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A first ab initio density functional B3LYP/LACVP theoretical rationalization concerning the determination

of the active sites of nickel(ll) tetraazadinaphtho[14]annulene (NI¥) and its protonated derivative (NiN
CHzHjtranstrans’™), when they are submitted to a reduction or an oxidation process, is presented. Condensed
Fukui functions (: andf ) using the approximations given Iigozen coreg(fc) andfinite difference(fd) are

applied to determine the reductor and oxidant sites. The obtained restifsaofdf, for the nonreduced
NiN4CH; and reduced NibCH;~ species, respectively, predict the nickel atom and the four azomethynic
carbon atoms as the most probable active sites, in agreement with experimental results using the pulse radiolysis
technigue. However, in the protonated structure a different result is found. The nickel atom appears as the
unique active site, a reductor site in NiBHzH transtrang* and an oxidant site in NiNCHzH transtrans'.

We also found that botfc andfd predict the same trend, demonstrating that they are completely valid to be
used in the subject of metal complexes and verifying the validity of the partitioning scheme of natural bond
orbital used.

1. Introduction the ligand. We also did a quantum study of Ni(ll) tetraazadi-
naphtho[14]annulene methyl substituted (D@¥3) and their
four protonated derivatives (NUECH3H22"),2 the isomersis—

cis, cis—trans andtrans—trans where the positions of the two
hydrogens are referred with respect to the naphthalene rings,
and the structure with the hydrogens located on the methylenic
carbons named ablinC. In that study, we calculated the
electronic spectra of NifCH3; and the four structures NiN
CH3H 2" using the ZINDO/CI formalism. Then, we compared
the theoretical results with the electronic spectra observed
experimentally for NiNCH3 and the protonated compound. The
predicted spectrum of NiXCH3 was very similar to that obtained

Transition metals, in view of their stereochemical versatility
and rich redox reactivity, have an active part in small molecule
binding and transport, electron transfer triggering, and fine and
selective catalysis due to their structural similarity to active sites
of naturally occurring in metalloproteins and metalloenzymes.
Thus, the constant interest in the chemistry of the macrocyclic
complexes is high71° The transition metal complexes of
tetraaza[l4]annulene have attracted much attention for its
similarity with porphyrins and corrins in biological systems and
their utilities as model compounds in supramolecular systems

and material sciencé-14 Among the synthetic metal macro-

cycles, those containing the tetraazadibenzo[14]annulene systen‘?Xpe”menta”y’ and therefore, a QOOd agreement between them
have been studied extensively for the last 3 decades, since theV@s found. In the case of the predicted spectra for the protonated
first preparation in 1969 for @®r® is very important stands structure, we foun_d that theeans—trans isomer presents the
out against other macrocycles for its synthetic accessibility and best agreement W'th the observed spectrum corresponding to
high yield15-17 Insufficient attention seems to be given to how the pro;onateld SPEcies. L ) .
the ligand structure modifications affect the metal complexes Fukui f_unct|on_|s a local reactivity index t_hat was defl_ned n
reactivity and in particular its catalytic activity. From this point e density functional theory (DFT) formalisirand provides

of view, we have worked with the synthetic macrocycles derived information about the more reactive sites of a molecular system.
from tetraazadibenzo[14]annulene, that is those containing the TS index has been applied previously by us in successful way

tetraazadinaphtho[14]annulene system and its-duéde equi- to oth_er transition me_tals_macrocyc@s.” The information that

librium (see Figure 1). These macrocycles are particularly Fukui fun_c_t|ons provide |s_re|evant when_ one W|s_hes to know
interesting due to its extendedconjugated system which plays the reactivity qf a system in terms of their oxidation sites and
an important role in the electro- and photoactivation of carbon of their reduction sites. . ) .
dioxide (CQ).282° In a previous pape¥ using pulse radiolysis Molecular systems such as methyl substituted Ni(ll) tetraazadi-

technique on Ni(ll) tetraazadinaphtho[14]annulene, we found ”aPhthP[“]arP““'e”e Z(DMEH@ and theirh fo_ur p][otoEat?d
that the reduction of the metal complex is mainly favored by derivatives (NINCHsH,?") have been synthesized for the first
time in our laboratory, and there is no information available in

*To whom correspondence should be addressed. E_ma”:gcardena@the literature reported for these systems. The theoretical Study

lauca.usach.cl. _ . o that we present in this work for NiXCHz and itstrans—trans
Biol?g?gaﬁﬁmgpst%a%e dg‘"’s‘;?ﬁggeo ,\élst?;?]ﬁlees' Facultad de ‘Quca y protonated derivative NilCHsHatranstrans?* constitute the

# Laboratorio de Qumica Teaica, Departamento de Ciencias @ucas, second quantum study that we did for these systems; the first
Facultad de Qumica y Biologa, Universidad de Santiago de Chile. study that we did was performed at a Hartré®ck semiem-
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Figure 1. Acid—base equilibrium of NiBNCH; and its protonated derivative NiRHsH transtrans’*. The numeration of the most important atoms

has been included.

