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Abstract

A two step gas-phase catalytic cycle for the dehydrogenation of formic acid was established using a combination of experiments carried
out on a quadrupole ion trap mass spectrometer and DFT calculations. The catalysts are the magnesium hydride anions HMgL,~ (L =CI and
HCO,), which are formed from the formate complexes, HCO,MgL,~, via elimination of carbon dioxide under conditions of collision induced
dissociation. This is followed by an ion—molecule reaction between HMgL, ~ and formic acid, which yields hydrogen and also reforms the formate
complex, HCO,MgL,~. A kinetic isotope effect in the range 2.3-2.9 was estimated for the rate determining decarboxylation step by carrying
out CID on the (HCO,)(DCO,)MgCl,~ and subjecting the resultant mixture of (H)(DCO,)MgCl,~ and (HCO,)(D)MgCl,~ ions at m/z 106 to
ion—molecule reactions. DFT calculations (at the B3LYP/6—31 + G* level of theory) were carried out on the HMgCl, ™~ system and revealed that:
(i) the decarboxylation of HCO,MgCl, ™ is endothermic by 47.8 kcal mol~!, consistent with the need to carry out CID to form the HMgCl,; (ii)
HMgCl, ™~ can react with formic acid via either a four centred transition state or a six centred transition state. The former reaction is favoured by

7.8 kcal mol~!.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The reactions which inter-convert the three sets of reactants/
products: formic acid/water and carbon monoxide/hydrogen and
carbon dioxide (Fig. 1) continue to attract considerable atten-
tion, especially within the context of designing metal catalysts
to direct a specific reaction channel. Reactions (1) and (2) rep-
resent the two main decomposition channels of formic acid and
have been widely studied experimentally [1] and theoretically
[2]. In the gas phase, in the absence of catalysts, the dehydra-
tion channel (Reaction (1), Fig. 1) is the dominant reaction [1],
consistent with a lower activation energy, as predicted by DFT
calculations [2]. A number of studies have demonstrated that
metal catalysts can favour the decarboxylation of formic acid
(Reaction (2), Fig. 1) [3], an undesirable process within the con-
text of formic acid treatment of nuclear wastes [4]. The reverse
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reaction, hydrogenation of CO3, is of topical interest as a means
converting a greenhouse gas to an industrially useful chemical
[5]. Once again, metal catalysts play an important role in these
reactions, and DFT calculations on model systems reveal a sub-
stantial 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
use of transition metal catalysts [4,6a]. Given the importance
of the reactions shown in Fig. 1, it is surprising that few stud-
ies have used mass spectrometry based experiments to examine
the role of metal ions in mediating related processes in the gas
phase. Of relevance are early studies on the reactions of bare
atomic metal ions with formic acid [8] and Squires’ studies on
the gas phase chemistry of (CO)4FeCO,H™, a proposed inter-
mediate of the water gas shift process [9]. During the course
of our work, a paper has appeared on the decarboxylation of
[Pd(PPh3),(OCOH)]* as probed via ES/FT-ICR MS [10].
Electrospray ionisation (ESI) coupled with quadrupole ion
trap mass spectrometry (QIT-MS) has proven to be a powerful
way of examining metal mediated processes, including gaining
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Fig. 1. Different reactions which process the sets of reactants/products: formic
acid/water and carbon monoxide/hydrogen and carbon dioxide. Reactions 1 and
2 relate to the decomposition of formic acid. Reaction 3 is the “water gas shift”
process.

H, + CO;

detailed insights into catalytic cycles [11]. To date, we have
discovered catalytic cycles for the oxidation of methanol to
formaldehyde [12], and the decomposition of acetic acid via two
different pathways (Fig. 2) [13]. The latter studies are of partic-
ular relevance within the context of Fig. 1, since they highlight
the importance of the nature of the metal catalyst in enhanc-
ing the selective decomposition of a related carboxylic acid,
acetic acid via either dehydration (Reaction (4)) or decarboxy-
lation (Reaction (5)). We have found that group VI mononu-
clear [MO3(OH)]~ and binuclear [M;Og(OH)]™ oxo-anions
(where M =Mo and W) selectively catalyze the ketene pathway
(Reaction (4) and Fig. 2a) [13a], while the organomagnesate
[CH3MglL,]™ (L=Cl and = O,CCH3), favour the decarboxyla-
tion pathway (Reaction (5) and Fig. 2b) [13b]. Here, we use a
combination of quadrupole ion trap mass spectrometry experi-
ments and DFT calculations to examine whether the decarboxy-
lation of formic acid can be catalyzed by the related magnesium
hydride anions [HMglL,]™ (L =Cl and O,CH) [14].

