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Abstract: The structure and the unimolec- 
ular fragmentations of the metastable 
dimethyl peroxide radical cation have 
been investigated by mass spectrometric 
and isotopic labeling methods as well as 
high-level a b  initio calculations. In line 
with the theoretical results, neutraliza- 
tion-reionization and charge rcvcrsal ex- 
periments suggest that ionized dimethyl 
peroxide bears a CH,OOCH;+ connectiv- 
ity. In the cation the 0-0 bond dissocia- 
tion energy is larger than that of the neu- 
tral counterpart; in contrast, thc C - 0  
bond strength is slightly and that of the 

C--H bond significantly reduced upon 
ionization. These energetic changes upon 
one-electron oxidation of' CH,OOCH, 
are also reflected in the NR and CR mass 
spectra of CH,OOCH;+. Further, for 
metastable CH,OOCHlj+ two major frag- 
mentation pathways are observed : 
1) Loss of a hydrogen atom by cleavage 
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Introduction 

Mass spectrometry and a b  initio calculations are complemen- 
tary tools that are ideally suited for the investigation of gas- 
phase structures and unimolecular fragmentation patterns of 
small ions and neutrals.['] The [C, ,H6,O2]'+ potential-energy 
surface has been examined repeatedly in combined mass spec- 
trometric and theoretical studies, and the ethylene glycol radical 
cation 3" was often used as a starting point.[21 Several distonic 
ions,[2h1 hydrogen-bridged cations,[2a. and ion/dipole com- 
plexes12d, 31 have been proposed as intcrrnediates in the fragmen- 
tation of 3'+, and a complex reaction mechanism involving 
dipole-catalyzed proton shifts and charge transfer processes has 
been suggested in order to explain the experimental find- 
ings,[2e,  41 Surprisingly, other entries to the [C,,H,,O,]'+ poten- 
tial-energy surface have hardly been used so far. Burgers et al.['"' 
reported that the metastable radical cations of ethyl hydroper- 
oxide 2' and dimethyl peroxide 1" undergo fragmentations 
that are entirely different from those of 3'+, such that the 
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of a C-H bond is associated with a skele- 
tal reorganization, which gives rise to 
a proton-bound formaldehyde dimer. 
2) The expulsion of a CH,O' radical leads 
to protonated formaldehyde in a surpris- 
ingly specific double hydrogen transfer in- 
volving a [CH,OH/CH,O]'+ ion/dipole 
complex as central intermediate; this 
complex also accounts for other minor 
fragmentation channels. The structures 
of intermediates and transition states 
are calculated with the BECKE3LYP 
density-functional method employing a 
6-31 3 + +G** basis. 

rearrangements 1" + 3" and 2'' + 3" can be excluded. More 
detailed investigation of these peroxides appear to be necessary 
in order to unravel additional parts of the [C,,H6,02]*+ poten- 
tial-energy surface. 

As far as the tnass spectrometry of small dialkyl peroxides is 
concerned, detailed investigations are scarce.['] For dimethyl 
peroxide the EI mass spectrum and metastable decompositions 
have been reported,[61 and protonated 1 and 2 have been struc- 
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turally characterized by mass spectrometric and theoretical 
methods,i7I but in none of thesc studies has isotopic labeling 
been carried out. Recently, a more thorough investigation of the 
unimolecular fragmentations of the methyl nitrite radical 
cation,['] which bears a weak N - 0  bond similar to the 0-0 
bond in CH,OOCH;', revealed a quite complex fragmentation 
pattern. In this respect, it seems to be particularly interesting to 
understand how the presence of 0-0 bonds bias the reactivity 
pattern in the unimolecular decay of peroxide radical cations. 

In this article, we present a detailed mass spectrometric and 
theoretical study of  the dimethyl peroxide radical cation and its 
unimolecular decompositions. For comparison, compounds 2- 
8 were included in this study, because these are either structural 
isomers of CH,OOCH, or represent promising precursors for 
the generation of other [C2 ,H, ,OJ+ ions through loss of car- 
bon monoxide or ethene, respectively, from their ionized ana- 
logues. 

Experimental Section 

The experiments were performed with a modified VGZAB/HF/AMD four- 
sector mass spectrometer of BEBE configuration (B stands for magnetic and 
E for electric sector), which has been described previously."' Briefly. the 
substrates were ionized by a beam of electrons having 70 KV kinetic energy in 
an EI ion source. To avoid peroxide decomposition, a metal-free Teflon/glass 
inlet system was used for the introduction of the peroxides into the ion 
source.fl0' The ions were accelerated to 8 keV translational energy and mass- 
selected by means of B(i)/E(l) at a resolution ofni/Am=3000-4000; isobaric 
impurities were not observed. Unimolecular fragmentations of metastable 
ions (MI) occurring in the field-free region preceding B(2) were recorded by 
scanning this sector. For collisional activation (CA), B(l)/E(l)  mass-selected 
ions were collided with helium (80% transmission, T). The error of the 
relative intensities in MS/MS experiments does not exceed + 5 %. 

MSIMSIMS e~periniei i ts~"~ were performed by selecting the fragment ions of 
interest by means or B(2), and the collision-induced fragmentations (He, 
80 Yo T) occurring in the subsequent field-rree region were monitored by 
scanning E(2); these experiments will be referred to  as MIjCA spectra. The 
sensitivity in MS/MS/MS experiments is less than that of the MS/MS studies, 
and the error is estimated at +15%.  Consecutive fragmentations can be 
studied by MI/MI experiments, if the second decomposition is not too fast 
and occurs in the psec time-window of these experiments." Faster processes 
(nsec timescale) can be studied by applying the ion retardation method,"31 in 
which the beam of metastable ions is influenced by an electric potential on a 
collision gas cell (no collision gas leaked in). Direct fragmentation reactions 
then lead to two different signals in the MI mass spectrum, one for the ions 
fragmenting outside, the other representing ions dccomposing inside the cell. 
In such a set-up, consecutive processes give rise to additional signals, provid- 
ed one neutral is lost outside and the other inside the cell. From the signal 
shifts observed in this experiment, one can deduce, which neutrals have been 
formed during the decomposition. For instrumental reasons, the retardation 
experiments were carried out in the field-free region between B(1) and E(1). 
For neutralization-reionization (NR) exp~r i rnen t s , "~~  the cations 
( *NR+)['4d, were neutralized by high-energy collisions with xenon 
(80% T) in the first of two differentially pumped collision cells located in the 
field-free regjon between E(i) and B(2). Unreacted ions were deflected away 
from the beam of neutral species by applying a voltage of 1 kV on a deflector 
electrode located between the two collision chambers. Subsequent reioniza- 
tion to cations occurred in a second cell by collisions with oxygen (80% T).  
The resulting mass spectra were recorded by scanning B(2). For collisional 
activation of survivor ions ('NR' /CA). these ions were selected with B(2) 
and collided with helium (80% T) in the subsequent field-free region. and the 
ionic products were monitored using E(2). 
Collisionally induced dissociative ionization (CIDI) mass spectra"'] were 
performed in the field-free region between E(l)  and B(2) by deflecting away 
all ions from the beam of neutrals generated upon unimolecular decay, and 
subsequent ionization of the remaining neutrals by high energy collisions with 

oxygen. Owing to low intensities a relatively high 0, pressure was applied 
(60% T) .  Differential pumping and use of a flight path of ca. 80 cm ensured 
the absence of +NR+ processes in the CIDI mass spectra, as indicated by the 
absence of survivor ions, which represent the base peak in the + N R +  mass 

Charge reversal mass spectra of cationic l'+ to anionic fragments 
(+CR-) ryc , ' 71  were obtained by colliding the ion beam with benzene 
(70% T).  Owing to low signal intensities these experiments were carried out 
in the field-free region between B(l) and E(1). Analogously, ' N R -  mass 
spectra were obtained in the same field-free region. by neutralizing the cations 
with Xe (80% T), deflecting away the unreacted ions from the beam, and 
reionizing the neutral species to anions with benzene (70% T) 
Kinetic energy release values, To,5, associated with the fragmentations of B(l) 
mass-selected 1" were estimated fi-om peak half-height widths[18] at an 
energy spread of the parent ions of ca. 2 V. All spectra were accumulated and 
processed on-line with the AMD-Intectra data system; 5 to 30 scans were 
averaged to improve the signal-to-noise ratio. 
In additional experiments, the reaction of CH,O'+ with CD,OH was studied 
with a Spectrospin CMS 47X Fourier-transform ion cyclotron resonance 
(FT-ICR) mass spectrometer equipped with an external El  ion source.'"] In 
hi-ief. CH20'+ ions were generated from formaldehyde by a beam of electrons 
(70 eV) and transferred by a system of electric potentials and lenscs to the 
analyzer cell localed within a superconducting magnet (7.05 T, Oxford Instru- 
ments). After thermalization by applying several argon pulses, CH20" was 
mass-selected using FERETS, a computer-controlled ion ejection protocol, 
which combines single-frequency ion ejection pulses with frequency sweeps to 
optimize ion isolation.fz0' [D,]methanol was admitted to the cell through a 
leak valve at a pressure of ca. lo-' mbar. All functions of the instrument were 
controlled by a Bruker Aspect 3000 minicomputer. 
Ethylene glycol, methyl 2-hydroxyacetate, dimethyl carbonate, and methoxy- 
acetic acid (3,5-7) were used as purchased (Aldrich). Compounds 1 and I b  
were synthesized'*'] by alkylation of hydrogen peroxide under basic condi- 
tions with [Do]- and [DJdimethyl sulfate, respectively: l a  was prepared from 
methyl hydroperoxide'"' by the same alkylation procedure using [D6]- 
dimethyl sulfate (Acros, z 99 atom YO D).  Ethyl hydroperoxide (2) was gener- 
ated by treating the ethyl chloride Grignard reagent with oxygen and subse- 
quent hydrolysi~. '~'~' '  Ethoxymethoxymethane (8)  was synthesized by treat- 
ing sodium ethoxide with methoxymethyl chloride.[", 2 5 1  All compounds 
were purified by distillation and characterized by their 'H N M R  spectra["] 
or EI mass spectra.['] Note that dimethyl peroxide and ethyl hydroperoxidc 
are hazardous substances and should be handled with appropriate precau- 
t ion~. '~ ' ]  Therefore, peroxides were synthesized in small amounls (< 0.5 g) 
and stored in a -20 "C refrigerator. As dimethyl peroxide may explode for no 
apparent reason, it was handeled as a pure substance only when cooled to at 
least -78 "C .  

