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Abstract: From a combination of mass spectrometry based experiments and high-level molecular orbital theory calculations, 
three new, thermodynamically stable isomers of ionized ethylene glycol, [CH20HCH20H]'+ (l), have been identified. These 
are the hydrogen-bridged radical cations [CH,-O(H)...H...O=C~Iz]'+ (2), [CH3-O.-H-.0=CH2]'+ (3), and [CH3-0- 
(H)-H-O=CH]'+ (4); a fifth isomer, also H-bridged, [CH2=CH0.-H--OH2]'+, has been previously reported. The ion 
[CH3-O-H.-O=CH2]'+ (3) was experimentally identified (via a double collision experiment) as the stable ion formed by 
loss of CO from ionized methyl glycolate, whereas 2 was proposed to be a long-lived, rearranged form of ionized glycol, 1. 
The common unimolecular dissociations of 2 and 3 into CH30H2+ and HCO' were associated with energy barriers attributed 
to their rearrangement into (energy-rich) ions of structure 4, from which the dissociation proceeds by direct bond cleavage. 
This study underlines the important role that -0-H-G hydrogen-bridged radical cations can play in the gas-phase ion chemistry 
of oxygen-containing compounds and is another example of the successful combination of theory and experiment in gas-phase 
ion chemistry. 

The low-energy dissociations of radical cations in the gas phase 
often only occur from isomeric ions generated via extensive re- 
arrangement processes. This is especially true for, but by no means 
limited to, those ions which have half-lives of 210-5 s, Le., the 
metastable ions which decompose in the drift regions of a mass 
spectrometer. The quasi-equilibrium theory provides a rationale, 
in that it stipulates that dissociation of metastable ions is strongly 
dependent on the overall activation energy rather than only the 
mechanistic complexity of the reaction.' Among the many 
well-documented cases, ionized methyl isobutyrate, (CH3),CH- 
COOCH,, provides a classical example.2 The loss of CH3' from 
these ions occurs only by C-C cleavage in the isomeric radical 
cation [CH,CH,CH=C(OH)(OCH,)I'f, whose formation in- 
volves inter alia a 1,2 shift of the protonated ester moiety. 

In the context of rearrangement processes, hydrogen-bridged 
ions increasingly are being proposed as stable intermediates in 
the dissociation of a wide range of oxygen-containing ions.3 A 
good example of such species is described in a recent ~ e v i e w , ~ ~  
where Morton rationalizes the abundant loss of HCO from 
metastable 2-methoxyethanol ions by the reaction sequence in eq 
1. The internally hydrogen-bonded neutral molecule4 upon 
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ionization rearranges via C-C bond cleavage into the hydrogen- 
bridged radical cation c. Since the hydrogen atom affinity of 
[CH2-O(H)-CH3]'+ is greater than the C-H bond strength in 
formaldehyde, H' transfer occurs to produce protonated dimethyl 
ether and a formyl radical. 

Although high-level ab initio calculations do indicate that 
odd-electron H-bridged ions having an -0-He-0- bridge (e.g., 

+ Universite Lava]. 
*University of Ottawa. 

Analytical Chemistry Laboratory, Utrecht University 
Theoretical Chemistry Group, Utrecht University. 

[CH2=CH-O-.H-.0H2]*+) are quite stable species in the gas 
phase,5 it should be emphasized that unambiguous experimental 
evidence for their existence either as stable intermediates or as 
product ions is not yet available. This is largely because the 
structural information obtained from the techniques commonly 
employed to characterize isomeric ion structures6 (metastable ion 
(MI) and collisional activation (CA) mass spectra) cannot reliably 
be used to distinguish unambiguously between those isomers which 
may have closely similar dissociation charactersitics. In such cases, 
a knowledge of the barrier heights separating the isomers is es- 
sential; this information may be obtained from extensive ab initio 
calculations. For example, the hydrogen-bridged ion [ CH2= 
CH-O-.H-0H2]'+ is expected to have MI and CA charac- 
teristics very close to those of the isomeric distonic' ions 
[H20-CH2-CHOH]'+ and [CH2-CH(OH)OH2]'+.8 A 
different situation obtains for the eoen-electron counterparts of 
these ions, the well-known proton-bound  dimer^,^"^^ which are 
readily generated in ion-molecule  reaction^,^ and which have also 
been identified as product ions in dissociative ionization reactions.I0 
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Apart from -O--H.-O- bridged odd and even electron ions, 
-C.-H.-O- bridged species have also recently been proposed both 
among even-electron ion systems" (sec-C3H7/H20+, t-C4H9/ 
H20+, and C3H7/CH30H+) and odd-electron ionsI2 (C2H4/ 
H,O'+, C&/H20*+, and C2H20/H20'+) .  The odd-electron 
systems have been investigated by high-level ab initio calculations 
which show that the barriers for their interconversion with distonic 
ions (e.g., [CH2-CH2-OH2] *+ - [CH2-C(H)--H.-OH2] *+) 
are very low,'* thus rendering impossible their separate identi- 
fication with the presently available experimental techniques. A 
similar situation may well obtain for the corresponding even- 
electron -C-H.-O- bridged species, for which computational 
studies have not yet been published. 

