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Abstract

The dissociation chemistry of the title ions was investigated using tandem mass spectrometry-based experiments in ¢
junction with isotopic labeling and computational quantum chemistry.

Upon collisional activation, ions G#0—P=O°** (1a) and CHO-P-OH* (1b) readily lose CH=0. This reaction is
completely suppressed in the low-energy (metastable) ions, which instead abundantly lose CO. The product ion generate:
this decarbonylation reaction is the ylide ion H—P—®H rather than its more stable isomesP+OH . Remarkably, the
oxygen atoms become equivalent in this reaction: iong'®B-P=0°** and CHO-P-180H*" lose G80 and G®0ina1:1
ratio. The experiments further show that the dissociating ions have a fairly large internal energy content: up to 40 kcal/mol f
the distonic ionlb, which, along with the “enol” ion CB=P(OH)=O* ", represents the global minimum of the gBpP°+
potential energy surface.

The mechanism of this intriguing decarbonylation was studied, using the CBS-QB3 model chemistry to probe the structu
and energetics of potential intermediates and their interconversion barriers. It appears that metastablendab have
sufficient internal energy to communicate with a great many isomers. Of these, the cyclic ion RE@QH*" and ion
[CH,O—HeeeO=P]**, a hydrogen-bridged radical cation (HBRC), play a key role in the oxygen equilibration. The HBRC's
[HO—PeeeH-C(H)=0O]** and [H-P-O(H)—HWeeC=0]*" are key intermediates in the actual mechanism for the decarbonyla-
tion. The latterion may lose CO to produce H—P-®Hor else isomerize into the ion—dipole complex{bbeeP(H)=C=0]* ",
whose dissociation into #0 + H-P=C=0** accounts for the observed minor loss of water.
© 2003 Elsevier B.V. All rights reserved.
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) In the context of our studies of molecule-assisted
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the intriguing gas-phase ion chemistry of the dimethyl
phosphonate radical cation, (@8),P(H=0O°", us-
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ethyl ethylene phosphite, the precursot lofAnalysis
of their CID spectra provides evidence that thege

ing a variety of mass spectrometry based techniques 78 ions are distonic ions G®©—-P—-OH* (1b) [5]. The

[2]. The interpretation of the experimental results
relied heavily on energetic information which, given

spectra are characteristically different from those of
the experimentally accessible isomers{CHP=0O°

the dearth of reliable experimental enthalpy values (1a) [5] and CH=P(OH}FO** (1i) the very stable

for PO-containing ions and neutrals, was obtained
from computational chemistry. From a brief valida-
tion study[2], it appears that the CBS-QB3 model
chemistry[3] accurately reproduces heats of forma-

enol tautomer of the elusive GHPEO),*+ ion (1h)
[6].

The analysis of the CID spectra of the three
CH30,P** isomers is straightforward5,6], but

tion of species comprised of a second row element that of their Ml spectra is not: the major dissoci-
(P or S) bonded to a highly electronegative element ation of low-energy ionsla and 1b appears to be

(O). For the (CHO),P(HFO** system of ions, it

a decarbonylation reaction, which requires a triple

was further argued that a conservative estimate for H-transfer for ions CHO-P=0O°*. Metastable ions
the uncertainty in computed transition states/reaction CH,=P(OH)FO** (1i), also undergo decarbonylation

barrier heights ist4 kcal/mol[2].

This combination of theory and experiment was also
used[4] to probe the tautomerization of the ethylene
phosphonate ionl) into its phosphite and distonic
counterpartsgl andlIl, which are lower in energy by
34 and 10 kcal/mol, respectively, s8eheme 1

In brief, theory and experiment agree that low-
energy phosphonate ionsreadily tautomerize via a
1,2-H shift into phosphite ionsl, prior to dissoci-
ation into CH=CH,*" + HOPEO),. This reaction
dominates the metastable ion (MI) spectrum of both
ions| and independently generated idns The tau-
tomerizationl — IlI has a much higher barrier,
32kcal/mol, and the resulting energy-rich distonic
ions readily undergo ring opening into the acyclic
isomer HO—CH—CH,—O—-F=0°*.

Upon collisional activation, ion$ and Il show a
pronounced loss of C##0, as witnessed by an intense
m/z 78 peak in their collision-induced dissociation
(CID) mass spectra. Promineniz 78 ions are also ob-
served in the electron impact (El) mass spectiaarfd

but here loss of PO is more pronounced. A multi-
ple collision experiment indicated that the resulting
m/z 50 product ion is the as yet unknown ylide ion
H-P-OR* ™, rather than its more stable conventional
isomer HP-OH'*. Further, ant®O-labeling experi-
ment revealed that the positional identity of the oxygen
atoms in CHO—P=0** and CHO-P-OHT is lost

in the decarbonylation. These observations prompted
us to study the mechanism of this intriguing reaction,
using the CBS-QB3 model chemistry to probe the
structure and energetics of potential intermediates and
their interconversion barriers. The metastable ions
appear to have a substantial internal energy content:
ca. 40kcal/mol for iondlb and 1i which represents
the global minimum of the CkD,P** potential en-
ergy surface. This broad energy domain comprises
some 20 stable CD,P** isomers, including var-
ious ion—dipole complexes and hydrogen-bridged
radical cations (HBRCs). Several of these, it will
be shown, may account for the communication be-
tween metastable iorka, 1b, andl1i and the oxygen

o) ol OH'**
|| I M e+
RS, 'FL_H P Mo CH,=CHZ "+ HOP(=O),
o) O-H _1.2H O/ 1,2-H (0] (0]
\ I A (T \C~C{H <b,. CH,O-P-OH + CHp=0
H2C‘CH2 HZC\CHz 2 2 1b
T [-10] I [0] II [-34]

Scheme 1.
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equilibration, whereas the HBRCs FQOH(H)eee ether was transferred into the bulb with a syringe and
P—OHP* and [O-CeeeH-O(H)-P—H?" appear to frozen on top of the solid @PCk/ether layer. The

be key intermediates in the actual mechanism for the bulb was then quickly evacuated and, while pumping
decarbonylation. continuously with a rotary pump, the two layers were
allowed to gradually come to room temperature over
a period of ca. 1 h, using dry ice as the cooling agent.

