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Abstract

The predominant dissociation process observed for metastable protonated oxalic acid ions HOOEL-(@@Ddated by self-protonation) leads
to H;O*+ CO + CQ. We have traced the mechanism of this intriguing reaction using the CBS-QB3 model chemistry. Our calculations show that
a unique ter-body complex,€C=0. - -H;0"- - .CO, plays a key role in the rearrangement process. This complex can also dissociate to the proton
bound dimers [HO. - -H- . .O=C=0]* and [H,O. - -H. - -CQOJ* which are minor processes observed in the metastable ion mass spectrum. A further
minor process leads to the proton bound dimeiG3-0. - -H*- - .CO which is formed by water extrusion from the ter-body complex. Arguments
are provided that the ter-body complex is also generated in the ion source by the collision encounter between neutral and ionized oxalic acid.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction higher, 67 kcal mat!. The barrier to form C(OH) dihydroxy-
carbene, which could act as an intermediate for formation of

The unimolecular dissociation paths of neutral oxalic acidHCOOH and of HO + CO, was found to be 37 kcal mdi.
HOOC-COOH, have been examined previously by differentA more recent theoretical studild] confirmed the earlier
experimental techniqugda—c]and by various computational finding that formation of HO + CO + CQ is energetically the
methodg1b—d] The experimental studies have shown that ultramost favorable reaction, with a barrier of 42 kcal mbl The
violet photolysis and infrared multiphoton absorption lead to theparrier for the formation of HCOOH + COwas found to be
following products: HO, CO, CQ and HCOOH, although their 62 kcal mot™.
relative abundances vary considerably. Kinetic studies by Kakumoto et alflb] and by Hig-

In an early computational study Kakumoto et[db] calcu-  gins et al.[1d] support the finding from theory that forma-
lated, at the Hartree-Fock (HF) level of theory and by using th&ion H,O+CQ, + CO is the favored unimolecular processes
3-21G and 4-31G basis sets, the barrier heights associated Wilthough Higgins et a[1d] propose that a bimolecular process,
the unimolecular dissociation of oxalic acid. The lowest energyather than a unimolecular process, leads to HCOOH and CO,
path corresponded to the formation of®+ CO+CQ witha  which would be kinetically more favorable than the unimolecu-
relatively low barrier of 24 kcal molt, whereas the barrier for |ar process.
the formation of C@+HCOOH was found to be significantly  Experimental and theoretical studies of oxalic acid ions are

scarce. lonized oxalic acid has been used to generate ionized
dihydroxy carbene, C(OH)" via loss of CQ [2]. A computa-

* Corresponding author. Tel.: +31 302532734; fax: +31 302537504. tional_stqdy has appearefﬁe] dealing Wi_th oxalic acid anions
E-mail address: p.j.a.ruttink@chem.uu.nl (P.J.A. Ruttink). and dianions, but no cations were studied.
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Here, we investigate the unimolecular rearrangement and disiumion R-C*(OH), [8]. Inthese ions the two powerful electron
sociation pathways of protonated oxalic acid. Interestingly, wedonating OH groups stabilize the positive charge by resonance.
observe that its major dissociation productgs@i+ CO, + CO)  Depending on its nature, the substituent R may or may not lead
are analogous to those 48 + CO, + CO) observed for the uni- to further stabilization.
molecular dissociation of oxalic acid itself; note that of these In line with the above, our calculations show that for oxalic
products HO has the highest proton affinity. Using the CBS- acid too the most favorable protonation site is at one of
QB3 model chemistry, a pathway was traced where the keyhe carbonyl groups. Several conformers exist for the ground
intermediate is the ter-body complex=0=0. - -H3O".--CO, state, i.e.,1a;-lag in Fig. 1L The lowest conformers are
which could also be viewed as a hydronium bound dimerfound with the CBS-QB3 method to be 11.2 kcal mbifor
It is proposed that this ter-body complex is also generatedtructurela;, and 11.3 kcal mol! for structurela,. Slightly
in a collision encounter between ionized and neutral oxalichigher, atA¢sH=14.1kcalmot?l, is structurelas and clearly

acid. higher one can find structureky, las, and lag, at 17.7,
21.6, and 29.6 kcalmol, respectively. All the stationary
2. Experimental and theoretical methods points of 1a;-1ag can be transformed into each other over

