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Valence bond (VB) theory and ring-current maps have been used to study the electronic structure of inorganic
benzene analogues XgHs (X = C (1), Si (2)), Xs (X = N (3), P (4)), X3Y3Hs (X,Y = B,N (5), B,P (6), Al,N (7), Al,P
(8)), and B3Y3Hs (Y = 0 (9), S (10)). It is shown that the homonuclear compounds possess benzene-like character,
with resonance between two Kekulé-like structures and induced diatropic ring currents. Heteronuclear compounds
typically show localization of the lone pairs on the electronegative atoms; Kekulé-like structures do not contribute.
Of the heteronuclear compounds, only BsPsHg (6) has some benzene-like features with a significant contribution of
two Kekulé-like structures to its VB wave function, an appreciable resonance energy, and a discernible diatropic
ring current in planar geometry. However, relaxation of 6 to the optimal nonplanar chair conformation is accompanied
by the onset of localization of the ring current.

1. Introduction induced diatropic ring currefit” have all been proposed as
. descriptors for aromaticity. Many studies have been devoted
Benzene is the archetypal example of a molecule that - .

to the aromaticity of benzene analogues using concepts of

possesses remarkable physical properties arising from its : o . . T
delocalizedr-electrons. Historically, chemists have searched aromatic stabilization energy, exaltation of diamagnetizability
’ ' A, and nucleus independent chemical shift (NTS*2 On

for other molecules that resemble benzene. Borazige s these criteria, “inorganic benzenes” such as borazig i
(5)) and boroxine (BOsH3 (9)) are examples that have been (5)), boroxine (BOsHs (9)), and borthiin (BS;Hs (10)) are

proposed: both are similar to benzene in geometry and in . ; Lot
} . nonaromatic, whereas-triphosphatriborin (BPsHes (6)),
formal topology of thez-molecular orbitals. However, the hexaazabenzene XB)), hexaphosphabenzene (B)), and

question of whether theit-electrons are delocalized in the . ;
. hexasilabenzene (§ls (2)) are of modest aromatic charac-
same sense as they are in benzene (resonance between two

. . er_lZ
Kekulé structures) is less clear.
~ Aromaticity has many definitions. Bond-length equaliza- 3y yon r. Schleyer, P.; Jiao, Hure Appl. Chem1996 68, 209-218.
tion,! extra energetic stabilizatiénvith respect to an often (4) Pauling, L.J. Chem. Phys1936 4, 673-677.

; i ; (5) London, F.J. Phys. Radiuni937 8, 397—409.
hypothetical reference system, and the ability to sustain an (6) Pople, J. AJ. Chem. Phys1956 24, 1111,
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Table 1. Energetic and Structural Data for the Set of Candidate Inorganic Benzenes

Engelberts et al.

compd R(A)2 EtotzaLyp (En)P° Etot,rHF (En)°© N imag ® 7 (cm™Y)e
CeHs (Den) (1) 1.394 —232.308558 —230.712903 0
SigHs (Den) (2) 2.216 —1740.627621 —1736.868797 1tpg) 140
Ne (Den) (3) 1.319 —328.360861 —326.437481 2¢by, o) 272,173
Ps (Den) (4) 2.133 —2048.236337 —2044.263216 1eby) 62i
Ps (D2) (4) 2.131 —2048.242943 —2044.268177 0
2.125
B3NsHs (Dan) (5) 1.431 —242.748573 —241.165102 0
BsPsHs (Dan) (6) 1.838 —1102.337952 —1099.713109 1" 96i
B3PsHs (Ca,) (6) 1.855 —1102.338684 —1099.724589 0
Al3NsHs (Dap) (7) 1.803 —895.509723 —892.779481 0
Al3PsHs (D) (8) 2.266 —1755.187284 —1751.462147 2d', a") 166,151i
Al3PsHs (Co) (8) 2.296 —1755.201278 —1751.471417 0
2.316
2.314
B3OsH3 (Dan) (9) 1.377 —302.403016 —300.701018 0
B3SsH3 (Dan) (10) 1.809 —1271.176315 —1268.490842 0

aRing bond length? B3LYP optimized within symmetry constraints (see text). Total energies at BHASRL (EwotpaLvp) and RHF/6-31G** ErotrHP)
levels.¢ RHF/6-31G** energy calculated at the B3L¥YRsis1optimized geometry. The-orbitals from this calculation are retained in the VB procedure.
d Number of imaginary frequencies. The symmetries of the imaginary modes are indicated between paré@tbessponding wavenumbers) (for
compoundsl—10. See Supporting Information.

