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Metastable peak characteristics, ionization and appearance energy data and isotopic labelling experiments 
have been applied to a study of the fragmentation behavioUr of the molecnlar ions of the isomeric C A O ,  
acids, cis and trans-uotonic acids, methacrylic acid, butenoic acid and cydopropane carboxylic acid. Prior to 
the losses of H,O and CH,, all the metastable molecular ions rearrange to [cis-crotonic acid]+' ions. Loss of 
H,O, which generates a composite metastable peak, is proposed to yield vhylketene and/or cydobutenone 
molecular ions. Detailed mechanisms are presented for the isomerbations of the various molecular ions and 
for the above fragmentations. Ionized 3-butenoic and cydopropane carboxylic acids display a major loss of 
CO from their metastable ions, a minor prows in the other isomers. The metastable peaks consist of two 
components and these are ascribed to the formation of propen-1-01 and aUyl alcohol as daughter ions. Some 
comparative data are presented for the isomeric C&O, aads, tiglk acid, angelic acid and seneaoic acid. 

INTRODUCllON 

It has long been known that fragmentations of many 
simple ionized olefins are preceded by rearrangements 
sufficiently extensive to lead to the random statistical 
loss of labelled and unlabelled groups of carbon and 
hydrogen atoms, and it has been widely concluded that 
the molecular ions decompose via a single structure or 
a mixture of common i0ns.l The more complex 
isomeric 1, l-di- and tri-alkyl substituted ethylenes 
have closely similar mass spectra, but in these larger 
molecules it is believed that the unrearranged molecu- 
lar ions fragment over different potential surfaces to 
yield a common daughter ion from which all further 
reactions pr0ceed.2.~ 

In general (although not invariably) the effect of 
introducing a heteroatom into such molecules is to 
reduce the interconvertibility of their molecular ions, 
thus rendering more certain the identification of ion 
structures. Mass spectra1 studies of ethylenes having a 
single carboxyl substituent are few, although some 
dibasic ethylenic acids have received detailed atten- 
t i ~ n . ~  The higher homologues of some P,y- 
unsaturated acids have been investigated' as have the 
methyl esters of some hexenoic acids.6 

Our interest in the simple unsaturated carboxylic 
acids was aroused by a brief survey of their normal 
mass spectra and the complex shapes of the metastable 
peaks associated with their primary fragmentations. In 
this paper we report observations on metastable peaks 
accompanying the losses of H,O, CH,' and CO from 
all acids of formula C4H60, and we discuss the 
isomerizations of the molecular ions which precede 

these fragmentations. The analogous reactions of the 
corresponding methyl and ethyl esters are discussed 
elsewhere.' 

~~ 

RESULTS AND DISCUSSION 

Normal mass spectra and heats of formation of the 
molecular ions 

The 70 eV mass spectra of cis-crotonic acid (l), wuns- 
crotonic acid (2), methacrylic acid (3), 3-butenoic acid 
(4) and cyclopropane-carboxylic acid (5) are shown in 
Fig. 1. Compounds 1,2 and 3 have peaks in common, 
with similar abundances, except for the high mass 
component [GH,O]' of the mlz 45 doublet, which is 
absent in 3. (The [C,H,O]' ion is 27% of m f z 4 5  
intensity in 1, 13% in 2. The ion probably originates 
from hydroxyl transfer to the carbenium ion centre 
followed by a-cleavage. A similar mechanism has 
been proposed by Cooks et d.") It is possible that 
these three acids rearrange to a common intermediate 
prior to fragmentation. 3-Butenoic acid (4) displays an 
appreciably different spectrum; loss of CO assumes 
greater importance and losses of H20,  OH' and CH3' 
are relatively much less than in acids 1-3. The cyclic 
isomer (5) produces a characteristic intense [M -HI' 
peak, but the presence of prominent ions at mlz 71, 
69, 68 and 58 show that this acid has features in 
common with its four isomers. As with the crotonic 
acids, mlz 45 is a doublet, [COOH]' and [&H,O]'. 

The ionization energies (I(M)) of the five acids were 
obtained from their photoelectron (PE) spectra; these 
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resolution. All such measurements (unless otherwise 
stated) refer to observations made on fragmentations 
taking place in the 1st field free region (FFR) of an 
AEI-GEC MS 902s mass spectrometer. 

