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Abstract

A two step gas phase catalytic cycle for the dehydration of acetic acid to ketene was detected by multistage mass sp
trometry experiments. The catalysts are Group VI mononuclears[k28)]~ and binuclear [MOg(OH)]~ oxo-anions (M=
Mo, W), formed via electrospray ionization. These catalytic cycles proceed via: (i) initial condensation of acetic acid tc
form [MO3(OCOCH;)]~ or [M205(OCOCH;)] ~, respectively, with elimination of water; and (ii) collisional activation of
[MO3(OCOCH;)]~ or [M20s(OCOCH;)] ~ to eliminate ketene, C#O, and reform [MQ(OH)]~ or [M20g(OH)] ~, respec-
tively. In contrast to the molybdenum and tungsten congeners, the analogous chromium systems are unreactive towards ac
acid in the gas phase. The chromium acetate complexes (formed by adding trace amounts of acetic acid to the electrosy
solution) undergo a variety of different fragmentation reactions, with a considerable reduction in selectivity towards keten
compared with the molybdenum and tungsten congeners. The reactivity of various oxo-anions was quantified by examining
kinetics for condensation reactions as well as the kinetic isotope effect and threshold activation energy for ketene eliminatic
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction a significant activation energy (65—73kcal/mol) and
is also in competition with decarboxylatioid. (2)
Ketene (HC=C=0) is the parent member of aseries [3]. For these reasons, a catalytic process for the
of reactive species of general formula ®RRC=0. production of ketene from acetic acid that decreases
The major industrial use of ketene is in the production the activation energy, while increasing the selectivity
of either acetic anhydride or diketene (via controlled towards ketene, is highly desirable.
dimerisation)[1]. Ketenes are also used in the prepa-
ration of 3-lactones ang-lactams via [2-2] cycload-
dition reactions with ketones and imines, respectively
[2]. Current industrial production of ketene involves
the pyrolysis of carboxylic acids or ketones at A number of reports have appeared on the prepara-
740-760°C (Eq. (1) [1]. However, this reaction has  tion of ketenes via the catalytic dehydration of carbo-

_— xylic acids over silica, metal or metal-oxide surfaces
* Corresponding author. Tel+61-3-8344-6490; . .

fax: +61-3-8347-5180. [4]. The.se. reacthns are proposed to oceur via tyvo
E-mail address: rohair@unimelb.edu.au (R.A.J. O’Hair). steps: (i) interaction of the parent carboxylic acid

CH3COOH — CH2CO+ H20 (1)

CH3COOH — CO,+CHy @)

1387-3806/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
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with a surface hydroxyl site to form a surface car-
boxylate with elimination of waterHg. (3)); and (ii)
decomposition of the surface carboxylate at elevated
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This gas phase catalysis proceeds via three steps:
(1) reaction of [MeOg(OH)]~ with alcohol and
elimination of water to form [MeOg(OCHR,)]~; (2)

temperatures to liberate ketene and regenerate theoxidation of the alkoxo ligand and its elimination as

surface hydroxyl siteEq. (4)).

CH3COOH+ M-OH(ads

— M-OCOCH;(ads + H20 3)
M—OCOCH;(ad9 — M—OH(ad9 + H,C=C=0 (4)

In order to gain insights into the fundamental
interactions between metal ions and organic substrates

metry techniques to examine the gas phase reactions

of metal ions and their complex§s]. There are a few
reports only on the reactions of carboxylic acids with
metal ions in the gas phase, with metal cations under-
going a variety of different reactions. For example,
Co' inserted into the C—OH (predominantly) or the
C—-CO bond as the first stgpa], Fe" induced a num-
ber of reactions with decarbonylation dominating for
smaller carboxylic acid$6b,6c], while Cu* reacted
with acetic acid via dehydratiofE€s. (5) and (§)[6d].

Cu' + CH3COOH — Cu(CH,CO)™ + H,0 (5)
(6)

It is apparent that multistage mass spectrometry
experiments can provide insights into the key reac-

Cu™ 4+ CH3COOH — Cu(H,0)" 4+ CH,CO

tions and intermediates in condensed phase catalytic

processef’]. Indeed, a number of gas phase catalytic
cycles have been established previouy8ly including
pioneering work by Schwarz and co-workers on the
catalytic oxidation of typically ‘inert’ and challenging
substrates such as methd8g

We have recently shown that the protonated dimoly-
bdate anion [MgOg(OH)]~ catalyses the gas phase
oxidation of methanol to formaldehyd&0]. Similari-
ties between this gas phase catalykig.((7) and that
occurring in the industrial oxidation of methanol to
formaldehyde over solid state molybdenum(VI) oxide
catalysts Eq. (8) were noted10].

