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Abstract. New and useful aspects of chemical reactivity
as described by reactivity indexes and used in connection
with the maximum hardness and minimum polarizability
principles (MHP and MPP, respectively) are discussed
and illustrated for two classical reactions in organic
chemistry. They include the Beckmann rearrangement
and the condensation reactions of az-amino acids. The
MPP appears as a more general rule than the MHP.
Another relevant result is related to the usefulness of
both empirical reactivity rules to predict the most
probable reaction mechanism among two different
pathways displaying very close values in activation
energy (competitive pathways). This is illustrated for the
condensation reaction of a series of ¢-amino acids: while
the accepted stepwise route follows both the MHP and
MPP rules, the alternative concerted channel does not,
yet its associated activation energy is slightly lower than
that corresponding to the nonconcerted reaction mech-
anism.

Keywords: Chemical reactivity — Maximum hardness
principle — Minimum polarizability principle — Reaction
mechanism

Introduction

In organic chemistry, there are a wide variety of reac-
tions that are used as model systems in synthesis and for
the identification of functional groups. Their classifica-
tion in terms of reactivity and selectivity provides useful
clues for possible synthetic routes and also to determine
the main products of kinetic control expected for a given
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reaction, depending on field effects induced, for instance,
by chemical substitution, solvent effects or other exter-
nal sources in the environment. The change of a given
reaction pattern naturally appears as a response to
structural or environmental modifications, thereby
allowing the treatment of chemical reactivity and selec-
tivity in terms of global and local response functions.
The static response functions defined in the context of
density functional theory are conveniently represented
as a derivative of the electronic energy, E, and electron
density, p(r), for an N-electron system in the field of an
external potential, v(r), due to the compensating nuclear
charges. For instance, the energy changes induced by
changes in N at constant v(r) are described by the elec-
tronic chemical potential [1] defined by
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This quantity may be estimated from the values of the
vertical ionization potential, /, and the electron affinity,
A, by a finite-difference formula [1]. In the absence of
experimental data for / and A4, it is still possible to get a
reliable estimation of u, using Koopmans’ theorem, in
terms of the one-electron energies of the HOMO (H) and
LUMO (L) frontier molecular orbitals, as described in
Eq. (1). The electronic chemical potential is the negative
of the electronegativity [1] within this model, and it is the
natural descriptor of charge transfer: while its absolute
value is related to the amount of charge transfer, its sign
describes the direction of the electron flux. During a
molecular interaction, the electronic charge flux takes
place from the molecular region presenting the highest
values in u towards the molecular region of lowest values
of u, until an equilibrium regime, where the electronic
chemical potential acquires a uniform (equilibrium)
value [1, 2].

The first derivative of the electronic chemical poten-
tial with respect to N at constant vo(r) provides a
quantitative representation of Pearson’s concept of
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chemical hardness [3]. The chemical hardness is a mea-
sure of the energy gap between the highest occupied and
lowest virtual monoelectronic states in a molecule. Hard
species interact favorably with other hard species
(HSAB rule [4]). Hard species on the other hand, nor-
mally establish electrostatic interactions with a low
charge transfer pattern. One of the most useful appli-
cations of the concept of chemical hardness has been
consolidated in the form of an empirical rule (the max-
imum hardness principle MHP), stating that at constant
electronic chemical potential, the natural evolution of
molecular systems is towards a minimum energy value
with a simultaneous increase in the chemical hardness
[4]. Chemical hardness has a quantitative operational
expression in terms of the I and 4 quantities, and also in
terms of the one-electron molecular energy levels e and

g1, namely [1, 4]
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The inverse of the chemical hardness is the global
softness [1, 4] S=1/y, a quantity measuring the elec-
tronic polarizability of molecules [5], that conveniently
complements the HSAB rule for hard species: the
interaction between soft species is thermodynamically
favorable with respect to the cross (hard/soft) inter-
actions. Based on the relationship between global
softness and the dipole polarizability [5], Chattaraj and
Sengupta [6] proposed the minimum polarizability
principle (MPP), which states that the natural evolu-
tion of molecular systems is towards a state of mini-
mum polarizability. Therefore, while the softness
profile is expected to parallel the energy profile during
a chemical transformation, the hardness profile is
expected to mirror both the energy and polarizability
profiles.