An important question is whether the electronic structure evaluation of resonance enerds and distributed origin
of an inorganic benzene expressed in terms of Lewis computation of induced current density to establish the
structures resembles that of benzene itself. The valence bongresence or absence of ring currents. VB calculations are
(VB) theory}* where a molecular wave function is con- performed using both the strictly atomic model and the spin-
structed from atomic states, offers an interpretation precisely coupled method. The magnetic response treatment is carried
in terms of resonating Lewis structurésWeights can be  out at the coupled Hartreg=ock levet-?? using the “ipso-
attributed to these structures, using a formula proposed bycentric’?324 CTOCD-DZ?® approach, which is derived from
Chirgwin and Coulson to assess their importance in the total the continuous set of gauge transformations (CSGT) method
wave functiont® Furthermore, the VB theory provides a of Keith and Badef and which provides maps of induced
resonance energyEgy of a molecule, as defined by current density that give detailed information about the nature
Pauling?” this is the difference between the total energy) and distribution of currents and rationalize other magnetic
and that of the most stable structure. For benzene itself, aindices of aromaticity.
large value ofEes = 85—190 kJ/mol with respect to one A set of candidate inorganic benzenes was defined (with
structure is found®2° The structure with the lowest energy benzene itself included for comparison) ag{X (X = C(1),
is of the Kekuletype and has the largest weight in the wave Si (2)), X (X = N (3), P @)), X3Y3sHs (X,Y =B,N (5), B,P
function. Thus, for benzend), aromaticity is characterized (6), Al,N (7), Al,P (8)), and BY3Hs3 (Y = O (9), S (10)).
not only by a high resonance energy but also by large weightsComputed data on electffcand magnetit® properties of
of the Kekulestructures in the wave function. some of the molecules in the set are available in the literature,

In contrast, for the heteronuclear analogues borazije ( including a full set of NICS(0) values for all of the
and boroxine §), spin-coupled valence bond calculations molecules studied here.
indicate that only one Lewis structure, corresponding to a
description of three lone pairs localized on the electronegative
centers, is important in the wave function, afgls is 2.1. Geometry Optimization.Geometries of the molecules were
negligiblel® Significantly, the negligible resonance energy optimized with C_;AMESS-UK8 at the qlensity functional theory
coincides with the absence of a diatropicing current, and ~ (PFT) level, using the B3LYP functional (Table %):3 For
SO0 energetic and magnetic criteria of aromaticity are in (21) Keith, T. A; Bader, R. F. WJ. Phys. Chem. A993 99, 3669
agreement herg. 3682.

The aim of the present paper is to explore the parallels ??) 'Z'Séfgﬁ“' P.; Malagoli, M.; Zanasi, Rhem. Phys. Let1994 200
between the energetic and magnetic criteria of aromaticity (23) Steiner, E.; Fowler, P. W.. Phys. Chem. 2001 105, 9553-9562.

i i i i (24) Steiner, E.; Fowler, P. WChem. Commur2001, 2220-2221.
for a series of inorganic benzenes, using VB methods for (25) Zanasi, RJ. Chem. Phys1996 105 1460-1469.
(26) Keith, T. A.; Bader, R. F. WChem. Phys. Letll993 210, 223-231.
(14) Heitler, W.; London, FZ. Phys.1927, 44, 455-472. (27) Lazzeretti, P.; Tossell, J. A. Mol. Struct. (THEOCHEM}991 236,
(15) Lewis, G. N.J. Am. Chem. S0d.916 38, 762-785. 403-410.
(16) Chirgwin, B. H.; Coulson, C. AProc. R. Soc. London, Ser.195Q (28) GAMESS-UK is a package of ab initio programs written by M. F.
201, 196-2009. Guest, J. H. van Lenthe, J. Kendrick, K. Schoffel, and P. Sherwood,
(17) Pauling, L.; Wheland, G. WI. Chem. Phy4933 1, 362-374. with contributions from R. D. Amos, R. J. Buenker, H. J. J. van Dam,
(18) van Lenthe, J. H.; Havenith, R. W. A. Dijkstra, F.; Jenneskens, L. W. M. Dupuis, N. C. Handy, I. H. Hillier, P. J. Knowles, V. Bonacic-
Chem. Phys. Let2002 361, 203—208. Koutecky, W. von Niessen, R. J. Harrison, A. P. Rendell, V. R.
(19) Cooper, D. L.; Gerratt, J.; Raimondi, Nlature 1986 323 699— Saunders, A. J. Stone, D. J. Tozer, and A. H. de Vries. The package
701. is derived from the original GAMESS code. Dupuis, M.; Spangler,
(20) Dijkstra, F.; van Lenthe, J. H.; Havenith, R. W. A.; Jenneskens, L. D.; Wendoloski, INRCC Software Cataloyol. 1; program no. QG01
W. Int. J. Quantum Chen2003 91, 566-574. (GAMESS), 1980.