Metastable peak intensities are shown in Table 2. 
Note that the ratio m*[M-H,O]+' : m*[M-CH,']"' is 
almost constant for all acids and we suggest that for 
these fragmentations a common molecular ion struc- 
ture is involved. Figure 2 shows the (possibly compo- 
site) metastable peak for CH,' loss from all isomers, 
while Fig. 3(a) shows those for loss of H,O. The latter 
are all clearly composite and the derived energy re- 
lease distribution curvesl0 [Fig. 3(b)] indicate that a 
pair of common components in differing proportions 
may well be responsible for the observed peak shapes. 
It should be emphasized that the generation of similar 
Gaussian metastable peaks by a series of fragmenting 
isomers is not conclusive evidence for the participation 
of common ion structures. 

Loss of H' produces a metastable peak of appreci- 
able intensity in all acids. However, although these 
peaks have comparable shapes (To.5 values for 2-5, 
260, 235, 200 and 220meV, respectively) they are 
sufficiently dissimilar to have little diagnostic value. 
Metastable peaks for CO, loss all were composite, 
with a weak Gaussian component upon a flat-topped 
peak (T,.,(overall) - 210 meV). 

The metastable peaks for CO loss, especially promi- 
nent in 3-butenoic acid (where it is also the fragmenta- 
tion pathway of lowest energy), were all composite 
(Fig. 4) but sufficiently different to be characteristic of 
precursor molecular ion structure. 

From the foregoing, it appeared that further exami- 
nation of three of the primary fragmentations should 
provide information concerning the isomerization of 
the molecular ions. Therefore, these three reactions 
are discussed in detail below. 
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Metastable peak shapes. Figure 3(a) shows the meta- 
stable peaks for loss of water from the molecular ions 
of the acids 1, 2, 3 and 5. The peaks are clearly 
composite and Fig. 3(b) shows the derived kinetic 
energy release distributions." We propose that for 
these processes a common pair of metastable peaks is 
involved but with different proportions of each com- 
ponent generating the observed signals. In the 2nd 
FFR, the metastable peaks for the crotonic acids be- 
come indistinguishable (Table 3); note that the trans- 
and cyclic isomers behave identically. C3-Butenoic 
acid]'' produces a metastable peak similar to that of 2 
but in the 2nd FFR its shape is close to that of 3. 

The differences in intensity of the two components 
can be attributed to internal energy differences among 
the decomposing precursor ions. This may result from 
the kinetics of their isomerization reactions rather 
than from different energy acquisition by the neutral 
molecules (see below). 

It is proposed therefore that all these [C4H6O2]+- 
isomers rearrange to cis -crotonic acid type molecular 
ions prior to loss of H 2 0  (and CH3'). For methacrylic 
and 3-butenoic acids the rearrangement is a rate con- 
trolling step. 
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Table 1. Ionizstion energies (eV*O.O5 derived from the &(I) PE spectra) and ionic heats of formation 
(kcalmol-I) of isomeric C&Oz and C5&Oz earboxylie acids- 

Ionizetion Ionization 
energy AHJMI" energy AH,[MI+' 

10.08 145 8 H,C=C 10.06 1 39 \ /H 
1 H3C 

and 

2 H /c=c\coo \COOH 

,CH, 7 3  

3 H,C=C 10.15 1 47 9 H,C==C 9.52 128 
\ 

\COOH CH,COOH 

4 CH,=CH-CH,--COOH 10.02 148 10 H,C-CH=CH--CH,COOH 9.41 126 

5 P C O O H  10.64 167 11 C,H,--CH=CH-COOH 10.14 142 

/H 124 12 CH,=CH--CHz-CH,COOH - - 9.63 

H3C, 

/=\ 

H3C\ ,CH3 

6 

H3C COQH 

[iCmH 10.35 154 7 9.50 121 13 

H /c=c\COOH 

a AH, neutral isomers was estimated by group additivity (Ref. 9). 

Table 2. Metastable peak abmdances' (YO of sum) for the losses of H', H20, CH,', CO(n) narrow 
component of the composite metastable peak, CO(b) broad component, and CO, from the isomeric 
C&02 acids 

Daughter ion 

[M-HI' [M-HzOI'. [M-CHd+ [M-COI,*' [M-COls*. [M-CO,I" 

trans-Crotonic acid 14.5 62 20 3.3 0.0 0.3 
Methacrylic acid 41 34 11 9.8 2.3 2.0 
3-Butenoic acid 46 1.8 0.6 9.3 41 1.9 
Cyclopropane carboxylic acid 63 4.0 1.2 24 7 1.8 

a The data refer to measurements of peak heights at 4000 V accelerating voltage and a main beam width of 4 V. 

