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Abstract

Amide-iminol tautomerism was studied for ionized oxamic acid (OA*®) in the gas phase using the
DFT method with the UB3LYP functional and various basis sets {6-31++G(d,p), 6-311+G(d,p), and aug-
cc-pVDZ}. Among twenty tautomers-rotamers possible for OA*®, eleven isomers were found to be
thermodynamically stable. Similarly as for the neutral molecule, ionization (OA — OA*® + ¢) favors the
amidization process (amide < iminol). Isomerization seems to change solely the conformational

preferences. m-Electron delocalization in the NCO and OCO moieties is close to that for n-n conjugated
fragments.
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1. Introduction

Intramolecular proton-transfer accompanied by migration of m-electrons is called prototropic
tautomerism or simply prototropy [1-3]. It takes place for molecules containing the X=Y group
conjugated with the ZH group, X=Y-ZH === HX-Y=Z. Prototropy influences the structure of
compound, its stability, chemical and biochemical reactivity, and biological activity. The most
commonly studied forms of prototropy are keto-enol, amide-iminol, and enamine-imine
tautomerism. Generally, the keto, amide, and enamine forms are favored in the gas phase,
solution and solid state. Some exceptions are phenols stabilized by resonance or acethylacetone
stabilized by intramolecular H-bonds.

Oxamic acid (HLNCOCOOH, OA) is a C-carboxyl derivative of formamide (H,NCOH).
Being an inhibitor of lactate dehydrogenase (LDH), it binds specifically with the LDH-NADH
complex, and blocks the active center of the enzyme [4-6]. This property opened new
possibilities of applications of oxamic acid in biotechnology for selective bioseparation of LDH
[7, 8] or in analyses of biomaterials containing LDH [9-11]. To understand interactions of
oxamic acid with LDH, it is very important to understand all phenomena that dictate the
structure of interacting compound.

Similarly as formamide, oxamic acid exhibits amide-iminol tautomerism (1). Prototropy
leads to two tautomeric forms: the amide {H,N-C(COOH)=0O} and iminol
{HN=C(COOH)-OH} tautomers. Due to flexibility of the N-C—C-O chain in the amide
tautomer, four amide structures are possible (OA1-OA4, Fig. 1). In the case of the iminol
tautomer, rotational isomerism around the single bonds in the O—C—C—-O chain and geometrical
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isomerism around the double C=N bond lead to sixteen iminol structures (OA5-OA20, Fig. 1).
These types of isomerism have been already studied for neutral OA [12-15].

HoN-C(R)=0 (amide) == HN=C(R)—OH (iminol) (1)
(R =H or COOH)
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Fig. 1. Possible structures for the amide and iminol tautomers of oxamic acid.
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The aim of this paper is to study the effect of ionization (lose of one electron) on amide-
iminol conversion for oxamic acid. Since tautomeric equilibria are very difficult or even
impossible to investigate by experiment when amounts of less important tautomers are lower
than 0.1 %, we applied here quantum-chemical methods. For our investigations, we chose the
DFT method [16] with the UB3LYP functional [17] and various basis sets {6-31++G(d,p), 6-
311+G(d,p), and aug-cc-pVDZ} [18, 19]. We considered all twenty possible tautomers-rotamers
(Fig. 1) for the radical cation of oxamic acid (OA*®). We analyzed effect of ionization on
tautomeric equilibria and on m-electron distribution when going from the neutral to ionized form
(OA —> OAte + ¢). For analysis of n-electron delocalization, we used the HOMED (harmonic

oscillator model of electron delocalization [20]) index to geometries optimized at the
UB3LYP/6-311+G(d,p) level.