With the aim of unambiguously identifying -O-.H-.Cb bridged 
radical cations as stable species in the gas phase, we have in- 
vestigated the structure of the [C2H6O2]*+ product ions generated 
by the dissociative ionization of methyl glycolate: 

The dissociation characteristics of. these [C2H602]'+ ions, in 
particular the metastable loss of HCO, are prima facie close to 
those of ionized ethylene glycol, [CH20HCH20H] '+ ( l ) ,  or its 
-O-H.-O- bridged isomer, [CH20(H)-.H-.0=CH2]'+ (2). 

To prove that the methyl glycolate [C2H602]'+ ions are neither 
1 nor 2 but hydrogen-bridged ions of structure [CH30--H-O= 
CH2]*+, (3) and that the common loss of HCO from 1, 2, and 
3 involves rearrangement via a high barrier into [CH,O(H)- 
H-O=CH]' (4), we will first examine the relative stability of 
ions 1 to 4 by ab initio calculations and then use the results to 
interpret experiments on the gas-phase ion chemistry of the 
[C2H602]'+ ions derived from glycol and methyl glycolate. 

Integration of the computational results with the experimental 
findings will then be used to construct a potential energy diagram 
relating 1, 2, 3, and 4 and their metastable dissociation charac- 
teristics. 
Theoretical Methods and Results 

Standard LCAO-MO-SCF calculations were performed using 
the program G A M E S S ~ ~  employing restricted14Js and unrestricted16 
Hartree-Fock procedures, R H F  and UHF, respectively. The basis 
sets used were the standard 4-31G" and 6-31G**18J9 basis sets. 
Four [C2H602]*+ isomers were considered: [CH20HCH20H]'+ 
(1, ionized glycol) and three hydrogen-bridged ions [CH2-0- 
(H).-H.-O=CH2]'+ (2), [CH3-0--H.-O=CH2]'+ (3), and 
[CH,-O(H)-.H.-O=CH]'+ (4), all of which were found to be 
local minima on the potential energy surface. 

Geometries were optimized at the UHF/4-31G level of theory. 
For 1 this procedure caused problems of convergence, which were 
associated with optimizing the geometry. It was found that the 
force constant of one of the parameters in the glycol ion 1 (HOCC 
torsion, see Figure la)  was rather small, giving rise to numerical 
instability. On the 6-3 1G** level, however, this particular force 
constant became larger by a factor of 10 and it was therefore no 
longer numerically unstable. So the glycol structure was fully 
optimized at this level of theory. In order to get comparable results 

HOCH2COOCH3 -+ [C2H602]'+ + C o  + e- 
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Figure 1. Optimized UHF/4-31G and UHF/6-31G** structure of ion- 
ized ethylene glycol, 1, and the three UHF/4-31G optimized hydrogen- 
bridged species, 2, 3, and 4. Bond lengths are given in angstroms and 
bond angles in degrees. 

with the other isomers 2, 3, 4, the 4-31G geometry optimization 
of the glycol ion was restarted with the 6-31G** optimized 
structural parameters, and indeed convergence was achieved. Only 
because of computational expense, the isomers 2, 3, and 4 which 
gave no convergence problems associated with the geometry op- 
timization were optimized at the 4-3 1G level of theory. The results 
are shown in Figure 1. 

According to the results denoted as UHF/6-31G**//4-31G 
and UHF/6-31G**//6-31G** for the glycol in 1 in Table I, the 
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Table I. Calculated Total Energies (Hartrees), Zero-Point Vibrational Energies (ZPVE, kcal mol-I), and Experimental Heats of Formation (kcal 
mol-') of C2H,0z** Structures and Component Systems, Based on HF/4-31G (//4-31G) and HF/6-31G** (//6-31G**) Optimized Structures 

suecies symmetry RHF/4-31G UHF/4-31Gu UHF/6-31G** UHF/6-31G** Ep,,,,SD-CIb ZPVEC AHr' 

1 Cl -228.276 45 
2 Cl -228.289 26 
3 CI -228.286 93 
4 Cl -228.298 35 
C H 2 0 H +  cs -113.981 29 
C H 2 0 H '  cs -1 14.239 20 
CH30 '  CS -1 14.260 82 
C H 3 0 H z +  c, -115.190 17 
HCO' c, -1 13.067 33 
CHz0H2'+  c, -114.543 17 
CHzO c20 -113.69262 

values for 4-31G and 6-31G** are 0.76. 

-228.279 19 -228.61222 -228.61680 
-228.292 05 -228.623 76 
-228.289 22 -228.626 25 
-228.30099 -228.63472 

-114.161 58 
-114.24229 -114.41342 
-1 14.262 77 -1 14.422 75 

-1 15.355 28 
-113.07068 -113.24847 
-1 14.545 77 -1 14.709 36 

-1 13.868 78 
bSee text. CUHF/4-31G/ /UHF/4-31G.  

energy deviation induced by using a smaller basis for the geometry 
optimization is only 0.0048 hartree or 3 kcal mol-'. Such a small 
deviation was computed too for the hydrogen-bridged species 
[CH2CH0.-H-OH2]+, from the CH2CHOH/H,0'+ s y ~ t e m . ~  
These results indicate that the 4-3 1G optimized structures are 
good approximations to the 6-3 1G** optimized structures from 
an energetical point of view. 

