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Abstract

The unimolecular chemistry of protonated glyoxylic acid [HCOCOOH]H*, has been investigated by analyzing the fragmentation of metastable
ions (MI) during their flight through a sector-field mass spectrometer. The only significant ionic product in the MI experiments is H;O*, indicating
the loss of two carbon monoxide molecules. High-level ab initio calculations have been used to model the relevant parts of the potential energy
surface (PES). Starting from the most stable isomer, H{CO)C(OH),* (1), fragmentation takes place as the result of three successive intramolecular
proton transfer reactions. The first CO molecule is liberated in-between the second and the third proton transfer and moves slowly away. This
mechanism is fully confirmed by ab initio direct dynamics calculations. In addition, the dynamics calculations reveal that the majority of the
potential energy, which is liberated ends up as OH vibrations of the H;O" moiety. After passage through the critical transition state, dissociation of
the H,OH*- - -CO (6) complex appears to be a limiting step. In order to acquire sufficient relative translational energy to depart, the hydroxonium

ion and carbon monoxide have to reside together for 1-2 ps.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

One fascinating aspect of studying the unimolecular decom-
position of organic and bio-organic molecules is that the prod-
ucts often are simple molecules like CO, CO,, CH,0, H,O
and NHz—species that are stable and abundant in many envi-
ronments, both terrestrial and extraterrestrial. Identification of
the fragments and their mode of formation may give clues to
how the original molecules may be formed by synthesis or are
actually made by nature, by applying the principle of micro-
scopic reversibility. This retrosynthetic point of view has become
evident through recent reports on the decomposition of the
small protonated molecules: protonated glycine [1-4], proto-
nated glycinamide [5], protonated formamide [6] and protonated
formic acid [7], In this respect, the formation of amino acids and
other biological molecules from small “inorganic” molecules
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is of particular interest in connection with how life may have
evolved. However, one should of course realize that the exis-
tence of a unimolecular pathway for the dissociation of a more
complex molecule into simpler constituents does not prove that
the reverse process is an efficient way of producing the more
complex molecule. To get insight into this possibility, detailed
mapping of the relevant potential energy surface and describ-
ing the chemical reactions, as well as the reaction dynamics is
important. To this end, both experiments and theoretical mod-
elling are necessary.

One good example is protonated formic acid. Already in
1978, Mackay et al. [8] reported that proton transfer from H3™*
to formic acid leads to two different ionic products, the hydrox-
onium ion and the formyl cation. Following up this important
study, we were recently able to demonstrate how the detailed
motion of the dissociating HC(OH);* molecule determines
which product is formed [7]. After passing a common saddle
point region a transient HC(O)OH,™ molecule is first formed.
At high energies this transient species dissociates directly to
give HCO* +H,0, while at lower energies the life-time of
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HC(O)OH,* becomes sufficiently long for an intramolecular
proton transfer from C to O, eventually producing H3O* + CO.

The purpose of the present study is to extend the protonated
formic acid [HCOOH + H]*, study to protonated glyoxylic acid
[HCOCOOH + H]*—literally speaking, by adding one extra car-
bonyl group. One naive idea is that this could be a suitable
precursor for ethylenedione, OC=CO [9-11], since it has the
OCCO motif built in. To us, however, it would be more interest-
ing to see how the extra CO may alter the decomposition pattern
in comparison to the native [HCOOH +H]", and the dynam-
ics of the dissociation process. In order to study the reaction
dynamics in more detail we wanted to employ mass-analyzed
ion kinetic energy (MIKE) spectrometry and Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometry. In addi-
tion, the reactions were modelled using ab initio direct dynamics
calculations.

2. Experimental methods

The mass spectra were either recorded on a Fisons Autospec
(EBE configuration), which runs at 8 kV for EI (electron energy
70eV) and 6 kV for CI (electron energy 45eV).

The precursor ion of interest was selected using the first two
stages (EB). Ionic decomposition products were recorded in the
third field free region, by scanning the second electric sector.
For the 70eV electron impact (EI) experiments the precursor
ion was formed from 3,3,3-trifluorolactic acid. For chemical
ionization (CI) a particularly tight ion source was used to ensure
high-pressure conditions. Methane was used as the reagent gas
in some of the protonation experiments, providing predomi-
nantly the proton donors CHs* and C,Hs™ in approximately
equal abundances, while a 1:1 mixture of hydrogen and carbon
monoxide, which gives HCO™ was used in other experiments.
Collision-induced dissociation (CID) was achieved by allowing
the selected precursor ions to collide with argon in the third field
free region (after B). The argon pressure inside the collision cell
was set to attenuate the intensity of the precursor ion peak to ca.
30%.

