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ABSTRACT

Reactivity, selectivity and site activation are classical concepts in chemistry which are
amenable to quantitative representation, in terms of static global, local and non local
density response functions. The use of these electronic indexes describing chemical
interconversion is developed in this work along the perspective of the pioneering work
conducted in Chile by the late Professor Fernando Zuloaga, to whom this article is
dedicated in memoriam. While global responses, represented as derivatives of the
electronic energy with respect to the total number of electrons quantitatively describe
the propensity of a system to interconvert into another chemical species (chemical
reactivity), the local counterparts assesses well those regions in the molecule where
the reactivity pattern dictated by the global quantities is developed (selectivity). Site
activation /deactivation may in turn be described by the variations in the local or
regional patterns of reactivity, that may be induced by solvent effects or chemical
substitution. These concepts are illustrated for a series of chemical reactions in Organic
Chemistry, including electrocyclic processes, cycloadditions and electrophilic addition
reactions. Some relationships between quantitative scales of reactivity and reaction
mechanisms are discussed.

1. INTRODUCTION.

The description of chemical processes in terms of reactivity indexes has become a
current approach in theoretical physical organic chemistry. From the dawn of
Mullikens molecular orbital theory [1], the electronic structure of molecules has been
the basis for the representation of static models of reactivity. These reactivity models
were mainly framed on electron population analysis performed at each atomic center
of the molecular system (gross and net atomic charges), as well as electron population
at the internuclear regions (bond order indexes) [2]. An elegant formulation based on
Huckel molecular orbital (HMO) theory was presented in a series of seminal papers by
Coulson et al [3], to describe the electronic structure of conjugated systems (mobile
electron theory). Several local and non local reactivity indexes defined in the form of
static density response functions, namely, atomic and bond polarizability, where
proposed within this context [3]. This generalization was formally introduced in the
theory of chemical reactivity, first by Klopman and Salem [4-6], and subsequently by
Fukui [7Z-10], within a theoretical framework known as the Frontier Molecular Orbital
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(FMO) theory. Within this approach, most of the determining factors governing a
chemical reaction involved the frontier molecular orbitals HOMO and LUMO of the
electron donor and the electron acceptor pair. The basic quantities here are the
molecular orbital coefficients and the intermolecular HOMO-LUMO gap.

Electronic polarizability has been rather recently related to Pearson’s concept of
chemical softness [11-13], thereby incorporating non electrostatic forces in the
reactivity models based on electronic indexes. Most of these ideas have been gathered
in a compact form within the framework of density functional theory (DFT) [14,15].
Classical concepts like electronegativity, chemical hardness and softness have been
given simple operational expressions, so that at present, it is possible to establish
quantitative scales of chemical properties for atoms and molecules. They are currently
used in connection with some empirical rules, namely, the electronegativity
equalization (EEP), the maximum hardness (MHP) and the hard and soft acids and
bases (HSAB) principles [16-17], to discuss chemical reactivity on a more quantitative
basis. Besides these global quantities, local or regional reactivity indexes defined
around specific regions of molecules have been proposed. The most important quantity

is the Fukui function f(r), which condenses in a single number most of the information
encompassed in the FMO theory. The Fukui function has been proposed as the natural
descriptor of selectivity [18-20]. A high value of this index at a given region in a
molecule is associated with a highest reactivity at that site. The Fukui function also has
some additional mathematical properties, as most of the global properties are
distributed within a molecule following the Fukui function. The local softness s(r)

= f(r) S, is just an example that illustrates this property.

The use of the conceptual DFT to deal with reactivity and selectivity problems was
pioneered in Chile by Zuloaga at the end of the 80 s [21]. This seminal work strongly
stimulated the young theoretical chemist community in the country to incorporate
these new concepts in the analysis of chemical reactivity. Several instructive
applications, mainly devoted to the scrutiny of Diels-Alder cycloaddition reactions,
were used by Fernando to illustrate the enormous potential of DFT to assist in the
analysis of reactivity and selectivity of these processes [22,23]. In this work we intend
to present an overview on the application of DFT based quantities to quantitatively
describe the reactivity and selectivity patterns of cycloaddition reactions, electrocyclic
processes, electrophilic addition to asymmetric alkenes and intermolecular hydrogen
bonding, in the light of the fundamental and creative contributions made by Fernando
Zuloaga in the field of theoretical physical organic chemistry.

2. Fundamentals of density functional theory.

In density functional theory, the ground state (GS) electronic energy E is a unique
functional of the real space electron density r (r), a physical observable of atomic and
molecular systems [24]. The electron density is in turn uniquely determined by the
external potential u (r), due to the compensating positive (nuclear) charges. Since r (r)
normalizes to the total humber of electrons N in the system:

N =fdrp(r) (1)
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it becomes possible to write the electronic energy E as a function of the number of
electrons, and a functional of the external potential: E = E[N, u (r)] [25]. The exact
differential of E in this representation is [25]:

dE=[ ] dr[aE]&u(r)
ulr) g o (r) o
= pdN+ [dro@)d @)
where
po= e @3)
N [y

is the electronic chemical potential of the system. This quantity is related to the
amount and direction of the charge transfer during a chemical interaction. It flows
from the highest to the lowest values, until an equilibrium regime is attained. For

instance, if two interacting subsystems A and B say, are characterized by [l o > g,
then the electron flux in the charge transfer process will take place from A towards B,

until at the equilibrium where a complex A---B is formed, la = m g = Hag. Note that in

addition, the relationship 1 > g immediately entails that during the interaction A will

act as nucleophile and B as electrophile. A more quantitative representation of
electrophilicity and nucleophilicity will be given below.

