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’ INTRODUCTION

N-Confused porphyrin, also known as inverted porphyrin and
2-aza-21-carbaporphyrin, is one of the most intensively studied
isomers of normal porphyrin.1 In this macrocycle, one of the
pyrrole rings is inverted relative to normal porphyrin, such that a
β-pyrrolic carbon atom resides at the core of the porphyrinoid
and the pyrrolic nitrogen atom occupies a position at the pe-
riphery of the macrocycle. In spite of its structural similarity with
normal porphyrin, the inversion of a single pyrrole ring clearly
alters the electronic structure of the macrocycle, resulting in
unique chemical and physical properties.2 Notwithstanding these
striking electronic differences from normal porphyrin, there have
been only a limited number of spectroscopic and theoretical
studies on the electronic structure of N-confused porphyrin free
base, and even fewer investigations are available on such proper-
ties of its metal complexes.3

When coupled with UV�vis spectroscopy, magnetic circular
dichroism (MCD) spectroscopy has proven to be useful for un-
derstanding of electronic structure of porphyrins and their
analogues.4 The majority of features in the UV�vis and MCD
spectra of transition-metal 5,10,15,20-tetra(aryl)porphyrins with
effective 4-fold symmetry (i.e.,D4h) can be explained using classic
Gouterman’s four-orbital5 and Michl’s perimeter6 models. Spe-
cifically, in the above case, the porphyrin core-centered LUMO
and LUMO+1 π* MOs are doubly degenerate (ΔLUMO = 0),
while the HOMO and HOMO�1 πMOs are nearly degenerate
(ΔHOMO ∼ 0). Excited states originating from a1u f egy and
a2u f egx transitions have x-polarization, while those between
a1uf egx and a2uf egy orbitals are y-polarized (Figure 1a). The
x- and y-polarized excited states are further mixed and split in
energy by configuration interactions into two pairs of degenerate
1Eu symmetry low-energy, low-intensity Qx and Qy transitions,
and high-energy, high-intensity Bx and By (also known as Soret

band) transitions.5 In the MCD spectra of such compounds, a
negative-to-positive intensity pattern (in ascending energy) for
Q- and B-bands is predicted by perimeter model,6 and such a
pattern was experimentally observed for numerous transition-
metal porphyrins.7 Lowering the effective symmetry in N-con-
fused porphyrins from D4h to Cs (planar N-confused porphyrin
core) or C1 (nonplanar N-confused porphyrin core) results in
nondegeneracy of the porphyrin core-centered LUMO and
LUMO+1 MOs and further splitting of Qx and Qy as well as
Bx and By transitions (Figure 1b,c). In order to avoid confusion,
when the target low-symmetry porphyrins are discussed below,
the generalized notation proposed by Gouterman5 will be used
(i.e., b1, b2, c1, and c2 for a1u, a2u, egx, egy in D4h symmetry;
Figure 1). Depending on the nature of substituents attached to
the porphyrin core and/or central metal, two possible MCD
patterns for N-confused porphyrins should be considered.6 If
ΔLUMO <ΔHOMO, a negative-to-positive amplitude of MCD
spectrum in ascending energy should be observed for both Q-
and B-band regions (Figure 1b), and this is the typical case for the
low-symmetry porphyrin compounds.7 IfΔLUMO >ΔHOMO,
a positive-to-negative amplitude MCD spectrum in ascending
energy should be observed (Figure 1c), which represents a rare
case in porphyrin chemistry. Specifically, such “sign-reversed”
MCD spectra were noted in several highly nonplanar
porphyrins,8a,b expanded and isomeric porphyrins,8c�e and re-
duced porphyrins.8f In addition, sign-reversed MCD spectra
were recently reported for copper complexes of cis- and trans-
doubly N-confused porphyrins.9 To the best of our knowledge,
however, there are no reports available in which the electronic
structure of the N-confused porphyrin core could be reversibly
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ABSTRACT: Nickel N-confused tetraphenylporphyrin, 1, and
nickel 2-N-methyl-N-confused tetraphenylporphyrin, 1-Me,
exhibit unusual sign-reversed (positive-to-negative intensities
in ascending energy) MCD spectra in the Q-type band region,
suggesting a rare ΔHOMO < ΔLUMO relationship between π
and π* MOs in the porphyrin core. Simple and reversible deprotonation of the external NH proton in 1 dramatically changes the
electronic structure of the porphyrin core into the ΔHOMO > ΔLUMO combination characteristic for the meso-
(tetraaryl)porphyrins. DFT, time-dependent DFT, and semiempirical ZINDO/S calculations on 1, 1-Me, and 1- confirm the
experimental finding and successfully explain the MCD pattern in the target compounds.
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manipulated to invert the ΔLUMO to ΔHOMO relationship. In
this report, we present the first MCD study on nickel N-confused
porphyrin 1, its 2-N-methyl derivative 1-Me, and the deprotonated
form of 1 (1-, Figure 2), which was further complimented with
UV�vis spectroscopy as well as DFT, time-dependent DFT
(TDDFT), and semiempirical ZINDO/S calculations. Our experi-
mental and theoretical data shown below suggest that the simple
and reversible deprotonation of the external NH proton in 1
dramatically changes the electronic structure of the porphyrin core
from the ΔHOMO < ΔLUMO to the ΔHOMO > ΔLUMO
relationship. Such change, in return, results in a change of the sign-
reversed MCD pattern observed in 1 and Me-1 into one usually
observed for the meso-(tetraaryl)porphyrins MCD pattern of 1-.