2. Computational Details
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Electronic Structure of Inorganic Benzenes

hydrogen, boron, carbon, and nitrogen the 6-313** basis®?-34

was used, and for the aluminum, phosphorus, sulfur, and silicon
the 6-311G*®533pasis was used. We refer to this combination as
basis1 Heteronuclear rings were constrainedtp symmetry and
homonuclear rings tBg, symmetry. Hessian calculations show the
planar symmetric geometries of5, 7, 9, and10to correspond to
genuine minima on the potential energy surface at this level of
theory. For2, 3, 4, 6, and8, one (or more) imaginary frequencies

Ny PN N TNy
[ A (N A |
X X X X X2 X X X
~7 X, N, ~y
) (I (III) av)

Figure 1. The four structures used in strictly atomic VBSCF.

To partition the resonance enerdy4) into resonance interac-

were found, indicating that the constrained structures are transitiontions between pairs of structures, the structures are orthogonalized
states (or higher order saddle points). These results are in agreemenising the criterion of maximum overlap (lalin orthogonaliza-

with earlier date®-4° The relaxation of $He (2) from Dgp to Dag
symmetry is accompanied with a change in the NICS(0) value from
—13.1 into —11.0# indicating that the aromatic character is
retained. N (3) is not stable and dissociates into three separate N
molecules® and8 in the D3, geometry shows no aromatic character,
a feature which will not change for the optim@y symmetry
conformation. Therefore, only thBg, conformations of2 and 3
and theDg, conformation of8 are studied here. The, symmetry
of the imaginary frequency fdDer-Ps (4) suggests an out-of-plane
distortion toD,, and both conformations are studied. FBpoth
the D3, and the chair €3,) conformation, which corresponds to
the minimum on the potential energy surface, are investigated.
2.2. Valence Bond CalculationsVB/6-31G**32:3542-44//B3L Y P/
basislcalculations were performed with TURTEEas implemented
in the GAMESS-UK packag In all of the calculations, frozea
orbitals were taken from a preceding RHF/6-31G** calculation,
and ther system was described by six atomic p-orbitals. Two types
of calculations were carried out, viz., strictly atomic and spin
coupled.
In the strictly atomic model, the orbitals were optimized using
the valence bond self-consistent field (VBS&PYbut were forced
to remain on their initial centers throughout the optimization. The
advantage of this model is its clear interpretability in terms of well-
defined Lewis structures. Since the X and Y atoms can contribute
0, 1, or 2 electrons to the system in a general X 3H, cycle, the
wave function was accordingly constructed from Lewis structures
representing, respectively, the two Kekwdems ( andll), three
lone pairs on X I ), and three lone pairs on Y\() (Figure 1).

(29) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(30) Becke, A. D.J. Chem. Phys1993 98, 1372-1377.

(31) Becke, A. D.J. Chem. Physl993 98, 5648-5652.

(32) Binkley, J. S.; Pople, J. A.; Hehre, W.dl. Am. Chem. Sod.98Q
102 939-947.

(33) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.
198Q 72, 650-654.

(34) Clark, T.; Chandrasekhar, J.; von R. Schleyer).-Comput. Chem.
1983 4, 294-301.

(35) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W. J.; Hehre, W.
J.J. Am. Chem. S0d.982 104 2797-2803.

(36) Matsunaga, N.; Gordon, M. $. Am. Chem. S04994 116 11407
11419.