Two additional reactivity indexes, one global the other local, may be defined by writing
the exact differential forpt= H[N, v (r)], namely [25]:

Sy
+ [dr v
= [3N]u<r) J [&Cr)]N (r)()
4

=N+ [dr () Su()

While the quantity h has been associated with Pearsonds chemical hardness, the local
quantity f(r) has been defined as Fukui function of the system. A hard species
preferably establishes long range electrostatic interactions, and they currently

participate in charge controlled processes. Its inverse, S = 1/mnis the chemical
softness, a quantity related to the electronic polarizability of the system [26,27]. Soft

species preferentially establishes covalent interactions with a significant amount of
charge transfer. The Fukui function on the other hand, defined by [25] :
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f@) = [av (r)] [ ]UM (5)

is one of the fundamental descriptors of selectivity [28,29]. As stated in the
Introduction, the Fukui function has a remarkable mathematical property that allows
most of the global properties to be distributed in space. This may be easily shown by
using the definition of local softness [25] :

s(r) = [ ] Bp(r)] [ ] Jx)S (6)
u(r) o) L% fug)

Note that Eq (6) shows that the global softness S is distributed following the Fukui
function f(r). The set of global indexes {u,n,Sy and the local ones

{p (r), f(r),s(r)}form a convenient representation for the discussion of the reactivity
and selectivity concepts in Chemistry. Site activation on the other hand, may be
described within a non local formalism [30-32], in terms of the first and second order
static response functions 7 (r,rQd) and f(r,r), respectively. A non local DFT quantity is
normally defined as the derivative of a local property at point r, with respect to
another one at r0 in space. For instance, the first order static density response
function is defined by [33,25]:

o | Bor)

for a fixed number of electrons. Note that the quantity ¥ (r,rlJ) describes the changes
in the electron density at point r, when the system is perturbed by a localized change
in the external potential at a different point rd. This means that conformational
changes, preferential solvation, and substituent effects at specific region of the
molecule may induce local responses at a different site, thereby activating or
deactivating that site at r towards a specific reaction. Site activation/deactivation may
alternatively be described on a simpler frame. Consider for instance a first variation in
s(r) defined in Eq (6). There we have [34]:

ds(r)= f(r)dS +5df(r) 8)

Eq (8) shows that a localized change in softness will be described by a global
activation/deactivation contribution given by the first term, and a local
activation/deactivation contribution given by the second one. This scheme has been
used to rationalize the empirical Markovnikov regioselectivity rule [34].

The availability of global and local reactivity indexes opens the possibility of
constructing theoretical reactivity scales that are to be validated against experimental
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scales. Relevant examples are the kinetic scales of electrophilicity and nucleophilicity,
which are recorded from rate coefficients involving electron donors and electron
acceptors [35-40]. From a theoretical point of view, the electrophilic power of
molecules has been cast into the form of a reactivity index w by Parr et al [41]. It is
expressed in terms of the electronic chemical potential and the chemical hardness as :

o=t (9)

Eq (9) indicates that a good electrophile will be characterized by a high

electronegativity ({ = -1 ), and a low value of chemical hardness. Note that the
chemical hardness acts as a resistance to the exchange of electronic charge with the
environment. The w index has been used to construct absolute scales of electrophilicity
for a significant number of organic reagents participating in a wide variety of chemical
processes [42-44]. The electrophilicity index has been found to be almost insensitive
to solvation in neutral electron acceptors [45], so that gas phase calculations suffice to
set up an electrophilicity hierarchy for atoms and molecules. It is also possible to
generalize the electrophilicity index to define its local counterpart. This may be easily

done by using the inverse relationship 1/1 = S and the sum rule for the local softness,
namely, S = f dr s(r). There results [42-44,46]:

2
w(r)=%s(r) = fr)w (10)

Note that the most electrophilic site in the electron acceptor coincides with the softest
site in the molecule, and that the more electrophilic site is the one corresponding to
the highest value of the electrophilic Fukui function, i.e. the active site of the
electrophile. The working formalism however, uses regional integrations so that the
local quantities are usually described as condensed to atoms or group of atoms in the
molecule. This scheme is easily implemented by condensing the Fukui function, within
a single point calculation scheme as described elsewhere [47,48].

3. Applications
3.1 Cycloadditions. Diels-Alder Reactions.

Diels-Alder (DA) reactions are the largest family of cycloaddition processes [49,50]. In
a DA reaction one p component, named the dienophile, adds to a 1,3-diene system to
afford a six-membered ring product. By varying the nature of the diene and dienophile
many different types of carbocyclic structures can be built up. However, not all
possibilities take place easily. The most simple cycloaddition reaction is the DA reaction
between butadiene and ethylene. This reaction must be forced to take place: after 17
hours at 165° C and 900 atmospheres, it does give a yield of 78% [51]. The presence
of electron-releasing substituents in the diene and electron-withdrawing in the
dienophile or vice versa can drastically accelerate the process.
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In general, the DA reaction requires opposite electronic features in the substituents at
the diene and the dienophile for being reasonably fast. Recent studies point out that
this type of substitution on diene and dienophile favors the charge transfer along with
an asynchronous mechanism [52]. Furthermore, the reaction mechanism changes
progressively from a concerted, asynchronous to a polar stepwise pathway with
increasing ability of the dienophile to stabilize a negative charge. At this point the 1,3-
diene and the ene systems clearly behave as an nucleophile/electrophile pair.

On the other hand, regioselectivity has been described in terms of a local hard and soft
acids and bases (HSAB) principle, and some empirical rules have been proposed to
rationalize the experimental regioselectivity pattern observed in some DA reactions
[50¢,53]. The local electrophilicity/nucleophilicity character of reagents may also be of
significant utility to predict the regioselectivity patterns that can be expected for a
given reaction, and to quantitatively assess the effects of electron-releasing and
electron-withdrawing substituents in the electrophile/nucleophile interacting pair. This
local electrophilic character may be seen as an extension of the global electrophilicity
index, recently proposed by Parr et al. [41] to deal with the local or regional
counterpart of this property.