pirical level of theory using the ZINDO/CI methd8The main
contributions of the present work are as follows: () It is a study
done at the ab initio level of theory using the density functional
theory, which is widely proved in the literature to provide good
results. (b) It identifies the reduction and oxidation sites of both
molecular systems, which for us are relevant to carry out later
on one oxidatiorreduction study at a quantum chemistry
theoretical level that involves these molecules and other

substrates such as the carbon dioxide. At an experimental level,

we have started to study the reduction of carbon dioxide
mediated by these metal transition compleX&Ehe oxidation

and reduction sites are determined making use of the condensed

Fukui functions. (c) This study allows one to check the validity
of the two approximations usually used obtaining condensed
Fukui functions,frozen core(fc) andfinite difference(fd), on
large size molecular systems. (d) A full analysis is done studying
the effect of the theoretical level used in the geometry
optimization on the condensed Fukui functions.

2. Theoretical Background

Density functional theory initially was developed by Hohen-
berg and Koh?? and later by Kohn and Sha&fand provides a
considerable theoretical framework for deriving many quantum
chemistry properties. In the DFT context, the electron density
p(F) contains information about the molecular system properties
and takes a fundamental role in calculating chemical reacti-
vity.30-32 The Fukui functiorf (f), as was proposed by Parr and
Yang?!is a local reactivity index based in the DFT formalism,

ou

and it is defined as
_ (90(T)
ov(T)/n oN /,

whereu is the electronic chemical potentiay) is the external
potential, and\ corresponds to the total number of electrons.
From the reactivity viewpoint, Fukui function is a descriptor
that indicates the propensity of the electronic density to deform
at a given position to accept or donate electr&nIhe
application of a finite difference approximation t¢r) con-
densed to a given atomic regiok){* leads to the following
operational relations:

fr=pdN+1)—p(N) )
fr = 0(N) — p (N — 1) (3)

where py is the electronic population of the atoknevaluated
on the neutral species witN electrons, on the anion species
with N + 1 electrons, and on the cation species wWith- 1
electrons.f, is used to analyze the reactive sites for a

rn=| )

the molecule. On the other hand, if we use a molecular orbital
viewpoint and a frozen core approximat®®iis applied tof,
the operational formulas are

+ 1 ak 2 Bk 2
fi = fitumo = 197 Lumol” T 1¥7 Lumol

— ok S,k
=p Lumo T P Lumo
2

= Coktumo T CZﬂ,k,LUMO (4)
fie 2 firomo = 1¥*omol* + 1" omol’

= 0" omo + ™ Homo

= Cza,k,HOMO + Czﬂ,k,HOMO )

o andp are referred to the electron spin, and HOMO and LUMO
are the frontier molecular orbitals, HOMO is the highest
occupied and LUMO is the lowest unoccupied. Equations 4 and
5 have the advantage on egs 2 and 3 that they are easiest to
calculate since we only need the wave functions for the frontier
molecular orbitals of the ground state. The application of eqs 2
and 3 requires one to perform three theoretical calculations,
corresponding to the ground state)( cationic state — 1)

and anionic stateN + 1). Any approximation used for the
condensed Fukui function, eith&t (eqs 2 and 3) ofc (egs 4

and 5) applied on‘;r or f,, provides information about the
reactive sites in the molecule. In relation to the meaning of a
condensed Fukui function, we can say that a maximum value
of this gives account of a major changepindue to a change

in the total number of electron®). Therefore, the maximum
value onf, (or f,) is associated with the softest site of the
molecule and in consequence to the most reactive site. On the
contrary, a minimum value of;r (or fy) implies a minor
change inpk, and thus this site corresponds to the hardest site
of the molecule and to the less reactive &k .will be recalled

that Fukui functions are only valid studying sefoft interac-
tions between two species. For haiftard interactions, the
charge on each atom dictates where the reaction will occur. In
that case, the molecular electrostatic potential would be used
which has been proven to be a good descriptor identifying
reactive sites.