(37) Doerksen, R. J.; Thakkar, A. J. Phys. Chem. A998 102, 4679~
4686.

(38) Nagase, S.; Ito, KChem. Phys. Lettl986 126, 43—47.

(39) Tobita, M.; Bartlett, R. JJ. Phys. Chem. 2001 105 4107-4113.

(40) Nagase, S.; Teramae, H.; Kudo,Jl.Chem. Physl987 86, 4513~
4517.

(41) Baldridge, K. K.Organometallic200Q 19, 1477-1487.

(42) Hehre, W. J.; Ditchfield, R.; Pople, J. 8. Chem. Phys1972 56,
2257-2261.

(43) Dill, J. D.; Pople, J. AJ. Chem. Phys1975 62, 2921-2923.

(44) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; DeFrees, D. J.; Pople, J. A.Chem. Physl982 77, 3654-3665.

(45) Verbeek, J.; Langenberg, J. H.; Byrman, C. P.; Dijkstra, F.; Engelberts,
J. J.; van Lenthe, J. HTURTLE, an ab initio VB/VBSCF program

1988-2004.

(46) van Lenthe, J. H.; Balint-Kurti, G. GChem. Phys. Lettl98Q 76,
138-142.

(47) van Lenthe, J. H.; Balint-Kurti, G. G. Chem. Physl1983 78, 5699
5713.

tion*¥). The total energyHr) can be divided into contributions
from the orthogonalized structures and theielectron interactions
(resonancesy The contribution of Kekulgype resonance to the
resonance energyEs can then be expressed as a percentage of
the total orthogonalized resonance energy.

The spin-coupled valence bond wave function comprises one
configuration with all of the possible spin couplings (two Kekule
and three Dewar structures), and the orbitals are optimized without
any restrictiong%51

2.3. Calculation of the Induced Current Density. Magnetic
properties for all 10 compounds were calculated with SY Sk&D
the coupled HartreeFock level within the CTOCDBZ
formalisn?=26 and using the 6-31G** basis $&#°4244 in the
planar and planar-constrained geometries. Maps af, and total
(0 + ) contributions to the current density were obtained. The
current density, induced by a unit magnetic field directed along
the principal axis, is plotted in a plan@glabove and parallel to
the molecular plane. Diatropic circulation is shown counterclock-
wise. As a quantitative indicator, the maximum magnitude of the
current density over each bond midpoint was determinedfar
1-4 in a square of dimension 2 2 ay centered on the point
midway between two neighboring atoms of the ring. For the maps
of 4 and6 in their nonplanar, optimal structures, use was made of
Pipek-Mezey? localized orbitals in order to distinguish between
the P-P single bonds and the-type orbitals. The sum of the
contributions of the three-type orbitals to the current density is
plotted in various planes (see teXt)Magnetic shielding values at
the ring center {NICS(0Y) were obtained by integration of the
full three-dimensional induced current density for the three direc-
tions of the external field, using the CTOQE®22 formalism?35:56

3. Results

3.1. Valence Bond.The results from the strictly atomic
VBSCEF calculations are reported in Table 2. For theiXg
compoundd —4, large weights for the Kekulstructures\(V
(1) andW (11)) and resonance energiggsranging from 53.7
to 161.4 kJ/mol are found.

With the exception 06, the heteronuclear ring compounds
have a low weight for the Kekulstructures. The lone-pair

(48) Lowdin, P. O.Rev. Mod. Phys.1967, 39, 259-287.

(49) Havenith, R. W. A.; van Lenthe, J. H.; Dijkstra, F.; Jenneskens, L.
W. J. Phys. Chem. 2001, 105 3838-3845.

(50) Gerratt, J.; Raimondi, MProc. R. Soc. London, Ser. 208Q 371,
525-552.

(51) Cooper, D. L.; Gerratt, J.; Raimondi, Mdv. Chem. Phys1987, 69,
319-397.

(52) Lazzeretti, P.; Zanasi, BYSMO package (Urersity of Modena);
1980.Additional routines, Steiner, E., Fowler, P. W., and Havenith,
R. W. A

(53) Pipek, J.; Mezey, P. Q. Chem. Phys1989 90, 4916-4926.

(54) Steiner, E.; Fowler, P. W.; Havenith, R. W. A.Phys. Chem. 2002
106, 7048-7056.

