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a  b  s  t  r  a  c  t

Tandem  mass  spectrometry  experiments  on  the  HCl  salt  of  2-hydroxyaminoethanol  reveal  that  low-
energy  ions  HOCH2CH2NHOH•+ dissociate  by loss  of  H2O with  remarkable  efficiency  (c. 10%).  Analysis  of
its high  energy  collision-induced  dissociation  (CID)  mass  spectrum  leaves  little  doubt  that  the  resulting
m/z  59  ion  is the  cyclic  1,2-oxazetidine  ion,  whose  elusive  neutral  counterpart  has  not  yet  been  identified
by  experiment.

A mechanistic  analysis  using  the  CBS-QB3  model  chemistry  indicates  that the  dissociation  chemistry
of  HOCH2CH2NHOH•+ is  entirely  different  from  that  of  the  structurally  related  ions  HOCH2CH2ONH2

•+

•+
he occasion of his 85th birthday.

eywords:
andem mass spectrometry
BS-QB3 model chemistry
,2-Oxazetidine

and  HOCH2CH2OH .  It involves  a 1,5-H  transfer  in  one  of  its  stable  conformers  that  leads  to  a hydrogen-
bridged  radical  cation  of the  1,2-oxazetidine  ion  and  a  water  molecule.  In  support  of  this  proposal  the
isotopologues  DOCH2CH2NDOD·DCl  and  HOCH2CD2NHOH·HCl,  upon  ionization  (almost)  exclusively  lose
D2O  and  H2O,  respectively.

© 2010 Elsevier B.V. All rights reserved.
ydrogen-bridged radical cations

. Introduction

Some ten years ago, two  unexpected disinfection by-products in
hlorinated drinking water samples were tentatively identified as
alogenated aminoxyalcohols [1] on the basis of various mass spec-
rometric experiments. This proposal was rather speculative (and
s established recently, erroneous [2])  because hardly any informa-
ion was available about the dissociation characteristics of ionized
minoxyalcohols. This prompted our combined experimental and
heoretical study of ionized 2-aminoxyethanol, HOCH2CH2ONH2,
s a model compound [3].  Its low energy (metastable) molecu-
ar ions display a surprisingly rich chemistry involving five major
issociation pathways. The model chemistry calculations indicate
hat a 1,4-H shift in the molecular ion generates the ion-molecule
omplex [HOCH2(C O)H•+]· · ·[NH3], which acts as the common
eacting configuration. This is in contrast to the related 1,2-
thanediol ion HOCH2CH2OH•+ whose dissociation chemistry is
riggered by C–C bond cleavage [4].  However, proton transport
atalysis (PTC) features as an important component of both mecha-

isms [5].  The present study deals with 2-aminoxyethanol’s isomer
OCH2CH2NHOH, 2-hydroxyaminoethanol. This compound is not
ommercially available and all our efforts to isolate and purify it in a

∗ Corresponding author. Tel.: +1 905 525 9140; fax: +1 905 522 2509.
E-mail address: terlouwj@mcmaster.ca (J.K. Terlouw).

387-3806/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.10.004
synthetic procedure involving the reduction of 2-nitroethanol (see
Section 2) were unsuccessful. However, its (very hygroscopic) HCl
salt is sufficiently stable at room temperature to be used instead
for our tandem mass spectrometric measurements.

These experiments revealed that metastable ions
HOCH2CH2NHOH•+ (HE-1) show a remarkably abundant (∼10%
of the main beam of ions) loss of H2O to form m/z  59 ions
C2H5NO•+ as the only reaction. Further, the labelled isotopologue
DOCH2CH2NDOD•+ (almost) exclusively loses D2O, whereas upon
collisional activation only one important competing dissociation
occurs, viz.  the direct bond cleavage to give +CH2NDOD + •CH2OD.
Unfortunately, the structure of the product ion cannot readily
be assigned on the basis of a comparison of its collision induced
dissociation (CID) mass spectrum with reference spectra. A critical
evaluation of the C2H5NO•+ system of ions has not been included
in the book of [Ref. 6a] and none of the reported CID mass spectra
[7,8] matches the spectrum obtained.

These intriguing and challenging observations inspired us to ini-
tiate a quest for plausible mechanisms for the H2O elimination from
metastable ions HE-1, using the model chemistry approach of our
study of the loss of water from ionized ethyl acetate [9].  An impor-
tant precondition of this approach imposed by the experimental

data is that none of the stable intermediates, connecting transition
states or products of a viable calculated mechanism should lie sig-
nificantly higher in energy than the thermochemical threshold for
direct bond cleavage to +CH2NHOH (m/z 46) + •CH2OH.

dx.doi.org/10.1016/j.ijms.2010.10.004
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:terlouwj@mcmaster.ca
dx.doi.org/10.1016/j.ijms.2010.10.004
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Although the involvement of hydrogen-bridged radical cations
HBRCs) [10] remains a common thread, the first step of our pro-
osed mechanism for dissociation of HE-1 is entirely different
rom that of either HOCH2CH2ONH2

•+ [3] or HOCH2CH2OH•+ [4].  It
nvolves a unique 1,5-H transfer that leads to the formation of an
on–dipole complex comprising the four membered ring species
onized 1,2-oxazetidine [11] and a water molecule. This ion easily
earranges to a more stable HBRC but is otherwise resistant towards
urther isomerization and eventually loses water to yield the 1,2-
xazetidine ion (m/z 59), whose neutral counterpart is predicted
o be stable by theory but it has never been characterized in the
ondensed phase [11].

