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Ring Currents as Probes of the Aromaticity of Inorganic Monocycles : P,
Ass, S;N,, S;N;7, S,N;*, S,N2*, S;Ns*, S,°* and Se**

Frank De Proft,”™ Patrick W. Fowler,” Remco W. A. Havenith,”
Paul von Ragué Schleyer,! Gregory Van Lier,””! and Paul Geerlings**

Abstract: Current-density maps were
calculated by the ipsocentric CTOCD-
DZ/6-311G** (CTOCD-DZ =continu-
ous transformation of origin of current

was used to partition the currents into
contributions from small groups of
active electrons and to interpret the
contributions in terms of symmetry-

and energy-based selection rules. All
nine systems were found to support di-
atropic m currents, reinforced by o cir-
culations in Ps~, Ass™, S;N;7, S,N;t,

density-diamagnetic zero) approach for
three sets of inorganic monocycles:
S, Set, S,N,, Ps~ and Ass™ with 6 &
electrons; S;N;~, S,N;* and S,N/*
with 10 7 electrons; and SsNs* with 14
wt electrons. Ipsocentric orbital analysis

monocycles -

Introduction

Aromaticity, an essential term in the working vocabulary of
organic chemistry,!l has been used in thousands of papers?!
to rationalise stability, patterns of reactivity, reaction mecha-
nisms and physical properties of delocalised ring systems.
One conventional measure of aromaticity is the ability of
a system to sustain a diatropic ring current,’! often diag-
nosed by calculation of the nucleus-independent chemical
shift (NICS)¥ at or near the ring centre. Other criteria,
from more traditional structural and energetic®*® to recent
conceptual DFT-based measures,”*¥ and their application
are discussed at length in reference [le]. There is a long tra-
dition of extension of the aromaticity concept to the domain
of inorganic chemistry to help clarify the electronic structure
of species such as borazine,™* deltahedral boranes® and
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S,N/2* and S;Ns*, but opposed by
them in S;**, Se,* and S,N,. The op-
position of i and o effects in the four-
membered rings is compatible with
height profiles of calculated NICS (nu-
cleus-independent chemical shifts).

density
inorganic

pnictogen rings and clusters."**) A striking recent develop-
ment is the identification of “all-metal aromatics”, in which
the rings involve only metal atoms.”’ All these extensions
carry implications about the ring currents to be expected in
purely inorganic rings.

Modern theoretical methods allow direct visualisation of
the current density induced by a magnetic field, and distrib-
uted-gauge mapping techniques® have been applied to
many polycyclic organic!” and some inorganic species.!"”
The current-density map shows, for example, that borazine,
the “inorganic benzene,” is in fact nonaromatic according to
this magnetic criterion,’ whereas 2mn-electron Al>" has a
ring current, but of o origin."® We use the ipsocentric®
distributed-gauge method here to visualise the ring current,
analyse its orbital origin and hence probe aromaticity in a
number of simple inorganic rings that are accessible experi-
mentally."'®) Comparison is also made with NICS calcula-
tions. The species considered are Ps~, Ass~, S,N,, S;N;7,
S.N;*, S,N,*, S;Ns*, S,2* and Se/*.

The first series consists of Ps~ and As,~.['"® P.~ the all-
phosphorus analogue of the cyclopentadienide anion Cp~,
has been isolated in alkali metal salts""'! and has been incor-
porated in several mixed sandwich complexes, for example,
[(0*-CsMes)Fe(n™-Ps)],  [(n™-CsMes),Fey(n-Ps)]  and  [(n™-
CsMes),Cr,(1n’-P5),] 111 Recently, the carbon-free sandwich
complex [(n’-Ps),Til,~ was prepared and characterised.[!e]
Sandwich complexes containing As;~ are also known.!"f
Previous theoretical studies showed that P;~ is almost as ar-
omatic as Cp~."¢! Recently, the electronic structures of X~
(X =P, As, Sb and Bi) were investigated by a combination of

DOI: 10.1002/chem.200305291 Chem. Eur. J. 2004, 10, 940-950



940-950

photoelectron spectroscopy and ab initio calculations. All
were found to have Dy, structures with nearby, but higher
lying, C,, isomers. On the basis of energetic arguments and
analysis of the molecular orbitals, these compounds are all
thought to be aromatic, although their valence MO ordering
differs from that in Cp~.4