2. Experimental and theoretical methods . . o .
The resulting clear viscous liquid containing the de-

2.1. Sample preparation procedures sired isotopologue was sufficiently pure for our mass
spectrometric experiments.
Methy! dichlorophosphate, G30-PEO)Cl, was Ethylene phosphonate (1,3,2-dioxaphospholane,

obtained from Aldrich. The labeled isotopologues, 2-oxide) and ethyl ethylene phosphite were obtained
CH3O'8—PEO0)Cl, and CHDO-PEO)Cl, were syn- as described in referendd]. Methyl hypophoshite,
thesized on a small scale by controlled methanolysis CH3O—P(H}»=0, was synthesized as described8h

of O=PCk [7]. In a typical experiment, 110l of from a dehydrated 50% hypophosphorous acid/water
O=PCk (Aldrich) in 100wl of dry ether was kept  solution (Aldrich) on the milligram scale. Methyl
frozen in a small glass bulb using liquidoNNext, phosphonic acid, CgP(OH»=0, was of research
25pl of the labeled methanol in an equal volume of grade and obtained from Aldrich. The deuterium

Table la
Enthalpies of formation and relative energiEs, (kcal/mol) of the CHO-P=0°"" ion 1a, and its principal isomers derived from CBS-QB3
calculations

lon structure Etotal (0K)2 ZPVE AH;° (0K) AH;° (298 K) Erel®
CH30-P=0O°* (a) la (a) —530.68346 27.89 137.9 135.4 14
la (s) —530.68133 27.98 139.2 136.7 15
CH,O-P-OH™ (s/a) 1b (s/a) —530.70506 26.91 124.4 121.5 0
1b (s/s) —530.69865 26.04 128.4 125.9 4.5
1b (a/s) —530.69905 26.30 128.1 1255 4
1b (a/a) —530.69779 26.47 128.9 126.3 5
[HO-P** eeeH-C(H}=O] (S) HBRC4b (s) —530.65476 24.76 155.9 153.6 32
HBRC-1b (a) —530.64952 24.19 159.2 157.1 35.5
CH,O(H)-P=0°** (s) 1c (s) —530.66664 25.86 148.5 146.5 25
1c (a) —530.66566 25.88 149.1 147.1 25.5
[HO-CH;] " e0eO=P* ID-1c —530.67735 28.76 141.7 139.1 17.5
[CH2—O—H" 000 O=P*] HBRC-1c —530.69034 26.77 133.6 131.1 9.5
CH,O-P(HFO** 1d —530.67567 25.83 142.8 140.1 18.5
[FOCH,O-]P-H+ le —530.67022 27.41 146.2 142.6 21
[~FOCH,O(H)-]P* 1f —530.67067 29.40 145.9 142.7 21
H-C(=O)P(H)-OH* 1g —530.67604 25.39 138.5 135.9 15
[HO-PH]" e0eO=CH* ID-1g —530.65420 24.75 156.3 154.0 325
CH3-PEQ)** 1h —530.65978 26.13 152.8 150.2 28
CH,=P(OHFO°** 1i —530.70819 26.92 122.4 119.5 -2
[~CH,0-]P-OH+ 1 —530.68488 26.61 137.0 134.3 13
HOCH,—-P=0O*+ 1k —530.67819 27.90 141.2 138.8 175
HOCH=P(HFO*+ 1 —530.67264 26.99 144.7 141.7 20
[HO-P(H)—HseeC=0]*" HBRC-2a —530.69015 23.23 133.7 132.0 10.5
[H-P—O(H)-H " ee0eC=0]"+ HBRC-2b —530.68751 24.20 135.4 133.8 12.5
[O=C=PH]** eeeOH, ID-3b —530.69299 24.54 131.9 130.5 9
[HO-PH,]* " e0eO=C ID-2a —530.69194 23.39 132.6 130.9 9.5

2 FEotal in Hartrees, all other components, including the ZPVE scaled by 0.99, in kcal/mol.
b Using the AH° (298K) value of the syn/anti isomdb (s/a) as the anchor point.
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isotopologue, Cg-P(OD)=0, was obtained by re-  glass bulb that contains the sample. lons generated in

peated exchange withJD. the source by electron ionization (El) were accelerated
to 8 or 10 keV prior to recording their spontaneous or
2.2. Tandem mass spectrometry collision-induced dissociation in the second (2ffr) or

the third field free (3ffr) regions as Ml or CID spectra,
The tandem mass spectrometry-based experimentsrespectively. The structure of a given product ion in
were performed with the McMaster University ZAB- a 2ffr Ml or CID spectrum was probed by selectively

R mass spectrometer, a three-sectoriBE(B = transmitting the ion by Eto a collision chamber in
magnetic sector, E electric sector) type instrument the 3ffr pressurized with ©@and mass-analyzing its
[9]. ionic dissociation products by scanning. Rl of the

The compounds were introduced into the ion source (high energy) collision experiments were performed
(kept at 100C) via a wide-bore all-quartz direct in- at a main beam transmittance7{0%) such that the
sertion probe connected via an O-ring with a small probability for multiple collisions is negligible. The

Table 1b
Enthalpies of formation and relative energi€s, (kcal/mol) of transition states describing the isomerization and decarbonylation of the
CH3O-P=0O°* ion 1a, and its principal isomers derived from CBS-QB3 calculations

