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Abstract: The 1,4-diradical -CH2CH2OCH2- (1), which represents a ring-opened isomer of oxetane (2), is investigated 
by neutralization-reionization mass spectrometry (NRMS). 1 is produced in the gas phase by neutralization of the 
stable distonic radical cation -CH2CH2OCHb+ (1"+) and characterized by subsequent reionization into cations (+NR+) 
and anions (+NR~). Within the microsecond time window of the NRMS experiments, diradical 1 dissociates to C H 2 = C ^ 
+ O=CH2. A small fraction of the diradical survives undissociated, however. This fraction undergoes neither ring 
closure to 2 nor 1,4-hydrogen rearrangement to the carbene CHsCH2OCH (3). Thus, the barriers for C—C bond 
formation and H-atom migration through a five-membered ring must be higher than the barrier for C—O bond fission. 
The simple decomposition of 1 into CH2=CH2 + O=CH2 is in sharp contrast to the unimolecular reactions of the 
distonic ion l'+, which at threshold dissociates largely via complicated rearrangements yielding CHsCH2C=O+ + -H, 
CH3C=O+ + -CH3, and C2H6-

1" + CO. The +NR- data also show that 1 can form a stable molecular anion while 
the closed-shell isomer 2 does not. 

Diradicals are the proposed intermediates in numerous thermal 
and photochemical reactions, including stereoisomerization, 
polymerization, and synthesis of ketones and alcohols,1'2 yet many 
simple diradicals have escaped direct experimental character
ization due to their unusually high reactivity. In sharp contrast 
to the neutral diradicals, their molecular cations can be surprisingly 
stable and readily available in the mass spectrometer through 
rearrangement fragmentations of larger ions (eq 1) or ion-
molecule reactions.3,4 The cationized diradicals have been called 
distonic radical cations by Radom et al.3 to emphasize that their 
radical and charge sites are distant from each other. 

r -

Distonic ions can serve as precursors for the synthesis of gaseous 
diradicals in neutralization-reionization mass spectrometry 
(NRMS) experiments.5 With this technique, neutral molecules 
are formed in the gas phase by neutralization from the corre
sponding ions6 and their unimolecular chemistry is probed by 
reionization. NRMS has led to new information on the stabilities 
and reactions of various unconventional neutrals,7 including 
hypervalent species,8" carbenes,8b'c and some l,3-diradicals.8c_e'9 
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The characterization of -CH2CH2CH2CH(OH)-, the simplest 
Norrish-type II diradical, has been reported recently.10 

In this study, NRMS is used to provide first experimental data 
on the stability of the 1,4-diradical 1 and on its tendencies toward 
ring closure and rearrangement. 1 has been postulated as an 
intermediate in the thermal decomposition of oxetane (2). On 
the basis of kinetic studies and RRKM calculations, Zalotai et 
al.11 proposed that pyrolysis of 2 proceeds via ring opening to 1 
or to -CH2CH2CH2O- (I'), which then decays into CH2=CH2 
+ O=CH2. The overall activation energies for decomposition 
via 2 -* 1 and 2 -»• V were found to be ~260 and 262 kJ moh1, 
respectively.11 

l's precursor, the C3H6O'"1" distonic radical ion formed after 
CH2=O loss from ionized 1,4-dioxane (eq 1), has thoroughly 
been studied by theory and experiment. An early investigation 
by McLafferty et al.12 reported that the high-energy collisionally 
activated dissociation (CAD)13 spectra of 1 ,+ and 2 ,+ were very 
similar. Later, high-level MO calculations of Radom et al. 
predicted, however, that the distonic ion 1 ,+ should be a unique, 
stable C3H6O*"1" isomer.14 This has indeed been confirmed by its 
distinctive ion-molecule reactions,15 heat of formation,16 and 
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energy-resolved C A D spectra.17 The bimolecular chemistry of 
ions 1*+ and 2*+ has been thoroughly explored18-21 and was recently 
reviewed by Kent tamaa et al.22 In contrast, their unimolecular 
chemistry has only been addressed briefly.12'17'19 This study 
ascertains the unimolecular dissociations of 1*+ and 2"+ and 
compares them to those of the corresponding neutrals. First data 
are also presented on the stabilities and reactivities of the radical 
anions 1— and 1", which have not yet been documented 
experimentally. 

Experimental Section 

Measurements were made with a modified VG AutoSpec tandem mass 
spectrometer, which has been described in detail.10 This trisector E1BE2 
instrument is equipped with three collision cells, one (CIs-I) in the first 
field-free region (FFR-I) preceding the first electrostatic analyzer and 
two (Cls-2 and Cls-3) in the third field-free region (FFR-3) located 
between EiB and E2. 

Unless noted otherwise, the desired precursor cation was produced by 
electron ionization of the appropriate sample at 70 eV, accelerated to 8 
keV, and mass-selected by EiB. In neutralization-reionization (NR) 
experiments, the selected radical cation was reduced in Cls-2 by collisions 
with Xe. After removal of the unneutralized fraction by electrostatic 
deflection (indicated by / ), the remaining beam of fast neutrals was 
collisionally reoxidized by O2 in Cls-3; the newly formed product cations 
were mass-analyzed through E2 and recorded in the + NR + Xe/02 
spectrum. The pressures adjusted with Xe and O2 reduced the parent 
ion beam intensity by 20% in each collision cell (80% transmittance), 
corresponding to ~ single collision conditions with each target.23 The 
superscripts indicate the charges of the precursor and the ultimate product 
ions. 

