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bstract

The catalytic oxidation of ethylene by N2O mediated by atomic alkaline-earth metal cations has been investigated both experimentally and
heoretically. An ICP/SIFT tandem mass spectrometer was employed to measure the kinetics and product distributions of the reactions of CaO•+,
rO•+ and BaO•+ with ethylene. Together with previous measurements of the kinetics of the oxidation reactions of Ca•+, Sr•+ and Ba•+ with N2O,
hese results allow an evaluation of the catalytic oxidation of ethylene by these atomic cations via O-atom transfer. Potential energy surfaces were
xplored with Ca•+ as a catalyst using density functional theory for the formation of three possible isomers of oxidized ethylene: acetaldehyde,
thylene oxide and ethenol.

2006 Elsevier B.V. All rights reserved.

ort; N

w
a

c
a
[
h
O
m
O
m
O
[

o
a
S
a

eywords: Ion catalysis; Alkaline-earth metal cations; Ethylene; O-atom transp

. Introduction

The Wacker or Hoechst–Wacker process is one of the first
xamples of an organometallic catalysis applied on an industrial
cale; ethylene is oxidized to acetaldehyde using palladium(II)
hloride and copper(II) chloride as catalysts under an oxygen
tmosphere [1]. However, this process has now fallen some-
hat out of favor and demand for acetaldehyde has dropped
ecause of the expensive technology that is required [2]. The
vailability of low-cost process technology would re-stimulate
he demand for this molecule which is an important precursor for
he commercial-scale manufacture of acetic acid, ethanol, ethyl
cetate, maleic acid, etc. [3] and an important intermediate in
he synthesis of dyes, pharmaceuticals, perfumes and pesticides
4].

Here we report experimental and theoretical results for cat-
lytic cycles that proceed in the gas phase and that also oxidize
thylene but with atomic metal radical cations as catalysts. The

atalytic cycle is shown in Fig. 1. The oxidant of choice is N2O
nd the catalysts of choice are atomic radical cations of the
lkaline-earth metals Ca, Sr and Ba. Beryllium and magnesium
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2O reduction

ere not included because of instrumental limitations with light
tomic ions.

The “thermodynamic window of opportunity” [5] for the
atalytic formation of acetaldehyde is determined by the O-
tom affinities of N2 (to form N2O), OA(N2) = 40 kcal mol−1

6], and the O-atom affinities of C2H4 (to form acetalde-
yde), OA(C2H4) = 113 kcal mol−1 [6]. This means that the
-atom affinity of the catalyst, OA(M•+), must have an inter-
ediate value, 40 kcal mol−1 < OA(M•+) < 113 kcal mol−1. The
-atom affinities of Ca•+, Sr•+ and Ba•+ meet this ther-
odynamic requirement since OA(Ca•+) = 78.9 kcal mol−1,
A(Sr•+) = 81.1 kcal mol−1 and OA(Ba•+) = 103.2 kcal mol−1

6].
We have measured previously the efficiency of the oxidations

f Ca•+, Sr•+ and Ba•+ with N2O [5]. Additional measurements
re reported here for the kinetics of the reactions of CaO•+,
rO•+ and BaO•+ with C2H4. Also, computations have been
chieved with Ca•+ as a catalyst that elucidate the mechanisms
f the two catalytic steps and provide a complete potential energy
andscape for the overall catalysis to produce acetaldehyde. The
alculations are extended to the catalytic formation of two other

eutral products that are both isomers of acetaldehyde: ethylene
xide and ethenol.

A number of gas-phase studies in the past have addressed the
xidation of ethylene by transition metal oxide ions [7]. Some

mailto:dkbohme@yorku.ca
dx.doi.org/10.1016/j.ijms.2006.05.002


156 A. Dašić et al. / International Journal of Ma

F
b

h
e
a
o

2

2

p
s
d
a
D
c
n
b
r
a
r
fl
w
i
i
a
r
d
i
d
k

t
t
Q
c
i
M
w
m
s
B
a
t
w

i
T
o
p
t

2

t
C
u
D
s
d
t
6
q
t
m
s
c
v
a
a
r
t
t
S

3

3

i
a
m
1
w

M

3

w
p
t

M

MO + C2H4 → M (C2H3O) + H (2b)
ig. 1. Generalized catalytic cycle for the homogeneous oxidation of ethylene
y nitrous oxide, mediated by atomic metal cations.

ave considered the reverse reactions of bare metal ions with
thylene oxide [8], but none have demonstrated the catalytic
ctivity of alkaline-earth metal cations in the gas-phase oxidation
f ethylene.