(55) Zanasi, R.; Lazzeretti, P.; Malagoli, M.; Piccinini, -.Chem. Phys.
1995 102 7150-7157.

(56) Soncini, A.; Fowler, P. WChem. Phys. Let004 396, 174-181.
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Table 2. The Total Energy K) of the Four Structure Strictly Atomic
VBSCEF Calculations, the Corresponding Resonance Enéigy, (and

the Contribution of the Resonance between the Orthogonalized Kekule
Structures to the Orthogonalized Resonance Energy (%)

Etot Eres w w W w

compound (En) (kd/mol) % (1)@ ()2 () (v)2

CgHe (Den) —230.632723 161.4 42 0.47 0.47 0.03 0.03
(€

SisHe (Dsh) —1736.843163 71.3 46 0.48 0.48 0.02 0.02
2

Ns (Dsn) (3) —326.352653 138.8 59 0.49 049 0.01 0.01

Ps (Den) (4) —2044.248814  53.7 69 0.49 049 0.01 0.01

BaNsHg (Dan)  —241.032610  61.6 7 0.05 0.05 0.90 0.00
5

BsPsHe (D3n) —1099.608270 132.6 17 0.21 0.21 0.58 0.00
(6)

AlgNsHe (Dan)  —892.689102 12.5 3 0.01 0.01 0.98 0.00
)

Al3PsHg (D3n) —1751.396664 18.2 6 0.02 0.02 0.96 0.00
C)

B3OsH3 (Dsn)  —300.569045 276 4 0.02 0.02 0.96 0.00
9

BsSsHs (Dsn)  —1268.385041  34.3 7 0.04 0.04 092 0.00
(10

aThe last four columns contain the weights of the Kékstieictures I(
andll) and the lone-pair structureii( and V) (Figure 1).

Table 3. Total Energy Ew) and Resonance Energiy from the
Spin-Coupled Orbital VBSCF Calculations ftr-10

compound Eiot (En) Eres(kd/mol)
CsHe (Den) (1) —230.778804 81.4
SigHs (D) (2) —1736.915636 43.3
N6 (Den) (3) —326.543850 97.8
Ps (Den) (4) —2044.335507 47.1
B3N3Hg (Dan) (5) —241.203143 0.7
B3PsHs (Dar) (6) —1099.736541 52.5
Al3N3Hs (Dap) (7) —892.818391 0.0
Al3PsHg (Dan) (8) —1751.476886 0.2
B303H3 (Dan) (9) —300.744566 0.1
B3SsH3 (Dan) (10) —1268.507409 1.3

structure with two electrons on each atomlIX |, Figure 1,

is dominant in the wave function (highest weight varying
from 0.90 to 0.98).Es varies from 12.5 to 61.6 kJ/mol,
except in6, for which a substantially higher resonance energy
(Ere9 Of 132.6 kJ/mol is found. The contributions to the

Engelberts et al.

CRCR

Figure 2. A p-electron pair of @Hs (1), BaNsHs (5), and BPsHg (6)
from top to bottom. Note that each spin-coupled calculations started with
one p-orbital on each (hetero) atom.

deduced that the homonuclear rings support appreciable
diatropic ring currents (Figure 3). In contrast, the maps for
the heteronuclear ring compounds show in all but one case,
viz., 6, islands of localized currents centered around the
electronegative atoms X. In the special ca&ethere is a
discernible diatropicr ring current. The maps fds and 9
are similar to those previously report&e

Sampleo and total ¢ + ) current-density maps fd, 3,
6, and7 are shown in Figure 4. BenzenB @nd N; (3) show
the profile familiar from many monocyclic and polycyclic
compounds: superposition of localized diatropi¢oond
currents leads to an outer diatropic circulation and an inner
paratropic central circulation within the ring. The localized
compound? shows a different profile, with three localized

resonance energy of the resonance between the orthogonakirculations around the electronegative centers and no

ized Kekulestructures are between 3 and 7% but 17% for
6.

In Table 3, the results from the spin-coupled VB calcula-
tions are presented. Wherdas; is still appreciable for the

significant global perimeter circulation. In this contegt,
appears again as a transitional system, with a pattern that
shows a tendency for the localization of currents over the
electronegative phosphorus atoms but with vestigial peri-

homonuclear rings, it is close to zero for the heteronuclear metric diatropic circulation. Total(+ ) maps at a height

rings5 and7—10 but significant for6. All of the E,esvalues
are lower than those obtained for the strictly atomic orbital
model.

