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In the gas phase, the unimolecular reaction of the metastable /3-distonic ion 1, CH~CHZOH+CHZCHZ*, yields 
a CHsCHOH+ fragment ion. Experiments using isotopomers of 1 and ab initio calculations show that two 
pathways lead to its dissociation: (i) a 1,4-H migration leading to the a-distonic ion 2, CH3CH'OHfCH2- 
CH3, with subsequent elimination of CZH5.; (ii) a H transfer within a [CZHSOH, CZ&]'+ intermediate complex 
3 followed by loss of CzHs'. Two isomerization processes can occur prior to dissociation: a rapid permutation 
of the CHz groups in the radical chain and a reversible 1,5-H migration. The calculated transition state for 
1,5-H migration and those arising on the fragmentation pathways are close in energy and correspond to relatively 
high energy barriers (93-100 kJ/mol), in agreement with the isotope effects observed. Finally, the bimolecular 
reactions of 1 with several neutral molecules are shown to be accompanied by the same 1,4- and 1,5-H 
migrations. The structures of the different isomeric ions thus formed were characterized by their specific 
ion-molecule reactions. The energy required for the various processes observed arises from the stabilization 
in the initial encounter complexes between 1 and each neutral molecule. 

Introduction 

A distonic cation is a radical cation which formally arises 
from ionization of a diradical or a zwitterion.'-4 In such a 
structure (most often an isomer of a classical radical cation), 
charge and radical are bome by different atoms in a conventional 
valence bond description (Scheme 1). 

In the gas phase, these species are key  intermediate^^.^ in the 
unimolecular reactions of classical radical cations (Scheme 2) 
as well as in their bimolecular reactions. 

A substantial body of experimental and theoretical work has 
shown that simple and B-distonic ions8-I0 (Scheme 1) 
often correspond to energy minima on the potential energy 
surfaces (PESs) and that they are separated by substantial energy 
barriers from their conventional molecular ion counterparts. A 
variety of experimental techniques such as collisional activation 
(CA)' or neutralization-reionization mass spectrometry 
(NRMS)13 enable the characterization of these ions, and specific 
bimolecular reactionsI4 of or /3-distonic'8-z1 ions occur. 

The behavior of a B-distonic ion is rather complicated when 
several alkyl chains are present. In such a case the unimolecular 
dissociations or bimolecular reactions can be preceded by 
sequential H atom migrations from one chain to the other, 
leading to the isomerization of the initial ionzz-z6 (Scheme 3). 

These hydrogen migrations play a determining role, but the 
corresponding energy barriers have not yet been determined. 

In this work, unimolecular reactions of the metastable 'CH2- 
CH*OH+CH2CH3 ,f?-distonic ion 1 were studied. In order to 
get further insight into the observed unimolecular isomerizations, 
the C4HI0O+* PES was explored through high-level ab initio 
calculations. Moreover, for the frrst time, bimolecular reactions 
(performed in a Fourier transform ion cyclotron resonance (FT- 
ICR) spectrometer) have been used to characterize the structure 
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of each distonic ion resulting from the isomerization of the 
initially formed ion. 

Experimental and Computational Section 
Unimolecular Studies. Ion 1, *CH~CHZOH+CHZCH~, and 

its labeled analogues were generated by fragmentation in the 
ion source of appropriately labeled and ionized 1 -ethoxy-2- 
propoxyethane or 1 ,Zdiethoxyethane (Scheme 4). These ethers 
were prepared by standard methods detailed else~here.~'  
Recently, it has been shownZ8 that the formation of labeled ions 
1 is not preceded by any H/D exchange. 

Unimolecular reactions close to threshold were studied by 
mass-analyzed ion kinetic energy (MIKE) spectrometryz9 in the 
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second field-free region (2nd FFR) of a double-focusing, reverse 
geometry VG ZAB-2F mass spectrometer, under standard 
operating conditions: ionizing electron energy 70 eV and 
accelerating potential 8 kV. Collisional activation (CA) reac- 
tions were examined after collision with helium; normally, the 
collision gas pressure was adjusted so as to reduce the intensity 
of the main beam signal by 50%. The kinetic energy releases 
(KERs) were determined after correction of the width of the 
main beam and calculated from the width at half-height (TSO). 
Metastable ion fragmentations in the first FFR were observed 
using linked B/E scans.29 

Calculations. Ab initio molecular orbital calculations were 
carried out with the HONDO 8.130 and Gaussian 92  package^.^' 
Optimized geometries have been obtained at the Hartree-Fock 
level (HF) with the 6-31G** basis set32 (six-component d sets, 
leading to a total of 125 basis functions). Geometry optimiza- 
tion was carried out without any structural constraint. For the 
open-shell species, the spin-unrestricted Hartree-Fock (UHF) 
formalism was used and the energies were obtained after 
annihilation of unwanted spin states. The effects of electron 
correlation have been incorporated at the levels of second (MP2), 
third (MP3), and fourth (MP4) order Moller-Plesset perturba- 
tion theory. Calculations at all MPn levels (restricted to valence 
electrons) were performed with the 6-31G** basis set at the 
optimized HF/6-31G** geometries. As for the ,HF level, the 
energies of the open-shell species have been determined with 
the spin-unrestricted formalism (UMPn) after annihilation of 
unwanted spin states. 

Vibrational frequencies were calculated at the HF level with 
the 6-31G** basis set in order to establish that optimized species 
were true minima (equilibrium structures) or saddle points 
(transition states) and to allow the evaluation of the zero-point 
vibrational energy (ZPVE). Since HF calculations are known 
to overestimate vibrational frequencies, the ZPVE have been 
obtained by scaling the calculated HF/6-31G** values by a 
factor of 0.89.33 Finally, the highest level of computations can 
be summarized as MP4/6-31G**//HF/6-31G** + ZPVE. 

