8154

J. Phys. Chem. A 2008, 112, 8154-8163
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To attempt theoretical predictions of the regioselectivity pattern in molecules with multiple reactive sites, the
energies of formation of all possible isomers are usually considered. This means that the computing becomes
highly demanding if high theoretical levels are used. The study objective was to predict the regioselectivity
in the reaction of hydrogen addition onto azahydro[60]fullerene CsoH, 1N (n = 0—4) systems using a new
reactivity indicator termed general-purpose reactivity indicator, Zxy<o., proposed by Anderson et al. (J. Chem.
Theory Comput. 2007, 3, 358). Because Ejy<oq combines the information from the electrostatic potential
and the Fukui function, this indicator is a two-parameter model that depends on the atomic charges and
Fukui values calculated. We used the gradient-corrected BLYP and BOP functionals to approximate the
electronic density of the systems, and these densities were employed to determinate the parameters. In terms
of regioselectivity, the preferential addition sites at every hydrogenation step on CsoH,+ ;N (n = 0—4) shows
that 1,4-adducts are more stable than 1,2-adducts. However, we show that the multiple additions are only
feasible up to a CsoHsN (tetraddition) product. Consequently, the application of this indicator not only helps
to avoid systematic computational studies by comparing energies of formation in several isomers—many of
which are not currently supported by experimental results—but also provides an insight of how the pattern of
addition is achieved. Comparisons with traditional indicators show that the application of ZAy<oq performs

much better for predicting reactivity in the aza[60]fullerene derivatives studied.

1. Introduction

It is widely known that the reactivity of a chemical species
also depends on its reactant counterpart. In particular, in
fullerene chemistry, several studies'™!'! have pointed out that
by replacing one carbon atom for heteroatoms in the Bucky
cage not only its structural properties but also its regioselectivity
are changed. Although a rich variety of fullerene derivatives
have been reported in the literature, the heterofullerenes!'~7 are
of special interest in organic chemistry>® and material sciences®’
because these compounds are expected to have applications in
superconductivity, photoinduced electron transfer, and organic
ferromagnetism.

Because of their unique electronic structure, fullerenes can
undergo versatile chemical transformations, giving rise to a large
number of complex and unusual derivatives. In comparison with
neutral fullerenes, their respective aza derivatives®~!! are among
the most reactive relatives, since they have open-shell electronic
configurations that increase their reactivity. In 1992, the simplest
azafullerene was proposed to be the neutral CsoN by Andreoni
et al.,® and only 3 years later, its experimental evidence was
confirmed by Mattay and co-workers.? Because of the presence
of an unpaired electron in CsgN, two radical units can bind each
other to form a closed-shell configuration, affording the biaz-
afullerenyl (CsoN), system.!© However, the attachment of
hydrogen atoms onto the CsoN cage can also readily lead to
form closed-shell hydrogenated derivatives. The first compu-
tational study on azafullerenes!! predicted that the binding
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energys of the (CsoN), dimer is ca. 18 kcal mol~!; meanwhile,
the respective binding energy for the hydrogenated CsoHN
derivative was estimated to be about 72 kcal mol~!, thus
suggesting that CsoHN is the most stable closed-shell member
of the aza[60]fullerenes family.

On the other hand, two decades ago, Parr and Yang!>!?
rationalized the regioselectivity of organic reactions by applying
the frontier molecular orbital (FMO) theory!* to local functions
derived from density functional theory (DFT).!>:16 As a result,
one of the most important and fundamental tools in modern
chemistry was proposed not only to deduce the hard—soft
acid—base (HSAB) principle but also to provide information
about chemical reactivity in any compound. This tool is the set
of Fukui functions'>!3 [e.g., £7(r), fO(r), and fP(r)], which
basically attributes the reactivity of a molecule with respect to
electrophilic, radical, and nucleophilic attacks through linear
responses of the electron density to charge transfer. Today, the
Fukui function is an indicator extensively used for predicting
relative site reactivities for many chemical systems (its logical
motivation, interpretation, qualitative characteristics, and practi-
cal computation can be consulted elsewhere!”). Moreover, the
Fukui function has allowed for definitions of new chemical
concepts, which had not been successfully defined in the FMO
context but can be defined from the so-called “conceptual DFT”
(e.g., local force fluctuations on nuclei, “universal” nucleofu-
gality, etc.).!618721

Because the evaluation of f(r) is quite complicated, different
procedures have been proposed. For instance, the Fukui function
can be computed using two nonequivalent approaches, namely,
the fragment of molecular response (FMR) or the response of
molecular fragment (RMF).?? In particular, for a system of N
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electrons, Yang and Mortier?® estimated the values of atomic
condensed Fukui function, f E(N) (often another level of
abstraction is introduced), by computing independently the
corresponding (N — 1)-, N-, and (N + 1)-electron systems with
the same molecular geometry and using the MPA. The latter
method corresponds to the FMR approach.

It is noteworthy that although Fukui’s functions take into
account orbital relaxation effects,>*?> this is only true for the
condition where the early transition states are present. Hence,
the phenomenon of larger Fukui values for higher reactivates
is not applicable for all chemical systems. For example, Mendez
and Gazquez?%?’ and Li and Evans?® have reported that the site
of maximal Fukui function is not necessarily the most reactive
place. Under these circumstances, it is worth verifying the
validity of the concept and the application of these functions,
for example, in fullerene-derived systems (e.g., aza[60]fullerenes)
due to very scarce studies in this area.