’EXPERIMENTAL SECTION

Synthesis and Instrumentation. All solvents were purchased
from commercial sources and dried using standard approaches prior to
experiments. A methanol solution of (NBu4)OH was purchased from
Aldrich used without future purification. N-Confused porphyrin was
synthesized as described by Lindsey and Geier.10 Methylation of the
inverted pyrrole at the external nitrogen position was carried out as
previously described,11 and nickel ion was inserted using the method
developed by Latos-Gra_zy�nski.1b UV�vis�NIR data were obtained on a
JACSO V-670 or Cary 17 spectrometer in dichloromethane as solvent.
MCD data were recorded using an OLIS DCM 17 CD spectropolari-
meter using a permanent 1.4 TDeSamagnet. The spectra were recorded
twice for each sample, once with a parallel field and again with an
antiparallel field, and their intensities were expressed by molar ellipticity
per T = [Θ]M/deg M

�1 cm�1 T�1.
Computational Aspects. All DFT calculations were conducted

using the Gaussian 03 software package running under either aWindows
or UNIX OS.12 The molecular geometries were obtained via optimiza-
tion with Becke’s exchange functional13 and Perdew 86 nonlocal
correlation functional (BP86)14 coupled with 6-31G(d) basis set15 for
all atoms. For all optimized structures, frequency calculations were
carried out to ensure that optimized geometries represented local
minima. In agreement with available X-ray crystal data for N-confused
porphyrins, phenyl rings in optimized 1 and Me-1 compounds are not
perfectly perpendicular to the porphyrin core. All our attempts to force
these substituents into perpendicular positions result in higher energy
structures. When necessary, the percent contributions of atomic orbitals
to molecular orbitals were calculated using the VMOdes program.16

Figure 1. Simplified Gouterman’s four-orbital model and Michl’s perimeter model for D4h symmetric porphyrins (A) and two possible cases expected
for C1 symmetric N-confused porphyrins (B and C).

Figure 2. Nickel N-confused porphyrins (right) and parent nickel
tetraphenylporphyrin (left).
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TDDFT calculations were conducted at the same level of theory as
geometry optimizations and single point calculations. The first 50 excited
states were calculated in order to ensure that bothQ- and B-band regions
of the UV�vis spectrum are covered. ZINDO/S calculations17 for 1,
Me-1, and 1- complexes were conducted using Gaussian 03 software.
Since MCD spectra cannot be calculated using commercially available
ZINDO/S software, MCD calculations were conducted using the
ZINDO/S program provided by Joseph Michl. Since this code cannot
handle d-orbitals, the nickel atom in 1, Me-1, and 1- complexes was
replaced by magnesium. Since we were interested in N-confused
porphyrin centered π�π* transitions, such an approach is valid as long
as the energies and compositions of these transitions are close to each
other. Our comparative calculations on the UV�vis spectra and
electronic structures of nickel and magnesium complexes of 1, Me-1,
and 1- using the ZINDO/S approach indeed result in almost identical
results for π�π* transitions and orbital energies (Supporting
Information).

