thermal isomers, are very different from the spectrum of the starting
material. The compounds, 1,5,7-TMCHT (3) and 1,3,7-TMCHT (4) have a more ine
tense molecular ion than m/e=91 which is reversed for the 3,7,7-TMCHT (L)« The

remaining isomers from thermal rearrangements have spectra that look more or
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less similar to the parent compound,

The fact that all these compounds (l=4, 7=12) have the same major frage
ment ions (m/e=l34, m/e=119 and m/e=91) and the same metastable ions, suggests
that they undergo the same fragment loss. It would be difficult to say, howe
ever, whether at 50ev or 20ev, these compounds share a common enersy manifold
and/or structural intermediate to give rise to the same fragmentation. If the
small differences in the intensities of the spectra of the cycloheptatrienes
are considered to be significant, then, it is unlikely that any of the come

pounds fragment via one common intermediate.

CLlastrograms
The additive clastrograms of the 3,7,7-TMCHT (1) and its isomers (2=4,

7-12) are given in Fig. 4. The normalized relative intensities are tabulated
in Table 3,

The clastrogram of 3,7,7-THCHT (1) over the entire energy range does not
show resemblance to any of its isomers., However, below 20ev, the clastrogram
of the starting material looks more like that of 2,7,7-TMCHT (7) and 1,7,7-
THCHT (8). The clastrograms of compounds 7 and 8 are almost identical and so
are that of 1,5,7=THCHT (3) and 1,3,7«TMCHT (4). In fact, clastrograms of all
THMCHIs look similar, dififering only in the amount of ion current carried by
the m/e=119 ion. This could be explained by the sterically unfavorable struce

ture of the 7,7-dimethyl system compared to the 7-methyl system.

CH
HSC 3 ,1 Hsc H
13 14

The stereochemistry of 7,7=dimethyl=THCHT (13) is such that one of the

7=methyl groups is situated above the 7=orbitals of the double bonds. Whereas
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Table 3

NORMALIZED RELATIVE INTENSITIES

3,7,7=trimethylcycloheptatriene (1)
m/e eva 50 30 20 19 18 17 16 15 14 13 12

134 9.68 10,88 10,53 13,93 19,80 20,42 20.01 22,49 28,04 32,28 39.52
119 64,52 63.04 67.43 69.64 68,07 71.23 71.84 68,40 66.14 59.88 50,51
91 25.81 27.55 22.00 16,43 11.95 11.50 8,76 5.68 3,56 1.59 0,60

2,6,6-trimethy1bicyclo-[3.2.0]-1,4-heptadiene (2)

nfe eva 50 30 20 19 18 17 16 15 14 13 12

124 2,80 3.05 3.26 3.28 3.35 3,75 3.62 4,58 5,87 6,98 12,28
119 75.53 78.31 88.18 88.97 90,50 91,49 92,94 93,46 93,19 93,02 87.72
91 21.68 18.64 8433 7.74 6415 4.76 344 1,96 0,9 0.00 0.00

1,5,7=trimethyleycloheptatriene (3)

m/e evae 50 30 20 19 18 17 16 15 14 13 12

134 24,84 26,45 32.62 36,47 40,62 46,10 48,99 53.48 60,98 74,07 83.83
119 62.11 62,97 63.94 60,79 57.21 52.69 50.51 46,52 39,02 25,93 16.18
o1 13.04 10.58 3.45 2,74 2,17 1.20 0.5% 0,00 0,00 0.00 0.00

1,3,7=-trimethylcycloheptatriene (4)

mfe eve 50 30 20 19 18 17 16 15 14 13 12
134 21,67 24,10 32,32 36,19 37.93 43.50 47,12 52.08 60.17 71.94 81.97
119 62,03 63.25 63.78 60.31 60.20 55.07 52,36 47,92 39,83 28,06 18.03

91 16,25 12,65 4,28 3,50 1.87 1.43 0.52 0,00 0,00 0.00 0.00



Table 3 (continued)