The global electrophilicity power for a series of the most common dienes and
dienophiles systems quoted in Scheme 1 was evaluated using Eq (9). The electronic
chemical potential m , and chemical hardness h were evaluated in terms of the one
electron energies of the frontier molecular orbitals (FMO) HOMO and LUMO

throughpl = (€ y+ €.)/2 and h » (e_. ey) respectively, at the ground state (GS) of the
molecules using the B3LYP/6-31G(d) level of theory implemented in the GAUSSIAN98
package of programs [54].

In the absence of an accurate definition of nucleophilicity, we will assume that high
nucleophilicity and high electrophilicity are opposite ends of a simple scale. Therefore,
a molecule presenting a low electrophilicity power may be considered as a nucleophile,
yet the inverse relationship between global electrophilicity and nucleophilicity has not
been well-established [41]. Note that within our series of DA reagents one the most
strong electrophiles is N-methylmethyleneammonium cation (® = 8.97 eV). Moderate
electrophilicity power is presented, for instance by 1-acetoxy-1,3-butadiene (®= 1.10

eV) and cyclopentadiene (®= 0.83 eV). Finally, dimethylvinylamine (®= 0.27 eV)
presents a marginal electrophilicity power, so that may be classified as nucleophile.
Most of the structural and electronic features induced by chemical substitution are
often reflected as responses in the global reactivity indexes [32]. In this sense,
substituted ethylenes (dienophile) with electron withdrawing groups increase their

electrophilic character. Compare for instance the electrophilicity index of ethylene (®=
0.73 eV) and nitroethylene (W= 2.61 eV). In a normal-electron-demand (NED) DA

reaction, the ethylene component (dienophile) usually bears one or more electron-
withdrawing groups that enhance both the reaction rate and the yield of the kinetic

control product [51]. For instance, the reaction of 1,3-butadiene (®= 1.05 eV) with

acrolein (W= 1.84 eV) takes place within half an hour in quantitative yield, compared
to the 78% yield obtained in the ethylene/1,3-butadiene reaction under more extreme
external conditions [49,50c].

According to the electrophilicity scale of Scheme 1, nitroethylene is an electrophile
which may be also regarded as heterodiene (in a NED-DA reaction, the diene is usually
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the nucleophile), but in reaction with methyl vinyl ether or dimethylvinylamine it will
act as nucleophile in inverse-electron demand (IED) process [55]. On the other hand,
it is well know that the presence of Lewis Acids (LA) as catalysts increases both rate
and regioselectivity. As a consequence, most of the LA catalyzed DA reactions take
place at lower temperature that the uncatalyzed process. The effect of the LA catalyst
on the DA reactions can be explained by an increase of the electrophilicity of the
electron-poor DA component, which acts as the dienophile on a NED-DA reaction and
as the diene in an IED-DA reaction. Compare w values of acrolein and acrolein-BHs;. It
may be seen an enhance in the electrophilicity power in 1.54 eV relative to acrolein, in
agreement with the more polar character of the LA catalyzed cycloaddition. The
enhance in electrophilicity entails an increase of the ionicity of the process, which is
usually accompanied by a decrease of the activation energy for the cycloaddition.
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The difference in electrophilicity power of the dienophile/diene pair (A ® ) has been
shown to be an useful tool to describe the electronic pattern expected for the transition

state structures involved in DA reactions, describing non polar (A wsmall) or polar
(A mbig) mechanisms [42]. Scheme 2 shows this behavior to selected dienophiles in
reaction with 1,3-butadiene (®= 1.05 eV) as reference. It is interesting to note that
the DA reaction showing aA ®> 0 is characterized as a NED reaction i.e. diene is the
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nucleophile and the dienophile is the electrophile. On the other hand, in a IED-DA
reaction the difference in electrophilicity between diene/dienophile pair is

negative, A ®< 0. In summary, the difference in the global electrophilicity of the
diene/dienophile interacting pair gives information about the reaction polar pattern,
being a useful quantity to classify the electrophilicity power of a series of dienes and
dienophiles within a unique relative scale [42]. Thus, small electrophilicity differences
can be related with non-polar (pericyclic process) mechanisms, while big
electrophilicity differences can be related with polar (ionic process) mechanisms
[35,36,56].
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Using an extension of the global electrophilicity index it is possible to predict local
(regional) electrophilicity at the active sites of the reagents involved in Diels-Alder
processes on quantitative basis [46,47]. The model uses Eq (10), where f(r)
+
corresponds to the electrophilic Fukui function k . The interaction between
unsymmetrical dienes and dienophiles can give two isomeric adducts, depending upon
the relative position of the substituent in the cycloadduct, head-to-head or head-to-tail
(see Scheme 3a and 3b). The selectivity for the formation of one adducts over the
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other is known as regioselectivity, and these isomers are called regioisomers. In this
class of cycloadditions the degree of regioselectivity is often high, yet it is rather well
established that the more powerful the electron-releasing (D) and electron-
withdrawing (A) substituents on the diene/dienophile pair, the more regioselective is
the reaction [50c]. Local parameters of reactivity are shown in Table 1. It may be seen
that the whole series of dienophiles substituted with electron-withdrawing groups show
local electrophilicity values in C2 greater than in C1 (see last column of Table 1), as a
result of the higher values in the electrophilic Fukui function in C2, and corresponding
global electrophilicity (see Eq (10)). Compound 8 may be classified as marginal
electrophile [42].

Scheme 3. a) 1-substituted butadienes
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Table 1. Global an local properties of selected dienes an dienophiles used in DA reactions.
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For instance, the interaction between acrolein (® = 1.84 eV) and 1-methoxy-1,3-

butadiene (w = 0.77 eV), shows an electrophilicity difference A ® = 1.07 eV,
indicating a polar pattern in according to our classification. This interaction corresponds



to a DA reaction of normal-electron-demand (NED) in which an electron-poor
dienophile, the electrophile, reacts with a electron-rich diene, the nucleophile. The
electrophilic site in acrolein is the C2 carbon, with a local electrophilicity value w =

0.685 eV (see Table 1). The highest value of ®y in 1-methoxy-1,3-butadiene is located
at the carbon atom C4. Therefore, the most interaction will take place between the C2
center of acrolein and the C4 center of 1-methoxy-1,3-butadiene leading to the
formation of the ortho adduct (see Scheme 4a). The addition of 1-methoxy-1,3-
butadiene to acrolein is experimentally known to preferentially afford the ortho
regioisomer (80% vyield, at 100°C after 2 hours) [50c].

