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The Phenalenyl Motif: A Magnetic Chameleon

Michał K. Cyrański,[a] Remco W. A. Havenith,[b, f] Michał A. Dobrowolski,[a]

Benjamin R. Gray,[c] Tadeusz M. Krygowski,[a] Patrick W. Fowler,*[d] and
Leonardus W. Jenneskens*[e]

Introduction

The 13-carbon-phenalene motif (Figure 1), in which three
hexagonal rings are fused at a central vertex (position 10), is
chemically versatile.[1] Phenalene (1) itself gives access to p-
conjugated polycyclic compounds by hydrogen abstraction
(to the C13H9 13p phenalenyl radical, 2), hydride abstraction
(to the C13H9 12p phenalenyl cation, 3) or deprotonation (to
the C13H9 14p phenalenyl anion, 4) with applications in ma-
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Abstract: The 12p cation (3) and 14p anion (4) derived from the phenalenyl radi-
cal (2) support diatropic (“aromatic”) perimeter ring currents, but isoelectronic re-
placement of the central atom by either boron (5) or nitrogen (6) leads to para-
tropic (“antiaromatic”) current; the ipsocentric approach to molecular magnetic
response accounts for all four patterns in terms of competition between transla-
tionally and rotationally allowed virtual p–p* excitations.
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Figure 1. Phenalene-related molecules. RHF/6-31G** D3h constrained
structures are illustrated for 3–6, with NI equal to the number of imagi-
nary frequencies. B3LYP/6-311G** results are shown in parentheses, and
RHF/6-31G** results for C3h 5 and 6 are shown in square brackets. (Geo-
metries calculated with the B3LYP/6-31G** basis set show only minor
differences.)
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terials science.[2] It is a truism that, as an odd p-electron
molecule, the 13p-electron phenalenyl radical (2) lies be-
tween 4N and 4N+2 p-conjugated systems, but although
naNve p-electron counting based on this fact would suggest
markedly different behaviour for the phenalenyl cation
(12p, 3) and anion (14p, 4),[3] we show here that both the
cation (3) and anion (4) are predicted to sustain well-de-
fined diatropic perimeter ring currents, traditionally a sign
of aromaticity on the magnetic criterion.[4] In contrast, the
respective isoelectronic analogues, in which the central
carbon atom of the phenalenyl motif is replaced by a boron
(C12BH9, 9b-boraphenalene, 5) or nitrogen atom (C12NH9,
9b-azaphenalene, 6, also known as cyclACHTUNGTRENNUNG[3.3.3]azine)
(Figure 1), are both predicted to sustain strong paratropic
perimeter ring currents, a sign of antiaromaticity on the
magnetic criterion. These predictions, based on the applica-
tion of ab initio current density mapping by using the well-
established ipsocentric approach,[5–7] are foreshadowed in
some earlier studies of properties of 3–6.[8] These predictions
can be given a clear rationale, once the importance of fac-
tors of molecular topology, orbital symmetry and orbital
energy,[9] as opposed to raw p-electron count, are recog-
nized. Manipulation of these factors should allow tuning of
molecular properties in related functionalized-phenalenyl
derivatives and hetero-atom containing analogues, with im-
plications for molecular design. In this paper we treat the
following closed-shell systems: the 12p-electron phenalenyl
cation (3), the 14p-electron phenalenyl anion (4), and their
heterocyclic analogues, 9b-boraphenalene (5, 12p) and 9b-
azaphenalene (6, 14p). The nitrogen analogue, 9b-azaphena-
lene, has been synthesised[10] and found to be chemically re-
active, undergoing facile addition,[11] oxidation and reduc-
tion.[12] In line with the maps of induced ring currents that
we will show, 9b-azaphenalene exhibits strong paratropic
shifts in its 1H NMR signals.[10,13]