moderate barriers of~15-21kcal mot! (Table J). Protona-
The experiments were performed with the VG analyticaltion at one of the OH groups leads to even higher energy
ZAB-R mass spectrometer of BEE geometry (B, magnet; Especies,1b;-1bz and so these will be inaccessible by low-
electric sector)3] using an electron ionization source at anenergy protonation experiments. However, one of these struc-
accelerating voltage of 8 kV. Metastable ion (MI) mass spectures, i.e., 1b3, plays a crucial role in the dissociation
tra were recorded in the second field free region (2ffr). The ClIDof 1a;.
mass spectra of the 2ffr metastable peaks were obtained in the Collision mass spectrometry based experiments lend support
3ffr using G as collision gas (Transmittances 70%). Allspec-  for structure HOOC-E(OH), formed by self-protonation.
tra were recorded using a PC-based data system developed Die CID mass spectrum, sedg. 3(b), shows two intense
Mommers Technologies Inc. (Ottawa). peaks atm/z 45 and 46. These peaks, it is proposed, arise
Itis difficult to introduce oxalic acid into the ion source at con- from the simple bond cleavagdsa; — COOH" + C(OH), and
trolled low pressures. When a probe tube containing anhydrouka; — COOH® + C(OH),**. The calculated threshold energies
oxalic acid is introduced into the ion source, the pressure rapidlyf these processes are 93 and 115 kcalthalespectively, see
rises to 1-3x 10~° Torr. At these pressures self-protonation is Table 2and so the signal at/z 45 should be more abundant.
complete, i.e., there is no signal for ionized oxalic acid. WeFromFig. 3(b) it can be seen that the peakw#t 45 and 46 are
attempted to protonate oxalic acid by other means, but we couldf almost equal height, but the signalmat; 45 is significantly
not eliminate the contribution of self-protonation (see Sectiorbroader making it the more abundant one. The peaks/at
3). 29 and 19 correspond to consecutive dissociationsnkf
The computations were performed using GAMESS [4K 45 and 46 (part or all ofn/z 19 may also be of metastable
and Gaussian 98] program packages. Initial optimizations of origin, see below). Minor peaks at/z 74 and 56 can also be
the molecules were obtained at DFT/B3LYP level of theory, afterttributed to structure HOOC*QOH), where loss of OM
which CBS-QB3 model chemistf@] implemented inthe Gaus- may lead to ionized dihydroxycarbene,=O=C(OH)**,
sian 98 program package was used to obtain accurate compleig; 74, which then loses #0O to produce &C=C=0°",
basis set (CBS)-extrapolated values for the energy. From thes®/z; 56 (O=C=C(OH)**+OH* lies at 126 kcalmot’
accurate energies the values of the heat of formation at roorfirom AfH [O=C=C(OH)**]=117 kcalmot!, CBS-
temperature for each species was calculated using Radom's te®B3, this work and AtH [OH®*]=9kcalmol! [8]) and
perature correction meth@d]. Spin contaminations were within so this process can only be observed upon collisional
acceptable range. The resulting total energies and enthalpies efcitation).
formation for minima and connecting transition states (TS) in The activation energy for the cleavage of lowest energy
the protonated oxalic acid system are present@dliles Land2  requirement is 82 kcal mok (seeFig. 2), which is similar in
Fig. 1displays the optimized geometries for the principal speciesnagnitude to bond dissociation energies of neutral molecules
andFig. 2shows our derived potential energy surface (PES) forand so protonated oxalic acid would appear to be very stable.
the rearrangement/dissociation processes of protonated oxalfowever, far below this dissociation limita; can undergo an
acid. The complete set of computational results is available frormtriguing rearrangement by step-wise or synchronous decar-
the authors upon request. bonylation and decarboxylation.

