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I. INTRODUCTION

The N-confused porphyrin (NCP) or inverted porphyrin has
attracted the interest of chemists since itsfirst synthesis independently
by the Furuta1 and Latos-Gra_zynski groups.2 NCPs are porphyrin
isomers having one of the pyrrolic N atoms facing outside of the
macrocycle and one C�H group oriented inward toward the core.
NCPs have a remarkable ability to bind to a wide variety of cations
and anions in their free base and protonated forms, respectively.3�5

Moreover, they have versatile coordination modes, and they can
stabilize some rare high oxidation states of metal ions.3�6 Addition-
ally, the peripheral nitrogen atom can act as hydrogen bonding donor
or acceptor, which is important in the formation of multiporphyrin
systems.4,5 Up to now singly and doublyNCPhave been synthesized,
i.e., with one and two inverted pyrrole groups.7 The above properties
make NCP a potent candidate for diverse applications in the areas of
supramolecular self-assembly and coordination chemistry, in catalysis,
in photosynthetic systems, as optical molecular devices, and redox-
active materials.5

Since the first synthesis of NCP, metal complexes of NCP have
been generated using some of the main group elements, lantha-
nides, and transition metal ions.3�6,8 While there exist both
theoretical and experimental studies on complexes of lithium with
normal porphyrins,9 on lithiumNCP there is only one very recent
experimental study, of Sripothongnak and Ziegler,8 where lithium
complexes of N-confused tetraphenylporphyrin and its 21-N-
methylated variant have been synthesized, characterized by X-ray
diffraction and the absorption spectrum of the Li-NCP complex

has been obtained.8 One of their findings is that Li adopts an
unusual coordination environment, unlike that observed in typical
tetrahedral Li+ cations. This unusual coordination environment
was the motivation of the present study. As far as we know, there is
no theoretical study on lithium complexes of NCPs, while there
are a few computational studies on free-base NCPs.7,10

The present work is a theoretical study on lithium complexes of
N-confused tetraphenylporphyrins employing density functional
theory. One of the objectives is to determine the stability and the
binding of the above complexes by geometry optimization calcula-
tions of the ground electronic state. Binding of Li to N has been
previously studied in diatomic and triatomic systems by one of the
authors.11 Here, we are interested in the binding of the Li with N
atoms inLi-NCP,whichmight lead to the explanation for the unusual
behavior of Li as reported experimentally.8 A further objective is the
calculation of excited electronic states and the absorption spectra of
the different conformers, as well as the comparison of the calculated
absorption spectra with the experimental ones.

II. COMPUTATIONAL PROCEDURE

We calculated in the gas phase and in toluene solvent the two
tautomers of the N-confused tetraphenylporphyrin (1a and 1b),
the externallyN-methylatedN-confused tetraphenylporphyrin (2),
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complexes of N-confused tetraphenylporphyrins (aka inverted) employing
density functional theory (DFT) and time-dependent DFT, using the
B3LYP, CAM-B3LYP, and M06-2X functionals in conjunction with the
6-31G(d,p) basis set. The purpose of the present study is to calculate the elec-
tronic structure and the bonding of the complexes to explain the unusual
coordination environment in which Li is found experimentally and how
the Li binding affects the Q and the Soret bands. The calculations show
that, unlike a typical tetrahedral Li+ cation, this Li forms a typical bond
with one N and interacts with the remaining two N atoms, and it is
located in the right place to form an agostic-like interaction with the internal C atom. The reaction energy, the enthalpy for the
formation of the lithium complexes of N-confused porphyrins, and the effect of solvation are also calculated. The insertion of Li into
N-confused porphyrin, in the presence of tetrahydrofuran, is exothermic with a reaction energy calculated to be as high as �72.4
kcal/mol using the lithium bis(trimethylsilyl)amide reagent. Finally, there is agreement in the general shape among the vis�UV
spectra determined with different functionals and the experimentally available ones. The calculated geometries are in agreement
with crystallographic data, where available.
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the lithium complexes of the 1NCP (1bLi, 1aLi-1, and 1aLi), and
the lithium complexes of the 1 and 2 NCPs in the presence of
tetrahydrofuran (THF), (1bLiTHF-1, 1bLiTHF-2, 2LiTHF-1,
and 2LiTHF-2); these structures are shown in Figure 1. Moreover,
the interaction of the 1 NCP with the THF molecule has been
studied. The most stable structures (1aTHF-1, 1aTHF-2, and
1bTHF-1) are given in Figure 1; the remaining ones are given in
the Supporting Information. From the above calculated complexes
the 1bLi, 1bLiTHF-1, and 2LiTHF-2 structures have been synthe-
sized by the Sripothongnak and Ziegler.8

All calculated structures were fully optimized using the
B3LYP,12 CAM-B3LYP,13 andM06-2X14 functionals in conjunc-
tion with the 6-31G(d,p)15 basis set in the gas phase and in
toluene solvent. B3LYP is a DFT functional using Becke’s three-
parameter gradient corrected functional with the gradient cor-
rected correlation of Lee, Yang, and Parr.12 It is a widely used

functional, one of the most often employed in calculations on
relevant systems, and it generally works well for the chemistry of
main group elements. The CAM-B3LYP13 functional is a hybrid
functional built as B3LYP and includes long-range corrections.
M06-2X14 is a hybrid meta exchange correlation functional and is
a highly nonlocal functional with double the amount of nonlocal
exchange and is recommended for applications involving main-
group elements, kinetics, noncovalent interactions, and electro-
nic excitation energies to valence and Rydberg states.14 The last
functional is expected to be the most appropriate one.