CH3CO;H — CH,CO + H;0 @)
CH3COH — CO; +CHy 5)
2. Experimental
2.1. Reagents

Formic acid (HPLC grade, 99.5%) and deuterated formic-D-

acid-D (95%, 98% D incorporation) were obtained from Aldrich
and used without further purification.

2.2. Mass spectrometry

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

(a) [Mo,Og(OH)I
H,CCO
O]
CID
[MOzOG(OCOCHa)]-

(b)
CH;CO,H co,
® ®
H)0 CID

eter equipped with a Finnigan electrospray ionisation source,
as described previously [13]. Magnesium formate anions
[(HCO2)3_xMgCl,]~, were prepared by electrospraying a mix-
ture of MgCl, and formic acid in methanol (0.2 mM). Related
magnesium [(RCO;)3_,MgCl,]~ anions have been reported
upon electrospraying mixtures of MgCl, and other carboxylic
acids [13b,15]. The ESI solution was pumped into the electro-
spray source at approximately 3 wL/min. Typical electrospray
source conditions involved needle potentials of 4.0-4.5kV and
heated capillary temperatures of 170-200 °C. Extensive tuning
of the electrospray conditions was often required due to the
low signal-to-noise ratio and/or low abundance of some species.
Mass selection and collisional activation were carried out using
standard isolation and excitation procedures using the ‘advanced
scan’ function of the LCQ software.

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

2.3. DFT calculations

In order to gain qualitative insights into the mechanisms of
the formation and reactions of the magnesium hydride anions,
we have carried out DFT calculations using Gaussian 03 [18]
at the B3LYP level of theory with a 6—31+G* basis set. While
an extensive evaluation of the performance of various levels
of theory for predicting the structures and energetics of reac-
tions of magnesium hydride anions is lacking [19] to maintain
consistency with our previous study [13b], we have used the
B3LYP/6—-31+G* level of theory. Optimizations were carried
out without any symmetry constraints. Vibrational frequency
calculations were carried out on each optimized structure at the
same level of theory. Reaction energetics were calculated by
using the energies listed in the supplementary material section,
with the ZPVE corrected by 0.9806 [20].

2.4. DFT estimated kinetic isotope effect for
decarboxylation

The kinetic isotope effect (KIE) for the decarboxylation of
HCO,MgCl, ™ was estimated from statistical mechanics using
[CH;MgL,T

CH;COH
CH,

[CH3CO;MgL,T

Fig. 2. Gas phase catalytic cycles for the metal mediated: (a) dehydration of acetic acid [13a]; (b) decarboxylation of acetic acid [13b].
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Fig. 3. Multistage (MS") QIT-MS experiments on the key two steps for decomposition of HCO,H catalyzed by HMgCl, : (a) MS?2 CID of HCO,MgCl, ~; (b) MS?
ion—molecule reactions of mass selected HMgCl, ~ with background water and methanol; (c) MS? ion-molecule reactions of mass selected HMgCl, ™~ with HCO,H
(introduced into the QIT with a background pressure of ca 2.6 x 1077 torr); (d) MS? CID of HCO,MgCl, ™ (formed in spectrum 3c).

the procedure described by Zeller and Strassner [21]. Thus,
the free activation energies for decarboxylation, AGx, were
determined for both the deuterated (X =D) and non-deuterated
(X=H) isotopomers of HCO,MgCl, ™, using Eq. (10), which
requires the free energies of both the transition state (Gi) as
well as the reactant (Gx). The KIE is then estimated using Eq.
(11). The DFT calculated free energies are listed in the supple-

mentary material (Table S3).
AGx = Gg( — Gx (where X = HorD) (10)