Loss of H,O from [cis-crotonic acid]" ions; meehan- CH=CO]" is a plausible mechanism. A 1,4 elimina- 
ism 1. A 1,4 elimination of water, generating the tion has been shown to occur in aliphatic alcohols'' 
molecular ion of vinyl ketene, [CH,=CH- and for CH,OH loss from cis- and trans-methyl- 

crotonate." Loss of water from crotylalcohol and am- 
monia from crotylamide probably occur analogously. 
The metastable peaks for the last four reactions are all 
of Gaussian shape with small kinetic energy releases 
(To.5 are 27, 27, 30 and 31 meV, respectively). Thus, 
these are similar to the narrow component for the loss 
of H,O from the acids. We suggest that the reaction 
shown below (Scheme l), in which methyl hydrogen is 
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Figure 2. Metastable peak shape for loss of CH,' from the 
[C,H,O,l+- isomers. 

d 
Scheme 1 
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Figum 3(a). Metastable peak shapes for loss of H,O from the 
molecular ions of (a) ciscrotonic acid, (b) trans-crotonic acid 
and (c) methacrylic acid. 
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Figure 3(b). Distributions of released energies from the met-, 
astable peaks shown in Fig. 3(a). 

Figure 4. Metastable peak shapes for the loss of CH,' from the 
molecular ions of (a) senecioic acid and (b) tiglic acid. 

@ Heyden & Son Ltd, 1979 

transferred to hydroxyl oxygen, generates the Gaus- 
sian shaped component of the composite metastable 
peak. 

Energetic considerations and the structure of the 
[C,&O]+' daughter ion 

The appearance energy A([F]') of the [C4H40]" ion 
derived from tram -methylcrotonate could not be de- 
termined accurately (the ionization efficiency curve for 
[C4H40]" became asymptotic to the eV axis about 
0.2 V above the ionization energy of the ester) and so 
only an upper limit of 208 kcal mo1-l can be placed on 
its heat of formation. Loss of &H4 from the molecular 
ion of 2-cyclohexen-l-one yields an intense peak at 
m/z 68 [C4H4O]''. These ions may well have the 
vinylketene structure, i.e. on the reasonable assump- 
tion that the retro Diels-Alder reaction predominates 
(Scheme 2). 

0 
Scheme 2 

The thermochemistry for the above process is as 
follows: I(M), 2-cyclohexen-l-one = 9.23 *0.05 eV 
(PE spectrum); I(M) - A([F]+), [C4H40]'- = 0.80 f 
0.05 eV (energy selected electrons); AH,(C,H,O) = 
- 24.5 * 1 kcal mol-' (estimated from AH, (cyclo- 
hexane) = - 29.4 kcal mol-l; AH, (cvclohexene) = 
-0.84 kcal mol-l and hH,(cyclohexanone) = 
-53.1 kcal m01-l);~~ alternatively from group ad- 
ditivities' and using a 'ring-correction' term of 
+4.8 kcal mol-', AH, (2-cyclohexen-l-one) = -25.1 
kcal mo1-l. From these data AH,([CH,CHCHCO]+') = 
194+2 kcal mol-I. (This value is close to that ob- 
tained from the direct ionization of thermally 
generated vinylketene,14 192 kcal mol-'.) However, 
AHf([C,H40]") ions generated from trans -crotonic 
acid is significantly higher, 219 kcal mol-'. [I(M) = 
10.08 eV (PE spectrum; AH, (trans-crotonic acid) = 
- 87 kcal mol-' ; I(M) - A ([F]+) (energy selected 
electrons) = 0.7 eV (10.78 - 10.08 eV)]. 

It does not follow that ketene-type ions are not 
being generated at the observed threshold for 
[C4H40]+' from trans-crotonic acid. If the reaction 
shown in Scheme 1 produces the narrow (Gaussian) 
component of the metastable peak (as proposed 
above) then the majority of the ions detected at low 
internal energies, near to threshold, will be associated 
with the broad component (see Fig. 3). 
Loss of H,O from [cis-crotonic acid]" ions; mechan- 
ism 2. It is now necessary to consider the reaction 
giving rise to the broad component. Two mechanistic 
possibilities may be envisaged, apart from a 1,2 
elimination which can be discounted; 3-butenoic acid 
isomerizes prior to water loss-which in any case is a 
minor fragmentation pathway (see Tables 2 and 3). 
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One involves the transfer of a methyl hydrogen atom 
to carbonyl oxygen yielding a stable intermediate, b', 

HO 
\ - \-/ 

H 

H,C + C-OH 
COOH]" 

\ /  H& 
c==c 

H / \  H /""\ 
a H 

b' 

- H D l  

IC4H401+' 

Scheme 3 

(6. the recent observations of Benoit et all5).  Note 
that interconversion of b and b' via a 1,3(hydroxyl-+ 
carbonyl) hydrogen shift is considered an unfavoura- 
ble process-as has been shown clearly in studies of 
the molecular ion of benzoic acid.16,17 A second possi- 
bility is a 1,3 elimination of water from a trans 
molecular ion, i.e. 

