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Abstract

The unimolecular gas-phase chemistry of the cyclic title ion, [-@CHL,O-]P(HFO**, 1a**+, and its tautomer ethylene
phosphite, [FOCHCH,0O-]P-OH ™, 1b**, was investigated using mass spectrometry-based experiments in conjunction
with isotopic labelling and computational quantum chemistry, at the CBS-QB3 level of theory. A facile tautomerization of
the “keto” ion1a** into its more stable (by 34 kcal/mol) “enol” isom#n®* is prevented by a substantial 1,2-H shift barrier
(14 kcal/mol relative tda® ™). In line with this, the collision-induced dissociation (CID) and neutralization-reionization (NR)
spectra of the two isomers are characteristically different. Unlike the corresponding acyclic dimethyl phosphonate/phosph
tautomers, (CHIO),P(H)=0°*/(CH30),P-OR*, where the phosphonate isomer rapidly loses its structure identity by a facile
distonicization into CHO—(CH;O)P(H)OH'*, the barrier for this reaction ita® ™ is prohibitively high and the cyclic distonic
1,2-H shiftisomer [FOCKICH,O(H)-]P=0**, 1c**, is not directly accessible.

The 1,2-H shift barrier separatiig® ™ andlb®* is calculated to lie close to the thermochemical threshold for the formation
of CoH4*™ + HO-PEO),. This reaction dominates the closely similar metastable ion (MI) spectra of these tautomers. At
these elevated energies, the “enol” idat ™ can undergo ring-opening by GHO or CH—CH, cleavage, yielding ion—dipole
complexes of the type [E4]*t/HO-PEQ),, 1e**, and H-bridged radical cations GHO. . .[H-O-P—-OCH]**, 1f*+,
respectively. Moreover, communicationd** with the distonic iorilc** now also becomes feasible. These computational
findings account for the similarity of the MI spectra and provide a rationale for the observation that in the losses of CO
HCO® and GH30°® from metastable ions [-OGIEH,O-]P(H)=180** and [-OCHCH,0-]P-80H*+, thel80-atom loses
its positional identity.

Theory and experiment yield a consistent potential energy profile for the cyclic phosphonate/phosphite system showil
that non-dissociating ionka®* retain their structure identity in the microsecond time-frame. However, the interacti@n of
with a benzonitrile (BN) molecule in a chemical ionization type experiment readily yields the more stable “enol” type ion
1b**. Experiments with benzonitrilescsupport the proposal that this interaction does not involve the lowering of the 1,2-H
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shift barrier between the tautomers, via a proton-transport catalysis type mechanism. Rather, a “quid-pro-quo” mechanism is
operative, analogous to that proposed for the benzonitrile-assisted enolization of acetamide [Int. J. Mass Spectrom. 210/211
(2001) 489].

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction a localized radical centre is present at th® oxygen
atom of the initially generated molecular ion may

Gas-phase phosphorus ion chemistry is intimately provide a chemical rationalization for this behaviour

related to solution phosphorus chemisfty and an [12].

incentive for its study derives from the intrinsic and A case in point is the behaviour of trimethyl phos-

practical importance of phosphorus compoufiiS] phate (TMP) which upon electron impact rearranges

and from the significant role of mass spectrometry into the distonic ion depicted as below and whose low-

in their characterization as pesticides, drugs, and est energy dissociation route, loss of £, yields

endogenous toxic agents (selected revigdp: the radical cation of dimethyl phosphitaz®™*.
CH,
/ N
0 H *CH,0 CH30
Vi e L4 \.  ~CHp=0 CHOL ., \Lo
CHSO—/P—O — CH3O—/P—OH —_— _P—OH CH3O—/P—O
CH30
CH50 CH50 3 H
TMP'™* at art

One class of compounds that has attracted a greatlon a,** represents the “enol” tautomer of the “keto”
deal of interesf5] are organophosphorus esters which ion a;**, ionized dimethyl phosphonate (DMP). Its
are widely used as pesticides. The conventional elec- neutral counterpartay, is less stable than the phos-
tron impact mass spectra of alkyl and aryl phosphates phonate,a;, by 15kcal/mol and in the condensed
and phosphites were already studied when organic phase, the phosphite intermolecularly rearranges into
mass spectrometry was still in its infan¢§]. Re- the phosphonate. However, upon ionization, the sta-
newed interest in the gas-phase ion chemistry of bility order reverses andy** is more stable than
these esters started in the mid-eighties when tandema;*™, by 31 kcal/mol[13].
mass spectrometry (MS/MS)] using both high- Tautomerization in simple organic radical cations
and low-energy collision-induced dissociation (CID) and their neutral counterparts is of fundamental im-
experimentd8] on magnetic deflection, quadrupole, portance and has therefore been studied in great detail,
Fourier transform ion cyclotron resonance (FT-ICR) particularly for keto-to-enol isomerization reactions
and ion trap mass spectrometers became available to[14]. In this context, proton-transport catalysis in
probe the structure of stable and isomerizing if#js ion—molecule encounter complexes, that is the phe-
One important highlight of the seminal studies of the nomenon that the neutral promotes the tautomerization
Purdue groups of Cooks and Kenttan{ad] is that of the ionic component of the complex, has recently
the long-lived radical cations of simple organophos- received a great deal of attention both from theory
phates isomerize spontaneously to more stable dis-and experiment (for selected references §Es]).
tonic ions (ions with formally separate radical and One interesting example is the benzonitrile-assisted
charge sites)10b,11] The computational finding that  enolization of ionized acetonfl6]. Enolization of
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the acetone radical cation into its more stable iso- «-ylide isomer can be lowered to a mere 9 kcal/mol
mer CH=C(OH)CH;*™ does not occur unassisted by interaction with a judiciously chosen bajibg].
because the associated 1,3-H shift imposes a high bar-The 1,2-H shift in DMP ions, which has a calculated
rier. However, benzonitrile (BN) has a proton affinity barrier of 17 kcal/mol, would constitute an even more
which is higher than that of the GHand equal to challenging case in phosphorous containing ions, but
that of the O in the CHC(O)CHs® radical and it as discussed above, an alternative, more economical
successfully catalyzes the enolization. Benzonitrile route is available.
also catalyzes the enolization of acetamide, but here To study direct “keto-to-enol” transformations in
a different mechanism is operatij&7]. phosphorous containing ions, a system should be cho-
In line with the above, both the spontaneous and the sen which cannot undergo facile alternative rearrange-
benzonitrile-assisted tautomerization of DMP has re- ments (i.e., 1,3- and 1,4-H shifts) and so we decided
cently been studied in considerable detail by a variety to investigate the “keto” and “enol” ions of ethylene
of experimental methods and computational chemistry phosphonate, i.ela*™ and1b®™. In this model sys-