2,7,7=t rimethylcycloheptatriene (7)

nfe eva 50 30 20 19

134 15.53 15,82 23.52 25.17
119 62.11 64,56 67.20 67.11
o1 22,36 18.93 9.27 7.72

1,7,7=trimethylcycloheptatriene (8)

mfe eve 50 30 20 19

134 14.74 18.09 21.26 23,45
119 64,10 65.79 64,43 68.97

91 21.15 16,12 7.86 7,59
mecymene (9)

m/e eva 50 30 20 19

134 20,67 21.05 35.67 37.74
119 66.67 70.18 61.50 60.39
91 12.67 8.77 2.82 1.87

p-cymene (10)

m/fe eva 50 30 20 19
134 20,67 21,05 35.67 37.74
119 66,67 70,18 61.50 60.39

91 12,67 8.77 2.83 1.87

18
27.93
66,49

53.98

18
27.39
68.00

3.81

18
41.93
56.66

1.18

18
41.93
56,66

1.18

17
28,76
67.34

3.47

17
30.83
67.02

2.14

17
46,28
53.19

0.53

17
46.28
53.19

0.53

16
33.44
64.31

2.25

16
35.30
63,05

l.64

16
52.91
47.09

0.00

16
52.91
47.09

0.00

15
37.27
62.11

0.62

15
38.00
61.27

0.74

15
59.52
40,48

0.00

15
59.52
40,48

0.00

14
41.86
58.14

0.00

14
47.37
52.63

0.00

14
69.44
30.56

0.00

14

69.44

30,56

0.00

36

13
52.91
47.09

0.00

13
55.56
44 b4

0.00

13
8547
14,53

0.00

13
85.47
14,53

0.00

12
68.67
31.33

0.00

12
74,07
25.93

0.00

12
95.79
L4.42

0.00

12
95.79

4,21

0.00



Table 3 (continued)

3-isopropenylelemethylcyclohexa-1,4-diene (11)

m/e eve 50 30 20 19 18

134 30.70 33.22 47.85 50.50 53.76
119 31.84 33,56 35.89 35.86 34,41
91 37.45 33,22 16,27 13.64 11.83

6=-isopropeneyl=lemethylcyclohexa«l ,4=diene
m/e eve 50 30 20 19 18

134 32,04 35,71 48,00 51.07 56,72
119 32,75 33,93 36.97 36.26 35,73

91 35,21 30.36 15.03 12,67 7.54

17
58455
33.96

7.49

12)
17
60.94
32.91
6.15

16
65.93
31.64

2,44

16
64,30
32,96

4,37

15
80,39
17.68

1.93

15
66,40
30.54

3.05

14
84,67
14,31

1.02

14
72,31
26,97

0.85

37

13
96,99
2,04

0.97

13
80.00
20,00

0.00

12
99.11

0.89

0.00

12
88,50
11.50

0,00
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in the 7-methyl=TMCHT (14), the preferred structure 1s one in which the H atom
is on the same side as the f-orbitals. There would be smaller steric repulsion
between a H atom and the T-orbitals than between a methyl group and the 7Teorbie
tals. Similar reasoning can be applied to 1,7,7-TMCHT (1) and 1,3,7-THCHT

(4) and 1,5,7-TMCHT (3). The 7,7-disubstituted TMCHT lose a 7emsthyl more
readily to form a stable tropylium ion (eq. 21, 22, 23, 24, and 25) and will
carry more ion current than for the TMCHTs with just one methyl substituted at
the 7 position. It should also be noted, however, that loss of H from the

molecular ion of the 1,3,7« and 1,5,7=-TMNCHI's is not a very important pathway.

4

ok
—CHa- ~CyHy +
Q = — E4 1)
1
‘|?
-CHa. -C,H
@‘ — —2 G 22
1
11
-CHS' “C:,H4 CH +
8
It
Cla. -C.H
@ . @ — G’ (26)
3
w I*
Q = N, oMy’ (25
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Clastrograms of mecymene (9) and pecymene (L0) are similar to each other
as expected and also have some similarity with the TMCHTs. The ion current
carried by their molecular lon is more than that of the TMCHTs, and could be

rationalized from the following mechanism (eq. 26, 27).

