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ABSTRACT: Advances in the utilization of porphyrinoids for photo-
medicine, catalysis, and artificial photosynthesis require a fundamental
understanding of the relationships between their molecular connectivity and
resulting electronic structures. Herein, we analyze how the replacement of two
pyrrolic CβCβ bonds of a porphyrin by two lactone (OC−O) moieties
modulates the ground-state thermodynamic stability and electronic structure
of the resulting five possible pyrrole-modified porphyrin isomers. We made
these determinations based on density functional theory (DFT) and time-
dependent DFT computations of the optical spectra of all regioisomers. We
also analyzed the computed magnetically induced currents of their aromatic π-
systems. All regioisomers adopt the tautomeric state that maximizes
aromaticity, whether or not transannular steric strains are incurred. In all
isomers, the OCβ−Oβ bonds were found to support a macrocycle diatropic
ring current. We attributed this to the delocalization of nonbonding electrons from the ring oxa- and oxo-atoms into the
macrocycle. As a consequence of this delocalization, the dilactone regioisomers are asor even morearomatic than their
hydroporphyrin congeners. The electronic structures follow different trends for the bacteriochlorin- and isobacteriochlorin-type
isomers. The presence of either oxo- or oxa-oxygens conjugated with the macrocyclic π-system was found to be the minimal
structural requirement for the regioisomers to exhibit distinct electronic properties. Our computational methods and
mechanistic insights provide a basis for the systematic exploration of the physicochemical properties of porphyrinoids as a
function of the number, relative orientation, and degree of macrocycle-π-conjugation of β-substituents, in general, and for
dilactone-based porphyrinic chromophores, in particular.

1. INTRODUCTION

Photosynthetic algae, bacteria, and plants universally utilize
hydroporphyrins as their key photosynthetic pigments. Algae
and higher plants use chlorophylls, Mg(II) complexes of 2,3-
dihydroporphyrins (chlorins), whereas phototrophic bacteria
employ bacteriochlorophylls, Mg(II) complexes of 2,3,12,13-
tetrahydroporphyrins (bacteriochlorins) (Figure 1). Hydro-
porphyrins are also found in a number of nonphotosynthetic
uses. For instance, bonellin, the sex-differentiating green
pigment and potent phototoxin to catch prey of a marine
green spoon worm, is a free base chlorin.1 Tunichlorin, a
nickel(II) chlorin complex isolated from a Caribbean
tunicate,2,3 is proposed to play a role in reductive processes.4

Also, prosthetic groups of enzymes involved in multielectron
reduction events are 2,3,7,8-tetrahydroporphyrins (isobacterio-
chlorins).5,6

Beyond an adjustment of the oxidation states of the β,β′-
bonds within the tetrapyrrolic macrocycle, nature evolved
other strategies for tailoring the electronic properties of the
tetrapyrrolic chromophores to adapt them to diverse environ-
mental constraints, such as the quantity and quality of the
available light or the particular function of the cofactor.7,8 In
general, the physicochemical properties of the (hydro)-

porphyrins are modulated through intrinsic electronic and
conformational substituent effects,7−13 as well as the steric and
electrostatic contours of their local protein environment.14

One particularly potent auxochrome is the carbonyl group,
either when established at a benzylic position to the π-aromatic
chromophore or when directly attached to the tetrapyrrolic
framework (Figure 2).15 Notably, the specific position of the
auxochrome on the chromophore is important, as the
differences in the optical properties of the two chlorophylls, f
and d indicate.16 β-Carbonyl functionalities are also found in
nature. One example carrying two β-carbonyl functionalities on
adjacent pyrrolic moieties is heme d1, the prosthetic group of
bacterial nitrous oxide, sulfite, and nitrite reductase.17−20 An
example with two β-carbonyl functionalities on opposite
pyrrolic building blocks is represented by the family of
tolyporphins, green tetrapyrrolic pigments of unknown
function isolated from a cyanobacterium-microbial ecological
unit.21−26
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An understanding of the operational principles of the
electronic (optical) engineering of the porphyrinic chromo-
phore will advance the rational design of synthetic photonic
technologies for the purpose of solar energy conversion, small
molecule activation, or biomedical diagnosis or therapy. It
therefore does not surprise that the synthesis of tetrapyrrolic
model systems incorporating β-carbonyl groups has been
actively pursued.10−13,27,28 Particularly, the hydroporphyrin
total syntheses and macrocycle modification strategies
developed by Lindsey and co-workers allowed the preparation
of a wide variety of chromophores carrying carbonyl group-

based auxochromes in many different configurations.11,13

These compounds proved to be of great utility for the
fundamental understanding of the electronic structures of these
chromophores, as well as of practical utility in medical and
technical applications.11,13

To the suite of methodologies for the modulation of the
optical properties of hydroporphyrins has been added the
formal replacement of one or two pyrrolic subunits by non-
pyrrolic heterocycles of different ring sizes and composi-
tions.29−34 A particularly interesting group among these so-
called pyrrole-modified porphyrins is the porpholactone family
that features the replacement of one or two pyrrolic building
blocks by oxazolones.16,35−39 Thus, one or two β,β-double
bonds (HCCH) of a porphyrin or, from an alternative point
of view, one or more β,β-single bonds (H2C−CH2) of a
hydroporphyrin, were replaced by lactone (OC−O)
moieties, thereby establishing a β-carbonyl group onto the
tetrapyrrolic framework. A number of complementary direct
and step-wise conversions of meso-C6F5-porphyrin to porpho-
lactone 0E00 and all five isomeric dilactones have become
known (Scheme 1).16,36,39 For a note on the nomenclature
convention for the mono- and dilactones used here, see below.
Porpholactones, as their free bases or metal complexes,

found uses as model compounds for naturally occurring
prosthetic groups,16,40,41 as small molecule activation cata-
lysts,42−44 photocatalysts for oxidative C−H functionaliza-
tion,45 or electrocatalysts for the electrochemical evolution of
hydrogen.46 Their optical properties are explored as lanthanide
sensitizers,47 as a component in pressure-sensitive paints,48−50

as bioimaging and photochemotherapeutic agents,47,51 or as
optical chemosensors.52−54 The optical properties of porpho-
lactone 0E00 are porphyrin-like, but the properties of its metal
complexes are metallochlorin-like.36,37 The lactone carbonyl
group retains strong electronic conjugation with the macro-
cyclic chromophore, presumably through the retention of an
sp2-hybridized β-carbon atom; consequently, the reduction of
the carbonyl group to a hemiacetal (CH(OH)−O) or an ether
(CH2−O) moiety is strongly reflected in the optical properties
of the resulting oxazolochlorin-type chromophores.37,55−59

Zhang and co-workers have shown that the relative orientation
of the β-substituents strongly modulates the optical properties
in the bacteriodilactone series (0E0∃ vs 0E0E);16 in turn, we
were able to demonstrate this for the isobacteriodilactone
series (0E∃0 vs 0EE0 vs 0∃E0).39
However, neither the exact nature of the electronic

interaction of the lactone moiety with the macrocyclic π-
system, nor its role in the structural origin of the aromaticity or
wavelength modulation of the dilactone isomers are fully
understood, even though the spectra could be successfully
modeled using time-dependent density functional theory (TD-
DFT) calculations.16,39 Likewise, conflicts in the parallels
drawn between the auxochromic effects of the carbonyl groups
in the bacteriodilactones and the chlorophylls were left
unresolved.16 Most recently, the groups of Shen, Sessler, and
Zhang reported on sets of regioisomeric bacteriodilactone-
based derivatives of varying degrees of reduction and found
that the differences in the optical properties of the
regioisomeric pairs were related to the energy level splitting
of the frontier molecular orbitals, that the number of saturated
subunits within the macrocycle enhanced their regioisomeric
differences, and that the difference in the degrees of
aromaticity between the regioisomers was also correlated
with the magnitude of the regioisomeric effect.59

Figure 1. Framework and π-system structures of porphyrin and
hydroporphyrin classes, and the numbering system used. Conjugated
18 π-systems highlighted in red, cross-conjugated double bonds in
blue.

