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2,2-Dimethylindan0ne-~~O. 2,2-Dimethylindanone (0.1 1 g)  in 5.0 
m L  of aniline was refluxed for 12 h with 0.20 mL of BF,.Et,O. The 
resulting crude solid was recrystallized from ether to yield 0.08 g of 
2,2-dimethylindan-l-phenylimine: mp 43-46 OC; IR (CHC13) 2960, 
2930, 1658, 1592, 1483, 1464, 1301, 1165, 1005,996 cm-l; N M R  
(CDC13) 6 1.37 (s, 6), 2.99 (s, 2). 6.50 (d,  2), 6.85 (m, 3), 7.10 (t,  I ) ,  
7.30 (m, 4). This phenylimine (0.0543 g)  and 0.01 m L  of 99% H2 I80 
werc treated with dry HCI until the solid began to go into solution and 
heated in a 130 O C  oil bath for 0.5 h. The solution was extracted with 
a 1:l  mixture of cyclohexane-chloroform and the solvents were re- 
moved under vacuum to yield 0.0375 g of 2,2-dimethylindan0ne-~80; 
IR (CHC13) 1675, 1608, 1290,990 cm-I. 

Note Added in Proof. Since the present manuscript was 
accepted, very closely related theoretical studies were reported 
by S. B. Piepho, E. R. Krausz, and P. N. Schatz ( J .  Am. Chem. 
SOC., 100,2996 ( I  978)) .  These authors have applied the same 
sort of approach to describing vibronic structure of the optical 
intervalence transition for the special case of only one depen- 
dent coordinate. 
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Abstract: The appearance energies of daughter ions for the major fragmentations of butane and methylpropane and those for 
loss of CH3- and C H I  from propane, pentane, methylbutane, and hexane have been measured. These reactions for molecular 
ions of low internal energy content (rate constants in  the range 1O5--1O7 s-l) have been investigated by measurements of the 
relative abundances of metastable peaks and their accompanying translational energy releases. The deuterium-labeled species 
~ r o p a n e - 2 , 2 - ~ H 2 ,  butane-I, I ,  l ,4 ,4 ,4-2H6,  butane-2,2,3,3- 2H4. butane-I, I ,  1,2,2-2H5, and methyl-2H3-propane-2-2Hl have 
also been examined. The accumulated information for loss of methyl from straight-chain alkane molecular ions indicates that 
this reaction proceeds largely by loss of a terminal methyl group, accompanied by a concerted H atom shift to yield a secondary 
carbonium ion. Loss of methyl from within the hydrocarbon chain may proceed from a molecular ion which has isomerized to 
a methyl-branched alkane or by a concerted extrusion of methylene together with an adjacent H atom, again producing a sec- 
ondary carbonium ion. Hydrogen atoms are  not "scrambled" in either of these processes. It is proposed that the eliminations 
of methane from metastable molecular ions of butane and methylpropane both yield [cyclopropane]+~as the daughter ion. The 
losses of CH4, CH3D, and CD3H (metastable peak abundance ratios 26:15:10) from b ~ t a n e - 2 , 2 , 3 , 3 - ~ H 4  were significantly 
different from those for the tetradeuterated isomer. methyl-2H3-propane-2-2H~, where the ratios 78: 18:--1 were observed. 
These results are  compatible with the retention of skeletal structure in the linear alkane molecular ions. However, the metasta- 
ble molecular ions of butane have a higher energy content than those of methylpropane and so isomerization of the former to 
the latter prior to fragmentation cannot be ruled out. 

Introduction 
In 1945 Hipple, Fox, and Condon examined the normal 

mass spectrum of butane' and observed diffuse peaks therein; 
these they interpreted as arising from decompositions of ions 
in the field-free region preceding the analyzer (the magnet). 
Since then there have been many investigations directed toward 
identifying the decomposition mechanisms of the butane mo- 
lecular ion and of alkane molecular ions in general.2.3 

A 1973 review2 states that alkane molecular ions inter alia 
decompose via rearrangements, which possibly are accompa- 
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nied or preceded by partial or complete loss of the positional 
identity of the hydrogen atoms-a well-established feature of 
the chemistry of alkene molecular ions and alkyl  cation^.^ 
However, a survey of the recent literature (cf. ref 3) reveals 
that it remains to be established whether alkane molecular ions 
isomerize prior to decomposition, rearrange during decom- 
position, or indeed whether H atoms do lose their positional 
identity prior to fragmentation (for detailed discussion cf. ref 
4-7). Many techniques, including isotopic labeling, have been 
used to interpret the mass spectra of the simplest class of or- 
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Table 1. Thermochemical Data for [ M  - CH3]+ Ions from Some 
Alkane Molecular Ions 

AHr 
AHf, A E ( [ M -  A H f ( [ M -  forsecion 
kcal/ CH3]+)," CH3]+), formation,b 
mol eV kcal/mol kcal/mol 

pentane -35.00 1 1.06 186 183 
hexane -39.96 1 1.05 18 I  179 (2-pentyl) 
heptane -44.89 10.8 & 0.2 170 173 (2-hexyl) 
octane -49.82 10.9 5 0.1 167 168 (2-heptyl) 

F. P. Lossing and A. Maccoll, Can. J .  Chem., 54, 
990 (1976). 

a Reference I  I .  