Erotal (0K)? ZPVE AH¢® (0K) AH¢° (298 K) Erel®
TS 1a — 1b (s/s) —530.65170 27.98 160.0 156.8 35.5
TS1la — 1c ~530.60896 25.86 184.7 182.1 60.5
TS1a — 1d —530.62240 24.67 176.2 173.1 51.5
TS 1a (a) > 1h ~530.62144 25.78 176.8 174.3 53
TS 1a (1,3-CH) —530.62178 25.34 176.6 174.1 52.5
TS 1b (s/s— sla) —530.69770 25.87 129.0 126.1 45
TS 1b — HBRC-1b —530.65015 24.93 158.8 156.1 34.5
TS 1b — HBRC-ic —530.67052 26.25 146.0 143.4 22
TS1b — 1d —530.62551 23.82 174.3 171.6 50
TS1b — 1f ~530.65792 27.74 153.9 150.6 29
TS1b — 3 —530.67615 25.47 142.5 139.7 18
TS 1d — HBRC-ic —530.63675 23.23 167.2 164.9 435
TS1d — 1le —530.63511 25.67 168.2 164.8 435
TS 1e — 1f —530.61447 25.72 181.2 177.6 56
TS 1f — ID-1c —530.66233 28.90 151.2 147.7 26
TS1h — 1 —530.62154 26.08 176.8 173.0 51.5
TS HBRC4b — 1g —530.64621 23.49 161.3 158.8 37.5
TS 1g — HBRC-2a —530.64681 23.19 160.9 158.9 37.5
TS 1g — HBRC-2b —530.65828 23.62 153.7 151.1 29.5
TS HBRC4b (s — a) —530.64900 24.25 159.5 156.9 35.5
TS HBRC1b — HBRC-lc —530.65473 25.04 155.9 153.2 315
TS ID-1c — HBRC-lc ~530.67116 27.60 145.6 143.0 215
TS HBRC1b — HBRC-2b —530.65099 23.40 158.3 155.7 34
TS HBRC2b — ID-3b —530.67185 23.67 145.2 143.8 22.5
TS 1i (1,3-H) —530.63003 23.77 171.4 168.4 47
TS1i — 3 —530.63765 25.69 166.7 163.7 42
TS1i — 1k —530.62433 28.94 175.0 171.5 50
TS 1k — HBRC-1c —530.66656 27.45 148.5 145.7 24
TS1k — 1 —530.61857 25.02 178.6 174.9 53.5
TS1g — 1l —530.65832 24.29 153.7 150.2 28.5

2 Eqotal iN Hartrees, all other components, including the ZPVE scaled by 0.99, in kcal/mol.
bUsing theAH¢° (298 K) value of the syn/anti isomeib (s/a) as the anchor point.
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Table 1c ‘ o _ _ ima and transition states and the spin contamination
Relat|v_e energieske (kcal/mol), of Q|5500|at|on reactions of ion was within the acceptable range. The connections of
1b derived from CBS-QB3 calculations .

the transition states have been checked by geometry

Dissociation products mz Brel (298K)° optimizations and frequency calculations.
[C';Z(:O,_;zo];f H'H Z gi Several of the isomeric ions studied were found to
— — + H* . .
O=P_OH*+ + CH,** 64 125 have stable conforme.rs, like idib Whose four con-
P_OCH** + O 62 123 formers are shown ifrig. 1L The various conformers
CH=P-OH"* + O 62 118 are listed inTables la—@and Figs. 1 and 2using a
HPCO™* 4 H,0 60 25 ; ; .
[LOC(H)IP* + Hp0 60 = syn (s)/anti (a) notation where we start weyvmg the
HCPO'* + H,0 60 96 C-0O bond and move towards the O—H bond in the as-
H,POH* + CO 50 14 signment. For example, in conforméb (s/a) the C
H-P-OH**+ + CO 50 24 atom is on the same side of the &P bond as the
P-OH* + CH,=0 48 43 hvd lic O desi d as “svn.” wh h
H-P=0** + CH,=0 48 67 ydroxylic O atom, eS|gna.te as “syn,” whereas the
PO" + CH,OH* 47 59 CO oxygen is on the opposite side of the P-OH bond
CH,-OH" + PO’ 31 39 to the H atom, designated as “anti.” Among the con-
HCO* + HPOH 29 51 .
formers oflb, the (s/a) conformer is the most stable,
?Using theAHr® (298 K) value of the syn/anti isoméb (s/a) by ca. 5kcal/mol. Since the interconversion barriers

as the anchor point. are relatively low, ca. 5 kcal/mofTable 13, the con-

formers are collectively referred to 4 in the text
guoted kinetic energy releases refeiMtp; values de- and the energy diagrams.
rived from the width at half-height of the appropriate
metastable peak, by means of the standard one-line
equation, with no correction for the width of the main 3. Results and discussion
beam[10]. All spectra were recorded using a small
PC-based data system developed by Mommers Tech-3.1. The dissociation characteristics of

nologies Inc. (Ottawa). ions 1a, 1b, and 1i

2.3. Computational procedures We will begin our analysis of the results with a
brief survey of the spontaneous and collision-induced
The calculations were performed using Gaussian dissociation characteristics of the experimentally
98 Revision A.911]. The standard CBS-QB3 model accessible CkD,P** isomers CHO-P=0O** (la)
chemistry[3] was used to probe structures and ener- CH,O—P—OH* (1b) and CH=P(OHFO** (1i) us-
gies of the key isomeric ions, connecting transition ing the energetic information presentediaibles 1a—c
states and dissociation products associated with theand the simplified energy diagram &cheme 2as
CH30,P** potential energy surface. The energetic re- a guide. The CID and MI spectra of the three iso-

sults are presented iMables 1a and lfequilibrium meric ions and selected isotopologues are presented
and transition state energieSgable 1lc(dissociation in Figs. 3and 4
products) andschemes 2, 7and & the schemes, the lon 1a was generated from GO-PEO)CL** by

energy levels for the minima and transition states are the consecutive loss of two Ctadicals, as discussed
represented by solid and dashed lines, respectively.in [5], while ion 1b was obtained from the cyclic pre-
Detailed geometries of selected species are displayedcursor ions ofScheme 1(seeSection ). As seen in

in Figs. 1 and 2(the complete set of geometries is Scheme 2the distonic ionlb is more stable than its
available upon request). Frequency calculations gave H-shift isomer of conventional structuta. The two
the correct number of negative eigenvalues for all min- ions can communicate via a 1,4-H shift at internal
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HPO"*+ CH,0
1,2-H
60 - mun PO"+ CH,OH"
,' ‘- —
HPOH* + HCO" S
1,2-CH / '
— itk ! 1,3
N I} A ,E
50 I~ P
POH"* + CH,0 O
42> ImllllllllllIIlIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIII|IIIlI"‘IIIIII|III;‘|IIII‘,"|I|I|IIIIII|,'1IIIIIIIIII'|IA“‘IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIII
1 N I.'4-.|'C ‘l‘
40 =0 OH CH,0H" + PO*
C—H--P**
H HBRC-1b 1!‘:‘H
30
' /H
20 i i *CH,—O*
; o . CHp= Q¢
\ //p
o}
10 :
" HBRC-1c
0
rc = ring closure \\O 1i