+NR~ Xe/Xe spectra can be measured similarly by using Xe in both 
collision cells. Alternatively, neutralization and anionization can be 
combined in the same collision cell (Cls-3)24 to obtain +NR" Xe (50% 
transmittance) spectra. These latter spectra contain all negative ions 
formed from the selected precursor cation during multiple collisions with 
Xe. It has been shown for polyatomic cations that under such multicollision 
conditions, the anions are formed by sequential addition of e~, not 
simultaneous attachment of 2e~ and cogeneration of Xe2+.25,26 We 
confirmed this for the allyl alcohol cation, whose +NR- Xe and +NR" 
Xe/Xe spectra are very similar.27 By combining the neutralization and 
anionization collisions in the same cell, the signal yield increases by ~ 1.5 
orders of magnitude. 

Metastable ion (MI) and CAD spectra were acquired with no collision 
gas and O2 in Cls-3 (80% transmittance), respectively. The acquisition 
of MI spectra in FFR-I was performed using linked-scan techniques.13b 

For MS/MS/MS spectra, the precursor ion was produced in FFR-I and 
subjected to MI and CAD experiments in FFR-3. The MI, CAD, +NR+ 

and +NR" spectra were recorded with the slits completely open for 
maximum sensitivity. Under these conditions, the main beam width at 
half-height (W0.5) is 14-15 V for 8 keV precursor ions. Kinetic energy 
releases (T0.5) were measured at higher energy resolution, with W0.5-
(main beam) being ~ 6 V. The reported values are corrected for the 
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Figure 1. MI spectra of C 3 HSCV + cations decomposing in FFR-3: (a) 
1 , + at 70 eV, (b) dfV* at 70 eV, (c) V+ at 15 eV, and (d) 2 , + at 70 
eV. 

width of the main beam and were calculated according to established 
procedures.28,29 

All samples are commercially available and were introduced into the 
instrument without further purification. In the CAD spectra, the relative 
product ion abundances were not altered outside experimental error if 
the target pressure was varied from 80 to 50% transmittance. In sharp 
contrast, the + NR + and +NR~ spectra were found to be particularly 
sensitive to variations in the pressures of the gas targets. Therefore, the 
NR spectra compared to each other were measured sequentially under 
identical experimental conditions and combine multiple averaged scans 
(reproducibility better than ±10% for + NR + and ±20% for +NR"). 

Results and Discussion 

Precursor Radical Cations. The incipient distonic radical cation 
1*+ and its ring-closed isomer 2 , + (ionized oxetane) are formed 
upon electron ionization of 1,4-dioxane (eq 1) and oxetane, 
respectively. Before these C3H6CV+ ions can be used for the 
synthesis of the corresponding neutrals, it must be established 
that they still have their original structures when they enter the 
neutralization region. Ions V+ and 2 , + with kinetic energies in 
the eV range have been distinguished by low-energy CAD 1 7 and 
ion-molecule reactions.' 8 ^ 2 However, the detailed unimolecular 
chemistry of multi-keV ions, which are employed in neutraliza
tion-reionization experiments, has not been elucidated yet.12,17'19 

MI Spectra. According to Figure 1, the major dissociation 
channel (>95%) of metastable ions 1 , + and 2 , + in the third field-
free region of the instrument is H» loss to form CsHsO + . This 
reaction gives rise to Gaussian peaks with the same kinetic energy 
release for both ions ( T 0 5 - 369 meV). The C 3 H 5 O + product 

(28) Cooks, R. G.; Beynon, J. H.; Caprioli, R. M.; Lester, G. R. Metastable 
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Figure 2. CAD spectra (acquired in FFR-3) of CsHsO+ cations produced 
in FFR-I from metastable (a) I'+, (b) 2'+, and (c) CH3CH2CH=O*+. 
The corresponding MI spectra contain fragments at m/z 56 and 29. 

Table I. Decomposition Products of Metastable Ions V+ and 2'+° 

m/z 

57 

43 
30 

29 

28 

products* 

CH3CH2C=O+ + -H 
(CH2=CHOCH2

+ + -H 
(CH2CH=O+CH2 + -H 

i i 

CH3O=O+ + -CH3 
CH3CH3'+ + CO 
(CH2=O*+ + CH2=CH2 
CH3CH2

+ + HCO-
HCO+ + CH3CH2-
CH2=CH2-+ + O=CH2 
(CO-+ + CH3CH3 

AfJ0KkJ mol"1)' 

591 + 218 = 809 
751d+ 218 = 969} 
759d + 218 = 977} 

653 + 146 = 799 
1028+ (-111) = 917 
941 + 52 = 993} 
902 + 45 = 947 
826+118 = 944 
1066 + (-109) = 957 
1242+ (-84) = 1158} 

' The AWf values of ions 1-+ and 2-+ are 828 and 852 kJ mob1, 
respectively.16'32 b Not observed products are shown in brackets.c From 
ref 32.''From ref 19. 

has the structure of the propanoyl cation CH3CH2CO+. This 
was determined by MS/MS/MS: C3H5O+ ions were generated 
from metastable 1*+ or 2*+ in FFR-I and their CAD spectra 
acquired in FFR-3. These MS/MS/MS spectra are identical 
within experimental error to the reference CAD spectrum of CH3-
CH2CO+, produced similarly from metastable propanal ions 
(Figure 2). Consequently, loss of H- from 1"+ and 2'+ must be 
accompanied by complicated rearrangements and does not 
produce CH 2 =CHOCH 2

