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bstract

A two step gas-phase catalytic cycle for the dehydrogenation of formic acid was established using a combination of experiments carried
ut on a quadrupole ion trap mass spectrometer and DFT calculations. The catalysts are the magnesium hydride anions HMgL2

− (L = Cl and
CO2), which are formed from the formate complexes, HCO2MgL2

−, via elimination of carbon dioxide under conditions of collision induced
issociation. This is followed by an ion–molecule reaction between HMgL2

− and formic acid, which yields hydrogen and also reforms the formate
omplex, HCO2MgL2

−. A kinetic isotope effect in the range 2.3–2.9 was estimated for the rate determining decarboxylation step by carrying
ut CID on the (HCO2)(DCO2)MgCl2

− and subjecting the resultant mixture of (H)(DCO2)MgCl2
− and (HCO2)(D)MgCl2

− ions at m/z 106 to
on–molecule reactions. DFT calculations (at the B3LYP/6−31 + G* level of theory) were carried out on the HMgCl2

− system and revealed that:
− −1 −
i) the decarboxylation of HCO2MgCl2 is endothermic by 47.8 kcal mol , consistent with the need to carry out CID to form the HMgCl2 ; (ii)

MgCl2
− can react with formic acid via either a four centred transition state or a six centred transition state. The former reaction is favoured by

.8 kcal mol−1.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The reactions which inter-convert the three sets of reactants/
roducts: formic acid/water and carbon monoxide/hydrogen and
arbon dioxide (Fig. 1) continue to attract considerable atten-
ion, especially within the context of designing metal catalysts
o direct a specific reaction channel. Reactions (1) and (2) rep-
esent the two main decomposition channels of formic acid and
ave been widely studied experimentally [1] and theoretically
2]. In the gas phase, in the absence of catalysts, the dehydra-
ion channel (Reaction (1), Fig. 1) is the dominant reaction [1],
onsistent with a lower activation energy, as predicted by DFT
alculations [2]. A number of studies have demonstrated that

etal catalysts can favour the decarboxylation of formic acid

Reaction (2), Fig. 1) [3], an undesirable process within the con-
ext of formic acid treatment of nuclear wastes [4]. The reverse
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eaction, hydrogenation of CO2, is of topical interest as a means
onverting a greenhouse gas to an industrially useful chemical
5]. Once again, metal catalysts play an important role in these
eactions, and DFT calculations on model systems reveal a sub-
tantial drop in the barriers relative to the uncatalyzed reaction
6]. Reaction (3) is the widely studied“water gas shift” process
7], which provides a way of producing hydrogen gas via the
se of transition metal catalysts [4,6a]. Given the importance
f the reactions shown in Fig. 1, it is surprising that few stud-
es have used mass spectrometry based experiments to examine
he role of metal ions in mediating related processes in the gas
hase. Of relevance are early studies on the reactions of bare
tomic metal ions with formic acid [8] and Squires’ studies on
he gas phase chemistry of (CO)4FeCO2H−, a proposed inter-

ediate of the water gas shift process [9]. During the course
f our work, a paper has appeared on the decarboxylation of

Pd(PPh3)2(OCOH)]+ as probed via ESI/FT-ICR MS [10].

Electrospray ionisation (ESI) coupled with quadrupole ion
rap mass spectrometry (QIT-MS) has proven to be a powerful
ay of examining metal mediated processes, including gaining

mailto:rohair@unimelb.edu.au
dx.doi.org/10.1016/j.ijms.2006.04.011
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Fig. 1. Different reactions which process the sets of reactants/products: formic
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cid/water and carbon monoxide/hydrogen and carbon dioxide. Reactions 1 and
relate to the decomposition of formic acid. Reaction 3 is the “water gas shift”
rocess.