. Experimental and theoretical methods

.1. Mass spectrometric measurements
The experiments were performed with the VG Analytical ZAB-R
ass spectrometer of BEE geometry (B, magnet; E, electric sec-

or) [12] using an electron ionization (EI) source at an accelerating

able 1
nergetic data [a] derived from CBS-QB3 calculations of stable isomers and connecting tr

Ionic species B3LYP/CBSB7E(total) CBS-QB3E(total) [0 K] 

HE-1a (Scheme 2) −285.35978 −284.83556 

HE-1b  (Scheme 2) −285.34046 −284.82105 

HE-1c  (Scheme 3) −285.27125 −284.74447 

HE-1d  (Scheme 6) −285.34622 −284.82530 

HE-2  (Scheme 3) −285.31495 −284.79097 

HE-3  (Scheme 3) −285.32520 −284.81197 

HE-4  (Scheme 6) −285.29201 −284.77017 

HE-5a  (Scheme 6) −285.30766 −284.78676 

HE-5b  (Scheme 6) −285.30814 −284.78634 

HE-6  (Scheme 6) −285.31428 −284.79130 

HE-7  (Scheme 6) −285.33672 −284.81645 

HE-8  (Scheme 6) −285.36753 −284.83922 

HBRC-2  (Scheme 2) −285.31604 −284.79503 

HBRC-3a  (Scheme 3) −285.34062 −284.82301 

HBRC-3b  (text) −285.30697 −284.78556 

HBRC-3c  (text) −285.26569 −284.74042 

HBRC-4a  (Scheme 3) −285.39141 −284.86930 

HBRC-4b  (Scheme 3) −285.30393 −284.78940 

HBRC-5  (Scheme 6) −285.32809 −284.80603 

HBRC-6  (Scheme 6) −285.30847 −284.79012 

HBRC-7  (Scheme 6) −285.37620 −284.85243 

TBC-1a  (Scheme 2) −285.34977 −284.82238 

TBC-1b  (Scheme 2) −285.37368 −284.85626 

TBC-2  (Scheme 2) −285.35603 −284.84186 

TS  HE-1a → b −285.33319 −284.80938 

TS  HE-1a → d −285.32657 −284.80329 

TS  HE-1a → 4 −285.28650 −284.76499 

TS  HE-1d → 6 −285.29041 −284.76705 

TS  HE-1a → 7 −285.28343 −284.76208 

TS  HE-1d → 5a −285.30618 −284.78445 

TS  HE-1a → 2 −285.31237 −284.78854 

TS  HE-1a → HBRC-2a −285.31077 −284.78824 

TS  HE-1b → TBC-1a −285.29602 −284.77247 

TS  HE-1a → HBRC-7 −285.28034 −284.75959 

TS  HE-2 → 3 −285.30661 −284.78320 

TS  HE-3 → HBRC-3a −285.32392 −284.80972 

TS  HE-3 → HBRC-3c −285.30027 −284.78463 

TS  HE-3 → HBRC-4b −285.26048 −284.74542 

TS  HE-4 → MF4 −285.28889 −284.76517 

TS  HE-5a → 5b −285.30711 −284.78546 

TS  HE-5a → HBRC-5 −285.29363 −284.77261 

TS  HE-5b → HBRC-6 −285.27585 −284.75750 

TS  HBRC-4b → a −285.28454 −284.77067 

TS  HBRC-6 → 3a −285.29607 −284.78075 

TS  TBC-1a → 1b −285.33691 −284.81986 

a] E(total) in Hartrees, all other components, including the ZPE scaled by 0.99, are in kca
ss Spectrometry 306 (2011) 138– 149 139

voltage of 8 kV. Metastable ion (MI) and collision induced disso-
ciation (CID) mass spectra were recorded in the second field free
region (2ffr). The CID mass spectra of the 2ffr metastable peaks
were obtained in the 3ffr using the maximum available acceler-
ating voltage (10 kV). In all collision experiments O2 was  used as
the collision gas. All spectra were recorded using a PC-based data
system developed by Mommers Technologies Inc. (Ottawa). Kinetic
energy releases (corrected T0.5 values) were measured according to
standard procedures [6].  The 2-hydroxyamino hydrochloride sam-
ples were introduced into the source (kept at 120 ◦C) via a solids
probe held at ∼80 ◦C.

Since the compound is prone to decompose and/or poly-
merise upon heating, the finely powdered sample was put into
a 15 mm quartz probe tube into which a 17-mm gold wire
was  inserted to promote a better heat transfer to the sam-
ple [13]. Repeated exchange of the unlabelled hydrochloride

with a five fold excess of anhydrous methanol-OD was used
to prepare a sample of DOCH2CH2NDOD·DCl. The isotopologue
HOCH2CD2NHOH·HCl was obtained as described in the next sec-
tion.

ansition states involved in the H2O loss from 2-hydroxyaminoethanol ions HE-1.