Scheme 2. Potential energy diagram derived from CBS-QB3 (29%Kles la-f calculations describing the isomerization reactions of
the CHO,P ions CHO-P=0** (1a), CH,O-P-OH™ (1b) and CH=P(OH}FO** (1i). All energies, in kcal/mol, are relative tth.

energies below that required for dissociation ini Its H-shift isomerlb is characterized by another high
31 (CHOH"), m/z 48 (PORT) and vz 47 (PO"). energy process viz. GO-P-OH*T — O=P-OH™
These reactions dominate the CID spectra Ege3) (m/z 64)+ CH, and also a prominent charge stripping
and it is therefore not surprising that these spectra are peak atm/z 39. The MI spectra of the two isomers
similar (the sizable peak a¥z50 in the CID spectrum  (seeFig. 4) are dominated by loss of CO. The ki-
of la is largely of metastable origin). Nevertheless, netic energy release associated with this reaction,
the CID spectra do contain tell-tale peaksratz 62 Tos = 40meV, is the same for both isomers. This
and 64, which attests to the structure identity of the suggests that the energy requirement for the decar-
two isomers. Analysis of the collision-induced dis- bonylation is higher than that for the interconversion
sociative ionization (CIDI{12]) spectrum of neutral  of 1la and 1b. Loss of BO is a minor process but,
CH30-P=0 [5] confirms that the high energy disso- especially for1b, dissociation into CHOH™ (m/z
ciation CHRO-P=0*" — CH3OP** (m/z 62)+ O is 31)+ PO is more pronounced. The associated small
a characteristic feature of the CID spectrum of ian Tos value (18 meV) suggests that the dissociation
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e

1a (syn) 1a (anti)

1.59)/ 122

1.10 1057
—2.00
147/ 114 \1.42
/ 5
1g (anti) 1h

Fig. 1. Optimized geometries of the various isomers of thes@H=0** ion (1a). The bond lengths (A) and angles are presented in
normal and bold font, respectively.



766 L.N. Heydorn et al./International Journal of Mass Spectrometry 228 (2003) 759-777

="
150"/

Fig. 1. (Continued.
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TS 1d- 1e TS 1e- 1f TS 1f- ID-1c

Fig. 2. Optimized geometries of the transition states connecting the various isomers of $8e-f&@** ion (1a). The bond lengths (A)
and angles are presented in normal and bold font, respectively.
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TS 1k- HBRC-1¢ TS 1k- 11

Fig. 2. (Continued.

CH,O-P-OHt — CH,OH™ + PO takes place at
or close to the thermochemical threshold.

As shown in[6], ionized methyl phosphonic acid,
CHz—P(OH}=0°", readily loses HO to cleanly gen-
erate the “enol” ion CbFP(OH)FO* ™ (1i) rather than

its “keto” tautomer CH-PEO),** (1h). This is be-
cause the enol ion is much lower in energy: itm
is the highest energy isomer on the §b$P** PES,
whereas its enol counterpart represents the global min-
imum (seeTable laand Scheme 2 lon 1h has been
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CH30—P=0"""
31
CH,OH*

*CH,0—P~OH

31
CH,OH"

|
470 1 1
CHy' i | I
3 { 1| | |
15 29 s J/\J J \l'l 62
M Y AR YN

48
47
CH,™” 29 ++ 29
14 -CH,
| IW 64

CH30'%p=0"""*

*CH,0—P—"80H
31
POH" CH,OH"

PO* pOH-
7 o
-CH,
64
-0
62

Fig. 3. CID spectra ofiVz 78 ions (left): 1a (top), 1b (middle), andli (bottom) and theit8O- and D-labeled isotopologues (right).

identified as a stable species in a CIDI experiment of shows that the ions lie in a deep potential well with
its neutral counterpaf6]. However, considering the  high barriers towards isomerization. However, upon
high isomerization barriers (segcheme P this ion collisional activation some isomerization does occur.
clearly plays no role in the dissociation chemistry of It can be seen from the CID mass spectruniie©D

metastable iondi andla/b.

(seeFig. 3 that the high energy loss of GHs split

The CID spectrum ofli, CH,=P(OHFO**+ dis- into losses of Chland CHD. Thus, amongst the higher
plays structure characteristic peaks for the high energy energy ions communication di with la is possible
losses of CH (m/z 64) and O vz 62). Collision ex- (seeScheme P Fig. 4 shows that metastable iods
periments involving neutralization—reionization mass are less prone to decarbonylate tHatb, while loss
spectrometryf13] indicate that non-dissociating ions of H,O hardly takes place at all. The kinetic energy
1i retain their structure identity. This too, is in agree- release for loss of COTfs = 40 meV) is the same
ment with the energy diagram &cheme 2which as that for ionsla/b, while that for loss of POinto
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CH,0—P=0'** 50 50 52
-Co -Co*| | -CcOo
. CH,*OH"
CH,0H _HO e
I
50 . + 18
*CH,0—P-OH -CO CH,0—P~"®0H Coso 52
-co* | | -co
31
CH,OH" CH,OH"
31
H,0

B

31

_—

32

62
Lj%_,.

et yle+
/0 — P
" H,C=P_ HaC=P_
CH,OH OH CH,0D* oD
-CO -CO
50 -H,0 51 -HDO
L L

Fig. 4. MI spectra ofn/z 78 ions (left): 1a (top), 1b (middle), andli (bottom) and theif80- and D-labeled isotopologues (right).

