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In molecular similarity there is a premise “similar molecules tend to behave similarly”; however in the actual quantum similarity
field there is no clear methodology to describe the similarity in chemical reactivity, and with this end an analysis of charge-transfer
(CT) processes in a series of Diels-Alder (DA) reactions between cyclopentadiene (Cp) and cyano substitutions on ethylene has
been studied. The CT analysis is performed in the reagent assuming a grand canonical ensemble and the considerations for an
electrophilic system using B3LYP/6-31G(d) and M06-2X/6-311 + G(d, p) methods. An analysis for CT was performed in agreement
with the experimental results with a good statistical correlation (R* = 0.9118) relating the polar character to the bond force constants
in DA reactions. The quantum distortion analysis on the transition states (TS) was performed using molecular quantum similarity
indexes of overlap and coulomb showing good correlation (R* = 0.8330) between the rate constants and quantum similarity indexes.
In this sense, an electronic reorganization based on molecular polarization in terms of CT is proposed; therefore, new interpretations
on the electronic systematization of the DA reactions are presented, taking into account that today such electronic systematization
is an open problem in organic physical chemistry. Additionally, one way to quantify the similarity in chemical reactivity was shown,
taking into account the dependence of the molecular alignment on properties when their position changes; in this sense a possible
way to quantify the similarity of the CT in systematic form on these DA cycloadditions was shown.

1. Introduction electronic systematization is an open problem in organic
chemistry until today and can be considered as a bottleneck
in DA reactions.

Analysis based on the orbital symmetry, regioselectivity,

Since its discovery, the Diels-Alder (DA) reactions have
become one of the most relevant reactions in synthetic

organic chemistry due to their ability to create cyclic unsat-
urated compounds with a predictable stereochemistry and
regioselectivity [1-8]. For its amazing performance and utility
especially in organic chemistry its discovery was recognized
by the Nobel Prize in Chemistry. DA reactions have been
mechanistically classified as pericyclic reactions [9, 10]. The
viability of these chemical processes has been related to the
well-known Woodward-Hoffmann rules [11, 12]. But some
mechanistic aspects of DA reactions still remain which have
not been explicated in appropriate way and therefore its

and stereoselectivity in DA reactions confirms that many
characteristics of DA reactions are modulated essentially
by charge transfer (CT) processes between the diene and
dienophile; for this reason it is studied in this work. In this
sense, CT appears as a key factor that allows us rationalize the
nature of the mechanism in terms of the transition state (TS)
and the activation energy associated with the process in DA
reactions [1-12]. From the CT point of view, the DA reactions
are classified into the following types: (a) the nonpolar DA
reactions with low CT in the TS, (b) the polar DA reactions



with high CT in the TS) with a zwitterionic character, and
finally (c) the ionic DA reactions where the charge separation
is preserved along the reaction path [1-12].

Since the implementation of DA reactions in current
organic chemistry an enormous amount of experimental
and theoretical work has been devoted to the study of the
mechanism and selectivity of these DA cycloadditions. The
reactivity and selectivity of these processes have been treated
principally within the frontier molecular orbital (FMO)
approximations [21-26], transition state theory (TST) [27,
28], and more recently using the reactivity descriptors defined
in density functional theory (DFT) [1-8, 29-50].

One of the fields in quantum chemistry for feasibil-
ity study through the TSs in the DA reactions is the
molecular quantum similarity (MQS) presenting possible
ways of electronic systematization [51-78]. In this sense, we
present a combined approach of MQS and chemical reactivity
descriptors supported in DFT [79-84] to study the electronic
reorganization in terms of the formation of the zwitterionic
character and their CT analysis along the series of reactions
shown in Figure 1and Table 1. In the supplementary informa-
tion (SI) is shows the structural geometries.

The electronic reorganization for these DA reactions has
been studied widely by Domingo et al. and coworkers [15-
17], and they have postulated an electronic reorganization
characterized by nucleophilic attack centers towards elec-
trophilic centers to study the synchronicity in the bond for-
mation and also have studied the pseudodiradical character
to these organic systems [85, 86]. However, other reactivity
parameters, such as the polar character, have been little
studied; for this reason, this study seeks to propose an
electronic reorganization that can be able to explain the polar
character in terms of CT and the subsequent formation of the
zwitterionic character along the reaction paths in systematic
form.

The reaction rate constants analyzed in this contribution
are shown in Table 1. These DA reactions have served as
the most dramatic examples of pure electronic effects on
rates that are not complicated by significant steric effects.
Large fluctuations have been observed in terms of reaction
rates; as an example the reaction involving Cp + 2CN its
rate is estimated in the order of 10*, while the 2cCN drops
dramatically to 91. Another example of this drastic change
can be seen in the Cp + 4CN reaction which has a reaction
rate estimated in the order of 107, while the reference reaction
(Cp + Et) is estimated in the order of 1073, taking into account
that these experimental values have a factor of 10°k (M71S™Y).
In order to determine a possible electronic rationalization of
these large fluctuations, in this study direct considerations on
the electronic density in terms of reactivity descriptors and
MQS are used.

Recently, the chemical reactivity and quantum similarity
relationship in order to understand the electronic reorgani-
zation and molecular polarization using quantum similarity
descriptors [87-91] has been studied. As the similarities in
chemical reactivity depend on molecular properties and due
to the crucial role of the electronic density in MQS, it is quite
natural that a close relation exists between chemical reactivity

Journal of Quantum Chemistry

and quantum similarity (QS) [92-103]. Consequently, this
study analyzes the chemical reactivity and MQS relationship
to postulate a possible way of electronic systematization on
the DA reactions of Table 1 in DFT framework. Additionally,
using similarity relations Woodward-Hoffmann postulated
the well-known rules through the FMO [11, 12]; therefore, in
this study we used the MQS field to postulate a possible expla-
nation of the polar character consistent with the experimental
results and describe the similarity on the chemical reactivity
of these cycloadditions in the DFT context.