at the CBS-QB3 level of theorjl 3], see below. tem, formation of a distonic ion (i.dc* ™) is still pos-
sible, but only via an undoubtedly energy demanding
CHzo\ Lan CH3O\ 1,2-H shift. Thus, in this model system, we should
CHz0—P™OH <« CH0—P—0" be able to study enolization, both unimolecularly and
' .
Yes ! H/ molecule-assisted.
H
a3"" [7] ar™* [31] o b OH
N P<H PN
CH-O NG 12H A7 NA 12H O 0
1,2-H TN oH R PH==2<c 0 /
No CHSO/ HQC_CHQ HQC_CHQ HZC_CHZ
1 o+ la.+ 1b0+
a”" [0]

It was concluded that in the microsecond time-frame
DMP ionsa;** have completely isomerized into the 2. Experimental and theoretical methods
very stable distonic ionaz® ™ by way of a 1,4-H shift.
Experiments clearly show that further isomerization 2.1. Sample preparation procedures
of az** into the even more stable enol ioas** via
a 1,3-H shift does not take effect. However, this latter ~ Ethylene phosphonate (1,3,2-dioxaphospholane,
reaction can be induced to occur by interaction of 2-oxide),1a, is the parent compound of the class of
a;*+ with a suitable base molecule such as benzoni- cyclic phosphonic acid esters which are called cyclic
trile in a chemical ionization type experiment. Thus, phosphorous acid esters or cyclic hydrogen phos-
benzonitrile effectively catalyzes the enolization of phites in the older literaturg¢X8] and references cited
DMP ions, not directly via the 1,2-H shift, but via therein). The lower members of this class are highly
the more circuitous but less energy demanding route viscous materials with high boiling points, which are
a*t - a*t — art. very prone to hydrolysis and difficult to purify. These
The successful lowering of very large 1,2-H shifts compounds can be obtained by (i) the reaction o&PCI
by way of catalysis by a base molecule presents a with a given diol, (ii) transesterification of an alkyl
particularly challenging cadd 5g]. For example, the  phosphonate with 1,2- or 1,3-diols or (iii) hydroly-
very large barrier {60 kcal/mol) for the 1,2-H shift  sis, under carefully controlled conditions, of cyclic
which separates the pyridine radical cation from its chlorophosphite§l8]. However, with ethylene glycol
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as the substrate, the first synthetic route leads, as webelled compound as well as th8O- and D-labelled

have been able to confirm, to highly viscous poly-
meric products while in the transesterification pro-
cedure only the cyclic diethylene diphosphite could
be isolated18a). Hydrolysis of ethylene chlorophos-
phite (2-chloro-1,3,2-dioxaphospholand), with a
stoichiometric quantity of water in an inert organic
solvent[18c] appeared to be a more profitable route:

cl OH ?IJ

| |

P P P<H
C{/ \/O +H,O —— Ci/ \/O —_— ci/ \/O + HCI
H.C—CH, H,C—CH, H,C—CH,
I 1b 1a

We have adapted this synthesis to the milligram
scale and further modified it by performing the reac-
tion in the presence of an acid-binding agent, pyridine
or picoline. Optimal results were obtained by using
stoichiometric quantities of all three components, and
working under vacuum at low temperatures. In a typ-
ical experiment, 20Q.L of ethylene chlorophosphite
(Aldrich) was transferred to a small glass bulb and
frozen (using liquid N). Next, the BO/pyridine mix-
ture was added and quickly frozen on top of the still
frozen chlorophosphite layer. The bulb was then im-
mediately evacuated using a rotary pump and while
pumping continuously the two layers were allowed to
gradually come to room temperature over a period of
1.5h, using dry ice as the cooling agent. In this man-
ner, a clear viscous liquid is obtained in which a white
precipitate of the pyridine or picoline hydrochloride

isotopologues  [~-OCHCH,O-]P180C,Hs  and
[FOCH,CH,0O-]P-OGDs were prepared by essen-
tially the same procedure as described abovelépr
replacing water by a slight excess of (the appropriately
labelled) ethanol. No attempts were made to remove
the precipitated hydrochloride from the sample as it
did not interfere with the experiments.

Methyl ethylene phosphatd]l, is a well char-
acterized liquid at room temperature whose rapid
hydrolysis has been studied in considerable detail
([19] and references cited therein). Samples of the
unlabelled compound as well 43C- and D-labelled
isotopologues [-OCHCH,O-]PEO)O*CH3  and
[FOCH,CH,O-]PEO)OCD; were prepared by the
methanolysis of 2-chloro-1,3,2-dioxaphospholane-2-
oxide (Aldrich) with stoichiometric quantities of the
(appropriately labelled) alcohol and picoline, using
the procedure described above. Here too, no attempts
were made to remove the suspended picoline hy-
drochloride from the sample.

The benzonitrile and benzonitrilezdamples used
in the ion—molecule experiments were of research
grade and obtained from Aldrich and C/D/N Isotopes
Inc., respectively.