)
¢ " ]
@ i ~CoH4 *
(:::) e+ — — G (26)
~ -

9

11

- CHy-
J —

10
The loss of a methyl group from the cymenes reduces the resonance stabilization

-(3H
B GHT @

of the phenyl ring and is an unfavorable process. Therefore the more stable
molecular jon would be expected to carry more ion current than in the TMCHTs
where aromaticity is increased by the loss of a methyl group (eq. 21=25).

The 3eisopropenyle=lemethylcyclohexael,4=diene (11) and 6e-isopropenyla=le
methylcyclohexa=1,4-diene (12) have clastrograms similar to each other, but
different from the other isomers, as was also observed to be the case in their
mass spectra. The ion currents carried by the molecular ion, m/e=l134, for these
two compounds are about 50% of the total ion curren'l:. end more than observed in
any of the other isomers. A postulated mechanism for 1l and 12 is illustrated

in eq. 28 and 29.

/ 1 Z
' & ~C2Hy +
-CHy - H
3 — — — CT 7 (28)

1

= 'l.* @~
(5} *
“Gta o7 (29)
«CHa-
_,._;3 l I —_— —> = Lad
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Rearrangement provides a conjugated structure for the m/e=l119 ion, which is
more stable than the vinyl carbonium ifon structure which is formed if re=-
arrangement had not occurred.

2,6,6=Trimethylbicyclo= (3.2.0]-hepta=l,t=diene (2) has a clastrogram
that is distinctly different from all the other isomers., The ion current
carried by m/e=119 dominates the entire energy range., The molecular ion carries
only about 4«57% of the total ion current. A rationale for this particular obe
servation might be the ease with which the molecular ion loses the methyl and

rearranges to a tropylium ion (eq. 30).

1f e
UL
, ) -CHa- | p " _— (30)

?

The bicyclic compound is postulated to aromatize to the substituted
tropylium ion with the loss of methyl. Substituted bicycloe [3.2.0]-heptanes
have been found to rearrange to TMCHTS.36 The bicyclic molecule is a strained
system and is highly susceptible to rearrangement and fragmentation, particu=
larly when the rearranged structure is resonance stabilized. Therefore, the
molecular ion, m/e=134, of 2,6,6=trinethylbicyclo- [ 3.2.0]-hepta-l,4=diene (2)
will carry very little current since most of the ion will decompose to form the
more stable m/e=119 ion.

The observation from the 50ev mass spectrum of 2,6,6-trimethylbicyclo=
[3.2.0]-methylhepta-l,4=diene (2) that the relative intensity of the m/e=l19
(100%) and m/e=91 (267%) is quite similar to that of 3,7,7=TMCHT (1) (m/e=119
(100%) and m/e=91 (23%)), can be explained from the fragmentation mechanism
postulated above. Both compounds have a l,4=dimethyltropylium ion as a posse
ible structure for m/e=119%ev,

The clastrograms of the different compounds show some similarities among
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the TNMCHTs (1, 3, 44 7, 8) and cymenes (9, 10), while that of 3= and 6eisoe
propenyl=lencthylcyclohexael y4=dicnes (11, 12) show little resemblance to them.
The 2,6,6-trimethylbicycloe [3.2.0]-hepta-1,&-diene has a clastrogram that is

significantly different from all other isomers,

ENERGETICS

Appearance potentials, ionization potentials and activation energies

The jonization potential is the minimum energy necessary to ionize a
neutral molecule by losing an electron to form a molecular ion in about 10'6
sec. Appearance potential usually applies to the energy necessary for the
formation of daughter ien from the molecule in about 10'6 sec. Because of
this kinetic effect, imown as the kinetic shift, ions formed at the "“threshe
kold" have small amoumt of excess energy. An activation energy is the minimum
energy required to activate the molecular ifon so that it can undergo reaction
and proceed to the product. The relationship between the appearance poten=
tials (AP), ionization potentials (IP) and activation energies are given in

the thermal energy relationship diagram of a unimolecular ion decomposition

37
in the mass spectrometer below (Fig. 5).