. Methods

.1. Experimental methods

The reactions were investigated with an inductively cou-
led plasma/selected-ion flow tube (ICP/SIFT) tandem mass
pectrometer. The ICP/SIFT instrument has been described in
etail previously [9]. Elemental ions of interest are generated in
rgon plasma operating at atmospheric pressure and ca. 5500 K.
iluted solutions containing the metal salt of interest having

oncentration of ca. 5 �g l−1 were peristaltically pumped via
ebulizer into the plasma. The ions were then mass selected
y a quadrupole mass filter, and injected into flowing He car-
ier gas at 0.35 ± 0.01 Torr and 295 ± 2 K. After experiencing
bout 105 collisions with He atoms, the ions were allowed to
eact with added nitrous oxide. N2O was added directly into the
ow tube and the atomic-oxide cations were produced. Ethylene
as introduced further downstream in the reaction region where

t reacted with the atomic oxide cations. Reactant and product
ons were sampled with a second quadrupole mass spectrometer
nd were measured as a function of added reactant. Reaction
ate coefficients were derived from the linear semilogarithmic
ecays of MO•+ in the usual way using pseudo-first-order kinet-
cs [10]. It is important to point out that neutral products are not
etected in these experiments but can often be inferred from
nown thermodynamics.

To avoid the addition of N2O into the flow tube for the forma-
ion of atomic oxide cations, we have modified our instrument
o also allow generation of atomic-oxide cations prior to the
0 region of the upstream quadrupole mass filter. N2O now

an also be introduced just after the skimmer cone by adding
t through a 10 micron capillary with flows of 25–35 ml min−1.

etal oxide ions that are produced in this region by reactions
ith incoming atomic ions are mass selected by a quadrupole
ass filter and then introduced into the flow tube. We were

uccessful using this technique in the generation of SrO•+ and
•+ •+
aO , but signals for CaO were too small. A modification

lso has been made downstream, after the sampling nose cone:
he single quadrupole detector used previously has been replaced
ith a triple quadrupole mass spectrometer prototype API 4000.

M

M
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All measurements using both ICP/SIFT and ICP/SIFT/QqQ
nstruments were performed at a room temperature of 295 ± 3 K.
he helium buffer gas pressure was 0.35 ± 0.01 Torr. The nitrous
xide and ethylene were obtained commercially and were of high
urity (Matheson Gas products, > 98.0% and > 99.5%, respec-
ively).

.2. Computational methods

Density functional theory (DFT) was applied to the study of
he reactions Ca•+ + N2O → CaO•+ + N2 and CaO•+ + C2H4 →
a•+ + (2C,4H,O) for all three isomers of the oxidation prod-
ct, as well as the reaction N2O + C2H4 → N2 + CH3CHO. All
FT calculations were carried out using the Gaussian 98, Revi-

ion A.11.4 package [11]. Geometries of reactants, interme-
iates, transition states, and products were fully optimized at
he level of B3LYP [12] exchange-correlation functional using
-311++G(d,p) basis set. Analytical harmonic vibrational fre-
uencies were computed at the same level of theory to obtain
he zero-point energies and to characterize the nature of the opti-

ized structures. All minima (all real frequencies) and transition
tate (one imaginary frequency) structures were verified. The
onnection between points on the potential energy surface was
erified using the intrinsic reaction coordinate (IRC) procedure
s implemented in Gaussian 98, and developed by Gonzales
nd Schleger [13]. All reaction enthalpies, including the bar-
ier heights of transition states, are calculated with respect to
he total energy of the reactants. Cartesian coordinates and elec-
ronic energies for all optimized structures are available in the
upplementary Material.

