
3776 /. Am. Chem. Soc. 1992, 114, 3776-3783 
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Abstract: The unimolecular chemistry of solitary methyl formate cation radical (1) has been studied by a combination of 
ab initio molecular orbital calculations executed at the MP3/6-31G**//6-31G*+ZPVE level of theory and mass spectrometry 
based experiments. The minimal energy requirement path corresponds to the loss of CO to produce CH3OH*+ via a remarkably 
atom-specific process. The calculations indicate that the reaction proceeds via the hydrogen-bridged complex CH3OH-C=O1+ 

(5). The lowest energy pathway for the formation of 5 has been calculated to occur via a methoxy shift and simultaneous 
H transfer to the migrating moiety. The minimum rate for the loss of CO from 5 is small, and an intense metastable peak 
is produced. At slightly higher internal energies another process becomes energetically feasible: The dissociation to CH2OH+ 

+ HCO', which too is a remarkably atom-specific reaction. Our calculations indicate that this dissociation follows a multistep 
path. First 1 rearranges via a hydrogen 1,4-shift to the distonic ion HC(OH)OCH2'"

1", 2, which in turn isomerizes to the 
hydrogen-bridged complex HC=O-H-O=CH2'"

1", 6. The rate-determining step for this sequence, 2 -* 6, is calculated to 
lie 4.4 kcal/mol above the dissociation limit. According to 180-labeling experiments, the oxygen atoms retain their positional 
integrity, and so ions 6 do not undergo a degenerate isomerization via a hydrogen 1,5-shift. At still higher energies (those 
corresponding to the 70-eV electron impact mass spectrum) another process leads to CH2OH+ ions, namely, the consecutive 
fragmentation HC(O)OCH3*"1" —• CO + CH3OH,+ — CH2OH + H*. Contrary to earlier suggestions, methoxy ions, CH3O

+, 
are not produced from methyl formate ions. The sequence 1 -* 2 -*• 6 -• CH2OH+ + HCO* is mechanistically related to 
that of the higher homologue; i.e., ionized methyl acetate, CH3C(O)OCH3"

1", which inter alia prior to dissociation to 
•CH2OH/CH3C=0+ isomerizes to CH3C=O-H-O=CH2*+. 

Introduction 
The unimolecular chemistry of gas-phase methyl formate cation 

radicals, HC(O)OCH3'"
1", is very intriguing for a number of 

reasons.1 The methyl formate cation radical is a textbook ex
ample2* of a dissociating species where isotopic labeling can lead 
to totally unexpected results.26 The major dissociation is the loss 
of HCO*, leading to the base peak in the 70-eV electron impact 
mass spectrum at m/z 31, and the process could, very reasonably, 
be viewed as a simple bond-breaking reaction as depicted in eq 
1. 

o ,+ 

M , a-cleavage 

H - ^ J ^ 0 - C H 3 # • HCO* + +OCH3 (1) 

0 , + 

Il 
D ^ C y C 0 ^ C H 2 - ^ - — - H* + CO + DOCH2 (2) 

H 

However, it was established 30 years ago, by the now time-
honored technique of isotopic labeling, that the reaction is not 
due to one simple bond fission, because the corresponding peak 
for DC(O)OCH3 is clearly shifted to m/z 32, [H2,D,C.O]+, and 
the mechanism in eq 2 was proposed. Thus, the daughter ion 
cannot be CH3O

+, but rather corresponds to O-protonated 
formaldehyde, CH2OH+.26 This parallels observations being 
recently made for decomposing metastable methyl acetate ions, 
H3CC(O)OCH3"

1", as far as the competition of direct bond 
cleavage versus extensive rearrangements prior to subsequent 
fragmentation is concerned.2c 
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In a recent paper on the mechanism of CH3CO+ formation from 
ionized methyl acetate, we reported on the importance of the 
hydrogen-bridged intermediate [H3CCO-HOCH2] *

+ as the direct 
precursor for HOCH2' loss. By means of ab initio MO calcu
lations it was shown that this species could easily be generated 
below the threshold of the competing a-cleavage process, giving 
rise to the formation of CH3CO+ by the loss of the isomeric 
HOCH2' radical (eq 3). 

o'* 
a-cleavage || r\ 

CH3CO + 'OCH3 ^ C . - " * 
H3C^ ^OCH 3 

[H3CCO-HOCH2]'* — » CH3CO+ + HOCH2* (3) 

The remarkable thermochemical stability of the H-bridged 
complex, being 0.5 kcal/mol more stable than ionized methyl 
acetate and being stabilized toward decomposition by 14.7 
kcal/mol (MP2/6-31G*//3-21G+ZPVE), inspired us to inves
tigate the importance of the corresponding process and the stability 
of the H-bridged complex, in particular, for the unimolecular 
chemistry of ionized methyl formate as the lower homologue of 
methyl acetate. Concerning the [H31C1O]+ cation, it has become 
evident from recent theoretical and experimental studies3 that 
singlet CH3O

+ is a transient species (which spontaneously dis
sociates into HCO+ + H2) lying 91,3a 78 ± 5,36 or 76 ± 6 
kcal/mol3c above O-protonated formaldehyde, HOCH2

+ (A# r 
[HOCH2

+] = 169 kcal/mol).4 In contrast, the triplet of CH3O
+ 

(1) Nishimura, T.; Zha, Q.; Meisels, G. G. J. Chem. Phys. 1987,87,4589. 
(2) a) Budzikiewicz, H.; Djerassi, C; Williams, D. H. Mass Spectrometry 

of Organic Compounds; Holden-Day Inc.: London, 1967. b) Van Raalte, D.; 
Harrison, A. G. Can. J. Chem. 1963, 41, 2054. c) Heinrich, N.; Schmidt, J.; 
Schwarz, H.; Apeloig, Y. / . Am. Chem. Soc. 1987, 109, 1317. 

(3) a) Bouma, W. J.; Nobes, R. H.; Radom, L. Org. Mass Spectrom. 1982, 
17, 315. b) Burgers, P. C; Holmes, J. L. Org. Mass Spectrom. 1984, 9, 452. 
c) Ferguson, E. E.; Roncin, J.; Bonazolla, L. Int. J. Mass Spectrom. Ion 
Processes 1987, 79, 215. 
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Table I. Absolute and Relative Energies As Obtained for Different Basis Sets 
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1 
2a 
2b 
3 
4 
5 
6 
7 
TS 1/2 
TS 2/3 
TS 3/4 
TS 1/5 
TS 1/3 
TS 2/6 

6-31G*// 
6-31G* 

-227.456452 
-227.458 233 
-227.462423 
-227.418 858 
-227.447 389 
-227.442574 
-227.438 336 
-227.418070 
-227.396 580 
-227.358193 
-227.408 727 
-227.417 819 
-227.342 528 
-227.403 259 

