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Abstract: The C2H4O-+ isomeric ions CH2CH2O-+ (a), CH3CH=O-+ (b), and CH2=CHOH-+ (c) are stable, with life
times of >10 - 5 sec, and can be identified from their collisional activation (CA) spectra. The earlier assignments of structure 
c for C2H4O-+ ions generated from cyclic alcohols, alkyl vinyl ethers, and aliphatic epoxides are confirmed. Surprisingly, 2-
haloethanols yield c through 1,2 elimination of HX. Ions c are also produced from glycerol and 1,4-butanediol. Both ions b 
and c are produced from 1,3-butanediol, and a and c are generated from 1,3-dioxolane. 

Our knowledge of the formation and unimolecular de
compositions of gaseous positive ions has been greatly en
hanced by the development of new techniques for ion struc
ture determination such as ion cyclotron resonance,3 unimo
lecular metastable ion (MI),4 and collisional activation 
(CA)5 spectra. The latter appear to be especially advanta
geous, because they are insensitive to differences in ion in
ternal energy, and because the substantial number of peaks 
in their spectra provide specificity for ion characterization. 

Studies on C 2 H 5 0+ , 4 a 5 b C 3 H 7 O + , 5 ' C 2 H 6 N + , and 
C 3 HgN + 5d ions indicate that structural inferences are par
ticularly straightforward for even-electron ions containing a 
heteroatom; the isomers found to be stable (lifetimes > 1 0 - 5 

sec) are generally those predicted from physical organic 
principles. This observation prompted us to extend our in
vestigations to odd-electron species; although these would 
be expected to be of lower stability,6 the odd-electron 
C3H6O-"1" ions corresponding to the keto and enol forms of 
acetone have been shown to be stable.313'7 In the present 
paper, the results of a CA study on C2H4O-+ ions (m/e 44) 
are presented. These ions are of considerable interest as 
they are important rearrangement products in the mass 
spectra of aliphatic aldehydes, cyclic alcohols, alkyl vinyl 

ethers, aliphatic epoxides, functionalized alcohols, and cy
clic ethers.6 

Based on ground-state chemistry, structures a, b, and c 
can be visualized for C2H4O-+ ions. In a recent independent 

+• 
0 

ZA 
0 

A 
OH 

H 

study of the molecular ions a and b, Pritchard8 reviews the 
inconclusive nature of the previous structural investigations 
of these ions and reports MI spectral data that "reveal no 
reason to suppose" that aisomerizes to b, in contrast to pre
vious postulates based on the similarity of their mass spec
tra. The reported8 facile tautomerization b ^ c also is in 
contrast to the conclusions concerning the analogous 
C3H6O-+ ions" " 3b,7 

Results and Discussion 

Reference Ions. The CA spectra of C2H4O-+ ions from a 
variety of sources are given in Table I. Ions of structures a 
and b have been generated through ionization of ethylene 
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Table I. Collisional Activation Spectra of C2H4O
-"1" Ions 

Compd 

CH2CH2O 

CH3CHO 

CH3(CH2)2CHO 

CH3(CH2J3CHO 
(CH,)2CHCH2CHO 
CH3(CH2)6CHO* 
Cyclobutanol 
Cyclopentanol 
Cyclohexanol 
Ethyl vinyl ether 
Isopropyl vinyl ether 
n-Butyl vinyl ether 
Isobutyl vinyl ether 
2-Chloroethyl 

vinyl ether 
2-Methoxyethyl 

vinyl ether 
1,2-Epoxybutane 
1,2-Epoxypentane 
1,2-Epoxyhexane 
1,2-E poxy octane 
2,3-Epoxybutane 
2-Chloroethanol 
2-Bromoethanol 
2-Iodoethanol 
Glycerol 
1,4-Butanediol 
1,3-Butanediol 

1,3-Dioxolane 

EIe c 
tron 
en

ergy, 
eV 

70 
15 
70 
20 
70 
20 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

70 

70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
20 
70 
20 

13 

3.0 
4.7 
2.7 
3.1 
0.7 
1.6 
1.3 
0.9 
1.1 
0.9 
1.1 
1.0 
1.2 
1.0 
1.3 
1.1 

1.3 

2.0 
1.0 
1.5 
1.3 
1.1 
1.2 
1.2 
1.3 
1.3 
1.2 
1.1 
1.7 
1.4 
2.1 
3.1 

14 

15 
16 
9.3 
8.8 
3.9 
5.2 
4.7 
4.2 
4.3 
4.4 
4.1 
5.0 
4.3 
4.1 
5.6 
4.9 

5.2 

5.8 
5.1 
6.3 
3.9 
3.8 
4.7 
4.6 
3.6 
4.2 
4.0 
4.4 
5.7 
6.2 

15 
13 

15 

25 
25 
22 
24 
11 
14 
13 
12 
12 
13 
13 
11 
13 
11 
12 
11 

14 

12 
12 
12 
13 
11 
14 
12 
11 
12 
13 
13 
15 
14 
19 
21 

16 

(9.3) 
(6.4) 
(3.1) 
(2.8) 
(0.3) 
(0.7) 
(0.6) 
(0.9) 
(0.8) 
(0.6) 
(0.6) 
(0.3) 
(0.6) 
(0.4) 
(0.7) 
(0.6) 

