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Abstract

In this paper, studies on electrospray ionisation ion trap mass spectrometry of organophosphates are extended to a series of dimethyl
methylphosphono and trimethyl phosphoro thionates and thiolates and some deuterated isotopomers. Of particular, interest is the comparisor
of the collision-induced fragmentation of ions from these compounds with those of the non-sulphur containing analogues reported previously.
The thiono and thiolo isomeric structures of the sulphur containing ions analogbwnttl (see below) have very similar energies and
undergo a ready interconversion. In the case of the phosphono compounds, the electronic structure calculations show that the methyl migration
implicit in thiono—thiolo interconversion occurs directly and although methyl migration from P to the phosphonyl O or phosphonothionyl S
can occur, the transition state (TS) energies are somewhat higher and, in the case of the migration to O, too high to take part in any of the
subsequent collision induced fragmentations. With one exception, the mechanisms proposed for some of these fragmentations are supportec
by electronic structure calculations at the DFT-B3LYP level.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction These ions were formed by fragmentation of protonated
dimethyl methylphosphonate and trimethyl phosphate, re-

A previous study1] demonstrated that formaldehyde was spectively. It was also shown that the methyl groupism-
eliminated on fragmentation of the iohandll inanion trap dergo partial scrambling before the elimination of formalde-

mass spectrometer. hyde. As a result of further studi¢®] onl, it was suggested
that 1,4-H migrations to oxygen occurred. Subsequent elec-
ﬂ ﬂ tronic structure calculations at the B3LYP and MP2 levels
CH;—P—0CH; CH;0—P=-0CH; showed however that 1,4-H migrations to oxygen were en-
I Im ergetically unfavourable and that 1,3-H migrations to phos-

phorus were preferre@]. The present paper reports a study

* Corresponding author. Tel.: +44 1980 862161; fax: +44 1980 863904. Of the fragmentation of the corresponding phosphono and
E-mail addresspwatts.rsg@ukgateway.net (P. Watts). phosphoro thiolates and thionates (structuilies|X).
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('? ﬁ ﬁ) rate depends on the strength of the acid. Half-lives for rear-
CH;—P—SCH; CH;—P—SCH;  CD;—P—SCH; rangement of (MeQP=S, (MeO}»P(S)Ph and RiP(S)OMe
(')CH3 écm §CH3 in dilute trifluoroacetic acid were 0.5, 1 and 4h, respec-
I v v tively, and rearrangement of (Me¢gh=S was 14 times
quicker in trifluoroacetic acid than in trichloroacetic acid
ﬁ ﬁ [10]. Mixtures of thionates were reported as giving mixed
CHs—IT—OCHs CH;—P—OCD; thiolates indicating an intermolecular mechanism. In acid-
OCH; OCD; catalysed rearrangements, protonation of the thiophospho-
VI Vil ryl sulphur atom must occur in the first stg¢p0], the
mechanism thereafter paralleling that of the Pishchimuka
ﬁ i reaction.
CH;,0—P—OCH;  CH;S—P—OCH; Instances of thermal rearrangement probably reflect an ac-
OCH; OCH; celeration of an isomerism that occurs very slowly at room
VIIL X temperature and which is possibly catalysed by trace amounts

) o of acid arising from the invariable presence of trace amounts
This work (which is part of a larger study) also un- ¢ oy ronhosphateid 1]. Intramolecular rearrangements have
derpins our investigations of_more complex organophos- paen used to make the pesticides Amif@@] and Systox
phates[4,5] and is of potential relevance to an under- [13] The driving force in these reactions is the ease of ion-
standing of thiono-thiolo rearrangments of phoSPhOIUS isation of the thiono precursors, which is a result of the

esters. , stability of the intermediate ethyleniminium or sulfonium
Thiono-thiolo rearrangement, where thePs-OR group

rearranges to the=@-SR group, can be effected by alkylat- ons:

ing agents or by acids, by heating or by electron ionisation. S g .
When R is a proton, the position of equilibrium depends on BO—b—OCH,CH,X _heat Eto_[l,i_--'0 A
the alkylating agent and the solvent. Methylation of diethyl (l)Et (I)Et
phosphorothioate with diazomethane in ether gave a 1:4 mix-

ture of (EtO}P(S)OMe and (EtQP(0)SMd6]. Thisreflects l

the higher affinity of the sulphur atom, a soft b4gg for

the carbon atom of diazomethane, a soft acid. Such reac- o

tivity preferences control the outcome of all thiono-thiolo EIO_Q_SCHZCHZX
rearrangements. When R is an alkyl group, rearrangement O

can occur when the thiono compounds are heated with alkyl

halides, a process known as the Pishchimuka reaf8i®h X=NEt, Amiton
The mechanism involves attack of the sulphur atom on the X=SEt Systox

carbon atom of the alkyl halide to give a phosphonium

salt, then dealkylation of one of the ester groups by the  Rearrangements of simple phosphorothionates require

halide ion. strong heating and rarely result in complete conver-
sion to the thiolate. Rearrangement of (§tHsP=S to