KIE — KH _ o(AGp—AGu)/RT
D

)

3. Results & discussion

3.1. QIT mass spectrometry experiments on the
decarboxylation of formic acid catalysed by HMgL,™
(L=Cland HCO;)

Negative ion electrospray mass spectrometry of a mixture of
magnesium chloride and formic acid yields a range of anions
including HCO,MgCl, ™, (HCO,);MgCI™ and (HCO,)3:Mg™.
Although each of these anions appear to be unreactive towards
formic acid, a hidden identity exchange metathesis reaction
(Reaction (12)) is revealed upon using deuterium labelled
formic acid (as illustrated in supplementary Fig. S1 for the

HCO,MgCl,™ ion).
HCO,MglL,™ +DCO;D — DCO,MgL,™ +HCO,D  (12)

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

to yield the magnesium hydride anions, as illustrated in Fig. 3a
for the HCO,MgCl, ™ ion. The competing loss of formate anion
(Reaction (14)) does not appear to operate, although the detec-
tion of this low mass ion (m/z 45) is challenging in the ion trap.
The highly reactive magnesium hydride anions readily react with
background water and methanol (from the ESI solvent) via acid
base reactions (Reaction (15), A=HO and CH30), as shown
for the mass selected HMgCl, ™ ion in Fig. 3b. When formic
acid is introduced into the mass spectrometer, the mass selected
magnesium hydride anions react to regenerate the magnesium
formate anions (Reaction (15), A=HCQO,), as illustrated for the
HMgCl, ™ ion in Fig. 3c, which undergo the same decarboxy-
lation step in a MS* experiment (Fig. 3d). This completes a
formal catalytic cycle for the dehydrogentation of formic acid,
as shown in Fig. 4. In fact, we have been able to demonstrate that
this is a genuine catalytic cycle by using the same population
of HMgl, ™ catalysts to traverse the catalytic cycle a total of
three times (a MS’ experiment). We have not gone beyond the
MS’ 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.

[HMgL,T
HCO,H
CID H,
[HCO MgL,]

Fig. 4. Gas phase catalytic cycle for the dehydrogenation of formic acid medi-
ated by the magnesium hydride anions, HMgL, ™.
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Fig. 5. Determination of the kinetic isotope effect for decarboxylation
of the [(HCO,)(DCO2)MgCl]~ ion via ion-molecule reactions of the
[(HCO2)(DCO,)MgCl-CO;, ]~ ion with background water and methanol. See
Scheme 1 and text for discussion of isotope effect.

Thus, some signal loss occurs during the CID step, and this
may arise from ejection of the precursor ion from the trap or
from competing formate anion loss (Reaction (14)). Similarly,
some loss of signal occurs during the ion—molecule reaction
of the HMgL,~ with formic acid (Reaction (15), A=HCO,),
and this arises from competing reactions with background water
and methanol (Reaction (15), A=HO and CH30), as shown in
Fig. 3c.

HCO,MgL,™ — HMgL,;™ +CO; (13)
HCO,MgL,™ — HCO;,™ + MgL, (14)
HMgL, + AH — AMgL, + H» (15)

(A=HO,CH30 and HCO>)

Since the decarboxylation reaction (Reaction (13)) is clearly
the rate determining step, we utilized the acid—base reactions
to estimate the kinetic isotope effect (KIE) for the decarboxy-
lation of the (HCO;)(DCO;2)MgCI™ ion (Fig. 5 and Scheme 1).
Thus, decarboxylation of this ion yields both the magnesium
hydride (H)(DCO,)MgCl™ (path a of Scheme 1) and magne-