•Erel. 
kcal/ 
mol 
0.0 

-1.1 
-3.8 
23.6 

5.7 
8.7 

11.4 
24.1 
37.6 
61.8 
30.0 
24.3 
71.6 
33.4 

MP2/6-31G**// 
6-31G* 

-228.034076 
-228.057 733 
-228.061 660 
-228.028 416 
-228.051520 
-228.028449 
-228.041 786 
-228.032398 
-228.014 519 
-227.981071 
-228.017 983 
-228.002474 
-227.971 107 
-228.000539 

kcal/ 
mol 

0.0 
-14.9 
-17.3 

3.6 
-11.0 

3.5 
-4.9 

1.1 
12.3 
33.3 
10.1 
19.9 
39.6 
21.1 

MP3/6-31G*V/ 
6-31G* 

-228.058 739 
-228.075 057 
-228.079131 
-228.041 567 
-228.066485 
-228.050032 
-228.055 993 
-228.044284 
-228.029854 
-227.990 595 
-228.029177 
-228.021660 
-227.981 178 
-228.016452 

En], 
kcal/ 
mol 

0.0 
-10.3 
-12.8 

10.8 
-4.9 

5.5 
1.7 
9.1 

18.2 
42.8 
18.6 
23.3 
48.8 
26.6 

ZPVE, 
kcal/ 
mol 

36.8 
36.4 
36.1 
34.8 
34.1 
33.7 
34.1 
32.0 
34.1 
32.3 
33.2 
33.3 
32.4 
33.7 

E,t\, 
kcal/mol 

(MP2/6-31G**// 
6-31G*+ZPVE) 

0.0 
-15.3 
-18.0 

1.6 
-13.7 

0.4 
-7.6 
-3.7 

9.6 
28.8 

5.5 
15.4 
35.2 
18.0 

£rel, 
kcal/mol 

(MP3/6-31G**// 
6-31G*+ZPVE) 

0.0 
-10.7 
-13.5 

8.8 
-7.6 

2.4 
-1.0 

4.3 
15.5 
38.3 
14.2 
18.8 
44.4 
23.5 

has been generated in small yields by collision-induced two-electron 
detachment from CH30~,3b but its generation by dissociation of 
positive ions has, as far as we are aware, never been proven.5 We 
will demonstrate in this work, inter alia, that the [H31C1O]+ ions 
generated from ionized methyl formate are indeed CH2OH+, 
which are formed, in part, directly from the molecular ion. 

Another important peak in the mass spectrum of methyl formate 
is mjz 32, [H4,C,0]*+, formed by loss of CO. This reaction is 
the sole process occurring in the microsecond metastable time 
window, and this indicates that the minimum rate constant for 
this reaction is quite small.1 This, despite the fact that the phase 
space of the dissociating ion and the activation energy of the 
process (ca. 0.4 eV) are very small. Thus, RRKM/QET does not 
predict properly the metastable behavior for I.1 These and other 
problems associated with the dissociation of ionized methyl formate 
have most recently been addressed and discussed in detail by 
Ntshimura et al.1 who concluded that the RRKM/QET calculated 
rates were a factor of 104 higher than the observed one. These 
researchers suggest that this large discrepancy may be the result 
of nonstatistical behavior and/or a fragmentation mechanism 
involving an isomerization process. Indeed, one can be confident 
that, in order to lose CO, ionized methyl formate must undergo 
a rearrangement of some sort. Consistent with all available la
beling data is a hydrogen 1,2-shift, followed by CO loss, and this 
is the view that has prevailed until now. Invariably, however, such 
hydrogen 1,2-shifts are frequently associated with large energy 
requirements,6'7 much larger than 0.4 eV, the measured activation 
energy for decarbonylation of V+. Rather, it appears from the 
recent literature that several other mechanisms may be operative 
which can slow down a unimolecular process sufficiently for it 
to produce an intense metastable peak.5 These are (i) fragmen
tation involving ion/dipole complexes;8 (ii) dissociation by tun
neling through a barrier;9 (iii) reactions involving nonadiabatic 
processes;10 and (iv) spin-controlled decompositions.311 Baer et 
al.8 argue that an intermediate ion/dipole complex (item i) can 
slow down a reaction, not necessarily by virtue of the complex's 
favorable heat of formation, but more appropriately by its ability 
to accommodate a large number of densities of states due to its 
extreme anharmonic potential well. 

The present paper summarizes the results of a combined study, 
where various mass spectrometric techniques and extensive labeling 
experiments as well as high-level ab initio MO calculations have 

(5) Burgers, P. C; Terlouw, J. K. In Specialist Periodical Reports: Mass 
Spectrometry; Rose, M. E., Ed.; The Royal Society of Chemistry: London, 
1989; Chapter 2. 

(6) Yates, B. F.; Radom, L. J. Am. Chem. Soc. 1987, 109, 2910. 
(7) Yates, B. F.; Bouma, W. J.; Radom, L. J. Am. Chem. Soc. 1987, 109, 

2250. 
(8) Shao, J.-D.; Baer, T.; Morrow, J. C; Fraser-Monteiro, M. L. J. Chem. 

Phys. 1987, 87, 5242. 
(9) Heinrich, N.; Louage, F.; Lifshitz, C; Schwarz, H. J. Am. Chem. Soc. 

1988, 110, 8183. 
(10) Leyh-Nihant, B.; Lorquet, J. C. / . Chem. Phys. 1988, 88, 5606. 

been used to elucidate the unimolecular fragmentation mechanism 
of HC(0)OCH3

,+, aimed at resolving the existing discrepancies. 
The results are compared with those obtained for the higher 
homologue, i.e., ionized methyl acetate. As will be shown below, 
the two systems are comparable, indeed, with respect to the en
ergetics and electronic structures of intermediates being involved 
in the rearrangement steps although the fragmentation finally leads 
to a different charge and spin distribution in the HOCH2 species 
being generated, respectively. 

ROCH3 

R . CH3CO , + 

I - 2 — - 'H2COH + CH3CO 

r -i w 
R-HCO 

* • +H2COH + HCO* 

Experimental Section 
All experiments were performed on the VG Instruments ZAB-2F mass 

spectrometer at the University of Utrecht, on the VG Instruments 
ZAB-HF-3F mass spectrometer at the Technical University Berlin, and 
on the McMaster VG Instruments ZAB-R instrument as described in 
detail elsewhere.'' Helium was used as the collision gas in order to make 
comparisons possible with previous results. Details of the experiments 
are given in the appropriate sections below. The labeled compounds were 
synthesized and purified by standard laboratory procedures and their 
purities checked by GC/MS. 

Computational Details 
Ab initio MO calculations were carried out using the GAUSSIAN 82 

series of programs.'2 For geometry optimization, a split valence 6-31G* 
basis set13 was used. All stationary points were characterized to corre
spond either to local minima or to transition structures by calculating the 
Hessian matrix and checking for the number of negative eigenvalues. 
From the analytical force constants, the vibrational frequencies were 
obtained; zero-point vibrational energies (ZPVE) were scaled by 0.89 to 
correct for the overestimation at the Hartree-Fock level.14 All open-shell 
species were treated within the unrestricted Hartree-Fock (UHF) for
malism.15 To account for valence electron correlation effects, Moller-
Plesset perturbation theory16 (terminated at third order) was applied on 
the basis of a 6-31G** wave function.13 Thus, unless otherwise stated, 
the level of theory used for energy comparison corresponds to MP3/6-
31G**//6-31G*+ZPVE. 