Ethylene (compound 6 in Table 1) presents a local electrophilicity value ®, = 0.365 eV
at the equivalent carbon atoms C1 and C2. Note that acetylene even having equivalent
Fukui functions and , presents a lower local electrophilicity pattern as compared to that

of ethylene (W, = 0.268 eV, at the equivalent carbon centers of acetylene). This result
mainly comes from their difference in global electrophilicity due to the fact that
ethylene is predicted to be softer than acetylene [42].

Another interesting result follows from the comparison of site reactivity of acrolein and
the acrolein-BH3 complex, representing the Lewis acid catalyzed processes (structures
4 and 1 in Table 1, respectively). On the basis of the Fukui function alone, the C2
carbon in acrolein is predicted to be slightly more electrophilic than in the Lewis acid
coordinated species, in contrast with the significant enhancement in the rate constant
experimentally observed for the Lewis catalyzed process (= 0.372 and 0.357 for 4 and

1, respectively). However, on the basis of the local electrophilicity index ®,, the C2
carbon in acrolein-BH3 complex (m¢ = 1.144 eV) is approximately twice more
electrophilic than the corresponding site in acrolein (@, = 0.685 eV).

It is also interesting to examine the effect that the electron-releasing groups may have
on the local electrophilicity pattern in ethylene. These systems have some importance
in the inverse-electron-demand (IED) processes. Consider for instance the compound 8
in Table 1. On the basis of the Fukui function alone dimethylvinylamine displays
nucleophilic activation at the C2 . Note that on the basis of the w index, this compound
is predicted as marginally electrophilic, due to the low value in global electrophilicity.
This compound is therefore predicted to react with electron-poor dienes, as for

instance nitroethylene (®= 2.61 eV), to afford the ortho regioisomer in an IED-DA
reaction, acting as heterodiene [47] (see Scheme 4a). The interaction of with the
electron-rich 2-substituted 1,3-butadienes such as compounds 10 and 11 on the other
hand, would lead to the formation of the para regioisomer [50c] (see Scheme 4b). It is
interesting to remark that although nitroethylene can act as dienophile or diene in DA
reactions, it normally behaves as a strong electrophile, the C2 site being the most
electrophilic position.
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Scheme 4. a) 1-substituted butadienes
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3.2 Electrocyclic processes.

The reaction mechanisms of the concerted stereospecific reactions are conveniently
described through the well-known Woodward-Hoffmann rule, based on the
conservation of the orbital symmetry [57]. In electrocyclic reactions, the reason for the
observed stereospecificity is that the groups linked to the breaking bond all rotate in
the same sense during the ring opening process. The motion, in which either all rotate
clockwise or counter clockwise is called the conrotatory mode. If these groups rotate in
the opposite direction during the ring formation process, the mode is called
disrotatory.

One of the simplest electrocyclic concerted reactions explained by these rules is the
thermolysis of cyclobutene to cis butadiene. From the MHP, we expect that the
hardness value of the conrotatory transition state (TS) will be lower than both the
hardness values of the cyclobutene and cis butadiene ground states. Furthermore, the
disrotatory TS will have smaller hardness value in comparison to the hardness value of
the corresponding conrotatory TS associated with the thermal isomerization of
cyclobutene. In general, when the corresponding quantities of two possible TS s are
compared, the TS associated with a symmetry-allowed path is expected to display
lower energy and larger hardness, whereas the TS associated with the symmetry
forbidden pathway is expected to display higher energy and smaller hardness. In other
words, we propose based on the MHP, that hardness is correlated with forbiddingness
[58]. This hypothesis was tested for the thermolysis of cyclobutene to cis butadiene at
the HF/6-311G(d,p) and B3LYP/6-311G(d,p) levels of theory. The results of the
calculations are shown in Table 2. The first striking feature revealed by this study, is
that the planar C,, structure is not a true minimum in the potential energy surface
(PES). Note that this result is consistently found at both levels of theory used. Note
also that the harmonic vibrational analysis of the disrotatory TS evaluated at the
geometry reported by Breulet and Schaefer [59] reveals the presence of two imaginary
frequencies, within the [1000i —1200i] range, the other at higher energy around 210i
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cm™® [58]. The MHP analysis consistently fails, as a consequence of the fact that the
planar C,, structure of cis butadiene is not a true minimum on the PES, leading to
relative hardness values at the GS s that contradicts the MHP: while cis butadiene is
correctly predicted as more stable that cyclobutene, the hardness of butadiene is lower
than the hardness value of cyclobutene. This result reveals the usefulness of the
empirical MHP rule as an additional criterion to analyze the consistency between
structure and stability. This textbook example illustrate well the fact that on the basis
of a single energy criterion, the wrong C,, structure would have been accepted, as it
was in the major part of the Organic Chemistry textbooks. Theoretically obtained
geometrical parameters for this molecule could not be compared with the
corresponding experimental values, mainly because at that time (1999), there was no
characterization of it, yet some indirect experimental evidence pointed out that this
molecule was not planar [60]. In order to eliminate the imaginary frequency present in
the spurious C,, ground state of cis butadiene, we further explored the PES at both
levels of theory. A lower symmetry structure (C2) resulted to be the true minimum
with no imaginary frequencies. It is characterized by a non-planar arrangement with
the terminal methylene groups c.a. 329 - 400 out of the molecular plane [58]. This GS
structure is characterized by a hardness value 6.28 eV (HF/6-311G(d,p)) and 2.83 eV
(B3LYP/6-311G(d,p)) respectively, in agreement this time with the MHP rule.