(0.7) 

(3.4) 
(3.3) 
(2.1) 
(5.8) 
(3.7) 
(0.8) 
(0.8) 
(0.7) 
(1.8) 
(1.2) 
(0.7) 
(1.8) 
(1.2) 
(7.1) 
(4.6) 

25 

1.3 
1.1 
3.5 
2.4 
2.8 
3.1 
3.3 
3.0 
3.0 
3.3 
3.4 
3.7 
2.8 
2.1 
4.1 
2.0 

3.5 

2.9 
2.0 
2.7 
2.4 
2.9 
2.8 
3.4 
4.0 
2.5 
3.4 
2.2 
3.2 
2.8 
1.0 
1.4 

26 

2.4 
2.3 
9.0 
9.4 
9.6 

11 
12 
11 
10 
10 
10 
9.7 

11 
8.4 

10 
9.8 

12 

9.7 
8.4 
8.4 
9.5 
9.4 

10 
12 
11 
9.7 

10 
11 

8.3 
7.4 
3.2 
4.3 

m/e 

27 

2.7 
4.4 
5.6 
5.7 

13 
13 
14 
13 
13 
12 
13 
13 
12 
13 
13 
12 

14 

11 
11 
11 
14 
13 
14 
14 
13 
12 
13 
13 

9.2 
8.5 
4.8 
5.4 

of daughter iona 

28 

(11) 
( I D 
(16) 
(13) 
(2.8) 
(3.1) 
(2.3) 
(3.0) 
(5.8) 
(1.8) 
(2.3) 
(3.2) 
(2.2) 
(3.0) 
(2.9) 
(3.1) 

(2.3) 

(6.8) 
(9.0) 
(5.5) 
(36) 
(26) 
(1.7) 
(2.6) 
(2.7) 
(3.0) 
(2.7) 
(1.7) 
(7.1) 
(6.4) 
(11) 
(7.7) 

29 

(242) 
(282) 
(119) 
(110) 
(22) 
(24) 
(26) 
(24) 
(23) 
(25) 
(25) 
(23) 
(26) 
(22) 
(24) 
(27) 

(26) 

(57) 
(58) 
(55) 
(39) 
(33) 
(29) 
(26) 
(25) 
(25) 
(24) 
(27) 
(64) 
(81) 
(190) 
(178) 

30 

9.7 
8.8 

<0.2 
<0.2 

4.7 
3.9 
4.0 
4.5 
4.0 
4.2 
4.0 
4.2 
3.7 
2.9 
4.9 
4.2 

3.7 

2.2 
2.1 
4.4 
3.4 
4.8 
3.3 
4.1 
5.1 
4.1 
4.9 
5.1 
2.0 
2.5 
9.6 
6.6 

31 

2.6 
1.1 

<0.2 
<0.2 
<0.5 
<0.5 
<0.5 
<0.5 
<0.5 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.5 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.2 
2.3 
0.9 

40 

1.0 
0.8 
2.4 
1.9 
1.8 
2.2 
1.2 
1.8 
3.1 
0.6 
1.1 
1.5 
0.9 
3.1 
1.2 
3.0 

1.0 

1.1 
3.2 
3.0 
3.5 
1.2 
1.1 
1.0 
1.1 
0.9 
0.6 
0.9 
2.2 
1.5 
1.2 
0.6 

41 

4.1 
2.7 

11 
11 
5.6 
4.4 
6.3 
5.4 
5.9 
5.3 
5.3 
5.0 
6.8 
5.5 
5.4 
5.7 

6.4 

7.6 
7.8 
5.5 
6.1 
5.5 
5.3 
6.3 
6.7 
6.8 
5.2 
6.0 
7.3 
7.4 
3.4 
4.0 

42 

33 
33 
35 
33 
47 
42 
41 
44 
43 
46 
45 
46 
45 
49 
42 
46 

40 

45 
47 
44 
43 
47 
44 
42 
44 
46 
45 
43 
45 
48 
39 
39 

43 

(137) 
(104) 
(516) 
(631) 
(223) 
(207) 
(172) 
(236) 
(159) 
(244) 
(199) 
(238) 
(322) 
(228) 
(252) 
(306) 