. Experimental results and discussion

.1. Oxidation reactions of M•+ with N2O

Ca•+, Sr•+ and Ba•+ cations have been found previously
n our laboratory to abstract an O atom cleanly from N2O
ccording to Eq. (1) with rate coefficients of 1.6 × 10−10 cm3

olecule−1 s−1, 6.3 × 10−11 cm3 molecule−1 s−1, and 2.4 ×
0−10 cm3 molecule−1 s−1. N-atom transfer did not compete
ith O-atom transfer:

•+ + N2O → MO•+ + N2 (1)

.2. Reduction reactions of MO•+ with C2H4

CaO•+, SrO•+ and BaO•+ were all observed to react rapidly
ith ethylene, k ≥ 2 × 10−10 cm3 molecule−1 s−1. The four
roduct channels (2a) to (2d) were observed with all three of
hese oxide cations. Fig. 2 displays the measured ion profiles.

O•+ + C2H4 → M•+ + (C2H4O) (2a)

•+ + •
O•+ + C2H4 → MOH+ + C2H3
• (2c)

O•+ + C2H4 → MO•+(C2H4) (2d)
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ig. 2. Ion profiles recorded for the chemistry initiated by CaO•+, SrO•+, and B
he CaO•+ experiment (1.9 × 1018 molecule s−1) but not in the SrO•+ and BaO

hannel (2a) involves O-atom transfer and is the second step
n the catalytic cycle of interest. Channel (2b) involves H-atom
limination with the formation of an organometallic cation of
nknown structure while channel (2c) corresponds to H-atom
ransfer with formation of a hydroxide cation. Channel (2d)
orresponds to addition and is likely to involve collisional sta-
ilization with He. Fig. 2 shows data obtained. Table 1 provides
summary of the measured rate coefficients and product distri-
utions.

Table 1 shows that each oxide cation has its own preferred
roduct channel(s): hydroxide formation (2c) with CaO•+, O-

•+
tom transfer (2a) with SrO , and H-atom elimination (2b) and
-atom transfer (2a) with BaO•+.
O-atom transfer (2a) with CaO•+ and SrO•+ is exothermic

or the formation of acetaldehyde as well as ethylene oxide and

able 1
ate coefficientsa and product distributionsb measured for reactions of alkaline-
arth oxide cations with ethylene, reaction (2), proceeding in helium at 295 ± 3 K
nd 0.35 ± 0.01 Torr

MO•+

CaO•+ SrO•+ BaO•+

≥ 2.0 × 10−10,c 1.0 × 10−9 2.8 × 10−10

c
d 1.2 × 10−9 1.1 × 10−9 1.0 × 10−9

/kc ≥ 0.17 0.91 0.28
2a) 0.18 0.43 0.35
2b) 0.16 0.15 0.43
2c) 0.62 0.37 0.10
2d) 0.04 0.05 0.12

a k is the measured total reaction rate coefficient in units of cm3 molecule−1

−1 and has an estimated uncertainty of less than ± 30%.
b The product ratio is estimated to be accurate to less than ± 20%.
c Measured in the presence of N2O and so the occurrence of the catalytic cycle

n the reaction region.
d kc is the collision rate coefficient calculated using the algorithm of the mod-

fied variational transition-state/classical trajectory theory developed by Su and
hesnavich [14].
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with ethylene at 295 ± 3 K in helium buffer gas at 0.35 Torr. N2O is present in
eriments in which MO•+ was generated before the first selection quadrupole.

thenol. The known O-atom affinities are 78.9 ± 4.4, 81.1 ± 4.6,
nd 103.2 ± 1.6 kcal mol−1 for Ca•+, Sr•+, and Ba•+, respec-
ively [6], and the O-atom affinities of ethylene for the formation
f acetaldehyde, ethylene oxide, and ethenol are 112.9, 84.7
nd 102.7 kcal mol−1, respectively [6]. In comparison, O-atom
ransfer from BaO•+ to ethylene is exothermic for the formation
f acetaldehyde (by 10 kcal mol−1), endothermic for the forma-
ion of ethylene oxide (by 18 kcal mol−1) and thermoneutral for
he formation of ethenol. This implies that acetaldehyde is the
referred neutral product in the reaction with BaO•+. Since the
nthalpy of formation of acetaldehyde is the lowest of the three
somers, the formation of CH3CHO will be the most exothermic
hannel with all three metal oxide cations and therefore the most
avorable.

The H-atom elimination channel (2b), although minor in the
eactions with CaO•+ and SrO•+, is the major channel in the
eaction with BaO•+. Perhaps Ba+(2C,3H,O) has special sta-
ility. We are exploring separately the nature of the possible
rganometallic ions that may be formed in this channel.