etailed insights into catalytic cycles [11]. To date, we have
iscovered catalytic cycles for the oxidation of methanol to
ormaldehyde [12], and the decomposition of acetic acid via two
ifferent pathways (Fig. 2) [13]. The latter studies are of partic-
lar relevance within the context of Fig. 1, since they highlight
he importance of the nature of the metal catalyst in enhanc-
ng the selective decomposition of a related carboxylic acid,
cetic acid via either dehydration (Reaction (4)) or decarboxy-
ation (Reaction (5)). We have found that group VI mononu-
lear [MO3(OH)]− and binuclear [M2O6(OH)]− oxo-anions
where M = Mo and W) selectively catalyze the ketene pathway
Reaction (4) and Fig. 2a) [13a], while the organomagnesate
CH3MgL2]− (L = Cl and = O2CCH3), favour the decarboxyla-
ion pathway (Reaction (5) and Fig. 2b) [13b]. Here, we use a
ombination of quadrupole ion trap mass spectrometry experi-
ents and DFT calculations to examine whether the decarboxy-

ation of formic acid can be catalyzed by the related magnesium
ydride anions [HMgL2]− (L = Cl and O2CH) [14].

H3CO2H → CH2CO + H2O (4)

H3CO2H → CO2 + CH4 (5)

. Experimental

.1. Reagents

Formic acid (HPLC grade, 99.5%) and deuterated formic-d-
cid-d (95%, 98% d incorporation) were obtained from Aldrich
nd used without further purification.
.2. Mass spectrometry

Mass spectrometry experiments were conducted using a
odified Finnigan LCQ quadrupole ion trap mass spectrom-

d

H

Fig. 2. Gas phase catalytic cycles for the metal mediated: (a) dehydrati
al of Mass Spectrometry 254 (2006) 145–151

ter equipped with a Finnigan electrospray ionisation source,
s described previously [13]. Magnesium formate anions
(HCO2)3−xMgClx]−, were prepared by electrospraying a mix-
ure of MgCl2 and formic acid in methanol (0.2 mM). Related

agnesium [(RCO2)3−xMgClx]− anions have been reported
pon electrospraying mixtures of MgCl2 and other carboxylic
cids [13b,15]. The ESI solution was pumped into the electro-
pray source at approximately 3 �L/min. Typical electrospray
ource conditions involved needle potentials of 4.0–4.5 kV and
eated capillary temperatures of 170–200 ◦C. Extensive tuning
f the electrospray conditions was often required due to the
ow signal-to-noise ratio and/or low abundance of some species.

ass selection and collisional activation were carried out using
tandard isolation and excitation procedures using the ‘advanced
can’ function of the LCQ software.

The instrument has been modified to permit introduction of
eutral reagents into the ion trap, allowing the measurement
f ion–molecule reactions, and these modifications and exper-
mental procedures have been described in detail previously
13]. Gronert’s pioneering studies suggest that ions undergoing
on–molecule reactions in the LCQ are essentially at room tem-
erature [16]. Unfortunately, the magnesium hydride anions are
ighly reactive, which precludes measurement of ion–molecule
ate constants, consistent with our previous studies on highly
eactive organometallics [17].

.3. DFT calculations

In order to gain qualitative insights into the mechanisms of
he formation and reactions of the magnesium hydride anions,
e have carried out DFT calculations using Gaussian 03 [18]

t the B3LYP level of theory with a 6−31+G* basis set. While
n extensive evaluation of the performance of various levels
f theory for predicting the structures and energetics of reac-
ions of magnesium hydride anions is lacking [19] to maintain
onsistency with our previous study [13b], we have used the
3LYP/6−31 + G* level of theory. Optimizations were carried
ut without any symmetry constraints. Vibrational frequency
alculations were carried out on each optimized structure at the
ame level of theory. Reaction energetics were calculated by
sing the energies listed in the supplementary material section,
ith the ZPVE corrected by 0.9806 [20].

.4. DFT estimated kinetic isotope effect for

ecarboxylation

The kinetic isotope effect (KIE) for the decarboxylation of
CO2MgCl2− was estimated from statistical mechanics using

on of acetic acid [13a]; (b) decarboxylation of acetic acid [13b].
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three times (a MS experiment). We have not gone beyond the
MS7 experiment, nor have we the tried to quantify the overall
efficiency of the catalytic cycle. It is worth noting, however, that
there is loss of signal during each step of the catalytic cycle.
ig. 3. Multistage (MSn) QIT-MS experiments on the key two steps for decomp
on–molecule reactions of mass selected HMgCl2− with background water and
introduced into the QIT with a background pressure of ca 2.6 × 10−7 torr); (d)

he procedure described by Zeller and Strassner [21]. Thus,
he free activation energies for decarboxylation, �GX, were
etermined for both the deuterated (X = D) and non-deuterated
X = H) isotopomers of HCO2MgCl2−, using Eq. (10), which
equires the free energies of both the transition state (G‡

X) as
ell as the reactant (GX). The KIE is then estimated using Eq.