The applicability of the above functionals to the Li�N binding
was tested on the diatomic molecule LiN;11 the Li�N bond
distance and the dissociation energy (De) were compared with
very accurate ab initio calculations, i.e.,multireference configuration
interaction calculations (MRCI/aug-cc-pV5ZN/cc-pVQZLi),

11 see
Table 1. We observe that the M06-2X/6-31G(d,p) method is in

Figure 1. 1a, 1b, 2, 1bLi, 1aLi-1, 1aLi-2, 1bLiTHF-1, 1bLiTHF-2, 2LiTHF-1, 2LiTHF-2, 1aTHF-1, 1aTHF-2, and 1bTHF-1 species. Energy
differences Te from the most stable structure are shown in the gas phase (in toluene solvent) at the M06-2X/6-31G(d,p) level of theory.
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complete agreement with theMRCI results for theDe values, while
the CAM-B3LYP and B3LYP functionals result in small deviations.
All three DFT methods are in good agreement with respect to the
bond distance of the ab initio method. We also carried out test
calculations on the Li(NH3)4

+ cation, as a typical tetrahedral
species of Li, at theM06-2X/6-31G(d,p) level of theory calculating
its geometry and both the NPA and the Mulliken population
analysis, to compare and contrast this with Li-NCPwhere Li adopts
an unusual coordination environment. The use of both NPA and
Mulliken analyses is indicative and helps us to make comparisons
and to observe the trends for similar structures when the same basis
set is applied; see below in part B of Results andDiscussion. Finally,
we carried out calculations on lithium bis(trimethylsilyl)amide and
bis(trimethylsilyl)amine, i.e., LiN(Si(Me)3)2 and HN(Si(Me)3)2
respectively, at theM06-2X/6-31G(d,p) level of theory, to calculate
the reaction energy of the insertion of Li toNCP because the amide
is a commonly used reagent for the insertion of lithium in
porphyrins.8 Restricted calculations were carried out for the closed
shell systems, while both restricted open shell and unrestricted
calculations were performed for the open shell systems.

For all structures shown in Figure 1, the harmonic frequencies
were calculated in order to find out which species are true minima.
For the inclusion of the toluene solvent, the polarizable continuum
model was employed.16 This model is divided into a solute part
lying inside a cavity, surrounded by the solvent part represented as
a structurelessmaterial characterized by its macroscopic properties,
i.e., dielectric constant and solvent radius. Thismethod is one of the
most often used and reliable continuum solvation procedures.17

The singlet-spin excited electronic states of the separated species
and their complexes have been calculated via time-dependent
DFT (TDDFT).18 The lowest 50 excited electronic states of
the complexes have been determined at the optimized ground
state geometry, relevant to the absorption spectra in order to
calculate the Q, B (Soret), N, L, and M bands.19 The calculations
were carried out in the gas phase and in toluene solvent.

For all determined structures, basis set superposition error (BSSE)
corrections have been taken into account using the counterpoise
procedure20 since such corrections are important for weak and
medium size interactions,21 which is the case for the structures
calculated here. All calculations were performed using the Gaussian
09 program package.22 The coordinates of all the optimized struc-
tures are included in the accompanying Supporting Information.

III. RESULTS AND DISCUSSION

The two tautomers of the NCP (1a and 1b) and the externally
N-methylated N-confused porphyrin (2) are shown in Figure 1.
The tautomer having three H atoms in the core (1a) is more
stable than the one having twoH atoms (1b) by about 3(2) kcal/

mol in the gas phase (toluene solvent) at both the CAM-B3LYP
and M06-2X/6-31G(d,p) levels of theory. It has been reported
that both tautomers are observed in solution, where 1a is the
preferred tautomer in aromatic and halogenated solvents, while
1b in highly polar solvents.1,10,23 The insertion of Li into NCP via
the 1b tautomer results in the 1bLi structure of Figure 1. The
insertion of Li into NCP via the 1a tautomer yields the 1aLi-1
and 1aLi-2 structures where the H3 and H2 atoms have been
replaced by the Li atom, respectively (see Figure 1). As reported
in ref 8, in the presence of THF, pseudo-five-coordinate com-
plexes are generated for the lithium complexes of the 1b and 2
porphyrins. In the present calculations two isomers have been
determined for the Li-NCP formed by the 1b and 2 porphyrins in
the presence of THF, labeled as 1bLiTHF-1, 1bLiTHF-2 and
2LiTHF-1, 2LiTHF-2, respectively, in Figure 1; in the -1 isomers
the ring of THF is parallel to the core, while in the -2 isomers the
THF ring is perpendicular to the core ring. The -1 structures are
lower in energy but only by about 2.5 kcal.mol than the
corresponding -2 structures, both in the gas phase and in toluene
solvent at the M06-2X/6-31G(d,p) level of theory, see Figure 1.
All calculated structures in the gas phase are minima with the
exception of 2LiTHF-2, which has one imaginary frequency,
obtained by all three functionals. The imaginary frequency (just
4.2i cm�1 using the B3LYP functional) corresponds to a counter-
balanced vibration of the C2 and C3 atoms of THF, which does
not affect the stability of the complex. It might be noted that
experimentally, structure 2LiTHF-2 is reported to be the ob-
served structure in the solid,8 suggesting that in the solid such a
vibration is hindered while there might be some differences in the
relative stability between the gas phase and the crystal structures.
Finally, calculations on the interaction of the free-base porphyr-
ins 1a and 1bwith THF obtained the three most stable structures
to be the 1aTHF-1 (with the THF ring perpendicular to the
core), 1aTHF-2 and 1bTHF-1 structures (with the THF ring
parallel to the core) shown in Figure 1.