CH,OHT is smaller,7o5 = 10 meV. These observa- three isomers. Metastable iohg, 1b, andli also un-
tions indicate that (seecheme Pthe small fraction of dergo this rearrangement reaction, albeit to a different
metastable ion&i that undergo decarbonylation does extent. Its calculated minimum energy requirement is
so by entering the potential energy-surface populated only slightly lower (by 4 kcal/mol, se@able 19 than
by ionsla/b, via the energy demanding ring closure that for dissociation into POH (m/z 48)4- CH,=0.
that leads to iorlj. The majority of the ions gener-  The latter reaction involves a simple bond cleavage in
ate CHOH™, possibly by an extrusion reaction, at or ion 1b, requiring 43 kcal/mol of internal energy. Yet,
close to the thermochemical threshold. The energy re- although featuring prominently in the CID spectra,
quired for the degenerate 1,3-H shift of the hydroxylic loss of CH=0 is barely detectable in the Ml spectra
hydrogen atom is high (T3i-1i in Table 1B which of all three isomers (seféig. 4). This implies that the
indicates that iorli plays no role in the oxygen equi- internal energy of metastable iodb, and probably
libration of 180-labeled ionsla/b discussed below. also that ofla and1i, does not exceed the value rep-
Dissociation into CHOH™ 4+ PC® accounts forthe  resented by the hatched line that bisects the energy di-
common base peak atz 31 in the CID spectra of the  agram ofScheme 2t ca. 42 kcal/mol. Consequently,
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CHy—O-P=0'""

14
1a[14] /

1,2-H 'CHZ_O

[44]
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/O\
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1e

P-H!**

, O-H---0=P*

-

o +
CHp~0-P—OH =5

1b [0] [1d 19]

Scheme

computationally derived proposals for the isomer-
ization and dissociation pathways of metastable ions
la, 1b, and1li must not have steps whose transition
state energies lie above the hatched line in the energy
diagrams ofSchemes 2, 7 and. 8y the same to-
ken, metastable ionka and1b cannot dissociate into
CH,OHT 4+ PO via the pathwaylb — 1la — 1c —
products, because the 1,2-H shift connectliagand
1c is prohibitively high (se&scheme 2 However, ion
1c has a low lying isomer, the hydrogen-bridged rad-
ical cation HBRCic, [*CH,O—HeeeO=P*], whose
generation fromlb involves only a modest barrier
(Table 1hH and which may serve as the direct pre-
cursor for the formation of CbOH*. As we shall
see inSection 3.3HBRC-1c plays a key role in our
proposed mechanism of the decarbonylation reaction.
Two more points deserve to be mentioned with re-
gard to ionlb:

(i) The internal energy available to metastable ions
1b is only marginally lower than that required
for formation of POHM* by cleavage of the
CH2O-POH bond. Therefore, lengthening of this
bond may well be feasible, allowing metastable
ions 1b to form ion—dipole complexes of the type
[POHeeeO=CHy]**. Internal rotations will al-
low these ions to adopt configurations which are
best described as hydrogen-bridge radical cations.
One such species, which has been calculated to
lie in a shallow well, is HBRClb in Scheme 2
It has an ideal configuration for H-abstraction
from its CH,=0 component that could eventually
lead to decarbonylation. As will be discussed in
Section 3.3HBRC-1b is indeed a key player in
the decarbonylation of the metastable ions.

(ii) As stated inSection 1ionized ethylene phospho-
nate,l, cleanly generates ionth, via the route

[44] HoC

HBRC-1¢ [10]

3.

| - Il - 1b (m/z 78)+ CHO, as depicted in
Scheme 1A direct loss of CHO from | would
yield ions of structure CHOP(HFO** (1d)
which are 19 kcal/mol higher in energy thah.
There is no evidence that this ion is (co)generated
from | as the CID spectra of the source- and
metastably-generatea/z 78 ions froml and ||

are virtually identical. However, iohd could still
play a role in the decarbonylation mechanism
if its isomerization barriers are sufficiently low.
Scheme 3summarizes four potential isomeriza-
tion routes for ionld, and it is seen that their
energies (numbers between brackets) are too high
for effective communication with metastable ions
la/b.

As mentioned before, and shown Fig. 4, the
180-labeled isotopologues GBA®-P=0** and
CH,O-P-180H°*+ lose CO and C& in a 1:1 ratio.
The positional identity of the oxygen atoms is also lost
in the minor loss of HO, but not in the loss of PO

Neither of the two simple transformations depicted
in Scheme 4can account for the loss of positional
identity of the oxygen atoms in the decarbonylation
of metastable ionda/b. The pathwayla = 1b = 1f
is energetically feasible but the ensuing 1,2-H shift
connecting the cyclic iondf and le is clearly too
high in energy. This is also true for the degenerate
1,3-CHs shift in ion 1a, although this process could
account for the closely similar intensities of theéz
31 (CH1%0H) and m/z 33 (CH180HT) peaks in
the CID spectrum of CED8—P=0°+.

Nevertheless, the remarkably stable cyclic ion
1f plays a key role in a pathway that does ac-
count for the loss of the positional identity of the
oxygen atoms in the decarbonylation of ioha/b.
This is depicted inScheme 5where the asterisk
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CH30, 0}

N+ /O\ e 1,2-H /O\ _gle+ N\ Sle+ 1,3-CHs N Sle+
BT MO50rP g MG P H V=,
Q M 0 CH40
\
H
1b[0] 1f [21] 1e[21] 1a[14] 1a[14]
Scheme 4.
.CHZ_O O + . . .CHg_O*
= MO 3Pt QSO0 T Ty
ol *Q oM Tt HC g
\ H \
H H
1b 1f ID-1c HBRC-1c 1b
Scheme 5.
is used to indicate the position of tH€O-labeled . , 49
atom. H/P_O\+H
A cursory inspection of the energy diagram of
Scheme &hows that that this sequence of reactions is 32
energetically feasible. A more detailed analysis will
be presented irsection 3.3 In the next section, we 31
will first examine the evidence for the structure of the
product ion generated in the decarbonylation reaction o
. . 1 "
and also the accompanying minor loss of water. "

3.2. The identification of the product ions of the
decarbonylation and the 4O loss

The decarbonylation process generat#s50 ions
of putative structure bBP—OH* or H-P—-OH**. The
calculated energy levels depicted3nheme &ndicate
that both product ions could in principle be generated.
The ylide ion H-P—OK** is 10 kcal/mol less stable
than its conventional isomerJR—OH T but the two
ions cannot easily interconvert: the calculated barrier
for the appropriate 1,2-H shift is high, 51 kcal/mol.