H/ H-0 i).=O 1" 5 A'+* 
\C==C CH, 
/ \  

H3C H 
Scheme 4 

This latter seems unlikely, however, because: (1) 
3,3-dimethylacrylic acid (in which both 0-vinylic hyd- 
rogen atoms have been substituted by a methyl group) 
sti2l shows a clearly composite metastable peak for the 
abundant loss of H,O, as do all other isomeric C5 
acids in which a 1,4 elimination is feasible, i.e. acids 6, 
7, 8, 11, 13 (see Table 1). In marked contrast non- 
composite narrow Gaussian metastable peaks are ob- 
served for the remaining C ,  acids (9,10,12, Table 1). 
(2) a 1,3-elimination in crotonic acid type ions is most 
easily envisaged as being followed by ring closure to 
yield the molecular ion of methyl cyclopropenone 
(Scheme 4). Energetic and kinetic considerations in- 
validate this mechanism. From the PE ionization 
energy=9.15*0.05 eV, (see also Ref. 18) and AH, 
neutral (estimated with the group additivity data of 
Ref. 9) = 29 kcal mol-'. [Methyl cyclopropenonej+"' has 
an estimated heat of formation of 240kca1, i.e. 
-0.9 eV higher than the observed threshold for gener- 
ation of [C4H40]+' ions from the acids. The threshold 
for this 1,3 elimination must be even higher than 
11.7 eV since an appreciable reverse activation energy 
is involved. Since the 1,3 elimination undoubtedly 
(also) has a less favourable entropy of activation than 
the 1,4 elimination shown in Scheme 1, we suggest 
that [methyl cycl~propenone]~' ions are not generated 
in the metastable time frame. 

With regard to the species b ' ,  shown in Scheme 
3-in which methyl hydrogen was shown as being 
transferred to carbonyl oxygen (6. b, Scheme 1)-it is 
now necessary to consider daughter ion structures 
derived therefrom. 

Ionized furan, AH, = 197 kcal m ~ l - ' , ' ~  although one 
of the most stable [C4H40]" ions, is considered an 

Table 3. Kinetic energy releases (mew for loss of HzO and 
CH,' from [CaHsOzl+' ions 

Loss of H,O Loas of CH,. 

To 6- To z* T a a  To.*. 

cis-Crotonic acid 100(145P 370(395) lOO(100) 215 
trans-Crotonic acid 125(145) 385(395) lOO(100) 215 
Methacwlic acid 240095) 480(475) llO(95) 230 
3-Butenoic acid 135(215) 430(490) 1051C) 215 
Cyclopropane carboxylic acid 135 (145) 400 (395) 105 (c) 225 

~~ - ~ 

a Kinetic energy releases calculated from the half and 20% 
height widths of the metastable peaks (see Experimental). 

Values in parenthesis refer to metastable peaks measured in 
the normal mass spectrum. 

Interference from the intense ions at m/z 58. 

unlikely product for the following reasons: (1) Gener- 
ation of [furan]" requires a complex rearrangement 
with an entropy of activation higher than that for 
[vinylketene]+' formation via Scheme 1. This should 
lead to a smaller contribution (relative to cis -crotonic 
acid) of the broad component in the composite meta- 
stable peak for loss of H,O from methacrylic and 
3-butenoic acids, where an initial isomerization is rate 
controlling. However, the opposite effect is observed 
(see Table 3). (2) The mass analysed ion kinetic energy 
and collisional activation spectra of the [C4H40]+' ions 
derived from all the acids are quite different from 
those produced from furan molecular ions. These re- 
sults are discussed in detail elsewhere. 

An explanation which satisfies the energetic data 
and metastable peak observations and which is consis- 
tent with deuterium and "0 labelling experiments, 
requires the formation of the molecular ion of either 
vinylketene, or cyclobutenone from ion b', as shown 
below (Scheme 5). The first step in this mechanism 
involves a 1,5-hydrogen transfer to the carbonyl ox- 
ygen atom, yielding the highly resonance stabilized 
intermediate ion b', which is probably more stable 
than a. If this is followed by ring closure, the reactive 
gem-diol intermediate c' could lose H,O to generate 
[cycl~butenone]~', d'. The large kinetic energy release 
could then be associated with the transition C' -+ d'.  