3. Results and discussion 3.2. Rearrangement and dissociation reactions of
protonated oxalic acid
3.1. Structure, energy and stability of protonated oxalic
acid The MI mass spectrum dhy is shown inFig. 3(a). The most
important peak is at/z 19 (H3O") corresponding to the loss of
The most favorable protonation site of gaseous organic acid§O and CQ. Minor signals are observedratz 63 (loss of CO),
RCEO)OH, is at the GEO) oxygen atom to produce the carbe- m/z 47 (loss of CQ) andm/z 73 (loss of HO). The signals at
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Table 1

Enthalpies of formation of protonated oxalic acid and isomers derived from CBS-QB3 calculations

lons Etotal (0K) ZPE AH (0K) AH; (298K)
(HO),C-COOH" [9] 1a; —378.16186 38.2 14.8 11.2
(HO),C-COOH" [W] 1a, —378.16176 38.3 14.8 11.3
(HO),C-COOH" [] a3 —378.15723 38.1 17.7 14.1
(HO),C-COOH' [S] lay —378.15159 37.9 21.2 17.7
(HO),C-COOH" [U] las —378.14544 37.8 25.1 21.6
(HO),C-COOH' [U] lag —378.13285 37.3 33.0 29.6
TS1a;-1a; Rotation —378.13862 36.8 29.4 25.7
TS1a;-las Rotation —378.13048 36.5 34.4 30.9
TS1az-las Rotation —378.12937 36.5 35.1 31.6
TS1ag-1a; Rotation —378.14302 36.9 26.6 23.0
TS1as-lag Rotation —378.12703 36.4 36.6 33.2
TS1lag-1ag Rotation —378.11796 36.1 42.3 39.0
H,O—C(=0)COOH 1by —378.12420 36.1 38.4 35.3
H,O0—C(=0)COOH 1b3 —378.12652 35.9 37.0 34.2
[0=C=O0. - .HOH(H)- - .C=0]* 1c¢q —378.19180 34.1 -4.0 —5.7[-4.7]
[HO—C(=0). - -O(H)H. - .C=0]"* 1c, —378.13396 34.4 32.2 30.3
[O=C. - -H- - -O(H)—C(=0)OHT" 1c3 —378.14849 34.7 23.1 20.7
[0=C=O0. - -H- . -O(H)—C(H)}=0]" 1d; —378.16585 34.9 12.2 10.0[11.0]
[0=C=O0. - -H- - -O(H)—C(H)=0]* 1d, —378.16560 34.8 12.4 10.3
[0=C=O0. - -H..-0O—C(H)—OH]* 1d; —378.19586 36.9 —6.6 -9.2
[0=C=O0. - .-H—C(OH),]* 1d4 —378.19737 36.9 -7.6 -10.2
(HO);C—C=0* le —378.17585 36.0 5.9 3.7
[O=C. . .H---O—C(OH)]* 1t —378.18502 36.2 0.2 -25
(HO),C—O—C(H)=0" 1g —378.15797 36.0 17.9 14.1
[0=C=O0. - -H. . -O(H)—C—OH]* 1h —378.10775 34.7 48.7 46.4

TS 1bz—1¢; (Fig. 2 —378.11318 34.7 45.3 42.6
TS1a;-1e (Fig. 2) —378.08623 35.4 62.2 58.7
TS1¢i-1d; (Fig. 2 —378.16149 32.3 15.0 134
TS1d;-1d3 (Fig. 2 —378.14591 34.7 24.7 21.7[23.8]
TS1d;-1d; (Fig. 2 —378.16086 34.6 15.4 12.9
TS1a-1b;3 (Fig. 2) —378.12456 35.2 38.1 34.5
TS1c3-1g (Fig. 5 —378.14653 33.8 24.3 21.2
TS1f-1g (Fig. 5 —378.14563 34.9 24.9 22.1

TS 1cz-1c3 (Fig. 5 —378.13306 33.7 32.8 30.4
TS1e¢;-1e; (Fig. 5 —378.13502 33.8 32.0 29.5
TS1la4-1h —378.09033 34.7 59.6 56.3
TS1a4-1d4 —378.08291 35.0 64.3 61.4

Values in square brackets refer to CBS-APNO results.

