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A complete study of basic hydrolysis of the pyrazolidinone ring by ab initio calculations at RHF/6-31+G*//
RHF/6-31+G* and MP2/6-31+G*//MP2/6-31+G* has been carried out. The alkaline hydrolysis has been
studied through a BAC2 mechanism, characterized by a nucleophilic attack of the hydroxyl group on the carbonyl
of the γ-lactam ring, formation of the tetrahedral intermediate, and cleavage of the C2N3 bond to yield the
final reaction product. In the gas phase, the interaction of OH- with the carbonyl carbon to form a tetrahedral
intermediate takes place without any barrier height. Two possible mechanisms have been considered for the
transfer of the hydroxyl hydrogen to the nitrogen of theγ-lactam: a stepwise mechanism involving the cleavage
of the C2N3 bond and subsequent transfer of the hydrogen to theγ-lactam nitrogen and a concerted mechanism.
The MP2/6-31+G*//MP2/6-31+G* barrier heights are 32.72 and 25.64 kcal/mol, respectively. The elimination
reaction, which in the gas phase may interfere with the nucleophilic attack, has also been studied.

Introduction

Since its discovery, at the end of the decade of the 1920s, up
to the present, theâ-lactam antibiotics have been widely used
in the treatment of bacterial diseases.1 Nevertheless, an increase
in the number of strains resistant to the former antibiotics has
brought about the need of new compounds showing antibacterial
activity.

The discovery at the end of the 1980s of lactivicine,2 a five-
membered lactam ring, together with the design of 1,2-
pyrazolidinone bicyclic derivatives, such as the LY1730313,3,4

has spurred interest in searchingγ-lactam compounds endowed
with antibacterial activity.5

Since the first theoretical works by Boyd6 in which different
structural parameters regarding theâ-lactam antibiotics were
related to both their chemical and antibacterial activities,
numerous theoretical studies have been performed on the
structure and reactivity of these compounds.7-18 Due to the
similarity between the enzymatic acylation mechanism and the
alkaline hydrolysis,19 several authors have suggested that the
basic hydrolysis constant of theâ-lactam carbonyl is an
important factor related to antibacterial activity.20 Although the
basic hydrolysis of someγ-lactam compounds has been studied
by experimental methods (revealing, in some cases, a certain
correlation between reaction rate and antimicrobial activity),21

up to the present there are no theoretical studies on the reactivity
of γ-lactam compounds.

In the present article a wide study of the basic hydrolysis of
the pyrazolidinone ring is carried out. This compound has been
chosen as a model since the aza-γ-lactam compounds present
both the adequate combination of chemical stability and the
acylation capacity to possess antimicrobial activity.5 The basic
hydrolysis has been studied through a BAC2 mechanism,
characterized by a nucleophilic attack on theγ-lactam carbonyl,
further formation of a tetrahedral intermediate, and, finally,
cleavage of the C2N3 bond and subsequent hydrogen transfer
to yield the final reaction product. This mechanism is analogous

to that described forâ-lactam antibiotics.12 In the gas phase,
the OH- attack on a carbonyl compound may give rise to the
interaction between the hydroxyl ion and a hydrogen, with
further elimination of the former hydrogen and formation of a
water molecule.13,14,16 This reaction has been also considered
in this study.

Methodology

The ab initio calculations on the pyrazolidinone ring together
with the structures yielded in the studied reactions were initially
carried out at the RHF/6-31+G*//RHF/6-31+G* level, which
includes polarized and diffuse functions on heavy atoms. The
incorporation of diffuse functions is especially relevant in the
calculations of anionic systems.22

All the structures have also been optimized using Møller-
Plesset’s perturbation theory,23 as implemented by Pople et al.,24

at the MP2 level (MP2/6-31+G*//MP2/6-31+G*). Hencefor-
ward, RHF and MP2 stand for RHF/6-31+G*//RHF/6-31+G*
and MP2/6-31+G*//MP2/6-31+G*, respectively. All the ener-
gies include the ZPE correction. For MP2 energies we use the
HF ZPEs scaled by 0.8929 as recommended by Pople et al.25

All the transition states are characterized by exhibiting just
one imaginary frequency, greater than 100i cm-1 in all cases.
IRC calculations of the former transition states were performed
to confirm all the intermediates proposed in this study.