Results and Discussion

Optimised structures for the systems studied in the present
work are shown in Figure 1. Computed p-current-density
maps for the phenalenyl cation (3), the phenalenyl anion
(4), and their heterocyclic analogues, 9b-boraphenalene (5)
and 9b-azaphenalene (6) are shown in Figure 2. These were
calculated by using our standard procedure of optimisation
of geometry at the RHF/6-31G** level,[14,15] followed by ip-
socentric CTOCD-DZ/6-31G**//RHF/6-31G** calculation[16]

of the current induced by a magnetic field perpendicular to
the plane of the nuclei. Structures were initially constrained
to D3h symmetry, and the status of the stationary point
checked by diagonalisation of the Hessian. These were the
structures used in the construction of Figure 2. At the RHF/
6-31G** level, D3h structures of 3 and 4 are true minima,
whereas both 5 and 6 are transition states (with a single
imaginary frequency); 5 and 6 both relax to C3h minima. At
the B3LYP/6-31G** and B3LYP/6-311G** levels, all four
systems (3–6) gave true minima in D3h symmetry (Figure 1)

and hence the C3h minima for 5 and 6 may be examples of
spurious symmetry breaking at the restricted Hartree–Fock
(RHF) level, as observed in calculations on porphyrins and
related macrocyclic systems.[17] The continuous set of gauge
transformations (CSGT) method (CSGT) at the B3LYP/6-
311G** level was used for the calculation of the exaltation
of magnetic susceptibility, at geometries optimised at the
same level of theory. GIAO/B3LYP/6-311G** calculations
were used for nucleus-independent chemical-shift (NICS)
calculations and the harmonic oscillator model of aromatici-
ty (HOMA) values were based on B3LYP/6-311G** optimal
geometries.

Maps were plotted for both RHF and DFT D3h structures
(3–6) and also for RHF C3h structures for 5 and 6 (see the
Supporting Information). As the essential features of the
maps were found to be independent of the choice of RHF
or DFT geometry and of D3h or C3h symmetry, we illustrate
here only the RHF/6-31G** D3h (minimal and constrained)
maps (Figure 2). These maps show induced current in the
plotting plane 1a0 above that of the nuclei, with vectors indi-
cating direction and intensity of the in-plane current and
contours/shading indicating the total magnitude. Anticlock-
wise (clockwise) circulations represent diatropic (paratropic)
ring currents. As mentioned in the introduction, the maps
show well-marked diatropic p currents for 3 and 4, but para-
tropic p currents for 5 and 6. Experimental evidence from
1H and internal 13C chemical shifts[8b,c] is in line with the ob-

Figure 2. Current-density maps for response to a perpendicular external
magnetic field of the p systems of ions 3 and 4 and molecules 5 and 6,
calculated at the CTOCD-DZ/6-31G**//RHF/6-31G** level (D3h con-
strained) and plotted in the plane 1a0 above that of the nuclei. Vectors in-
dicate direction and intensity of the in-plane current and contours/shad-
ing the total magnitude. Anticlockwise (clockwise) circulations represent
diatropic (paratropic) ring currents.
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servation that 4N+2 (4) has a weaker calculated diatropic
perimeter current than 4N (3).

If we believe in p-electron counting, the fact that 4N/4N+

2 phenalenyl ions 3 and 4 both sustain strong diatropic pe-
rimeter circulations is counterintuitive, although it is a direct
consequence of the alternant nature of the carbon frame-
work[8b] that anion and cation should have similar currents
(in a graph-theoretical H*ckel–London approach, with a
fixed underlying geometry, the currents would be identical
in 3 and 4). Equally perplexing would be the reversal of cur-
rent on isoelectronic replacement: the 12p cation (3, a 4N
system) sustains a diatropic circulation, whereas its bora-an-
alogue (5) possesses a paratropic circulation; conversely, al-
though the 14p-electron (4N+2) phenalenyl anion system
(4) is diatropic as expected on electron count, its isoelec-
tronic aza-analogue (6) is paratropic.

Other measures of aromaticity[18] also fail to distinguish
significantly between 3 and 4, and between 5 and 6 (see
Table 1). Perimeter bond-length alternation is similar for 3

and 4, and the geometric HOMA[19] indices are consequent-
ly similar for these 12p and 14p species; the phenalene
cation (3), apparently having more efficient perimeter p-
electron delocalisation. The perimeters of 5 and 6 are again
similar in their degree of alternation, and the HOMA index
shows little difference between the two heterocyclic systems,
or between them and the carbocycles (3 and 4), telling us
nothing about aromaticity/antiaromaticity beyond an indica-
tion of strong delocalisation for all four species.