CH30H + CH3NO2 — H2,CO + HoO + CH3NO  (7)

CH30H + 1/20, — H,CO+ H20 (8)

aldehyde in the rate-determining step; and (3) regen-
eration of the catalyst via oxidation by nitromethane.
Two important similarities between this gas phase
catalysis and that proposed for the formation of ketene
over metal oxide surfaceg(s. (3) and (4)are ap-

parent. Firstly, the reaction between [Mas(OH)]~

and alcohol is a condensation reaction similar to

- that shown in Eq. (3) for the interaction between
several groups have used sophisticated mass spectro-

CH3COOH and an M-OH unit at a metal-oxide
surface. Secondly, the elimination of aldehyde from
[M0206(OR)]~ centers can potentially be in com-
petition with the non-redox elimination of alkene, a
reaction similar to that required for the elimination
of ketene from M—-OCOCHkl units (Eg. (4). Indeed,
we have shown that this alkene elimination reaction
could be “switched on” either by altering the alkoxo
ligand to one without am-hydrogen (e.g., collisional
activation of [M@Og(OC(CHg)3)]~ resulted in the
non-redox elimination of 2-methylpropenEg. (9)

or by changing the metal-oxo anion to one that is
a weaker oxidant, e.g., [YOs(OCHR,)]~ preferred
the non-redox elimination of alkene over aldehyde,
even when amx-hydrogen was present in the alkoxo

ligand (Eg. (10).

[M0206(OC(CHz))3] ™

— [M0206(OH)] ™ + (CH3)2C=CH, 9)
[W206(OCHCH3)]™

— [W20(OH)]™ + CH>=CHa (10)

The product of alkene elimination was §@g
(OH)]” (M = Mo, W; Egs. (9) and (10) This ion
could further react with alcohol ROH to eliminate
water and regenerate Dg(OR)]~. These two reac-
tions result in a simple gas phase catalytic cycle for
the dehydration of alcohols to alkenes. In this paper,
we describe a related two-step gas phase catalytic
cycle for the dehydration of acetic acid to ketene
using the oxo-anions [M&IOH)]~ or [M20g(OH)]~
as catalysts (M= Mo, W). The two steps of this gas
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phase catalysis are related to those proposed to occur The oxo-anions species display distinctive isotope

on silica or metal oxide surfaces in the condensed
phase Egs. (3) and (9)[4].

2. Experimental
2.1. Synthesis

Tetran-butylammonium (ByN™') salts of [Cp
071%7, [M0207]%~, [CrO4]>", [Mo0Og4]?", and
[WO4]%~ were synthesized using standard literature
methodq11-15]

2.2. Reagents

Acetic acid (HPLC grade, 99.8%) was obtained
from Aldrich and used without further purification.
Acetonitrile (HPLC grade, 99.8%) was obtained from
Merck. CHRCHDCO,;H was synthesised using a stan-
dard literature procedurfl6]. The position of the
deuterium was confirmed using proton decougfé@
NMR, while the deuterium incorporation was esti-

patterns due to the isotopic composition of the met-
als. For example, there are seven naturally occurring
isotopes of molybdenuniMo, 14.84;%Mo, 9.25;
%Mo, 15.92;%Mo, 16.68;°"Mo, 9.55;%Mo, 24.13;
100\Mo, 9.68 atom%). This facilitates assignment of
ion stoichiometry via comparison of experimental
and theoretical isotope patterns. However, the broad
isotope pattern can also make small mass changes
difficult to detect (e.g., during isotope labelling exper-
iments involving both hydrogen and deuterium). To
avoid this problem, theingle most intense peak was
mass selected from the isotope manifold, and used to
follow the course of reactions. Quot@dz values in

the text refer to this most intense peak.

The instrument has been modified to permit intro-
duction of neutral reagents into the ion trap, allowing
the measurement of ion—-molecule reaction rate con-
stants[10b,18] These modifications and the experi-
mental procedure for measurement of ion—-molecule
rate constants have been described in detail previously
[10b,18] We have previously tested this procedure by

mated to be about 50% based on the relative intensity OMparing experimental absolute rate constants mea-

of CH3CH,CO,~ and CHRCHDCO,~ ions formed
via electrospray of the CG#CHDCO,H sample.

2.3. Mass spectrometry

sured with the modified LCQ with literature values
obtained via flowing afterglow techniques at 298K,
and have found good agreemdgmh0b,19] This sug-
gests the present instrument provides ion—molecule
rate constants of near thermal ions, consistent with

Mass spectrometry experiments were conducted previous rate measurements in a similar sysf&#j

using a modified Finnigan LCQ quadrupole ion trap

mass spectrometer equipped with a Finnigan electro-

spray ionisation source. Tetrabutylammonium salts of
metal-oxide anions were dissolved in acetonitrile
(0.1 mg/mL). The solution was pumped into the
electrospray source at approximatell3Imin. Typ-

ical electrospray source conditions involved needle
potentials of 3.5-4.0kV and heated capillary temper-
atures of 150-250C. Extensive tuning of electro-
spray conditions was often required due to the low
signal-to-noise ratio and/or low abundance of some

and findings that ions within the ion trap are essen-
tially at room temperaturf0].