7347 

ganic compounds, alkanes. However, the information extracted 
from chosen models has been too complex to permit the un- 
raveling of detailed mechanisms of decomposition. For ex- 
ample, metastable peak characteristics,* field ionization mass 
~pec t rometry ,~  and collision activation mass spectrometry4 of 
isomeric octanes have indicated that their molecular ions retain 
their structural integrity prior to decomposition. The opposite 
conclusion was reached by Loudon et a1.I0 They concluded 
from measurements of the appearance energies of their re- 
spective [M - CH3]+ ions, from all 18 C8H18 isomers, that the 
daughter ions must have a tertiary structure, irrespective of 
the precursor molecule. This was interpreted in terms of 
"Jexures", a series of isomerization steps involving CH2 ex- 
trusions and producing species capable of forming a tertiary 
daughter ion by a simple bond fission. Recent photoionization 
datal I clearly indicate that for pentane, hexane, heptane, and 
octane, secondary carbonium ions rather than tertiary ions are 
generated by loss of a methyl group from the molecular ions 
(see Table I ) .  Liardon and Gaumann'* concluded from their 
observations of methyl and methane loss from the molecular 
ions of deuterium-labeled hexanes that two different mecha- 
nisms were independently operating. One was the straight- 
forward loss of a terminal methyl group and the other involved 
the loss of methyl from within the chain. Similar results ob- 
tained by Corolleur et aI.l3 were interpreted differently, in  
terms of alkyl group and hydrogen atom migrations. From the 
foregoing, it is evident that the unimolecular decompositions 
of this class of organic compounds are poorly understood. 

The normal mass spectra of butane and methylpropane are 
very similar and thus may arise via a common reacting con- 
figuration for [C4H1,]+'. (Such interconversions are  indeed 
reasonable; e.g., butane is readily catalytically isomerized to 
methylpropane in the presence of aluminum chloride14)). 

The purpose of this work is to try to answer the following 
questions: Do alkane molecular ions isomerize prior to frag- 
mentation? What daughter ion structures are produced? 
Furthermore, how does the observed apparent (partial) loss 
of positional identity of hydrogen atoms come about? 

Butane and methylpropane were chosen as the model 
compounds in this study. Deuterium labeling and other tech- 
niques were used to establish the decomposition modes and the 
structures of the daughter ions. The latter also were investi- 
gated by thermochemical measurements (ionization and ap- 
pearance energies), which were made for us by Dr. F. P. 
Lossing a t  the National Research Council of Canada with 
energy selected electrons using an apparatus and technique 
described in detail elsewhere.15 Metastable peak characteristics 
(i.e., observations of ions with lifetimes of a few microseconds 
which decompose in the first field-free region-that which 
precedes the electric sector-in the A. E. I.-G. E. C. MS902S 
mass spectrometer) were also examined in detail. 

Results and Discussion 
Energetics. The most recent thermochemical data for the 

primary fragmentations of butane and methylpropane are  

eV 

10.51 

10 O F  i 

I 
Figure 1. Energy diagram for the primary fragmentations of butane and 
methylpropane. The selected AHfz98 values from ref I I have been used 
for the thermochemical levels: note that the level for [c-C3H6]+' + CH4 
is an upper limit. The lines linking the thermochemical levels relate to 
measured appearance energies (AE) obtained either from ref 1 I or as 
indicated. ( a )  AE 11.45 f 0.05 eV: energy selected electrons, this work. 
(b) Averaged values, ref 1 1  and AE (this work; see Table 1 1 ) .  

shown in Figure 1. Although elimination of H2 is the process 
with the lowest energy requirement, there is no evidence that 
such a reaction takes place. The agreement between appear- 
ance energies (AE) derived from photoionization spectra (PI) 
and energy-resolved electron impact (EM) measurements is 
very satisfactory (see also Table 11). The reactions illustrated 
in Figure 1 will be discussed separately. 

Loss of H' from [C4Hlo]+'. For methylpropane the AE for 
[C4Hg]+ is 0.56 eV above the calculated minimum for [ ter t -  
butyl]+ generation (see Figure 1). Thus this reaction can only 
yield the tert-butyl cation at  threshold. The fragmentation is 
therefore accompanied by an appreciable kinetic or competitive 
shift (or possibly a reverse activation energy). 

