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The unimolecuiar mass spectrometric fragmentations of the molecular ions of 1,3-diphenylpropane, 1-(7- 
cydoheptatrienyl)-2-phenylethane and the l-phenyl-2-tolylethanes ruid their [dJphenyl anaíogues have been 
investigated by metastable ion techuiques and measurements of ionization and appearance energies. By 
comparing the formation of [GH,]', [C,H& [C,H,J'and [C,HJ+ it is shown that the molecniar ions of the 
four diaryl isomers do not undergo ring expansion reactions of the aromatic nuciei prior to these 
fragmentations. Conversely, the molecniar ions of the cydoheptatrienyl isomer suffer in parta coniraction of 
the 7-membered ring. From these results and from the measured ionization and appearance energies lower 
limits to the activation energies of these skeletai isomerizations have been estimated yieldmg 
EA,,,> 33* 5 kcal mo1-l formonoalkylbenzene, E&,> 20 2+ 5 kc mo1-l for 7-alkylcydoheptatriene and 
E&,,> 40* 5 kcal mol-' for dialkylbenzene positive radical ions. Upper limits can be deduced from üterature 
evidence yielding E&,<45 kcal mol-' for monoalkylbenzene and E&,m< 53 kcal 4mol-' for dialkylbenzene 
positive radical ions. The activation energy thus estimated for monoaikylbenzene is in exceiient agreement 
with the recently calculated value(s) for the toluene ion. 

INTRODUCTION 

The well known rearrangement reactions in isolated 
('gaseous') [C,H,]+ fragment ions formed from to- 
luene, cycloheptatriene and many of their derivatives 
in the mass spectrometer are often preceded by 
skeletal rearrangements in the corresponding molecu- 
lar ions themselves. Since the classical work of Meyer- 
son and his co-workers' both sets of rearrangements 
(which will be distinguished in the following by the 
terms '[GH,]+-type' and '[C,H,]+'-type isomeriza- 
tions') were investigated thoroughly using different 
m a s  spectrometric methods, and the results have been 
reviewed several 

As far as the [C,H,]"-type rearrangement reactions 
in toluene, cycloheptatriene and related molecular 
ions are concerned there are several competítive 
isomerization pathways. For example, Baldwin, 
McLafferty and Jerina observed at least four different 
(hydrogen and skeletal) rearrangement mechanisms in 
variously labelled toluene molecular ions.6 However, it 
is obvious for al1 [C,H,]+' (and [GH,]+)-type isomeri- 
zations that they can be observed only by means of 
succeeding fragmentation reactions, which in general 
require rather high interna1 energies. For example, the 
above mentioned rearrangements must take place in 
toluene radical cations excited by at least c. 5.06,, and 
even 12.2 eV" (c. 115 and 280 kcal mol-l) for them to 
be able to expel CH, and 'CH,' fragments. It is 
noteworthy that upon electron impact, evep loss of H' 

T Author to whom correspondence shouid be addressed. 

from toluene and cycloheptatriene requires a 
minimum energy of 2.9 and 1.7eV7b (67 and 39 
kcal mol-'), respectivly. This appears to be sufñcient 
to produce interconverting [C,H,]+' molecular ions. 
Thus, the: experimental investigation of the activation 
barrier for e.g. [C,H,]+'-type isomerizations by suc- 
ceeding fragmentations is Iimited principally to an 
estimation of a rnaxirnum value which can be derived 
approximately from the activation barrier or appear- 
ance energy of the most favourable fragmentation 
pathway. 

However, there exists a second experimental ap- 
proach which has not been used thoroughly untii now. 
If the parent molecular ion (e.g. [C,H,]" from toluene 
and cycloheptatriene) is enlarged suitably to allow an 
additional fragmentation (or isomerization) pathway of 
a particiilarly low activation energy, the otherwise 
observed isomerizations of the molecular ions can no 
longer OCCUT. In this case a rninirnurn value for the 
isomerization processes can be estimated if the energy 
requirement of the additionai reaction channel is 
known. An application of the Iatter approach has 
become of particular interest because the energy 
proñles d isomerization reactions o€ ions, some of 
which have been determined recently,' can be investi- 
gated also by theoretical rne thod~.~ , '~  Dewar and 
Landman"' calculated the isomerization and fragmen- 
tation pathways of toluene and cycloheptatriene 
molecular ions by means of the semi-empirical 
MIND0/3 method. Therefore, in the case of the 
[C,H,]+-type isomerization, the results of the experi- 
mental and theoretical approaches can be compared. 
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ISOMERIZATION IN THE RADICAL CATIONS OF TOLUENE AND CYCLOHEPTATRIENE 

Table 1. Deutenum contents of the labelled compounds 
(YO ) A 

llía 2l2a 

3l3a 

515s 

x = o  x = 5  d5 da d3 dz 

1 la 81.0 14.1 4.1 0.8 
2 2a 95.8 3.7 0.5 - 
3 3a 93.5 5.5 1.0 - 
4 4a 91.9 6.7 1.4 - 
5 5a 90.1 6.3 2.8 0.8 

One example for the conservation of a toluene-like 
structure before fragmentation is represented by the 
molecular ions of 1,3-diphenylpropane (l)." The six 
hydrogens in the meta and para positions of the 
phenyl rings are not involved in the H transfer 
steps,'lb and thus the [GH,]+'-type isomerizations 
known from other arylaliphatic hydrocarbon radical 
cations appear to be suppressed by the energetically 
more favourable isomerization and fragmentation 
pathways. 'la,' lb  

In order to study this effect in more detail, four 
isomers of 1, 1-(7-cycloheptatrieny1)-2-phenylethane 
(2) and the three 1-phenyl-2-tolylethanes (3, 4 and 5)  
and their phenyl-d, analogues (2a-5a), have been 
synthesized (Table 1). The m a s  spectral fragmenta- 
tions of these five [C,5H,h]+' isomers differ signific- 
antly, especially at very low interna1 energies allowing 
an experimental estimation of a lower limit to the 
activation energy for the [GHJ'-type isomerization. 

RESULTS 

Fragmentations of unstable and of metastable molecu- 
lar ions 

Table 2 shows the relative abundances of fragment 
ions containing 7 and 8 carbons (herein after referred 
to as the C7 and C, fragment ions), mlz 89-92 and 
mlz 102-106, respectively formed within the ion 

Table 2. Relative abundances of the C, and C, fragment 
ions" formed from the isomers R-CH2CH2C6H5 
(1-5) and R-CH,CH,C,D, (la-5a) within the 
ion source 6 t h  70 eV electrons and relative abun- 
dances of the (uniabeiied) molecuiar ionsb 

R = C6;H,CH2 R = (7-c-C,H7) R = o-CH,&H, R = m -CH,C,H, R = p-CH&H. 
mlz  1 l a Z Z a 3 3 a 4 4 a 5  5a 