H HO 
I I  HO 

\ +  
C - O H  H--C-C-OH 

a -  - H z C \ L  / - I I  
H--C=C-H /""\ H 

H 
b' 

d' 
Scheme 5 

It is also feasible that the loss of H 2 0  from c' is 
accompanied by ring opening yielding ion d which is 
that produced via Scheme 1. Loss of H,O from meta- 
stable molecular ions will preferentially occur via 
Scheme 5 provided that the a T? b' equilibrium lies 
largely to the right. The relative abundances of the 
narrow and broad components in the composite meta- 
stable peaks for water loss from the various ionized 
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acids (cis-crotonic acid < trans-crotonic acid = cyclo- 
propane carboxylic acid < 3-butenoic acid < meth- 
acrylic acid) can then be explained by assuming that 
the preceding isomerizations of the molecular ions of 
the acids into ionized cis-crotonic acid (from which 
structure both H 2 0  loss mechanisms are proposed to 
occur) is slow compared with the rate of decomposi- 
t i ~ n . ' ~ . ~ '  This then, results in a preference for the 
process associated with the higher frequency factor 
and activation energy, viz. the broad component of the 
composite metastable peaks associated with Scheme 5.  
A higher apparent 'overall' frequency factor can in- 
deed be associated with this rather complicated path- 
way (Scheme 5 )  again provided that the equilibrium 
between a and b' lies largely to the right for ions 
fragmenting in the metastable time frame. At higher 
internal energies the ratio alb' will depend more 
strongly on the frequency factors for the forward and 
reverse reaction; this can shift the equilibrium to the 
left and thus favour pathway I by increasing the frac- 
tion of crotonic acid molecular ions. 

Labelling experiments 

Loss of water from the [OD] labelled acids was ex- 
amined. They were produced by D,O exchange in the 
mass spectrometer inlet system. The results are pre- 
sented in Table 4. It is seen that the reaction is 
accompanied by appreciable hydrogen exchange which 
increases at long ion lifetimes. No further change was 
observed in going from the 1st to the 2nd FFR. 

A detailed interpretation of these results is not 
possible because acids specifically labelled at other 
positions were not studied. Furthermore, the results 
for methacrylic acid indicate that an isotope effect 
possibly cannot be neglected. However, it seems 
plausible that the hydrogen exchange accompanying 
the metastable loss of water from both crotonic acids 
and cyclopropane carboxylic acid occurs predomin- 
antly by exchange of the hydroxylic deuterium atom 
with the methyl hydrogen atoms in molecular ions 
having the cis-crotonic acid structure. This is because 
a small isotope effect for loss of H20  (as observed in 
methacrylic acid) will reduce the observed ratio for 
loss of H,O vs HDO to -1 and also because the 
metastable peak abundance ratio for loss of 
CH3'/CH2D' (0.38 f 0.02) (for which an appreciable 
isotope effect is unlikely) is in excellent agreement 

Table 4. Loss of H,O/HDO from OD labelled [C4&Oz]+. 
acid ions' 

I LM - H,OI*'/I[M- HWI*. 
Normal mass 

spectrumb Metastable peaks 

cis-Crotonic acid 0.55 1.55 
trans -Croton ic acid 0.9 1.5 
Cyclopropane carboxylic acid 0.95 1.5 
3-Butenoic acid 2.5 - 
Methacrylic acid 2.0 2.5 

Statistical ratios calculated for complete hydrogen scrambling 
are: H,D = 2.0; H,D = 1.5; H,D = 1 .O; H,D = 0.5. 
b,4ssurning that no isotope effect is involved in the loss of 
OH' vs OD.. 

with the calculated value for equilibration among four 
atoms (0.33 for 3H, ID). Another important observa- 
tion is that no differences could be observed in the 
relative proportion of the two components in the 
composite metastable peaks for loss of H,O and 
HDO. This agrees with the proposal that a methyl 
hydrogen atom participates in both water loss mechan- 
isms. 

Considering the role of the oxygen atoms in the 
proposed mechanisms it is expected that the two ox- 
ygen atoms will become equivalent in Scheme 5 which 
is responsible for the major fraction of the metastably 
fragmenting ions. Indeed, complete equilibration of 
the oxygen atoms appears to occur prior to the loss of 
water. This was inferred from the metastable peak 
characteristics of [ethyl crotonate]+' and [ethyl 
methacrylate]+ fully labelled with deuterium in the 
ethyl group and having in the carbonyl group. 
Both esters showed exclusive loss of C2D4, yielding 
ions having the structure of the corresponding parent 
acids. This is shown by the characteristic metastable 
peak shapes for their loss of water. By analogy with 
the  argument^'^.'^ for the similarly labelled ethyl ester 
of benzoic acid, it can be argued that these acid type 
ions have the deuterium atom attached to the original 
carbonyl ''0, i.e. 

