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The shell structure of © ring currents in the expanded porphyrin amethyrin
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Direct ab initio mapping of induced current density in the 7 system of the expanded porphyrin
amethyrin shows a picture at variance with the conventional 4n 7 ascription of antiaromaticity. The
ipsocentric orbital model interprets the pattern of currents as a superposition of shell contributions: an
intense paratropic ring current concentrated on the inner 20-site cycle, counteracted by a weaker
diatropic circulation on a 24-site conjugation pathway and a combination of local 5-site diatropic

circulations on the six pyrrolic rings.

1. Introduction

Porphyrins and their synthetic analogues,' the expanded, con-
tracted and isomeric porphyrins, present the theoretician with a
considerable challenge for the interpretation of their magnetic
properties. Recent theoretical work on these “decorated macro-
cycles” has suggested that the pyrrolic groups, which make up the
decorations, present only a small barrier to the global ring current
around the macrocycle in the presence of a perpendicular magnetic
field.*® In addition, it has been shown that the global ring currents,
at least in the systems presented so far, follow closely the 4- and
2-electron rules which, in the ipsocentric formulation of magnetic
properties, are the analogues of the (4n + 2) and (4n) Hiickel rules
for aromaticity and antiaromaticity of annulenes. In the present
work, however, direct ab initio mapping of induced current density
in the 7 system of the expanded porphyrin amethyrin (1) shows a
picture at variance with this simple scheme.

1

Amethyrin was first reported in 1995 by Sessler and co-workers!
as one of two expanded porphyrins, with orangarin, whose cyclic
7 conjugation pathways fit Hiickel’s 4n rule for antiaromaticity in
annulenes (24 & electrons in amethyrin, 20 in orangarin, making
the conventional choice). "H NMR spectra of both molecules show
large downfield shifts for the internal NH protons and upfield
shift for the bridge CH protons, and these shifts are consistent
with the presence of a global paratropic ring current. Some doubt
remained, however, as to the origin of the chemical shifts."?

In a recent comparative study of sapphyrin and orangarin,’
we showed that, within the ipsocentric orbital model of current
density,” the global diatropic 7 ring current in sapphyrin and
the global paratropic ring current in orangarin are predominantly
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properties of the frontier orbitals, with HOMO-LUMO transi-
tions making by far the largest contributions to the current density.
Thus, in common with other physical and chemical properties that
distinguish the whole molecule from its parts, the global response
of a molecule to an external magnetic field is largely a property
of its most mobile electrons: those with the most ready access to
excited states. Specifically, for annulenes,' the 4n + 2 Hiickel rule
for aromaticity based on m-electron count has its counterpart in
a 4-electron rule for diatropic (aromatic) 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 Hiickel rule for antiaromaticity of a closed-
shell ground state corresponds to a 2-electron rule for paratropic
(antiaromatic) circulation attributed to a rotational HOMO-
LUMO excitation. These rules are exact only for delocalized
planar annulenes in Hiickel theory but, as with the Hiickel rules
themselves, are profitably applied to a much wider range of organic
molecules.> Thus, amethyrin is, prima facie, expected to show
2-electron paramagnetism in the presence of a perpendicular
magnetic field.

In the present work, we apply the ipsocentric method to give a
direct visualisation of the induced 7 current density distribution
in amethyrin, and of its decomposition into orbital contributions.
The picture that emerges is richer than the simple 2-electron
circulation expected of a notional [24]-annulene. We show that
the total  current density can be partitioned into three discrete
contributions that reflect the grouping of the occupied levels in
the orbital energy spectrum, and their relation to the low-lying
virtual levels. Two of the three are ‘global’, one paratropic and
one diatropic, reflecting the overall symmetry of the system. The
other contribution is ‘local’ and diatropic, reflecting the local
symmetry of the six pyrrolic rings. Such a partitioning appears to
be a property of the decorated macrocycles that characterize the
general porphyrin family. The simple 2- and 4-electron counting
rules remain largely valid, but need to be modified to account for
the decoration of the macrocycle.