(247) 

(441) 
(192) 
(224) 
(172) 
(168) 
(262) 
(174) 
(155) 
(264) 
(215) 
(415) 
(572) 
(917) 
(147) 

Ion 
structure 

a 

b 

C 

C 

C 

C 
C 

C 

C 

C 

C 
C 

C 

C 

C 

C 

C 

C 

C 
C 

C 

C 

C 

C 

C 
l b : l c 
lb:3c 
5a:lc 
2a: Ic 

a Abundances relative to the total ion abundance = 100 excluding m/e 29 and 43 (MI contributions in some compounds) and m/e 16 and 
28 (interference from CO2-+background). *The spectra of H-hexanal and n-heptanal are identical with this spectrum within experimental 
error, except that m/e 43 is 208^Hd 199, respectively. 

oxide and acetaldehyde, respectively. In both instances, a 
single species is produced as evidenced by the identity of the 
70 eV and low electron energy CA spectra. The CA spectra 
are significantly different and consistent with the structures 
of the precursors: a, which contains a - C H 2 O - structural 
unit, gives a larger m/e 30 peak; b, which contains a labile 
hydrogen atom, gives a larger m/e 43 peak. Although the 
CA data thus support the indications from MI spectra8 con
cerning a and b, this is not true of c. These ions should be 
generated through rearrangement from aliphatic aldehydes 
without a branching.6'9 The six aldehydes studied do indeed 
yield the same CA spectrum, which is different than those 
from a and b. The enolic structure of c is reflected in the en
hanced formation of m/e 27 (loss of a hydroxyl radical) and 
the lower intensity of m/e 15 (double bond to CH 2 in con
trast to a and b). Thus these three isomers of the odd-elec
tron ion have lifetimes > 1 0 - 5 sec and should be distinguish
able on the basis of their CA spectra. 

Cyclic Alcohols. Abundant C 2 FUO + ions are a useful 
characteristic of the mass spectra of lower cyclic alco
hols.10-1 ' Studies on labeled cycloalkanols1' showed that the 
C2H4O-+ ion contains the hydroxyl carbon and one of the 
adjacent carbon atoms with retention of the original hydro
gens; the postulated formation of the vinyl alcohol structure 
c (Scheme I) is confirmed by the CA data on the lower cy
cloalkanols. 

Alkyl Vinyl Ethers. For the structure of the C2H4O-+ 
ions in the mass spectra of these compounds, alternative 

Scheme I 

OH 

(CiU 

OH OH 

(CH,)„ 
(J 
(CH2); 

mechanisms involving the formation of b through a six-
membered ring intermediate,12 and c through a four-mem-
bered ring,13 have been proposed (Scheme II). Although 

Scheme II 

^ 
H + . R 1 

H S oAH" H-A„ 

R' 
R'. 

H 

both ostensibly require the migration of a 0-hydrogen atom, 
labeling experiments show that the position of the hydrogen 
transferred in butyl vinyl ether is 10% a, 28% /3, 41% 7, and 
8% 5.14 The CA spectrum15 of the C4H8-+ base peak, the 
complementary ion product, indicates that a substantial 
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Scheme III 

H ^ 

W ^ l 

Scheme IV 
+ • 
0 

O+ ' 
-C 2 H 4 

HC—CH3 

H + -
^ O 

HC=CH2 

c 

Scheme V 

0 HiX + ) 

\L±J 

Scheme VI 

H ( V 5 < 6 H 

°L> •o + HX 

H 0 \ H^OH) ±fL 

CH, 

P> 0 ^ 

fOH 

c 

proportion of these ions have the methylcyclopropane struc
ture, suggesting a 7-hydrogen transfer; a mechanism in
volving a seven-membered ring intermediate with acetalde 

OH 

hyde formation (Scheme II) is consistent with the 7-H 
transfer found to be involved in the major pathway for 
methyl loss.14 The CA data show that the C2H4O-"1" ions 
from six vinyl alkyl ethers have the vinyl alcohol structure 
c, even those for which 7-H transfer is possible. It appears 
that the low stability of b (ionization potential for the for
mation of b, 10.2 eV; c, 9.5 eV) minimizes its formation 
even in competition with ionized methylcyclopropane (ion
ization potential 10.1 eV).16 

Aliphatic Epoxides. An extensive study17 of the mass 
spectral behavior of these compounds utilizing deuterium 
labeling led to the proposal that C2H4O-+ ions are formed 
from unbranched terminal epoxides through the mechanism 
of Scheme III. The CA spectra of the four terminal epox
ides are consistent only with the vinyl alcohol structure c, 
clearly confirming this postulate. 