11). The DFT calculated free energies are listed in the supple-
entary material (Table S3).

GX = G
‡
X − GX (where X = H or D) (10)

IE = kH

kD
= e(�GD−�GH)/RT (11)

. Results & discussion

.1. QIT mass spectrometry experiments on the
ecarboxylation of formic acid catalysed by HMgL2

−
L = Cl and HCO2)

Negative ion electrospray mass spectrometry of a mixture of
agnesium chloride and formic acid yields a range of anions

ncluding HCO2MgCl2−, (HCO2)2MgCl− and (HCO2)3Mg−.
lthough each of these anions appear to be unreactive towards

ormic acid, a hidden identity exchange metathesis reaction
Reaction (12)) is revealed upon using deuterium labelled
ormic acid (as illustrated in supplementary Fig. S1 for the
CO2MgCl2− ion).
CO2MgL2
− + DCO2D → DCO2MgL2

− + HCO2D (12)

The magnesium formate anions all undergo decarboxylation
nder collision induced dissociation conditions (Reaction (13)

F
a

n of HCO2H catalyzed by HMgCl2−: (a) MS2 CID of HCO2MgCl2−; (b) MS3

nol; (c) MS3 ion–molecule reactions of mass selected HMgCl2− with HCO2H
CID of HCO2MgCl2− (formed in spectrum 3c).

o yield the magnesium hydride anions, as illustrated in Fig. 3a
or the HCO2MgCl2− ion. The competing loss of formate anion
Reaction (14)) does not appear to operate, although the detec-
ion of this low mass ion (m/z 45) is challenging in the ion trap.
he highly reactive magnesium hydride anions readily react with
ackground water and methanol (from the ESI solvent) via acid
ase reactions (Reaction (15), A = HO and CH3O), as shown
or the mass selected HMgCl2− ion in Fig. 3b. When formic
cid is introduced into the mass spectrometer, the mass selected
agnesium hydride anions react to regenerate the magnesium

ormate anions (Reaction (15), A = HCO2), as illustrated for the
MgCl2− ion in Fig. 3c, which undergo the same decarboxy-

ation step in a MS4 experiment (Fig. 3d). This completes a
ormal catalytic cycle for the dehydrogentation of formic acid,
s shown in Fig. 4. In fact, we have been able to demonstrate that
his is a genuine catalytic cycle by using the same population
f HMgL2

− catalysts to traverse the catalytic cycle a total of
7

ig. 4. Gas phase catalytic cycle for the dehydrogenation of formic acid medi-
ted by the magnesium hydride anions, HMgL2

−.
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Fig. 5. Determination of the kinetic isotope effect for decarboxylation
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f the [(HCO2)(DCO2)MgCl]− ion via ion–molecule reactions of the
(HCO2)(DCO2)MgCl–CO2]− ion with background water and methanol. See
cheme 1 and text for discussion of isotope effect.

hus, some signal loss occurs during the CID step, and this
ay arise from ejection of the precursor ion from the trap or

rom competing formate anion loss (Reaction (14)). Similarly,
ome loss of signal occurs during the ion–molecule reaction
f the HMgL2

− with formic acid (Reaction (15), A = HCO2),
nd this arises from competing reactions with background water
nd methanol (Reaction (15), A = HO and CH3O), as shown in
ig. 3c.