+ or the oxetanyl cation (Table I), as 
assumed previously.19 

Profound differences between metastable ions V+ and 2*+ are 
observed for the less abundant decompositions leading to m/z 43 
and 30 (Figure la vs Figure Id). Elimination of -CH3 to yield 
C2H3O+ (m/z 43) is observed only for ion l ' + and leads to a 
broad signal with no discernible dished or flat top (T0.5 = 479 

26 26 30 32 34 36 36 40 42 44 46 46 50 52 54 56 M/Z 
100%)« ; X660.00 M X15.00 «. _ 

21S 31O 3'2 3 4 ' 3*6 3'e ' 41O ' i'z 44 ' 4(6 ' 4'8 51O ' s'2 54 5 ' 6 M Z Z 

Figure 3. MI spectra of cations (a) 1*+ and (b) 2*+, decomposing in 
FFR-I (70 eV). 

meV). On the other hand, both isomers contain fragment ions 
of m/z 30 (Gaussian shape) in their MI spectra. MS/MS/MS 
on such fragments produced in FFR-I shows that they can lose 
up to six H atoms and, hence, indicate the composition C2H6*

+. 
That the ions of m/z 30 are the result of unimolecular decay into 
C2H6

1+ + CO, not O=CH2*+ + C2H4, is also evident from the 
MI spectrum of de-l'+ (Figure lb), in which the corresponding 
peak is shifted by 6 units to m/z 36. Grutzmacher et al. came 
to a similar conclusion from the study of partially deuterated 
isotopomers of I"+.19 It is noteworthy that the kinetic energy 
releases for the formation of C2H6""

1" from 1*+ and 2*+ are 
substantially different, with 7o.s values of 33 meV for 1*+ but 
only 7.6 meV for 2*+. This result reveals that distinct paths are 
followed by 1*+ and 2*+ during CO loss.28 

Finally, both 1*+ and 2*+ show weak fragments at m/z 28 and 
29. Since the former quantitatively shifts to m/z 32 in the 
spectrum of d6-l'

+, it represents C2H4'+, not CO*+. The latter 
partly moves to m/z 34 (57%) and partly to m/z 30 (43%), 
consistent with being a mixture of C2Hs+ and HCO+ . C2H4*+ 
and C2H5

+ /HCO+ are extremely weak for 2*+ (<0.1% of MI 
base peak) and could, therefore, originate in part from CAD with 
the background gases, as they are formed with high yields upon 
CAD (vide infra). The dissociation limits for the reactions of 
metastable l ' + and 2*+ are summarized in Table I. The 
eliminations of H- and -CH3 are exothermic and must, therefore, 
be associated with sizable activation energies, the presence of 
which is also indicated by the corresponding large kinetic energy 
releases. 

The average lifetime of metastable C3H6O'"1" ions decomposing 
in FFR-3 is ~10.5 us. Ions with shorter lifetimes (~0.85 /is) 
and, thus, higher average internal energies are probed in FFR-1; 
they show parallel characteristics (Figure 3 vis a vis Figure 1). 
Lowering the internal energy of ions V+ and 2*+ by forming them 
at 15 eV reduces the overall dissociation extent but does not 
affect greatly the relative fragment ion abundances (see, e.g., 
Figure 1 c). This insensibility of MI spectra to changes in internal 
energy precludes that ions 1*+ and 2*+ consist of mixtures and 
is rather consistent with the presence of isomerically pure 
structures.13b'29 

1*+ can also be produced in FFR-1 from metastable 1,4-dioxane 
cations. In the MI spectrum of such metastably produced 1*+, 
[C3H50+]:[1*+] is ~50 times smaller than that for V+ generated 
in the ion source, while the other fragments are not discernable 
above noise level. The average internal energy of metastably 
generated 1*+ has been found by Baer et al. to be only 17 kJ 
m oj-i i6,3o j n e critiCal energy needed to form C3H5O+ + -H 
from 1"+ is, however, substantially higher judging by the large 

(30) Burgers, P. C; Holmes, J. L. Rapid Commun. Mass Spectrom. 1989, 
3, 279-280. 
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Figure 
3). 

15 20 2'5 3'0 35 40 45 5 0 5 5 M 7 Z 

4. CAD spectra of cations (a) 1'+, (b) d6-V
+, and (c) 2'+ (FFR-

Figure 5. CAD spectrum of V+, formed in FFR-I from metastable 1,4-
dioxane ions. 

kinetic energy release associated with this reaction (36 kJ mol-1, 
vide supra). Obviously, the internal energy of metastably 
produced 1'+ is not sufficient for its spontaneous fragmentation, 
and the very small CsHsO+ fragment observed most likely results 
from CAD with residual gases. 

CAD Spectra. Upon CAD, additional reaction pathways 
become available, leading to abundant fragments from m/z 24 
to 31 (to m/z 36 for the deuterated ion; Figure 4). Now, C2H4'+, 
which can be formed by direct bond cleavage(s), becomes the 
base peak. Nevertheless, the C2D6"

1" (m/z 36) and C2D5
+/ 

+CD2OD (m/z 34) products in the CAD spectrum of ds-V
+ show 

that rearrangements remain favored even after collisional acti
vation. 