The metastable peak for this reaction is weak and the energy 
release, calculated from the width of the peak a t  half-height, 
To.5 - 0.007 eV, is comparable with that for the loss of H from 
the propane molecular ion.18 A very large isotope effect 
has been reported for this metastable fragmentation for 

For butane the reaction proceeds with an A E  close to the 
calculated threshold for the formation of the 2-butyl cation. 
No metastable peak was observed for this process, indicating 
that molecular ions decomposing by this reaction have lives of 

(CH3)3CD. ' 

less than -0.1 ~ s .  
Loss of C H j  from [C4Hlol+'. For both molecules this reac- 

tion proceeds within 005  eV of the calculated threshold for the 
most stable product, the 2-propyl cation. Thus the butane 
molecular ion must rearrange either prior to or during the loss 
of a methyl radical. The loss of CH3' from methylpropane, 
which also proceeds a t  the calculated AE, apparently involves 
only a simple bond cleavage, as indicated by deuterium-la- 
beling experiments.2o In the case of butane a strong (first 
field-free region) metastable peak was observed for loss of CH3. 
and the energy release, To j = 0.014 eV, is of similar magnitude 
to that observed for methyl loss from the isomeric [C4H*]+. 
ions.2' For methylpropane only a very weak peak is observed, 
TO 5 - 0.025 eV; methyl loss here competes unfavorably with 
methane elimination, which has an activation energy lower by 
0.3 eV. 

Methane Loss from [C4Hlo]+'. For ions of low internal en- 
ergy it has been proposed that methylpropane loses methane 
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Table 11. Loss of CH4 and CH3, from Alkanes 

Journal of the American Chemical Society / 100:23 / Nocember 8,  1978 

AE, eV excess 
compd CH4 IOSS CH3 loss daughter ion energy, eV T0.s eV M*CH3/ M*CH4 

propane 11.520 
1 1  .7216 C2H4+' 0-0.1 0.016 i 0.001 

-11.623 (T, ,  = 0.048) 
11 ,823 
11.916 C2H5+ 0 

CH. 1'' 
0.02226 butane 11.15a / \  0.26 

CH -CH 

0.69 
0.021 i 0.001 
(T,, = 0.064) 

0.016 f 0.001 0.6429 

10.020 f 0.005 eV1 
0.1 (T,, = 0.045) 

methylpropane 0 CH l+' 
/ \  C" --CH 

10.9Ia 
10.9317 C H 3 C H C  H 2'' 0.43 0.014 f 0.0007 <0.2e 

+ -0.322 
(T," = 0.042) <0.3328 

1 1.2317 CH3CHCH3 0. I vw -0.025 

pentane -0.13 

1 1 .00a  

10.9317 
0.52 0.037 f 0.002 0.60e 

(T," = 0.11) 
4 + '  
=A -. 0.65 

I .21 

+ 
10.9816 /v 0 0.01 4 i 0.002 
11.00'7 

(T,, = 0.035) 
L. 

methylbutane 10.717 - 0.13 0.030 i 0.002 <0.1' 
(T,, = 0.090) 

U 
1 1 . 1 ' 7  /v 0.1 

0.35 

0.042 f 0.003 
0" hexane I I ,0017 - 0.78 

I .30 (T,,, = 0.125) =c + '  I .4p 

1.47 

1.82 

I I ,0517 /--./-. 0.1 0.01 6 f 0.002 
( T 2 ,  = 0.041) 

Values from this work, kO.05 eV.I5 AE (obsd) - A E  (calcd from ref 1 I ) .  F. P. Lossing and A. Maccoll, Can. J .  Cheni., 54,990 (1976). 
C .  Khodadadi, R. Botter, and H. M. Rosenstock, Int. J .  Muss Spectronz. Ion Phj ,s . ,  3, 397 (1969).  Metastable peak areas, this work. 

by a 1 , 2 - e l i m i n a t i 0 n . ~ ~ ~ ~ ~  The tertiary H atom is not involved, 
indicating the absence of positional exchange between H 
atoms. However, in spite of this apparently simple mechanism 

1 +. I' 

/ C H ,  

the reaction proceeds with an AE corresponding not to the 
formation of [propene]+', the product of lowest energy, but 
(within experimental error) to the calculated threshold for the 
cyclopropane molecular ion; see Figure 1. The reaction pro- 
duces an intense metastable peak with T0.5 = 0.014 eV. 

For butane the daughter ions m / e  43 and 42 (losses of CH3' 

and CH4) and the corresponding metastable peakslh all have 
the same AE (within experimental error). This confirms that 
the metastable peaks indeed arise from the threshold reaction. 
Thus (see Figure 1 )  decomposing butane ions are a t  least 0.28 
eV "hot" with respect to [cyclopropane]+'as daughter ion or 
contain 0.69 eV excess energy with respect to [propene]+'. 

These observations show that either [C3Hs]+' daughter ion 
may be generated a t  threshold from each C4 alkane. The 
deuterium-labeling experiments of Derrick et  a1.20.22 on 
methylpropane are, however, most simply interpreted by 
proposing that [CH&HCH?]+'  is produced from methyl- 
propane. Note that the suggested 1,2-molecular elimination 
depicted above is a symmetry-forbidden process and thus may 
have a prohibitively large activation energy. 

It is useful a t  this stage to extend the discussion to include 
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observations of the energetics of some homologous alkanes, 
where it has been r e p ~ r t e d l ~ . ~ ~  that  the photionization A E  
values for loss of CH3' and CH4 from butane, pentane, and 
hexane are  identical (within experimental error) for each hy- 
drocarbon. These results, together with new thermochemical 
data and metastable peak observations, are presented in Table 
11. 

