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ABSTRACT 

Results are reported of CID1 and NRMS experiments which show that the C,H,O, 
neutral co-generated with C,Hl’ from the metastable n-hexanoic acid ion and the n-butyl 
acetate molecular ion is acetic acid and not its stable enol, CH,C(OH),. This is in marked 
contrast to the structure of the C,H,Ol’ ion, co-generated with C,H, from the metastable 
n-hexanoic acid ion, which was earlier shown to be exclusively the enol form of acetic acid. 
The implication of this and earlier findings for the mechanism of McLafferty-type processes 
is discussed and it is suggested that this ubiquitous reaction is more complex than hitherto 
expected. The reaction may well proceed via long-lived ion/dipole or hydrogen-bridged 

intermediates. 

INTRODUCTION 

The gas-phase chemistry of ionized n-hexanoic acid, 1, has been studied 
in great detail [1,2] by means of field ionization kinetics (FIK) and colli- 
sional activation (CA) mass spectrometry employing extensive *H and 13C 
labeling. From these studies, it was possible to deduce a quite detailed 
mechanistic picture for the C,H; loss, which, in a multi-step reaction [2,3] 
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involving the enol cation radical, 2, as a central intermediate (see Scheme l), 
specifically generates 3. In the formation of the ethyl radical, the original 
C&Cc3) and C&Cc6) positions of 1 participate with the same probability 
and the hydrogens of the neutral are provided by positions Cc2), Cc,,, Cc5) 

and Cc6); the methylene group Cc+ remains intact in the overall process 
which, starting from metastable ions, 1, generates protonated methacrylic 
acid 3 ions together with C,H; in high yield (92% of the total ion current). 

An ion lifetime study [l] using FIK revealed that the product distribution 
formed from 1, which itself was generated by field ionization of n-hexanoic 
acid, was extremely dependent upon the ion’s lifetime. While the elimination 
of C,H; to generate 3 dominates at the microsecond timeframe, it is 
completely suppressed at t < lo-” s. The product distribution of species 
whose formation formally requires a single-hydrogen migration, i.e. un/z 60 
(C,H,O:‘) vs. m/z 56 (C,H,f’) is also strongly dependent upon the ion 
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lifetime. At t = 4 x lo-” s, the ratio m/z 60 : m/z 56 is about 50 : 1, and it 
decreases to about 0.015 : 1 at t = lop5 s [l], indicating that the hydrogen 

rearrangement reaction accompanied by charge migration (1 -+ m/z 56 + 
C,H,O,) is thermochemically favoured over the formation of m/z 60 
(C,H,O+‘) and C,H,. For the C,H,Oc’ species, CA studies [4] showed that 
these are exclusively the enol form, 4, of ionized acetic acid and not the 
cation radical 7 (see Scheme 2). The structure of the C,H, neutral was not 
determined but it is probably either l- or 2-butene. The formation of 5 
would be slightly favoured by 11 kJ mol-’ on thermochemical grounds [5] 
while 6 is directly generated if the McLafferty rearrangement of 1 proceeds 
in a concerted manner; the latter is, however, not likely to be the case [1,6]. 

The thermochemical data, given in Scheme 2, make it clear that the 
reaction 1 + C,Hl’ + C,H,O, can only compete with the process 1 + 4 + 5 
(or 6) if, in the former, the most stable product combination, i.e. acetic acid 
(11) and ionized 2-butene (S), is generated. 

EXPERIMENTAL 

All spectra were obtained with a VG Analytical ZAB-2F mass spec- 
trometer equipped with a tandem collision gas cell as described in ref. 7b. 
The CID1 spectra were obtained at 8 kV accelerating voltage (thus produc- 
ing m/z 60 neutrals having about 4 kV translational energy) and 0, was 
used as the re-ionization gas (indicated analyzer pressure, AP = 1 x 10e6 
torr). NRMS spectra were obtained at 4 kV accelerating voltage, using 
xenon for neutralization in cell 1 ( AP = 8 X lo-’ torr) and 0, for re-ioni- 
zation in cell 2 (AP = 8 X lo-’ torr). The spectra presented in Figs. 1 and 2 
were obtained without signal averaging with all slits open. The ‘80,-labelled 
hexanoic acid (20% “0,) was prepared from hexanoyl chloride and HigO. 

RESULTS AND DISCUSSION 

In this communication, we present evidence that the C,H,O, neutral 
formed from 1 is indeed acetic acid, 11, and not the enol form, 9. To this 
end, we have measured the neutralization-re-ionization mass spectra (NRMS 
[7]) of acetic acid [Fig. l(a)] and its enol form [Fig. l(b)] and have compared 
these with the collisionally induced dissociative ionization (CID1 [7b]) 
spectra of C,H,O, generated from n-butylacetate [Fig. 2(a)], n-hexanoic 
acid [Fig. 2(b)], and n-hexanoic acid-[“O,] [Fig. 2(c)]. 