The structure of this paper will be as follows. The theory
and computational details are described in Sections 2 and 3,
respectively, and the results and discussions are developed
in Section 4, and finally in Section 5 the most important
conclusions are discussed.

2. Theory

2.1. Global and Local Reactivity Descriptors. The global reac-
tivity descriptors have a very well-known history in quantum
chemistry that has been justified from theoretical point of
view in the DFT framework [79-84] such as chemical poten-
tial (u) [79-84], hardness () [104], and softness (S) [105,106],
and these global descriptors are calculated using Koopmans
theorem “i.e., the energies of the higher occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are equal to the negative of first ionization potential
and of the electronic affinity, resp.” and three-point differential
statistical as

_IP+EA  ey+eg

2 2 7 M

n=é& — &y (2)
1

S=-. 3

" (3)

The chemical potential (see (1)) can be interpreted as a
measure of the tendency of an electron to escape from
the electronic cloud and the hardness (1) is a measure of
the resistance imposed by the system to the changes in
the electronic distribution. In these equations (g;) and (ef;)
represent the energies of the HOMO and LUMO, respectively.

Using (1) and (2) the electrophilicity (w) index [107] is
defined as

w=t, (4)

where (w) is other global property and represents the
stabilization energy of the system when it is saturated by
electrons from the external environment; in this sense the
electrophilicity is dependent on the saturation condition
[79-82, 108] determined by the chemical potential (u) and
hardness (1) and obtained as

(5)
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TABLE 1: Reaction rate constant (K) with the factor 10° k [M'S™"] and activation energy (kcal/moL) for the DA reactions of cyclopentadiene
(Cp) as nucleophile with dienophiles at 20°C; see [13] reported by Sauer et al. [14] and also see [15-20].

Reactions (R-V) X' X’ x? x* Dienophile TS-Y K(10°k[M's'])?
R-1 H H H H Et® TS-Et ~107°

R-2 H CN H H ICN TS-1CN 1.04

R-3 CN H H CN 2tCN TS-2tCN 81

R-4 H CN H CN 2¢cCN TS-2¢cCN 91

R-5 CN CN H H 2CN TS-2CN 4.8 x10*

R-6 CN CN H CN 3CN TS-3CN 48x%10°

R-7 CN CN CN CN 4CN TS-4CN 43 %10

Rate constant (K).
bReference reaction.

The energy reduction by CT effects is obtained by mathemat-
ical development using Taylor series for the total energy and
truncated to second order as

2
—(w)——#—
21

(6)

The stabilization energy equation (6) can be associated with
the electronic population in the microstates associated with a
grand canonical ensemble and could determine the relative
electrons concentration in the total electron density. The
descriptors displayed in (1)-(4) depend on (N) and (¥(r))
and they provide information on the reactivity and stability
of a chemical system [79-82]. Local properties are obtained
taking into account the energy variation with respect to the
external potential, and this variation depends on the position
(r) and can be defined as selectivity indexes; within these
we have the Fukui functions [18-20, 79-82, 109-111] which
explain the selectivity of a region in a molecule and are
defined mathematically as

(F @) = (M)) (a’a’g))w){%). @

The Fukui function is interpreted as the chemical potential
change by external perturbation or the variation in the elec-
tronic density when the electrons number changes. The Fukui
function (f*(r)) using the Yang and Mortier condensed
approach is calculated, the Mulliken charge in the atom (k)
is labeled as g, for the systems with (N), (N +1), and (N - 1)
electrons, respectively, and calculated at the same geometry
[109-112]:

(e @) = L [onas ) = p (] dr = [qe (N +1) - g (N)],

(o )~ L [on () = pvey (P)] dr = [ (N) — g (N = D).
®)

With g, (N) denoting the electronic population of the atom
(k) in the system under study, these Fukui functions in the

atomic orbital condensate (AOC) approximation considers
only the contribution of the frontier orbitals of an atom [112]:

(@) = L o1 (F)d = Leg,
(©)
(o @) = jk pur () dF = Hig,

with (Hyq) and (L, q) representing the electronic populations
on the atom (k) of the LUMO and HOMO frontier orbitals,
respectively.

Using chemical reactivity descriptors based on the molec-
ular recognition, we consider each reaction of Tablel, as
cycloaddition reactions by interaction of the nucleophile
common (Cp) labeled as (A) with electrophiles labeled as (B)
and the corresponding cycloadducts (C):

A+B—C. (10)
Obtaining the expressions for (5) and (6),
AI\]max = _M’ (11)
Mg + 1A
2
AE,; = _M. (12)
2 (1 +11,)

One of the important features to study in the DA reactions
is the regioselectivity. The regional or local electrophilicity at
the active sites of the reagents in polar DA processes may
be described on mathematic models using an extension of
the global electrophilicity index introduced by Maynard et
al. [82]. Considering S = 1/# and taking in account the
summatory rule for S, § = ZkSZ S; see [82], we have for (6)

w=——% = ZSk—Zwk

Using (13) we can define a semilocal electrophilicity con-
densed to the atom (k) as

(13)

2

%:%g (14)



and using the local softness and Fukui function ( fk+ #)
relationship [82]

Sy =Sfy (s (15)

therefore, we have for (14)

2

2
+ S .+ + o
wy, = ‘%Sk = %fk (7) = wf, (7). (16)

Using (16) with w = —AE, we have

2
w0 = wfy (7) = (%) i@,

In this sense, also we can write AN, in (11) in terms of the

max
Fukui function f; (r) as

AN, (k) = <—M> 1. (18)

g + 1A

In this study (17) and (18) as descriptors for the polar or
nonpolar character in terms of local CT are used. On the
other hand, as the reactions have the sense of promoting
the maximum superposition of HOMO and LUMO frontier
orbitals, according to Fukui et al. [109-111], the molecular
alignment is crucial and critical on the chemical reactivity;
therefore in this study the quantum effects on the electronic
density produced by the cyano substitutions along the DA
reactions using a methodology based on molecular alignment
as the MQS field are examined.