Anderson et al.?®>3% have recently derived a new reactivity
indicator termed general-purpose, which is based on population
analyses and on a dependence on the Fukui and the molecular
electrostatic potentials as well (the Fukui potential is essential
for describing reactions that are electron transfer-controlled, and
the molecular electrostatic potential is essential for describing
electrostatically controlled reactions). Thus, the new reactivity
indicator, Zy o, represents a model for the interaction energies
between any electrophile and any nucleophile and describes the
local reactivity of molecules that lie between the electrostatic
and the electron-transfer phenomena, including intermediate
cases as well. The condensed forms of the indicator can be
represented as follows:

EZNSO,(X = (K + l)ql(d?l)cleophile,a AN(K - l)fnucleophlle o (1)
EZNZ 0,00 == (K + l)qgl);ctrophile o + AN(K - 1)f electrophile, o (2)

In these equations, the parameter « controls the entire spectrum
of chemical reactivity by modulating the electrostatic and Fukui
function contributions to the interaction energy. In particular,
values of k > 1 describe a strong electrostatic control; k = 1
describes a purely electrostatic control; —1 < « < 1 describes
a joint control by electrostatic and electron-transfer effects; «
= —1 describes a purely electron-transfer control; and values
of k < —1 describe a strong electron-transfer control. The value
of ¢ denotes the atomic charges on the electrophile or
neutrophile reagents. 5~ and £ are the condensed Fukui
functions of atom a. in the reference system. Note that the g’
values are sensitive not only to the level of theory employed to
compute the electron density but also to partition schemes. For
example, because the Mulliken population analysis (MPA) is
based on the one-particle density matrix defined over standard
nonorthogonal atomic orbital basis set, then ¢\’ will be sensitive
to the selection of the basis set. As regards the values of AN,
Anderson et al.??*0 have chosen the following convention: AN
< 0 for nucleophiles and AN > 0 for electrophiles. Conse-
quently, the smallest value of Ay, is the most reactive atom.

Because of the fact that CsoHN is a precursor of other aza
derivatives by deprotonation and subsequent quenching of the anion
with several electrophiles, the question of how well it preserves
its reactivity is of special importance. Several works3!=35 have
theoretically analyzed the relative stability of different isomers of
heterofullerenes but only at the semiempirical AM1 and MNDO
levels of theory. Thus, Liang and co-workers?'-32 have pointed out
that the doping with heteroatoms strongly changes the patterns of
regioselectivity in comparison with pristine Ceo. In particular, the
1,2-adducts were identified as the most stable isomers of
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aza[60]fullerenes followed by the 1,4-adducts. As it is well-known,
Ceo only reacts to give 1,2-adducts for the addition of pairs of
hydrogen atoms.33736

In the present study, we focus on the regioselectivity of
aza[60]fulllerenes as well, but contrary to the study of Liang et
al.32 where several computations were carried on to identify the
most stable isomers, we have applied the newly proposed
reactivity En o indicator to predict the most possible positions
of attack. Because the CsoH,+ N (n = 0—4) systems have
multiple reactive sites, we have employed the reactivity transi-
tion tables proposed by Anderson et al.*® to provide a useful
way of showing how the most reactive sites change due to
variations on the number of electrons (AN) and on the parameter
k. To make a reactivity transition table is necessary to compute
the value of EAyq (see eqs 1 and 2) for every atom in the
molecule and for the entire chemically relevant range of choices
for the amount of electron transfer and the extent of electrostatic/
electron-transfer control.?? In this fashion, these tables contain
the smallest values calculated for EAy,, which correspond to
the most reactive atoms in the molecular system. Thus, the
reactivity Zjy indicator has been applied to study the pattern
of hydrogen addition onto CsoH,+|N (n = 0—4) systems, and
our results reveal that the multiple additions are only feasible
up to a CsoHsN (tetraddition) product.

2. Theoretical Background

The electronic Fukui function, f(r), can be interpreted either
as the change of the electron density p(r) at each point r when
the total number of electrons is changed or as the sensitivity of
a system’s chemical potential to an external perturbation at a
particular point r,

fin= [ap(r)] N [(3V(r) 3)

which is normalized, that is, [f(r) dr = 1.

Because of the N-discontinuity problem of atoms and
molecules,>” 3 the introduction was necessary of both right-
and left-hand side derivatives,'? both to be considered at a given
number of electrons, N = Nj:

) dp(n1+
o= N b 4

for a nucleophilic attack provoking an electron increase in the
system and

) p(nN1~
= N b )

for an electrophilic attack provoking an electron decrease in
the system. Recently, Ayers*’ carried on the differentiation of
the energy function with respect to irrational numbers of
electrons; the implications of that analysis were discussed on
the response properties (e.g., Fukui function, electronegativity)
used in the conceptual DFT.

In this fashion, the evaluation of expressions 4 and 5 is quite
complicated. On the basis of the idea of integrating the Fukui
functions over atomic regions with population analysis and
combined with the finite difference approximation, Yang and
Mortier? introduced the atomic condensed form of the Fukui
function as follows:

f=g N+ 1)— g, (6)
=g, —g,nN-1) @)

where g, (N) denotes the electronic population of atom a of the
reference system.
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SCHEME 1: Schlegel Diagram for Numbering of Atoms
in the Azahydro[60]fullerene Systems

Because DFT is well-suited for the use with noninteger
occupations, the analysis of the condensed Fukui functions can
also be implemented by computing the finite differences
according to the following expressions:

D =[N+ AN) = G, (N)]/AN 8)
[ =[@(N) — Go(N — AN)}/AN )

Thus, expressions 6 and 7 are a special case of eqs 8 and 9
with AN = 1.

3. Computational Methods

The gradient-corrected functionals of Becke exchange*! and
Lee—Yang—Parr correlation*? were used to approximate the
electronic density of the CsoH,+ 1N (n = 0—4) systems. To see
the effects on electron density by a change due to correlation
effects, we have also tested possible variations employing the
Tsuneda—Suzumura—Hirao*? one-parameter progressive cor-
relation functional (in conjunction with the Becke exchange;
BOP for short). The basis set employed was a double numerical
basis set with added polarization functions on all atoms (DNP).*
This basis set includes as polarization functions a p-function
on hydrogen and a d-function on carbon and nitrogen (all-
electron treatment). Then, the calculated electronic densities are
used to determine the values of the condensed Fukui functions.
For all computations, we employed the DMol3 DFT software
implemented in the Materials Studio Modeling 3.1 package from
Accelerys, Inc.?

