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c School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
d Department of Chemistry, Southampton University, Southampton SO7 1BJ, UK

Received 22 June 2007; received in revised form 31 August 2007; accepted 6 September 2007
Available online 14 September 2007

bstract

The fragmentation behaviour of protonated O,O-dimethyl ethylphosphonate and its isotopomers deuterated in the �- and �-positions of the ethyl
roup and their fragment ions, particulary EtP(O)OMe+(IV), have been investigated both experimentally in an ion trap mass spectrometer and
heoretically by electronic structure calculations at the B3LYP level. Of particular interest is the finding that the phosphonium ion IV eliminates
thene with hydrogen/deuterium loss from both the �-and �-positions. The initial step for both routes involves ethyl migration from P to O to form
he ion MeOP+OEt which then loses ethene by two mechanisms, both of which lead to the same products. That a unitary branching ratio for �- and

-elimination is not observed indicates that although the final step of dissociation into product ion and ethene is energetically the most demanding,

t is not rate limiting and the large entropy change associated with the dissociation allows earlier processes to determine the branching ratio. This
emonstrates once again that free energy, not enthalpy (or energy), determines the course of gas phase ion processes.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In an initial investigation into the electrospray ionisation ion
rap mass spectrometry of simple organophosphates esters [1],
e reported that the collision induced fragmentation of proto-
ated dimethyl methylphosphonate, IH+, resulted in the loss
f methanol and the formation of the CH3P(O)OCH3

+ ion, II,
hich in turn fragmented under appropriate collision induced
issociation (CID) conditions to lose CH2O.

It was observed that fragmentation of the deuterated ion
D3P(O)OCH3

+ formed from an isotopomer of I, Ia (see below)

roduces a mixture of CH2O and CD2O, indicating that a scram-
ling of the methyl groups is involved during fragmentation.
ore detailed studies of this scrambling involving the iso-

∗ Corresponding author. Tel.: +44 1980 862 161.
E-mail address: pwatts.rsg@emailitis.com (P. Watts).
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ations

opomers Ia, Ib and Ic

ere made [2]. Subsequently, the scrambling of the methyl
roups on elimination of formaldehyde from II was investi-
ated using quantum mechanical calculations at the B3LYP
nd MP2 levels in an attempt to understand the mecha-
ism(s) of fragmentation of II [3]. This was proposed in the
aper describing the original experimental work [2] to occur
hrough the dimethoxyphosphenium ion P(OMe)2

+ formed

rom MeP(O)OMe+ via a 1,2-methyl migration. 1,4-H migra-
ions in both MeP(O)OMe+ and P(OMe)2

+ were proposed
o explain the elimination of formaldehyde. The electronic
tructure calculations showed that the barriers to the origi-
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ally proposed 1,4-H migration steps leading to loss of CH2O
re much higher in energy than 1,3-H migrations in which
methoxy hydrogen atom migrates to the phosphorus atom.
hese produce the ion–dipole complexes CH2O·(MeP(O)H)+

nd CH2O·(MePOH)+ which then dissociate to give the exper-
mentally observed products. The present paper reports similar
tudies on O,O-dimethyl ethylphosphonate (III) and its deuter-
ted isotopomers III�D and III�D.

. Experimental

Compounds III, III�D and III�D were prepared by the
ichaelis–Becker reaction [4] which involved deprotonating

imethyl phosphite with sodium hydride or n-butyllithium in
etrahydrofuran and alkylating the resultant anion with the
espective iodoethane. Yields were very low, the result of carry-
ng out the experiments on a small-scale, which complicated
urification, and the tendency of dimethyl phosphite to O-
ealkylate under such conditions [5]. Products were confirmed
ure by 1H and 13C NMR spectroscopy and those containing
euterium labels by additional 2H NMR spectroscopy.