I R'X ?If  -RX - (CH30)2P(O)SMe was only half complete after heating in
RO—P—OR > RO—P—OR X > RO—P—SR a sealed tube at 10C for several hourg14]. Attack of
OR OR OR the thiophosphoryl group takes place on one of the ester

groups. The more electrophilic the ester carbon atom, the

Factors that moderate the rearrangement are the subeasier the reaction: ((30)3P=S rearranges on heating much
stituents in the thionate and the leaving group of the alkyl faster than (EtQ)P=S [8]. Thermal rearrangements can be
halide. The more electron-donating the substituents in the regarded as special cases of the Pishchimuka reaction. A de-
thionate, the greater the nucleophilicity of the thiophos- tailed study of the thermal/microwave thiono—thiolo systemis
phoryl group. The better the leaving group in the alkyl inprogressin our laboratories and preliminary data obtained
halide, the faster the reaction; the rate decreases in the ordefrom a mixture of isotopomers suggests that at least part
RI>RBr>RCI>RF. A good example of the Pishchimuka of the isomerisation goes by an intermolecular mechanism
reaction is conversion of (Me@p(S)NH by methyl io- [15].
dide to the pesticide Tameron MeO(MeS)P(O)NH]. The Thiono-thiolo rearrangements in the gas phase (partic-
electron-donating amino group in the starting material en- ularly of even electron ions) have not been studied to any
hances the nucleophilicity of the sulphur atom and facilitates extent, but have been suggested to occur under electron ion-
isomerisation. isation [16,17] and by isobutene chemical ionisatifiB].

Rearrangement can also be catalysed by acids. The sam@his study extends knowledge of the behaviour of small
rules of reactivity apply for the phosphorus reagent, but the phosphorus—sulphur species in the gas phase, with a view to
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establishing rules to predict the fragmentation and rearrange- o T]H
ment of more complex analogues. This approach is neces- [l ‘
sary before the ion trap mass spectra of phosphorus—sulphui CHy—P—SCH,

pesticides, such as Diazinon in which a thiono-thiolo rear- SCH;
rangement has been fouft], can be properly interpreted, m/z 157
and underpins our previous investigation of the behaviour CH;SH
of the nerve agent VX in the ion trap mass spectrometer l{-48}
[4] +H,0 l
0 ‘ (+18) o 1
| CH;—/E'—OS(,Hg CH;— ||1— SCH;
2. Experimental m/z 109 H,0 OH
18) m/z127a
The mass spectrometric technique has been described ir Cst/ CH,0| CH,0H CH;SH
detail elsewherd?]. In this work only the EsquirelLC, (-46) 30| (-32) l(-@}
Bruker Daltonics, GmbH ion trap mass spectrometer was
used. The organophosphates were introduced into the ion 0 S |C|>
trap using 1:1 (MeOH:1O) + 0.1% formic acid at a concen- CH;—lP“—H CH:flpl’fH CH,—P=5 CH;—P-—OH
tration of 400ug ml~1. The sample was introduced into the  mi 63 "= 79a mi= 77 m/= 79b
elctrospray system by direct infusion (using a syringe drive)
at 3ul min~1. The capillary voltage was 4 kV with an end- Intensity ratio -H,0]| +H;0
plate offset voltage 0500 V. The drying gas flow rate was 14 (-18)|} (+18)
7Imin~! at a temperature of 30@. All other lenses were o Tu
optimised for maximum transfer into the trap. Thgwas Il
0.4, the excitation voltage adjusted to give the required de- = on
gree of fragmentation using a 30 ms fragmentation time. It OH
should be noted that with the exception of the ions given in m/z 97

brace brackets,}, all ions were isolated before fragmenta-
tion which removed ambiguity in the precursor—fragmention
relationships. Syntheses of the compounds will be described
elsewherg19]. The compounds were greater than 99% pure
by analysis by multinuclear NMR spectroscopii(3Cand ~ 3.1.2. Compoundd/ andV
31p). Fragmentation pathways for protonattd and V are
All electronic structure calculations were performed us- shown inFigs. 1 and 2 respectively: The fragmentation
ing the Gaussian 98 programrf#90]. DFT-B3LYP calcula- products ofm/z 109a produced fronV H* (Fig. 1) were
tions were performed with a 6-311 + G(2df, 2p) basis set for unexpected, particularly as loss of methanol from the corre-
all atoms. Details of the methods used are given elsewheresponding ion in the fragmentation of dimethyl methylphos-
[3]. These earlier studies on ions obtained from protonated phonate was not observg®]. This stimulated the synthesis
dimethyl methylphosphonate demonstrated that the results atnd investigation of the isotopically labellgd the fragmen-
the B3LYP level corresponded very well with those from the tation pathway of which is shown iRig. 2 This demon-
more time-consuming MP2 calculations. strated the surprising result (in view of the partial scrambling
of the methyl groups ih, CHsP(O)OCH*, that occurred on
fragmentation) that on fragmentation wfz 112a only the

Fig. 1. Fragmentation pathways for protonateéd

3. Results carbon from theS-methyl group was eliminated in the form
of the three carbon containing neutrals. In the fragmenta-
3.1. Thiolo and thiono phosphonates tion of m/z 112a, no ions resulting from loss of GBD or
CD3SH were observed. The structures assigned to the ions
3.1.1. Compoundll m/z 63 and 79a irFig. 1 (and their deuterated isotopomers
On fragmentation, protonatétl (i.e.,|ll H") eliminates in Fig. 2) reflect the probability that they result from a 1,3-

primarily methanethiol to producke which has been stud-

ied in detail elsewherg2]. A small amount of methanol is 1 The empirical formulae of the ions given in the fragmentation pathways

also lost to produce an ion witlWz 109 which has identi- g, in the main, unambiguous. The associated structures of the ions and
cal properties to the ion with/z 109 produced frontV H* neutrals are suggested as being the most reasonable on chemical grounds
and will be discussed later. The primary site for protonation with particular note being taken of their subsequent fragmentation prod-
will be the phosphoryl oxygen (proton affinity 895 kJ mb) ucts; exceptions to this are the positions of the hydrogens and bonding in

but for fraamentation to occur the proton has to move to the some of the smaller fragment ions. An ion placed inside brace brackets,
g p {}, has not been detected and its occurrence is assumed on mechanistic

methylthiolo or methoxy groups. grounds.
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o W
[l
CDy— 1|’— SCH;