Cl 0,
+ ROH
(a) \ Mg/ \C —D ;

sium deuteride (HCO,)(D)MgCl1™ anions (path b of Scheme 1).
As both of these product ions have the same mass, they can-
not be distinguished in the MS/MS experiments. However,
when this [(HCO,)(DCO;)MgCl-CO;]~ product ion is mass
selected and allowed to react with background water and
methanol, the isotope effect is revealed as the products from
the acid-base ion-molecule reactions, ROMg(Cl)(O,CD)™
(path a of Scheme 1) and ROMg(Cl)(O,CH)™ (path b
of Scheme 1) now have a different mass. While it is
likely that there is an isotope effect for the acid—base
reactions, by allowing the [(HCO;)(DCO,)MgCIl-CO,]™
ion to react for 300ms, greater than 85% conversion to
ROMg(C1)(O,CD)™ and ROMg(Cl)(O>,CH)™ ions is achieved.
Using these product ion abundances, the following estimates
of the KIE for decarboxylation can be made: ky/kp=2.9
(comparing abundances of HOMg(Cl)(O,CD)™ (m/z 122)
and HOMg(C)(O,CH)™ (m/z 121)) and ky/kp=2.3 (com-
paring abundances of CH30Mg(Cl)(O>,CD)™ (m/z 136) and
CH30Mg(CI)(O,CH)™ (m/z 135)). Thus, the KIE is quite
large, consistent with the cleavage of a C—H bond in the
rate determining step. Interestingly, this estimated KIE (in the
range 2.3-2.9) is larger than that for elimination of: acetalde-
hyde from [Mo;Og(OCH,CH3)] ™ (kp/kp = 1.9 +0.4) [12b] and
methylketene from [MoyOg(O2CCH2CH3)]™ (kg/kp in the
range 1.3-1.5) [W206(02CCH2CH3)]™ (kg/kp in the range
1.4-1.6) and [MoO3(O,CCH,CH3)]™ (kg/kp in the range
1.5-1.8) [13a].

3.2. DFT calculations on the decarboxylation of formic
acid catalysed by HMgCly™

In order to gain further evidence that the magnesium hydride
anions catalyze the decarboxylation of formic acid, we have
used DFT calculations (at the B3ALYP/6—31 + G* level of the-
ory to gain insights into the structures and energetics of the
key species on the potential energy surfaces of the decarboxyla-
tion reaction (Fig. 3a, Reaction (13)) and the acid—base reaction
(Reaction (15)) for the HMgCl,™ system. The energy profile
for two competing pathways of decarboxylation (Reaction (13))
and formate loss (Reaction (14)) are shown in Fig. 6, while the
structures for all species are given in the supplementary mate-
rial (Fig. S2). An examination of Fig. 6 clearly reveals that the

Cl O,
\ Mg/ \C—

Mg D
- —— H\\\“\\.-' _ ‘--.,,””IO/ - HZ R 0\\\\“-‘ - lm;”o/
0 | (0) R=H: m/z 122
e \Mg/ N\e—p _CIP i 106 R = CHy: m/z 136
A8 O“\\u--" - --"-"m.r 0/ i CO;
0, Cl o) Cl
(b o N " +ROH /N % /
mfz 150 —— H—C Mgl = H=C_ 8.,
~ 0\\\“‘- _ -n,,”D -HD 0\\\\ s ””OR
m/z 106 R =H:m/z121

R = CH3: m/z 135

Scheme 1. Determination of the kinetic isotope effect for decarboxylation of the [(HCO,)(DCO,)MgCl]~ based on the products from ion—molecule reactions of the

[(HCO,)(DCO,)MgCl-CO;, ]~ ion with background water and methanol.
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Fig. 6. Plot of B3LYP/6—31 + G* calculated reaction coordinate for CO; loss
(right hand side) from [HCO,MgCl,]~ (Reaction (13)) versus the energetics for
formate loss (Reaction (14), left hand side).

decarboxylation reaction is favoured over the formate loss chan-
nel. The DFT calculated vibrational frequencies can be used to
estimate the kinetic isotope effect (KIE) for the decarboxylation
of HCO,MgCl, ™. Using the approach described in Section 2, a
KIE of ky/kp =4.9 was estimated using the ground state struc-
ture of the HCO,MgCl, ™ (here the formate binds in a bidentate
fashion as shown in structure 1 of supplementary Fig. S2). A
smaller KIE (kg/kp =4.6) is calculated if the reactive geome-
try is used (here the formate binds in a monodentate fashion
as shown in structure 2 of supplementary Fig. S2). These DFT
estimates for the decarboxylation are somewhat higher that the
experimental estimated range kp/kp 2.3-2.9 for decarboxylation
of the related (HCO;)(DCO,)MgCI™ ion. A possible explana-