89 0.8 0.5 1.8 1.3 2.2 0.6 2.0 0.9 2.1 0.7 
90 0.3 0.3 0.5 0.5 0.4 0.3 0.4 0.3 0.4 0.3 
91 26.3 12.5 54.0 31.0 17.5 1.4 25.1 4.0 12.5 4.0 
92 45.0 19.8 8.0 2.4 0.3 0.4 0.5 0.6 0.4 0.5 
93 - 5.1 - 1.0 - 0.4 - 2.1 - 2.0 
94 - 0.3 - 0.5 - 0.2 - 0.3 - 0.3 
95 - 4.0 - 3.0 - 1.2 - 1.7 - 0.9 
96 - 14.8 - 17.0 - 15.4 - 19.4 - 8.1 
97 - 16.4 - 7.0 - 0.2 - 0.5 - 0.5 

102 0.4 0.3 0.7 0.5 1.0 0.5 1.0 0.5 0.8 0.6 
103 3.9 0.9 4.0 3.0 5.7 3.8 5.3 3.6 4.7 4.1 
104 4.3 1.9 5.0 4.0 2.5 1.4 3.3 1.2 2.1 1.6 
105 18.6 7.8 26.0 10.0 70.0 70.0 62.0 56.0 76.0 69.0 
106 - 2.2 - 4.0 0.4 1.9 0.7 3.2 0.7 5.1 

108 - 1.8 - 2.0 - 0.5 - 1.1 - 0.4 
107 - 1.5 - 3.0 - 0.4 - 2.4 - 0.4 

109 - 3.5 - 5.0 - 0.7 - 1.5 - 0.5 
110 - 6.4 - 5.0 - 0.2 - 0.7 - 1.1 

0.3 - - 111 - - - - - - - 
89-lOSb66.0 - 67.0 - 54.6 - 53.1 - 59.8 - 

196b 8.8 - 1.5 - 8.0 - 7.3 - 5.0 - 
~ ~~~ 

a In % ( ~ [ & I + + ~ [ C g l + ) ;  corrected for natural contributions of 
13C1 and 13C2, but not for incomplete D incorporation (see 
Table 1). 

In %~,,[F]'. 

source at 70 eV and their relative portions of the total 
ion current. 

As expected, the 70eV m a s  spectrum of 1 differs 
markedly from those of the isomers 3, 4 and 5. While 
the latter are governed by the ions corresponding to a 
formal benzylic cleavage, i.e. [C,H,]' (mlz 105) and 
[GH,]' (m/z  91), the former is characterized by the 
very abundant [G,H,]" rearrangement ions." l 2  The 
cycloheptatrienyl (cht) compound (2) exhibits both 
types of fragmentations: besides the dominating 
[GH,]' and [C,H,]' ions significant amounts of 
[C,H,]" ions are observed. Moreover, the relative 
abundance of the molecular ions [2]+ is much lower 
than those of the four diaryl isomers. Thus, the 70 eV 
mass spectrum of 2 reflects well its original structure, 
suggesting that the unstable [2]" molecular ions retain 
the structure of a 7-arylalkyl-cycloheptatriene. 

By labelling one phenyl group of each isomer the 
contributions of the different moieties of the molecular 
ions to the formation of the C, and Cx fragment ions 
can be distinguished. Due to its symmetry, [la]" 
yields [C,(H, D),]+ and [G(H, D),]+' ionsllb as well as 
[C,(H, D)J+ and [C,(H, D),]' ions equally from both 
end groups (Table 2, after correction for incomplete 
labelling). In the case of the tolyl isomers 3a, 4a and 
Sa, [G(H, D),]+ originates predominantly from the 
benzyl groups and, correspondingly, [C,(H, D),]' from 
the xylyl groups of the molecular ions. Thus, mainly 
[GH2D,]+, mlz 96 and [C,H,]', mlz 105, respec- 
tively, are observed. In contrast, the cht isomer 2a 
shows considerable amounts of both [C7H7]+ and 
[C7H2Ds]+ as well as [C,H,]+ and [C,H,D,]+ ions, 
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Table 3. Relative abundances' of the C, and C, fragment 
ions formed from the metastable (unlabelled and 
labelled) molerular ions within the 1st FFR 
(70 eV) 

~~ 

mlz 

91 
92 
93 
94 
95 
96 
97 

104 
105 
106 
1 07 
108 
109 
110 

~ 

1 l a  

<0.3 <0.1 
71.0 6.5 
- 21 .o 
- 11.0 

5.8 
- 19.0 

12.0 
15.0 1.8 
13.0 4.9 

4.7 
4.5 
4.9 

- 3.4 
0.9 

- 

- 

- 
- 
- 

- 

2 a 3  

0.3 1.0 
0.5 «0.1 
1.5 - 
1.5 - 
1.2 - 
2.2 - 
0.8 - 
1.9 20.0 

12.0 79.0 
27.0 - 
17.0 - 
8.0 - 

13.0 - 
13.0 - 

3 a 4 4 a 5 5 a  

2.0 - 1.0 - 
- «0.1 - K0.1 - 
- 

- - - - -  
- - - - -  

50.2 - <0.5 - 50.1 
0.6 - 1.7 - 1.3 
- - - - -  
2.4 37.0 0.2 5.8 4.5 

58.0 61.0 45.0 93.0 89.0 
22.0 - 15.0 - 3.1 
5.2 - 7.4 - 0.3 
5.5 - 16.0 - 0.8 
5.8 - 14.0 - 1.3 

<0.1 - 0.3 - Cc0.1 

a See footnote a to Table 2. 

indicating that both moieties of the molecular ions are 
involved in the formation of the C, and C, ions. It is 
interesting to note that the rearrangement ions 
[C,(H,D),]+* (mlz 97 and, probably in part, m/z 96) 
are formed exclusively from the benzyl but not from 
the cht group of 2a. 

Moreover, contrary to the behaviour of [3ar', [4a]" 
and [5a]+', significant H/D exchange is observed in the 
formation of both [C,(H, D)7]+ and [C,(H, D)9]' ions 
from [2al+. Thus, the 70eV mass spectra of the 
pentadeuterated isomers clearly confirm that the 
short-lived molecular ions [2]" exhibit a structure 
which is dfierent from the structure of [l]" as well as 
those of [3]+', [4]" and [Sr.. 

With respect to the question of skeletal rearrange- 
ments of [1]+'-[5]+' the unimolecular fragmentations 
of metastable molecular ions are more significant. 
Table 3 shows the relative abundances of the C, and 
C, ions formed within the first field free region (1st 
FFR), and Table 4 represents the complete sets of 
fragmentation channels of the unlabelled molecular 
ions occurring within the 2nd FFR of a double focus- 

Table 4. Relative abundanres' of aU fragment ions formed 
from metastable (uniabeiied) molecuiar ions within 
the 2nd FFR (70eV) 

mlz 1 9 6 4  Loaisof 

181 CH,' 
169. . .167 'C2' 
155. . .153 'C3' 
142 * * .141 'C4' 
130..  . 128 'C5' 
118 C6H6 

105 %H,' 
104 GH8 
92 C8H8 

91 C8H9' 

1 2 3 4 5 

0.5 4.0 1.7 3.0 1.6 
1.9 3.2 0.5 1.5 0.4 
0.2 1.8 - 0.4 - 

- - 0.7 - 
0.8 - 

- 
- - - 

6.9 5.4 3.6 6.6 0.5 
17.0b 68.0b 70.0b 52.0b 87.0b 
19.0b 12.0b 23.0b 35.0b 10.Ob 
55.0 4.2 - - - 
c 0.2b 0.7 2.1 0.5 