The CID spectra of thevz 50 ions generated from
metastable ionda, 1b, and1i are virtually identical,
and a representative spectrum is presenteHign 5
(top). This spectrum displays a prominent peaknét

O/CHZ—H /CHZ
s 14H s H o+
H-P=0" —> H—/P—OH —>  ,P—OH + O=CH,
H H H
v m/z 50
Scheme 6.

Fig. 5. CID spectra ofm/z 50 ions generated from: Metastable
ions 1b (top) and ionized methyl phosphonic acid (bottom).

32 for loss of HO, but there is no peak at/'z 33 for
loss of OH. This suggests that we are dealing with
the ylide ion H-P—-OR*™* rather than HP-OH™.
The latter isomer could be generated independently
from ionized methyl phosphinatey, by the route
depicted inScheme 6

The CID spectrum of the so generatetz 50 ions
(seeFig. 5 (bottom)) shows a prominent tell-tale peak
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at m/z 33 (loss of OH) and even a weakwz 17 Table 19. Confirmation of the proposed ion structure
(OH™) ion, indicative of the HP-OH™T structure. comes from the CID spectrum of tin#z 60 ions gen-
This supports our proposal that the decarbonylation erated from the metastahi@z 78 ions. The spectrum
of the three isomers results in the formation of the (notshown) displays fairly intense structure character-
ylide ion H-P-OH*™*. It can also be seen that the istic peaks atm/z 28 and 32 corresponding to CO
conventional isomer shows an intense and character-and HP*, agreeing with the proposed HP€Dion
istically narrow peak for the formation of the doubly structure.
charged species ##—OH*, while that for the ylide
ion H-P—OR?2* is relatively weak, the opposite of  3.3. Mechanistic proposals for the decarbonylation
what is usually encounterdd4]. of the CHO-P=0** and CHLO-P-OH ™ ions

The minor BO loss from the metastable ions yields and mechanism for the oxygen exchange reaction
myz60 ions of structure H=FC=0**. The calculations
predict that among the family of stable [C/H/P/O]ions, 3.3.1. Mechanism for decarbonylation
only H-P=C=0°" is sufficiently low in energy to be As indicated inScheme 7HBRC-1b is accessible
generated from the metastable ions (Sekeme &nd from ions1b having >35 kcal/mol of internal energy.

+ .
EH +HCO pt = proton transport
not observed 0 OH

AN ] o
50 | £—H--P
H HBRC-1b
POH"*+ CH,O
I
L R R R R L LR R AT
40 - CH20H+ + PO.
jE—
Temessssscsesseseee— mEm .
: via HBRC-2a H
E see text - H -m
):( E |- -Et
30 : .
HPCO**+ Hy0 ! /-
P m—— :
HP-OH, +CO . : o
20 : '
— 4---; 1
HoPOH"" + CO — 9
| HBRC-2b Ol*+
10 i
ID-3b C. H HBRC-1c
O+ A . O-H---0=P
% OH HoC
C
o 7
HP 1b
/ P-H .
H_O / CH2_O
\H O=C__ H_Q+ \P+
H /
HO

Scheme 7. Potential energy diagram derived form CBS-QB3 (29&Kles la-fcalculations describing the decarbonylation and water
loss from metastable ions GB-P-OH* (1b) and related isomers.
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rc = ring closure
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——
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—
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Scheme 8. Potential energy diagram derived form CBS-QB3
actions of metastable ions [GB-P-OH*] which may lead to
water.

At this energy, HBRCIb can communicate with
HBRC-2b, which may dissociate into H-P-QM"
and CO by direct bond cleavage. Alternatively, ions
HBRC-1b with a slightly lower internal energy,
32kcal/mol, can be formed from HBR®G: via a
proton transfer. Such ions can access HBERGwith

34 kcal/mol of internal energy relative 1. Thus, the
calculated minimum energy requirement for the ob-
served decarbonylation into the ylide ion HPQH

is 34 kcal/mol.

Our experiments show that the lower energy isomer
H,P-OHT is not formed as a result of decarbony-
lation. Theory indicates that this is so because the
formation of the immediate precursor toP-OH T,
viz. HBRC-=2a, [HO-P(H)-HseeC=0]**, which is
2 kcal/mol lower in energy than HBR@B, is ener-
getically unfavorable. HBR@b cannot directly com-

(298ahles la-r calculations describing the isomerization re-
the oxygen equilibration prior to decarbonylation and loss of

municate with HBRC2a: it must first isomerize into
the relatively stable ionlg, H-CEO)P(H)-OR,
which involves a barrier of 5, or 38kcal/mol rel-
ative to 1b. (There is also an ion—dipole complex
of 1g, [HO-PH"]eeeO=CH°*, which, seeTable la
lies 17.5kcal/mol aboveg.) This barrier is of the
same height as that for the subsequent isomerization
of 1g into HBRC-=2a. However, metastable ionkb
having more than 38 kcal/mol of internal energy can
also dissociate via the routthh — HBRC-1lc —
CH;OH™ + PC. This clearly is a fast rearrangement
reaction—it effectively competes with direct bond
cleavage into POM" in collisionally energized ions
1b—which discriminates against the slow multi-step
decarbonylation route.

The HBRC2b ion is the direct precursor for loss of
CO and a key intermediate for the@ loss. Cleavage



L.N. Heydorn et al./International Journal of Mass Spectrometry 228 (2003) 759-777

of the weak GeeH bond in HBRC2b results in the
formation of HP—OH®** + CO. Just below the thresh-
old for decarbonylation (se&cheme Y HBRC-2b
can also rearrange into IBb, [O=C=PH]*TeeeOHj,
which can dissociate into HE=0** + H,0 by sim-

ple cleavage. The minimum energy requirement for
this reaction is very close to that of the decarbonyla-
tion reaction. However, loss of 4D requires forma-
tion of two new covalent bonds in the loosely bound
ion—dipole complex HBR@b to form the ion—dipole
complex ID3b and so “hot” HBRC2b ions, having
about 14 kcal/mol excess energy will preferentially un-

dergo a simple cleavage reaction, i.e., loss of CO. Fur-

thermore, as the dipole moment of CO is very small,
it is not surprising that the complex prefers dissoci-

ation over rearrangement. These matters explain that

compared to loss of CO, the loss of® is a minor
process in the dissociation of metastable ions.