Only the Smethyl group in ions withm/z 109a Fig. 1)
and m/z 112a fig. 2) migrated to the phosphoryl oxy-
gen before fragmentation in contrast with the phosphono

SCH; methyl group inl produced from dimethyl methylphos-
m/z 160 phonate_
lCH«,SH
(-48) 3.1.3. Compoundgl and VIl
o +H,0 —u Fragmentation pathways for protonatétl and VIl are
Il (+18) shown inFigs. 3 and 4respectively. These compounds were

CD;— P— SCH;

— P qCH.
CDy ||3 SCH,

not examined without difficulty, even when stored in a re-

m/z 112a -H,0 OH frigerator they slowly isomerised to the thiolo isomers (see
(-18) m/z 1302 notes on the thiono—thiolo rearrangement in SectiprAl-
CH,S CH,0| CH;0 CH.SH though the gmall amounts produced could not be detected by
(-46) (-30)| (-33) (-48) NMR techniques, they could be detected by ESI ITMS, pre-
sumably because, contrary to published data (see later), the

0 S ‘ P=0 group has a higher proton affinity than theSgroup.
CD~7|PLH CD- |PLH (D,—P=S CD;— P—OH Thus, the initial fragmentation spectrum depended upon the
o 66 "z 82a m/=79 " m82b age of the sample, so much so that over the course of a
year the initial fragmentation spectrum of a samplevof
lmensi_rly‘iratio H,01| 1,0 could change from that appropriate ¥ to that appropri-
1 (-18)|} (+18) ate tolll with mixed spectra being obtained at intermediate
o TH times. It must be stressed that during this time the purity of
I the sample oI remained unchanged when examined by
CD;— "’_ OH multinuclear NMR spectroscopy. These findings are impor-
OH tant as the first experiments witl were on an old sam-
m/z 100 ple, which gave a mixed spectrum, which was interpreted

Fig. 2. Fragmentation pathways for protonated

as being indicative of an intramolecular isomerisation, i.e.,
a thiono—thiolo rearrangement in the gas phase. It was only
later that it became apparent that this was not the case and
thatthe fragmentation products resulting from the thiolo form

H shift to phosphorus as in the fragmentation ¢8]. The resulted from the trace amounts produced by intermolecu-
fragmentation ofm/z 109a €ig. 1) and m/z 109b Fig. 3 lar isomerisation in the liquid sample rather than in the gas
(and their deuterated isotopomers) will be discussed laterphase.
in conjunction with the results from the electronic structure Whilstthe ions withm/z109a Fig. 1) andm/z109b Fig. 3)
calculations. fragment to give identical products with similar intensities,
The different structures assignediéz 79a and bFig. 1) they are isomeric as their hydration productéz 127a and
andm/z82a and bltig. 2) are supported by their differentbe- b, fragment differently. Thusy/z 109a and b only isomerise
haviour. Onisolationyyz79a and 82a generated by collision- to a common structure on collisional activation immediately
induced dissociation afvz 109a and 112a respectively, do prior to fragmentation. This isomerisation will be discussed
not react with water to any appreciable extent. Attempts to in more detail later. Structurally (equating for the present
fragment these small ions were mainly unsuccessful leadinghydrogen and deuterium), the fragmentation products and
primarily to a loss of ions. The deuterated iovz 82a frag- their associated intensities from/z 112a are identical to
mented with the loss of 19 Da (presumably £EH) to give those fromm/z 109a, indicating no kinetic isotope effect.
an ion ofm/z 63 albeit with very low intensity. On isolation, A similar observation is not made, however, for the corre-
m/z 79b and 82b generated by collision-induced dissocia- sponding pair of isotopic ions withw'z 112b and 109b; al-
tion of miz 127a and 130a, respectively, react readily with though the fragmentation products are the same (equating
water which is invariably present in the bath gas. Attempts for the present hydrogen and deuterium as before), the in-
to fragmentm/z 79b gave only the water adduct matz 97 tensities are remarkably different. The identities of the mi-
again at very low intensity. This hydration pattern is general nor product ions from fragmentation afiz 112b §ig. 4)
in ions having a RO bond, which add water more easily are ascribed as followsn/z 80 (8%) requires loss of 32 Da
than the corresponding ions havinga$bond. For exam-  (CD20), m/z 78 (4%) loss of 34 Da (tentatively attributed to
ple, the phosphonyl ionVz 109a Fig. 1) reacted with water ~ H>S),m/z 66 (4%) loss of 46 Da (C85), mVz 64 (10%) loss
after isolation, much more easily than the thiophosphonyl of 48 Da (C»S) andnvz 63 (12%) loss of 49 Da (C¢8D).
ionm/z109b Fig. 3 see later). The structures of the ions re- The low intensity of these ions precludes a more detailed
sulting from the fragmentation @Yz 109a will be discussed  investigation at this time. Interestingly, there was no loss
later. of CD3SH.
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s T |H
Il
OCH;

m/z 141

CH,0H
(-32)