In % ~ [ F l + .  
Rough estimation due to overlapping with neighbouring 

Not detectable, probably <5% of [C,H,]+'. 
peak. 

ing mass spectrometer in which the magnetic sector is 
followed by the electric sector. Obviously, the differ- 
ences in the fragmentations of [1]"-[5]+' are not can- 
celled out during longer lifetimes but, in contrast, 
become enhanced. The three different types of (origi- 
nal) carbon skeletons are clearly reflected by the abun- 
dance ratios (Table 3) [C,H,]+/[C,H,]+' (mlz 91 and 
92) and [C, ions]/[C, ions] observed for the unlabeiled 
isomers. On the one hand, metastable [l]" ions form 
predominantly [C,H,]+., due to the preservation of the 
normal C,  aliphatic chain bearing locaíized activated 
Cy-H bonds. On the other hand, metastable [3r', 
[4]" and [5r"' molecular ions fragment preferably by a 
formal benzylic cleavage to form [C,Hg]+ ions with 
relative abundances corresponding to the heats of 
formation of the expected xylyl i ~ n s . ~  Distinct from 
[l]" and [3]+'-[5]+', the metastable molecular ions 
[2]+ form [C,H,]+ as well as [C,H,]" in significant 
amounts, suggesting that they preserve the aliphatic 
chain (bearing a localized activated Cy-H (C7-H) 
bond) as well as a cht group as in the original structure 
of 2. 

Further evidence for the preservation of the three 
types of structures can be achieved from the mass 
shifts of the C, and C, fragment ions by the deuter- 
ated metastable molecular ions (Table 3). Whereas the 
[C,(H, D),]+' rearrangement ions from [la]" are gen- 
erated after successive five to eight exchange cycles,l'b 
[C,(H,D),I+ ions from [3a]+', [4a]+' and [Sal+' are 
formed exclusively from the original benzyl group. 
The occurrence of [C,H,D,]+ (m/z  95) indicates (after 
correctim for incomplete labelling, see Table 1) a 
minor H/D exchange in the molecular ions of the 
m-tolyl isomer (4a) and, to an even lower extent, in 
those of the o-tolyl isomer 3a. In the case of the cht 
isomer (24, the pattern of the C, fragment ions is 
much more complex, indicating extensive isomeriza- 
tion reactions occurring prior to the formation of both 
[C,(H, D)7]+ and [C,(H, D),]+' ions. It seems impor- 
tant to note that [C,(H,D),]' ions from [Za]'. origi- 
nate only in part (if at all) from the benzyl group. 
Thus, in contrast to the tolyl groups of [3]+', [4]" and 
[5]+', the cht group of [2]" is involved on the forma- 
tion of the [C,H7]+ ions. 

The abundance patterns of the C, ions reveai 
further interesting differences with respect to the 
origin o€ these ions. As expected, in the case of [la]+. 
both [C,(H, D),]+' and [C,(H, D)9]' are formed 
equally from both phenethyl groups of the parent ions, 
the abundance pattern (Table 3) being qualitatively 
consistent with the specific H/D migrations that 
precede the formation of [C,(H, D),]" (and [C,(H, 
D)71t).11b The rdlatively low abundances of [C,H,I+' 
(mfz 104) as well as [C,H,D,J+ (m/z  110) point to a 
comparably efficient H/D exchange prior to both types 
of fragmentations. 

Contrary to [la]+', the molecular ions of the o- and 
p-tolyl isomers ([3a]+' and [5a]+') form ali the 
[C,(H, I>)g]+ ions from the originally unlabelled xylyl 
groups and none from the phenethyl groups. Similarly, 
the abundance of [C,H,D,]' (mlz 110) from the meta 
isomer [4ar. is extremely low. These observations 
suggest a H/D exchange between the arylaliphatic 
moieties of the tolyl isomers playing a minor part in 
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la 

I 10.0 -m/z 105.0 

30 

J . , , ,  1100 -m/z 105.0 

Figure 1. Peak groups of [CJH, D),]+' and [CJH, D),]+ ions formed from metastable molecular ions [la]+'-[5al+' in.the 2nd FFR. 

the para isomer [Sal+' but taking on increasing signifi- 
cance in the ortho and meta isomers [3a]+* and [4ar. 

(m/z  107) vs. [C8H9]+ (m/z 105)). In contrast to the 
[C,(H, D)J+ ions, the [C8(H, D),]+' ions from [3ar* 
and [&Y' originate predominantly from the (labelled) 
phenethyl groups (6. [C8H3D51+' (m/z 109) vs. 
[C8H8l+' (mlz 104)). Again difTering from these two 
isomers, [5a]+' exhibits a preponderant formation of 
unlabelled [C,H,]", hence being generated from the 
p-xylyl group of this isomer. 

As compared with the tolyl isomers the abundance 
pattern of the C, ions obtained from the cht isomer 
[%]" indicates considerably more H/D exchange prior 
to the formation of [C8(H, D)J and probably 
[C,(H, D)8]+' ions. Contrary to the latter (vide supra), 
the [C,&D5]' ions (m/z  110) from [2a]" are remark- 
ably abundant, showing that the [C8(H, D)J ions are 
formed in comparable amounts from the olefinic and 
the aromatic parts of the molecular ions. The same 
might be true for the [c8(HyD)8]+' ions, but most 
probably the major part of them originates from the 
cht moiety of [2a]+'. 

(6. eSpeCidy [C8&D]+ (m/Z 106) and [C8H7D,]+ 

The fragmentation of the metastable molecular ions 
within the 2nd FFR corresponds to the above results. 
Figure 1 represents the C, ion region of the ion kinetic 
energy spectrum of the pentadeuterated molecular 
ions [ía]+-[Sa]+*. Although neighbouring peaks are 
not separated, the patterns reflect the drastic dif€er- 
ences between each of the five isomers. As a special 
peculiarity besides the characteristic differences be- 
tween the tolyl isomers [3a]+*+a]+*, the cht isomer 
[2a]" forms considerable amounts of [C8&DS]+ (m/z 
110) and [C,H8]++. (m/z 104), again contrasting with 
[3al+', [4a1+' and [5.1". 

The whole of the various fragmentation reactions of 
the metastable (unlabelled) molecular ions within the 
2nd FFR are shown in Table 4. As expected, the 
relative abundances of the C, and C, ions correspond 
closely to those observed in the 1st FFR (Table 3). 
Apart from this the loss of small neutrais from [2]" is 
significantly more pronounced than from the other 
isomers. Indeed, this observation is consistent with the 
m a s  spectral behaviour of olefinic and aromatic com- 
p0~nds . l~  

Summarizing the resuits at this point reveals that 
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Table 5. Ionization Z(M) and appearance energies A([F]+) of the uniabelled isomers 1-5 
in e\P 

Compound 
R-CH,CH,C,H, IíM) A"=IH,I* AiGHsI'. A[GHsl+. AIGHsI' 

1 R = C,H,CH, 8.79I0.05 11  .6b 1 o.o*o. 1 10.0*0.2c 10.4 I0.2" 
2 R =7-(~-C7H7) 8.0610.05 9.3I0.1" 9.0f0.1c,d 9.310.2" 8.95 f 0.05" 
3 R=o-CH&H, 8.64I0.05 11.2I0.3" - 1O.O-tO.2" 10.15I 0.1" 

10.1 10.2" 10.35I 0.1' 
5 R=p-CH,C,H, 8.58*0.05 11.3f0.4b - 10.6~t0 .5~  10.0 *O.lb 

a Reference: I(CH,I) = 9.50 eV, standard deviation better than values given. 
Curve tails significantly, not parallel to ionization efficiency curve of standard. 