Bimolecular Studies. Bimolecular reactions were studied 
with a Bruker CMS-47X FT-ICR spectrometer equipped with 
an external ion source. The P-distonic ions were produced from 
the same diether precursors as above. The neutral reactants were 
introduced through a leak valve (Balzers) at a pressure of 2 x 

mbar and diluted in an argon bath (total pressure 1.5 x 
lo-' mbar). 

Isolation of the distonic ion, after transfer to the ICR cell, 
was performed by rf ejection of all unwanted ions. After a 
thermalization delay of 1 s, the parent ions were isolated again 
and allowed to react. 

When necessary, high-resolution measurements were per- 
formed to check the isotopic composition of the product ions. 

Energy-controlled CA spectra were recorded by exciting 
kinetically the ions (center of mass energy 60 eV) and letting 
them collide with argon (argon pressure mbar, collision 
time 100 ms). 
Results and Discussion 

Unimolecular Reactions. The reaction of the /3-distonic ion 
1, 'CH~CHZOH+CH~CH~, in the 2nd FFR is mainly dissociation 

CH5C H,OH+.C HpC HI* 

wx 45 

Figure 1. MIKE spectrum of 1. 

SCHEME 5 

5 

to a fragment ion at d z  45 (96%) and also to a few fragment 
ions at d z  44 (3%) and 59 (1%) (Figure 1). This behavior is 
completely different from that of diethyl ether radical cation 
(Table 1). A straightforward pathway to the dz 45 fragment 
ion from 1 is a 1,4-H migration from a methylene group to the 
radical followed by the cleavage of the a-distonic ion 2 so 
formed. In another hypothesis, 1 fragments to form an ion- 
neutral [CH~CHZOH, CH2"CH2]'+ complex 3 in which H 
transfer from ethanol to ethylene leads to protonated ethanal 
by loss of an eth 1 radical. Both processes give protonated 

Formation of the m/z 45 fragment ion by simple cleavage of 
1 can be a priori ruled out: such a process would involve 
protonated epoxide as an intermediate, which is much too high 
in energy (108 kJ/mol above protonated ethanal). Similarly, 
formation of the a-distonic ion 2 through a 1,2-H migration 
within the radical chain of 1 has been shown not to occur in 
other /3-distonic ions26 and therefore cannot be invoked in the 
mechanism leading to the formation of protonated ethanal. 

In the 1st FFR (Table 2) or under collisional activation (Table 
3), a new fragment ion appears at dz 47, corresponding to 
protonated ethanol formation. For all fragmentations, carbon 
permutation and H exchanges take place prior to dissociation. 

CH2 Permutation in the Radical Chain. As for other 
P-distonic ions,",8~22~24*34 the similar behavior of If and l g  
indicates that metastable (Tables 1 and 2) and stable (Table 3) 
ions 1 undergo a rapid permutation of both CH;! groups of the 
radical chain. This permutation either results from a concerted 

ethanal (Scheme P ). 
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TABLE 1: MIKE Spectra of Labeled B-Distonic Ions 1 
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44 45 46 47 48 49 59 60 61 62 63 73 

CH3CH20H+CH2CHi (1) 

CH3CH20D+CH2CHi (la) 
CD3CH20H+CH2CH2' ( lb)  
CH~CD~OH'CHZCH~' (IC) 
CD~CDZOH+CH~CH~' (Id) 

CH3CH20H+CD2CH2' (10 
CH3CH20HtCH2CD2' (lg) 
CH3 3CH20H+CH2CH20 ( lh)  

CH~CHZOCH~CH~" (0) 

CH3CH20H+CD2CD2' (le) 

13CH3CH20H+CH2CH2' (l i)  

3 96 
(20) (29) 

8 91 
6 1 

1 40 51 7 
8 3 

3 70 4 
2 73 9 14 
3 72 9 14 
1 27 71 
1 23 76 

'1 '1 

TABLE 2: B E  Linked Scan Fragmentations of Metastable 
Labeled Ions 1 in the 1st FFR 

44 45 46 47 48 49 50 51 52 

CH~CHZOH'CH~CH~' (1) 2 93 5 

CD~CH~OH+CHZCH~' ( lb)  5 1 90 4 
CH~CDZOH+CH~CH~'(IC) 1 28 66 3 2 
CD,CDzOH+CH2CHi (Id) 7 2 1 8 9  1 

CHFH20D+CHzCH2' (la) 16 80 2 2 

CH3CH20HfCD2CD2'(le) 2 72 6 18 1 1 
CH3CH20HfCD2CH2'(1f) 2 72 14 10 2 
CHsCH20HtCH2CD2'(1g) 2 72 13 11 2 
CH313CH20H+CH2CH2'(lh) 2 19 71 2 6 

process or involves the ion-neutral complex 3 as an intermedi- 
ate (Scheme 6). 

I S - H  Migration. In the MIKE spectrum of the I3C-labeled 
ion lh, the protonated ethanal fragment ion mlz 45 is 71% 
shifted to mlz 46. Similarly, ion l i  yields mlz 46 (76%) and 
mlz 45 (23%) fragment ions. Therefore, the protonated ethanal 
fragment ion contains mostly the initial ethyl chain carbon atoms 
and some radical chain carbon atoms. This result suggests that 
the dissociation can be preceded by a reversible 13-H migration 
(Scheme 7).35 This 1 - 1' isomerization does not reach 
equilibrium as shown, for li ,  by the abundance ratio (mlz 46)l 
(mlz 45) = 3.3. Most probably, the 1,5-H transfer competes 
with the 1,4-H migration leading to dissociation products. 

This 1,5-H migration is accompanied by an important isotope 
effect, as shown by the small abundance of the mlz 46 fragment 
ions deriving from l b  and Id (Scheme 7).35 For lb,  the 
intensity ratio of the directly formed protonated ethanal and the 
fragment ion resulting from a first 1,5-D migration is (mlz 48)l 
mlz 46) = 15.3, which must be compared with the ratio (mlz 
46)(mlz 45) = 3.3 for l i .  For this reason, the reversibility of 1 - 1' isomerization is hidden for deuterated compounds l b  and 
Id. For instance for l e  after a first 1,5-H migration, the isotope 
effect favors the return of the same hydrogen. 