It is seen that in ionized glycol, 1, one of the hydroxyl hydrogen 
atoms lies in between the two oxygen atoms resulting in a short 
distance (1.474 A, not shown in Figure 2) for bridging with the 
adjacent hydroxyl group. This indicates a strong binding inter- 
action (a feature also prominent in the neutral molecule20) which 
facilitates the isomerization into the hydrogen-bridged species 2.  
For the ions 2, 3, and 4 the optimized geometries all have slightly 
bent -O.-H.-(r bridges with a short 0-0 distance, ranging from 
2.453 to 2.544 A, which compares well with those found in pro- 
ton-bound  dimer^.^ 

Relative energies of the four ions were obtained as follows. 
Using the 4-3 1 G optimized geometries single point calculations 
were performed at the UHF/6-31G** level. Next, using the same 
4-3 1 G optimized geometries single + double excitation configu- 
ration interaction (SD-CI) calculations were performed (ATMOL 
package2laSb and DIRECT-CI program21c) at the 4-31G level. The 
CI results were size consistency corrected using the formula de- 
scribed by Pople:22 EPople = E ~ C F  + E,,,, [ (n2  + 2n tan' 28)'/' 
- n]/2(sec 28 - I ) ,  where E,,, represents the correlation energy, 
E,,, = Ecl - Est-,. 6 is defined through Co = cos 8, Co being the 
coefficient of the SCF reference configuration (RHF/4-3 1G re- 
sults in Table I) and n the number of correlated electrons ( n  = 
25 in these calculations, because the inner-shell orbitals were 
frozen). 

The best relative energies from this work, denoted as 
EZPVE,Popie/6-3 1G** values, were then obtained using the formula 
given by Bouma et aLz3 

AEpOp1,/6-31G** AEp0,1,/4-31G + AE(UHF/6-31G**) - 
4E(UHF/4-31G) 

with the addition of a contribution for the zero-point vibrational 
energy. 

Such additivity schemes are very useful when the size of the 
system precludes CI  calculations with polarized basis sets, and 
are used f r e q ~ e n t l y . ~ ~ . ~ ~  They have been tested extensively by 
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-228.707 59 
-228.125 09 
-228.713 34 
-228.739 19 
-1 14.201 48 
-1 14.453 47 
-1 14.464 36 
-115.421 13 
-1 13.284 50 
-114.75441 
-113.921 62 

55.0 
52.2 
53.5 
53.1 
26.7 
24.5 
25.8 
42.3 

9 .O 
33.3 

Table 11. Calculated and Experimental Relative Energies (kcal 
mol-') of C2H60,'+ Structures and Component Systems 

species Ere? exptl 
HOCH2CH20H" (1) 0 142 
H2CO. *Ha * *O(H)CHz'+ (2) -13 
H 2 C 0 .  -.Ha. -OCH3'+ (3) -8 

-22 HCO- * *H* * *O(H)CH,'+ (4) 
C H 2 0 H +  + CHzOH'  +19 162 
C H 2 0 H +  + CH,O' +20 172 
CHzOHz'+ + CH,O +16 167 
C H 3 0 H 2 +  + HCO' -5 144 

SD-CI/6-3 1G** values (see text) including ZPVE contributions. 

McKee and L i p ~ c o m b ~ ~  who found an approximate deficiency of 
2 kcal mol-' for systems involving simple geometry changes and 
-4 kcal mol-' for systems involving dimerization and molecular 
combination. These additivity schemes have also been tested for 
the more difficult open-shell systems by Radom et a1.,26 and they 
found an error of -3 kcal mol-'. Furthermore the additivity 
scheme, as given in this paper, has recently been tested for the 
hydrogen-bridged species [CH2CHO-.H.-OH2]'+, the ionized 
vinyl alcohol/water system, and an error of 1.5 kcal mol-' was 
computed.5b 

Harmonic vibrational frequencies have been calculated at the 
H F  level with the split-valence 4-31G basis2' a t  geometries op- 
timized with this basis set. These were used to calculate the 
zero-point vibrational energies. The results are also in Table I. 
H F  calculations are known2* to overestimate vibrational fre- 
quencies by -10% and so the zero-point vibrational energy 
contributions to relative energies have been obtained by scaling 
the calculated HF/4-31G zero-point energies by a factor of 0.9. 

The relative energies of the four isomeric ions and component 
systems are given in Table I1 using ionized glycol 1 as the reference 
point. It is seen that all three hydrogen-bridged species are 
thermodynamically more stable than ionized glycol. At the present 
level of theory, comparison of these relative energies with those 
derived from the direct bond cleavage dissociation products of 
lowest energy requirement, i.e. 

2 - CHzOH+ + CH20H'  

3 - C H 2 0 H +  + CH30 '  

4 4 CH30HI' + HCO' 

is less satisfactory. Note that satisfactory calculations of the 
relative energies of the CH30'  and CH20H'  neutrals involved 
in these reactions require computations at a level of theory29 which, 

(25) McKee, M. L.; Lipscomb, W. N. J .  Am. Chem. Sot. 1981,103,4673. 
( 2 6 )  Nobes, R. H.; Bouma, W. J.; Radom, L. Chem. Phys. Lef f .  1982,89, 

491. 
(27) Binkley, J .  S.; Pople, J. A,; Hehre, W. J .  J .  Am. Chem. SOC. 1980, 

102, 939. 
(28) Pople, J. A,; Schlegel, H. B.; Krishan, R.; DeFrees, D. J.; Binkley, 

J .  S.; Frisch, M. J.; Whiteside, R. A,; Hout, R. F., Jr.; Hehre, W. J. I n f .  J .  
Quantum Chem. 1981, 15, 269. 