CO2MgL2
− → HMgL2

− + CO2 (13)

CO2MgL2
− → HCO2

− + MgL2 (14)

MgL−
2 + AH → AMgL−

2 + H2
(A=HO,CH3O and HCO2)

(15)

Since the decarboxylation reaction (Reaction (13)) is clearly
he rate determining step, we utilized the acid–base reactions

o estimate the kinetic isotope effect (KIE) for the decarboxy-
ation of the (HCO2)(DCO2)MgCl− ion (Fig. 5 and Scheme 1).
hus, decarboxylation of this ion yields both the magnesium
ydride (H)(DCO2)MgCl− (path a of Scheme 1) and magne-

f
a
s
r

cheme 1. Determination of the kinetic isotope effect for decarboxylation of the [(HC
(HCO2)(DCO2)MgCl–CO2]− ion with background water and methanol.
al of Mass Spectrometry 254 (2006) 145–151

ium deuteride (HCO2)(D)MgCl− anions (path b of Scheme 1).
s both of these product ions have the same mass, they can-
ot be distinguished in the MS/MS experiments. However,
hen this [(HCO2)(DCO2)MgCl–CO2]− product ion is mass

elected and allowed to react with background water and
ethanol, the isotope effect is revealed as the products from

he acid–base ion–molecule reactions, ROMg(Cl)(O2CD)−
path a of Scheme 1) and ROMg(Cl)(O2CH)− (path b
f Scheme 1) now have a different mass. While it is
ikely that there is an isotope effect for the acid–base
eactions, by allowing the [(HCO2)(DCO2)MgCl–CO2]−
on to react for 300 ms, greater than 85% conversion to
OMg(Cl)(O2CD)− and ROMg(Cl)(O2CH)− ions is achieved.
sing these product ion abundances, the following estimates
f the KIE for decarboxylation can be made: kH/kD = 2.9
comparing abundances of HOMg(Cl)(O2CD)− (m/z 122)
nd HOMg(Cl)(O2CH)− (m/z 121)) and kH/kD = 2.3 (com-
aring abundances of CH3OMg(Cl)(O2CD)− (m/z 136) and
H3OMg(Cl)(O2CH)− (m/z 135)). Thus, the KIE is quite

arge, consistent with the cleavage of a C H bond in the
ate determining step. Interestingly, this estimated KIE (in the
ange 2.3–2.9) is larger than that for elimination of: acetalde-
yde from [Mo2O6(OCH2CH3)]−(kH/kD = 1.9 ± 0.4) [12b] and
ethylketene from [Mo2O6(O2CCH2CH3)]− (kH/kD in the

ange 1.3–1.5) [W2O6(O2CCH2CH3)]− (kH/kD in the range
.4–1.6) and [MoO3(O2CCH2CH3)]− (kH/kD in the range
.5–1.8) [13a].

.2. DFT calculations on the decarboxylation of formic
cid catalysed by HMgCl2−

In order to gain further evidence that the magnesium hydride
nions catalyze the decarboxylation of formic acid, we have
sed DFT calculations (at the B3LYP/6−31 + G* level of the-
ry to gain insights into the structures and energetics of the
ey species on the potential energy surfaces of the decarboxyla-
ion reaction (Fig. 3a, Reaction (13)) and the acid–base reaction
Reaction (15)) for the HMgCl2− system. The energy profile

or two competing pathways of decarboxylation (Reaction (13))
nd formate loss (Reaction (14)) are shown in Fig. 6, while the
tructures for all species are given in the supplementary mate-
ial (Fig. S2). An examination of Fig. 6 clearly reveals that the

O2)(DCO2)MgCl]− based on the products from ion–molecule reactions of the
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Fig. 6. Plot of B3LYP/6−31 + G* calculated reaction coordinate for CO loss
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right hand side) from [HCO2MgCl2]− (Reaction (13)) versus the energetics for
ormate loss (Reaction (14), left hand side).

ecarboxylation reaction is favoured over the formate loss chan-
el. The DFT calculated vibrational frequencies can be used to
stimate the kinetic isotope effect (KIE) for the decarboxylation
f HCO2MgCl2−. Using the approach described in Section 2, a
IE of kH/kD = 4.9 was estimated using the ground state struc-

ure of the HCO2MgCl2−(here the formate binds in a bidentate
ashion as shown in structure 1 of supplementary Fig. S2). A
maller KIE (kH/kD = 4.6) is calculated if the reactive geome-
ry is used (here the formate binds in a monodentate fashion
s shown in structure 2 of supplementary Fig. S2). These DFT

stimates for the decarboxylation are somewhat higher that the
xperimental estimated range kH/kD 2.3–2.9 for decarboxylation
f the related (HCO2)(DCO2)MgCl− ion. A possible explana-

d
q
s

ig. 7. Plot of B3LYP/6−31 + G* calculated reaction coordinate for ion–molecule rea
and side); (b) six centred transition state (right hand side).
al of Mass Spectrometry 254 (2006) 145–151 149

ion for this discrepancy is that a modest level of theory is used
or the DFT calculations.