2.2. Similarity Indexes. The similarity indexes were intro-
duced by Carb6-Dorca and coworkers almost thirty years
ago [63, 70-78]; they defined the quantum similarity measure
Z 4 between molecules A and B with the electronic densities
pa(ry) and py(r,) based on the idea of minimizing the
expression for the Euclidean distance as

DiB (pa (1), pg (r2))

- J loa (1) — pary)|Pdrydr,
- [ea ) dr, + [ oy ()P, 09

-2 ” Pa ("1) PB (”2) drdr,
=Zp+Zpg — 22 3.

Overlap integral is involving the Z,; between the electronic
density of the molecules A and B, and Z,, and Zgj are self-
similarity of the molecules A and B, respectively [65]; using
this framework the quantum similarity indexes are defined.
In the QS framework the axiomatic properties of the
Euclidean distance can be mentioned and defined according
to M. Deza and E. Deza [66] as follows: let H be a set. A
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function G: Hx H — R" is called a distance (or similarity)
on H. If and only if Vp, (1)), pg(r,) € H, there holds

®  D(pa(r),ps(r;)) 20

(i) D (pa(r),ps(rs)) = D(py(r2)s pa (r1))

(symmetry),

(non-negativity),  (20)

(i) D(py(r),ps(ry)) =0 (reflexivity). (22)
Using these mathematical and axiomatic properties in this
study the definition of similarity in quantum object sets
supported in an pre-Hilbert vector space is explained, where
the scalar product and an attached norm are defined [67].
In this sense, one of the most important properties in the
MQS field used in this study is the definition of a centroid
origin which shifts to choose a reference system within the
MQS measures using the fact of their linear independence,
according to Carbo-Dorca et al. [68, 69].

The most common way to describe the quantum similar-
ity index is by the cosine function, introduced by Besalu. [113]
and this index can be expressed mathematically as

H PA ("1) PB (”2) drydr,
VI (pa () dry [ (ps (r,))dr,

(23)

Carbo-index (I,3) =

or also in function of the elements of (Z) and an operator (2)
as

IAB
_ H pa (1) Q(r1, 1) pg (r,) drydr,
VI o (0) Q) pa () dry [ py (1) Q. (r,) py (1) diry

_ Zw (@)
Zn (Q) Zys (Q)

(24)

Equations (23) and (24) are mathematically defined in the
interval (0, 1], where 0 means complete (dis)similarity and 1
the self-similarity and calculates only the measures of “shape
similarity” Other alternative of quantum similarity index
is the Hodgkin-Richards index (HK) [114], and this index
appears naturally when the arithmetic mean is used and can
be defined mathematically as

2ZAB (Q)

() Tan = 7)1 Zap ()

(25)

However this HR index can be interpreted as a scaled Euclid-
ian distance according to Carbd-Dorca [115]. In this sense,
the chemical reactivity analysis of the molecular density
functions is made in terms of molecular alignment in the
MQS framework.

2.3. Molecular Alignment in the DA Reactions. From chem-
ical reactivity to molecular similarity the arrangement or
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FIGURE 1: The transition structures (TSs) to the reactions (R)
between cyclopentadiene (Cp) and ethylene derivatives (Et-nCN)
with n = 0, 1, 2, 2-cis, 2-trans, 3, 4, and their cycloadducts (C),
respectively.

alignment of the molecules plays a central role, and the
MQS values are strongly dependent on the alignment method
considered. Taking into account this dependence many
alignment methods have been proposed, ranging from those
used in CoMFA and CoMSIA methods which are in three
dimensions (3D) and allow obtaining steric, electrostatic,
and hydrophobic maps, among others [116]. These methods
have been proposed in order to find alignment pattern that
yields the best results by molecular alignment; therefore the
topogeometrical superposition algorithm alignment method
to handle flexible molecules (TGSA-Flex) [117] is used. This
method is based on the comparison of the types of atoms
and distances between them and the recognition of the largest
common substructure in the aligned molecules. These types
of search algorithms constitute an important field of scientific
interest [118]. In this study, we decided to superimpose the
TSs of Figurel using the TS-Et for the reaction R-1 as
references of these TSs and are indicated in Figure 2.

On the other hand, the TGSA-Rigid alignment method
[119] also was used in order to study the electronic and
structural flexibility in each DA reactions (see Figure 1) with
respect to the TGSA-Flex [117].

3. Computational Details

Due to that the DFT provides a powerful unified framework
for the rationalization of the chemical system responses
front to perturbations (i.e., chemical reactivity). All the
molecular structures were optimized and carried out using
the Berny analytical gradient optimization method [120, 121]
with the help of GAUSSIAN 09 suite of programs [122] using
DFT methods. The B3LYP exchange-correlation functional
[123-125]; together with standard 6-31G(d) base set [126],
the orbital energies using (U)B3LYP/6-31G(d) level were
computed.

B3LYP/6-31G(d) Kohn-Sham wave functions have pro-
vided good predictions of potential surface energy (PES)
that have been consistent with many experimental results
[127-131]. Presently it is known that the B3LYP calculations
can illustrate the structure of the TSs in polar DA reactions
involving cyclopentadiene, and this is confirmed by the com-
pilation of deuterium secondary kinetic isotope effects and
results of quantum chemical calculations for cycloaddition
between cyclopentadiene and E-2-phenylnitroethene [131,
132]. Additionally, in this study these results were also tested
using the M06-2X/6-311 + G(d,p) method [133].

In this sense, the B3LYP in many cases has replaced the
traditional ab initio methods and for this reason was used in
this study; additionally this calculation level can be adequate
for the purpose of this study, in order to characterize the
dispersion energy for the (HOMO) and (LUMO) frontier
orbitals which are important on the chemical reactivity in
the reactions studied [109-111]. The stationary points were
characterized by frequency calculations to verify that all TSs
have only one imaginary frequency. The solvent effects of
dioxane were taken into account through full optimizations
using the polarizable continuum model (PCM) developed
by Tomasi’s group [110] in the self-consistent reaction field
(SCRF) [111].