Figure 2. Examples of natural tetrapyrrolic products containing
auxochromic carbonyl groups located either in a benzylic position to
the chlorin π-system (chlorophylls f and d) or directly attached to the
isobacteriochlorin- (heme d1) or bacteriochlorin-type π-system
(tolyporphin A).
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Using the five-compound series of porphodilactone isomers
that have recently become available,16,39 this contribution
expands on previous work that demonstrated the strong
electronic influence of one36,37 or two16,39 lactone moieties on
the electronic structure of the chromophore by elucidating in
detail the origins of the regioisomeric-dependent optical and
magnetic response properties. We previously characterized,
without mechanistic detail, some of the thermodynamic and
electronic structure properties presented in this study.39 The
present contribution highlights the extent to which the
porpholactone isomers behave like regular bacteriochlorins or
isobacteriochlorins and where they are subject to unique
effects. Moreover, we investigate the interplay of steric and
electronic factors within these molecules that determine their
thermodynamic stability, including the rotational itinerary of
the meso-C6F5 groups, the conformation of the macrocycle, and
their preferred tautomeric state. We also visualize and quantify
the aromatic ring currents in the porphodilactones. Impor-
tantly, we find that the generalizations derived by the Shen,
Sessler, and Zhang article with respect to regioisomeric effects
are only valid for certain derivatives that include the
porpholactones, but that are not truly general; we also do
not find a correlation between aromaticity and the
regioisomeric effects.59

2. COMPUTATIONAL DETAILS

All structures were optimized at the B3LYP-D3/6-31G(d)
level of theory60−62 and confirmed to be local minima via a
vibrational analysis (i.e., no imaginary frequencies). Although
the B3LYP functional is commonly used to study porphyrins,
previous investigations have found that the relatively small

fraction of Hartree−Fock exchange in the functional can result
in exaggerated extents of delocalization in annulenes63−65 and
expanded porphyrins.66,67 For some porphyrinoids,68 however,
B3LYP has been found to provide optimized structures that are
comparable to those obtained with the M06-2x functional,69

which includes more than double the contribution from the
Hartree−Fock exchange as B3LYP.
To assess the structural relevance of the chosen functional

for the present article, geometry optimizations and vibrational
analyses were also performed for the regioisomeric porphodi-
lactones at the CAM-B3LYP-D3/6-31G(d) level of theory.70

The maximal differences in bond lengths and angles for all five
isomers were ≤0.02 Å and 1.0°, respectively. As these
structural changes are likely within the intrinsic error of either
density functional approximation, any geometric correction to
over-delocalization offered by CAM-B3LYP for this series of
compounds seems to be minimal. The B3LYP-optimized
structures were therefore used for our analyses unless
otherwise noted.
Excitation energies were simulated with TD-DFT using the

PBE071 functional with a 6-31+G(d) basis set. This functional
was chosen after extensive testing against CAM-B3LYP, as
detailed in the Supporting Information. Whenever the effect of
implicit CH2Cl2 solvation was assessed, the conductor-like
polarizable continuum model was used for structure
optimization and spectral simulation.72,73

A constant shift was applied to all calculated excitation
energies to align the simulated Qy absorption maximum with
the experimental band for the parent porpholactone 0E00. The
required shift was 0.24 eV for structures with meso-C6F5 groups
in implicit CH2Cl2 solvent, which increased by 0.12 eV when

Scheme 1. Known Single-Step Syntheses of Porpholactone and All Its Isomeric Dilactones16,36,39
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hydrogen atoms replaced the meso-aryl groups and the
calculations were instead performed in vacuum. These errors
are reasonable for TD-DFT,74 and as shown in the Supporting
Information, the chosen model chemistry is qualitatively quite
reliable.
NMR calculations were performed using the GIAO

method75−78 with the B3LYP/def2TZVP79 model chemistry.
The basis set and perturbed densities from these calculations
were analyzed with the gauge including magnetically induced
current (GIMIC) method80,81 to visualize ring current
pathways and to quantify current susceptibility strengths.
The model chemistry used for the NMR calculations has been
recommended for the study of diatropic porphyrinoids using
GIMIC.68,82 We have nonetheless assessed the potential of
B3LYP to exaggerate delocalization83−85 and thereby over-
estimate aromaticity by also performing the ring current
analysis for the regioisomeric porphodilactones using either
B3LYP or CAM-B3LYP on the structures optimized with
CAM-B3LYPY. The trends in current susceptibility were found
to be invariant to the use of either exchange−correlation
functional for the geometry optimizations, current suscepti-
bility calculations, or both (see the Supporting Information for
details).
The current susceptibilities were quantified by integrating

the current density passing each symmetry nonequivalent
nitrogen atom and β,β-bond (CC or C−O), as well as one
Cα−Cmeso-bond. The sum of the currents through the nitrogen
atom and Cβ−Cβ or Cβ−Oβ bond of each subunit matched the
current through the Cα−Cmeso-bond to within 0.7 nA/T. This
minor numerical deviation from Kirchhoff’s current law is due
to the numerical approximation to the integration planes, and
the placement of some of these planes through nitrogen atoms,
which sustain local currents. The discrepancy is reasonably
small and does not alter the conclusions.
In separate NMR calculations, a probe atom was placed 1.0

Å above the geometric mean of the C12N4 inner macrocycle
common to all studied molecules to determine the nucleus-
independent chemical shift (NICS) for the macrocycle.86,87

The negative of the ZZ component of the magnetic shielding
tensor calculated at this position is reported in the text as
NICS(1)ZZ,macro.
All structure optimizations, vibrational analyses, excitation

energies, and NMR properties were calculated with an ultrafine
integration grid for DFT or TD-DFT as implemented in
Gaussian 09 Revision D.01.88

3. RESULTS AND DISCUSSION
3.1. Structural Considerations and Nomenclature.

Conversion of two pyrrole subunits of a porphyrin into
oxazolone moieties yields five possible isomeric porphodilac-
tones (Scheme 1).16,36,39 Two of the regioisomers display
oxazolones on opposite sides of the macrocycle, resembling the
substituent pattern of bacteriochlorins. The other three
isomers resemble isobacteriochlorins, with oxazolones at
adjacent sites. The naming as (iso)bacteriochlorins is purely
based on structural considerations and does not imply that
these chromophores possess bacteriochlorin- or isobacterio-
chlorin-like optical properties. We will show below that they, in
fact, do not.
In the bacteriochlorin series, the two lactone moieties can

adopt two relative orientations:16,36,39 head-to-tail (2,12-dioxa-
3,13-dioxo-substitution, C2h-symmetric structure) and head-to-
head (2,13-dioxa-3,12-dioxo-substitution, C2v-symmetric struc-

