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Multireference configuration interaction (MRCI//6-31G**) ab initio calculations show that 
the barrier for hydrogen scrambling in the benzene radical cation is about 50 kcal mol-‘. 
Once the internal energy is sufficient for a 1,2-hydrogen shift, the moving hydrogen can go to 
any position in the ring. The barrier for carbon scrambling via an isomerization to the fulvene 
structure is about 17 kcal mol-’ higher than that for hydrogen scrambling. Both of these 
values are far below the dissociation limit. !J Am Sot Muss Spectrom 2995, 6, 513-515) 

A mong the classical problems in mass spectrom- 
etry is the carbon and hydrogen scrambling in 
the benzene radical cation and the probably 

connected observation that (collisionally induced) mass 
spectra of benzene and of many of its isomers show 
highly similar fragmentation patterns (see [l] for a 
review). In addition to this, studies of ion-molecule 
reactions of C,H, radical cations from different neu- 
tral precursors 12-51 and of their photodissociation 
and/or charge exchange ionization mass spectra [6-81 
show that, depending on the internal energy, these 
ions may isomerize to the benzene structure without 
decomposition. 

In a recent article [9] from this laboratory it was 
shown that semiempirical calculations give a clear 
qualitative picture of the processes involved, which is 
in very good agreement with the experimental results. 
The conclusions from this work now are used as a 
starting point for ab initio calculations. In this article 
we report the results for the first processes studied: 
hydrogen scrambling via consecutive Q-hydrogen 
shifts and carbon scrambling via an isomerization to 
the fulvene structure. Ab initio calculations on the 1,2- 
hydrogen shift in the benzene radical cation were pub- 
lished previously by Gallup et al. [lo], who obtained a 
value of 1.86 eV for the energy difference between the 
benzene radical cation and the product ion (structure 2 
in Scheme I). This value is significantly below the 
dissociation limit of 3.88 eV [II]. In the present article 
it will be shown that the other barriers involved also 
are far below the dissociation threshold. 
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Methods 

Ab initio calculations via 
performed with both the 

the 6-31G** basis set were 
GAMESS-UK [12] and the 

Gaussian 92 [13] program packages. Stable ion struc- 
tures and transition states were optimized without 
symmetry at the (restricted) self-consistent field (SCF) 
level and tested by a calculation of the vibrational 
frequencies. For these optimized structures, multirefer- 
ence configuration interaction (MRCI) calculations with 
single and double excitations were done with the Table 
CI ([14] and references cited therein) option of 
GAMESS-UK. In these calculations the lowest 10 occu- 
pied and the highest 40 virtual molecular orbitals were 
discarded. All configurations that had a coefficient 
squared higher than 0.0025 in the final ground state 
wave function or higher than 0.0030 in the wavefunc- 
tion for the second root (of the same symmetry) were 
used as reference configurations. The extrapolation 
threshold was set at the lowest value that was compat- 
ible with the maximum number of 30,000 configura- 
tions in the final diagonalization. For the benzene 
radical cation and all transition states, the threshold 
was 5 phartree; for the remaining stable ion structures 
it was 7.5 phartree (see Table 1). The MRCI values 
given in Table 1 are the estimated full configuration 
interaction (CI) values including a size-consistency cor- 
rection. The MRCI values in Table 2 are relative to the 
benzene radical cation energy calculated with the same 
extrapolation threshold. 

Results and Discussion 

The processes involved are shown in Scheme I and the 
results of the calculations, together with the modified 
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Table 1. Energies in hartree (more detailed results can be 
obtained from the author) 

SCF MRCI 
Zero point energy 

(SCFP 

Benzene 1 
Benzene 

TI 
2 

T2 
3 

T3 
4 

T4 
5 

T5 
Fulvene 6 

- 230.421222 - 230.B6B5BBb 
- 230.870064’ 

- 230.337993 - 230.786505’ 
- 230.369397 - 230.81 275Bb 
- 230.336971 - 230.786555’ 
- 230.365100 - 230.81 2943b. 
- 230.339736 - 230.790783’ 
- 230.371634 - 230.61 0205b 
- 230.303401 - 230.760790’ 
- 230.328165 - 230.778472’ 
- 230.322075 - 230.787985’ 
- 230.401340 - 230.8491 93b 

0.105319 

0.101732 
0.104552 
0.102068 
0.104318 
0.102059 
0.104389 
0.102741 
0.104709 
0.102744 
0.104267 

’ Unscaled value. 
bExtrapolation threshold is 7.5 phartree. 
‘Extrapolation threshold is 5.0 phartree. 

neglect of differential overlap (MNDO) results from 
[9], are given in Tables 1 and 2. 

