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Abstract—The regioselectivity for a series of four 1,3-dipolar cycloaddition reactions has been studied using global and local reactivity
indexes. The results of the theoretical analysis suggest that for asynchronous cycloadditions associated to polar processes, the regioselectivity
is consistently explained by the most favorable two-center interactions between the highest nucleophilic and electrophilic sites of the

reagents.

1. Introduction

Cycloaddition reactions are one of the most important
processes with both synthetic and mechanistic interest in
organic chemistry. Current understanding of the underlying
principles in the Diels—Alder (DA) and the 1,3-dipolar
cycloaddition (13DC) reactions has grown from a fruitful
interplay between theory and experiment.' The usefulness
of these cycloaddition reactions arises from their versatility
and from their remarkable stereochemistry.? By varying the
nature of the reagents many different types of carbocyclic
structures can be built up. The interaction between
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unsymmetrical reagents in a 13DC reaction can give two
isomeric adducts depending on the relative position of the
substituent in the cycloadduct, head-to-head, 5-regioisomer,
or head-to-tail, 4-regioisomer (see Scheme 1).

It is well known that one of the preferred theoretical devices
of synthetic organic chemists to discuss reactivity and
selectivity of many organic reactions is the frontier
molecular orbital (FMO) model introduced by Fukui.’ In
the case of cycloaddition reactions, there are several
examples that illustrate well the usefulness of this approach
to classifying the 13DC reactions.*® Within the FMO
frame, selectivity is usually described in terms of the square
of the FMO coefficients, or in other cases by this same term
weighted by a resonance integral, a model proposed by
Houk,6 based on the orbital control term in the Salem,7
Klopman,® and other equations.

There is however some relationships between the FMO
approach and the one framed on the density functional
theory (DFT) based reactivity indexes.” They are the
following: (a) the square of the coefficients, which is used
to describe positional selectivity in a molecule within the
FMO model represents in DFT a good approximation to
the Fukui functions condensed to atoms in their valence
state;'™!" (b) the model using the square of the coefficients
weighted by a resonance integral on the other hand,
accounts for just a piece of the interaction energy between
the dipole and the dipolarophile localized in specific regions



of the interacting pair, describing charge transfer stabili-
zation effects in the FMO framework. Charge transfer may
also be quantitatively described within DFT in terms of the
electronic chemical potential and the chemical hardness
throughout Pearson’s equations,'® and also within the
concept of global electrophilicity introduced by Parr et
al."® For instance, using the DFT reactivity model, the
regioselectivity in the cycloaddition reactions has been
described in terms of a local hard and soft acid and bases
(HSAB) principle, and some empirical rules have been
proposed to rationalize the experimental regioselectivity
pattern observed in some DA'* and 13DC'"® reactions.
Recent DFT studies devoted to the DA'® and 13DC'’
reactions on the other hand, have shown that the
classification of reagents within a unique scale of electro-
philicity, is a useful tool for predicting the reaction
mechanism and regioselectivity of a cycloaddition pro-
cess.'® Even though in the case of the 13DC reactions the
global analysis resulted more complex, substitution effects
on the dipole and dipolarophile were correctly assessed.'” In
a DA reaction, diene/dienophile pairs located at the ends of
the electrophilicity scale usually display a polar reactivity
characterized by a large charge transfer (CT) at the
transition structure (TS) involved in the mechanism of this
particular cycloaddition reaction.'®® For these polar
cycloadditions the most favorable regioisomeric pathway
corresponds to the bond-formation at the more electrophilic
and nucleophilic sites of unsymmetrical reagents. In this
context, we have shown that the analysis based on the local
electrophilicity index w,'® at the more electrophile DA
reagent together with the analysis of the nucleophilic Fukui
functions,!® f,_, at the less electrophilic one, allows the
prediction of the regioselectivity in these cycloadditions. ¢

There is not a single criterion however to explain most of the
experimental evidence accumulated in cycloaddition
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processes involving four center interactions. Recent studies
devoted to regioselective 13DC reactions have questioned
the feasibility of the FMO approach to explain this kind of
selectivity.”” An excellent source for the discussion of
regioselectivity in concerted pericyclic reactions is given in
reference.'>® In this context, the model based on DFT global
and local descriptors is a reliable alternative to discuss
reactivity and selectivity based on absolute scales, which
have been already validated against experimental scales of
reactivity and selectivity.