2. Computational details

Geometries of all possible tautomers-rotamers for the radical cation of oxamic acid (Fig. 1)
were fully optimized without any symmetry constraints at the DFT(UB3LYP)/6-31++G(d,p)
level [16-18]. Two other basis sets {6-311+G(d,p) and aug-cc-pVDZ} [18,19] were also tested
for selected isomers. For minima (with real frequencies), the Gibbs free energies (G = H — TS)
were calculated at 298.15 K using the same levels of theory. The G values include changes in the
zero-point energy (ZPE) and thermal corrections (vibrational, rotational and translational) to the
enthalpy (H) and to the entropy (S). The tautomeric equilibrium constants (KT) for tautomeric
conversions were estimated from the Gibbs free energies of the corresponding pairs of tautomers
(1.3643-pKT = AGT). The percentage contents of individual tautomers were calculated on the
basis of the estimated pKT {pKT = — log [x/(1-x)]}. Calculations were performed using the
Gaussian 03 program [21].

3. Results and discussion
3.1. Thermodynamic stabilities

For neutral oxamic acid, three amide structures (OA2-OA4) have been found to be stable at
various quantum-chemical levels (HF, MP2, DFT, and G2) [15]. The structure OAL is unstable,
probably, due to repulsion between the carboxyl OH group and the amide NH group. During
optimization OA1 isomerizes to OA3, which has the lowest energy. The Gibbs free energies of
OA2 and OA4 are larger than that of OA3 by 2-5 kcal mol-1. Among sixteen iminol isomers
possible for neutral oxamic acid in the gas phase, solely two structures (OA7 and OAll) are
found to be unstable at the DFT(B3LYP)/6-31++G(d,p) level, probably due to repulsion between
the OH groups [15]. During optimization, they isomerize to OAS5 and OAL9, respectively. All
stable iminol isomers have larger Gibbs free energies than that of the most stable amide structure
(OA3) by more than 10-20 kcal mol-1. OA5 is the most stable iminol isomer. The use of
different methods and different basis sets have no important influence on geometrical and
thermodynamic parameters of the neutral amide and iminol isomers. Therefore, we selected the
DFT method with the UB3LYP functional and the 6-31++G(d,p) basis set for search of
thermodynamically stable isomers of ionized oxamic acid.

DFT calculations showed evidently that ionization of oxamic acid isomers changes their

stability. For the amide tautomer, only two structures (OA3+® and OA4+®) are found to be
stable at the UB3LYP/6-31++G(d,p) level. The OAl+® and OA2+® isomers are unstable. During
optimization they isomerize to OA3*® and OA4+e, respectively. The amide isomer OA4+® has
lower Gibbs free energy than OA3*® by 2 kcal mol-1. For the iminol tautomer, only nine
isomers are stable at the UB3LYP/6-31++G(d,p) level: OA5+Te, OA9+e OAlO+e, OAl2+te,
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OAl13t+e OAl5te OAl6+e, OA18+e, and OA19+e. Other isomers, OA6+e, OA7+e OA8+te,
OAllte OAl4+e OALl7+e and OA20+e, are unstable and during optimization isomerize to
OA10te, OA5te OA12+e OA9+e OAl6*e, OA19+e and OA18+e, respectively. OA10+® is
the most stable iminol isomer for ionized oxamic acid. However, its Gibbs free energy is larger
than that of OA4+e by 15 kcal mol-1, and it may be considered as rare form in the tautomeric
mixture of oxamic acid, similarly as other iminol isomers.

The relative Gibbs free energies calculated at the UB3LYP/6-31++G(d,p) level for all stable
ionized isomers of oxamic acid are listed in Table 1. For comparison, the relative Gibbs free
energies for the corresponding stable neutral isomers are also given in this Table. The
comparison shows that the order of stabilities for the ionized isomers (OA4+e > OA3te >
OAl10te > OA18+e > OAl12t+e > OAL19te > OA5te > OA9+e > OAl6+e ~ OAl3+e >
OA15%e) is not the same as that for the neutral ones (OA3 > OA4 > OA5 > OA19 > OA18 >
OA10 > OA12 > OA13 > OA16 > OA9 > OA15). However, ionization favors the amidization
process, similarly as for the neutral molecule. Ionization seems to change solely conformational
preferences: from OAS3 for the neutral amide tautomer to OA4+e for the ionized amide tautomer,
and from OAS for the neutral iminol tautomer to OA10*® for the ionized iminol tautomer.
Differences in the relative Gibbs free energies between the most stable neutral iminol and amide
tautomers (14.0 kcal mol-1) and between the most stable ionized iminol and amide tautomers
(15.0 kcal mol-1) are almost the same. Ionization seems to have no significant effect on
tautomeric amide/iminol equilibria. This may suggest that one electron in the most stable amide
and iminol radical cations is taken from the COOH group. When one electron is taken from the
amide group in the parent system (formamide/formamidic acid), difference in the relative Gibbs
free energy between the iminol and amide tautomers is lower than for oxamic acid [22] similarly
as for the neutral molecules [23]. For neutral molecule, this difference is six times greater (11.5