Spectra Of 1' ' (See below). 

Computational Details: All calculations were carried out with the 
BECKE3LYP DFT/HF hybrid method as implemented in the GAUS- 
SIAN 94'**' program using the Becke 3 parameter fit for atomization energies 
and the G2[*'] set for the ionization energies of small molecules. In view of 
the large number of molecules and ions, which had to be calculated with an 

set, this method was chosen, bKcdUSe it promised to 
be a rather cheap, hut quite exact approach. The standard triple i split basis 
set (6-311 G)1301 was augmented by additional diffuse and polarization func- 
tions resulting in a 6-311 + +G** basis. This kind of basis set is necessary for 
ii reasonable description of loosely bound complexes, such as H-bridged 
radical cations. Geometry optimizations were performed by using gradient 
procedures. Vibrational frequencies were calculated in order to characterize 
stationary points as minima or transition-state structures and to account for 
zero-point vibrational energy (ZPVE) corrections. ZPVE values are given 
unscaled, because the scaling factors are close to unity for the BECKE3LYP 
method.[311 It is expected that this method provides an accuracy of ca. 
+ 5  kcalmol~1.f"2' This has been found also for several other peroxidic sys- 
tems, such as H20,f"' and CH300H,"41 for which the BECKE3LYP ener- 
gies were compared to G 2 and CCSD(T)!TZ2P + f calculations. For radicals 
and radical cations, the s2 values were close to 0.75, indicating that the 
contribution of quartet states is negligible. In order to  determine the rxacl 
reaction pathway downhill, one of the central transition-state structures was 
investigated at the BECKE3LYP level of theory with the intrinsic reaction 
coordinate (IRC)'"' algorithm as introduced by Gonzalez and Schlegel;[361 
for economic reasons. the IRC calculations were carried out using a 3-21 G* 
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Tdbk I .  Mass differences (Am in amu) observed i i i  the CA mass spectra of isomeric [CL ,  H,,O,]' ' cations [a,b] 

Piecursor - A V =  1 15 17 18 19 28 29 30 31 32 33 34 35 47 48 

CH,OOCH;' l'+ 
CH,CH,OOH' 2'+ 
HOCH,CH,OH' ' 3' 
HOCH,COOCH;+ -CO [S-CO]" 
CH,OCOOCH;+ - CO [6- CO]'+ 

100 [c] 8 2 9 96 [c] 27 [c] 41 1 8 1  
1s IOO[c] 13 4 4 4 6 2  

12 1 1 3 3 100 [c] 8 26 2 5 1 
23[c] 1 1 1 1 5 100[c] 17 42 5 8 1 
2S[c] 1 1 I 1 2 100[c] 10 51 4 7 1 

[a] Intcnsities are given relative to the base peak = 100%. Some minor processes are omitted. [b] Part or these data have been published earlier by Burgers et al. [2a] and 
were remeasured here to ensure comparability. [c] These fragmentations are ; i lao observed i i i  the MI  m a ~ s  spectra with more than 5 %  intensity relative to the sum of 
fragmentations 

b, 'tsis .' 
perform IRC calculations with the other transition-state structures. which are 
located energetically far hclow the internal energy contents of the ions formed 
lrom 1" (see below). 

set. Owing t o  the large amount of computer time necessary. we did not 

Results and Discussion 

In the following sections we will first discuss the structure of l *+ ,  
as far as conclusions can be drawn from a comparison of exper- 
iment and theory. Then, the metastable ion decompositions and 
the structural characterization of the resulting ionic products 
will be described. With the experimental results serving as a 
guideline, this section will be followed by a discussion of  the 
calculated energetic and structural properties of central interrne- 
diates and transition-state structures. Finally, a mechanistic pic- 
ture will evolve. which agrees well with the present and previous 
cxperimental results as well as therrnochemical data. 

The structure of the dimethyl peroxide radical cation: Four differ- 
ent experimental approaches were used in order to determine 
the connectivity of the [C,,H,,O,]'+ spccies formed upon ion- 
ization of dimethyl peroxide. 

Firsf approach: If the MI and CA mass spectra of I * +  differ 
clearly from those of  other [C, ,H6,0,]'+ isomers, these struc- 
tures can be ruled out for 1". Further, the possibility of a 
rearrangement of the major part of 1'+ to these isomers prior to 
dissociation can be discarded. However, from these experi- 
ments, the isomeric species cannot be ruled out as short-lived 
intermediates in the coursc of ion fragmentation of ionized 1. 
Table 1 summarizes the CA mass spectra of different 
[C,,H,,O,]'+ ions. It is obvious that the CA spectra of 2'+, 3'+, 
[5 - CO]'+, and [6 - CO]" are distinctly different from that o f  
1'+. While the loss of H' (Am = 1) corresponds to the base peak 
in the CA inass spectrum of I", for 2" the expulsion of an OH' 
(Am = 17) radical is the most prominent process. The CA spec- 
tra of 3'+,  [5 - CO]", and [6 - CO]'+ are dominated by the 
formation of CH,OH: ions formed through the loss of  ncutral 
HCO' radicals (Am = 29). Finally, in the CA spectrum of  I . ' ,  
the peak corresponding to the formation of [C,H,,O]' 
(Am = 31) ions is found to be much more intense than in the 
spectra of the other isomers. The ion 3'+ has been reported["' 
to rearrange to the distonic ion 'OCH,CH,OH:, while 
[5 ~ CO]" is believedr2"' to correspond to a hydrogen-bridged 
structure [CH,O-H-O=CH,]'+. It can therefore be ruled out 
that the conventional isomers 2'+ and 3'+ as well as the latter 
two structures are formed upon ionization of dimethyl pcroxide. 

The structure of [6 - CO]" has not been studied further, but 
the CA mass spectrum rcsembles that of [5 - CO]" and is 
different from 1'' as well. Upon ionization of 7 and 8 no signif- 
icant intensities of [C, ,H6 ,O,]*+ were detected, indicating that 
tfecarbonylation of 7" and loss of ethene from 8'+, respectively, 
are of minor importance. 

Second upprouch : Because neutralization and reionization 
achieved by high-energy collisions with target gas atoms or mol- 
ecules are vertical processes,[371 the N R  mass spectra[I4] can 
provide a test for whether the ionic structurc correlates with a 
stablc neutral. Moreover, an intense recovery signal indicates 
that a ncutral species with a geometry close to that of the ion 
exists. In the + N R +  experiment carried out with 1" radical 
cations the recovery signal represents the base peak (Figure 1). 

HCO' i H2CO'+ ' '-1,COH' 

Recovely 
Signal 
CH~OOCH;' 

mh- 

Figure 1. + N R +  mass spectrum (Xe, 80% T: O,,  70% T) of the dimethyl peroxide 
I-adical cation 1.'  

From this finding, wc conclude that hydrogen-bridged ions and 
ionidipole complexes can most likely be ruled out, since for 
thcsc structures the recovery signal is expected to bc weak or 
(even absent.[3R1 Similarly, distonic ions, such as CH,- 
100 '-(H)CH;, are not expcctcd to correspond to stablc neutrals 
giving risc to an intcnse recovery 4ol 

Third (ippmarlz: The absolute intensity of the recovery signal of 
Fully deuterated l b +  ions is higher than that for 1.'. A colli- 
sional activation experiment with the survivor ions[411 ('NR'; 
CA; Figure 2a) can thus be performed, in order to characterize 
the ion structure after the neutralization-reionization process. 
A comparison with the CA mass spectrum (Figure 2 b) recorded 
in the same field-free region reveals that the structure-indicative 
region is similar in both spectra. Slight differences in the inten- 
sities of  the DCO+ ion relative to CD,OD' are probably due to 
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Figure2. a)  'NR'ICA mass spectrum (Xe, 80% T; O,, 80% T, He, 80% T) of 
I b ' .  These ions were generated by neutraliLation-reionization of B(I)/E(l) mass- 
selected I b ' ,  followed by mass-selection of the recovery ions with B(2), the spec- 
trum was recorded by scanning E(2), b) CA mass spectrum (He. 80 % 7) of 1 b +  
'The ions were mass-selected using B(l)/E(I)/B(2), and the spectrum was recorded 
by scanning the second electrostatic sector E(2). 

differences in the internal energy content, because CD,OD+ 
decomposes to DCO+ + D,, provided that sufficient internal 
energy is available.[421 Indccd, a comparison of the MI and the 
CA mass spectra of unlabeled 1" reveals that it is the HCO" 
ion (Am = 33) ,  that is most sensitive to changes in internal ener- 
gy (Table 1): In the MI spectrum, HCO+ is observed with an 
intensity of less than 1 %, while it reprcsents the third-most 
intense process in the CA spectrum (see below). Thus, the NR/ 
CA experiment leads to the conclusion that the ion beam is 
essentially pure and the structure of the [C, ,H6 ,0J+ ion gener- 
ated by electron ionization of 1 is the same prior to and after the 
neutralization/reionization process. 