’RESULTS AND DISCUSSION

Nickel N-confused porphyrins 1 and 1-Me (Figure 2) can be
readily generated via published methods.1,10 The 2-N-methyl
derivative (1-Me), which has the alkyl group on the external nitro-
gen position, can be synthesized via methylation of free base N-
confused porphyrin11 followed by standard nickel metalation.1b

In both cases, the structures of the two compounds are nearly
identical, but the presence of the external methyl group prevents
deprotonation and formation of the trianionic tautomeric form
of the macrocycle.

The UV�vis and MCD spectra of 1 and 1-Me are very similar
to each other and appear in Figures 3 and 4. Unlike the regular
tetraaryl-containing transition-metal porphyrins, which have an
intense Soret band at∼420 nm and a weak Q-band at∼600 nm,
the UV�vis spectra of 1 and 1-Me are more complex. Specifi-
cally, the Soret band has a prominent shoulder at ∼460 nm,

Figure 3. Experimental MCD (top) and UV�vis (bottom) spectra of
complex 1.

Figure 4. Experimental MCD (top) and UV�vis (bottom) spectra of
complex 1-Me.

Figure 5. DFTpredicted orbital energies of1, 1-Me, and 1-. Gouterman’s
four-orbital model MOs are given in red.

Figure 6. Molecular orbital compositions for frontier orbitals in 1, 1-
Me, and 1- predicted at the DFT level.
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several overlapping bands are observed between 500 and 600 nm,
and two prominent low-energy bands are observed at∼720 and
∼790 nm. In the absence of degenerate excited states and
paramagnetic centers in 1 and 1-Me, their MCD spectra could
be described using Faraday B terms, which originate from
magnetically induced mixing of nondegenerate excited states.
The intensities of the MCD signals in the Q-band region are
close to those observed for the Soret band region, reflecting
large angular momentum properties in the former transitions.
Themost striking feature of theMCD spectra of 1 and 1-Me is the
unusual positive-to-negative sign sequence for ascending energy
observed in the Q-band region. Indeed, all bands and shoulders
between 750 and 560 nm have positive amplitudes following

bands and shoulders between 560 and 500 nm with negative
amplitudes. Such MCD sign sequence is in contrast to that
observed inmost transition-metal porphyrins in which the lowest
energy bands have negative amplitudes of MCD terms and
reflects larger energy difference between the porphyrin core-
centered LUMO and LUMO+1 π* MOs (ΔLUMO) than
between the porphyrin core-centered HOMO and HOMO�1
π MOs (ΔHOMO).

In order to confirm an unusualΔLUMO>ΔHOMO relation-
ship in 1 and 1-Me and to gain further insight into the experi-
mental UV�vis and MCD data, we have conducted DFT,
TDDFT, and semiempirical ZINDO/S calculations, which have
proven to be reliable in calculation of the vertical excitation

Figure 7. Gouterman’s type frontier orbitals calculated for 1 (A), 1-Me (B), and 1- (C) at the DFT level.
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energies of porphyrinoid systems.18 Both DFT (Figures 5�7)
and ZINDO/S (Figure 8 and 9) calculations are in agreement
with the experimental MCD spectra of 1 and 1-Me. In particular,
within the borders of Gouterman’s four-orbital model, values
calculated for 1wereΔLUMO (0.60 eV, DFT; 0.82 eV, ZINDO/
S) > ΔHOMO (0.35 eV, DFT; 0.57 eV, ZINDO/S). A similar
relationship was also predicted for 1-Me: ΔLUMO (0.60 eV,