(11) a) Van Baar, B. L. M.; Burgers, P. C; Holmes, J. L.; Terlouw, J. K. 
Org. Mass Spectrom. 1988, 23, 355. b) Terlouw, J. K.; Weiske, T.; Schwarz, 
H.; Holmes, J. L. Org. Mass Spectrom. 1986, 21, 665. c) Bateman, R. H.; 
Burgers, P. C; Terlouw, J. K. Manuscript in preparation. 

(12) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K.; 
Whiteside, R. A.; Schlegel, H. B.; Auder, E. M.; Pople, J. A. Carnegie-Mellon 
University, Pittsburgh, PA, 1984. 

(13) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 
102, 939. 

(14) Pople, J. A.; Schlegel, H. B.; Krishnan, R.; DeFrees, D. J.; Binkley, 
J. S.; Frisch, M. J.; Whiteside, R. A.; Hout, R. F.; Hehre, W. J. Int. J. 
Quantum Chem., Symp. 1981, /J , 269. 

(15) Pople, J. A.; Nesbet, R. K. J. Chem. Phys. 1954, 22, 571. 
(16) a) Mailer, C; Plesset, M. S. Phys. Rev. 1934, 46, 818. b) Pople, J. 

A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Int. J. Quantum Chem., 
Symp. 1979, 13, 325. 
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Chart I. Calculated Geometries of Structures Relevant to Scheme I: Bond Length (A), Bond Angle (deg) 

Charge density Spin density 

C1 +0.70 

,20.4 % N o A - ^ - C , H 3 ?< • » • « 

\JV 
, , 1074 r ^ / , 
H, ^ , , , 

M. 

- C ^ 

(Cs) 

«,5 X , , 

122.7 / * • 

H, 
2Ii 

135.0 n ' 

I in™ r^y 

' V S 124 2 

" ' H6 5 ; 

H. 
1 

(C1) 

(C1) 

" ! + • 
vjoJ-O. 

0 vjg^G.' 

m / - ' ~ " 6 ' 6 

$7 
-/ A 

(C1) 

51 

Charge density Spin density 

H1 +0.30 C j 1.28 

C1 +0.70 

C j -0.01 

0 1 -0.4S 

0 2 -0.45 

Hj +0.23 

<) H J C J O J C I 84.9 

Charge density Spin density 

H, +0.27 C j 1.29 

C1 +0.72 

C j +0.05 

O1 -0.45 

O j -0.47 

H2 +0.20 

<) H J C J O J C I 29.1 

<) H3C2OjC1 178.7 

Charge density Spin density 

H1 +0.27 C j 1.29 

C1 +0.64 

C j +0.06 

0 1 -0.32 

0 2 -0.59 

H2 +0.24 

H, +0.45 

<) H4C2O2C, 213.9 

<) H2O2CjC1 186.9 

Charge density Spin density 

H1 +0.46 C j 1.29 

C1 +0.31 

C2 +0.05 

O1 -0.21 

O2 -0.52 

H j +0.46 

<) C2O2C1H1 239.8 

<) H3C2O2C1 326.0 

<) H1C2OjC1 184.2 

<) H J O J C J C 1 221.6 

\9ft-CC 
v jSO. 

\se-w 

*p-< 
H 

Charge density 

H, +0.47 
C1 +0.31 
C j -0.14 
O, -0.21 
O j -0.17 

Spin density 

O j 1.13 

Charge density 

H1 +0.22 
C1 +0.34 
C j +0.31 
01 -0.50 
0 2 -0.38 
H2 +0.49 

Spin density 

C2 1.02 

1.0 0 } V430 V 

T « 1 / i 

T& SIB 

0 9 5 « . A _ ^ 127 

Ta a/!i 

Charge density 

O1 -0.69 

C j -0.23 

H1 +0.30 

H4 +0.29 

H5 +0.29 

C1 +0.75 

O2 -0 28 

<) H1O1CjH3 

<) C1O1CjHj 

<) O2C1O1C2 

Charge density 

H1 +0.31 
C1 +0.71 
C3 -0.07 
O, -0.38 
O2 -0.45 
H2 +0.33 
H3 +0.27 

•39.2 

Spin density 

O1 0.34 

C7 1.19 

I 

158.0 

-9 2 

Spin density 

Cs 0.71 
O, 0.74 

Charge density 

H1 +0 29 

C, +061 

C j -0.05 

0 , -0.31 

O2 -0.52 

H j +0.44 

<) H3O2C2C1 

Spin densii 

O2 0 58 

C2 0.92 

255.4 

Charge density 

H1 +0.45 

C1 +0.63 

C j -0.07 

O1 -0.11 

O2 -0.42 

<) O2C1O1H1 

Spin density 

O2 1.10 

200.0 

H1 +0.30 

C1 +0.69 

C2 -0.07 

O1 -0.46 

O j -0.62 

Hj +0.55 

H3 +0.23 

H4 +0.24 

<) H2O1C1 77.4 

<) H3CjOjC1 60.4 

<} H4CjOjC1 208.2 

<) H2O2C1H1 180.2 

H1 +0.29 I 

C, +0.52 

C2 +0.28 

O, -0.32 

O2 -0.35 

Hj +0.47 

<) O2C2H1O1 245.9 

<) C2O2C1H1 -32.6 

<) H3C2O2C1 110 

<] H4CjOjC1 190 9 

H1 +0.44 I 

C1 +0.63 

C3 +0.03 

0 1 -0.12 

0 2 -0 69 

Hj +0.39 

H3 +0.15 

H4 +0.17 

<} C2OjC1H1 265 6 

<) H3O2C2C1 168.9 

Spin density 

C j 1.29 

Results and Discussion 
Theoretical Part. The optimized geometries of the seven 

minimum structures and the corresponding transition structures 
which are relevant for a discussion of the unimolecular decom
position of ionized methyl formate are shown in Chart I. The 

absolute and relative energies as obtained for the different basis 
sets are given in Table I. 

Structure 1 corresponds to the methyl formate ion and has been 
taken as the energetic reference point (see Scheme I). The 
distonic ion17 2b is predicted to be 13.5 kcal/mol more stable than 

file:///9ft-CC
file:///se-w
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Scheme I. Calculated Hypersurface for Rearrangement and Dissociation Reactions of Ionized Methyl Formate 
(MP3/6-31G**//6-31G*+ZPVE) (Energies are give in kcal/mol) 

TS 1/2 
HCO +OCH3 

39.9 

CH3OH +CO 

CH2OH +HCO 

CH2OH +HCO 

CH3OH ' +CO 

CH2OH2
+- +CO 

1. The spin density maximum resides on C2, whereas most of the 
positive charge is located on C1. The two rotamers 2a and 2b, 
the former being 2.8 kcal/mol less stable than the latter, may freely 
communicate well below any threshold for further isomerization.18 

In the present context, however, 2a has to be interpreted as the 
directly resultant structure of a H 1,4-shift from 1, whereas 2b 
acts as the starting conformation for isomerizations to species 3 
and 6, respectively, as will be detailed below. The two isomers 
1 and 2b are separated by a low-energy barrier of 15.5 kcal/mol 
(TS (transition state) 1/2) corresponding to a 1,4-shift from the 
methyl group in 1 to the carbonyl oxygen. 