'As footnote b, but curves of fragment ions mutually parallel. 
Corrected for natural contribution of i12C613CH71+ at m/z '92 (c. -0.1 eV). 

4 R=rn-CH,C,H, 8.5910.05 11.110.T - 

each of the five isomeric molecular ions exhibit-even 
after a lifetime of > s-characteristic differences 
in both their fragmentation and their isomerization (H 
rearrangement) behaviour, reflecting the structures of 
the original carbon skeletons. In particular, the cht 
isomer [2]+ reacts quite differently from [l]", [3]" 
[4]" and [5]+.. 

IoniZation and appearance energies 

In order to estimate the energy requirements for the 
formation of the C, and c8 fragments, the ionization 
and appearance energies, I(M) and A([F]+), have 
been determined (Table 5). The ionization energies 
are well in the order expected for ionization of the 
original benzyl, cht and tolyl groups, respectively. 

The appearance energies are in line throughout with 
the relative abundances of the corresponding ions 
formed from the rnetastable molecular ions (Tables 3 
and 4).14 Accordingly, 2 is the only isomer which 
exhibits approximately equal appearance energies for 
ail of the four C, and C, fragment ions. Contrary to 
this, the A([C,H7]') values for 1 and 3-5 should 
exceed the true 'thermodynamic' energy requirements 
by far due to considerable competitive shifts; hence 
they are not taken into account in the estimation of 
the isomerization barrier (vide infru). Unfortunately, 
the ionization efficiency curves of the fragment ions 
are not parallel to those of the standard, so that the 
other A([F]+) values might be also too high to a 
certain degree." It can be assumed, however, that this 
source of error does not invalidate seriously the fol- 
lowing conclusions (see also Experimental). 

The release of kinetic energy16 in the formation of 
[C,HJ', [C,H,]+' and [C,H,]+ from the metastable 
molecular ions [l]+'-[S]+ is found to be small (17- 
21 meV, *lo%, as determined from the peak width at 
half-height). Thus, these fragmentation reactions occur 
without significantly large reverse activation energies 
and without being preceded by a rate-determining 
isomerization process.8b,8d 

DISCUSSION 

Negiecting a detailed discussion of the energy data the 
fragmentation of the metastable molecular ions sug- 
gests that each of the five isomers [1]+'-[5]'' retains its 

original carbon skeleton. In every case, however, vari- 
ous isomerization reactions do occur via hydrogen 
shift and/or 'long range hydrogen transfer"lb reac- 
tions. Whereas the latter are well known, especially 
from molecular ions which contain both aromatic and 
long chain aliphatic groups,17 the former are charac- 
teristic for the positive (radical) ions of olefinic hyd- 
rocarbons as e.g. cyclohexeneI8" and isobutene.lsb 
Thus, it is not surprising that the cht isomer [2a]+' 
reveals a markedly high degree of H/D exchange. 
According to Dewar and Landman,"" the ionized cht 
ring should suffer rapid 1,2-hydrogen shifts (instead of 
the unfavourable"' 1,5 shifts which, in turn, may 
occur thermally prior to ionizationlg) requiring only c. 
14 kcal mo1-l activation energy. Furthermore, [2]+', 
similarly to [l]''," reacts as an alkyl benzene with a 
localked activated" Cy-H (as well as Ca-H) 
bond($ exchanging hydrogen between the phenyl and 
the cht ring (Table 3). Scheme 1 iilustrates some of 
these hydrogen migrations. 

With respect to skeletal isomerizations the present 
results strictiy exclude only the conversion of [l]" to 
[2]+' (as well as to [3]", [4]+' and [SI+-) and that of 
[3]", [4]" and [SI+' to [2]+' (as well as to [l]"). 
However, the results do not exclude a partial ring 
contraction of the cht moiety of [2]+', i.e. skeletal 
isomerization of [2]+ to form [l]" and/or [3]+', [4]" 
and [SI". Metastable molecular ions of 7- 
methylcycloheptatriene,22 closely related to [2]+', in- 
deed show considerable hydrogen and skeletal 
isomerization prior to loss of CH,'. 

H Hy H 

[Z,]'. (>252)  [11+' (232) 

Scheme 1. [C+H,l+'-type and [C,H,l '-D/pe skeletai isomeriza- 
tion of [2]+' to its diaryl isomers, e.g. !l]+'. Starting from low 
energy [1]+. rearrangements rnarked with dashed arrows do 
not occur for energetic reasonc (cee text). Valuec refer to the 
heats of formation (in kcal rnol ') of the corresponding ions (d. 
Scheme 5 in Ref. l lb).  

90 ORGANIC MASS SPECTROMETRY, VOL. 14, NO. 2, 1979 @ Heyden & Son Ltd, 1979 



ISOMEFUZATION IN THE RADICAL CATIONS OF TOLUENE AND CYCLOHEF'TATRENE 

300 

ucH2 + H 3 C 9  280 . 
213 63 

213 5L.2 
260 

uCH2 .--y- + H 2 c \ S C H 3  io.m.p.1 

respectively 
213 = 37 

2LO 

4 

220 

\ 

300 

280 

+ 

235 37 

260 

215 37 

240 

!20 

Figure 2. Heats of formation of the molecular ions [11+'-[5]+' and of the transition states for fragmentation to (a) [C;H,l+ +&H; and 
(b) iC,H,l+'+C,H,. The latter energy levels are contrasted with the thermochemicai energy levels expected for the combined heats of 
formation of various fragmentation products (see Appendix, al1 values in kcal mol-'). 

An answer to this problem is achieved by contrast- 
ing the energy requirements found for the various 
fragmentation channels of [1]+'-[5]+' (Table 5) to the 
minimum (combined) energy contents of the corres- 
ponding charged and neutral fragments. Figures 2 and 
3 show schematically an estimation of the heats of 
formation of the molecular ions, AH,([M]+') = 
AH,(M) + I (M) ,  the apparent heats of formation of the 
highest transition states involved in each of the four 
frzigmentation pathways, AHf([M]+')* = AH,(M) + 
A[F]+, and the approximate heats of formation of the 
corresponding pair of fragments, hH,([F]+) + AH,(N) 
(termed CAH,). (For the various values used for 
AH,(M), AH,([F]+) and AH,(N), see Appendix.) De- 
spite considerable uncertainties in some energetic data 
a decision can be made as to whether or not skeletal 
isomerization occurs. 