ZPE QB3 �fH0
0 QB3 �fH0

298 〈S2〉
63.5 135.4 128.9 0.77
62.8 144.5 138.6 0.77
63.3 192.6 185.9 0.76
63.0 141.9 135.7 0.77
62.9 163.4 157.5 0.77
60.8 150.2 145.2 0.77
62.3 176.5 170.1 0.76
62.7 166.0 160.3 0.76
62.8 166.3 160.4 0.76
63.6 163.2 156.8 0.76
63.4 147.4 141.6 0.76
61.3 133.1 127.4 0.87

60.5 160.8 155.7 0.77
61.0 143.3 137.8 0.77
58.3 166.8 161.8 1.13
57.8 195.1 190.4 0.99
60.6 114.2 109.0 0.76
60.7 164.4 159.0 0.76
60.8 153.9 148.2 0.77
59.6 163.9 158.1 0.76
60.8 124.8 119.5 0.94
58.3 143.7 139.1 0.90
56.2 122.4 118.2 0.90
56.2 131.5 127.2 0.89

62.1 151.8 145.4 0.77
61.6 155.7 149.6 0.77
60.3 179.7 172.9 0.77
59.6 178.4 171.7 0.76
60.2 181.5 175.1 0.80
62.6 167.5 161.1 0.76
63.0 164.9 158.4 0.77
60.8 165.1 159.2 0.81
58.3 175.0 169.4 0.78
59.3 183.1 176.8 0.77
61.1 168.3 162.6 0.77
60.8 151.6 146.0 0.77
58.0 167.4 162.2 0.76
59.6 192.0 186.0 0.76
60.7 179.6 173.5 0.76
62.6 166.9 160.5 0.76
60.1 174.9 169.3 0.78
59.9 184.4 178.7 0.76
59.9 176.1 170.4 1.20
60.8 169.8 164.0 0.77
55.9 145.3 141.0 0.87

l mol−1.
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in intensity of the signal at ı 4.52 and the collapse of the triplet
signal at ı 4.10 to a singlet. The level of D-incorporation at the 2-
position reached the theoretical limit of ∼90% after approximately

Table 2
Energetic data derived from CBS-QB3 calculations [a] used to probe the dissociation
chemistry of ionized 2-hydroxyaminoethanol.

Species and mass CBS-QB3
E(total) [0 K]

QB3  �fH0
298

Fig. 1 ion 1a 59 −208.48964 195.1
Fig. 1 ion 1b 59 −208.46601 210.0
Fig. 1 ion 1c 59 −208.46966 207.5
Fig. 1 ion 1d 59 −208.49580 189.9
Fig. 1 ion 2a 59 −208.48141 200.2
Fig. 1 ion 2b 59 −208.48213 198.8
Fig. 1 ion 3a 59 −208.45631 214.6
Fig. 1 ion 3b 59 −208.43716 227.0
Fig. 1 ion 3c 59 −208.41518 240.8
Fig. 1 ion 3d 59 −208.37704 264.6
Fig. 1 ion 4a 59 −208.50553 183.8
Fig. 1 ion 4b 59 −208.42220 235.9
Fig. 1 ion 5 59 −208.43420 228.4
Fig. 1 ion 6 59 −208.40726 245.2
Fig. 1 ion 7 59 −208.48277 198.5
Fig. 1 ion 8 59 −208.48568 196.6
Fig. 1 ion 9 59 −208.41263 242.3

CH2 O 30 −114.34417 −27.0
CH2OH• 29 −114.88817 −5.2
CH3O• 29 −114.87541 3.9
CH2 NH•+ 29 −94.10039 250.7
H–C–NH2

•+ 29 −194.10578 247.2
HC  NH+ 28 −93.55430 226.4
CH2 N• 28 −93.82791 57.2
H2O 18 −76.33750 −57.0

Fig. 1 ion 10 59 −208.45234 217.7
Fig. 1 ion 11 59 −208.45250 217.5
Fig. 1 ion 12 59 −208.56543 146.2
Fig. 1 ion 13 59 −208.50780 179.0

TS  3a → 3b −208.39717 251.5
TS  3b → 9 −208.39550 252.7
TS  9 → m/z 28 −208.40230 249.1
TS  3b → 1c −208.42975 231.7
TS  1c → 1d −208.45341 217.1
TS  1d → 2b −208.44142 223.8

Fig. 1 ion MF-1 59 −208.51247 179.8
Fig. 1 ion MF-2 59 −208.50594 184.3
Fig. 1 ion MF-3 59 −208.51584 177.8
Fig. 1 ion MF-4 59 −208.54478 159.2
Fig. 1 neutral DP-1 58 −208.10729 69.1
Fig. 1 neutral DP-2 58 −208.17041 29.9
Fig. 1 neutral DP-3 58 −208.17183 28.9

CH2 O· · ·H· · ·OH2
+ 49 −190.99545 81.5

CH2 N· · ·H· · ·OH2
•+ 47 −170.48072 165.1

CH2 N(H)· · ·OH2
•+ 47 −170.45287 182.4

CH2 NHOH+ 46 −169.87875 177.3
CH2−CH2−OH2

•+ 45 −154.39990 176.8
40 K.J. Jobst et al. / International Journal

.2. Synthesis of 2-hydroxyaminoethanol and its isotopologue
OCH2CD2NHOH

Although the reduction of simple nitrocompounds to the cor-
esponding amines may  be accomplished by a wide variety of
eans without difficulty, the partial reduction to form hydroxy-

amines is far less straightforward. Substituted hydroxylamines are
uch less stable than either the starting nitrocompounds or the

nalogous amines; moreover, it is often difficult to prevent over-
eduction to the amine. Some of these problems may  be overcome,
t least in principle, by generating and isolating the salts of the free
ases, which are less prone to decomposition; however, these salts
re frequently extremely hygroscopic, particularly when the sub-
tituent contains a hydroxyl or related hydrophilic group. Isolation
f 2-hydroxyaminoethanol as the free base (HOCH2CH2NHOH) was
ound to be impractical, but its hydrochloride could be generated
n situ during the reaction work up, isolated as a hygroscopic solid
nd subjected to mass spectrometry.

