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Abstract Mapping of induced current density using
the coupled Hartree-Fock “ipsocentric” (CTOCD-DZ/
6-31G**//RHF/6-31G**) method shows a ring current
arising in the σ framework of cyclopropane that is
intense, diatropic and annular, and hence is consistent
with the numerous literature attributions of σ -aroma-
ticity to this molecule. Localised orbital analysis shows
that this current can be attributed to the set of three
carbon–carbon bonds. In a similar analysis, the four car-
bon–carbon bonds of (planar constrained) cyclobutane
are found to give rise to a central paratropic current. The
maps are consistent with the view that cyclopropane is
strongly σ -aromatic, cyclobutane is weakly σ -anti-aro-
matic, and the larger cycloalkane systems are essentially
σ -non-aromatic.

Keywords Aromaticity · Ring current · Cycloalkanes

1 Introduction

As a saturated system, cyclopropane may seem an
unlikely candidate for an aromatic molecule, but there is
a history of attribution of σ -aromaticity to this smallest
of the cycloalkanes [1–6], though opinions on this point
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have not always been unanimous [7]. Two qualitative
models of electronic structure have traditionally been
used to account for the anomalous properties of cyclo-
propane. Walsh [8,9] proposed a description in terms
of trigonal near-sp2 CH2 units, aligned perpendicular to
the ring plane and each carrying a radial and a tangen-
tial hybrid. Coulson and Moffitt [10,11] described the
strained carbon–carbon bonds of cyclopropane in terms
of formation of bent bonds by overlap of local hybrids
pointing away from the line of centres. Both descrip-
tions are ultimately equivalent [11] and lead to useful
predictions: the strain energy predicted on classical sp3

bonding schemes is reduced; the doubly degenerate e′
HOMO is seen to arise by overlap of tangential frag-
ment orbitals; bending of the C–C bonds suggests an
analogy with an in-plane π -system, invoked in the ra-
tionalisation of structures of hydrogen- and halogen-
bonded complexes of cyclopropane [12]; enhanced s
character leads to strengthening of the C–H bonds. This
last effect is estimated [13] to contribute equally with
σ -aromatic stabilisation to the low strain energy [1,2] of
cyclopropane.

In parallel with the arguments based on energet-
ics, the aromaticity of cyclopropane has been assessed
using the magnetic criterion, according to which aro-
maticity is synonymous with ability to sustain a dia-
tropic ring current induced by a perpendicular external
magnetic field [14]. Cyclopropane shows exaltation of
diamagnetisability [15,16], a large magnetisability
anisotropy [17,18], and characteristic upfield 1H NMR
chemical shifts [19]. The cyclopropane ring is a source of
intramolecular shielding effects [20]. Negative NICS(0)
and NICS(1) [14] indices for cyclopropane (−42.8 and
−8.9 ppm, respectively, [4]) are also interpreted as evi-
dence for a ring current [4,13]. All of these data have
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been interpreted as evidence for some form of ring
current, but with some different opinions about its ori-
gin (see, e.g., footnote 29 in [2]). However, some authors
have also asserted that cyclopropane does not sustain a
ring current at all [7].

From the perspective of computational chemistry, a
straightforward solution suggests itself: calculate the cur-
rent density induced by an external magnetic field, and
check to see if there is a global circulation, with the
appropriate sense, strength and spatial distribution to
merit its description as a ring current. An efficient and
accurate approach to calculation and mapping of in-
duced currents is available in the form of the ipsocen-
tric method [21–23], which will be used here. A specific
advantage of this method is that it allows partition of the
total current into contributions from occupied orbitals
(canonical [23], or localised [24]) and so can be used to
provide a link to more qualitative theories. A discussion
of the accuracy of the specific combination of method
and basis set used here is given in [25], and comparisons
of maps made with ipsocentric and allocentric variants
of the method are made in [26]. Such variants differ in
their representation of current density in regions (expo-
nentially) close to the nuclei, but are qualitatively indis-
tinguishable in the bonding regions that are of interest
in the present paper.

2 Method

Current-density maps were calculated for cyclopropane
and, for comparison, for the planar-constrained struc-
tures of cyclobutane and cyclopentane, using the cou-
pled Hartree-Fock CTOCD-DZ (ipsocentric) approach.
Molecular geometries for the CnH2n systems were
optimised in Dnh symmetry at the RHF/6-31G** level,
yielding a true minimum for cyclopropane, but for cyc-
lobutane and cyclopentane stationary points with one
(b2u, 142i cm−1) and two (e2

′′, 215i cm−1) imaginary-
frequency modes, respectively. Geometry optimisation
at this level shows a clear difference between cyclo-
propane—with short C–C bonds (1.497 Å), short C–H
bonds (1.076 Å) and open HCH angles (114◦)—and the
larger systems—with longer C–C bonds (1.549 Å in
C4H8, 1.546 Å in C5H10), longer C–H bonds (1.084 Å in
both cases) and near-tetrahedral HCH angles (108◦in C4
H8, 106◦ in C5H10).