The distonic ion 3 turns out to be 8.8 kcal/mol less stable than 
1. The spin density maximum still resides on C2 as in 2, but the 
bond distances are quite different from those calculated for species 
2. 3 shows a very short C)-O1 distance of 1.141 A. For com
parison, the C-O double bond distance in ionized methyl formate 
is 1.270 A. The C-O distance connecting the HCO and HOCH2 

moieties is 1.495 A and may already give an indication for a weak 
bonding. If this distance is elongated stepwise, rearrangement 
takes place rather than dissociation into the components HCO+ 

and HOCH2". The dipolar HOCH2* radical is found to migrate 
along the positively charged rod of the formyl cation, and a 
transition structure (TS 3/4) could be isolated, lying 5.4 kcal/mol 
above structure 3 which connects the distonic ion with the hy
drogen-bridged complex 4 between distonic CH2OH2"

1" and CO. 
Beyond TS 3/4, the formyl hydrogen is simultaneously shifted 

toward the migrating HOCH2 moiety, reflecting the latter's higher 
proton affinity as compared to CO as indicated by eq (5). 

as a well-suited precursor for CO loss; this dissociation channel 
corresponds to the energetically most favored one. We also note 
the remarkable stability of 4, being 7.6 kcal/mol more stable than 
ionized methyl formate, 1, and being 11.6 kcal/mol stabilized 
toward dissociation into its components! The distonic ion 3 which 
might dissociate to the ylide ion CH2OH2** via 4 can be thought 
to be generated either directly from 1 via TS 1/3 by a H 1,2-shift 
or as a result of a two-step mechanism of consecutive H and 1,4-
and H 1,3-shifts (TS 1/2 and TS 2/3, respectively) via inter
mediate 2. According to Scheme I, the two-step mechanism is 
energetically more favorable. The rate-determining TS 2/3 is 
6.1 kcal/mol lower in energy than TS 1/3 corresponding to the 
direct interconversion. Thus, the hypothetical formation of distonic 
CH2OH2*+ ] 
vation energy of 38.3 kcal/mol. 

What is the fate of the distonic ion 2? In the case of ionized 
methyl acetate, the corresponding species [H3CC(OH)OCH2] *+ 

was postulated to serve as the precursor for the electrostatically 
bound complex [CH3CO-HOCH2] *+ which gave rise to the 
formation of CH3CO+ and HOCH2*. The energetic demands for 
the same reaction sequence in ionized methyl formate are quite 
similar. Elongation of the C-(OCH2) bond is followed by a 
migration of the almost uncharged OCH2 moiety within the 
electrostatic field of the remaining HCOH*+ moiety to form the 
hydrogen-bridged complex 6. At a late point on this reaction 
coordinate beyond the transition structure TS 2/6 a H transfer 
takes place, reflecting the differences in the proton affinities of 
either subunits as indicated by eq 6. 

i 2 wo 2 from ionized methyl formate would require an acti-

HCO* + 'HOCH2 

AH/ 194.0" -6 .2 2 0 

CO + CH2OH2*
 + HCOH4 + *OCH, 

- 2 7 . 2 ' -195.0'' (5) A//,= 235.0'- - 2 7 . 1 ' 

HCO* + CH2OH* 

168.0' (6) 

&HR
a -31.8 kcal/mol AtfR"p = -20.0 kcal/mol AWR""0 = -24.1 kcal/mol Atf R"p = -32.1 kcal/mol 

The dissociation of 3 into HCO+ and HOCH2* is thermo-
chemically less favored than the formation of HCO* + HOCH2

+. 
However, the latter process even if it would occur without a barrier 
cannot compete with the rearrangement to 4. Structure 4 serves 

(17) Yates, B. F.; Bouma, W. J.; Radom, L. /. Am. Chem. Soc. 1984,106, 
5805. 

(18) Smith, B. J.; Nguyen, M. T.; Radom, L. /. Am. Chem. Soc. 1992, 
114, 1151. 

The resulting complex 6 being 1.0 kcal/mol more stable than 
1 dissociates into its components on a continuously endothermic 
path. Again, the stabilization of 6 toward decomposition of 20.1 
kcal/mol is remarkably high. Note, that the spin and charge 
distribution in 6 already reflects the energetically favored de
composition products. This is in contrast to the corresponding 
structure on the methyl acetate ion surface where charge and spin 
redistribution has to occur during dissociation to generate the 
energetically favored products CH3CO+ + CH2OH* (see Scheme 
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Scheme II. Comparison of the Heats of Formation (kcal/mol) of 
Some Dissociation Products As Derived from Methyl Acetate and 
Methyl Formate (for Details See Text) 

CH3CO' + H2COH + 

. 6 » 1682i» 163 

0-HOCH2* / 
HjCC 

HCO+ . HjCOH 

194" .6 220 , 8 7 ' 8 

" " " 12 167 (MP3«-31G"» 
HCO^+H2COH MIGVZPVE) 

O—HOCH2 / 
HC 

II). The effect of replacing the formyl hydrogen of 6 by a methyl 
group is not very pronounced with respect to charge and spin 
distribution. The different dissociation behavior results from the 
methyl group effect on the resultant fragments and their stability. 
This can simply be rationalized in terms of the ordering of the 
respective ionization energies, i.e., IEHC0. = 186.2 kcal/mol > 
IEcH2OH. " 178.2 kcal/mol > IECH3co. = 162-° kcal/mol, which 
were calculated using the following heats of formation: A//f°-
(HCO-) = 7.8,24 A#f°(HCO+) = 194.0,19 AiZf0 (CH2OH') = 
-6.2,20 AJff

0(CH2OH+) = 168.0,21b AZZf° (CH3CO") = -5.0,24, 
and A//f»(CH3CO+) = 157.0.25 

We now return to the discussion of the chemistry of 1. Common 
textbooks have it that ionized esters and carbonyl compounds tend 
to dissociate via a-cleavage processes. For metastable decomposing 
ions, however, this is not true in general as we have demonstrated 
in a series of previous studies.20'26 When the C-(OCH3) bond 
in ionized methyl formate is cleaved, well below the threshold for 
decomposition of 39.9 kcal/mol (given by the sum of the relative 
energies of HCO+ and OCH3'), a shift of the dipolar radical 
component 'OCH3 is predicted to occur. Followed by simultaneous 
hydrogen transfer, a complex 5 of "classical" CH3OH"1" and CO 
is formed. The corresponding transition structure TS 1/5 lies 18.8 
kcal/mol above 1. 5 is 2.4 kcal/mol less stable than 1 and 10.0 
kcal/mol less stable than the comparable complex 4 of distonic 
CH2OH2'

+ and CO. Thus, comparing the two species 4 and 5, 
the difference in stability of the two isolated [C,H4,0]*+ ions of 
11.5 kcal/mol (see discussion below) in favor of the distonic ion 
is almost retained upon complexation. 5 subsequently decomposes 
without reverse activation energy. 

