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The double intramolecular proton transfer process which transforms 2-hydroxy-2-iminoacetic acid
into 2-amino-2-oxoacetic acid is analyzed. The MP2 and DFT calculations were performed for
different tautomers and conformers of these species. Pople style (6-3114++G(d,p), 6-311++G-
(3df,3pd)) and Dunning type (aug-cc-pVTZ) basis sets were applied. O—H---O, N—H-- -0, and
O—H- - -N intramolecular hydrogen bonds were also analyzed with the use of Quantum Theory of
“Atoms in Molecules” (QTAIM) as well as Natural Bond Orbitals (NBO) method. Different criteria
of the hydrogen bonding existence were applied here for intramolecular interactions. It was found
that some of N—H- - -O hydrogen bonds may be treated as blue-shifting ones.

Introduction

Proton transfer (PT) reaction plays a meaningful role in
numerous and complex physical, chemical, and biochemical
processes.' It was analyzed in detail for many complexes
connected through intermolecular hydrogen bonds. For
example, the double proton transfer was investigated both
theoretically and experimentally for the centrosymmetric
dimer of formic acid.> Other carboxylic acids connected
through two equivalent hydrogen bonds were also investi-
gated.® If the products of proton transfer are the same
and are geometrically equivalent to the reactants, then a

symmetrical double potential energy well corresponding to
this process exists.* There are numerous examples such as the
aforementioned formic acid dimer, complexes of the hydro-
nium ion with the water molecule (H,LOH" 4+ OH, < H,0O +
+*HOH,), and many other cases.” Frequently for hetero-
nuclear hydrogen bonds, the proton transfer leads to differ-
ent tautomeric forms or even to different species, e.g.,
CH;CN + H;0" < CH5CNH' + H,0.° The centrosym-
metric dimers of formamide and related species where two
equivalent N—H- - -O hydrogen bonds occur are the other
examples of the existence of a nonsymmetric potential energy
well.” For the latter complexes, the products of the double PT
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process containing O—H- - - N hydrogen bonds are the tau-
tomeric forms of the reactants.

There are numerous factors that characterize the hydro-
gen bonding interaction. One of them concerns the geometry
of H-bridges. Itis well-known that the X-H- - - Y system (X is
the proton donor while Y is the proton acceptor) tends to be
linear since such geometrical arrangement is in line with the
most effective electron charge transfer from the acceptor to
the proton donating bond.® In other words, such an arrange-
ment favors the n — o* electron charge transfer with the
corresponding energy within the Natural Bond Orbitals
(NBO) approach,’ where n designates the lone electron pair
of an acceptor center while 0* is a proton donating bond’s
antibonding orbital. The energy of such a transfer may be
also treated as an indicator of the hydrogen bonding
strength.

It was stated that the strongest hydrogen bonds are
linear or nearly so. Such geometrical requirements may not
be fulfilled for intramolecular hydrogen bonds where the
proton—proton acceptor (H---Y) short distances suffer
from energy constraints.'® Hence, for intramolecular inter-
actions the existence of the hydrogen bonding is often
ambiguous. For example, recent studies on intramolecular
dihydrogen bonds show that for some species the Quantum
Theory of “Atoms in Molecules”'' does not indicate the
existence of the hydrogen bonding while NBO analysis’
clearly shows that the hydrogen bond occurs.'?

The proton transfer reaction for intramolecular hydrogen
bonds is another interesting effect often characterized by
quite different mechanisms than those known for intermo-
lecular processes. The intramolecular PT was investigated in
numerous studies on pseudo six-membered rings,'® espe-
cially for those interactions which may be classified as
Resonance Assisted Hydrogen Bonds (RAHBs).'* For the
latter systems, the single- and double-conjugated covalent
bonds exist with an additional H---Y connection, e.g.,
malonaldehyde and its derivatives. The RAHBs of
O—H:--0O and N—H- - -0 bonds were investigated theore-
tically and experimentally, and numerous crystal structures
containing RAHBs have also been detected. There are also
studies on the different types of RAHBs, e.g., O—H---S,
S—H---S,and N—H- - -S."° The idea of RAHB systems has
been criticized recently.16 However, it should be mentioned
that the sr-electron delocalization for the cited above systems
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with conjugated single and double bonds leads to the en-
hancement of the hydrogen bonding strength.!” Sometimes
such interactions are very strong with the proton movement
close to the middle of the X - - - Y distance. Such an effect was
mainly observed for O—H - - -O bonds."'® Very strong hydro-
gen bonds are classified as Low Barrier Hydrogen Bonds
(LBHBs) or Short-Strong Hydrogen Bonds (SSHBs).'” For
those species, the proton transfer barrier height is very low or
a single potential well exists with the proton position in the
center of the H-bridge. Numerous studies were performed
for six-membered rings connected through the intramolecu-
lar hydrogen bonding. Different proton donors and different
proton acceptors were considered for the latter hydrogen
bonds and various methods and techniques were applied,
among them QTAIM'' and NBO.’