In this study the CT processes are analyzed in the
reactants initially and along each reaction path; in this sense
the intrinsic reaction coordinates (IRC) paths to verify the
energy profiles connecting each TS with the two minima of
the proposed mechanisms using the second-order Gonzélez-
Schlegel integration method were calculated [134, 135]. In
general, when the molecular alignment in the both TGSA-
Flex and TGSA-rigid programs is executed, the coordinates
of the first molecule, considered to be fixed in space, are
read and the number of heavy atoms is determined. Then, all
interatomic distances are calculated and stored in a matrix
that will be later used to retrieve these distance values, thus
avoiding recomputing them at later stages. Additionally, both
TGSA programs were evaluated by means of parameters as
computational time, number of superposed atoms, and the
index of fit between the compared structures by Gironés and
Carbo-Dorca [117, 119], respectively, which for this reason
were used in this study.

On the other hand, to calculate the reactivity descriptors
the MolReactivity program, version 1.0 (2014) made by our
research group [136-140], was used, taking into account (1)-
(18), in order to characterize the interaction energy from
closed-shell (steric) repulsion, CT from occupied-vacant
orbital interactions, and polarization effects, among other
reaction parameters. Finally, the MPWBIK hybrid metafunc-
tional was used due to that it is a general functional that
includes covalent, partial (TS), hydrogen, and weak bonds. In
this sense, it is used in order to validate the thermochemical
values and the accuracy of DA reactions that can have
interactions obviously beyond the capability of B3LYP (e.g.,
hydrogen bonding catalysis or 7-stacking) [141].

4. Results and Discussion

The reactivity descriptors are defined in DFT [92, 93, 97] and
allow us establish the nonpolar or polar nature on the DA
reactions [15-17, 31]. In this study a possible explanation of
the electronic reorganization in terms of CT takes the charac-
teristics of a grand canonical ensemble and the considerations
for an electrophilic system defined by {chemical potential (y),
hardness (1)} in a sea of mobile electrons with zero chemical
potential [79] in DFT framework. Taking into account that
in the DA reactions studied (see Figure 1) the nucleophile
(Cp) is common, and the polar nature can be explained by
the electrophilicity increased in the dienophiles and their CT,
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FIGURE 2: Concerted TS of (C,) point group to the reference reaction (Cp + Et) is used for the molecular superposition in the molecular

alignment.

respectively. On the other hand, the dioxane solvation effects
on these reactions are carried out. However, such effects have
not incidence on the geometric and electronic parameters of
the structures according to Domingo et al. [15-17]. In this
sense the global and local reactivity indexes are shown in
Table 2.

In Table2 we can see the higher chemical potential
associated to the reaction between (Cp + 4CN) with a values
of Ay = 4.021eV. These results are in agreement with the
high experimental reaction rate for this reaction estimated
in the order of 107, while the lowest potential difference is
obtained in the reaction (Cp + Et) with a value of Ay =
0.3555eV and is in agreement with the low experimental
reaction rate for this reaction estimated in the order of 10°.
These values are consistent with the respective hardness and
the electrophilicity values, found for the reaction (Cp +
4CN): Ay = 0.724 eV, Aw = 5.272¢V, and for the reaction
(Cp + Et) are Ay = 1.005eV and Aw = 0.0697 eV, respec-
tively. These high differences between the values of the Ay
and Aw are consistent with the experimental reaction rate
(see Table 1).

The higher value of AN, was obtained for the reaction
(Cp + 4CN) with AN,,,, = 0.8403e (see Table 2) and is in
agreement with the high experimental reaction rate estimated
in the order of 107 and showing a strong polar character; the
lowest value is obtained for the reaction of (Cp + Et) with
a value AN, = 0.0546e showing a nonpolar character,
according to the electronic classification of the DA reactions
[1-8, 11, 12]. In this sense, the polar character may be related
with the zwitterion character associated to the TSs. In order
to study CT processes, the local reactivity rates are displayed
in Table 3.

The higher values of f*(r) = 0.5000 are to Et showing
higher susceptibility to attack by nucleophile centers associ-
ated with Cp (Table 3); however, the electronic reorganiza-
tions have a nonpolar path according to AN, = 0.0546e
(see Table 2); whereas the lowest value of f*(r) = 0.2789 is
for 4CN and has a polar electronic reorganization according
to AN, = 0.8403e, these trends from the nonpolarity to
polarity are consistent with the local electrophilicity values
from w; = 0.4275 for the 4CN to w, = 0.0005 for the Et.
However, when the local electrophilicity is analyzed in the
isomers, the following values were found: 2cCN with w, =
0.2043 and of 2tCN with w; = 0.2124 evidencing higher local
electrophilicity character in the transisomer; however, the
local CT in the cis-isomer is slightly higher with AN, ., =
0.1577e whereas for the transisomer it is AN, .., = 0.1576e.

These outcomes are consistent with the experimental
trend shown in Table 3. Therefore, in this study we can
relate the local trend of the CT in terms of AN, (k)
with the experimental reaction rate trend, presenting the
origins of the polar character in these DA reactions from
ICN with AN, ., = 0.132le to AN ,.; = 0.2343¢ for
4CN.

Figure 3(a) shows a high correlation (R? = 0.9118)
between the equations model used in this study and the
experimental reaction rates. On the other hand, Figure 3(b)
also shows good correlation (R* = 0.9667) between the local
electrophilicity (17) with respect to the experimental reaction
rates; however, these values cannot accurately describe the
experimental trend of the 2tCN and 2cCN isomers. For this
reason, with the intention of analyzing the polar character in
the CT, the distortion (quantum similarity) on the TSs with
respect to the TS-Et (see Figure 1) from the MQS point of view
is analyzed.
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b
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*pk = logK
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(b) log K versus local electrophilicity (w;)

FIGURE 3: Correlation analysis (a) log K versus local CT (AN, (k)) and (b) log K versus local electrophilicity (w,) with the standard

deviation, respectively.