Intramolecular or Complex-Mediated I,4-H Migration. Pro- 
tonated ethanal formation may result from an intramolecular 
TABLE 3: CA SDectra of Labeled 8-Distonic Ions 1 

1 
(19) 

1 
92 1 

1 
1 87 1 

22 -=1 
2 -=1 
1 '1 

'1 
'1 

3 

SCHEME 6 

'1 

96 

SCHEME 7 

* A 6 4  
H 
11 

I ,5-H J 
.,q+ 

H 
11' 

t 

A 1,6H_ .A;+ - ' + H O  
H 

21' 
41' 

d z 4 5  23% 

lb' 2b' 4b' 

d z 4 6  6% 

1,4-H migration in the p-distonic ion 1 leading to an a-distonic 
ion 2 or from a hydrogen transfer within a transient ion-neutral 
complex 3 (Scheme 5). Whatever the process is, this H 
migration is subjected to a noticeable isotope effect, as shown 

~~ 

d Z  

26 27 28 29 30 31 32 33 34 43 44 45 46 47 48 49 50 51 52 59 73 
1 2 5.5 5.5 6.5 6 2.5 3 57.5 1.5 10 
l a  2.5 6.5 6.5 7 2 1 6  2 1 11 44 2.5 8 
l b  3 5.5 7 6.5 3 8 5 1.5 1 1.5 4 1 42 1 10 
I C 2 5 8 4 4 7 1 8  2 3 1 1 3 3  2 1 9  
Id  1 3 4.5 1 5 1 2  6 4 1  2 1  5 1.5 50.5 0.5 11 
l e  1 2 2.5 5 4.5 4.5 5.5 2 1 2 43 8 1.5 13 3 1 0.5 
If 1.5 4 4 8 6 6 2 2 4 4  8 9 5 0 . 5  
l g  1.5 3 4 8 6 6 2 2 43 9 11 4 0.5 
l h  3 5  2 4  1 3  1 2 1 5  54 2 8 

1 11 l i 1  3 5 2 4  6 1 2 11 53 
0 2 5 2 11 1 1 6  2 1 8  43 9 
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2c 4c 
I C  

1.5-H 1 
d z 4 6  51% 

1 c' 2c' 4c' 
d z 4 5  40% 

by the MIKE spectrum of IC. In IC, the direct formation of 
protonated ethanal (mlz 46) involves a D transfer, while mlz 45 
formation only requires H transfers (Scheme 8).35 In this case, 
the ratio (mlz 46)l(mlz 45) = 1.3 is smaller than the corre- 
sponding value for l i ,  in which H transfers are free from any 
isotope effects. 

Two arguments suggest that, at least partly, the 1,4-H 
migration is complex-mediated. First, formation of protonated 
ethanol, mlz 47, in the 1st FFR as well as under CA argues in 
favor of this statement. Second the labeling indicates (la, Table 
1) that a small proportion of the initial ions undergo the 
exchange of the 0-bonded hydrogen prior to dissociation. Since 
it has been shown (vide supra) that diethyl ether radical cation 
cannot be an intermediate in the fragmentation of 1, neither 
1,3-H shift from oxygen to radical carbon atom in 1 nor 1,2-H 
shift in 2 can occur in the field-free regions. Therefore, the 
exchange of the 0-bonded hydrogen prior to protonated ethanol 
formation may be rationalized by an incomplete interconversion 
of [C~HSOH, C2&]*+ and [C*H50H2+, C2H3.1 ion-neutral 
complexes. Only the most energetic metastable ions 1 undergo 
this exchange, which is more important for the decompositions 
occurring in the 1st FFR. 

The lack of protonated ethanol in MIKE spectra gives an 
estimate of the upper energy limit (789 kllmol) of the energy 
profile of the fragmentation of the decomposing ions in the 2nd 
FFR. This will be confirmed by ab initio calculations (vide 
infra). 

Ab Initio Calculations. Geometries. Optimized HFl6- 
31G** geometries of the [C4,H,o,O]'+ ions are displayed in 
Figures 2-4. Bond lengths are given in angstroms and angles 
in degrees. The total energies at the different levels (HF//HF 
and MPn//HF) plus the ZPVE are given in Table 4. Moreover, 
for the open-shell species, we report in Table 4 the HF-calculated 
value of (F) before annhilation of unwanted spin states. 

We are unaware of any previous theoretical studies of ions 1 
and 2. The optimized structure of 1 has the methyl group 
staggered with respect to the adjacent CH2 group and CCOC 
trans. The terminal CH2 group is in the plane perpendicular to 
the plane defined by the adjacent C-C and C-0 bonds. By 
contrast with 'CH2CH20H2+,8.9 in which the C-0 bond is 
significantly stretched, the C-0 bond has a standard length in 
1. Ion 2 has the two terminal methyl groups staggered with 
respect to the adjacent C-0 bond and CCOC trans. The CH 
group is staggered with respect to the OH group. 

The structures of the various dissociation products in 4, 6, 
and 7 have already been described in the l i t e r a t ~ r e . ~ ~ ~ ~ ~ ~  
Particularly relevant is the structure of the ethanol radical cation 
previously obtained by Bouma et at the HFl4-31G level. 
This ion resembles a complex between CH20H+ and CH3, with 
an elongated C-C bond of 1.999 A, whereas the C-0 and the 
methyl C-H bonds are short: 1.281 and 1.077 A, respectively. 