kcal mol-1 at the G2 level [23]).

Table 1
Comparison of the relative Gibbs energies (AG in kcal mol-1) for neutral and ionized isomers of
oxamic acid.

Isomer AGa Isomer AGD Isomer AGa Isomer AGD
OA3 0.0 OA3+e 2.0 OA13 21.2 OA13+e 27.3
OA4 3.1 OA4+e 0.0 OAI15 25.5 OA15+e 324
OA5 14.0 OAG+e 25.7 OA16 23.8 OA16+e 27.2
OA9 25.0 OAQ+e 26.3 OA18 18.4 OA18+e 16.9
OA10 19.0 OA10+e 15.0 OA19 17.8 OA19+e 25.1
OA12 20.3 OA12+e 22.0

a At the B3LYP/6-31++G(d,p) level, taken from ref. [15].
b At the UB3LYP/6-31++G(d,p) level.

3.2. Geometrical parameters

Selected geometrical parameters for all stable amide and iminol isomers of ionized oxamic
acid are summarized in Table 2. Generally, rotational and geometrical isomerism, and
consequently, intramolecular interactions slightly influence the covalent bond lengths and
angles. Some exception is only the C—C bond. The ranges of variations for the C-0O, C=0, C-C,
C-N, and C=N bond lengths are as follows: 1.28-1.32, 1.19-1.24, 1.50-1.70, 1.31, and 1.24-1.28
A, respectively. The greatest variations are for the single C—C bond (0.2 A). For comparison, the
lengths of the same types of bonds for neutral isomers vary in the following way: 1.33-1.38,

116



E.D. Raczynska & et al. / J. Iran. Chem. Res. 4 (2011) 113-122

1.20-1.22, 1.52-1.55, 1.34-1.36, and 1.26-1.27 A, respectively [15]. The ranges of variations for
the O=C-0, O-C-aC, O=C-aC, C-aC=0, C-aC-0O, C—-aC-N, C-aC=N, O=aC-N, and
O—-aC=N angles are as follows: 120.0-132.7, 110.4-127.0, 109.8-127.1, 114.3-123.6, 108.7-
121.5, 115.4-115.6, 106,5-120.9, 120.7-130.5, and 124.6-136.7°, respectively. They slightly
differ from those for neutral isomers: 121.5-124.8, 110.2-118.7, 119.7-126.3, 109.8-116.6,
119,2-122.7, 111.3-114.9, 118.3-128.7, 125.1-126.9, and 120.1-130.1°, respectively [15]. The

greatest variations are for the O—C—-C, C—C=N, and O—C=N angles. They are larger for ionized
than for neutral isomers.

