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Introduction
Porphyrins are perhaps best known for their biological
functions and coordination chemistry.1 With their high
molecular symmetry (up to D4h) and rich electronic
absorption properties, porphyrins (Figure 1) have been
extensively studied by quantum chemists. During the
1970s, semiempirical calculations resulted in important
insights into the electronic structure and spectra of
porphyrins.2 While such calculations continue to be
useful, especially for studies of porphyrin excited states,
recent advances in quantum chemical and computer
technologies permit more accurate ab initio or first-
principles calculations on large porphyrin-sized mol-
ecules. However, most porphyrin chemists do not con-
sider ab initio calculations as a practical tool in their
research. A goal of this Account is to encourage a change
in this state of affairs. Two areas are chosen for discus-
sion. In the first part of this Account, we will focus on
recent advances in calculations of porphyrin ionization
potentials (IPs). Information from electrochemistry and
photoelectron spectroscopy are integrated with theoretical
results to develop a unified picture of substituent effects
(SEs) in porphyrins. In the second part of this Account,
we will evaluate the role that first-principles methods can
play in structural studies of porphyrin-type molecules.

Ionization Potentials of Porphyrins and Related
Molecules
Since the late 1980s, many novel substituted porphyrins
such as â-perhalogenated porphyrins and porphyrins with
multiple perfluoroalkyl and nitro groups have been syn-
thesized.3 Compared to ordinary metalloporphyrins, metal
complexes of some of the new electron-deficient porphy-
rins have proved to be stable and efficient catalysts of

various oxygenation reactions.3,4 These findings prompted
us to seek a detailed analysis of SEs in porphyrins. We
chose a combined theoretical and experimental approach
involving ab initio calculations and X-ray photoelectron
spectroscopy (XPS), while other groups focused on elec-
trochemical measurements. A recent synthesis of the data
available from these diverse sources has resulted in a
broad self-consistent picture of substituent effects on
ionization and oxidation potentials of porphyrins.5

Early Results From Hartree-Fock Calculations. Ab
initio Hartree-Fock (HF) theory,6,7 appeared to be a
reasonable choice for an initial first-principles exploration
of porphyrin IPs. According to Koopman’s theorem (KT),
IPs are given by the sign-reversed orbital energies for the
occupied orbitals of a closed-shell molecule. The as-
sumption here is that the molecular orbitals do not relax
as a result of ionization. Also, electron correlation is not
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FIGURE 1. Some basic porphyrinic structures: PH2, porphyrin; CH2,
chlorin; BCH2, bacteriochlorin; PzH2, porphyrazine; PcH2, phthalo-
cyanine.
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taken into account in HF theory. The errors due to the
neglect of relaxation and correlation effects are of opposite
signs and, for low-energy valence ionizations, of compa-
rable magnitude (∼0.5 eV). Table 1 presents the low-
energy HF-KT valence IPs of unsubstituted porphyrin
(PH2)6 and â-octamethylporphyrin7 and compares them
to ultraviolet photoelectron spectroscopic (UPS)8 data.
Overall, the HF-KT IPs do not change much on improve-
ment of the basis set beyond double-ú (DZ) or double-ú
plus polarization (DZP) quality.6,7 The HF orbital energy
spectra reproduce the qualitative clustering patterns of the
UPS peaks. For both PH2 and octaalkylporphyrin, HF
theory reproduces the experimental finding that the two
lowest IPs are energetically well-separated from all other
IPs. This is expected from Gouterman’s four-orbital
model of porphyrin electronic spectra, according to which
(i) the two HOMOs of a typical porphyrin are near-
degenerate (Figure 2) as are the two LUMOs and (ii) these
four orbitals are energetically well-separated from other
occupied and virtual orbitals.9 The calculations also
reproduce in a semiquantitative manner the experimen-
tally observed electronic effect of â-octaalkyl substitution
(ca. 0.5 eV) on the lowest IP(s) of PH2.7

For higher-energy IPs, relaxation energies can be as
large as several electronvolts, and the difference in cor-
relation energies between the neutral and ionized states
is much smaller. Thus, the theoretical and experimental
XPS core electron binding energy scales are shifted relative
to each other by a “systematic error” for a series of related
molecules. For example, HF theory accurately reproduces
differences in N 1s IPs of the various nitrogens in the
porphyrin and porphyrazine ring systems (Figure 3).10,11