The results of the ab initio calculations for 5 (protonated 
ethanol plus vinyl radical) are not reported here. This is due 

1.079, HCO = 105.7 
1.077, HCO = 102.9 I 

1.083, HCC = 111.3 
1.085, HCC= 111.9 I 1.085, HCC = 112.0 

1.090, HCC = 111.1 

2 

1.079, HCO = 106.0 I 1.079, HCO = 102.5 I 1.080, HCC = 113.8 
1.078, HCC = 113.1 

f 1.074. HCC = 119.9 w 1 1.073, HCC = 120.3 
1.085,HCC= 111.7 
1.083, HCC = 11 1.2 

1 
.Figure 2. Optimized HF/6-31G** geometries of 1 and 2. The 
distances are in angstroms and the angles in degrees. 

1.078. HCC = %.O 
1.076, HCC = 93.7 

1.076, HCC = 101.3 

7 

1.084, HCC = 110.1 
1.090, HCC = 110.1 

6 

1.089, HCC = 108.0 

4 

1.090, HCC= 111.7 
1.086. HCC = 11 1.3 
1.086. HCC= 111.3 

Figure 3. Optimized HF/6-31G** geometries of the dissociation 
products 4,6, and 7. The distances are in angstroms and the angles in 
degrees. 
to the important discrepancy between the HF-calculated (9) 
value, 1,014, of the vinyl radical (a radical) and the true value 
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11.078. HCC= 113.4 j1.079. HCC = 113.7 
11.079, HCC = 115.3 

1.076. HCO = 102.8 
1.079, HCO = 104.3 

0 
TS (1 -+ 1') 

..079; HCC = 115.2 

1.079. HCO = 106.4 
1.080. HCO = 103.4 

1.084, 
1.086, 
1.082, 

r 
, HCC = 108.3 
, HCC = 111.5 
, HCC 

f 

HCC 
HCC 

= 111 

1.077, 

I/ 89.5 95. 

f(116.8 L - (1.078 

1.077, HCC = 
1.078. HCC = 

. HCO = 106.1 

115.8 
115.9 

11.077; HCO = 104.5 
\v 

T S ( 1 + 2 )  

1.083, HCC= 111.0 
1.084,HCC= 111.4 

120.9 
120.8 

x 
'0.947, HOC = 109.9 

1.074, HCC = 120.8 
1.074, HCC = 120.9 

TS(  1 + 3 )  

.085, 

.OM. 
H c c  = 
H c c  = 

r I 1.075; HCC = 120.1 

Q3 

'' f 1.073. HCC = 120.9 

A 1.629, CHC = 155.0 

TS ( 3 + 4 ) 

Figure 4. Optimized HF/6-31G** geometries of the transition states 
TS(1-1'), TS(142), TS(1-3), and TS(3-4). The distances are in 
angstroms and the angles in degrees. 

of a pure doublet, which is 0.75. In this way, the energies 
obtained after annhilation of unwanted spin states (the wave 
function is truncated) do not give a reasonable approximation 
of the true values (optimization of the wave function), and it 
seems more appropriate to use the experimental data for 5 to 
position its energy. On the contrary, the other fragmentation 
products and the equilibrium structures have values of (9) which 
vary from 0.754 to 0.768, whereas the values for the transition 
states are between 0.755 and 0.793. Therefore, the energies 
obtained after annihilation of unwanted spin states probably yield 
an accurate approximation of the true energy for the other 
fragmentation products and the equilibrium structures, and nearly 
so for the transition states. 

It is important to note that the geometry optimization of the 
ion-neutral complex 3 between ethanol and the ethylene radical 
cation could not be performed completely in spite of an 
important exploration of the relevant portion of the PES. This 
can be explained by the fact that this portion of the PES, 
connected to the transition state TS(l - 3), which has been 
well characterized (see below), is very flat. Indeed, for 
variations of the interfragment distances up to f0 .3  A, the total 
energy values differ only by f O .  1 kJ/mol. We did not succeed 
in eliminating all imaginary frequencies in this case. Conse- 
quently, we do not present the results for this ion in figures or 
in tables; however, we will see below that this does not prevent 
comparison with experiments. 

The transition states TS (1 - 1') and TS(1- 2) correspond 
to cyclic structures. In TS (1 - 1'), the ethyl and the CH2- 
CH2' groups are twisted by about 180' with respect to their 
positions in ion 1, whereas in TS(l - 2), only the CH2CH2' 
group is twisted. The distances between the migrating hydrogen 
and the two carbon atoms involved in the migration are 
equivalent in TS(l - 1'): 1.352 vs 1.350 A. In TS(l - 2), 
these distances differ and the distance between the migrating 
hydrogen and the initial carbon atom is somewhat larger: 1.380 
vs 1.337 A. The angle between the three atoms involved in 
the migration is larger in TS(1- 1') than in TS(1- 2): 150.9' 
as compared to 133.8". The cyclic structure determined for TS- 
(1 - 2) is similar to that optimized at the same level of 
calculation by McAdoo et al.26 for CH30H+CH2CH2', where 
the distances between the migrating hydrogen and the two 
carbon atoms are equal to 1.390 and 1.323 8, and the angle 
made by these three atoms is 132.9'. The transition state TS(l - 3) corresponds to a structure where the CH2CH2' group is in 
a plane perpendicular to that formed by the heavy atoms of the 
ethanol. One of the carbon atoms is slightly closer to the oxygen 
atom: 2.513 vs 2.527 A. The analysis of the mode associated 
with the imaginary frequency of this transition state shows that 
it is connected on one side to 1 and on the other side to a very 
flat portion of the PES which corresponds to 3, the ion-neutral 
complex. Consequently, in spite of the noncharacterization of 
3, it is well established that the transition state TS(1- 3) does 
not correspond to a rotation of the CH2CH2 group but to a 0-C 
bond cleavage leading to the formation of the ion-neutral 
complex. It is difficult to decide whether isomerization of 1 to 
1" corresponds to a specific transition state or if it involves 
fiist TS(l - 3), formation of 3, and then formation of 1" 
through a second TS analogous to TS(1- 3). In any case, the 
potential energy surface is very flat in this region, and the energy 
of TS(1- 3) should give a good approximation to that of TS- 
(1 - 1"), whatever exact structure it has. In the transition state 
TS(3 - 4), one C-H bond of the CH2 group of the ethanol is 
elongated (1.187 A) and the hydrogen atom points toward one 
of the carbon atoms of the CH2CH2 moiety with a C-H distance 
of 1.629 A. 