The calculations were performed on an ALPHA DEC 10620
AXP computer running the GAMESS US program26 as
modified by Schmidt et al.27

Results and Discussion

Scheme 1 shows the BAC2 mechanism considered for the
pyrazolidinone hydrolysis and the numbering of the system. This
mechanism basically implies the nucleophilic addition of the
hydroxyl ion to theγ-lactam ring, further formation of the
tetrahedral intermediate, and subsequent cleavage of the C2N3

bond. A similar mechanism has been considered for carbonyl
compounds, includingâ-lactam compounds.12,13,15-18* Corresponding author. e-mail: dqumcp4@ps.uib.es.
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Pyrazolidinone Ring (a). Geometric parameters and total
energy of the pyrazolidinone ring (Figure 1) are depicted in
Table 1. The MP2 calculation performed on this structure
slightly increases all bond distances relative to the RHF
calculation. This increase is between 0.03 and 0.01 Å, except
for C5C6 and C2C6 distances, which only increase 0.003 Å.
Variation of both bond and dihedral angles is virtually nonexist-
ent.

Tetrahedral Intermediate (b). The attack of the hydroxyl
ion on structurea by its bottom face yields four possible
structures of the tetrahedral intermediate (Figure 1), whose
geometric parameters and energies are shown in Table 1. These
different conformations of the five-membered ring are charac-
terized by the different orientations of H7 and H8 atoms. The
lowest energy structure (b1) presents H7 and H8 at the axial
(up)-axial (down) position. The equatorial (up)-axial (up)
(b2), the equatorial (down)-axial (down) (b3), and axial
(down)-axial (up) (b4) are also possible. There are also small
differences regarding the distance from O13 to C2 (from 1.451
Å in b1 to 1.486 Å in b3, larger than that observed in the
â-lactam ring, 1.427 Å13). In general, all bond lengths vary
between 0.01 and 0.05 Å for the different conformers.

The MP2 calculations emphasize the differences between the
bond lengths in the different conformations. Furthermore, these
calculations lengthen all the bond distances between 0.03 and
0.01 Å, except for C5C6 and C2C6 which increase something
less (between 0.005 and 0.001 Å).

The bond angles of the five-membered ring slightly vary from
one structure to the other, depending on the ring strain. In the
N3N4C5 angle this variation can reach up to 8° (between
structuresb1 andb2).

Important differences in the C2N3-N4C5 dihedral angle may
be found in the different structures. This dihedral angle shows
the relative position of C2 in relation to the plane formed by
the N3, N4, and C5 atoms. Structureb4 presents the lowest
value for this parameter, therefore being the most planar
structure. In RHF calculations, C2 is located below the plane,
with an angle of-8.5°. In b2 the former carbon is also located
below the plane, getting a much larger dihedral (-53.4°). In
structuresb1 andb3 the situation is reversed, and C2 appears
above the plane (dihedrals of 24.7° and 49.6°, respectively).
MP2 calculations tend to increase these values; thus, the
structures calculated by this method are less planar. However,
the variation of these dihedral angles is relatively small (between
0.6° and 1.4°).

Energy differences of these structures are very small, with a
maximum value of 3.50 kcal/mol between structuresb1 and
b4. The stabilization energy, with regard to the reactants
(pyrazolidinone and hydroxyl ion), is important (33.04 kcal/
mol, MP2), although smaller than the analogue reaction of the
â-lactam ring.13

The addition of the nucleophile to the carbonyl group takes
place without energy activation (likewise, the analogue reaction
of the â-lactam ring12,13,17), which has been proved by with-
drawing the OH- group from C2 in the lowest energy structure
of the tetrahedral intermediateb1. If the OH- group is
withdrawn from C2 following a perpendicular path to the ring
plane, a monotonic increase of energy is observed from the
tetrahedral intermediate to reactants. Hence, there are no
intermediates or transition states between the reagents and the
tetrahedral intermediate.