1._ L LA S I
3
: AP(D") AHg(DY)+aH R
o o aR0 Bl
E U(H) AH‘(D-)? AH“N)
¥ o
]

. M

g "I "
Aﬂfth)
fonstituent element

Reaction coordinate
_—
Fige 5+ Thermochemical energy relationships for unimolecular ion dee

compositions in the mass spectrometer.
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It can be secn that the AP and IP values are related to the heat of formation
of the respective species involved. The activation energy is also calculated
from the difference between the AP and IP of the ions in the reaction (eq. 31,

32’ 33’ md 3&).

IP (M) -anf(n) =AH, (M) + ET (31)
ap 0%) =4 Hf(n'!') +AH (W) = AH Q1) + Ef (32)
or AP (DV) -AHf(D+) +AH (R') =AH () + £ (33)
EO(D+) -4 () - 1p ) + EY (34)

where AH £ " heat of formation
E' = excess energy
Eo = activation energy
The activation energy might be higher than the calculated value., This
excess energy can be seen in the reverse reaction. For cleavage reactions there
is no activatipn for the reverse reaction. For skeletal rearrangement leading
to more stable species, there will be some activation energy for the back re-
action,38 i.e.,y the measured activation energy will include some excess energy.
The appearance potentials and the ionization potentials of the major ions
are tabulated in Table 4, The values are reproducible within + 0.05ev. The
activation energies for the reactions (eq. 35, 36) are calculated from the
average APs of mfe=119 and m/e=91 and the IP of m/e=134., They are given in
Table 35,

M e RTSYT i, (35)
m./e-llg m/e-119

+ +
(li=15) —— (M=43) + C (36)

H

m/e=119 m/e=91 24

The compounds mecymene (9) and pecymene (10) have IP measurements within
+0.lev of each other. The first fragmentation of both compounds is a loss of

15 mass unit which is most likely the loss of methyl group from the isopropyl



compounds

3 ,7 '7- trimthyl‘

Table &4

Ionization and Appearance Potentials

cycloheptatriene (1)

2,6,6=trimethylbicyclo=

3.2,0 =hepta=l ,40

diene (2)

1 ,5 9 7— trimethyl"
cycloheptatriene

1 9’ 3 [y 7- trimethyl-
cycloheptatriene

2’7 ,T-trimeth}II-
cycloheptatriene

1 » 7 ,7-trimeth}'1-
cycloheptatriene

mecymene (9)
p-cymene (10)
3-isopropenyl=l-
methyleyclohexa=
1,4=diene (11)
6=isopropenyl=ie

methyleyclohexaw
1,4=diene (12)

3
@)
@

(8)

n/ewl 34

6458+ .0l4ev

7 . 76.'!;0 1] § 3ev

6.35:1_'_.0176‘7

7.41%.025ev

74454 . 0bkev

7.344,0l6ev
7.924.013ev
7.99’_&0 006ev

7.944.022ev

7-75:!'_.0419?

nfe=119

9.02+.021ev

8.573.0069?

9.38+.,038ev

9.33+.010ev

9, 68.1'_. 01 3ev

8.93:.0213V
10.40+.021ev
10,2%.035av

9.05100109"’

8472+.021ev

n/e=9]

11.9%.021ev

11.%-01“9\’

11.80¢.020ev

12-65&.0066\7

12.12+,0000v
13.184.0l4ev
13, 3?:.02&9?