Channel (2c) shows a clear trend of decreasing importance
own the column of the periodic table. H atom transfer is
xothermic in all cases, D(C2H3-H) = 110.6 ± 1.0 kcal mol−1

6], and the trend in importance may follow a trend in decreas-
ng exothermicity because of the decreasing H-atom affinity
f MO•+. The available H-atom affinities [6] are 124.2 ± 27.2,
32.6 ± 9.2, and 124.1 ± 6.2 kcal mol−1 for CaO•+, SrO•+, and
aO•+, respectively, but these are too uncertain to be definitive
bout the trend in exothermicity. We have therefore computed the
nergies, HA(MO•+), for the dissociation of the alkaline-earth
etal hydroxides (MOH+ → MO•+ + H•) at B3LYP level of the-

ry with SDD basis set used for the metal and 6-311++G(d,p) for
xygen and hydrogen. The computed enthalpies of dissociation

re given in Table 2 along with the experimental values. With
he exception of HA(MgO•+), the computations indicate a clear
ecrease in HA(MO•+) going down the group. The computed
alues are lower than experiment for BeO•+ and MgO•+, but
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Table 2
HA(MO•+) in kcal mol−1 at 298 K for alkaline-earth metal oxide radical cations

MO•+ Theory Experimenta

BeO•+ 142.7 160.1 ± 9.2
MgO•+ 124.4 134.4 ± 7.6
CaO•+ 135.0 124.2 ± 27.2
SrO•+ 132.2 132.6 ± 9.2
B •+
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aO 128.2 124.1 ± 6.2

a From Ref. [6].

gree with experiment for CaO•+, SrO•+ and BaO•+ within the
xperimental uncertainty.

Channel (2d) is the minor channel and expected to proceed by
ollisional stabilization with He as the third body. The branch-
ng ratio for this channel is quite insensitive to the nature of

O•+ but this is difficult to rationalize since our calculations
see below) have shown several minima in the potential energy
urface for this channel so that the exact nature of the adduct ion
annot be specified. The well depth of these minima will depend
n the nature of the metal as will the potential energy surfaces
or the competing bimolecular channels.

. Theoretical results and discussion

.1. Oxidation of Ca•+ with Nitrous Oxide
We considered the lowest doublet state potential energy
urface for the reaction of Ca•+ (a doublet) with the N2O
olecule (a singlet). Both end-on and side-on approaches have

een investigated and the complete surface is shown in Fig. 3.

ig. 3. Potential energy surface for the reaction of Ca•+ with N2O to form CaO•+

nd N2. Relative enthalpies are computed at the B3LYP/6-311++G(d,p) level of
heory.
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he optimized geometries are illustrated in Fig. 1 and absolute
nergies are listed in Table 3 in the Supplementary Material.

.1.1. End-on approach
A collinear approach was chosen in which Ca•+ interacts

nd-on with O in N2O (∠CaON ≈ 180◦) and forms the reactant
omplex 1e. The O atom is then transferred over an energy barrier
TSe) and this forms the product complex 2 that dissociates into
he final products. In the intermediate 1e a new bond is formed,
a O (2.340 Å). Both O N and N N bonds are slightly shorter;

N by 0.003 Å (1.200 Å), and N N bond by 0.022 Å (1.114 Å)
hen respective bonds in N2O (1.203 and 1.136 Å).

.1.2. Side-on approach
Ca•+ can also approach the central nitrogen atom in N2O and

orm the reactant complex 1s. The energies of this complex and
he transition state TSs are more than 17 kcal mol−1 below the
nergy of the initial reactants and lower than the energies of the
ntermediate 1e and the transition state TSe.

We would expect Sr•+ and Ba•+ to show similar energy pro-
les for the O-atom abstraction from N2O because they also
ave s1 valence electron configurations.