3. Computational Details

Semiempirical PM3(tm) (tm: transition metal) Hartrefeock
SCF/MO calculations were carried out fully optimizing the
ground-state geometry of Nj&Hs and NiN;CHzHtranstrans®*
and their reduced species NiBH;~ and NiN;CHzH.transtrans',
respectively, which were done without symmetry restrictions.
DFT ab initio calculations were also performed with the LACVP

nucleophilic attack where one electron receiving process occurshasis set where the carbon, nitrogen and hydrogen atoms were
in the system, antl, is used to analyze the reactive site for an calculated at 6-31G basis set level and the nickel atom was
electrophilic attack where an electron leaving process occurs calculated with a pseudopotential contained in the LACVP basis
in the systemfk+ (or f ) has a single value for each atdain set. The obtained PM3(tm) wave functions were also used as
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TABLE 1: Optimized Geometric Parameters at the
PM3(tm) and B3LYP/LACVP Level of Theory for the

(@) e
N—Ni—N NiN4CH3 and NiN,CH5~ Species
\ geometrical PM3(tm) B3LYP/LACVP
parameters NibCH3 NiN4CHz~ NiN4CH;3 NiN4CHz~
(b)

Bond Distances

N2Ni 1.855 1.860 1.892 1.923
NNi 1.855 1.854 1.892 1.911
N4Ni 1.855 1.860 1.893 1.916
— N3Ni 1.855 1.852 1.892 1.924
N‘ /NH Bending Angle
\Ni N2NiN3 176.17 178.22 179.01 177.22
\N/ AN N1NiN4 176.07 178.88 179.21 179.62
~ r Dihedral Angle
Ci1oN2NiN, 31.20 28.83 28.98 27.73
C23N1NiN; 31.22 28.96 28.85 27.28
C12N4NiNg 31.19 26.37 28.87 25.98
C2sN3NiNy 31.16 28.28 28.97 29.10
Figure 2. Optimized structures obtained at the B3LYP/LACVP level CsNoNiN; 29.37 28.52 24.77 21.38
of theory for NiN\CH; and NiN;,CHzHatranstrans®™. C,N;NiN, 29.32 28.93 24.79 22.15
Ci1aN4NiN3 29.29 27.83 24.80 22.76
an initial guess to perform a full geometry optimization at DFT ~ Ci13NaNiN4 29.34 27.92 24.75 22.95

ab initio level using the Becke exchange functional and the LYP
correlation functional named as B3LYP. For both optimized
geometries (PM3(tm) and B3LYP/LACVP), we did single point TABLE 2: Optimized Geometric Parameters at the
calculations at the B3LYP/LACVP level of theory. Therefore, PM3(tm) and B3LYP/'—+ACVP level sztpeory for the
along this paper all of the resuilts to be discussed were obtainedmmignzﬂ gggﬂgggﬂj (f\ll\llll\l’\i‘écHl-l,ls-il-I;ttg) )Sgggi s

at that level. Semiempirical and DFT ab initio calculations were

aBond distance are in A and bending and dihedral angles in deg.

performed with the TITAN packag®.Both nonreduced struc- PM3(tm) B3LYP/LACVP
tures (NiN\CH3 and NiNyCHzH,transtrans®™) were calculated geometrical NiN4- NiN4- NiN 4 NiN 4
with a singlet multiplicity; therefore, the calculations performed _parameters CHsHott*"  CHgHott"™  CHaHott*"  CHgH tt*
were carried out with restricted HartreBock (PM3(tm)) and Bond Distance
B3LYP (ab initio DFT). Their reduced analogs (NiGH;~ and N2Ni 1.852 1.864 1.906 1.950
NiN4CHsH.transtrans’) were calculated as a doublet multiplic- N;Ni 1.889 1.890 1.937 2.050
[T : : : : NaNi 1.889 1.885 1.936 2.050
ity; that is the calculations were carried out with the method NaNi 1852 1855 1907 1950
unrestricted HartreeFock (PM3(tm)) and restricted open HoN, 1.006 1.005 1.030 1.024
B3LYP. To determine the condensed Fukui functions using eqs  HyN, 1.006 1.004 1.030 1.024
2 and 3, we have used for the electronic population of the atoms Bending Angle
(ox) the partitioning scheme of the electronic density named as  n,NiN; 162.07 165.74 158.39 143.94
natural atomic orbital (NAO) analys®. This partitioning N1NiNg4 160.02 164.98 164.01 165.61
scheme has b_een_ used by us with success _in previous works Dihedral Angle
for the determination of the condensed Fukui funcor’ CuNoNiN; 31.86 19.88 27.92 26.58
C2aN1NiN; 5.36 3.17 3.17 13.46
4. Results and Discussion Ci13NaNiN3 5.38 7.62 3.21 13.35
_ _ ) _ CoeNaNiN, 31.87 28.40 27.71 26.10
4.1. Structures. As an illustration, Figure 2 schematically H;N;NiN, 65.61 61.45 68.59 75.61
shows the optimized structures using the BALYP/LACVP level =~ HisN4NiN3 65.53 64.87 68.59 75.41
of theory of the nonreduced species such as;Aik and NiNg- CoN2NiNy 43.50 49.72 38.30 34.15
CHgHatranstrangt. We have not included the optimized g8NI\}N|\'lN,\|2 ig-gg 3?1-2? ﬂ-}g gg-;g
structures for the corresponding reduced species By~ and CiiNgN:Ni 43.45 4178 3826 3421

NiN4CHzHtranstrans®) because they are very similar to the

nonreduced ones. Tables 1 and 2 contain the numerical values °Bond distances are in A and bending and dihedral angles in deg.