One important point should be considered regard-

ing HBRC=2b, [H-P-O(H)-t»eeCO]**. This ion
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H,P—OH T, via[HP—OHP eeH " ¢eCO (HBRC-2b)—
OCeeHtee[HP—OH]* (HBRC-2a) — HoP-OH ™ 4
CO, if the criterion for proton-transport catalysis is
satisfied. This implies that PA CO at C, 142 kcal/mol
[16a], be in between PA HP-OHat O and PA
HP-OR at P. From the enthalpies of formation of
HP-OH, HoP-OR+ and HP-OH® (—24.7, 162.7
and 172.5kcal/mol, respectively16b]), we derive
PA HP-OH at O = 168 kcal/mol and PA HP—OH

at P = 178kcal/mol. These PA values are much
higher than that of CO and thus a CO assisted
tautomerization of HP—O§t* is not expected to
occur, in agreement with the experimental observa-
tions, which indicate that the ylide ion is exclusively
generated.

Finally, we mention that the observed collision char-
acteristics of the various isomeric ions are in com-
plete agreement with the energy diagram presented in
Scheme 7If we compare the CID and Ml mass spectra
(Figs. 3 and #of for examplela, we see that loss of

can be considered as an encounter complex betweenCO is insensitive towards collision. For a metastable
a HP-OH*™* ion and a CO molecule. In such an en- fragmentation to be collision insensitive, the precur-
counter complex the neutral molecule may promote sor ion must rearrange to a stable isomer via a transi-
the tautomerization of the ionic component by low- tion state whose energy is higher than the dissociation
ering the barrier for the associated H-transfer. This threshold of the new isom§t7], exactly as is the case
phenomenon, termed proton-transport catalysis by in Scheme 7

Bohme[15], has been demonstrated in several ionic

systemg1]. For example, the isomerization of HEN 3.3.2. Oxygen equilibration reactions

into its more stable HNCF tautomer does not occur The above decarbonylation process becomes even
spontaneously because the barrier for the associatednore remarkable when th#0-labeling results are
1,2-H shift is too high, 27 kcal/mol. However, in the considered. The MI spectrum dfa (*¥OCHg) in
presence of CO, the tautomerization readily takes Fig. 4 displays a 1:1 ratio for the loss of'&0:C®0
place in the encounter complex, via: GBICN* T — resulting in H-P1%0OH,** and H-P180H,** of
OCeeH'ee[C=N]* — [C=N]"eeH'eeCO — equal abundance. The same isotopic ratio is observed
HNC**T + CO, and the barrier becomes vanish- in the water loss products at/'z 60 and 62. On the
ingly small. This system satisfies the criterion pro- other hand, there is a distinct, almost isotopically
posed by Radom and co-workejka] for effective pure, loss of BP0* to form CH'80OH* at miz 33.
proton-transport catalysis. It stipulates that the proton This indicates that the water loss and decarbonylation
affinity (PA) of the neutral molecule in the encounter result from the same reacting ion, whereas the PO
complex (PA CO at C) must lie in between those of loss must occur from a different intermediate prior
the two protonation sites in the deprotonated ion (PA to oxygen equilibration. These results are supported

CN°* at C and N, respectively).
By analogy, the CO molecule in HBR&h could
promote the tautomerization of HP-@H into

by the 180-labeling experiments witib (P2OH).
This ion also loses ¥0:C80 in a 1:1 ratio. The
mirror effect for the P® loss is observed, in that now
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P80* is predominantly lost, again indicating that this
fragmentation occurs from a different reacting ion
configuration. Interestingly, the oxygen equilibration
is only observed in the low-energy metastable ibns
(P180OH); seeFig. 4, as opposed to the collisionally
energized ions which do not show oxygen equilibra-
tion. This indicates that the oxygen equilibration is a
slow process with a fairly high energy requirement.

Oxygen equilibration must involve a cyclic in-
termediate, which could be generated directly from
eitherlb or 1d, since these two ions have a methylene
group available for bonding to an oxygen atom. Cy-
clization of 1d would result in the symmetric iofie
(seeScheme Bthus making the equilibration a simple
ring closure—ring opening procedure. Ring opening
of the original C—O bond results in iokd with the

oxygen atoms in reversed positions. However, as men-

tioned in Section 3.1ion 1d does not communicate
with metastable iona/b. Furthermore, ioria, which
also displays the oxygen equilibration, communicates
with 1b, and notld. This signifies that iorld is not
involved in the oxygen equilibration. Thus, it must be
the cyclization of ionlb into ion 1f which results in
the oxygen atom equilibration. This is the rate-limiting
step as the barrier to ring closure of idi lies
30kcal/mol above ionlb. At this energy the ions

CH3O\P_I *+14a
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(now in thelf configuration) can communicate easily
with ID-1c, which in turn can easily isomerize into
HBRC-1c below the threshold for dissociation into
CH,OH™* and PO (seeScheme R Thus, the equi-
libration can be described as depictedSoheme 5
viz. 1b(*®0H) — 1f(*80H) — ID-1¢(*®0H) —
HBRC-1¢(80CH,) — 1b(180OCHy). This enables
the oxygen atom equilibration to occur in the lower en-
ergy ions below the threshold for loss of PMo sig-
nificant equilibration occurs for those ions that do lose
PO as these higher energy metastable ions (itims
with ca. 40 kcal/mol of internal energy) can communi-
cate with HBRC1c directly and will simply undergo
the fast dissociation as opposed to passing through the
slow equilibration process. Only the lower internal en-
ergy ions access the decarbonylation process with an
internal energy content of 30—40 kcal/mol abdye

Scheme $ummarizes our results for the decarbony-
lation reactions starting frorta. Oxygen equilibration
reactions are denoted as, whereas the reactions that
lead to decarbonylation follow the arrows.

4, Conclusions

This study truly benefited from the synergy of the-
ory and experiment. One without the other would not

Vs POH""+ CH,O
° I H oy .
T —
_o__. CHo—O, oN OH ID-3b
HZC\O/P -~ P C—H---P**
+
- HO H
H HBRC-1b T
11 1b T~ *P-H
O=G-t-gr  —
HBRC-2b
g —
+ (]
O-CHp =—> , O-H---O=P &y ¢ 0=C---H-0., —> HP-OH"+CO
‘P o HyC P PH
OH H
ID-1c HBRC-1¢ 1g HBRC-2a

Scheme 9. Mechanism for decarbonylaties ) and for oxygen equilibration<¢) starting fromla.