Table 2. Total energy (a.u.), number of imaginary frequencies (NIMAG), in i cm™, and
hardness values (in eV) of the stationary points for the isomerization reaction of
cyclobutene. HF/6-311G(d,p) (first entry) and B3LYP/6-311G(d,p) (second entry)
calculations.

Species, Point Group NIMAG -Energy n Frequency

Cyclobutene, C,, 0 154.9308 6.91 0
0 156.0113 3.61 0
Cis-butadiene, C,, 1 154.9516 5.70 160.2 i
1 156.0313 2.57 255.7 i
Conrotatory, C,, TS 1 154.8523 5.43 922.7 i
1 155.9532 242 780.21i
Disrotatory, Cs, TS 2 154.7564 3.27 1174.8 i
208.7 i
2 155.8828 0.91 1037.5 i
2125i

3.3 Electrophilic additions to asymmetric alkenes.

The regioselectivity of the electrophilic additions to alkenes depends on the substituent
that the center C1 and C2 may bear. The selectivity in these processes has been
proposed to follow the well-known empirical Markovnikov rule [61]. The original
statement of this rule is as follows: the addition of an acidic proton to a double bond of
an alkene yields a product where the proton is bound to the carbon atom bearing the
largest humber of hydrogen atoms. This rule proved to be more general, as it was
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applied to electrophiles other that H*[61]. In fact, the generalized version of it states
that: in an addition reaction to alkenes, the electrophile adds in a form that leads to
the formation of the most stable carbocation. Stated in either of the two forms, this
empirical rule is essentially a selectivity rule, or as such, it is amenable to quantitative
representation in terms of local descriptors of reactivity. Furthermore it may be
conveniently described within the site activation model condensed in Eq (8). Site
activation involves the transition state structure for the addition of the electrophile to
the alkene, which is the rate-determining step in these processes [61]. Finite
variations in the regional or condensed to atom softness with reference to the TS
structure may be simply approached as the
L pshn 10 # 0
difference k fk fk RRies . ; with the local softness at site k at the
transition state (TS) and ground state structures, respectively. Site activation (
&sk >0 . - As, <0 ) .,
) or site deactivation (~ k ) may be further cast into a partitioned form
a,# e
by adding and subtracting the quantity g fk to the expression, &Sk "k Tk There
results:

Asy =S°Afi + £ AS (11)
with
A, =f1j-f£ and AS = 8% - g° (12)

While the first term of Eq (11) assesses the local activation at the site, described by

the contribution A f, the second one takes into account the global activation of the
whole system from the ground to the transition states. We will illustrate the model
here by studying the addition of HCI to 2-propene [34]. Following the prescription
described above, we first optimized the ground state of 2-propene at the B3LYP/6-
311G(d,p) level of theory. We then localized two transition state structures at the
same level of theory, one corresponding to the Markovnikov (M) channel, the other
corresponding to the anti-Markovnikov (AM) channel. The resulting TS structures are
characterized by a unique imaginary frequency of 1127 i and 1315 i cm™, respectively.
The reactive modes are in both cases characterized by a C-H stretching concertedly
occurring with a bending of the =CH2 moiety describing a sp”to sp® change of
hybridization. The hardness of the TS of the M channel is less than the one
corresponding to the AM channel, yet the activation energy is lower for the M process.
This is an intriguing result, as it apparently contradicts the MHP rule. However, the fact
that the preferred Markovnikov pathway is softer than the AM one seems to match
better chemical intuition (the softest TS is expected to be the more reactive one).

With the ground state and transition state structures already at hand, we proceeded
with the calculation of global and local reactivity indexes needed to perform the
regioselectivity analysis using Eqs (11) and (12). The results of the calculations are
displayed in Tables 3a and 3b. We first note in Table 3a that both TS(M) and TS(AM)
have softness values higher than the ground state GS1 of 2-propene, as expected from
the MHP rule. The local analysis reveals that the Markovnikov carbon atom (C1) shows
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the highest value in regional Fukui function for an electrophilic attack by a proton. Note
that at C1 is predicted to be higher than the corresponding anti-Markovnikov carbon
center (C2), and greater than the corresponding f N for nucleophilic attack at both the
M and AM centers. These results may suggest that the addition of HCI takes place via
an electrophilic attack at the Markovnikov center by a proton, prior to the nucleophilic
attack of CI" to the most stable carbocation.

Table 3a. Local reactivity description for the electrophilic and nucleophilic addition to
the Markovnikov (C1) and anti-Markovnikov (C2) sites in the reaction between HCI and
2-propene (GS1).

Ci—=0C>
H/ “H

Structure S Site (k) fi fih
GS1 7.291 C1 0.499 0.471
Cc2 0.399 0.460
TS (M) 16.978 C1 0.109 0.064
Cc2 0.021 0.641
TS (AM) 15.102 Cc1 0.026 0.638
Cc2 0.137 0.085

Table 3b. Global and local contributions to the electrophilic activation (deactivation) at
the Markovnikov (C1l) and anti-Markovnikov (C2) sites of the carbocations formed in
the protonation of 2-propene.

Structure Site (k) Asy fi” AS SPAf
TS (M) c1 -2.347 0.620 -2.967
C2 7.529 6.209 1.320

TS (AM) c1 6.201 4.983 1.218



Cc2 -2.070 0.664 -2.734

The nucleophilic attack by CI™ at the nucleophilic center is assumed to take place on the
unprotonated carbon atom. From a static reactivity picture, the Fukui function, , at the
GS1[0s shows comparable values at the M and nucleophilic centers in propene.
However, this ambiguity vanishes when the local reactivity analysis for the nucleophilic
attack of CI" is performed at the TS structure, where the Markovnikov site is already
bound to the proton. In other words, the interaction of the proton and the Markovnikov
site is expected to activate the AM site towards the nucleophilic attack by the CI”
species. Site nucleophilic activation may be evaluated at the Markovnikov TS channel
using the model condensed in Egs (11) and (12). The results are summarized in Table
3b. It can be observed that the interaction of the H* electrophile at the Markovnikov
center significantly enhances the nucleophilic activity at the unprotonated carbon, as
described by the variation in local softness at that site. For the Markovnikov
carbocation, activation at the unprotonated center is dominated by the variation in
global softness, while the change in the Fukui function represents the main
contribution to the deactivation of the protonated site. The nucleophilic site activation
at the unprotonated carbon is consistently predicted to be more significant than that
associated to the protonated M site, which is in agreement with the observed reactivity
pattern. It is also interesting to notice that upon the interaction with a proton at the
transition state, the electrophilic site becomes systematically deactivated for both, the
Markovnikov and anti Markovnikov channels.