A fine numerical integration grid (yielding more than 5000
points/atom) was employed. Convergence tolerance and orbital
cutoff quality were set to fine, and global orbital cutoff (i.e.,
3.7 A) was employed as defined by the numerical basis set.
We have recently tested this theoretical approach to study
interactions in carbon nanotube-related systems,*¢*’ and we
found that these methods are ideal in dealing with carbon
derivatives. For the open-shell systems (e.g., CsoH,N and
CsoHyN), the computations were performed within the spin-
unrestricted formalism. Vibrational frequencies were computed
for all optimized structures to ensure that true minima were
found. The numbering of the CsoH,+ 1N (n = 0) system (for a
Cs point of group symmetry) is shown in Scheme 1.
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Finally, the values of ZAyq (eqs 1 and 2) were computed
employing the Fukui functions as expressed in eqs 8 and 9 (with
AN = 0.1).*® Because the use of fractional charges for
computing Fukui functions has not been well-established, in
the present study, we only employed the value of 0.1 for AN in
egs 8 and 9. However, recently, it has been found*® that the use
of full electron treatment leads to errors of up to several hundred
percent in the value of chemical potential as well as errors of
about 5% in the atomic Fukui values. Although the current
DMol3 version can control fractional values of AN, a clear
advantage of using a value of AN = 0.1 can be inferred just by
monitoring the speed of SCF computations as well as the
advance of SCF convergence.

4. Results and Discussion

The reactivity in molecular systems such as isoquinoline has
been studied mainly within the frontier-orbital®® and Fukui
functions®® frameworks. The Fukui function, & (r), will be
larger at regions in the molecular system, which are minimally
destabilized by removal of electrons; in other words, the Fukui
function predicts that these regions [where £ '(r) is the largest]
are susceptible to electrophilic attacks. However, using the
reactivity indicator, =y, Anderson and co-workers3%>! studied
the reactivity in isoquinoline®® as well as in ambidentate
nucleophiles and electrophiles.®® The authors employed the
B3LYP/6-31G(d) level of theory to achieve a local minimum
and then derived atomic charges from two different groups,
namely, from methods that partitioned the density matrix [e.g.,
MPA>? and natural population analysis (NPA)*3] and methods
forfitting the electrostatic potential (e.g., Merz—Singh—Kollman>*>
and ChelpG, CHG>®). Thus, the authors were able to explain
the experimental regioselectivity on isoquinoline without too
much difficulty,®® and the application of =4y in ambidentate
molecules was very useful.’! Because our BLYP/DNP computa-
tions use a unique approach to electrostatics and integration
points generated in a spherical pattern around each atomic
center, we decided to first test the reactivity also in isoquinoline
but using the atomic charges derived from the MPA>? and
Hirshfield’” partitioning techniques as these are implemented
in the DMol3 module.

4.1. Isoquinoline. The Fukui function, f () and the reactivity
indicator, EAy,, were analyzed and compared to verify their
reliability to predict the regioselectivity in neutral isoquinoline.
We use the gradient-corrected BLYP functional to approximate
the electronic density of isoquinoline, so that these densities
were employed to compute the values of £ and EAno- As a
whole, no changes in the general trend are observed when we
employ the BOP functional. As it is well-known, the Fukui
function predicts that electrophilic reaction occurs where f§
is the largest. By using Mulliken charges in eq 9, we found
that carbon 5 would be the most reactive site [fg) = 0.060].
However, by using the Hirshfield charges, we found that the
most reactive site is predicted to be carbon 3 [f&) = 0.093].
Experimentally, Dewar and Maitlis’®® showed that the most
reactive site is carbon 5, with a second reactive site at carbon
8 (carbon 4 is unreactive). Thus, we observe a concordance
between the Fukui values that were derived from Mulliken
charges and the experimental evidence; however, we note that
these values cannot correctly predict the whole reactivity order
as observed experimentally. For example, carbon 1 and nitrogen
atom were predicted to be the places with the second highest
reactivity, so that the reactivity order as calculated with MPA
(i.e., Mulliken charges) follows the sequence: C5 > C1 (=N)
> (C3. With respect to the Fukui values derived from Hirshfield
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Figure 1. Fukui function, f)(r), plotted over an isodensity of the
isoquinoline molecule (at 0.017 au) as calculated at the BLYP/DNP
level of theory.

scheme, these also fail to predict the reactivity order. In
particular, carbon 4 (unreactive) and carbon 5 (the most reactive)
turned out to be equally the second reactive sites [f&?cs =
0.091]; meanwhile, carbon 8 (the second reactive site) was
computed as the third reactive site [fﬁfg) = 0.087]. The reactivity
order as calculated with Hirshfield scheme follows the sequence:
C3 > C5 (=C4) > C8. These results suggest that the Fukui
function cannot predict the observed reactivity in isoquinoline.
Figure 1 shows £ (r) plotted over the isodensity of isoquinoline
(Hirshfield charges were employed). We can see that carbon 4
is slightly larger than that of carbon 8 (red zones), in
concordance with the previous report of Anderson et al.>® The
van der Waals surface of isoquinoline was modeled with an
isodensity surface at p(r) = 0.017 au. Because this surface
encloses good enough the van der Waals volumes of the
individual atoms, giving a good representation of the properties
computed, we have also employed this value (i.e., 0.017 au) to
model the respective van der Waals surface for all CsoH,+ N
(n = 0—4) systems (see Figures 2).

With respect to ZAy,q, we found that carbon 5 is the most
reactive for both MPA (E@;El,cs = —0.128) and Hirshfield
(EZT\I;I—]’CS = —0.186) cases. This means that Eyq, Which
combines information from the electrostatic potential and the
Fukui function, corrects the predicted reactivity as calculated
with f &_)(r). Unfortunately, ZAyq is unable to correct the
reactivity order. According to Anderson et al.,>* adding a proton
to isoquinoline (i.e., under experimental conditions, isoquinoline
forms ion-paired systems) leads to predictions into agreement
with the experimental results. Because our goal was to predict
the regioselectivity in neutral CsoH,+ N (n = 0—4) systems,
we did not consider the case of ion-paired isoquinoline systems.