Reaction efficiencies#) were calculated by divid-
ing the experimentally determined rate const&gid)
by theoretical predictions of ion—molecule collision
rate constantskfqo); i.e., ¢ = kexpkado Theoreti-
cal collision rate constants were determined using the
method of Su and Bowelf&1].

Kinetic isotope effects for collisional activation
reactions involving H transfer were determined by
mass selecting a single peak of the appropriately

species. Mass selection and collisional activation were selectively deuterated metal-acetate species and sub-

carried out using standard isolation and excitation
procedureq17] using the ‘advanced scan’ function
of the LCQ software.

jecting this species to collisional activation for 10 ms.
The collisional activation voltagé/p—) was varied to
encompass varying degrees of parent ion dissociation.
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This allowed the effect of collisional activation voltage

on the measured experimental KIE to be investigated.

T. Waters et al./International Journal of Mass Spectrometry 228 (2003) 599-611

as the ‘threshold voltage'. In these experiments, a
relatively low concentration of CE¥COOH (typically

We have also attempted to measure the threshold1 x 10~/ Torr to 2 x 10~/ Torr) was present in the
energies for some of the reactions of the present studyion-trap as this neutral was required to generate the

that occur under collisional activation conditions.
However, the estimation of absolute collision ener-
gies applied during collisional activation experiments
in quadrupole ion trap instruments is not straightfor-
ward. To provide a qualitative insight into the ‘critical
energies’ of reactions requiring collisional activation,
we have compared activation voltag®s-{,) required
for these reaction with those required for the dissoci-
ation of two species with established critical energies,
Ag(CH3OH)* and Fe(GHs),* (generated via ESI
of AgNOs3 in CH3OH and Fe(GHs)2 in CH3CN,
respectively)[22]. These species were chosen as the
activation voltages required for their dissociation ef-
fectively ‘brackets’ the activation voltages used in
present experiments.

Threshold activation voltages were determined by
following the procedure of Colorado and Brodbelt

species of interest. However, it has been demonstrated
previously that such low concentrations of neutral
reagents in the ion trap have little effect on the mea-
sured threshold voltaggl0b,23] Given important
factors such as lifetime effects, kinetic shifts, differ-
ing excitation efficiencies and mass effects have been
ignored in these experiments, the data presented is
only intended as a qualitative and crude estimate of
the energetics of these reactions.

3. Results and discussion

3.1. Dehydration of acetic acid to ketene catalysed
by [Mo20g(OH)] ~

Negative ion electrospray mass spectrometry of
(BugN)2[Mo0207] in acetonitrile resulted in three ma-

[23]. A single peak from the isotope manifold of the jor products: the dimolybdate dianion, [M07]%~
species of interest was mass selected and an activationm/z 152), protonated dimolybdate, [M@g(OH)]~

voltage was applied for a period of 10 ms. Activation
voltages Vp—p) were increased in a stepwise fash-
ion until complete dissociation of the ion of interest
was observed. The voltage at which the fragment ion
intensity is 10% of the total ion intensity is defined

1007 | 590

1621

151.1] |;152.5

153.0

Relative abundance

(m/z 305), and the ion pair{BusN*t[M0,07]>"}~
(m/z 546) [10]. Mass selection of [MgO;]%~ and
reaction with acetic acid in the gas phase resulted in
proton transfer and formation of [M@g(OH)]~ (m/z
305) and the acetate aniom/¢ 59) (Fig. 1, Eq. (11).

60 100 140 180 220

260 300 340 380

m/z

Fig. 1. Mass spectrum showing the reaction of j®]?~ (m/z 152) with CHCOOH. Five peaks from the dimolybdate isotope manifold
(see inset) were mass selected and allowed to react witfCO®@H. Proton transfer to form [M®s(OH)]~ (m/z 305) and CHCOO~
(mVz 59) is the only primary reaction. A secondary reaction between,(®4(OH)]~ and CHCOOH results in elimination of water and

formation of [MpOg(OCOCH;)]~ (m/z 347).
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Fig. 2. Multistage mass spectrometry (FM)Sexperiments illus-
trating the catalytic dehydration of acetic acid to ketene. A single
peak (Wz 305) was mass selected from the [M(OH)]~
isotope manifold and followed through the relevant reactions: (a)
mass selection (M3 of [Mo,0g(OH)]~ (mVz 305) and reaction
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A further peak atm/z 347 was also apparent. Mass
selection of [M@Og(OH)]~™ and reaction with acetic
acid confirms that the peak etz 347 is due to a sec-
ondary reaction between the protonated dimolybdate
center and acetic acide(. (12) Fig. 29. An identical
reaction is observed for the equivalent protonated di-
molybdate center generated directly via electrospray.
This reaction is similar to that observed previously
between [MOg(OH)]” (M = Mo and W) and al-
cohols[10b]. In these experiments, isotope labelling
of methanol suggested that the hydroxyl proton of
methanol and the hydroxo ligand of j§@s(OH)]~

are lost as neutral water. Similar reactivity towards
alcohols and carboxylic acids has been observed
for the organometallic complex GErOH™ (Cp =
m°-cyclopentadienyl)[24]. Further, this reaction is
similar to that proposed to occur between {LHDOH

and M—OH units on metal-oxide surfac&sy( (3) [4].