The aromatic stabilisation energies (ASE),[20] based here
on comparison of the total energies of a methylated refer-
ence molecule and its formally localized exocyclic methyl-
ene isomer [see Eq. (1)],[21] do not differentiate strongly be-
tween the 12p and 14p systems: all four systems have a posi-
tive stabilisation energy, even if ASE of the phenalene
cation (3) and phenalene anion (4) are higher than those of
9b-boraphenalene (5) and 9b-azaphenalene (6).

The NICS,[22] computed at ring centres and at 1 Q above
(NICS(0) and NICS(1)[23]) indicate diatropicity for the rings
in 3 and 4 and paratropicity for the rings in 5 and 6, and
again show no strong dependence on electron count. Exalta-
tion of magnetic susceptibility (L),[24] as estimated from
Equation (1), picks up the difference between the carbocy-
clic systems with diatropic p current (positive values of L),
and heterocyclic systems with paratropic p current (negative

values of L), but again does not distinguish 12p/14p sys-
tems.

Thus, all three magnetic indicators of aromaticity/antiaro-
maticity are broadly consistent. If the currents are as pre-
dicted in Figure 2, then the p contributions to the out-of-
plane components of the central shielding tensor and the
magnetisability tensor are explained. The question then re-
mains: why do the currents have the observed sense, and a
strong dependence on the central atom, but not on the p-
electron count?

The ipsocentric approach, with its well-defined partition
of current into orbital contributions,[7] gives a framework for
prediction of current sense and intensity. Diatropic and par-
atropic currents are predicted by symmetry-based selection
rules, in which initial excitation from an occupied orbital
gives a diatropic contribution to current if the product of oc-
cupied and unoccupied orbital symmetries contains that of
an in-plane translation, and paratropic if the product con-
tains the symmetry of an in-plane rotation. The contribution
of a particular excitation is moderated by the difference in
energy of initial (occupied) and final (unoccupied) orbitals.

The first step in interpreting the p maps is to partition the
current-density contributions between the various occupied
orbitals. Current-density maps of the contributions of the
frontier orbitals to the total p current in the two systems 3
and 4 are shown in Figure 3, and those for their hetero-atom
analogues (5 and 6) are shown in Figure 4. The diatropic pe-
rimeter current in the phenalenyl cation (3) arises from the
contribution of the doubly degenerate 2e’’ HOMO, and in
the phenalenyl anion (4) from the 2e’’ HOMO-2 pair, sup-
plemented by the 2a2’’ HOMO�1. In the heterocyclic sys-
tems, in contrast, the main contribution is a paratropic cur-
rent from the non-degenerate HOMO (which has a2’’ sym-
metry in the case of 5 and a1’’ symmetry in the case of 6),
moderated by a minor diatropic contribution from the e’’
HOMO�1.

Figure 5 illustrates schematically the RHF/6-31G** calcu-
lated frontier orbitals, their energy levels and the allowed
virtual excitations between them, for the phenalenyl cation
(3), the phenalenyl anion (4), and their heterocyclic ana-
logues, 9b-boraphenalene (5) and 9b-azaphenalene (6). The
similarity of the current-density maps between cation (3)
and anion (4), and their difference from those for the relat-
ed heteroatom systems (5 and 6) are both rationalised by

Table 1. Indicators of aromaticity/antiaromaticity for the phenalene-re-
lated species 3–6. These are magnetic (NICS(0), NICS(1), L), energetic
(ASE), and geometric (HOMA) applied to the perimeter bonds, as de-
scribed in the text.

3 4 5 6

NICS(0) [ppm] �3.9 �0.7 +20.8 +22.6
NICS(1) [ppm] �7.8 �3.9 +14.5 +16.0
L [cgs ppm] +23.3 +5.9 �54.1 �66.0
ASE [kcal mol�1] 34.5 30.8 15.8 21.4
perimeter HOMA 0.905 0.868 0.880 0.937
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the product symmetries and the trends in the orbital ener-
gies. In the carbocyclic systems (3 and 4), the dominant exci-
tations originating from the e’’ orbitals are translationally al-
lowed, and the rotationally allowed a2’’–a1’’ excitation
(2a2’’!1a1’’, cation 3, 1a1’’!3a2’’, anion 4) plays only a minor
role. In the heterocyclic systems 5 and 6, the HOMO–
LUMO gap shrinks and the current is increasingly dominat-
ed by the paratropic excitation.