In this work we extend the local analysis to the regioselec-
tivity of the 13DC processes. We have chosen as model
reactions a series of four regioselective 13DC reactions for
which experimental data are available. They are the
reactions between the nitrile ylides NY-1' and NY-2*'
with methyl acrylate (MA), models I and II in Schemes 2
and 3, and the 13DC reactions of the azomethine ylide AY?*
and the nitrile imine NI*® with methyl propiolate (MP),
models III and IV in Schemes 4 and 5, respectively. The
comparative analysis will be made on the basis of the
relative energies, asynchronicity and CT at the TSs on one
hand, and the analysis based on the reactivity indexes
defined in the context of DFT*° evaluated at the ground state
(GS) of reactants.

2. Computational methods and models

In recent years, theoretical methods based on the DFT have
emerged as an alternative to traditional ab initio methods in
the study of structure and reactivity of chemical systems.
DA and 13DC reactions have been the object of several DFT
studies showing that functionals that include gradient
corrections and hybrid functionals for exchange and
correlation, such as B3LYP,24 together with the standard
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6-31G" basis set,” yield potential energy barriers in good
agreement with the experiment.”® Thus, in the present study
geometrical optimizations of the stationary points were
carried out using this methodology. The optimizations were
performed using the Berny analytical gradient optimization
method.”” The stationary points were characterized by
frequency calculations in order to verify that the TSs had
one and only one imaginary frequency. The intrinsic
reaction coordinate (IRC)*® path was traced in order to
check the energy profiles connecting each TS to the two
associated minima of the proposed mechanism by using the
second order Gonzalez—Schlegel integration method.?” The
electronic structures of TSs were analyzed by the natural
bond orbital (NBO) method.>® All calculations were carried
out using the Gaussian 98 suite of programs.*’ Thermal
corrections to enthalpy and entropy values were evaluated at
298.15 K. The computed values of enthalpies, entropies and
free energies were estimated by means of the B3LYP/
6-31G " potential ener%y barriers, along with the gas-phase
harmonic frequencies.”

The global electrophilicity index w,'? which measures the
stabilization in energy when the system acquires an
additional electronic charge AN from the environment, has
been given the following simple expression,'® w= (u*/27),
in terms of the electronic chemical potential u and the
chemical hardness n. Both quantities may be approached in
terms of the one electron energies of the frontier molecular
orbital HOMO and LUMO, ey and ¢, as u = (eg+¢1.)/2 and
n=(eL—e€p), respectively.3 2

The local electrophilicity index, wy,'® can be expressed as
w=wfy where fy is the Fukui function for a nucleophilic
attack. This expression shows that the maximum electro-
philicity power in a molecule will be developed at the site
where the Fukui function for a nucleophilic attack displays
its maximum value, i.e. at the active site of the electrophile.
Electrophilic and nucleophilic Fukui functions*® condensed
to atoms have been evaluated from single point calculations
performed at the GS of molecules at the same level of

theory, using a method described elsewhere.'' This method
evaluates the Fukui functions using the coefficients of the
frontier molecular orbitals involved in the reaction and the
overlap matrix.

3. Results and discussion

We first evaluated the activation energies and the geometri-
cal parameters of TSs for the four 13DC reactions. The
population analysis at the TSs in terms of bond orders and
natural charges was performed, together with an analysis
based on the global and local reactivity indexes of the
reactants involved in these cycloadditions.

3.1. Analysis of activation energies, geometries, bond
orders, and charge transfer at the transition state
geometries

An analysis of the gas-phase results indicates that these
13DC reactions take place along asynchronous concerted
processes. Therefore eight TSs, TS-4-1, TS-5-1, TS-4-II,
TS-5-11, TS-4-1II, TS-5-1I1, TS-4-IV and TS-5-1V, and
their corresponding cycloadducts associated with the two
regioisomeric channels of the four cycloadditions were
located and characterized. These acronyms are related to the
formation of the 4- or 5-regioisomers, hereafter structures 4
and 5, the 13DCs between NY-1 and MA, named model I,
the cycloaddition between NY-2 and MA, named model II,
the cycloaddition between AY and MP, named model III,
and the cycloaddition between NI and MP, named model
IV. The stationary points corresponding to these 13DC
reactions are presented in Schemes 2-5 together with
atom numbering. The total and relative energies are
compiled in Table 1. The geometries of the TSs are
presented in Figure 1.