In order to study the electronic and structural flexibility
effects due to the systematic variations of the cyan groups
(-CN), actually, the distortion models in pericyclic reactions
are important tools in the structural and electronic analysis
on TSs and energy profiles according to Ess et al. [142-144].
The quantum distortion in this study is described with the
similarity indexes; therefore a high quantum distortion of
overlap and coulomb means (dis)similarity and the largest
Euclidean distances, taking into account that the similarity
indexes are mathematically defined in the interval (0,1]
where 0 means complete (dis)similarity and 1 the self-
similarity.

In order to characterize the steric and electronic effects
using TGSA-Flex alignment method the structural distortion
can be associated with the MQS overlap and the electronic
distortion can be associated with the MQS-coulomb. This
TGSA-Flex method is compared with the TGSA-rigid. As
pointed out by Carbd-Dorca [77, 78] the molecular densi-
ties functions should be referred to a common origin and
therefore first density differences are used which leads to
consider the distances between electronic densities, taking
into account that the MQS varies with the origin selected

and the Euclidean distances not. In Table 4 the overlap
indexes values and the Euclidean distance of overlap are
shown. In Tables 5 and 6 the coulomb indexes values
are shown, respectively. Finally, the Euclidean distance of
coulomb using TGSA-rigid is depicted in Table 7, in order
to relate the MQS of the TSs with the TS-Et reference
state.

The molecular quantum similarity values using the
overlap operator are shown in Table 4. The higher value
of quantum similarity of 0.7045 is obtained when the TS-
4CN with TS-Et are compared with a Euclidean distance of
overlap of 2.3096 (see Table 5), quantifying the effects from
the structural point of view due to the presence of the 4 cyan
(-4CN) groups in the TS-4CN with respect to ethylene.

The lowest values of quantum similarity 0.9284 are
obtained when the TS-3CN is compared with TS-4CN and a
Euclidean distance 0f1.2073 (Table 5). Additionally, the quan-
tum similarity of TS-4CN with respect to other members
of the series analyzed shows the same experimental trend.
This similarity trend also can be observed in the Euclidean
distance values of overlap (Table 5). With the aim of study the
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TABLE 2: Global reactivity descriptors in electronvolt (V) and the softness in (ev™h.
c*b u(ev)© 7 (V) S eV w (V) AN,,.. (e)®
Cp -3.0171 2.7546 0.3630 0.8261 —
4CN —-7.0381 2.0306 0.4925 6.0984 0.8403
3CN —6.4193 2.6331 0.3798 3.9124 0.6315
2CN -5.6441 2.9749 0.3361 2.6770 0.4585
2cCN -5.6200 2.8861 0.3465 2.7359 0.4636
2tCN -5.7124 2.8745 0.3479 2.8380 0.4788
1CN —4.6949 3.2609 0.3067 1.6899 0.2789
Et —3.3726 3.7593 0.2660 0.7564 0.0546
C: compound.
YExp. trend.
“Chemical potential ().
9Hardness (7).
Softness (S).
fGlobal electrophilicity (w).
8Saturation condition (AN,,) (11).

TABLE 3: Local reactivity descriptors.

c* f1+(?)C w1d AN o VNG W, ANpyax 2
4CN 0.2789 0.4275 0.2343 0.2789 0.4275 0.2343
3CN 0.3642 0.3912 0.2299 0.2686 0.2885 0.1696
2CN 0.4968 0.2992 0.2278 0.2404 0.1448 0.1102
2cCN 0.3402 0.2043 0.1577 0.3402 0.2043 0.1577
2tCN 0.3292 0.2124 0.1576 0.3292 0.2124 0.1576
1CN 0.4735 0.1108 0.1321 0.3001 0.0702 0.0837
Et 0.5000 0.0005 0.0273 0.5000 0.0005 0.0273

C: compound.

bExp. trend.

“Fukui function.

dLocal electrophilicity (wy) (17).

“Local saturation condition (AN, (k)) (18).

distortion effects in Table 6 is shown the coulomb similarity
values together with the Euclidean distance of coulomb.

In Table 6 the quantum similarity values using the
coulomb operator are shown, and the higher similarity value
of 0.9277 is found between the TS-Et and TS-4CN with
a Fuclidean distance of 15.4726 (Table 7). The lowest value
of similarity of 0.9867 is found between TS-3CN and TS-
4CN with a Euclidean distance of 5.7883 (Table 7). The
values associated with the quantum similarity distortion of
Et (reference state) with other members of the series are in
agreement with the experimental trend (see Table 1). These
values allow us associate the higher distortion of 4CN with
the higher fluctuation of the reaction rates estimated in 10’
for 4CN, from the structural and electronic distortion point
of view (see Tables 4-7).

The main difference between the TGSA-rigid and TGSA-
Flex is that the TGSA-rigid was originally designed to
superpose rigid molecules simply based on atomic numbers,
molecular coordinates, and connectivity. While the algorithm
TGSA-flex is further developed to enable handling rotations
around single bonds, in this way, common structural features,
which were not properly aligned due to conformational
causes, can be brought together; thus improving the molec-
ular similarity picture of the final alignment, these effects

can be important on the quantum similarity in the cis- and
transisomers. In this sense, the values associated with the
structural flexibility on the quantum similarity of overlap
using the Carbo-Dorca index (24) are shown in Table 8.

In Table 8 the higher structural flexibility value of 0.5088
is found between the TS-4CN and TS-2tCN, the lowest
similarity value of 0.8348 we can see between the TS-2tCN
and TS-1CN. The similarity to the TS-2cCN with TS-1CN
is estimated in 0.6644, presenting large differences in the
structural flexibility on the TS-2tCN and TS-2cCN, respec-
tively. Another example of this fact is found when the TS-Et
reference with the TS-2cCN obtaining 0.7193 is compared,
whereas for TS-Et with TS-2tCN it is 0.6899, presenting
higher structural distortion. These results show that the
geometric isomers are distorted by the structural flexibility
effects, with the aim of comparing the structural distortion on
the isomers using the Hodgkin-Richards indexes of overlap
using (25) in Table 9, and this index can be related to the
information on the angle subtended between two electronic
densities along these DA cycloadditions.

