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Ipsocentric current density maps are computed at the coupled Hartree–Fock level in the 6-31G** basis set for the
planar C2v B3LYP geometries of the expanded porphyrins, sapphyrin and orangarin. Both give clearly dominant
global macrocyclic ring currents, but with opposite senses of circulation: in 22π sapphyrin, a diatropic current runs,
with some bifurcation, around the conventional 22-centre delocalisation pathway; in 20π orangarin, a paratropic
current runs around the inner 17-atom pathway. In agreement with the annulene analogy for these macrocycles,
analysis of orbital contributions shows that in each case topology, energy and symmetry of the frontier orbitals
together determine the macrocyclic ring current. In sapphryrin, 4-electron diamagnetism (aromaticity) arises from
translationally allowed HOMO–LUMO excitations as in benzene itself; in orangarin, 2-electron paramagnetism
(antiaromaticity) arises from rotationally allowed HOMO–LUMO excitations as in planarised cyclooctatetraene. The
active orbitals invoked in the explanation of ring currents are those involved in the longstanding four-orbital model
of porphyrin electronic spectra.

1. Introduction
Expansion of the polypyrrole macrocycle offers porphyrins
with spectroscopic, chemical and biological activity tailored for
applications ranging from medicine to materials science.1

Chemists have found it natural to account for the planarity,
stability, redox flexibility and optical response of these
expanded systems by the formal analogy between conjugation
pathways in the macrocycle and simple annulenes. Con-
ventional electron counting rationalises, for example, the
aromaticity of sapphyrin 2,3 (I) and putative antiaromaticity
of orangarin 4 (II) (Scheme 1) in terms of the venerable Hückel
4n � 2 and 4n rules, but the analogy goes further. It has detailed
implications for the property that is taken to define aroma-
ticity,5,6 the global ring current induced by a perpendicular
magnetic field.

Here, we use ipsocentric 7–9 electronic-structure calculations
to make a direct visualisation of the induced currents in I and
II. We show that in both cases the origin, sense and magnitude
of the global ring current obey precisely the annulene rules. A
predictive model invoking only orbital topology and energy
differences attributes the ring current to the mobility of a small
subset of frontier π electrons, just as in the corresponding
annulenes.10

Scheme 1

2. Current density maps
Ipsocentric current density maps are computed here for the first
time for sapphyrin (I) the core of the first recorded expanded
porphyrin,2,3 and orangarin (II) the smallest. All computations
were performed with the Gaussian 6-31G** basis set. Density
Functional theory (DFT) with a B3LYP functional in this basis
gives a planar ground state with C2v symmetry for both
systems.11 The calculations of current densities were performed
at the DFT optimum geometry by means of coupled Hartree–
Fock theory 12 within the DZ (diamagnetic-zero) variant of
the CTOCD (continuous transformation of origin for current
density) method. In this approach, the induced current density
at a given point is calculated with that point as its own origin of
vector potential, hence the alternative name ‘ipsocentric’ 9 for
the method. Calculations of nuclear shieldings were performed
within the PZ2 (paramagnetic-zero) variant of CTOCD.13 The
maps are plotted in a plane at 1 bohr from that of the nuclei,
close to planes of maximum π current and charge densities. The
arrows represent in-plane projections of current density vectors
and the intensity of colour represents relative magnitude.
Diamagnetic circulation is shown anticlockwise, paramagnetic
clockwise.

The maps (Fig. 1) show the total π-electron current density
distributions induced in the free-base unsubstituted expanded
porphyrins I and II by a magnetic field at right angles to the
molecular plane. Both molecules give clearly seen dominant
global ring currents, but running in opposite directions; the
different colours, blue and red, highlight this essential differ-
ence between the diamagnetic (diatropic) current in I and the
paramagnetic (paratropic) current in II.