0 1 6  1" OZ6 I1 1+' 

CH, H3C' H 

Measurement of the heights of the metastable peaks 
corresponding to the loss of H2160, HD160, H,"O 
and HDI80 from methacrylic acid type ions yielded 
the ratio 

= 1.2*0.1 
I[H2l60] + I[HD160] 
I[H,"O] + IIHD1xO] 

This value is close to that calculated for complete 
oxygen equilibration (1.08, assuming triangular 
shapes for the metastable peaks with normal effects of 
the various isotopic masses on peak widths). 
Moreover, no change in the relative proportion of the 
two components could be detected in the composite 
metastable peaks associated with the above four los- 
ses. The data for crotonic acid type ions generated 
from the labelled ethyl ester lead to the same conclu- 
sion. 

Additional supporting evidence for the. origins and 
structures of the [C,H,O]+' ions discussed above has 
come from a detailed study of isomeric [C,H,O]+' ions 
which is described el~ewhere. '~ 

Loss of CH,' 

The metastable peak abundance ratios (Table 2) for 
the various acids indicate that the losses of H20  and 
CH,' occur via a common ion structure. The mechan- 
isms for water loss described above involved crotonic 
acid ions as intermediates and we propose that methyl 
loss involves the same species. However, this fragrnen- 
tation also generates a composite metastable peak 
(Fig. 2) and so two mechanisms are again required. 
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Both pathways may involve ring closures via attack 
at the 0-carbon atom by (i) the hydroxyl group and (ii) 
the carbonyl group. (i) can be associated with the 
narrow component of the metastable peak by analogy 
with the behaviour of but-2-ene-1-01; loss of CH,' 
from this compound produces an intense Gaussian 
metastable peak, To.5 = 30 meV. (ii) may then be as- 
sociated with a resonance stabilized product ion and 
the broad component of the metastable peak, as illus- 
trated below (Scheme 6). In this context it is useful to 

OH 
n P H l + '  / + 

?=f: 
, I  - H3C-k'-C' 

I 1  
H H  

H /c=c\ H 

I 
I 

Figure 5. Metastable peak shapes for the loss of CO from the 
molecular ions of (a) rnethacrylic acid, (b) 3-butenoic acid and 
(c) cyclopropane-carboxylic acid, (broken line). 

+ PH .OH 

Loss of co 

consider the effect of methyl substitution at doubly 
bonded carbon from the behaviour of the two isomeric 
C, acids, both of which display an intense metastable 
peak for loss of CH,' (see Fig. 4) and also for HzO 
loss (not illustrated). The methyl loss metastable peaks 

\ /H 
CH3 

c=c 
CH3 / \COOH H COOH 

Senecioic acid Tiglic acid 

are significantly different and very probably involve 
the production of different daughter ions (viz. [M- 
CH,]+ from senecioic acid generates a strong metasta- 
ble peak for loss of C2H,0; tiglic acid has none, but 
instead specifically shows a metastable peak for loss of 
CO). Further, the geometric isomer of tiglic acid, 
angelic acid, has the same mass spectral characteristics 
as tiglic acid. The larger kinetic energy release for 
[M-CH,]' ion formation for senecioic acid can be 
rationalized by the carbonyl attack mechanism de- 
scribed above for the C, acids. For senecioic acid the 

/OH 0-c+ /OH 
?-?+ 
I 1  

CH,-C-C' 

CH3 'H 

I I  
CH3-C- C ' 

H ' \CH3 
t 

activated complex (s) would be less stable than that for 
tiglic acid (t), whereas the difference in product ion 
stabilities would be much smaller. (Evidence that the 
terminal CH,' group exclusively is lost from tiglic acid 
has been described?) 

Note that in tiglic acid a methyl migration (prior to 
metastable loss of methyl) analogous to that proposed 
for methacrylic acid cannot be taking place. 

The metastable peak shapes for loss of CO are pre- 
sented in Fig. 5 and the energy release values calcu- 
lated for the broad and the narrow components in the 
composite peaks are given in Table 5. It appears that 
3 -butenoic acid and cyclopropane carboxylic acid have 
two common components, albeit with strongly differ- 
ing abundances. On the other hand, trans-crotonic 
acid and methacrylic acid possibly share a different 
narrow component. The loss of CO from methacrylic 
acid shows a unique broad component not present in 
the other acids. This yields evidence that the larger 
part of the metastable loss of CO from methacrylic 
acid occurs from the unrearranged molecular ion, i.e. 
without the methyl migration proposed to precede the 
losses of CH,' and H20.  

The [C,H,O]+' product ions generated by loss of 
CO from the [3]+', [4]+' and [5]" which further frag- 
ment by loss of H' may only have the structure of 
either ionized allyl alcohol [CH,=CH - CH, - OH]" 
or its isomer propen-1-01 [CH, - CH=CH -OH]". 
(The transition mlz [58]++ mlz [57]++H' in trans- 
crotonic acid (2) is accompanied by a metastable peak 
of very low intensity.) This was concluded from the 
energy released in the metastable loss of H' from the 
[C,&O]+- product ions. Distinction can be made be- 
tween some of the isomeric [C,H,O]+' ions by means 
of this probe reaction?' 