In the case of the diaryl isomers [l]" and [3]+-[5]" 
the energy requirements found for generation of the 
C, ions are consistent throughout with the formation 

of 6-membered fragments. Although these isomers 
could have isomerized to [2l+ prior to the formation 
of the [C&]+/C,H,' pair it seems more reasonable to 
assume large competitive shifts due to the existence of 
more favourable fragmentation (and, especially in the 
case of isomerization) pathways. The 
energetic consideration provides further evidence of 
the factlfb that [ly molecular ions do not rearrange 
to a cht-type isomer, since neither GH, nor C& 
(charged as well as neutral) fragments can exhibit 
7-membered structures (Figs. 2 and 3). 

Including the fragmentation of the metastable 
molecular ions (Tables 3 and 4) the possibility that the 
ortho and meta isomers [3]+' and [4l+ undergo a ring 
expansion reaction is clearly ruled out. In both cases 
[C,H,]+- ions (m/z  104) originate mainly from the 
unsubstituted phenyl nucleus; wnsequently, the 
[C,H,I+'/C& pair cannot comprise an ionized hep- 
tafulvene or a neutral cycloheptatriene (Fig. 3). The 
same should hold for the para isomer [5r', which 
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Figure 3. Heats of formation of the molecular ions [1]+'-[5]+' and of the transition states for fragmentation (c) [C,H,]+'+GH, and (d) 
[GH,]++GH,'. The iatter energy levels are contrasted wíth the thermochemícal energy levels expected for the combined heats of 
formation of various fragmentation products (see Appendix, al1 values in kcal mol-'). 

surprisingiy forms [C&,]+' mostly from the xylyl 
group. In this case the formation of ionized heptaful- 
vene cannot be excluded strictly though a preservation 
of the p-xylyl group of [5]+', generating ionized p- 
xylylene, is much more likely (vide infra). 

The energy requirements found for the formation of 
[C,H,]+' ions (m/z  105) from either [i]" and [3]+'- 
[5]" are consistent with those expected for the frag- 
mentation of the original structures (Fig. 3). In these 
cases, however, the formation of energetically most 
favourable methyltropylium ions (from a hypothetical 
cht -*e isomer assuming appropriate hydrogen shif ts) 
cannot be excluded from a combination of the slow 
fragmentation (Tables 3 and 4) and the energetic data 
done. The only but yet conclusive evidence for the 
presevation of the original carbon skeleton in [3]+', 
[4]" and [5]" is provided by the formation of consid- 
erable amounts of [C,H,]" from the phenethyl moiety 
of the cht isomer [2]+ which does not occur in the 
case of the tolyl isomers. 
Thus, both the route and the energy requirements of 

the fragmentation exclude a skeletal isomerization of 
the four purely arylaliphatic isomers [l]", [3l+, [4]" 
and [5]+' prior to formation of the C, and C, ions. 
This is not the case for [2]". Obviously, some of the 

activateti complexes involved in the fragmentation 
pathways of this isomer exhibit heats of formation 
which fa11 short of the (combined) energy contents of 
the corresponding fragments if no contraction of the 
cht ring is anticipated (Figs. 2 and 3). Bearing in mind 
that appearance energy measurements yield princi- 
p d y  an upper limit to the (me) energy requirement 
of a fragmentation r e a ~ t i o n , ~ ~  it seems doubtful 
whetlier al1 of the C, and c8 fragments (whether 
charged or neutral) are generated from non- 
isomerized, cht-type structures. This is most obvious 
for the ,Eormation of [C,H,]+'/c,H,' (Fig. 3). Even if 
[CgH,]' is assumed to be the <y -phenethyl cation 
instead of ethylenebenzenium, and even if the recent 
values lof AH,([c'C,H,CHCH,]+) = 202.9 kcal mol-l 
21t and 202.6 kcal mol-l 24 are used instead of the 
formerly accepted one (=218 kcal mol-' ') the discre- 
pancy does not vanish conclusively, al1 the more since 
possibly AH,(c-GH,') exceeds2, the formerly ac- 
cepted value (65 kcal mol-l Furthermore, follow- 
ing the argument14 that competing fragmentations of 
metastable ions should exhibit similar activation ener- 
gies (E"=A([F]+)-I(M), which is found for [2]+ in 
t The authors thank a mferee for his comment conceming AH,[[c- 
C,H,CHCH,]+). 
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particular), it appears impossible that the two 
thresholds for the formation of [CsH9]+ (e.g. [2a]+'-+ 
[C,H,]' + GH2D5' and [2a]+'-+ [C,H,D,]+ + C,H,') 
should be as different as might be suggested from Fig. 
3. 

A similar, although less pronounced effect may be 
discussed for [2]"+ [C,H,]+' + CsHs and perhaps 
[2]"'+ [GH,]' + C,H,' (Fig. 2). Admittedly, for both 
reactions AHJZ) + A[F]+ agree quite well with the 
minimum energy requirements expected for cht -type 
pareiit ions, taking both A([C,H,]+') and A ([C,H,]') 
as a mean value due to two slightly different heats of 
reaction. However, in the light of the general argu- 
ments mentioned above and of the uncertainty of AHf 
(heptafuivene) (see Appendk), [2]" must be assumed 
to isomerize in part to [l]" and/or [3]+'-[5]". 

Before discussing the height of the energy barrier 
for the skeletal isomerization in the system [1]+'-[5]+', 
it should be noted that [2]+--as the unique isomer- 
could suffer a rearrangement avoiding skeletal 
isomerization(s) of the open shell ([C,H,]+'-type) 
structure itself. As shown in Scheme 1, [2]+ should 
isomerize readily via y + ortho H' transfer to an inter- 
mediate [ZCht]+* (cf. [l]+.+(.Za]+, Ref. l lb).  [ZCJ 
can be assumed to isomerize as a tropylium ion, i.e. as 
a (quasi) closed shell species, to form the correspond- 
ing tautomers of [l]" (shown in Scheme l), [3]+', [4]+' 
and [5]" (whose heats of formation should be similar 
to AHf([Zcht]+'), cf. [Zy]+c- in Ref. l lb).  Thus, the 
partial '[C,H,]+'-type' isomerization of [2]" could be 
considered to be in fact the '[C,H,]'-type'. However, 
following the recent results of Cone, Dewar and Land- 
man,"" the energy requirement for the rearrangement 
of a benzyl ion to tropylium should be 33 kcal mol-l 
(starting from the benzyl ion), hence excluding this 
mechanistic possibility for energetic reasons. 