3. Theoretical methods

The relevant part of the [H(CO)COOH + H]* potential energy
surface was first surveyed employing MP2/6-31 G(d,p) using
the Gaussian 03 suite of programs [12]. All stationary points
were subject to a complete geometry optimisation, including a
check for the correct number of negative Hessian eigenvalues.
At this stage, analytical force constants were computed and the
vibrational harmonic frequencies were obtained together with
the rotational constants. From these calculated spectroscopic
constants, zero-point vibrational energies and thermochemi-
cal quantities were calculated within the rigid-rotor/harmonic-
oscillator approximation. Zero-point vibrational energies were
included with appropriate scaling factors [13]. The connec-
tivity of a saddle point to reactant/product was checked by
IRC calculations [14]. In addition, G3 theory [15] calculations
were used to obtain the most accurate energy estimates. G3

theory is a compound technique, which involves initial geom-
etry optimizations at the HF/6-31 G(d) level and subsequent
calculation of zero point vibrational energies (ZPVEs) at the
same level of theory. Then the geometry is re-optimized at
the MP2 (full)/6-31 G(d) level whereupon a number of single-
point MP2, MP4 and QCISD(T) calculations are performed in
order to obtain an energy estimate which is effectively at the
QCISD(T)/1arge level.

The direct ab initio approach to trajectory calculations uti-
lizes the first and second derivatives of the electronic energy with
respect to atomic displacements (gradients and Hessians) to gen-
erate molecular trajectories g(t) ={q(r1), q(t2), . ..} within the
Born—Oppenheimer approximation [16—19]. For efficiency, the
trajectory is calculated using a fifth-order predictor—corrector
method, based on the repeated calculation of the wave func-
tion and its geometrical derivatives at points ¢; in time steps,
typically varying between 0.2 and 0.5 fs. The energy and the
molecular gradient are calculated at every point, whereas the
Hessian is recalculated at every fifth point, being updated at
the intermediate points. Each trajectory was calculated “on-the-
fly” by a stepwise procedure calculating MP2 (fc)/6-31 G(d,p)
wave functions at each point, starting from TS(2'/3) (vide infra).
Vibrational and rotational degrees of freedom were sampled
from ensembles at 298 K, respectively, and the transition mode
was sampled thermally [20]. A total of 10 different trajectories
were calculated.

4. Results and discussion
4.1. MI and CID experiments

Two sources of protonated glyoxylic acid (m/z 75) were used
for the mass spectrometric investigations, namely chemical ion-
ization (CI) of glyoxylic acid

AH' 4+ HCOCOOH
— [HCOCOOHJHT +A (A = CHyor CyHy) (1)
and electron ionization (EI) of 3,3,3-trifluorolactic acid