In Table 9 the higher value of 0.5008 was found between
the TS-2tCN and TS-4CN, and the lowest value of 0.8288
was found between the TS-2tCN with TS-ICN and is in
agreement with the values found using the Carbo-Dorca
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TABLE 4: Molecular quantum similarity matrix of overlap, using the TGSA-rigid alignment method.

seb TS-4CN TS-3CN TS-2CN TS-2cCN TS-2tCN TS-1CN TS-Et
TS-4CN 1.0000

TS-3CN 0.9284 1.0000

TS-2CN 0.8598 0.8318 1.0000

TS-2cCN 0.8580 0.9171 0.8183 1.0000

TS-2tCN 0.8499 0.9154 0.8222 0.8277 1.0000

TS-1CN 0.7829 0.8373 0.9021 0.9020 0.9086 1.0000

TS-Et 0.7045 0.7483 0.8075 0.8072 0.8075 0.8836 1.0000
2S: state (Table 1).

bExp. trend.

TABLE 5: Molecular quantum similarity matrix using the overlap Euclidean distances, using the TGSA-rigid alignment method.

seb TS-4CN TS-3CN TS-2CN TS-2cCN TS-2tCN TS-1CN TS-Et
TS-4CN 0.0000

TS-3CN 1.2073 0.0000

TS-2CN 1.6597 1.6932 0.0000

TS-2cCN 1.6697 1.2024 1.6647 0.0000

TS-2tCN 1.7119 1.2136 1.6468 1.6210 0.0000

TS-1CN 2.0229 1.6494 1.6932 1.2024 1.2136 0.0000

TS-Et 2.3096 2.0023 1.6597 11.6697 1.6301 2.0022 0.0000
2S: state (Table 1).

bExp. trend.

TABLE 6: Molecular quantum similarity matrix of coulomb, using the TGSA-rigid alignment method.

seb TS-Et TS-1CN TS-2tCN TS-2cCN TS-2CN TS-3CN TS-4CN
TS-Et 1.0000

TS-1CN 0.9733 1.0000

TS-2tCN 0.9561 0.9789 1.0000

TS-2cCN 0.9529 0.9788 0.9659 1.0000

TS-2CN 0.9528 0.9795 0.9648 0.9612 1.0000

TS-3CN 0.9394 0.9629 0.9842 0.9835 0.9746 1.0000

TS-4CN 0.9277 0.9518 0.9733 0.9693 0.9703 0.9867 1.0000
2: state (Table 1).

bExp. trend.

TABLE 7: Molecular quantum similarity matrix using the coulomb Euclidean distances, using the TGSA-rigid alignment method.

seb TS-Et TS-1CN TS-2tCN TS-2cCN TS-2CN TS-3CN TS-4CN
TS-Et 0.0000

TS-1CN 5.7860 0.0000

TS-2tCN 9.0121 5.7890 0.0000

TS-2cCN 9.2795 5.7677 6.7312 0.0000

TS-2CN 9.2812 5.7926 6.8394 71929 0.0000

TS-3CN 12.3742 9.2595 5.7624 5.7965 6.8474 0.0000

TS-4CN 15.4726 12.3544 5.7624 9.3056 9.2301 5.7883 0.0000

2: state (Table 1).
bExp. trend.
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TABLE 8: Molecular quantum similarity Carb6-Dorca matrix of overlap, using the TGSA-Flex alignment method.
seb TS-4CN TS-3CN TS-2CN TS-2cCN TS-2tCN TS-1CN TS-Et
TS-4CN 1.0000
TS-3CN 0.6959 1.0000
TS-2CN 0.6224 0.5908 1.0000
TS-2cCN 0.5599 0.6647 0.5343 1.0000
TS-2tCN 05088 0.5908 0.6259 0.7124 1.0000
TS-1CN 0.5259 0.6722 0.6722 0.6644 0.8348 1.0000
TS-Et 0.5536 0.6029 0.7197 0.7193 0.6899 0.7488 1.0000
2S: state (Table 1).
bExp. trend.
TABLE 9: Molecular quantum similarity Hodgkin-Richards of overlap, using the TGSA-Flex alignment method.
seb TS-4CN TS-3CN TS-2CN TS-2cCN TS-2tCN TS-1CN TS-Et
TS-4CN 1.0000
TS-3CN 0.6936 1.0000
TS-2CN 0.6125 0.5880 1.0000
TS-2cCN 0.5511 0.6616 0.5343 1.0000
TS-2tCN 0.5008 0.6259 0.6259 0.7124 1.0000
TS-1CN 0.5031 0.6359 0.6673 0.6596 0.8288 1.0000
TS-Et 0.4997 0.6392 0.6922 0.6918 0.6635 0.7393 1.0000
2S: state (Table 1).
PExp. trend.

index (see Table 8). For the other isomer TS-2cCN shows
low similarity of 0.6918 when it is compared with the TS-Et
reference state; however, the TS-2tCN shows more similarity
with 0.6635. These values have significant differences by
flexibility effects between the two geometric isomers; another
example of this fact is found comparing the TS-4CN with
respect to TS-2cCN (0.5511) and for the TS-2tCN (0.5008).
Therefore, we can associate this diminution in the reaction
rate with quantum similarity effects.

In Figure 4 a high correlation (R* = 0.9499) between
the Carbd-Dorca and Hodgkin-Richards index was found.
Showing a structural consistency on the TSs is studied. To
analyze the electronic flexibility in the TSs, in Tables 10 and
11, the coulomb Carbé-Dorca (24) and Hodgkin-Richards
indexes (25) are studied, respectively.