Table 2
Selected geometrical parameters for stable isomers of ionized oxamic acid {H,N6
(05=)C4(03=)C201H} estimated at the UB3LYP/6-31++G(d,p) level.

covalent bond lengths (in A)

Isomer C201 C203 C2c4 Cc405 C4N6
OA3+e 1.28 1.20 1.70 1.21 1.31
OA4+e 1.30 1.20 1.63 1.23 1.31
OAG+e 1.30 1.20 1.62 1.29 1.26
OAQ+e 1.30 1.20 1.63 1.29 1.26
OA10+e 1.31 1.20 1.59 1.29 1.26
OA12+e 1.32 1.19 1.59 1.29 1.28
OA13+e 1.29 1.21 1.60 1.32 1.24
OA15+e 1.29 1.24 1.50 1.31 1.27
OA16+e 1.30 1.23 1.50 1.30 1.28
OA18+e 1.31 1.19 1.59 1.30 1.25
OA19+e 1.30 1.19 1.63 1.31 1.25

angles (in degree)

Isomer OlC203 O0OlC2Cc4 03C2C4 (C2C405 (C2C4N6  0O5C4N6  03C2c405

OA3+e 120.0 112.9 127.1 123.6 115.6 120.7 180.0
OA4+e 132.7 110.5 116.8 1143 115.4 130.5 180.0
OA5+e 127.5 119.4 113.1 114.4 118.1 127.3 8.0
OAQ+e 127.5 119.7 112.7 114.3 120.9 124.6 17.5
OA10+e 131.8 111.7 116.5 116.2 118.8 125.0 0.4
OA12+e 131.6 106.3 122.0 119.9 117.0 123.0 160.8
OA13+e 125.8 118.3 115.9 109.2 114.1 136.7 0.0
OA15+e 123.2 127.0 109.8 119.4 106.5 134.0 180.0
OAL6+e 128.6 119.7 111.7 121.5 106.8 131.7 180.0
OA18+e 131.1 110.4 118.6 111.5 118.9 129.6 0.0
OA19+e 128.9 115.3 115.8 108.7 120.7 130.4 125.2

To study the effect of ionization on geometrical parameters of particular isomers of oxamic
acid, two stable amide isomers (OA3 and OA4) and two stable iminol isomers (OA5 and OA10)
were considered here. The selected geometrical parameters for the neutral [15] and ionized
forms, calculated at the same level of theory {(B3LYP)/6-31++G(d,p) and UB3LYP/6-
31++G(d,p)}, are given in Table 3. The comparison provides the following information.
Generally, ionization lengthens the central C—C bond for both the amide and iminol isomers.

Except the C405 bond for OA4+e, ionization shortens the single and double CX bonds. The
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shortening effect of the CX bonds is, however, considerably smaller (< 0.5 A) than the
lengthening effect of the C—C bond (0.07-0.15 A).

Table 3
Comparison of bond lengths (in A) and angles (in degree) for the same neutral and ionized amide
and iminol forms of oxamic acid

amide 1somers

Bond length OA3a (QA3+eb AC OA4a OA4+eb AC
C201 1.332 1.285 -0.047 1.334 1.299 -0.035
C203 1.209 1.196 -0.013 1.215 1.198 -0.017
c2c4 1.548 1.697 0.149 1.547 1.627 0.080
Cc405 1.230 1.213 -0.017 1.218 1.228 0.010
C4N6 1.343 1.308 -0.035 1.355 1.308 -0.047
Angle

olc2c4 111.9 112.9 1.0 112.3 110.5 -1.8
01Cc203 124.8 120.0 -4.8 124.6 132.7 8.1
03c2c4 123.2 127.1 3.9 123.0 116.8 -6.2
C2C405 119.2 123.6 4.4 122.7 114.3 -8.4
0O5C4N6 126.9 120.7 -6.2 126.0 130.5 4.5
C2C4N6 113.9 115.6 1.7 111.3 115.2 3.9
03C2C405 180.0 180.0 0.0 180.0 180.0 0.0

iminol isomers

Bond length OA5a QAG+eb AC OAl0a OQA10+eb AC
C201 1.328 1.298 -0.030 1.341 1.310 -0.031
C203 1.214 1.201 -0.013 1.215 1.198 -0.017
c2c4 1.524 1.617 0.093 1.523 1.591 0.068
Cc405 1.339 1.291 -0.048 1.345 1.293 -0.052
C4N6 1.270 1.260 -0.010 1.267 1.257 -0.010
Angle