For PH2, the experimental core IPs of the protonated
nitrogens exceed those of the unprotonated nitrogens by
2.1 eV, compared to an HF/DZP value of 1.89 eV.10 HF
theory also reproduces the electron-withdrawing effect

(0.2-0.45 eV) of meso-tetraaza substitution on the N 1s
IPs of the porphyrin macrocycle (Figure 3).10,11 Table 2
compares HF and XPS shifts in the nitrogen core IPs of
several free-base tetraphenylporphyrins as a function of
different substitution patterns on the phenyl rings.7 The
agreement between theory and experiment is semiquan-
titative. Certain phenyl substitution patterns are seen to
strongly modulate the N 1s IPs and, therefore, the
electronic character of the central metal-binding region
of the porphyrin. Thus, perfluorination of the phenyl rings
elevates the nitrogen core IPs by almost a full electronvolt.
Similarly, p-CN, p-CF3, and p-NO2 substituents on the four
phenyl groups of meso-tetraphenylporphyrin (TPPH2) raise

Table 1. Five Lowest One-Electron IPs (eV) of PH2 and â-Octaalkylporphyrins for Different Methods and Basis
Sets

PH2 octaalkylporphyrin

HF-KTa LDFb NLDFTb HF-KTd LDFe

symmetry DZ DZP TZDP TZP TZP exptlc DZ DZP exptlc

2B1u 6.44 6.78 6.77 7.18 6.99 6.9 6.19 6.64 6.39
2Au 6.23 6.22 6.15 7.36 7.17 7.2 5.80 6.72 6.83
2B2g 8.89 9.07 9.04 8.14 7.93 8.1 8.18 7.80
2B1u 9.13 9.28 9.24 “7.96” f 8.3 8.32 8.13
2B3g 10.16 10.20 10.16 8.82 8.64 8.7 9.50 8.44

a Reference 6. b Reference 16. c Experimental results from ultraviolet photoelectron spectroscopy: ref 8. d Reference 7. e Reference 5.
f This number is estimated from NLDFT calculations on zinc porphine.16

FIGURE 2. Schematic diagram of the two HOMOs of a typical
porphyrin.

FIGURE 3. Nitrogen 1s XPS of octaethylporphyrin and octaeth-
ylporphyrazine.

Table 2. HF and XPS Shifts (eV) in the Nitrogen 1s
Core IPs of Several Free-Base

Tetraphenylporphyrins, with TPPH2 as Zero Levela,b
(Reprinted with Permission from Reference 7.
Copyright 1992 American Chemical Society)

porphyrin HF XPS

meso-tetraphenylporphyrin 0.00 0.0
meso-tetrakis(2,6-dichlorophenyl)porphyrin 0.10 0.4
meso-tetrakis(4-cyanophenyl)porphyrin 0.79 0.6
meso-tetrakis[4-(trifluoromethyl)phenyl]porphyrin 1.90 0.7
meso-tetrakis(4-nitrophenyl)porphyrin 1.01 0.7
meso-tetrakis(pentafluorophenyl)porphyrin 1.27 0.9

a A higher or more positive number indicates a higher nitrogen
core IP, i.e., more electron-deficient nitrogens. b Only one theoreti-
cal or experimental shift is given per porphyrin, since the energy
splitting between the core IPs of the protonated and unprotonated
nitrogens is virtually constant at 2.1 eV for all these porphyrins,
both theoretically and experimentally.
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the core IPs of the central nitrogens by 0.6-0.7 eV.7 Figure
4 provides another example of the excellent performance
of HF theory: observe how closely the N 1s XPS of meso-
tetrakis(p-nitrophenyl)porphyrin and the corresponding
HF simulation agree.7

However, there remained certain experimental sub-
stituent effect data that simply could not be reconciled
with HF predictions. Thus, HF theory grossly overesti-
mates the electronic effects of peripheral halogen sub-
stituents on the XPS N 1s IPs and electrochemical oxida-
tion potentials of porphyrins.7,12 HF theory also fails to
reproduce large electron-donating effects of ca. 0.5 eV of
meso-tetraphenyl subsitution on the valence and N 1s IPs
of porphine.5,7 HF theory also provides an inaccurate
description of the N 1s IPs and hence of the molecular
charge distributions of free-base hydroporphyrins such as
chlorins and bacteriochlorins.13