Reagents were from Aldrich Ltd. (Gillingham, UK). Anhy-
rous solvents were employed: tetrahydrofuran was distilled
rom sodium/benzophenone. Thin layer chromatography (TLC)
as used to monitor reactions using TLC plates (MK6F silica
el 60Å, 2.5 cm × 7.5 cm, layer thickness 250 �g) from What-
an (Maidstone, UK). Products were visualised by dipping the

lates into a dilute solution of potassium permanganate in ace-
one: spots appeared white on a purple background. Silica gel
or flash chromatography was from BDH Laboratory Supplies
Poole, UK). NMR spectra were obtained on a JEOL Lambda
00 instrument (operating at 500 MHz for 1H, 77 MHz for 2H,
26 MHz for 13C, and 122 MHz for 31P spectra) as solutions in
DCl3 with internal reference SiMe4 for 1H and 13C, and exter-
al trimethyl phosphite (� 140 ppm) for 31P spectra. Reactions
ere also monitored by gas chromatography–mass spectrom-

try (GC–MS) using a Finnigan MAT GCQ instrument with
hemical ionisation using methane as reagent gas.

.1. Dimethyl ethylphosphonate (III)

Sodium hydride (0.44 g, 60% dispersion in oil, 18.3 mmol)
as washed twice with hexane (2 × 5 ml) and dried under vac-
um. It was suspended in THF (50 ml), cooled to 0 ◦C and
solution of dimethyl phosphite (2.0 g, 18.2 mmol) in THF

10 ml) added dropwise via a cannula with stirring. After 45 min,
solution of iodoethane (2.84 g, 18.2 mmol) in THF (10 ml) was
dded dropwise. The mixture was stirred at 0 ◦C for 15 min then

t room temperature for 2 h. Water (5 ml) was added to dis-
olve the precipitated sodium iodide and the product extracted
ith ether (2 × 50 ml). The ether extracts were combined and
ried (MgSO4). Analysis of an aliquot by GC–MS revealed the
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resence of 85% product. The drying agent was filtered off and
he filtrate concentrated. Bulb-to-bulb distillation of the residue
ave the title compound as a colourless liquid (0.25 g, 10%).
p 80 ◦C/10 mmHg. 1H NMR: δ = 3.75 (6H, d, 3JPH = 11 Hz,
CH3), 1.77 (4H, dq, 2JPH = 19 Hz, 3JHH = 8 Hz, P-CH2), 1.17

6H, dt, 3JPH = 20 Hz, 3JHH = 8 Hz, CH3). 13C NMR: δ = 52.3
d, 2JPC = 7 Hz, OCH3), 17.7 (d, 1JPC = 143 Hz, P-CH2), 6.4 (d,
JPC = 7 Hz, CH3). 31P NMR: δ = 36.9.

.2. Dimethyl 1,1-d2-ethylphosphonate (III�D)

n-Butyllithium (5.7 ml of 1.6 M solution in hexanes,
.06 mmol) was added dropwise by syringe to a stirred solu-
ion of dimethyl phosphite (1.0 g, 9.09 mmol) in THF (10 ml) at

78 ◦C. After 90 min, iodoethane-1,1-d2 (1.44 g, 9.11 mmol) in
HF (5 ml) was added via a cannula. The mixture was stirred
t −78 ◦C for a further 30 min and then at room temperature
or 2 h. Water (5 ml) was added to dissolve the precipitated
odium iodide and the product extracted with dichloromethane
3 × 10 ml). The organic extracts were combined and dried
MgSO4). The drying agent was filtered off and the filtrate con-
entrated. Column chromatography of the residue, eluting with
:2 hexane–acetone, gave the title compound as a colourless
iquid (100 mg, 8%). 1H NMR: δ = 3.78 (6H, d, 3JPH = 11 Hz,
CH3), 1.15 (3H, d, 3JPH = 20 Hz, CD2CH3). 2H NMR: δ = 2.11

2D, s, CD2). 13C NMR: δ = 52.2 (d, 2JPC = 6 Hz, CD2CH3), 6.2
d, 2JPC = 6 Hz, CH3). 31P NMR: δ = 36.9.