2.2. Tandem mass spectrometry
The tandem mass spectrometry-based experi-

ments were performed with the McMaster University
ZAB-R mass spectrometer, a three-sectorn BE(B:

is suspended. The hydrochloride could be removed magnetic sector, E: electric sector) type instrument

by prolonged pumping~7 h) at 50°C with a diffu-

[20]. The instrument is equipped with four collision

sion pump. The resulting ethylene phosphonate is a gas chambers of which the two located in the second

clear, colourless, viscous oil, which gave the clean
mass spectrum dfig. 2a A 1:1 mixture of the phos-
phonate with its'O-labelled isotopologuela (180)
[FOCH,CH,O-]P(H)-80 was obtained from 50%
180-enriched water (Ventron GmbH, Karlsruhe). The
isotopologuela (P-D), [-OCHCH,O-]P(DFO, was
prepared in the same way using®.

Ethyl ethylene phosphitd], is a high boiling lig-

field free region (2ffr, in front of k) were used for
the neutralization-reionization (NR) experiments (for
a recent review se¢21]).

The compounds were introduced into the ion source
(kept at 100C) via a wide-bore all-quartz direct in-
sertion probe connected via an o-ring with a small
glass bulb that contains the sample. lons generated
in the source by either electron ionization (El) or

uid, stable to distillation and to storage in the absence ion—molecule reactions under conditions of chemical

of moisture and air[18b]. Samples of the unla-

ionization (CI), were accelerated to 8 or 10 keV prior
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to recording their spontaneous or collision-induced  All spectra were recorded using a small PC-based
dissociations in the second or the third field free re- data system developed by Mommers Technologies Inc.
gions as metastable ion (M) or CID spectra, respec- (Ottawa).
tively. The structure of a given product ion in a 2ffr
Ml or CID spectrum was probed by selectively trans- 2.3. Computational procedures
mitting the ion by E to a collision chamber in the
3ffr pressurized with @ and mass-analyzing its ionic The calculations were performed using Gaussian
dissociation products by scanning.EThe resulting 98 revision A.9[22] and GAMESS-UK][23]. The
MS/MS/MS type spectra are denoted as MI/CID and standard CBS-QB3 model chemis{B4] was used to
CID/CID spectra, respectively. All the (high energy) probe structures and energies of the key isomeric ions,
collision experiments were performed at a main beam connecting transition states and dissociation products
transmittance £70%) such that the probability for associated with the ethylene phosphonate/phosphite
multiple collisions is negligible. CoHs503P** potential energy surface. The energetic
For neutralization-reionization mass spectra results are presentedTable 1a(equilibrium and tran-
(NRMS) [21] 8 or 10keV ions, Mt are selectively  sition state energies)lable 1b(dissociation limits)
transmitted by B to the 2ffr where, in the first collision and Scheme 3while detailed geometries of selected
chamber, charge-exchange neutralization occurs with species are displayed fig. 1 (the complete set of
N,N-dimethyl aniline (NDMA): n** (8 or 10 ke\j + geometries is available upon request). Frequency cal-
NDMA — m (8 or 10ke\j + NDMA*™. The unre- culations gave the correct number of negative eigen-
acted ions are deflected away and the remaining fastvalues for all minima and transition states and the
neutrals are reionized with£n the second collision  spin contamination was within the acceptable range.
cell. Scanning Eyields the spectrum of the reionized The connections of the transition states have been
neutrals M, the “survivor” ions, and their (structure checked by geometry optimizations and frequency

characteristic) charged dissociation products. calculations.
Table la
CBS-QB3 derived energies for the main isomerization reactions of the ethylene phosphonasg fon,

Etotal® Etotal(0K) Erel (298K

(B3LYP/CBSB7), (CBS-QB3), (CBS-QB3),

Hartree Hartree kcal/mol
CHp=CH,** + HOPEO), m/z 28 —645.93450 —645.06053 0
[~FOCH,CH,0-]P(HFO** la*t —645.95227 —645.08210 —15.0
[FOCH,CH,0-]P-OR* 1b** —645.99849 —645.13727 —49.0
[FOCH,CH,0O(H)-]P=0°** 1c*t —645.96969 —645.09858 —-25.0
HOCH,CH,O-P=0O** 1d** —645.95824 —645.07099 -75
[CH—CH,—O—-PEO)OH]*+ 1e*t (a) —645.97067 —645.09780 —235
[CH2—CH,—O—-PEO)OH]H le**t (B) —645.96927 —645.09516 -215
[CH,0—-P-OH? . . .0O=CH, 1fe+ —645.97574 —645.08440 —-17.5
CH3-O-PEO)OCHs** 1g°t —645.96195 —645.08494 -15.0
TSila*t — 1b** —645.92174 —645.05956 -0.5
TSila*t — 1c*t —645.90047 —645.03147 17.0
TS 1c*t — 1b*t —645.92366 —645.05914 -1.0
TS 1d*t — 1c*t —645.94200 —645.05672 1.4
TS 1b*T — le*t (o) —645.94821 —645.06988 —6.5
TS 1e*t (B) — 1le*t () —645.96665 —645.09202 —20.0
TS le*t (B) — 1c** —645.93931 —645.05951 -0.5
TS 1b*t — 1fe* —645.95269 —645.07262 -8.0

aThe B3LYP energies include ZPVE contributions, scaled by 0.99.
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TS 1¢* - 1b™

1t [1a-H]J [1a + H]"

Fig. 1. Optimized geometries of selected ions and neutrals of the ethylene phosphate system. The bond lengths (A) and angles are presented
in normal and bold font, respectively.
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Table 1b
Auxiliary energetic information for the ethylene phosphonate system derived from CBS-QB3 calculations