(29) Saeba, S.; Radom, L.; Schaefer, H. F., 111. J .  Chem. Phys. 1983, 78, 
845. 
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Table 111. Collisional Activation (CA) Mass Spectra" of the [C2H6O2]'+ Ions 
precursor neutral daughter Ion m/z  
molecule lost 12 13 14 15 28 29 30 31 32 33 42 43 44 45 46 47 61 

CH2OHCH2OH < 1  < I  1 3 5 31 15  200 52 1000b 2 7 9 15 

CH,CHzCOOH' <1 < I  6 20 110 1000 30 5 2 7 9 100 20 750b 110 20 
CH20HCOOCH, CO < I  <1 2 15 9 112 53 668 166 1000b 1 5  1 1  3 2 7 5  

CH3OOCHS' 2 5 20 200 550 270b 920b 80 20 6 4 45 1000 
oIntensit~es normalized to the highest peak in the CA mass spectrum. bAlso present in the MI mass spectrum. 'Unpublished spectra recorded in 

this laboratory. 

in view of the expenses involved, cannot reasonably be achieved 
for the [C2H602]+' system. 

However, using the well-defined experimental heat of formation 
of ionized glycol, AHfo[l] = 142 kcal mol-' 30 (see next section), 
with the relative energies for 2, 3, and 4 in Table I ,  AH? values 
for 2, 3, and 4 of 129, 134, 120 kcal mol-' are obtained. Using 
experimental AH? values from ref 31 for the dissociation products 
in the above reactions, it is found that 2, 3, and 4 are stable by 
-34, -39, and -25 kcal mol-' relative to their energetically most 
favored direct bond cleavage reactions. 

The question of the barrier involved in the isomerization of 1 
into 2, which will be considered further in the next section, was 
also addressed computationally. Note (see above) that the op- 
timized structure of 1 has a strong hydrogen bridge to facilitate 
the isomerization into 2, which is lower in energy. Unfortunately 
all attempts to locate a transition state for 1 or 2 at the UHF/  
4-31G level were unsuccessful, but the results indicate that the 
barrier cannot be substantial. In view of the experimental evidence 
described below and the computational expenses involved, other 
isomerization pathways, Le., 2 -+ 4, 2 - 3, and 3 - 4, were not 
investigated by theory. 

Gas-Phase Ion Chemistry of Ethylene Glycol. Formation of 
[CH,-O(H)...H...O=CHZ1'+ (2) 

The molecular ion of ethylene glycol, [CH20HCH20H]'+ (I), 
abundantly undergoes one reaction in the microsecond time frame, 
to produce [CH30H2]+ and HCO. The m / z  33 peak is the second 
most intense in the normal mass spectrum (30%, vs. m / r  31 = 
100%). The structures of the ionic and neutral fragment were 
determined from their collisional activation (CA) and collisionally 
induced dissociative ionization (CIDI)32 mass spectra, respectively. 
The kinetic energy release of this unimolecular reaction, as 
measured from the peak width at half-height Tos,  is 13 meV. The 
appearance energy (AE) of this metastable process was obtained 
using a comparative method,33 AE = 10.65 f 0.1 eV, which is 
-0.4 eV in excess of the calculated value, 10.3 f 0.1 eV (from 
AHf" [CH20HCH20H] = -92.6 kcal AH," [CH30H2]+ 
= 135.5 kcal mol-',31b and AHfo[HCO] = 9 kcal this 
AE corresponds to a transition state energy of 152 f 3 kcal mol-'. 
The ionization energy of C H 2 0 H C H 2 0 H  has been assessed as 
10.16 f 0.05 eV,,O and thus the minimum energy requirement 
for the metastable process is 0.49 f 0.15 eV. This activation 
energy is probably too small to allow the molecular ion to be 
metastable (i.e., to fragment in the microsecond time frame); the 
necessary density of states will not be sufficiently great unless there 
is a thermochemically more stable isomeric ion to which the glycol 
molecular ion can readily rearrange. In any case, one can be 
confident that in order to generate [CH30H2]+ + HCO as 
fragmentation products, the initially formed molecular ion must 

(30) Holmes, J. L.; Lossing, F. P. Can. J .  Chem. 1982, 60, 2365. 
(31)  (a) Rosenstock, H. M.; Draxl, K.  K.; Steiner, B. W.; Herron, J. T. 

J .  Phys. Chem. Ref Data 1977,6, Suppl. 1. (b) Lias, S. G.; Liebman, J. F.; 
Levin, R. D. J .  Phys. Chem. Ref. Data 1984, 13, 695. (c) McMillen, D. F.; 
Golden, D. M. Annu. Reo. Phys. Chem. 1982, 33, 493. 

(32) For leading references, see: (a) Wesdemiotis, C.; Feng, R.: Williams, 
McLafferty, F. W. Org. Mass Specfrom. 1986, 21, 689. (b) Holmes, J. L.; 
Mommers, A. A.; Terlouw, J. K.; Hop, C. E. C. A,, Int. J .  Mass Specfrom. 
Ion Processes 1986, 68, 249. 