[M0207]%~ + CH3COOH

— [M020s(0OH)]~ + CHzCOO™ (11)
[M0206(OH)]~ + CH3COOH
— [M0206(OCOCH;)]~ + H,0 (12)

The elimination of aldehyde or ketone upon colli-
sional activation of dimolybdate centers with primary
and secondary alkoxo ligands, respectively, has been
observed[10]. These reactions were proposed to
occur via transfer ofa-hydrogen from the alkoxo
ligand to an oxo of the dimolybdate center. However,
the acetate ligand of [M®g(OCOCH;)]~ does not
possess an-hydrogen, and thua-hydrogen transfer
is not available. In a related example, collisional acti-
vation of [Mo,Og(OC(CHg)3] —, which also does not

with acetic acid to form [MgOg(OCOCH)]~ (m/z 347) and
eliminate neutral water. (b) Mass selection ®Sand colli-
sional activation of [M@Og(OCOCH;)]~ (mV/z 347) to eliminate
ketene and form [MgOg(OH)]~ (m/z 305). (c) Mass selection
(MS* of [Mo20s(OH)]~ (mVz 305) and reaction with acetic
acid to form [M@Og(OCOCH;)]~ (mV/z 347) and eliminate neu-
tral water. (d) Mass selection (MP and collisional activation
of [M020(OCOCH;)]~ (mz 347) to eliminate ketene and form
[Mo206(OH)]~ (m/z 305).
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contain ana-hydrogen, resulted in the elimination of
2-methylpropend10b]. This reaction was proposed
to occur via transfer of @-hydrogen of the tertiary
alkoxo ligand to an oxo ligand of the dimolybdate cen-
ter, resulting in the non-redox elimination of alkene.
This suggested a similar pathway may be available
for [M020g(OCOCH)] .

Mass selection and collisional activation of [M0s
(OCOCH)]~ (m/z 347) resulted solely in formation
of an ion ofnM/z 305 [ig. 2b). This is assigned to the
elimination of neutral ketene GI€O (42 Da) with
formation of [MgOg(OH)]~ (Eq. (13). This reac-
tion is proposed to occur via transfer offehydrogen
of the acetate ligand to an oxo ligand of the di-
molybdate center, a mechanism similar to that pro-
posed for the elimination of 2-methylpropene from
[M020g(OC(CHs)3]~ [10b]. Importantly, although
decarboxylation has been observed upon collisional

T. Waters et al./International Journal of Mass Spectrometry 228 (2003) 599-611

[Mo,04(OH)I

CH,COOH
CH,CO

cID H,0

[Mo,0,(OCOCH,)I

Fig. 3. Gas phase catalytic cycle for the dehydration of acetic acid
to ketene.

truly catalytic by carrying out the two reactions five
times on the same population of starting ions, ant1S
experiment (data not shown). By monitoring the reduc-
tion in intensity of the catalytic ion [MgDg(OH)]~

it was possible to approximately evaluate the amount
of this ion lost through each complete catalytic cycle.
These experiments suggest that approximately 70% of
the catalytic [M@Og(OH)]~ ion can be ‘recovered’

activation of other metal acetates in the gas phase across the two reactions of a single catalytic cycle.

(e.g.,Eq. (14) [25], this process was not observed
for [M020s(OCOCH)] .

[M0206(OCOCH3)]™ — [M0206(OH)] ™

4 CH,CO (13)
[Ag(O2CCHg)2]™ — [CH3Ag(02CCHg)] ™
+CO (14)

The product of elimination of ketene from
[M0,06(OCOCH;)]~ is assigned to [MgOg(OH)]~.

Given thations are expected to be lost from the ion trap
in these experiments, and that ions are also lost due
to incomplete reactions, this estimate represents an
absolute lower bound on the efficiency of this process.

