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Multistage mass spectrometry experiments in a quadrupole
ion trap combined with isotope labelling have revealed a
novel gas phase catalytic cycle for the oxidation of alcohols
via an anionic dimolybdate centre.

We report the catalytic oxidation of alcohols in the gas phase
using a dimolybdate anion as the active species. The nature of
each step in the catalytic cycle can be probed through (i)
multistage mass spectrometry experiments using a modified
quadrupole ion trap mass spectrometer1 and (ii) isotope
substitution experiments which involve labelling of neutral
reagents and the dimolybdate centre.

Complex reactivity of alcohols in the gas phase has been
observed for highly unsaturated transition metal ionic spe-
cies,2,3 including oxo–molybdenum cations.2 In contrast, the
present study demonstrates ‘simple’ modes of reactivity with an
oxo–molybdenum anion which allow catalytic behaviour. The
observation by multistage mass spectrometry of true gas phase
oxidation catalysed by transition metal ions remains rare.4 In
addition, the present system may shed light on the industrial
oxidation of methanol to formaldehyde as catalysed by
amorphous solid state molybdate catalysts.5 A detailed
molecular understanding of the mechanisms of this process
remains elusive.6

Quaternary ammonium salts of the dimolybdate anion in
MeCN can be transferred to the gas phase via electrospray
ionisation.7 The main species observed are the dianion,
[Mo2O7]22 A and the ion pair, {N(CH2R)4

+[Mo2O7]22}2 B.8
Both these species can act as precursors of [Mo2O6(OCH2R)]2
C which catalyses the oxygen atom transfer reaction (1)
(Scheme 1; R = alkyl, RA = aryl, alkyl):

RCH2OH + RANO2? RCHO + H2O + RANO (1)

Collision induced dissociation (CID) of B initiates an ion pair
SN2 reaction,9 resulting in loss of trialkylamine and O-
alkylation of A to form an alkylated dimolybdate species, C
(Scheme 1(i)).  Note that: (i) this is the first report of an ion pair
SN2 reaction involving an inorganic dianion and a tetraalk-
ylammonium cation (cf. ref. 10) and (ii) thermolysis of
trialkyloxonium salts of [PMo12O40]32 in the condensed phase
also results in SN2 O-alkylation.11

Gas phase ion–molecule reactions of Awith various alcohols
also yields C.12 Labelling studies with CH3

18OH clearly reveal
that this is not an SN2 reaction (Fig.  1(a)). Rather, deprotona-
tion of alcohol by a terminal oxo ligand13 is followed by
displacement of the resultant hydroxo ligand by the alkoxy
anion (Scheme 1(ii),  Table 1).

CID of the alkylated dimolybdate species C results in
reductive elimination of the alkoxo ligand as the aldehyde
(Scheme 1(iii)). This corresponds to the formal redox half
reaction: RCH2O2 ? RCHO + H+ + 2e2. In the com-
plementary half reaction, the dimolybdate(VI) centre is reduced
by 2e2 and protonated to form [MoV

2O5(OH)]2 D. Labelling
studies indicate that the oxygen from the alkoxo ligand is lost in
this step (i.e. CH2

18O is lost; Fig. 1(b), Table 1).
The cycle is continued when D rapidly reacts with alcohol to

form [MoV
2O5(OCH2R)]2 E (Scheme 1(iv)). Once again the

labelling studies reveal that this is not an SN2 reaction (Fig.
1(c)), but rather a gas phase esterification reaction.

To complete the cycle, E is oxidised via an oxygen atom
transfer to regenerate C (Scheme 1(v)). This reaction requires
the presence of a second neutral reagent (along with alcohol) in
the ion trap. To date we have used m-fluoronitrobenzene and
nitromethane (i.e. RANO2 where RA is Me or m-C6H4F) as
oxygen atom donors.14 Injection of RANO2 in the absence of
alcohol indicates that oxygen atom transfer to D is also possible.
This pathway does not compete with reaction (v) in Scheme 1 in
the presence of alcohol owing to the fast rate of esterifica-
tion.15

The present system raises questions about the mechanism(s)
involved in the industrial oxidation of alcohols as catalysed by
solid state molybdate catalysts.5,6 In particular, can a related
cycle (cf. reactions (iii)–(v) of Scheme 1) be applied to the layer
compound Mo2O5(OMe)2, proposed as a model heterogeneousScheme 1

Fig. 1 Expansion of the isotope patterns for key product ions from gas phase
reactions involving 18O labelling experiments. The central peak of lower
intensity in the isotope pattern is denoted by an asterisk, and is used to
evaluate the outcome of the reaction. The numbering of the species and
reactions is as according to Scheme 1. (a) shows that the product ion C from
reaction (ii) is [Mo2O6(18OMe)]2; (b) shows that [Mo2O6(18OMe)]2 loses
CH2

18O in reaction (iii), with concomitant formation of the product ion D
[MoV

2O5(OH)]2; (c) shows that the product ion E from reaction (iv) is
[MoV

2O5(18OMe)]2.
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catalyst?6 Given its layer structure features alternating trans-
MoVIO(OMe) centres separated by bridging oxo ligands, a
simple mechanism can be devised for the oxidation of MeOH to
H2CO involving two MoVI sites on adjacent layers. This
accommodates the fact that O2 transfers two O atoms (eqn. (2)),
rather than the single O atom from RANO2 (eqn. (1))

2 MeOH + O2? 2 CH2O + H2O (2)

Further gas phase work is underway to examine (i) whether
larger polyoxoanions also catalyse the oxidation of alcohols; (ii)
the behaviour of other oxygen atom transfer reagents (e.g. O2);
(iii) models of oxo–molybdenum and –tungsten enzymes which
catalyse oxygen atom transfer reactions.16
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Table 1 Ionic products from reactions of [Mo2O7]22 A and {NBu4
+[Mo2O7]22}2 B under multistage mass spectrometry conditions

m/z of ionic products from reaction sequence:a,b

MS2 MS3 MS4 MS5

A ––––––––? C ––––––––? D ––––––––? E ––––––––? C
Alcohol reaction (ii) reaction (iii) reaction (iv) reaction (v)

CH3OH 151.5 318 288 302 318
CH3ODc 151.5 318 288 302 318
CD3ODd 151.5 321 289 305 321
CH3

18OHe 151.5 320 288 304 320
EtOH 151.5 332 288 316 332
PrnOH 151.5 346 288 330 346

MS2 MS3 MS4 MS5

B ––––––––? C ––––––––? D ––––––––? E ––––––––? C
reaction (i) reaction (iii) reaction (iv) reaction (v)

CH3OH 546 360 288 302 318
CH3OD 546 360 288 302 318
CD3OD 546 360 288 305 321
CH3

18OH 546 360 288 304 320
EtOH 546 360 288 316 332
PrnOH 546 360 288 330 346

a m/z refers to the central peak of lower intensity in the isotope pattern. b Refer to Scheme 1 for labelling of ionic species. c A sample from Cambridge
Isotope Laboratories (99% D). d A sample from Cambridge Isotope Laboratories (99.9% D). e A sample from Isotec (95%18O).
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