Another topic investigated concerns the interrelation be-
tween H-bond interaction and the proton transfer reaction.
It has been pointed out that the hydrogen bonding is the first
and preliminary step of the proton transfer process.”’ How-
ever, this theory has been contested since there is no direct
relation between both phenomena.?! In other words, neither
the existence of the hydrogen bonding implies the PT reac-
tion nor the strength of such interaction correlates with any
characteristic of this process. On the other hand, it was found
that various chemical reactions and processes may be ana-
lyzed by the crystal structures’ results since it was stated that
a proper fragment of the crystal structure may be treated asa
frozen stage of any chemical reaction.?” Hence, for example,
the —C=0- - -H-0O—C— < —C—0-H- - - O=C— process may
be analyzed in this way since the crystal neutron diffraction
structures contain different —C=0- - -H—O—C— geometri-
cal fragments corresponding to different stages of this proton
transfer reaction.'” It was found that the crystal experimen-
tal data are in line with high level ab initio calculations
performed on the formic acid dimer and the double proton
transfer for the latter system.'”

The question arises if the double intramolecular PT
process exists. That matter was partially investigated for
2,4-dihydroxybut-2-ene-4-dial molecule and its simple deri-
vatives> conformations containing two connected six-
membered rings with two intramolecular hydrogen bonds
occasionally arise. It is well-known that the intramolecular
hydrogen bonds for six-membered rings are very stable and
they occur very often, for example in the crystal structures of
organic compounds.?* Hence, the existence of two hydrogen
bonds for 2,4-dihydroxybut-2-ene-4-dial is not unexpected.
The other challenging problem is the double proton transfer
for species containing two pseudo five-membered rings
created owing to the existence of intramolecular hydrogen
bonds since such systems are expected to be less stable than in
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the case of six-member rings. This problem of the double PT
was analyzed for the monothiooxalic acid. In this case, two
five-membered rings were closed by two O—H---O and
S—H---O(orO—H---Oand O—H- - -S) hydrogen bonds.*’
The reaction paths corresponding to the latter reaction were
considered and the possibility of the process occurring in one
stage or several stages were discussed. The intramolecular
double proton transfer in the excited state of (2,2'-bipyridyl)-
3,3/-diol was very recently analyzed experimentally.”®
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The goal of this study is to analyze the possible conformers
of 2-hydroxy-2-iminoacetic acid and 2-amino-2-oxoacetic
acid. The discussion on the double proton transfer processes
for the latter species is also performed. It simply represents
the interchange from 2-hydroxy-2-iminoacetic acid into
2-amino-2-oxoacetic acid. Ab initio and DFT calculations
were performed and NBO’ and QTAIM'! analyses carried
out to characterize the aforementioned above conformers
and the intramolecular interactions.

Computational Details

The calculations have been carried out with the Gaussian03
set of codes.?” The 2-hydroxy-2-iminoacetic acid and its tauto-
meric form 2-amino-2-oxoacetic acid were optimized using
DFT and ab initio methods. Scheme 1 presents both tautomeric
forms with the bond lengths and angles included (B3LYP/aug-
cc-pVTZ results). The calculations were carried out at the
following levels of approximation: MP2/6-3114++G(d,p),
B3LYP/6-311++G(d,p), B3LYP/6-3114++G(3df,3pd) and
B3LYP/aug-cc-pVTZ. Intrinsic reaction coordinate (IRC)
paths,?® which connect pairs of conformers or tautomers with
the corresponding transition states, were carried out here.
Scheme 2 presents the species considered in this study with the
indication of all the processes which transform one conformer
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(or tautomer) into the other one. Continuous lines show the
proton transfer processes while the dashed ones designate
rotations. All species presented here correspond to stationary
points, except of IV and IV’ being only the special structures
found on IRC paths. Those paths correspond to transition states
of IIl — I and X — I reactions. It is worth mentioning that only
at the B3LYP/6-3114+4G(d,p) level of approximation the con-
formation IV is a local minimum while IV’ is TS of the IV — 1
process; for the remaining levels of approximation TS II1-1 is
the transition state of the III — I proton transfer.