Our previous DFT studies on the reactions of the organo-
agnesium anions, CH3MgL2

− (L = Cl and CH3CO2) revealed
hat they reacted with acids to form an initial adduct, which
hen underwent intramolecular proton transfer with expulsion of

ethane via either a four or six centred transition state depend-
ng on the structure of the initial acid [13b]. Given that formic
cid can coordinate to magnesium via its C O oxygen or its
H oxygen, we have considered both a six centred and a four

entred transition state for the acid-base reaction Eq. (15). Fig. 7
ompares the energy profiles for both the four centred and the
ix centred transition states for the reactions of HMgCl2− with
ormic acid, while Fig. 8 shows the structures of key species on
he potential energy surfaces of these reactions. An examination
f Fig. 7 reveals that both reactions (proceeding via the four
entred and the six centred transition states) are viable and have
imilar overall exothermicities, although that proceeding via the
our centred has a lower barrier.

The structures shown in Fig. 8 also reveal some interesting
ifferences between the pathways associated with the four cen-
red and the six centred transition states. Thus, the two different
ransition states for reaction with formic acid are initiated from
wo different reactant ion–molecule complexes. The six cen-
red reactant ion–molecule complex involves coordination of
he formic acid via the C O oxygen to the magnesium centre
Fig. 8d). In contrast, the four centred reactant ion–molecule
omplex involves the formation of a hydrogen bond between
he magnesium hydride and the OH of formic acid (Fig. 8c).
escribed [22]. The product ion–molecule complexes are also
uite different. Thus, that involving the four centred transition
tate yields a magnesium formate complex in which the formate

ctions of formic acid with [HMgCl2]− via (a) four centred transition state (left
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Fig. 8. B3LYP/6−31 + G* optimized structures of key species from the energy surfaces shown in Fig. 8: (a) HMgCl −; (b) HCO H; (c) reactant ion–molecule
c or six
c ition s
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omplex for four centred transition state; (d) reactant ion–molecule complex f
entred transition state; (g) product ion–molecule complex for 4 centred trans
engths in Å.

igand is bound in a monodentate fashion (Fig. 8g). In contrast,
he product ion–molecule complex derived from the six centred
ransition state yields a magnesium formate complex in which
he formate ligand is bound in a bidentate fashion (Fig. 8h).

. Conclusions

A two step gas-phase catalytic cycle is presented for the
ehydrogenation of formic acid using a combination of exper-
ments carried out on a quadrupole ion trap mass spectrometer
nd DFT calculations. The catalysts are the magnesium hydride
nions HMgL2

− (L = Cl and HCO2), which are formed from
he formate complexes, HCO2MgL2

−, via elimination of car-

on dioxide under conditions of collision induced dissociation.
his is followed by ion–molecule reactions between HMgL2

−
nd formic acid, which yields hydrogen and also reforms the
agnesium formate complex, HCO2MgL2

−. A kinetic iso-

A

s

2 2

centred transition state; (e) TS for four centred transition state; (f) TS for six
tate; (h) product ion–molecule complex for six centred transition state. Bond

ope effect in the range 2.3–2.9 was estimated for the rate
etermining decarboxylation step, by carrying out CID on the
HCO2)(DCO2)MgCl2− with ion–molecule reactions. DFT cal-
ulations (at the B3LYP/6−31 + G* level of theory) were carried
ut on the HMgCl2− system and revealed that: (i) the decar-
oxylation of HCO2MgCl2− is endothermic by 47.8 kcal mol−1,
onsistent with the need to carry out CID to form the HMgCl2−;
ii) HMgCl2− can react with formic acid via either a four centred
ransition state or a six centred transition state. The former reac-
ion is favoured by 7.8 kcal mol−1. The combination of QIT-MS
nd DFT calculations is a powerful way of examining gas phase
atalysis by ionic metal catalysts.
cknowledgements
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