Precursor ions l '+ produced from metastable l,4-dioxane'+ in 
FFR-1 and, hence, of lower average internal energy than ions V+ 

formed in the ion source give rise to the CAD spectrum of Figure 
S. Lower energy content reduces the overall fragment ion yield 
(L [fragments"1"]: [ 1'+]) by ~ 50%. At the same time, the relative 

abundances of C2H6
,+ (m/z 30, CO loss), C2H3O

+ (m/z 43, 
•CH3 loss), and CsHsO+ (m/z 57, -H loss) decrease, while that 
of C2H4O^+ (m/z 44, CH2 loss) increases (viz. Figure 5 vs Figure 
4a). The first three ions are the main MI products of V+ and 
originate via low-energy rearrangements, which are known to be 
particularly susceptible to internal energy variations.13,29 How
ever, the energy dependence of the CH2 elimination, a process 
of high critical energy (vide infra), is surprising. The possibility 
of the CH2 loss involving rearrangement was examined by MS/ 
MS/MS of the C2H4O'+ fragment produced in FFR-I by CAD 
of T+ and V+. The CAD spectra of these C2H4C+ fragment 
ions are identical to that of authentic CH2OCH2'"

1" (from 1,3-
dioxolane31). Thus, CH2 loss from V+ is not preceded by 
molecular reorganizations and produces a fragment ion that agrees 
with the connectivity of l'+. V+-* CH2OCH2'+ + CH2 (ZAH0

 { 
= 1252 kJ mol-1)32 requires >3 eV more energy than the reaction 
giving rise to the CAD base peak, namely V+-*- C2H4*+ + OCH2 
(LAIPf = 957 kJ mol"1)-32 Yet, the former process becomes 
more competitive when 1'+ has lower internal energy (Figure 5 
vs Figure 4a). This can be rationalized if the CH2 loss proceeds 
from an excited electronic state, to which 1'+ is most efficiently 
promoted from its ground state but which cannot readily be 
accessed if ion 1"+ is vibrationally excited. Consistent with such 
a mechanism requiring electronic excitation, CH2 loss is not 
observed with collisions at low kinetic energies (10-100 eV),17 

which are widely accepted to provide vibrational but not electronic 
excitation.13b 

As a molecular cation, isomer 2'+ cannot be prepared by a 
metastable decomposition in FFR-1. In this case, ions of lower 
average internal energies can be probed by ionizing at 15 eV 
instead of 70 eV. CAD of ions 2'+ formed at 15 eV leads to 
~ 50% less total fragments than CAD of 2'+ generated at 70 eV. 
The relative fragment ion abundances in the CAD spectrum do 
not change, however, outside experimental error (spectrum at 15 
eV similar to Figure 4c). Thus, internal energy variations affect 
isomers 1"+ and 2'+ differently. This result is in keeping with the 
low-energy CAD study of Verma et al.,17 who monitored the 
abundances of selected CAD fragments from 1'+ and 2'+ as a 
function of collision energy (10-100 eV) and found that the 
fragment abundances for 1'+ continuously changed over the entire 
energy range, while those for 2'+ showed a different energy 
dependence up to ~ 50 eV and remained fairly constant there
after.17 The precise reasons for the greater energy dependence 
of the unimolecular reactions of cation 1'+ remain unknown. 

The differences between isomers 1'+ and 2'+ are most prominent 
in the region between m/z 33 and 56. For example, the 
abundances of C3Ho_3+ (m/z 36-39) are >10 times higher for 
ion 2*+, which contains three adjacent carbons. On the other 
hand, CH2 loss is ~10 times larger for the distonic ion l'+, as 
expected from its structure containing terminal methylene groups. 
Distinct also are the relative intensities of CHsCO+ (higher for 
V+) and C3H3O

+ (m/z 55, higher for 2'+). Because of these 
differences and the unique MI data for ions l '+ and 2'+, we 
conclude that these two cations represent distinct C3HeO'"1" isomers 
which maintain their original structures and do not freely 
interconvert in the microsecond time window.29 This result is in 
agreement with the distinctive ion-molecule reactions of ions l '+ 

and 2'+.15,19~22 Having established the structures of these 
precursor cations, we can now proceed with the preparation and 
the characterization of the corresponding neutrals. 

Diradical -CH2CH2OCH2- (1). Preparation of 1 by Xe 
Neutralization. The 1,4-diradical -CH2CH2OCH2- is a proposed 
intermediate of the unimolecular decay of oxetane (2) into 
CH2=CH2 + O=CH2.' • 1 is accessed directly by neutralization 
of the distonic ion 1'+. After reionization into cations, dominant 

(31) Buschek, J. M.; Holmes, J. L.; Terlouw, J. K. J. Am. Chem. Soc. 
1987, 109, 7321-7325. 

(32) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. 
D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988,17, Supplement No. 1. 
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10 15 20 25 30 35 40 45 50 55 

Figure 6. +NR+ Xe/Ch spectra of cations (a) 1'+, (b) d6-t 
2'+. 