olc2c4 120.5 113.1 -7.4 122.2 116.5 -5.7
01Cc203 124.8 127.5 2.7 124.4 131.8 7.4
03c2c4 114.7 1194 4.7 113.4 111.7 -1.7
C2C405 114.2 1144 0.2 112.1 116.2 4.1
0O5C4N6 127.5 127.3 -0.2 121.3 125.0 3.7
C2C4N6 118.3 118.1 -0.2 126.6 118.8 -7.8
03C2c405 0.0 8.0 8.0 0.0 0.4 0.4

a At the B3LYP/6-31++G(d,p) level as in ref. [15].
b At the UB3LYP/6-31++G(d,p) level.
¢ Difference between geometrical parameters of the ionized and neutral forms.

For the amide isomers, the smallest variations occur for the O1C2C4 (OA3+® and OA4+e)
and C2C4N6 (OA3+e) angles. The strongest reduction ionization effect is observed for the
OS5SC4N6 (OA3+e) 03C2C4 (OA4*e), and C2C405 (OA4+e) angles. The strongest
augmentation ionization effect takes place for the C2C405 (OA3+*e), O3C2C4 (OA3*e), and
O1C203 (OA4+e) angles. For the iminol isomers, the smallest effect is found for the O3C2C4
(OA10+e) angle and for angles around the C4 atom (OA5+®). The strongest reduction ionization
effect occurs for the O1C2C4 (OA5t® and OA10+e®) and C2C4N6 (OA10*®) angles. The
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strongest augmentation ionization effect takes place for the O3C2C4 (OA5+*e) and O1C203

(OA10+e®) angles. These variations of angles depend on conformation and intramolecular
interactions. Intramolecular interactions possible for oxamic acid are also responsible for
planarity of both the neutral and ionized isomers. Hence, the dihedral O3C2C405 angle does not
vary very much (A < 10°).

3.3. ~Electron delocalization

To describe quantitatively m-electron delocalization in various cyclic and acyclic systems,
the geometry-based HOMA (Harmonic Oscillator Model of Aromaticity) index was defined
more than 30 years ago [24], and reformulated in 1993 [25]. Since different measures were
employed for the CX bonds in the reformulated HOMA index [25], its applications to
heterocompounds have led to unexpected results [3]. Taking these discrepancies into account, we
applied here the geometry-based HOMED index [20]. The HOMED index was defined in this
way that it could measure any type of resonance effect, such as o-m hyperconjugation, n-m
conjugation, m-1 conjugation, and also aromaticity, possible for w-electron systems [20].

The HOMED index can be estimated according to equation (2), where n is the number of
bonds taken into account, R, is the appropriate optimum bond length, R; is the real bond length,
and « is the normalization constant {a = 2:[(R, — Rs)2 + (R, — Rq)2]-1 for the even number of
bonds, i.e., the same number of single and double bonds; Ry and Ry are the reference single and
reference double bond lengths}. The following Ry, Ry, and R, values (in A), calculated at the
B3LYP/6-311+G(d,p) level were taken here [20]: 1.5300 (ethane), 1.3288 (ethene) and 1.3943
(benzene) for the CC bonds, 1.4658 (methylamine), 1.2670 (methylimine) and 1.3342 (1,3,5-
triazine) for the CN bonds, and 1.4238 (methanol), 1.2017 (formaldehyde) and 1.2811
(protonated carbonic acid) for the CO bonds. On the basis of these R values, the normalization o
constants equal to 88.09, 91.60, and 75.00 were used for the CC, CN, and CO bonds,
respectively.