A further distonic ion [OCO(H)CH3]
,+, 7, has been found 

being 4.3 kcal/mol above 1. Ion 7 might rearrange into 5 upon 
C-O bond cleavage. However, its formation can be thought to 
occur either via a H 1,2-shift from 1 or via a H 1,3-shift from 
3. Both rearrangements are expected to proceed via relatively 
high-lying transition structures. Therefore, it seems most unlikely 
that these interconversions are capable to compete with the low-
energy processes involving TS 1/5 or TS 3/4, respectively; con-

(19) McMahon, T. B.; Kebarle, P. J. Chem. Phys. 1985, 83, 3919. 
(20) McMillan, D. F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982, 33, 

493. 
(21) a) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T. J. 

Phys. Chem. Ref. Data 1977, 6 (Suppl. 1). b) Dyke, J. M.; Ellis, A. R.; 
Jonathan, N.; Keddar, N.; Morris, A. Chem. Phys. Lett. 1984, Ul, 207. 

(22) Holmes, J. L.; Lossing, F. P.; Terlouw, J. K.; Burgers, P. C. J. Am. 
Chem. Soc. 1982, ;04, 2931. 

(23) Bouma, W. J.; Burgers, P. C; Holmes, J. L.; Radom, L. J. Am. 
Chem. Soc. 1986, 108, 1767. 

(24) Holmes, J. L.; Lossing, F. P. Int. J. Mass Spectrom. Ion Processes 
1984,5«, 113. 

(25) Traeger, J. L.; McLoughlin, R. G.; Nicholson, A. J. C. / . Am. Chem. 
Soc. 1982, 104, 5318. 

(26) a) Heinrich, N.; Schwarz, H. Int. J. Mass Spectrom. Ion Processes 
1987, 79, 295. b) Heinrich, N. In Structure/Reactivity and Thermochemistry 
of Ions; Ausloos, P., Lias, S. G., Eds.; D. Reidel: 1986; Holland; p 271. c) 
Drewello, T.; Heinrich, N.; Maas, W. P. M.; Nibbering, N. N. M.; Weiske, 
T.; Schwarz, H. J. Am. Chem. Soc. 1987, 109, 4810. 

sequently, the transition structures associated with the formation 
of 7 were not considered further. 

Comparing MP3/6-31G**//6-31G*+ZPVE and MP2/6-
31G*»//6-31G*+ZPVE results (Table I), it turns out that both 
levels of theory lead to the same qualitative interpretation; the 
ordering of the respective transition structures is not affected. 

According to the results presented above, low-energy methyl 
formate ions are predicted to preferentially decompose to 
CH3OH'+ upon decarbonylation. Below the rate-determining 
barrier of this process, the two species 1 and 2 may nearly freely 
interconvert. This low-energy equilibrium, however, cannot be 
proven by labeling experiments as no positional exchanges with 
other hydrogens occur. On the basis of the theoretical predictions, 
a difference in the appearance energies should be detectable for 
CH3OH'+ formation if 1 or 2 is specifically generated: starting 
from 2, a higher activation energy for the CH3OH'+ formation 
is required, reflecting the stability difference of 1 and 2. 

From a structural point of view, the case of decomposing methyl 
formate ions is a further striking example for ion/dipole formation 
prior to unimolecular decomposition of ions in the gas phase. With 
the exception of TS 1/2 for the H 1,4-shift, all transition structures 
which separate conventional covalently bound ion/dipole com
plexes are lower in energy than those connecting the covalent 
species. The dissociation behavior is highly influenced by the 
relative proton affinities of the components interacting in the 
complexes. This might be seen as a special behavior of cation 
radicals as charged and open-shell electron-deficient species: 
charge as a prerequisite for strong electrostatic interactions, and 
open-shell electron deficiency as a prerequisite for a weakened 
covalent bonding situation. Whereas in neutral closed-shell species 
covalency is the driving force in bonding and in closed-shell di-
cations, electrostatic interaction (charge alternation) becomes the 
dominant factor in binding and reactivity.27 The chemistry of 
charged open-shell species benefits from both features. 

Summarizing the results the following conclusions can be drawn. 
(1) Metastable methyl formate ions are predicted to dissociate 

to CH3OH"+ + CO in an atom-specific process. This involves 
an OCH3* shift by a simultaneous H transfer to form the H-
bridged complex [CH3OH'+—CO], 5, which subsequently de
composes into its components. The formation of the thermo-
chemically more stable distonic ion CH2OH2'"

1" is calculated to 
have a much higher energy requirement. The rate-determining 
step for the latter reactions involves TS 2/3 which is 19.5 kcal/mol 
above TS 1/5. 

(2) For the reaction sequence 1 — 2 — 6 — CH2OH+ + HCO', 
a slightly higher energy requirement is predicted. The rate-de
termining step corresponds to the interconversion 2 -*• 6, the 
respective transition structure TS 2/6 lying 23.5 kcal/mol above 
1. This process is predicted to be highly atom specific in that only 
the original atoms of the methoxy group will appear in the hydroxy 
methyl cation. 

Experimental Part. We will discuss results obtained for the 
following processes: (i) the slow (average rate constant 5 X 104 

s"1)28 spontaneous reactions of ionized methyl formate as monitored 
by mass-analyzed ion kinetic energy spectroscopy; (ii) the colli
sion-induced reactions of long-lived ions (CA spectroscopy29); and 
(iii) the fast reactions (rate constant greater than 106 s"1) induced 
by electron impact (the ordinary mass spectrum). The above order 
reflects that of the internal energy content of the methyl formate 
ions. 

Slow Reactions of Ionized Methyl Formate. The MI spectrum 
of ionized methyl formate is dominated by a peak at m/z 32, 
corresponding to loss of 28 amu. The MI spectrum of naturally 
13C-labeled m/z 61, which contains one 13C atom in either possible 
position, shows two peaks at m/z 32 and m/z 33 of equal intensity 
and so the neutral lost from the unlabeled ion is CO, not C2H4, 

(27) a) Koch, W.; Frenking, G.; Gauss, J.; Cremer, D. J. Am. Chem. Soc. 
1986,108, 5808. b) Lammertsma, K.; Schleyer, P. v. R.; Schwarz, H. Angew. 
Chem., Int. Ed. Engl. 1989, 28, 1321. 

(28) Burgers, P. C; Holmes, J. L. Int. J. Mass Spectrom. Ion Processes 
1984,5«, 15. 

