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Aromaticity, a concept generally associated with organic
compounds, results in exceptional geometric, energetic and
magnetic properties.1 However, the conventional criteria are
often difficult to apply to inorganic analogues. Equal ring bond
lengths (as in benzene1) are found frequently in stable inorganic
six π electron ring systems, e.g., in borazine (2) and boroxine
(3), but the highly polar character of the bonding rather than
electron delocalization could be responsible. Benzene analogues
such as N6 (4) and Si6H6 (5) are unstable.
Cyclic delocalization of mobile electrons,σ or π, proposed

as the defining characteristic of aromaticity,1-5 results in ring
currents which are responsible for abnormal magnetic properties,
e.g., exalted magnetic susceptibilities, anisotropies, and displaced
chemical shifts (especiallyδ1H in organic compounds). How-
ever, these do not serve well for inorganic compounds which
often have no proton substituents. Few magnetic susceptibility
measurements have been reported, and reference increments
necessary to evaluate the exaltations are not available.6

We show here how computational data, easily obtainable, can
be used effectively to assess the aromaticity and to provide a
more detailed analysis. Several theoretical studies of the
inorganic (or heteroatom) analogues of benzene have been
reported already. Using homodesmotic reactions, but with trans
configurations of the reference molecules, Fink and Richards7

calculated the following aromatic stabilization energies (ASE,
kcal/mol): benzene (1, 22.1). boraphosphabenzene (6, 12.7)
> borazine (2, 11.1). alumazene (7, 1.9) (derivatives of6
and7 are known only with bulky substituents).8 On this basis,
6 and2 are less aromatic than1, and7 is not aromatic. This
behavior was ascribed mainly to the electronegativity differences
between the ring atoms. Using the calculated charge densities
and Mulliken population analysis, Boyd et al.9 demonstrated
the substantial decrease of theπ-electron delocalization relative
to benzene (1) and the increase in ring bond polarities of

s-triazine (8), borazine (2), and boroxine (3). This quantitative
ordering (ca 3:2:1:0, respectively) agrees with the ASEs
calculated by Haddon.10 Using the RCI (ring current index),
Jug suggested that s-triazine (8) has nearly the same aromatic
character as benzene (1) and that borazine (2) and boroxine (3)
are moderately aromatic.11 Fowler and Steiner4b agree that8
has a delocalized ring current similar to benzene, but find2
and3 to beπ localized on the electronegative atoms.
For Si6H6 (5), Nagase computed an ASE approximately half

that of benzene.12 Gordon et al. also found that both Si6H6 (5)
and Ge6H6 (9) are less stabilized than benzene (1) (57.8, 59.9,
and 74.7 kcal/mol, respectively).13 Hexagonal N6 (4) is highly
unstable toward dissociation into 3 N2,14 whereas P6 (10) is
lower in energy than 3 P2,15 but these reveal nothing about the
degree of electron delocalization of the two six-membered rings.
Estimates of aromatic stabilization energies vary significantly
and depend strongly on the equations used (isodesmic, ho-
modesmotic, hyperhomodesmotic), the reference molecules
adopted, and the computational levels and basis sets.16,17 For
example, Nagase15 found that both4 and10 arestabilizedand
have ca. 60% of the benzene ASE by eq 1 with X) Y ) N
for 4 and X) Y ) P for10as reference molecules. However,

when the trans isomers of these models are employed,4 and
10aredestabilizedby 17.6 and 7.2 kcal/mol, respectively, rather
than stabilized.14 The procedure used to define stabilization
energies is arbitrary; no choice is free from objection.
We now employ magnetic criteria to assess the degree of

aromaticity of a series of inorganic ring systems (Table 1,D6h

orD3h symmetry facilitates direct comparisons but data forD3d

forms also are given). B3LYP/6-311+G**-optimized geom-
etries, energies, and CGST magnetic susceptibilities and anisotro-
pies were computed with the Gaussian 94 program.18 The
nucleus-independent chemical shift (NICS)19 values reported
here calculated at the SOS-DFPT-IGLO level using the Perdew-
Wang-91 exchange-correlation functional and the IGLO-III
TZ2P basis set as implemented in the deMon NMR program.20