Etotal (0K), Hartree AH? (OK), kcal/mol AH? (298K), kcal/mol
[~FOCH,CH,0-]P(HFO** la*t —645.08210 77.3 717
[FOCH,CH,0-]P(HFO la —645.47424 —168.7 —174.5
[~FOCH,CH,0-]P-OH* 1b*+ —645.13727 42.7 37.6
[~OCH,CH,O—-]POH 1b —645.46323 -161.8 —167.3
[~FOCH,CH,0-]P(H)OH" [1a+ H]t —645.79180 —27 -9.2
[~FOCH,CH,O-]P=0* [1a — H]* —644.83006 —129.8 —134.6
[~FOCH,CH,O-]POCHCH3z** e+ —723.58963 35.6 27.5
[~FOCH,CH,O-]P" m/'z 91 —569.39617 91.3 87.0
OH° —75.64970 8.8 8.8
(HO),P=O* m/z 81 —567.29844 30.1 27.1
CHy=CH —77.74299 72.7 71.7
HO-PEO),*+ m/z 80 —566.58274 114.0 1121
[-O-O-]P-OH* m/z 80 —566.52164 152.3 150.6
CHy=CHa —78.41263 15.3 13.2
CH3O-P(H)OH+ m/z 80 —531.91692 94.4 90.3
CO —113.18197 —27.7 —26.9
CH3O-P-OH m'z 79 —531.36681 74.4 70.7
CHzO(H)-P=O" mz 79 —531.33760 92.7 89.4
HCO* —113.70496 9.4 9.5
CH,O-P-OH* m'z 78 —530.70506 124.3 1215
CH>=0 —114.34411 —26.4 —-27.3
HO-P-OH m/z 65 —429.14302 76.4 74.0
CH,=CHO —152.93279 4.8 3.0
CHy—CHOH* mz 44 —153.22518 186.6 183.9
HO-P=O —491.85809 —110.0 —111.6
H—PEO), —491.84042 —98.9 —100.6
CH=CH,** m/z 28 —78.02908 258.5 256.5
HO-P(-0» —567.03144 —167.6 —169.9
[-O-O-]P-OH —566.90217 —86.5 —88.5
[-O-O-]P(HFO —566.90065 —85.5 —87.9

From a recent validation stud{3], it appears that  mass spectrum is presented Fig. 2a and b This
the CBS-QB3 method accurately reproduces the heatsspectrum displays a moderately intense molecular
of formation of species comprised of a second row ion and principal fragment ions atVz 78 (loss of
element (S or P) bonded to a highly electronegative CH,0) andm/z 28 (G:H4*™, loss of HPQ). These
element. While the computational cost for the present two reactions also dominate the CID spectrum of the
system is fairly high, the CBS-QB3 model chemistry molecular ion, which is shown ifrig. 3. As will be
does seem to outperform the comparably expensive discussed elsewhef@5], most of them/z 78 ions
G3 method. do not have the CHD-P(HFO*T connectivity ex-
pected from CHO elimination from the unrearranged
molecular ion,da**. Instead, prior to loss of C}O,
energy-rich ionsla*™ undergo a fast 1,2-H shift
3.1. Formation and identification of the “keto and into the “enol” tautomerlb** to yield the more sta-
“enol” ions 1a®* and 1b°*+ ble CH,O-P-OH™ isomer (by 18.5kcal/mo]25]).

Similarly, the formation of GH4*+t may also be
lons 1a®* were obtained by electron ionization preceded by the tautomerizatida®® — 1b** (or
of ethylene phosphonate and the resulting 70eV El alternativelyla*™ — 1c**) leading to the loss of

3. Results and discussion
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Fig. 2. (a) ElI mass spectra of (a) ethylene phosphoratand (b)

a 1:1 mixture with @180 isotopomeria (180). (c) MI spectrum
(2ffr, 8 keV) of them/z 108 molecular ion of ethylene phosphonate,
la. The inset shows the partial spectrum of th& 110 ions of
the P=180 isotopomerla (180).

an energetically much more favourable neutral, i.e.,
HO-PEO),, metaphosphoric acid. The IE of;84
(10.51eV [26]) is considerably lower than that of
metaphosphoric acid (12.2 eVable 1h this work),
thus explaining why the complementary process to
HO-PEO),*+ (m/z 80) + CoH4 does not occur.

The formation ofm/z 28 GH4*T ions also dom-
inates the MI spectrum of the molecular ion, see
Fig. 2¢ but loss of CHO is now absent. Instead,
peaks are observed at'z 79 and 80 which corre-
spond to the losses of HCGand CO, respectively.

L.N. Heydorn et al./International Journal of Mass Spectrometry 227 (2003) 453—-469

CH30-P-OH and CHO-P(H)-OH T, respectively
(from a comparison of their CID spectra with the
reference spectra of RefL3]). Both processes rep-
resent slow rearrangement reactions which do not
feature in either the CID spectrum or the El mass
spectrum. This is also true for the prominent loss of
HOPO which yields ions ofivz 44 whose structure
was established as GHCH-OH'*. The MI spec-
trum of the 180-labelled isotopologuela*t (180),
[FOCH,CH,O-]P(H)=180, inset Fig. 2¢ reveals
that, notably in the loss of HCOand the concomi-
tant decarbonylation, all oxygen atoms have become
equivalent, indicating that these slow dissociations
are accompanied by extensive skeletal rearrangements
via ring-opened structures. On the other hand, in
the stable ions sampled by the CID experiment, the
labelled O-atom retains its structural integrity: ions
1a*t (*80) specifically lose ChO, seeFig. 3.

The kinetic energy release (KER}7] values as-
sociated with most of the reactions displayed in the
MI spectrum ofFig. 2c are unexceptional. However,
the m/z 28 peak is characteristically narrow and the
KER derived from its width at half-heighfTgs, is
<0.5meV. Such small KER values often indicate that
the rearrangement/dissociations reactions proceed via
ion—dipole complexes. In contrast, the peaknét 80
is broad and associated with a large energy release,
Tos = 240 meV, indicating that the decarbonylation
reaction is associated with a considerable reverse
activation energy.