The NBO method®?° implemented within the Gaussian03
package was also applied to calculate the atomic charges and
ny — oxy* interaction energies. This interaction is respon-
sible for the existence of the X—H---Y hydrogen bonding.
ny designates the lone electron pair of the Y proton acceptor
and oxy™ is an antibonding orbital of the X—H proton donat-
ing bond. The ny — oxy* interaction is calculated as second
order perturbation theory energy according to the following
equation:

AE(ny — oxu*) = —Xny|Floxu®)’/(e(oxi*) —e(ny)) (1)

(ny|Floxp*)is the Fock matrix element and (e(oxi*) — &(ny)) is
the orbital energy difference.

The QTAIM theory of Bader was also applied to locate
critical points''** and to analyze them in terms of electron
densities and their Laplacians.

Results and Discussion

Energetic and Geometrical Parameters. There are numer-
ous studies on different kinds of proton transfer reactions.*
The multiproton transfer has often been investigated. It was
previously mentioned here that the double proton transfer
reaction for carboxylic acid dimers is a very well-known
process and has been described from experimental and
theoretical points of view.>* However, the intramolecular
double proton transfer can also occur. This mechanism was
considered in the case of intramolecular double PT for
porphine, porphycene, or napthazarin.>' The studies on the
PT reaction for simple systems containing at most several
atoms are very interesting. They may explain mechanisms of
such processes for large biochemical systems.

For simple systems, a deeper insight into various energetic,
geometrical and QTAIM parameters is possible. However,
the number of studies on intramolecular double PT for very
simple species is rather restricted. One may mention the
recent study on monothiooxalic acid, for which two types
of the proton transfer may be indicated (1,3- and 1,4-
prototropy).?® For the latter reactions there are five-mem-
bered rings connected through intramolecular hydrogen
bonds. In spite of the simplicity of these systems the PT
processes are equivocal.

Species analyzed here: 2-hydroxy-2-iminoacetic acid (III,
Scheme 2) and 2-amino-2-oxoacetic acid (I, Scheme 2) were
similar to aforementioned. The two intramolecular hydro-
gen bonds occur in both molecules. To analyze reaction
paths for the intramolecular double PT which interchanges
III into I, the calculations for different conformations and

(29) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899.
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tions; Hynes, J. T., Klinman, J. P., Limbach, H.-H., Schowen, R. L., Eds.;
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim 2009.
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TABLE 1.  Energies (in kcal/mol) of Analyzed Conformations Related
to the Conformation I (the Lowest Energy) (DFT and MP2 Results with
the Use of Different Basis Sets Are Presented)

B3LYP/6- B3LYP/6- MP2/6- B3LYP/

311++G 311++G 311++G aug-cc-

(3df,3pd) (d,p) (d,p) pvtz
1 0.00 0.00 0.00 0.00
TS I-11 15.55 15.15 14.75 15.46
11 4.15 3.62 3.11 4.12
111 13.35 13.96 12.83 13.34
TS 11—V 28.92 29.37 28.34 28.79
\" 17.78 18.13 17.00 17.70
TS V-IX 29.08 29.16 27.14 28.97
X 24.29 24.56 22.47 24.13
TS IX- 34.89 35.24 33.24 34.73

VIII

VIII 20.86 21.45 19.92 20.76
TS 26.51 26.89 25.34 26.39
VIII—-IIT
111 13.35 13.96 12.83 13.34
VIII 20.86 21.45 19.92 20.76
TS VIII-X 37.74 38.71 39.42 37.63
X 35.11 35.97 38.23 34.99
TS X-1 43.02 43.55 45.97 42.85
I 0.00 0.00 0.00 0.00
111 13.35 13.96 12.83 13.34
TS III—1 27.46 28.09 27.98 27.43
1 0.00 0.00 0.00 0.00

tautomers of these species were performed. Scheme 2 shows
possible interchanges between those conformers and tauto-
mers while Table 1 presents the relative energies for them.
The energies are related to species I which is characterized by
the lowest one. Table 1 contains also the energies of transi-
tion states.