HOMED = 1 - [&%(R, — R)2]/n 2)

The HOMED indices were estimated for two n-m conjugated fragments of ionized oxamic
acid, the carboxylic (OCO) and amide/iminol (OCN) groups. The two most stable amide isomers

(OA3*e and OA4+*e) and the two most stable iminol isomers (OA10+® and OA18+e) of ionized
oxamic acid, optimized at the UB3LYP/6-311+G(d,p) level, were selected for the HOMED
estimation. The use of the same level of theory for ionized oxamic acid as for the reference
molecules has this advantage that the computational errors may cancel out in the procedure of

the HOMED estimation [20]. For the ionized amide OA3+® and OA4+® isomers, the estimated
HOMED indices are equal to 0.6412 and 0.6665 for the carboxylic group, and to 0.0.7125 and
0.8000 for the amide group, respectively. For the ionized iminol OA10+® and OA18+e isomers,
the estimated HOMED indices are equal to 0.6582 for the carboxylic group, and to 0.0.6806 and
0.6399 for the iminol group, respectively. All estimated HOMED values are close to those
estimated for the most stable neutral tautomers of oxamic acid (0.6756 and 0.8653 for OA3, and
0.7152 and 0.6696 for OA5) [15]. They are typical for the n-n conjugated fragments (0.5 <
HOMED < 1) [20].
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Table 4

DFT thermodynamic parameters (in kcal mol-1) for selected amide—iminol conversions in
ionized oxamic acid.

Basis set Conversion AHt TAST AGr Kr
6-31++G(d,p)  OA3+e—>OA10+e 14.0 1.0 13.0 3.0-10-10
OA3+e_30A18+e 15.0 0.2 14.8 1.4-10-11
OA4+e_>0A10+e 16.2 1.2 15.0 9.6-10-12
OA4+e_50A18+e 17.2 0.3 16.9 4.3-10-13
6-311+G(d,p) OA3+*—0OA10+e 14.8 0.4 14.4 2.9-10-11
OA3+e_30OA18+e 15.6 0.0 15.6 3.8-10-12
OA4+e_sOAL0+e 16.6 0.6 16.0 1.8-10-12
OA4+e_50A18+e 17.4 0.2 17.2 2.4-10-13
aug-cc-pVDZ OA3+e_sOA10+e 14.3 0.2 14.0 5.3-10-11
OA3+e_0OA18+e 15.6 0.2 15.4 5.4-10-12
OA4+e_sOAL0+e 15.9 0.4 15.5 4.6-10-12
OA4+e_50A18+e 17.2 0.4 16.8 4.7-10-13

3.4. Amide-iminol conversion

Four isomers, the two most stable amide structures (OA3*® and OA4+*®) and the two most

stable iminol structures (OA10+® and OA18+e), were selected for investigations of amide-
iminol tautomerism in ionized oxamic acid. For DFT(UB3LYP) calculations, various basis sets
were employed, 6-31++G(d,p), 6-311+G(d,p), and aug-cc-pVDZ. Table 4 summarizes
thermodynamic parameters such as the enthalpy of tautomerization (AHr), its entropy term
(TASy), its Gibbs free energy (AGr), and the tautomeric equilibrium constant (Kt) estimated for
all possible tautomeric amide—iminol conversions between the selected isomers: OA3+T® —

OA10te, OA3te - OAl18+e OA4te — OAL10+e, and OA4+e —» OAL8*e. Estimations show
that the change of the basis set has only a slight influence on the thermodynamic parameters. The

amide isomers (OA3+® and OA4+e) evidently dominate in the tautomeric mixture of ionized
oxamic acid (100%). The percentage contents of the most stable iminol isomers (OA10*® and

OA18%*9) are lower than 1-10-9%. At each level of theory, the entropy terms are close to zero,
indicating that the amide-iminol tautomerization process is isoentropic similarly as other proton-
transfer reactions in the gas phase [3,26].