.3. Dimethyl 2,2,2-d3-ethylphosphonate (III�D)

Prepared by the same method used for dimethyl ethylphos-
honate but using iodoethane-2,2,2-d3 instead of iodoethane.
he title compound was obtained as a colourless liquid after
ulb-to-bulb distillation under reduced pressure (206 mg, 8%).
p 90 ◦C/12 mmHg. 1H NMR: δ = 3.72 (6H, d, 3JPH = 11 Hz,
CH3), 1.71 (2H, br d, 2JPH = 18 Hz, P-CH2). 2H NMR: δ = 1.17

2D, dt, 3JPD = 3 Hz, 3JHD = 1 Hz, CD3). 13C NMR: δ = 52.3 (d,
JPC = 6 Hz, OCH2), 17.5 (d, 1JPC = 143 Hz, P-CH2). 31P NMR:
= 36.9.

The mass spectrometric technique has been described in
etail elsewhere [2]. In this work only the Esquire∼LC, Bruker
altonics, GmbH ion trap mass spectrometer was used.

.3.1. Computational details
Geometry optimizations and frequency calculations of all

pecies reported in this work were performed by using Den-
ity Functional Theory with the Becke three parameters hybrid
unctional B3LYP [6] and the triple-� basis set 6-311 + G(2d,2p),
ncluding polarisation and diffusion functions. In the DFT calcu-
ations, a grid of 99 radial point and 590 angular points, together
ith the Becke weighting scheme of integration, have been used.
ibrational frequencies were calculated in all cases to char-
cterize the minima and the transition states and provide zero

oint energies (ZPE). All total energy comparison include ZPE
orrections. Earlier studies on ions obtained from protonated
imethyl methylphosphonate [3] demonstrated that the results
t the B3LYP level corresponded very well with those from the
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ore time-consuming MP2 calculations and that all ions have a
inglet electronic ground state. All electronic structure calcula-
ions were performed using the Gaussian 03 programme [7].

. Results

.1. Fragmentation of IIIH+ and its product ions

These are summarised in Fig. 1. Only the ions with m/zs 139,
25, and 111 could be isolated and fragmented directly and the
elevant spectra are shown in Figs. 2–4. The ions with m/zs 107,
V and 93, V reacted rapidly with the traces of water always
resent in the helium bath gas so that attempts to isolate them
esulted in mixtures of ions with m/zs 107 and 125 and m/zs 93
nd 111, respectively. They are, however, present in sufficient
ntensity after fragmentation of IIIH+ and m/z 125 that they can
e excited directly and the spectra are shown in Figs. 5 and 6.

Isolation and fragmentation of m/z 140, IIID+ (produced
hen using D2O in the spraying medium), gave ions with m/zs
25, 107 and 79. Isolation and fragmentation of m/z 125 gave
ons with m/zs 107, 93, and 79 with a trace of 111. Isolation
nd fragmentation of m/z 111 gave ions with m/zs 93 and 65. Of
mportance was the observation that, in contrast to the fragmen-
ation of II, no loss of formaldehyde from IV occurred.

Fragmentation of the deuterated isotopomers III�DH+ and
II�DH+ gave unexpected results. The deuterated isotopomers

f IV and V produced ethene with the hydrogen/deuterium loss
ccurring from both the �- and �-positions of the ethyl group.
hus fragmentation of IV�D, m/z 109, gave ions with m/z 79 and
/z 80 corresponding to loss of CD2CH2 (� loss) and CHDCH2

Fig. 1. Fragmentation of IIIH+ and its fragment ions.
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Fig. 2. Isolation and fragmentation of IIIH+, m/z 139 (see Fig. 1).