Beside the global reactivity indexes, it is possible to
define local response functions. For instance, the deriv-
ative of the electronic chemical potential with respect to
the external potential defines the Fukui function f{(r) of
the system [1]. The derivative of the electron density with
respect to the electronic chemical potential defines the
local softness, s(r). Both quantities have been described
as local reactivity indexes that determine selectivity [7, 8]
in a molecule. Both quantities are related by s(r) =f(r)S,
thereby showing that the Fukui function acts as a dis-
tribution function for the global properties (S in the
present case). There exist several definitions allowing
local or regional Fukui functions for electrophilic,
nucleophilic or radical attacks [9, 10, 11, 12] to be
described, so that at present it is possible to conveniently
characterize hard and soft electrophiles and nucleo-
philes, both globally and locally [12, 13, 14, 15]. Another
pertinent aspect of local reactivity is related to the
activation of sites in a molecule. Activation may be
quantitatively represented as the variations in the local
reactivity pattern at a given site, with reference to a
slightly distorted structure or more correctly defined
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with reference to the transition state separating reactants
and products. Consider, for instance, the variations in
local softness [16, 17]:
Asp = fPAS™ + SAfY, (3)
where o=+, — or 0 for nucleophilic, electrophilic and
radical attacks, respectively. The activation softness
AS*=5%-5% is the difference in global softness for the
system in the transition and ground states, and
AfE= k“"# - f}f"o is the difference in the Fukui function at
site k for the system in the transition and ground states.
Note that Eq. (3) permits the calculation of activation
softness at a given site, in terms of a global activation
contribution driven by the first term, and a local acti-
vation contribution described by the second term of
Eq. (3).

In this work we intend to illustrate how these elec-
tronic reactivity indexes may be used in connection with
the empirical reactivity rules, to assist in the analysis of
chemical reactivity, specifically those aspects related to
the reaction mechanism. In order to evaluate these rules
along a reaction profile, we selected the well-docu-
mented Beckmann rearrangement of oximes to yield the
corresponding amides as products of the reaction. This
reaction involves a series of intermediates and transi-
tion-state structures which will be used to evaluate both
the MHP and MPP rules along a reaction profile. The
second example involves the condensation reaction of -
amino acids. In this case, we show that both the MHP
and the MPP rules may help to discriminate two com-
petitive reaction mechanisms differing by a small
amount in activation energy.

Computational details

Ground-state and transition-state structures were optimized at the
B3LYP/6-311 + + G** level of theory. The calculation of chemical
hardness using Eq. (2) was performed at the same level of theory
within the Koopmans’ theorem approximation. The dipole polar-
izability was evaluated as the mean value of the trace of the dipole
polarizability tensor, namely,

1
<o> = g (foX + Olyy + (Xzz), (4)

using the GAUSSIAN9S suite of programs [18].

Results and discussion
Beckmann rearrangement

Aldoximes or ketoximes in the presence of Bronsted or
Lewis acids readily rearrange into amides according to
the reaction shown in Scheme 1. This intramolecular
interconversion is known as the Beckmann rearrange-
ment [19, 20, 21]. The reaction mechanism involves
several intermediate species and transition-state struc-
tures. The Beckmann rearrangement of formaldehyde
oxime (1d) is depicted in Scheme 2. The rearrangement
initiates with the protonation of 1d to yield methylene
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Scheme 1. Beckmann rearrangement

oxonium ion (2a). This species rearranges into 2b by
intramolecular proton transfer from the nitrogen atom
to the oxygen site. The pathway from 2b to 2¢ is the
Beckmann rearrangement itself, and the intermediate 2¢
is known as the Beckmann product. This intermediate is
unstable and may undergo nucleophilic attack by, for
instance, an OH™ ion to yield formimidic acid (3). The
final product, formamide (4), is obtained after a keto—
enol tautomerization of 3.