(29) Levsen, K.; Schwarz, H. Mass Spectrom. Rev. 1983, 2, 77. 
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confirming results from earlier specific labeling experiments.2b 

Hence, the daughter ions generated from metastable parent ions 
have the elemental composition [H41C1O]. Theory and experiment 
have clearly established that there exist two distinguishable 
[H41C1O]'+ ions, namely, the conventional form CH3OH"+ and 
the ylide-ion CH2OH2"

+. The latter is thermochemically the more 
stable isomer by 11 kcal/mol (theory)30 or 7 kcal/mol (experi
ment).22 These two isomers can be readily distinguished by their 
characteristic CA mass spectra. It was observed22,31 that the 
[H4,C,0],+ ions generated from metastable HCO2CH3-

1- (1) were 
CH3OH"+ to the exclusion of CH20H2'+ in agreement with our 
calculations. The appearance energy (AE) of this process, AE 
= 11.28 eV,31 leads to a heat of formation (A/ff°) for the daughter 
ion of 201.5 kcal/mol which corresponds to that of CH3OH"+. 
Thus, the CH3OH"+ ions are produced at threshold, as concluded 
previously.1 From the threshold photoelectron-photoion coinci
dence (TPEPICO) study of Nishimura et al.,1 it is clear that at 
rate constants of 5 X 104 s"1 the reaction takes place very close 
to threshold; we estimate an excess energy of smaller than 0.2 eV. 
From the average kinetic energy release <7> = 0.04 eV associated 
with the reaction 1 - • CH3OH"+ + CO, it follows that a significant 
part (20%) of the excess energy appears in the translational modes; 
this is consistent with previous theoretical considerations32 and 
experimental findings,33 which show that for reactions taking place 
close to threshold the fraction of energy released as translational 
energy can be quite large (ca. 20%). 

To elucidate the mechanism of CO loss, several specifically 
labeled compounds were investigated. For metastable ions we 
observed the following: (i) H13C(O)OCH3 exclusively loses 13CO; 
(ii) HC(O)18OCH3 specifically loses C16O; (iii) DC(O)OCH3 
produces CH3OD*+ to the exclusion of CH2DOH,+. Hence, the 
following change in atom connectivity is established (eq 7). 

* H ' 
I 'OCH5 

*HOCH3* *c=*o (7) 

This scheme is consistent with a picture drawn previously2b that 
the reaction involves transfer of the formyl hydrogen to the 
methoxy oxygen. The above D-labeling experiment also shows 
that prior to dissociation there are no H/D exchange reactions 
in agreement with theory. From ab initio calculations, however, 
it is well known that the energy barrier for the hydrogen 1,2-shift 
is in general quite large indeed.6'7 As discussed above, there is 
a low-energy path for the loss of CO: stretching of the C-O(CH3) 
bond does not immediately result in dissociation, but leads to a 
situation where the incipient formyl cation interacts electrostat
ically with the methoxy dipole. As the CO bond is stretched, 
simultaneous transfer of the "formyl hydrogen" to the "methoxy 
oxygen" occurs (see TS 1/5 in Scheme I and Chart I). Our 
calculations show that there should be a barrier (3.3 kcal/mol) 
for the reverse reaction, but TPEPICO experiments show that 
there is no such barrier. We propose that the hydrogen atom can 
tunnel through the barrier as is the case, e.g., in the loss of CH4 
from ionized acetone.9 In this respect we note that the TPEPICO 
experiments show that loss of CO from DC(0)OCH3

,+ is much 
slower (by a factor of 10) than the loss of CO from the unlabeled 
parent ion.1 

According to our calculations ionized methyl formate, 1, can 
also rearrange to the distonic isomer 2 below the energy required 
for dissociation (Scheme I). We attempted to generate 2 inde
pendently according to eq 8. 

H^CS? 

,C Ĵ CH2 

O-H 
H - C + CH3CH=CH2 (8) 

0 -CH 2 

(30) Bouma, W. J.; Nobes, R. H.; Radom, L. J. Am. Chem. Soc. 1982, 
104, 2929. 

(31) Burgers, P. C; Terlouw, J. K. Unpublished results. 
(32) Klots, C. E. J. Chem. Phys. 1973, 58, 5364. 
(33) Burgers, P. C; Holmes, J. L. Rapid Commun. Mass Spectrom. 1989, 

3, 279. 

14 

22 

60 

Figure 1. Collisional activation mass spectrum of HC(O)OCH3
1 

Figure 2. Collisional activation mass spectrum of H13C(O)OCH3*+. 
Collisional activation mass spectrum of CH3OH*+ is given in rear. 

m/z 60, [C21H41O2]+ is an intense peak in the mass spectrum 
of isobutyl formate, but it was not possible to assign the above 
structure to this ion since its CA mass spectrum was found to be 
closely similar to that of HC(O)OCH3"+. It was proposed by 
Nishimura et al.1 that the failure of RRKM/QET to predict the 
slow minimum rate may be the result of nonstatistical behavior 
and/or a fragmentation mechanism involving an isomerization 
into a thermochemically more stable form. Isomer 2 would appear 
a likely candidate. However, the calculated activation energy of 
1.4 eV for loss of CO from 2 is still too small to account for the 
slow rate.34 Rather, we explain the slow rate along the lines 
developed by Shao et al.,8 namely, in terms of the extremely 
anharmonic potential well associated with ion/dipole complexes 
(i.e., ion 5), which can accommodate a large number of states. 

Ions 2 could in principle rearrange to ionized hydroxymeth-
oxycarbene, HOCOCH3'+, 8. The latter ion has been generated 
in the gas phase and its AHf has been measured35 (AH{ = 157 
kcal/mol); for 1, AH ° amounts to 166 kcal/mol, so that 8 is, 
provided no significant barriers exist, in principle, accessible from 
1. However, its dissociation characteristics are totally different 
from those of ions 1 (and 2), in that ions 8 abundantly (and 
exclusively) lose 'CH3. Only for collisional activation of 1, isomer 
8 is involved as a transient species, as discussed below. 

Collision-Induced Dissociations. The CA mass spectrum of 
methyl formate is given in Figure 1. It can be seen that the 
low-energy process (formation of m/z 32) is still very abundant, 
but other intense signals are now found at m/z 31 [CH2OH]+, 
m/z 30 [H2,C,0]*+, and »1/2 29 [H,C,0]+. Minor peaks are 
observed at m/z 15 [CH3]+, m/z 14 [CH2]*+, m/z 45 (loss of 
'CH3), m/z 46 (loss of CH2), and surprisingly also m/z 42 (loss 
of H2O). The formation of m/z 29 is accompanied by a large 
kinetic energy release resulting in peak broadening. The intensity 
distribution in the region m/z 28-32 resembles that of ionized 
methanol itself, and so it appears attractive to rationalize (part 
of) the CA mass spectrum in terms of excited [CH3OH]'+ which 

(34) Baer, T. 31st Annual Conference on Mass Spectrometry and Allied 
Topics, May 8-13, 1983; p 673. 