Ring Opening. The lowest energy tetrahedral intermediate
(b1) evolves through the ring-opening step to transition state
c1 (Figure 2). The energy increase corresponding to this process
is 27.26 kcal/mol by RHF calculations and slightly larger, 32.72
kcal/mol, by MP2 calculations. This transition state is char-
acterized by a C2N3 distance of 2.477 and 2.664 Å in RHF and
MP2 calculations, respectively (Table 2). Vibrational analysis
of the former structure presents just an imaginary frequency in
which C2 and N3 atoms are involved (see Table 2). IRC

SCHEME 1: Alkaline Hydrolysis (B AC2 Mechanism) of the Pyrazolidinone Ring

Figure 1. Structures corresponding to the pyrazolidinone ring (a) and
to the tetrahedral intermediates (b1, b2, b3, andb4).
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calculations on this transition state show that the reverse pathway
ends back at the tetrahedral intermediate (b1) and the forward
pathway ends at structured (Figure 2, Table 2). In structured
the C2N3 bond is completely cleft, and H14 is still linked to O13

and very far from N3. The C2N3 distance for this intermediate
is of 3.858 Å in RHF calculations and smaller by MP2
calculations (3.772 Å). The energy difference between transition
statec1 and intermediated is very small (-2.90 kcal/mol in
MP2 calculations).

A rotation of the OH- group should be carried out in order
to get a better orientation of this group, allowing the direct
transfer of the proton of the carboxyl group to N3. The
activation energy implied in this rotation is very small. When
H14 is correctly oriented, it is transferred directly to the amino
group. Because of that, it has been impossible to characterize
the transition state corresponding to this rotation (e, Figure 3).
This reaction pathway that occurs through the transition state
c1 and the intermediated implies a stepwise mechanism
characterized by a cleavage of the tetrahedral intermediate with
further transfer of the acidic proton to yield the carboxylate
anion.

The ring opening and transfer of acidic proton could also
take place through a concerted mechanism. The intermediate
b2 presents the best spatial arrangement to promote this process.
The study of the reaction pathway from this tetrahedral
intermediate yielded a transition statec2 with one imaginary
vibrational frequency (314.97i cm-1) in which C2, N3, and H14

are involved. The activation energy of this process is lower
than that obtained in the previous nonconcerted process;
however, it still remains considerably high (20.13 kcal/mol by
RHF calculations and 25.64 kcal/mol by MP2). In this transition
state H14 is located only at 2.211 Å from N3 according to the
RHF results and at 2.044 Å according to MP2 calculations. This
short distance implies the existence of an intramolecular
hydrogen bond which, probably, causes the greater stability of
this transition state. The C2N3 distance is smaller than in the
structurec1 (2.393 Å instead of 2.665 Å), and the spatial
orientation of the carboxyl group is very different, as shown in
Figure 2. IRC calculations end at the tetrahedral intermediate
in the reverse pathway and directly at the final reaction product
(f) in the forward pathway. Hence, the concerted process is
the most favorable pathway for the reaction.

Three conformations have been identified for the final reaction
product (f1, f2, andf3, Figure 2, Table 3). The lowest energy
structure (f1) displays an intramolecular hydrogen bond of 2.139
Å (RHF) and 1.969 Å (MP2) between the O13 and H8 atoms.
In structuref2 an intramolecular hydrogen bond also appears,
now between the O13 and H14 atoms, with a distance of 1.940
Å (RHF) and 1.854 Å (MP2). It presents an energy slightlyT
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Figure 2. Structures corresponding to the transition states, intermediate,
and different conformations of the final product of the alkaline
hydrolysis.
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higher thanf1. The energy difference between them is very
small, just 0.83 kcal/mol by RHF calculation and 1.15 kcal/
mol by MP2. Structuref3 is found to be totally extended and
does not present any intramolecular hydrogen bonds. The
energy difference between the less stable structuref3 and the
most stable structuref1 is 4.83 kcal/mol (RHF) and 6.38 kcal/
mol (MP2).

Reaction Profile. In Table 4 and Figure 3 are represented
the relative energies (MP2) of the different intermediates and
transition states obtained for the basic hydrolysis of pyrazoli-
dinone. The final product of the alkaline hydrolysis reaction
(f) is more stable than the initial reagents (∆E ) -50.79 kcal/
mol, RHF and∆E ) -56.71 kcal/mol, MP2). A same order
value (∆E ) -76.61 kcal/mol) was obtained in the theoretical
study of the analogous reaction of the azetidin-2-one ring.15 As
it has been shown, there are two ring-opening mechanisms: a
direct process, concerted, in which the transition statec2yields
directly the final reaction products, and another more complex
process in which the transition statec1produces an intermediate
(d) which should overcome a small rotation barrier of the
hydroxyl group to generate the final product. The barrier height

of the direct process through the transition statec2 is 7.08 kcal/
mol smaller than the stepwise mechanism in MP2 calculations.
It favors the direct process as the most likely pathway. Similar
concerted processes have been described by Pitarch et al.,17