� loss), respectively. This is shown in Fig. 7. Fragmentation
f IV�D, m/z 110, also gave ions with m/z 79 and m/z 80, this
ime corresponding to loss of CD2CHD (� loss) and CD2CH2
� loss), respectively and is shown in Fig. 8. Similar results were
btained for the fragmentations of V�D and V�D. The differ-
nce in the �/� loss ratios for the two isotopomers was initially
scribed to an isotope effect. Further studies indicated that whilst
n isotope effect may be a contributing factor, it was not the dom-
nant reason for the differing �/� loss ratios. It was observed that
he �/� loss ratio was dependent upon the fragmentation time
ith the �/� loss ratio decreasing with an increase in fragmen-

ation time for the �D isotopomer but increasing for the �D
sotopomer. Moreover, if after fragmentation a scan delay (typ-

cally 20 ms) was inserted before a mass scan, the m/z 80 peak
isappeared with a concomitant increase of the m/z 79 peak for
oth isotopomers. This is interpreted as the ions resulting from
he loss of ethene whether from IV or V having a labile hydro-

Fig. 3. Isolation and fragmentation of m/z 125 (see Fig. 1).
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Fig. 4. Isolation and fragmentation of m/z 111 (see Fig. 1).

en/deuterium. After formation, the ions with the higher m/z
ontaining a deuterium i.e., m/z 80 and m/z 66, lose the deu-
erium in exchange with the water present in the bath gas. This
ydrogen/deuterium exchange is sufficiently rapid to occur dur-
ng the fragmentation period thus accounting for the difference
n the observed �/� ratios for the two isotopomers. A schematic
f the fragmentation reactions and D/H exchange for the �D
sotopomer is shown below.
Fig. 5. Isolation and fragmentation of IV, m/z 107 (see Fig. 1).

t
t
i
m

Fig. 6. Isolation and fragmentation of V, m/z 93 (see Fig. 1).

Modeling of this scheme using VisSim (Visual Solutions
nc., Westford, MA 01886, USA) and comparing the concen-
ration time profiles with fragmentation spectra such as given
n Figs. 7 and 8 suggests that, ignoring kinetic isotope effects,
-elimination is about 5× slower than �-elimination and that,
ssuming hydrogen/deuterium exchange occurs at the colli-
ional rate, the water concentration in the trap is ca. 10 ppm.

In the previous study, the ion of interest, II, could be isolated
efore fragmentation. It was proposed that on its excitation in
he ion trap, not only were all of the ions II maintained at a
uprathermal temperature i.e., given an excess of internal energy,
ut also all of the ions formed by rearrangement of II (having
he same m/z) had the same excess of internal energy even if

heir formation from II was endothermic. This assumed that
he rearranged ions had lifetimes consistent with their being
ntermediates and therefore subject to excitation; if they had

uch shorter lifetimes more consistent with their being transient

Fig. 7. Fragmentation of IV�D, m/z 109.
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oxygen and the methoxy oxygen are 890, 769 and 780 kJ mol−1,
respectively; the transition state energies (TS) for their intercon-
versions are given in Fig. 9. The energies for elimination of water
and methanol are 91 and 144 kJ mol−1, respectively, from m/z
Fig. 8. Fragmentation of IV�D, m/z 110.

pecies then the argument that they can increase their internal
nergy to that of II is nugatory.

As was noted above, because of their rapid reaction with water
n the bath gas, the ions IV and V could not be isolated, although
fter fragmentation of IIIH+ and m/z 125 they can be excited
irectly. When the isotopomers are studied, the �/� ratios i.e.,
/z 79 and m/z 80, are effectively independent of which ion is

xcited e.g., III�DH+, IV�D, and m/z 127 although III�DH+

nd m/z 127 require greater excite voltages than does IV�D.
his finding demonstrates that the rearranged ions, at least in

his instance, have only a transitory existence and do not acquire
ny additional energy before fragmentation.