M/Z 

+, and (C) 

peaks are observed up to mjz 30 (Figure 6a), verifying that 1 
(mass 58 Da) readily decomposes into ethylene (28 Da) and 
formaldehyde (30 Da). CH2=CH2 can contribute to m/z 12-
15 and 24-28 and O=CH2 to m/z 12-14,16, and 28-30. Partial 
overlapping of these reionization products gives rise to the 
abundance pattern of Figure 6a. The isomer d6-l'

+ behaves 
similarly; its +NR+ produces abundant fragments up to m/z 32, 
from dissociation of d6-\ (64 Da) into C2D4 (32 Da) and O=CD2 
(32 Da). A finite part of 1 (and dt-\) survives undissociated, 
however, because a measurable recovered parent ion is present 
in both the +NR+ and +NR- (Figure 7) spectra. The identity of 
these recovery peaks must be established before any conclusions 
can be drawn on the stability of diradical 1 (vide infra). 

The dissociation of diradical 1 into ethylene plus formaldehyde 
via a simple bond cleavage is in sharp contrast to the threshold 
fragmentations of the distonic ion 1'+, which proceed after 
complicated isomerizations (vide supra). Such large differences 
in the unimolecular reactivities of neutrals and their molecular 
cations have been found for several other systems, by both 
experiment and theory.5'33 

Neutralization vs CAD of 1'+. Collisions with Xe effect charge 
exchange but can also cause CAD of precursor ion 1*+ (eq 2).34 

The major neutral CAD fragment of ion 1'+, O=CH2 (eq 2a), 
is also formed, together with CH2=CH2, upon decomposition of 
diradical 1 (eq 2b). Both these processes yield O=CH2'+ after 
reionization, which will overlap with any O=CH2"+ originating 
from dissociation of the recovered C3HeO'+ precursor ion. The 
latter should, however, be very small; judging from the small 

(33)Burgers,P.C.;Ufshit^C.;Ruttink,P.J.A.;Schaftenaar,G.;Terlouw, 
J. K. Org. Mass Spectrom. 1989, 24, 579-590. 

(34) (a) Danis, P. O.; Feng, R.; McLafferty, F. W. Anal. Chem. 1986, 58, 
348-354. (b) Holmes, J. L.; Mommers, A. A.; Terlouw, J. K.; Hop, C. E. 
C. A. Int. J. Mass Spectrom. Ion Processes 1986, 68, 249-264. 

Figure 7. +NR" Xe spectra of cations (a) 1'+ and (b) 2'+. The inset 
shows a partial +NR - spectrum of rf«-l'+. 

CAD 

ds-v* 

CH2=CH2
+ + O=CH2 

(mli 28) (30 Da) 

(28Da) (30Da) 

CD2=CD2
+ + O=CD2 

(m/z 32) (32Da) 

d6-l >• CD2=CD2 + O=CD2 

(32Da) (32Da) 

(2a) 

(2b) 

(2c) 

(2d) 

abundance of the recovery peak and the fragments above m/z 
30, dissociation of the C3H6O'+ ions generated upon reionization 
cannot be an appreciable contributor to the intense products 
between m/z 12-30. 

The processes of eqs 2a and 2b (or eqs 2c and 2d) can be 
distinguished on the basis of the kinetic energy releases with 
which they produce O=CH2'+. It has been shown by Hop and 
Holmes35 that dissociative neutralization (eqs 2b and 2d) releases 
more internal energy into translational energy than CAD of ions 
(eqs 2a and 2c). Therefore, it leads to broader signals than CAD. 
The extent of CAD can be maximized by choosing He or O2 
instead of Xe.34 With O2, the peak shapes of Figures 8a and 8b 
are observed for reionized O=CH2*+ from 1'+ and O=CD2'+ 
from d6-l'

+, respectively. With Xe, on the other hand, composite 
peaks with broad bases are obtained (Figures 8c and 8d), indicating 
that now both mechanisms of eq 2 operate. The broad component 
for CH2=CH2, which is coproduced with O=CH2 (eq 2b), cannot 
be seen due to poor resolution (viz. Figure 6a). With rf«-l'+, 
CD2=CD2 becomes isobaric with O=CD2 (eq 2d); in this case, 
both neutrals can contribute to the same broad component, thus 
substantially increasing its relative amount (Figure 8d vs Figure 
8c).36 

Neutralization-Reionization of Ion 2'+. The +NR+ and CAD 
spectra of ion 2'+ are fairly similar (Figure 4c vs Figure 6c). The 
presence of the structurally characteristic fragments C3Ho-3+ in 

(35) Hop, C. E. C. A.; Holmes, J. L. Int. J. Mass Spectrom. Ion Processes 
1991, 104, 213-216. 

(36) The widths at half-height of the narrow (n) and broad (b) components 
of the signals in Figure 8 are as follows: (a) Wa j(n) = 38 V; (b) Wos(n) -
43 V; (c) W05(n) = 39 V, W0.5(b) = 214 V; (d) Wo.s(n) = 40 V, W0.s(b) = 
216 V. The uncertainties are ±5 V for the narrow peaks and ±10 V for the 
broad peaks. 
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30 31 M/z 32 33 M/Z 

Figure 8. Scan over the peak of (a,c) m/z 30 from 1*+ and (b,d) m/z 
32 from d6-l'

+, obtained with (a,b) O2 and (c,d) Xe in the neutralization 
region. The reionization target is O2 in all four cases. See text referring 
to eq 2 for details. 

the +NR+ spectrum is consistent with preservation of the original 
structure upon neutralization-reionization. The small differences 
in the abundances of m/z 12-30 between the CAD and +NR+ 

spectra of 2 ,+ can be attributed to some CAD taking place, besides 
neutralization, upon collision of 2 ,+ with Xe. The neutral CAD 
fragments (mainly CHo_20 according to Figure 4c) produce, after 
reionization, ions between m/z 12-30; the same ions can also 
result from surviving 2. This overlap leads to slightly different 
relative abundances in the CAD and +NR+ spectra. 