Several methods may  be found in the literature for the reduction
f nitroalcohols to hydroxyaminoalcohols (and their salts). The two
ain ways are by means of catalytic hydrogenation (usually under

igh initial pressure and with partially poisoned catalysts [14a])
nd the use of dissolving metals (typically zinc [14b] or amalgams
ontaining aluminium or sodium [14c]). Other methods include
he use of the cyanohydridoborate anion [14d] and diborane [14c];

ore recently, samarium di-iodide under anhydrous conditions has
een found to be effective [14e]. Many of these published proce-
ures either lack experimental detail, require highly specialised
pparatus (such as high pressure hydrogenation equipment) or
onditions (rigorous exclusion of water and/or the use of expensive
nd highly sensitive reagents) and special precautions to deal with
he toxicity of the reagents or by-products. The most promising

ethod of reducing HOCH2CH2NO2 to HOCH2CH2NHOH and con-
erting it to HOCH2CH2NHOH·HCl appeared to be to use purified
inc dust in the presence of aqueous methanol containing NH4Cl
14b]. Even in this case, however, it proved impossible to repeat
he synthesis from the information available in the literature. The
ollowing modified procedure was eventually devised after prelim-
nary experiments with the homologue, 2-nitropropanol.

A solution of 2-nitroethanol (3.33 g, 37 mmol) and NH4Cl (5.35 g,
00 mmol) dissolved in aqueous methanol (25 ml,  80%, v/v water)
as stirred vigorously while purified zinc powder (4.91 g, 75 mmol,
ashed with dilute HCl, water and acetone, and dried to con-

tant mass) was  added in small portions during 10 min. The rate
f addition was controlled so that the temperature gradually rose
o 60–65 ◦C; this temperature was maintained until all the zinc had
een added, whereupon it began to fall. The mixture was stirred for

 further 15 min. The warm residue was filtered at the pump and the
norganic salts were extracted on the filter with aqueous methanol
70 ml,  80%, v/v water). The excess methanol was removed from the
ombined filtrate and extracts by rotary evaporation (warm water
ath) to leave a yellow liquid, which was carefully washed with
iethyl ether (3 ml  × 15 ml)  to remove any remaining starting mate-
ial. Excess HCl in methanol (50 ml,  containing a minor amount of
ethyl acetate) was added and the liquid was rotary evaporated to

onstant mass (in a water bath whose temperature was  progres-
ively raised to 90 ◦C) to remove the methyl acetate, methanol and
ater. The residual amber hygroscopic solid (6.17 g, 82%) was anal-

sed by 1H NMR  in D2O; the organic component (comprising some
6% of the total mass, as established by adding a known quantity of
tarting material to an aliquot of product and comparing the inte-
rations of relevant signals) appeared to consist essentially entirely

f the desired product, HOCH2CH2NHOH·HCl. 1H NMR  [400 MHz,
n D2O: ı 3.35, 2H, t (J = 5.2 Hz) and 3.86, 2H, t (J = 5.2 Hz)].

As mentioned above, the HCl salt was found not to undergo
mooth and sustained dissociation and evaporation from the
ss Spectrometry 306 (2011) 138– 149

probe, even when a method devised for introduction of salts was
employed. Therefore, the corresponding CH3COOH and CF3COOH
salts were prepared by modifying the method used to make the
HCl salt. Unfortunately, however, these salts were only marginally
easier to analyse by mass spectrometry than the HCl salt.

The following procedure was  devised to prepare HOCH2CD2NO2
for reduction to HOCH2CD2NHOH·HCl. A solution of 2-nitroethanol
(6.0 g, 66 mmol) and dry K2CO3 (0.54 g, 4 mmol) in D2O (20 ml,
22.1 g, 1 mol) was  stirred magnetically under an N2 atmosphere
at ambient temperature. The exchange of the protons �- to the
nitro group was  monitored by 1H NMR  by following the decrease
CH2 C NH•+ 41 −132.16308 247.0
HNO 31 −130.32328 24.8

[a] E(total) in Hartrees, 298 K enthalpies in kcal mol−1. Numbers for ions AA1–4 in
Fig. 1 are from Ref. [8].
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Fig. 1. Structures of m/z 59 C2H5NO product ions and their enthalpies of form

6 h. The mixture was saturated with salt and the partially labelled
-nitroethanol was isolated by extraction with CH2Cl2 (5 × 20 ml);
he combined extracts were dried (with MgSO4), filtered and evap-
rated at reduced pressure to give a yellow liquid (4.8 g, 78%). This
aterial was then subjected to another exchange with a second

ortion of D2O (20 ml,  1 mol) and fresh K2CO3 (0.40 g, 3 mmol) to
ive HOCH2CD2NO2 (3.4 g, 71%) with c. 97% D-incorporation at the
-position.

The labelled 2-nitroethanol was reduced as described above
or the unlabelled analogue to give HOCH2CD2NHOH·HCl as a yel-
ow solid, from which the desired HOCH2CD2NHOH•+ isotopologue
ould be generated.