Smeyers et al.,11 and our research group for the alkaline
hydrolysis of theâ-lactam ring.18

As recently shown by theoretical methods,18 inclusion of the
solvent effects in the basic hydrolysis of theâ-lactam cycle only
has relevant effects on the formation of the tetrahedral inter-
mediate. It is well-known that in gas the phase the formation
of tetrahedral intermediate proceeds without barrier heights. This
has been observed independently of the level of theory
(semiempirical, HF, MP2).12,17,18,28 In addition, the tetrahedral
intermediate is very stable compared to the reagents; this is due
to the fact that the negative charge of the system is more
stabilized in theâ-lactam ring than in the hydroxyl ion. The
inclusion of the solvent produces two important effects on the
formation of the tetrahedral intermediate. It gives rise to a great
stabilization of the reagents, especially of the hydroxyl, in such
a way that these are more stable than the tetrahedral intermedi-
ate; this process now shows a barrier height ca. 13-20 kcal/
mol, depending on the level of theory.13,18

The evolution of the tetrahedral intermediate toward final
products through ring opening and transfer of hydrogen to the
â-lactam nitrogen is slightly affected by the solvent, showing
in all cases activation energies lower than 11 kcal/mol.13,18This
clearly shows that in solution the limiting step is the formation
of the tetrahedral intermediate and not its cleavage as it happens
in the gas phase. These theoretical results are in agreement
with those experimentally obtained by Bowden and Bromley,29

which prove that basic hydrolysis ofâ-lactam rings presents
an activation energy of 16 kcal/mol and the limiting step is the
formation of the tetrahedral intermediate.

In the present study we have obtained a barrier height of 25.64
kcal/mol for the cleavage of the tetrahedral intermediate, and
according to the studies carried out onâ-lactam compounds,
this value would be practically unaltered by the presence of
solvent.

TABLE 2: Main Geometric Parameters and Energy of the Different Transition States and Intermediates of the BAC2 Reactiona

structurec2 structurec1 structured

RHF MP2 RHF MP2 RHF MP2

O1C2 1.2066 1.2311 1.2015 1.2257 1.2014 1.2346
C2N3 2.2314 2.3928 2.4765 2.6642 3.8584 3.7723
N3N4 1.4433 1.4668 1.4436 1.4641 1.4498 1.4624
N4C5 1.4429 1.4528 1.4560 1.4614 1.4377 1.4593
C5C6 1.5536 1.5548 1.5438 1.5492 1.5598 1.557
C2C6 1.5218 1.5132 1.5018 1.4990 1.4965 1.4781
C2O13 1.3650 1.3919 1.3450 1.3752 1.3339 1.3687
O13H14 0.9524 0.9923 0.9495 0.9795 0.9509 0.9808
O1C2N3 113.4 116.3 112.4 111.6 153.9 167.1
O1C2C6 120.9 121.2 125.0 126.5 125.9 128.0
C2N3N4 90.8 85.7 91.0 84.7 56.0 60.3
N3N4C5 103.9 103.4 111.5 109.1 111.8 110.3
O13C2N3 93.1 88.1 88.9 90.3 77.3 73.0
H14O13C2 103.7 97.4 106.6 104.1 107.4 104.6
O1C2-N3N4 296.9 304.2 189.6 180.3 337.1 292.4
H7C2-N3N4 251.4 255.4 248.5 245.9 326.7 319.7
H8C2-N3N4 334.8 334.8 28.9 28.0 35.1 34.6
C2N3-N4C5 307.2 305.4 36.6 45.3 49.0 47.7
O1C2-C5C6 239.2 235.1 305.6 304.0 114.1 100.0
O13C2-N3N4 172.5 180.4 67.0 57.1 111.3 89.5
energy -376.2214263 -377.3553996 -376.2135161 -377.3461642 -376.2170447 -377.3510242
ZPE 0.120055 0.107197 0.119205 0.106438 0.119477 0.106681
no. of imag freq 1 (314.97i) 1 (135.61i) 0

a Bond lengths in angstroms, bond and dihedral angles in degrees, energy in hartrees, and imaginary frequencies in cm-1.