Performance of Density Functional Theory. To cor-
rect these problems, we needed to go beyond the Har-
tree-Fock approximation and take electron correlation
into account. Since the molecules of interest range from
about 40 to 100 atoms, the prospect of routine use of ab
initio correlated methods was unattractive. Fortunately,
early explorations with density functional theory (DFT),
which can account for electron correlation in an implicit
and computationally expedient manner, yielded very
promising results. Although DFT is not generally ap-
plicable to excited states, it can be used for calculations
of the lowest-energy state of each symmetry for a par-
ticular system.14 We used local15 (LDF) and nonlocal16

DFT to calculate four valence IPs of PH2, corresponding
to the lowest 2Au, 2B1u, 2B2g, and 2B3g π-ionized states, each
IP being equal to the energy difference between the un-

ionized and the appropriate ionized states. Table 1 and
Figure 5 compare the DFT IPs with the experimental UPS.
Local and nonlocal DFTs reproduce the experimental IPs
of PH2 to within 0.3 and 0.1 eV, respectively.

The two lowest experimental IPs of â-octaethylporphy-
rin are 6.39 and 6.83 eV, which agree to within 0.1-0.3
eV of the calculated LDF values of 6.64 and 6.72 eV for
â-octamethylporphyrin.5 The three lowest LDF IPs of
TPPH2 (6.73, 7.01, and 7.67 eV) are in similarly good
agreement with experimental values of 6.39, 6.72, and 7.71
eV.5 LDF theory also reproduces the electronic effects
(∼0.5-0.7 eV) of meso-tetraphenyl and â-octaalkyl sub-
stitution. These DFT results represent near-quantitative
agreement between theory and experiment, well beyond
what was achieved with large-basis HF calculations. This
encouraged us to assemble an extensive database of LDF
valence IPs and SEs (Figure 6).5

Halogenated Porphyrins. The data in Figure 6 afford
important insights into halogen SEs on porphyrins, an
important topic in view of extensive applications of

FIGURE 4. Experimental and HF simulated N 1s of T-p-NO2PPH2.

FIGURE 5. UPS of PH2 reproduced after stylistic modification.
Experimental and NLDFT calculated features (eV) are shown outside
and within parentheses, respectively.

FIGURE 6. The two lowest LDF IPs of diverse substituted porphyrins.
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halogenated metalloporphyrins as catalysts for hydrocar-
bon oxygenation. In contrast to HF results but in agree-
ment with electrochemical measurements, LDF theory
predicts that meso-tetrahalogenation should result in
almost no change in a porphyrin’s lowest IP.5,12 This
appears to result from the cancellation of inductive
electron-withdrawing and mesomeric electron-donating
effects of the halogen substituents. Evidence for the latter
effect is found in the spin density distribution of the
ground (2B1u) state meso-tetrachloroporphyrin cation where
each chlorine atom carries an unpaired spin population
of as much as 0.05.12 â-Octachlorination or octabromina-
tion too results in elevations of 0.4-0.5 eV of a porphyrin’s
lowest IP at the LDF level, in contrast to dramatically
higher electronic effects predicted at the HF-KT level.5,12

XPS measurements5 show that â-Cl8 or â-Br8 substitutions
elevate the core IPs of the central nitrogens of a porphyrin
by 0.4-0.5 eV, in agreement with the LDF valence SEs.
Electrochemical confirmation of these LDF results is
somewhat complicated. All known â-Cl8 or â-Br8 porphy-
rins are also meso-tetraaryl-substituted and have severely
buckled equilibrium geometries. It turns out that mac-
rocycle buckling raises the lowest IPs and thus effectively
masks the electron-withdrawing effects of the â-halogens.
However, tetraarylporphyrins with only a pair of opposite
pyrrole rings halogenated are relatively planar, and the
oxidation potentials of these compounds allow an elec-
trochemical determination of the electronic effects of â-Cl
or -Br substituents. 7,8,17,18-Cl4 and 7,8,17,18-Br4 sub-
stitutions of tetramesitylporphyrin elevate the oxidation
potential by 0.24 and 0.21 V, respectively.17 These elec-
trochemical SEs for â-tetrahalogenation are approximately
half the LDF and XPS SEs for â-octahalogenation, which
satisfactorily confirms the LDF results. Overall, Cl and Br
substituents are seen to exert rather modest electronic
effects on the porphyrin macrocycle. Thus, the enhanced
stability of â-Cl8 or â-Br8 derivatives of metallotetraarylpor-
phyrin complexes toward oxidants, relative to the unha-
logenated metalloporphyrins, probably stems from a
combination of the steric and electronic effects of the
halogens.