CF3;CHOHCOOH + e~ — "CHOHCOOH + CF; +2e~
@

Using methane CI (Eq. (1)), a strong ion signal at m/z 75 is
observed. When the corresponding intense ion beam was sub-
jectto MI, however, very little fragment ion signal was observed.
Extensive data collection gave a spectrum virtually identical to
the corresponding CID spectrum, indicating that the observed
fragmentation is collisionally induced rather than truly uni-
molecular. Greater success was achieved when a Hp/CO gas
mixture was used to generate the CI plasma. In this plasma the
dominating ion is HCO™, which transfers less energy upon pro-
tonation to the molecules than CHs*, thereby providing ions
[HCOCOOH + H]* with an internal energy probably close to the
dissociation threshold. The spectrum is reproduced in Fig. 1. The
most intense peak is at m/z 19, which we assign to the hydrox-
onium ion. In addition, there is a noticeable peak at m/z 29, and
smaller peaks at m/z 45 and 46. All these are most likely collis-
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sionally induced, since their relative amounts increase relative
to m/z 19 with increasing gas pressure in the collision cell. On
this basis we must conclude that the only secure observation of a
truly unimolecular process is that leading to the ion with m/z 19.
Use of EI of trifluorolactic acid as the precursor (Eq. (2)) gave
some of the same problems as CI(CH4) in terms of providing
very few metastable ions. The yield of primary C;H303* ions
is rather meagre, in the sense that m/z 75 contributes to only a
few percent of the total ion current. Correspondingly, the result-
ing MI spectrum is of rather low signal-to-noise ratio. However,
the experimental observations support the results obtained by
CI(H»/CO). Again, the m/z 19 peak stands up as the signifi-
cantly most intense signal, while no peaks with m/z 29, 45 and
46 could be seen in the spectrum. One complicating issue is
that the observable signals at m/z 56 and 58 have to be consid-
ered artefact peaks, rather than being due to fragment ions from
isobaric impurities of the primary ion beam. In fact, it was not
possible to identify any such impurities even when the mass res-
olution was increased to m/Am=1,800,000 in an FI-ICR mass
spectrometer. Tajima et al. have reported that the MIKE spec-
trum of m/z 75 produced from 3,3,3-trifluorolactic acid upon
electron ionization shows only one peak at m/z 19 [21]. The
CID spectra obtained for protonated glyoxylic acid, irrespective
of production method (EI or CI), are identical, pointing to iden-
tical ion structures or mixture of structures. Fig. 1 (lower trace)
shows one of these CID spectra. In addition to the H3O™ peak
(m/z 19, loss of 2CO), the peak at m/z 29 (due to the combined
losses of H,O and CO), one at m/z 45 (loss of CH,O) and m/z
46 (loss of HCO) are dominating. One should also notice the
absence of a peak at m/z 47, that is, of the loss of CO giving
protonated formic acid, and of a peak at m/z 31 that is, loss of
CO; giving protonated formaldehyde.

The low vapour pressure of glyoxylic acid prevents its intro-
duction via a leak valve into an ultrahigh vacuum chamber.
Unfortunately, this eliminates the possibility for variable energy
protonation experiments within an FT-ICR mass spectrometer.
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Fig. 1. MIKE and CID/MIKE spectra of ions H3C,03* (m/z 75). Upper trace:
MIKES of protonated glyoxic acid (CL, Ho/CO). Lower trace: CID/MIKES of
the [M — CF3]* ions from trifluorolactic acid.

4.2. Potential energy surface

In order to reveal details of the unimolecular decomposi-
tion of protonated glyoxylic acid the relevant parts of the [C,
Hs, O3] potential energy surface were mapped, first at the
MP2/6-31 G(d,p) level of theory, thereafter using the G3 scheme
for more accurate energy estimates. The resulting energy dia-
gram is presented in Fig. 2, and structures are depicted in Fig. 3.
The most stable tautomeric form of protonated glyoxylic acid is
the result of protonation at the carbonyl oxygen of the carboxylic
acid group, structure 1. The proton affinity (PA) of glyoxylic
acid, based on this lowest energy structure is estimated using
G3 to be 745kImol~!. No experimental value is available for
direct comparison. The accepted experimental value of formic
acid is PA=742kJmol~! [22], which has been calculated by
G2 to have PA=744kJmol~! [23]. A high potential energy
barrier TS(1'/7) of 193.9kJ mol~! relative to 1 prevents direct
dissociation of this isomer into the otherwise possible prod-
ucts HC(OH),™ (m/z 47) + CO (Fig. 2). The thermochemically
less stable combination HCOOH + HCO* (mm/z 29) would be an
alternative fragment pair produced via the same high energy
TS. Tautomer 2, corresponding to protonation of the aldehyde
group is only 28.7 kI mol~! higher in potential energy than 1.
For both 1 and 2 there exists stereoisomers 1’ and 2’, which are
29 and 13kJmol~! less stable, respectively. Quite low poten-
tial energy barriers separate these four isomers as evident from
Fig. 2. According to our model the highest critical point of the
route to dissociation is via TS(2'/3), that lies at 91.5kJ mol !
relative to 1. The role of the corresponding transition structure
is to accomplish transfer of the proton to the hydroxyl oxygen,
to give 3, thereby producing a molecule with a built-in water
moiety. The barrier for direct conversion of 1 into 3, TS(1/3) is
at 216 kI mol~! (not included in Fig. 2).