It is instructive to compare the results of the calculations on
the geometries, interaction energies and reaction energies ob-
tained by the three different functionals employed; the B3LYP,
the CAM-B3LYP and the more recently designed M06-2X
functional. All three functionals predict similar geometries for
the same species and in good agreement with the crystallographic
data where available. However, the CAM-B3LYP and M06-2X
geometries are in closer agreement with experiment than the
B3LYP values; see Table 2 and Supporting Information. Further-
more, the B3LYP interaction energies and reaction energies are
the smallest values, while the corresponding M06-2X quantities
are the largest; see below (Tables 3 and 4). The M06-2X
functional may be considered to be more appropriate for the
system of interest here since it has been developed to predict
noncovalent as well as covalent interactions.14 Recent studies
have shown the M06-2X functional and M06-L (for transition
metal energetics)14 functionals to be more accurate than other
functionals for intermolecular interactions using dimers reported
in the S22 database.24 Primarily for this reason and also on the
basis of the results of the test calculations on the diatomic LiN
discussed above, we consider that the best reaction energies are
obtained here with the use of the M06-2X functional. In what
follows the results of the calculations will be discussed in detail.
A. Geometries. As mentioned above, the optimized geometries

are similar using all three functionals, see Supporting Information.
Some selected bond lengths obtained using the M06-2X functional
are given inTable 2. As already stated the insertion of Li intoNCP is

Table 1. Bond Distances, RLi�N (Å), Dissociation Energies,
De (kcal/mol), and Mulliken [NPA] Charges on Li, qLi of the
LiN(X3Σ�) Molecule Performing Restricted Open Shell
(Unrestricted) Calculations at the B3LYP, CAM-B3LYP, and
M06-2X/6-31G(d,p) Levels of Theory

RLi�N De qLi

B3LYP 1.878 (1.888) 38.8 (39.3) 0.47[0.72] (0.45[0.70])

CAM-B3LYP 1.864 (1.871) 38.3 (38.7) 0.48[0.74] (0.47[0.73])

M06-2X 1.872 (1.880) 35.4 (35.8) 0.49[0.76] (0.47[0.74])

MRCIa 1.879 35.8 0.50
aReference 11, aug-cc-pV5ZN/cc-pVQZLi.
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favored via the 1b tautomer. The lithium atom replaces theH ofN1
and also interacts with the other two inner N2 and N3 atoms; see
Figure 1. The insertion of Li into tautomer 1a of the NCP results in
1aLi-1 or 1aLi-2, which are practically degenerate and less stable
than 1bLi by∼11 kcal/mol; see Figure 1. In the 1bLi structure, the
RLi�N1 bond distance is calculated to be shorter than theRLi�N2 and
RLi�N3 by 0.2 Å, using all three functionals. The RLi�N1 distance is
1.909(1.916) Å in 1bLi in the gas phase (in toluene solvent). The
corresponding crystallographic data give a distance of 1.916(6) Å.8

It might be noted that the calculatedRLi�N1 distance is very close to
the bond length calculated for the diatomic LiN (1.880 Å of
Table 1) in the ground electronic state, X3Σ�, where a single bond
of σ character is formed.11 The RLi�N2 and RLi�N3 bond distances
in 1bLi are 2.086 and 2.059 Å, which are very similar to our RLi�N

bond distances of 2.068 Å in the Li(NH3)4
+ cation, i.e., the

tetrahedral Li+ cation with four NH3 molecules. In the Li(NH3)4
+

cation, the Li�N interaction is through the lone pair of the
ammonia ligands. All the above indicate that the Li�N1 bond is
a single bond, while the Li�N2 and Li�N3 bonds are dative
interactions of the negatively charged N2 and N3 atoms with the Li
atom, which is positively charged (see below).
The 1aLi-1 or 1aLi-2 structures present a Li�Nbond distance

of 1.93 Å and a Li�N bond distance of 1.98 Å. The shortest bond
distance corresponds to the H�N bond whose H has been
removed upon lithium insertion. The Li�N bond distance of Li
with the protonated N atom is 2.61 Å. In these two structures the
Li atom forms dihedral angles with the three N atoms, dN2N1N3Li =
32.9 and 22.9�, respectively, while in the 1bLi structure the

corresponding angle is only 9.9�. Moreover, the displacement of
the Li atom from the plane of the three inner N atoms is∼0.25 Å
in 1bLi and∼0.45 Å in 1bLiTHF and 2LiTHF structures, while
it is as large as∼0.8 Å in the 1aLi-1 and 1aLi-2 structures both in
the gas phase and in solvent. As mentioned above, the 1aLi-1
and 1aLi-2 structures have not been synthesized and are
calculated here to be less stable than 1bLi structure by about
11 kcal/mol.
The presence of the THF results in elongations of the RLi�N

bonds. The lithium complexes of 1b and 2 with THF have a
RLi�N1 distance elongated by 0.03 Å, while the other two RLi�N2

and RLi�N3 bond distances are elongated by up to 0.07 Å with
respect to the corresponding complexes without THF. Similar
elongations are observed in the crystallographic data of the
two lithium complexes of porphyrin 1bLiTHF and 2LiTHF
products.8 In all lithium complexes with or without THF, the
calculated RLi�C1 and RLi�H1 distances range from 2.38 to 2.41 Å
and from 1.99 to 2.15 Å, respectively, at theM06-2X/6-31G(d,p)
level of theory, while the jLiH1C1 angle ranges from 90 to 98�.
The RC1�H1 bond distance in the lithium complexes is slightly
elongated with respect to the free base NCP. The above distances
and angles are typical for agostic bonds; however, we do not have
a transition metal; thus the interaction of Li with C�H can be
characterized as an agostic-like interaction.
In the 1aTHF-1 structure, the 1a tautomer interacts with THF

through O�H2 and O�H3 bonds with bond distances of 2.063
and 2.024 Å, while in the 1aTHF-2 structure, the 1a tautomer
interacts with THFmainly through theO�H1 bondwhose bond