3. 4. Gas phase protonation of amines: critical cases where the FMO fails.

Amines behave as nucleophile species due to the non-bonding lone pair electrons on
the nitrogen atom. This electron pair may form an additional bond with an electrophile
in addition reactions. The simplest process of this type is protonation. In gas phase,
the basicity may be roughly described by the proton affinity (PA) which corresponds to
the enthalpy change for the deprotonation reaction : BH* — B + H* [61]. This quantity
may be regarded as an intrinsic basicity, where solvent effects are not present.
Intrinsic basicity has been normally rationalized in terms of inductive and resonance
effects. For instance, electron releasing substituents at the—NR, group normally
enhances the nucleophilicity of amines towards the electrophilic addition of a proton.
On the other hand, resonance effects in aromatic amines cause the system to become
less basic, due to the extra delocalization effects by resonance of the lone pair
electrons of nitrogen.

The basicity of amines has been a challenge for the DFT descriptors of reactivity. For
instance, the basicity of aliphatic amines has been studied by looking at the

nucleophilic Fukui function f N at the Nitrogen center [18,47,62]. The relationship
found indicates that the highest PA was related to the lowest Fukui function at the N
site. Moreover, the basicity of aromatic amines does not show any correlation with the
nucleophilic Fukui function at the nitrogen atom evaluated at the frontier molecular
orbital HOMO. Table 4 shows the experimental and theoretical PA values evaluated at
the HF/6-31G(d) level of theory. The ratio PAueo/PAcx, reveals that the intrinsic
basicity pattern of these systems may be reliably described at this level of theory. In
order to check whether or not the nucleophilic Fukui function at the nitrogen site,
evaluated at the HOMO state may assess the intrinsic basicity pattern in these

systems, we performed the calculation of the nucleophilic Fukui function f N, at the
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same level of theory. The results are displayed in Table 4, fifth entry. It may be seen
that only for Glycine and Alanine the nucleophilic Fukui function at nitrogen evaluated
at the HOMO level shows a high value. For the remaining members of the series, all of
them presenting a phenyl substituent, the Fukui function evaluated at the HOMO level
markedly fails in predicting the basic site for protonation. Note that for Phenyl-alanine,
Tyrosine, 2-Phenyl-ethylamine and Benzyl-amine, the Fukui function at nitrogen
exactly vanishes, thereby indicating that the frontier molecular orbital presumably
involved in the electrophilic addition of a proton has not contributions from the
expected nucleophilic nitrogen site. This result prompted us to look at the more
internal occupied MO that contains relevant contributions from the nitrogen site. We
found that the HOMO-2, which corresponds to the MO localized essentially at the
Nitrogen lone pair of electrons qualified for this criterion and we proceeded to evaluate

the nucleophilic Fukui function f N with the information encompassed in this molecular
orbital. The results are also displayed in Table 4. Note that the basicity of aromatic
amines is consistently accounted for by the nucleophilic Fukui function measured at the
HOMO-2 for the same systems for which the same calculation performed at the HOMO
level fails. Also the relative stabilization of the corresponding eigenvalue Emo(N:)
decreases with increasing proton affinity (see Table 4). A possible explanation for this
result may be traced to the fact that being in general the s molecular orbitals, as it is

the case of the -NR;functionality, more stable than those having a T -symmetry
involved in multiple bonds, as it is the case of the phenyl substituent, it is then

expected that the highest occupied MO in these systems will have a more T character.

Therefore, for those cases were the active site has G -symmetry, one has to look at
the more internal MOOs close to the frontier MO level involved in the reaction. Note in
concluding that the Mulliken net charges at the Nitrogen site do not show any
correlation with the intrinsic basicity, thereby indicating that the protonation process
viewed as a charge controlled process can not either be explained by frontier molecular
orbital theory arguments.

Table 4. Experimental proton affinities (PA, in kcal/mol), theoretical/experimental PA
ratio; nucleophilic Fukui function at the HOMO and HOMO-2 levels , eigenvalue of the
molecular orbital with highest N: component (in a.u.) and Mulliken net charges at
nitrogen. Theoretical PA from HF/6-31G(d) calculations.

Species Exp PA PARatio (HOMO) Emo(N:)? (HOMO-2) oN

Glycine 2121 1.05 0.73 -0.4053 0.00 -0.816
Alanine 215.7 1.05 0.71 -0.4025 0.00 -0.836
Phenyl-alanine 220.8 1.05 0.00 -0.4024 0.71 -0.825
Tyrosine 221.6 1.05 0.00 -0.4020 0.71 -0.826
Aniline 211.1 1.04 0.28 -0.4429 0.19 -0.889
Benzyl-amine 218.5 1.07 0.01 -0.3908 0.77 -0.846
2-phenyl-ethylamine 224.0 1.04 0.00 -0.3858 0.76 -0.847

N,N-dimethylaniline 225.1 1.06 0.21 -0.4025 0.39 -0.609
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3,N,N-trimethylaniline  225.4 1.07 0.23 -0.3970 0.36 -0.671
2,N,N-trimethylaniline ~ 227.7 1.06 0.08 -0.3594 0.56 -0.615

 Emo(N:) is the eigenvalue of the molecular orbital essentially localized at the Nitrogen lone pair of electrons