Figure 2 shows the two singly occupied p-orbitals of
benzene 1), borazine %), and s-triphosphatriborin ),
respectively. After the optimization of the spin-coupled wave
function, 1 and6 show one p-orbital per atom with tails on
both neighboring atoms, that is, only a minor change from
the starting position of a single p-orbital per atom. Bor
the orbital that originated from a boron atom migrates
completely to the nitrogen atom, leaving only small tails on
the neighboring boron atoms (cf. ref 10).

3.2. Ring Currents. From the plots of induced-current

of 1lag are dominated by the ring currents in the homo-
nuclear ringsl and 3 and by the reinforcing lone-pair
localized currents iff. Again, 6 has a transitional character,
with counterrotating perimetric and central currents but
without pronouncedr or o-global ring current. Figure 5
shows what happens to thering current of6é on relaxation
to its optimal structure. The contribution of the orbitals
derived from ther orbitals of the planar structure change
from a global circulation to a set of localized islands,
corresponding to the axial lone pairs of the phosphorus
atoms.

Shieldings at the ring center (cf:NICS(0) values) and
the maximum magnitudes af-current densityjfay for the

density, computed in the ipsocentric approach, it can be homonuclear rings are reported in Table 4. Broad agreement
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Figure 4. Maps of theo (left) and the total§ + ) (right) current density
induced by a perpendicular magnetic field in planar geometries of
compoundsl, 3, 6, and 7 (from top to bottom). Current is plotted in a
plane 1ay above the nuclei, with counterclockwise arrows indicating
diatropic circulation.

B.NH, B.S.H,

Figure 3. Maps ofz-current density induced by a perpendicular magnetic
field in planar geometries of compountis 10. Current is plotted in a plane

1 ay above the nuclei, with counterclockwise arrows indicating diatropic
circulation.

in size and sign is seen between CTOEB2 mean
shieldings and those previously reportédespite differences ~ be positive for all of the homonuclear rings in the set but
in the basis set, treatment of gauge, and level of electronicnegative for the heteronuclear compounds. Interestingly,
structure theory. An exception is the planar transition state BsPsHe (6) shows a near-zero computed valueogf (vide
structure of B (4), which shows, among others, a pronounced infra).

dependence on the basis %eWWhen discussingz ring
currents, perhaps more significant than the value of the
average shielding is the out-of-plane component of the 4.1. Homonuclear XH, Series.The four homonuclear
shielding tensorg,; as this component reflects the effect of compounds show “aromatic” behavior on both electronic
a perpendicular magnetic fie¥d.5! The 0, is calculated to

4. Discussion

(59) Steiner, E.; Fowler, P. W.; Jenneskens, L.Akigew. Chem., Int. Ed.
(57) A CTOCD®PZ2ccalculation with the larger Sadféjbasis set resulted 2001, 40, 362—366.
in —ojp = —4.6, —0,;= —20.5, and—o0ay = —9.9. Note that only for (60) Corminboeuf, C.; Heine, T.; Seifert, G.; von R. Schleyer, P.; Weber,
Ps (4), besides the basis set dependency, a method dependency is found J. Phys. Chem. Chem. Phy&)04 6, 273-276.
as well. (61) Viglione, R. G.; Zanasi, R.; Lazzeretti, ©rg. Lett.2004 6, 2265~

(58) Sadlej, A. JTheor. Chim. Actal991, 79, 123-140. 2267.

Inorganic Chemistry E



Engelberts et al.

(dy

Figure 6. Maps of the inducedr-current density induced by a magnetic
field acting perpendicular to the median plane fer(8) in optimal D,

. . L . symmetry plotted in a plane (apdabove the top 2 phosphorus nuclei, (b)
Figure 5. Maps of the induced--current density induced by a magnetic  ontaining the P-P4 bond and the magnetic field, and (c) containing the
field acting along the principal axis forsBsHs (6) in optimal C5, symmetry P.—P, bond and the magnetic field and (d) contour plot of the modulus of
plotted in a plane & above the plane of boron nuclei (left) angybelow s-current-density (contour value: 0.024). Diatropic current is denoted by
the plane of phosphorus nuclei (right) the molecule. The pictures above 65 pointing counterclockwise (a) and from left to right (b) and (c).
the maps indicate the plotting plane (dashed lines), and the open arrow ¢ pictures above the maps indicate the plotting plane (dashed lines), and
indicates the direction of view. the open arrow indicates the direction of view.