In this section we discuss the energy, hardness and
polarizability profiles for the whole process shown in
Scheme 2. It includes the formation of the formaldehyde
oxime from the reaction of formaldehyde and hydroxi-
lamine (steps la+1b — 1d). These steps involve two
transition-state structures (TS1 and TS2 in Scheme 2)
and one intermediate (1¢ in Scheme 2). Next we include
the analysis of the second step from the formaldehyde
oxime to the Beckmann product (2a — 2¢). This step
involves two transition-state structures (TS3 and TS4 in
Scheme 2) and one intermediate (2b) species. The third
step, from 2¢ to 3, is a barrierless process. The fourth
step is the tautomerization reaction of 3 to yield the final
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product 4. This last step involves one additional transi-
tion state (TSS).

The energy profile for the first step (1a+1b — 1d) is
shown in Fig. 1. The activation energies for the forma-
tion of intermediates 1c¢ and 1d are 30.2 and 43.5 kcal/
mol, respectively, thereby showing that the elimination
of water is the rate-determining step for this process, in
which a carbon—oxygen bond is broken (Fig. 1).
The first transition-state structure (TS1) has a unique
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Fig. 1. Energy profile for the formation of formaldehyde oxime
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Table 1. Total energy, chemical hardness and polarizability values
for the formation of formaldehyde oxime. All values are in atomic
units

Table 2. Energy, chemical hardness, polarizability values and
harmonic vibrational analysis for the formation of the Beckmann
product. All values are in atomic units

Species Energy n o
la+1b —246.2419 0.1305 41.16
TS1 —246.1938 0.1016 50.79
1c -246.2515 0.1227 43.46
TS2 —246.1822 0.1027 59.25
1d + water —246.2647 0.1300 45.64
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Fig. 2. Energy profile for the formation of the Beckmann product

imaginary frequency of 1,459.6i associated with the
stretching mode between the carbon and nitrogen atoms.
The second transition state (TS2) has a unique imagi-
nary frequency of 1,957.6i, associated with the water
elimination. The energy, hardness and polarizability re-
sults for this step are summarized in Table 1. It may be
seen that the MHP is fulfilled for the step 1a+1b — 1d:
ground and intermediate states have hardness values
greater than those associated with the transition-state
structures (TS1 and TS2). Note also that the ground and
intermediate states have polarizability values lower than
those associated with transition-state structures TS1 and
TS2.

The energy profile for the second step (2a — 2¢) is
summarized in Fig. 2. There are two transition-state
structures associated with this step. The first one, TS3,
is characterized by a unique imaginary frequency of
1,862.2i associated with the proton migration from
the nitrogen to the oxygen atom, which concertedly
occurs with the increase in the nitrogen—oxygen dis-
tance. The second transition state structure for this
step, TS4, is characterized by a unique imaginary
frequency of 788.9i, corresponding to Beckmann
rearrangement itself (i.e., the migration of a hydrogen
atom from the carbon to the nitrogen atom). The
energy, hardness and polarizability results for this
step are summarized in Table 2. It may be seen that

Species Energy n o Number of  Frequency
imaginary
frequencies
2a —-170.1315 0.1233 3236 O
TS3 —170.0448 0.1401 36.88 1 1,862.2i
2b -170.1016  0.1365 35.66 0
TS4 —170.0808 0.0936 3941 1 788.9i
2c -170.1927 0.1897 28.19 0
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Fig. 3. Energy profile for the 3 — 4 tautomerization

while the MPP rule is satisfactory fulfilled, the MHP
rule is not. The ground and intermediate states have
polarizability values that are lower than transition-
state structures TS3 and TS4, the TS3 structure is
harder than the intermediate 2b but softer than the
Beckmann product 2c.

The energy profile for the tautomerization step
leading to formamide, the final product of the
reaction, is shown in Fig. 3. The tautomerization
reaction is characterized by an activation energy of
32.0 kcal/mol. The transition-state structure TS5 has a
unique imaginary frequency of 1,952.9i (Table 3).
Here again the MPP rule is satisfactorily fulfilled but
the MHP is violated: transition state TS5 is softer
than tautomer 3 but harder than the ground-state
product 4.