.3. Theoretical calculations

The calculations were performed with the CBS-QB3 model
hemistry [15]; for selected species the (computationally much
ore demanding) CBS-APNO method [16] was also used. Most of

he calculations were run with the Gaussian 2009, Rev A.02 suite
f programs [17] on the SHARCNET computer network at McMas-

er University. In the CBS-QB3 model chemistry the geometries of

inima and connecting transition states are obtained from B3LYP
ensity functional theory in combination with the 6-311G(2d,p)
asis set (also denoted as the CBSB7 basis set). The resulting total
 (298 K values in kcal mol−1 derived from CBS-QB3 calculations, see Table 2).

energies and enthalpies of formation for minima and connecting
transition states (TS) in the 2-hydroxyaminoethanol system of ions
are presented in Table 1. Computational data pertaining to the
dissociation products are found in Table 2. Spin contaminations
(〈S2〉 values of Table 1) were acceptable. Optimized geometries
(B3LYP/CBSB7) of selected minima and transition states are shown
in Fig. 5. Unless stated otherwise, all enthalpies presented in the
text and in the schemes (numbers in square brackets) refer to
�fHo

298 values in kcal mol−1 derived from the CBS-QB3 calcula-
tions. The complete set of computational results is available from
the authors upon request.

3. Results and discussion

3.1. Identification of the m/z 59 ions generated from metastable
ions HOCH2CH2NHOH•+

Before considering various mechanistic proposals for the water
loss from metastable ions HOCH2CH2NHOH•+, we  will first focus
on the structure assignment of the C2H5NO•+ product ion. In

lieu of a critical review [6a] of this system of ions, we  have
compiled the selection of isomers shown in Fig. 1 with their
computed enthalpies of formation. As pointed out in Section 1,
the energy required for the water loss must not exceed that
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Fig. 2. 70 eV EI mass spectrum of 2-hydroxyaminoethanol hydrochloride.

or the direct bond cleavage to CH2NHOH+ (m/z 46) + CH2OH•

��fH298 = 171 kcal mol−1), which is an important reaction in the
I and CID mass spectra shown in Figs. 2 and 3b.  This criterion dic-
ates that �fH298(C2H5NO•+) + �fH298(H2O) ≤ 171 kcal mol−1, or
n upper limit of 229 kcal mol−1 for the enthalpy of formation of
he C2H5NO•+ ions that comprise the single intense peak at m/z 59
n the MI  mass spectrum of Fig. 3a.

The previously studied ions MF1–4 and AA1–4 of Fig. 1 satisfy
his criterion, but the prominent structure diagnostic peaks of their
ID mass spectra [7,8] are not compatible with the spectrum of
ig. 3c: ions AA1–4 predominantly lose NH3, NH2

• and CH3
• to gen-
rate ions of m/z 42–44, whereas ions MF1, MF2 and MF3 produce
ntense peaks at m/z 30, 42 and 44 for loss of HCO•, OH• and CH3

•,
espectively. The CID mass spectrum of the distonic ion MF4 resem-
les that of MF1 but it displays a unique intense charge stripping

59

(a)

(b)

60

61

59

46

48

60

61

- H2O- D2O

- H2O- D2O

- CH2OH•

- CH2OD•

ig. 3. MI  and CID spectra of molecular ions HOCH2CH2NHOH•+, items (a) and (b) 

OCH2CH2NDOD•+. Item (c) is the CID spectrum of the m/z 59 ions generated from metas
artial spectra of the m/z 60 and 61 ions from DOCH2CH2NDOD•+ and HOCH2CD2NHOH
ith an intensity of ∼30% of the base peak.
ss Spectrometry 306 (2011) 138– 149

peak at m/z 29.5. In this context we  note that ions 10–13 of Fig. 1
(whose CID mass spectra are not available from the literature) are
unlikely candidates as well. Simple thermochemical considerations
lead to the expectation that ions 10 and 11 will show a prominent
loss of CH3

• upon collisional activation. Acetaldoxime ions 11 may
also readily lose H2O as witnessed by the prominent m/z  41 peak
in its reported EI mass spectrum [6d] and this may  also be true for
the enol ion 12,  which probably represents the global minimum of
the C2H5NO•+ system of ions. Alternatively, ion 12 may  rearrange
into its 1,3-H shift isomer 13,  H2NCH2C(H) O•+, and then readily
dissociate into CH2NH2

+ (m/z 30) + HCO•, rather than HCO+ (m/z
29) + CH2NH2

•, which requires ∼45 kcal mol−1 more energy [6a,c].
The CID mass spectrum of Fig. 3c displays a prominent pair of

ill resolved broad peaks at m/z 29 and m/z 28. These peaks likely
represent ions CH3N•+ (CH2 NH•+ or HCNH2

•+ [6a]) and CH2N+

(HC NH+), rather than C2H5
+/C2H4

•+. In line with this proposal,
the m/z 29 peak shifts to m/z 30 in the CID mass spectrum of
the C2H4DNO•+ ions, see Fig. 3d, generated from the isotopologue
DOCH2CH2NDOD•+. Since the D2O loss is (almost) specific, it is a
sound assumption that the methylene hydrogens do not readily
exchange with the D-atoms by unimolecular processes. Thus, it is
impossible that a D-atom would become incorporated at a carbon
atom in C2H5

+. We  further note that the large width of the peaks
(T0.5 is ∼600 meV) indicates that the dissociation of the m/z  59 ions
to m/z 29 and m/z 28 ions is associated with a substantial reverse
energy barrier.

Another feature of Fig. 3c is the cluster of unresolved peaks at
m/z 24–27, corresponding to ions C2

•+, C2H+, C2H2
•+ and C2H3

+,
which attests to the C–C atom connectivity of the C2H5NO•+ ions.