On the basis of the above results and arguments the 
height of the energy barrier for the [GH,]+--type 
isomerization can be estimated. Figure 4 shows a 
simplified energy proñle for the interconversion of 
[lr"'-[5]+. and the (apparent) energy bamiers of their 
various fragmentation reactions. For example, the 
threshold energy for the isomerization [l]+* S [2]'" 
must exceed significantiy those for the fragmentations [ir*+ [GH,]+'+ C,H, and [l]"'+ [C,H,]+' + GH, 
(260 kcal mol-', cf. b and c, respectively, in Figs. 2-4). 
Similarly, the thresholds for the isomerizations [2]+' e 
[3r' and [2]+' e [5]+' must clearly be higher than 261 
and 257 kcal mol-', respectively (6. formation of 
[C,H,]'+C,H,', d in Figs. 2-4). If [2]+', on its own, 
did not suffer any ring contraction at all, the isomeri- 
zation threshold for [2]+' e [l]" should be higher 
than c. 274kcamol-'. However, as a partial r h g  
contraction does occur, the transition states for 
isomerization and for fragmentation should have very 
símilar heats of formation. Hence it seems reasonable 
to estimate a value of 265 kcal mo1-' as an approxi- 
mate lower l i t  to the heat of formation of the 
highest transition states involved in the skeletal 
isomerization reactions [i]" $ [2]", [ 2 ] + ' ~  [3]", 
[2l+'*[4]+' and [2]+'G[5]". Possibly this value is too 
low by c. 5 kcal mol-l, for a value of c. 270 kcal mol-' 
would still allow the metastable molecular ions to 
travel in part across the isomerization barrier. This 

would account for the relatively high threshold ener- 
gies for [2]"-+[C,H,]+'+C,H, (c) and also for [4]+'+ 
[C,H,]'+ GH,' ( d ) .  However, the observed appear- 
ance energies may be too high to some extent (particu- 
larly that of the latter reaction) because of some 
kinetic shift and of different slopes of the ionization 
efficiency curves (Table 5). Thus, the estimated lower 
limit (265 kcal mol-') might exhibit an error of C. 
I 5  kcal mol-', besides that arising from the limited 
reproducibility of the appearance energy data. 

Expressing the height of the isomerization barrier 
(E&,,) independently, i.e. as a characteristic feature 
for the (substituted) [GH,]" grouping, the above esti- 
mate yields ELm>33 f 5 kcal mol-l for a monoalkyl- 
benzene, E&,>20*5 kcal mol-' for a 7-alkylcyclo- 
heptatriene and E&,>4015 kcal mol-' for a dialkyl- 
benzene radical cation. Complementary to these lower 
limits, upper limits to the isomerization bamer can be 
estimated from energy data known for favourable 
fragmentation reactions of [C,H,]"-Spe radical ca- 
tions which do undergo skeletal isomerization. Some 
selected examples are compiled in Table 6. The energy 
requirements for loss of H' from the molecular ions of 
toluene, the higher alkylbenzenes and diphenyl- 
methane suggest an upper limit of E:om< 
58 kcal mol-l. The threshold for loss of CH,' from the 
ethylbenzene radical ion is still considerably lower, but 
unfortunately there is no conclusive evidence as to 
whether the metastable, i.e. low energy, ions undergo 
the ring expansion. It was argued by Yeo and Wil- 
liams26 that the isomerization barrier for ethylbenzene 
would be E200,>2.3 eV = 53 kcal mol-l, based on the 
specific loss of the original p-CH, group from the 
unstuble molecular ions formed at 70eV.l It is obvi- 
ous, however, that this is not sufficient evidence for an 
estimation of ELm since metastable ions might 
nevertheless have isomerized prior to CH,' loss (6. 
Ref. 27). This is supported by the finding that the 
metastable molecular ions of 1-chloro-28a and 1- 
brom0-4-ethylbenzene~~~~~~~ do isomerize to the cor- 
responding cht isomers. 

Whereas it follows from these arguments that 
E:,, < 50 kcal mol-' (Table 6), the appearance ener- 
gies which can be deduced from Dunbar's photodis- 
sociation c ~ r v e s ~ ~  point to an upper limit of E,$,,< 
45 kcal mol-' for monoalkylbenzenes and E:,, 
53 kcal mol-' for dialkylbenzenes. 

Thus, it is posible to bracket the true height of the 
isomerization barrier from experimental evidence. It is 
very interesting that the range of 33<E,:,,< 
45 kcalmol-' deduced in the present study for 
monoalkylbenzenes agrees very well with Dewar's and 
Landman's semi-empirically calculated ('theoretical') 
values of 33.6 and 34.2 kcal mol-' for [GH,]" from 
toluene (obtained on the basis of two different 
mechanisms)."" The present results suggest that the 
true value should be closer to the lower limit than to 
the upper one estimated above, strongly supporting 
the calculated height"' of the isomerization barrier. 

Contrary to this, the estimated energy barrier for 
ring contraction of cycloheptatriene-type radical ca- 
tions (20 < E,$,, < 36 kcal mol-l) cannot be compared 
reliably with the corresponding theoretical values 
(39.2 and 39.8 kcal mol-' 'O'), since, as pointed out by 
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Figure 4. Simplified energy profile for the skeletal iC,H,l+'-type isornerization of the rnolecular ions [11+'-[5]+' and their fragmenta- 
tion to (a) [GH,l++GH,', (b) [C,H,l+'+C,H,, (c) [GH,]+'+C,H, and (d) [C,H,l++~H,'. The dashed tops represent lower limits to the 
isomerization barriers. 

the authors,"' the vertical ionization energy of cyc- 
loheptatriene (and its derivatives) depends unusually 
strongly on the geometry of the ground state neutral 
molecules. On the other hand, the isomerization bar- 
rier estimated for the radical cations of dialkylben- 
zenes (40 <E&, < 53 kcal mol-')-which has not 
been calculated yet- should be similarly reliable as 
has been found in the case of monoalkylbenzenes. 
Indeed, it seems reasonable to assume that an addi- 
tional alkyl group at the ionized aromatic nucleus 
increases the isomerization barrier simply by decreas- 
ing the ionization energy of the parent molecules, 
whereas the thresholds for (skeletal) isomerization and 
for fragmentation should both be influenced to a much 
smaller extent (6. Fig. 4). 

Substituents other than alkyl may influence more 
effectively the height of the [C,H,]+' type isomeriza- 
tion barrier. Thus, strongly electron donating -E sub- 
stituents3' as e.g. OCH, seem to stabilize31 the initially 
formed (radical) cation towards isomerization whereas 
electron withdrawing +E substituent~~' as e.g. CN3, 
and NO, 'Od possibly decrease slightly the isomeriza- 
tion barrier. 

EXPERIMENTAL 

Mass spectrometric measurements 
The mass spectra (Table 2) were measured with a 
Varian MAT 311 A double focusing instrument (n 
magnetic sector followed by 7r/2 electric sector) and 
represent the average of two sets of at least four scans 
taken 011 two different days. Operating conditions: 
electron energy 70 eV, emission current 2 mA, ac- 
celerating voltage 3 kV, source temperature c. 250 "C. 
Samples were introduced via a water-cooled direct 
inlet system using an aluminium crucible closed by a 
cap with a very small hole. The crucible was heated 
slightly in order to achieve a nominal source pressure 
of 5 3 x lop6 Torr. 