Beside the global reactivity analysis performed on the
basis of the total energy, the chemical hardness and
the dipole polarizability of the species involved in the
Beckmann rearrangement of formaldehyde oxime to
formamide, a local analysis was also performed. This
analysis was made on the basis of the Fukui function.
For instance, for the first step, formaldehyde has the
highest value of the electrophilic Fukui function (i.e.,
the Fukui function for nucleophilic attack /™ =0.72) at



Table 3. Energy, chemical hardness, polarizability values and
harmonic vibrational analysis for the 3 — 4 tautomerization. All
values are in atomic units

Species Energy n o Number of  Frequency
imaginary
frequencies
3 -169.8882 0.1441 3553 0
TS5 -169.8373  0.1296 38.75 1 1,952.9i
4 -169.9009 0.1273 3488 0

the carbon atom. This is the active center for the
nucleophilic attack by hydroxylamine. This result also
coincides with the local reactivity picture developed in
hydroxylamine: the highest value of the nucleophilic
Fukui function is found at the nitrogen center
(f"=0.73). Both results are also consistent with the
population analysis performed using the atomic charges
derived from the electrostatic potential. For the inter-
mediate steps, however, the Fukui function formalism is
not sufficient to correctly assess the local reactivity
patterns of the intermediates. However, in these cases a
more complete picture may be obtained by looking at
the variations in local softness with reference to the
corresponding transition-state structures (activation
softness), given by Eq. (3). This quantity encompasses
both the local activation driven by the variations in the
Fukui function and also the variation in global softness
from the ground-state to the transition-state structures.
For instance, in the second step (2a — 2c), leading to
the Beckmann product, the highest activation softness,
As;, with reference to the TS4 structure for electrophilic
attack is consistently found at the carbon atom of
structure 2b.
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Condensation reaction of a-amino acids

In the preceding section we analyzed the Beckmann
rearrangement to illustrate how the MPP and MHP
rules may be used as complementary tools to study the
relative stability of species involved in a complex reac-
tion path involving a high number of intermediates and
transition-state structures. The local analysis correctly
complements the information obtained from the global
and energy analysis of the reaction profile. In this section
we show the practical utility of the MHP and MPP rules
to elucidate the most probable reaction mechanism for a
chemical process that presents two competitive path-
ways (i.e. two different reaction paths differing by a
small amount in activation energy). The analysis is
performed on the condensation reaction of a series of
o-amino acids. The accepted reaction mechanism is
illustrated for glycine in Scheme 3. It suggests that the
reaction proceeds within a stepwise reaction channel
where the nucleophilic attack of the amino group on the
carbonylic carbon center leads to the formation of a
geminal diol intermediate (Scheme 3). This step involves
transition-state TS6. The condensation product is
attained after water elimination that involves a second
transition-state structure, TS7. The predicted activation
energy for the rate-determining step (i.e., the formation
of the geminal diol intermediate) is predicted to be 40.2,
41.7, 42.6 and 43.4 kcal/mol for the reaction of glycine
with glycine, alanine, isoleucine and leucine, respec-
tively.

A second concerted reaction mechanism may be
proposed. This reaction mechanism is depicted in
Scheme 4. It involves a unique transition-state structure,
TS8. The corresponding activation energies are 39.7,
38.7, 41.4 and 41.2 kcal/mol, for the same reactions of

Table 4. Energy, chemical hardness, global softness, polarizability values and harmonic vibrational analysis for the stepwise condensation
of a-amino acids. All values are in atomic units, except AE, which is given in kilocalories per mole