Several studies®’~% have shown that the Hirshfeld partitioning
technique is significantly less basis set-dependent than most
other population analysis techniques such as MPA, NBO, or
molecular electrostatic potential (MESP)-based methods. For
instance, Roy and co-workers®*~% have demonstrated (at the
BLYP/DNP level of theory®%* and within the finite difference
scheme including AN = 1) that the use of the Hirshfeld
partitioning scheme can avoid negative condensed Fukui func-
tion values, thus solving the problem of interpreting the physical
sense of these indices. Ayers et al.%> also demonstrated that the
condensed Fukui functions f§-(N) are generally more reliable
reactivity indicators than the local Fukui functions f&)(r).
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In this fashion, we have employed the Hirshfeld partitioning
technique as a valuable tool to calculate reliable f, values as
indicated in eq 9. Thus, in the following subsections, we apply
the charges derived from the Hirshfield scheme to EAnq (as
indicated in eq 1) to predict the regioselectivity in neutral
CsoH,+1N (n = 0—4) systems.

4.2. CsoHN System. The main property of pristine Cg is its
high electrophylicity, which made possible the synthesis of many
derivatives via reductive chemical or electrochemical processes
as well as through addition of nucleophiles; thus, it seems
plausible that the indicator Zf\y,, will locate the appropriate sites
for a nucleophilic attack on Cgp-related compounds. However,
the parent fullerene Cgp undergoes electrophilic addition as well;
this characteristic reaction of Cgp takes place at 6,6-double
bonds. To afford information about the addition regioselectivity
onto CsoHN, the reactivity transition tables were compiled
similar to those reported by Anderson et al.’® These tables
provide data on reactivity: At a quantitative level, they describe
the relative favorability of the primary and secondary products,
whereas at a qualitative level, the tables characterize the phase
diagram for chemical reactivity. Tables 1, 2, 4, and 5 report
the EAn=<0.q Values (according to eq 1) for all CsoH,+ 1N (n =
0—4) systems, which all act as nucleophiles (i.e., AN < 0). Thus,
we employed the range —1 < AN < 0 with an interval of AN
= 0.1; meanwhile, in the range —1 < « =< 1, two units have
been used for the intervals of «.

In Table 1, the EAn<o. values were determined considering
that the CsoHN system acts as a nucleophile and the reaction
proceeds through an attack of a very strong electrophile (e.g.,
H™), so that an isomer of CsgH,N will be formed. The goal of
this section is provide information to help ensure which atom
specific will react with the electrophile. The specific identity
of the electrophile is not critical, however, so that it has been
replaced with a model perturbation in the method for deriving
the equations.®¢” Thus, in the beginning of the reaction, which
can be mostly electron transfer-controlled (k ~ —1), it appears
that carbon 6 and carbon 12 (equivalent atoms in symmetry
Cys) are the most reactive places. The respective values for these
atoms are in blues boxes in Table la, where the values of
EAn=0.0 denote the first choice of where the molecule is most
reactive. Our results are in concordance with the previous AM1
study,3? which determined that the most energy-favored adduct
is the one with carbon 6 as the first added site. In Table 1a, the
parameter k comprises the entire spectrum of chemical reactivity

from k = —1 (electron-transfer control) to k = 1 (electrostatic
control). As shown, the regioselectivity at C6/C12 atoms is
preserved only up to a value of k = —0.4 where a combination

of electrostatic and electron transfer results in the maximum
amount of charge transferred of 0.7e. This means that if the
electrophile becomes softer and electrostatic interactions appear
(i.e., k = 0) then the nitrogen atom would be the preferred
reaction site. In this case (i.e., ¥ & 1), the classical Coulombic
interactions of the occupied orbitals of both reagents will control
the addition of electrophilic reagent on nitrogen; nevertheless,
this bonding has not been experimentally or theoretically
reported. For this reason, we also considered the second most
reactive atom, which is the atom that has the second smallest
value for EAy<0,q. In this fashion, we have summarized in Table
1b the values of EAy<oq for the atom, which is the second choice
(yellow boxes). We can see that the differences between the
values of EAy<oq for the first choice (i.e., C6/C12) and the
second choice (i.e., C25) are relatively large; thus, we expect
that the addition of HT onto CsgHN can only occur at C6/C12.
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Figure 2. Optimized structures (left) at the BLYP/DNP level of theory and isodensities plotted (at 0.017 au) over f(r) (center) and HOMO

(right) functions for the CsoH,+1N (n = 0—4) systems.

As explained, larger f, values at a site favor reactivity at that
site. However, in the frozen core approximation, the FMO
theory'# is equivalent to the assumption that it is favorable for
Jo to be large at a site, where the incoming reagent will produce
the biggest change in the system [e.g., fT(r) & puomo(r)].
Figure 2 shows the isodensities for CsoH,+ 1N (n = 0—4) systems
plotted (at 0.017 au) over f(7)(r) and the highest occupied
molecular orbital (HOMO), center and right, respectively. The
preferred sites governing electrophilic attacks are localized in
the red zones. For the case of CsoHN (Figure 2a), on one hand,
we can see that the largest f(7)(r) values are localized not only
at C6/C12 atoms but also at the hydrogen position. On the other
hand, the HOMO isosurface (right) shows that the reactivity is
localized only at C6/C12 atoms. Meanwhile, the corresponding
Fukui values (computed using the Hirshfeld scheme) for C6/
C12 and H atoms are fteci» = 0.038 and fii’ = 0.023,
respectively, and the computed charge for H atom is a positive

value (gH™"e'd = (0.043). This result shows the inadequacy of

the well-known frontier-controlled vs charge-controlled di-
chotomy for describing regioselectivity in aza[60]fullerene
systems. More detailed examples where orbital relaxation is an
important contribution to the Fukui functions can be found
elsewhere.2#2>:68

As previously mentioned, using the EAy<oq indicator, the
reactivity in CsoHN is predicted to be equitably at C6/C12 atoms,
and the reason that explains why these atoms are susceptible to
electrophilic additions can be explained in terms of resonance.
Because the lone pair of electrons on nitrogen atom is conjugated
with two double bonds localized on the C6—CS5 and C2—C12
atoms, some degree of delocalization is observed in the system.
In this way, electrophiles react with the unshared electrons
temporally localized on C6/C12 atoms, which behave as
carbanions. According to Hirshfeld and MPA schemes, the
lowest charges are localized on C6 and C12 atoms, and the
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TABLE 1: Reactivity Transition Tables (Part a, First Choice; Part b, Second Choice) Calculated for the CsoH,+ N (n = 0)
System as a Nucleophile and Using the Hirshfield Scheme in the Population Analysis