Calculations of the response to an external magnetic
field directed along the Cn axis were carried out with
the same 6–31G** basis, which has been shown in many
studies to give well converged maps when used in con-
junction with ipsocentric distributions of origin of vec-
tor potential [23,25]. Maps were constructed for current

density in the plane of the carbon nuclei and at a height
1 a0 from this plane, applying the usual plotting conven-
tions, where contours represent the magnitude of j(1) in
the plotting plane, and arrows its in-plane projection,
where j(1) is the first derivative of induced current den-
sity with respect to the applied field. A useful measure
is jmax, the maximum magnitude in the plotting plane,
which can be compared with the corresponding quan-
tity for the archetypical benzene π ring current. (Using
the present basis and level of theory, jmax for benzene
is 0.080 a.u. in the 1 a0 plane.) In addition to maps of
the total induced current density (the response of all
electrons to the magnetic field), maps of orbital con-
tributions, individually and in combination, were also
computed. For delocalised π systems, canonical orbital
contributions have proved especially informative [27].
In the present case, an analysis in terms of localised
orbitals is expected to be more appropriate, and this
was made using the Pipek–Mezey criterion [28].

3 Results and discussion

Figure 1 shows the current density induced in cyclopro-
pane by a perpendicular external magnetic field, plotted
in the plane of the carbon nuclei. The main feature of
the map is plain to see: a strong (jmax = 0.121 a.u.) dia-
tropic circulation around the outside of the ring, one that
reaches maximal intensity outside the line of carbon cen-
tres. Closer inspection also reveals a weaker paratropic

Fig. 1 Current density map for cyclopropane. The current
induced in the plane of the carbon nuclei by a perpendicu-
lar external magnetic field is calculated at the (CTOCD-DZ/
6-31G**//RHF/6-31G**) level and plotted in the plane of the car-
bon nuclei using the usual conventions (see the text)
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Fig. 2 Schematic illustration of the transition from cyclic arrays
of localised diatropic currents to concentric global currents as the
inter-unit separation decreases

counter-circulation at the ring centre, and closed loops
of circulation (vortices) in the core/C–H bond regions.
This pattern is consistent with expectations based on the
qualitative models of the electronic structure of cyclo-
propane. As Fig. 2 illustrates in a rough and schematic
way, local diatropic current loops of cyclically arranged
localised C–C bonds in close enough proximity can sum
to concentric global diatropic and paratropic circula-
tions, and in fact such paratropic central counter-rota-
tion features are seen in maps of currents induced in
the σ -framework of the π aromatic-hydrocarbons [29].
What is unusual about the map in Fig. 1 is the dominance
of the diatropic current, its strength and continuity.

Inspection of maps of localised-orbital contributions
(Fig. 3) confirms that the main diatropic current and its
concomitant inner counter-circulation are both directly
attributable to the summed contributions of the three
C–C σ bonds. The map for an individual localised
C–C bond orbital (Fig. 3a) gives an indication of how
the overall pattern comes about: although the current
loops in this map have the closed topology expected of
any two-centre σ bond, the flow-lines adopt the banana
shape consistent with a bent bond, bulging out from
the line of centres to follow the overlap of the tan-
gential atomic orbitals [11] and hence give a somewhat
stronger current on the outside of the molecule. In the
confined space of the three-membered ring, the super-
imposed inner arms of the bond contributions largely

cancel (Fig. 3b), to produce the pattern of a weak inner
paratropic and strong outer diatropic current that is seen
in the total map (Fig. 1).

The global current of cyclopropane therefore has the
hallmarks of a (σ ) ring current. It is diatropic, runs con-
tinuously around the ring of nuclei and is essentially
annular in form. (Note that the counter-current on the
central region is weaker than the main current, by a
factor of at least 2.)

The localised-orbital picture, in this case, gives a much
clearer account of the current than does the canonical-
MO delocalised picture. A map of the contribution of
the four HOMO electrons to the induced current den-
sity (Fig. 4a) shows a current that is strong and diatropic
on the perimeter and also strong and paratropic at the
molecular centre; only when contributions from all the
other canonical valence σ orbitals (Fig. 4b) are added
in, do we recover the annular pattern with decreased
intensity at the molecular centre. (The sum of the maps
in Fig. 4a and b is, by definition, equal to the map in
Fig. 1.)