Species Energy n S o Number of Frequency AE
imaginary
frequencies
Glycine Reactants —568.72 3.49 0.29 94.78 0 0.0
TS6 —568.65 2.77 0.36 100.86 1 1,551.6i 40.2
Geminal diol intermediate -568.7 2.98 0.34 96.01 0 8.9
TS7 —568.66 2.84 0.35 103.82 1 1,565.8i 35.9
Products -568.71 3.09 0.32 96.76 0 5.5
Alanine Reactants —608.01 3.45 0.29 109.44 0 0.0
TS 6 -607.94 2.73 0.37 116.23 1 1,576.4i 41.7
Geminal diol intermediate -607.99 2.93 0.34 110.87 0 9.0
TS 7 -607.95 2.81 0.36 118.70 1 1,561.7i 35.5
Products -608 3.09 0.32 111.90 0 5.7
Isoleucine Reactants —725.87 3.38 0.3 153.71 0 0.0
TS6 —725.8 2.72 0.37 160.28 1 1,585.7i 42.6
Geminal diol intermediate —725.85 2.91 0.34 154.90 0 11.5
TS7 —725.81 2.81 0.36 162.99 1 1,540.1{ 35.3
Products -725.86 3.06 0.33 156.07 0 4.6
Leucine Reactants -725.87 34 0.29 153.73 0 0.0
TS6 —725.8 2.72 0.37 160.41 1 1,588.2i 434
Geminal diol intermediate —725.85 2.92 0.34 155.12 0 10.3
TS7 -725.81 2.81 0.36 163.35 1 1,539.2i 36.8
Products —725.86 2.95 0.34 156.58 0 4.0
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Scheme 3. Reaction mechanism for the stepwise condensation of
glycine

glycine with glycine, alanine, isoleucine and leucine,
respectively. Note that the proposed concerted mecha-
nism has activation energy values even lower than those
associated with the accepted mechanism. The complete
global and energy analyses are summarized in Tables 4
and 5 for both possible mechanisms. From Table 4, it
may be seen that both the MPP and MHP are satisfac-
torily fulfilled for the accepted stepwise reaction mech-
anism. However, for the proposed concerted reaction
channel, while the MPP rule is satisfied for the whole
series of reactions, the MHP systematically fails. This
result is interesting in the sense that the empirical MHP
and MPP rules can be used as complementary tools to
assist in the characterization of reaction mechanisms in

H 0
H\o"/!_ ,\N—CH—|C!—OH
o:clz"// H c|H3
Lo~
HZN/ New, i (T

HoN——CH—C ——N——CH—C——O0H
"
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Scheme 4. Reaction mechanism for the concerted condensation of
glycine

energy. Therefore, as it was previously demonstrated
that both empirical reactivity rules consistently com-
plemented the Woodward-Hoffmann symmetry rules
[22], it seems that the most probable reaction mecha-
nisms are also expected to simultaneously follow both
empirical principles of reactivity.

Concluding remarks

The MHP and the MPP for two classical reactions in
organic chemistry have been examined. While the MPP
rule is satisfactorily fulfilled along the complete reaction
profile, the MHP is not. The relationship between energy
and hardness fails when comparisons between transi-
tion-state structures, intermediates and ground states are
made. The effect of the whole set of molecular orbitals
for the calculation of dipole polarizability may have
some influence on this result, as the operational chemical
hardness is only related to the energy gap between the
frontier molecular orbitals. Hence, those reactions which
are not driven by the HOMO/LUMO states are not
expected to follow the MHP. Both MHP and MPP
empirical rules have been used to study the reaction
profile of two competitive mechanisms differing by a
small amount in activation energy. While the experi-
mentally accepted reaction mechanism has an energy

those processes presenting very close values in activation profile which is consistent with both reactivity
Table 5. Energy, chemical :
hardness, global softness, Species Energy n S o Number of  Frequency AE
polarizability values and imagimary
harmonic vibrational analysis frequencies
for the concerted condensation
of g-amino acids. All values in  Glycine Reactants  —568.7164 349 029 94.78 0 0.0
is given in kilo calories per mole Products -568.7077 3.09 0.32  96.76 0 5.5
Alanine Reactants  —608.0071 345  0.29 10944 0 0.0
TS8 -607.9454 3.1 032 12117 1 1,260.9i 38.7
Products -607.9980 3.09 032 11190 0 5.7
Isoleucine  Reactants  —725.8677 3.38 0.3 153.71 0 0.0
TS8 —-725.8017  3.11 032 16633 1 1,231.8i 414
Products —725.8603  3.06 0.33 156.07 0 4.6
Leucine Reactants  —-725.8696 3.4 029 15373 0 0.0
TS8 —-725.8040  3.11  0.32 16593 1 1,221.2i 41.2
Products —725.8633 295 034 15658 0 4.0




principles, the energy profile of the proposed reaction
mechanism follows the MPP rule but the MHP rule
consistently fails.
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