Energies. In order to analyze these results in more detail, 
we report in Table 5 ,  for each level of theory and taking 1 as 
the reference, the relative energies of the [C4,H,o,O]'+ systems 
with the ZPVE correction. Moreover, in order to test the 
reliability of the calculations and assess the uncertainties in our 
relative energy values, the available experimental enthalpies of 
formation at 0 K3* are included in Table 5.  

The most stable system at all levels of calculation is 1, the 
P-distonic ion. The order of stability of the various structures 
is unchanged from the HF to the MP4 level. However, 
depending on the level of theory applied, the effects of electron 
correlation on the energies of the various species relative to 
that of 1 are different. The relative energy of 2 is insensitive 



10842 J.  Phys. Chem., Vol. 99, No. 27, 1995 Brenner et al. 

TABLE 4: Total Energies of rCd. Hlo, 01" Ions 

ion 
CH~CH~OH'CHZCH~' (1) 
CH3CH'OH+CH2CH3 (2) 
CHKH'OH f CH3CH2' (4) 
CH3CHzOH + CHzCH2'+ (6) 
CH3CHzOH'+ + CHzCH2 (7) 
TS (1 - l')d 
TS (1 - 2) 
TS (1 - 3) 
TS (3 - 4) 

0.761 
0.760 
0; 0.762 
0; 0.754 
0.768; 0 
0.791 
0.794 
0.755 
0.772 

HFl6-3 lG**b 

-231.865 507 
-231.860 504 
-231.848 986 
-231.810 797 
-231.789 850 
-231.811 449 
-231.809 748 
-231.839 873 
-231.818 004 

ZPVE' 

381.1 
378.9 
360.2 
365.7 
362.5 
368.9 
369.2 
369.9 
367.1 

MP216-3 lG**ll 
HF/6-3 lG**b 

-232.589 412 
-232.584 541 
-232.562 032 
-232.515 651 
-232.512 267 
-232.548 185 
-232.548 695 
-232.555 414 
-232.547 109 

MP316-3 lG**ll 
HFl6-3 1 G**b 

-232.640 288 
-232.635 307 
-232.613 104 
-232.571 643 
-232.563 179 
-232.595 464 
-232.595 503 
-232.609 OOO 
-232.597 306 

MP416-3 lG**ll 
HF/6-3 lG**b 

-232.670 176 
-232.665 102 
-232.644 331 
-232.597 974 
-232.596 452 
-232.628 068 
-232.628 536 
-232.638 521 
-232.630 296 

(1 Mean value of $ for the radicals at the HF level. SCF (MPn) energies (hartrees) are obtained by a RHF (RMPn) calculation for the closed- 
shell species and UHF (UMPn) calculation after annihilation of unwanted spin states for open-shell species. Values (Hlmol) are from frequencies 
at the HFl6-31G** level. This transition state corresponds to the intramolecular 1,5-H migration. Ion 1' is 'CHZCH~OH'CH~CH~. 

TABLE 5: Relative ab Initio Energies of [Cd, Hlo, O]" Ions 

ion with ZPVE with ZPVE with ZPVE with ZPVE exptlb 
AEHFi6-3 IG**' AEMFW6-3 IG'*//WF/6-3 IG**' AEMP3/6-3 I G**//HF/6-3 IG**' AEMP4/6-3 IG**//HF/6-3 1 G**' 

CH~CH~OH'CH~CHZ' (1) 
CH3CH'OH+CH2CHj (2) 
CH3CH'OH + CH3CHz' (4) 
CH3CHzOH + CH2CHz'+ (6) 
CH3CHzOH" + CHzCH2 (7) 
TS(1- l'y 
TS(1- 2) 
TS(1- 3) 
TS(3 - 4) 

0 0 
11 11 
22 53 

129 180 
180 186 
130 97 
134 96 
56 79 

111 99 

0 
11 
52 

166 
185 
107 
107 
72 

101 

0 
11 
49 724d 

176 857 
177 854 
100 
98 
73 
93 

(1 The ZPVE (zero-point vibrational energies) values (Hlmol) are from frequencies at the HF/6-31G** level. For the MPn levels, these values 
are scaled by a factor of 0.89. Experimental formation enthalpies at 0 K (Hlmol) are from ref 38. This transition state corresponds to the 
intramolecular 1,5-H migration. Ion 1' is 'CHZCHZOH+CH~CH~. Estimated value (see text). 

to electron correlation. Those of the dissociation products 4 , 6  
and 7 are larger at the MP2 than at the HF level, but this effect 
is reduced at higher levels. The relative energies of transition 
states for hydrogen migrations, TS(1 -+ 1'), TS(1 - 2), and 
TS(3 -+ 4), are smaller at the correlated than at the HF level, 
as expected for structures involving stretched bonds, with a 
nonmonotonic effect of perturbation order. Correlation effects 
are different for TS(1- 3), possibly because it is very similar 
to an ion-neutral complex type of structure. In this case, the 
MP2 contribution raises the relative energy, but the effect is 
reduced at higher perturbation orders. 

As expected, the value of the HF ZPVE correction varies 
with the type of structure: about 380 kI/mol for the equilib- 
rium structures, about 369 kJ/mol for the transition states, and 
about 363 kJ/mol for the dissociation products (see Table 4). 
Thus, the effect of ZPVE is to lower the relative energies of all 
transition states and dissociation products. 