+H,0 s TH Hs
Il (+18) -34)
CH;—P—OCH; > CH;—T—OCHs i
m/z 109b ‘HEQ OH  intensity ratio
(-18) m/z 1276 ca. 21
(-46) (-30)) (-32) 32)
R ﬁ
+ +
CHy—P—H CH;—P—H CH,—=P=$§ <— CHy—P —OH
m/z 63 m/z 19a m/z 77 -H0 meh
(-18)
-H,0 l+H;O
intensity ratio 3 (+18)
4:1:4 ¢18) '
(also a trace of m/z 61: "
loss of CH;SH) ﬁ ~|H
CH;— ll’—OH
OH
m/z 113
Fig. 3. Fragmentation pathways for protonatéd
3.2. Thiolo and thiono phosphates Again methyl migration occurs only immediately prior to
fragmentation. The structure(s) nfz 79 will be discussed

3.2.1. Compoundglll andIX later.
As with the phosphonothionatél, problems were en-
countered withVIll due to trace isomerisation to the phos- 3.3. Electronic structure calculations at the DFT-B3LYP
phorothiolatdX . This problem was overcome by investigat- |evel
ing both VIII and IX immediately after synthesis (within
24 h). Onisolation and fragmentation of MKin/z 157) both 3.3.1. Thiolo and thiono phosphonates
compounds gave virtually identical mass spectra, not only  The proton affinities (PAs) for the basic sites in the thiolate
masses but relative intensities ($8gs. 5 and & The initial Il are calculated as 895, 828 and 788 kJTdbr the phos-
conclusion was tha¥lll , although freshly prepared, con-  phoryl oxygen, the thiol sulphur and the methoxy oxygen,
tained traces of the thiolo isom&X and its greater proton  respectively. The PAs for the dithiolaké are calculated as
affinity compared tovlll , enabled it to dominate the ESI 896 and 823 kJ mof! for the phosphoryl oxygen and the thiol
process. sulphur, respectively. Similarly, the PAs for the thiondfle
This proved not to be the case as isolation and fragmenta-are calculated as 880 and 789 kJ midior the thiono sulphur
tion of m'z143a fromVIll gave ions with/z111, 113,125,  and the methoxy oxygens. The thioldlleis calculated to be
127 and 129Kig. 7) whereasmz 143b fromIX only gave more stable than the isomeric thiongtieby 27 kJ mot L and
ions withm/z 113, 125 and 129g. 8). [l H* to be more stable thavil H* by 37 kdmot? for the
Additionally,Vz125a added water much less readily than |owest energy conformations and the most basic sites.
did m/z 125b in accord with the behaviour of the correspond-

ing ions fromIV to VI. Fragmentation pathways for the 3.3.2. Thiolo and thiono phosphates

two compounds are shown Figs. 9 and 1Qrespectively. The calculated PAs for the basic sites of the thiohéte
The almost identical mass spectra produced after fragmen-are 872 and 779 kJ mot for the thiono sulphur and methoxy
tation of the protonated starting compounds is fortuitous. oxygen, respectively. Those for the thiolaxe are 880, 779
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and 815kJ mot! for the phosphoryl oxygen, the methoxy

phosphate the PAs are 889 and 768 kJhdbr the phos-
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s T H
I
CHS_ llj_ OCD';
0OCD;
m/z 147
CD;0H
(-35)
+H,0
I, (+18)
CH;—P—0OCD; -
m/z 112b -H,0
(-18)
CD;0H
(-35)
+
CH,—P=S§ “E
m/z 77 o

(-18)
plus small amounts
(total ca 40%)
of ions with m/zs 80,
78, 66, 64, and 63

S T ]H mHs

Il (-34) deuterated
CH;—P—0CD;  ——5 jsotopomer

on . ofl
/= 1300 intensity ratio

ca. 21
CD;0H
(-35)
S
I,
CH;—P—OH
m/z 95

-Hzo +H20
(-18)|) (+18)
s TH
Il
CH;—P—OH

OH
m/z 113

Fig. 4. Fragmentation pathways for protonatéd.

phoryl oxygen and the methoxy oxygen, respectively.

ties of the thiolo isomers (containing the=® grouping)

127

143

125 157

109

v )

80 100 120 140 160
m/z

Fig. 5. Fragmentation of MH(m/z 157) fromVIII .

[21] where similar proton affinities for trimethyl phosphate,
oxygen and the thiolo sulphur, respectively. For trimethyl (CHzO)sPO), (891kJmot!) and trimethylphosphorothion-
ate, (CH0)3PS (884 kJmotl) are given or with an earlier
ICR study by Beauchamp and co-workg?®] where 895

The present calculations indicate that the proton affini- and 905 kJmot! were determined for the same compounds.
As the present work has shown that, except for very fresh
are greater than those of the thiono isomers (containing thesamples of a thiono compound, traces of the thiolo isomer
P=S grouping). Although this might be expected on chemical are always present and as Beauchamp and co-wof&2}s
grounds, it is not in accord with values in the NIST data base Were using commercial sources, it can be assumed that their

x10°
Ints - 127
1.5 1
1.0 -
157
143 .
B3] 125 ‘
109 )
79 | | |
0.0 i | U‘J ‘a l
60 80 100 120 140 160 m/z

Fig. 6. Fragmentation of MH(m/z 157) fromIX.
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35

S —IH

1

OCH;
m/z 157

CH;OH
(-32)