â-Octafluorination has an effect of ca. 0.85 eV on the
lowest IPs of PH2, which exceeds the SEs due to â-Cl8 or
â-Br8 substitution by a significant margin of 0.3-0.4 eV.5

The lowest LDF IP of perfluorinated TPPH2 (F28TPPH2)
exceeds that of ordinary TPPH2 by as much as 1.65 eV!5

For comparison, the electrochemical oxidation potential
of ZnF28TPP exceeds that of ZnTPP by a significantly
smaller but still large margin of 900 meV.18

Figure 6 also underscores the potential roles of cyano,
nitro, and perfluoroalkyl substituents in designing super-
electron-deficient porphyrins.5 For instance, meso-tetra-
substitution with any of these substituents elevates the
lowest IP of PH2 by over 1 eV. The lowest IP of â-P(CN)8H2

exceeds that of PH2 by 2 eV!

meso-Tetraarylporphyrins. The LDF valence SEs for
tetraarylporphyrins (obtainable from Figure 6) are in good
agreement with HF and XPS SEs (Table 2). The LDF
results confirm that substituents on the phenyl rings can

strongly modulate the electronic character of the porphy-
rin ring, although the phenyl rings are assumed to be
perpendicular to the porphyrin plane. This suggests that
the porphyrin-aryl electronic interaction has a significant
dipolar component,19 although the nature of this inter-
action has not been probed in adequate detail. The data
on the tetraarylporphyrins with fluorinated and nitro-
substituted phenyl groups show that ortho, meta, and para
substituents can exert significantly different SEs on por-
phyrin valence IPs. For the fluorinated tetraarylporphy-
rins, this probably stems from an angular dependence of
dipolar electronic effects.19 In contrast, the surprisingly
low first IP19 of meso-tetrakis(2,6-dinitrophenyl)porphyrin
reflects stabilization of the 2B1u (A2u-type) cationic state
by direct orbital overlap interactions between the nitro
oxygens and meso carbons.20

Combined use of the LDF IP and existing electrochemi-
cal oxidation potential data on tetraarylporphyrins allows
an evaluation of the importance of solvent effects. Kadish
et al. obtained approximately linear Hammett plots of
substituent-induced shifts in oxidation potentials (E) of
free-base tetraarylporphyrins versus the sum of substitu-
ent constants (Σσ) for the substituents on all four phenyl
rings.21 The slopes, F, of such plots were 0.065 and 0.054
V for dichloromethane and n-butyronitrile solvents, re-
spectively. In contrast, a Hammett plot of substituent-
induced shifts in the lowest LDF IP of TPPH2 versus Σσ
has a slope of F ≈ 0.23 eV, which is considerably higher
than the slopes found for the electrochemical plots.5

Thus, p-fluoro and p-cyano substitution of all four phenyl
rings of TPPH2 increases the electrochemical oxidation
potential by ∼0.1 and 0.2 V, respectively, but affects the
LDF first IP by 0.29 and 0.76 eV, respectively. What causes
this discrepancy between electrochemical and LDF sub-
stituent effects? While a definitive answer must await UPS
measurements, two facts argue against the possibility that
LDF theory is inadequate. First, LDF theory has per-
formed astonishingly well in reproducing the lowest one-
electron IPs of porphyrins for which experimental UPS
data are available.5,15 Second, the electronic effects of
phenyl substituents on the lowest LDF IPs of TPPH2 are
about equal to substituent effects on experimental XPS N
1s core IPs.5,7 This suggests that substituent effects on
electrochemical oxidation potentials can differ signifi-
cantly from shifts in gas-phase IPs, especially where these
shifts are very large. Overall, solvation appears to exert a
moderating effect on substituent effects in porphyrins.5