(33) Burgers, P. C.; Holmes, J. L. Org. Mass Spectrom. 1982, 17, 123. 
(34) Pedley, J. B.; Rylance, J .  Computer Analyzed Thermochemical Data, 

Organic and Organometallic Compounds; University of Sussex, Sussex, 
England, 1977. 

rearrange to an intermediate ion having a lower AH," than that 
of [CH20HCH20H] '+.  In agreement with the above, the loss 
of H' from unrearranged 1 by a-cleavage has a calculated ac- 
tivation energy of only 0.5 eV and [M - HI+ is not observed in 
the MI mass spectrum (AHf0[CH2OHCCHOH] = 102 kcal 
mol-] 35 and AH," [H'] = 52 kcal mol-' 31a) .  An attractive in- 
termediate ion is the hydrogen-bridged structure 2 whose formation 

1 2 

only requires C-C bond cleavage in the hydrogen-bridged pre- 
cursor ion and which ab initio calculations predict to be lower in 
energy by 13 kcal mol-' (see above). A ]$hydrogen transfer 
would then produce [CH,-O(H)-.H-o=CH]'+ (4), from which 
CH30H2+ + HCO are formed by direct bond cleavage. Note, 
however, that although 4 is calculated to be a very stable ion, the 
isomerization 2 - 4 must involve a significant ener.gy barrier 
because the dissociation products [CH30H2]+ and HCO are not 
formed at the thermochemical threshold. The transition state for 
such a fragmentation will involve the bending of the linear 0-H-0 
bridge, an energy-demanding process. 

The collisional activation (CA) mass spectrum of ions 1 (Table 
III), obtained ca. s after their formation, lends strong support 
to the proposed isomerization 1 - 2. The observed intensity 
distribution rules out the involvement of the "conventional" isomers 
[CH300CH3] '+ and [CH3CH200H] '+ (see Table HI), and 
[CH30CH20H]'+ and [CH3CH(OH)2]'C can be rejected because 
the latter two ions would abundantly lose H' and/or CH,' and/or 
H 2 0  upon collisional activation. For example, the ion [CH,CH- 
(OH),]" (so far not observed mass spectrometrically) is expected, 
on thermochemical grounds, to show peaks at m / r  47 and 44 in 
the CA mass spectrum because AHfo([CH(OH),]+) + AH;- 
[CH,'] = 133 kcal m01-1,31c,36 and AHf0([CH2CHOH]'+ + 
AHfo[H20] = 123 kcal whereas the observed transi- 
tion-state energy for dissociation into [CH30H2]+ + HCO is - 153 kcal mol-'. 

Similarly, the formation of the isomeric distonic ion [HO- 
CH-CH,-OH,]'+ can be discarded, because the collision-induced 
H 2 0  loss therefrom, leading to [CH2=CHOH]'+, m / z  44, is 
absent in the CA mass spectrum (AH,"(products) = !23 kcal 
mol-'). Thus a mechanism for the metastable loss of HCO from 
1 involving two consecutive~l,3 H shifts, 1 - [HO-CH-CH2- 
OH2]'+ + CH30H2+ + HCO, can clearly be ruled out. 

It is noteworthy that the CA mass spectrum of 1 contains a 
significant peak at m / r  32, corresponding to [CH,O]" ions. It 
is known that two stable isomeric [CH,O]'+ ions exist, namely 
[CH,OH]'+ and the ylide ion [CH20H2]'+ (AHf" = respectively 
202 and I94 kcal To probe the structure of the col- 
lisionally generated [CH,O]" ions, these were produced in the 
first field-free region of the mass spectrometer by collision with 
helium. They were then selectively transmitted through the 
magnet (apparent mass = 16.5) and collisionally decomposed in 

(35) Lossing, F. P., unpublished results. 
(36) Holmes, J. L.; Mommers, A. A,; de Koster, C. G.: Heerma, W.; 

(37) Holmes, J. L.; Terlouw, J. K.; Lossing, F. P. J .  Phys. Chem. 1976, 

(38) Holmes, .I. L,;  Lossing, F. P.; Terlouw, J. K.; Burgers, P. C., J .  A m .  

Terlouw, J. K.  Chem. Phys. Lett. 1985, 115. 437. 

80, 2860. 

Chem. Soc. 1982, 104, 2931. 
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AH? < 144 kcal mol-', was derived from the AE of the reaction 

eV (energy-selected electrons4'). This AHf'' cannot be distin- 
guished from that of 1, but it should be noted that i t  represents 
an upper limit: severe tailing was observed in the AE m / z  62 
measurement and the magnitude of the kinetic energy released 
in the formation of the [C2H6O2]'+ ions, To = 140 mev, shows 
that a significant kinetic shift may be present. The CA mass 
spectrum of the methyl glycolate [C2H602]'+ ions is given in Table 
111. Apart from the weak m / z  12-15 group, the spectrum is 
significantly, but not greatly, different from that of (rearranged) 
ethylene glycol ions, 1/2, and so the "conventional" or distonic 
structures discussed in the previous section again need not be 
considered. 

The experimental results presented so far could be interpreted 
as showing that methyl glycolate (largely) produces [C2H602]'+ 
ions of structure 1 /2. A double-collision experiment (as described 
in the previous section) on the corresponding m / z  32, [CH,O]'+ 
ions, clearly demonstrated that this was not the case. A com- 
parison of spectra a and b in Figure 2 shows that the [C,H,O,]'+ 
ions from the ester obviously yield [CH,OH]'+ in addition to the 
ylide 

We propose that the ester [C2H6O2]'+ ions are hydrogen- 
bridged ions of structure [CH,-O-.H.-O=CH2]*+ (3), which 
upon collisional activation produce [CH30H]'+ by direct bond 
cleavage. As was shown in the theoretical section, ions 3 are found 
to be stable species with a calculated AH? of 134 kcal mol-', some 
10 kcal mol-' below the upper limit derived from the AE mea- 
surements. A 1,4 hydrogen transfer involving a sizable barrier 
(see next section) would produce [CH3-O(H)-.H--O=CH]'c 
(4), from which [CH30H2]+ and HCO, the dissociation products 
of the metastable ions, 3, are formed by direct bond cleavage. 