3.2. Kinetics for the condensation of acetic acid at
[MO3(OH)] ~ and [M20g(OH)] ~ centers

In order to gain further insights into the con-
densation reaction between [MOg(OH)]~ and

This ion corresponds to the protonated dimolyb- CH3COOH Eg. (12), we examined the reactions of
date center whose reactivity towards acetic acid all mononuclear and binuclear group VI ions, e.g.,
was described earlier, suggesting that this species[MO3(OH)]~ and [MxOg(OH)]~ (M = Cr, Mo, W)

is ‘regenerated’ upon elimination of ketene. Indeed, (Table 1. The reaction between protonated dimolyb-

mass selection of this ion and reaction with acetic
acid resulted in a reaction indistinguishable from that
of the ‘authentic’ protonated dimolybdate, i.e., forma-
tion of [M020(OCOCH;)] ~ and elimination of water
(Fig. 2¢ Eq. (12). The product of this reaction also
undergoes loss of ketene under collisional activation
(Fig. 2d Eq. (13). These observations established
these two reactions as a two-step catalytic cycle for
the dehydration of acetic acid to keterigg. 3). Us-

ing the multistage trapping capabilities of the ion trap
instrument, it was possible to establish the cycle as

date [M@Og(OH)]~ and CHCOOH occurred at ap-
proximately 60% of collision rateg(= 0.64). This is
faster than reactions between [Mos(OH)]~ and al-
cohols[10b], consistent with the increased acidity of
acetic acid. Protonated dichromate §Og(OH)]~ was
unreactive towards acetic acid on the timescale and
concentrations of our experiments, allowing an upper
bound to be placed on its reactivity (< 0.00004).
The lack of reaction between [gDg(OH)]~ and
acetic acid is consistent with its lack of reactiv-
ity towards alcohols[10b]. Protonated ditungstate
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Table 1
Reaction rates for reaction of mononuclear [M{OH)]~ and bin-
uclear [MbOg(OH)]~ anions (M= Cr, Mo, W) with CHgCOOH
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consistent with its further increase in acidity relative
to alcohols.

Anon ous” Kouic™ Efficiency, ¢° 3.3. Investigation of the elimination of ketene from
Mononuclear [MO3(OCOCH3)]~ and [M20g(OCOCHS3)] ~
{f,foogi?g'ﬁ.])r <§;§°5 113(()) <Od%) ‘?20 4 centers under collisional activation conditions
[WO3(OH)]~ 0.81 120 0.0067 (M = Cr, Mo, W)
Binuclear
[Cr,06(OH)]~ <0.005 120 <0.00004 We have examined the ability of the various mono-
[M0o206(OH)]~ 76 120 0.64 nuclear [MQ(OCOCH)]~ and binuclear [MOg
[W206(OH)]~ 140 120 1.20

a %10 cm3/moleculesss.

bTheoretical collision rateskage are calculated using the
method of Su and Boweri21].

¢ Reaction efficiencyp = kexp/Kado

(OCOCHg)]~ centers (M= Cr, Mo, W) to eliminate
ketene under collisional activation conditions. Given
that both [CrQ(OH)]~ and [CpOg(OH)]~ are unre-
active towards acetic acid in the gas phase, we have not

been able to generate their respective acetate species
[W206(OH)]~ underwent an identical reaction to that via ion—molecule reactions with acetic acid. However,
observed for the molybdenum congener. However, the these species could both be generated via electrospray
reaction for ditungstate was more rapid, proceeding of solutions of (BuN)2[C204] or (BusN)2[Cro07]
at the collision rate. The increased reactivity of the in MeCN containing CHCOOH (1% v/v). This
tungsten congener over the molybdenum congenerallowed a complete comparison of the fragmentation
is consistent with its increased reactivity towards of the mononuclear [MEIOCOCH;)]~ and binu-

alcohols[10b].
The reactivity of the related mononulear [MO
(OH)]~ systems (M= Cr, Mo, W) was examined

clear [MxOg(OCOCH)]~ species (M= Cr, Mo, W,
Fig. 4).
Collisional activation of [CsOg(OCOCH;)]~ re-

to investigate the effect of cluster size on reactivity. sulted in the formation of a number of product ions
Protonated chromate [CEQDH)]~ was unreactive to-  (Fig. 43. While the elimination of ketene was still

wards acetic acid on the timescale and concentrationsobserved, a number of additional fragmentation path-
of these experiments, allowing an upper bound to ways are also evident. Additional neutral losses of 46

be placed on its gas phase reactivigy € 0.00004).
This lack of reactivity is consistent with the lack
of reactivity of the related binuclear center, and the
lack of reaction between [CHDOH)]~ and alcohols
[10b]. Protonated molybdate [MoffOH)]~ and pro-
tonated tungstate [W4DOH)]~ underwent analogous
reactions with CHCOOH to those observed for their
binuclear counterparts, i.e., elimination of water and
formation of [MO3(OCOCH;)]” (M = Mo, W).