Structural Studies of Porphyrinoids
Structural studies of porphyrin-type molecules with first-
principles quantum chemical methods are a relatively
recent development. Until recently, there was consider-
able confusion as to the choice of a suitable quantum
chemical method for such studies. Thus, both semiem-
pirical theories22 such as QCFF/PI, spin-restricted AM1,
and PM3 and ab initio Hartree-Fock theory23 result in
unrealistic symmetry-broken structures of porphyrinoids
with alternating localized single and double bonds. Sym-
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metry-constrained realistic structures of porphyrins have
one or more imaginary frequencies at these levels of
theory. In 1993, we reported that simple schemes of
electron correlation such as second-order Møller-Plesset
perturbation theory (MP2) and DFT can rectify this
problem and yield realistic delocalized optimized
geometries.23a Other workers have subsequently con-
firmed this finding using DFT vibrational analyses24 and
multiconfigurational perturbation theory (CASPT2) cal-
culations.25 Since this discovery, quantum chemistry,
especially DFT, has emerged as an important tool for
structural studies of porphyrin-type molecules.

Figure 7 depicts LDF/DZP optimized geometries of
some common porphyrinoids. The order of bond lengths
in PH2

23 and ZnP26 is CR-Câ (1.42-1.45 Å) > CR-Cmeso (1.39
Å) > Câ-Câ ≈ CR-N (1.36-1.37 Å). Note the long CR-Câ

bonds, a well-known peculiarity of porphyrins. Both the
CR-Câ and Câ-Câ bonds (1.51-1.52 Å) in the reduced
rings of hydroporphyrins such as BCH2 have lengths
typical of single bonds. The R-meso distances in PzH2

10

are short (1.30-1.31 Å) relative to those in PH2. Thus,
PzH2 has a smaller N4 core and a stronger ligand field,
which may explain the unusual S ) 3/2 spin state for
OEPzFeIIICl (cf. five-coordinate FeIII porphyrins, which are
high-spin).27 The CR-N-CR angles are significantly

larger in the N-protonated pyrrole rings of PH2 than in
the N-unprotonated rings, 110.4° versus 105.1°.23 In
contrast, the CR-N-CR angles are fairly uniform (109.2-
110.4°) across all four rings in BCH2.13 Thus, hydrogena-
tion of a Câ-Câ bond results in a widening of the CR-N-
CR angle and, therefore, also a slight increase in distance
of the nitrogen of the reduced ring from the macrocycle
center. Increased metal-nitrogen bond distances involv-
ing the reduced rings of bacteriochlorins, relative to
analogous distances for porphyrins, have been noted in
crystallographic studies.28 Overall, theory and crystal-
lography are in excellent agreement with regard to many
detailed structural features of the common porphyrinoids.
This encouraged us to undertake DFT geometry optimiza-
tion studies of other more interesting and exotic porphy-
rinoids.

NH Tautomerism. Figure 8 depicts various species
relevant to NH tautomerism in PH2 and monodeproto-
nated porphine, PH-. The double proton migration in PH2

is believed to a be a stepwise process,29 and an energy of
ca. 8 kcal/mol has been calculated for the cis-PH2 inter-
mediate at LDF, nonlocal DFT, and MP2 levels.30,31 The
transition state between cis and ordinary PH2 has been
calculated to lie ca. 17 kcal/mol above PH2 at the nonlocal
DFT level.31 Consistent with the experimental observation

FIGURE 7. Optimized geometries (Å, deg) of some common porphyrinoids.
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that the tautomerism is significantly faster in PH- than
in PH2,32 the proton-transfer transition state of PH- has
been found to be 11 kcal/mol above the ground state at
the nonlocal DFT level.33 The ground states of PH2 and
PH- feature symmetrical bifurcated hydrogen bonding,
the N-H bond lengths and NH‚‚‚N contacts being 0.99
and ca. 2.3 Å, respectively, for either molecule.23,33 In the
transition states, the N‚‚‚H contacts involving the migrat-
ing hydrogen are ca. 1.33 Å.31,33 The skeletal geometries
of PH2 and PH- distort significantly in the course of the
proton transfer, with the bond angles of the central C12N4

ring undergoing the maximum changes.30,31,33

Porphyrin Isomers. Theory has shed considerable
light on thermochemical and structural aspects of por-

phyrin isomers.34 BLYP/6-31G**//3-21G calculations35

predict rather low energies for the [2.0.2.0],36a [2.1.1.0],36b

[2.1.0.1],36c and cis- and trans-[3.0.1.0]36d isomers relative
to PH2, consistent with the successful syntheses36 of each
of these ring systems (Figure 9). Using LDF/DZP opti-
mizations, we have studied the possibility of skeletal cis-
trans isomerism in porphyrin isomers.37 Very recently,
this possibility has been experimentally realized with the
observation of a rapid photochemical equilibrium be-
tween the cis- and trans-[3.0.1.0]porphyrin stereoisomers.36d