Compounds 1 and l a  were remeasured in this man- 
ner and showed no significant deviations from the 
previous results." The 70 eV mass spectra of the cht 
isomers 2 and 2a were found to be temperature de- 
pendent; without heating the ion source, 2a showed a 
drastic increase of the peak at mlz 91 and a corres- 
ponding decrease at mlz 96 and m/z  97. The effect of 
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Table 6. Skeletal isomerization and apparent activation energies- tor fragmentation of the molecu- 
lar catiom of toluene, cydoheptatriene and some derivatives 

Compound 
Skeletal isomerization 

Fragmentation reaction A[FI'-I(M) obsewed 

Toluene [MI+' +. [C,H,l' + H. 63-677b, M2" yes27,39,42 

Ethyl benzene [MI" +. [C,H,]++CH,' 567. 497b.34 < @ 9 b  yes27a 

[MI"+. [C8H91++ H' 617b, Yesm 
n-Propyl benzene [MI'' -+ &H7]'+C2H; 677b, 49=, <4529b YesZ7 
Díphenylrnethane [MI+'-+ [C13Hlll++ H' 5 P  YeG7 

N oZ7 1.2-Diphenylethane [MI+'-+ [GH,l'+C,H,' 4427" 

Benzyl phenyl ether [MI" -+ K,H71+ + C,H,O' 30=, 25b N027.41 

7-Methylcycloheptatriene [MI+'+. IC7H71'+ CH,' 377.37 yes22.27 
Cyclo heptatriene [MI+' + IGH,l'+ H' 367a-397b Yesz7.39 

7-(n-Butyl)cycloheptatriene [MI" + [GH,]' +C4Hg' - YesZ7 
o-Xylene [MI+- .+ [GH,]' + CH; 607b. <5329b yes27.d 
rn-Xylene [MI'' -+ [GH,]+ + CH,' 6234,7b, <5329b yeS27,d,31a 

p-Xylene [MI'' +. [C,H71+ + CH,' 607b, <5329b yeS27,d,31a 

1 -Ethyl4-methyl benzene [MI'' +. [GHgl'+ CH,' 64' ~ ~ ~ 3 8 . 3 1  b 

e ln kcai rnol-'. Value determined in our laboratoríes. Usíng A[C,H,l' frorn Ref. 38 and / (p -X~ lene) .~~  
Skeletal isornerization precedes also loss of H' which exhibits ven/ similar energy requirernents.7b 

temperature on the relative abundances of the 'C8' 
ions was not investigated. As already noted for 1 and 
its labelled analogues,'lb the mass spectra of 2 and 2a 
are markedly sensitive to focusing conditions of the 
ion source. Therefore, al1 spectra which are compared 
with each other in the present paper were recorded at 
approximately constant focusing potentials, yielding a 
reproducibility of c. * 5 YO. 

The fragmentation of the metastable molecular ions 
within the 1st FFR region (Table 3) was measured on 
the same instrument at fixed magnetic and electric 
sector fields by increasing the accelerating voltage 
(U,  = 1 kV) keeping al1 other conditions unchanged. 
The fragmentation of the metastabie molecular ions in 
the 2nd FFR (Table 4) was measured with the same 
instrument by decreasing the electric sector voltage 
(Un = 510 V) at fixed accelerating voltage (3 kV) and 
fixed magnetic field. The width of the intermediate 
focus slit was 0.2mm. The release of kinetic energy 
was determined for the metastable ions decomposing 
in the 2nd FFR. Correction was made for the width of 
the stabie ion beam by taking the square root of the 
difference between the squares of the widths of the 
diffuse and the (mass-reduced) normal peak. 

Ionization and appearance energies (Table 5 )  were 
measured semi-automatically with a Vacuum 
Generators MM 12B single focusing instrument at an 
emission current of 20mA. The samples were intro- 
duced via the high temperature inlet system (15OOC) 
to give a nominal source pressure of < 1.0 X Torr 
at a source temperature of c. 200°C. The data were 
obtained from three to five independent runs for each 
compound and were evaluated using the semi-log plot 
method of Lossing, Tickner and Br~ce. ' ,~ Although 
the ionization efficiency curves of the fragment ions 
were not parallel to those of the corresponding 
molecular ion and of the standard, the error might not 
be too serious as a control evaluation of A[C,H,]' 
from 2 using Warren's extrapolated voltage difference 
rnethodz3' showed no significant deviation. 

Preparation of compounds 
The preparation of 1 and la has been described 

previously." The deuterium contents of la and the 
other deuterated isomers are given in Table 1. 
1-(7-Cycioheptatrieny1)-2-phenylethane (2) and 1-(7- 
cycloheptatr¡enyl)-2-[d5]phenylethane (2a) were pre- 
pared by slow addition of tropylium tetrafluoroborate 
to a solution of 2-phenylethylmagnesium bromide and 
2-[d,lphenylethylmagnesium bromide in ether, respec- 
tively, following essentially a procedure given by Kes- 

2-Phenylethylmagnesiumbromide was prepared 
from [d,lphenylmagnesiumbromide and oxirane (simi- 
larly to Ramsden et al4) followed by treatment of the 
resulting alcohol with PBr, in CCl, according to 
B e r g ~ . ~ '  Working on a small scale (max. c. 60mmol 
Grignard reagent) some 1,4-diphenylbutane ([do] and 
[d,,], respectively) is produced as a co-product. This 
contamination can be reduced to ( 5 %  (from 'H 
NMR) after distillation ( b . p . ~ , o ~ ~ . ~  89-100 "C) and 
fractional distillation (b.p.,,,,,., 87-88 "C, yield 37- 
41%), followed by fractionated crystallization of the 
corresponding 1,4-diphenylbutane. The 'H NMR 
spectra (CDC1,) of both 2 and 2a were consistent with 
the exclusive formation of 7-aralkyl substituted cyc- 
loheptatrienes (cf. Refs. 19 and 46); T = 8.0 (m, l-CH, 
and H7), 7.2 (t, 2-CH2), 4.8 (dd, H'/H6), 3.9 
(m, H2/H') and 3.4 (m, H3/H4), relative intensities of 
the latter signals 0.9: 1.0: 0.9. The samples were not 
purified further (by preparative GLC) in order to 
prevent tnermal isomerization." However, reliable 
corrections of the 70eV m a s  spectra (Table 2) have 
been made by subtracting the k n ~ w n ~ ~  mass spectra of 
the corresponding 1,4-diphenylbutanes. 

The 1-phenyl-2-tolylethanes 3-5 were synthesized 
by a Wittig reaction of the corresponding tolualdehyde 
and benzyl triphenyl phosphonium bromide in ethanol 
to give the appropriate stdbene derivative which was 
hydrogenated by diimide r e d u c t i ~ n . ~ ~  The synthesis of 
the unknown deuterated compounds 3a-5a was car- 
ried out as described for the para isomer (5a). Accord- 
ing to a procedure given for the preparation of un- 
labelled benzyl b r ~ m i d e , ~ ~  paraformaldehyde (4.75 g, 
52.8mrnol) and finely powdered dry NaBr (19.6g, 
190mmol) were suspended in a mixture of [d,]ben- 
zene (9.5 g, 113 mmol) (Merck) and glacial acetic acid 
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(8.8ml). The mixture was stirred vigorously and 
refluxed while a mixture of H,S04 (27.8 g, 96%) and 
glacial acetic acid (14.1 mi) was added over a period of 
4 h. The mixture was refluxed for another 14 h with 
stirring. After cooling water was added, the resulting 
oií was separated, and the water phase was extracted 
with benzene. The combined organic fractions were 
washed with water, 5% sodium carbonate, again with 
water and dried over magnesium sulfate. After evap- 
oration of the benzene, the distillation af€orded 14.5 g 
(73%) [d,]phenyhethyl bromide, b.p.,, 86 "C, D con- 
tent 94.1% d,, 5.4% d4, 0.5% d, as shown by mas  
spectrometry . 