=[C, H2, O2], 59 = [C2, H3, O2], 74 = [C2,H2,03]

and 101= [Cr, Os, H] are also observed. These neu-
tral losses are supported by analogous experiments
using labelled [CfOg(OCOCD;)] ~. While we refrain
from a detailed assignment of these neutral losses and
a discussion of the mechanism of their formation, it is
apparent that the selectivity of the dichromate center
towards ketene elimination is significantly lower than
that of the analogous dimolybdate center. Indeed, the

However, the reactivity of these mononuclear centers elimination of ketene from [GOg(OCOCH)]~ (m/z

was diminished compared to that of their binuclear
counterparts (M= Mo, ¢ = 0.042; M = W, ¢ =

259) to form [CpOg(OH)]~ (m/z 217) represents a
very minor channel only (cf., the sole neutral loss

0.0067). These mononuclear centers were unreactivefrom [Mo,0s(OCOCH;)] ™ is ketene,Fig. 4. The

towards methanol, but exhibited extremely slow reac-

tion with the more acidic alcohol GEH,OH [10b].

observed lack of selectivity for the dichromate center
is consistent with its stronger oxidising power relative

The observed increase in reactivity with acetic acid is to the dimolybdate center.
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Fig. 4. Collisional activation of [M@OCOCH:)]~ and [MxOs(OCOCH)]~ centres (M= Cr, Mo, W). Collisional activation of: (a)
[Cro06(OCOCH;)]~ (m/z 259) resulted in elimination of a variety of neutral products (see text). Importantly, the elimination of ketene to
form [Cr06(OH)]~ (MVz 217) is a very minor channel only. (b) [M@s(OCOCH)]~ (m/z 347) solely resulted in elimination of ketene

to form [Mo206(OH)]~ (m/z 305). (c) [WeOs(OCOCH;)]~ (m/z 523) solely resulted in elimination of ketene to form f@s(OH)]~ (m/z

481). (d) [CrQ(OCOCH)]~ (m/z 159) resulted in elimination of ketene to form [G@H)]~ (m/z 117) and CQ to form [Cr, Gs, C,

H3]~ (nV/z 115). The peak atvz 100 is the result of further fragmentation of [Crg,GC, Hz]~. () [MoO3(OCOCH;)]~ (mVz 205) solely
resulted in elimination of ketene to form [M@QDH)]~ (m/z 163). (f) [WO3(OCOCH)]~ (mvz 291) solely resulted in elimination of
ketene to form [WQ(OH)]~ (m/z 249).

Collisional activation of [WOg(OCOCH;)] ™ re- the weaker oxidizing power of W(VI) centres, and
sulted in the elimination of keteneFig. 49, the is also consistent with the preference for J@§
equivalent reaction to that observed for [pd@% (OCH,CH3)]~ to undergo elimination of ethene via
(OCOCH)]~ (Fig. 4b. This is consistent with  a relatedB-hydrogen transfef10b]. The elimination
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of ketene from [WOs(OCOCH;)]~ established an
identical catalytic cycle for the binuclear tungsten
system [WOg(OH)]~ to that shown inFig. 3 for
[Mo206(OH)] ™.

We have also examined the fragmentation of
mononuclear [M@(OCOCH;)]~ centers (M= Cr,
Mo, W). Collisional activation of [Crg{OCOCH;)]~
resulted in neutral losses of 42 and 44 Da, to form
ions of Mz 117 and 115Kig. 4d. This is assigned
to the loss of neutral C)CO and CQ, respectively.
The fragmentation of [Cre{OCOCH;)]~ is consid-
erably less complicated than its binuclear counterpart,
[Cro06(OCOCH)]~. Two important differences are
apparent: (i) the elimination of ketene represents the
major reaction channel for the mononuclear center,
and a minor channel only for the binuclear center; and
(i) decarboxylation is the only fragmentation path-
way in competition with ketene elimination for the
mononuclear center, while a variety of other pathways
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Fig. 5. Collisional activation of [MgOg(OCOCHDCH)]~ (m/z
362) to eliminate CHCDCO and form [M@Og(OH)]~ (mVz 305)
or CH3CHCO and form [M@Og(OD)]~ (mVz 306). The peak atvz
361 is from ensuing reaction of the product ions pg(OH)]~
(m'z 305) and [M@Og(OD)]~ (m/z 306) with CHCH,COOH
impurity in the CHHCHDCOOH sample.

ratio of the neutral losses (GHDCCO:(CH)HCCO
(inferred from the ratio of the resultant product an-

are apparent for the binuclear center. These differencesions, [Mo,Og(OH)]~ and [MaOg(OD)]~, respec-

highlight the importance of the size (‘nuclearity’) of
the cluster in determining its fragmentation pathways.
Evidently, the presence of a neighbouring @nnit

in binuclear [CpOg(OCOCH;)]~ introduces addi-
tional fragmentation pathways that are not available to
mononuclear [Crg{OCOCH)]~. This is consistent
with differences observed previously for the fragmen-
tation of mononuclear [Mog{OCH,CHj3)]~ (elimi-
nated CHCH>) and binuclear [MgOg(OCH,CH3)]~
(eliminated CHCHO) [10b].