for the optimized geometrical parameters associated with the

most important atoms of the nonreduced and reduced speciescarbons with respect to the planarity of the Nidénter is~31°

We have defined the most important atoms as the atomsby PM3(tm) and~29° by B3LYP/LACVP for NiN4CHs. The

belonging to the annulene system and the metal atom, whichsame trend is obtained for NiSHs™. It is important to note

have been labeled on each molecule in Figure 1 for the that based in the plane defined by the Nidénter, we found

nonreduced species. Note that the same labels used for thehat the deviations for the naphthalene rings are inverse with

nonreduced species are also used for the reduced species. respect to the fragments given by the azomethynic carbons.
Table 1, where we included the results for NO; and Table 2, which includes the results corresponding to NiN

NiN4CHs~, shows that th€INNIN are nearly 180, suggesting CHsHatranstrans™ and NiNyCHzH,transtrans®, shows a Nily

that the NiN, center is nearly planar. From the dihedral angles, center that is not planar for both levels of theory. It may be

we found that the deviation of the naphthalene rings with respectseen that for B3LYP/LACVP a pseudotetrahedrical distortion

to the planarity defined by the Nij\center is~29° by PM3- is more evident. The resulting values of dihedral and bending

(tm) and~25° by B3LYP/LACVP for NiN4CHa. A similar trend angles for the species appearing in Table 2 are similar to those

is observed for NiNCHs~. On the other hand, the deviation of the nonprotonated species, but an analysis about the deviation

corresponding to the fragments formed by the azomethynic of the different fragments such as the naphthalene rings and
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Figure 3. Condensed Fukui indexes for NiiH; calculated by the
following approximations: (a) frozen cordy{umo) and (b) finite

difference {;). Key: (---) PM3(tm) and ¢) B3LYP/LACVP opti-

mized geometries.

azomethynic carbons is more difficult due to the fact that that
the NiNs center is not planar. The same trend with respect to
the direction of the deviation is obtained for both fragments of
these species.

4.2. Condensed Fukui Indexeslt is known that in a
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Figure 4. Condensed Fukui indexes for Nj8H;H transtransg*
calculated by the following approximations: (a) frozen cdkguvo)

and (b) finite differencefQ). Key: (--+) PM3(tm) and ) B3LYP/
LACVP optimized geometries.

approximation and Figure 4b includes the corresponding results
for the fd approximation. As it is shown in Figure 3, parts a
and b, the more probable reduction sites correspond to the nickel
atom and azomethynic carbon atoms labeled as @2, Css,

and Gs (see Figure 1). Because the highest valueff,bris
obtained for these atoms, we propose these atomic positions as
being the preferred reduction sites. We observed that faoth

reduction process of a substrate the SpeCieS that activates th%nd fd approximations show the same trend, predicting these

process should be in its reduced fo#frit has been reported
that in the reduction of C®mediated by nickel macrocycles

the active species may correspond to a reduction on the nickel

atom, to a reduction on the ligand, or a to cooperative effect
between metal and ligand81°4°0n the basis of this experi-
mental information, first we will analyze the reduction sites of
NiN4CHs and NiN«CHsHstranstranst in order to know the

atomic sites with the highest valuesfqf. Note that the same
behavior is not obtained for all of the atoms, a slight difference
is observed when we compared thgvalues determined with

fc (Figure 3a) with respect tfl (Figure 3b). It is interesting to
mention that although these small differences are observed
between both approximations, they predict the same reduction
sites. These results indicate that a molecular orbital description

atomic sites where the electron gain occurs. For this point we ¢, » condensed Fukui function suchfasumo defined in eq 4

will study thef,” condensed Fukui index evaluated on all of
the atoms belonging to the macrocycle. Then, we will study
the oxidation sites of the reduced species (}GN3;~ and NiNs-
CHsHatranstranst) to analyze where the electron loss occurs.
Thef, condensed Fukui index will be used to determine these
sites. We will also discuss the validity of the condensed Fukui
functions determined by the approximations of finite difference
and frozen core in this kind of Ni(ll) tetraazadinaphtho[14]-
annulene complexes. Finally, we will analyze the effect that
the optimized geometry (PM3(tm) and B3LYP/LACVP) has on
the condensed Fukui functions.