(35) Terlouw, J. K.; Wezenberg, J.; Burgers, P. C; Holmes, J. L. J. Chem. 
Soc, Chem. Commun. 1983, 1121. 
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Table II. Calculated Energies (kcal/mol) of Intermediates for Formation of 
Acetate, Respectively 

ion 
HC(O)OCH3

1+ 

CH3C(O)OCH3
1+ 

1 
O 
O 

TS 1/2 
15.5 
11.2 

2 
-13.5 
-12.2 

TS 2/6 

23.5 
17.0 

+CH2OH and 

6 
-1 
-0.5 

'CH2OH from Ionized 

product 
19.1 
14.4 

Methyl Formate and Methyl 

level of theory 

MP3/6-31G**//6-31G*+ZPVE 
MP2/6-31G*//3-21G+ZPVE 

33 

31 
45 

^L. 

Figure 3. Collisional activation mass spectrum of DC(0)OCH3
, + . 

dissociates further by loss of H', followed by loss of H2. Indeed 
it has long been known36 that loss of H2 from CH2OH+ is 
characterized by a large kinetic energy release, and this would 
elegantly explain the broad peak at m/z 29. Following these lines 
of arguments, then H13C(O)OCH3 is predicted to produce 
CH3OH"+, and so no mass shifts are expected for the peaks at 
m/z 28-32. The CA mass spectrum of H13C(O)OCH3 is given 
in Figure 2. It can be seen that m/z 29 is partially shifted to 
m/z 30, H13C=O+. Thus, in agreement with earlier work37 we 
conclude that about 65% of HC=O+ ions formed from the un
labeled compound are generated directly from the molecular ion 
(giving rise to m/z 30) and 35% by loss of H2 from CH2OH+, 
thus generating m/z 29. Interestingly, the direct cleavage is 
accompanied by a large kinetic energy release as well, indicating 
that the collison-induced fission takes place well above the dis
sociation limit. If the contribution for the direct process (shaded 
signal) leading to H13CO+ + 'OCH3 is subtracted from the CA 
mass spectrum, then the resulting CA mass spectrum is closely 
similar to that of CH3OH'"1" (spectrum in rear of Figure 2). Now 
CH3OD'"1" ions, upon collisional activation, exclusively lose H* to 
produce CH2OD+; no loss of D* is observed. Hence, CH3OD'"1" 
ions generated by collisional activation of DC(0)OCH3'+ are 
expected to lose H* only. This is not what is observed experi
mentally. In Figure 3 the CA mass spectrum of DC(O)OCH3'"

1" 
is shown. As expected, m/z 29 is partially shifted to m/z 30, 
DCO+ (see above). However, there is also an intense peak at m/z 
31 which, see above, cannot have arisen by D* loss from m/z 33, 
CH3OD"1". Rather this signal must correspond to a fragmentation 
of the molecular ion, without the intermediacy of methanol ions. 
CA data clearly show that m/z 31 is CH2OH+, not CH3O

+ (see 
later). Similar observations are obtained for HC(O)OCD3"

1": in 
its CA mass spectrum m/z 34 is twice as intense as m/z 33, 
whereas CD3OH'"1" exclusively loses D' to form m/z 33, CD2OH+. 
Thus, we conclude that for unlabeled methyl formate most of the 
CH2OH+ ions are generated directly from the molecular ion by 
loss of HCO*. Our ab initio calculations provide a rational 
mechanism for this process (see Scheme I) in terms of the 
transformation 1 — 2 -* 6 — CH2OH+ + HCO'. 

Upon activation of ions 2 the incipient formaldehyde molecule 
migrates in the electrostatic field of the hydroxycarbene ions well 
below the energy of HCOH'+ + CH2=O (198 kcal/mol). The 
formaldehyde molecule drifts toward the hydroxyl group, thereby 
pulling the hydroxyl hydrogen toward itself to form the complex 
HCO—HOCH2'

+ which then decomposes via a continuously en-
dothermic process. We note that the spin and charge distribution 
in the complex already reflects decomposition products of lowest 

(36) See, e.g., Wijenberg, J. H. O. J.; Van Lenthe, J. H.; Ruttink, P. J. 
A.; Holmes, J. L.; Burgers, P. C. Int. J. Mass Spectrom. Ion Processes 1987, 
77, 141. 

(37) King, A. B.; Long, F. A. J. Chem. Phys. 1958, 29, 374. 

Figure 4. Collisional activation mass spectrum of HC(0)18OCH3
,+ . 

Inset: double-collision experiment (see text for discussion). 

energy, i.e., HCO'/CH2OH+. The ions at m/z 32 (see Figure 
3) could have been formed via a hydrogen "l,5"-shift in 6 leading 
to a degenerate isomerization followed by cleavage (eq 9). 

[DCO-HOCH2]'+ — [DHCOH-OCH]'+ — 
DHCOH+/HCO+ (9) 

If this is so, then the CA mass spectrum of specifically labeled 
HC(O) 18OCH3"

1" should contain an intense signal at m/z 31, 
CH2

16OH+ (see Figure 4). However, only a small peak is ob
served at m/z 31 (Figure 4), which according to a peak shape 
analysis corresponds to HC18O+, formed from H2C

18OH+, m/z 
33; hence, HC(0)18OCH3'+ specifically generates H2C

18OH+. 
Thus, ions 6 do not undergo a degenerate isomerization via a 
hydrogen "l,5"-shift, and we propose that m/z 32 in the CA mass 
spectrum of DC(O)OCH3'

4" (Figure 3) results from another 
process, for example, subsequent dissociation of CH3OD'"1"; see 
below. 

From TPEPICO experiments, Nishimura et al.1 concluded that 
the kinetic energy release for formation of m/z 31 from DC-
(0)OCH3'+ is about twice that calculated using QET. They 
concluded that "This is one possible case of failure of the qua-
si-equilibrium hypothesis, which is at the centre of the statistical 
theory of mass spectra". We offer here an alternative interpre
tation. Nishimura et al.1 assumed that the daughter ion is CH3O

+ 

which would be formed at threshold. However, we have shown 
here that the daughter ions are CH2OH+, and our ab initio 
calculations indicate (and also the experiments of Nishimura et 
al.; see later) that there may well be a reverse activation energy 
(4.4 kcal/mol) for this process, and therein lies, we propose, the 
origin of the large energy release. The similarity of the mechanism 
for formation of CH2OH+ from ionized methyl formate and that 
for the dissociation of the higher homologue methyl acetate20 is 
striking. Methyl acetate ions dissociate to CH3C=O+ + 'OCH3 
and to CH3C=O+ + 'CH2OH.38 In complete agreement with 
the experiment, the formation of 'CH2OH was calculated20 to 
proceed as follows (eq 10). 

o'* 
Il 

O - H 

H 3 C "OCH3 

H 3 C - C + 3 \ 
Q - C H 2 

I H 3 C C C - - H - O C H 2 ] ' * CH3CO* + HOCH2 ' (10) 

(38) a) Holmes, J. L.; Hop, C. E. C. A.; Terlouw, J. K. Org. Mass 
Spectrom. 1986, 21, 777. b) Burgers, P. C; Holmes, J. L.; Hop, C. E. C. A.; 
Terlouw, J. K.; Org. Mass Spectrom. 1986, 21, 549. c) Mercer, R. S.; 
Harrison, A. G. Org. Mass Spectrom. 1987, 22, 710. d) Wesdemiotis, C; 
Feng, R.; Williams, E. R.; McLafferty, F. W. Org. Mass Spectrom. 1986, 21, 
689. 
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Scheme III. MS/MS/MS Experiment on HC(O)18OCH3'+ (See 
Text for Details) 