Behavior of Propane. Propane and deuterium-labeled pro- 
panes have recently been studied by threshold photoelec- 
tron-photoion coincidence mass s p e ~ t r o m e t r y . ~ ~  It was found 
that ,  although the predominant methane loss from 
[ C H ~ C D Z C H ~ ] + '  consisted of CH4, the eliminations of CH3D 
and CH2D2 were not negligibly small. This result conflicts with 
the observations of Lifshitz and S h a ~ i r o , * ~  who had shown that 
a metastable peak only for the former reaction-presumably 
a 1,2-elimination-could be observed in the microsecond time 
frame. W e  have reexamined this compound and find that the 
metastable peak for CH4 loss is a t  least 250 times as  intense 
as those for loss of CH3D or CH2D2 (relative abundances -0.8 
and -0.8. respectively), essentially in agreement with Lifshitz 
and Shapiro. The signals we observed for the latter two 
methane losses cannot have arisen from isotopic impurities; 
the labeled propane contained better than 98% CH3CD2CH3; 
thus, for example, the contribution from "CH4 loss from 
[13CC2H7D]+' would be small indeed (<0.06). From Stock- 
bauer and Inghram's  experiment^,^^ the A E  values for the 
mixed methane losses were about 0.1 eV higher than that for 
CH4 loss. The A E  values for m / e  30, 29, and 28 from 
CH3CD2CH3 have been measured for us by Dr. F. P. Lossing 
using energy-selected electrons and a minicomputer for data  
accumulation.15 The values for m / e  28 and 29 were the same 
( I  1.76 f 0.05 eV), slightly but significantly higher than that 
for m / e  30, 11.52 f 0.05 eV. (Compare 1 1.43 eV from the 
results of S t ~ c k b a u e r . ~ ~ )  At 1 V above threshold the peak in- 
tensities m / e  30:29:28 were --100:8:9, also in fair agreement 
with Stockbauer's  observation^^^ and confirming that the latter 
pair of label-mixing reactions is of significance. We conclude 
therefore, that the 1,2-elimination of methane from propane 
occurs within 0. I 5  eV of the calculated threshold for the pro- 
duction of [ C Z H ~ ] + ' ,  11.35 eV. The elimination reactions 
which involve (deuterium) atoms from the central methylene 
group have a slightly higher activation energy and are  barely 
observable in the microsecond time frame. However, none of 
the observations supports the proposal23 that randomization 
of H / D  atoms precedes the CH3D and CIl2D2 losses. These 
two reactions were seen to occur with similar probabilities near 
threshold and the random statistical losses of CH3D and 
CH2D2 would be in the ratio 8:3. 

Daughter Ion Structures for [Alkane - CH4]+' Ions. As can 
be seen from Table 11, the number of energetically feasible 
daughter ion structures derived from CH4 elimination in- 
creases rapidly with the alkane size. For example, in the case 
of  pentane, the cyclobutane molecular ion cannot be a 
threshold product from CH4 loss, but all the remaining 
[ C ~ H S ]  +. isomers are thermochemically possible. Also shown 
in Table 11 are  the energy releases associated with the meta- 
stable peaks for these reactions. The metastable peaks were 
all of the Gaussian type but of broader base than for exactly 
Gaussian profiles. The average energy releases, T,,, obtained 
from the distributions of released energiesZS are  also given i n  
Table 11. (They are  all related to the given To 5's by a factor 
of -3.0; compare 2.16 for an exactly Gaussian peak). 

Note that for fragmentations taking place at  or near the 
calculated thermochemical threshold ( e g ,  loss of CH3.  from 
butane, pentane, and hexane and loss of CH4 from propane) 
similar average amounts of internal energy of the fragmenting 
ions are partitioned as translational energy of the products, T,, 
= 0.035 - 0.045 eV. Now methylpropane has similar Tvalues 
for its methane loss. This would be unremarkable if [cyclo- 

propane]+' were the daughter ion, but is strikingly low if 
[propene]+' were being generated with a minimum of 0.4 eV 
excess internal energy in addition to that necessary to attain 
the range of rate constants observable in metastable frag- 
mentations. 

Butane behaves similarly. The metastable peaks for 
[C3H7]+ and [C3H6] +. formation (which have closely similar 
abundances; see Table 11) increase in unison up to a t  least 1 
eV above threshold.I6 Thus the rate constants for these two 
reactions and the internal energy contents (above threshold) 
for the ions fragmenting in the microsecond time frame are 
closely similar. However, for those ions decomposing by 
methane loss, the excess energy available for partitioning into 
product translation is greater than that available to the [M - 
CH3]+ species by either 0.28 eV ([cycl~propane]'~' formation) 
or 0.69 eV ([propene]+* formation). It remains to be considered 
which of these excess internal energies can best be correlated 
with the difference in translational energies (T,,(CH4) - 
T,,(CH3) = 0.064 - 0.045 = 0.019 eV). 