.2. Calculations

.2.1. General considerations – enthalpy or energy versus
ree energy

Although energies of species rather than enthalpies have been
alculated for the present paper, no significant errors will be
ncurred in treating them as enthalpies in the discussions of

echanisms and courses of the reactions. The consideration
f free energies rather than enthalpies is somewhat more dif-
cult in the present system because of the difficulty in defining
temperature of the reacting species. Unless the ions are being

xcited it is probably safe to consider them to be approximately
t the ambient temperature of the ion trap. But on excitation
hey can be at temperatures in excess of 1000 K [3]. Calcula-
ions show that for any particular precursor ion the entropies of
ts rearranged isomers and associated transition states are suf-
ciently similar to each other that the reaction coordinate has
similar profile irrespective of whether energy (or enthalpy)

r free energy is used. But this is not the case when we come
o the dissociation of the final complex to produce the frag-
entation products. The entropy change is sufficiently large
hat although the dissociations are markedly endoergic, at the
emperatures likely to be achieved on excitation they become
xergonic. This will be seen to be of particular importance when

F
p
a

ass Spectrometry 269 (2008) 46–54

onsidering branching ratios, for both �- and �-eliminations
ead to the same products which have higher energies than the
recursor ions and transition states associated with the various
earrangments/isomerisations. Thus, if energies/enthalpies were
he parameter defining the reaction coordinate, the branching
atio should be unity. If however the final dissociation step is
xergonic then the rate determining barriers occur on an ear-
ier portion of the reaction coordinate where the energetics of
- and �-eliminations for example are different thus leading to
on-unitary branching ratios. Similar arguments can be applied
o the elimination of water or methanol from m/z 125—see later.

.2.2. Fragmentation of IIIH+

The proton affinities for the phosphoryl oxygen and the
ethoxy oxygen are 890 and 790 kJ mol−1, respectively, with

he TS energy from the former to the latter being 180 kJ mol−1.
As was found in our previous studies [3,8] elimination of

ethanol from a protonated pentavalent phosphorus ester does
ot proceed via a transition state; bond breaking leads to two
non-interacting” molecules i.e., as the bond breaks the total
nergy does not show a maximum but increases to an asymp-
otic value. This energy is 125 kJ mol−1 for elimination of
ethanol from IIIH+ with the proton on the methoxy oxygen

r 225 kJ mol−1 from IIIH+ with the proton on the phospho-
yl oxygen. Although endoergic, this loss of methanol is quite
acile due to the large entropy change, 171 J mol−1 K−1. Despite
ts not being the primary product ion, m/z 125 is the dominant
roduct ion and is formed by rapid addition of water to IV.

.2.3. Fragmentation of m/z 125 (see Fig. 1)
The ion m/z 125 is a precursor of both IV and V making its

ragmentation of interest.
The proton affinities for the phosphoryl oxygen, the hydroxyl
ig. 9. Energies of species are referenced to m/z 125 with the proton on the phos-
horyl oxygen. TS energies are referenced to the starting species. All energies
re in kJ mol−1.
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Fig. 10. Possible reactions of IV w

25 with the proton on the appropriate oxygen with the corre-
ponding entropy changes being 122 and 98 J mol−1 K−1. The
roton migrations and elimination of water or methanol are sum-
arized in Fig. 9. It should be noted that although the ion with

he proton on the phosphoryl oxygen has the lowest energy, it is
nlikely to be the isomer present in the ion trap. This is because
/z 125 is not formed in the electrospray source (unlike IIIH+)
ut is formed by reaction of IV with water and, when formed,
s unlikely to have sufficient energy to overcome the transition
tates for proton migration. This uncertainty as to the position of
he proton makes interpretation of the branching ratio for water
ersus methanol elimination difficult and this difficulty is fur-
her compounded by both IV and V reacting with water which
n the case of IV reforms the starting ion.

As for the fragmentation of IIIH+, there is a large entropic
ontribution to the loss of both water and methanol. It is of inter-
st that neither IV nor V can be formed without their fragmenting
urther with loss of ethene to m/zs 79 and 65, respectively.