Both the mononuclear molybdenum and tungsten
centers [MQ(OCOCH)]~ also exclusively elimi-
nated ketene to regenerate [M(OH)]” (M = Mo,

W) (Fig. 4e and ). These reactions establish iden-
tical catalytic cycles tdrig. 3 for the mononuclear
molybdenum and tungsten centers.

The kinetic isotope effect for the elimination of
methylketene from mononuclear [Mg(®DCOCH
CH3)]~ and binuclear [MOg(OCOCHCH3)]~
(] Mo, W) centers was examined via colli-
sional activation of species containing a selectively
labelled acetate ligand. Collisional activation of
[M020g(OCOCHDCH;)]~ resulted in the elimina-
tion of (CH3)HCCO and (CH)DCCO (ig. 5. The

tively) defines the KIE for this reaction. Given that
this reaction only occurs under collisional activation
conditions, any isotope effects inferred from these
experiments are only intended to reflect the KIE un-
der the collisional activation conditions of the present
experiments.

Based on experiments using collisional activation
conditions where greater than 20% parent ion dis-
sociation has occurred, a KIE for the elimination
of (CH3)HCCO from [MgpOg(OCOCHCH3)]™ in
the range of 1.3-1.5 was inferred. This estimate is
slightly lower than a previous estimate o9t 0.4
for the oxidation and elimination of the ethoxo ligand
in [M020g(OCH,CHz)]~ as acetaldehydg.Ob].

We have also carried out identical experiments
for the elimination of (CH)HCCO from the related
binuclear ditungstate center p@g(OCOCHCH3)]~
and mononuclear molybdate center [MgfOCOCH
CH3)]~. A similar kinetic isotope effect in the
range of 1.4-1.6 was found for the elimination of
(CH3)HCCO from the related binuclear ditungstate
center [WoOg(OCOCHCH3)]~. Similarly, a range
of 1.5-1.8 was estimated for the related mononuclear
molybdenum counterpart [MoffOCOCHCH3)] .
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These experiments suggest that the kinetic iso- requires less energy than the unimolecular decom-

tope effect for this reaction is very similar for
mononuclear [Mo@OCOCHCH3)]~ and binuclear
[M20Og(OCH,CH3)]~ (M Mo and W) centres,
suggesting that the KIE for this reaction is relatively
insensitive to changes in metal (Mo or W) or size of
the cluster (mononuclear or binuclear).

To provide qualitative insights into the energetics
of elimination of ketene from [MgOg(OCOCH)]
we have compared the collisional activation volt-
ages required for this reaction to those required
for two reactions with well defined critical ener-
gies Fig. 6). The critical energy for dissociation of
Ag(CH3OH)* is 33+ 3.7 kcal/mol Fig. 6, threshold
voltage= 0.38 Vp—p) and the critical energy for dis-
sociation of Fe(GHs),™ is 85+ 7 kcal/mol ig. 6,
threshold voltage= 0.94Vp—) [22]. The thresh-
old voltages required for these reactions effectively
‘bracket’ the threshold voltage required for elimina-
tion of ketene from [M@Og(OCOCH;)]~ (Fig. 6,
threshold voltage= 0.61V,—). This suggests a
crude estimate for the elimination of ketene from
[M020g(OCOCH;)]~ as 55+ 20 kcal/mol. This esti-
mate is only slightly lower (approx. 10-18 kcal/mol)
than estimates for the unimolecular decomposition
of acetic acid to ketenf3]. However, given that the
elimination of ketene from [MgOg(OCOCH;)]~

position of acetic acid to ketene, it is appropriate to
call the catalytic cycle ofig. 3 ‘truly catalytic’ for

the dehydration of acetic acid to ketene. Furthermore,
while the unimolecular decomposition of acetic acid
also produces methane and £&q. (2)), the process
catalysed by [MeOg(OH)]~ produces only ketene
and water.

For comparative purposes, we have also measured
the threshold activation voltages required for the elim-
ination of ketene from the related mononuclear molyb-
date [MoG(OCOCH;)]~ and binuclear ditungstate
[W20s(OCOCH)]~ centers. The threshold voltage
for elimination of ketene from [Mog(OCOCH;)]~
is 0.56 Vp—. This is only slightly lower than that
required for the binuclear dimolybdate center. The
threshold voltage for elimination of ketene from
[W205(OCOCHs)] ™ is 0.75\p—p, only slightly
higher than that required for the related molybdenum
species. Given the different masses and sizes of these
three clusters, it is difficult to quantitatively compare
the threshold voltages required for the elimination
of ketene. However, these experiments indicate that
the size of the cluster and the metal of the cluster
appears to have little effect on the energy required
for the elimination of ketene. This is consistent with
the earlier observation that the kinetic isotope effect