4. Concluding Remarks.

The usefulness of the global and local response functions defined within the context of
density functional theory has been illustrated for a set of classical chemical reactions of
Organic Chemistry. For instance, cycloadditions, usually classified as pericyclic
processes, has been shown to display some polar character depending on the nature of
electron releasing and electron withdrawing groups that the diene/dienophile pair may
bear. The reaction mechanism changes from concerted (pericyclic reaction) to stepwise
(polar process), and the electrophilicity difference between the diene/dienophile pair
assesses well this feature. Normal or inverse electron demand process, as well as the
effect of Lewis acids catalyst may be conveniently described within this model. Site
activation effects become essential to discriminate between the DA and 1,3-DC
mechanisms. Site activation is also an essential ingredient to explain the
regioselectivity Markovnikov rule, based on the variation of local softness and
electrophilicity indexes. The global response functions, like chemical hardness and
polarizability seems to conveniently complement the symmetry based Woodward-
Hoffmann rules of forbiddingness for electrocyclic processes. Finally, some examples
where the FMO theory apparently fails have been examined. The generalization of the
FMO theory of chemical reactivity seems to require the incorporation of additional
information provided by the internal MOOs that are close in energy to the frontier
molecular levels.

Acknowledgments : Work supported by Fondecyt grants N° 1020069 and 1030548,
and project DI-UNAB N° 12-02 from the Universidad Andrés Bello.

5. REFERENCES

1. Mulliken, R. S. J. Chem. Phys. 1934, 2, 782

[ Links ]
2. Pople, J.A. Rev. Mod. Phys. 1999, 71, 1267 (Nobel Lecture) [ Links ]
3. Coulson, C. A. ; Longuet-Higgins, H.C. Proc. Roy. Soc. 1947, A192,
16. [ Links ]
4. Salem, L. ]J. Am.Chem. Soc. 1968, 90, 543 [ Links ]
5. Klopman, G. Chemical Reactivity and Reaction Paths; Klopman G. Ed.;
Wiley:New York, 1974, p.1 [ Links ]
6. Klopman, G.; Moriishi, H.; Kokuchi, O.; Suzuki, K. Tetrahedron Lett. 1983, 23,
1027. [ Links ]
7. Fukui, K. Theory of Orientation and Stereoselection, Springer, Berlin
1973 [ Links ]

8. Fukui, K. Science, 1987, 218, 747

[ Links ]


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

9.
10

11

12.

13.

14.
15.

16

17

18.
19.
20.
21.
22.
23.

24.
25.

26.
27.

28.
29.
30.
31.
32.

33.

Senet, P. J. Chem. Phys. 1997, 107, 2516. [ Links ]
. Parr, R.G.; Yang, W. J. Am. Chem. Soc. 1984, 106, 4049.

[ Links ]

. Pearson, R.G. Chemical Hardness: Applications from Molecules to Solids;
Wiley VCH Verlag GMBH: Weinheim, Germany 1997.

[ Links ]

Pearson, R.G. Chemical Hardness: Structure and Bonding, Sen, K.D; Mingos,
D.M.P. Eds, Springer-Verlag, Berlin, Germany 1993, Vol 80. [ Links ]

Pearson, R.G. Hard and Soft Acids and Bases, Dowden, Hutchinson and Ross,
Stroudsberg, PA, 1973 [ Links ]
Wang, W.; Parr, R.G. Proc. Natl. Acad. Sci. USA, 1985, 82, 6723. [ Links ]
Koch, W.; Holthausen, M.C.A. Chemist Guide to Density Functional Theory,
Wiley-WCH: Weinheim, 2000. [ Links ]
. (a) Sanderson, R.T. Science, 1951, 114, 670; [ Links ] (b)
Sanderson, R.T. Science, 1952, 116, 41.

[ Links ]
. (a) Pearson, R.G. J. Chem. Educ. 1987, 64, 561; [ Links ] (b) Parr. R.G.;
Chattaraj, P.K. J. Am. Chem. Soc., 1991, 113, 1854; [ Links ] (c) Parr, R.
G.; Pearson, R.G. J. Am. Chem. Soc. 1983, 105, 7512; [ Links ] (d)

Chattaraj, P.K.; Lee, H.; Parr, R.G. J. Am. Chem. Soc., 1991, 113,

1855. [ Links ]

Yang, W.; Mortier, W.J. J. Am. Chem. Soc., 1986, 108, 570. [ Links ]
Parr, R.G. J. Am. Chem. Soc., 1984, 106, 4049. [ Links ]

Perdew, J.P.; Parr, R.G.; Levy, M.; Balduz, ]J. M. Phys. Rev. Lett. 1982, 49,
1691 [ Links ]

Goycoolea, C.; Barrera, M.; Zuloaga, F. Int. Journal Quantum Chem. 1989, 36,
455, [ Links ]

Valderrama, J.; Araya-Maturana, R.; Zuloaga, F. J. Chem. Soc. Perkin Trans.1
1993, 10, 1103. [ Links ]

Zuloaga, F.; Tapia, R.; Quintanar, C. J. Chem. Soc., Perkin Trans. 2 1995, 5,
939. [ Links ]

Hohenberg, P.; Kohn, W. Phys. Rev. B. 1964, 136, 864. [ Links ]

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

Fuentealba, P.; Reyes, O. THEOCHEM, 1993, 282, 65. [ Links ]

Chattaraj, P.K.; Nath, S.; Sannigrahi, A.B. Chem. Phys. Lett. 1993, 212,
223. [ Links ]

Li, Y.; Evans, N.S. J. Am. Chem. Soc. 1995, 117, 4885. [ Links ]

Pérez, P.; Contreras, R. . Chem. Phys. Lett. 1998, 293, 239. [ Links ]
Contreras, R.; Domingo, L.R.; Andrés, J.; Pérez, P.; Tapia, O. J. Phys. Chem. A,
1999, 103, 1367. [ Links ]

P. Pérez, A. Toro-Labbé and R. Contreras, J. Phys. Chem. A, 2000, 104,
11993. [ Links ]

Pérez, P.; Simon-Manso, Y.; Aizman, A.; Fuentealba, P.; Contreras, R. J. Am.
Chem. Soc. 2000, 122, 4756. [ Links ]

Berkowitz, M.; Parr, R.G. J. Chem. Phys. 1988, 88, 2554. [ Links ]



javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

34.