The favored route of amidization from the iminol isomer OAl0*® to the amide isomer
OA4*e may be as follows: OA10+t® —» OAl12+e — OAl8te — {TS-OAl18+e/OA4+e} —
OA4+e, The direct tautomeric conversion may take place between the iminol OA18+® isomer
and the amide OA4+® isomer, where TS-OA18+®/OA4+e is the transition state for this step. The
other route of isomerization from OA10+® to OA3*® is also possible: OA10te — OAl2te —
OAl18+e — OA19+e — {TS-OA19+e/OA3+e} — OA3+e. In this case, the direct tautomeric
conversion may occur between the amide OA3+® isomer and the iminol OA19+e isomer, where
TS-OA19+e/OA3+e is the transition state for this step. The relative energies between all these
stable isomers (except the transition states) are not larger than 25 kcal mol-1.
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Table 5
DFT thermodynamic parameters (in kcal mol-1) for ionization of oxamic acid.

a b

Ionization AE; AH; b TAS; AG;

OA3 —> OA3+e + ¢ 231.0 231.2 1.1 230.2
OA4 — OA4+e + ¢ 225.5 225.5 0.4 225.1
OA5 — OA5+e + ¢ 240.6 241.1 1.3 239.8
OA9 —> OA9+e + ¢ 230.0 230.4 0.9 2294
OA10 — OAL10+® + ¢ 225.6 226.2 2.1 224.1
OA12 —> OA12+e + ¢ 230.6 2259 1.1 229.8
OA13 — OA13+e® + ¢ 235.0 235.4 1.2 234.2
OA15 — OA15+e + ¢ 235.0 235.1 0.2 235.0
OA16 — OA16+® + ¢ 231.2 231.4 -0.2 231.5
OA18 —» OA18+® + ¢ 227.1 227.5 0.8 226.6
OA19 —> OA19+e + ¢ 236.6 237.1 1.7 235.4

a At 0 K, ZPE included.
b At 298.15 K, thermal corrections included.

3.5. lonization energies

In the presence of ionizing agents or during positive ionization in the mass spectrometer,
neutral oxamic acid may loss one electron. Consequently, it may be transferred to its ionized
(oxidized) state (OA — OAT® + ¢). For each individual isomer, the thermodynamic parameters
(AE;, AH;, TAS;, and AG;) for the ionization process can be estimated as differences between the
parameters of the corresponding species, OAT® and OA (Table 5). The estimations {B3LYP/6-
31++G(d,p)} show that the relative thermal corrections for the electron-transfer process of
oxamic acid are close to zero, and thus, AE; = AH; = AG;. The entropy terms are also close to
zero, indicating that this process is isoentropic in the gas phase similarly as the proton-transfer
conversion. Ionization is a very endothermic process and requires more than 200 kcal mol-1.
Indeed, the experimental ionization energy for oxamic acid is 242.4 kcal mol-1 [26]. For
comparison, the experimental ionization energy for formamide is equal to 234.3 kcal mol-1, and
for formic acid is equal to 261.3 kcal mol-1 [26].

4. Conclusions

DFT calculations performed for twenty isomers of ionized oxamic acid showed that the
amide isomers dominate in the tautomeric mixture, similarly as for the neutral molecule.
Ionization seems to change solely the conformational preference when going from the neutral
(OA3) to ionized form (OA4+e). Change of the basis set has no significant effect on
thermodynamic parameters of the amide/iminol conversion. Similar change of the
conformational preference takes place for the rare iminol isomers when proceeding from the
neutral (OA5) to ionized form (OAL10+t®). There are no structural data for ionized oxamic acid
(radical cation) in the literature and no comparison can be made.

References

[1] (a) V. Gold, Pure Appl. Chem. 51 (1979) 1725-1801, (b) Glossary of Terms Used in Physical Organic
Chemistry, [IUPAC Recommendations, 1994.

121



E.D. Raczynska & et al. / J. Iran. Chem. Res. 4 (2011) 113-122

[2] J. Elguero, C. Marzin, A.R. Katritzky, P. Linda, Adv. Heterocycl. Chem. Supplement 1, Academic
Press, New York, 1976.

[3] E.D. Raczynska, W. Kosinska, B. Osmiatowski, R. Gawinecki, Chem. Rev. 105 (2005) 3561-3612.

[4] A.R. Clarke, D.B. Wigley, W.N. Chia, D.A. Barstaw, T. Atkinson, J.J. Holbrook, Nature, 324 (1986)
699-702.

