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ABSTRACT

Dissected nucleus-independent chemical shift (NICS) analyses of cycloalkanes and cage hydrocarbons reveal contrasting ring current effects,
diatropic in three- and five-membered and paratropic in four-membered ring systems. The large shielding effects of the C−C bonds of the
archetypal σ-aromatic, cyclopropane, are magnified in tetrahedrane and related structures. The remarkable deshielding effect of the cyclobutane
C−C(σ) bonds is general: cubane and cages with four-membered rings are strongly deshielding (i.e., σ-antiaromatic).

Cyclopropane is stabilized both byσ-aromaticity1-3 involving
the six electrons in its strained (40.4 kcal/mol)4 C-C bonds
and by C-H bond strengthening, due to the sp2-like carbon
hybridization.4 Strong evidence forσ-aromaticity exists:5,6

large diamagnetic susceptibility and anisotropy, upfield
cyclopropane1H NMR shifts, shielding of protons, and

negative NICS located above cyclopropane rings. The
stabilization of cyclopropane due toσ-aromaticity (11.3 kcal/
mol)4 is a significant fraction of benzene’s 33.2 kcal/mol
aromatic stabilization.7

While von Baeyer’s angle deformation theory8 explains
the much larger strain energies of cyclosilapropane (38.3
kcal/mol)9 than cyclosilabutane (17.0 kcal/mol),9 the remark-
ably similar cyclopropane (27.5 kcal/mol)10 and cyclobutane
(26.5 kcal/mol)10 values are in clear violation. We now
present evidence that cyclobutane and related molecules with
four-membered rings (4MR) are destabilized byσ-antiaro-
maticity involving the eight electrons in the strained (30.3
kcal/mol)4 C-C bonds. The cyclobutane (D4h) HOMOs, a
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degenerate pair ofσ-orbitals of eu symmetry (Figure 1),11

are 1-2 and 3-4 σ bonding but 1-3 and 2-4 antibonding.12

These MOs resemble theπ-orbitals of the antiaromatic
cyclobutadiene. Similarly, “repulsion of parallel bonds” has
been invoked to explain the unexpected instability of cubic
P8.13

There have been indications of 4n + 2 π-electron-like
behavior of theσ-systems of small ring hydrocarbons.

A review by Dauben et al.6 points to the abnormally high
magnetic susceptibility of cyclopropane and cyclopentane
and the abnormally low value of cyclobutane. Also,13C and
1H chemical shifts are shielded in C3H6 but deshielded in
C4H8.5 Sauers14 and our group4,15have observed the diatropic
NICS of three-membered rings (3MRs) and analyzed the
paratropic effects of the C-C bonds of 4MRs in detail.16

All structures were optimized at the B3LYP/6-311+G**
DFT level using Gaussian 98.17 While planar ring symmetries
were imposed for interpretative simplicity, e.g., to enforce
σ-π separation, NICS16,18,19 for the fully relaxed systems
show no fundamental differences.16 Localized molecular
orbital NICS (“dissected NICS”, LMO-NICS)16,19 points
were computed (PW91/IGLO-III) at ring centers (see data

plotted in Figure 2) and as grids of points 0.5 Å apart (see
Figure 3) using the deMon NMR program.20

The CnHn + 2 (n ) 3-10) cycloalkane total NICS(0) (at
ring centers) are dissected into CC(σ) and CH contributions
(Figure 2). The CH line is monotonic, and there is no
evidence of any aromatic or antiaromatic contributions. In
contrast, the NICS(total) and CC(σ) data show zigzag
behavior; this becomes more regular for the larger rings. The
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Figure 1. DegenerateEu HOMO of cyclobutane; although the
combination of parallel C-C bond orbitals help C-H bonding,
they preclude cyclic delocalization.

Figure 2. NICS at cycloalkane centers versus 1/R (whereR is the
distance between the ring center and the carbons). NICS(0) total
and CC(σ) and CH contributions to NICS(0) shown.

Figure 3. Planar cyclopropane, cyclobutane, and cyclopentane
NICS(total) grids. Red and green points denote positive and negative
NICS values, respectively, and the arrows point to the ring centers
and above.
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extremely diatropic NICS(total) (-42.8 ppm) of cyclopro-
pane, the archetypalσ-aromatic, is due to the combined CC-
(σ) (-24.3 ppm) and CH (-18.0 ppm) shielding effects.21

In contrast, the cyclobutane CC(σ) is large and paratropic
(+15.2 ppm), but this is nearly balanced by CH shielding
contributions (-12.8 ppm). NICS(total) is still paratropic by
2.6 ppm. The CC(σ) framework of cyclobutane isσ-anti-
aromatic.