S

[l
CH;0— P—OCH;

m/z 125a

-H0| [+H0
(-18)] § (t18)

CH,S

(-46)
—_— m/z79

80 100 ié” a.n/:
Fig. 7. Fragmentation afVz 143a fromVIII . |S| _| u
x10* CH;0—P—O0H
Ints
7 143 OCH,
2.0 m/z 143a
125 H,S CH;0H
l (-34) lntensny ratio -32)
1.5
10 - 3 H
0- 113 CH, O—P“—“OCH CH_«,()—P—OH
m/z 109 m/z111a
: 129 ot H,0
0.5 Subsequent reactions 2
as form/z 109 in IX (+18)
0.0 N iy
s 100 120 140 160 m/z CH,O_A_OH
Fig. 8. Fragmentation afyz 143b fromIX. OH
m/z 129a

determination pertained not to trimethyl phosphorothionate
but to theO,0,Strimethyl phosphorothiolate that may have
been present in their sample.

The relative energies for the various transition states will ular m/z will be excited into larger orbits and gain kinetic
be given in the discussion of the fragmentations. energy, which will be converted into an increase in internal
energy due to collisions with the bath gas. When this gain
in internal energy is greater than that of the energy of the
transition state (TS) to fragmentation (or the endothermic-
ity of fragmentation if no TS is present) then fragmentation

Some preliminary discussion of the fragmentations is will occur. Consider an ion, Al, excited to an increase in
valuable when presenting the results. Before a fuller anal- internal energy of 200 kJ mot. If the energy of the TS to
ysis is given, it will be useful to discuss the relationship be- fragmentation is<200kJmot? relative to A1, then frag-
tween fragmentation, isomerisation and energetics in an ionmentation will occur. If it is >200 kJ mol, it will not (for
trap although most of this is well know23]. Until an ex- simplicity, a Boltzmann distribution of energies is not being
citation voltage is applied, all ions in the trap will be at a taken into account, but this does not affect the argument).
similar temperature to that of the bath gas (they may be at aNow, consider the case where the A1 does not fragment but
slightly elevated temperature due to the influence of the trap- can isomerise to an ion, A2 that is 100 kJ mbendother-
ping field and there may also be differences between ionsmic relative to Al. As before, if the energy of the TS to
with different mass-to-charge ratias/z, due to their differ- isomerisation is<200 kJ mot !, isomerisation will occur, if
ent secular frequencies, but these effects are small comparegjreater, it will not. Now, let A2 have a TS energy to frag-
to those of excitation). On excitation, all ions with a partic- mentation of 200 kJ mol relative to A2 or 300 kJ moit

Fig. 9. Fragmentation pathways for protonatéd .

4. Discussion
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o

CHyS— P—OCH;

3

OCH;
m/z 157

CH;SH CH;0H
(-48) Intensity ratio (-32)
2:1
0O

Il
CHy0— P—OCH,

CH;S—P—OCH;
m/z 109 m/z 125b
CH,O CH,S
(-30) (-46)
-Hzo +HQO m/'z 79 'Hzo +HEO
(-18) (+18) -18) (+18)
H' ;
ﬁ 1 |(\) —]H
CHy0—p—0H CH;$— P—OH
OCH,4 OCH,8
m/z 127 /= 143b

0]
Il

CH;0H CH;SH
(-32) (-48) CHon
Intensity ratio 3
31
if
CHy O—P—OH CH;5— P—OH
m/z 95 m/z 111b

H;O H,0
(+18) (+18)
o T

[l
CHy;0— ll'-‘— OH

—H
I
CH;S—I"—OH

OH OH
m/z 113 m/z 129b

Fig. 10. Fragmentation pathways for protonal¥d

relative to A1. Al is now excited to an internal energy of
200 kJmott. What happens? Isomerisation will occur but
what about fragmentation. At first sight, since the TS to frag-
mentation is 300 kJ mof relative to A1, fragmentation will
not occur. But this is to ignore what happens on excitation
in an ion trap. On excitatiorgll ions with a particulanyz

will increase their internal energy relative to their unexcited

or ground states by the same amount. Thus, in the case un-

der consideration both A1 and A2, being isomers, will have
their internal energies increased by 200 kJhaklative to
their ground state, and fragmentation of A2 will occur (even
though its TS to fragmentation is 300 kJ mbrelative to the
starting ion, Al). In summary, the availability of TSs for all
ions withm/z equal to that of the ions initially isolated and
excited must be referenced relative to the particular isomer

under consideration. This aspect was not considered in an ear-

lier paper (referenci]) but in retrospect does not markedly

sociation stepX — XII + CH;0O, using the nomenclature of
that paper.