ture). For the purpose of the symmetry assignments, the
relative orientation of the meso-C6F5-groups with respect to the
chromophore mean plane is ignored. Three orientations are
possible in the isobacteriochlorin series: head-to-tail (2,7-
dioxa-3,8-dioxoporphyrins), head-to-head (2,8-dioxa-3,7-diox-
oporphyrins), and tail-to-tail (3,8-dioxa-2,7-dioxoporphyrins).
The formal numbering system,89 however, is not particularly

user-friendly and does not provide any direct indication of the
symmetry of the molecule. We therefore introduce here a
nomenclature convention using a four-character string
representing the building blocks in a way that specifies the
position and relative orientation of the oxazolones, and that
allows a rapid survey over the (relative) symmetry of the
molecules: a pyrrole moiety is designated 0, for example, a
regular (meso-aryl)-porphyrin is named 0000. A lactone moiety
is designated E in one orientation and ∃ in the opposite
orientation. Thus, a porphomonolactone is named 0E00. For
convenience, we chose to start the string for the chromophores
in the orientation shown in Scheme 1 at the top-left ring and
then enumerate in clockwise fashion. Going around a
macrocycle, the last character in the string is followed by the
first again, so the monolactone could equivalently be named
00E0 or 000E, and so forth (or even ∃000, etc., as the
compound is nonchiral).
Two lactone moieties within a macrocycle can be adjacent

(isobacteriochlorin-type substitution), such as 0EE0, or
opposite (bacteriochlorin-type substitution, i.e., separated by
a pyrrole) from each other, as in 0E0E. Both lactones could
also be arranged in the same orientation (head-to-tail) in the
macrocycle (EE) or opposite (head-to-head) (∃E) to each
other. When comparing multiple structures, it is important to
construct the string by traversing the macrocycles in the same
clockwise or counterclockwise direction, regardless of where
the string was started. Therefore, the two bacteriodilactone
isomers are 0E0E and 0∃0E when starting the string with the
top-left pyrrole, but other strings are equivalently valid.
Likewise, the isobacteriodilactone isomers are designated as
0E∃0 (tail-to-tail; C2v-symmetry), 0EE0 (head-to-tail; Cs-
symmetry), and 0∃E0 (head-to-head; C2v-symmetry). Thus,
some structural information and symmetry elements of the
molecules are directly reflected in the character strings. We see
this as the greatest advantage of the proposed system. We also
note that this nomenclature can be expanded to tetrapyrrolic
macrocycles containing more than two lactones (such as
EEE0), smaller (0E0 for Osuka’s subporpholactone, for
example)90 or larger number of “pyrroles” within the
macrocycles (E0000 for a hypothetical pentaphyrin lactone),
and, using additional characters, to macrocycles containing
other non-pyrrolic moieties.
In theory, there are multiple tautomeric structures available

to the dibasic chromophores discussed here. We refer to
tautomeric structures carrying two N−H protons at adjacent
sites as adj-isomers and those carrying them at opposite sites as
opp-isomers. In case of the porpholactones, some of the
tautomeric possibilities position N−H hydrogen atoms on
oxazolone moieties. However, computations presented below
will show in detail that all tautomers carrying N−H hydrogen
atoms on the oxazolones are much disfavored. They were
therefore not specifically named.

3.2. Macrocycle and meso-Aryl Conformational
Effects. Single crystal X-ray diffractometry structures of the
meso-C6F5−porphodilactone isomers, as their free bases or
zinc(II) complexes, are available and demonstrate that their
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chromophores are all idealized planar.16,39 The optimized
geometries of the free base bacteriodilactones and isobacter-
iodilactones presented here are qualitatively consistent with
the experimental findings: the structures are essentially planar,
with only a minor tilt (up to 4°) of the OC−O moiety of
each oxazolone from coplanarity with the C16N4 macrocycle.
The minor oxazolone out-of-plane distortion was previously
attributed to an unfavorable steric interaction between the
carbonyl and a flanking meso-C6F5 group.37,91 Evidently, the
steric repulsion is greater than the electrostatic attraction that
could be expected to exist between the negatively polarized
oxygen terminus of the carbonyl and the partial positive π-face
of the C6F5-ring.
The carbonyl−meso-aryl steric repulsion responsible for the

oxazolone out-of-plane deformation should directly correlate
to the distance between these two groups, which itself is
dependent on the tilt angle of the C6F5-ring. To explore the
nature and energetics of this interaction, relaxed potential
energy surface (PES) scans were conducted around the Cmeso−
Cipso bond of the symmetry-unique C6F5-groups in 0E0∃ and
0E0E (see the Supporting Information), as well as the C6F5-
groups flanked by two, albeit differently oriented, oxazolones in
0E∃0, 0EE0, and 0∃E0 (Figure 3). The meso-C6F5 groups of
the fully optimized structures are rotated by 17−30° off
orthogonality to the plane of the macrocycle.

There is competition between the preference for a tilted, as
coplanar as possible meso-C6F5 ring to realize (partial)
conjugation with the macrocyclic π-system,92 and a steric
clash between the o-F atom and the lactone carbonyl group
that develops as the ring tilts and induces an out-of-plane
distortion of the oxazolone.37,91 The PES results allow an
assessment of the relative energies of both effects.
The competition between the steric and electronic effects is

most clearly evident in the comparison of the PES scans
conducted for the isobacteriodilactone isomers, 0E∃0 and
0∃E0, which respectively have no or two steric clashes between
the aryl and carbonyl groups. In the absence of the steric
interactions, the perfectly orthogonal orientation of the meso-
aryl group is ∼1.3 kcal/mol less favorable than a ∼30° tilt
angle (the energy minimum in the PES). The destabilization
reflects the loss of (partial) conjugation of the aryl substituent

with the macrocycle. In contrast, the rotational itinerary for the
isomer with two steric interactions is energy-neutral in the tilt
angle range between ±20° because the stabilization provided
by conjugation to the macrocycle as the C6F5-ring tilts is now
opposed by steric contacts with the oxazolone carbonyls.
Isomer 0EE0 with only one of these interactions takes up a
middle position between the limiting cases. Comparison of the
rotational barrier height at a 0° tilt for 0∃E0 to 0EE0 and
0EE0 to 0E∃0 shows that each successive carbonyl−meso-aryl
steric repulsion destabilizes the structure by an additional ∼0.7
kcal/mol.
These observations also apply to the bacteriodilactones (for

details, see the Supporting Information). The rotational
itinerary of the C6F5-group in the bacteriodilactones on the
oxa-side of the oxazolone (interaction of the o-F with the β-O
and CH groups) compares to the interaction of the o-F with
the two β-O groups in 0E∃0. Likewise, the itinerary for the aryl
group on the oxo-side of the oxazolone in the bacteriodi-
lactones is equivalent to that shown for 0EE0.
Given the energetically small (<1.5 kcal/mol) steric and

conjugation effects, we emphasize that the relative magnitudes
are more important than their absolute values. We therefore
conclude from the forgoing discussion that the conjugation
effect and the steric interactions with two carbonyl groups are
of the same magnitude in the rotational space ± 35° off-
orthogonality; beyond this range, steric interactions overcome
all conjugation effects.92 We will demonstrate below that the
trends in the thermodynamic and spectral properties of the
porphodilactones are largely unaffected by the presence of the
meso-C6F5 groups, even though the absolute values shift with
their presence.