mlz 29, 45, 46 and 56 are completely of collision origin resultingspecies gives signals at'’z 29, 28, 18, 17 and 12 in a ratio of
from the presence of residual collision gas. In the following wel00:40:14:13:2 and so we can only use the narrow peakzat
discuss the metastable losses of CO,,COO0+CQ and of 19 toidentify the CHO," ions. Such a signal is compatible with
H»0. the structure KO- - -H*-..CO, where the proton will be more
First we identify the CHO,™ ions atm/z 47 and the CHO3* closely associated with the water molecule because the proton
ions atm/z 63. InFig. 4(a) and (b) are given the reference CID affinity (PA) of water is larger than that of C{8]. However,
spectra of the:/z 47 CH;O,* ions, to wit protonated formic acid, we cannot exclude the possibility that some HC(@Hpns are
HC(OH)" generated from ionized ethyl formate, and the protonco-generated. We have tried to separaterthel 7 peak from the
bound dimer HO- - -H*...CO formed in a Cl experiment of CO intense signal at:/z 46 by examining the Ml spectrum of the
with a trace of watef9]. The latter CID spectrum is dominated fully D labeled ions DOOC-C(ODRY, wherem/z 50 is separated
by a narrow peak ai/z 19, whereas that for HC(Obl) gives  from m/z 48. However, in this experiment we find that; 50 is
an intense peak at/z 29. The CID spectrum of the Gi@,* now contaminated by DEC— 180D** generated by losses of
ions generated from metastatilg is shown inFig. 4c). Now  CO, from the oxalic acid-OB, 180 molecular ions.
we had already observed that in the MI mass spectrutapf In Fig. 4(d) and (e) are given the reference CID spectra/af
the metastable peakatz 47 is much weaker than the collision 63 CH;O3*, namely protonated carbonic acid, C(QH)ormed
induced peak at/z 46 and so the CID spectrum aiiz 47 will fromionized diethyl carbona{é&0], and the proton bound dimer
be heavily contaminated by contributions from C(@H) This  H,O...H*...O=C=0 generated by the dissociative ionization of
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Table 2

Enthalpies of formation of dissociation products of protonated oxalic acid derived from CBS-QB3 calcfllations

lons Eotal (OK) ZPE AH[ (0K) AH; (298K)
H30"+CO+CGQ 21
H30* —76.59652 21.4 145.2 143.6
Cco —-113.18197 3.1 —-27.7 -26.9
CO; —188.37223 7.3 —-95.8 -95.9
H—C(OH)x* +CO, 1
[O=C.-.H---OH,]* +CO; 6
H—C(OH),*P 2a —189.80656 29.0 99.9 97.2
H—C(E=0)0OH,* 2b —189.77544 26.5 119.5 117.5
[O=C. - H---OHy]* 2¢ —189.80110 25.7 103.4 101.7
[C=O.--H--.OH,]* 2d —189.79193 25.7 109.1 107.8
HO—C—OH,* 2e —189.71594 26.3 156.8 154.8
Fig. 5b) 2a-CO —303.00598 33.0 61.3 59.2
Fig. 5b) 2b-CO —302.97500 30.8 80.8 79.2
Fig. 5b) 2b-CO’ —302.97453 31.0 81.1 79.4
Fig. 5b) 2¢-CO —303.00040 30.2 64.8 63.6
TS2a-CO —2b-CO —302.96963 30.8 84.1 81.6
TS2b-CO — 2b-CO’ —302.96943 30.8 84.3 82.3
TS2b-CO’ —2¢-CO —302.96824 28.4 85.0 84.1
C(OH)*+CO 8
[0=C=O0. - -H---OHy]* +CO 6
C(OH)s*P 3a —264.98695 32.2 38.0 34.6
HO—C(=0)0OH,* 3b —264.94565 30.6 63.9 61.0
[0=C=O. - -H---OHy]* 3c —264.99197 29.6 34.8 32.7
TS3a—3b —264.90297 28.4 90.7 87.3
TS3b -3¢ —264.92845 29.1 71.0 68.3
HO—C(=0)C=0" + H,0 52
[0=C=O0. - -H-..C=0]" +H,0 29
HO—C(=0)C=0* 4a —-301.76187 19.4 111.5 110.5
[0=C=O. - -H...C=0]* 4b —301.80091 175 87.4 87.1
H,O —76.33746 13.2 —-57.5 -58.2
HO—C=0" —188.57461 13.3 1425 141.8
H—C=0" —113.40509 10.2 197.6 197.5
HO—C—OH**(W conformer) —189.12578 20.4 161.9 160.3
HO—C—OH (S conformer) —189.45926 20.5 —47.4 —49.1
HOCO —188.87250 13.0 —44.5 —45.2
(HO),C=0P —264.69558 24.5 —144.5 —146.9

a Eyotal in Hartrees, all other values in kcal mdl including the ZPE scaled by 0.99.