Our second series comprises four charged sulfur—nitrogen
rings, typical of a large number of SN compounds which
have been characterised experimentally.'!*" The cage com-
pound S,N,, prepared by the reaction of NH; and S,Cl, or
SCl,, is the main precursor for the preparation of other SN
compounds."*" Thermal decomposition of S,N, over Ag
wool yields the unstable S,N,, which has a square-planar
ring (D,,) and is isoelectronic with S,** (vide infra).l0*"
S;N; is formed when S N, is treated with azides or with po-
tassium metal.'! Reaction of S;N,Cl, with S,Cl, produces a
salt containing the S,N;* ion.''»" Oxidation of S,N, with
AsFs or SbFs yields the salts [S,N*](EF;"), (E=As or
Sb).la04 Depending on the counteranion, S,N,>* can adopt
planar structures, either with equal bond lengths or with al-
ternating distances and different angles at S and N, or non-
planar boat-shaped forms.!""*™! We also considered the 14 -
electron azulene-like isomer of the S;Ns* ion.[Ma-k

The square-planar chalcogen dications S,>* and Se,** also
have been characterised in detail.''*!! These species are ob-
tained as salts by selective oxidation of the elements with
SbF5 or AsFs in liquid HF or with S,0,F, in HSO;F. Their
bond lengths are about 3% shorter than typical E—E single
bonds."*!1 Along with the isoelectronic, neutral four-mem-
bered ring S;N,, these constitute our third series.

We find that each of these ring systems supports a strong
nt diatropic current, as expected from the presence of 4n+42
nt electrons. However, the o electrons of these inorganic
rings also give rise to significant ring-current effects, which
can reinforce or oppose the diatropicity of the m electrons,
and have analogues in the diatropic “o aromaticity” of cy-
clopropane and the paratropic ring-current activity of cyclo-
butane, ascribed on the basis of NICS analysis.'"” The differ-
ent roles of o and & electrons are explained by an ipsocen-
tric orbital model that gives a clear rationale for the sense
of rotation of the current and the number of electrons in-
volved in producing that current.

Method

Optimised geometries of S*, Se/ ", P57, Ass, S,N,, S;N;7, S,N;T,
S,N,* and S;N;* (Scheme 1) were obtained at the B3LYP/6-311 +G**
DFT level by using Gaussian 98.”) All but S;N;~ and S;N;* have planar
minima, as confirmed by diagonalisation of the Hessian matrix. The D5,
structure of S;N;~ has a single imaginary frequency and relaxes to a C,-
symmetric minimum. The planar azulene-like C,, structure of SsNs* con-
sidered here has a single imaginary frequency; it relaxes to nonplanar C,
symmetry on full optimisation, but this form was not analysed further.

Current-density maps for all molecules in their planar geometries were
calculated at the coupled Hartree—Fock level in the 6-311G** basis by
using the distributed-origin method of Keith and Bader,®* " as developed
by the Modena group™ ¥ and implemented in the SYSMO program.¥
The diamagnetic zero (DZ) variant of the CTOCD (continuous transfor-
mation of origin of current density) method, in which the current density
at each point in space is calculated with that point as origin, was used.
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Scheme 1. Selected geometrical parameters of Ps~ (Ds,), Ass™ (Ds,;,), S;N,
(D), SsN5™ (D3, SiNs* (G, SiNS* (Dyy), S (Dan), Se,** (Dyy) and
S;sNst (C,,), obtained at the B3LYP/6-311+G** level. Calculated bond
lengths and angles are compared with experimental values (in parenthe-
ses).1% In the case of Ps~ and Ass~ the bond lengths are compared with
the CCSD(T)/6-311+ G** values, taken from ref. [5c]

This choice of an ipsocentric!®! origin of vector potential has all the usual
advantages of distributed-origin approaches: superior convergence with
basis-set size and physically realistic®* current maps with modest basis
sets. It also provides a specific partition of the first-order wavefunction,
and therefore of the induced current density, into nonredundant orbital
contributions that involve only occupied-to-virtual transitions and obey
simple symmetry-based selection rules.”¢ This simplicity proves crucial
for the interpretation of the results. In a &t system subjected to a perpen-
dicular magnetic field, nonvanishing orbital contributions arise only from
transitions that are induced either by linear momentum operators that
span the symmetry of in-plane translations, or by an angular momentum
operator that has the symmetry of a rotation about the field direction.
Expressed with respect to the molecular centre, the contributions of the
first type are diamagnetic (diatropic), and those of the second are para-
magnetic (paratropic). The terms diamagnetic and paramagnetic describe
a circulation by its accordance with or opposition to Lenz’s law; diatro-
picity and paratropicity refer to its effect on chemical shift of a test (and,
in the present case, fictitious) nucleus.