Table 3. BSSE Corrected Interaction Energies in kcal/mol of the 1a, 1b, and 1bLi NCPs with the THFMolecule in the Gas Phase
(in Toluene Solvent) at the B3LYP, CAM-B3LYP, and M06-2X/6-31g(d,p) Levels of Theory

1aTHF-1 1aTHF-2 1bTHF-1 1bLiTHF-1 1bLiTHF-2

B3LYP �4.8 (�4.0) �2.8 (�2.2) �3.8 (�3.6) �7.5 (�5.9) �7.3 (�6.2)

CAM-B3LYP �7.0 (�6.2) �4.1 (�3.5) �5.0 (�3.7) �9.8 (�8.2) �9.3 (�8.0)

M06-2X �16.2 (�15.4) �11.0 (�10.1) �11.9 (�10.5) �19.3 (�17.6) �17.5 (�15.8)

Table 4. Reaction Energies, ΔEa (kcal/mol), Enthalpies ΔHa,b (kcal/mol), and Gibbs Free Energies ΔGa,b (kcal/mol) for the
Formation of the 1bLi, 1aLi, 1bLiTHF, 2LiTHF Species for Different Reactions in the Gas Phase (in Toluene Solvent) at the
B3LYP, CAM-B3LYP, and M06-2X/6-31g(d,p) Levels of Theory

1bLic 1aLi-1 1aLi-2 1bLiTHF-1c 1bLiTHF-2c 2LiTHF-1 2LiTHF-2

NCP + LiN(Si(Me)3)2 f Li-NCP + HN(Si(Me)3)2 or NCP + LiN(Si(Me)3)2 + THF f Li-NCP-THF + HN(Si(Me)3)2

M06-2X ΔE �47.7(�37.3) �37.2(�28.5) �36.4(�27.8) �67.6(�55.4) �65.7(�53.6) �72.4(�59.3) �70.3(�57.2)

ΔH �48.1(�37.6) �37.4(�28.7) �36.5(�27.8) �65.2(�54.1) �63.1(�52.0) �70.2(�58.1) �68.5(�56.5)

ΔG �47.6(�37.1) �36.2(�27.5) �35.1(�26.5) �53.6(�42.5) �52.3(�41.2) �58.2(�46.1) �55.5(�43.5)

NCP + Li f Li-NCP + H or NCP + Li + THF f Li-NCP-THF + Hd

B3LYP ΔE �11.3(�7.0) �0.8(1.9) 0.1(2.7) �19.1(�13.2) �18.9(�13.5) �25.4(�18.8) �24.9(�18.4)

CAM-B3LYP ΔE �14.4(�10.0) �2.3(0.4) �1.6(1.2) �24.5(�18.5) �24.0(�18.3) �28.5(�21.7) �28.1(�21.4)

M06-2X ΔE �18.6(�14.6) �7.7(�5.5) �7.0(�4.7) �38.1(�32.4) �36.3(�30.6) �42.9(�36.3) �40.8(�34.2)

ΔH �24.3(�20.3) �13.6(�11.4) �12.7(�10.5) �41.5(�36.8) �39.4(�34.7) �46.5(�40.8) �44.7(�39.1)

ΔG �23.6(�19.5) �12.2(�10.0) �11.1(�8.9) �29.6(�24.9) �28.3(�23.6) �34.2(�28.5) �31.5(�25.9)

NCP + Li+ f Li-NCP + H+ or NCP + Li+ + THF f Li-NCP-THF + H+

M06-2X ΔE 168.7(178.0) 179.2(186.7) 179.9(187.5) 148.8(159.8) 150.6(161.6) 144.0(155.9) 146.1(158.0)

ΔH 162.6(171.9) 173.3(180.8) 174.2(181.7) 145.5(155.4) 147.5(157.5) 140.5(151.4) 142.2(153.0)

ΔG 163.3(172.6) 174.7(182.2) 175.8(183.3) 157.3(167.2) 158.6(168.6) 152.7(163.6) 155.4(166.3)
aBSSE-corrected values. bAt 1 atm and 298.15 K. cThe ΔE, ΔH, and ΔG values have been calculated with respect to the most stable 1a isomer of
the NCP. dThe restricted open shell and the unrestricted calculations result in the same ΔE, ΔH, and ΔG values.
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distance is 2.184 Å at the M06-2X/6-31G(d,p) level of theory.
In the 1bTHF-1 structure, the 1b tautomer binds with THF
through interactions of the H atoms of THF with the N atoms of
the macrocycle of porphyrin. Finally, the geometry of calculated
structures in toluene solvent is very similar to the corresponding
geometry in the gas phase, see Table 2.
B. Bonding. The Mulliken and the natural population (NPA)

analysis of selected atoms of the calculated structures are given in
Table 2. It is well-known thatMulliken charges can show basis set
dependency25 or underestimation of the ionic character. The
NPA method is considered as an improved alternative to the
extensively used Mulliken population, but NPA can also present
some problems26 or can overestimate the ionic character of the
atoms.27 However, it is generally agreed that the use of both
population analyses is indicative and helps us to make compar-
isons for similar structures. All three functionals predict practi-
cally the same charges on the atoms within the same type of
analysis. While in both Mulliken and NPA the internal N atoms
have negative charges of about �0.6 e� in all cases; the Li atom
has a positive charge that depends on the population analysis
used, i.e., about +0.3 e� (Mulliken) and about +0.6 e� (NPA).
We can assume that the charge on Li is about 0.5 e�. It is worth
noting that the 1aLi-1 and 1aLi-2 isomers, which are higher in
energy than 1bLi, present larger charges than the remaining
structures using both Mulliken and NPA. In these two structures
the Li atoms are further away from the N planes as mentioned
above. Finally, using both population analyses the H1 and C1
atoms involved in the agostic-like bond have similar charges
of about +0.25 and�0.25 e� and the O atom of THF has about
�0.55 e�.
From the geometries of the 1bLi, 1bLiTHF, and 2LiTHF

structures, their molecular orbitals (MOs), population charges,
and the comparison with the corresponding values of the LiN
and Li(NH3)4