b Lowest energy conformer.

dihydroxyfumaric acid10]. The latter spectrumis characterized which can then, via a barrier at 26 kcal md) rearrange to
by a narrow peak ai/z 19, H3O", as was also the case for 1a,. The associated transition state (I&-1b3) as well as
H20. - -H*...CO, see above. The CID spectrum of theCH"  1b; are essentially planar. Next the® moiety rotates to such
ions generated from metastalblg ionsis givenirFig. 4f)and  an extent (TSlbsz-lc;) that the carboxyl hydrogen can be
it can be seen that these ions arglH- -H*-..O=C=0 to the  transferred to the D ionic part. This leads to collapse to the

exclusion of C(OH}*.

ter-body[11] complex G=C=0. - -H30*...CO (L¢;) which in

Thus, the following dissociations have been established:  fact is a double hydrogen bridged species and which can also
HOOC-C'(OH)p — H,0 - sH*.sO=C=0 + CO ) be viewed as a hydronium bound dimer. Thus, after the second

hydrogen shift, the €C bond stretches and the incipierd®f

HOOC-C"(OH); - H20 - sH"-sCO + CO, (2) ioninsertsitself into this elongated-C bond forming H-bonds

HOOC-C"(OH), - H30" +CO + CO, (3)

According to our

with CO and CQ. This ter-body complex serves as the reacting
configuration (RC) for reactionfl)}~(3). It can be seen from

calculations the conformerla,  Table 2and Fig. 2 that the dissociation energies to produce

(AfH=11.3kcalmoll) can rearrange without a barrier H3O" from H,O. - -H*...O=C=0 and KO- - -H*...CO are the
to the hydroxyl protonated form HOOC-8Q)OH,*, 1bj, same, 15kcalmoft. This means that CO and Gnave the
which lies 35 kcal mot! abovela,; alternatively, se§able 1 same hydronium ion affinity. Thus, energetically it makes no
and Fig. 2, we can start fromla; (AfH=11.2kcalmot?) difference whether we associatg® with CO or CQ and as
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a consequence association with a second CO gri@@ecule, gen inle; may move towards the C atom of CO and thgH
too, makes no difference. As can be seen fieim 2 a single  molecule is then “extracted” from the complex to produce the TS
complexation leads to a stabilization of 15 kcal mbhnd the  (1¢;—1d;) which can be considered as the proton bound dimer
second one to a further stabilization of 12 kcal mol O=C=0. - -H*- . .CO with an additional water molecule associ-
We note here that the barrier for formation of ated with the proton. This TS may generate the proton bound
H30*+CO+CQ is 32kcalmot!, which is similar to dimer G=C=0..-H*...O(H)-CH=0, 1dy, or it may shed HO
the barrier found for formation of $0 + CO + CQ for neutral  to produce &C=0. - -H*...CO,m/z 73. Thision could fragment
oxalic acid, 24[1b] or 42 kcal mot! [1d] although the respec- further to HCO + CO; (+H,0) and this process has a threshold
tive mechanisms are very different. Hence, protonation doesnergy of 44 kcal mol. Since the intensity ratia/z 29:m/z 45
not appear to accelerate decomposition of oxalic acid. is the same irFig. 3(a) and (b) we conclude that most afz
The ter-body complexic; may also lead to the loss of 29 inthe MI spectrumKig. 3(a)) is of collision induced origin.
H,0 to produce the proton bound dimee=O=0..-H*...CO  This leads to an important conclusion: the internal energy of
(mlz 73). According to our calculations the-®- - -C hydro-  metastable protonated oxalic acid cannot be much larger than