Figures 1 and 2 present the results of B3LYP/aug-cc-
pVTZ IRC calculations; for both figures, the intrinsic reaction
coordinate is related to the energy of species. Additionally,
the changes of bond lengths during the interchange processes
are presented within the figures. In order to have a consistent
picture (Figures 1 and 2), the conformation VIII is presented
as the starting one. Thus, both figures present the possible
intramolecular double PT for which there is the change of 111
into I moiety. Figure 1 presents the following steps of this
process: III — TS III—-1— IV — IV’ — 1. The B3LYP/aug-
c-pVTZ barrier height amounts to 14.1 kcal/mol (27.4 kcal/
mol minus 13.3 kcal/mol; see Table 1). It is interesting that
this is not a concerted process as, for example, for the
intermolecular double PT for formic acid dimer. For con-
formation III there is the PT for the O—H: - -N hydrogen
bonding leading to the O- - -H—N hydrogen bond within an
unstable IV zwiterrionic form. Next there is the other PT
process which (through IV’) leads to the conformation I.

Figure 2 presents a much more complicated path of
change structure III into I. First, the interchange of III into
VIII is needed through the process of rotation (ITI — VIII,
this is shown on the left side of Figure 1). Next, the following
transformations occur: VIII — TS VIII-X — X — TS X—
I—1V—1IV'—1.Itis worth mentioning that the last steps of
this process go through unstable moieties, IV and IV’. This
again is not a concerted process of the double proton transfer
since at first the X and IV zwiterrion forms are obtained as an
effect of the O—H:--N <= 0O---H—N proton transfer. Next,
there is the O—H---O < O- - -H—0 reaction leading to the
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final conformation I. Scheme 2, where all rotations and
proton transfer reactions are designated, nicely corresponds
to these figures. One can see from the scheme the only
possible paths for the III—I transformation. The first path
is as follows: HI-PT—IV—PT—IV'—PT—I, and it corre-
sponds to Figure 1. The second path is [II—rotation—VIII—
PT—X—rotation—IV—PT—IV'—PT—I, and this corresponds
to Figure 2. Figures | and 2 also present the changes of bonds
during these processes. One can see that during the first step
of the O—H---N < O---H—N proton transfer there is the
C2—03 bond shortening and the concerted elongation of the
C1—NS5 bond (for designations see Scheme 1). Similarly,
during the next process (O---H—0O < O—H- - -0) there is

the lengthening of the C2—04 bond and shortening of the
C1-08 one.

Table 2 presents the geometrical parameters of hydrogen
bonding interactions. There are no greater differences for
various levels of approximations applied in this study. It is
often assumed that the proton donor—acceptor and the
proton—acceptor distances are rough descriptors of the
hydrogen bonding strength.>> Hence, O—H- - -O hydrogen
bonds are stronger than N—H---O interactions since
N- - -0 distances are greater than O---O ones and H:--O

(32) Jeffrey, G. A.; Saenger, W. Hydrogen Bonding in Biological Struc-
tures; Springer-Verlag: Berlin, 1990.
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TABLE 2. Geometrical Parameters (in A and deg) of the Species Con-
sidered Here, for Each Conformation the Results Obtained at Four Levels
of Approximation Are Presented, in the Following Order (Four Lines for
Each Conformation): B3LYP/6-311+-+G(3df,3pd), B3LYP/6-311++G(d,p),
MP2/6-311++G(d,p), B3LYP/aug-cc-pVTZ