.2. Oxidation of ethylene by CaO•+

According to the available O-atom affinities, oxidation of
thylene by CaO•+ is exothermic for the formation of three iso-
ers: acetaldehyde, ethylene oxide and ethenol (vinyl alcohol),

s indicated in Eq. (5). Formation of acetaldehyde:

aO•+ + C2H4 → Ca•+ + CH3CHO,

rH
◦ = −34.0 ± 4.7 kcal mol−1 (5a)

aO•+ + C2H4 → Ca•+ + CH2CH2O,

rH
◦ = −5.7 ± 4.4 kcal mol−1 (5b)

aO•+ + C2H4 → Ca•+ + CH2CHOH,

rH
◦ = −23.8 ± 4.4 kcal mol−1 (5c)

s the most exothermic.
Our calculations show that initial formation of an interme-

iate (CaOC2H4)•+ is common to the ultimate formation of all
hree neutral product isomers and so is presented first.

.2.1. Formation of (CaOC2H4)•+

The nearly side-on approach of CaO•+ to CH2CH2 is
ncluded in the potential energy surface shown in Fig. 4 and
ormation of a covalent O C bond is found to be a two-step pro-
ess. An electrostatically bound “side-on” adduct 1 is formed
rst. The second step involves the rearrangement of adduct 1 to
ntermediate 2 via a cyclic transition structure TS1. The Ca O
ond length shortens from 2.030 Å (in 1) to 1.916 Å (in 2), and
he C C bond elongates from a double bond (1.340 Å) to a single
ond (1.484 Å).
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ig. 4. Potential energy surface for the oxidation of ethylene by CaO•+ based o

Intermediate 2 shows a distonic character: the positive charge
s mostly located on calcium (qCa = 1.46) and the unpaired elec-
ron resides on the carbon atom on the opposite end (ρC = 1.09).
ntermediate 2 can undergo different rearrangement pathways:
i) the covalently bound adduct 2 can undergo a 1,2-H atom
hift between two carbons in the CH2CH2 moiety, facing a bar-
ier height of 19.6 kcal mol−1 (with respect to 2) and lead to a
oublet (CaOCHCH3)•+ (3); (ii) it can form a cyclic interme-
iate (4) via TS3 structure, facing a barrier of 17.9 kcal mol−1

ith respect to 2, (iii) intermediate 2 can form a stable dou-
let (HCaOCHCH2)•+ (5) by a 1,3-H-atom shift from carbon to
alcium over a barrier of 17.0 kcal mol−1 with respect to 2.

.2.1.1. Formation of acetaldehyde. Fig. 4 shows that acetalde-
yde is readily produced when intermediate 2 undergoes a 1,2-H
tom shift leading to doublet (CaOCHCH3)•+ (3) which can dis-
ociate directly into products CH3CHO + Ca•+.

.2.1.2. Formation of epoxide. Fig. 4 also shows that epoxide
s readily produced when intermediate 2 isomerizes into a cyclic
ntermediate 4 over TS3 structure. The O C bond bends toward

C bond, with the ∠OCC changing from 111.2◦ to 60.3◦ from
to 4. In this rearrangement process also a new O C bond

s made and the Ca O bond elongates by 0.337 Å (2.253 Å).
metallo-cyclic ether (CH2CH2O)Ca•+ (4) dissociates into

roducts, epoxide and bare calcium metal ion. The overall com-
uted exothermicity for the formation of CH2CH2O + Ca•+ from
aO•+ + C2H4 is 1.3 kcal mol−1.
.2.1.3. Formation of ethenol. Transformation of 2 to form
thenol is found to be a two-step process and is seen in Fig. 4. A
,3-H atom shift from carbon to calcium (2 → 5) is followed

t

o
3

relative enthalpies computed at the B3LYP/6-311++G(d,p) level of theory.

y a 1,2-H-atom shift from calcium to oxygen (5 → 6), and
hen by a release of Ca•+. The overall computed exothermic-
ty for the formation of CH2CHOH + Ca•+ from CaO•+ + C2H4
s 18.8 kcal mol−1.

There are two more possible pathways for the formation of
thenol; two of them are shown in Fig. 4:

(i) A 1,2-H-atom shift from carbon to oxygen from 3 to 7
via TS5a, and release of Ca•+ to form ethenol. The dou-
ble O C bond increases by 0.189 Å, while both Ca O and
C C bonds shorten by 0.083 and 0.157 Å, respectively. The
intermediate 7 has a planar structure, with hydrogen bonded
to oxygen on the same side of the double C C bond, and
dissociates into syn-CH2CHOH and Ca•+.

ii) Intermediate 3 can isomerize to 5 over TS5b (which lies
37.7 kcal mol−1 above 3) by 1,4-H-atom shift from carbon
to calcium. Further transformation of 5 has already been
described.