Figure 3. Reaction profile of the alkaline hydrolysis of the pyrazoli-
dinone ring.
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As stated previously, solvent promotes a new activation
energy, lower than 20 kcal/mol, in any case. This reveals that
in γ-lactam compounds, even taking into account the former
activation energy, the limiting step of the basic hydrolysis is
the cleavage of the C-N bond. This conclusion totally agrees
with the experimental results obtained by Bowden and Brom-
ley,29 who have indicated that for acetanilides andγ- and
δ-lactam compounds the limiting step is the C-N bond fission.
However, it should be stated that the activation energy we have
theoretically obtained is slightly higher than that obtained by
these authors.

Elimination Reaction. If the withdrawing process of the
OH- group from C2 in the tetrahedral intermediates is studied
without compelling this process to be perpendicular to the
â-lactam ring, the system evolves spontaneously through an
elimination mechanism. The reaction starts with the withdraw-
ing of the OH- group from the tetrahedral intermediate followed
by the elimination of a proton of theγ-lactam ring to yield a
water molecule (see Scheme 2). Analogous transition states
are described in the literature, for bothâ-lactam13 andN-methyl-
carbamate30 compounds.

Transition stateg1, obtained from tetrahedral intermediate
b1, shows an energy barrier of 11.60 kcal/mol in relation to
such intermediate (in MP2 calculations). This transition state
is characterized by the presence of a hydrogen bond between
H8 and O13 (2.193 Å by RHF and 1.918 Å by MP2), and H7 is
located far from the hydroxyl group (3.551 and 3.678 Å in RHF
and MP2 calculations, respectively, see Table 5). Therefore,
the elimination reaction takes place with the H8. The OH-

group is located below the C2N3N4 plane with a dihedral angle
of 65.0°, considerably far from perpendicularity. This structure
has been characterized by vibrational analysis, showing an
imaginary frequency involving the atoms C2, O13, and H8.

MP2 calculations on this structure considerably approach the
hydroxyl group to N4 (from 2.193 Å in RHF to 1.918 Å in
MP2) and withdraw this group from C2 (from 2.112 to 2.321
Å). Therefore, this calculation shows up the hydrogen bond.
The remaining bond distances increase between 0.01 and 0.03
Å, except the C2C6 distance that slightly decreases (0.002 Å).

IRC calculations on this structure end at the already known
structureb1 for the reverse pathway and at energy minimumh
for the forward pathway (Figure 4, Table 5), in which the

TABLE 3: Main Geometric Parameters and Energy of the Different Conformations of the Final Product of the BAC2 Reactiona

structuref1 structuref2 structuref3

RHF MP2 RHF MP2 RHF MP2

O1C2 1.2340 1.2631 1.2328 1.2636 1.2365 1.2677
C2N3 3.6333 3.5458 3.5430 3.5222 4.4790 4.4671
N3N4 1.4203 1.4514 1.4170 1.4446 1.4162 1.4423
N4C5 1.4545 1.4663 1.4609 1.4743 1.4647 1.4737
C5C6 1.5311 1.5298 1.5388 1.5359 1.5273 1.5221
C2C6 1.5513 1.5529 1.5493 1.5507 1.5535 1.5594
C2O13 1.2432 1.2793 1.2428 1.2757 1.2365 1.2689
O13H14 3.3088 2.9608 1.9397 1.8536 5.1003 5.1045
O1C2N3 133.9 142.9 177.1 176.3 119.8 119.9
O1C2C6 115.0 115.2 115.3 115.8 114.6 114.7
C2N3N4 58.1 61.0 75.1 76.2 57.7 58.5
N3N4C5 111.1 108.7 116.6 115.2 111.7 109.7
O13C2N3 80.3 73.4 49.3 48.9 110.5 110.2
H14O13C2 75.3 82.5 119.6 118.1 45.5 45.2
O1C2-N3N4 186.9 193.8 161.4 161.5 155.4 156.1
H7C2-N3N4 77.0 77.8 258.6 259.5 25.1 25.6
H8C2-N3N4 31.7 32.0 30.0 30.5 31.1 31.4
C2N3-N4C5 57.7 56.8 29.9 28.3 21.1 21.0
O1C2-C5C6 1.8 21.7 311.3 309.6 25.7 27.1
O13C2-N3N4 52.0 62.1 184.3 186.3 326.3 326.8
energy -376.3106524 -377.4391535 -376.3092213 -377.4372310 -376.3019867 -377.4281246
ZPE 0.122714 0.109571 0.122607 0.109476 0.121751 0.108711
no. of imag freq 0 0 0

a Bond lengths in angstroms, bond and dihedral angles in degrees, and energy in hartrees.