[5] E. Gawlita, P. Paneth, V.E. Anderson, Biochemistry 34 (1995) 6050-6058.

[6] R.K. Schmidt, J.E. Gready, J. Mol. Struct. (Theochem) 498 (2000) 101-112.

[7] P. O'Carra, S. Barry, Methods in Enzymology, M. Jakoby & M. Wilchek (Eds.), Academic Press,
London, 1974.

[8] R.I. Brinkworth, C.J. Masters, D.J. Winzor, Biochem. J. 151 (1975) 631-636.

[9] E.A. Sevriukov, L.P. Evseev, Vopr. Med. Khim. 40 (1994) 23-25.

[10] I. Safarik, M. Safarikova, J. Chromatogr. B772 (1999) 33-53.

[11] T. Larsen, J. Diary Res. 72 (2005) 209-216.

[12] K. Duczmal, M. Hallmann, E.D. Raczynska, J.-F. Gal, P.-C. Maria, Polish J. Chem. 81 (2007) 1011-
1020.

[13] E.D. Raczynska, M. Hallmann, K. Duczmal, Polish J. Chem. 82 (2008) 1077-1090.

[14] B. Bankiewicz, S. Wojtulewski, S. Grabowski, J. Org. Chem. 75 (2010) 1419-1426.

[15] E.D. Raczynska, M. Hallmann, K. Duczmal, Comput. Theor. Chem. 964 (2011) 310-317.

[16] R.G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, Oxford University Press,
New York, 1989.

[17] (a) A.D. Becke, J. Chem. Phys. 98 (1993) 5648-5652, (b) C. Lee, W. Yang, R.G. Parr, Phys. Rev. B
37 (1988) 785-789.

[18] (a) W.J. Hehre, L. Radom, P.v.R. Schleyer, J. A. Pople, Ab initio Molecular Theory, Wiley, New
York, 1986, (b) F. Jensen, Introduction to Computational Chemistry, John Wiley & Sons, New York,
1999,

[19] D.E. Woon, T.H. Dunning, J. Chem. Phys. 98 (1993) 1358-1371.

[20] (a) E.D. Raczynska, M. Hallmann, K. Kolczynska, T.M. Stgpniewski, Symmetry 2 (2010) 1485-
1509, (b) E.D. Raczynska, T.M. Krygowski, K. Duczmal, M. Hallmann, XVIII International
Conference on Physical Organic Chemistry, Warsaw, 2006.

[21] M.J. Firsch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, J.A. Jr.
Montgomery, T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone,
B. Mennucci, M. Cossi, G. Scalmani, N. Rega, R. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, J. Nakai, M. Klene, X.
Li, J.E. Knox, H.P. Hratchian, J.B. Cross, V. Bakken, C. Adamo, R. Jaramillo, R. Gomperts, R.E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, A.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D. Daniels,
M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.V. Oritz, Q.
Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R.L.. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M.
Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople, Gaussian-
03, Revision E.01, Gaussian, Inc., Wallingford CT, 2004.

[22] D. Yu, D.A. Armstrong, A. Rauk, Chem. Phys. 202 (1996) 243-252.

[23] J.A. Long, N.J. Harris, K. Lammertsma, J. Org. Chem. 66 (2001) 6762-6767.

[24] (a) J. Kruszewski, T.M. Krygowski, Bull. Acad. Pol. Sci. Sér. Sci. Chim. 20 (1972) 907-915, (b) J.
Kruszewski, T.M. Krygowski, Tetrahedron Lett. (1972) 3839-3842, (¢) T.M. Krygowski, J.
Kruszewski, Bull. Acad. Pol. Sci. Sér. Sci. Chim. 22 (1974) 871-876.

[25] T.M. Krygowski, J. Chem. Inf. Comput. Sci. 33 (1993) 70-78.

[26] W.G. Mallard, P.J. Linstrom (Eds.), NIST Chemistry WebBook, NIST Standard Reference Database,
National Institute of Standards and Thechnology, Gaithersburg, MD 20899, 2005.

122