11.024,.040ev

11.20+,012ev

43



Table 5

Activation Energies

compound m/e=l34 mfe=ll9 mfe=119 mfe=91

3,7 ,?-trimethyl.
cycloheptatriene (1) 2, b44ev 2.97ev
2,6,6etrimethylbicyclo=

3,2.0 <hepta=l,4=diene (2) 0.18ev 2.87ev
1,5,7=trimethyl=
cycloheptatriene (3) ~ 3,03ev 2.42ev
1,3,7-trirethyl=

cycloheptatriene (4) 2,92ev 3.32ev
2,7,7-1:!‘1!‘:’]6".11}'1- s

cycloheptatriene 2.23ev 3.23ev
1,747=trimethyl=
cyclohsptatziene (8) 1.5%v 3,19%v
mecymene (9) 2.48ev 2.78ev
p=cymene (10) 2,30ev 3.08ev

3eisopropenylel=methyle
cyclohexa=l,4=diene (11) l.l3ev 1.97ev

6=isopropenyl=l=methyl=
cyclohexael ,4=diene (12) 0.%7ev 2.48ev
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substituent. The activation energies for the loss of the methyl from both
compounds are almost the same (2.48ev and 2,30ev), therefore the position of
the methyl substituent on the phenyl ring has little or no effect on this re=
action. Once the methyl radical is lost from the isopropyl group, however,

we can see (eq. 26, 27) that the m/e=119 ion formed from the p-cymene (10) is

T+ ® -~
o] R -.C]_Hq +
~CHy @ P @ > CHy (26)
y : @
It ®
; ( | “Calla ooyt
Chy: © — —= Gk @7
10

slightly more stable than that of the me-cymene. This is because a more stable

tertiary carbonium ion is present as a resonance structure and could explain
why the activation energy for the subsequent fragmentation is higher for the
p=cymene (10).

The compounds, 3=isopropenylele«methylcyclohexa=],4=-diene and 6-isopropenyl=-
l=methylcyclohexa=l,4=diene (11 and 12) have a O.l4ev difference between their
1P measurements. The fragmentation is most likely a loss of methyl from the
isopropenyl substituent concomitant with or followed by rearrangement to form

a more stable conjugated structure {eq. 28, 29),

2 7t _
CH.- | -CHe ¥
_Oji_, — Q — ‘ — s GH (28)
~ T - o7
~CHy» . - gL, T
i (29)
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The activation energies for the initial loss of methyl are similar (0.97av and
l.13ev) suggesting that the methyl substituent on the cyclic structure is not
an important influence on the reaction,

The IP (7.76ev) and AP (m/e=l119, 8.57ev; m/e=0l, 1ll.44ev) of 2,6,6=tri=
methylbicyclo= [ 3,2.0]«hepta-l,4e=diene (2) are closer to that of isopropenylel=
methylcyclohexa=1,4=dienes (11, 12) than to that of other compounds being stude
ied, but this does not necessarily mean that they have rearranged to a common
intermediate within the molecular ion. In fact, the more logical mechanism is
rearrangement to the cyclohaﬁtatriene structure concomitant with loss of the

6-methyl group (eq. 30).

-H . @ ¢ H +
~CHy* ~ e C‘;H" (30)
L1y — )

2

The TriCHTs that showed similarities among each other in the previous comparisons
do not show the same similarities in their energetics for the reactions under
study, The differences between them can be explained by looking into the actie
vation energies and frazsmentation patterms.

The activation energies for the loss of methyl from the 1,7,7-TMCHT (8),
2,7,7«TMCHT (7) and 3,7,7=-TMCHT (1) are 1.59%ev, 2.23ev and 2.44ev respectively.
The methyl loss, earlier presumed to be the 7-methyl, produces a substituted
tropylium ion m/e=119, which appears to be more easily formed when the three

methyl groups are closer together (eq. 21, 22, 23).