From Fig. 1 it is obvious that neutral acetic acid 11 and its enol 9 can 
easily be distinguished. Significant intensity differences are observed for the 
structure-indicative ions at m/z 46, 45, 43, 42, 15, and 14, respectively. 
Note, in particular, the absence of m/z 46 (loss of CH,) in the spectrum of 
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Fig. 1. NRMS spectra of the C,H,O;’ isomers. (a) CHJOOH+‘; (b) CH,=C(OH)l’. 

acetic acid; a weak, but nevertheless clearly discernible signal at m/z 46 is, 
however, present in the spectrum of the enol. Accordingly, the different m/z 
15 : m/z 14 intensity ratio in the spectra of CH,CO,H and CH,=C(OH), 
are in line with the different structures of 11 and 9. The same also holds for 
the intensity distribution of the ions at m/z 45, 43, and 42. The CID1 
spectra of the neutrals produced from the m/z 116 molecular ions of n-butyl 
acetate and n-hexanoic acid, 1, are shown in Fig. 2(a) and (b), respectively. 
These spectra contain the CID1 signals of all of the various neutrals 
produced from the metastable ions (C,H;, C,H,, C,H;, C,H;, C,H,, and 
C,H,O, from 1 and C,H; and C,H,O, from the ester) but a comparison 
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Fig. 2. CID1 spectra of the neutrals C,H,O, generated from (a) ionized n-butyl acetate, 
CH,COOC,H,, and (b) ionized n-hexanoic acid, CH~(CH*)~COOH, 1. The spectrum given 
in (c) is that of the neutrals produced from “0,~labelled n-hexanoic acid molecular ions. 
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with the C,H,O, NRMS spectra of Fig. 1 leaves no doubt that the neutral 
C,H,O, species formed in the dissociation of both ionic precursors must be 
acetic acid, 11. In particular, note the absence of a signal at m/z 46. Also, 
the remaining features, mentioned above, are clearly much more compatible 
with the assignment of acetic acid 11 generated as neutral C,H,O, in the 
reaction 1 + C,Hi’ + C,H,O,. This conclusion is supported by the CID1 
spectrum of n-hexanoic acid-[“O,] [Fig. 2(c)], which was examined to reveal 
the hydrocarbon contribution to the m/z 43 signal in the unlabeled com- 
pound. We note the mass shifts for m/z 60 + 64, 45 -+ 49, and 43 + 45. 
Thus, we conclude that the neutral C,H,02 eliminated from both 1 and 
n-butyl acetate is acetic acid, 11. The above-mentioned finding [l] that the 
reaction 1 + C,H8+’ + C,H,O, increases with decreasing internal energy of 
1 (i.e. increasing in lifetime) strongly suggests that the co-generated C,H8+’ 
species is ionized 2-butene, 8. The formation of ionized I-butene, 10, is 
energetically less favourable than the reaction 1 + 4 + 5 (or 6). 

It is obvious that the formation of 8 and 11 from 1 cannot be explained in 
terms of the conventional McLafferty-type reaction, i.e. y-hydrogen transfer 
to the ionized carbonyl oxygen, followed by heterolytic cleavage of the 

c~2V%, bond (Scheme 3). Such a process would generate 9 and 10 as 
products (which are not observed) and it would mainly involve the hydrogen 
from the Cc4) p osition. Earlier, D-labelling experiments [l] had already 
demonstrated that the hydrogens participating in the formation of C2H,0, 
at t - 10d5 s are provided by the C&(,, positions of 1 with the following 
probabilities (numbers are adjusted for equal numbers of hydrogens per 
position): C,,, 0.0; C,,, 0.15; Cc,, 0.33; Cc,, 0.38; and Cc,, 0.14, respectively. 
Clearly, all positions [except C,,,] participate in the hydrogen transfer 
reaction 1 + 8 + 11. These labelling results do not permit us to differentiate 
between a mechanism in which the hydrogen transfer occurs from the 
various positions in the alkyl chain via transition structures of different ring 
sizes, or a mechanism in which hydrogen scrambling within the C&&) 
positions precedes the actual H-transfer to the carboxyl moiety. What we 
can rule out, however, is that 9 is generated first and that it subsequently 
isomerizes into the thermochemically more stable isomer acetic acid, 11. The 
barrier for the unimolecular isomerization 9 + 11 is probably very high 
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( - 250 kJ mol-‘). A concerted, symmetry-forbidden 1,3-hydrogen migration 
is invariably associated with high barriers whereas the consecutive 1,2-hy- 
drogen migrations commencing with the transfer of a hydroxyl hydrogen to 
the carbonyl carbon atoms involve energy-rich species. 

It may be argued that the hydrogen transfer from the alkyl part of 1 does 
not occur to the (ionized) oxygen acceptor but rather to the Cc2) atom. This 
does explain the formation of CH,CO,H, 11 but, to the best of our 
knowledge, there is no precedence for such a reaction. Moreover, as the 
ionization certainly involves the lone-pair electrons of the carbonyl oxygen 
atom, thus generating a reactive hole in I, it is difficult to see how Cc,, might 
trigger the reaction sequence involving hydrogen transfer/charge migra- 
tion/dissociation to give 8 and 11. 

A tempting, but not yet proven mechanism which is in accord with all of 
the experimental findings, is depicted in Scheme 4. The first step involves 
hydrogen transfer from the C&&, p ositions of 1 to the ionized carbonyl 
oxygen followed by cleavage of the C,,,-Cc,, bond. Next, the two fragments 
[C,H,/C,H,O,]+’ generated are not immediately separated to infinity but 
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they remain bound by, for example, ion/dipole-type interactions. The latter 
may also involve C - . . H . . - O-type hydrogen-bridged species [8]. A reversi- 
ble hydrogen transfer between the [C,H8/C2H,0,]+’ fragments would ex- 
plain why, except for Cc2), all positions of the alkyl chain of 1 participate in 
the hydrogen transfer. More important is that such a reversible hydrogen 
transfer may eventually lead to the isomerization of 9 to 11 via hydrogen- 
bridged intermediates, thus by-passing the high barriers imposed by the 
truly intramolecular, uncatalyzed hydrogen migration. Such a intramolecu- 
larly catalyzed isomerization (Scheme 4) is by no means without a precedent. 
Several examples are discussed in the papers given in ref. 9. 
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