35.
36.

37.

38.

39.

40.

41

42.

43.

44,

45,

Aizman, A; Contreras, R.; Galvan, M.; Cedillo, A.; Santos, J. C.; Chamorro, E. J.
Phys. Chem. A, 2002, 106, 7844. [ Links ]
Mayr, H.; Patz, M. Angew. Chem. Int. Ed. Engl. 1994, 33, 938 [ Links ]
Mayr, H.; Ofial, A. R.; Sauer, J.; Schmied, B. Eur. J. Org. Chem. 2000, N©
11, 2013

[ Links ]
Moss, R.A., Acc. Chem. Res, 1980, 13, 58

[ Links ]
Ritchie, C.D., Acc. Chem. Res. 1972, 5, 348

[ Links ]
Legon, A.C. Chem. Commun. 1998, 2585

[ Links ]
Legon, A.C.; Millen, D.J., J. Am. Chem. Soc. 1987, 109, 356

[ Links ]

.Parr, R.G.; Szentpaly, L.; Liu, S. J. Am. Chem. Soc., 1999, 121, 9500.

[ Links ]

Domingo, L.R.; Aurell, M.].; Pérez, P.; Contreras, R. Tetrahedron, 2002, 58,
4417.

[ Links ]

Pérez, P.; Domingo, L.R.; Aurell, M.].; Contreras, R. Tetrahedron, 2003, 59,
3117.

[ Links ]

Pérez, P.; Toro-Labbé, A.; Aizman, A.; Contreras, R. J. Org. Chem.,
2002, 67, 4747.

[ Links ]

Pérez, P.; Toro-Labbé, A.; Contreras, R. J. Am. Chem. Soc., 2001, 123,
5527.

[ Links ]


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

46.Domingo, L.R.; Aurell, M.J.; Pérez, P.; Contreras, R. J. Phys. Chem. A,
2002, 106, 6871.

[ Links ]

47.Contreras, R.; Fuentealba, P.; Galvan, M.; Pérez, P. Chem. Phys.
Lett. 1999, 304, 405.

[ Links ]

48.Fuentealba, P.; Pérez, P.; Contreras, R. J. Chem. Phys., 2000, 113, 2544.

[ Links ]

49.Diels, O.; Alder, K. Justus Liebigs Ann. Chem. 1928, 460, 98.

[ Links ]

50.(a) Wassermann, A. Diels- Alder Reactions, Elsevier, New York, 1965;

[ Links ] (b) Fleming, I.Frontier Orbitals and Organic Chemical
Reactions, Wiley, New York, 1976; [ Links ] (c) Fleming, 1. Pericyclic
Reaction, Oxford University Press, Oxford, 1999.

[ Links ]

51.(a) Holmes, H.L. Organic Reactions, Vol. 4, John Wiley & Son, p. 60, 1948;

[ Links ] (b) Oppolzer, W. Comprehensive Organic Synthesis; Trost, B.
M.; Fleming, I.; Paquette, L. A., Eds.; Pergamon: Oxford; Vol. 5, pg. 315,
1991.

[ Links ]

52.(a) Loncharich, R. J.; Brown, F. K.; Houk, K. N. J. Org. Chem. 1989, 54,
1129; [ Links ] (b) Houk, K. N.; Loncharich, R. ]1.; Blake, J. F.;
Jorgensen, W. L. J. Am. Chem. Soc. 1989, 111, 9172; [ Links ] (c)
Jorgensen, W. L.; Lim, D.; Blake, J. F. J. Am. Chem. Soc. 1993, 115, 2936;

[ Links ] (d) Sustmann, R.; Sicking, W. J. Am. Chem. Soc. 1996, 118,
12562.

[ Links ]

53.(a) Dewar, M. J. S.; Olivella, S.; Stewart, J. J. P. J. Am. Chem.

Soc. 1986, 108, 5771; [ Links ]J(b) Houk, K. N.; Gonzalez, J.; Li,
Y. Acc. Chem. Res. 1995, 28, 81.
[ Links ]

54.Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J., J. A. ; Stratmann, R.


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.;
Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson,
G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B.
B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; W. Gill, P. M.; Johnson, B.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E.
S.; Pople, J. A. ; Gaussian, Inc.: Pittsburgh PA,, 1998.
[ Links ]
55.Domingo, L. R.; Arné, M.; Andrés, J. J. Org. Chem. 1999, 64, 5867.
[ Links ]
56.Sauer, J.; Sustmann, R. Angew. Chem. Int. Ed. Engl. 1980, 19, 779.
[ Links ]
57.Woodward, R. B.; Hoffmann, R. Angew. Chem., Int. Ed. Engl. 1969, 8, 781.
[ Links ]

58.Chattaraj, P.; Fuentealba, P.; Gomez, B.; Contreras, R. J. Am. Chem.
Soc. 2000, 122, 348.

[ Links ]
59.Breulet, J.; Schaefer, H. F. III. J. Am. Chem. Soc. 1984, 106, 1221.
[ Links ]
60.Lipnick, R.L.; Garbisch, E.W. J. Am. Chem. Soc. 1973, 95, 6370.
[ Links ]
61.Wade, L.G. Jr. Organic Chemistry, Prentice Hall Inc, 1993.
[ Links ]

62.Pérez, P.; Zapata-Torres, G.; Parra-Mouchet, J.; Contreras, R. Int. J.
Quantum Chem. 1999, 74, 387.

[ Links ]

© 2012 Sociedad Chilena de Quimica


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