In the following step of the transformation, the central car-
bonyl group is expelled as carbon monoxide. A potential energy
minimum for 4 could be located, corresponding to complex
between CO and hydroxyl-protonated formic acid (5). The lat-
ter has a C—O bond length of 1.743 A MP2 (full)/6-31 G(d),
and can be regarded as in-between a covalent structure and a
complex between the formyl cation and water. This step is fol-
lowed by intramolecular proton transfer, via TS(5/6) to give 6
which is a complex between the hydroxonium ion and carbon
monoxide. Since the protonated glyoxylic molecule contains
the OCCO structural unit, it could be a suitable precursor for the
long-sought ethylenedione molecule. However, on the basis of
the present energy diagram, we have to abandon that idea. The-
oretical calculations by Talbi and Chandler [10] suggest that the
triplet OCCO molecule is 246 kI mol~! above two separate CO
molecules in potential energy. We, therefore, conclude that the
two CO losses occur in sequence, rather than simultaneously,
and quite certainly not in the form of an ethylenedione molecule
[24-26]. 1t is also clear that dissociation to give the HCO* ion
(10) would require 56.5kJ mol~! more than that of the critical
TS(2'/3) (Fig. 2). It is unlikely that metastable ions will possess
this much energy. Alternatively, a route much more energetically
likely is loss of a water to give the hydrogen-bonded complex
between a formyl cation and carbon monoxide, OC-H*- - -CO
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HCO+ HyO +CO

10
148.0

OC-H-CO+ Hy0
11

Fig. 2. Potential energy surface (kJ mol~") of the decomposition of protonated glyoxylic acid obtained with G3 (0 K). Stationary structures marked with fat full line.
The potential energy of the optional products HCO* + HCOOH is estimated to be 131kJ mol~! based on the diffence in proton affinity between formic acid and

carbon monoxide.

(11). The potential energy of these products is only 4.8 kJ mol !
above TS(2//3) (Fig. 2), so it is not clear why there is no peak at
m/z 57 in the MIKE spectrum. Only the lowest energy path, to
give H30", seems to be followed to the very end.

4.3. Dynamics calculations

Although the ab initio mechanistic scheme is consistent with
the experimental observations, there are still open questions,
in particular the absence of OC-H"---CO in the MIKE spec-
trum. What is the role of the many intermediates, and what
are their lifetimes? Is it even possible that some of the stages
are circumvented, and are there alternative reaction paths to
the ultimate products? It is also interesting that there is no
peak for CO loss at m/z 47 in the MIKE spectrum, correspond-
ing to one of the two tautomeric forms of protonated formic
acid, or the more likely isomer HoOH*- - -CO (6). To explore
these interesting questions we conducted a limited number of ab
initio reaction trajectory calculations. In order to provide reli-
able answers to the questions raised above, it was necessary to
ensure that the topography of the potential energy surface is
sufficiently accurately described by the chosen ab initio level.
After considering different HF and B3LYP variants, we ended
with MP2/6-31 G(d,p). From the calculations reported above we
knew already that MP2/6-31 G(d,p) provides reasonably accu-
rate topography compared to our “benchmark” G3, see Table 1.

The trajectories were initiated at the key transition struc-
ture TS(2'/3), which is the rate determining barrier according
to the ab initio calculations of Fig. 2. From this TS, all 10 tra-
jectories were set out towards the shallow valley corresponding

to the hydroxyl protonated glyoxylic acid, 3. Two of the tra-
jectories stayed in this region of the potential energy surfaces
for an extended period of time. Most noticable is trajectory 5,
which remained around 3 until the moment of cut-off, which was
t=1618 fs after initiation. Trajectory 10 ran in the same region

Table 1

Energies

Structure G3 (0K) energies MP2/6-31 G(d.p) energies
Hartrees Relative Hartrees Relative

(kJmol™1) (kI mol~1)