conformation X—H:---Y X-H H-:---Y X.--Y X-H---Y

I, N-H---O 1.007 2.369 2.753 101.6
1.009 2.376 2.757 101.3
1.009 2.361 2.753 101.9
1.007 2.371 2.755 101.6
I,O—-H---O 0.977 2.019 2.639 119.4
0.978 2.027 2.646 119.2
0.976 2.009 2.648 121.1
0.978 2.017 2.640 119.5
II, N—H---O 1.006 2.305 2.703 102.2
1.008 2313 2.707 101.9
1.009 2.308 2.714 102.6
1.006 2.307 2.705 102.2
III, O—H---N 0.978 2.068 2.671 118.0
0.979 2.065 2.671 118.2
0.977 2.041 2.669 120.2
0.978 2.067 2.671 118.1
11, O—H---0 0.974 2.111 2.684 115.9
0.975 2.125 2.693 115.6
0.973 2.105 2.694 117.3
0.974 2.113 2.686 115.9
IV, N-H---O 1.018 2.212 2.689 106.8
VY, 0—-H---0O 0.995 1.867 2.565 124.5
V,0-H---0 0.972 2.062 2.643 116.5
0.973 2.072 2.650 116.2
0.971 2.059 2.655 117.9
0.972 2.062 2.644 116.6
VI, N—-H---0 1.015 2.304 2.764 106.2
1.017 2.299 2.765 106.4
1.019 2.284 2.771 107.8
1.019 2.306 2.765 106.1
VI, N-H---O 1.015 2.346 2.810 106.6
1.018 2.338 2.810 107.0
1.020 2.303 2.809 109.2
1.015 2.347 2.811 106.7
VII, O—H---O 0.969 2.097 2.670 116.2
0.970 2.111 2.681 116.0
0.968 2.097 2.686 117.5
0.970 2.098 2.672 116.2
VIII, O—H---N 0.976 2.013 2.629 119.1
0.977 2.012 2.631 119.2
0.975 1.998 2.634 120.9
0.976 2.013 2.631 119.1
X,N-H---0 1.027 1.969 2.552 113.0
1.029 1.985 2.565 112.8
1.031 1.934 2.543 114.7
1.027 1.967 2.553 113.2

“B3LYP/6-311++G(d,p) level of approximation.

distances for O—H---O bridges are shorter than these
distances for N—H- - - O systems. Additionally, O—H---O
angles are closer to linearity than N—H- - -O ones. In con-
formation I, both types of hydrogen bonds exist; the H- - -O
distance of the O—H- - - O bridge is about 2.02 A, the O- - -O
distance is about 2.64 A, and the O—H- - -O angle is equal
to ~119°. The corresponding parameters for the N—H---O
hydrogen bond are equal to ~2.37 A (H---0), ~2.75 A
(N---O distance), and 101—102° (N—H- - - O angle). Only
the N—H- - -O hydrogen bonding occurs for conformation
II which seems to be stronger than the corresponding
N—H- - -0 interaction for I. The proton—acceptor distance
for the conformation II is shorter than for I, the N:--O
distance is also shorter for II than for I and the N—H---O
angle for I1 is greater. This may mean that for conformation I
the existence of the extra O—H- - -O interaction causes the
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weakening of the N—H- - -O hydrogen bonding. The same
tendency occurs for conformations III and VIII. There are
two interactions for III, O—H- - -Nand O—H- - - O while for
the conformation VIII only the O—H- - - N interaction exists.
One can see that O—H---N for VIII is stronger than the
corresponding hydrogen bonding for III (Table 2). Addi-
tionally, if one compares the O—H- - -N hydrogen bonding
with the other N—H:--O and O—H---O interactions the
O—H- - -N belongs to the strongest interactions. It has the
shortest proton—acceptor contacts as well as the greatest
X—H---Y angles (X designates the proton donor while
Y the proton acceptor). It is worth mentioning that if the
following proton transfer reaction occurs (N—H-:--O <
N::--H—0), the hydrogen bonding of products of this
process: O—H- - - N is stronger than the N—H- - - O interac-
tion. This is in line with the Leffler—Hammond rule®® that
the system of higher energy and being closer to the transition
state of the process generates stronger hydrogen bonding.
Such a situation is also detected for conformations analyzed
here (Scheme 2). The proton transfer O—H:--N <
O---H—N changes the conformation III into IV. However,
the latter conformation is not a stationary point of IRC; only
for B3LYP/6-311++G(d,p) level of approximation the con-
formation IV is the local minimum. Still, for all levels of
approximation the geometrical results (Table 2) show that
the O—H---N hydrogen bonding for III is stronger than
N—H- -0 of IV. Similarly, the conformation VIII with the
O—H---N hydrogen bonding is changed into X after the
proton transfer process. The N—H- - -O hydrogen bonding
is formed for X. Figure 2 shows that this conformation is
closer to the transition state of the PT than the conformation
VIII. Consequently, the N—H- - -O hydrogen bonding of X
is stronger than the O—H- - - N interaction of VIII; this is
also in line with the Leffler-Hammond rule. The latter
finding is rather surprising since usually O—H- - -N hydro-
gen bonds are stronger than N—H- - - O ones. However, one
can see that the N—H- - -O interaction occurs in X zwitter-
ionic form and hence N—H---O may be classified as the
charge assisted hydrogen bonding.