L.N. Heydorn et al./International Journal of Mass Spectrometry 228 (2003) 759-777 777

have permitted to draw any solid mechanistic con- References
clusion. That the oxygen atoms in metastable ions
CH30—F’:O'+ and CI-tO—P—OH"' become equiv- [1] For selected recent references see: (a) A.J. Chalk, L. Radom,

. . . J. Am. Chem. Soc. 121 (1999) 1574;
alent in the decarbonylation and the accompanying (b) J. Chamot-Rooke, G. van der Rest, P. Mourgues, H.-E.

H>0 loss was revealed by experiments on specifically Audier, Int. J. Mass Spectrom. 195/196 (2000) 385;

labeled ions. Theory was used to differentiate between  (c) M.A. Trikoupis, P.C. Burgers, P.J.A. Ruttink, J.K. Terlouw,
.. . . . are . Int. J. Mass Spectrom. 217 (2002) 97;

a priori plausible mecha_msms for this equilibration. (d) M. Haranczyk, P.C. Burgers, P.JA. Ruttink, Int. J. Mass

The CBS-QB3 calculations further revealed that Spectrom. 220 (2002) 53.

metastable ions C40-P=0°** and CHO-P-OHt [2] L.N. Heydorn, Y. Ling, G. de Oliveira, J.M.L. Martin, Ch.

have a high propensity for rearrangement and that Iii{zhztzzéo\]i)KiIirlouw, Zeitschrift fur Physikalische Chemie
they can communicate with a great many stable |31 ) j.A. Montgomery Jr., M.J. Frisch, J.W. Ochterski, G.A.

isomers. The tandem mass spectrometry-based ex-  Petersson, J. Chem. Phys. 110 (1999) 2822;
periments established that the product ion generated  (b) ibid. 112 (2000) 6532.

. . . . . [4] L.N. Heydorn, P.C. Burgers, P.J.A. Ruttink, J.K. Terlouw, Int.
in the decarbonylation is the ylide ion HP—@H, J. Mass Spectrom. 227 (2003) 453.

rather than HP—OH ™, which theory predicts to be [5] L.N. Heydorn, C.Y. Wong, R. Srinivas, J.K. Terlouw, Int. J.
the more stable isomer. The intricate details of the Mass Spectrom. 225 (2003) 11.

: . [6] L.N. Heydorn, P.C. Burgers, P.J.A. Ruttink, J.K. Terlouw,
degarbpnylanon mechanism were reyealed by theory, Chem. Phys. Lett, 368 (2003) 584.
which indicates that CLHD—P-OH™ ions having a [7] D.G. Hewitt, Aust. J. Chem. 32 (1979) 463.
narrow range of internal energies at 36 kcal/mol, un- [8] S.J. Fitch, J. Am. Chem. Soc. 86 (1964) 61.

dergo a facile isomerization into the hydrogen-bridged [?1 H.F. van Garderen, P.J.A. Ruttink, P.C. Burgers, G.A.
McGibbon, J.K. Terlouw, Int. J. Mass Spectrom. lon Proc.

ion [HO-PeeeH-C(H)=O]**, which further rear- 121 (1992) 159.
ranges into another hydrogen-bridged radical cations, [10] J.L. Holmes, J.K. Terlouw, Org. Mass Spectrom. 15 (1980)
[HP—O(H)—HseeC=0]**, the immediate precursor 383.

[11] M.J. Frisch, et al., Gaussian 98, Revision A.9, Gaussian, Inc.,
Pittsburgh, PA, 1998.

[12] (a) J.K. Terlouw, H. Schwarz, Angew. Chem. Int. Ed. Engl.
26 (1987) 805;

Acknowledgements (b) M.A. Trikoupis, J.K. Terlouw, P.C. Burgers, M. Peres, C.

Lifshitz, J. Am. Soc. Mass Spectrom. 10 (1999) 869.

. . . [13] For selected recent review see: (a) G. Schalley, G. Hornung,
J.K.T. thanks the Natural Sciences and Engineering D. Schroder, H. Schwarz, Chem. Soc. Rev. 27 (1998)

Research Council of Canada (NSERC) for continuing o1

financial support. L.N.H. thanks McMaster University (b) N. Goldberg, H. Schwarz, Acc. Chem. Res. 27 (1994) 34.
: _ ++e [14] J.L. Holmes, F.P. Lossing, J.K. Terlouw, P.C. Burgers, J. Am.

for the Sherman Award and Micromass-Canada for its Chem. Soc, 104 (1982) 2931,

Graduate Student Award. P.J.A.R. thanks the Nether- [15) p k. Bshme, Int. J. Mass Spectrom. lon Proc. 115 (1992)

lands Organization for Scientific Research (NWO) 95.

for making available the SGI TERAS computer of [16] (a) E.P. Hunter, S.G. Lias, J. Phys. Chem. Ref. Data 27 (1998)

SARA (Amstgrdam). The contripution of Qathy Wong (b)’ CBS-QB3 (298 K) values, this work.

to the experimental work of this study is gratefully [17] Y-P. Tu, J.L. Holmes, J. Am. Chem. Soc. 122 (2000) 3695.

acknowledged.

for decarbonylation into HP-O1™.



	The remarkable decarbonylation of CH3OPO+ and its distonic isomer CH2OPOH+: an experimental and CBS-QB3 computational study
	Introduction
	Experimental and theoretical methods
	Sample preparation procedures
	Tandem mass spectrometry
	Computational procedures

	Results and discussion
	The dissociation characteristics of ions 1a, 1b, and 1i
	The identification of the product ions of the decarbonylation and the H2O loss
	Mechanistic proposals for the decarbonylation of the CH3OPO+ and CH2OPOH+ ions and mechanism for the oxygen exchange reaction
	Mechanism for decarbonylation
	Oxygen equilibration reactions


	Conclusions
	Acknowledgements
	References