The ethylene phosphite tautom#&b®t was gen-
erated via the following three routes described in
Section 1 As mentioned ionized DMP readily iso-
merizes via a 1,4-H shift into its distonic counterpart
CH,O—(CHO)P(H)OH*. This distonic ion serves
as the immediate precursor for the abundant loss of
CH>=0 that characterizes the EIl spectrum of DMP.
By analogy, it may be expected that timéz 108 ions
generated by loss of GHO from ionized [ |—which
form the base peak in its EI mass spectrum—are gen-
erated in the same way, producing the desired “enol”
ion 1b**, see route (i) oscheme 1

However, formaldehyde loss fromill** could

The product ions generated in these reactions arealso involve elimination of the —C#HO- moiety
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47 78
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Fig. 3. CID mass spectra (3ffr) of ethylene phosphonate i@$ and ethylene phosphite iorib®** and selected labelled isotopologues.
lons 1b** (s) are source generated ions; all other enol type ions were “cold” ions generated by CID of the metastable precursor ions.

Q

of the ring, to yield distonic ions of structure
CHy—O-PEO)OCHs*™ (ion 1g°* in Table 13 in-

o'+ stead. Examination of the spectra of labelled iso-
IIDl—O*CH topologues revealed that the latter reaction does
® o Yo 1,4-H take place, albeit to a small extent: in their El
H,C— CH, - *CH=0 mass spectrdll (O3CHs) and Il (OCDs) dis-
11 *+(O*CHy) play losses oft3CH,0/CH,0 and CRO/CH,O in
a ratio of 10:1. We have therefore used these la-
~CH,CHg OH belled isotopologues for the generation of ions of
|':.+ por putative structurelb®™ and 1b** (OD). In this
@ o o 1.3-H o Yo context, we note that the Ml spectrum ofz 108
H20_0/H2 - CHaCH, H,C — CH, ions CH—-O-PEO)OCH**+ (1g°t) is dominated
. b+ by loss of HCO yielding product ions of structure
CH30-P-OH" (from a comparison of the CID spec-
0 HO i trum with a reference CID spectrum obtained in the
i O/Pig' H* O/P{O -Cl* work of Ref. [13]). The HCO loss is highly spe-
o cl \ / CID cific: the isotopologues CHO-R=0)O}CHz*"
Hzc;CHZ H,C—CH, and CH—-O-PEQO)OCD:* T exclusively lose HC®.

The MI spectrum of source generated iaHs® ™
Scheme 1. from 111 (OCHz) was obtained and the spectrum
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_CH
9CzHs L1, TcHs H. oH
o o X o o — Ha/CH 1—= 07 O + CoHy'
Hg\C—C{Hg Hg\C_C/Hg Hg\C_éHg
m** [Ha+H]

Scheme 2.

(not shown) appeared to be identical with that pre-
sented inFig. 2cfor ions 1a** generated from ethy-
lene phosphonate. Similarly, the MI spectra of thig
109 ionslb** (OD) generated fronhl| (OCDs3) and
la** (P-D) from P-D-labelled ethylene phosphonate
were found to be identical.

In contrast, the CID spectrum ab** (seeFig. 3),
is clearly and characteristically different from that of
1a**. Upon collisional activation, ionsb®* uniquely
lose GH3®* and OH, yielding m/z 81 (HO)LP=O*
ions and (cyclic)m/z 91 ions, respectively; the cal-
culations indicate (se€able 1band alsoScheme 3

at m/z 109 andnvz 108 with an intensity ratio of 1.5.
The loss of GH3® involves a double H-transfer and
yields protonated ethylene phosphonate, | H] ™. A
plausible mechanism for this reaction loss involves a
1,4-H shift to yield an intermediate ion that develops
into an ion—dipole complexip/CoH4**] from which
[1a+H]T is formed by a proton transfeB¢theme 2
The minimum (thermochemical) energy require-
ment for the above reaction is 35 kcal/mol (frafis
II** = 28kcal/mol, Table 1h AHf [1a + H]t =
—9kcal/mol,Table 1band AHs C,H3®* = 72 kcal/mol
[28]). In contrast, generation d&* " by loss of GH4

that these two dissociations have about the samefrom either of the intermediate ions i8cheme 2

minimum energy requirement.

The observation that the MI spectra bd*+ and
1b** are identical raises the possibility that the CID
spectrum of source generated idiig + actually rep-
resents a mixture of ion** andl1a®* (and perhaps

has a minimum energy requirement of 57 kcal/mol
(from AHf 1a*t = 72kcal/mol, Table 1band AHs
CoHs = 125kcal/mol [26]), 22kcal/mol higher
than that calculated for the ;E3°* loss. Moreover,
since IE(GH4), 10.5eV[26], is lower than that of

also of other isomers). To probe this possibility, we set 1a, 10.7 eV (this work,Table 1B, dissociation into

out to generate iongb** at lower internal energies,
where formation of the higher energy species™

CoH4*™ + 1a rather than GHy + 1a*™ is expected
and this process is not observed. Thus, the competing

cannot compete. One way to achieve this is to generateloss of GH4 observed in the Ml spectrum df*™

ions 1b** from metastableprecursor ions. Unfortu-
nately, compoundl| cannot be used for this purpose
as the loss of CLFO is an insignificant reaction of
metastable iongll**. Rather these precursor ions

dissociate almost exclusively, via a remarkable skele-

tal rearrangement, by loss of;B3* to yield m/z 99

H4POy ions, most likely protonated phosphoric acid.
Loss of GH4 from ionized ethyl ethylene phos-

phite,l1*T, depicted as route (i) iScheme 1proved

to be a better choice for the generation of idhs™

of low internal energy. The MI spectrum (and also the

CID spectrum) of | ** is dominated by two competing

processes, vidoss of GH3* and GH, yielding peaks

does not yield “keto” ionda*+.