DFT; 0.82 eV, ZINDO/S) >ΔHOMO (0.34 eV, DFT; 0.52 eV,
ZINDO/S). Moreover, from DFT and semiempirical calcula-
tions, it seems that the influence of the methyl group attached to
the external pyrrolic nitrogen in 1-Me is small, in agreement with
UV�vis and MCD data. Further insight into the UV�vis and
MCD spectroscopy of complexes 1 andMe-1 was gained on the
basis of TDDFT and ZINDO/S calculations. TDDFT calcula-
tions on 1 and 1-Me (Figures 11 and 12) predict nine bands
between 500 and 1000 nm region with all of them having some
contributions from classic Gouterman’s four-orbital model tran-
sitions. In both 1 and 1-Me complexes, the lowest energy excited
state predominantly consists of HOMO f LUMO (π to π*)
transition and thus was assigned to the Qx band. The presence of
the nickel-centered MOs between HOMO (π) and HOMO�3
(π) results in two low-intensity MLCT bands predicted between
700 and 900 nm. Excited state 4 again is dominated by the
Gouterman’s type π f π* transitions and thus was assigned to
the Qy band. Since the semiempirical ZINDO/S method lowers
the energies of the metal-centered MOs compared to the
porphyrin-centered π MOs, the only π f π* transitions
predicted by this method were in the 500�900 nm region, with
both being Gouterman’s typeπfπ* transitions (Figures 11 and
12). Again, the first excited state is dominated by the HOMOf
LUMO πf π* transition and thus was assigned to the Qx band.
The second excited state was assigned to the Qy band. More
importantly, the ZINDO/S approach predicts a positive ampli-
tude for the low-energy Qx band and negative amplitude for the

Figure 8. Orbital energies of 1, 1-Me, and 1- calculated at ZINDO/S
level and normalized to the energy of the HOMOs.

Figure 10. Proposed alteration of the tautomeric state upon deproto-
nation of the peripheral nitrogen.

Figure 11. Predicted ZINDO/S MCD B terms (A), experimental
MCD (B), experimental UV�vis (C), calculated ZINDO/S (D), and
calculated TDDFT (E) vertical excitation energies for 1.

Figure 9. Molecular orbital compositions for frontier orbitals in 1, 1-
Me, and 1- predicted at the ZINDO/S level.
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higher energy Qy band, in agreement with Michl’s perimeter
model and experimental MCD spectra of 1 and 1-Me.

Both DFT and semiempirical ZINDO/S calculations suggest
that the nitrogen atom of the inverted pyrrolic ring makes a signi-
ficant contribution to the porphyrin core-centered π HOMO
and π* LUMO, but not to the porphyrin core-centered π
HOMO-1 andπ* LUMO+1. Since both the HOMO and LUMO
in 1 and 1-Me have a significant contribution from the external
nitrogen atom of the inverted pyrrolic ring, an increase of elec-
tron density on this atom would lead to larger destabilization of
LUMO and HOMO relative to that in LUMO+1 and
HOMO�1. In addition, we also surmised that deprotonation
would alter the electronic structure of 1 to resemble that of the
internally protonated form (Figure 10). Both situations would
potentially decrease ΔLUMO and increase ΔHOMO, which
could reverse the amplitudes of the MCD signals in the Q-band
region to those usually observed in the transition-metal porphyr-
ins. In order to test this hypothesis, 1 was reversibly deproto-
nated using (NBu4)OH as a base (Figure 13). The resulting
UV�vis and MCD spectra of 1- have three key differences
compared to the UV�vis and MCD spectra of 1 and 1-Me