Yet to be experimentally observed is trans-[3.1.0.0] por-
phyrin with an energy of 26.6 kcal/mol relative to PH2 at
the LDF level. In contrast, cis-[3.1.0.0]porphyrin has a
significantly higher energy, 39.3 kcal/mol relative to PH2

at the LDF level, and it is doubtful if this stereoisomer
can at all be synthesized. Similarly, the energies of both
cis and trans stereoisomers of [4.0.0.0]porphyrin appear
to be too high to permit their isolation. Examples of
significant sources of strain in the structures of porphyrin
isomers are certain large bond angles subtended at the
(CH)3 interpyrrole linker in the [3.0.1.0] and [3.1.0.0]
isomers and rather long direct CR-CR and other CC bonds
in the interpyrrole bridges (1.39-1.43 Å) (compare CR-
Cmeso in PH2, which is 1.38 Å) (Figure 9).37

Corrole Isomers. LDF geometry optimizations have
also been used to study corrole isomers (Figure 10).26

Table 3 presents calculated thermochemical data on the
free bases and GaIII, InIII, and ScIII complexes of corrole
isomers, and Figure 10 also includes selected optimized
geometries. Normal corrole, or [1.1.1]corrole,38 which has
bond lengths generally similar to those in PH2, is the most
stable isomer for both free-base and metal-complexed
series. The stretched CR-CR linkages and wide exocyclic
CâCRCR angles at these linkages are a principal source of
strain in the normal and isomeric corrole structures, as
in certain porphyrin isomers.37 Moderately low energies
are also predicted for the [2.0.1] and [2.1.0] isomers,
consistent with the actual synthesis of the [2.0.1]corrole
or isocorrole ring system.39 The higher energies of these
isomers relative to [1.1.1]corrole are related to the pres-
ence of two direct CR-CR linkages in the former com-
pounds. The size of the N4 core also plays a crucial part
in determining the relative energetics of metallocorrole
isomers.26 Normal corroles and [2.0.1]corroles have a
small N4 core. The short optimized Ga-N distances of
ca. 1.9 Å in [1.1.1]CorGa and [2.0.1]CorGa are typical of
metal-nitrogen distances in metallocorroles but shorter
than those typically found in metalloporphyrins. In
contrast, the [2.1.0] isomer, with an unsymmetrical core
and a relatively long separation between two diagonally
opposite nitrogens, is expected to coordinate optimally
with a larger metal ion such as ScIII or InIII. These
structural features explain the reversal of the relative
stabilities of [2.0.1]- and [2.1.0]metallocorroles with in-
creasing metal ion size.26 The cis and trans stereoisomers
of [3.0.0]corrole have high molecular energies, and their
actual isolation seems doubtful. Except for trans-[3.0.0]-
corrole derivatives, all the corrole isomers and their metal
complexes have relatively planar geometries. Finally, for

FIGURE 8. Some stationary points on the potential energy surfaces
of PH2 and PH-, along with their NLDFT relative energies (kcal/mol).

Quantum Chemical Studies of Porphyrins Ghosh

194 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 31, NO. 4, 1998



any particular corrole isomer, the NH tautomers are of
similar energy, differing by 2-7 kcal/mol.26 For instance,
the two tautomers of normal corrole differ by only 2.45
kcal/mol at the LDF/DZP level, and both feature short,
strong NH‚‚‚N hydrogen bonds. Thus, one may expect
very fast NH tautomerism in normal corrole, and similar
considerations apply also to the other corrole isomers.