Assuming that the internal energy of the decomposing ions 
is statistically partitioned, then the semiempirical equation of 
Haney and FranklinZ7 may be applied to this problem. This 
equation relates the internal energy e* of fragmenting ions to 
the corresponding released translational energy, T ,  by the 
expression t* N 0.4(3n - 6)T.  For loss of CH3' from butane 
( n  = 14). E * ~ , ( C H ~ )  N 0.4 X 0.045 X 36 = 0.65 eV. Thus 
t*',,(CH4) N 0.93 or 1.34 eV. The calculated values for 
?',,(CH4) from these two energies are  -0.065 and 0.093 eV. 
respectively, clearly favoring the postulate that [cyclopro- 
pane]+' is the daughter ion. The validity of this argument rests 
upon the assumption that the energy partitioning is the same 
for the two competing reactions. The presence of nonstatistical 
partitioning for the methane elimination cannot a priori be 
ruled out and thus poses an interesting dilemma. However, an 
experiment could provide the answer to this problem, it having 
been shown that [propene]+' and [cyclopropane]+' are dis- 
tinguishable by ion cyclotron r e ~ o n a n c e . ~ ~ . ~ '  It has been shown 
that propene and cyclopropane molecular ions have become 
indistinguishable when.they have sufficient internal energy to 
fragment (1.4 eV above the IE of ~ y c l o p r o p a n e ) . ~ ~  However, 
cyclopropane molecular ions isomerize to only ca. 15% ( I O - ?  
s time scale) when their internal energies are less than 0.7 eV33 
and so i n  the present system isomerization of [C3Hh]+. ions 
generated near threshold would be unimportant. 

Extension of the above discussion to the higher homologues 
is unprofitable in view of the larger number of available 
daughter ion structures and the resulting possibility that the 
methane loss metastable peaks comprise signals from several 
competing processes. Nevertheless, it is noteworthy that the 
estimated excess energies for pentane, methylbutane, and 
hexane, 1.22, 0.81, and 1.40 eV, respectively (calculated as 
above), all correspond closely to those for the production of the 
2-olefin cations (1.21, 0.83, and I .47 eV, respectively). 

One final point about butane deserves careful consideration. 
The observed common threshold energy for methyl and 
methane loss could simply be explained by requiring that bu- 
tane molecular ions isomerize to methylpropane prior to de- 
composition. This was proposed by and by Lias et 
al.,35 but has recently been discounted by Sunner arid S ~ a b o . ~ ~  
The energetic data presented in this paper are  not i n  conflict 
with the isomeriz,ation hypothesis, with the exception that the 
H atom loss from butane might then be expected to have an 
AE below the threshold for the 2-butyl cation (i.e., nearer to 
the threshold for [tert-butyl]+ formation from methylpro- 
pane). This objection could be allayed by an appropriate kinetic 
argument. 

Deuterium-Labeled Butanes. Some 20 years ago the normal 
mass spectra of some D-labeled butanes3' were reported and 
the observations indicated that some loss of positional identity 
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Table 111. Relative Abundnnces (Peak l-leights) dnd To i ValuesU (meV) of Metastable Peaks for Losses of Methyl and Methane from 
Labeled Butanes 

Journal of the American Chemical Society / 100:23 / Nocember 8, 1978 

~ ~~ ~~~ 

CH3 T O S  CH2D/CH4 To.5 CHD2/CH3D To.5 CD3/CH2D2 To5 CD3H To.5 CD4 To.5 

C H ~ C H Z C H ~ C H ~  (1) 16.1 20.4 
CDjCH>CH2CD3(2) 2.9 14.8 <0.3 5.6 21.4 47.3 18.0 26.7 2o.j 17.5 18.9 
C H J C D ~ C D ~ C H ~  (3) 45.3 15.3 25.7 _. 23.0 15.5 __ 21.7 3.6 14.1 9.9 17.8 <0.4 
CDjCD2CH2CH3 (4) 19.6 16.7 10.9 - 20.0 20.5 21.6 25.0 17.3 19.2 21.1 4.8 3.2 

7 0  5 values i5% 

of H and D possibly took place prior to decomposition within 
the ion source (Le., among ions of high internal energy con- 
tent). Many other examples have appeared in the literature (cf. 
ref 2 and h ) ,  where the losses of variously labeled fragments 
from alkane molecular ions which had been specifically posi- 
tionally labeled with deuterium have been explained by the 
vague term “incomplete or partial scrambling”. 

We have examined the distributions of H and D among the 
ions produced by loss of methyl and methane from the meta- 
stable molecular ions of l ,1 , I  ,4,4,4-hexadeuteriobutane (2), 
2,2,3,3-tetradeuteriobutane (3), and 1, l  , I  ,2,2-pentadeuter- 
iobutane (4 ) .  The results are  summarized in Table 111. It is 
clear that the H and D atoms in labeled butanes have not be- 
come randomly positionally distributed prior to metastable 
decomposition, because, for example, 2 does not lose CH4, and 
3 does not lose CD4. 

These results are in agreement with those of Smith and 
F ~ t r e l l , ~ ~  who examined the losses of methyl and methane from 
the molecular ion of 1,1,1,2,2,3,3-heptadeuteriobutane in a 
tandem mass spectrometer. Their observations extended to 
longer reaction time (from 2 ps to 4 ms) than the present work 
(microsecond range) and they concluded that methane elim- 
ination became the favored process (over methyl loss) a t  the 
longest reaction time (see Table 11). 