From the results it is first of all clear that the 
semiempirical values from [9] for the energy differ- 
ences between the stable ion structures are in reason- 
able agreement with the ab initio results. Also the 
relative semiempirical values for the isomerization 
barriers are more or less correct, but their absolute 
values are systematically some lo-20 kcal mol-’ too 
high. 

Structures 2, 3, and 4, obtained from the benzene 
structure by consecutive 1,2-hydrogen shifts, have es- 
sentially identical heats of formation of about 35 kcal 
mol-‘, which is 1.52 eV higher than that of the ben- 
zene radical cation, which is 8 kcal mol-’ lower than 
the value given in [lo]. For all three barriers that 
connect the benzene structure and structures 2,3, and 
4, a value of about 50 kcal mol-’ is obtained, and the 
value for Ts is slightly lower than that for the other 
two barriers. It thus follows that once the internal 
energy of the benzene radical cation is sufficient for a 
1,2-hydrogen shift, the moving hydrogen atom can go 
to any position in the benzene ring. This event leads to 
much faster hydrogen scrambling than follows from 

Table 2. Relative energies in kilocalories per mole. 
The ab initio values include the SCF zero point energy 
scaled by a factor of 0.89 

MNDO 191 SCF MRCI 

Benzene 1 0 0 0 
TI 72 50.2 50.4 
Structure 2 39 32.1 34.6 
T2 73 51.1 50.6 
Structure 3 40 34.6 34.3 
T3 72 49.3 47.9 
Structure 4 39 30.6 36.1 
T4 78 72.5 67.2 
Intermediate 5 68 58.1 57.2 
T5 71 60.8 50.1 
Fulvene 6 13 11.9 11.6 
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Scheme I 

[lo], where only structure 2 was considered to be an 
intermediate structure in hydrogen scrambling. 

The barrier for carbon scrambling by an isomeriza- 
tion of structure 2 to the fulvene structure is approxi- 
mately 17 kcal mol-’ higher than that for hydrogen 
scrambling. This observation gives a simple explana- 
tion for the well-known independence of hydrogen 
and carbon scrambling in the benzene radical cation 
[ll. Interestingly, both the semiempirical and the ab 
initio SCF calculations suggest that the isomerization 
of structure 2 to the fulvene structure proceeds via the 
stable intermediate 5. The MRCI results, however, show 
that this intermediate very probably does not exist. 
Both the barriers for hydrogen scrambling (50.6 kcal 
mol-’ = 2.19 eV) and that for carbon scrambling (67.2 
kcal mol-’ = 2.91 eV) are significantly below the dis- 
sociation threshold of 3.88 eV. 

According to the semiempirical results in [9], many 
isomerization reactions between classical and nonclas- 
sical C,H, radical cation structures have barriers be- 
low the dissociation limit. At higher internal energies, 
many of these reactions may contribute to hydrogen 
scrambling in C,H, radical cations and some to car- 
bon scrambling. The calculations indicate that the low- 
est barriers that can be reached directly from the struc- 
tures in Scheme I are those for ring opening of struc- 
ture 3 to the 1,3-hexadien-5-yne structure and for ring 
contraction of both structures 2 and 3 to nonclassical 
ion structures with a five-membered ring and an exo- 
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cyclic CH bond, and from these latter structures to the 
1,3-hexadien-5-yne structure (see Schemes 4 and 7 in 
[9]). These reactions, with estimated barriers [93 some 
5-10 kcal mol-’ above the barrier for isomerization of 
benzene radical cations to the fulvene structure, will 
be the subject of further ab initio calculations. 
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