Interrelations between QTAIM, NBO, and Geometrical
Parameters. One can see (Scheme 2, Table 2) that the
conformations considered here usually possess X—H:--Y
intramolecular interactions. The conformation IX is the only
exception where such contacts do not exist. The question
arises if those X—H---Y systems may be classified as
hydrogen bonds. Various methods and theories provide
characteristics and criteria for the existence of the hydrogen
bonding. From the geometrical point of view, the proto-
n—acceptor distance should be smaller than the correspond-
ing sum of van der Waals radii;*? it is ~2.6 and ~2.75 A for
H:--Oand H- - -N distances, respectively. Additionally, the
X—H---Y angle tends to linearity; at least it should be
greater than 90°. Table 2 shows that all H---Y distances
fulfill the mentioned above condition, although X—H:--Y
angles are far from linearity, but all are greater than 90°.
Various QTAIM criteria of the existence of the hydrogen
bonding were proposed by Koch and Popelier.** Not all the

(33) (a) Leffler, J. E. Science 1953, 117, 340. (b) Hammond, G. S. J. Am.
Chem. Soc. 1955, 77, 334.

(34) (a) Koch, U.; Popelier, P. L. A. J. Phys. Chem. A 1995, 99, 9747. (b)
Popelier, P. Atoms in Molecules. An Introduction; Prentice Hall: Pearson
Education Ltd., 2000.
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TABLE3.  Characteristics of X—H- - - Y Interactions, Geometrical, NBO,
and QTAIM Criteria Are Applied, H- - - Y Distances (in A), AE(ny — oxy®)
(in keal/mol), pgcp (in au)®

species type of interaction—  OH---O NH---O OH---N

1 existence of interaction  yes yes no
existence of BCP yes no
AE 3.79
H---O 2.017 2.371
PBCP 0.027
1 existence of interaction  no yes no
existence of CP no
AE 0.55
H---O 2.307
PBCP
I existence of interaction  yes no yes
existence of CP no yes
AE 2.38 3.74
H---O(N) 2.113 2.067
PBCP 0.025
A% existence of interaction  yes no no
existence of CP no
AE 2.72
H---O 2.062
PBCP
VI existence of interaction  no yes no
existence of CP no
AE
H---O 2.306
PBCP
VII existence of interaction  yes yes no
existence of CP no no
AE 2.12
H---O 2.098 2.347
PBCP
VIII existence of interaction  no no yes
existence of CP yes
AE 4.60
H---N 2.013
PBCP 0.028
IX existence of interaction  no no no
X existence of interaction  no yes no
existence of CP yes
AE 7.41
H---O 1.967
PBCP 0.031

“QTAIM parameters are given in Supporting Information.

required terms are applied here. However, it is important
that for the X—H- - - Y hydrogen bonding interaction at least
the H---Y bond path should exist with the corresponding
bond critical point (BCP). Table 3 summarizes selected
geometrical, QTAIM, and NBO results (B3LYP/aug-cc-
pVTZ level). One can see that the distance H- - - Y criterion
may sometimes not correspond to QTAIM requirements of
the hydrogen bonding existence. There are bond paths and bond
critical points only in few cases of the mentioned above
X—H---Y contacts. Thus generally for the species analyzed
here the QTAIM criteria are not in line with the geometrical ones.

Table 3 also presents the ny — oxy* interaction energies
(AE — eq 1) which are often attributed to the existence of the
hydrogen bonding interaction. For X—H- - - Y systems, only
in three cases of N—H- - -O systems, i.e., for I, VI, and VII
conformations, the AE energy is not detected. The greatest
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energy (kcal/mol)
E -

1.9 2.0 21 2.2 23 2.4
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FIGURE 3. Relationship between the proton—acceptor distance
(inA,H---OorH---N)and the NBO energy (in kcal/mol) expressed
by eq 1, the X—H---Y systems for which H---Y bond paths with
corresponding BCPs were detected are designated as full circles.