Unlike the classic π ring current of conventional
aromatic systems, the current in cyclopropane is max-
imal in-plane, as σ symmetry dictates, and in fact the
calculated jmax falls from 0.121 a.u. in the plane of the
nuclei to 0.079 a.u. at a height of 1 a0 when calculated
from the sum of C–C-bond orbitals. There is no evidence
of a π contribution to the ring current of cyclopropane:
a map of the partial current density in the 1 a0 plane aris-
ing from the three occupied canonical molecular orbitals
of π symmetry (a2

′′ + e′′) (Fig. 5a), shows only local-
ised current loops. The map derived from the sum of
the six localised C–H bond orbitals (a1

′ + e′ + a′′
2 + e′′)

(Fig. 5b) which includes both σ and π contributions from
three orbitals also shows essentially localised current
loops.

It has been proposed that the σ -aromaticity of
cyclopropane places the molecule in an alternating

Fig. 3 Current density map
for a a single localised C–C
bond and b the set of three
localised C–C bonds of
cyclopropane, calculated at
the (CTOCD-DZ/
6-31G**//RHF/6-31G**) level
with Pipek-Mezey localisation
[28] and plotted in the plane
of the carbon nuclei using the
standard plotting conventions
(see the text)

(a) (b)
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(a) (b)

Fig. 4 Current density map for a the e′ HOMO and b the
remaining ten occupied orbitals of cyclopropane, calculated at the
(CTOCD-DZ/6-31G**//RHF/6-31G**) level with Pipek-Mezey
localisation [28] and plotted in the plane of the carbon nuclei

using the standard plotting conventions (see the text). Apparent
symmetry-breaking in b is purely an artefact of mismatch between
the triangular molecule and the square plotting grid, and would
disappear on use of a finer grid

Fig. 5 Current density maps
for contributions of a sum of
occupied π orbitals and b the
sum of localised C–H bonds
of the cyclopropane molecule,
calculated at the
(CTOCD-DZ/6-31G**//RHF/
6-31G**) level with
Pipek-Mezey localisation [28]
and plotted at a height of 1 a0
from plane of the carbon
nuclei using the standard
plotting conventions (see the
text)

(a) (b)

sequence of cycloalkane CnH2n aromatics and anti-
aromatics. In particular, in planar conformations,
cyclobutane/cyclopentane are found to have small
positive/negative NICS(0) values [4]. For C4H8, the cal-
culated NICS(0) is +2.6 ppm, for C5H10 it is −5.2 ppm;
these values change to NICS(1) = +1.1 and −2.8 ppm,
respectively, evaluated at a height of 1 Å. Current-den-
sity mapping for these systems is complicated by the
existence of intense but local circulations in the neigh-
bourhoods of the tetrahedral carbon centres. Raising
the plotting plane to 1 a0 removes these local features
and reveals any global circulations more clearly.
Figure 6 compares the maps of current density produced
from the set of C–C bond localised orbitals, for cyclopro-
pane, (planar) cyclobutane and (planar) cyclopentane,
respectively.

In cyclopropane, the C–C-bond contribution (Fig. 6a)
shows an essentially diatropic circulation, with a weak

paratropic central vortex. In cyclobutane, the C–C-bond
contribution (Fig. 6b) has reversed intensities, with a
strong central paratropic current and a weaker outer
diatropic part which is starting to break up into local and
σ -bond circulations. For cyclopentane (Fig. 6c), the inner
and outer circulations are of essentially equal intensity
and now the map has the appearance of a superposition
of five local σ -bond circulations consistent with the lack
of angle strain in this structure.

The opposed senses of the main current in cyclopro-
pane and cyclobutane are consistent with the signs of
the NICS(0) and NICS(1) values, the much smaller inte-
grated central shielding values for cyclobutane indicat-
ing a near complete cancellation of effects within the
more complicated pattern of current density. A test cal-
culation on the D2d-symmetric fully optimised structure
of cyclobutane shows no major change in the current
density map.
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Fig. 6 Comparison of
current density maps for
localised C–C orbital
frameworks of
a cyclopropane,
b cyclobutane, c cyclopentane
plotted at a height of 1 a0
from the planar (or
planarised) carbon
framework at the (CTOCD-
DZ/6-31G**//RHF/6-31G**)
level with Pipek-Mezey
localisation [28] and plotted
using the standard plotting
conventions (see the text)

(a) (b)

(c)

In summary, the maps are consistent with the assign-
ment of an exceptional status of cyclopropane as strongly
σ -aromatic and an attribution of weakly σ -antiaromat-
ic character to cyclobutane, with non-aromatic character
prevailing for cyclopentane and (presumably) the larger
systems.
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