3.3. Ground-State Stability. The thermodynamic stability
of the most stable tautomers of the porphodilactone isomers
(opp-bacteriodilactone and adj-isobacteriodilactone isomers;
see below for details) depends on the relative orientation of the
oxazolone subunits, with the most stable being the
bacteriodilactone 0E0∃, followed by the other bacteriochlor-
in-type isomer 0E0E (Table 1); the least stable and

experimentally also most rare39 isobacteriodilactone is isomer
0∃E0. Overall, the stability rank ordering is 0∃E0 < 0EE0 <
0E∃0 ≪ 0E0E < 0E0∃. Any of the three isobacteriodilactones
are disfavored by 7−9 kcal/mol relative to either of the
bacteriodilactones. In comparison, the parent unsubstituted
isobacteriochlorin is only ∼4 kcal/mol less stable than the
corresponding unsubstituted bacteriochlorin.

Figure 3. Structures (left) and corresponding energetics (right) for
the rotational itinerary (±42° off-orthogonality) of the meso-C6F5
group in-between the two oxazolones of the isobacteriodilactone
isomers shown. The overlaid light and shaded structures are the initial
and final geometries from the PES scans, respectively.

Table 1. Relative Total Energies (kcal/mol) for Isomeric
Dilactones and Reference Structuresa

structure
with C6F5,
in CH2Cl2

without
C6F5, in
CH2Cl2

with
C6F5,
vacuum

without
C6F5,
vacuum

0E0∃ 0.0 0.0 0.0 0.0
0E0E 0.6 0.5 0.5 0.5
0E∃0 6.1 7.0 6.9 7.6
0EE0 7.1 7.4 8.0 8.1
0∃E0 8.6 8.3 10.0 9.3
bacteriochlorin 0.0
isobacteriochlorin 3.9

aRelative energies for the structures optimized at the B3LYP-D3/6-
31G(d) level of theory. Calculations including solvent used the
conductor-like polarizable continuum model.
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This stability order is the same, irrespective of the
replacement of the meso-C6F5 substituents by hydrogen
atoms, or whether implicit CH2Cl2 solvation is included or
not in the computations. For simplicity sake, we therefore
focused on vacuum-optimized chromophore structures carry-
ing meso-hydrogen atoms. We also compare molecular
electronic energies only because entropic differences among
the isomers are likely to be minimal.93

3.4. Tautomeric Preferences of the Porphodilactone
Isomers. The investigation of porphyrin and hydroporphyrin
tautomers, and their analogues, has a long history.94−102 The
preferred tautomer for porphyrins, chlorins, and bacterio-
chlorins is the opp-tautomer, whereas the isobacteriochlorins
prefer the adj-tautomer.102,103 The repulsive transannular
interactions of two protonated pyrroles (as well as the
electrostatic repulsion of the two imine-type N-atoms)
adjacent to each other are the major factors in the higher
energies of the isobacteriochlorins compared to the corre-
sponding bacteriochlorin isomers. The adj-tautomer was also
observed as the preferred solution and solid-state structures for
the isobacteriodilactones.39

An alternative tautomeric state of the isobacteriodilactones
that alleviates the repulsive transannular interactions by
protonating an oxazolone and a pyrrole on opposite sides of
the macrocycle is also conceivable. In fact, this tautomer was,
on the basis of iterative extended Hückel calculations,
predicted by Gouterman et al. to be of the lowest energy.36

Why, then, is a more strained tautomer observed exper-
imentally for the isobacteriodilactones? Because tautomeriza-
tion also impacts the favorability of the conjugation path
through the nitrogen atoms,104 how does the aromaticity of the
macrocycle change as a function of the tautomeric state? The
following analysis illuminates these questions.
We computed the adj- and opp-tautomers of the bacterio-

and isobacteriodilactones and compared their energy (ΔE)
relative to the lowest energy isomer/tautomer combination
(opp-0E0∃). We also computed NICS and macrocyclic current
susceptibility strength (Jmacro) values as complementary
measures of aromaticity (Figure 4; for a full table of all results
see the Supporting Information). NICS provides a measure of
the magnetic shielding induced by the circulation of electron
density in the molecule, whereas Jmacro gives a measure of the
ring current susceptibility for specific bonds or atoms. The use
of both metrics reinforces our conclusions and provides a
bridge to make comparisons with the literature data that may
use only one or the other of these methodologies. The two
tautomeric states of porphin were added as benchmark data.
Like others before us,105 we found that the adj-tautomer of

porphin is 8−9 kcal/mol less stable than the opp-tautomer. In
addition, the analysis of the tautomers of porphin reveals that
both possess essentially the same Jmacro and NICS aromaticity
metrics (of ∼27 nA/T and −38 ppm, respectively). The
aromaticity of the two tautomers is thus independent of their
thermodynamic stability. In turn, this suggests that the ΔE
difference of the opp- versus adj-isomer isat least at first
approximationof purely steric nature, induced by the
repulsive transannular interactions within the central cavity
of the adj-tautomer,105 and not by any differences in their
aromatic stabilization.
Similar transannular interactions in the central cavities of the

porphodilactones destabilize any of the adj-isobacteriodilac-
tones by 7−9 kcal/mol relative to the opp-bacteriodilactones.
The aromaticity of the five experimentally observed

porphodilactone isomers are within 10% of one another as
quantified by Jmacro (22.0−24.3 nA/T) and NICS (−30.2 to
−34.4 ppm). Thus, as with porphin, the destabilization of the
adj-isobacteriodilactones versus the opp-bacteriodilactones is
primarily due to the unfavorable steric contacts within the
central cavity of the macrocycle.
Considering the alternative tautomeric states of the

porphodilactones, we find that the naturally occurring adj-
isobacteriodilactones are by ∼3−4 kcal/mol stabilized over
their hypothetical opp-tautomers; inversely, the opp-bacterio-
dilactones are stabilized by 19.4−22.0 kcal/mol over their
hypothetical adj-tautomers. Part of the destabilization of adj
versus opp bacteriodilactone tautomers is due to the
introduction of unfavorable transannular repulsions, which
we have just shown to inflict a 7−9 kcal/mol energetic penalty.
If the destabilizing influences are assumed to be independent
and additive to first order, some other factor destabilizes the
adj-bacteriodilactones by an additional 12−13 (19−7 or 22−
9) kcal/mol relative to the opp tautomers. This amount of
destabilization is very nearly equal to that incurred (11−14
kcal/mol) by the isomerization of an opp-bacteriodilactone to
an opp-isobacteriodilactone, which does not introduce any
unfavorable transannular interactions.

Figure 4. Relative energy (ΔE), absolute macrocyclic ring current
susceptibil ity (Jmacro), and absolute macrocyclic NICS
(NICS(1)ZZ,macro) for the compounds indicated. The ΔE of the
porphyrins is listed relative to the opp-porphyrin shown, and opp-
0E0∃ in the dilactone series is set to be at ΔE = 0 kcal/mol. The red
mark on each structure indicates the bond through the middle of
which Jmacro was integrated; NICS(1)ZZ,macro values were taken as the
ZZ magnetic shielding component measured by a probe (phantom)
atom 1 Å above the geometric mean of the C12N4 inner rim of each
macrocycle.
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The canonical Lewis structures of the adj-bacteriodilactones
and opp-isobacteriodilactones suggest the identity of an
(additional) destabilizing factor: the protonated oxazolone
found only in these isomer/tautomer combinations that
formally imposes a break in the macrocyclic conjugation
pathway. Surprisingly, however, the tautomers carrying a
protonated oxazolone are, as measured by their corresponding
Jmacro values, only 10−20% less macrocycle-aromatic compared
to the experimentally found tautomers. In other words, a
protonated oxazolone can still sustain a significant ring current.
To put this relatively small loss of macrocycle-aromaticity into
perspective, the Jmacro and NICS values of all five dilactones in
their experimentally-observed tautomers are 10−20% smaller
compared to those for porphin and, as noted above, they vary
only within 10% from each other. Nonetheless, the reduction
in aromaticity has a significant energetic effect, found here to
be worth 11−14 kcal/mol.
In summary, steric strain (7−9 kcal/mol) in the adj and