These 13DC reactions present very low activation enthal-
pies. For instance, for the reaction model III, TS-5-III is
located 7.6 kcal/mol below the reactants. However,

Table 1. Relative® energies (AE, in kcal/mol), enthalpies (AH, in kcal/mol), entropies (AS, in kcal/mol K) and free energies (AG, in kcal/mol) energies
computed at 25 °C of the stationary points involved in the 13DC reaction models I-IV

AE AH AS AG
Model I (NY-1+MA)
TS-4-1 1.04 0.72 —43.97 13.83
TS-5-1 3.20 2.66 —48.30 17.06
CA-4-1 —58.76 —60.20 —55.60 —43.62
CA-5-1 —57.57 —59.05 —56.09 —42.33
Model II (NY-2+MA)
TS-4-11 1.75 1.72 —46.06 15.45
TS-5-11 1.52 1.41 —47.83 15.67
CA-4-11 —60.56 —61.52 —57.79 —44.29
CA-5-11 —61.25 —62.20 —56.35 —45.40
Model IIT (AY +MP)
TS-4-111 —6.41 —6.48 —39.08 5.18
TS-5-111 —7.57 —17.67 —40.48 4.40
CA-4-1I1 —87.29 —88.45 —48.48 —74.00
CA-5-1I1 —86.96 —88.16 —48.88 —173.58
Model IV (NI+MP)
TS-4-1V 6.08 5.75 —44.64 19.06
TS-5-IV 5.74 5.47 —44.12 18.63
CA-4-1V —98.65 —100.07 —55.61 —83.50
CA-5-1V —96.93 —98.28 —53.93 —82.20

# Relative to the corresponding reagents.
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Figure 1. Transition structures corresponding to the regiosomeric path of the 13DC reaction models I-IV. The bond lengths directly involved in the reaction
are given in angstroms. The bond orders are given in parenthesis. The charge transfers (CT) are given in a.u.

inclusion of the activation entropies to the free energies
brings the activation free energy associated to TS-5-III to
4.4 kcal/mol. These cycloadditions are very exothermic by
about —60 to —100kcal/mol. The analysis of the
regioselectivity for these 13DC reactions measured as the
difference of activation enthalpies between the TSs leading
to different regioisomers shows that they fall in a narrow
range between 0.3 and 1.9 kcal/mol. While for the reaction
models I, IT and III the B3LYP/6-31G” calculations predict

the regioselectivity experimentally observed, for the model
IV it fails. Furthermore, previous theoretical studies on
13DC reactions have pointed out that the regioselectivity of
this type of cycloadditions is strongly dependent on the
computational level used.™

An analysis of the geometries at the TSs given in Figure 1
indicates that they correspond to asynchronous bond-
formation processes. While for the reaction models I, ITI



and IV the more asynchronous TSs correspond to less
energetic one, TS-4-1, TS-5-III and TS-5-1V, for model II
the result is different. In this case, the hindrance that appears
between the carboxylate group present in MA and the two
trifluoromethyl groups present in the dipole NY-2 may
account for the large asynchronicity found at TS-4-11.

The extent of bond-formation along a reaction pathway may
be provided by the quantitative concept of bond order
(BO).>* The BO values of the C—C and N-C o-bond that are
being formed along these 13DC reactions are shown in
parenthesis in Figure 1. These values are within the range of
0.07 to 0.28. Therefore, it may be suggested that these TSs
correspond to early processes. In general, the asynchronicity
shown by the geometrical data is accounted for by the BO
values. The reaction models I and III, which present larger
regioselectivity, also present the more asynchronous TSs
along the more favorable reactive channels TS-4-1 and
TS-5-111, respectively.