Energy Profile and Reaction Mechanism. The energy 
profile for the unimolecular reaction of 1, based on the results 
at the MP4/6-31G**//HF/6-3 1G** level with ZPVE correction, 
is displayed in Figure 5 ,  with 1 taken as the energy reference. 
Here, the relative energy of 5 is an average of the values 
obtained by combining the theoretical values obtained for 6 and 
7 and the difference between the experimental enthalpies of 
formation at 0 K of 6, 7 and 5. As the experimental enthalpy 
of formation at 0 K of one species in 5, protonated ethanol, is 
not available, it has been estimated from the value at 298 K 
and the difference between the values at 0 and 298 K of a similar 
species: ethanol. In this way, the formation enthalpy at 0 K 
of 5 is 787 kJ/mol, and thus the relative energy of 5 is 108 
kJ/mol. With the same procedure, the formation enthalpy at 0 
K of one species of 4, protonated ethanal, can be estimated from 
the difference between the values at 0 and 298 K of ethanal. 
The enthalpy of formation at 0 K of 4 is then 724 kJ/mol, as 
compared to 730 and 726 kJ/mol, the values deduced from the 
theoretical values of 4,6, and 7 and the experifnental values of 

108 

H 
1 

1 

Figure 5. Computed energy profile (MP4/6-31G**/lHFl6-31G** plus 
scaled HF ZPVE corrections) for the unimolecular reactions of CH3- 

6 and 7. These values are in the range of uncertainties estimated 
for the calculations. 

CH20H+CHzCH2'. 



Reactions of the 8-Distonic Ion CH~CHZOH+CH~CHI 

The P-distonic ion 1 is more stable than the a-distonic ion 2 
by 11 kJ/mol. The ion-neutral complex 3 corresponds to a 
very flat portion of the PES, and the barrier to reach it from 1 
(TS(1- 3)) is the lowest of all: 73 kJ/mol. The H transfer in 
the ion-neutral complex which involves the transition state TS- 
(3 - 4) can occur with a barrier of 93 kJ/mol. 

The isomerizations (1 - 1') and (1 - 2), which correspond 
to the intramolecular 13-  and 1,4-H migrations, respectively, 
involve high and similar barriers: the energies of the associated 
transition states differ by only 2 kJ/mol and the most stable 
transition state lies 98 kJ/mol above 1. In a similar system, 
CH30H+CH2CH2*, McAdoo et al.26 have obtained, at the UMP2/ 
6-31G** level, a barrier for the intramolecular 1,4-H transfer 
similar to ours: 117 kJ/mol. 

These results are fully consistent with the experimentally 
observed reactions, as discussed below: 

(1) The observed dissociation products 4 lie 49 kJ/mol higher 
than 1. All of the transition states studied lie above 4 and below 
5, in agreement with the absence of protonated ethanol (mlz 
47) in the MIKE spectrum of 1. However, all are calculated to 
be close to 5, implying that metastable ions decomposing in 
the 2nd FFR lie in a narrow range of intemal energy. This is 
bome out by the presence of a small mlz 47 peak in the B/E 
linked scan spectrum of 1, in which the decomposition of 
slightly more energetic ions can be observed. The relative 
intensity of the m/z 47 peak is even enhanced in the CA 
spectrum, as expected. 

(2) The fact that the energy barriers for 1,5- and 1,4-H 
migrations are close to the maximum intemal energy available 
is also consistent with the experimental observation of kinetic 
isotope effects for both processes. 

(3) Finally, the calculations indicate that both 1,4H migration 
followed by fragmentation (1 - 2 - 4) and formation of an 
ion-neutral complex in which H-transfer occurs before dis- 
sociation (1 - 3 - 4) are viable mechanisms for the formation 
of protonated ethanal since the highest energy barriers are 98 
and 93 kJ/mol, respectively. 

Bimolecular Reactions of Ion 1. Another way to character- 
ize the particular structure of distonic ions is to study their 
bimolecular  reaction^.^*'^ The interest of such a study for ion 
1 is to check whether it would reflect the unimolecular behavior 
and particularly if complexation energy with the neutral target 
could induce similar hydrogen transfers. 

Evidence for  1,4-H Migrations. We have examined the 
bimolecular reactivity of ion 1 with a variety of neutral 
molecules, including acetone, acetonitrile, and dimethyl ether. 
Four reaction pathways are observed, namely, (1) proton transfer 
leading to the protonated neutral; (2) C2HsO+ transfer (loss of 
C2H5' from the encounter complex); (3) C2H4+' transfer to the 
neutral target (loss of ethanol from the ion-molecule complex); 
(4) hydrogen abstraction from the neutral reactant, forming 
protonated diethyl ether. This reaction is not observed with 
acetonitrile. 

In order to characterize the isomerization of the 8-distonic 
ion 1 into the a-distonic ion 2, the bimolecular reactions of 2 
were studied. It is not possible to generate 2 directly in the ion 
source. However, it has been recently proved that, in bimo- 
lecular reactions of molecular ions, the formation of the products 
is often preceded by the catalyzed isomerization of the molecular 
ion into its a-distonic isomer.I6 More specifically, it has been 
shownI7 that the fiist step of the reaction of C2H5OC2Hso+ with 
a neutral molecule N is its isomerization to 2 within a complex. 
Only two reactions pathways are observed (Scheme 9), namely, 
(1) proton transfer leading to the protonated neutral and (2) 
C2H50+ transfer (loss of C2H5' from the encounter complex). 
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SCHEME 9 

SCHEME 10 
1.4-H migration - b:A , CH3CN 

D CH&N 
04. 

D 
l a  

CH&N - CH,CHO + CH,CN ..... D' ..... NCCH3 /"06 ..... NCCH, 

m/z 84 mlz 87 

For 1, as well as for ionized diethyl ether, the loss of C2H5' 
(reaction 2) yields product ions which were proved to be proton- 
bound dimers with ethanal. Particularly, as the reaction time 
increases, these ions undergo a substitution of ethanal by the 
neutral molecule. 

For instance, ion 1 reacts with hexadeuterated acetone to give 
a mlz 109 product ion [(CD3)2CO-H+-OCHCH3], which in tum 
leads to the H+-bound dimer of the neutral reactant (mlz 129), 
in agreement with the relative proton affinities. The relation 
was clearly established by continuous ejection at m/z 109 
throughout the reaction time: this strongly diminishes the 
formation of mlz 129 ions. 