1.543 }

1a,

1az

184 135 136

1b, 1by 1cq

1c, 1cs 1d1

1d, 1d, 1d,

Fig. 1. The CBS-QB3 optimized geometries for protonated oxalic acid isomers and selected transition states.
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Fig. 1. (Continued).
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Fig. 2. Potential energy diagram derived from CBS-QB3 (2984bles 1 and Pcalculations describing the dissociation chemistry of metastable protonated oxalic
acid ions.
44 kcal mot! which imposes an upper energy limit upon our

rationalize that the conventional species HC(@Hand
how attractive they may be, can now be ruled out. For example, also rule out the formation of HC(Obf) and C(OH}" via
the barrier for a least-motion extrusion of CO from conformer
1a; to produce C(OHY* from 1le lies at 59 kcal mot! (see

Fig. 2) and so this process can be ruled out.

theoretical calculations. Thus, certain mechanistic alternatives, C(OH)s* are not formed directly fronta. However, can we

In the same vein, direct formation of HC(OH) by loss

of CO, is also energetically prohibited: the transition state

lag — 1d4 — HC(OHY* + CO; lies at 61 kcal mot?! (Table 2.

in 1a4 would yield ion1h, O=C=0. - .H—O*(H)—C—OH. This

other pathways, for example, via further isomerization of the
molecular ion or of the product ions?

2. TheproductsbO. - -H*...COand BO. - .H*...O=C=0are

seeFig. 2) and so the question arises as to why these proton

formed with a large amount of excess energy (37 kcatthol
associated with the 1,3-H shift in the reaction sequence bound dimers (or at least part of them) remain intact. Also,
Alternatively, a 1,4-H shift with a concomitant-C cleavage

ion could rearrange intbdy, O=C=0. - .H—C*(OH),, by proton
transport catalysis, and then lose £®owever, the transition
state forlagy — 1h lies at 56 kcal mot®, seeTable 1, and so this
process can also be ruled out.
formation of the dissociation products{@8*, H,O. - -H*. . .CO,

H20. - -H*...0=C=0 and G=C=O. - -H*-..CO) of protonated

tions remain, to wit:

H,0..-H*...CO and HO...-H*...0=C=0; we can also

what is the reason that two iso-energetic products (forma-
tion of m/z 47 and 63) give markedly different ion yields
in the MI spectrum? And lastly, formation ef/z 73 needs

23 kcal mot ! more energy than generatiorvafk 47, so why

are the two corresponding metastable peaks of nearly equal
intensity?

Summarizing, our CBS-QB3 calculations can rationalize thes 3. Tyansformation of 0=C=0- - -H30*- - -C=0 in to
0=C=0---H-O—CHOH*

oxalic acid in terms of the intermediary of the ter-body complex  \wjith respect to the first question, we have already estab-

O=C=0- - -H30O"--CO. However, some disconcerting ques-jished that the ter-body complete; can rearrange into

rearrange via a low barrier to its conformil;, In this species

O=C=0. - -H*...O(H)-CH=0, 1d;, se€Fig. 2 This species can
1. We can rationalize the formation of the proton bound dimerdhe CGQ molecule can accept the proton and after passing TS

(1d;-1d3) at 22 kcalmot?, the proton is donated back to the
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19 45 63 @) 3.4. Transformation of O=C=0---H30*...C=0 in to
O=C---H-O—C(OH),*
46
Experimentally, the situation is much clearer for the loss
of CO, where the sole product is;B- - -H*...0O=C=0, 3¢, to
the exclusion of C(OHy)', 3a;. We have traced a low energy
pathway where CO catalyzes the transformatdan— 3a;
29 47 and the results of our calculations are shown FHig. 5.
¥ In Fig. 5@) is shown the potential energy surface (PES)
73 for rearrangement/dissociation processes of stigary ions
\ X7 Ho0. - -H*...0O=C=0 and C(OH}*. Starting fron3a;, a 1,3-H
| N ﬂ\ k shift requires 52 kcal mol to produce the ion—dipole complex
’ HOC*(=0). - -OHy, 3b, which can either lose water as indicated,
45146 (b) or it can shift the proton from HOCOto H,O to producelc
which can then dissociate. However, when we start from low
energy ion8cisomerization intda; will not take effect because
the barrier (52 kcal mott) is much larger than the threshold for
dissociation into HO* + COy. It is also clear that even iork
having internal energies of 37-39 kcal mbli.e., those formed
from protonated oxalic acid as depictedHig. 2cannot isomer-
29 ize into3ay.
19 How does the situation change when the proton bound dimer
3cis complexated with CO, as ie; ? Here, se€ig. 5b), we find
that isomerization ofcg into 1c3, the CO complexed analog of
56 74 3b, requires about as much energy as rearrangement for the iso-