Fouvth approach: At a certain stage of the present study, it 
became necessary to evaluate to what extent 1'" can undergo 
degenerated hydrogen migration prior to other rcarrangemenls. 
To this end, the cation structure was probed by charge reversal 
to anions (+CR-).  In the +CR- spectrum (Figure 3 a), the 
anionic fragments CH,O-, 0;-, and CH,OO- clearly indicate 
the integrity of the peroxide skeleton upon ionization. More- 
over, the same experiment performed with l a'+ (Figure 3 b) 
leads to CH,O-, CD,O-, 0;-, CH,OO-, and CD,OO-, but 
no other isotopologues; this clearly demonstrates that the 
methyl groups in 1'+ remain intact, and an H/D equilibration 
between the two methyl groups can thus be ruled out. 

In the comparison of the ' CR- spectrum of l ac  (Figure 3a) 
with the corresponding +NR-  spectrum (Figure 3c), distinct 
differences are observed: The CH,O- signal is much less intense 
relative to the other fragments in the +CR-  experiment than in 
the +NR-  spectrum (e.g., CH,O- :CH,OO- is ca. 4: 1 in the 
+CR- and ca. 70: 1 in the +NR-  mass spectrum). While direct 
two-electron reductions without the formation of a short-lived 
neutral intermediate are feasible in the +CR- experiment, in a 
+NR-  experiment two consecutive one-electron reductions 
must occur. Thus, charge reversal leads to fragmentations that 
reflect the properties of the cation, namely, its relatively strong 
0-0 bond and its weakened C - 0  bond (see below). Therefore, 
fragments with an intact 0-0 bond are more intense in the 

mh- 

Figure 3 .  a)  'CR-  mass spectrum (benzene, 70% T) of 1 ' +  b) ' C R ~  mass spec- 
trum (benzene, 70% T) of l a "  c) ' N R -  mass spectrum of 1" (Xe. 80% T: 
benzene. 70% T). Due to sensitivity, these spectra were pcrforined with cations 
mass selected by B(1) only ,  and the resulting anions were monitored with E(1) 

+CR- spectrum than in the +NR-  spectrum. In neutral 
CH,OOCH, the peroxidic 0-0 bond is weak; consequently, 
CH,O- prevails the 'NR- mass spectrum, owing to 0-0 
bond fission at the neutral stage followed by reionization of the 
fragments. 

These experiments suggest that dimethyl peroxide remains 
structurally intact upon ionization and that the ion beam con- 
sists of CH,OOCH;+. However, the decomposition reactions 
observed in the MI and CA mass spectra can also be explained 
in terms of the isomeric structure 4'+. Although the CH,OO-, 
HO;, and 0,- fragments observcd in the +CR-  cxperiment are 
convincing evidcncc for the existence of an 0-0 bond in the 
[C, ,H,,0,]'+ radical cation, we cannot exclude that minor 
amounts of 1" have undergone rearrangement to 4" (see be- 

The optimized geometries of neutral and ionized dimethyl 
peroxide, derived at the BECKE 3LYP/6-311+ +G** level of the- 
ory, are depicted in Figure 4. In line with previous ab initio 
calculations r431 and photoelectron spectroscopy,[441 for neutral 
1 the conformation of minimum energy is C,,-symmetric 1 cor- 
responding to a truns-conformation; no cis- or gauclze-conform- 
ers could be localized. Due to the extremely flat potential-energy 
surface for dihedral COOC angles in the range of ca. 120 to 

low) 
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trans-1'' (Cph) 

1 330 

cis-1'' ( ~ 2 ~ )  

13 

1 208 '2232 

12 

/ i  
1416 H 

TS 1/11 (Cs) TS 1/12 

H" / 
1209 

TS 11/12 

TS 13-H2 

trans-structure 1 for a qualitative discussion, particularly since 
the other geometric parameters (i.e., bond lengths and angles) 
are in good agreement with those reported p r e v i o t ~ s l y . [ ~ ~ - ~ ~ l  
F:or the radical cation, two conformers havc been located on the 
potential energy surface, C,, symmetric frans-l'+ and cis-l'+ 
with C,,, symmetry, the latter being ca. 10 kcalmol-' highcr in 
energy. While we have not further pursued the search for a 
neutral counterpart of cis-I", the geometries of 1 and trans-l'+ 
are quite close to each other, and all of the slight changes in the 
bond lcngths and angles can be traced back to the missing clcc- 
tron in trans-1". In particular, the 0-0 bond is shortened from 
1.467 8, (neutral) to 1.326 A in the radical cation, owing to the 
reduced repulsion between the nonbonding electron pairs a t  the 
oxygen atoms in the radical cation. The existence of a trans- and 
a cis-isomer of 1'+ implies a partial doublc-bond character of 
the 0-0 bond due to delocalization of the unpaired electron 
with one of the free eleclron pairs of the adjacent oxygen atom. 
The relative energies for 1 and trans-1" (Table 2) lead to an 
adiabatic ionization energy IE,(l) of 9.02 eV (207.8 kcalmol- '), 
which is in excellent agreement with the experimental value 
(IE, = 9.1 eV).[481 

Tahle 2. Calculated total energies (E,,,,,,), zero-point vibrational energies ( Z P V t ) .  and 
experimental heats of formation (AII,) of [C2,HC,,OJ+ isomers and relevant fragment?. 
- 

Eh>d [a1 ZPVE AH,[b] AfI,[c] 
(hartree) (hartree) ( k c a l m o l ~ ' )  (kcalmol I) 

1 
tiun\-1'+ 
1 1 \ - 1 . *  

4'1 
9 
9 +H'  
LO 
10 +H' 
11 
12 
13 
TSI/II 
TS 1/12 
TS9/IO 
TS'I/lO +H'  
TS11/12 
TS 1214 
TS 13-H, 
TS A3-H, + HCO' 

CH,OH+ + CH,OH' 
CH,OH- + CH,O' 
CH ,OH' + CH,O 
CH ,O'+ + CH,OH 
CH .OH + + H, + HCO' 
CHIOH+ + H. + CH,O 
H' 
H ,  
HC 0' 
CH,O' 
CH,O 
CH,OH 
CH,OH' 
'CH,O+ 
CH ,o. 

CH,OH: + HCO' 

Figure 4. OptiiniLed gcometries of neutral and ionized dimethyl peroxide, derived 
ar the BbCKE3LYP.6-311 t I G** levcl of theory. 

CH,OH'+ 
CH,OH 
CI1,OH: 

- 230.1531 15 
-229.822067 

-229.892955 
- 229.236097 
-229.738354 
- 229.347394 
~ 229.849651 
-229.888983 
-229.888057 
-229902655 
-229759370 
- 229.742863 
- 229.21 71 63 
-229,719420 
-229.883718 
-229 851720 
-115.898324 
-229.776701 
-229.877338 
-229.847083 
-229.837784 
-229.839822 

-229.829495 
- 229.799216 

-0.502257 
--1.169509 

~ 113.878377 
~~ 114.117602 
- 114.515350 
- 114.781609 
- 1 15.065474 
-114.667039 
-115.056175 
- 115.324472 
-115.713976 
- 135.998961 

-229.804609 

- 229.831 578 

0.081793 
0.081695 
0.080884 
0.080509 
0.070934 
0.070934 
0.066103 
0.066103 
0.074921 
0,07948 7 
0.079725 
0.072337 

0.063618 
0.063618 
0.075850 
0.076304 
0.056492 
0.069446 
0.076883 
0.077538 
0.076546 
0.073494 
0 074860 
0 061493 
0.066974 
0.0 
0.010062 

0.023 8 3 8 
0.026497 
0.040477 
0.037061 
0.0331 36 
0.036069 
0.046997 
0.051022 
0.063929 

0.075036 

0.012954 

-26.2 
181.6 
192.5 
139.1 
182.0 
234.1 
112.2 
164.3 
139.6 
140.2 
130.9 
220.9 
231.3 
193.9 
246.0 
142.8 
163.0 
199.3 
21 0.0 
146.9 
165.9 
171.7 
170.4 
175.6 
176 9 
195.9 

168.6 [el 
-9.5 [el 
240.5 [el 

3 7 [el 

- 30.0 
179.8 

109.9 [47] 
162.0 [47] 
134.0 [d] [ ? a x ]  
149.9 [d] [2e]  
120.0 [d] [2a.e] 

146.2 
161 x 
171.7 
175.3 
176.5 
178.7 
iY4 1 
52.1 
0.0 

10.7 
224.7 

-26.0 
168.0 
-6 .2  

3.7 
201.3 

-48.2 
135.5 

247.4 [494  

180 ', several experimental[451 and 
ed torsion smaller than ' '  

studies report- 
it is not the aim 

[a] Total cnergies (0 K )  bascd on BECKE3LYP:6-311+ +G**-optimized structures 111- 

cluding LPVE corrections. [h] Calculated on the basis of literature data for the CH,OH' 
+CH,O' exit channel. [c] Unless stated otherwise. reference data have been taken from 

of this work to resolve this uncertainty, and we will use the ref. [48]. [d] Calculated data. [el Calculated relative to CH,O' ar a reference 
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Neutralization and rcionization of a fast beam of particlcs in 
thc NR experiments represent vertical p r o c e s ~ e s , ~ ~  'I and the 
process is favorable if the equilibrium geometries of neutral and 
cation do not differ much. Therefore, the structural similarity of 
1 and trun.r-l'+ easily explains the large intensity of the recovery 
signal in the + N R +  cxpcriment. Furthermore, the vertical ioni- 
zation energy of 1 (IE, = 9.7 eV) mcasured by photoelectron 
spectroscopy[481 exceeds IE, by 0.6 eV, further emphasizing the 
structural similarity of 1 and 1.'. Thus, both the ab  initio theory 
and NR experiments strongly support our assignment that 
dimethyl peroxide remains intact upon ionization. Further, we 
can safely conclude that 1 generated in the course of the N R  
proccdurcs corresponds to intact dimethyl peroxide, and these 
results provide us with a well defined starting point for the 
discussion of the unimolecular fragmentations as observed in 
the MI mass spcctra. 