4.2.1.f Index. Figure 3 shows the results obtained for the
f;’ Fukui index for NiNyCHj3 calculated using both optimized
geometries obtained at the PM3(tm) and B3LYP/LACVP levels

is completely valid to determine reduction sites along a molecule
although this equation only represent information about the
frontier of the system. Figure 3 also includes a comparison
betweerf k* obtained using different geometries, semiempirical
PM3(tm) and density functional ab initio B3LYP/LACVP. Note
that although different geometries are used in both cases the
f values were obtained at B3LYP/LACVP level of theory. It
may be observed in Figure 3, parts a and b, that the results are
very similar and do not differ much, indicating that the changes
of the optimized geometries between both levels of theory are
not significant. In this aspect, we may conclude that, in a study
related to Fukui indexes, a semiempirical method such as PM3-
(tm) when it is used as restricted Hartreleock is completely
valid to obtain the optimized geometry of a molecule. Note that

of theory. Figure 3a includes results using the frozen core a reduced computational time is used for a semiempirical
approximation, and Figure 3b includes the corresponding onesgeometry optimization in comparison with that used for a density
obtained with the finite difference approximation. Figure 4 functional ab initio optimization.

display the results determined for th§ Fukui index for the
NiN4CHsHtranstrans®t nonreduced species using both opti-
mized geometries obtained at the PM3(tm) and B3LYP/LACVP
levels. Figure 4a shows the results obtained with fbe

The NiNsCHsHtranstranst nonreduced species, which
corresponds to one of the protonated complexes, was also
studied in order to see the effect of the protonation on the
reduction sites along the molecule. Figure 4a, which corresponds
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to f, obtained by thefc approximation, shows that in this f 025

molecule the nickel atom presents the highest valug;oin k ,HOMO ¢ 5 | (a)

comparison with the remaining atoms. It may also be seen in ’

this figure that there is notoriously one unique reduction site 0,15 4

that corresponds to the metallic site. Tideapproximation, as

may be seen in Figure 4b, predicts the same result thacthe 0101,

ones; the nickel atom is the reduction site. Now, if we compare 005}

the f;’ values for the remaining atoms of NjS8HsH»- ' Ny~ \ A L \S ]

transtrans’* predicted byfc with the ones predicted big, we 0,00 STl h-amah Vot AN AR

found differences between theife. distinguishes the nitrogen A S IR S SN S R L

atoms (N and Ns) corresponding to the protonated nitrogen ATOMS (k)

atoms as having highest valuesqu than the remain of the

ligand. Howeverfd does not see clearly differences between f‘

the atoms belongi i i + 109 i (b)
ging to the ligand and provides value§,of k i3

very similar along the ligand. In relation to use the PM3(tm)
and density functional optimized geometry for NOHzH»-
transtrans’™, we obtained a slight difference ferandfd. Using

the B3LYP/LACVP optimized geometry, the predictétj
value for the nickel atom increases with respect to that obtained
with the PM3(tm) optimized geometry. The obtained results for
f: by both approximations indicate that the reduction of a
metal complex such as N#€H; is addressed to the metallic
site or to the azomethynic carbon atoms, and it is completely Figure 5. Condensed Fukui indexes for NiiH;™ calculated by the

preferred toward the metallic site in NjSHsHstranstrans’". following approximations: (a) frozen coréifomo) and (b) finite
. . . . diff ). Key: (-++) PM3(t d B3LYP/LACVP opti-
It is important to note that théd approximation yields ifference (). Key: ) (tm) and €) opt

. N ) mized geometries.
negative values of, for some atoms, see Figures 3b and 4b,

0,02 T T T T T
N VDO DN » o & > oAb >
TIPSO NS S DA S

ATOMS (k)

which represent a small amount of atoms with respect to the f 0,20 |

whole molecule. The reason for the appearance of negafive k,HOMO : (a) 080
values is in the partitioning scheme (NAO analysis) used for °’15'1 - 060
the electronic density of atoms. The NAO analysis used in this !

work led in some atoms an electronic population for the anion 0101 0,40
specieso(N + 1) with a lower value tham(N) for the same 0.05 4

atom. When these values are replaced in eq 2, a negative value ’ Prov A S 920
for f is obtained. It is clear that the negative values appear as 0,00 b T b r e 0,00

a result of the partitioning scheme for used. However, these

: B> PP DOV DA L P PP S
values that correspond to carbon atoms belonging to the crorooo oot Forotoro

macrocycle are small in absolute terms (see Figures 3b and 4b). ATOMS (k)
The nonnegative condensed Fukui functions are being widely 020
discussed in the literatute*® because it has been shown that 011 1

different partitioning schemes for the electronic density such "k (b) - 0,15
as Mulliken population analysis, natural bond orbital analysis, 0.07 9 010
and molecular electrostatic potential derived charges lead in | . I ’
some cases to negative values for the condensed Fukui function. ’ - 0,05
Roy et al#34446 and Olah et at’ have shown that the 0,01 4 1 000
stockholders charge partitioning technigue that corresponds to ’
the Hirshfeld analysP8 produces nonnegative condensed Fukui 20,05 +rrrrrrrreeeeererreer e 0,05

function values. Unfortunately, that technique is not available PP I SR R S Y > o

in the quantum chemistry softwares that we hold. Although NN Sl
negative values appear in our study, we found an excellent
agreement between the positive values obtainedfﬁn‘oy
finite difference (Figures 3b and 4b) and those obtained by
frozen core (Figures 3a and 4a). This agreement demonstrate
also the validity of the partitioning scheme of natural atomic

orbital analysis in transition metal macrocycles used in the ,cjuded the results using tHe approximation (Figure 5a and