Finally, the CT was evaluated at the corresponding TSs.
The natural charges at the TSs appear shared between
the dipole framework, NY-1, NY-2, AY and NI, and the
dipolarophile moiety, MA and MP, respectively. The
resulting values are presented in Figure 1. The CT ranges
from 0.10 e for model IV to 0.23 e for model 1. For all cases
the CT flows from the dipole to the dipolarophile. For
models II-IV both regioisomeric TSs present the same
CT pattern. Only model I presents a larger charge transfer
at the more favorable reactive channel; 0.23 ¢ at TS-4-1
compared to 0.18 e at TS-5-L

3.2. Analysis based on the global and local
electrophilicity at the ground state of reagents

In Table 2 are displayed the electronic chemical potential
i, chemical hardness 7, global electrophilicity w. Also
included in Table 2 are the values of local electrophilicity
and the electrophilic and nucleophilic Fukui functions for
the dipoles NY-1, NY-2, AY and NI, and the dipolarophiles
MA and MP. The electronic chemical potential, u, of
the four dipoles with values between —0.0585 a.u. and
—0.1408 a.u., are higher than those for the dipolarophiles
MA and MP, —0.1586 a.u. and —0.1624 a.u., respectively.
Therefore the CT at these 13DC reactions will take place
from the dipole to the dipolarophile, in complete agreement
with the CT analysis performed at the TSs (see Section 3.1).
The two dipolarophiles present similar electrophilicity
values, 1.51 eV (MA) and 1.52eV (MP). According to
the absolute scale of electrophilicity based on the
index,'® these compounds may be classified as strong
electrophiles. On the other hand, the four dipoles present
electrophilicity values in a wider range: 0.31 eV for AY,
1.15 eV for NY-1, 1.43 eV for NI and 1.95 eV for NY-2.
Thus, while AY is classified as a marginal electrophile (and
probably a good nucleophile), NY-2 is classified as a strong
electrophile. Note that even though NY-2 presents a larger
electrophilicity value than MA, the later has a lower
chemical potential, which is the index that determines the
direction of the electronic flux along the cycloaddition.
Therefore, along this series of 13DC reactions the more
favorable interaction will take place between the less
electrophilic specie, AY, namely the dipoles in the present

case, and the electrophilic dipolarophile MP. Note that
for the 13DC reaction between AY and MP, TS-4-1I1 and
TS-5-IIT are located below reactants on potential energy
surface. In addition, the lower CT found for models II and
IV can be related to the similar electrophilicity values
displayed by the dipoles and dipolarophiles (see Table 2). In
these cases, along the cycloaddition pathway any of them
have the same trend to supply or accept electron density
from each other.

Recent studies devoted to regioselective DA reactions have
shown that the analysis of the local electrophilicity,'® wy, at
the electrophile together with the analysis of the nucleo-
philic Fukui functions, f 19 at the nucleophile, allows the
prediction of the regioselectivity in these competitive
cycloadditions.'®“€ The local functions are also summar-
ized in Table 2. For the two dipolarophiles MA and MP,
classified as strong electrophiles, the C4 carbon atom (the
B-position) presents a larger local electrophilicity value than
the C5 site.> Therefore, the C4 will be the preferred
position for a nucleophilic attack by a dipole. This fact is in
agreement with the asynchronicity shown at all the TSs.
The C(N)1-C4 or C(N)3-C4 bonds formed at TS-4-X or
TS-5-X, respectively, are shorter and more advanced than
the C(N)3-C5 or C(N)1-CS5 ones. This fact that has also
been observed in other cycloaddition reactions suggests that
the most electrophilic reagents control the asynchronicity of
the process by a larger bond-formation process at the most
electrophilic site of the molecule.

A different local picture is found for the four dipoles where
the values of the nucleophilic Fukui functions, f, depend
on both the structure of the dipole and the substitution
pattern. For instance, for the nitrile ylide NY-1 the C1
carbon atom has a larger f,, value than the C3 one, 0.53 and
0.29, respectively, while for the nitrile ylide NY-2 there is a
change on the local activation: now the C3 carbon atom
presents the larger f,, value (see Table 2). This result allows
to explain the change of regioselectivity for these 13DC
reactions. Substitution of the two electron-releasing methyl
groups present in NY-1 by two electron-withdrawing CF;
groups in NY-2 produces a change in the polarization of the
HOMOy;p01c Which acts as a nucleophile, thereby reverting
the regioselectivity pattern.