Confirmation of this deduction is found in the observation that
these peaks do not shift in the CID spectrum of Fig. 3d.

In summary, the structure of the C2H5NO•+ ion must have the
following characteristics: (i) its heat of formation (�fH298) must

27
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(d)

32
33
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34
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27

respectively. The insets refer to the corresponding spectra of the isotopologue
table ions HOCH2CH2NHOH•+ while items (d) and (e) represent the corresponding
•+, respectively. Spectra (c) and (d) contain a partially resolved peak for loss of H•
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ot exceed 229 kcal mol−1; (ii) the ion must have a structure motif
CH2 NH or H–C–NH2) that accounts for the generation of m/z
9 and m/z  28 ions upon collisional activation with a substantial
inetic energy release; (iii) the ion has a C–C atom connectivity.

Based on these characteristics, only ions 3a, 4a, 7 and 8 of Fig. 1
etain their candidacy as potential product ions. However, it is
nlikely that we are dealing with ions 7 or 8, considering that their
ID mass spectra are expected to show a significant m/z 41 peak for

oss of H2O: in these ions, the thermochemically favourable genera-
ion of CH2 C NH•+ + H2O (��Hf = 189 kcal mol−1) can be realized
y a simple 1,3-H shift.

To decide between the remaining possibilities, namely the cyclic
on 3a and the distonic ion 4a, we have explored their dissocia-
ion characteristics. Theory indicates that ring-opening of ion 3a
o 3b requires less energy than that to 3c or 3d, see Fig. 1, but
ven the C–C bond cleavage is associated with a substantial reverse
arrier. As shown above (Scheme 1), the computed dissociation
equence 3a → 3b → 1c → CH2 NH•+ (m/z 29) and the compet-
ng rearrangements 3b → 1c → 1d → 2b → HC NH+ (m/z 28) and
b → 9 → HC NH+ (m/z 28) may  account for the pair of broad peaks
t m/z 29 and m/z 28 in the CID mass spectrum of Fig. 3c.

In contrast, theory predicts that the dissociation
a → H–C–NH2

•+ (m/z 29) + CH2 O is a barrierless reaction,
hich does not account for the experimental observations. In

ddition, a simple 1,4-H shift in ion 4a would produce ion 8 and
ead, as argued above, to a significant loss of water, which is not
bserved.
Thus we propose that the CID mass spectrum of Fig. 3c rep-
esents the cyclic ion 3a, ionized 1,2-oxazetidine, whose elusive
eutral counterpart has not (yet) been identified by experiment
11].

Fig. 4. Optimized geometries of various conformers of ionized 2-hydroxy
1.

3.2. Does the loss of H2O from HOCH2CH2NHOH•+ involve
cleavage of the C–C bond?

In our mechanistic analysis of the water loss from ionized 2-
hydroxyaminethanol (HE1), we  will first consider the selection
of conformers HE1a–e and their neutral counterparts HEN1a–e
shown in Fig. 4.

Surprisingly, the most stable ionic conformer, HE1a, is not the
most stable neutral conformer: the internally hydrogen bridged
conformer HEN1c is more stable by 1.6 kcal mol−1. However, ion-
ization of HEN1c does not yield a minimum while its related 1,5-H
shift isomer HE1c lies an astounding 57 kcal mol−1 higher in energy
than HE1a. A plausible explanation for these remarkable results is
that ionization takes place at the hydroxylamine moiety: the local-
ized positive charge would repel the bridging hydrogen and thus
raise the energy. Indeed, a charge distribution analysis supports this
view and the transformation of the N-pyramidal geometry of neu-
trals HEN1a–e into the planar geometry of ions HE1a–e indicates
the removal of a nitrogen lone pair electron (Fig. 5).

The difference in the geometries of the ions and neutrals is also
borne out by the substantial difference in vertical and adiabatic
ionization energies: the calculations predict that vertical ioniza-
tion of neutrals HEN1a–e, as normally occurs during EI, would yield
excited ions at 158, 166, 172, 167 and 164 kcal mol−1.

As becomes clear from Scheme 2, ions generated from
HEN1c have sufficient energy to dissociate to CH2NHOH+ (m/z
46) + CH2OH•, which may  well explain the moderate intensity of

the m/z 77 molecular ion relative to the m/z  46 peak in the EI mass
spectrum of Fig. 2. On the other hand, neutrals HEN1a, 1b, 1d and
1e yield ions with onset energies that are quite high but insufficient
to promote dissociation to the m/z 46 ion. This result is consistent

aminoethanol (HE1a–e) and their neutral counterparts (HEN1a–e).
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ith the remarkably high population of metastable ions, as wit-
essed by the c. 10% abundance of the m/z  59 peak for loss of H2O
elative to the main beam in the MI  mass spectrum. Interestingly,
he metastable ions can still undergo C–C bond cleavage, albeit
o generate the stable hydrogen-bridged radical cation HBRC2  of
cheme 2. Although the formation of HBRC2  appears to be a cul-
e-sac rearrangement, these findings raise the intriguing question
f whether another C–C bond cleavage initiates the loss of water
rom metastable ions HE1.