Recently, a new refinement, MO-NICS analysis, has been
developed.22 This separates total NICS into contributions

from individual canonical (rather than localized) molecular
orbitals. The MO-NICS (see Figure 4) and LMO-NICS
(Figure 2) refinement schemes are complementary and lead
to the same conclusions regarding the NICS shielding
contributions. The Walsh orbitals12,23 of cyclopropane are
shielding, but those of cyclobutane are deshielding. The
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only -2.3 ppm and-0.2 ppm, respectively.
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Table 1. PW91/IGLO-III//B3LYP/6-311+G** Dissected NICS (in ppm) at Cage and Ring Centersa

a Cages are minima in the symmetries.b At the cubane cage unit center:+7.0 (NICS),+8.9 (CC(σ)), and-1.8 (CH).
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cyclopentane NICS may have a slight diatropic enhancement
(see Figure 2), but this is not pronounced.

Grids of total NICS points bisecting 3-, 4-, and 5MR
planes (Figure 3) provide more details. Magnitudes are shown
by the sizes of the dots. The cyclopropane NICS grid is filled
with large red (negative, shielding) points reflecting the
known diatropic effect of 3MRs.16 The cyclopentane NICS
grid is similar except that the points at and above the center
(indicated by the arrows) are much smaller. The cyclobutane
NICS grid, in contrast, shows a deshielding cone in the
central region. Consistent with Figure 2, NICS(0) and points
above the 4MR plane are paratropic (green) and radiate
outward.

The large diatropic and paratropic CC(σ) effects shown
in Figures 2 are strongly magnified in certain cyclopropane
and cyclobutane hydrocarbon cages (Table 1). With four
fused cyclopropane rings, tetrahedrane (1) has very large
NICS(0) (at the cage center) and CC(σ) (-48.3 and-37.2,
respectively). Remarkably, the tetrahedrane cage is “super
σ-aromatic”. P4 (Td) behaves similarly (Table 1).24

The six 4MR faces of cubane (4) have the opposite effect.
The large, positive (+23.1, deshielded) NICS(0) at the cage
center is due almost entirely to CC(σ) contributions (+21.6
ppm). The 4MR face center of4 also has a large diatropic
CC(σ) (+18.0), but the CH contributions (-4.8 ppm) reduce
the total NICS somewhat to+13.1. Remarkably, the cubane
cage appears to be “superσ-antiaromatic”. Cubic P8 (Oh)
exhibits similar behavior (Table 1).

The abstract illustration contrasts the magnetic character-
istics of1 and4. Also shown is a “mixed” system, prismane
(3), which has competing diatropic 3MRs and paratropic
4MRs. The other cage systems collected in Table 1 show
similar 3MR and 4MR effects. The cages comprised of 5MRs
and 6MRs have NICS(0) near zero. The three-membered ring
faces in homotetrahedrane (2) and truncated tetrahedrane (8)15

behave similarly to1, with large (e-33 ppm) diatropic
NICS(total). For example,8 cage center NICS is-15.2 ppm,
while NICS(total) 3MR is a considerable-43.8 ppm.

The cages possessing four-membered rings, pentaprismane
(5), hexaprismane (6), heptaprismane (7), homocubane (9),
and cuboctahedrane (18) also have 4MR faces with signifi-
cant (>9.5 ppm) paratropic CC(σ) ring currents, but they
are equalized by the CH contribution. Hence, NICS at both
the cage and 4MR face centers are only moderately deshield-
ing (e7.4 ppm), if at all.

Bicyclo[1.1.1]pentane (13) is a special case. Although
composed entirely of 4MRs, NICS at the cage (-10.9) and
4MR centers (CC(σ) -6.8) are significantly diatropic. Hence,
in contrast with other 4MR species in Table 1,13 is
σ-aromatic. This may be responsible for the anomalously
low experimental heat of formation of13 compared with
the much higher molecular mechanics (MM4) prediction.25

MO-NICS shows the negative NICS to be due to the many
small diatropic contributions of the lower-lying MOs.

In conclusion, LMO- and MO-NICS analyses of hydro-
carbon ring and cage systems have demonstrated the
contrasting diatropic (3MR and perhaps 5MR) and paratropic
(4MR) ring current effects. The archetypalσ-aromatic,
cyclopropane, has a shieldingσ-framework, as does tetra-
hedrane and other 3MR-containing cages. Remarkably, the
C-C(σ) bonds of cyclobutane and related 4MR structures
(e.g., cyclobutane, cubane, etc.) are strongly deshielding (i.e.,
σ-antiaromatic). These electronic effects influence the strain
energies.
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Figure 4. Cycloalkane MO-NICS showingπ CH2, Walsh, and
lowest energy MO contributions to NICS(total).
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