Another possibility, namely that the loss obld4
from metastable ion$l** involves a 1,5-H shift to
generate the distonic isomédc®* can also be dis-
carded: the minimum energy requirement for this
reaction is calculated to be 46 kcal/mol (usingd;
1c*t = 62 kcal/mol,Table 13, i.e., some 11 kcal/mol
higher than that calculated for thelds® loss.

In contrast, the mechanism proposedSicheme 1
for the loss of GH4 from 11°+, aB-H transfer (1,3-H
shift) to yield “enol” ions1b®*, does account for the
observed competition with £83°® loss. Its minimum
energy requirement of 22 kcal/mol (frotHs 1b*+ =
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37 kcal/mol,Table 1§ is actually lower than that cal-
culated for the loss of £H3°. However, the 1,3-H shift
associated with the 48,4 loss imposes a barrier, es-
timated to be 30-35 kcal/mélwhich is expected to
be higher than the 1,4-H shift/Htransfer associated
with the GH3® loss. This makes the two reactions

energetically equivalent and accounts for the observa-

tion that they are both prominently observed in the Ml
spectrum ofll*™.

Thus, there is little doubt thahetastabléons|1*™
exclusively generate “cold” enol ionkb** and this
is borne out by its CID spectrum which is shown in
Fig. 3. The spectrum is similar to that of the source

generated ions but the structure diagnostic peaks of

the enol ionslb** at vz 91 andm/z 81 are more
prominent.

Finally, we have explored yet another route to con-
firm the CID characteristics of ior® . Protonation
of IV under conditions of chemical ionization, route
(iii) in Scheme L1followed by collision-induced loss
of CI*® of the protonated molecule in the 2ffr yield¥z
108 ions whose 3ffr CID spectrum is closely similar
to that observed for the “cold” ioro** generated by
the dissociative ionization route (ii). The same obtains
for ions1b** (OD) generated by the deuteronation of
IV using C3C(=0)CDs as the reactant.

The NR mass spectra d&°** and1b** are given
in Fig. 4 Both spectra are very different from their

463
47
NR 1a™
HO-P(=0)," 107
CH,* PO, 80
28 CH,0H" 63
78
‘RL x 14
47
NR 1b* 65 0
66 Survivor
63 l 81 109
28
31

Fig. 4. Eight keV NRMS of ionda** and1b**. The inset shows
the partial NR spectrum ofb** (OD).

that no survival ion signal is present for the keto ions,
whereas such a signal is clearly present for the enol
ions. The more extensive dissociation k& upon

NR (as compared to El or CID) indicates that NR
deposits higher average internal energies than El or
CID [29]. It is also of interest to note thatvz 78,
CH,O-P-OH™, is more intense in the NR spectrum

respective CID spectra: the base peaks in both NR of 1b** and that only ionslb** can formm/z 78

spectra are am/z 47, P=O". This peak we propose,
as well as that at/z 63 which is not present in
the CID spectra, arise from dissociations of th&
80 ions, HOP@** (which cleanly shifts tom/z 82
and m/'z 79 in the NR spectra ofla** (180) and
la*t (P-D)) formed by collisional ionization of
the HOPG molecules formed from the metastable
ions: 1a**/1b**t — CyHs*t + HOPQ,, HOPQ, —
HOPO*T — POt — PO*™. It can also be seen

1The thermochemical energy requirement for the reaction
CH;=CH-OGHs5*t — CH,=CH-OH* + C;H,4 is 25kcal/mol
[25], 8 kcal/mol lower than the experimentally observed value of
33kcal/mol (J.L. Holmes, J.K. Terlouw, F.P. Lossing, J. Phys.
Chem. 80 (1976) 2860). The latter value is most readily attributed
to the barrier for 1,3-H shift in this dissociation.

without rearrangement. Thus, the enol ions (at least
in part) survive the NR experiment, but the keto ions
do not. We take this finding as showing that the enol
ions lie in a much deeper well than the keto ions, see
Scheme 3

From the above we conclude the following: the
ethylene phosphonate and ethylene phosphite ions
(1a** and 1b**, respectively) can be indepen-
dently generated and identified in the gas-phase. The
non-dissociating ions do not interconvert to a sig-
nificant extent. However, metastable iobs*™ and
1b** do interconvert leading to a common dissocia-
tion channel, i.e., that leading to,84°" + HOPG
having the same kinetic energy release. Compet-
ing fragmentations include the losses of CO and
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[a] CHgO-P-OH*  (m/z79) + HCO®  [c] HO-P-OH* (m/z 65) + CH,-CH(=0) *
[b] CHgO-P(H)OH" * (m/z 80) + CO [d] CHp=CH-OH ** (m/z 44) + HOPO

Scheme 3. Potential energy diagram describing the isomerization and dissociation chemistry of the ethylene phosphetiateleived
from CBS-QB3 calculations (298 Kfable 13. All energies, in kcal/mol, are relative to the dissociation leveHg ™ + HOPG,.

HCO® and 180-labelling experiments indicate that

3.2. The isomerization and dissociation behaviour

in these fragmentations all oxygen atoms become of ethylene phosphonate/phosphite ions

positionally equivalent. It is therefore highly likely
that such equilibration reactions also occur for the
dominant metastable reaction, viz. formation of
CoH4*T + HOPG,. In the following we shall use re-
sults from our ab initio calculations to rationalize the
above experimental observations.