reduced aromaticity (11−14 kcal/mol) in the opp-tautomers
destabilize the isobacteriodilactones relative to the opp-
bacteriodilactones. Thus, the decrease in aromaticity for the
opp-isobacteriodilactones is 3−4 kcal/mol more destabilizing
than the repulsive interactions caused by adopting an adj-
tautomer. By contrast, both steric strain and reduced
aromaticity work in concert to destabilize the adj- versus
opp-tautomers of the bacteriodilactones. The adj-bacteriodi-
lactones are more strained (by 7−9 kcal/mol) and less
aromatic (by 11−14 kcal/mol) than the opp-tautomers, which
is in excellent agreement with the overall energy difference
(19.4−22.0 kcal/mol) between these tautomers.
The interplay between the steric and electronic factors fully

rationalizes the experimentally observed opp-bacteriodilactones
and adj-isobacteriodilactones as the lowest energy porphodi-
lactone tautomers16,39 (this also extends to bacteriodilactone
derivatives)59 and corrects earlier predictions.36 The outcome
of this analysis is commensurate with the general observations
made for porphyrins.102,103 As the “unnatural” tautomers do
not contribute to any significant degree to the equilibrium
mixtures, they are not considered further in this report.
3.5. Interaction of the Oxazolones with the Macro-

cycle π-System: Aromaticity of the Porphodilactone
Isomers. The energetic competition between steric and
electronic factors that decides the tautomeric preference of a
porphodilactone may suggest that thermodynamic stability and
aromaticity are decoupled for these nonclassical hydro-
porphyrins. Such a conclusion would be in contrast to an
investigation by Otero et al. for di-, tetra-, hexa- and
octahydroporphyrins.93 However, the transferability of con-
clusions for these structural classes to the porpholactones is
not obvious because the latter vary in important aspects from
their hydroporphyrin congeners. For example, the optical
spectra of the porphodilactones do not resemble those of any
type of classic hydroporphyrin.10,106 The Cβ-atom of each
oxazolone is still sp2-, instead of sp3-hybridized, and is
conjugated to an exocyclic π-bond (CO). Also, the lone
pairs of the β-oxa atoms, absent in the classic hydroporphyrins,
are to some degree in conjugation with the macrocyclic π-
system (for further details, see below). A change of the relative
orientation of the two lactone moieties to each other results in
different optical spectra,16,39 suggesting a complex interaction
of the lactone moieties with the macrocycle π-system or each
other. The surprisingly strong influence of the relative
orientation of auxochromes on the electronic properties of a

porphyrinoid has been observed in other cases as
well.8,11,13,18,107 These effects are opposed to those caused by
the removal of CβCβ bonds from crosstalk with the
macrocycle by saturation in the classic hydroporphyrins.
To better understand the influence of the lactone moieties

on the chromophore, we investigated the effects of the relative
oxazolone orientation on the macrocycle aromaticity in all
porphodilactone isomers and compared the results to the
benchmark bacteriochlorin and isobacteriochlorin tetrahydro-
porphyrins (Table 2). Computed macrocyclic ring current

susceptibilities and experimental 1H NMR resonance data are
used in the following discussion to assess the relative
aromaticity of the porphodilactones.
The relative oxazolone orientation modulates the aromatic

character of the porphodilactones over a narrow range:
bacteriochlorin-type isomer 0E0E is calculated to have a 1.1
nA/T greater macrocyclic ring current susceptibility than
0E0∃.108 The prediction is qualitatively in accord with the
experimentally observed 1.2−1.8 ppm upfield and 0.15−0.33
ppm downfield shifts of the N−H and β-proton resonances,
respectively, in the 1H NMR spectrum of 0E0E relative to that
of 0E0∃. Generally, the bacteriodilactones are, within ∼1.0
nA/T, just as aromatic as their unmodified hydroporphyrin
congener.
The isobacteriodilactone isomer 0∃E0 is calculated to have a

macrocyclic current susceptibility that is 1.4 nA/T greater than
that of isomer 0E∃0, whereas 0EE0 and 0E∃0 have very
similar susceptibilities (within 0.4 nA/T). The experimental
1H NMR shifts reflect this trend:39 the N−H resonances of
0∃E0 are shifted upfield by at least 1.2 ppm relative to those of
0E∃0 and 0EE0, which each show N−H signals in the −0.15
to −0.75 ppm range. The β-H resonances are correspondingly
shifted downfield by 0.04−0.26 ppm. Notably, all isobacterio-
dilactones are by 3.3−4.7 nA/T significantly more aromatic
than their tetrahydroporphyrin counterpart.

Table 2. Calculated Macrocyclic Ring Current
Susceptibilities (Jmacro) and Experimental Proton Chemical
Shifts for the Isomeric Dilactones and Reference
Structuresa

experimental 1H
NMR resonances

(ppm)16,39

structure

calculateda

macrocyclic
current

susceptibility
(nA/T)

N−H
protons

β-H
protons

Δ (NH− to
β-H proton
resonance

spread) (ppm)

0E0∃ 23.2 −0.33,
−0.95

8.52,
8.53,
8.70

8.9−9.7

0E0E 24.3 −2.12 8.85 10.8
0E∃0 22.0 −0.15 8.61,

8.71
8.8−8.9

0EE0 22.4 −0.32,
−0.75

8.65,
8.68,
8.79

9.0−9.5

0∃E0 23.4 −1.99 8.83,
8.87

10.8−10.9

bacteriochlorin 23.5
isobacteriochlorin 18.7

aBased on a GIMIC analysis of NMR calculations at the B3LYP/
def2TZVP level of theory.
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Considering all five porphodilactones, the calculated
diatropicity increases in the order 0E∃0 ≈ 0EE0 < 0∃E0 ≈
0E0∃ < 0E0E. The observed spread in the chemical shifts
between the N−H and β-H resonances, an experimental
measure of diatropicity, conforms to the same trend within, but
not between, the sets of adj-isobacteriodilactone and opp-
bacteriodilactone isomers. According to the experimental
NMR data, 0E0∃ and 0EE0, as well as 0E0E and 0∃E0
form pairs of equivalently aromatic isomers. Neither the
experimental nor computational diatropicity rankings of all five
porphodilactones match the trend in their thermodynamic
ground-state stability computationally derived in Section 3.4.
This sets the dilactones apart from their tetrahydroporphyrin
analogues.
The analysis of aromaticity was extended to visualize the

magnetically induced currents in the bacteriodilactones and
isobacteriodilactones using a streamline representation and
quantified by numerically integrating the current flow through
selected atoms and bonds (Figure 5). The general pattern that

emerges is that the macrocyclic current in all five
porphodilactones primarily takesas found for the conjuga-
tion pathways of the hydroporphyrinsthe route through the
outer CβCβ and the inner Cα−N−Cα bonds.82 However,
some current also flows through the Cα−NH−Cα units of the
pyrroles, as found previously for a variety of porphyrinoids.104

Significantly, and first demonstrated here, the lactone Cβ−Oβ

bonds of the oxazolones also carry a sizable current, each
sustaining a current susceptibility Jmacro of 5.1−6.3 nA/T.
However, the participation of the two Cβ−Oβ bonds leads only
in the isobacteriodilactone cases to an increased Jmacro relative
to the corresponding hydroporphyrin (Table 2).