^O ' + cotiisional Q ^ w/ftao/ia' 

The calculated energies of the respective intermediates and 
transition structures are quite similar for the two homologues (see 
Table II). As mentioned above, the observation that the charge 
appears on the acetyl moiety rather than on the CH2OH part can 
be explained in terms of thermochemistry, i.e., in terms of Ste
venson's and Audier's rule.39 

Do we have any evidence in the case of methyl formate for the 
participation of 2? The CA mass spectrum of 1 contains a weak 
but highly structure-indicative signal for loss of CH2 and also for 
the formation of CH2"

1". Both ions 2 and 3 can directly lose CH2, 
but theory indicates that 3 should not be energetically accessible. 
To see whether this prediction holds true, the following experiment 
was conceived and performed (see Scheme III). Ion 2 generated 
from labeled ion HC(O)18OCH3*"1" will have the structure HC-
(OH)18OCH2-

1", whereas 3 will correspond to HC(O)18O(H)-
CH2-

1". Loss of CH2 from 2-18O will yield HC(18O)OH*+, whereas 
3-18O will produce HC(O)18OH""1". These latter two isotopomers, 
which are prevented by large barriers to interconvert,26" could be 
distinguished by a double-collision experiment,40 using the ZAB-R 
instrument of BEE geometry, i.e., an instrument in which the 
magnet (B) precedes two consecutive electric sectors (E). HC-
(O)18OCH3"

1" is introduced into the ion source, and upon ac
celeration (8 kV) and mass selection by the magnet the beam of 
m/z 62 molecular ions is fired into a collision gas chamber 
(pressurized with helium) located between the magnet and the 
first sector. The CA mass spectrum resulting from the colli
sion-induced dissociations in this cell is recorded by scanning the 
first sector, and the result is shown in Figure 4. Next, the first 
sector is set to a value such that the m/z 48 ions generated by 
collision in this cell are selectively transmitted to a second collision 
chamber (also pressurized with helium) located between the first 
and the second sector. The CA mass spectrum of these m/z 48 
ions was obtained by scanning the second sector, and its m/z 25-32 
mass region is shown as the inset of Figure 4. It is seen that the 
major process which occurs is the formation of m/z 31 HC=18O+ 

ions, in agreement with the above prediction. 

Our results indicate that there is only one possible rearrange
ment route below the threshold for dissociation, namely, 1 -*• 2. 
These results are in agreement with a recent 4 K matrix ESR 
study41 on the methyl formate cation radical, from which it was 
concluded that upon warming to 77 K the radical cation 2 and 
not 3 was formed by a hydrogen 1,4-shift in 1. 

The CA mass spectrum of the unlabeled methyl formate also 
contains a relatively intense peak for loss of 'CH3 (Figure 1). In 
the CA mass spectrum of DC(O)OCH3 this peak remains at m/z 
45, and thus 'CH2D and not 'CH3 is lost (see Figure 3). Ions 
2 can elegantly account for this result in terms of a hydrogen 
1,3-shift to produce HOCOCH3'

+ followed by loss of 'CH3 to 
produce HOCO+; the latter is thermochemically more stable than 
HCO2

+.42 

(39) Levsen, K. Fundamental Aspects of Organic Mass Spectrometry; 
Verlag Chemie: Weinheim, 1970. 

(40) Villeneuve, S.; Burgers, P. C. Org. Mass Spectrom. 1986, 21, 733. 
(41) Iwasaki, M.; Muto, H.; Toriyama, K.; Nunome, K. Chem. Phys. Lett. 

1984, 105, 586. 
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Table III. Partial 70-eV EI Mass Spectra of Methyl Formate and 
Methanol 

m/z HC(O)OCH3 CH3OH DC(O)OCH3 H13C(O)OCH3 

33 
32 
31 
30 
29 
28 

45 
100 
6 
50 
5 

60 
100 
6 
50 
5 

41 
100 
16 
32 
16 
5 

Mass Spectrum of Methyl Formate. Apart from the peak at 
m/z 60, the mass spectrum of methyl formate resembles very much 
that of methanol (see Table III). It is known that methanol ions 
generated by electron impact of methanol lose H* to produce 
CH2OH+. The CH2OH+ ions lose H2 to produce HCO+, together 
with a little HOC+. The mass spectrum of DC(O)OCH3 is also 
shown in Table III, and it is clear from the intense peak at m/z 
30 that direct dissociation to DCO+ + 'OCH3 is an important 
process, m/z 29 arises by loss of HD from CH2OD'"1", m/z 32, 
as CH2OD"1" generated from CH3OD"1" specifically eliminates 
HD. Note that the sum of the intensities of m/z 30 and m/z 29 
is equal to the intensity of m/z 29 in the unlabeled compound. 
It is observed that the mass spectrum of DC(O)OCH3 contains 
a reasonably intense peak at m/z 31; CA experiments show that 
these ions are CH2OH+, not CH3O

+ as assumed previously.1 

These CH2OH+ ions arise, as we propose, via the sequence 1 - • 
2 -+ 6 —• CH2OH+ + 'DCO as discussed above. That m/z 31 
for the labeled ions is more intense than expected had been ob
served previously2b but was not commented upon. 

In summary methyl formate radical cations fragment as follows: 
(1) at low internal energies by loss of CO, HC(O)OCH3"

1" — 
[CH3OH-CO]'+ — CH3OH"1" + CO (a); (2) at slightly higher 
energies another reaction comes into play, namely, HC(0)OCH3'

+ 

— [HC(OH)OCH2] •+ — [HCO-HO=CH2]'+ — CH2OH+ + 
HCO* (b); and (3) at higher energies still, in addition to reactions 
a and b, the direct dissociation to HCO+ + 'OCH3 occurs; also 
at the elevated energies the CH3OH*"1" and CH2OH+ ions formed 
in reactions a and b fragment further. 

Qualitatively the agreement between theory and experiment 
is very good. Indeed, the intriguing transformation 1 —• 2 -* 6 
- • CH2OH+ + HCO* had lain unsuspected until now. Also an 
explanation can be given for the slow rate for formation of 
CH3OH"1" in terms of intermediate ion/dipole complexes.8 In 
addition, the large kinetic energy release associated with the 
formation of CH2OH+ from DC(O)OCH3"

1" is no longer anom
alous. As stated above, the calculations provide a detailed insight 
into the central aspects of the unimolecular chemistry of solitary 
methyl formate ions. 

Note Added in Proof. A very recent investigation43 reports on 
the successful formation of ion 2 by unimolecular dissociation of 
ionized isobutyl formate (see eq 8). Charge-stripping mass 
spectrometry and neutralization-reionization experiments led to 
a clear distinction of ionized methyl formate and ion 2.^ 
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