ATOMS (k)
Figure 6. Condensed Fukui indexes for NifHsH.transtrans"
calculated by the following approximations: (a) frozen cdk@dmo)
and (b) finite differencef( ). Key: (---) PM3(tm) and ) B3LYP/
$ACVP optimized geometries.

present work. Figure 6a) and théd approximation (Figure 5b and Figure 6b).
4.2.2.f Index. Once we had known the sites where the  In the case of the no protonated NiBH;~ species, botlic
reduction would occur on NifCH; and on NiNCHzH»- andfd approximations predict the same behavior giving to the

transtrang*, then we wanted to investigate from the reduced azomethynic carbon atoms{§Ci,) and not to their symmetric
species (NiINCH3;~ and NiN,CHgHtranstranst) where the analogues & and Gs as the preferred oxidation sites if a PM3-
oxidation would occur, that is which would be the preferred (tm) optimized geometry is used. Less participation of the nickel
oxidation sites. In Figures 5 and 6 we present the results obtainedatom and of the & and Gs carbon atoms is found. Note that
for the f, Fukui indexes applied to Ni)CHs;™ and to NiN- the Go and G2 carbon atoms present the highest valué of
CHzHtranstrans', respectively. As in the above section, we However when a B3LYP/LACVP optimized geometry is used,
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the behavior between these atoms is interchanged now predictinghere, the eigenvalyg is the electronic population (occupancy)
the nickel atom as the preferred oxidation site. The carbon atomsof the eigenfunction®y for the molecular electron density
named Go, Ci2, Cos, and Gs present the lowest, value. The operatol” of W. The density operator is merely the one-electron
difference inf, observed between the nickel atom and the Projection of the fullN-electron probability distribution for
carbon atoms mentioned is increased whenfdtis used. It is answering questions about one-electron subsystems of the total
known in quantum chemistry that the best theoretical calculation wave function¥’. The NAOs incorporate two important physical

is that performed with the fewest amount of approximations, €ffects that distinguish them from isolated atom natural orbitals
that is being the most exact. On the basis of this fact, in our @ well as from standard basis orbitals: (a) The spatial
study it corresponds to the B3LYP/LACVP optimized geometry, pllffuseness of NAOs_|s optlmlze_d for the effective atomic charge
which predicts the nickel atom as the preferred oxidation site in the molecular environment (i.e., more contracted if the atom
by fc and byfd. However the difference betwedrn values is somewhat cationic, more diffuse if the atom is somewhat
obtained by different geometries is small and always the same@nionic); (b) The outer fringes of NAOs incorporate the
atoms appear as the possible oxidation sites. So, we maylmportant nodal features due to steric (Pauli) confinement in
conclude until here that there are five positions along the the molecular environment. The valence NAOs of the atom
molecule that can act as reductor sites losing one electron. It istherefore properly incorporate both the inner nodes that preserve
important to mention that the same positions were found in the Orthogonality to its own atomic core as well as the outer nodes
before section as oxidant sites gaining one electron. This meanghat preserve orthogonality to filled orbitals on other atoms. A
that a reduction (section 4.1) on Ni8H; or an oxidation characteristic of NAOs is their strict preservation of mutual

(section 4.2) on NiNCHs~ may occur in the same region along orthogonality, as mathematically required for eigenfunctions of
the molecule. any physical Hermitian operator. Each NAO therefore maintains
The f, values obtained for NifCHsH transtrans™ using intra-atomic orthogonality to the remaining NAOs on the same
the fc and fd approximations shown in Figure 6 indicate that &tom as well as interatomic orthogonality to those on other
the positions labeled as;Cand Gz obtained using the — &t0OMs. _ o
PM3(tm) optimized geometry are the preferred oxidation sites, 1€ NAOs are automatically ordered in importance by
which correspond to the azomethynic carbon atoms. We found ©ccupancy. Consistent with the chemical intuition, only the core
that only in thefc approximation would one have a agreement apd valence-shell NAOs are found to have significant occupan-
between these atoms and the nickel atom that present a similaci€S: compared to the extra-valence Rydberg-type NAOs that
value forfy, nomo. As occurred for NiINCHs™, an asymmetry complete the span of the basis. The effective dimensionality of
was found when a PM3(tm) geometry was used, which meansth? NAO space is therefore reduced to that of the formasdiral
that the azomethynic carbon atoms &nd Ge, being symmetric minimal basis(NMB) spanning core and valenc_e-shell NAOs
analogues with G and G, present lowest values df,. In only, whereas the residualatural Rydberg basigNRB) of