.2.4. Fragmentation of IV
Electronic structure calculations suggest six energetically

easible intramolecular rearrangements/reactions of IV. These
re shown in Fig. 10.
As before [3] there are two possible mechanisms for
ormaldehyde production, a 1,3 C-P H migration (IV → IVg)
nd a 1,4 C-O H migration (IV → IVh). The former has a
S energy of 207 kJ mol−1 and the latter a TS energy of

s

t

Fig. 11. Reactions of IVa. The � and � refer from which position the
sociated TS energies in kJ mol−1.

04 kJ mol−1 which are remarkably similar to the TS energies
or the corresponding mechanisms for the fragmentation of II
211 and 312 kJ mol−1, respectively). As no formaldehyde is
roduced in the fragmentation of IV it is concluded that only
he rearrangements/fragmentations of IV which have TS ener-
ies somewhat below 200 kJ mol−1 will be observed. This leaves
nly the ethyl migration from P to O IV → IVa and the cyclisa-
ion IV → IVc. The TS energy for the cyclisation is much higher
han that for IV → IVa and is unlikely to compete. The reactions
f IVa are shown in Fig. 11. It should be noted that the IVc and
Ve appearing in Fig. 11 are formed via different routes to those
iven in Fig. 10. As suggested earlier the large entropy change
ssociated with the dissociation of IVe is important i.e., �G
ather than �H is the driving force making the dissociation step
on rate limiting thus allowing the non-unitary branching ratio
or �-and �-elimination. The calculated energies and entropies
iven in Table 2 suggest that kinetic isotope effects are negligible
or both elimination pathways for the �-deuterated isotopomer,
ut that a small reduction in �-elimination for the �-deuterated
sotopomer may occur. But overall it is considered that potential
inetic isotope effects do not affect the conclusions from kinetic
imulation the �-elimination is that preferred route.

The energies of species and transitions states for the processes

hown in Fig. 11 are given in Table 1.

These are shown in graphical form in Fig. 12.
Once the dissociation steps of the complex are discounted for

he previously mentioned entropic considerations, it is clear that

hydrogen loss occurs (IVb is a conformational isomer of IVa).
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Table 1
Energies and entropies of species and transition states for the reactions shown
in Fig. 11

Species or TS Energy kJ mol−1 Entropy J K−1 mol−1

IV 0 389.2
IVa −8.6, −9.6, −8.3 382.5
IVb −12.2, −13.2, −12.0 383.7
IVc 111.3, 112.5, 111.5 367.0
IVd 42.9, 44.5, 43.8 388.3
IVe (complex) 108.9 429.7
Products 190.6 538.4
TS IV → IVa 146.8, 147.3, 148.5 452.7
TS IVa → IVe 146.2, 146.7, 151.4 411.7
TS IVb → IVd 135.7, 138.3, 136.4 365.3
TS IVc → IVe 176.3, 176.8, 178.7 370.3
TS IVd → IVc 157.4, 159.1, 158.3 368.3

The first entry in the energy column is referenced to IV, the second to IV�D,
and the third to IV�D.

�
a

3

a

f
w
F

Table 2
Energies and entropies of species and transition states for the reactions shown
in Fig. 14

Species or TS Energy kJ mol−1 Entropy J K−1 mol−1

V 0 315.6
Va −18.2, −14.4, −13.0 336.5
Vb −16.2, −17.4, −16.0 338.2
Vc 99.8, 100.9, 100.1 316.0
Vd 26.9, 28.3, 27.8 345.7
Ve complex 98.8 343.1
Products 204.4 494.1
TS V → Va 127.9, 128.4, 129.8 366.6
TS Va → Ve 141.2, 141.7, 146.4 340.2
TS Vb → Vd 117.1, 119.5, 117.8 324.4
TS Vc → Ve 142.5, 144.0, 143.4 326.9
TS Vd → Vc 155.1, 156.3, 158.0 318.9
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Fig. 12. Energetics for the fragmentation of IV.