Energetic considerations: Before discussing the metastable ion 
decompositions, some energetic arguments should be consid- 
ered (Table 2): 
1) A simple e ~ t i m a t i o n ' ~ ~ ~ ~ ' ~ ~ , ~ ~ ]  shows that the bond dissoci- 
ation energy (BDE) of the 0-0 bond of 1'+ (BDE(CH,- 
0' -'OCH,) z 75 kcalmol- I )  is drastically increased as com- 
pared to its neutral counterpart (BDE(CH,O-OCH,) = 

37 k c d l m o ~ ~ ' ) . ~ s n '  This change is reflected in the 0-0 bond 
length, which is shortcr in the radical cation (see above). In con- 
trast, the C - 0  bondr5'] weakens upon ionization (BDE(CH,- 

rearranged ions, such as 3" (AHr = 141.7 kcal mol- I )  .1481 

Moreover, the hydrogen-bridged radical cations [CH,O-~- H- 
OCH,]". (11) and [CH,O(H)-H-OCH]'+ (12) are thermo- 
chcmically even more favorable species. In other words, once 
rearranged 1" may give rise to several "hot" [C, .H, ,OJ+ iso- 
mers, and it remains questionable, whether the ground-state ener- 
gy profile represents an adequate description for the reactions of 
these rovibrationally highly excited intermediates (see below). 
3) Although thermochemically high in energy, 1" must residc 
in a relatively deep well of the [C,,H,,O,]'+ potential-energy 
surface, since otherwise rearrangements to isomeric structures 
are expected to occur. As this is not observed experimentally, 
substantial barriers must be associated with the first step of any 
conceivable isomerization. On one hand, these must be situated 
below the C-H bond dissociation limit, but on the other hand 
have to be high enough to kinetically stabilize the dimethyl 
peroxide radical cation. Moreover, these barriers further in- 
crease the amount of internal energy stored in any isomeric 
[C,,H,,O,]'+ cation formed from 1". 

On the basis of these results, it is not at all unreasonable to 
assume that the first step is rate-determining for every decompo- 
sition channel observed in the MI mass spectrum of I"., wherc- 
as the thermochemistry and barriers associated with subsequent 
reaction steps do not play an important role. Thcsc implications 
arc in good agreement with the calculated potential-energy sur- 
face, which is presented in Figure 5.  Indeed, 1" rests in a rela- 

OOCH,) = 87 kcalmol-I, 
BDE(CH: -'OOCH,) = 

77 kcalmol- I ) .  Finally, 
the C-H bond strength 
BDE(H-CH,OOCH,) can 
bc estimated to ca. 95 kcal 
. mol- '[''I for the neutral 
peroxide, while it is much 
lower for the cation 
(BDE(H'- + CH,OOCH,) 
= 52.5 kcalmol-I). With 
respect to the experimental 
BDE(H'-+CH,OOH) of 
33 kcalmol- for ionized 
methyl hydropero~ide,[~'I 
the latter value may even 
bc somewhat overestimat- 
ed with BECKE3LYP, al- 
though the general agree- 
ment between experimen- 
tal and calculated energet- 
ics is quite satisfactory. 
From these data we con- 
clude that for neutral 1 the 

CH,OOCH: + H' 
TSS/IO+H' / 

CH,=O-H-O=CH: + H' 

CH,O(H)-H-O=CH'+ \ 
CH,O-H-O=CH;+ 

I / 
HOCH,OCH;+ 

CH,O(H)-O=CH;+ 

Figurc 5 .  Calculated doublet polentia-energy surface of the [C,,H,,O,]'+ system at the BECKE3LYP/6-311+ +G** level of 
theory. 

0-0 bond defines an upper limit for the energy requirements of 
any conceivable decomposition channel (37 kcalmol- I ) ,  whilc 
the unimolecular decay of 1" cannot involve fragmentation 
reactions with energy requirements above that for C-H bond 
fission (52 kcal mol- '). 
2) The heat of formation of ionized dimethyl peroxide has been 
computationally determined to be AHf(l*+) = 181.6 kcalmol-' 
(exp.: 179.8 k ~ a l m o l - ' ) [ ~ ~ ~  and by far exceeds that of most 

tively deep well limited by a barrier for a 1,2-hydrogen migra- 
tion via TS 1/11 (see below), which reprcsents the reaction chan- 
nel of lowest cnergy found by calculations and is located at  an 
energy of 39.3 kcalmol-' above the local minimum for I * + .  

Metastable ion decomposition of dimethyl peroxide radical 
cations: Table 3 summarizes the data derived from the MI mass 
spectra of 1" and its isotopomers la"  and l b ' + .  Two major 

Chm. Ew. J .  1997, 3, No.  4 Cc; VC'H ~,rluR.s~P.sall.srhufft m h H .  D-6Y451 Weinheim, 1997 OY47-653Y,'Y7,(1304-0631 S 17.50+ .50/0 632 
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- H  +A Table 3. Massdifferencec (An? in amu) observed i n  the MI mass spectra ofdimethyl l.+ 
peroxide radical cations 1 ' '  - 1 b' [a] H&.O.O. CH, - H,C,O,H CH, - H' 

-aiTr= 1 2 29 30 31 32 33 34 3s 16 47 so 

I' ' 60 2 2 2 8  7 1 
la" 66 5 I 1 2 9 10 I 3 1 1  
1 b +  72 3 1 20 3 I 

1'+ rnlz = 62 9 10 rn/z=61 
Scheme 1. Phusihle reiiction mechanism forination of the proton-bound diiner of 
formaldehyde from 1' + 

[a] Intensities are normalized to Xreactions = 100"%; intensities of less than 1 
omitted 

are 

fragmentation reactions are observed for 1'+ within the ps time 
frame of metastable ion decompositions: 1 )  the loss of a hydro- 
gen radical (An? = l) ,  which corresponds to the base peak; and 
2) formation of [C,H,,O]+ ions (Am = 31). In addition, some 
minor processes contribute to the MI mass spectrum of l * + ,  
namely, thc gcricration of protonated methanol (An? = 29), 
methanol radical cations (Am = 30), and ionized formaldehyde 
(Arn = 32). The elemental composition of these ions, if not 
straightforward, can be unequivocally derived by comparison of 
the MI mass spcctra of 1'+ and 1 b' ' ,  The connectivities of the 
resulting product ions have been invcstigated by MIjCA experi- 
ments, which are presented here only as far as necessary for the 
investigation of mechanistic aspects of the decomposition pro- 
cesses of ionized dimethyl peroxide. Further, the similarity of 
the MI spectra of I" and 1 b ' + ,  except for mass shifts arising 
from deuterium labeling, indicates that only small iuztcvmolecu- 
lar kinetic isotope effects (KIE) are operative. Instead, from the 
ratio of H' to D' losses from l a - '  an inivamolecular K I E  of 
/cH/kDz 1 3  can be derived.[53! In the following, we will first con- 
centrate on a discussion of the two major decomposition reac- 
tions, namely, loss of H' and formation of [C,H, ,O]+ ions. 

The ionic product of the hydrogen atom loss from 1'+ has 
been structurally characterized by its MIICA mass spectrum 
(Table 4), which exhibits loss of formaldehydc (An? = 30) as the 
major reaction. In analogy, from both [ l a  ~ H]+ and 
[I a ~ D]+ the expulsions of [Do]- and [D,]formaldchyde 
(An7 = 30, 32) are observed with similar intensities. These find- 
ings point to the formation of the proton-bound of 
formaldehyde, which is confirmed by the CA mass spectrum of 
the independently generated proton-bound dimer of formalde- 
hyde (Table 4) , i55J Notably, thc MIjCA mass spectrum of 
[I - HI' differs completely from that of protonated methyl 
formiate, which would arise as the ionic product from an a- 
cleavage of 4" (Table 4). 