3.6. Detailed View on the Role of the Oxazolone
Moieties. The calculated Cβ−Oβ bond current susceptibility
suggests that the β,β′-bonds of a porphodilactone, unlike a
classic hydroporphyrin, remain conjugated to the macrocycle.
However, the current susceptibility is calculated by integrating
through the middle of the Cβ−Oβ bond, meaning that the
magnetically induced circulation of both σ- and π-electron
densities is included. The close proximity of circulating
nonbonding electrons of the (oxa and oxo) oxygen atoms to
the integration plane used for the current density can also
affect the results. To separate the macrocyclic conjugation
from these other effects, we considered a model of an isolated
2,4-bis-Csp

2-substituted oxazolone fragment to characterize its
intrinsic properties apart from the macrocycle (Figure 6). The

computed current for the Cβ−Oβ bond in the oxazolone model
system is 3.3 nA/T. This value is taken as the reference value
in the absence of a macrocyclic current contribution. In
comparison, the computed current susceptibility value for the
Cβ−Oβ bond in the aromatic systems of the porphodilactones
is significantly larger at 5.1−6.3 nA/T (Figure 5). This
therefore indicates that ∼1.8−3.3 nA/T of the current
susceptibility is due to conjugation of the oxazolone with the
rest of the macrocycle. Previous studies similarly concluded on
the basis of spectroscopic evidence and molecular orbital
visualizations that the oxazolones were integrated into the
electronic structure of the porpholactone chromophore.15,16,37

However, the present study is the first to estimate the degree of
conjugation of the lactone moiety with the macrocyclic π-
system, and its influence on the aromaticity of the
porphodilactones.

3.7. Reproduction of the Porphodilactone Optical
Spectra. Having characterized the regioisomeric dependence
of the ground-state thermodynamic stability and aromaticity
among the porphodilactones, we next examined the modu-
lation of their linear optical response properties. We thus
computed the theoretical spectra resulting from TD-DFT
vertical excitation energy calculations of all porphodilactone
isomers (for details of the computations, see the Supporting
Information). Relative to the spectrum of 0E00,37 the

Figure 5. Ring currents in the porphodilactone isomers indicated with
current susceptibilities in the units of nA/T integrated through
symmetry unique atoms and bonds, and visualized below as
streamlines using ParaView version 5.5.2.109 For generating the
streamlines, an inspection sphere with a radius of 0.8 Å was placed 1.0
Å below the same meso-carbon to provide a global view of the
currents. The lavender-to-yellow color scale indicates an increasing
amount of current.

Figure 6. Oxazolone model system and depiction of local currents. An
inspection sphere with a radius of 0.8 Å was placed 1.0 Å below the
meso-position, so the streamlines are directly comparable to those in
Figure 5.
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conversion of a second pyrrole into an oxazolone introduces a
splitting of the Soret band and a significant modulation of the
Q-bands in terms of band patterns and positions (Figure 7).

The overlay of the calculated results with the corresponding
experimental absorption spectra highlights the high degree to
which theory reproduces the key features of the experimental
spectra: the overlapping or split Soret bands, their range, the
features unique to some isomers, and the experimental Q-band
wavelength trends among the porphodilactones. Of particular
interest is the regioisomeric variation of the longest wavelength
absorption over 52 nm, which is quantitatively reproduced by
theory. Identifying the nature of this absorption band, and the
origin of its modulation, is a chief objective of the following
discussion.
3.8. Origin of the Porphodilactone Optical Spectra.

The visible absorption bands of porphyrins and hydro-
porphyrins are generally interpreted using the Gouterman
four orbital model,106 which considers the spectra as primarily
originating from electronic transitions between the two highest
occupied and two lowest unoccupied molecular orbitals. The
origin of the optical spectra for the porphodilactone isomers
are also well described by this model (Figure 8).
Figure 8 shows the energetic positions of the four frontier

orbitals for the porphodilactone isomers arranged from left to
right in order of the bathochromic shift in the longest
wavelength absorption maximum. Ordinarily, bathochromic
shifts of this kind are interpreted in terms of a narrowing of the
HOMO−LUMO gap,106 and indeed, this perspective explains
the progressive red shift from 0EE0 to 0E0E. In the sequence
from 0EE0 rightward, the LUMO is stabilized and the LUMO
+1 is destabilized, whereas the HOMO levels display much less
variation.
In contrast to the general trend relating a reduced orbital gap

to spectral bathochromism, the HOMO−LUMO separation
increases from 0∃E0 to 0EE0, even though the longest

wavelength absorption red-shifts. This observation indicates
that it is not sufficient to view the excitation in terms of a single
electron promotion. Consistent with the four orbital model,106

the excitation is shown below to be composed of multiple
interacting electronic configurations. It is also interesting to
note that, as we have previously shown,39 the orbital topologies
of the two LUMOs are inverted in isobacteriodilactone isomer
0∃E0 relative to those found for the other structures.
The calculations indicate that the longest wavelength (λmax)

band of the porphodilactones is composed of 63−76% HOMO
→ LUMO and 20−32% HOMO − 1 → LUMO + 1 orbital
transitions. This spectral feature is therefore assigned as the Qy
state in accord with the four orbital model. The other low-lying
and less intense electronic excitation in the Q-band region of
the spectrum is dominated by HOMO − 1 → LUMO and
HOMO→ LUMO + 1 transitions and assigned as the Qx state.
Because the electronic structure calculations only found these
two excited states in the long wavelength region (>500 nm),
the additional band structure in the experimental spectra
(Figure 7) is attributed to vibronic transitions. In the
experimental spectra, it is difficult to distinguish the Qx state
from the Q-band vibronic progression. As is also the case for
hydroporphyrins, the Qy state in the porphodilactone isomers
is generally lower in energy than the Qx state, with the
exception of isobacteriodilactone isomer 0∃E0. The excitation
wavelengths, oscillator strengths, and excited-state configura-
tional compositions are tabulated for all five porphodilactone
isomers in the Supporting Information.
The inverted state ordering for this isomer represents the

culmination of a trend among the adj-isobacteriodilactones
(see the Supporting Information for a full characterization of
the Qx and Qy excited states): along the isomeric series 0E∃0
→ 0EE0 → 0∃E0, the Qy−Qx separation decreases and the
relative intensities of these states significantly change, the two
states mix configurationally, and ultimately the state ordering
inverts. For 0E∃0, the Qy excitation is calculated to be 68 nm
bathochromically shifted and 49-fold more intense relative to
Qx (oscillator strengths of 0.083 and 0.002 a.u., respectively).
For isomer 0EE0, by comparison, both the Qy−Qx wavelength

Figure 7. Experimental (black) and simulated (colored; vacuum-
optimized structures, with the meso-C6F5 substituents replaced by
hydrogen atoms) spectra for the compounds indicated. Gaussians
with a full-width-at-half-maximum of 0.08 eV were fit to the calculated
vertical excitation energies. A shift of 0.3637 eV was applied to all
computed excitation energies because this is the discrepancy between
theory and experiment for the parent porpholactone 0E00, as
explained in the Supporting Information. Both experimental and
computational spectra were magnified five-fold for wavelengths
beyond 500 nm for better visibility.