-elimination is going to be less favoured than �-elimination in
ccord with observation.

.2.5. Fragmentation of V
The same set of arguments given for fragmentation of IV

pply.

Electronic structure calculations suggest four energetically

easible intramolecular rearrangements of V. These together
ith their associated TS energies in kJ mol−1 are shown in
ig. 13.

t
8
o
e

Fig. 13. Possible reactions of V and their
he first entry in the boxes in the energy column is referenced to V, the second
o V�D, and the third to V�D.

As for the fragmentation of IV the energetically most
avourable pathway is the 1,2 P-O C shift to Va the reactions
f which are shown in Fig. 14.

The energies of species and transition states for the processes
hown in Fig. 14 are given in Table 2 and shown schematically
n Fig. 15.

.2.6. Structures and properties of the ions with m/z 79/80
nd m/z 65/66

As was seen in Sections 3.2.4 and 3.2.5 discussing the frag-
entations of IV and V, respectively, the hydrogen/deuterium

riginating from the ethyl group migrates to the phosphorus
tom during the elimination of ethene. This is shown in Fig. 16
or the deuterium isotopomers.

Whilst however it is the deuterium atom that exchanges with
ydrogen in water (any exchange with the hydrogen on the
ydroxyl group in m/z 66 will not be observed), the resulting
ons m/z 79 and m/z 65 do not necessarily have the same struc-
ures as shown in Fig. 16 as the isomeric ions shown in Fig. 17
re more stable by 117 and 125 kJ mol−1, respectively.

It is suggested that it is these ions that result from the deu-

erium/hydrogen exchange/rearrangement of the ions with m/z
0 and m/z 66 (and of course with the H/H exchange that must
ccur with the non-deuterated isotopomeric ions). It is of inter-
st that, as shown earlier, these structures cannot be accessed

associated TS energies in kJ mol−1.



A.J. Bell et al. / International Journal of Mass Spectrometry 269 (2008) 46–54 53

Fig. 14. Reactions of Va. The � and � refer from which position the

Fig. 15. Energetics for the fragmentation of V.
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Fig. 16. Structures of the ions with m/z 80 and m/z 66.

irectly from IV and V as the TS energies for the requisite 1-4
-O H shift are too high. Similarly, the TS energies for the direct
nimolecular isomerisation of the two structures are too high at
90 kJ mol−1 for both ions.

. Discussion

The most important and surprising experimental observation
n this work is that both � and � H/D elimination from the ethyl

oiety occur when eliminating ethene from the parent ions IV

nd V (see Fig. 1). Although the observed branching ratios are
ot indicative of the true branching ratios because of the rapid
/H exchange with water in the buffer gas occurring in the prod-
ct ions, simulation of the kinetics suggests that �-elimination

Fig. 17. Isomeric structures of the isotopomeric ions in Fig. 16.

[
[
[
[

hydrogen loss occurs (Vb is a conformational isomer of Va).

s more difficult than �-elimination. These simulations ignore
inetic isotope effects but the results of the DFT calculations
ndicate that they are likely to be marginal compared to the differ-
nces in the TS energies of the two pathways. As both pathways
ead to the same products (ignoring isotopic labelling) and thus
ave the same overall energetics, that we observe a non-unitary
ranching ratio supports the proposal that entropic contributions
o the fragmentation processes cannot be ignored although their
ontributions to the steps prior to the dissociation of the complex
re relatively minor.

DFT calculations were used to investigate the likely mecha-
isms of the eliminations of ethene. They showed that, as was
ound in the study of dimethyl methylphosphonate, only alkyl
igration from phosphorus to oxygen, and hydrogen migration

o phosphorus occur. This was particularly surprising in view of
he possibility of the 1,4 C-O H shift involving a 5-membered
ransition state for the direct elimination of ethene from either
V or V.
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