Natural porphyrins have four pyrrole units linked by methine
bridges, and are normally considered as heteroatom-bridged
[18]-annulenes,14 taking the conjugation pathway to exclude two
fixed double bonds and the two NH π lone pairs, and thereby
satisfying the Hückel (4n � 2) rule for aromaticity of a mono-
cycle (the actual number of electrons in orbitals of π symmetry
is 26). The expanded porphyrins discussed here contain five
pyrrole rings linked by direct and methine bridges. In the same
convention, sapphyrin is an aromatic [22]-annulene (32 electro-D
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Fig. 1 Total π current density maps of free-base expanded porphyrins; (a) sapphyrin and (b) orangarin. The colours distinguish the two types of
global circulation: blue for a diamagnetic ring current, red for a paramagnetic ring current. The intensity of colour represents relative magnitude of
current density.

ns in π orbitals) and, like porphin, it has characteristic Soret
and visible bands in the electronic spectrum. Its aromatic char-
acter is confirmed by the large downfield shifts of the methine
protons in the 1H NMR spectrum (δ ≈ 11–12 for a protonated
alkyl-substituted analogue;3 calc. 9.9, 10.3), corresponding to
strong deshielding by a diamagnetic ring current, and large
upfield shifts (expt. δ ≈ �5;3 calc. �8.4, �6.0) of the internal
NH protons. The global π ring current of Fig. 1a shows that the
conventional 22-centre pathway is indeed dominant although,
as in the porphyrins,15 this diamagnetic circulation in fact
spans all main-group atoms, with bifurcation across the pyrrole
units. The maximum strength of the π current is twice that in
benzene 16 and about equal to that in porphin.

In contrast to sapphyrin, orangarin, with two methine
bridges replaced by direct links, is conventionally regarded as
an antiaromatic [20]-annulene 4 (30 electrons in π orbitals).
Although II exhibits macrocycle Soret and visible bands, the
antiaromaticity is indicated by the upfield shifts of the methine
protons (expt. δ ≈ 4;4 calc. 4.2) and large downfield shifts of the
NH protons (expt. ca. 30 for a protonated form;4 calc. δ 20.0,
21.5), both attributed to the effects of global paramagnetic
circulation. The map of total π current in Fig. 1b shows that
this paramagnetic circulation follows, not the conventional
20-atom pathway, but the innermost, shortest possible, 17-atom
pathway around the macrocycle, with only weak current density
on peripheral CC bonds (cf. calc. δ = 4.6–6.2 for β protons). The
strength of the paramagnetic π current is ∼1.5 times that of
the (diamagnetic) π current in benzene.

Thus, the maps of total π currents in I and II already
distinguish between alternative models of the conjugation
pathway and change our view of II. Another key strength of
the ipsocentric method is that it allows a partitioning of total
current density into orbital contributions 9,10 that goes much
further in providing insight than simple electron counting or
tabulation of aromaticity indices.17 This partitioning is applied
in the following section to deduce the origins of the opposed
global currents.

3. Orbital analysis
In the ipsocentric treatment of magnetic properties, the current
induced in the electronic structure of a molecule is ascribed
wholly to first-order perturbation of the wavefunction, with
none of the complications generated by traditional form-
ulations in terms of competing formal diamagnetic and para-
magnetic contributions. The current density and the magnetic
response properties that depend on it, such as magnetic

susceptibility and nuclear shieldings, are then determined
wholly by the accessibility of excited electronic states of the
system, just as are the electronic spectrum and electric response
properties such as electric polarisability. In molecular orbital
theory, it is the allowed transitions between occupied and
unoccupied orbitals that determine these properties and the
translation–rotation selection rules that determine the sense of
the current.10

In common with other chemical and physical properties,
therefore, the π ring current in the ipsocentric formulation is
dominated by the electrons in the frontier orbitals and by the
HOMO–LUMO virtual excitations. For annulenes,10 the 4n � 2
Hückel rule for aromaticity based on π-electron count has its
counterpart in a 4-electron rule for diamagnetic (aromatic)