(@)

-0.073 -0.076

-0.066 -0.068

-0.059 -0.061

-0.052 -1.053

-0.046 -0.046

-0.039 -0.038

-0.032 -0.030

-0.025 -0.023

-0.018 -0.015

-0.011 0008

-0.007

AN 1.0 0.8 0.6 0.4

-1.0 -0.073 -0.072 -0.070 -0.069

-0.9 -0.073 -0.071 -0.069 -0.067

-0.8 -0.073 -0.070 -0.068 -0.065

-0.7 -0.073 -0.070 -0.067 -0.064

-0.6 -0.073 -0.069 -0.065 -0.062

-0.5 -0.073 -0.069 -0.064 -0.060 -0.040
-0.4 -0.073 -0.068 -0.063 -0.058 -0.033
-0.3 -0.073 -0.067 -0.062 -0.056

-0.2 -0.073 -0.067 -0.061 -0.055

-0.1 -0.073 -0.066 -0.059 -0.053

0.0 0.073 -0.066 -0.058 -0.051

Nitrogen Carbon 6 (= Carbon 12)

K
AN 1.0 0.8 0.6 0.4 0.2 0 -0.2 -0.4 -0.6 -0.8 -1.0
-1.0 -0.024 -0.026 -0.029 -0.032 -0.034 -0.037 -0.039 -0.042 -0.045 -0.047 -0.050
-0.9 -0.024 -0.026 -0.028 -0.030 -0.032 -0.034 -0.036 -0.039 -0.041 -0.043 -0.045
-0.8 -0.024 -0.025 -0.027 -0.029 -0.030 -0.032 -0.033 -0.035 -0.037 -0.038 -0.040
0.7 0.024 | 0025 [ -0.026 | -0.027 | -0.028 | -0.029 | -0.030 | -0.032 | -0.033 | -0.034 [ -0.035
-0.6 -0.024 -0.024 -0.025 -0.026 -0.026 -0.027 -0.027 -0.028 -0.029 -0.029 -0.030
-0.5 -0.024 -0.024 -0.024 -0.024 -0.024 -0.024 -0.024 -0.025 -0.025 -0.025 -0.025
0.4 0.024 | -0.023 | -0.023 | -0.023 | -0.022 | -0.022 | -0.021 | -0.021 | -0.021 | -0.020 | -0.020
-0.3 -0.024 -0.023 -0.022 -0.021 -0.020 -0.019 -0.018 -0.018 -0.017 -0.016 -0.015
-0.2 -0.024 -0.022 -0.021 -0.020 -0.018 -0.017 -0.015 -0.014 -0.013 -0.011 -0.010
-0.1 -0.024 -0.022 -0.020 -0.018 -0.016 -0.014 -0.012 -0.011 -0.009 -0.007 -0.005
0.0 -0.024 -0.021 -0.019 -0.017 -0.014 -0.012 -0.009 -0.007 -0.005 -0.002
Carbon 25

TABLE 2: Reactivity Transition Table Calculated for CsoH, ;N (n = 1) as the Nucleophile and Using the Hirshfield Scheme in

the Population Analysis

-0.060
-0.054
-0.049
-0.044
-0.038
-0.032

-0.066
-(L.060
-0.053
-0.047
-0.040
-0.034

-0.065
-0.058
-0.050
-0.043
-0.036

-0.027 -0.027 -0.029

0,023 -0.021 -0.022

-0.018 -0.014 -0.014

-0.012 -0.008 -0.007

-0.007 -0.004
Carbon 18

TABLE 3: Electronic Energies for the CsoH,,+ N (n = 2—4)
Systems as Calculated at the BLYP/DNP and BOP/DNP

AN 1.0 0.8
-1.0 -0.055 | -0.053 0.054  -0.,057
-0.9 -0.055 -0.053 -0.050 -0,052
-0.8 -0.055 | -0.052 0.046  -0.048
0.7 -0.055 | -0.052 0.042  -0.043
-0.6 -0.055 | -0.052 0,038 -0.038
-0.5 -0.055 -0.051 -0.034 -0.034
0.4 -0.055 | -0.051 0.030  -0.029
-0.3 -0.055 | -0.051 -0.024
-0.2 -0.055 -0.050 -0.020
-0.1 -0.055 -0.050
0.0 -0.055 | -0.050
Carbon 4 Carbon 12
computed charges on these atoms are qgg{%fal" = —0.023 and
gl = —0.034, respectively. In this fashion, our results Levels of Theory

confirm the reliability of Ey<o indicator for predicting the
reactivity in the CsoHN system.

4.3. CsoH,N System. As regards CsoHoN (where the second
hydrogen was positioned on carbon 6), this system was not
considered by Liang et al.’> However, on the basis of the
calculations for the heats of formation of CsoHsN, the authors
predicted that 1,2-adducts are more stable than 1,4-adducts
except for 6,18-isomer. Table 2 shows the Eiy<¢q values for
the CsoH,N system, where it acts as a nucleophile and the
reaction will proceed to form CsoH3N. In this fashion, to form
the most energy-favored adduct, we expected that the smallest
EAn=<0.0 Values are for a particular carbon, which leads to form
any 1,4-adduct. In fact, according to the values shown in Table
2 (blue boxes), the most reactive site for an electrophilic attack
is mainly localized at carbon 18; thus, the isomer 6,18-isomer
is formed. We can see that the regioselectivity of carbon 18 is

AE (kcal mol™1)

isomer adduct BLYP AAE¢ BOP AAE*¢
6,184 1,4 —18.58 —16.52
16,17 1,2 —17.36 1.2 —15.60 0.9
21,40° 1,2 —16.92 1.7 —14.85 1.7
6,18/15 1,4/1 —24.20 —22.15
6,18/12 1,4/1 —21.01 32 —18.95 32
6,18/12,15 1,4/1,4 —26.82 —24.99
6,18/3,15 1,4/1,2 —12.78 14.0 —10.72 14.3

@ Equivalent to the 12,15-isomer. » Equivalent to the 30,31-isomer.
¢ Difference between the isomers and the most energetically stable
structure.

dominant up to a value of k = —0.6, which is a condition for
reacting through electron transfer (i.e., AN = —0.4). This
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TABLE 4: Reactivity Transition Table Calculated for CsoH, N (rn = 2) as the Nucleophile Using the Hirshfield Scheme in the

Population Analysis

Contreras-Torres et al.

