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Aromaticity, a concept generally associated with organic

compounds, results in exceptional geometric, energetic and

magnetic properties. However, the conventional criteria are
often difficult to apply to inorganic analogues. Equal ring bond
lengths (as in benzerig are found frequently in stable inorganic
six T electron ring systems, e.g., in borazir® &nd boroxine
(3), but the highly polar character of the bonding rather than

electron delocalization could be responsible. Benzene analogues

such as N (4) and SgHg (5) are unstable.
Cyclic delocalization of mobile electrons,or 7, proposed
as the defining characteristic of aromaticlty, results in ring

currents which are responsible for abnormal magnetic properties,
e.g., exalted magnetic susceptibilities, anisotropies, and displace

chemical shifts (especialy’H 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 incremen

necessary to evaluate the exaltations are not avattable.
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s-triazine B), borazine 2), and boroxined). This quantitative
ordering (ca 3:2:1:0, respectively) agrees with the ASEs
calculated by Haddo#. Using the RCI (ring current index),
Jug suggested that s-triazin®) fas nearly the same aromatic
character as benzen® @nd that borazine?j and boroxine )
are moderately aromatié. Fowler and Steinép agree tha8
has a delocalized ring current similar to benzene, but #nd
and3 to bex localized on the electronegative atoms.

For SiHs (5), Nagase computed an ASE approximately half
that of benzené&? Gordon et al. also found that bothsBj (5)
and GeHs (9) are less stabilized than benzerng (57.8, 59.9,
and 74.7 kcal/mol, respectivell. Hexagonal N (4) is highly
unstable toward dissociation into 3 whereas B (10) is
lower in energy than 3 £5 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'$&tsFor
example, Nagadefound that both4 and 10 arestabilizedand
have ca. 60% of the benzene ASE by eq 1 witteXY = N
for4and X=Y = P for10as reference molecules. However,

(o

when the trans isomers of these models are employechd
10aredestabilizedy 17.6 and 7.2 kcal/mol, respectively, rather
han stabilized* The procedure used to define stabilization
nergies 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 (Tabl®4,
or D3, symmetry facilitates direct comparisons but dataley
Rrms also are given). B3LYP/6-311G**-optimized geom-
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etries, energies, and CGST magnetic susceptibilities and anisotro-
pies were computed with the Gaussian 94 progtanithe
nucleus-independent chemical shift (NI¢%Syalues reported
here calculated at the SOS-DFPT-IGLO level using the Perdew-
n\Nang-91 exchange-correlation functional and the IGLO-III

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 bee
reported already. Using homodesmotic reactions, but with trans

configurations of the reference molecules, Fink and RicHards
calculated the following aromatic stabilization energies (ASE
kcal/mol): benzenel( 22.1)> boraphosphabenzeng, (L2.7)

> borazine 2, 11.1)> alumazened, 1.9) (derivatives o6
and7 are known only with bulky substituent%)On this basis,

6 and2 are less aromatic thahy and7 is not aromatic. This

behavior was ascribed mainly to the electronegativity differences 19

Z2P basis set as implemented in the deMon NMR progiam.
Since the IGLO method provides the contributions from the
individual localized MOg! the total NICS values can be divided
into contributions from ther bonds, NICSf), from the ringo
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Table 1. Computed ASE (kcal/mol)A Based on Eq 1, and of the CG-C ¢ bonds (NICS¢) = 8.8). In contrast, $Hs (0.3)
Magnetic Susceptibility Anisotropieg4ns and GgHs (—1.8) have negligible NICS{ components, since
ASE AP Yanid® the ring diameters are larger. NIC§(decreases from ¢Elg
— — — (—16.8) to SiHg (—14.1) and GgHg (—14.4). This order agrees
benzenel) 341 (,ig% (,gg% with the ASE a_nd thep aromaticity indexes. Benzene is more
borazine ) ~10.0 _3. —25.7 aromatic than its sila and germa homologues on the basis of
SigHg, Den (5) —15.6 —-32.8 —114.6 these three criteria even g, symmetry, and both &ilg and
SigHs, Ded (59) -17.9 -26.0 —107.9 GesHg prefer nonplanar geometries. Thd3g cyclic hexasila
GesHe, Den (9) —15.3 —40.8 —130.8 (58) and hexagerma9@) minima are 2.3 and 14.5 kcal/mol
GesHe, Dsa (92) —29.8 —-17.0 —144.6 lower in energy than their plan&¥, structures% and9). Due
aAt B3LYP/6-311G*. b CSGT-B3LYP/6-31%G**. ¢ Experi- to the reduced strairga and 9a have larger ASE values, but
mental value in ref 3¢ Experimental value in ref 4a. smaller NICS(tot) and\ than5 and 9. This shows that the

degree of cyclic delocalization is decreased in Ehg forms

and at the Ring Centets We also have analyzed the magnetic propertie®gf Ng

molecules R NICSf) NICS(0) NICS(tot) (4) and R (10) similarly. The very small total NICS at the
CeHs, Den (1) 1.396 —16.8 (-20.7) +8.8 (+13.8) —10.7 (-8.9) ring center of4 (0.2) is due to the nearly complete diatropic
B3sN3Hs, Dan (2)¢ 1431 —8.7 (-12.0) +7.8(+11.4) —3.2(-2.1) and paratropic compensation. The Nl@pand NICS{) of
B3OsH3, D3n (3)° 1.377 —6.3(-9.6) +10.2(+9.6) —2.2(-0.8) Ns (4) are both larger than those of benzene (Table 2), due to
Ne, Den (4) 1.319 —15.9 (-20.4) +13.3(24.6) —7.0(+0.2) the smaller ring radius. As expected, Fke SigHg, has a larger