Starting from 1, the simplest process accounting for such a 
result is an isomerization of 1 into 2, which then reacts as 
depicted in Scheme 9. This isomerization can be achieved by 
a simple 1,4-H migration. 

The reaction of 0-deuterated ion l a  with acetonitrile also 
supports strongly a 1,4-H migration followed by the loss of 
C2H5'. An ion C4H7DNO+, mlz 87, is obtained, and the further 
reaction of this ion gives the D+-bound dimer m/z 84 of 
acetonitrile, retaining the deuterium atom (Scheme 10, Figure 
6). 

It is noteworthy that this 1,4 migration is subjected to a H/D 
isotope effect, which for instance prevents reaction 2 from 
occurring with acetone starting from the pentadeuterated ion 
Id. 

Therefore, part of the bimolecular reactivity of 1, namely, 
protonation of the neutral (reaction 1) and C2H5' loss from the 
encounter complex (reaction 2), can be explained by an 
isomerization into 2 through a 1,4-H migration. By contrast, 
the initial /3-distonic structure 1 is the reactive form for C2H4'+ 
transfer (reaction 3) and for the H' abstraction process (reaction 
4). 

Finally, the lack of C2H4'+ transfer to the neutral (reaction 
3) in the reactions of ionized diethyl ether proves that 2 formed 
by isomerization of this molecular ion does not isomerize into 
1. Otherwise stated, the reaction 1 - 2 is not reversible. 

Evidence for 1,5-H Migrations. The reactivity of isotopically 
labeled ions 1 (Table 6) shows that both side chains of 1 
contribute to transfer reactions 2 and 4, revealing hydrogen 
migrations which are similar to those observed in the unimo- 
lecular decompositions. 

The transfer on the neutral reagent of an ethylene radical 
cation C2H4'+ is clearly characteristic of 1, as has been described 
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Figure 6. Reaction of l a  with acetonitrile (1.5 x lov8 mbar), partial spectra. Reaction time: (a) 4 s and (b) 8 s. 

TABLE 6: Reactions of /l-Distonic Ion 1 and Ionized Diethyl Ether with Acetonitrile, Acetone, and Dimethyl Ether 
ion neutral" Hf transfer D' abstraction C2&+' transfer C2H50+ transfep 

C2H50HfCH2CH2' CD3CN d z 4 5  100' d z  72 35 d z  89 20 
CDsCOCD3 d z  65 40 d z  76 100 d z 9 2  50 d z  109 25 
CD3OCD3 d z 5 3  100 d z  76 10 d z 8 0  15 d z  97 60 

CzHsOC2Hs" CD3CN d z  45 20 d z  89 100 
CD3COCD3 d z 6 5  100 d z  109 45 
CD3OCD3 d z  53 30 d z  97 loo 

The fully deuterated neutral reactant was used to distinguish proton transfer from charge transfer followed by self-protonation. At long reaction 
times, this ratio is lowered by further substitution of C2&0 by a neutral molecule (see text). The origin of this high-level protonation is not clear. 
It was found that the 0-bonded proton contributes only partially to this process. 

TABLE 7: Transfers of Ionized Ethylene and Protonated Acetaldehyde in Bimolecular Reactions of Labeled Ions 1 
ionized ethylene transferred 

labeled ion 1 neutral ( d z  of product ions) ( d z  of product ions) 
protonated acetaldehyde transferreda 

CH3CH20D+CH2CH** (la) CH3CN CzW+ only ( d z  69) C2H40D+ only ( d z  87) 
CD~CDZOH+CH~CH~' (Id) CzW+ C z H D +  CO4'+ CzHDOH' C&@H+ 

CH3CN 81 ( d z  69) 1 1  ( d z  70) 8 (m/z 73) 49 ( d z  87) 51 ( d z  90) 
CH3COCH3 100 ( d ~  86) not measurable 

CD30CD3 64 ( d z  80) 36 ( d z  84) 60 ( d z  97) 15 ( d z  98) 25 ( d z  100) 
CH3CN 70 ( d z  69) 30 ( d z  73)  50 ( d z  86) 15 ( d z  87) 26 ( d z  89)b 

CH3COCH3 57 ( d z  86) 43 ( d z  90) 63 ( d z  103) 37 ( d z  107) 

CD30CD3 65 (d~ 80) 35 ( d z  81) 43 ( d z  97) 57 ( d z  98) 
CD3CN 65 ( d z  72)  35 ( d z  73) 44 ( d z  89) 56 ( d z  90) 
CH3COCH3 60 ( d z  86) 40 ( d z  87) 45 ( d z  103) 55 ( d z  104) 

CH3CH20HfCD2CD2' (le) czw+ C94'+ C2H40HC CzHDOH+ CzD3HOH+ 

CzD3HOD+ 

I3CH3CH20HfCHzCH2' (li) C2W+ '3CHzCHz'+ CzH40H' '3CH3CHOHf 

a At long reaction time, these product ions react further by substitution of acetaldehyde by the neutral molecules with retention of the H (or D) 
shown to be bound with oxygen. Also transferred C2D4HOf (9%) along with some mono- and trideuterated ethylenes (less than 10%). 

for analogous P-distonic ions.i8-21 In the cases so far published, 
it has been shown that it is the 'CH2CH2 part of the ion which 
is transferred. However, the study of isotopically labeled ions 
1 shows that both sides of the ion are involved in the CzH.(+ 
transfer. For instance, i3CH3CH20H+CH~CH2', l i ,  transfers 
C*H/+ and i3CH2CH2'+ in a 2:l ratio on acetonitrile and 
dimethyl ether and in a 3:2 ratio on acetone (Table 7). This 
result provides direct evidence that a 1,5-H migration has 
occurred to a large extent, affording from 1 the symmetrical 

ion 1'. Nevertheless, C-&IJ+ transfer occurs predominantly from 
the initial structure of the distonic ion, at least when the reaction 
is free from any isotope effect. 