Characterization of Surviving 1. As mentioned above, the weak 
peaks above m/z 30 and 32 in the +NR+ spectra of V+ and 
da-l'+, respectively, indicate that a small fraction of the diradical 
escapes decomposition to ethylene and formaldehyde. Since these 
neutral dissociation products can only contribute to the abundances 
of the +NR+ peaks up to m/z 30 for 1 and 32 for dg-1, the heavier 
fragment ions can be used to assess the structure of the survival 
ion and, thus, the stability of the diradical. 

EI of 1,4-dioxane produces a small CaH5O
+ ion of m/z 57,37 

whose 13C isotope is isobaric with 1*+, contributing ~0.8% to the 
abundance of m/z 58. This contamination cannot be the source 
of the recovery peak of 1 (Figure 6a) because a comparable 
recovery ion is observed for the perdeuterated sample (Figure 
6b), in which the 13C isotope OfCsDsO+ (m/z 63) does not overlap 
with dg- V+(m/z 64). The insensitivity of the relative abundances 
in the MI spectrum of ion V+ toward ionizing energy (viz. Figures 
la and Ic) also excludes that the C3HsO'+ precursor ion beam 
from 1,4-dioxane contains other isomers. It should be mentioned 
at this point that the C3H60'+ ion from dioxane has been 
extensively studied by ion-molecule reactions for over a decade 
and found to contain solely ion i*+.i5,i9.2o j n e photoionization 
efficiency curve and the appearance energy for V+ are also 
incompatible with the presence of other isomers in ion 1,+.16 

Contamination is, therefore, unlikely, and the recovered parent 
ions and heavier fragments in Figures 6a and 6b should originate 
from the small fraction of neutralized V+ (or dg-V+) which has 
not decomposed. We still have to determine whether these 
undissociated species retained the diradical structure until 
reionization or rearranged to some other more stable molecule. 

The simplest isomerization of 1 would be cyclization to the 
thermodynamically more stable, closed-shell molecule 2 (eq 3).' '-32 

(37) McLafferty, F. W.; Stauffer, D. B. Wiley/NBS Registry of Mass 
Spectral Data; Wiley: New York, 1989. 

Whether this happens can be monitored from the relative 
abundances of C3H^3

+, which are diagnostic for structure 2'+ 

(vide supra). Inspection of the m/z 36-39 regions in the CAD 

H2<f-° ^ L H2C^CH J ^ . H2C"%H 
H2C-CH2 closure H2C- H shift H3C

 ( 3 ) 

2 1 3 

and +NR+ spectra of T+ and 2'+ (Figures 4a and 6a vs Figures 
4c and 6c) shows that [C3Ho-3

+] remains low for V+ and does 
not change markedly upon its +NR+. Hence, the ring closure 1 
-»• 2 has not occurred to any measurable extent within the ~ 1-jts 
time domain available between neutralization and reionization. 

Radical sites are prone to intramolecular hydrogen rearrange
ments. Easiest are H-migrations via five- or six-membered ring 
transition states. In contrast, H-rearrangements involving three-
or four-membered ring intermediates are uncommon because they 
require much higher activation energies.38 For example, the 
isomerization of «-C4H9- to the more stable32 sec-C^Hy via 1,2-
or 1,3-H-atom shifts is not observed experimentally.39 The most 
facile H-rearrangement for diradical 1 should be the 1,4-hydrogen 
shift yielding ethoxycarbene, 3 (eq 3). 3 can be produced in the 
gas phase by neutralization of its stable radical cation, 3 , + u 

which is formed upon electron ionization of ethyl glyoxylate (eq 
4).40 The partial CAD and +NR+ spectra of 3 , + illustrated in 

+ 
' 0^CH 1,4-C2H5 H J C 0 S M 

B J C H N "̂ T*" H3C • CO2 (4) 

3 ' + 

Figure 9 are distinctively different from the +NR+ spectrum of 
V+ (Figure 6a) both in the m/z 36-43 and m/z 55-58 regions. 
These dissimilarities exclude any noticeable isomerization of 1 
to 3. The presence of a survival ion in the +NR+ spectrum of 3*+ 

and of fragments parallel to those formed upon CAD of this ion 
suggest that ethoxycarbene is a bound molecule. 