However, in agreement with a recent collisional 
activation study?' it is not possible to distinguish 
between allyl alcohol and propen-1-01 ions. The heat 
of formation of allyl alcohol molecular ions 

Table 5. Kinetic energy release values for loss of CO 
from [C4&Oz]+'acid ions 

To.5 (meW 
Narrow Broad 

component component 

trans-Crotonic acid 35 - 
Methacrylic acid 25-35 530 
3-Butenoic acid 10-15 155-170 
Cyclopropane carboxylic acid 13 170 
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(191 kcal mol-')13 is considerably higher than that es- 
timated for propen-1-01 (159 kcal mol-I). (From Refs. 
13 and 23: 
AH,([C,H,]+') - AHf([CH,CHOH]+') = 70 kcal mol-l; 

= 159 kcal mol-l. 

AH,([CH,CHCHCH,]+') = 208 kcal mol-' ; 

* 

AH,([CH,CHCHOH]+') 21 AH,([CH,CHCHJ') - 70 

Alternatively, 

AH,([CH,CHCHOH])" 
AHf([CH,CHOH]+') - {AHf([CH,CHCH,]+') 

- AH,([C,H,]+.)} = 159 kcal mol-'.) 
The upper limit for AH,([C,H,O]'') from 3-butenoic 

acid can be estimated to be 185 kcal (from 
AHf([CH=CH - CH, - COOH]") = 146.5 kcal mol-' 
AHf(COz) = - 26.4 kcal mol-l, and an I(M)-A([F]+) 
difference of 0.5*0.05 eV). Thus propen-1-01 type 
ions but not allylalcohol ions could be generated at 
threshold if it is assumed that the process of lowest 
energy is associated with the broad component of the 
composite metastable peak. The peak shape does not 
change at low electron energies. Since the generation 
of other [C,&O]+. ions', which have stabilities com- 
parable with that of ionized propen-1-01 is quite un- 
likely on mechanistic grounds, it is proposed that the 
mechanism associated with the broad component for 
the loss of CO from 3-butenoic acid is as follows 
(Scheme 7): 

Scheme 7 

The mechanism associated with the (unique) broad 
component in methacrylic acid may yield propen- 1-01 
as product ion via a 1,3-hydroxyl transfer and a 1,2- 
hydrogen shift. The common components in the meta- 
stable peaks for loss of CO from the molecular ions of 
3-butenoic acid and cyclopropane carboxylic acid 
point to the isomerization of the latter prior to this 
reaction. The appreciably different intensity ratios of 
the two components can readily be explained, because 
the isomerization of [5]" into [6]" is expected to be 
slow compared with the rate of decomposition. This is 
indicated by the fact that the threshold for loss of CO 
from [4]+- is even lower than the ionic heat of forma- 
tion of cyclopropane carboxylic acid (see Table l). 
This slow isomerization will favour the process as- 
sociated with a higher frequency factor for which the 
following mechanism, characterized by the narrow 
component of the composite metastable peak, is prop- 
osed (Scheme 8): 

H,C+,OH 
/ 

%=o - H,C=CHCH,OH1+* + co c,H'%nr, ,- 
CH; 

Scheme 8 

The preceding isomerization ([5]+' + [4]+') may be 
expected to reduce the metastable loss of H,O and 
CH,' via [4]+'. Thus the relatively intense metastable 
peaks detected for these processes in this compound 
largely originate from cis -crotonic acid type ions 
which have been generated directly from the molecu- 
lar ion of 5. 

CONCLUSIONS 
~ ~ _ _ _ _ _  

In summary it can be stated that the structural integ- 
rities of the molecular ions of isomeric C4&0, acids 
are partially retained prior to or during the principal 
fragmentation routes of low activation energy. 

The low energy losses of both H,O and CH,' occur 
from ions having the structure of cis-crotonic acid. 
Loss of water generates a composite metastable peak 
having a narrow (Gaussian) and broad (dished) com- 
ponent. Two mechanisms are proposed. The first, 
which is associated with the narrow component, in- 
volves transfer of methyl hydrogen to hydroxyl oxygen 
and upon loss of H,O produces [~inylketene]+~. The 
second, which is deemed responsible for the broad 
component, involves transfer of methyl hydrogen to 
carbonyl oxygen yielding a resonance stabilized inter- 
mediate ion. Following ring closure, this ion eliminates 
water to yield either [cyclobutenone]+' or [vinyl- 
ketene]+' . 