For the azomethyne ylide AY, the presence of the electron-
releasing methyl group on the C1 position polarizes the
HOMOy;po1e through the C3 carbon atom. As a result, the
unsubstituted C3 carbon atom presents a larger fi value
compared to that at the C1 site. Therefore, along the
cycloaddition reaction the more favorable reactive channel
takes place through the C3-C4 bond-formation by the
nucleophilic attack of the C3 carbon atom of AY to the more
electrophilic C4 site of MP. Note that at the highly
asynchronous TS-5-III the covalent interactions between
the C1 and C5 are negligible.

Finally, for the 1,3-diphenylnitrile imine NI the N1 nitrogen
atom presents a larger nucleophilic activation than the C3
carbon atom (see Table 2). Therefore, the local analysis
predicts a more favorable interaction between the N1
nitrogen of NI and the C4 carbon atom of MP along
the TS-4-IV, in agreement with the regioselectivity



Table 2. Global and local properties of dipoles NY-1, NY-2, NI and AY and dipolarophiles MA and MP. k defines de site in the molecule where the property is

being evaluated

Global properties Local properties
HOMO LUMO (2w 7 (a.u.) w (eV) k A I Wi (eV)
NY-2 —0.2097 —0.0718 —0.1408 0.1379 1.95 1 0.1819 0.2232 0.36
2 0.1452 0.0160 0.28
3 0.0714 0.4488 0.14
MP —0.2806 —0.0442 —0.1624 0.2363 1.52 4 0.3055 0.2328 0.46
5 0.1168 0.1655 0.18
MA —0.2720 —0.0452 —0.1586 0.2268 1.51 4 0.4154 0.0048 0.62
5 0.1969 0.0714 0.29
NI —0.1827 —0.0520 —0.1173 0.1307 1.43 1 0.0759 0.2685 0.11
2 0.1159 0.0104 0.17
3 0.0662 0.1613 0.10
NY-1 —0.1771 —0.0392 —0.1081 0.1379 1.15 1 0.2100 0.5339 0.24
2 0.1208 0.0274 0.14
3 0.0089 0.2909 0.01
AY —0.1341 0.0171 —0.0585 0.1512 0.31 1 0.3165 0.4379 0.10
2 0.2481 0.0118 0.08
3 0.3460 0.4937 0.11
experimentally observed. Note that the analysis based on the Acknowledgements

energetic results predicts a reverse regioselectivity.

In summary, the present model based on the local
electrophilicity index appears as a reliable approach to
discuss regioselectivity. For instance, electrophilic activa-
tion/deactivation promoted by chemical substitution is
correctly assessed within this framework. All this infor-
mation is easily available from the properties of the GS
electron density, and its first derivative with respect to the
number of electrons which defines the Fukui function of
the system. The electrophilic Fukui function in turn, permits
the projection of the global electrophilicity into atoms, or
group of atoms (i.e. functional groups) in the molecule. The
polarization pattern at the dipoles induced by substituent
effects may be assessed from a static model based on the
difference in electrophilicity of the dipole/dipolarophile
interacting pair.

4. Conclusions

The regioselectivity for a series of four 13DC reactions has
been studied using DFT methods at the B3LYP/6-31G"
level. The analysis of the activation enthalpies, asynchro-
nicity and charge transfer at the TSs, as well as the analysis
of the global and local electrophilicity index at the GS of
reactants have been performed in order to rationalize the
regioselectivity experimentally observed in these cyclo-
additions. We found that for this series of 13DCs the
observed regioselectivity is well explained by reactivity
analysis performed using global and local electrophilicity
indexes. While the analysis of the global indexes allows to
anticipate the polar character of the reaction as well the shift
of the CT along the cycloaddition process, the local analysis
allows to identify the more electrophilic and nucleophilic
centers of the two reactants. Along an asynchronous
cycloaddition associated to a polar process the most
favorable two-center interaction between the highest
nucleophilic and electrophilic sites of the reagents is
responsible for the regioselectivity observed on these
13DC reactions.
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