A

.

lated ion. However, the next steps leadindfothe analogue of
Fig. 3. MI and CID mass spectra of protonated oxalic acid, item (a) and (b)3q, require substantially less energy when the ion is associated
respectively. with CO. In this rearrangement dt3 — 1f the CO molecule
attracts the proton, and then the C atom of the incipient HCO
radical forms a covalent bond with the keto oxygen atom (as
carbonyl oxygen atom of the incipient HGH=0O molecule indicated by the arrow) to form the carbenium ibm The next
to produce the very stable complex HC(QH) -O=C=0O  step is analogous to decarbonylation of ionized methyl formate
(1d3) which can then shed GQo produce HC(OHy'. This  [15]: the O-C bond stretches and the proton is inserted into this
constitutes an example of proton-transport catalysis (PTGtretched bond to from the compldg which could then dis-
[12]), by now a well-established process. In a recent pubsociate. The reactiohes — 1f could be called proton-transport
lication [13] on the isomerization/dissociation reactions of catalysis, but it proceeds via a covalently bonded carbenium
metastable HC(OHJ ions, 2a, it was concluded that these ion. The activation energy for the rearrangemaeit— 1f 1f
ions can rearrange via a 1,3-H shift to the ion—dipole comis 36 kcal motl, compared to 54 kcal mot for the solitary
plex H-C*(=0O). - -OHjy, 2b, which is a transient species only ions and considering that iong; have an internal energy of
and which collapses to the complex=O---H*...OHp, 2¢.  49-51kcal mot?!, formation of C(OH}" is energetically fea-
For the reverse reactioRb — 2a the barrier was found to sible. InFig. 2, the barrier for the above CO assisted reaction
be 30kcalmofl. When we complex2a with CO, as in lies at 30 kcal mot?, ar the energy level for formation ofi/z
1d, the barrier is reduced to 12 kcalmdl seeFig. 2 (TS  73. Experimentally it is found that/z 73 is formed whereas
1d,-1d3) and so CQ does catalyze the reaction to some C(OH);" is not. We propose that kinetic factors rule against the
extent by PTC. This barrier lies far beneath the energy foformation of C(OH}*: the internal energy available tx; is
formation of 1d, from protonated oxalic acid, so that ener- so large that the ion will preferentially undergo simple cleavage
getically PTC may well occur. However, as discussed aboveeactions rather than complicated rearrangement processes.
we cannot conclude from our experimental data whether or
not this process actually occurs to some extent. The reasah5. Formation of O=C=0---H30" - . -C=0 from the oxalic
that the CQ assisted isomerizatior2l§ — 2a) still has a size-  acid dimer radical cation
able barrier lies in the low PA of C(129 kcal mott) com-
pared to the PAs of HC(=0)-OH at=0 (179 kcal mot? [8]) The second problem concerns the observation that at
and at—OH (159 kcal mot?, from Table 2. Indeed, when least part of the2e and 3¢ ions having large internal ener-
we complex2b with a species having a higher PA, e.g., CO gies (37-39kcal mot') remain intact. The excess energy is
(PA=142kcalmot?, i.e., more in line with Radom’s PA cri- 22—24 kcal mot! which should be more than sufficient to com-
terion [14]) we calculate that the barrier is reduced to a merepletely dissociate these complexes within the metastable time
2 kcal mol ., frame. The origin of the problem may lie in the method of ion
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Fig. 4. CID mass spectra of/z 47 CH;O,* ions (items a—c) anat/z 63 CH;O3* ions (items d—f): (a) protonated formic acid HC(QH;) (b) proton-bound dimer
[H2O0—H—COT"; (c) m/z 47 CH;O,* ions generated from the unimolecular decomposition of protonated oxalic acid ions; (d) £(@&)j)proton bound dimer
[H,0—H—OCOY; (f) m/z 63 CH;0," ions generated from the unimolecular decomposition of protonated oxalic acid ions.