]?
Q _~eHy . G ooy’ (21)
1
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|
“E P -C M +
_-Chy: R (22)
~CHa- -C +
@ ~H @ e, ¢, (23)
8

Steric interaction betwéen the 7-methyls and l-methyl in the 1,7,7=-THMCHT

I~

(8) could explain the lower activation energy (l.5%v vs. 2.23ev, 2.44ev) for
the initial loss of methyl from this compound, than for 2,7,7=-THCHT (7) or

3,7,7=T2CHT (1), CH,

{
He 1

The 2= and 3=-mathyl groups on the THCHT ring for compounds 7 and 1 are further

away from the 7e-methyls., A lower activation enerzy for the decomposition of
3,7=dimethyltrosylium ion than for the 1,7- and 2,7«dimethyltropylium ion
(2.97ev vs. 3.23 and 3.19ev) is also observed,

Finally, the activation energles for 1,3,7=TNCHT (4) and 1,5,7=-TMCHT (3)
(nfe=134 —m/e=119, 2.92ev and 2.42 ev, m/e=l19 — mfe=91, 3.03ev and 3.32ev)

follow the same trend as for the other TMCHIs (eq. 24, 25),

~CHj- ~CzH ¢
R ©/ bl Y (26)
-CHS. .-C*H‘l c H+
—_— | —_— 107 (25)

W

1=~
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Loss of a hydrozen from these compounds does not seem to be important. The
[M-H]+ ion intensities for the 1,5,7-TMCHT (3) and 1,3,7-TMCHT (4) are only
4,77 and 27 respectively at 50ev. This is explained by the fact that the loss
of a more stable methyl radical is preferred over the loss of a hydrogen atom.

1,5,7=THCHT (3) and 1,3,7-THCHT (4) are more stable compared with 3,7,7-
TMCHT (1), 2,7,7-TMCHT (7) and 1,7,7=-TMCHT (8) where a methyl must be situated
unfavorably above the Ye=orbitals. This does not show up in the IP values, but
it does show up in the activation energy. The activation energies for the 7,7=
disubstituted TMCHTs would bé expected to be and are lower for the loss of
methyl in this system.

A methyl group substituted on the 7=position of cvcloheptatriene will te
expected to have a configuration in which the methyl group is away from the
q=orbitals to reduce steric repulsion between the methyl and the Teorblitals,

By doing so, however, if cannot avoid any interaction with the substituent cn
carbon 1. Compound 1,7,7-TMCHT (8) has methyls in which one has to be situated
above the fe-orbitals of the tricne and the other is.close to the lsmethyl groun.
The 3,7,7-THCHT (L) and 2,7,7-THCHT (7) are expected to have the methyleT -orbital
interaction, while the 1,3,7=THCHT (4) and 1,5,7-THMCHT (3) would have the methyle

methyl interaction if they are to aveid a interaction with f=orbitals.

By By Iy TE5 I

It is also seen that 6-1sopropeny1-1-methylcyclohexa-l,A-diene 12) ‘and
3-isopropenyl=l-methylcyclohexa=1,4=diene (11) and 2,6,6=trimethylbicyclo=
[3.2.q]-hepta-1,&-diene (2) which are postulated to rearrange in their initial

loss of methyl, (m/e=134 —s m/e=119), have the lower activation energies for
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this transition than the other compounds under . .tudy. It is likely that re=
arrangements occur concomitantly with the loss f methyl radical in all three
compounds., This observation would be consisten : with the idea that rearrangee
ment reactions have the lower activation energies than cleavage.

Probably all losses of methyl in this series of compounds with an activae
tion energy of less than 3ev involve rearrangement. Data from other known ree
arrangement reactions observed in the mass spectrometer indicate that the actie

vation energy for rearrangement is about 2«3ev.

Toluene
+ + 39
M- —» [MeH]  (Rearrangement) E, = l.7ev
- 39,40

M — [M-Cﬂé]+ (Cleavage) Eo = &,67ev

7=Methyl-cycloheptatriene

b3 ¥ _ 41
M — [lieH] (Rearrangement) £ = l.6ev
1+

* + - 41
M — [M-CHi] (Rearrangement) z = 2.6lev

Cycloheptatriene
* + 39
M° — [i=H]" (Rearrangement) Eo = 1,96ev
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CONCLUSIONS

The similarities in the mass spectra of isomers illustrate one of the
drawbacks oI mass spectrometry as a tool for structural analysis as compared
to nuclear maznetic resonance or infrared spectroscopy. Unless the isomers
have definite structural differences, such as the isopropenylel-methylcyclohexae=
1 ,4=dienes and the TiiCHTs, it is difficult to distinguish between isomers
simply from their mass spectra alone.