H- - -Y distances for these moieties exist and are about 2.3 A.
In other words, the geometrical H- - - Y distance parameter is
the most sensitive one to detect the hydrogen bonding
existence while QTAIM is of the lowest sensitivity. Figure 3
presents the exponential relationship (R*> = 0.966) between
H-:--Y distance and AE energy expressed by eq 1. One can
see that for the shorter H---Y distances there are critical
points. In such cases AE energies are greater than 3.7 kcal/mol.
Table 3 also indicates another interesting relationship.
The strongest intramolecular interactions occur if BCPs are
detected. These interactions are classified as hydrogen bonds
by geometrical, NBO, and QTAIM parameters. All these
strong hydrogen bonds may be treated as preliminary stages
of PT reactions. The first one is O—H- - - O interaction of the
conformation I, after the “single” PT process (through IV’) the
conformation IV is obtained (Scheme 2). Only for B3LYP/
6-311++G(d.p) level of approximation it is a stationary point.
There is no B3LYP/aug-cc-pVTZ results for that system. The
other strong hydrogen bonding fulfilling geometrical, QTAIM
and NBO criteria (Table 3) is the O—H - - - N interaction of the
conformation III; after the PT process one obtains the con-
formation IV with the N—H---O hydrogen bonding. The
last two strong hydrogen bonds where BCPs were detected
are interactions of conformations VIII and X interrelated
through the O—H---N < O---H—N PT process.
Itisinteresting that the X—H- - - Y interactions where BCPs
are not detected do not take part in PT reactions. The latter
results are in line with the statement that the hydrogen
bonding interaction is the preliminary stage of the PT reac-
tion.”® However, recent studies do not show the direct inter-
relation between the PT process and the hydrogen bonding.”!
Charge distribution on atoms participating in hydrogen
bonding interactions is also interesting. Table 4 shows NBO
atomic charges for the moieties analyzed here (B3LYP/aug-
cc-pVTZ level of approximation). The designations of atoms
correspond to those of Scheme 1. The H7 atom is involved in
the O—H- N or N—H- - - O interaction, except for confor-
mations V and IX where such contacts do not occur. The
greatest positive charges on the H7 atom occur for confor-
mations I1T and VIII where O—H - - - N hydrogen bonds exist
which are stronger than N—H- - -O ones. The other hydro-
gen atom, H9, may participate in the O—H- - -O hydrogen
bonding. The greatest positive charge on this atom occurs
for conformations I, III, V, and VII—for those conforma-
tions where O—H - - - O interaction occurs (Scheme 2). There
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TABLE 4. NBO Charges (in au) for the Species Analyzed Here
Cl 2 03 04 N5 H6 H7 08 H9

1 0.534 0.702 —0.562 —0.644 —0.759 0.402 0.416 —0.598 0.509
I 0.546 0.700 —0.586 —0.633 —0.773 0.399 0.414 —0.558 0.491
I 0.467 0.703 —0.645 —0.553 —0.711 0.363 0.514 —0.645 0.507
Vo 0.449 0.711 —0.633 —0.582 —0.621 0.345 0.494 —0.666 0.503
VI 0.467 0.699 —0.686 —0.513 —0.690 0.366 0.499 —0.628 0.486
VII 0.430 0.709 —0.658 —0.583 —0.604 0.354 0.499 —0.643 0.497
VIIT 0.485 0.704 —0.661 —0.505 —0.738 0.348 0.508 —0.617 0.476
IX 0.470 0.706 —0.654 —0.527 —0.655 0.330 0.492 —0.635 0.474
X 0.594 0.705 —0.710 —0.624 —0.713 0.389 0.461 —0.577 0.477

v,NH, vO4H9 v.NH,
| v=3572.24 v=3576.73 A v=3704.77
A=49.15 A=158.71 A=87.78
v,NH, v,.NH, vO4H9
I v=3582.13 v=3716.05 /\}\v=3735.15
A=58.18 4 A=80.03 A=85,88
WH  vO3H7 vO8H9
I v=3497.54 v=3568.8 v=3634.26
A=19.24 §A=130.5: A=146.54
YNH vO8H9 VO3H7
v v=3468.97 v=3659.99 =3735.85
A=12.75 A=131.04 ) A=92.53
vNH vO8H9 vO3H7
Vi v=3532.83 v=3748.40 [ | v=3750.02
A=28.31 A A=44.12 A=129.67
vNH vO8H9 VO3H7
Vil v=3530.34 v=3701.62 v=3742.09
A=25.81 A\ A=126.26 A=103.3727
WNH VO3H? vO8H9
Vil v=3483.83 v=3589.57 v=3776.57
A=7.69 A=143.42 A=61.81
WNH VO3H7 vO8H9
X v=3454.52 Vv=3743.59 v=3787.36
ﬂ A=7.47 A=83.89 A=59.28
v.NH, V.NH, vO8H9
X v=3326.47 v=3589.94 v=3693.33
A=174.27 A=43.40 A\ A__A=2393
3200 3300 3400 3500 3600 3700 3800 3900
Frequency (cm-1)