The generation of 3 by loss of CO from the ester molecular 
ions could be envisaged as a carbonyl extrusion with a concomitant 
1,4 hydrogen shift: 

[HOCH2COOCH,lf* + [C2H,OJ"' + CO, AE = 10.9 h 0.2 

- 3 3 c o  l'+ p-2 
HzC, ,O-C% 

C 

0 
I I  

The mass spectra of the labeled esters HOCH2C0'80t3CH, and 
HOCH2C'800CH3 showed that the carbonyl C=O group is 
indeed exclusively lost as carbon monoxide. However, by analogy 
with the concept proposed by Morton (see Introduction) to ra- 
tionalize the gas-phase ion chemistry of HOCH2CH20CH3, loss 
of CO to produce 3 can also be envisaged as occurring from a 
hydrogen-bridged isomer of the ionized ester, which is also H- 
bonded in its neutral form, viz. eq 2. Such an isomerization can 

Isomeric Hydrogen- Bridged fC2H602]" 

( 0 )  
14 

l4 15 

Figure 2. (a) Collisional activation (CA) mass spectrum of [CH,O]'+ 
ions collisionally generated from ionized ethylene glycol. (b) C A  mass 
spectrum of [CH,O]'+ ions collisionally generated from [M - COl". 
m / z  6 2 ,  ions from methyl glycolate. 

the second field-free region.39 The resulting product ions were 
energy (mass) analyzed using the electrostatic sector. The 
[CH?O]'+ ions were found to be not [CH30H]'+ but [CH20H2]'+, 
a unit present in the hydrogen-bridged ion [CH2-O(H)-H-. 
O=CH2]'+; see Figure 2a. It should be noted that the absence 
of the doubly charged ion [CH40]*+ at m / z  16 is due to the low 
transitional energy of the [CH40]'+ ions. Ion source generated 
[CH20H2]'+ ions with 4 kV translational energy show the same 
CA mass spectrum as shown in Figure 2a. All of the above results 
strongly indicate that [CH20HCH20H] '+  ions after their for- 
mation by electron impact have rearranged irreversibly into the 
hydrogen-bridged species [CH2-O(H)--H-.O=CH2]*+ (2) and 
that this ion exists in a deep well. 

Gas-Phase Chemistry of the [C2H602]'+ Daughter Ion of 
Methyl Glycolate. Formation of [CH3-0...H.-O=CH21'+ 
(3) 

Only one abundant unimolecular dissociation is observed in the 
MI mass spectrum of the m/z  62 [C2H6O2]*+ ions generated by 
dissociative ionization of methyl glycolate, HOCH2COOCH3, 
namely, 

[C2Hn02]'+ - [CH30H2]+ + HCO' 

which also characterizes the MI spectrum of ionized glycol 1. The 
transition-state energy, 157 f 3 kcal mol-' (derived from AE 
(62+-+33+) = 11.48 * 0.1 eV, AH? [ester] = 134 f 1 kcal mol-',40 
and AHy[CO] = -26.4 kcal mol-' 31a) is close to that found for 
the ionized ethylene glycol system 1/2, but the associated kinetic 
energy releases are not the same (To  = 27 vs. 13 meV for 1 /2), 
The heat of formation of the methyl glycolate [C2HhO2]+' ions, 

(39) Villeneuve, S.; Burgers, P. C. Org. Muss Spectrom. 1986, 21 ,  733 ,  
(40) Benson, S .  W. Thermodynamical Kinetics, 2nd ed.; Wiley: New 

York. 1976. We assign the increments C(H)2(C0)2  and C(H),(CO)(O) to 
be equal by analogy with C(H)?CO and C(H)?(O). 

__ 

CH-C(OH)OCH$+ + H e 0  - 
1.5-H 

m/z 61 

also readily explain the two other reactions in the MT mass 
spectrum of the ester, namely loss of HCO yielding m / z  61 

(41) (a)  Maeda. K.; Semeluk, G. P.: Losing, F. P. In?. J .  Muss Spectrom 
Ion Phvs. 1968, 1,  395. (b) Lossing, F. P. Traeger, J .  C. Ihid. 1976, 19, 9. 

(42) A ratio of [CHqOH]+':[CH20H2]+'  = 2:3 for the species shown in 
Figure 2b was obtained from the 4-kV CA mass spectra and relative collision 
yields for the two [CH,O1+' isomers. 

c-- -._l_l____ 
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[C2H5O2]*+ ions, which were identified from their CA mass 
spectrum as protonated methyl formate,43 and loss of CH,' which 
probably yields the CH,0/C02 proton-bound dimer (the M I  and 
CA mass spectra of which are dominated by a narrow peak at  
m / z  31, [CH20H]+).  The metastable loss of CH3' is associated 
with a large kinetic energy release, To = 360 meV, and this can 
also be accounted for. The calculated AE for this loss, assuming 
threshold generation of the reaction products (using an estimated 
AHfo [CH2==0-.H-O=C=O]+ - 66 kcal AHfo[CH,'] 
= 35 kcal mol-] ,Ic),  is -0.3 eV below the IE of the ester precursor 
molecule (10.42 eV), which is very close to the measured AE m/z  
75 (10.50 eV). Thus the methyl loss indeed involves a significant 
barrier for its reverse reaction, in keeping with the observed large 
energy release. 