+ species, we conclude that the Li atom in the 1bLi,
1bLiTHF, and 2LiTHF structures is in its ground 2S(1s22s1)
state. It might be noted that these systems have highly delocalized
orbitals, and the natural bond orbital analysis presents problems
for some orbitals. For example, there are very low-lying occupied
orbitals with occupation number 1.6 and some other occupied
orbitals with 1.1 e� instead of 2. Thus, the canonical MOs which
represent the bonding of Li are presented below.

We conclude that a σ bond (Li�N1) is formed between the
singly occupied pz orbital of N1 and the 2s of Li with partial pz
mixing. The Li�N2 and Li�N3 bonds involve interactions with

the empty px orbital of Li; see the H-16 orbital of 1bLi in icon
above. In the presence of THF, the O atom of the THFmolecule
interacts with the empty py orbital of the Li atom; see the H-17
orbital of 1bLiTHF-1 given under two different viewing angles.
All Li bonding interactions are shown pictorially in the following
valence-bond Lewis diagram11

C. Energetics.The reaction energy for the insertion of lithium
into 1a, 1b, and 2 NCPs has been calculated for the reaction

NCP þ LiNðSiðMeÞ3Þ2 f Li-NCP þ HNðSiðMeÞ3Þ2
ð1Þ

LiN(Si(Me)3)2 is the reagent used in the experiment.
8 TheM06-2X

reaction energy (at absolute zero) of reaction 1 is �47.7(�37.3)
kcal/mol for the production of the 1bLi NCP with respect to the
energy lowest 1a tautomer in the gas phase (in toluene solvent) or
�50.8(�39.7) kcal/molwith respect to the1b tautomer; seeFigure2
and Table 4. In the presence of THF, the reaction energies for the
formation of the lowest-energy isomers, cf., 1bLiTHF and 2LiTHF,
are�67.6(�55.4) and�72.4(�59.3) kcal/mol, respectively. Finally,
the enthalpies of reaction 1 in the gas phase (in toluene solvent)
at 1 atm and 298.15 K for the formation of the 1bLi, 1bLiTHF
and 2LiTHF structures are�48.1(�37.6),�65.2(�54.1), and
�70.2(�58.1) kcal/mol, respectively, see Table 4.
Reaction 1 is probably a multistep reaction. One possible way is

the homolytic cleavage of the Li�N bond of the LiN(Si(Me)3)2
molecule, then the substitution of the H atoms attached to the
internalN atoms ofNCPwith the Li atom and finally the formation
of the HN(Si(Me)3)2 molecule, reactions 2, 3, and 4, respectively.

LiNðSiðMeÞ3Þ2 f Li• þ •NðSiðMeÞ3Þ2 ð2Þ

NCP þ Li• f Li-NCP þ H• ð3Þ

H• þ •NðSiðMeÞ3Þ2 f HNðSiðMeÞ3Þ2 ð4Þ

Figure 2. Reaction energies for the insertion of lithium in 1a, 1b, and 2
NCPs via the reaction NCP + LiN(Si(Me)3)2 f Li-NCP + HN(Si-
(Me)3)2 in the gas phase (solid line) and in toluene solvent (dotted line)
at the M06-2X/6-31G(d,p) level of theory.

http://pubs.acs.org/action/showImage?doi=10.1021/jp204298q&iName=master.img-002.jpg&w=240&h=181
http://pubs.acs.org/action/showImage?doi=10.1021/jp204298q&iName=master.img-003.png&w=72&h=66
http://pubs.acs.org/action/showImage?doi=10.1021/jp204298q&iName=master.img-004.png&w=240&h=159
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Another possible way is the heterolytic cleavage of the Li�N bond
of the LiN(Si(Me)3)2 molecule, then the substitution of the H+

cation attached to the internal N atom of NCP with the Li+ cation,
and finally the formation of theHN(Si(Me)3)2 molecule, reactions
5, 6, and 7, respectively.

LiNðSiðMeÞ3Þ2 f Liþ þ � NðSiðMeÞ3Þ2 ð5Þ

NCP þ Liþ f Li-NCP þ Hþ ð6Þ

Hþ þ � NðSiðMeÞ3Þ2 f HNðSiðMeÞ3Þ2 ð7Þ
The reaction energies, the enthalpies, and theGibbs free energies of
the above reactions are given in Tables 4 and 5. The relative
enthalpies of these two possible routes are depicted in Figure 3. It
seems that the first route is more likely to occur, and the atom
rather than the ion is exchanged. Note the substantial stabilization
of the ions due to the solvent.
The calculated interaction energies of the 1a, 1b, and 1bLi

NCPs with THF range from�11.0 to�19.3 kcal/mol and from
�10.1 to�17.6 kcal/mol in the gas phase and in toluene solvent,
respectively, see Table 3. The largest value corresponds to the
1bLiNCP, where there is an O�Li interaction. In 1aTHF-1, the