10 Mo Mo,
. e EPJ- v
g . DAMAAAQM .-'.
[=] o, @
= 08 , . .
2 B . * Ag(CH,0H)*
E .
g 06 . e . o [MoO4(OCOCH,)I
E Ag(CH,OH)* T . & [Mo,04(0COCH,)
2 04 ¢ a? N ® Fe(CsH),*
2 02 . aa : FE(C5H5)2+
B [emes . PY—
P .-FEAAA 290°
02 04 06 08 10 12 14

Activation voltage (V)

Fig. 6. Plot of reaction extentlproduct ions/total ion count) vs. activation voltagé () for elimination of CH.CO from [MO3(OCOCH)]~
and [Ma,Og(OCOCH;)]~. The critical energies for dissociation of Ag(GBIH)* (33.04 3.7 kcal/mol) and Fe(§Hs)>* (854 7 kcal/mol)
are known[22]. The dashed line corresponds to 10% reaction extent, the point at which threshold activation voltages are measured.
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for elimination of methylketene was also relatively
insensitive to these factors.

3.4. Discussion of the gas phase catalytic cycle
and its relationship to condensed phase catalysts

Barteau and co-workers have proposed the follow-
ing properties for metal oxide surface sites to promote
ketene formation from carboxylic acidd]: (i) ex-
posed surface cations must be coordinatively unsatu-
rated in order to dissociate the acid; (ii) unimolecular
decomposition of absorbed carboxylate to form ketene
occurs at cations with a single coordination vacancy;
and (iii) selectivity for ketene production is higher for
oxides that are difficult to reduce (reducible oxides
tend to produce C®by decarboxylation). Of these
requirements, the latter is of most interest relative to
the results of this study. While both mononuclear and
binuclear molybdenum and tungsten systems cleanly

expel ketene, the chromium analogues undergo a

variety of neutral losses, including decarboxylation
and other neutral losses that presumably result in
reduction of the metal-oxo center. This contrasting
behaviour is consistent with the expected stronger
oxidizing power of chromium compared to that of
molybdenum and tungsten spec|@§], and with the
proposals of Barteau and co-worké¢4$.

For catalytic ketene formation, the metal species
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study. This is consistent with a previous estimate
based on temperature-programmed desorption exper-
iments of 50kcal/mol for the activation energy for
the dehydration of acetic acid to ketene on silica sur-
faces[4a]. Both of these estimates are less than the
energy required for the unimolecular decomposition
of acetic acid to ketene, estimated to be in the range
of 65—73 kcal/mol3].

L t

H—O ".CH

H

A

4. Conclusions

A two step gas phase catalytic cycle is presented
for the dehydration of acetic acid to ketene with the
binuclear dimolybdate center [M@s(OH)]~ act-
ing as the catalystHjg. 3). The first step involves
condensation with acetic acid to yield the acetate
complex [M@Og(OCOCH;)]~. The second step in-
volves elimination of ketene under conditions of
collisional activation to reform [MgOg(OH)]~. The

must be regenerated and the energetic requirementsature of these reactions was probed by kinetic mea-
for ketene formation must be lowered. Regarding the surements, by isotope labelling and by variation of
latter point, recent high level ab initio calculations the reactive center (metal and nuclearity). The molyb-
have revealed that the one step mechanism for elim- denum and tungsten mononuclear [MOH)]~ and
ination of water from acetic acid to form ketene pro- binuclear centers [MOg(OH)]”) (M = Mo, W)
ceeds via a high energy (71 kcal/mol) 1,2-elimination promoted reaction (1) but the chromium centers
involving the four-centered transition stafe[3]. In [CrO3(OH)]~ and [CrOg(OH)] ™) did not (Table 1.
contrast, metal-oxo species may catalyse the elimina- This is consistent with the expected order of basic-

tion of ketene via a two step process (ekgs. (3) and
(4) or Egs. (12) and (13) In the second stef@s. (4)

or (13)), transition states which involve more atoms
(i.e., larger rings) may lower the barrier for ketene
elimination through the involvement of an adjacent
oxo ligand (e.g.B). An estimate of 55 20 kcal/mol
for the critical energy for elimination of ketene from
[M020g(OCOCHs)]~ was derived in the present

ity of the hydroxo ligand in these species and with
previous studies on the reactivity of the same an-
ions towards alcoholg10b]. Collisional activation

of mononuclear [MQ(OCOCH;)]~ and binuclear
[M20g(OCOCH;)]~ molybdenum and tungsten sys-
tems (M = Mo, W) resulted in the elimination of
ketene. In contrast, the analogous chromium systems
[CrO3(OCOCH;)]~ and [CrOg(OCOCH;)]~ were
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considerably less selective for elimination of ketene,
and underwent a variety of different fragmentation

channels, including redox reactions. This is consistent

with the expected order of oxidizing power of the an-
ions. The two reactions which constitute the catalytic
cycle of Fig. 3 are equivalent to the two essential

steps proposed to occur for the dehydration of acetic

acid over metal oxide and silica surfadds.
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