As for unimolecular reactions, this 1,5-H migration is affected 
by a very strong H/D isotope effect: the pentadeuterated ion 
Id transfers exclusively CzW+ to acetone, and a minor 
proportion of CzDd*+ to acetonitrile. 

The 1,5-H migration can be, in turn, followed by a 1,4-H 
migration. For instance, 3CH3CH20H+CH2CH2', li, yields, via 
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Figure 7. Reaction of '3CH$ZH20H+CH2CH2' (l i)  with CD3OCD3 (pressure 3 x lo-* mbar, reaction time 8s). 

SCHEME 11 
C2H4* ' transfer 

t N  

I3CH&H2+' transfer 

I N  

li  l i '  

1.4-H migration I 1,4-H migration 1 
2i' 2i 

"CH3CHOH+ transfer CH3CHOH* transfer 

reaction 2, a mixture of [CH3CHO-H+-N] and [I3CH3- 
CHO-H+-N] product ions. All the results show, therefore, that 
l i  isomerizes into several reactive structures, namely, li', 2i, 
and 2i' (Scheme 11, Figure 7) prior to the reactions observed. 

Reversibility of 1,5-H Migration. We just have seen that the 
I3C-labeled ion l i  reacts bimolecularly by transferring more 
C2W+ than I3CH2CH2'+. Reasonably assuming that there is 
no significant isotope effect in this case, this rules out a complete 
equilibration, by successive 1,5-H migrations, between 1 and 
1' prior to the transfer of ionized ethylene. 

However, a partial reversibility of the 13-H migration cannot 
be discarded, and a careful analysis of the results shows that it 
is indeed the case. 

For instance, the reaction of pentadeuterated ion Id with 
acetonitrile, besides the small transfer of CZD~'+ resulting from 
a 1,5-D migration (ions of m/z 73, see above), gives rise also 
to a significant signal at mlz 70. High-resolution measurement 
shows that it corresponds to a transfer of C2H3D" to CH3CN 
and therefore to a double 1,5 migration prior to transfer. 

SCHEME 12 

13-H migration - 
H D  H 

l e  1 e' 

Such a reversibility could also explain the reactions of the 
tetradeuterated ion l e  (Table 7), which transfers more C2H4'+ 
(from the structure le') than CzD4*+ (from the original one, le). 
In this case, the strong W D  primary isotope effect affecting 
the 1,5 migration would reduce the efficiency of the back- 
migration, almost limited in this case to the H being originally 
shifted, and therefore enhance the weight of the le' structure in 
the reactions (Scheme 12).39 

Occurrence of Hydrogen Migrations during Ion-Molecule 
Reactions. It is important to know whether the H migrations 
described above occur during the ion-molecule reaction or if 
the thermalized ions isolated in the cell are already a mixture 
of distonic isomers. It is actually possible that hydrogen 
migrations occur in the extemal source where the ions are 
formed or during their flight toward the cell. They can also 
isomerize under collision with argon during the thermalization 
process. 

Energy-controlled CA spectra were first recorded for the 
various labeled ions 1, and among the fragments ionized 
ethylene is observed, originating from both side chains. This 
fragment ion is most probably formed by direct cleavage of 
the /?-distonic ion's radical chain, so it could be thought to 
characterize the two structures 1 and 1'. Unfortunately, the CA 
process is not free from hydrogen migrations and could not be 
used directly as aprobe for the structure of the parent ions. 

However, we can consider that, for instance, the 1:4 ratio 
observed for I3CH2CH2'+/C2W+ fragment ions in the CA 
spectrum of l i  will correspond to an upper value of the 
proportion li'/li existing before the bimolecular reaction. 

By contrast, ion l i  transfers '3CHzCH~'+ and CzW+ to 
acetone in a 2:3 ratio. This demonstrates clearly that the 1,5-H 
migrations also occur during ion-molecule reactions. 

The same question could be asked for 1,4-H migrations. For 
thermodynamic reasons (Figure 5 ) ,  it is unlikely that such 
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migrations can lead to stable a-distonic ions 2, as they would 
possess enough energy to decompose immediately. Therefore, 
the 1,4 migrations have to occur during the ion-molecule 
reaction. 

The reactions of the P-distonic ion 1 during interaction with 
a neutral present an analogy with its unimolecular reactions 
worth noting. The same hydrogen migrations occur, and 
moreover, primary H/D isotope effects are observed in both 
cases. Therefore, analogous barriers for 1,4- and 1,5-H migra- 
tions may well exist in the bimolecular case also, although not 
necessarily of the same values. 

Ion-neutral reactions are performed starting from thermally 
relaxed parent ions, which do not possess on their own enough 
energy to overcome such barriers. The desired energy has to 
come from the stabilizing interaction between the ion and the 
neutral target, and it would be interesting to know how much 
energy is available by this process. 

Conclusions 

The results presented in this paper lead to the following 
conclusions: 

1. The P-distonic ion 1 corresponds to a deep well on the 
PES. In contrast to 'CHzCH20H2+,*qg in which the C-0 bond 
is significantly stretched, the C-0 bond has a standard length 
in 1. 

2. The spontaneous unimolecular dissociation of metastable 
ion 1 is preceded by H migrations. These migrations require 
high energy baniers and are rate-determining. The intermediacy 
of an ion-neutral complex in the fragmentation leading to 
protonated ethanal is highly probable. However, calculations 
show that this fragment can also be formed via a direct 1,4-H 
migration. The transition state for 1,5-H migration and those 
for fragmentation are very close in energy. This is in agreement 
with the substantial isotope effects observed. 

3. The bimolecular reactions of 1 present a noteworthy 
analogy with its unimolecular decomposition. In both cases, 
the same hydrogen migrations occur, and primary H/D isotope 
effects are observed, suggesting analogous energy barriers. 
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