FIGURE 4. Stretching frequencies (in cm™') of N—H and O—H
bonds and related modes’ intensities for [—X species analyzed here
(B3LYP/aug-cc-pVTZ level of approximation).

are not regular dependencies for proton donors’ and proton
acceptors’ charges. For example, “the most negative” N5
atom occurs for the conformation I where N—H---O and
O—H- - -0 hydrogen bonds occur and which is of the lowest
energy (Figures 1 and 2). The “most negative” O3 atom occurs
for the conformation X. For that moiety the O3 atom is a
proton acceptor within the strong charge assisted N—H- - -O
hydrogen bonding. Additionally, the conformation X is a
zwitterionic form thus the O4 atom also have relatively high
negative charge. The most negative oxygen atom (O8) occurs
for conformations: III, V, and VII. For these species OS is
involved in hydrogen bonding interactions as a proton donor.

Figure 4 presents the spectra of [—X structures considered
here (B3LYP/aug-cc-pVTZ level of approximation), stretch-
ing frequencies and corresponding intensities of N—H and
O—H bonds are given. There are maxima corresponding to
free (notinvolved in X—H- - - Y interactions) O—H bonds on
the right side of the figure. The O3—H7 bond not involved in
intramolecular noncovalent interaction occurs for V, VI, VII
and IX conformers. Similarly, the O4—H9 bond which is
not involved in X-H---Y interaction is detected for the
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conformation II, O8—H9 which does not participate in
X-H---Y interaction occurs for VI, VIII, IX and X species.
If one compares the stretching frequencies of the O—H bonds
not involved in the intramolecular noncovalent interactions
with those which participate in such interactions, the maximal
red-shifts occur for O—H bonds of species I and III (involved
in O—H- - - O interactions) and in the case of the conforma-
tion VIII where the O—H- - - N hydrogen bonding occurs.

The symmetrical and asymmetrical stretching frequencies
of NH, group are also presented in Figure 4 (conformations
I, II, and X). The maximal stretching frequencies shift to the
red is observed for the N—H - - - O strong and charge assisted
hydrogen bonding of the zwiterrionic conformation X.

There is C=N—H arrangement of atoms for III, V, VI,
VII, VIII, and IX species. In two cases, for conformations VI
and VII, there are N—H- - -O intramolecular interactions.
And in these two cases the stretching vibration frequencies
are the greatest ones if compared with these values for the
remaining species (III, V, VIII, and IX). This means that
such N—H- - - O interactions may be classified as the intra-
molecular blue-shifting hydrogen bonds. One can observe
the increase of intensities of these modes (VI and VII)
compared to the intensities of other N—H modes (III, V,
VIII, and IX species). It is worth mentioning that the blue-
shifting hydrogen bonds were mostly detected for C—H- - Y
interactions.” However, sometimes other types of blue-
shifting hydrogen bonds exist, these are N—H-:--Y,
F—H---Y, P-H---Y, or Si—H---Y.*® Thus, the intra-
molecular blue-shifting hydrogen bonds found here are not
the common and often existing phenomenon.

Conclusions

It was found that the double intramolecular proton trans-
fer reaction which transforms 2-hydroxy-2-iminoacetic acid
into 2-amino-2-oxoacetic acid is not a concerted process but
a stepwise one. Two paths for such a process were indicated
(Figures 1 and 2). Different conformations and tautomers
which were created during the aforementioned transforma-
tions usually indicate the existence of intramolecular inter-
actions. Various criteria were applied here to determine if
they could be classified as hydrogen bonds. The number of
interactions which are classified as hydrogen bonds de-
creases in turn if the following criteria are applied: geometry,
NBO methods, and QTAIM. Only for four species investi-
gated here was the hydrogen bonding indicated by QTAIM
since bond paths with corresponding BCPs were detected. It is
interesting that the latter species may be also treated as the
preliminary stages of the proton transfer reactions. For a
few analyzed structures the intramolecular N—H- - - O inter-
actions may be classified as the blue-shifting hydrogen bonds.

Supporting Information Available: QTAIM parameters
(Table S1) and atom coordinates with absolute energies
(Table S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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