SieHe, Den (5) 2217 -14.1(-15.0) +0.3(+0.6) —12.8(-13.1) NICS(r), but a negligible NICSf). Both Ns and R have quite

gfgﬂfgf’% i:ggg 132 (150) +42(#5.4) _15:;';1 ((_&%.17')2) large NICSf) values at 0.5 A above the ring centers.
AlsNgHs, Dan (7)° 1.803 —4.8(—6.0) +3.6 (+4.8) —2.2 (~2.4) Although computed to have about 29% of the benzene ASE
C3N3Hz, Dan (8)  1.334 —15.3 (-19.5) +11.4 +18.6) —8.6 (—4.8) by eq 1, borazine?) is nonaromatic as indicated by its modest
GesHs, Den (9)  2.305 —14.4 (-15.0) —1.8(—1.5) —14.5(-14.6) xanis and negligible A (Table 1). This conclusion is also
GesHe Daa (99)  2.384 —9.9(-10.0) supported by the calculated NICS values (Table 2). The Pipek
gﬁ'saf"“ (lDO) (11) iéi‘g _}g'; é:ig'gg ié‘i gfiol) _}g'g ((:%55)2) Mezey localization results only in localized lone pair (LP)
AloPiHe, Do (12° 2.265 —72(-81) +06(12) —54 (-5.8) electrons on nitrogens, and these are responsible for the NICS-
() values given in Table 2. Thus, the magnetic criteria show
2 The remaining contributions, due to core orbitals;bXbonds, and |ittle or no evidence of ring current§. Borazine is not aromatic

in-plane lone _pairs_, are smafiThe NICS value_s computed at the ring due to the polar BN bonds. The same is true fosNaHs due
centers are given in parentheses for comparisgee the text. to the even greater ionic character of the-Al bonds. Since
o B and P have nearly equal electronegativitiesPBls is
bonds, NICS¢), and from the other contributions (bonds 0 1 q4erately aromatic. Our NICS) criterion gives a somewhat
hydrogen, in-plane lone pairs, core orbltals)._We implemented ., J4ified aromaticity order, s > BsPsHs > BaNsHg >
the Pipek and Mezey localization procedifrin the deMon AlsNsHe, from that deduced earlié®
NMR program for thls/,&purpose. The NIG§(and NICS() Our NICSr) criterion supports Jug's suggestion that s-
data for points 0.5 A above and in the ring centers are yja;ine @) has nearly the same aromatic character as benzene
summarized in Table 2. . .. but, like Fowler and SteinéP,does not agree with his conclusion
Not only ASE values but also exalted magnetic susceptibilities ¢ B:N3Hs and BOsH; are moderately aromatic. In addition
(A) can be evalyated using the homodesmotic reaction (89 1). NICS(7) of BsSsHs (11, Day) is half that of benzene, and
The ASE ordering of benzend, (34.1 kcal/_mol)> SieHs (5’_ Al3PsH3 (12, Dan) has localized lone pairs at phosphorus due
15.6 kcal/mol)~ Ge;He (9, 15.3 kcal/mol) is qualitatively in to the highly polarized A+P bonds.
line with the results of Nagaseand those of Gordot?. The In conclusion, electron delocalization of “inorganic” benzene

computedA of 5 and 9 are larger than that of benzene.  jn516ques can be analyzed using the magnetic criteria of

However, A depends on the square of the ring area, which 5.5maticity, especially NICS values separated into the NICS-
increases from g and SiHs to GesHe. The ring-size-adjusted () and NICSg) contributions. Without delocalization, the

aromaticity index )2 gives an aromaticity ordering ofsHe- NICS(7) and NICS6) tend to cancel, and NICS(tot) (e.Q
(1.00) > SieHs (0.37)~ GesHe (0.36), in agreement with the 3" 514 7) are near zero. Cyclic delocalized systems have

ASE results. enhanced NICS{) contributions, and appreciably negative

The NICS(tot) values 05 and9 are larger than the benzene  \cgitot) values result. As the NIC&Y above the ring fall
valqe. However, such NICS values computed in the ring centers o¢t t4ster than the NICSY), the NICS(tot) at the ring centers
of first row compounds are known to be influenced by the local .o usually less than those 0.5 A away. Both NK®S&nd

pharamagnetic contributions o?ftfméaonds, which counteract  \;cs() decrease with increase of the ring size (bond length),
the diamagnetia ring current effect$. Consequently, we have e.g., benzene SigHs ~ GesHs and Ns > Ps. The NICS(r)

emplqyed the %SSECtEd NIQS(and the NICS¢) contributions values agree well with the other magnetic criteria of aromaticity
at points 0.5 A over the ring centers (Table 2). The lower {4 this set of molecules. While often called “the inorganic

benzene NICS(tot) values-10.7, relative to those of &is benzene”, borazine has a localized electronic structure and is
(—12.8) and GgHs (—14.5), is due to the large paratropic effect arométid‘.b
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