Finally, our calculations have shown that acetaldehyde can
somerize to syn-CH2CHOH via TS7 by a 1,3-H atom shift
rom carbon to oxygen (see Supplementary Material for geome-
ries and absolute energies and enthalpies). This isomeriza-
ion is endothermic by 11 kcal mol−1 and has a barrier of
5.9 kcal mol−1. As the H-atom migrates the C C bond length
hortens from 1.504 Å (single bond) to 1.331 Å (double bond).
t the same time the C O double bond (1.206 Å) elongates to a

ingle bond (1.362 Å). Acetaldehyde is found to be more stable

hen syn-CH2CHOH by 11.0 kcal mol−1.

In addition to this, we have also found that the isomerization
f anti-CH2CHOH to the more stable syn-CH2CHOH faces only
.0 kcal mol−1 barrier (with respect to anti-CH2CHOH) via TS8
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The “thermodynamic window of opportunity” [5] is a useful
thermodynamic indicator of the potential for catalytic activity.
Ca•+, Sr•+ and Ba•+ lie in the thermodynamic windows for the
ig. 5. Potential energy surface for the O-atom transfer from N2O to ethylene
o form N2 and CH3CHO based on the relative enthalpies computed at the
3LYP/6-311++G(d,p) level of theory.

see Supplementary Material for geometries and absolute ener-
ies and enthalpies).

.3. Oxidation of ethylene by nitrous oxide

.3.1. 1,3-Dipolar cycloaddition of N2O to C2H4

According to the calculations the neutral reaction between
itrous oxide and ethylene proceeds via two-step-concerted
ycloaddition pathway. The potential energy surface for the 1,3-
ipolar cycloaddition is shown in Fig. 5. Nitrous oxide and
thylene have a parallel plane approach, and a reaction takes
lace via the transition structure TS1 for addition to form a five-
ember ring 1. The formation of two bonds in the transition state
S1 is consistent with a concerted mechanism. Su et al. [15] also
ave studied the cycloaddition of nitrous oxide with ethylene
o form (1) and have obtained similar results at the B3LYP/6-
1G* and CCSD(T)/6-311G**//B3LYP/6-31G* levels of theory.
he cycloadduct (1) dissociates to products CH3CHO and N2
ver a substantial barrier (TS2) (see Supplementary Material for
eometries and absolute energies and enthalpies).

Examination of the single imaginary frequency for TS1
476i cm−1) provides an excellent confirmation of the con-
ept of the cycloaddition process. The five-member heteroatom
ing 1 is only weakly bound with respect to the reactants
exothermic −0.6 kcal mol−1) but is stabilized kinetically by
barrier over TS1. The two new bonds, N C and O C, are

ormed at the same time. All three bonds N N, N O, and

C in a cycloadduct 1 (H2CNNOCH2) lengthen in compar-

son to the corresponding bonds in the reactants. We exam-
ned the single imaginary frequency for TS2 (537i cm−1) as
ell and confirmed that the ring opening and 1,2-H-atom shift

F
b

ig. 6. Enthalpy landscape computed for the oxidation of ethylene with N2O in
he presence and absence of Ca•+.

etween two carbons lead to the final products, acetaldehyde and
itrogen.

.4. Enthalpy landscape for catalysis

Fig. 6 provides an overview of the enthalpy landscape for the
xidation of ethylene with N2O to form acetaldehyde catalyzed
y atomic calcium cations.

Clearly the potential energy surface of the ionic route lies
elow that for the neutral cycloaddition reaction. Furthermore,
here are no kinetic barriers to the ionic reaction path. All this is
onsistent with experimental observations.