4.1. Phosphonates

Fragmentation of the protonated parent phosphonates is of
little interest except that of the mixed estir. No transition
state for the fragmentation dfi H* has been found; bond
breaking leads to two “non-interacting” molecules. Follow-
ing the reaction coordinate of bond breaking via a relaxed
scan (i.e., a scan in which all variables are optimised except
the distance between the atoms in the bond that it is proposed
to break), the total energy does not show a maximum but in-
creases to an asymptotic value. Initially, the proton will be on
the P=O (Il H1*) as the PAs for the basic sites in the thiolate
Il are 895, 828 and 788 kJ mdl for the phosphoryl oxy-
gen, the thiol sulphur and the methoxy oxygen, respectively.
For fragmentation to occur the proton needs to move to ei-
ther the O (givindll H2*) for methanol elimination or the S
(giving Il H3*) for thiol elimination. In this case we see pre-
dominantly thiol elimination with only a trace of methanol
being formed. As there are no TSs for the elimination of thiol
or methanol, the branching ratio, i.e., their relative amounts
will be determined by a combination of the endothermic-
ity of the fragmentation and the population of the particular
protomer to that fragmentation. The endothermicity should
be calculated from the energy of the particular precursor pro-
tomer and not from thl H1* as discussed earlier. This gives
endothermicities of 110 kJ mo} for methanol elimination
and 171 kJ mot* for thiol elimination. If endothermicity was
the main criterion for determining the branching ratio then
methanol elimination should be dominant and it is not. Thus,
the relative populations of the precursor protomers are im-
portant. Two things affect this—the PAs of the protomers
and TS energies to access them. The TS energy to access
the protomer for thiol elimination (i.elll H1* — Il H3%) is
145kImot! and that to access the protomer for methanol
elimination (i.e.,lll H1* — Il H2*) is 171 kI mot!. These
processes are summarisedig. 11

2504 238 iz 93+CH SH
217 m/z 109a+CH OH
200+
171 /
/
1s0 145
g MIH2
= 1004 N 107
1IH3
- 67
o mHI"/

affect the arguments presented therein, although it gives an

alternative or additional explanation for one particular dis-

Fig. 11. Energetics in kJ mot for the fragmentation ofll H*.
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Table 1
Neutral fragmentation products of the isomeric ions wiita 109 and 112
Formaldehyde | Methanol | Thioformaldehyde | Thiomethanol | Other
109a CH;P (O)SCH; CH,0O CH;0OH CH,S None
112a CD;P (O)SCH; CH-,0O CH;0D CH.S None
109b CH; P (S)OCH; CH,0 CH;0H CH,S CH;SH Trace
112b CH3P (S)OCD; CD,0O CDs;OH | CH,S CD,S | CHsSD Trace
H,S

In the case of the ions withvz 112, a product aligned right indicates no migration of the methyl group attached to phosphorus, whilst those aligned left

migration of the methyl group from phosphorus.

The TS energy folll H1* — Il H2* is comparable to the
endothermicity of the fragmentation to MeSH so both pro-

cesses are finely balanced, suggesting that the dominant fac-

tor in determining the branching ratio are the relative TS
energies for proton migration.

The most interesting and complex fragmentations are
those of the isomeric ions withVz109 and their isotopomers
with m/z 112, the fragmentation products of which are sum-
marised inTable 1

Before attempting to rationalise these fragmentations, it
is useful to consider the various isomers of these ions, their
potential fragmentation products, and their relative energies
as obtained from the electronic structure calculations. In the
following discussion the superscripts 1 and 2 serve to distin-
guish the methyl groups (or their carbon containing moieties)
anda—d, the isomeric structures (for the immediate purpose,
masses of the ions, i.e., 109 or 112 have been omitted).

1CH;0PSCH;t 1CH3P(0)SCH3* 1CH3P(S)FCH3t 1CH3SPGCH,*
d a b c

When unlabelled, iona andb give identical products (apart
from a minor additional product frof) in similar amounts
indicating that they interconvert. Electronic structure calcu-
lations show that the ioresandb are, surprisingly, close ener-
getically. The energy of the transition state for isomerisation
is 184 kI mot® which is less than the activation energies for
all but one of the possible fragmentation pathways. When
unlabelled, the ions andd (produced by 1,2Me shift from

P to O or S, respectively) are the same and are 15 kJ'nol
higher in energy than the iorsandb. The energy of the
transition state fob — c is 218 kamot! aboveb and that

for a— d is 241 kJmot! abovea. These interconversions
are summarised iRig. 12

Based upon the H migrations and associated mechanisms
found in referencg3], the likely fragmentations and associ-
ated energetics from the DFT calculations performed in this
work are as follows:

TS energies Products

(kImolY)  (kImol?)
1CH3P(0)SCH3*

a 1,3H shift to P~ 1CH3PO(H) +2CH,S 194 260 )
1,4H shift to O— 1CH;POH" +2CH,S 223 190 )
1,3H shift to S> 1CH,PO +2CHgSH 275 426 3)

1CH3P(S)GCHs*

b 1,3H shift to P 1CH3PS(H) +2CH,0 225 182 4)
1,4H shift to S 1CHsPSH +2CH,0 267 159 (5)
1,3H shift to O— 1CH,PS' +2CH;OH 290 354 (6)

1CH;SPGCH3*

c 1,3H shift to P~ 'CH3SPH +2CH,0 203 204 ©)
1,3H shift to P> 2CH3OPH' +1CH,S 170 295 (8)
1,4H shift to O— 1CH,SP* +2CH;0H 261 210 )
1,4H shift to S— 2CH,OP* +1CH3SH 265 307 (10)

1CH3;0PSCH,™*

d 1,3H shift to P~ 2CH3SPH' +1CH,0 203 204 (11)
1,3H shift to P 1CH;OPH" +2CH,S 170 295 (12)
1,4H shift to O— 2CH,SP* +1CH;OH 261 210 13)
1,4H shift to S» 1CH,OP* +2CH3SH 265 307 (14)

As was found earliéx all pathways (reactions (1)—(14))
proceed through the formation of a complex between the
phosphorus containing ion and the neutral which then dis-
sociates. It should be noted that the energies of the TSs for
reactions (7)—(14) are relative to the energies of the ¢amsl
d, although the energies of the products are referenced to the
initial starting ionsa or b. The ions CHSP" and CHOP*
resulting from the 1,4H shifts in reactions (9), (10), (13) and

TS 184 kJ mol”!