As the orbital currents depend essentially on symmetry
and the variation of orbital energy with electronegativity,
they should already be explained by a simple analytical rep-
resentation of the p systems of 3–6. In simple H*ckel
theory, all carbon centres are assigned a coulomb integral a
and all bonds are assigned a resonance integral b. The
nature of the central atom is taken into account by assigning
it a coulomb integral a+hb, in which h is an electronegativi-
ty parameter (B would usually have h��1.0 and planar N
h�+1.5[25]). The energy levels are then determined, to
within a shift of origin a and a scale jb j , by the eigenvalues
{l} of a 13 U13 matrix which factors into a1’’+4a2’’+4e’’

blocks. The carbocycle has a symmetric energy-level dia-
gram, and the diagrams for +h and �h are related by re-
versing the energy scale (Figure 6). Symmetry considerations
show that the non-bonding a1’’ and four 4e’’ levels must be
independent of h (they are unchanged levels of the perime-
ter[12]cycle), whereas the 4a2’’ levels, two bonding and two
antibonding, are determined by roots of a quartic [Eq. (2)].

l4 �hl3 �7l2 þ 4hl þ 6 ¼ 0: ð2Þ

The HOMO–LUMO gap, D, lies between the second a2’’
and non-bonding orbital (NBO) levels (12p), or the NBO
and third a2’’ levels (14p), with the consequence that D(12p,
h=�d)=D(14p, h=++d), and in particular, D is equal (and
maximal) for the phenalenyl cation (3) and anion (4). As
jh j goes from 0 to 1, the gap varies smoothly from 1 toffiffiffi

3
p

�1�0.732 in units of jb j . In the high- jh j limit, the four
roots of the quartic tend asymptotically to h, 0, 
2, corre-
sponding to a physical situation in which there is a level a+

Figure 3. Maps of p frontier-orbital contributions to current density for 3
and 4. Methods and plotting conventions as Figure 2.

Figure 4. Maps of p frontier-orbital contributions to current density for 5
and 6. Methods and plotting conventions as Figure 2.
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hb that either contains two electrons (h!+1) or is empty
(h!�1), and is decoupled from the other levels, which,
therefore, return to the [12]-annulene energies of a, a
2b.

Significantly for the ipsocentric explanation of the cur-
rents, the h$�h symmetry properties of the energy-level di-
agram also imply that virtual excitations across the gap have
the same symmetries in 12p and 14p systems: for both elec-
tron counts, the HOMO–LUMO symmetry product is a2’
(rotational), whereas HOMO–(LUMO+1) and

(HOMO�1)–LUMO products are e’ (translational), with ac-
cidental degeneracy at h=0. The different patterns of cur-
rent then arise from the balance between these virtual exci-
tations. Comparison of Figures 5 and 6 shows that H*ckel
theory gives a close overall match to the ab initio descrip-
tions of the frontier orbitals, their relative energies and sym-
metries. The driver of the change from diatropic (3 and 4)
to paratropic (5 and 6) current is seen to be the variation
with h of the HOMO–LUMO gap: as h changes from the

Figure 5. a)–d) Frontier orbitals, energy levels and virtual excitations for the phenalene-related systems 3–6, respectively. The main translationally (rota-
tionally) allowed excitations are indicated by full (dashed) arrows. All arrows start from occupied and end on empty orbitals.
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carbon value in either direction, the a2’’–a1’’ gap shrinks, and
the current is increasingly dominated by the paratropic exci-
tation. This explains the maps.

In line with the rationalisation of currents in terms of
H*ckel theory, it is notable that a pseudo-p[26] treatment, in
which each carbon atom bearing a pp orbital is replaced by
a pseudo-hydrogen atom, reproduces essentially exactly the
cation and anion maps and their orbital decomposition. Sub-
tleties of the adaptation of the pseudo-p method for hetero-
ACHTUNGTRENNUNGatoms have been discussed elsewhere.[27]

In passing, we may note that the ipsocentric method gives
a direct interpretation of the maps as they are seen, that is,
it interprets the perimeter current. In contrast, graph-theo-
retical models that decompose the current into circuit con-
tributions[28,8b] would interpret the plotted perimeter current
as a summation of superimposed diatropic benzene- and
naphthalene-circuit contributions that cancel out every-
where except on the perimeter, plus a weak paratropic pe-
rimeter-circuit contribution. Each perimeter edge belongs to
one 6-ring, two 10-rings and one 12-ring in this decomposi-
tion. This account in terms of cancellations now seems un-
necessarily indirect, if ipsocentric orbital contributions can
show the perimeter current as a single unified object arising
directly from the perturbation of the two HOMO electrons
by the applied field.