-0.080
-0.073
-0.066
-0.058
-0.051
-0.044
-0.037
-0.030
-0.022
-0.015
-0.008

-0.085
-0.077
-0.069
-6l
-0.053
-0.045
-0.036
-0.028
-0.020
-0.012
-0.004

-0.092
-0.081
-0.074
-0.064
-0.055
-0.046
-0.037
-0.028
-0.018
-0.009

AN 1.0 0.8 0.6 0.4
-1.0 -0.071_| 0070 | -0.069 | -0.069 0,070 -0.075
-0.9 -0.071 -0.069 -0.068 -0.067 -0.065 -0.069
0.8 0.071 | -0.069 | -0.067 | -0.065 0,059 -0.062
0.7 0.071_| -0.068 | -0.066 | -0.063 -0.056
-0.6 -0.071 -0.068 -0.064 -0.061 -0.050
-0.5 -0.071 -0.067 -0.063 -0.059
0.4 0.071_| -0.066 | -0.062 | -0.057
-0.3 0.071 -0.066 -0.060 -0.055
-0.2 0.071 -0.065 -0.059 -0.053
0.1 0.071 | -0.064 | -0.058 | -0.051
0.0 -0.071 -0.064 -0.057 -0.050 . .

Carbon 4 Carbon 12

Carbon 15

TABLE 5: Reactivity Transition Table Calculated for CsoH, 1N (2 = 3) as the Nucleophile Using the Hirshfield Scheme in the

Population Analysis

K

AN 1.0 0.8 0.6 0.4 0.2 0

-1.0 -0.089 -0.089 -0.089 -0.088 -0.088 -0.088 -0.101 -0.118 -0.135 -0.152
-0.9 0.089 | -0.088 | -0.087 -0.086 -0.084 | -0.083 -0.090 -0.106 -0.121 0.137
-0.8 -0.089 -0.087 -0.085 -0.083 -0.081 -0.079 -0.080 -0.094 -0.108 -0.122
0.7 -0.089 -0.086 -0.083 -0.080 -0.078 0.075 -0.069 -0.082 -0.094 -0.106
-0.6 0.089 | -0.085 | -0.082 -0.078 -0.074 | -0.070 -0.069 -0.080 -0.091
-0.5 -0.089 -0.085 -0.080 -0.075 -0.071 -0.066 -0.057 -0.067 0076
-0.4 -0.089 -0.084 -0.078 -0.073 -0.067 -0.062 -0.053 -0.061
-0.3 -0.089 | -0.083 -0.077 | -0.070 -0.064 -0.058 -0.039 -0.046
-0.2 -0.089 | -0.082 -0.075 -0.068 -0.060 -0.053 -0.026 -0.030
0.1 -0.089 -0.081 -0.073 -0.065 -0.057 -0.049 -0L015
0.0 -0.089 | -0.080 | -0.071 -0.062 -0.054 | -0.045

Carbon 4 (= Carbon 3) Carbon 5 (= Carbon 2)

observation is consistent with the Fukui index computed [f¢1¢
= 0.036], which is the largest value found. The red boxes show
the values for EAy<o that corresponds to carbon 12, which
has the smallest values for ZEiy<oq at 0 < x < —0.4. As we
can see, the reactivity for this atom is a combination of
electrostaic and charge transfer factors; this means that if the
electrophile is not strong enough, the reaction can occur
preferentially at this site. These results suggest that the elec-
trophilic substitution on CsoH,N can lead to two isomers
provided that the reagent is not sufficiently hard. For example,
because the partial charge at carbon 18 is neutral (qgifg“hfe'd =
—0.001), the resonance between the charges of carbon 5 (q]c{?Shfeld
= 0.049), the lone pair on N (gh™"ed = —0.017), and carbon
12 (gHlishfeld = —0.018) allows for the charge on carbon 12 to
be temporarily positive; thus, this atom can react with the
reagent. The Fukui indexes computed for carbons 12 and 5 are
fcla = 0.033 and £ = 0.028, respectively. In Figure 2b are
shown (in red color) the zones governing electrophilic attack.
As in the case of CsoHN, we plotted its isodensity over the
computed f(r) and HOMO functions. We can see that both
isodensities are different due to the fact that basically two
reactive sites appear with f7)(r) and only one site with HOMO.
This result shows, on one hand, that the dichotomy of an
equivalent assumption for f)(r) & ppomo(r) is not applicable
in aza[60]fullerenes and, on the other hand, the validity of the
EAv=0,0 indicator for predicting reactivity in molecules with
multiple reactive sites. Finally, in comparison with CsoHN where
the nitrogen atom is the most reactive one at k¥ &~ 1 conditions,
for the CsoH,N molecule, it appears that carbon 4 is the
preferential site (i.e., Zv<o.cs = —0.055).

4.4. CsoH3N System. The next reaction step considered is
the addition of hydrogen onto CsoHoN to form CsgH3N.
According to the energies of formation calculated by Liang et
al.3? at the levels AM1 and MNDO, the CsoH3;N system has

several isoenergetic isomers. The authors studied 16 possible
1,2-adducts and 30 possible 1,4-adducts of pairs of hydrogen
atoms onto CsoHN and found that the 6,18-isomer is the
energetically most favored adduct with respect to the second
(16,17-) and third (21,40-) isomers in ca. 3.5 kcal mol~!. To
verify this result, we studied at the BLYP/DNP and BOP/DNP
levels of theory only the three most stable isomers of CsoH,,+ N
(n = 2) as previously predicted by the AM1 and MNDO
methods. In Table 3, we report the respective electronic energies
of the isomers as calculated at the GGA-DFT methods listed
above (for numbering, see Scheme 1). As a whole, the 6,18-
isomer (AEBLYP = —18.6 kcal mol '), which is the 1,4-adduct,
is more stable than 1,2-adducts in ca. 1.5 kcal mol™! (see the
differences between the isomers and the most energetically
stable structure, AAE, in Table 3). Thus, the stability of 6,18-
isomer with respect to the 16,17-isomer (AEBLYP = —17 .4 kcal
mol ') is higher by ca. 1.2 kcal mol™!, and with respect to the
21,40-isomer (AEBLYP = —16.9 kcal mol™1), it is higher by ca.
1.7 keal mol™!. Clearly, the difference of ca. 1 kcal mol™! with
respect to the values reported by Liang et al.’? is due to the
levels of theory employed. Finally, computing their harmonic
normal modes of vibration assessed the structural stability and
feasibility of 6,18-, 16,17-, and 21,40-isomers. The lowest-lying
normal vibration for each of the isomers was found to be at
227,223, and 221 cm™!, respectively. The absence of imaginary
frequencies indicates that all of the optimized structures are truly
local minima.