(Figures 13 and 14). First, the UV�vis spectrum of 1- is closer to
the usual spectrum of tetraarylporphyrins. Indeed, upon depro-
tonation of 1, the Soret band shoulder at 458 nm and the intense
band at 358 nm disappear, followed by an increase of the Soret
band intensity. In addition, an unusual for the tetraarylporphyr-
ins low-energy band at 789 nm disappears, and the lowest energy
band in 1- appears as usual for tetraarylporphyrins in the region of
719 nm. Second, similar to other tetrarylporphyrins, the MCD
spectrum of 1- is dominated by the Soret band region, which is
about one order of magnitude more intense compared to the
Q-band region signals. Finally, negative-to-positive in ascending
energy Faraday B terms were observed in theQ-band region of 1-,
suggesting the usual for porphyrins ΔLUMO < ΔHOMO rela-
tionship in 1-. Such a simple possibility for manipulation of the
electronic structure in 1 was further confirmed by DFT and
ZINDO/S calculations (Figures 5�9 and 15). Indeed, within the
borders of Gouterman’s four-orbital model, values calculated for
1- were ΔLUMO (0.20 eV, DFT; 0.24 eV, ZINDO/S) <
ΔHOMO (0.45 eV, DFT; 0.46 eV, ZINDO/S). In agreement
with our hypothesis, all four Gouterman’s type MOs are

Figure 14. Experimental MCD (top) and UV�vis (bottom) spectra of
complex 1-.

Figure 12. Predicted ZINDO/S MCD B terms (A), experimental
MCD (B), experimental UV�vis (C), calculated ZINDO/S (D), and
calculated TDDFT (E) vertical excitation energies for 1-Me.

Figure 13. Transformation of 1 (red) into 1- (blue) during titration
with (NBu4)OH in a DCM�MeOH mixture. Figure 15. Predicted ZINDO/S MCD B terms (A), experimental

MCD (B), experimental UV�vis (C), calculated ZINDO/S (D), and
calculated TDDFT (E) vertical excitation energies for 1-.
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significantly destabilized in 1- compared to 1, but a larger desta-
bilization of LUMO andHOMO is, indeed, responsible for a new
ΔLUMO < ΔHOMO relationship. TDDFT and ZINDO/S
calculations on 1- are in agreement with its electronic structure.
Thus, TDDFT calculations on 1- predict 10 bands between the
500 and 1000 nm region, with all of them having contributions
from classic Gouterman’s four-orbital model transitions. The first
excited state is dominated by the HOMO f LUMO (πf π*)
transition and thus was assigned to the Qx band (Figure 15).
Similar to complexes 1 andMe-1, low-intensity transitions 2 and
3 have predominant MLCT character, while excited state 4 fits
well within Gouterman’s four-orbital model and thus was as-
signed as the Qy band. Again, as predicted by ZINDO/Smethod,
energies of the metal-centered MOs are significantly lower
compared to the π MOs and thus both predicted in the
500�900 nm region excited states were assigned as Q-bands.
The first one is dominated by the HOMO f LUMO (πf π*)
transition and thus was assigned as a Qx band, while the second
excited state was assigned as a Qy band (Figure 15). More
importantly,the ZINDO/S approach predicts a negative ampli-
tude for the low-energy Qx band and positive amplitude for the
higher energy Qy band, in agreement with Michl’s perimeter
model and experimental MCD spectra of 1-.

’CONCLUSIONS

In conclusion, nickel N-confused porphyrins 1 and 1-Me
exhibit a rare MCD spectra compared to those observed in other
metalloporphyrins and modified variants. The frontier orbital
structures of compounds 1 and 1-Me deviate from that predicted
by the Gouterman’s four-orbital model, which predicts a sig-
nificant separation between the HOMO and HOMO�1 and a
degenerate (or nearly degenerate) LUMO and LUMO+1. The
inversion of two atom positions inN-confused porphyrin relative
to normal porphyrin greatly affects the electronic structure of the
macrocycle by altering one of the two conjugation pathways and
by inducing asymmetry in themacrocycle. As a result, the LUMO
and LUMO+1 orbitals lose their degeneracy and exhibit a larger
gap than observed in the HOMO/HOMO�1 pair. We also
showed that a simple deprotonation of the external pyrrolic
protons could easily change the electronic structure of 1 from
ΔLUMO >ΔHOMO to the usualΔLUMO <ΔHOMO, which
could only be confirmed experimentally by MCD spectroscopy.
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