Fig. 2 Orbital energy diagrams of (a) sapphyrin and (b) orangarin.
Transitions shown in blue are translationally allowed and so give rise to
a diamagnetic global ring current, dominant in sapphyrin but
secondary in orangarin; the transition shown in red is rotationally
allowed and is responsible for the paramagnetic ring current in
orangarin. The schematic nodal representations used here underline the
fact that strong rotational transitions are associated with simple
rotation of the nodal structure, whereas translational transitions
produce unit change in nodal line count.
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Fig. 3 Current density maps of free-base expanded porphyrins: (a) sapphyrin; (7a2, 9b2) HOMO pair, (b) sapphyrin; all π except the (7a2, 9b2)
HOMO pair, (c) orangarin; 7a2 HOMO, (d) orangarin; all π except the 7a2 HOMO. Colour conventions as in Fig. 1.

circulation of induced current that is attributed to virtual
translational excitations from the doubly degenerate HOMO
level to the LUMO-level. In the same way, the 4n Hückel rule
for antiaromaticity of a closed-shell ground state corresponds
to a 2-electron rule for paramagnetic (antiaromatic) circulation
based on a rotational HOMO–LUMO excitation. These rules
are exact only for delocalised planar annulenes in Hückel
theory but, as with the Hückel rules themselves, they have been
found to be remarkably resilient for understanding the
magnetic response of a much wider range of organic mole-
cules.9 In particular, they can be used to rationalise the global
π ring current in porphyrins and in expanded porphyrins, as is
now shown.

Fig. 2 gives schematic energy diagrams for the frontier
orbitals of I and II, with their nodal patterns and indications of
the transitions that are largely responsible for the ring currents.
The π structure of sapphyrin is a closed shell in which the
near-degenerate (7a2, 9b2) HOMO pair has a nodal symmetry
corresponding to angular momentum quantum number λ = 5.
The near-degenerate (8a2, 10b2) LUMO pair has one more
nodal plane, and quantum number λ = 6. The HOMO–LUMO
transitions for ∆λ = 1 in an annulene are translationally allowed
and give rise to a diamagnetic global ring current.

The contribution to the sapphyrin ring current of the four
electrons in the HOMO pair is shown in Fig. 3a. Comparison
with Fig. 3b, the map of the current density arising from all the

electrons except these four, and with the map of total π current
in Fig. 1a, makes it clear that the 28 π electrons outside the
HOMO play a comparatively insignificant role in π currents.
Sapphyrin, like benzene itself, therefore displays 4-electron
diamagnetism and, on the magnetic criterion, is aromatic.

In contrast, the π structure of orangarin, with two fewer
electrons, has one member of the λ = 5 pair, 7a2, acting as
HOMO, whilst the other, 9b2, is now the LUMO. Transitions
with ∆λ = 0 are rotationally allowed, so that the dominant con-
tribution to the global ring current in orangarin can be ascribed
to the HOMO–LUMO transition between the members of the
split pair. This gives rise to the paramagnetic ring current
mapped in Fig. 3c. The global ring current in orangarin is an
exact analogue of the paramagnetic current in plane forms of
cyclooctatetraene (COT).19 In COT the λ = 2 open shell of the
regular octagon is closed by Jahn–Teller distortion, yielding a
rotationally related HOMO and LUMO pair separated by a
small energy gap. Orangarin, like COT, displays 2-electron
paramagnetism and, in the magnetic criterion, is therefore
antiaromatic.

The map Fig. 3d, for all except the two HOMO electrons,
shows, in this case, that weaker contributions from lower-lying
orbitals lead to damping of the paramagnetic current in the
outer regions of the molecule. Further analysis shows that
the damping can be ascribed to the translationally allowed
transition to the LUMO from the (6a2, 8b2) HOMO-1 pair. As
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Fig. 1b shows, addition of this diamagnetic contribution
induces localisation of current in the peripheral CC bonds. This
too has its parallels in COT.20

4. Conclusion
In the expanded porphyrins, as in many macrocyclic and
polycyclic π systems, currents obtained from ipsocentric
calculations are informative about frontier electronic structure,
depend in a clear way on HOMO–LUMO symmetry and nodal
topology, and show the power of simple orbital-based rational-
isations. It is interesting to note that the active orbitals invoked
in the explanation of ring currents are those involved in the
longstanding four-orbital model 18 of porphyrin electronic
spectra.
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