2. Computational details

The geometry of 1 was optimized by density functional theory
(DFT) with the B3LYP functional and a 6-31G** basis set, as
implemented in Gaussian98." This gave an almost planar ground
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state with symmetry C, in a very shallow energy well. There is
one very small vibrational frequency, 2 cm™', and the maximum
deviation from the median plane is less than 0.1 A (0.05 A for
heavy atoms). The energy in the adjacent planar C,, geometry is
less than 1 kJ mol~! from that of the ground state, with a one small
imaginary frequency, 2i. It is the planar state that is used here for
the discussion of the magnetic properties of the system.

The current density maps presented in this paper were computed
by coupled Hartree—Fock theory using the diamagnetic-zero (DZ)
variant of the continuous transformation of origin of current
density (CTOCD) method™ as implemented in SYSMO."? In
this method, the current density at each point in the molecule
is computed ipsocentrically, i.e., by choosing the point itself as
the origin of vector potential (gauge origin). Current densities
induced by unit magnetic field acting at right angles to the plane
of the nuclei, have been plotted in the plane at 1a, above that
of the nuclei. The plotting plane is close to the maximum of ©
current and electron density, and at this height the computed maps
are insensitive to increase in basis set size beyond that of the 6-
31G** set used here™ There is also relatively little contamination
from induced current density parallel to the external field,'*'* so
that the displayed current density, showing in-plane projections
of current, is a good representation of the total. Contours show
the modulus of current density with values 0.001 x 4" a.u. (a.u. =
e/m.a,*), forn =0, 1, 2,-- -, and the arrows show the magnitude
and direction of the projection of the current density vector in the
plotting plane. Diatropic circulation is anticlockwise, paratropic
clockwise, following the direction of circulation of the 7 electrons
in a magnetic field pointing out of the map towards the viewer.

3. Current density maps

The m current density map for amethyrin in Fig. 1 shows the
expected global paratropic (clockwise) circulation which, as in the
smaller orangarin, is concentrated on the innermost pathway and
dominates the global circulation. On the other hand, the map for
this larger macrocycle appears to show the presence of significant
local circulations within the pyrrole-like rings, suggesting a relative
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Fig. 1 Total © current density map of amethyrin. Atom symbols are:
circle with dot for H, solid circle for C, bisected circle for N.

weakening of the dominance of the HOMO-LUMO transitions
found in smaller macrocycles and simpler ring systems. An
indication of current strength is given by the largest magnitude
of current density, j,.., in the plotting plane. By this measure,
with j,.. = 0.098, the  current in paratropic amethyrin is just 20%
stronger than in diatropic benzene (j,,., = 0.078), but is weaker than
in paratropic orangarin (., = 0.115), and substantially weaker
than in diatropic sapphyrin, (., = 0.158).

In Fig. 2 is shown part of the n orbital energy level diagram for
1, from which the principal virtual transitions responsible for the
induced current density can be identified and the corresponding
pattern of ring currents deduced. In C,, symmetry, selection rules
for m orbital transitions in the presence of the perpendicular mag-
netic field are a, — b, for translational (electric dipole moment)
transitions, and a, <> a, and b, <> b, for rotational (magnetic dipole
moment) transitions. A strength of the ipsocentric formulation of
magnetic properties is that only occupied-to-unoccupied orbital
transitions need to be considered.

+0.009 /\ A ‘ 10a,, (LUMO)
ok-lF-4-F-=---—-—.
-0.208 9a, (HOMO)
-0.265 9bg (HOMO-1)
-0.285 8by (HOMO-2)
036 : } 4a,- 8a,
: 4by- 7by

Fig. 2 Orbital energy level diagram for amethyrin showing occu-
pied-to-unoccupied m-orbital transitions allowed by translational (black
arrows) and rotational (white arrow) selection rules.