The magnetic indicators L and NICS should follow the
ring currents, as noted earlier. The poor behaviour of the
other potential indicator of aromaticity, HOMA, is also con-
sistent with the H*ckel energy-level diagram, in that the
12p and 14p systems differ by occupation of a non-bonding
orbital: by definition, molecular geometry is insensitive to
occupancy of the NBO.

A bonus of an orbital-based model of these systems is
that it gives a straightforward prediction for the properties

of the 13p radical (2). In the simplest approximation,[29] the
orbital current in the radical should be the average of the
cationic and anionic currents, so the species 2 should also
exhibit a significant diatropic perimeter current. (The net
spin of the odd-electron species will also give rise to a first-
order coupling with the external-magnetic field.)

Conclusion

Understanding of the variation of physical properties with
structure and electron count is important for the applica-
tions of phenalenyl systems (2–4) (and the potential applica-
tions of their heteroatom analogues (5–6)) in materials sci-
ence. The phenalenyl motif provides a clear case in which
electron counting alone is not informative about magnetic
response, but equally, chemical considerations of orbital
symmetry and energy, allied to the ipsocentric analysis, can
give design criteria for rationalisation and prediction of p

current-density patterns and concomitant aromaticity.

Acknowledgements

P.W.F. thanks the Royal Society/Wolfson Research Merit Award Scheme
for financial support. R.W.A.H. acknowledges the Netherlands Organisa-
tion for Scientific Research (NWO, grant 700.53.401 and NWO/NCF,
project SG-032). M.K.C. and T.M.K. thank Edyta Pindelska for starting
geometries of the phenalene systems. M.K.C. acknowledges grant
120000–501/68-BW-1681/2/05 for financial support. The Interdisciplinary
Centre for Mathematical and Computational Modelling (Warsaw) is ac-
knowledged for providing computational facilities.

[1] P. J. Garratt, Aromaticity, John Wiley & Sons, New York, 1986.
[2] a) V. Boelkelheide, C. E. Larrabee, J. Am. Chem. Soc. 1950, 72,

1245 – 1249; b) D. H. Reid, Tetrahedron 1958, 3, 339 – 352; c) R.
Pettit, J. Am. Chem. Soc. 1960, 82, 1972 – 1975; d) D. H. Reid, Q.
Rev., Chem. Soc. 1965, 19, 274 –302; e) K. Goto, T. Kubo, K. Yama-
moto, K. Nakasuji, K. Sato, D. Shiomi, T. Takui, M. Kubato, T. Ko-
bayashi, K. Yakusi, J. Ouyang, J. Am. Chem. Soc. 1999, 121, 1619 –
1620; f) P. A. Koutentis, Y. Chen, Y. Cao, T. P. Best, M. E. Itkis, L.
Beer, R. T. Oakley, A. W. Cordes, C. P. Brock, R. C. Haddon J. Am.
Chem. Soc. 2001, 123, 3864 –3871; g) V. I. Kovalenko, A. R. Khamat-
galimov, Chem. Phys. Lett. 2003, 377, 263 –268; h) S. Zheng, J. Lan,
S. I. Khan, Y. Rubin J. Am. Chem. Soc. 2003, 125, 5786 – 5791.

[3] a) E. H*ckel, Z. Phys. 1931, 76, 204 – 286; b) V. I. Minkin, M. N.
Glukhovstev, B. Ya. Simkin, Aromaticity and Antiaromaticity: Elec-
tronic and Structural Aspects, John. Wiley, New York, 1994.

[4] P. Lazzeretti, Phys. Chem. Chem. Phys. 2004, 6, 217 – 223.
[5] T. A. Keith, R. F. W. Bader, Chem. Phys. Lett. 1993, 210, 223 –231.
[6] S. Coriani, P. Lazzeretti, M. Malagoli, R. Zanasi, Theor. Chim. Acta

1994, 89, 181 –192.
[7] E. Steiner, P. W. Fowler, J. Phys. Chem. A. 2001, 105, 9553 –9562.
[8] a) M. J. S. Dewar, N. Trinajstić, J. Chem. Soc. A 1969, 1754 –1755;
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