In the experiments on deuterium-labeled propane referred 
to above, the metastable peak observations showed only one 
major mode of methane loss. This contrasts sharply with the 
photoelectron-photoion coincidence studies, where H / D  
mixing was apparently involved. 

We believe that the chief reason for this discrepancy lies in 
the different ion lifetimes sampled in the experiments. Ob- 
servations on metastable ions correspond to all ions (irre- 
spective of their energy contents) which have dissociation rate 
constants of from ca. 1 O5 to I O7 s-I. The ions are thus selected 
by rate constant. The photoelectron-photoion coincidence 
experiments involve ions having selected internal energies but 
a much wider range of rate constants contributes to the ob- 
servations. 

A similar but very much reduced effect can be seen in the 
butane system. The normalized relative abundances of m / e  
44, 45, 46.47, 48, and 49 from 2, measured at  1.3 eV above 
threshold (using energy-selected electrons and an apparatus 
which detects all ions produced up to -30 hs), were 9: 11:70: 
5:2:3. These can be compared with the corresponding meta- 
stable peak abundances, l7:25:48:5:-0:3, where only CHzD 
(or CH4) loss is suppressed. 

I t  is evident from the results shown in Table I l l  that the 
butane molecular ion must decompose by (at  least) two com- 
peting mechanisms, because 2 loses CD3’and CHI’, and CD4 
as well as CH3D. The behaviors of 3 and 4 are  analogous with 
that of 2. There is no evidence for the operation of any major 
isotope effects-the ratio methyl 1oss:methane loss is ap- 
proximately unity for 2 and 3. 

Loss of Methyl. It is clear from the results presented in Table 
1 I 1  that “terminal” methyl loss exceeds “internal” methyl loss 
by a factor of-I 5 (e.g., for 2 CH3:CDj = 3:-45; for 3 the ratio 
is -45:3.5). 

This observation is not compatible with the hypothesis that 
all butane molecular ions isomerize to [methylpropane]+’ prior 

to this decomposition. In that case CH3‘ loss:CD3‘ loss in 2 
should be -1:2. It is possible that  the CH3* loss from 2 arises 
wholly or partially from an isomerized molecular ion. 

CD3CH2CH2CD3lf. -+  CD3CH(CHj)CD31+’ 
4 CD3+CHCD3 + CH3’ 

The terminal methyl loss must be accompanied by a con- 
certed hydrogen atom shift from C-3 to C-2 in order that [2- 
propyl]+ be the daughter ion. The internal methyl loss can also 
be explained by the extrusion mechanism of Liardon and 
Gaumann.’* Of the two detailed mechanisms for this process 
shown below, one can be of only minor importance because 2 

,+’ 

loses an insignificant amount of CHID’. This can be ration- 
alized on the basis of the extruded methylene competing for 
primary deuterium or the more labile secondary hydrogen. 

The  A E  values for loss of CH,‘ ( m / e  49) and CH2D‘ ( m / e  
48) from 2 were 11.30 f 0.05 and 11.32 f 0.05 eV, respec- 
tively, slightly but significantly above those for CD4 loss ( m / e  
44), 11.15 f 0.05 eV; CD3H loss ( m / e  45), 11.16 f 0.05 eV; 
CD3‘ (or CH2D2) loss. 1 1 . I  8 f 0.05 eV; and CH3D (or CHD2.) 
loss, 11.18 f 0.05 eV. Although the metastable peak for loss 
of CH2D‘ was very small, the daughter ion abundance ( m / e  
48) was similar to that of m / e  49 at  energies near to threshold, 
(e.g., 1.3 eV above threshold, m / e  49:m/e 48 = 3:2). Similar 
results were observed for 3; the metastable peak for loss of 17 
daltons therefrom has a To5 value corresponding to the 
methane elimination (CH3D) rather than loss of 

Either the above “extrusion”-type mechanism or the isom- 
erization process can be invoked satisfactorily to explain the 
losses of methyl or an alkyl radical from within the hydrocar- 
bon chain of h e x a c o ~ a n e , ~ ~  dodecane,6 or even saturated fatty 
acid esters.39 In  the case of dode~ane- l ,12- ’~Cz,  where methyl 
loss is a minor process, CH3’ and l3CH3. are lost in  approxi- 
mately equal amounts.6 The preferential loss of CH3’ over CD3’ 
from 1, I ,  1 -trideuteriopentane40 can also be explained by the 
participation of the internal mode of methyl elimination. Fi- 
nally, the recently reported losses of CIHD2’ and CHID‘ from 
[CD3CH3]+’ need not be rationalized4’ by invoking a 
“scrambling transition state”. The reaction could proceed via 

CHD2’. 

.\ 
CH~+D, - C H ~ D +  or CHD?+ 
\ ;’ 

the quasi-extrusion mechanism. The results4’ show that these 
two processes have activation energies higher by - 1.5 eV than 
that for the simple C-C fission, but they provide a significant 
fraction of the total methyl loss a t  an ionizing electron energy 
of 22.6 eV. 