Scheme 1 presents a plausible reaction mechanism, which 
commences with a simple cleavage or an a-C-H bond giving rise 
to 9. If one of the methyl hydrogen atoms migrates upon 0-0 

bond cleavage, the proton-bound dimer 10 is formed, being 
Iowcr in cnergy than its isomer 9 by 70 kcalmol-' .  Similar 
mechanisms have been found for higher dialkylperoxides, and 
for ionized di-mi-butyl peroxide an intermediate analogous to 
9 has been s u g g e ~ t c d . [ ~ ~ ~  Recently, the gas-phase chemistry of 
the methyl hydroperoxide radical cation has been reported;['"] 
in analogy to the process 1" + 9 + H', the molccular ion 
CH,OOH'+ unimolecularly decomposes through a-cleavage to 
yield the protonated carbonyl oxide CH,OOH+ together with 
He. However, the calculated energy demand of this process is 
rather high: abstraction of a hydrogen atom consumes about 
50 kcalmol- ' (see above) and the transition-state structure 
TS9/10 associated with 1,2-H shift requires additional 
12 kcal m o l ~  Although all attempts failed to localize a transi- 
tion-state structure for a direct process 1" + 10 + H', we 
cannot exclude that such a pathway cxists and may circum- 
vent the energetic problems imposed by the reaction 
1" --t 9 + H'+10  + H'. 

In compctition, the transition-state structure for the 1,2-H 
shilt via TS1/11 is located only cii. 40 kcalmol-' above the 
minimum of the dimethyl peroxide radical cation. Although loss 
of a hydrogen atom is also feasible from other intermediates of 
the potential-energy surface depicted in Figure 5 (e.g. l l ) ,  we 
b'elieve that the a-cleavage process gives rise to the major frac- 
tion of [ l  - H]+ ions. Three arguments support this assump- 
tion: 

1) The hydrogen losses from 1 a' + exhibit a large intramolecu- 
lar KIE of ca. 13, which is not observed for the other reaction 
channels (Table 3). If. instead, the hydrogen loss would occur 
from one of the intermediates formed after the 1,2-H shift, TS 1/ 
11 is expected to be rate-determining and the same KIE should 
affect all reaction channels observed. Since this is not found in 
the experiments, the hydrogen loss must correspond to a mech- 
anistic pathway competing with the other decomposition pro- 
cesses. 
2)  The a-cleavage is a direct process and not hindered by a 
substantial barrier, so that, despite the higher energy demand, it 
can compete with the rearrangement via TS 1 / 11 .  In addition, a 

Table 4. Mass differences (An? in aniu) ohserved i n  the MI CA mass spectra or the daughter ions f ~ r m e d  b y  hydrogzn iirom loss from 1 ' -  - 1 b '  and the CA mass spectra 
of independcntly generated reference ions [a] 

[I-HI' 2 7  3 4 loo 5 34 5 2 1  

[ la-D] '  12 4 6 4 loo 6 x5 25 23 3 3 1  
[l h-D]' 4 12 6 3 100 10 3x 2 4 1  
(CH,O),H+ (CA) [hl I 2  I 4 100 6 16 2 1 1  
HC(0H)OCH; (CA) [c] 13 3 13 in0 4 15 5 zs 2 8 1  

[ l a - H I +  S 16 3 5 I 0 0  10 96 5 41 35 3 6 1  

[a] lntensities are given relative to the base peak = 100%: processes of less than 1 YO are omitted. [b] The pi-oton-bound dimer of formaldehyde was generated by chemical 
ionization of formaldehyde using methane a s  reagent gas [cl Protonatcd methql formlate was produced from chemical Ionization of methyl formiate nith methane as 
reagent g a s .  
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Table 5.  Mass differences (Arn in amu) observed in the MIiCAmass spectra of [C,H,,O]+ ions and their isotopologues generated by unimolecular fragmentation ofmetastable 
1" 1 b +  [a]. 

Mass of Assigned ion m/z of fragment ion [b] 
daughter ion structure 32 31 30 29 28 20 19 18 17 16 15 14 13 12 

( I . +  - 311 31 CH,OH ' 1 s  100 12 0.3 0.5 0.1 <0.04 0.8 0.5 0.2 
[ l a . '  - 341 [c] 31 CH,OH+ 22 100 11 0.4 0.6 0.1 t 0 . 0 1  0.8 0.4 2 
[la" - 331 32 CH,OD+ 15 100 45 16 0.2 0.4 <0.05 0.1 <n.ox  0.6 0 3 0.1 
[la" - 321 33 CD,OH+ 10 17 loo 20 11 0.1 <o.ox 0.4 1.0 <0.09 0.4 <n.ox 0.1 

[IF' - 341 34 CD,OD+ 25 100 10 0.2 <0.03 0.4 c o o 7  0.8 <0.04 0.4 <o.o? 0.2 
[ I  a" - 311 [c] 34 CD,OD ' 28 100 9 0.3 <0.01 0.6 <0.01 0.1 <0.02 0.5 t 0 . 0 1  0.2 

[a] Intensities are given relative to the hase pcak = 100%. [b] For the sake of clarity, ml- values are given here inhtead of A m  [c] Owing to  thc low intensities of these ions. 
it was impossible to record M K A  spectra with distinct signals in the structure-indicative region (mi= = 12 -20). The data given here were derived from CA spectra of  the 
corresponding ions extracted from the ion source. The hydrogen-loss regions (miz = 28-32) arc identical in the CA and the corresponding MIiCA spectra of [ l  a" - 311. 

comparison of the C-H bond dissociation energies of dimethyl 
peroxide and methyl hydroperoxide radical cations finally indi- 
cates that the energy demand for the hydrogen loss from 1" 
may be somewhat overestimated (see above). 
3) The H' loss channel represents an upper limit for the internal 
energy content of metastable l.', and the reaction 1" ---f 9' H' 
will certainly take place upon collisional activation. Thus, if 
unimolecular loss of H' would not occur directly from 
metastable l*+,  but from a rearranged ion, the MIjCA should 
differ from the CA/CA mass spectrum of [I - HI+. This, is, 
however, not observed in the cxperiment, indicating that uni- 
molecular as well as collision-induced loss of H' occur from 
genuine I * + .  

As far as the second most intense fragmentation reaction of 
1'+ is concerned, namely, the formation of [C,H, ,O]+ ions, two 
isomcrs may be generated: CH,O+ in its triplet statc or the 
thermochemically by far more stable CH,OH+ 571 Theoreti- 
cal results predict that 'CH,O+ collapses without any energy 
barrier to the protonated formaldehydc structure.r581 Our at- 
tempts to localize a 'CH,O+ species using the BECKE3LYP 
DFT/HF hybrid method confirms this result again, in that the 
geometry always converges to CH,OH+. In contrast, 3CH,0+ 
corresponds to a shallow minimum on the potential-energy sur- 
face with a low barrier for rearrangement to a CH,OH+ struc- 
t ~ r e . [ ~ ' ]  The heat of formation of the 3CH,0+ cation has been 
calculated (Table 2) to be 240.5 kcalinol- ' in agreement with 
earlier results,[493 501 which reported AH,('CH,O+) = 247 5 
and 245 + 6 kcalmol- respectively. Experimental evidence for 
the generation of 3CH,0f ions has been provided by charge 
reversal experiments performed with CH,O- anions.[491 Direct 
cleavage of the 0-0 bond in 1'+ might lead to ,CH,O+ ions as 
well, and therefore, we studied the structure of unimolecularly 
generated m/z = 31 ions by MIjCA experiments (Table 5 ) .  
However, the peaks at m/z = 14 and 17 within the structure-in- 
dicative region reveal that the [C,H, ,O]+ ions have a CH,OH+ 
connectivity instead of CH,O+. For the latter, signals at  
mjz = 15 and 16 would have been expected, which are practical- 
ly absent in the experiment. 

Fraser and co-workers[61 measured the metastable transitions 
of 1" and postulated that the CH,OH+ ions are formed 
through an 0-0 bond fission, which gives rise to CH,O' radical 
losses, combined with a l,'-hydrogen shift from carbon to oxy- 
gen. This reaction can either proceed through '[CH,O]', which 
may rearrange to protonated formaldehyde during the 0 - 0 

bond cleavage (Scheme 2a), or through '[CH,O] ' , which may 
isomerize to CH,OH+ as well (Scheme 2b). However, initial 
cleavage of the 0-0 bond is not likely because its energy de- 
mand exceeds the limit defined by C-H bond homolysis of 
metastable 1' '. Thus, C-H bond fission should be achieved 
more easily than that of the 0-0 bond. In addition, according 
to Scheme 2 all hydrogen atoms of the CH,OH+ ions should 
stem from a single methyl group, so that 1 a-' should lead to 
CH,OH+ and CD,OD+, whereas predominantly CH,OD+ 
and CD,OH+ are observed experimcntally. Similarly, rear- 
rangement mechanisms leading from 1 a'+ to isotopomers of 
4" with intact methyl group can be ruled out (Scheme2c), 
because, upon loss of a methoxyl radical, CH,OH + ions would 
be generated, in which all hydrogen atoms also originatc from 
a single methyl group. 