Starting from CsoH3N, it is possible to obtain 77 possible
adducts (27 and 50 isomers, respectively, for 1,2- and 1,4-
adducts) for CsoHsN. The situation becomes most complicated
if we want to know which is the most stable isomer for CsoH4N
as well as CsoHsN systems. Moreover, if we assume a further
addition to CsgHsN, then a total of 38 isomers of CsoH7;N are
possible to obtain. Thus, it is clear that the computing becomes
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highly demanding if high theoretical levels are used. In this
way, rather than to study all possible isomers (e.g., 46 isomers
for CsoH3N), we applied the EAy<oq indicator to attempt a
theoretical prediction of the regioselectivity in CsoH3N.

The EAy=0.0 values calculated for the 6,18-isomer of CsoHsN
are shown in Table 4. We can see that the electrophilic attack
is favored at carbon 15 through a pure electron-transfer regime
(i.e., k = —1). Meanwhile, the combination of charge transfer
with a little contribution of electrostatic makes possible that
the reaction will occur at carbon 12. The Ejy<oqvalues
calculated for C15 and C12 are shown in the blue and red boxes,
respectively. As for the CsoH,N case, we observed that carbon
4 is the most reactive site for reacting through a pure electrostatic
control (see values in the white boxes). Figure 2c shows the
isodensity plotted over the computed f(7(r) and HOMO
functions for the 6,18-isomer of CsoH3N. On one hand,
according to the isosurface plotted over f()(r) (center), it
appears that not only carbon 15 is a reactive site but also carbon
12 (see red zones). On the other hand, according to the HOMO
isosurface (right), we see that only carbon 15 is a reactive site
in the molecule. The question whether Kohn—Sham orbitals'>
have a physical meaning was extensively discussed elsewhere
(see, for example, ref 69). The main limitation for predicting
where a reaction will take place using FMO theory! is that it
validates the orbital model without incorporating electron
correlation and orbital relaxation quantum effects. However, a
different picture comes from the charge partitioning (by Hir-
shfeld scheme), which suggests that carbon 12 (qgiffhfeld =
—0.020) is the reactive site to add electrophiles due to the fact
that it is three times more negative that carbon 15 (qgi{;hfsld =
—0.007). Through a pure electron-transfer mechanism (i.e.,
= —1), the contribution of the qE,?,)Cleophﬂe,a values into the first
term of eq 1 is null, so that the equation can be reduced to
Eav=00= 2ANf(rﬂl)Cleophile,a. Because the Fukui potential is usually
large at the same sites where the Fukui function is large, electron
transfer-controlled reactions tend to occur where the Fukui
function is large.? The Fukui indexes computed for carbon 15
and 12 are f Gk =0.046 andfgl)z = 0.045, respectively, which
suggests that both atoms are almost equivalent for reacting with
electrophiles, in concordance with the prediction of Ejy<o.«
indicator. Thus, the Fukui functions developed by Parr and
Yang!>!3 in principle are far more valuable tools for predicting
regioselectivity in the CsoH3N system at x = —1.

4.5. CsyHyN and CsoHsN Systems. Because there is virtually
no difference for the predicted reactivity on carbons 12 and 15,
the hydrogen addition will lead to two possible isomers of
Cs9H4N. To verify which of the isomers is most energetically
preferred, we also computed their respective formation energies
by using the expression AE = EcunN — (EcsmN T En,). We
found, at the BLYP/DNP level of theory, that there is a
difference of ca. 3 kcal mol™! (at 0 K) between the isomers,
6,18/15-isomer being the most stable structure (AEBLYP = —24.2
kcal mol™"). Likewise, at the BOP/DNP level of theory, the
difference of energies between the isomers, AAE, is ca. 3 kcal
mol~! (see Table 3). The mean absolute deviation for the BLYP
and BOP methods for a set of molecules was calculated® to be
ca. 3 kcal mol~!; consequently, the 6,18/12- and 6,18/15-isomers
can be considered as isoenergetic so that the addition can equally
occur at both positions (i.e., C12/C15).

The next addition step on either the 6,18/12- or the 6,18/15-
isomer leads to the formation of CsoHsN compounds. The
experimental observation of CsoHsN was reported by Vasil’ev
and co-workers.” The latter study suggests that increasing the
degree of hydrogenation reduces electron affinity of azafullerenes,
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so that the highest degree of hydrogenation is the one in CsoHsN.
The authors suggested that the lowest-energy structure for
CsoH5N corresponds to 6,18/12,15-isomer. In addition, Reuther
and Hirsch”! found in the chlorination of monoarylated
azafullerenes that up to five addends occupy the 1-, 6-, 18-,
12-, and 15-positions, supporting the structure proposed in other
studies.?>79 With respect to the theoretical studies, Liang et al.3?
found at the levels AM1 and MNDO that 6,18/12,15-isomer
(i.e., 1,4/1,4-adduct) of CsoHsN is more energetically stable than
the second most stable 6,18/3,15-isomer (i.e., 1,4/1,2-adduct)
by ca. 14 kcal mol~!. To know the relative stability of the 6,18/
12,15-isomer with respect to the 6,18/3,15-isomer, we calculated
their electronic energies at the BLYP/DNP and BOP/DNP levels
of theory (values shown in Table 3). Here, we can see that 6,18/
12,15-isomer (AEBXYP = —26.8 kcal mol™!) is more stable by
ca. 14 kcal mol~! than 6,18/3,15-isomer (AEBLYP = —12.8 kcal
mol '), a difference that agrees very well with the previously
reported AMI results.?? The high stability of the 6,18/12,15-
isomer can be attributed to a high electronic density at its 657
central pentagonal ring, which also suggests that this isomer is
an aromatic compound.” According to our results, the optimized
N—C bond lengths in this compound notably are shorter that
the ones in CsoHN. For example, at the BLYP/DNP level of
theory, the length of the C2—C3 and C4—CS5 bonds is 1.384
A: meanwhile, the length of the same bonds in CsoHN is 1.441
A. The lengths of N—C9, C2—C12 (C5—C6), and C3—CI15
(C4—C18) bonds in CsoHsN are 1.491, 1.509, and 1.512 A,
respectively. Moreover, we found a planar configuration for the
central pyrrole moiety (i.e., the dihedral angle IN—C2—C3—C4
is 0.0°), which is surrounded by the sp? carbons 6, 12, 15, and
18. This result implies that the pentagonal ring in the center
creates an aromatic five-membered pyrrolelike structure. The
optimized geometry as well as the isodensity plotted in
conjunction with the computed f)(r) (center) and HOMO
(right) for the 6,18/12,15-isomer of CsoHsN are shown in Figure
2d.