Since the 1,4-H rearrangement 1 -» 3 is not observed, it is 
improbable that 1 undergoes any other H-migrations in the time 
window between neutralization and reionization. If undissociated 
1 indeed maintains its structure, one would expect that its 
reionization regenerates 1 ,+ which should yield similar fragments 
to those observed in the CAD spectrum of V+. Some products 
formed upon CAD of l '+ are, however, much less intense or even 
absent in the +NR+ spectrum. This can best be seen for da-l'+: 
the expanded traces in Figures 4b and 6b show that after +NR+, 
the dissociations C2D5

+ +-CDO and +CD2OD + C2D3- (both 
yielding m/z 34), C2D6'+ + CO (m/z 36), C2D3O

+ + -CD3 (m/z 
46), C2D4O'+ + CD2 (m/z 48), and C3D5O

+ + -D (m/z 62) are 
discriminated against the decompositions producing the other 
fragments between m/z 33 and 63. Our CAD data of V+ (Figures 
4a and 5) and the energy-resolved CAD study of Verma et al.17 

found the aforementioned reactions to be strongly dependent on 
the internal energy of the distonic ion V+ (vide supra). Except 
for the CD2 loss, all these reactions require complicated isomer-
izations, and it is possible that collisional reionization produces 
T+ in a high internal energy range which does not allow slow, 
multistep rearrangement fragmentations to compete effectively. 
Such a phenomenon has been observed previously, e.g., Burgers 
et al. reported that CH3NH=NH+ ions form abundant +NH4 
(HCN loss) upon CAD but not upon +NR+.42 The lack of CH2 
(or CD2) loss after +NR+ of 1*+ can also be ascribed to internal 

(38) Reference la, pp 90-97. 
(39) Rudat, M. A.; McEwen, C. N. J. Am. Chem. Soc. 1981,103, 4349-

4354. 
(40) Ionized hydroxymethylcarbene (CHaCOH-+) and methoxycarbene 

(HCOCH3-+) have been generated similarly from pyruvic acid41 and methyl 
glyoxylate,31 respectively. 

(41) Terlouw, J. K.; Wetzenberg, J.; Burgers, P. C. J. Chem. Soc, Chem. 
Commun. 1983, 1121-U23. 
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Figure 9. Partial (a) CAD, (b) +NR+ Xe/02, and (c) +NR- Xe spectra 
of ionized ethoxycarbene (3-+). The MI spectrum of 3*+ consists of 
C3H5O

+ (100%) and C2H6'+ (1%). 

energy effects. The energy dependence of this cleavage upon 
CAD suggests that it proceeds from an excited electronic state 
of 1"+ (vide supra). Apparently, this state cannot be accessed 
by collisional reionization.43 

Although the +NR+ spectrum of 1"+ clearly shows that diradical 
1 has not undergone ring closure to 2 and 1,4-H rearrangement 
to 3, it does not provide a straightforward proof for the stability 
of 1 due to the discussed energy effects, which cause differences 
between the +NR+ spectrum and the reference CAD spectrum. 
Corroborative evidence that neutralization of 1•+ leads to a species 
of low ionization energy and with unpaired electrons is provided 
by producing 1 with a different neutralization target and by 
reionization into anions. 

Neutralization by Trimethylamine. On the basis of the 
ionization energies (IE) of 1 (6.93 eV)44 and 2 (9.67 eV),32 charge 
exchange with Xe (IE = 12.13 eV)32 is endothermic for cations 
V+ and 2*+, by ~5.2 and ~2.5 eV, respectively.45 The missing 
energy in such cases is supplied by the kinetic energy of the 
precursor ion.5 The endothermicities can be decreased or even 
reversed by neutralizing with trimethylamine (TMA), whose 

(42) Burgers, P. C; Drewello, T.; Schwarz, H.; Terlouw, J. K. Int. J. Mass 
Spectrom. Ion Processes 1989, 95, 157-169. 

(43) A related situation is encountered with charge-stripping products. 
We find that CAD leads to more abundant doubly-charged ions than +NR+ 

does. For example, [CF3++] + [CF2
++] (relative to total fragment ion current) 

is ~ 1% in the CAD spectrum of CF3+ but only <0.1% in the corresponding 
+NR+ spectrum (unpublished results from this laboratory). 

(44) From AH0^V+) - AH0Kl) - 828" - 159" = 669 kJ mol'1 = 6.93 
eV. The value of AH°t(l) is an estimate.11 

(45) In order to calculate the exact reaction enthalpies for charge exchange, 
the vertical recombination energies of ions 1 , + and 2*+ must be known. These 
are not available, however. Approximate values can be obtained by using the 
ionization energies of 1 and 2. 

Figure 10. + NR + N / 0 2 spectra of V+, using as neutralization target N 
(a) trimethylamine and (b) Xe. The spectra of Figures 6a and 10b were 
taken 6 weeks apart and illustrate the reproducibility over a longer time 
period. 

vertical IE is 8.44 eV.46 The reaction 1'+ + TMA — 1 + TMA"+ 
remains endothermic, although now by a much smaller amount 
(AIE = 1.5 eV), while 2'+ + TMA — 2 + TMA'+ becomes 
exothermic by AIE = -1.2 eV. The excess energy in the latter 
case is distributed between the two products.5'6'34 

No visible change occurs in the +NR+ spectrum of 2 ,+ if TMA 
is used instead of Xe. This is in keeping with the reported 
decomposition threshold of 2 (2.7 eV),11 which is much larger 
than the < 1.2 eV available from the exothermic charge exchange. 
For the +NR+ spectrum of isomer V+, on the other hand, small 
changes are observed (Figure 10). With TMA, the relative 
abundance of the wide peaks between mjz 24-30 increases (as 
reflected by the shallower valleys between the peaks). This means 
that collisions with TMA raise the relative yield of dissociative 
neutralization (eq 2b) vs that of CAD (eq 2a). (As explained 
above, the former process gives rise to the wide and the latter to 
the narrow components of m/z 24-30.) Changes also occur in 
the region m/z 3 3-5 8, which originates from the surviving fraction 
of 1: replacement of Xe by TMA increases the ratio [m/z 36-
5%]:[m/z 12-30] by ~40% and the relative abundance of the 
survival ion by ~80% (Figure 10). Overall, more 1'+ is 
neutralized and more 1 is produced below its dissociation threshold 
with TMA than with Xe. Higher charge-exchange cross sections 
result if the neutralization reaction becomes closer to thermo-
neutral.6,47 Hence, the larger yield of 1 with the target of lower 
ionization energy agrees with the generation of a species of low 
IE, such as the diradical 1, upon neutralization of 1,+. 