In our analysis of the experimental and theoretical
results we will use the energy diagram $theme 3
as our starting point. This diagram summarizes the
CBS-QB3 (298 K) computational results on the vari-
ous isomerization routes for iods** and1b** and
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their low energy dissociation by loss of HO=&),.
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ciates. lonlf*+ may also be the reacting configuration

The geometries of the species encountered are givenfor the observed (minor) losses of HC@nd CO.

in Fig. L

First it can be seen, in agreement with experiment,
that ions1b** are thermodynamically more stable
than1a** and that they lie in a deep potential well.
This explains the observed survivor signal in the NR
mass spectrum dfo**. Just below the metastable dis-
sociation level, see the dashed lineSoheme 3ions
la** can undergo a 1,2-H shift to produce the very
stable enol ionlb®™. It is found that these ions can
undergo ring-opening below the metastable window
to produce ionde**. The latter ions, seEig. 1which
depicts two configurations of closely similar energy
labelled asle** (a) and 1le** (B), contain a long

O. . .C bond and are more accurately described as an

ion—dipole complex betweenE4**t and HOPQ.
This complex is the reacting configuration for forma-
tion of CH4®*t from bothla®t andib®*t. The small
kinetic energy release associated with this dissocia-
tion is attributed to the large density of states of such
ion—dipole complexef30]. It is also found that, again
just below the metastable window, iofie®** can re-
arrange by way of a 1,3-H shift to the distonic isomer
1c**. This species is unattainable directly frdma®*+

as the calculated barrier for this 1,2-H shift lies very
high, seeScheme 3However, ionsla®* can isomer-
ize into the distonic ion via the enol idib® . The dis-
tonic ion1c** may undergo ring-opening to idid®+

and the latter ion may be responsible for some of the

We conclude from our calculations that ioha®+,
1b** and 1c** (and perhaps alsde*™ and 1f*)
may more or less freely interconvert prior to disso-
ciation. Nevertheless, this interconversion cannot ra-
tionalize the observation that the oxygen atoms be-
come positionally equivalent. However, according to
our calculations the distonic ioric®*, can undergo
an O—C ring-opening to produce the ion—dipole com-
plex 1e** which can also be formed from the enol
ion 1b**. The (inter)conversioia®™ — 1b*T —
le*t — 1c*t — 1b**t — 1a** rationalizes the ob-
served “scrambling” of the oxygen atoms in idkes ™+
and1b*t.

3.3. The benzonitrile-assisted tautomerization of
ethylene phosphonate

If we wish to catalyze, by proton-transport catalysis,
a 1,2-H shift, then a suitable base should fulfil several
criteria[15€], the most important one being the proton
affinity (PA) criterion. FollowingScheme 3if we wish
to successfully isomerizéa®* to 1b** then the PA
of the base should lie between the PA of the | H]*
radical at P and O. From the energy Ga[— H]* in
Table 1band the energies dfa®*™ and1b** we may
evaluate these PAs: PA§— H]* at P= 159 kcal/mol
and PA fla — H]* at O = 194 kcal/mol. Therefore,
benzonitrile having a PA of 194 kcal/m¢R6] is a

other (minor) processes observed for the metastablesuitable candidate to catalyze the above 1,2-H shift.

ions (such asvz 44, CH,=CH-OH"*) but these mat-
ters were not further investigated. However, the transi-
tion state for this ring-opening lies slightly above the
threshold for dissociation intosEi4** and HOPQ.

An important reaction upon collisional activation
of both ions 1a*™ and 1b** is the formation of
*CH,—O-P"—OH + CH,0, seeFig. 3. From NR data
we had tentatively concluded that iois** could

Benzonitrile was admitted at an indicated pressure
of 6 x 107° to the ion source and a small amount
of 1a was introduced into the ion source. The com-
plex [1a- - -BN]** thus formed, se€ig. 5was selec-
tively transmitted into the second ffr. This complex
dissociates spontaneouslyrtéz 108 and BN, together
with some other minor fragments, s€ig. 5. The ions
with m/z 108 were transmitted to the third ffr where

lead to these products. Indeed, according to our ab they were collisionally probed; the resulting CID mass

initio calculations ions1b®** can undergo, below
the dissociation threshold for loss of HO=R)),
C-C ring-opening to produce the ion—dipole complex
*CHy—O—-P"'—OH: - -O=CH,, 1f** which then disso-

spectrum is also given ikig. 5. Comparison of this

spectrum with those dfig. 3leaves no doubt that the
initial keto ions1a®* have completely rearranged to
the enol iongb*™* under the influence of benzonitrile.
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Fig. 5. CID mass spectrum of the/z 108 ions1b** generated
from metastable ethylene phosphonate/benzonitrile complex ions
[1a- - -BN]*+.

Two different mechanisms may operate for the
benzonitrile-assisted tautomerization &&**. The
first mechanism involves a true proton-transport
catalysis in which the P—H proton dbnized 1a**
is donated to benzonitrile and the same proton is
then donated back to the oxygen atom. In the sec-
ond mechanism, it is benzonitrile which is ionized
and which donates the proton to the® oxygen
atom of neutral 1la. Next the P-H proton is do-
nated to the benzonitrile radical. This mechanism is
termed a “quid-pro-quo” mechanism and is depicted
in Scheme 4 Labelling can differentiate the two

L.N. Heydorn et al./International Journal of Mass Spectrometry 227 (2003) 453—-469

mechanisms: using benzonitrilg-dhe rearranged
enol will appear atm/z 108 if the isomerization
is a true proton-transport catalysis; however for a
“quid-pro-quo” mechanism the rearranged enol will
appear atn/'z 109, seeScheme 4

Using benzonitrile-g as the solvent molecule,
the reaction in them/z 216 encounter complex
[1a- - -BN-ds]*™ commences with a D transfer. The
next step involves a back-transfer of & Fadical to
the phenyl ring of BN, yielding the hydrogen bridged
radical cation (HBRC) Ib**(OD)- - -BN-d4] which,
either spontaneously or by collisional activation, dis-
sociates into “enol” iondb** (OD) atnm/z 109. If a
proton-transport type mechanism were operative, the
final complex would be a HBRC of the composition
[1b**(OH). - -BN-ds] which would decompose into
“enol” ions 1b**+ (OH) atm/z 108.