Table 4. CTOCD+Z2 Components of the Magnetic Shieldings ( . . .
Calculated at the Ring Center, Isotropic Average, Literature NICS(0) bond character. The only way to include ionic character in

Values, andmax for the Studied Compound4+10) the strictly atomic model is to mix the lone-pair structures
compound —0p? =0z  —0aP NICSQOF  jmaf [l and IV into the Kekulepicture of the homonuclear

CeHe (Dan) (1) 110 —-164 —128 89 0078 compounds and to mix the KeKutgpe structures andll

SigHs (Den) (2) -109 -16.7 -128 -13.1 0.022 into the lone-pair description of the heteronuclear com-

Ne (Den) (3) 18 -11 0.9 02  0.089 pounds Eesis defined as the difference between the energy

Ps (Den) (4) 69 -142 -01 -152  0.031 fth bl d th I Th

Ps (D>) (4) 75 _227 _26 of the most stable structure and the tota enefgy)( The

B3N3Hs (Dan) (5) -9.7 134 20 -2.1 most stable spin-coupled structure has a lower energy than

B3PsHe (Dan) (6)  —12.9 11 -82  -87 the most stable structure in the strictly atomic model, leading

BaPsHs (Ca) (6)  —13.9 55 7.4 ; . X

AlsNsHs D) (7)  —8.9 111 -22 o4 to a higherEs for the strictly atomic model.

AlsPsHs (Dan) (8)  —11.7 46 —6.3 -5.8 Interestingly, the magnetic aromaticity ®fs not captured

BaOsHs (D) (9) 80  20.0 14 -08 by calculating the NICS(0) index. As has been discussed

BsSsHz (Dan) (10) —13.2 114 -50 -25

a In-plane averager = (/2) (6. + ovy). ® Isolropic average for com- gls_ewheré? the isotropic central s_hieldin_g_that defines NICS
pounds1-—10. CTakenlpfrom ref 1)3(." Ma);yir-‘num modulus of the current is influenced by mgn_y factors in addition to the ring
density. currents; even restriction to the out-of-plane component of
shielding does not help here, as localizedind delocalized
m-circulations give near canceling contributions ¢g.
Inspection of the current-density map is more informative
than either of these global integral properties.

The ring-current calculations ahrequire a more detailed
explanation: although-o,,is only —0.1 for plana#, thex
map in Figure 3 shows a strong ring current, and consistent
with this observation, the-o,, component is-14.2, indicat-
ing aromatic character. For the method and basis set used
here, the paratropic in-plane component of NICS exactly
counteracts the diatropic ring-current component, whereas
an enlargement of the basis set leads to a similay, but
different in-plane average—oj,) value (see also ref 57).

The deformation to the optimd, symmetric geometry
of 4 does not quench the ring current, as shown in Figure
6. The side view plots through the two symmetry unique
P,—P, and B—P, bonds show that the main current along
the B—P, bond is concentrated on one side of the bond,

structure and magnetic indicators. A survey of the strictly
atomic model results shows that-4 have large Kekule
resonance contributions above 40% and high Ke&tilecture
weights (1) = W(II)), though explicit addition of Lewis
structuredll andlV increases the resonance energy, as it
must by the variation principle. In the case of benzene, the
inclusion oflll andIV, which gives an improvement of the
wave function that is outside the classical Kékidsonance
picture, amounts to an increase of about 52 kJ/mol. All four
molecules also display diatropicring currents, as expected
for aromatic compounds, and there is qualitative correlation
between the strength of current,{y) and the size of the
resonance energy (Table 2)HG (1) and planar N (3) show
strong ring currents and resonance enerdigs) (of 161.4
and 138.8 kJ/mol; plan& and4 show ring currents of less
than half the benzene strength and resonance enekEgjigs (
of 71.3 and 53.7 kJ/mol. The spin-coupled model shows
lower resonance energiegdy than the strictly atomic
method. In spin-coupled VB, the orbitals have the freedom (62) Steiner, E.. Fowler, P. Whys. Chem. Chem. Phy2004 6, 261
to spread out, which means the implicit inclusion of ionic 272.
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while along the P—P, bond it is more evenly distributed. A
contour plot of the modulus of-current density (contour
value of 0.024) gives an indication of the current path in