Since the IGLO method provides the contributions from the
individual localized MOs,21 the total NICS values can be divided
into contributions from theπ bonds, NICS(π), from the ringσ
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bonds, NICS(σ), and from the other contributions (bonds to
hydrogen, in-plane lone pairs, core orbitals). We implemented
the Pipek and Mezey localization procedure22 in the deMon
NMR program for this purpose. The NICS(σ) and NICS(π)
data for points 0.5 Å above and in the ring centers are
summarized in Table 2.
Not only ASE values but also exalted magnetic susceptibilities

(Λ) can be evaluated using the homodesmotic reaction (eq 1).23

The ASE ordering of benzene (1, 34.1 kcal/mol)> Si6H6 (5,
15.6 kcal/mol)≈ Ge6H6 (9, 15.3 kcal/mol) is qualitatively in
line with the results of Nagase12 and those of Gordon.13 The
computedΛ of 5 and 9 are larger than that of benzene.
However,Λ depends on the square of the ring area, which
increases from C6H6 and Si6H6 to Ge6H6. The ring-size-adjusted
aromaticity index (F)24 gives an aromaticity ordering of C6H6-
(1.00)> Si6H6 (0.37)≈ Ge6H6 (0.36), in agreement with the
ASE results.
The NICS(tot) values of5 and9 are larger than the benzene

value. However, such NICS values computed in the ring centers
of first row compounds are known to be influenced by the local
paramagnetic contributions of theσ bonds, which counteract
the diamagneticπ ring current effects.4 Consequently, we have
employed the dissected NICS(π) and the NICS(σ) contributions
at points 0.5 Å over the ring centers (Table 2). The lower
benzene NICS(tot) value,-10.7, relative to those of Si6H6

(-12.8) and Ge6H6 (-14.5), is due to the large paratropic effect

of the C-C σ bonds (NICS(σ) ) 8.8). In contrast, Si6H6 (0.3)
and Ge6H6 (-1.8) have negligible NICS(σ) components, since
the ring diameters are larger. NICS(π) decreases from C6H6

(-16.8) to Si6H6 (-14.1) and Ge6H6 (-14.4). This order agrees
with the ASE and theF aromaticity indexes. Benzene is more
aromatic than its sila and germa homologues on the basis of
these three criteria even inD6h symmetry, and both Si6H6 and
Ge6H6 prefer nonplanar geometries. TheseD3d cyclic hexasila
(5a) and hexagerma (9a) minima are 2.3 and 14.5 kcal/mol
lower in energy than their planarD6h structures (5 and9). Due
to the reduced strain,5a and9a have larger ASE values, but
smaller NICS(tot) andΛ than 5 and 9. This shows that the
degree of cyclic delocalization is decreased in theD3d forms
despite their increased stability.
We also have analyzed the magnetic properties ofD6h N6

(4) and P6 (10) similarly. The very small total NICS at the
ring center of4 (0.2) is due to the nearly complete diatropic
and paratropic compensation. The NICS(π) and NICS(σ) of
N6 (4) are both larger than those of benzene (Table 2), due to
the smaller ring radius. As expected, P6, like Si6H6, has a larger
NICS(π), but a negligible NICS(σ). Both N6 and P6 have quite
large NICS(π) values at 0.5 Å above the ring centers.
Although computed to have about 29% of the benzene ASE

by eq 1, borazine (2) is nonaromatic as indicated by its modest
øanis and negligibleΛ (Table 1). This conclusion is also
supported by the calculated NICS values (Table 2). The Pipek-
Mezey localization results only in localized lone pair (LP)
electrons on nitrogens, and these are responsible for the NICS-
(π) values given in Table 2. Thus, the magnetic criteria show
little or no evidence of ring currents.4b Borazine is not aromatic
due to the polar BN bonds. The same is true for Al3N3H6 due
to the even greater ionic character of the Al-N bonds. Since
B and P have nearly equal electronegativities, B3P3H6 is
moderately aromatic. Our NICS(π) criterion gives a somewhat
modified aromaticity order, C6H6 > B3P3H6 . B3N3H6 >
Al3N3H6, from that deduced earlier.7,9