Epoxides also exhibit transannular cleavages17 for which 
product structures have not previously been defined. On a 
simplistic basis (Scheme IV), a less extensive rearrange
ment is required to form the aldehyde structure b. However, 
in the case of 2,3-epoxybutane, the enolic ions c are the sole 
reaction product. Labeling evidence is obviously required to 
elucidate the mechanism more fully. 

2-Haloethanols. In an attempt to find a decomposition 
yielding the ethylene oxide ion (a), the compounds 
XCH 2 CH 2 OH (X = Cl, Br, I) were included in our study. 
The observations that alkyl halides expel HX through a 1,3 
mechanism and that the transfer of a hydroxylic hydrogen 
atom is generally favored in rearrangements6 would favor 
the formation of a (Scheme V).18 However, the CA spectra 
of the C2H4-"

1" ions from all three precursors show that only 
c ions are formed. The stability of ethylene oxide ions dem
onstrated above rules out the possibility that a major por
tion of the c ions are generated by isomerization of initially 
formed a ions. A 1,2 elimination of HX appears19 to be the 
only plausible alternative. Perhaps the critical difference in 
the pathways for formation of a and c is that the former 
should have a tight activated complex involving fused three-
and four-membered rings. 

Aliphatic Polyols. Neither 1,2 nor 1,3 elimination is ap
preciable for 1,2-ethanediol (Scheme V, X = OH); C2H4-
0 - + is of < 1 % abundance in its mass spectrum. However, 
relatively intense m/e 44 peaks occur in the mass spectra of 
1,4-butanediol and glycerol, and CA spectra demonstrate 
the enolic nature of these C2H4O-"1" ions. Expulsion of water 
from alcohol molecular ions predominantly occurs by a 1,4 
mechanism.6 This can provide a rationale for the first step 
in C2H4O-"1" formation in these compounds (Scheme VI), 
but the proposed fragmentation pathways are obviously 
speculative in the absence of labeling evidence. 

Formation of a and b Ions. However, c ions are not corn-

Scheme VII 

H + 

0<r OH 

H + 

0<-< OH 

O H ^ 0 H ) -HP 

• H^ +-
O ^ O H l -H,O 

+• 
0-

+ • 
O 

H 

HO 

OH 

HO 

H-6H^ - H J O 

HO HO ) 
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Scheme VIII 

CH, 

[> 
pletely ubiquitous as mass spectral products; the CA spec
trum of C2H40-+ ions produced from a similar compound, 
1,3-butanediol, shows the presence of a second isomer. The 
intensity of the CA peak at m/e 30 indicates that approxi
mately half of the ions have the acetaldehyde structure b, 
this proportion decreasing at lower electron energies. Both 
species could be generated through 1,4 elimination of water 
(Scheme VII) between the two hydroxyl functions for b, 
and between the terminal hydroxyl function and the methyl 
group for c. However, the latter process can only give rise to 
part of the c ions, as l,3-butanediol-0,0-^2 largely (85%) 
loses D2O; isomerization of b is a possible alternative path
way. Unfortunately, homologs such as 2,4-pentanediol give 
very small m/e AA peaks. 

Finally, it was found that the decomposition of 1,3-dioxo-
lane yields the ethylene oxide ion (a) along with a minor 
amount of the c ions, although again the proportion of c in
creases at low electron energies. The mechanism of Scheme 
VIII involving elimination of formaldehyde is supported by 
the observation that 2- and 4-methyl-l,3-dioxolane produce 
C3H 60-+ ions in only the propylene oxide structure.20 

Experimental Section 

Measurements were made on a Hitachi RMU-7 double-focusing 
mass spectrometer in which the positions of ion source and electron 
multiplier were interchanged as described previously.21 An ion ac
celerating potential of 3.9 kV, ionizing electrons of 100 ^A and 70 
eV (or lower where noted), and a sample reservoir and source tem
perature of 150° were used. MI spectra of the precursor ions se
lected by the magnetic field decomposing in the field-free drift re
gion between the magnetic and electrostatic (ESA) analyzers are 
measured by scanning the ESA potential. The pressure in the field-
free drift region between the magnet and ESA is then increased 
with helium until the precursor ion intensity is reduced to 10% of 
its original value, and the CA ion product- abundances are deter
mined in the same manner in a second ESA scan.5 The data are 
the computer-averaged composites of at least 16 separate scans. 
The contributions from MI products (corrected as described5) are 
subtracted from these values to obtain the CA spectrum. 

Samples. Deuteriated 1,3-butanediol (78% di, 17.5% d\) was 
prepared by exchange with D2O in the spectrometer inlet system. 
All other compounds were obtained from commercial sources, 
checked for purity by mass spectrometry, and purified by gas chro
matography where necessary. 
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