Scheme 2 indicates that ion HE1a readily interconverts with its
onformer HE1b via a rotational TS at 145 kcal mol−1. The next step
nvolves an energy demanding transfer of the hydroxylic hydro-
en to the hydroxylamine group in concert with cleavage of the
–C bond. The resulting ion, HBRC1,  is not a minimum and rear-
anges to a ter-body complex [18], ion TBC1a, by elongation of the
–O bond. The long N–O bond (2.16 Å) is characteristic of a two-
enter three electron bond [19]. Loss of H2O from TBC1a would
ield the stable hydrogen-bridged radical cation ion 1a as the m/z
9 product ion. However, theory predicts that TBC1a smoothly

earranges to the remarkably stable isomer TBC1b. These ions
ay  subsequently generate m/z  47 and 49 ions with the same

nergy requirement as that for the loss of water. Signals at m/z
7 or 49 are not detectable in the MI  mass spectrum of HE1,

Fig. 5. Optimized geometries (B3LYP/CBSB7) of minima and transition states i
ss Spectrometry 306 (2011) 138– 149

so we conclude that the water loss is not initiated by C–C bond
cleavage.

3.3. The proposed mechanism for the loss of H2O from metastable
ions HOCH2CH2NHOH•+

As shown in the previous section, ion HE1a is the most sta-
ble conformer of ionized 2-hydroxyaminoethanol because of the
favourable O–H–O interaction. Cleavage of the C–C bond of HE1a,
while preserving the integrity of the hydrogen bridge, yields the
remarkably stable ion HBRC2.  In this section, we will show that
the key step in the water loss mechanism involves transfer of the
bridging hydrogen of HE1a while the integrity of the C–C bond is
preserved.

Scheme 3 indicates that the isomerization HE1a → HE2 is a con-
tinuously endothermic process involving transfer of the bridging
hydrogen in concert with rotation of the C–C bond. Ion HE2 is a rea-
sonably stable species, which lies at 158 kcal mol−1 and needs only
5 kcal mol−1 of internal energy to ring-close to the ion–dipole com-

plex HE3 (IDC). Subsequent loss of water from HE3  yields the cyclic
species 3a, ionized 1,2-oxazetidine. The calculations also show that
HE3 readily isomerizes into the more stable hydrogen-bridged rad-
ical cation HBRC3a.

nvolved in the water loss from ionized 2-hydroxy-aminoethanol (HE-1).
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Fig. 5. (Continued ).
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The significant stabilization enjoyed by HBRC3a with respect
o water loss raises the intriguing question of whether further iso-

erization within the ion-molecule complex takes place. Scheme 4
ndicates that fission of the C–C and C–N bonds is too energy
emanding, but that the TS for ring-opening to HBRC3c lies slightly
elow the critical energy of the reaction HE1a → HBRC3a. This

mplies that a small fraction of the metastable HE1 ions could com-
unicate with ions HBRC3c, but the reaction is circuitous because

f the high energy required for their subsequent dissociation to
c + H2O.

Another interesting question is whether the water molecule of
E3 catalyzes the isomerization of 3a to the energy rich ion 4a by a
rocess termed proton-transport catalysis (PTC) [5].  The proposed

wo-step reaction mechanism is depicted in Scheme 5.

The first step involving PTC requires that the water molecule
bstracts a methylene proton from HE3 and transfers it to the nitro-
en to generate HBRC4b. In the second step, HBRC4b ring-opens

O
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N O
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H
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to HBRC4a. However, theory predicts that the PTC reaction does
not occur because the associated TS lies 29 kcal mol−1 above the
dissociation threshold 3a + H2O. This result is not surprising con-
sidering the fact that the proton affinity of H2O (165 kcal mol−1)
is considerably lower than that required to abstract the methylene
proton (220 kcal mol−1). These findings leave little doubt that incip-
ient ions HE3 and HBRC3a have no alternative but to dissociate into
3a + H2O.

Thus, the mechanistic proposal of Scheme 3 agrees well with
the experimental findings discussed in Section 3.1 in terms of
the structure of the C2H5NO+ ions and the energy requirement of
the reaction. The reverse barrier of the dissociation (6 kcal mol−1,
Scheme 3) is associated with a kinetic energy release (KER) of only

0.5 kcal mol−1 (17 meV). If a covalent bond were cleaved, the KER
would be expected to be significantly larger. However, as with the
celebrated case of the H2O loss from metastable n-propanol ions [4],
the precursor to dissociation (HE3) is an ion–dipole complex and
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or such ions only a minor fraction of the excess internal energy is
artitioned among translational degrees of freedom.

Finally, the predominant loss of D2O from DOCH2CH2NDOD•+,
ee inset of Fig. 3a, is readily explained by the proposed mechanism,
s is the fate of the label: evidence that the N–H of ion 3a is labelled
s provided by the shift of the m/z  28 and 29 peaks in Fig. 3c to m/z
9 and 30 in Fig. 3d. Likewise, the isotopologue HOCH2CD2NHOH•+

pecifically loses H2O to yield m/z  61 ions whose CID mass spec-
rum displays prominent peaks at m/z 29 (DC NH+) and m/z 31
CD2 NH•+), see Fig. 3e.

Thus, we propose that 1,2-oxazetidine ions 3a are generated via
he mechanism proposed in Scheme 3.

.4. Alternative pathways for the loss of H2O from

OCH2CH2NHOH•+

To back up the above proposal we have performed a great many
xploratory calculations of other pathways for the loss of water
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from metastable ions HE1. The most relevant of these are summa-
rized in Scheme 6.