The simultaneous formation of [C,H, ,O]', [C,H, ,D,O]+, 
[C,H,D,,O]+, and [C,D,,O]+ ions (Am = 31-34) from la" in 

-I Q CH,OOCD:'+ 

L _1 

- CH,OH+ HoXoCDj+ H H  -'OCD, 

i 0 CH~OOCD:'+ 

L- D O ~ O C H ; +  - CD,OD+ 
l a ' +  

D D  -'OCH3 

Scheme 2. Possible mechanisms for the decomposition of 1 a'+ 
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@ 
CH,OOCH;+ - CH,OH'++ CH,O - CH,OH+ + H' + CH,O 

AH, = 181.6 XAH, = 170.4 ZAH, = 195.9 

CH,OH: + HCO' - CH,OH+ + H,+ HCO' CH3* 0' 

XAH, = 176.9 ZAH, = 146.9 

/J 

a ca. 2:9:10:1 ratio (Table 3) seems to indicate an H/D-equili- 
bration of all six hydrogen atoms in  l a ' +  (statistical ratio: 
1 : 9: 9 : 1) .  However, inspection of the structure-indicative re- 
gions (m/z = 12-20) in the MIjCA mass spectra of these ions 
(Table 5) clearly disproves H/D equilibration, that is, 
[l a'i - 331 corresponds to CH,OD' rather than CHDOH' 
(distinct signals for m / z  = 14 and 16, while m/z = 15 and 17 are 
weak) and similarly [la" - 321 corresponds to CD,OH' 
rather than CHDOD' (distinct signals for nzjz = I 6  and 17, 
while m/z =IS  and 18 are weak). Thus, the formation of 
[C,H,,O] ' must follow a more complex mechanistic scenario 
for the fragmentation of l .+,  which does not involve H/D ex- 
change and provides an explanation for the isotope distribution 
observed. 

Three possible stcpwise fragmentations might lead from 1'' 
to CH,OH+ : 1) consecutive losses of H' and CH,O as suggest- 
ed by the MI/C:A mass spectrum of [l - H]+ (Scheme 3a), 
2) formation of methanol cations by formaldehyde loss Tol- 
lowed by an a-cleavage with concomitant expulsion of H' 
(Scheme 3b), and 3) expulsion of HCO' radicals giving rise to 
protonated methanol ions, which subsequently lose H, 
(Scheme 3c). Taking into account that the 1" ions must be 
rovibrationally excited prior to dissociation (see above), all 

CH,O-H-OCH: + H' 

\ ZAH, 164.3 

Scheme 3 Possible stcpwise fragmentations leading from 1' ' to CH,OHc ( A H ,  
values in kcalmul-I). 

findings, this would lead to substantially higher abundances of 
CH,OD+ (m/z  = 32) and CD,OD (m/z = 34) ions formed from 
[ l a  - HI+ as compared to CH,OHf (m/z = 31) and CD,OH- 
(m/z  = 3 3 ) ,  which are generated from [ l a  - D]+. The reaction 
sequence c (Scheme 3c) is not likely on thermochemical 
grounds, since the elimination of H, from CH,OH: after HCO' 
loss via TS 13-H, is hindered by a huge barrier (Figure 5 ) .  

In order to further substantiate these arguments, CIDI mass 
spectra were performed aimed at the characterization of the 
neutrals expelled unimolecularly from 1' '. If the CH,OH' ions 
are formed in a direct rather than a consecutive process, two 
different neutrals with a mass of 31 amu may be formed: 
methoxyl radicals, CH,O', or the thermochemically more favor- 
able hydroxymethyl radicals, 'CH,OH. In the CIDI experiment, 
neutrals cogenerated in dissociations are ionized by high-energy 
collisions with oxygcn as target gas. The ionization process per- 
formed with 'CH,OH radicals is k n ~ w n ~ ' ~ ]  to give rise to an 
intense CH,OH+ signal (m/z = 31) and fragments at rn/z = I 4  
(CH,+)and 17(OH+),whilepeaksforCH: andO-+(nz/z =15, 
16) are hardly seen. Instead, upon ionization, CH,O' radicals 
lead to CH,Of ions, which spontaneously givc rise to HCO' 
and fragment signals for CH: and O", r e~pec t ive ly . [ ' ~ .~~ '  In 
the CIDI mass spectrum (Figure 6) the HCO' signal represents 

"*+I r 
three mechanisms are accessible as far as thermochemistry is 
concerned. However, neither MI/MI experiments nor the ion- 
retardation method provide any indications that might point to 
a consecutive mechanism. Moreover, pathway a can be safely 
excluded from the kinetic energy release (KER) values, To.5 
(Table 6). The hydrogen atom loss channel is associated with a 
substantially higher KER (To,5 = 27.5+2 m eV) than the for- 
mation of CH,C)H' ions (To,5 = 9.5 + 2  m eV). In addition, in 
path a one would expect that the kinetic isotope effect observed 
for the H' and D. losses should be reflected in the subsequent 
formaldehyde losses as well. In contrast to the experimental 

Table 6. Kinetic energy release (KEK) values. To ', for the metastable ion decompo- 
sition processes of I . +  estimated from peak half-height widths. 

Proce\s Am To [mev] 

1" + (H,CO),H+ + H' 
1" + CH,OH; i HCO' 
1" + CH,OH'+ + H,CO 

1'' + CH20 '+  + CH ,OH 
1" + CH,OH+ + C H , O  

1 
29 
30 
31 
32 

27.5+2 
7.1+4 
9 . 8 5 6  
9.5 & 2 

1 0 . 3 i 2  

m/z ------+ 
t igure 6. Partial CIDI m a s  spectrum (02,  60Y0 T. nz:: 211-33) of the neutrals 
generated unimolecularly from 1'' in the field-free region between E( l )  and B(2): 
contribution of + N R +  processes to the CIDI spectrum are negligible. 

the base peak and only a very small peak at m/z  = 31 is ob- 
served. Remarkably, the O'+ signal (mi. = 16) is the most in- 
tense peak in the structure-indicative region, and a signal for 
C:H: is also clearly present; note, however, that interferences 
with the minor amounts of neutral CH,O and CH,OH formed 
unimolccularly cannot be excluded, but: owing to their low in- 
tensities, these were not considered as important. Thus, we con- 
clude from the CIDI mass spectrum that CH,O' radicals are 
formed upon unimolecular decay of l '+ .  If, instead, 'CH,OH 
radicals, which are thermochemically more stable by ca. 
10 kcal mol- ',[481 were formed, one should expect a much more 
distinct signal at m/z = 31 in the CIDI mass spectrum of la-', 
because ionization of hydroxymethyl radical is facile." 31 

Another approach to the reactivity of [C, ,H6 ,OJ+ radical 
cations is the reaction of ionized formaldehyde with methanol, 
which first form an encounter complex locatcd on the 
[C, ,H6 ,OJ+ potential-energy surface. In order to differentiate 
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between the two reacting partners, we studied the reaction of FT-ICR and rationalize the observation of common product 
CH,O'+ with CD,OH under Fourier-transform ion cyclotron ions in both experimental approaches (see above). However, the 
resonance (FT-ICR) conditions. In agreement with previous MI mass spectrum of 11, when gencrated independently from 
results,[5y1 this reaction yields CD,OH+, CD,OH'+, and methyl glycolate, exhibits losses of HCO' radicals concomitant 
CD,OHZ ions, which are all observed in the MI mass spectra of with CH,OHZ (m/z  = 33) as major reaction channel, while for- 
la" as well. Owing to the different internal energy contents of mation of CH,OH+ ( m / z  = 31) is much less prominent. These 
the encounter complex compared to rearranged I" ions, the enormous differences in the intensities of these two channels can 
intensity distribution differs in the two experiments. Further, no be traced back to the internal energy effects, because, when 
CH,OD+ is formed, which is again in line with the loss of a formed from methyl glycolate, the internal energy of 11 is much 
CH,DO radical instead of isomeric 'CH,OD. In contrast, a lower than when generated from l '+.  
['CH,OD/CD,OH '1 ion/dipole complex should lead to In order to explain the observed protonated formaldehyde 
CD,OH+ andCH,OD', because a degenerate electron transfer ions and the isotope distribution found for 1 a'+,  a second hy- 
would be facile. Thus, we conclude that the ion-molecule reac- drogen shift from the intact methyl group to the other half of the 
tion of CH,O'+ with CD,OH and the unimolecular decay of 1" molecule must proceed prior to dissociation of 11 or 12. Indeed, 
proceed via common reaction intermediates. we could localize a transition-state structure in which one of the 

At this point, we return to the ab initio result (Figure 4 and 5). methyl hydrogen atoms is transferred to the other carbon and 
Metastable 1' can undergo two different hydrogen shifts: which is 22.8 kcalmol- ' higher in energy than 12 (Table 2).  
1 )  1,2-H migration (TS1/11) associated with a barrier of ca. Formally, this migration would lead to the 'CH,O+(H)-OCH, 
30 kcalmol-' which is typical12ea8,39e-fs601 for many proton distonic ion; however, as stated above, this ion could not be 
transfers in radical cations, and 2) a 1,3-H transferL6'] (TS 1/12) located by ab initio theory. Further, the extremely long 0-0 
which is more energy demanding by 10 kcalmol-'. Although bond discounts this proposal. Therefore, we propose that hy- 
the 1,3-H migration leads to an attractive intermediate 12 for drogen transfer is followed by migration of the newly formed 
the rationalization of the observed label distributions, this path- CH,O moiety to the second carbon atom yielding 4' '- ; we thcre- 
way is unlikely on energetic grounds, because it is very close to fore denote the transition-state structure as TS 12/4. There may 
the energetic limit given by C-H bond homolysis in 1.'. Thus, exist other low-energy pathways for hydrogen migrations in 11 
the unimolecular fragmentation of 1" is most probably gov- and 12, for example, a multicentered TS leading directly from 11 
erned by a competition between direct C-H bond fission and a to 4". However, we have not studied this aspect in further 
1,2-H transfer. detail, because the generation of 4" via TS12/4 is not too 