As regards Eiy<oq values calculated for the 6,18/12,15-
isomer (values are shown in Table 5), we can see that apparently
carbon 2 as well as carbon 5 would be the next reactive sites
toward electrophiles. It is interesting to analyze the differences
between the use of Efy<o, indicator?®3% and energetical-only
considerations3? for predicting the regioselectivy in CsoH, 4N
systems. According to the values shown in Table 5, the reactivity
on C2/C5 is mainly due to an electron-transfer control;
meanwhile, C3/C4 will be reactive only if an electrostatic control
appears. The charge partitioning by Hirshfeld method considers
that carbon 2 and carbon 5 are unreactive sites in the molecule.
The charges, q&““hfeld, on these atoms are 0.009 and —0.045,
respectively. At the same time, we found that in CsoHsN both
carbons 2 and 5 have the same highest Fukui indexes (i.e., f cy
= 0.076). Moreover, the second highest values calculated for
the Fukui indexes are for carbon 3 and carbon 4 (i.e., f&3jcs =
0.043). On the basis of the energetical considerations proposed
by Liang et al.,?? the authors concluded that the following next
favorable structure from CsoHsN is the 6,18/12,15/44,45-isomer.
However, according to the EAy<oq values calculated by us for
carbons 44 and 45, we can see that these atoms are unreactive
sites at both k = —1 (electron-transfer) and ¥ = 1 (electrostatic)
conditions. In particular, at the k = —1, the values calculated
for carbon 44 and carbon 45 are 527\;1_1,@4 = —0.030 and
EZ?VLI_LC45 = —0.026, respectively, which means that these
atoms are about five times less reactive than carbon 2 and carbon
5.
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From Figure 2d, it appears that no differences between the
isodensities plotted with the f()(r) values and HOMO function
are observed. This means that HOMO electron density (right),
which is mainly localized on the C2—C3 and C4—C5 bonds,
also predicts a localized regioselectivity for reacting with
electrophiles at these sites. Experimentally, the formation of
isomers higher than CsoHsN has not been reported, which can
be explained by the formation of pyrrole nucleus in CsoHsN
system, which provides a high stability for the structure. As it
is well-known, the pyrrole molecule undergoes electrophilic
aromatic substitution predominantly at C2/C5 atoms; therefore,
we believe that further possible reactions of CsoHsN can be
arylation or cycloadditions!->* rather than the addition of H.
As an example, the covalent linking of CsoHsN with porphyrin
derivatives upon thermal activation might be of a particular
practical importance, since related systems exhibited long-lived
intramolecular charge separation that can be applied in CsoHsN-
based donor—acceptor photovoltaics ensembles.”?

Finally, we showed that the application of the general-purpose
reactivity indicator helps to avoid tedious systematic analysis
of possible addition sites in the systems studied (i.e., azahydro[60]-
fullerene derivatives). Thus, the indicator Zy o helps to provide
theoretical insights into the multiple addition onto CsoH,+ N
(n = 0—4) systems without comparing formation energies for
numerous possible isomers, which implies a significantly
reduced computational time and human effort. We believe that
this indicator is an effective reactivity tool and should be added
to the toolbox of chemists working on reactivity. However, the
theoretical description of chemical reactivity indicators (descrip-
tors) is nowadays an active area of research (thanks mostly to
Parr and Yang’s!'>!3 papers); thus, it is certainly important to

—

establish whether Ej\y o is indeed of “general purpose”.

5. Conclusions

In the present study, we attempt to give some insight of the
regioselectivity in the azahydro[60]fullerene derivatives. In this
fashion, the general-purpose reactivity indicator, Efn<0.q
proposed by Anderson et al.?° was applied to study electrophilic
addition reaction of hydrogenation on CsoH,+|N (n = 0—4)
systems. Thus, we predicted the preferential addition sites at
every hydrogenation step. The values of ZAy=<¢  indicator were
derived from the Fukui indexes and partial atomic charges
calculated with the electronic densities at the BLYP/DNP and
BOP/DNP levels of theory. In the first system considered, that
is, the CsoHN molecule, according to the calculated EAy<o.q
values, carbons 6 and its equivalent carbon 12 are the preferred
sites for reacting with electrophiles. Then, carbon 18 is the most
reactive site whose hydrogenation leads to 6,18-isomer of
CsoH3sN. Finally, the predicted regioselectivty in CsoH4N and
Cs9HsN structures shows that 1,4-adducts are preferred for the
addition of pairs of hydrogen atoms onto CsoH,+|N (n = 0—4)
systems. We show that the multiple additions are only feasible
up to a CsoHsN (tetraddition) product; consequently, the
application of this indicator helps to avoid systematic compu-
tational studies by comparing energies of formation in multiple
isomers. A comparison with Fukui functions as well as with
HOMO electron density suggests a better performance of the
EAv=0,0 indicator for predicting reactivity in molecules with
multiple reactive sites, such as azafullerene derivatives.
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