1a tautomer interacts with THF through the O�H2 and O�H3
bonds resulting in an interaction energy of �16.2(�15.4) kcal/
mol. The B3LYP reactions energies are about half of M06-2X,
while the CAM-B3LYP is between the B3LYP and M06-2X
values. However, as discussed above the M06-2X values are
expected to be the most accurate ones.24

D. Absorption Spectra. Excitation energies (ΔE), major
peaks (λ), oscillator strengths (f-value), main excitations, and
their coefficient contributing to the excited state of calculated
structures for the lowest-energy Q and Soret bands, calculated via
TDDFT, are given in Table 6 and in Tables 2S and 3S of the
Supporting Information. The corresponding calculated absorp-
tion spectra in the gas phase and in toluene solvent are depicted
in Figure 4 and in Figures 1S-6S of the Supporting Information.
As can be seen from the above Tables and Figures and from our
previous studies on the absorption spectra of complexes of C60

and C59N and supramolecular complexes of fullerene crown
ethers with exTTF and its derivatives,28,29 different functionals
lead to some differences in the calculated λmax values (absorption
maxima), while there is agreement in the general shape of the
vis�UV spectra obtained with the different functionals. As we
found in the present study the CAM-B3LYP and M06-2X
absorption peaks are similar, while the corresponding B3LYP
peaks are shifted to smaller energies. The types of excitations
corresponding to the excited states are the same in all three
functionals. In this section, we test the suitability of the above
functionals for the calculation of the absorption spectra using the
experimental ones as a guide.
By use of all three functionals, for the 1a species and all

complexes, which include the 1a NCP, i.e., 1aLi-1, 1aLi-2,
1aTHF-1, and 1aTHF-2, in their Q-band region there are two
peaks with similar oscillator strengths. On the contrary, in all
species which include the 1b or 2 porphyrins, the second Q peak
in their absorption spectra has a smaller oscillator strength than
the first one, i.e., the lowest-energy Q peak. The general shape of
the vis�UV spectra is the same for all complexes containing the
1aNCP. The same stands for all structures containing the 1b and
2 NCP. Our results on 1a and 1b are in agreement with the
results of Vyas et al10 who calculated the absorption spectra of the
two isomers at the TD-B3LYP/6-31+G(d)//B3LYP/6-31G(d)
level of theory, in the gas phase and in CH2Cl2 (for 1a) and in
CH3CN (for 1b) solvents.
In all structures the symmetry is C1 rather than D4h, hence the

two highest-occupied molecular orbitals (HOMOs, H-1 and H)
as well as the two lowest-unoccupied molecular orbitals (LUMOs,
L and L+1) are not degenerate. However, excitations among
these four orbitals result in the transitions of the Q and Soret (B)
bands as in the case of the normal porphyrin derivatives in the
four-electron four-orbital model.33,34 The M06-2X electron
density plots of the frontier orbitals of the 1a, 1b, 1bLi, 1aLi-1,
and 2LiTHF-1 species are depicted in Figure 5. The 1b, 1bLi,
1bLiTHF, and 2LiTHF structures have the same H-1, H, L, and
L+1 orbitals. Likewise, the 1a and 1aLi have the same frontier
orbitals. The replacement of the H by the Li atom, or the inter-
action of the THF molecule with the Li atom of the Li-NCP
isomers, does not change the general shape of these orbitals, but
it influences the energy differences of the orbitals; see Table 4S of
the Supporting Information. The lowest-energy Q peak corre-
sponds mainly to an excitation from the H orbital to the L, see
Table 6. The major peak of the Soret band corresponds to
excitation from the H-1 to the L orbital (having the largest
coefficient) and from the H to the L+1 orbital.

Table 5. Reaction Energies ΔEa (kcal/mol), Enthalpies
ΔHa,b(kcal/mol), and Gibbs Free Energies ΔGa,b (kcal/mol)
for the Reactions 2, 4, 5, and 7 in the Gas Phase (in Toluene
Solvent) at the M06-2X/6-31g(d,p) Level of Theory

reactionc 2d 4d 5 6

ΔE 87.3(92.3) �114.8(�114.5) 158.7(72.6) �373.3(�287.1)

ΔH 86.7(92.9) �108.6(�108.3) 157.7(72.2) �366.5(�279.8)

ΔG 77.3(81.5) �99.5(�99.1) 148.5(84.2) �357.6(�274.1)
aBSSE-corrected values. bAt 1 atm and 298.15 K. c (2) LiN(Si(Me)3)2f
Li• + •N(Si(Me)3)2; (4) H• + •N(Si(Me)3)2 f HN(Si(Me)3)2; (5)
LiN(Si(Me)3)2 f Li+ + �N(Si(Me)3)2; (6) H

+ + �N(Si(Me)3)2 f
HN(Si(Me)3)2.

dRestricted open shell calculations. The unrestricted
calculations result in ΔE, ΔG, and ΔH values smaller by∼0.7 kcal/mol
than the restricted ones.