1 —303.1973 0.0 —302.5211 0.0

TS(1/2) —303.1824 39.3 —302.5083 33.6

2 —303.1864 28.7 —302.5104 28.1

TS(2/2) —303.1761 55.8 —302.4973 62.5

2 —303.1815 41.6 —302.5055 41.0

TS(2'/3) —303.1625 91.5 —302.4901 81.4

3 —303.1682 76.6 —302.4973 62.5

TS(3/4) —303.1642 87.0 —302.4935 72.5

4 —303.1814 41.7 —302.5129 21.5

5+CO —303.1740 61.2 —302.5042 444

TS(5/6) + CO —303.1730 63.9 —302.5023 49.3

6+CO —303.1993 -5.1 —302.5314  -27.1

9+2CO —303.1772 52.9 —302.5053 414

10+H,0+CO  —303.1410 148.0 —302.4646 148.4

TS(1/1) —303.1832 37.1 —302.5054 413

1 —303.1862 29.3 —302.5088 323

TS(1'/7) —303.1235 193.9 —302.4463 196.4

7 —303.2127 —40.2 —302.5388  —46.5

8+CO —303.2050  —20.2 —302.5291 -21.0

11+H,0 —303.1607 96.3 —302.4890 84.3
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for 180 fs, before re-crossing TS(2'/3). Thereafter the trajectory
ran in the local area around 2’ for 2250 fs. Subsequent bond
rotation then led to 2, and at #=2300 fs the molecule isomerised
into 1, stayed in this form shortly until it re-isomerised to 2,
and then finally back to 1 at t=3100fs, and remained with this
structure at cut-off at # =4837 fs. This particular trajectory neatly
illustrates the dynamic equilibrium between the four minimum
energy structures at the reactant side of the rate-determining
transition state. From Section 4.1, we recall that protonated gly-
oxylic acid made by CI gives an identical CID spectrum to the
ion at m/z 75 in the EI spectrum of trifluorolactic acid. This
resemblance could either be the result of one common ion struc-

TS(2/2")

TS(5/6)

TS(1/2)

1.208

ture or identical mixtures of isomers. The ab initio calculation,
and in particular trajectory 10, give clear indication that the latter
is the case (Table 2).

All remaining eight trajectories passed via TS(3/4) to acco-
modate liberation of one CO molecule. This event takes place
in the range r=200-300fs. It is noticeable that the ejected CO
remains in close contact to the remaining ionic entity for an
extended period of time. In two cases, trajectories 6 and 8,
we observed that the water moiety moved a bit away from the
remaining molecule, increasing the contact to the carbon until
around 2 A. Thereafter, the formyl and the CO first remained in
a situation where the C—C distance was less than 2 A, until it

TS(2'/3)

Fig. 3. Optimized structures at the MP2 (full)/6-31 G(d) level. Bond lengths are given in A, and angles (italic) in degrees.
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Fig. 3. (Continued).

slowly increased to ca. 2.2 A. At this stage, the proton swung in-
between the two carbons, and formed a transient OC-H*- . .CO
structure. In both trajectories 6 and 8, the proton was about
to transfer to the CO, but the attractive potential of the water
molecule became too strong, and the proton moved over to the
water oxygen atom, which then was roughly 1.5 A perpendicu-
lar to the OC-H*- - -CO axis. The strategic position of the more
basic water in this critical phase of the development explains why
it picks up the proton, and that OC-H™- - -CO is not observed as

a product in the MIKE spectrum.

Table 2
Summary of reaction trajectories

Trajectories 1-4, 7 and 9 all left the valley around 4 and
entered that of 5 in the time interval t=300-500fs. The three
trajectories with the shortest cut-off times (1-3) ended up in this
region at £=950. The liberated CO remained within a distance
of less than 10 A while drifting slowly away. Even trajectory 7
which was integrated for the extended r=3040fs ended up to
provide the HyOH*- - -CO (6), with the other CO 41.4 A away.
It is noteworthy that only an extremely small fraction (a few per-
cent) of the ions’ excess energy ends up in vibrational, rotational
and translational energy of the two CO molecules (the expelled

integrated time (fs)

Summary of the trajectory

Trajectory No. of points
1 950 915
2 950 916
3 950 886
4 1500 1283
5 1500 1618
6 1500 1370
7 3500 3040
8 6640 5883
9 6777 6104

10 5110 4837

—-3—-4—>5— H,OH*---CO (6) +CO
—-3—4—5— H,OH"---CO (6)+CO
—-3—-4—5— H,OH*--CO (6)+CO
—-3—4—5— H,OH"---CO (6)+CO
— H(CO)(CO)OH,™* (3)
—3—>4—5—6— H;0" (9)+2CO
—-3—-4—5— H,OH*--CO (6)+CO
—-3—>4—5—6— H;0" (9)+2CO
—-3—->4—5—6— H30" (9)+2CO