In Table 10 the higher electronic distortion value of
0.8855 using the coulomb operator is between the TS-4CN
and TS-Et states and is in agreement with the electronic
distortion of overlap using the TGSA-Flex alignment method
(see Table 8), so we can associate this distortion increased
of the TS-4CN with the high experimental rate constant
estimated in 10°. On the other hand, the reference state
TS-Et has the lowest distortion when it is compared with
the TS-ICN state. These distortion results to the TS-Et
state are in agreement with the experimental trend (4CN
> 3CN > 2CN > 2¢CN > 2tCN > 1CN). Therefore, this
electronic flexibility study quantifies the degree of distortion
on the TSs in systematic form, from the TS-Et to TS-4CN
(see Figure 1). In order to compare the Carbd-Dorca values

with respect to the Hodgkin-Richards values in Table 11
the MQS-coulomb using the Hodgkin-Richards index is
shown.

Comparing the Hodgkin-Richards index using the
coulomb operator with those obtained in Table 10 using
the Carbd-Dorca index, this latter shows lowest quantum
similarity values (values close to 0.00), and therefore more
distortion effects can be characterized in this way. Figure 5
shows the correlation between the two electronic distortion
indexes.

In Figure 5, this high correlation (0.9483) shows the
Hodgkin-Richards index as a scaled distance according to
Carbd-Dorca [115] is consistent with the Euclidean distance
trends from the TS-4CN to TS-Et (see Tables 5 and 7).

In order to relate the CT with the electronic distortion
using quantum similarity in the DA reactions studied (see
Figure 1). Figure 6 shows the relation between the electronic
quantum similarity of coulomb and CT in the DA reactions.
According to Bultinck et al. [72] naturally, there is a correla-
tion between distortion (quantum similarity) of coulomb and
chemical reactivity; in this sense new insights on the role of
CT in the electronic distortion are shown.

Figure 6 shows acorrelation (R* =0.7127) between Carbo-
Dorca distortion and CT and their standard deviation with
respect to the TS-Et reference state. Such effects have direct
responses in the electronic density. In this sense, we can
relate the trend found in the zwitterion character with a
high distortion on the electronic density associated with the
Carb6-Dorca similarity index. Therefore, we can associate
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the Carbd-Dorca and Hodgkin-Richards indexes are normalized from 0 to 100%, with the standard deviation, respectively.
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TABLE 10: Molecular quantum similarity Carbo-Dorca matrix of coulomb, using the TGSA-Flex alignment method.
seb TS-Et TS-1CN TS-2tCN TS-2cCN TS-2CN TS-3CN TS-4CN
TS-Et 1.0000
TS-1CN 0.9531 1.0000
TS-2tCN 0.9263 0.9648 1.0000
TS-2cCN 0.9242 0.9598 0.9403 1.0000
TS-2CN 0.9238 0.9531 0.9357 0.9286 1.0000
TS-3CN 0.9020 0.9366 0.9653 0.9656 0.9417 1.0000
TS-4CN 0.8855 0.9164 0.9439 0.9440 0.9468 0.9722 1.0000
2S: state (Table 1).
bExp. trend.
TABLE 11: Molecular quantum similarity matrix of coulomb, using the TGSA-Flex alignment method.
s*b TS-Et TS-1CN TS-2tCN TS-2cCN TS-2CN TS-3CN TS-4CN
TS-Et 1.0000
TS-1CN 0.9413 1.0000
TS-2tCN 0.8894 0.9568 1.0000
TS-2cCN 0.8862 0.9513 0.9403 1.0000
TS-2CN 0.8859 0.9508 0.9357 0.9286 1.0000
TS-3CN 0.8326 0.9084 0.9586 0.9594 0.9356 1.0000
TS-4CN 0.8326 0.8632 0.9215 0.9225 0.9252 0.9252 1.0000
2: state (Table 1).
bExp. trend.

Charge transfer Zwitterion character
D=1 o —
FIGURE 7: Zwitterion status in polar reaction is reported in this study.

This electronic reorganization is due to polarization effects on the
(CT).

CT with the electronic reorganization and the zwitterion
character in these DA reactions (see Table 1) (Figure 7).

In Figure 7 we can associate the zwitterion character with
the value of AN, = 0.8403¢ (see Table 2) formed by the
increases of CT (polar character) reported in this study, and
that can be related to the electronic distortion (quantum
similarity). This zwitterion character is the first step to the
formation of the aromatic nature in the TSs of the polar reac-
tions (R-2 to R-7); see Table 1. The aromatic nature of these
TSs has been confirmed theoretically using geometry-based
indices such as the harmonic oscillator model of aromaticity
(HOMA), the para-delocalization indices (PDI) [145, 146],
the nucleus-independent chemical shift (NICS), and the
magnetic susceptibility exaltations [147]. Additionally, this
study presents new consideration on the analysis of CT in the
interaction energy, taking into account that the CT is part
of the interaction energy, with the molecular polarization,
the closed-shell repulsion, and the dispersion according to
Ess et al. [142-144], relating the electronic and structural

quantum distortion from the MQS, in terms of the cyano
substitutions.

Taking into account the correlation (R* = 0.7127) between
Carbd-Dorca distortion and CT (Figure 6), in this study
the CT (AN,,,,) with the electronic quantum similarity of
coulomb to describe the character polar trend using (26) is

related. Taking the TS-4CN as a reference:

{AN,.x (TS4CN)} {MQS (Coulomb)}
(26)
= Character polar trend

with

(TS4CN)} = {0.8403} (27)

{ max
(see Table 2). Consider
{MQS (Coulomb)} = {0 < MQS (Coulomb) < 1}  (28)

{MQS (Coulomb)}, TS-4CN versus

- TS-3CN (0.9722) = 0.8169
- TS-2CN (0.9468) = 0.7956
- TS-2C (0.9440) = 0.7932
- TS-2t (0.9439) =
- TS-1CN (0.9164) = 0.7701
- TS-Et (0.8855) = 0.7441