Figure 3. Enthalpies for the insertion of lithium in 1b via the reaction
1b + LiN(Si(Me)3)2 + THFf 1bLiTHF-1 + HN(Si(Me)3)2 in the gas
phase (thin lines) and in toluene solvent (wide line) via the atom
exchange (solid lines) or the ion exchange (dashed lines) at the M06-
2X/6-31G(d,p) level of theory, at 1 atm and 298.15 K.

http://pubs.acs.org/action/showImage?doi=10.1021/jp204298q&iName=master.img-005.png&w=240&h=163
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1a NCPs. For the lowest-energy Q peak of the 1a tautomer, in
the gas phase, all three functionals predict similar wavelength, i.e.,
it ranges from 617 to 636 nm, see Table 6. The peak is red-shifted
when the 1a tautomer interacts with a THFmolecule, i.e., in the
1aTHF-1 structure, and the peak ranges from 650 to 678 nm
using different functionals. In toluene solvent, in both 1a and
1aTHF-1 species, the absorption peak is red-shifted by 10 nm
with respect to the gas phase. Likewise, the major Soret peak for
the 1a tautomer is similar in all functionals used and ranges from
373 to 397 nm, in the gas phase and in the 1aTHF-1 structure the
peak is red-shifted by about 10 nm. In toluene solvent, for both
1a and 1aTHF-1 species the peak is red-shifted by about 20 nm.
The 1aTHF-1 and 1aTHF-2 species differ in the type of

interaction of THF with the 1a tautomer. In the 1aTHF-1
structure, the THF is perpendicular to 1a, while in the 1aTHF-
2 structure the THF ring is parallel to the ring of the NCP. In
1aTHF-1, the presence of THF deforms the 1a isomer, see
Figure 1, and slightly deforms its frontier MOs; see Supporting
Information. This deformationmay result in a quasi-Jahn�Teller
effect (as mentioned above the frontier MOs strikingly resemble
those of the D4h tetraphenylporphyrin) depressing the H-1 and
raising the H orbital energy, thus reducing the H�L gap and
leading to a red shift. Thus, in the 1aTHF-1 structure, the lowest-
energy Q peak is significantly red-shifted, up to 40 nm, while the

Soret peak is red-shifted up to 10 nm in the gas phase or in
toluene solvent with respect to the 1aTHF-2 structure. In
1aTHF-2, the corresponding peaks are practically not shifted
with respect to the peaks of 1a, because the interaction between
THF and 1a is smaller and the relative energy of the four frontier
orbitals is practically the same in both 1a and 1aTHF-2. Thus,
different interactions cause different shifts in some absorption
peaks. Finally, the correspondingQ and Soret peaks in the 1aLi-1
and 1aLi-2 species are blue-shifted by about 20 nm and red-
shifted by about 10 nm, respectively, with respect to the
corresponding peaks of the 1a tautomer, see Figure 4 andTable 2S
of the Supporting Information.
1b and 2 NCPs. For the lowest-energy Q peak and the major

absorption peak of the Soret band, of the 1b tautomer, and the 2
NCPs, the three functionals present large deviations of the λ
values of about 100 and 40 nm, respectively; see Table 6.
However, for the complexes which include the 1b or 2 species
the corresponding deviations are smaller, up to 70 and 40 nm,
respectively. The CAM-B3LYP and M06-2X functionals present
similar absorption peaks, while the B3LYP functional predicts
red-shifted values with respect the other two functionals.
The insertion of Li in the 1b tautomer and in the 2 porphyrin

results in red shifts ranging from 60 to 100 nm for the Q peak
depending on the functional used and 15 nm for the Soret peak

Figure 4. Absorption spectrum (molar absorptivity, ε vs excitation energy) of 1a, 1b, 2, 1bLi, 1aLi, 1bLiTHF, 2LiTHF, 1aTHF, and 1bTHF species in
the gas phase calculated at the TD-M06-2X/6-31G(d,p) level of theory. The absorption spectra of all calculated species in the gas phase and in toluene at
the TD-B3LYP, TD-CAM-B3LYP, and TD-M06-2X/6-31G(d,p) levels of theory are given in the Supporting Information.

http://pubs.acs.org/action/showImage?doi=10.1021/jp204298q&iName=master.img-006.jpg&w=500&h=358
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using all three functionals. These red shifts in the lowest-energy Q
peaks are expected because Li interacts withmoreN atoms than the
hydrogen atomwhich binds only to oneN atom, Li is slightly more
positive and less electronegative than H, and as a result the
HOMO�LUMO difference becomes smaller when the hydrogen
is replaced by the Li atom. That causes red shifts in the lowest-
energy Q peak. The additional interaction of the THF with the Li-
NCP results in a further decrease in the energy difference between
H and L and a further red shift in the lowest-energy Q peak. In the
toluene solvent, the interaction of the 1bLiTHF and 2LiTHF with
the solvent leads to another red shift of 10�15 nm with respect to
the gas phase, in all cases. The relative energies of the four frontiers
orbitals are given in the Supporting Information. Finally, the spectra
of the different 1bTHF structures, resulting from the interaction of
the 1b with THF, are given in the Supporting Information.
Sripothongnak and Ziegler8 measured the UV�vis spectra of

N-confused tetraphenylporphyrin in anhydrous 5% THF in to-
luene and its lithium complex in the same solvent. Their structures
corresponds to our 1aTHF-1 and 1bLiTHF-1 structures in toluene

solvent. The experimental lowest-energy Q and Soret peaks appear
at 443 and about 710 nm for the NCP and at 468 and 739 nm for
the Li complex, respectively.Our calculated values for the 1aTHF-1
structure are 425 and 689 nm using the B3LYP functional and 403
and 663 nm using the M06-2X or CAM-B3LYP functional; see
Table 6 andFigure 4. For the 1bLiTHF-1 structure, the peaks are at
442 and 765 nm using the B3LYP functional and 407 and 692 nm
using theM06-2X orCAM-B3LYP functional; seeTable 6. It might
be noted that in our calculationswe have oneTHFmolecule next to
the 1a tautomer of the NCP and to the lithium complex of the
NCP, as opposed to the experimental spectra where each complex
is surrounded by 6 THF molecules.8 Thus, the lower THF
concentration in the calculation might justify the blue shifts in
the calculated spectra.
It seems that TD-B3LYP calculations yield λ values that are in

better agreement with the above experimental values than the
TD-CAM-B3LYP or TD-M06-2X techniques. The deviations of
the B3LYP λ values from the experimental ones range from 26 to
�26 nm, while the deviations of the M06-2X λ values range from