An a priori alternative route to the formation of 1,2-oxazetidine
ions 3a involves the O–H–N bridged conformer HE1d, which com-
municates with HE1a via a double rotation. A 1,4-H shift in HE1d
yields HE5a and HE5b, energetically equivalent rotamers of a
distonic ion. Of these, HE5b may  ring-close to HBRC6.  The H2O
molecule therein acts as an efficient catalyst for the reaction
HBRC6 → HBRC3a → 3a + H2O, but the energy barrier for the pre-
requisite ring-closure is too great (179 kcal mol−1). Considering the
overall energy requirement (170 kcal mol−1), ring-closure of HE5a
to the three-membered species HBRC5  may  also be discounted.

Scheme 6 also displays two routes involving a 1,3-H shift
of a methylene H of the CH2NH moiety of HE1. These are

HE1a → HE1d → HBRC7  → 7a + H2O and HE1a → HE8 → 8 + H2O.
The TS for the 1,3-H shift associated with the first pathway
(177 kcal mol−1) is prohibitively high and the same undoubtedly
obtains for the conversion HE1a → HE8, whose TS we  could not

[177]

N

CH2

O

[136]

N

CH2H2C

O

O

H

H

H

HE5a [160]
rot + 1,4-H

[161]

rot

N

CH2H2C

O

O

H

H

H

HE5b [160]
[160]

N

CH2H2C

O

OH

H

H

HBRC-5 [148]

N

CH2H2C

O

O

H

H

H

HBRC-6 [158]

[169] [179]xx

N

CH2H2C

OH

NH

CH2H2C

O

HBRC-3a [138]

PTC [164]

5 + H2O [170] 3a +  H2O [157]

- H2O

- H2O

H

O

O H

H

H

 H2O

 [141]

O

H

[120]

6.



148 K.J. Jobst et al. / International Journal of Mass Spectrometry 306 (2011) 138– 149

N

CH2H2C

O

D

HE1a [129]

O

D

D

HE4 [170 ]

N

CH2C

O

D

DO

D

H

H

1,4-H

[173]

N

CH2C

O

D

DO

D

H

H

TS [174] MF4 + H2O [103]

N

CH2

C

D H

OD

eme 7

l
s

i
h
H
H
c
c
H
i
a
o
M
t
n
s

i
T
p
o
o
t
r
4
t
p
d

4

s
h
A
f
i
r
c
i
k

c
c
3
i
1
i
i
n
m

[

[

[

[

[

[

[

[

Sch

ocate. The observation that HOCH2CD2NHOH•+ loses H2O only,
hows that these two 1,3-H shifts do not occur.

The third 1,3-H shift depicted in Scheme 6, HE1a → HE7,
nvolves a methylene H of the CH2OH moiety of HE1. This 1,3-H shift
as a high barrier at 175 kcal mol−1 whereas the corresponding 1,4-

 shift HE1a → HE4 lies at 173 kcal mol−1. The direct bond cleavage
E1 → CH2NHOH+ (m/z 46) lies at 171 kcal mol−1, so that these pro-

esses are not expected to play an important role in the dissociation
hemistry of the metastable ions HE1. However, the conversion
E1 → HE4 could account for the minor loss of HDO (∼5%) observed

n the MI  and CID mass spectra of DOCH2CH2NDOD•+, see Fig. 3a
nd b. As shown in Scheme 7, ions HE4 need only 4 kcal mol−1

f internal energy to lose HDO to generate N–D labelled ions
F4. A collision experiment on the m/z  61 ions could confirm

he putative structure of ions MF4, but unfortunately the sig-
al intensity was not sufficient to obtain a meaningful CID mass
pectrum.

It is conceivable that the above 1,3-H and 1,4-H shifts play a role
n the water loss from HE1 ions that dissociate in the ion source.
heir CID mass spectra (not shown) display a prominent cluster of
eaks at m/z  24–34, whose intensity distribution is close to that
f the metastable ions of Fig. 3c. The spectra also display a peak
f comparable intensity at m/z  41, which could be attributed to
he loss of H2O from the C2H5NO•+ isomers 7 or 8. This proposal
emains highly speculative because the relative intensity of the m/z
1 peak in the CID spectra appeared to vary by more than a fac-
or of two during the evaporation of the samples, indicating that
art of the source-generated m/z  59 ions originates from thermal
ecomposition products.

. Summary

The results of our combined experimental and computational
tudy leave little doubt that the loss of H2O from metastable 2-
ydroxyaminoethanol ions HE1 generates 1,2-oxazetidine ions 3a.
s discussed in Section 3.1,  ion 3a is readily compatible with the

eatures of the CID mass spectrum of Fig. 3c: the ion is character-
zed by a C–C atom connectivity and a CH2 NH structure motif
epresented by the cluster of peaks at m/z 24–29. Further, our cal-
ulations indicate that the generation of m/z  28 and 29 ions from 3a
s associated with a high reverse barrier in line with the observed
inetic energy release.

A mechanistic analysis using the CBS-QB3 model chemistry indi-
ates that the dissociation of ions HE1 involves neither C–C bond
leavage (Section 3.2) nor 1,3-H or 1,4-H shift reactions (Section
.4). Instead, see Section 3.3,  theory predicts that the reaction is

nitiated by a 1,5-H transfer that leads to the formation of ionized
,2-oxazetidine. The surprising efficiency of this reaction is read-
ly explained by the substantial difference in adiabatic and vertical
onization energies: ions HE1 are generated with minimum inter-
al energies close to the calculated critical energy of the proposed
echanism. Finally, the results of experiments with the isotopo-
.

logues DOCH2CH2NDOD•+ and HOCH2CD2NHOH•+ fit nicely with
the above proposal.
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