ICH,P(0)S*CH;"
a

TS 241 kJ mol”!

ICH,0PS’CH;*
d
+15 kJ mol™!

“—>

'CH;P($)0°CH;"
b

TS 218 kJ mol!

'CH,SPO*CH,"
<

+15 kJ mol!

Fig. 12. Interconversions of the isomeric ioasg; all energies are referenced to the i@eandb.
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(14) can exist in various forms, linear singlet, angular triplet
and cyclic singlet. For both ions the cyclic form is the most
stable.

When thémethyl andmethyl groups are both unlabelled,
fragmentation ot gives CHS, CH0O, and CHOH as the
neutrals with intensity (branching) ratios of 5:1:4. No £3#
is observed. When th&methyl and?methyl are both unla-
belled, fragmentation db gives CHS, CH,O and CHOH
as the neutrals with intensity (branching) ratios of 4:1:4 with
a trace of CHSH being observed. This difference, whilst
small, is of considerable significance when the fragmenta-
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able kinetic isotope effect as reflected in the product ratios
when starting with either unlabelledor a with the Imethyl
deuterated, may be a reflection of the complex kinetics rather
than being of profound mechanistic significance.

Consider now the isotopomer with tHenethyl deuter-
ated. Only?CD,0 is observed consistent with reactions (4)
and (7) being the routes of formation for formaldehyde wlith
not being accessed. The observation of G@P30H being
formed again confirms the inaccessibilityafBoth 2CD,S
andCH,S are produced together with a large amount (ca.
12% of the ion count) ofCHzSD. The production ofCH,S,

tions of the deuterated isotopomers are considered (as willwhich must arise via reaction (8) is not surprising given

be seen later). Analysis of the derived thermodynamic val-
ues suggests that GB can be formed by both reactions (1)
and (8) with reaction (2) possibly making a contribution. Al-

that much of the fragmentation must go was shown by
the production ofCH3SD. The non-observation ¢CD,S
from deuterateda is explicable in terms of kinetics as

though reaction (12) has the same TS energy as reaction (8jts precursor ion, can only be accessed by two consecutive

it can only be accessed by the high energy T&-ef d. Sim-
ilarly, both reactions (4) and (7) are likely to be pathways for
CH20 production.

Why is a trace of CHSH observed front but not from
a? There are two routes to GBH, reactions (3) and (10)
(any routes frond being ignored because of its relative in-
accessibility). Reaction (3) has too high a TS energy (and

is too endothermic) and moreover cannot be operating as,

if it were, CHsSH would be produced frora. The CHSH

isomerisations, via— b — c¢. That much of the reaction
goes viac is a reflection of how close are the energies of
the transitions states. An increase in the TS energy for re-
actions (1) and (4) due to the breaking of a C-D bond as
opposed to the breaking of a C—H bond leads automatically
to an increase in the amount of fragmentation going viathe
isomer.

A good agreement between energetic considerations and
the fragmentations of the isotopomers has thus been reached

must therefore arise from reaction (10) and is only observed with the major exception of methanol production. It has been

whenb is the starting ion ab can isomerise directly to
via a relatively low energy TS. Thus that a trace of {3Hl
is observed fronb but not froma is explicable in terms of
kinetics. What of the formation of C40OH? Again there are

concluded eitheb or c, but notd, must be the precursor to
methanol production.

The reaction pathways for methanol production investi-
gated so far (reactions (6) and (9)) have involved a hydrogen

two possible pathways, reactions (6) and (9). Reaction (6) transfer directly from thémethyl to the oxygen connected to

has too high a TS energy (and is too endothermic) to be ac-

the?methyl to produce a complex 6€HzOH and the phos-

cessible. If reaction (9) was the sole pathway, the amountphorus containing ion which then dissociates into products.

of CH30OH would be expected to depend upon whetaer
or b was the starting ion, as is the case with 45l but

The cyclic ion CHSP is 124 kmot? lower in energy
than the ion CHPS" produced in reaction (6). This cannot

it does not and as the TS energies for reactions (9) andbe produced directly starting frobut an alternative mech-

(10) are virtually identical, similar amounts of GABH and
CHsSH would be expected. Since formation of ¢BH is

a major pathway with a similar branching ratio to &3] it
follows that the TS energy for the major pathway of its for-
mation should be similar to that for G8 although a small
amount is expected to be formed by reaction (9). Before al-
ternative reaction surfaces for MeOH are explored, it is use-

ful to consider the results obtained from the deuterated iso-

anism is to transfer a hydrogen atom from fhaethyl in
b to the phosphorus atom (a 1,2H shift C to P) followed
by a further 1,2H shift from P to O which then forms the
usual ion—molecule complex before dissociating into prod-
ucts. This gave an energetically accessible TS as shown in
Fig. 13

It should be remembered that the energy of the second TS
at 303 kJmot! is referenced to the energy bfwhereas, in

topomers. The arguments are not straightforward as whenreality it is reduced to 217 kJ mot due to the increase in

the Imethyl is labelled with deuterium, the starting ion is
a whereas, when thémethyl is deuterated the starting ion
isb.