The complete © system has 36 electrons in a configuration
(a,)"®(b,)". The 9a, HOMO and 10a, LUMO are partners of
a split pair of orbitals with nodal symmetry corresponding to
angular momentum quantum number 1 = 6. The A1 =0 HOMO-
LUMO transition in an annulene is rotationally allowed and is
therefore expected to give rise to a paratropic global ring current.
The transitions from the near-degenerate (85,, 9b,) pair, HOMO-
1 and HOMO-2 with A = 5, are translationally allowed and are
expected to contribute to a global diatropic circulation. Such a
diatropic subsystem is a standard feature that has been found to
accompany the intense 2-electron paratropicity associated with a
split HOMO-LUMO pair.>'¢ A group of nine lower-lying orbitals
of both m symmetries between —0.36 and —0.42 E, may give further
contributions to the total current density. Lowest lying, between
—0.53 and —0.61 E,, is the “inner shell” of six orbitals belonging
to the ‘permutation representation’ 3a, + 3b, of fully = bonding
ring orbitals. These orbitals are in-phase in each contributing
pyrrolic ring and, as in the monocycle itself, are not expected to
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give a significant contribution to the molecular 1 current density.
In general, the magnitude of the contribution decreases with
increasing energy gap.

The distribution in shells of the 18 doubly-occupied 7 orbitals,
together with the associated transitions to LUMO, is well sim-
ulated by the coarse-grained structure of the Hiickel spectrum,
and very closely by the more finely grained spectrum provided
by the pseudo-n model,'”*® showing that the essential features of
the current density are properties of the topology of the system,
and that the details are determined by the occupied-to-unoccupied
orbital energy gaps and the corresponding transition moments.

The maps in Fig. 3 show the contributions to the current density
distributions of (a) the 9a, HOMO, (b) the near-degenerate (8b,,
9b,) pair (HOMO-1, HOMO-2), (c) the sum of maps (a) and (b)
for the total global current, and (d) the shell of nine lower-lying
occupied orbitals, 4a, to 8a, and 4b, to 7b,. We observe, in Fig. 3(a),
the expected paratropic circulation of the two HOMO electrons,

which, as in orangarin, follows mainly the innermost pathway, but
with some bifurcation across the six pyrrolic rings. This contribu-
tion, with j., = 0.105, is opposed by the global diatropic circula-
tion, Fig. 3(b), of the four electrons in the (8b,, 9b,) pair (jm., =
0.057) which follows the traditional 24-site conjugation pathway
that would normally be considered a criterion for paratropicity.
Note also that this contribution in amethyrin would dominate the
current density in the cationic macrocycle obtained on removal of
the two HOMO electrons, a process that would open a new channel
for transitions to a now empty 9, orbital, and produce a global
diatropic current as inferred for some heavy-atom complexes.’®
The result of the cancellation of global paratropic and diatropic
circulations, shown in Fig. 3(c), is a weaker paratropic ring
current (j., = 0.072) running round the inner pathway with little
bifurcation. In addition, we see also a substantial contribution,
Fig. 3(d), from the shell of 18 electrons in the lower-lying orbitals
clustered around energy —0.36 E, in Fig. 2. Both translational

Fig. 3 Current density maps of amethyrin: (a) the global paratropic current of the 9a, HOMO, (b) the global diatropic current of the (8b,, 9b,) pair
(HOMO-1, HOMO-2), (¢) the sum of (a) and (b), (d) the local ring currents of the nine orbitals, 44, to 8a, and 4b, to 7b,.
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and rotational transitions from this shell to virtual orbitals are
allowed, and these conspire to give local ring currents in the six
heterocyclic rings that decorate the main cycle. With j,.., = 0.056,
these local currents are only 30% weaker that in pyrrole itself (for
which the same calculation gives j,.. = 0.081). Finally, the lowest
inner shell of 12 electrons, not represented in Figs 2 and 3, gives
only nitrogen-based circulations (j,., = 0.016) in each pyrrolic
subunit, which are not ‘ring’ currents.

4. Conclusion

In accounting for the ring current pattern in 1, we have observed
three important shells, which act as subsystems with three distinct
kinds of magnetic behaviour-global paratropic, global diatropic
and local diatropic. All these features arise from the molecular
connectivity and are readily rationalized by inspection of orbital
symmetry and nodal topology. Whilst the orbital/shell model
reveals the limitations of the simplistic aromatic/antiaromatic
dichotomy of the [4n + 2]/[4n] annulene analogy, it also gives
a framework for predictions. Reversal of the main current by oxi-
dation/reduction of the macrocycle and tuning of the conjugation
pathway and strength of current by variation of the central ion'®
are two of the consequences of the model for the more general
family of (expanded) porphyrins.
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