.5. Overview
ig. 7. Generalized catalytic cycle for the homogeneous oxidation of C2H4O
y nitrous oxide, mediated by atomic metal cations.
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Table 3
Thermodynamic windows of opportunity for the catalytic oxidation of three
isomers of C2H4O and selected alkenes by N2O

Oxidation Thermodynamic
windowa

Catalytic ions in
the windowb

CH3CHO → CH3COOH 40 < OA(M•+) < 122 All
CH3CHO → CH3OCHO 40 < OA(M•+) < 105 All
CH3CHO → HOCHCHOH 40 < OA(M•+) < 94 All but Ba•+

CH2CH2O → CH3COOH 40 < OA(M•+) < 150 All
CH2CH2O → CH3OCHO 40 < OA(M•+) < 134 All
CH2CH2O → HOCHCHOH 40 < OA(M•+) < 123 All

CH2CHOH → CH3COOH 40 < OA(M•+) < 132 All
CH2CHOH → CH3OCHO 40 < OA(M•+) < 116 All
CH2CHOH → HOCHCHOH 40 < OA(M•+) < 104 All

Propene → acetone 40 < OA(M•+) < 117 All
Propene → propanal 40 < OA(M•+) < 110 All
Propene → propylene oxide 40 < OA(M•+) < 87 All but Ba•+

Propene → (Z)-1-propenol 40 < OA(M•+) < 106 All
Propene → (E)-1-propenol 40 < OA(M•+) < 105 All

Butene → 2-butanone 40 < OA(M•+) < 116 All
Butene → butanal 40 < OA(M•+) < 110 All
Butene → cyclobutanol 40 < OA(M•+) < 94 All but Ba•+

Butene → (Z) but-2-en-2-ol 40 < OA(M•+) < 110 All
Butene → (E) but-2-en-2-ol 40 < OA(M•+) < 110 All
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lso included are the group 2 atomic cations that lie within this window.
a All values are in kcal mol−1 and are taken from Ref. [6].
b All refers to the alkaline-earth cations Be•+, Mg•+, Ca•+, Sr•+ and Ba•+.

atalytic oxidation of ethylene with N2O by O-atom transfer,
s do the low-mass alkaline-earth cations Be•+ and Mg•+, with
-atom affinities of 86.0 and 55.2 kcal mol−1, respectively [6],

hat were not measured. The turnover number N = φ/(1 − φ) is a
seful measure of the kinetic performance (efficiency) of a cata-
yst. Here φ is the fraction of the catalytic channel in the reaction
ycle (φ = φ1φ2 if each leg of the cycle is fractionally depleted
y competing channels) and N is the number of molecules con-
erted by one catalytic ion. For Ca•+, Sr•+ and Ba•+ the values
or N are ≥ 0.22, 0.75, and 0.54, respectively.

All five atomic alkaline-earth cations also lie in most of the
hermodynamic windows for the further oxidation of the isomers
f C2H4O and the oxidation of higher alkenes, with only Ba•+

ccasionally being an exception (see Table 3).

The generalized catalytic cycle for the further oxidation of

2H4O by N2O is shown in Fig. 7. Table 3 provides the ther-
odynamic windows for the oxidation of acetaldehyde, ethy-

ene oxide and ethenol to acetic acid, methyl formate, and (Z)

ig. 8. Generalized catalytic cycle for the homogeneous oxidation of alkenes
y nitrous oxide, mediated by atomic metal cations.

i

R

ass Spectrometry 254 (2006) 155–162 161

thene-1,2-diol by nitrous oxide. There is some variation in the
ize of the window according to the isomer that is formed and
ts enthalpy of formation. All five alkaline earth atomic metal
ations fall into these windows with Ba•+ being borderline. The
indow opens somewhat for the higher oxidation compared to

he oxidation of ethylene.
The generalized catalytic cycle for the oxidation of other

lkenes by N2O is shown in Fig. 8. Table 3 provides the ther-
odynamic windows for the oxidation of propene and butene

o selected oxides. The size of the window is governed by the
nthalpy of formation of the oxide. Ba•+ is again somewhat
orderline as a catalyst.

The turnover number of both catalytic cycles (Figs. 7 and 8)
ill be reduced by competing reaction channels in the reduction

eaction of MO•+ and these may vary in importance depending
n the nature of the alkene or the oxide.

. Conclusions

The catalytic oxidation of ethylene by N2O has been demon-
trated both experimentally and theoretically for Ca•+ as a
atalyst. The experiments indicate that Sr•+ and Ba•+ also are
atalytic. Formation of CH3CHO is favorable both kinetically
nd thermodynamically, although competition with formation
f the CH2CH2O and CH2CHOH isomers cannot be ruled out,
t least not with Ca•+ and Sr•+.
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