{AN 1 (TS4CN)} Relative character

polar trend

0.8403 0.7931

(29)



Journal of Quantum Chemistry

y = 111.76x — 99.081
R? =0.833

88 089 09

091 092 093

Carb¢ index (coulomb)

094 0.95

LogK
O =N Wk U YN 0O

13
logK* cr
7.6334 0.9531
6.0000 0.9263
4.6812 0.9242
1.9590 0.9238
1.9084 0.9020
0.0170 0.8855

Standard deviation®

0.0189 1.3804

0.0161 1.5015

0.0142 2.3627

0.0182 2.4667

0.96 0.0231 2.8337
*pk = logK

PCI : Carbé-Dorca index
“Standard deviation with respect to TS reference

FIGURE 8: Carbd-Dorca index of Coulomb versus experimental rate constants (see Table 1). Note: in this graphical the Carbd-Dorca indexes
are normalized from 0 to 100%, with the standard deviation, respectively.

In (29) the MQS values of coulomb are in Table 10 and we
can see the character polar trend along the reactions with
respect to TS-4CN and the relative character polar along the
DA reactions is a possible form of study.

With the aim of study the electronic distortion and the
experimental rate constant trend (see Table 1) is shown in
Figure 8 with a high correlation R* = 0.8330 between the
Carbd-Dorca index of coulomb and the natural log (log K =
Py).

According to the finding of Geerlings et al. [97, 148],
Figure 8 depicted an alternative relation between the Carbo-
Dorca indexes and chemical reactivity descriptors. One of
the remaining problems in this approach is the orientation,
translational, and conformational dependence of Z (see (24)
and (25)) on the measurement of the MQS; however, this
problem was resolved using the autocorrelation function
concept of the property considered that for this study is the
CT along the DA reactions and such autocorrelation was
tested with the standard deviation, respectively. Therefore this
result shows a possible way of unification of the chemical
reactivity and QS in DFT framework [148, 149]. In this sense,
we can think that this hybrid methodology (joining the
MQS with chemical reactivity) provides new insights for the
electronic systematization of the DA reactions in the DFT
framework, which is an open problem in organic physical
chemistry.

A molecular orbital analysis in the DA reactions stud-
ied can take into account that the concerted inter- and
intramolecular multicenter 77 interactions can be related to
the nodal properties (symmetry) of the HOMO (m) and
LUMO (n*) frontier orbitals. In this sense, the regiospeci-
ficity of such DA interactions can be defined by the molec-
ular polarization parallel to the nodal plane of the orbitals
produced by the () and (7*) DA interactions; therefore,
the stereospecificity of such interactions can be associated
with the electronic distortion perpendicular to the nodal
plane of the orbitals produced by the HOMO-1 (¢), HOMO
(), LUMO (7*), and LUMO + 1 (¢*) interactions mixed,
according to “principle of Orbital Distortion” [150], and these

electronic interactions exceed to the steric effects, yielding
the bonds in the cycloadducts respective. These results are
consistent with the stereoselectivity analysis reported by
Houk et al. [151].

On the other hand, the zwitterionic character and the
molecular polarization reported in this study in terms of
a grand canonical ensemble can be understood as a rela-
tive increase in the number of available microstates in the
molecular space producing chemical potential differences
and promoting the electron transfer from regions of higher
potential to regions of lower chemical potential. Additionally,
the CT related with the MQS allows understanding the origin
of the polar character using the quantum similarity. Finally,
in the TSs when the CT in the electronic reorganization
increases, the ionic character of the bonds formed decreases;
therefore, the force constants increase and we can relate the
polar character with the bond force constants in these DA
reactions.

On the other hand, in this study the four features on
similarities sugared by Rouvray et al. [152-155] analogies,
complementarities, and equivalence and scaling relationships
for the role of molecular similarity in the chemical and physi-
cal sciences were exploited, exploring a possible methodology
to understand the similarity on the chemical reactivity and
consistency with the experimental results, which today is a
bottleneck in the MQS field.

5. Conclusions and Perspective

In this study, the CT processes in a series of reactions between
cyclopentadiene (Cp) with cyano substitution on ethylene
were analyzed, proposing a possible electronic systemati-
zation to the DA reactions. The analysis of the CT takes
place initially in the reagents assuming a grand canonical
ensemble and using the considerations of an electrophilic
system using B3LYP/6-31G(d) and M06-2X/6-311 + G(d,p)
methods. The DA reactions studied have the nucleophile
(Cp) common; therefore, the increases of the polar character
can be explained by the nature of the electrophilic carbons
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in the dienophiles and its CT, respectively; in this sense an
analysis of CT using the AN, (k) is performed, and these
AN, (k) values have a good statistical correlation (R* =
0.9118) with the experimental rate constants, using reactivity
models based on molecular recognition descriptors.

To study the quantum distortion using similarity descrip-
tors the Et-TS of the (Cp + Et) in the reference reaction in
order to study the electronic and structural effects on the
TSs using the MQS field was used as molecular alignment
pattern, taking into account that the similarity indexes are
mathematically defined in the interval (0, 1] where 0 means
complete (dis)similarity and 1 the self-similarity. The higher
structural and electronic effects are presented in the TS-4CN
with respect to TS-Et and are agreeing with the CT values and
the experimental rate constants (R* = 0.7127). In this sense,
this study shows a good complementarity between quantum
similarity and chemical reactivity in the DFT framework,
generating similarity sequences and describing the polar
character through CT and molecular polarization effects;
in this sense new insights on the electronic reorganization
associated with the DA reactions are shown, consistent with
the experimental results.

Additionally, one of the most important fields in the
quantum similarity is the measurement of similarity on reac-
tivity properties that vary with the position change, taking
into account the dependence of the molecular alignment in
the (MQS) values. In this sense, the property to quantify
the degree of similarity chosen in this study is the (CT)
that allowed us to describe the chemical reactivity of these
reactions in a systematic way and determining the similarity
on the (CT) along the reactions and in terms of the polar
character trend.
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