=352 -52-51-52-1
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and the remaining). This is also evident from the animation,
which shows vivid vibration within the newly formed H3O*
unit of 6, especially in O-H stretching. It is therefore inevitable
that, given sufficient time, HyOH*- - .CO will break up to give
the free components. This is a key point. Trajectories 6, 8 and 9
show exactly this behaviour. In trajectory 6, the HOH*-..CO
distance increases monotonously at the cut-off time (t=1370)
and the complexing hydrogen bond distance has reached a value
of 5.2 A. For trajectories 8 and 9, which had the longest integra-
tion times of 6 ps, complete dissociation was observed with the
two CO molecules separated from the water by 43.5 and 54.1 A,
and 17.4 and 87.9 A, respectively. The important observation is
that on the product side of the critical transition state TS(2//3),
breaking up HyOH™- - -CO (6) is the time demanding step. The
rather inefficient coupling of intramolecular and intermolecular
degrees of freedom sets the time the reacting molecular system
have to spend in the valley around 6 to 1-2 ps; the latter is a strict
downward limit, and some trajectories may run in the valley far
longer.

The most significant outcome of the trajectory calculations
is that it proves that our potential energy diagram in all aspects
describes the essence of the reaction mechanism in how the
only observed product H3O" is formed. It is fascinating that
the step-by-step mechanism envisaged from Fig. 2 indeed is
followed, without any shortcuts, to product formation. The only
small surprise is that the energetically accessible product ion
[OC. - -HCO1* (11, m/z 57) is not formed. Proton transfer to the
strategically positioned water molecule formation observed in
trajectories 6 and 8, efficiently disrupts its embryonic creation.

It is also significant that the no protonated formic acid is
observed. The slow motion associated with the first expelled
CO, allows for effective rearrangement into the more sta-
ble H30".--CO(6). As a result of this characteristics of the
unimolecular reaction dynamics, no formation of HCO™ is
observed. This stands in stark contrast to the CID spectra, where
HCO? is a major peak.

We have indicated that the principle of microscopic
reversibility can be used as a guiding light for a retrosynthetic
approach to the synthesis of molecules. At this point we know
how protonated glyoxylic acid decomposes unimolecularly to
give H30" +2CO. Is it possible to turn this reaction upside
down and make protonated glyoxylic acid in a gas-phase reac-
tion between the hydroxonium ion and two molecules of carbon
monoxide, for example, to mimic a reaction in the interstellar
space? There are several favourable aspects. First of all, the over-
all reaction is highly exothermic. Secondly, the three product
molecules were observed to drift slowly away from each other,
rather than to explode apart. For the reverse reaction this is highly
advantageous since there is little requirement for precise align-
ment of the molecules prior to reaction, or for the molecules to
possess superthermal speeds. Thirdly, the step-by-step mecha-
nism of the forward reaction opens up for a similar behaviour
for the reverse route. On the other hand, for a gas-phase reaction
with limited energy resources available, an uphill climb from
separated H3O0" + CO + CO molecules to TS(2'/3) could be pro-
hibitive. In that sense it would be better to start with the proton
bound dimer of two carbon monoxide molecules (11) plus water,

since it is above TS(2'/3). It would be even better with a larger
cluster, in order to avoid the water only picking up the proton
before leaving. In finalizing this discussion, we would like to
point out that reaching TS(3/4) from the right-hand side could
be sufficient for successful passage into the protonated glyoxylic
acid region, since we have learned that there exist trajectories
which cross TS(2'/3) from the right-hand side (Fig. 2).

5. Conclusion

In this work, we have established a detailed mechanism for
how protonated glyoxylic acid [HCOCOOH + H]*, decomposes
to give one single ionic product, H3O*. The mechanism is
based on experimental observations of the unimolecular reac-
tivity studied by mass spectrometric methods in combination
with high-level ab initio calculations. The mechanism is con-
firmed by direct dynamics calculations, which also demonstrates
the importance of understanding the detailed atomic motions en
route to products, and not only the details of the potential energy
surface.
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