C;jH60*~ Radical Anions. The appearance of a small but 
measurable molecular anion in the +NR- spectra of 1"+ and de-
V+ (Figure 7a) is a further indication that diradical 1 survives 
partly intact. The closed-shell isomer 2 does not form any bound 
anion (Figure 7b). The C3HeO*" anion in Figure 7a cannot be 
due to the presence, through isomerization or admixture, of the 
carbene 3 because the +NR- spectrum of the latter (Figure 9c) 
contains a distinctive peak at m/z 57 that is absent in Figure 7a. 
Since -CH2OCH2- and -CH2OH have been found to be incapable 

(46) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S. 
Handbook ofHeIPhotoelectron Spectra of Fundamental Organic Molecules; 
Halsted Press: New York, 1981; p 121. 

(47) Hop, C. E. C. A.; Holmes, J. L. Org. Mass Spectrom. 1991,26,476-
480. 
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of producing stable anions,80'24* the most likely structure of 1'" 
is -CH2CH2OCH2-, which represents a 0-O-substituted ethyl 
anion. 

Anion 1- generates C2H3O (of m/z 43) and CH3O- (of m/z 
31) fragments via rearrangement cleavages at either side of the 
ether bond. The former fragment is much less important and the 
latter absent in the spectrum of anion 2'~. Note, however, the 
presence of C3Ho-3" in the spectrum of 2—, which are characteristic 
for a structure containing three adjacent carbon atoms. Almost 
all direct cleavages in 1*- and 2" initially yield unstable anions 
(e.g., C2H4— and OCH2-) which dissociate further giving rise 
to the lighter fragments in the +NR" spectra (viz. O--, C2*

-, C2H", 
C2H3-, and OCH).48 

The major primary decompositions of 1—, namely those 
producing C2H3O- (m/z 43) + -CH3 and C2H3* + "OCH3 (m/z 
31), proceed via rearrangement. Thus, this stable C3HeO*" radical 
anion resembles the corresponding radical cation in preferring 
unimolecular dissociations accompanied by isomerization instead 
of simple bond ruptures. Also, some of the heavier fragments 
from unstable 2*-, specifically C3H3O" (m/z 55) and C2H3O" 
(m/z 43), most probably arise by simple rearrangements. 

Conclusions 

The main findings of this study can be summarized as follows. 
(1) The diradical -CH2CH2OCH2- (1), which is a proposed 
intermediate in the thermal decomposition of oxetane (2), can 
directly be accessed in the gas phase by reduction of the distonic 
radical cation -CH2CH2OCH2

+ (1 *+). Once formed, this diradical 
extensively dissociates by simple bond cleavage yielding 

(48) The dissociating fraction of 1 yields CH2=CH2 and O=CH2. These 
closed-shell molecules have large cationization but poor anionization effi
ciencies. For example, pure CH2=CH2 '+ produces ~ 10 times more cations 
upon +NR+ and ~ 2 times less anions upon +NR- (at 3.8 keV) than an equivalent 
amount of 1*+ (at 8.0 keV). Consequently, the decomposition products of 1 
are visible in the +NR+ spectrum of 1*+ but do not contribute appreciably to 
its +NR- spectrum. 

CH2=CH2 + O=CH2. (2) A small fraction of 1 remains 
undissociated. Within the microsecond time frame, this fraction 
neither ring closes to 2 nor undergoes isomerizations involving 
H-rearrangements. (3) In sharp contrast to diradical 1, the 
distonic radical cation 1*+ decomposes at threshold via complex 
rearrangements, mainly to CH3CH2C=O+ + -H. Two other 
important decomposition channels, namely formation of CH3-
Cs=O+ + -CH3 and CH3CH3*

+ + CO, also involve rearrangement. 
(4) The extent of these rearrangement fragmentations is smaller 
in the +NR+ spectrum of P + than in its CAD spectrum. This 
could be the result of the deposition of higher internal energies 
upon collisional reionization than upon CAD. (5) The distonic 
radical anion 1*~ is bound, while the closed-shell isomer 2*" is not. 
Several primary decompositions of these C3HeO- anions proceed 
through rearrangements, thus paralleling those of the C3HeO*"1" 
radical cations. (6) The MI, CAD, +NR+, and +NR" spectra of 
ions 1*+ and 2*+ are substantially different from each other and, 
thus, consistent with the existence of two distinct radical cations 
that do not readily equilibrate. This result fully agrees with the 
distinctive ion-molecule reactions of ions 1*+ and 2*+ reported 
by Kenttamaa et al.20'22 (7) Our NRMS results describe 
qualitatively the unimolecular chemistry ofdiradicall. Whether 
the surviving portion is a singlet or triplet state cannot be answered 
by the experimental data. High-level theoretical calculations 
could shed more light on this matter as well as provide information 
on the geometry of 1 and quantitative data on the activation 
energies associated with its unimolecular reactions. 
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