TABLE 4: MP2 Relative Energies and Barrier Heights (in kcal/mol) of the Principal Structures of the BAC2 and Elimination
Reactionsa

BAC2 kcal/mol elimination(1) kcal/mol elimination (2) kcal/mol elimination(3) kcal/mol

a 0 a 0 a 0 a 0
b1 -33.04 b1 -33.04
c1 -0.32 g1 -21.44
b1 f c1 32.72 b1 f g1 11.60
b2 -31.28 b2 -31.28
c2 -5.64 g2 17.28
b2 f c2 25.64 b2 f g2 48.56
b3 -31.11
b4 -29.54 b4 -29.54
d -3.22 h -35.18 g3 -24.25

b4 f g3 5.29
f1 -56.71 i1 -33.79 i2 -12.36 i3 -35.66
f2 -55.56
f3 -50.33

a These values have been obtained using the ZPE-RHF energy sided by 0.8929.
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TABLE 5: Main Geometric Parameters and Energies of the Transition States (g1, g2, g3), Intermediate (h), and Final Products (i1, i2, i3) of the Elimination

structureg1 structureh structurei1 structureg2 structurei2 structureg3 structurei3

RHF MP2 RHF MP2 RHF MP2 RHF MP2 RHF MP2 RHF MP2 RHF MP2

O1C2 1.2097 1.2327 1.2088 1.2419 1.2274 1.2612 1.2248 1.2291 1.2523 1.2871 1.2243 1.2641 1.2487 1.2805
C2N3 1.4293 1.4383 1.3510 1.3658 1.3172 1.3428 1.4530 1.4331 1.4325 1.4590 1.3167 1.3288 1.2999 1.3320
N3N4 1.4116 1.4390 1.4234 1.4420 1.4358 1.4225 1.4304 1.4591 1.4282 1.4581 1.4262 1.4544 1.4397 1.4620
N4C5 1.4736 1.4896 1.4612 1.4766 1.4410 1.4555 1.4636 1.4816 1.4571 1.4892 1.4561 1.4845 1.4614 1.4817
C5C6 1.5346 1.5317 1.5344 1.5332 1.5385 1.5344 1.5215 1.5256 1.5093 1.5063 1.5223 1.5199 1.5189 1.5163
C2C6 1.5239 1.5261 1.5152 1.5161 1.5228 1.5261 1.5241 1.5155 1.3731 1.3851 1.5342 1.5428 1.5343 1.5403
C2O13 2.1122 2.3211 3.5065 3.4417 4.9660 4.9178 1.8957 2.5433 3.7402 3.3382 3.5011 3.4088 3.2898 3.2247
H7-O13 3.5505 3.6776 3.7502 3.7117 4.1820 4.1533 3.9642 4.0541 3.5392 2.6552 1.2546 1.1609 0.9527 0.9803
H8-O13 2.1929 1.9184 1.7620 1.6556 0.9751 1.0142 4.1462 4.5119 5.2042 4.2643 3.1222 3.3772 4.7205 4.6738
N4-H8 1.0024 1.0369 1.0269 1.0678 1.8922 1.7768 1.0001 1.0217 1.0104 1.0369 1.0002 1.0154 1.0002 1.0222
O13H14 0.9486 0.9765 0.9479 0.9745 0.9467 0.9709 0.9528 0.9769 0.9692 1.0084 0.9481 0.9721 0.9600 0.9903
O1C2N3 121.2 122.2 125.8 125.7 128.1 127.9 117.7 121.2 118.7 118.7 128.8 128.4 128.0 127.5
O1C2C6 125.4 126.2 128.1 128.7 127.0 128.4 127.7 128.8 134.2 134.5 123.1 122.2 121.3 122.1
C2N3N4 128.2 107.8 113.8 114.1 117.1 117.9 106.4 107.0 108.3 107.1 104.8 109.7 108.5 107.2
N3N4C5 106.9 105.2 101.1 99.7 99.7 99.0 107.3 105.5 101.2 99.4 104.8 105.6 106.6 105.3
O13C2N3 91.3 86.9 72.9 72.9 35.6 35.9 100.9 99.6 93.7 79.6 29.0 30.9 68.5 66.9
H14O13C2 101.6 100.5 144.9 143.9 101.4 100.5 115.0 124.8 14.8 26.2 97.6 85.8 41.4 40.4
O1C2-N3N4 182.2 177.6 170.9 171.1 174.6 175.2 199.3 198.0 198.5 199.6 173.3 170.0 175.5 174.1
H7C2-N3N4 239.3 239.2 148.2 147.3 169.8 170.5 244.7 239.5 234.9 238.6 155.8 132.3 173.3 165.2
H8C2-N3N4 31.8 32.1 30.2 30.5 31.1 29.8 343.1 338.1 331.5 322.4 339.2 335.6 337.7 352.0
C2N3-N4C5 28.6 30.4 30.6 30.8 25.1 23.8 30.1 24.1 325.4 322.1 30.3 25.9 25.7 28.3
O1C2-C5C6 313.4 314.9 315.9 312.4 313.4 308.3 133.9 273.7 27.8 36.4 319.1 333.7 320.2 316.9
O13C2-N3N4 65.0 60.6 43.8 42.9 15.9 29.8 76.3 82.0 219.0 231.7 153.7 161.9 174.2 166.8
energy -376.2356359 -377.3807251 -376.2611738 -377.4014815 -376.2572457 -377.3974855 -376.1735520 -377.3166547 -376.2324123 -377.3652351 -376.2377132 -377.3810772 -376.2904964 -377.4027356
ZPE 0.120216 0.107341 0.118948 0.106209 0.116960 0.104434 0.117571 0.104979 0.119077 0.106324 0.115546 0.1032156 0.119504 0.106705
no. of imag