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

Our previous DFT studies on the reactions of the organo-
magnesium anions, CH3MglL, ™~ (L=Cl and CH3CO,) revealed
that they reacted with acids to form an initial adduct, which
then underwent intramolecular proton transfer with expulsion of
methane via either a four or six centred transition state depend-
ing on the structure of the initial acid [13b]. Given that formic
acid can coordinate to magnesium via its C=0 oxygen or its
OH oxygen, we have considered both a six centred and a four
centred transition state for the acid-base reaction Eq. (15). Fig. 7
compares the energy profiles for both the four centred and the
six centred transition states for the reactions of HMgCl, ™ with
formic acid, while Fig. 8 shows the structures of key species on
the potential energy surfaces of these reactions. An examination
of Fig. 7 reveals that both reactions (proceeding via the four
centred and the six centred transition states) are viable and have
similar overall exothermicities, although that proceeding via the
four centred has a lower barrier.

The structures shown in Fig. 8 also reveal some interesting
differences between the pathways associated with the four cen-
tred and the six centred transition states. Thus, the two different
transition states for reaction with formic acid are initiated from
two different reactant ion—molecule complexes. The six cen-
tred reactant ion—molecule complex involves coordination of
the formic acid via the C=0 oxygen to the magnesium centre
(Fig. 8d). In contrast, the four centred reactant ion—molecule
complex involves the formation of a hydrogen bond between
the magnesium hydride and the OH of formic acid (Fig. 8c).
Related hydrogen bonds involving metal hydrides have been
described [22]. The product ion—molecule complexes are also
quite different. Thus, that involving the four centred transition
state yields a magnesium formate complex in which the formate

-10

AH kceal mol™

-60 Via 4 centred transition state

<

Via 6 centred transition state

>

Reactant
Complex

Separated Product

Products  Complex 13

Separate
Reactants

Reactant TS
Complex

Separated
Products

Product
Complex

Fig. 7. Plot of B3LYP/6—31 + G* calculated reaction coordinate for ion—molecule reactions of formic acid with [HMgCl,]™ via (a) four centred transition state (left

hand side); (b) six centred transition state (right hand side).
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(h) 1

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
complex for four centred transition state; (d) reactant ion—molecule complex for six centred transition state; (e) TS for four centred transition state; (f) TS for six
centred transition state; (g) product ion—molecule complex for 4 centred transition state; (h) product ion—-molecule complex for six centred transition state. Bond

lengths in A.

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

4. Conclusions

A two step gas-phase catalytic cycle is presented for the
dehydrogenation of formic acid using a combination of exper-
iments carried out on a quadrupole ion trap mass spectrometer
and DFT calculations. The catalysts are the magnesium hydride
anions HMgL,~ (L=Cl and HCO3;), which are formed from
the formate complexes, HCO,MgL, ™, via elimination of car-
bon dioxide under conditions of collision induced dissociation.
This is followed by ion—molecule reactions between HMglL, ™
and formic acid, which yields hydrogen and also reforms the
magnesium formate complex, HCO,MgL,™. A kinetic iso-

tope effect in the range 2.3-2.9 was estimated for the rate
determining decarboxylation step, by carrying out CID on the
(HCO,)(DCO2)MgCl, ™ with ion—molecule reactions. DFT cal-
culations (at the B3ALYP/6—31 + G* level of theory) were carried
out on the HMgCl,™ system and revealed that: (i) the decar-
boxylation of HCO,MgCl, ~ is endothermic by 47.8 kcal mol !,
consistent with the need to carry out CID to form the HMgCl, ~;
(ii)) HMgCl, ™~ canreact with formic acid via either a four centred
transition state or a six centred transition state. The former reac-
tion is favoured by 7.8 kcal mol~!. The combination of QIT-MS
and DFT calculations is a powerful way of examining gas phase
catalysis by ionic metal catalysts.
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