Consider first the isotopomer withmethyl deuterated.
The formation of2CH30OD supports the conclusion that
CH3OH is not formed fromd, and must be formed either
from b or c. The formation of only undeuteraté@€H,0 is

energy of the isomer at 86 kJ mdlresulting from the 1,2H
shift from C to P. But does this alternative mechanism have its
counterpart in the production 6€HzSH froma or CH;OH
from CHzP(O)OCH;*? Calculations show that the energies
of the corresponding TS states for the 1,2H shift are 300
and 303 kJmoll, respectively which corresponds with the
non-observation of COH formation from CHP(O)OCH*

consistent with the suggestion that it can arise from reactionsand the formation ofCHzSH fromc, a more energetically

(4) and (7) and thatis not accessible. That only undeuterated
2CH,S is observed indicates that it is only formed by reaction
(1) froma and not via reaction (8). That there is no observ-

accessible route for G4$H formation. It should be noted that
the corresponding H shift from C to P farleads to either
2CHZO or1CH,S and not CHOH or CH;SH.
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350 meric ionsm/z 125a and b fragment to give the same product
1 54 (m/z 79) but do not yield the same half-ester (i.e., the ions
3004 f—\ m/z 143a and b) on reaction with water. As for the phos-
s ] I," \ phonates the two isomers have almost identical enengis (
- / \ 230 125b being 1.8 kJ molt belownz 125a) with a TS energy
il 202\ ’f \ fE,l_\ ] g of 184 kJmot! abovem/z 125a. This TS energy for methyl
= ] f \ / ‘*\ / - migration is the same as for the corresponding process in the
E 150 f‘{ ;’ .‘ /f phosphonates. However, unlike the phosphonate ions they
= 1 / \\ ’ \.‘&/ only eliminate CHS with no CHO, CH;SH or CHOH
L / \ 86 | 5 being produced. The energetics for the possible fragmenta-
i ' HL, OCHs [ ”E‘“‘““ tions and associated energetics from the DFT calculations
’ / e, performed in this work are as follows:
0 J
CH;P(S)OCH " TS energies Products
(kJmof?t)  (kJmol?t)
Fig. 13. Energetics in kmot for the formation of2CHsOH from b, CH3;OP(S)OCH™*
1CHsP(S)FCHs*. m'z125a 1,3H shift to P> CH;OP(S)H +CH,O 251 157  (15)
1,4H shift to S» CH3OPSH + CH,O 277 108 (16)
1,4H shift to O— CH,OPS +CH;OH 358 173 (17)
CH3SP(0)OCH*
4.2. Phosphates mz125b 1,3H shift to P> CH;OP(O)H +CH,S 257 235  (18)
1,4H shift to—O— CH;OPOH +CH,S 229 116 (19)
1,4H shift to S> CHOPO' +CHsSH 316 169  (20)
As for the phosphonates, of the parent compounds, only 1,3H shift to P> CHsSP(O)H +CH,0 229 184 (21)
the fragmentation of the protonated mixed eddris of 1,4H shift to—O — CHzSPOH +CH,O 310 89 (22
1,4H shift to O— CH,SPO + CH;OH 333 198 (23)

interest. Again, no transition state for the fragmentation of
the protonated ester has been found. The energetics of th&HsOP(O)OCH*

: . . : H 1,3H shift to P~ CH3;OP(O)H +CH,O 219 175 (24)
proton migrations and fragmentations are summarised in 14H shift to—O — CHLOPOH +CHO 330 56 (25)
Fig. 14 1,4H shift to O— CH,0OPO" +CH;OH 355 174  (26)

The TS energies for the proton migrations and endother-
micites of the two pathways are somewhat closer together
than those in the phosphonate case and so it is to be ex- The lack of fragmentation to G3DH and CHSH is in
pected that a more balanced branching ratio is observed, 2:laccord with the high TS energies of the possible reactions.
MeSH:MeOH. It should be noted that in estimating branch- As was found for the phosphonates, all pathways (reactions
ing ratios from spectra such as that showrFig. 6, due (15)—(26)) proceed via an intermediate complex of the ionic
cognizance has to be taken of the propensities of the ionsand neutral products. The most favourable route for€H
with m/z 109 and 125b to add water, i.e., the branching ratios production is reaction (19). This has a TS energy higher than
are determined by summing the intensitiesn@dz 109 and the TS energy for interconversion afz125a and b as is
125 and ofn/z 125 and 143, respectively. expected, given that the identical fragmentation of both iso-

Very similar patterns of fragmentations to those observed mers. The major problem is the lack of production of {CH
in the phosphonate series were found. In particular the iso- by reaction (21), which has the same TS energy as reaction

(19). The transition states for the reactions (19) and (21) were

investigated further using QST2 and QST3 methods and as

well as by direct optimisation of the transition state. The

same results were obtained in all cases, with an imaginary
T p— frequency corresponding to the right motion of the hydrogen
200 4 210 mz 125b4CILOH atom. Alternative, lower energy, transition states for reaction
) (19) were sought by starting with different TS geometries
but all lead to the same transition state as before. We have, at
present, no explanation for this lack of correlation between
the electronic structure calculations and the experimental
results particularly as the agreement in all other cases is
excellent.

In Fig. 10it is seen that bothvz 109 and 125b give an ion
with m/z79. The results of the DFT calculations given above
shows that then/z 79 formed fromm/z 109 results from a
1,3H shift to P whereas that formed framiz 125b results
Fig. 14. Energetics in kJ mot for the fragmentation ofX H*. from a 1,4H shift to the phosphoryl oxygen@).

250 +

150 4

100 4

kJ mol”
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