both approximations, we found that a B3LYP/LACVP optimized extra-yalencg NAOs play_s practically no significant role in NAO
geometry notoriouslyy changed the trend observed pvith analysis. This condensation of occupancy into the much smaller

respect to that obtained with PM3(tm) geometry, now predicting set of NMB orbltals_, allowing the NRB se_t be_ |g_nored, IS one
the nickel atom as the unique oxidation site. Note that for the of the most drgmatlc aﬂd characteristic _S|mpI|_fy|ng featu_res of
B3LYP/LACVP geometry the asymmetry of the azomethynic natural analysis. We think that the latter is arbitrary, and it may
carbon atoms was not observed. We can conclude thatfboth be,\tlhe k:easlon dyvhy n some atorr:s we cgbtamg{w b=
andfd approximations are coherent, showing the same trend in pdN), thus leading to negative values fiof.

the preferred reaction sites. Further we observed that. for theth In thle |a|5t fe:/v 3:ear_s tjhe I—!ws_hiel? partltlcindlng §t9héih|m b
reduced species, Nif€Hs;~ and NiN,CHzH transtranst, an e molecular electronic density into fragment densities has been
. =z . . . used with success to obtain Fukui indices, and it has been shown
important effect on thé , condensed Fukui function consti-

. o that this is the unique partitioning scheme that produces
tutes the change in the optimized geometry. We also Observednonnegative Fukui function valuék:*° The Hirshfeld scheme

that the asymmetry obtained for the azomethynic carbons occurs

only for the PM3(tm) geometry.
It is important to mention that although again we obtained
negative values df, for some atoms (see Figures 5b and 6b),

its value is negligible in absolute terms with respect to the other

atoms, and the agreement of fideresults with thefc results is

very good. The reason why these values appear to be negativea

is found in the fact thap(N — 1) is obtained with a higher
value thanpk(N), thus when it is replaced ime3 a negativé

value is obtained. As was discussed in section 4.2.1, the
obtention of these values is related with the electronic population

analysis used in this work corresponding to the NAO analysis.
For clarity, we will explain the theoretical basis of the natural
atomic orbitals and then we will show the arbitrariness of this
population analysis that may be the reason @l — 1) >
pk(N) in some of our results. Natural orbitals (NOs) are the
unique orbitals chosen by the wave function itself as optimal
for its own description. Mathematically, the NO®;} of a wave
functionW can be defined as the eigenorbitals of the first-order
reduced density operat®i:3®

re, =po(k=1,2,..) (6)

partitions the molecular ground-state densipgr)) into the
“stockholder atoms in molecules (AIM)” densitigsH(r)} :51-55

()

wherepi°(r) is the isolated atom density. It can also be viewed
s modifying the free atom densities in accordance with the
common AIM enhancement factor

p(r)
p°(r)

with p°(r) = Zxo°(r). The promolecule reference density of
the familiar density difference diagramad(r) = p(r) —
p°(r)) consists of the isolated atom densities shifted to the
corresponding atomic positions in the molecule. The aspect more
important in the Hirshfeld scheme is that it has been shown
that this partitioning minimizes the so-calledssing information

(or entropy deficiency) of Kullback and LeibRSrcontained in

the AIM densities, relative to that contained in the separated
atoms defining the promolecule of the familiar density difference
diagrams. Then, the stockholders atoms, which have a theoretical

P (1) = p(pir) = W(r)p,(r)

w(r) =
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(b) (b)

Figure 7. B3LYP/LACVP surfaces of spin density for N§SH;~ using

optimized geometries calculated by (a) PM3(tm) and (b) B3LYP/ _. . . .
LACVP. Figure 8. B3LYP/LACVP surfaces of spin density for NiN

CHgH transtrans' using optimized geometries calculated by (a) PM3-
basis in the information theory, present some advantages: (a)tm) and (b) B3LYP/LACVP.
they preserve as much as possible the information contained in . B
the densities of the separated atoms; (b) they exhibit a single!lons, we found values of of 2.69 for NiN,CHz apd of 3.00
cusp at the atomic nucleus, decaying exponentially with for N|N4CH3H2transt_ran§*. Th(_en, _these calculations present
increasing distance from it. It has also been shinat only ~ SOme degree of spin contamination. Note that the PM3(tm)
within the Hirshfeld scheme the local measures of information calculations for these molecules were performed at the unre-
contained in atomic components, e.g., local entropies, of suchStricted Hartree-Fock level of theory and the B3LYP/LACVP
subsystems equalize at the corresponding global levels of thecalculations were performed with a restricted B3LYP level of
system as a whole. This equalization of the subsystem informa-theory. An unresricted calculation could modify the spin value
tion distance densities represents a new, thermodynamic like,Producing a spin contamination, but a restricted calculation fixes
entropic criterion of the equilibrium between the molecular the spin value and in consequence does not produce a spin
subsystems. This condition is complementary to the familiar contamination. It is important to note that the asymmetry seen

energetic criterion of the subsystem chemical potential equaliza- for these molecules was not found for the nonreduced species
tion, and represents the missing entropic part of the electronic due to that they are closed shell and therefore all the calculations

structure interpretations in chemistry. were performed with a restricted method.