Kekule resonance contribution to the orthogonalized reso-
nance energy, suggests that plaGas benzene-like.
The current-density maps give an indication of aromatic

three dimensions (as do the arrows sometimes added to thévehavior in planar 6 in that the z-current pattern is

plots of current-density anisotropy in the ACID metfdd
This picture combined with the side view plots show the
continuousr ring current and rationalize the gaps seen in
the map plotted 1& above and parallel to the median plane.
4.2. Heteronuclear XY sH,, Series.Our calculations give

delocalized, though not uniform in strength. When the
geometry is allowed to relax to the lod@s, minimum, the
current changes from a global circulation to a set of localized
islands, corresponding to ttreial lone pairs of the phos-
phorus atoms (Figure 6). Thujs nonaromatic, according

little support to any putative assignment of these compoundsto the magnetic criterion.

as being “aromatic”. All but BPsHs (6) fit into a simple
pattern: they have low resonance energkgs)(and large
weights for a localized lone-pair structure with low-fractional
contributions of Kekulgesonances tB.s Maps of induced
current density show concomitant localization of the mag-
netic response.

Borazine B) appears to be an exception to this pattern. In
the strictly atomic VB calculations, it shows a significant
Eres Value of 61.6 kd/mol. Upon relaxation of the constraint
on the nature of the p-orbitals, however, tlgs value is
seen to have been an artifact. The improugg; value,
available from the spin-coupled VB calculation, is negligible

5. Conclusions

Three complementary theoretical techniques were used to
explore the putative aromaticity of a set of inorganic
benzenes. Each technique gives a visualization of aromatic-
ity: strictly atomic VB calculations through the balance of
Kekule and lone-pair structures, spin-coupled calculations
through resonance energy, and the CTOCGD-current-
density maps through the distinction between global ring-
current and local circulations.

The strictly atomic model gives a clear division of the

(0.7 kJ/mol). The maps (Figure 3) do not show any evidence Molecules into a benzene-like group and a group with lone

of benzenoid behavior.

pairs on the most electronegative atoms. This division

In contrast,6 possesses a large resonance energy both incorresponds to that derived from the maps of magnetic

the strictly atomic and in the spin-coupled VBSCF calcula-
tions, but its—o,; value is 1.1. As shown in the maps in
Figures 3 and 4, in the case®fthe weak diatropie current

is canceled by paratropic contributions (see &sdecause

of localizedo currents. The average in-plane component of
NICS(0), notwithstanding, is negative-¢, = —12.9),
leading to an aromatic overatio,, value (NICS(0)) of—8.2.
Hence, for6 total NICS(0) does not reflect the presence of
an underlying ring current. An interesting critique of the
NICS approach in general is given in ref 64.

The exceptional character @ is also reflected by the
contour plots of its spin-coupled orbitals in comparison with
those of benzenel) and borazine&) (Figure 2). While for
benzenel), one singly occupied orbital on each carbon atom

response. The spin-coupled method, which gives an improved
description of the electronic structure through unrestricted
orbital optimization, leads to the same partitioning of the
set. If the label “inorganic benzene” is to be applied to any
of the compounds studied, it is apparently appropriate only
for the homonuclear ring compounds and the constrathed
and with reservations, for the planar geometry6of
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borazine %) two singly occupied orbitals centered on nitrogen

are discernible, which correspond to the description of a

nitrogen lone pair. BPsHs (6) is formally more similar to
borazine §), but its orbitals are intermediate between those
of benzene ) and borazine J): one orbital is strictly
centered on phosphorus (similar3p while the other orbital
is centered on boron (more benzenoid) with tails on
phosphorus, representing the larger Kékiylee structure

contributions because of the small difference in electrone-

gativity between boron and phosphof@3hus, this pictorial
result, together with thé&.s of 52.5 kJ/mol and the large

(63) Herges, R.; Geuenich, O. Phys. Chem. 2001 105, 3124-3220.
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Note Added after ASAP Publication. There were errors
in the footnotes of Tables 1 and 4 in the version published
ASAP June 14, 2005; the corrected version was published
June 23, 2005.
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