In accord with the above mechanistic proposal, metastable m/z 
63 daughter ions generated from the 0-D labeled ester DOC- 
HZCOOCH3, Le., ions [CH3-0-.D-O=CH2]*+, appear to lose 
HCO exclusively: 

[CH,-O-.*D***O=CH2]'+ -+ 

3 
[CH,-O(H)-*D-O=CH]'+ -+ [CH,OHD]+ + HCO 

4 

An (almost) exclusive loss of HCO vs. DCO (ratio 100:6) is also 
observed in the MI spectrum of the m/z 65 [CD,-O-.H-.O= 
CH2] *+ ions generated from the CD3-labeled ester HOCH,CO- 
OCD3. However, metastable m / z  63 [ ' 3 C H 3 - O - . H 4 = C H , ] ' f  
ions generated from {he I3C-labeled ester HOCH2C0013CH3 lose 
both HCO and H13C0 in the ratio 100:86; in the CA spectrum, 
where ions of lower internal energy are sampled, the ratio is 100:52. 
This indicates that the preferred HCO loss from [CD3-O- 
H-O=CH2] '+ results from an isotope effect. These labeling 
experiments also show that before metastable ions 3 dissociate 
(via rearrangement into the reacting configuration [CH3-0- 
(H)--H-O=CH]'+ (4)), their carbon atoms, via 1,5-H exchange 
reactions, become largely equivalent, viz. eq 3.  Ab initio cal- 

~ H O C H 2 C 0 0 1 3 ~ l ' +  2 

c'3Cn3-0...H...0-CH2j+3 - 4 - t13CH30H23+ + H2O (3) 
14-ti 

Burgers et al. 

13 
C CH2-0*.H**€J-CH33'+3 1.4-H 4 - CCH30H22 + H1%O 

culations on -O.-H-O- bridged ions (potential  scan^)^,^^ indicate 
that the hydrogen bridge is remarkably rigid toward bending. This 
could explain why the equilibration of the carbon atoms (via a 
1,5-H shift) is less energy demanding than the rearrangement (3 - 4 - products) which, we propose, involves a 1,4-H transfer 
rather than consecutive 1,2-H (CH3-0.-H-. - CH2-O(H)- 
-H-) and 1,5-H shifts. In line with this latter proposal we observe 
that the cluster m/z  15-18 (relative abundances 1:10:7:100, re- 
spectively) in the CA mass spectrum of m / z  65 ions [CD3- 
O-H.-O=CH2]'+ is dominated by m/z 18 [CD,]'. Thus the 
loss of HCO from metastable m / z  65 ions produces 
CD30H2+(-CD3+ -t H 2 0 )  and not CD2HOHDf(+CD2H+ + 
HDO). 

Conclusions 
The potential energy diagram presented in Figure 3 summarizes 

the evidence discussed in the preceding theoretical and experi- 
mental sections on the stability and the metastable dissociation 
characteristics of ionized glycol 1, and its -O-.H-.O- bridged 
isomers 2, 3, and 4. 

The molecular ion of ethylene glycol, 1, readily isomerizes into 
the H-bridged radical cation 2. The latter is computed to be 13 
kcal mol-] more stable than 1. The height of the barrier 1 - 2 

(43) van Baar, B.; Halim, H.; Terlouw, J. K.; Schwarz, H. J .  Chem. SOC., 
Chem. Commun. 1986, 728. 

(44) From the relationship in ref 9d to determine AHfo of proton bound 
dimers and using proton affinities for C02 and CH20 of 13 1 and 171 kcal 
mol-', respectively. 

C H ~ O H + '  + H ~ C O  

6H26H2 + H 2 C 0  

6 H 2 0 H  + CH20H 

T 160 

I20 L 
I 
L 

CH ,OH(; )OEH 
4 - 

Figure 3. Energy diagram for [C2H602]'+ isomers 

is not known,. but it must be small. It is proposed that the 
metastable HCO loss from 1 proceeds via the isomerizations 1 
-+ 2 - 4. From excited ion 4, which theory predicts to be 
remarkably stable, protonated methanol and HCO are produced 
by a direct bond cleavage. The energy barrier for 1 - CH30H2+ 
+ HCO is ascribed to the 1,s-H shift for 2 - 4. 

The -O-.H--O- hydrogen-bridged ion [CH3-O--H-.0CH2]'+ 
(3) is produced by CO loss from ionized methyl glycolate. Theory 
predicts that 3 is also more stable than ionized glycol 1, and careful 
analysis of all the evidence presented showed that it does not 
communicate with ions 1 and 2. We propose that 4 is also the 
reacting configuration for metastable ion 3, the reaction requiring 
a 1,4-H shift. The barrier to this rearrangement is higher than 
for 2 - 4 and this may reflect the rigidity to bending in the 
-O.-H.-O- bridged ions. Note that the barrier heights and the 
associated kinetic energy releases are different; this rules out the 
possibility that 2 and 3 freely interconvert prior to their common 
metastable fragmentation. 