Figure 8. Frontier orbital energies for the five porphodilactone
isomers. The coloring of the energy levels reflects similarities in the
topology of the orbitals. Red, orange, green, and blue indicate
respectively the HOMO − 1, HOMO, LUMO, and LUMO + 1,
except for 0∃E0 for which the topologies of the LUMO and LUMO +
1 are inverted.
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separation and the Qy intensity are nearly halved, the Qx
oscillator strength is more than an order of magnitude larger,
and 8% of Qx-native orbital transitions are mixed into the Qy
excitation (oscillator strengths 0.045 and 0.021 a.u.,
respectively). Isomerization to 0∃E0 blue-shifts the Qy
excitation 13 nm with respect to Qx. The intensity of the Qy
state rebounds (to 0.079 a.u.), whereas Qx retains a low
oscillator strength (0.010 a.u.). The stabilization of Qx below
Qy for 0∃E0 suggests that this isomer has an electronic
structure more similar to a porphyrin than a hydroporphyrin.
The different electronic structure of 0∃E0, including the
inverted unoccupied orbital ordering, significantly alters the
dipolar properties of the molecule upon excitation into the Qy
state relative to the other isobacteriodilactones (see below).
3.9. Structure−Optical Property Correlations.With the

experimental absorption spectra well reproduced by theory
(Section 3.7) and the electronic structures of the porphodi-
lactones characterized (Section 3.8), we now seek to disclose
the structural origins for the Qy-band wavelength modulation
of the isomers. This regioisomer effect has begun to be
discussed in the literature59 and was shown to have had a
number of important practical consequences.16,110,111 We
hypothesized that the spectral modulation of the Qy-band
has an electrostatic origin (Table 3), whereby the batho-

chromic trend results from the lactone moieties preferentially
stabilizing the ground-state and/or destabilizing the excited-
state electron distribution. Recall that the Qy wavelength red-
shifts in the order 0∃E0 < 0EE0 < 0E∃0 < 0E0∃ < 0E0E. The
ground and Qy excited states are increasingly stabilized along
the isobacteriodilactone series, but stabilization in the
corresponding excited-state energies is 1.6−2.6-fold larger
(Table 3). Thus, the bathochromic shift among the
isobacteriodilactones is the result of a preferential excited-
state stabilization. By contrast, the ground and Qy excited states
of bacteriodilactone 0E0E are destabilized and stabilized,
respectively, to equal extents relative to those for 0E0∃. The
bathochromic shift among the bacteriodilactones, therefore, is
the result of the equal and opposing energetic changes to both
the ground and excited states.
The relative orientation of the oxazolone moieties strongly

influences the dipolar properties of the macrocycle. The
increased stability in the ground state for most, and excited
state for all, isomers correlates with a decreased polarity in the
respective states. The correlation may reflect the energetic
favorability of a molecule of lower polarity in a low dielectric
environment (vacuum of the calculations or the CH2Cl2
solvent used experimentally). With regard to the spectral
trend, the ranking of isomers by the Qy-band red-shift linearly

correlates with a decreasing magnitude of the ground and Qy
excited-state molecular dipole moments. The Qy band red-
shifts as the oxazolone carbonyl bond dipoles become
increasingly antiparallel. However, computations of com-
pounds in which the lactone carbonyl groups (CO) were
formally replaced by methylene groups (CCH2) could not
confirm a connection between the position of the Qy λmax band
and the overall polarity of the chromophore (for details, see
the Supporting Information).
What, then, is the structural origin of the red-shifts in the Qy

band among the five porphodilactone isomers? What are the
minimal structural requirements needed to realize the
pronounced differences between the regioisomers? In address-
ing these questions, we performed two series of calculations:
starting with monolactone 0E00, we formally exchanged a
second pyrrole CβCβ bond by a number of nonsymmetric
moieties and we computed the corresponding Qy bands for all
regioisomers (Figure 9A,B). We restricted the replacement
options to carba-analogues of the oxazolone moiety, that is,
OC−CH2, H2CC−CH2, H2CC−O, and so forth. The
search was furthermore limited to five-membered rings because
the expansion of the ring introduces significant conformational
effects that, in turn, alter the optical spectra in a major
way.29,32,112 This substitution series allowed the delineation of
Qy-band wavelength variation in terms of the following
influences: (1) cross-conjugation of an exocyclic π-bond in
the absence of any oxygen atoms, (2) an exocyclic sp2- or sp3-
hybridized oxygen atom, and (3) an sp3-hybridized oxygen
atom either directly connected to an sp2-hybridized carbon of
the macrocyclic chromophore or an intervening sp3-hybridized
Cβ atom. We monitored two aspects of the spectral modulation
under these structural perturbations, namely, the absolute
position of the Qy band and the difference between the isomers
within each structural series (isobacterio- and bacteriochlorin-
type isomers).
An inspection of the spectral outcomes of the modifications

in the bacteriochlorin series (Figure 9A) reveals that the
presence of the lactone moiety (oxazolone building block)
results, together with the pyrrole building block, in the most
blue-shifted derivative. A differentiation of the two isomers that
is similar to the experimental 19 nm split between the
porphodilactones 0E0E versus 0E0∃ can only be observed
when a ring oxa-atom or a ring-oxo-substituent is present,
whereby the effects of the two structural features are not
additive. The oxo- and oxa-components of the lactone moiety
exert opposing influences. A replacement of the electron-
withdrawing oxo-group by a more electron-rich methylene
group results in an almost 100 nm bathochromic shift, whereas
the carba-analogues of the oxa-derivatives are significantly
blue-shifted. Comparison of some of the previously reported
bisoxazolobacteriochlorins prepared by us with closely related
carba-analogues prepared by Lindsey and co-workers provided
already some experimental precedent for this effect.56,113−118

These findings are principally also found for the isobacterio-
chlorin series (Figure 9B), with the complication of the
presence of three isomers per compound, and the fact that the
trends are not exactly the same for each isomer. It is
nonetheless possible to make some general observations. The
globally more blue-shifted optical spectra of the isobacterio-
chlorins versus the spectra of the corresponding bacterio-
chlorin analogues is preserved for all substitutions. Analogous
to the bacteriochlorin series, the isobacteriochlorin derivatives
carrying a pyrrole- and oxazolone-building block represent the

Table 3. Relative Energies of the Ground (ΔEgs) and
Excited States (ΔEes), Absolute Dipole Moments, and Qy
λmax Wavelengths for the Porphodilactone Isomersa

ΔEgs
b |μgs| ΔEesb |μes| calc (nm) exp (nm)

0∃E0 9.1 10.68 62.7 11.58 630 624
0EE0 7.7 9.77 60.5 9.02 640 631
0E∃0 7.1 8.80 58.9 8.85 654 640
0E0∃ 0.0 2.12 51.1 1.22 665 657
0E0E 0.6 0.00 50.5 0.00 683 676

aAll quantities were calculated at the PBE071/6-31+G(d) level of
theory, the same model used for the excited state calculations. bAll
energies are relative to the ground state of 0E0∃, set to be 0.0.
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compounds with the most blue-shifted spectra. Inversely, the
methylene-analogue (H2CC−O) to the oxazolone is most
red-shifted. The analogues in which the oxa- or oxo-atoms, or
both, are replaced by a methylene completely retain, partially
preserve, or completely lose the regioisomeric differentiation of
their λmax band positions. The terms “completely” and
“partially” refer to the presence, respectively, of wavelength
differences among all three or only two of the isobacterio-
chlorin-type isomers, and not to the magnitudes of these
differences.
In a second series of calculations, we formally replaced both

lactone (OC−O) moieties of the porphodilactone isomers
with the same nonsymmetric moiety chosen from among those
examined above and we calculated the Qy bands for all
regioisomers (Figure 9C,D). This procedure allowed the
definition of the minimal structural features that are needed to
realize isomer-dependent Qy-wavelength variations within the
bacteriochlorin- and isobacteriochlorin-type series. The wave-
length differences between the regioisomers are essentially lost
in the all-carbon ring derivative CH3O−CH−CH2 (Figure

9C,D). Only if the building blocks possess oxygen atoms
bonded to an sp2-hybridized Cα and Cβ position as a ring oxa-
atom or a Cβ-oxo-substituent is a strong electronic effect
exerted on the chromophore, as expressed in Qy band shifts or
large differences between regioisomers. The following section
will further illuminate to which degree these types of oxygens
are in conjugation with the macrocycle π-system.