The labelled [d,&enzyl bromide was converted to 
([ d5]phenyimethyl)tr¡phenyiphospho~um bromide 
by reacting the labelled bromide (8.4 g, 48 mmol) with 
triphenylphosphine (13.8 g, 53 mmol) for 5 h in boiling 
toluene (501nl).~" The resulting salt was used directly 
after washing with hot benzene (yield 94%). 

According to a procedure given for styryl- 
pyridines;l the labelled phosphonium salt (6.85 g, 
15.6 mmol) was dissolved in a freshly prepared solu- 
tion of sodium ethoxide from sodium metal (0.30g, 
13mmol) in dried ethanol under N, atmosphere. 4- 
Methylbenzaidehyde (1.43 g, 11.9 m o l )  (or a corres- 
ponding isomer) was added with vigorous stirring. 
Stirring was continued for 50 h, and the mixture was 
poured on irn/water and extracted with ether. After 
fiitration of some precipitated phosphine oxide the 
combined extracts were washed with aqueous bisulfite 

and water and dried over anhydrous magnesium sui- 
fate. The ether was removed and the residue recrystai- 
lized twice from ethanol yielding 1.85 g (78%) of P-(4- 
methylphenyl)-2-[d,]phenylethene (m-p. 117-1 18 "C). 
1-(2-methylphenyl)-2-[dJphenylethene and l-(% 
methylphenyl)-2-[d5]phenylethene were obtained in 
similar ways in yields of 75% and 69%, respectively. 

(U.39 g) 
2.0 mmol) were dissolved together with CuS04-5 H,O 
(10 mg) in a mixture of 2-propano1 (25 mi) and 85% 
hydrazine hydrate (2nd). Air was bubbled through 
this mixtiire overnight. Working up w;th water and 
ether afforded l-(4-methylphenyl)-2-[d5]phen~- 
ethane (5a) in quantitative yield (m.p. 28-29°C after 
recrystallization from ethanol). In the case of 142- 
methylphenyl) -2-[ d,]phenylethane (3a) and 1- 
(3-methylphenyl)-2-[d5]phenylethane (4a), further 
hydrazine hydrate and CuSO,.5 H,O were added 
several times during the hydrogenation. 39 and 4a 
were purified by micro-distillation (b.p., 132 "C and 
b.p.o.5 124 "C). 

Deuterium contents of 3a, 4a and 5a (Table 1) did 
not differ significantly from that of the [d,&enzyl 
bromide (vide supra); hence loss of the label did not 
occur in both the Wittig reaction and the diimide 
reduction. 

1 - (4-Methylphenyl) -2 -[ d,lphenylethane 
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APPENDIX 

The heats of formation of the neutral isomers (M) are calculated by 
the method of thermochemical increments,7e starting from AH,(M) 
for the corresponding C8H,, hydrocarbons. Thus, AH,(l) = 
29.3 kcal mol- ', 'la AHf(2) = 59.5 kcal mol-', AHf(3) = 26.8 kcal 
mol-', AHf(4) = 26.4 kcal mol-' and AHf(5) = 26.6 kcal mol -'. 
Fgire 2(4 
AH,([c-C,H,CH,]+) =213 kcai mol-' 7h.52 and AH,([c-C,H,]') = 
214 kcalmol-' 7b (cf. also Refs. 7a and 42). The value given for 
AH,(m-xylyl) = AH,(p-xylyl) in Ref. 7a is certainly too low. Assum- 
ing no additional effect of the CH, substituent, AH,(xylyl) is esti- 
mated for al1 isomers in analogy to AH,(benzyl) (uide infra) from 
AH,(xylenes) +D(C,H,CH,-H) - AHf(H') 

= (-4)7+8558-52.17=37 kcal mol-' 
AH,(@-phenylethyl) = 54.2 kcal mol-' 

estimated on the basis of AHf(n-C,H7') = 22.1 kcal mol-' 
(20.7 kcai mol-' 7h) using appropriate increment~.~" AHf(7-methyl- 
cycloheptatrien-7-yl) = 63 kcal mol-' has been calculated from 
AH,(7-CH3-(c-C,H7)) = 37.2 kcal rn~l-',~" D(C7-H) -78 kcal 
mol-' (estimated value, cf. Ref. 25, making allowance for a 
stabilizing effect of the CH, group on C7) and AH,(H')= 
52.1 kcal mol-'. 7a 

Figure 2@) 
AHf([5-methylenecyclohexa-1.3-diene]+') = 215 kcal mol-' 'la (cf. 
also Refs. 1Oc and 53); this value is very similar to AHf([to- 
l ~ e n e ] + ' ) . ~ + ' ~  AH,('c-C,H,]+~) = 235 kcal mol-' 7h (cf. also Refs. 7a 

and 1Oc). AH,(styrene) = 37 kcal mol-' 7a (35.2 kcal mol-' '9. 
AHf(heptafulvene) = 50 kcal mol-';54 this value possibly represents 
a lower limit. 

Figure 3(a) 
AH,([styrene]+') = 230 kcal mol-' . 7b The heats of formation of 
ionized m- and p-xylylenes (quinodimethanes) are uncertain. Ac- 
cording to an estimation, hH,([o-xyiylene]+') = 240 kcal m~l- ' ;~ '  
according to the refative stabilities of the neutral hydr~carbons,~~ 
the meta and pura isomers might exhibit slightly lower and higher 
heats of formation, respectively. AH,([heptafulvene]+')s- 
2SO* 10 kcal m01-I.~~ Following the argument of PMO theory?' 
this value should represent an upper b i t .  AH,(toluene) = 
11.95 kcal mal-': AH,(cycloheptatriene) = 43.47 kcal mol-'.' 

Figure 3(b) 
AH,([CH,-(c-C,H,)]+) 5 208 kcal mol-' has been estimated by 
suggesfing a decrease by c. 6 kcalmol-' of AH,([c-C,H,]+)= 
214 kcal mol-' 7b due to a methyl substituent. Not surprisingly, this 
value is much lower than the experimental 0138,~ (239 kcal mol-', 
cf. Ref. 7a), but stiH considerably higher than that calculated 
recently (190 kcalmol-').21 The values used for AHf- 
([CH,C,H,CH,]+) are 213, 214 and 222 kcal mol-', 7b respec- 
tively, for the onho, para and meta isomers. The latter value rnight 
be too high (6. Refs. 7a and 24). AH,([ethylenebenzenium]+) =- 
215 kcal m01-l .~~ AH,(benzyl) = 45 kcal mol-' ,E (cf. also Ref. 7a). 
AHf(cycloheptatRene-7-yl) = 65 kcal mol-' 59 or 71.2 kcal m ~ l - ' . ~ ~  
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