Comparison of the different isomers by logical fragmentation considerations
and enerzetics of the different transitions in the mass spectrometer serves as
a better methed for the analysis of the different compounds when simplec mass
spectra cannot.

Clastroarams and cenergetics of the various compounds studied provide simia
lar conclusions, but the former cannot offer as much explanation in detzil of
the reection as the latter. On the other hand, the clastrogzrams have the advane
tage over mass spectra at particular ev in that it gives, at a glance, the
anmount of ion current the major fragment ions carry over a range of ionizing
emergies,

If the Voodward-Hoffmann rules are applicable to the 3,7,7=-TMCHT (L), we
would expect it to react in either one of the two ways. It can react via an
electronically excited state and show photochemical analogy or via a vibrae
tionally excited electronic ground state and show thermal analogy.

The photochemical rearrangement (as shown in Scheme 1 on p.18) to the iso=
mers 2 to 4, apparently does not go through any intermediate. However, 1,3,7-
THCHT (4) is not a primary product from the starting material but an equili=
brium product from further irradiation of 1,5,7-TMCHT (3). Upon equilibration,
it would be impossible to distinguish between the 1,5,7«TMCHT (3) from the

starting material or from 1,3,7-TMCHT (4). This might explain the differences
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observed among these compounds. It is a little more difficult to explain why
2,6,6-trimethylbicyclo= 3.,2.,0 =cyclohepta=l,4=diene (2), which is a primary
photochemical product, should be so different from the starting material upon
electron impact, unless the mass spectral decomposition reactions for the two
systems have different energy manifolds. It has already been pointed out that
these two isomers, ] and 2, could share the same structure for their m/e=l19
daughter ion after a (?) losing methyl group. But this is not a rearrangement
prior to fragmentation, which i1s where the interest lies in this study. There-
fore, we can conclude that ﬁﬁe mass spectra, clastrogram and energetlics of 3,
7,7=-TMCHT indicate that equilibration does not occur through an electronically
excited state upon electron impact and that the decomposition cannot be said
to be a “photochemical" analogy.

Thermally, the 3,7,7-TMCHT (1) is postulated to rearrange to all isomeric
products via a norcaradiene intermediate (Scheme 2 on p. 17). It is possible
that the life time of the norcaradiene 'intermediate! is long compared to that
of the mass spectral time scale so that all isomeric products are considered as
subsequent reaction products instead of primary products. The observed spece
tral similarities with the 1,7,7=, and 2,7,7=-THCHTs and m=, pecymenes would be
accounted for by the fact that these compounds are only one step away from the
starting material or that after rearrangement consistent with the low activation
energy of the subsequent processes the norcaradienes formed are slightly differa
ent in their structure. 3-isopropenylel-methylcyclohexael,4=diene (1l1) and 6=
isopropenylel=-methylcyclohexa=l,4=diene (12) show marked differences from all
the other isomers, suggesting that unlike the therﬁal reaction, these compounds
are not formed from the norcaradienes under electron impact. Thus, the dis=-
crepancies as to whether noréaradiene equilibrate via a direct all carbon

transition or a hydride shift through a isopropenylel-methylcyclohexael ,4=diene
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structure is eliminated in the mass spectral reactions. The rearrangement of
the TMCHIs via a norcaradiene equilibration by an all carbon direct process is
estimated42 to decrease the activation energies for the rearrangement by ll+4
Kcallmolzg over the postulated thermal process (Scheme 2) if hydride shift is
the equilibration mechanism in that case,
There does not seem to be a definite analogy between the mass spectra,

clastrograms and energetics of the thermal isomers of 3,7,7-TMCHT either, al=
though there appears, in several cases, to be some equilibration of structure.