3.10. Role of the Lactone Oxa- and Oxo-Atoms. A
natural bond orbital (NBO) analysis for the five porphodi-
lactone isomers (presented in the Supporting Information)
identified partial delocalization of a nonbonding electron pair
into the porphyrinic π-system as the unique interaction shared
by the oxo- or oxa-oxygen atoms; neither a CH2 nor a CH−
OCH3 moiety could provide a corresponding interaction.
However, the NBO analysis showed no meaningful variation in
the degree of lone-pair delocalization between the porphodi-
lactone isomers. It thus is only suited to explain the absolute
wavelength shifts observed for derivatives with and without
these interacting oxygen atoms, but not the isomeric
differences within each structural family.

Figure 9. Structural substitution pattern for the (A) opp-bacteriodilactones and (B) adj-isobacteriodilactones in which a CβCβ bond of a second
pyrrole in monolactone 0E00 was replaced by nonsymmetric functionalities. Structural substitution pattern for the (C) opp-bacteriodilactone and
(D) adj-isobacteriodilactone derivatives in which both OCβ−Oβ moieties were replaced by the same nonsymmetric functionality. All simulated
excitation energies were obtained at the PBE0/6-31+G(d) level of theory and uniformly shifted by 0.3637 eV to lower energy. The longest
wavelength absorption is shown for each analogue. For an analysis of the electronic configurations of these absorptions and their assignment as Qy
or Qx, see the Supporting Information. In all parts, purple, green, orange, blue, and red indicate 0∃E0, 0EE0, 0E∃0, 0E0∃, and 0E0E, or structural
analogues with the same regiochemistry as these compounds.
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To rationalize the isomeric differences within the bacterio-
and isobacteriochlorin-type isomers, we hypothesized that the
relative orientation of these lactone groups significantly alters
the charge shift upon excitation. To test this conjecture, we
calculated the change in electron density (excited state−
ground state) for all regioisomers of structures with either two
OC−CH2 moieties (large computed optical difference
between the isomers) or CH3O−CH−CH2 (negligible
computed optical difference between the isomers) moieties
(cf. Figures 9 and 10). Analogous charge shift plots for the five
porphodilactones are given in the Supporting Information.

Upon excitation into the Qy state for both classes of
bacteriochlorin-type structures shown, there is an alternating
pattern of gain and loss of electron density over the inner rim
of Cmeso-, Cα-, and N-atoms and some accumulation of density
on the conjugated Cβ-positions. However, when considering
the differences between the β-keto and β-methoxy-substituted
derivatives, we note that the extended macrocycle π-
conjugation involving the β-oxo oxygens significantly alters
the charge shift within the pyrrole building blocks; it also
introduces significant electron reorganization differences in
their regioisomeric derivatives. For instance, either isomer of
the β-methoxy-substituted bacteriochlorin-type analogue
(0E′0E′ and 0E′0∃′) shows loss and gain of electron density
on both Cα- and both Cβ-atoms of the pyrroles. By contrast,

the diketo analogues either show a decrease and increase of
charge density, respectively, on only one Cα-atom and one Cβ-
atom of each pyrrole (0E′0E′), or on the Cα- and Cβ-atoms of
different pyrroles (0E′0∃′). Thus, the conjugation of the β-
oxygen substituents is needed to polarize the charge shift upon
excitation in a regioisomeric-dependent fashion. In the context
of oxygen lone-pair delocalization, it is also noteworthy that
there is lossalbeit small at the chosen isovalueof electron
density from the keto (but not the methoxy) oxygens, and gain
on the carbonyl carbons in both isomers upon excitation.
Similar conclusions follow for the isobacteriochlorin-type

diketo- and dimethoxy-substituted regioisomers. The three
methoxy-bearing isomers all have charge shifts and Qy
wavelengths that are practically identical, whereas the diketo-
substituted counterparts exhibit significant changes in the
excitation-induced electron reorganization throughout the
macrocycle. Electron density flows in an oxazolone-to-pyrrole
direction in isomers 0E′E′0 and 0E′∃0′, whereas in the
opposite direction in 0∃′E′0 as a consequence of the inverted
energetic ordering of the unoccupied orbitals..

4. CONCLUSIONS
In summary, we delineated the relationships between structure
and thermodynamic stability, aromaticity, and optical proper-
ties for all regioisomers of the porphodilactones. The two
bacteriodilactone-type isomers adopt an opp-tautomeric state
to minimize strain and maximize aromaticity, whereas the three
isobacteriodilactone-type isomers occur as adj-tautomers to
maximize aromaticity at the price of increased strain. The
competition between the steric and electronic factors produces
different trends in thermodynamic stability and aromaticity,
setting the porphodilactones apart from their classic hydro-
porphyrin congeners. The porphodilactones are furthermore
differentiated by the fact that the oxazolone Cβ−Oβ bond has a
degree of conjugation with the macrocycle that lies in-between
that of a HCCH and H2C−CH2 bond, explaining why in
some cases the porpholactones are porphyrin-like, and in
others chlorin-like. Based on magnetic criteria, all five
porphodilactones possess levels of aromaticity that are within
10% of one another and ≥80% of that found for porphin. The
Qy wavelength for all isomers is experimentally tuned over a 52
nm range. Conjugation of β-oxygen atoms on opposite
(bacteriochlorin-type substituent pattern) or adjacent sites
(isobacteriochlorin-type substituent pattern) of the macrocycle
was found to be the minimal structural requirement for a
regioisomeric tuning of the optical properties. The conjugated
oxygens partially delocalize nonbonding electrons into the
macrocycle and polarize the charge shifts upon excitation, but
they do so in a regioisomer-dependent fashion. In that respect,
we can confirm the findings by Shen, Sessler, and Zhang,59 but
we cannot support their generalization of the regioisomeric
effects; they are expected to be observed in only specialized
cases. Likewise, we cannot find a correlation between
aromaticity and regioisomeric electronic differences in our
narrowly defined set of chromophores and attribute their
finding to their particular choice of chromophores.
These mechanistic insights into the electronic structure of

the regioisomeric porphodilactones provide a structural basis
for the versatile and precise modulation of porphyrinoid
optical properties by systematically varying the number, nature,
relative orientation, and degree of conjugation of β-
substituents. The porphodilactone analogues theoretically
considered in this work constitute only a small subset of the

Figure 10. Difference density plots for the excitation of bacterio-
chlorin- and isobacteriochlorin-type analogues of the corresponding
porphodilactones. Lobes indicate regions that change electron density
upon excitation: orangegain, blueloss. The densities are shown at
an isovalue of 5 × 10−3 a.u.
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chemical space that awaits experimental exploration along
these lines.10−13 The work will inform the design and
utilization of pyrrole-modified porphyrins for a range of
biomedical and technical applications.
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