All attempts to localize a stationary point for the 'CH,- energetic and accounts for the experimental findings: The 
O'(H)-OCH, distonic ion as the product of 1,2-H transfer on methyl group of so-formed 4' bears two hydrogen a t o m  from 
the potential-energy surface failed, and in order to determine the the first and one hydrogcn atom from the second methyl group 
minima that are connected by TS 1/11, we followed the intrinsic i n  l*+, and the same applies for the hydroxymethyl functionali- 
reaction coordinate with the IRC method introduced by Gonza- ty. As a consequence, expulsion of methoxyl radicals from 4 + ,  
lez and S ~ h l e g e l ; [ ~ ~ ]  we found that TS1/11 leads from 1" to the formed in the sequence 1'+ +I1  -12 + 4'+, explains the iso- 
hydrogen-bridged radical cation 11 as a central intermediate. tope distribution found foi- 1 a". This mechanistic scenario is 
Note that 11 is no less than 42 kcalmol-' more stable than presented in Scheme 4 for labeled la", and the isotope distri- 
1'+ and even 81.3 kcalmol-' below TS1/11; this means bution observed in the MI mass spectra is reproduced correctly, 
that 11 is rovibrationally excited by more than 80 kcalmol-', if one assumes that the minor contribution of CH,OH+ and 
if it is generated from 
metastable l'+. The radi- CH,OH+ 

cal cation 11 is connected 
with the [CH,OH/ 
CH,O]' + ion/dipole com- 
plex 12 by a very small 
barrier of only 3.2 kcal 
.mol-'  (TS11/12), so 
that these ions will inter- 
convert easily. Note that D , c ~ ~ ' o ~ ~ ~ ~ ' +  
12 had earlier been as- 
signed as a transition- 
state structure;[2e1 how- 
ever, with BECKE3LYP 
11 and 12 are well-de- 
fined minima, which rep- 
resent plausible struc- 
tures for the encounter 
complexes formed from 
ionized formaldehyde CD,OD+ 

and methanol in the Scheme 4.  Mechanism of fragmentation of l a ' + .  

- CDSO' 

,O OH1" [ ' ] .% H,DC x - CD,OH+ 
D,c'~,H,~,CH~ .+- D,c '~~,cH, D D -CH,DO 

t 
l l a  12a 4a .+ 

H,c~~,D,~+cD~*+- [ ? ] *k D,HC ,O OD1*' -CHD,O; CH,OD+ 
H,C 0 '..p~, 

I l b  12b 4b '+ 

{ l a ' +  

- CH,O' 1 
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CD,OD+ ions are due to direct cleavage of the hydrogen bond 
in 11. Finally, the nonoccurrence of statistical HID exchange 
can be attributed to the enormous amount of internal cncrgy in 
11, 12, or 4" when formed from metastablc l *+ ,  so that the 
respective lifetimes are shortened drastically. 

As far as the minor processes in the MI mass spcctrum of I * + ,  
namely, generation of CH,O'+, CH,OH'+, and CH,OH:, are 
concerned, these can be easily explained from the intermediates 
presented so far. Formaldehyde and methanol radical cations 
can be formed upon fission of, for example, the weak 0-0 bond 
in 12 or the hydrogen bridge in 11. The loss of HCO' radicals 
(Am = 29) concomitant with formation oiprotonated methanol 
most likely involves another hydrogen-bridged radical cation, 
13, which is believed to represent the global minimum of the 
[C, ,H6 ,OJ* potential-energy surface. By mcans of a b  initio 
methods, we could not localize a transition-state structure for 
the reaction 11 + I 3  (Figure 5);  however, it is obvious that 13 
can be reached from rovibrationally excited 11. Finally, by 
combining the experimental and theoretical results, we can 
provide an overview of the unimolecular decomposition path- 
ways of 1'+ (Scheme 5 ) .  

CH30H '+ 

10 

3) All rearrangement products are much lower in energy and 
are generated as highly excited species with a chemistry dis- 
tinctly different from low-energy analogues. 

4) All observed exit channels are lowcr in energy than the per- 
oxide radical cation. However, despite this high-energy situ- 
ation, one of the major reaction channels involves a surpris- 
ingly specific double hydrogen transfer, which is hardly 
subject to H / D  exchange processes. 

Finally, the good agreement between experiment and theory 
which is obtained in this study, points to a much more general 
question: To what extent does the calculated ground-state po- 
tential-energy surfaces really describe the unimolecular dissocia- 
tion of l *+ ,  given that ions with rather high internal energies are 
invokcd as intcrmcdiatcs? For cxamplc, why does intcrmediate 
1 I not simply spontaneously dissociate, instead of undergoing a 
specific hydrogen transfer prior to  fragmentation'? Obviously, 
these phenomena are due to dynamic effects, which are not 
covered at all by a ground-state picture. Moreover, the experi- 
mentally observed degree of selectivity suggest that dynamic 
effects may play crucial roles, not only in mass spectrometric 

fragmentations, but also in other high-energy 
processes, such as combustion phenomena. 

L u- ;I 

- H  CH,O'* 1 CH,OH+ 

H ' +  . 
H,C/"H, +CH - cH,oH, 

0 -HCO 

13 

Scheme 5 .  Ovcrwew of the unimolecular decompos~t~on pathwi!ys of I "  

Conclusions 

The present study of dimethyl peroxide radical cation demon- 
strates how mass spectrometry and a b  initio methods provide 
complementary tools for the elucidation of ion structures as well 
as reaction mcchanisms in the gas phase. In this respect, the 
accuracy of the economic BECKE 3LYP approach is particular- 
ly promising. Compared to the previous studies or the 
[C2 ,H6 ,OJ+ potential-energy surface,['] the dimethyl peroxide 
radical cation reveals some intriguing features : 

1 )  Except for a significant 0-0 bond shortening, the structurc 

2) The cation, though high in cnergy, is kinetically stabilized, 
of the molecular ion is nearly the same as the neutral. 

and the structure is preserved until decomposition. 

4 '+ 

- CH30' I 
CH,OH+ 

Appendix 

For the sake of clarity, in Figure 4 we reduced the calculated 
geometrical data for the [C,.H,,O,]'' ions to the important 
features of the ion structures. Here, the complete set of data 
is given (bond lengths in A. bond angles in degrees). Numbers 
of atoms are uaed as shown i n  Figure 4. 

1: C,, symmetry; r(O0) -1.467; r ( C 0 )  =1.414; ,.(CHI) = 
1.095, r(CH') =1.092: XCOO=105.2; QH'CO =111 2.  
XH'CO =104.6; QrH'CH' = 109.6; XH'CH' =109.6. 
QCOOC = i m . o ;  XH'COO = 61.5; QHTOO = i m  

f r m ~ ~ s - I ~ T '  C,, symmetry: r ( 0 0 )  =1.326: r ( C 0 )  = 1.470; 
?(CHI) =l,091: r(CH') = I . O X X ;  <COO =111.0: XH'CO 
=107.9; XH'CO =102.X; QH'CH' =112.2: XH'CH'= 
112.7: 3rCOOC =180.0; XH'COO = 60.7: XH3CO0 = 
180.0 

ci.s-1.'. C,, symmetry; ~ ( 0 0 )  = 1.330: r(CO) =1.462: 
r ( C H ' ) = I  092: r(CH')=1.089: %COO-1202; < H ' C O =  
109.4, QH'CO = I O l . h ;  EH'CH'=112.2; XH'CH' = 
112.7. XCOOC = 0.0; QrH'COO = 61 8 .  QrH'COO = 
IX0.0 

4"' ' C ;  symmetry: r.(C'O') = 1.429; r (O'C' )  = 1.371; 
r(C'0')  =1.355; r(C'H') =1.100; r(C'H') = 1.085: 
r(C'HS) = 1.1202: r(O'Hh) = 0.970; 3rC'O'C' = 120.3: 
QO'C'C)' =113.3: QtH'C'O' =108.9. QH'C'O' =10h.l: 

QH'CH"I068; QH'CH'  =113.1; XO'C2H4=105.2; QHJC'O'=11J.4: 
XC'O'H' =112.7: XC'O'Cz<)2  = 0.0; XH'C'O 'C '  = - 57.9: QH'C'O'C'  
- 180 0; QC'OICZH" - -125.7: XO'C'O'H' = 180.0. 

9 .  C, symmetry; r (O '0 ' )  =1.469, r (C '0 ' j  =1.444; r(C'0')  -1.239; 
r(C'H')  =1.089; r(C'H') =1.095: r(C2H4) =1.091; r(C2H5) =1.092: Q C ' O ' 0 2  
=107.9; XO'O'C' -112.7; % H ' C ' O '  -110.8; XH'C'O' -100.1: XH'C'H' 
= 113.6: XH'C'H' =110.4, XH4CZ02 -114.8, QH'C'O' =120.6, XH'C'H' 
=124.6; XC'O'O'C' =180.0, ~ H " C 2 0 ' O '  =180.0; QrHSC'OzOO' = 0 0 ;  
XO'O'C'H' = -63.5. <OZO'C 'H2 =180.0. 

10: C ' l b  symmetry: r(CO) =1.?46; r(CH') =1.102; r(CH') =1.106: ,.(OH3) 
=1.225. QH'CO =118.4; 3rH'CO =122.0: XH'CH' =119.6. QCOH' =I18 3 .  
4rOHZ0 =180.0: XH'COH" =1800: QH'COH.'= 0.0. 