Our NICS(π) criterion supports Jug’s suggestion that s-
triazine (8) has nearly the same aromatic character as benzene
but, like Fowler and Steiner,4b does not agree with his conclusion
that B3N3H6 and B3O3H3 are moderately aromatic. In addition,
NICS(π) of B3S3H3 (11, D3h) is half that of benzene, and
Al3P3H3 (12, D3h) has localized lone pairs at phosphorus due
to the highly polarized Al-P bonds.
In conclusion, electron delocalization of “inorganic” benzene

analogues can be analyzed using the magnetic criteria of
aromaticity, especially NICS values separated into the NICS-
(π) and NICS(σ) contributions. Without delocalization, the
NICS(π) and NICS(σ) tend to cancel, and NICS(tot) (e.g.,2,
3, and 7) are near zero. Cyclic delocalized systems have
enhanced NICS(π) contributions, and appreciably negative
NICS(tot) values result. As the NICS(σ) above the ring fall
off faster than the NICS(π), the NICS(tot) at the ring centers
are usually less than those 0.5 Å away. Both NICS(π) and
NICS(σ) decrease with increase of the ring size (bond length),
e.g., benzene> Si6H6 ≈ Ge6H6 and N6 > P6. The NICS(π)
values agree well with the other magnetic criteria of aromaticity
for this set of molecules. While often called “the inorganic
benzene”, borazine has a localized electronic structure and is
not aromatic.4b
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Table 1. Computed ASE (kcal/mol),Λ Based on Eq 1, and
Magnetic Susceptibility Anisotropies (øanis)

ASEa Λb øanisb

benzene (1) -34.1 -13.9 -67.5
(-13.7)c (-59.7)d

borazine (2) -10.0 -3.7 -25.7
Si6H6, D6h (5) -15.6 -32.8 -114.6
Si6H6, D6d (5a) -17.9 -26.0 -107.9
Ge6H6, D6h (9) -15.3 -40.8 -130.8
Ge6H6, D3d (9a) -29.8 -17.0 -144.6
a At B3LYP/6-311+G**. b CSGT-B3LYP/6-311+G**. c Experi-

mental value in ref 3.d Experimental value in ref 4a.

Table 2. NICS(tot), NICS(π), and NICS(σ) at Points 0.5 Å above
and at the Ring Centersa,b

molecules R NICS(π) NICS(σ) NICS(tot)

C6H6, D6h (1) 1.396 -16.8 (-20.7) +8.8 (+13.8) -10.7 (-8.9)
B3N3H6, D3h (2)c 1.431 -8.7 (-12.0) +7.8 (+11.4) -3.2 (-2.1)
B3O3H3, D3h (3)c 1.377 -6.3 (-9.6) +10.2 (+9.6) -2.2 (-0.8)
N6, D6h (4) 1.319 -15.9 (-20.4) +13.3 (24.6) -7.0 (+0.2)
Si6H6, D6h (5) 2.217 -14.1 (-15.0) +0.3 (+0.6) -12.8 (-13.1)
Si6H6, D3d (5a) 2.240 -11.4 (-11.2)
B3P3H6, D3h (6) 1.837 -13.2 (-15.0) +4.2 (+5.4) -8.7 (-8.7)
Al3N3H6, D3h (7)c 1.803 -4.8 (-6.0) +3.6 (+4.8) -2.2 (-2.4)
C3N3H3, D3h (8) 1.334 -15.3 (-19.5) +11.4 (+18.6) -8.6 (-4.8)
Ge6H6, D6h (9) 2.305 -14.4 (-15.0) -1.8 (-1.5) -14.5 (-14.6)
Ge6H6, D3d (9a) 2.384 -9.9 (-10.0)
P6, D6h (10) 2.133 -14.7 (-15.9) +1.2 (+3.0) -15.8 (-15.2)
B3S3H3, D3h (11) 1.810 -8.7 (-10.8) +8.4 (+11.4) -3.3 (-2.5)
Al3P3H6, D3h (12)c 2.265 -7.2 (-8.1) +0.6 (+1.2) -5.4 (-5.8)

a The remaining contributions, due to core orbitals, X-H bonds, and
in-plane lone pairs, are small.b The NICS values computed at the ring
centers are given in parentheses for comparison.c See the text.
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