Loss of CH,' is proposed to occur via attack at the 
p-carbon atom by the hydroxyl or carbonyl group 
yielding two different product ions each having a 
4-membered ring. 

The molecular ion isomerizations in the C4 acids 
which produce crotonic acid type ions are proposed to 
occur as follows: Methacrylic acid-a 1,2 methyl mig- 
ration together with a 2 , l  hydrogen shift. This step is 
rate controlling with respect to the subsequent metast- 
able loss of H20 which involves the larger energy 
release. 3-Butenoic acid-a 1,3 hydrogen shift or al- 
ternatively two consecutive 1,2 hydrogen shifts. This 
process is, however, of minor importance. 

Cyclopropane carboxylic acid-ring opening by a-p 
bond cleavage, followed by a 1,2 hydrogen shift to the 
terminal C atom prior to the loss of water and a 1,2 
hydrogen shift to the a-carbon atom prior to the loss 
of CO. 6-y ring cleavage would lead to methacrylic 
acid type ions but no evidence could be found for this 
process. 

Loss of CO is the most 'prominent' fragmentation at 
low internal energies for 3-butenoic acid molecular 
ions; the broad component of the composite metasta- 
ble peak for this reaction has been ascribed to a 
mechanism yielding propen- 1-01 molecular ions, 
whereas the generation of ionized ally1 alcohol is 
proposed to be responsible for the narrow component. 
Loss of CO is unimportant in the ionized crotonic 
acids at all internal energies, again indicating the 
difficulty of interconversion with [3-butenoic acid]". 
The substantial loss of CO from ionized methacrylic 
acid (which generates a unique metastable peak), 
clearly indicates that the molecular ions of this acid 
retain their structural identity in this reaction. The 
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prominent loss of CO from ionized cyclopropane car- 
boxylic acid is accompanied by a composite metastable 
peak whose components are the same as those for 
3-butenoic acid. The higher intensity of the narrow 
component from the cyclic isomer is attributed to a 
slow isomerization into 3-butenoic acid ions in the 
metastable time frame. 

~ ~p ~ 

EXPERIMENTAL 
~ 

The mass spectra were recorded on a GEC- 
AEI MS 902 S instrument. Samples were introduced 
via the all-glass heated inlet system (T = 80-1 10 "C) at 
an ion source temperature of 80-120 "C. Operating 
conditions were: ion accelerating voltage 8 kV; trap 
current 100 PA; ionizing energy 60 eV; source pres- 
sure -1 x lop6 Torr; analyser pressure -5 x lop8 Torr. 
Metastable peaks were recorded on the same instru- 
ment by the accelerating voltage scan technique using 
a narrow energy resolving @-slit (main beam width 
2.5V). Energy release ( T )  values were calculated in 
the usual way from the metastable peak width without 
corrections for the main beam width. 

The appearance energies used in this work were 
measured by Dr F. P. Lossing (National Research 
Council of Canada, Ottawa) using an electron impact 
apparatus, comprising an electrostatic electron mono- 
chromator, together with a quadrupole mass spec- 
trometer and minicomputer data system. The PE 
spectra were recorded on a Vacuum Generator instru- 
ment model ESCA-2 using 21.22 eV photons and 
argon as a calibration gas. 

The acids 2-7 and 13 (see Table 1) were obtained 
commercially and used without further purification; 
cis-crotonic acid (1) (containing 5-10% of the fruns 
isomer) and angelic acid were a gift; a-ethyl acrylic 
acid (8) was isolated by careful fractional distillation 
(spinning band column) under reduced pressure from 
the mixture of unsaturated acids obtained from ther- 
mal decomposition of a -hydroxy-a -methylbutyrk 

3-methyl-3-butenoic acid (9) was obtained by 
carbonation of methallyl Grignard reagent as de- 
scribed by Wagner;25 2- and 3-pentenoic acid (10 and 
11, tram isomers) were synthesized by the methods of 
Linstead et a1.26-the acids were purified by careful 
fractional distillation (spinning band column) under 
reduced pressure; 4-pentenoic acid was obtained by 
decarboxylation of commercially available allylmalonic 

The purity of all compounds was checked by 
NMR spectroscopy and analysis in a JEOL-07 GCMS 
system. The "0 labelled esters were synthesized on a 
microscale by converting the purified acid chlorides to 
the "0 labelled acids with H,180 (Prochem, 
90 atom 'YO "0) in a small Pyrex tube at room temper- 
ature and subsequently adding C2D,0D (Merck Sharp 
and Dohme, 99.5 atom '/a D). The esters were isolated 
from the reaction mixture by preparative GC. 
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