A possible scheme in the mass spectrum can be represented by Scheme 4.

Scheme 4

QY

50 =0
@0 @ @

Other reasons for the differences observed for the compounds studied
could be the selectivity of mass spectral reactions and the kinetic factor.
The Mass spectral reactions may be more selective than the thermal reactions.
This appears to be the case for 3,7,7-TMCHT (l). Thermolysis yields at least
saven products including the starting material, while photolysis is complicated

by a subsequent equilibrium reactian. Unimolecular ionic reactions in the mass
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spectromneter have a finite and short (10"6 sec,) life time before collection
and analysis, and complete equilibration among so many varied and complex
structures may not occur,

The kinetic factor might be more important than what has been suggested,
The kinetics of ncone-cquilibrium gas phase unimolecular reactions is best seen
from the Quasi=Equilibrium Theory (Q.E.T.).l The rates of the reactions are

represented in a simplified form by eq. 35.

n-l
kKey(Z « E
& °\ (35)
. E

where k = rate of reaction

p = frequency factor

£ = total internal enerzy

Eou activation energy

n = no. of effective oscillators in the ion
At high energy, it was postulated that the frequency factor is more imporiant
than the activation energy in determining the rate of the reactions; at low
energy, the reverse is true.37 The frequency factor is based on very complex
manipulation of the vibrations of the molecular ion and complex transition state
and therefore is dependent on the moiecular structures, The activation energy
is based on the relative stability of the reacting species and is therefore
dependent on the type of reaction. Rearrangement reaction with lower activation
energy is expected to dominate at low internal energy. ©Nevertheless, these two
factors go hand in hand in kinetic considerations,

Summarizinz from the above one can conclude the following:

l. No definite photochemical analogy is apparent.
2. There appcars to be some thermal analozy. Evidence for similar enerzy manie

fOldS amongy 3’7’7-’ 2,7,7-’ 1’7,7-ﬁ‘iCHT5’ M= arld P=Cynienes (L’ 1’ ﬁ’ -9' and }.0)
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is observed, but the equilibration to a common energy manifold is incomplete

because of kinetic factors.
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ABSTRACT

3,7,7=-Trimethylcycloheptatriene (1) was studled in an attempt to establish
a photochemical or thermal analogy for the electron impact induced reaction of
this compound. Pyrolysis of 3,7,7-Trimethylcycloheptatriene (1) gives seven
major products including the starting material, They are 3,7,7-Trimethylcyclo-
heptatriene (1), 2,7,7«Trimethylcycloheptatriene (7), 1,7,7=-Trimethylcycloe
heptatriene (8), mecymene (9), P-cymene (10), 3-Isopropenylslemethylcyclohexae
l,4=diene (11), and 6-Isopropenylelemethylcyclohexa=l,4=diene (12). Photolysis
of the same compound (1) gives only three other isomers: 2,6,6=-Trimethylbicyclo=
[3.2.@]-hepta—1,4-diena (2), 1,3,7-Trimethylcycloheptatriene (4) and 1,5,7=
Trimethyleycloheptatriene (3).

The mass spectra of all the isomeric compounds were taken at high ani low
ev. The major peaks on the mass spectra for all the compounds are the molegu=
lar ion, m/e=13%, and fragment ions m/e=l19, m/e=9l. These lons comprise more
than 807 of the total ion intensities at all voltages. The ion currents for
each of the major lons for these series of compounds over an energy range of
20ev to l2ev, were plotted in individual clastrograms and compared. The ione
ization potential of m/e=134 and the appearence potentials of m/e=l19 and m/e=91
for the various compounds were also determined for comparison.

Results indicated that there are no absolute similarities among the isomers.
A photochemical analogy does not seem to exist for the electron impact induced
reaction of 3,7,7=-Trimethylcycloheptatriene (l1). The possibility of a thermal
analogy, however, cannot be ruled out. Dissimilarities are explained in terms
of secondary reaction products, selectivity of mass spectral reactions and a

kinetic effect.