preparation. As mentioned in Secti@rprotonated oxalic acid is no more than a spectator follows from the observation that the
was produced by self-protonation, putatively by the followingactivation energies for the isolated reaction and for reaction with

reaction: CO, are equal (32 kcal mol). The overall reaction depicted
in Fig. 6is exothermic by 41.5 kcal mot and so the ter-body
HOOC-COOH+ HOOC-COOH™ complex thus formed is expected to dissociate. However, this
—» HOOC-C(OH)" + *00C-COOH (4) ion-molecule reaction takes place in the source under chemical

ionization conditions where the ter-body complex can be
According to our ab initio calculations the PAs of oxalic acid collisionally stabilized. Hence, it is entirely possible that in
and of the radicatOOG-COOH are similar and so the proton the ion source iondc; are already present in admixture with
can easily shift from the radical cation to the neutral moleculesolitary protonated oxalic acid ions. Subly ions we argue are
Next an interesting phenomenon may occur: our calculationthe precursors for formation ef/z 47 and 63 as observed in the
indicate that the €C bond in the radicalOOG-COOH is Ml mass spectrum, whereas protonated oxalic acid would disso-
very weak so that the radical may dissociate exothermically t@iate only to O*. Can we prove this hypothesis? We could for
HOCOC + CQ,. That is to say the initial hydrogen bridged rad- example try to protonate oxalic acid by other means than by self-
ical cation HOOG-C(=0)-0°- - -H*...O=C(OH)-COOH, see protonation. However, as mentioned in Sec@it proved very
alsoFig. 6, loses COOMto produce protonated oxalic acid com- hard to reduce the amount of self-protonation in favour of proto-
plexated with CQ. Next, the ter-body compleke; is generated nation by another agent (e.g.@). Another attempt would be
by the same mechanism as showahiig. 2for solitary protonated  to purify them/z 91-ion beam by a neutralization-reionization
oxalic acid but now with C@as a spectator molecule. That €O experiment followed by MI analysis of the survivors. The idea
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HOG=0* + H,0
I

48

via rotation OH T

HOC=0" + H,O + CO
—

60

Fig. 5. Potential energy diagrams derived from CBS-QB3 calculations describing the isomerization and dissociation reactions of protonatedidasooners:
(a) represents the case of solitary ions; (b) shows the effect of complexation with CO.

behind this approach is that upon neutralization the ter-bod¥ig. 2) and so theTp 5 value for formation ofm/z 63 should
complexes willundoubtedly fall apart while the radicals HOOC-be larger than that fom/z 19 [16,17], the opposite of what
*C(OH), could well survive neutralization: our calculations is observed. Also the fraction of kinetic energy released in
indicate that their dissociation into HOOC-COOH *téquires  the formation ofm/z 63, relative to the reverse term, is only
29 kcalmotl. Thus, following reionization and subsequent 2%, an unprecedentedly low value. We therefore, propose that
mass selection, the Ml mass spectrum of pludons was to  in the ion source a mixture of ionka; (or 1a;) and 1c; are

be recorded. Unfortunately, the yield of the survivor signalproduced. The former rearranges into energy dich which

was very low; in addition the MI spectrum ef/z 91 is very  rapidly dissociates to §D* with a relatively large kinetic
weak and these two effects combined precluded a successfehergy release and t@/z 73, O=C=0. - -H*...CO. Anym/z 47
experiment. ions (KO- - -H*...CO) andm/z 63 ions (HO- - -H*...O=C=0)

We have also measured the kinetic energy releasgs ( formed from1la; via 1e¢; will dissociate completely to sD*.
values) for the processes leadingrifx 19 (55 meV) andn/z By contrast, low energyc; ions generated in the ion source
63 (35meV). Now formation ofn/z 63 has a larger reverse produce onlym/z 47 and 63 by direct bond cleavage with
term than generation ofi/z 19 (37 versus 22 kcal mot, see  relatively small kinetic energy releases. Thus, the formation in
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Fig. 6. Potential energy diagram derived from B3LYP/CBSB?7 calculations describing the formation of the ter-body comPte®-0-H30*- . .C=0 from the
collision encounter between neutral and ionized oxalic acid. The relative energies are in kdal mol

the ion source ofc; in admixture withla; provides a rationale tific Research for making available the TERAS supercomputer
for the questions raised at the end of Sec8dh of SARA in Amsterdam.
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