Carbaporphyrins. Geometry optimizations and other
DFT calculations40 have played an important role in
clarifying the remarkable chemical properties of carba-
porphyrins.41,42 Interest in the 2-aza-21-carbaporphyrins
(A, Figure 11), also called inverted or N-confused porphy-
rins, centers on their ability to act as tetracoordinate
ligands and form complexes (e.g., B, Figure 11) with
metal-carbon bonds.44 What accounts for the surprising

carbon acidity of an inverted porphyrin? LDF calculations
including geometry optimization indicated that the C-
deprotonated tautomer C (Figure 11) has the electronic
characteristics of a typical heteroatom-stabilized nucleo-
philic singlet carbene.43 The σ1π1 triplet, derived by
excitation of C’s carbenic lone pair, is higher than the
ground singlet by ca. 41 kcal/mol, which is close to the
singlet-triplet splitting for CF2, a typical singlet carbene.43

Similarly, the IP of the carbenic lone pair of C is calculated
to be 7.31 eV, close to that found experimentally for the
“bottleable” N,N′-dialkylimidazol-2-ylidenes.44 These in-
dicators of the electronic stability of the carbenic lone pair
of C provide a partial explanation of the ease of formation
of B, which may regarded as a complex of C. It needs to
be emphasized, however, that we do not suggest that C is

FIGURE 9. (a) Molecular structures and calculated relative energies (kcal/mol, BLYP/6-31G**//3-21G, shown in bold) of the stable tautomers
of selected porphyrin isomers. Reprinted with permission from ref 37. Copyright 1997 American Chemical Society. (b) Selected optimized
geometries (Å, deg).
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an intermediate in the reaction path leading to B. The
formation of B must also involve NiII-assisted CH activa-
tion, since a highly favorable orbital overlap can be
expected between the carbenic lone pair of C and the
empty dx2-y2 orbital of square planar NiII.40

Omissions
In this Account, the emphasis has been on describing the
ground states of mostly metal-free tetrapyrroles. We have
largely ignored transition metal porphyrins and porphyrin
excited states, two important aspects of porphyrin chem-
istry. Ab initio studies of both of these areas require the
use of high-quality correlated methods, a difficult task in
view of the size of porphyrin-type molecules. Currently,
DFT is probably the most convenient tool for studies of
ground-state potential energy surfaces of transition metal
porphyrins. Recent DFT studies in this area from our
laboratory include studies of ferryl intermediates45 and the
question of deformability of the FeIICO and FeIIICN groups

FIGURE 10. (a) Stable tautomers of some corrole isomers. (b) Selected optimized geometries (Å, deg).

Table 3. LDF/DZP Energies (kcal/mol) of Free-Base
and GaIII, InIII, and ScIII Complexes of Corrole Isomers

Relative to the Normal Corrole Derivativesa

isomer free-base GaIII ScIII InIII

[1.1.1] 0.0 0.0 0.0 0.0
[2.0.1] 7.9 13.5 11.1 23.1
[2.1.0] 18.1 27.0 13.1 15.8
cis-[3.0.0] 50.7 63.2 33.6 56.4
trans-[3.0.0] 43.9 70.0 15.7 47.3
a For details of geometry optimizations, see ref 27.
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in heme protein models.46 Other research groups have
studied the electronic spectra of porphyrins with multi-
configurational perturbation theory,47 configuration in-
teraction,48 coupled cluster,49 and time-dependent DFT50

methods. However, a number of these calculations have
been performed with relatively small basis sets, and
discrepancies between calculated and experimental elec-
tronic absorption features have been as large as 0.5 eV.
These excited-state calculations constitute a significant
advance in theoretical porphyrin research. Finally, pre-
liminary studies in our laboratory indicate that DFT
reproduces well the gas-phase electron affinities of a
variety of porphyrins.20

Concluding Remarks
DFT and, to some extent, ab initio HF calculations have
provided new insights into diverse aspects of porphyrin
chemistry such as ionization and oxidation potentials,
photoelectron spectra, substituent effects, and the mo-
lecular structures and thermochemistry of porphyrin
isomers and analogues. Electron correlation plays a
crucial role in determining most calculated properties of
porphyrin-type molecules, and DFT has served as an
affordable and excellent correlated method in this regard.
Traditional ab initio correlated calculations, currently
somewhat impractical, remain an important goal for the
future.
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(6) Ghosh, A.; Almlöf, J.; Gassman, P. G. Chem. Phys.

Lett. 1991, 186, 113.
(7) Gassman, P. G.; Ghosh, A.; Almlöf, J. J. Am. Chem.
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