Unfortunately, the experimental verification of the
above proposal is complicated by the fact that the
molecular mass of benzonitrilesdis the same as
that of 1la. From Fig. 5 (top spectrum), it follows
that in the Cl experiment with unlabelled benzoni-
trile, [BN- - -BN]** dimer ions are formed which are
ca. 30 times more abundant than the mixed dimer
ions [la---BN]**. Therefore, thew'z 216 peak in
the CI experiment ofla with BN-ds5 is dominated
by isobaric [BN-@].** ions, whose MI spectrum is
characterized by a single peakmafz 108, [BN-c5]**.
Moreover, the benzonitrilesdused contained ca. 5%
of the dj-isotopologue and since, s€g. 5 (top spec-
trum) proton-bound dimer ions [BN-H...BN]"
are also abundantly generated in the Cl experiment,
them/z 216 ions will also contain interfering ions of
structure [BN-@. - -H- - -BN-d4] . The MI spectrum
of [BN- - -H. - -BN]* shows a single peak a¥'z 104,
BNH*, and by analogy [BN-g - -H. . .BN-d4] T is
expected to yield peaks at boti'z 108 [BN-d4H]*
and m/z 109 [BN-&H]™. Finally, the MI spectrum
of unlabelled ions fa- - -BN]*™", seeFig. 5 (middle
spectrum), also contains a peaknafz 104, BNH",
which will shift to m/z 109 in the MI spectrum of
[1a. - -BN-ds]* ™.

Thus, the MI spectrum of thevz 216 ions formed
in the Cl experiment ofla with BN-ds, which
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displays prominent peaks at'z 108 andm/z 109 (in 81

a 3:1 intensity ratio) cannot be used to decide be- |

tween the proposed “quid-pro-quo” tautomerization 1

mechanism and proton-transport catalysis. However, 28 47 79!

examination of the CID spectra of the/z 108 and

m/z 109 ions of them/z 216 MI spectrum does al- A 6566

low differentiation: the CID spectrum of thevz 108 | WU»\ h‘ |\ 91

ions is identical with that ofw/z 108 ions indepen- L ' J

dently generated from [BN@20+' The spectrum, Fig. 6. CID mass spectrum (3ffr) of th@/z 109 ions in the Ml

even when recorded at a £0Ohigher amplification, spectrum (2ffr) of than/'z 216 ions generated from ethylene phos-

does not show a detectable signalnalz 47. Since phonate and benzonitrilesdinder chemical ionization conditions.

this peak (PO) is uniquely characteristic for the

presence of phosphorus containing ions, we concludetell-tale peak atwz 47, indicative of the presence of

that m/z 108 ions1b** (OH) are not formed. This phosphorus containing ions. Although the [BNH] T

effectively rules out the proton-transport catalysis interference does not allow us to firmly conclude that

mechanism. “enol” ions1b®* (OD) are generated in the experiment
The CID spectrum of then/z 109 ions is shown  with benzonitrile-@, there is little doubt that a H/D

in Fig. 6. Although this spectrum is dominated by exchange in the encounter complex as dictated by the

ions generated from the decomposition of protonated “quid-pro-quo” mechanism is indeed operative.

BN-ds, as evidenced by the base peakrét 81 (loss From a theoretical point of view, the proton-transport

of DCN) and the peaks atvVz 65/66 and 52/54, the catalysis mechanism is also unlikely since IE

spectrum also contains a narrow peakna28 and the (BN) (9.6eV, Ref.[26]) is so much lower than
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IE (1a) (10.7eV). As a consequence the charge in
the [la-.-BN]** complex will be located on the
BN moiety, thus prohibiting the first step in the
proton-transport catalysis mechanism, i.e., the proton
abstraction fromla®*. However, the same IE differ-
ence favours the “quid-pro-quo” mechanism in the
following way. An estimate of the relative energies
along this pathway may be obtained by combining
empirical data with the results given Table 1h to-
gether with computational results obtained previously
for the acetamide/BN systeft7].

The reaction sequence is given byaf* +BN] —

[la + BN*f] — [la---BN*f] — TS1 —
[1aHT- . -(BN=H)*] — TS2 — [1b**...BN]* —
[1b** + BN].

With [1a*" + BN] as the reference level, and stabi-
lization energies (SEB1] for the complexes derived
from the empirical relationship SE 30—0.25APA|,
we findE| values of—24, —51 and—64 kcal/mol for
[1a+BN°**], [1aH*- . -(BN-H)*] and [1b**- . -BN],
respectively (usingAH; (BN°**) = 274kcal/mol,
AH¢ ([BN — H]*) = 111 kcal/mol[17], PA([1a/1b —
H]*) at O = 194 kcal/mol, PA1a) = 200 kcal/mol
(Table 1B, PA([BN — H]*) = 204 kcal/mol[17]).
For the complex fa- - -BN*1], E is estimated as
—36 kcal/mol, using the SE (12 kcal/mol) calculated
for the [acetamide -BN**] complex[17]. If we fur-
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ions 1a** retain their structure identity in the mi-
crosecond time-frame. However, the interaction of
la with a BN molecule in a chemical ionization
type experiment readily yields the more stable “enol”
type ion 1b**. Experiments with benzonitrilesd
support the proposal that this interaction does not
involve the lowering of the 1,2-H shift barrier be-
tween the tautomers via a proton-transport catalysis
type mechanism. Rather, a “quid-pro-quo” mecha-
nism is operative, analogous to that proposed for the
benzonitrile-assisted enolization of acetamitig]. In

this mechanism, the ionized benzonitrile component
of the encounter complexld- - -BN]*T donates a
proton to the O-atom of the phosphonate’sRpH)
functionality. This is followed by a back-transfer
of the P—H hydrogen atom to benzonitrile’s phenyl
ring, yielding a H-bridged radical cation of the type
CgH5C=N. . .H-O-P[-OCHCH,O-]**. This ion
serves as the immediate precursor in the formation of
the ethylene phosphite iofib*™*, and benzonitrile.
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