To summarize, we propose that the bulk of methyl loss from 
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[butane] +. arises from terminal CH3' expulsion, together with 
a concerted "atom shift to produce the 2-propyl cation. The 
"internal" methyl loss arises from either a methylene extrusion 
reaction or as part of the methyl loss (by a simple bond cleav- 
age) from a methylpropane molecular ion. For metastable ions 
these reactions involve little, if any, isotope randomization. Ions 
of shorter lifetime (higher internal energy) do display some 
apparent loss of positional identity of H and D atoms. 

Loss of Methane. The observations on the labeled butanes, 
Table 111, can be rationalized by several mechanisms. 1,l-, 1,2-, 
and I ,3-eliminations of methane from an unrearranged mo- 
lecular ion can account for the losses of CD3H and CD4 from 
2 and CH3D and C H 4  from 3. Losses of CH3D from 2 (and 
CD3H from 3) require either an isomerization to [methyl- 
propane] +. or an extrusion reaction in which two hydrogen 
atoms are transferred to the departing methylene. The earlier 
discussion of energetic data which considered daughter ion 
structures, in which [cyclopropane]+' production from both 
[CJHlo] +. isomers was proposed, leads us tentatively to favor 
the rearrangement mechanism. This qualitatively accounts for 
the losses of CH3D, CD3H, and CD4 (no loss of CH4, CH2D2) 
from 2 and CH4, CH3D, and CD3H (no loss of CD4, CH2D2) 
from 3. I f  this is indeed the correct mechanism, then the ob- 
served relative abundances of the various daughter ions must 
be governed by isotope or other kinetic effects, since no simple 
quantitative interpretation of the results is feasible. As in the 
case of methyl loss, the metastable ions display little or no 
positional mixing of isotopes. Note that this lack of mixing 
requires that any [butane]+' - [methylpropane]+' isomer- 
ization be an irreversible process. 

In  order to test the isomerization hypothesis the metastable 
peaks for loss of methane from [CD3(CH3)2CD]+' were ex- 
amined. (Note that methyl loss from methylpropane only 
generates a very weak metastable peak.) Surprisingly, loss of 
CH4 predominated, 78 f 4%, loss of CH3D comprised 18 f 
4%, while losses of CH2D2, 2 f 2%, and CD3H, 1 f 1%, were 
very minor processes indeed. This somewhat unexpected result 
is being investigated further and will be reported in detail 
elsewhere. Clearly a large isotope effect is operative, having 
a magnitude similar to that observed for the loss of the tertiary 
H(D) atom.19 Observations of this kind have also been reported 
by Neeter and NibberingJ2 in their studies of tert-butylben- 
zene and 4-tert-butylpyridine. 

The present observations rule out the possibility of positional 
exchange among H and D atoms within the methyl 
groups. 

The above observations do not provide support for or against 
the isomerization hypothesis for butane fragmentation. For 
example, it could be argued that deuterium-labeled methyl- 
propane molecular ions having the same internal energy con- 
tent as metastable "butane" molecular ions would, by virtue 
of their higher energy content, display a greater loss of 
CD3H--similar to that observed for 3. The larger energy re- 
lease for CH4 loss from rearranged butane molecular ions 
would necessarily result from the kinetic delay effect, i.e., 
methylpropane ions formed by rearrangement of [butane]+' 
would require larger internal energies (than ions formed by 
direct ionization of methylpropane) to fragment in the meta- 
stable time frame. It could be argued that the absence of a 
metastable peak for CD3H loss from [CD3(CH3)2CD]+' is also 
in keeping with [cyclopropane]+' formation, because the 
daughter ions for methane losses, m/e 46,45,44,  and 43, have 
similar abundances a t  low ionizing electron energies. Analo- 
gous observations on CH3CD2CH3 were discussed earlier. 

Summary 
We conclude that the loss of a methyl radical from alkane 

molecular ions proceeds mostly by loss of a terminal methyl 
group together with some loss of "internal" methyl. either 

involving a simple extrusion reaction or proceeding via isom- 
erization to a methyl-branched homologue. All processes yield 
a secondary carbonium ion. 

W e  propose that the eliminations of methane from [meth- 
ylpropane]+' and [butane]+' both produce [cyclopropane]+' 
as daughter ion. It is possible that [butane]+' isomerizes to its 
branched homologue prior to this fragmentation, but present 
data do not provide unequivocal evidence to support this hy- 
pothesis. The kinetics and mechanisms of these elimination 
reactions require further investigation. 