4.3. Spin Density.Spin density surfaces were obtained at .
the B3LYP/LACVP level of theory for NiNCHs™ (Figure 7) 5. Conclusions
and NiNiCHzH.transtrans' (Figure 8) due to that they present A first density functional theoretical study at the B3LYP/
an open shell with a doublet multiplicity. Figures 7a and 8a LACVP level of calculation using two different optimized
show the results obtained using a PM3(tm) optimized geometry geometries (PM3(tm) and B3LYP/LACVP) to characterize the
and Figures 7b and 8b display those using a B3LYP/LACVP reduction sites on the nonreduced species, such agQ#N
optimized geometry. In the case of NiiHz;~, we observed an  and its protonated analogous NiBHz;Htranstrans?*, and the
asymmetry in the spin density when the PM3(tm) geometry was oxidation sites on the reduced species, such asGly~ and
used mainly localized on the azomethynic carbopsa@d Go. NiN4CHsH transtrans™, was performed. To do that, we deter-
In contrast, when a B3LYP/LACVP geometry was used the spin mined condensed Fukui indexes calculated by two approxima-
density is distributed more symmetrically on the azomethynic tions well established in the literaturfpzen coreand finite
carbons G, Ci2, Cp3 and Gs. It is important to note that the  difference In general we found a good agreement between the
same trend was found for ttig condensed Fukui indexes of results obtained for the condensed Fukui indexes of the
NiN4CHs~ (Figure 5). For NiNCHszH transtranst we also nonreduced species using an optimized geometry with the
found an asymmetry in the spin density for the calculations using semiempirical and density functional levels of theory. For the
a PM3(tm) geometry localized mainly on{and Gs. However, reduced species, some differences for the condensed Fukui
the spin density obtained with the B3LYP/LACVP geometry indexes are observed when the optimized geometries obtained
changes dramatically leading to a localization highly centered at the semiempirical and density functional levels of theory are
on the nickel atom. These results are in good agreement withcompared. This difference is attributed to the spin contamination
those obtained fof, displayed in Figure 6. The asymmetry obtained when the unrestricted Hartrdeock method (PM3-
only observed for the calculations of the reduced species using(tm))was used. In particular, we observed that the nickel atom
a PM3(tm) optimized geometry may be understood from the is favored as the active site (oxidation or reduction) when a
spin contamination found for NilCH;~ and NiN;CHzH,- B3LYP/LACVP optimized geometry is used. Becaudseand
transtrans’. The spin contamination can be measured from the fd predict the same trend obtainirig andf,, we conclude
& value obtained after the SCF procedure. In our case, boththat both approximations are completely valid in the field of
molecules present a doublet multiplicity and therefore they the metal macrocycles. From this theoretical study, we also
should have a value &f = 0.75. From the PM3(tm) calcula-  conclude that the reduction and oxidation processes on-NiN
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CHs; and NiNsCH3™, respectively occur on the same atomic (21) Parr, R.; Yang, WJ. Am. Chem. Sod.984 106, 4049.
positions (Ni and azomethynic C atoms). In contrast, the (22) Cadenas-Jiro, G.1.J. Phys. Chem. 2002 106 3202.

. e . . (23) Cadenas-Jiro, G. |.; Caro, C. A.; Venegas-Yazigi, D.; Zagal, J.
reduction and oxidation sites for their protonated analogous y 3 wol. Struct. (THEOCHEMP002 580, 193.

(NiN4CHsHatranstrangt and NiNsCHgHotranstranst) were (24) Cadenas-Jitn, G. |.; Venegas-Yazigi, D. Al. Phys. Chem. 2002
found preferably on an unique atomic site, the nickel atom. 106(1 1)19C386| 3 )

Alth h we only hav n rtitionin hem inin 25) Cadenas-Jiro, G. I. Int. J. Quantum ChenR003 91, 389.

ht OIUQ e.o y all FT‘ used one Ipa ttq gbs.c Ie € Obtqf. dg (26) Caro, C. A.; Bedoui, F.;Ra, M. A.; Cadenas-Jito, G. |.; Zagal,
the e elct.ronlc population (natura'atom|c orbital), we verified 5 4 3 Electrochem. So@004 151, E32.

the validity of our results comparing the two approximations, (27) Cadenas-Jitn, G. |.; Parra-Villalobos, EJ. Phys. Chem. 2003

frozen core and finite difference, which predict the same results. 107, 11483.
(28) Hohenberg, P.; Kohn, WRhys. Re. 1964 A136 864.

_ (29) Kohn, W.; Sham, LPhys. Re. 1965 A14Q 1133.
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