It is remarkable that such a small fraction of the excess energy 
appears as translational energy of the products; To,5 values of this 
magnitude are typically associated with reactions which proceed 
much closer to thier thermochemical threshold.4s This behavior 
may be characteristic of -0.-Ha-0- bridged radical cations. 

Experimental Section 
The metastable ion and collisional activation mass spectra were re- 

corded as described previously using a Vacuum Generators ZAB-2F mass 
s ~ e c t r o m e t e r . ~ ~  A 100-pA electron beam of ionizing energy 70 eV was 
used. Sample reservoir temperature was 120 OC and ion source tem- 
perature was 200 O C .  Collisional activation mass spectra were obtained 
using helium as the target gas at a pressure of 1.5 X lo-' torr, 85% 
transmission. Double-collision experiments were performed as follows. 
An inlet line to the first field-free region allows admission of collision gas 
(helium) to this region, which does not contain a collision chamber. The 
target gas is admitted until the collisionally induced process, observed by 
setting the field of the magnet to the appropriate value ( m / z  32'/62 = 
16.5), gave the maximum daughter ion yield. The actual pressure was 
not assessed. Helium was also admitted to a collision chamber in  the 
second field-free region to probe the structure of the selectivity trans- 

~ ~ _ _ _ _ _ _ _  ~ 

(45) Holmes, J. L.; Terlouw, J. K .  Org. Mass Specfrom. 1980, 15, 383.  



J .  Am.  Chem. SOC. 1987, 109, 7321-7325 7321 

mitted daughter ions. The resulting CA mass spectra were satisfactorily 
free from artifacts. IE and daughter ion A E  values were obtained with 
an apparatus comprising an electrostatic electron monochromator with 
a quadrupole mass analyzer and minicomputer data All other 
A E  values were obtained by a comparative method33 using a Kratos MS 
902 mass spectrometer. 

In the above experiments all slits were fully open to obtain maximum 
signal strength and to minimize energy resolving effects. Metastable peak 
shapes, however, were obtained using a main beam width of 0.2 V at an 
electric sector potential of 422 V, corresponding to an accelerating voltage 
of 8 kV. Kinetic energy releases were evaluated by established methods.& 

Methyl glycolate was obtained by esterification of glycolic acid, 
CH20HCOOH, using methanol in the usual manner. All other com- 
pounds were commercially available and their purity was checked by gas 
chromatography. A methanol sample containing l3CH3OH (SO%), 

(46) Terlouw, J. K.; Burgers, P. C.; Hommes, H. Org. Mass Spectrom. 
1979, 14, 3 a 7. 

13CH3'80H (lo%), was purchased from Amersham, U.K. 
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Abstract: The [C2H40]'+ isomer of structure [CH30CH]:+ has been shown to be unambiguously generated by C 0 2  loss from 
ionized methyl glyoxylate. AH,' for this new ion was measured to be 224 f 1 kcal mol-I. The [C2H40]'+ ion produced by 
the loss of CH20 from ionized 1,3-dioxolane and by the loss of HCOOH from ionized methoxymethyl formate was proposed 
to have the structure [CH20CH2]*+, AHf' = 206 f 2 kcal mol-'. Ionized oxirane in either its 2Bl or 2A, state was proposed 
to be generated by loss of C 0 2  from ionized ethylene carbonate at a threshold energy corresponding to a AH,' = 235 f 1 
kcal mol-l. The structure assignments were aided by observations of collisional activation and metastable ion mass spectra. 
The common fragmentations of [CH20CH2]'+ and [oxirane]" ions, loss of CH,' and H', take place at similar high internal 
energies, leading to large kinetic energy releases in the metastable ion decompositions. Interpretations of the observations 
were in keeping with recent high-level ab initio molecular orbital theory calculations, but detailed mechanisms could not be 
established. 

In recent years, advances in ab initio molecular orbital theory 
calculations and developments in experimental techniques for 
assigning structures to gas-phase ions have resulted in the suc- 
cessful, close collaboration of these methods. The role of ex- 
periment has been reviewed,' and theory* is well represented by 
the many contributions of Radom and his co-workers. 

In an early ab initio paper,3 the [C2H40]'+ system was de- 
scribed, and it was calculated that no fewer than l l isomers exist 
in potential wells; these are shown in Scheme I. At that time 
(1975), only 1,2, and 4 had been studied by experiment, but the 
calculations showed that isomers 3 and 5-9 lay in sizable potential 
wells and so were reasonable prospects for experimental identi- 
fication. 

The present situation can be summarized as follows. The 
keto-enol pair 1 and 2 have been thoroughly investigated; their 
enthalpy of formation,4a AHf', and dissociation characteristics 
(metastable ion (MI)  fragmentation^^^ and collision-induced 
decomp~si t ions~~) are well established. The ionized hydroxy- 
carbene 3 not only plays an important role in the major dissociation 
of the enol 2, but has also been independently generated and 
characterized. For this isomer too, theory3sSa and experimentSb 
are in excellent agreement. 

+University of Ottawa. 
*University of Utrecht. 
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For ionized oxirane 4, AHf' (23 1 kcal mol-' 6, and its MI4b and 
collisional activation (CA) mass spectra" have been reported. Its 

(1) Holmes, J. L. Org. Mass Spectrom. 1985, 20, 169. 
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