11. C, ayminetry: r ( C ' 0 ' )  =1.229: r(C20'j  =1.367; r(O'H.') =1.192; r(O'H'j 
=1.230; r(C'H')=1.093; r(C'H') =1.097: r(CLH4) =1.090; r(C'H5) =1.113: 
XH'C'O' =121.6: QH'C'O' = I I X . 5 ,  QHLC'H'=119.9; XC'O'H' =1205. 
XO'H'OO'= 179.6; XH"OZCZ =11X.5: Q02CZH4 =115.2; XO'C'H' =107.?. 
t H 4 C ' H 5  =100.0: QH'C'O'H.' =180.0; QH'C'O'H' = 0.0: XH'CC'02H' 
= 0.0; XH300"C2H5 = - 126.8. 
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12: c', symmetry; r ( C ' 0 ' )  = 1.208; r(C'0') = 1.437; r(O'0') = 2.232; r(C'H')  
=1.101; r(C'H2) =1.104; r(C2H4) =1.099, r(CZH5) =1.093; r(C2H6) =1.086; 
r(0'H') = 0.974; XH'C'O' =121.7; XH'C'O' =118.9; QH'C 'H '  =119.4; 
Q C ' 0 1 0 2  =108.3: QO'O'C' =10X.S; QO'O'H' = 92.2; tH '0 'C '  = 109.8; 

Q02CZH'  =110.9; QO'C'H' =107.2; XH4C2H5 =109.1; 

= -1.8; XC'O'OzCz = -127.5; X C 1 0 ' 0 2 H 3  =120.8; QH'02C'H4 = 
- 68.1, ~ H 3 0 ' C Z H '  = 50.9; QH30'C2Hb =173.8. 

13. C ,  symmetry; r ( C ' 0 ' )  =1.516; r (C202)  =1.210; r(OiH5) =1.048. 
r(0'H') =1.516, r(C'H1) =1.095; r(C'H') =1.096: r(C'H3) =1.094; r(0 'H") 
= 0.985; r(C'Hh) =1.122, QH'C 'O '  =105 7; XH2CiO'  =109.2; XH'C'O' = 
104.8; QHrC'H2=112.8 ;  XH'C'H'=111.3; Q H 2 C r H 3  =122.5; QC'O'H4 
=112.0: r C ' O ' H '  =113.5; XH"O'H' =110.3; QO'H'O' =177.0; QH'O'C' 
=127.3; t 0 2 C 2 H 6  =123.9; XH'C'O'H4 = - 59.5; XH'C'O'H' -174.8; - 

X H 2 C 1 0 ' H 4  = 62.1; Q H 3 C ' 0 1 H 4  = - 177.2; 
4rH"C'O'H' = 57.1; QH40 'H5O2 = -123.4; XO'H'O'C' = -144.2; 
QH502CZHh =179.0. 

TSl/11: C. symmetry; r (C '0 ' )  = 1.31 1 ; r ( C 2 0 2 )  = 1.359; r ( 0 ' 0 ' )  = 2.006: 
r(C'H') = 1.094, r(C'H') = 1.289; r(H'0') = 1.307: r(C2H4) =1.094; r(C2H5) 
=1.110: QH'C 'O '  =119.0; QH'C'H' =120.6; < H 3 C 1 0 '  = 60.3; XH'C'H' 

=112.5; $ H 4 C 2 0 2  =114.2; QH5CZ02  =107.4; x H 4 C 2 H 5  =111.8; QH5C1HHh 

QO'OZC2H4 = 0.0; XO'02CC'H5 = -125.0. 

TSI/I2: C,  symmetry; r ( C ' 0 ' )  =1.462; r(C'0')  =3.357; r(O'0') =1.513; 
r(C'H') =1.090; r(C'H') =1.092; r ( C ' H 3 )  =1.091; r(0'H") =1.324; 
r(C2H4) =1.416; r(C'H') =1.100; r(C2Hh) =1.087; t H i C L O '  =110.5; 
QH2C1Oi =103.1; QH'C'O' =106.1; X H i C L H 2  =112.5; QH'C'H' =111.4: 
QH'C'H' =112.7; XC'O'O' =113.4; < C ' O i H 4  =127.6; X H 4 0 i 0 2  =79.8; 
QO'O'C' = 95.4; QO'C'H" = 82.3; XC2H40' =101.7; XHSC20Z =116 1; 
QHhC202 = l 1 5 . l ,  t H 5 C 2 H b  d 2 0 . 0 ;  XH'C'O'O' = -177.3; XH2C10'02 
= 62.3: QH.'C'0 '02 = - 60.1; QC'O'O'C' = -119.6; QCiOiHJC' =104.8; 

X H ~ C ~ H ~  =112.2; X H ~ C ' O ~ O '  = 178.2; Q H Z C ~ O I O ~  

Q H 2 C r 0 1 H S  = - 63.6; 

=109.3; X C ' H ~ O ~  = 60.7; X H ~ O ' C ~  = 59.0; X C ~ O ~ O ~  =112.i:  Q O ~ O ~ C ~  

=103.4; QH'C'O'O' d 1 3 . 0 ;  QH'C'O'O' =I80  0: QC'O'O'C' =180.0: 

X H W O ~ C ~  =7.0; X O ~ O ~ C ' H ~  =71.7; X O ~ O ~ C ~ H ~  = -134.6. 

TS9/10: C; symmetry; r ( C ' 0 ' )  =1.309; r ( C 2 0 Z )  =1.212; r(OiO') = 2.007; 
r(C'H') = 1.094, r(C'H3) = 1.280; r(H'0') =1.328: r(C2HY) =1.100; 
QH'C'O' =118.9; QH'C'H' =120.5; Q H 3 C ' 0 1  = 61.7; XH'C'H3 =109.1. 
QC'H'O' = 60.2; XH'OO'C' = 58.1; 0;C'OLO2 =l10.4: ~ O i O z C z  =114.0; 
XH4C202 =121.8; t H S C ' 0 '  =119.2; XH"C'H' =119.0; XH'C'OIO' 
= - 82.9, X H 3 C ' 0 ' 0 2  =180.0; XC'OiOzC2 =180.0: Q O ' 0 2 C 2 H "  = 0.0; 
QOrO'C2HS =180.0. 

TS11/12: C,  symmetry; r ( C ' 0 ' )  =1.209; r(C'0') =1.396; r ( 0 ' 0 ' )  = 2.579: 
r(CLH') =1.103; r(C'H') =1.104; r(O'H3) =1.749: r(OZH3) = 0.985; r(CZH4) 
=1.089; r(C2H5) = l . I l S ;  r(C2Hh) =1.099; XH'C'O' =121.8; QH'C'O' = 
120.0; XH'C'H' =118.2; XC'O'H' =146.1; XOiH"0'=139.S; QH'O'C' = 
113.3: Q02CZH4 =113.7; XOZC2Hs 4 0 5 . 4 ;  X02C'HH" =108.3; XH4C2H5 = 
110.3; XH4C'Hb =114.5: XH'C'H' =103.7: t H ' C ' O ' H 3  =19.5: 
QH2C'O'H3 = -160.5; QCIOLH"O' = - 37.7; XO'H302C2 = -101.5; 
XH302C2H4 = 5.9; XH302C2H5 = - 115.1: XH30'C2H6 =134.4. 

TS12/4: c', symmetry; r ( C ' 0 ' )  =1.23X; r (C20 ' )  -1.350; ~(0 '0 ' )  = 2.658; 
r(C'H') =1.105; r(CLH2) =1.110; r(C'H') =1.538: r(C'H') =1.216: r(C2H4) = 
1.090; r(C'H5) =1.093; r(OZH6) = 0.968; QH'C 'O '  =118.6; QH'C'O' =116.6; 
X H 3 C i 0 1  =106.5; XH'C'H' =117.2; XH'C'H' = 99.5; XH'C'H' = 91.1; 
XCiOLOz = 88.5; QO'O'C' = 87.6; XOiO'H6 = 88.9: XHHh02C2 =113.1; 
XO'C2H3 =108.7; XOZC2H4 =111.4: QO'Cc'H' =116.9; t H 3 C 2 H 4  =101.4; 
XH'C'H' =101.9; XH4C'H5 =l l4 .6 ;  XC'H3C2 =143.1; XH'C'O'O' = 
128.8; QH'C'O'O' = - 82.0; QHLC'H3C2 = -150.8; XH'C'H'C' = 
01.4; XC'OiC202 = - 20.8; t C L O ' O Z H 6  = -134.0; < O ' 0 2 C 2 H 3  = 8.0; 
QO'02C2H4 =118.9; XO'O'C'H' = -106.7: t 0 2 C Z H 3 C '  = 4.8. 

TS13-H,: C, symmetry; r ( C 0 )  =1.445; r(CH') = I  089; r(CH') =1.089: 
r(ON3) = 0.973: r(CH4) = I  238; ?(OH5) =1.451; r(H4H') = 0.971: QH'CO 
=110.8; QH'CO =116.4: 4H"CO =109.7; tH'CH'=116.6; QH'CH" = 
100.8: t H 2 C H 4  =100.6; QCOH' =111.1; t C O H 5  = 54.2; QH'OH' =113.5: 
XOH'H4 =12X 9 :  XH'H4C = 69.2; QH'COH' = -143.6; QH'COH' = 

XHSH4CHz = 120.5. 
-7.2; QH4COH' =106.0; QH'H4C0 = - 2.7; XH'H"CH' = -119.6; 
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