Experimental Section 
Metastable peak shapes were measured a t  a fixed electric sector 

voltage by sweeping the acceleration voltage of an AEI-GEC M S  902s 
mass spectrometer, using conditions of good energy resolution.43 

B~tane-I ,1 ,1 ,4 ,4 ,4-~Hh and pr0pane-2,2-~Hz were purchased from 
Merck Sharp and Dohme. B ~ t a n e - 2 , 2 . 3 , 3 - ~ H ~  was prepared by re- 
duction of 1,4-dibromobutane-2,2,3,3-*H4 (Merck Sharp and 
Dohme) with lithium triethylborohydride ( A l d r i ~ h ) . ~ ~  Butane- 
/ . / .1 .2 .?-2H5 was prepared by reduction as above44 of 3-bromobu- 
ta11e-l,1,1,2,2-~H5, which was synthesized by the following se- 
q u e n c e ~ : ~ ~ , ~ ~ ~  

C2D5MgBr + C H 3 C H 0  - C2D5CH(OH)CH3 
PBr, 

-1ooc 
---+ C2DSCHBrCH3 

2-(Methyl-*H3)pr0pane-2-~H] was prepared by reduction with an- 
hydrous NiC12/LiAID4 (molar ratio of 2-bromo-2-(methyl- 
2H3)propane, which was prepared as  f o l l o ~ s : ~ ~ . ~ 6 a ~ b  

CD3Mgl + (CH3)2CO 4 CDj(CH3)2COH 
PBr l  

- 1 o o c  
CD3(CH3)>CBr 

A IH N M R  spectrum of the bromides shoved that no H / D  exchange 
had occurred. Deuterium contents were CDjCH2CH2CD3.99% 'H6; 
CH3CD2CD2CH3,97% 'H4,3"'0 'H3; CDjCD2CH*CH3,90% 'Hs, 
10% 2H4. 
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Photochemistry of Bichromophoric Molecules. 
Photochemistry and Photophysics of 
2-Methylenebenznorbornene and Related Nonconjugated 
Aryl Olefins in Nonprotic Medial 

Frank Scully, Tom Nylund, Fred Palensky, and Harry Morrison* 
Contribution f rom the Department of Chemistry, Purdue Unicersity, 
West Lafayette, Indiana 47907. ReceiGed April 25, 1978 

Abstract: Three nonconjugated aryl olefins, having well-defined but varied interorbital angles between the chromophores, have 
been studied: 2-methylenebenznorbornene (MBN),  2-ethylidene- I-methylindan (EMI) ,  and 1 -ethylidene-8,9-benzospiro[3.5]- 
nonane (ESO).  The latter two are  new compounds and their syntheses a re  detailed. In all cases, photoelectron, ultraviolet ab- 
sorption, and fluorescence emission spectra have been measured. The solution-phase photochemistry of these molecules, using 
254-nm irradiation, has been elaborated; M B N  reacts primarily via a “diverted di-.rr-methane” reaction while EMI,  ESO, and 
2-isobutylidenebenznorbornene ( IBN) undergo a facile olefin E/Z photoisomerization. Xenon perturbation methods have 
been used to gain insight into the relative involvement of singlet and triplet states in these reactions, and it appears that both 
states participate. Singlet interaction between the chromophores is a function of their geometry, being greatest in MBN (where 
appreciable charge transfer occurs in polar media), reduced in EMI, and minimal in ESO. Interaction at  the triplet level is 
complete in all cases, there being no aryl phosphorescence observed for any of the substrates. An important feature of both 
MBN and EM1 is extensive nonradiative decay from the singlet and triplet states; this decay is caused by the presence of the 
olefin moieties, does not involve olefin isomerization, and may well be general for nonconjugated aryl olefins. 

The systematic study of bi- and polychromophoric mole- 
cules has generated considerable i n t e r e ~ t , ~ . ~  representing as  
it does the logical extension of the intensive surveys of mono- 
functional compounds which dominated photochemistry until 
recent years. Our own efforts in this area have proceeded a t  
two levels: (a)  we have been examining ground- and excited- 
state interactions between functionalities in conformationally 
mobile, acyclic systems2 and (b) we have been studying these 
interactions in relatively rigid carbon frameworks. Each of the 
above has advantages with regard to obtainable information. 
Flexible systems provide a time-dependent spectrum of in- 
terchromophoric relationships which give rise to “preexcita- 
tion” and “postexcitation” interactions, and in fact may be used 
to obtain rate constants for bond rotations in  chain^.^ By 
contrast, rigid molecules permit one to study interactions as 
a function of well-defined interchromophoric distances and 
angular  relationship^.^ 

Among the functional group pairs examined in these labo- 
ratories, the aryl olefins have proven particularly fruitful, 
giving rise in acyclic arrays to both triplet and singlet inter- 
actions upon excitation of the benzene ring. Thus 6-phenyl- 

0002-7863/78/1500-7352$01 .OO/O 

2-hexene provided the first suggestion of, and evidence for, aryl 
olefin singlet exciplexes as  precursors to cycloadducts.6 Fol- 
lowing excitation, the two functionalities achieve a collinear 
arrangement (allowed for by the trimethylene “bridge”), which 
permits rapid (4 X lo8 s-I) complexation, almost complete 
fluorescence quenching, and eventual photochemistry (eq I ). 

Ph(CH,)&H=CHCH, 

( 2 )  

hu 

By contrast 1 -phenyl-2-butene exhibits normal singlet pho- 
tophysics but undergoes a facile, predominantly triplet derived, 
E/Z photoisomerization (eq 2).7 

hv 

254 n m  
PhCHLCH=CHCH3 

(2)  
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PhCH,CH=CHCH, ( 2 )  

( E )  