freq
1 (268.77i) 0 0 1 (491.88i) 0 1 (1196i) 0

a Bond lengths in angstroms, bond and dihedral angles in degrees, energy in hartrees, and imaginary frequencies in cm-1.
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hydroxyl group is very far from the carbonyl group (C2O13

distance of 3.507 Å in RHF calculations) and with a hydrogen
bond between the H8 and the O13 atoms (1.762 Å). Once more,
MP2 calculations decrease the length of the hydrogen bonds
(H8O13 distance of 1.656 Å).

In the intermediateh, H7 is located considerably far from
O13 (3.750 and 3.712 Å in RHF and MP2 calculations,

respectively), and the hydroxyl group is found in the appropriate
situation to eliminate H8 of the ring (distance H8O13 of 1.762
and 1.656 Å in RHF and MP2 calculations, respectively). If a
reaction coordinate is performed approaching H8 to the hydroxyl
ion, it is observed the elimination of this hydrogen with
formation of water (structurei1, Figure 4, Table 5). Therefore,
the transition stateg1 is a cross between the basic hydrolysis
reaction and the elimination reaction. The elimination takes
place without virtually any energy activation, as expected,16 and
no transition state has been found. The reaction profile
corresponding is plotted in Figure 5, and activation energies
are given in Table 4. The final reaction product presents an
energy higher than the tetrahedral intermediate and, moreover,
considerably higher than the final product of the alkaline
hydrolysis (f1). The energy difference between the final product
of the elimination reaction and the reagents is of-26.52 kcal/
mol (RHF) and slightly larger by MP2 calculations (-33.79
kcal/mol).

From tetrahedral intermediateb2 andb4 two different final
products can be obtained depending on the eliminated proton.

SCHEME 2: Scheme of the Elimination Reactions

Figure 4. Structures corresponding to the intermediates of the
elimination reactions.

Figure 5. Reaction profile of elimination reactions.
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H12 elimination fromb2 yields producti2 through transition
stateg2, and H7 elimination from b4 gives rise to the final
product i3 through transition stateg3. Both transition states
have been characterized by vibrational study.

Table 5 shows the main geometric parameters of these final
products and transition states. As can be seen in this table, the
most stable product isi3.
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