Figure 5. Plots of the M06-2X frontier canonical molecular orbitals for the 1a, 1b, 1bLi, 1aLi-1, and 2LiTHF-1 species.

http://pubs.acs.org/action/showImage?doi=10.1021/jp204298q&iName=master.img-007.jpg&w=322&h=437
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40 to 61 nm. Vibronic coupling that has not been taken into
account in our calculations can result in peak shifts.30�32 The
largest discrepancy between experiment and the M06-2X calcu-
lations is observed for the major Soret peak and corresponds to a
blue shift of 0.40 eV and the smallest one to the lowest-energy Q
peak, namely, 0.11 eV. The CAM-B3LYP functional presents
similar discrepancies with M06-2X. Other TDDFT and ab initio
calculations on normal porphyrins derivatives can also present
for some peaks similar discrepancies between experiment and
calculations.10,33 Moreover, it has been shown that increasing
the size of the basis sets only slightly affect the absorption spectra
on normal porphyrins.33 Peaks calculated by TD-B3LYP show
the smallest shifts which range from 0.06 to 0.16 eV. Shifts up to
0.2 eV are considered as showing very good agreement between
experimental and TDDFT calculations.33 Finally, the TD-CAM-
B3LYP relative intensity of the lowest-energy Q peak and the
major Soret peak is calculated to be 10 and 6 for the 1aTHF-1
and 1bLiTHF-1 structures, while the B3LYP values are 8 and 5.
The corresponding experimental relative intensities are 11 and 7,
in very good agreement with the TD-CAM-B3LYP values.
The N, L, and M bands are located at ∼350, 300�330, and

∼250 nm using the B3LYP functional; see Figures 4 and 1S�6S of
the Supporting Information. The CAM-B3LYP andM06-2X peaks
are blue-shifted 20�30 nm with respect to the B3LYP values.

IV. SUMMARY AND CONCLUSIONS

Recently, the lithium complexes of the N-confused tetraphenyl-
porphyrin and the externally N-methylated N-confused tetraphe-
nylporphyrin were synthesized by Sripothongnak and Ziegler.8 The
motivation of the present study was the explanation of the unusual
coordination environment that is adopted by the Li atom8 and to see
how the Li binding affects the Q and the Soret band. Thus, we
studied the electronic and geometric structures of the two tautomers
of the N-confused tetraphenylporphyrin, the externally N-methy-
latedN-confused tetraphenylporphyrin, as well as lithium complexes
of the two porphyrins in the presence or absence of tetrahydrofuran
(THF) in the gas phase and in toluene solvent. All calculations have
been carried out employing the DFT and TDDFT methods, using
the B3LYP, CAM-B3LYP, and M06-2X functionals in conjunction
with the 6-31G(d,p) basis set. The theoretical work extends over a
wider type of structures for the complexes and includes reaction
energies, enthalpies, reaction paths, and absorption spectra. While it
confirms the experimental conclusions for the most part, a different
interpretation is provided regarding the type of bonding involved in
the complexes. A summary of our main results follows.

TheM06-2X functional has been found to bemore suitable for
the calculation of the reaction energies and the geometries.
However, all three functionals predict similar geometries, in
agreement with the crystallographic data where they are avail-
able. Moreover, they yield the same population analyses.

The reaction energy for the insertion of lithium into NCP and
21-N-methylated N-confused porphyrin, namely, NCP + LiN-
(Si(Me)3)2 f Li-NCP + HN(Si(Me)3)2, has been calculated
to �67.6(�55.4) and �72.4(�59.3) kcal/mol in the gas phase
(in toluene solvent) in the presence of THF. The corresponding
enthalpies of above reaction at 1 atm and 298.15 K are
�65.2(�54.1) and �70.2 (�58.1) kcal/mol. Finally, the reac-
tion energy for the N-confused porphyrin in the absence of THF
is �47.7(�37.3) kcal/mol.

In agreement with the experiment the Li atom is found to
adopt an unusual coordination environment. The reason is that,

unlike a typical tetrahedral Li+ cation, this Li has a fractional
positive charge of about +0.5 e�, forms a σ bond with one N,
interacts with the remaining two N atoms, and is located in the
right place to form an agostic-like interaction with a core C�H
bond. In the presence of the THF, the Li atom interacts via its
empty p orbital which is perpendicular to the macrocycle of the
NCP with the O atom of the THF, which is also perpendicular to
the macrocycle, in agreement with the experimental data.

Absorption spectra, based on about 50 excited electronic
states of the complexes, have been determined at the optimized
ground state geometry in order to calculate the Q, B, N, L, andM
bands. UV�vis spectra of the conformers are similar using either
M06-2X or CAM-B3LYP functional, while the corresponding
B3LYP peaks are shifted to smaller energies, which are in better
agreement with experimental values. The largest discrepancy
between experiment and the calculations (M06-2X) is observed
for the major Soret peak and corresponds to a blue shift of 0.4 eV,
while the B3LYP peak shifts range from 0.06 to 0.16 eV. For all
complexes which include the 1a NCP, the general shape of the
UV�vis spectra is the same. Likewise, the same stands for all
structures including the 1b and 2NCPs.Moreover, differences in
the interactions of the conformers, result in differences in their
calculated spectra. It is found that the general 4 electron�4
orbital model often employed for the description of the excited
states of porphyrins is applicable here too, for the description of
the main spectral features of the complexes of Li with NCP.
Finally, as the number of the interactions in a species increases,
i.e, by replacing Hwith Li and adding THF or solvent, the lowest-
energy Q peak is more red-shifted.
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