In the maps, current densities induced by a magnetic field of unit
strength acting along the principal axis are plotted in a plane parallel to
that of the central ring. Contours denote the modulus of the current den-
sity at values 0.001 x4"eh/2um.a;, and the vectors represent the in-plane
projection of the current. A cutoff is applied to remove the very large
vectors that arise in the vicinity of the nuclei for plots in the molecular
plane. In all plots, diamagnetic circulation is counterclockwise and para-
magnetic circulation clockwise. For carbon-based rings, maps have usual-
ly been plotted for a height of 1a,, which is close to the maximum of =
charge and current densities, and leads to current that is essentially per-
pendicular to the inducing field. For each system in the present paper, we
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plot the total (¢ + x) current density in two planes: at a height & where
the & current is close to maximal, and in the molecular plane, where the
7 contribution is vanishing due to symmetry. The height at which the x
current density reaches its maximum strength was estimated from side-
view plots of the m current density to be about 14, above the molecular
plane for species containing only second-row elements, and about 1.5a,
above the plane for species including third-row elements. The side views
also confirmed the current at these heights to be essentially parallel to
the molecular plane in each case. The analysis of the total density into or-
bital contributions is illustrated for each system and shows currents aris-
ing from active m orbitals in plots at height A, as well as those arising
from active o orbitals in this or the molecular plane, depending on the
system. Schematic energy-level diagrams are given to illustrate the appli-

cation of the selection rules.

To indicate the effects of the currents
shown in the maps on integrated mo-
lecular properties, NICS values were
calculated at ring centres (NICS(0))
and at a height of 1A (NICS(1)).
Comparison of the isotropically aver-
aged NICS value at these two heights
is one way of estimating relative con-
tributions of o and m electrons to this
property, and by inference, to the ring
current itself. Since the o effects
should fall off more rapidly with
height from the ring centre, total
NICS(1) values are often good indica-
tors of the m effects.**12315] These
results are reported in Table 1 for all
nine species considered in the cur-
rent-density maps.

Other methods for making such a
separation include the “dissected lo-
calised NICS”¥2I  (LMO-NICS)
method, in which the Pipek-Mezey
orbital localization schemel' is used
in conjunction with the SOS-DFPT!""!
method at the PW91/IGLOIII
level.[m'lg]

Results and Discussion

P; and Ass; : In the ground
state, Ps~ has a planar Ds, geo-
metry.! Figure 1 shows the
calculated maps for the current
density induced in this mole-
cule by a perpendicular mag-
netic field. At a height of 1.04q,
(Figure 1a), the map shows an
apparently classic example of a
diatropic ring current, but in
fact this feature persists all the
way down to the molecular
plane (Figure 1b) and so is not
solely a conventional m cur-
rent. The orbital analysis ex-
plains these two features. The
current density at 1.0a, has ap-
proximately equal contribu-
tions from the four electrons in
the 2e] HOMO (=, Figure 1c)
and the four in the 6e)

942 ——

Table 1. Compilation of NICS values [ppm], calculated at the geometri-
cal ring centre (NICS(0)) and 1 A above it (NICS(1)).

NICS(1)

—183
—19.5
—10.0
-10.7
-17.0
—16.0
—4.7
-79
-7.6
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Figure 1. Calculated current-density maps and orbital contributions to ring current for Ps : a) total (04 ) cur-
rent density plotted at a height of 1.04,; b) total current density in the molecular plane; c) t current density
arising from the four electrons of the 2¢] HOMO (at height 1.0a,); d) current density arising from the four
electrons of the o 6e; HOMO—1 (molecular plane); e) current density arising from the four electrons of the o
6e, HOMO-2 (at height 1.04y); f) current density arising from the four electrons of the ¢ 6e, HOMO-2 (mo-

lecular plane).
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HOMO-2 (o, Figure 1e). The HOMO-1 6¢! electrons con-
tribute an additional small net paratropic current at this
height. In the molecular plane, the m current vanishes, and
the current from 6¢), (Figure 1 f) remains as a strong diatrop-
ic circulation at the molecular periphery. In the interior of
the ring, localised paratropic eddies are contributed by the
HOMO-1 6¢| (Figure 1d). The diatropic sense of the
HOMO and HOMO-2 and the paratropic sense of the
HOMO-1 currents follow from the translational and rota-
tional selection rules of the ipsocentric model (Figure 2).

The corresponding maps for Ass~ (Figure 2) show a simi-
lar pattern of currents and orbital contributions, which
follow from the match in frontier orbital symmetries. Thus,
these two inorganic rings are both like and unlike the
carbon homologue in their aromaticity. Both X5~ systems
sustain a m current that has the diatropic sense and the four-
electron character expected of a 6t analogue of the cyclo-
pentadienyl anion, but with a flat NICS height profile (see
Table 1) that indicates cooperation of o electrons in the
overall diatropicity of the current density pattern.

S;N; 7, S,N; and S,N/**: These three 10m-electron systems
all show marked diatropic ring currents (Figures3-5,
Table 1). Analysis of MO contributions indicates that the
current density can be attribut-
ed mainly to the four HOMO
electrons in each case. The

940-950
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Figure 2. Energy-level diagrams and important translationally (T) and ro-
tationally (R) allowed transitions leading to diatropic and paratropic cur-
rents for Ps~ and Ass™.

HOMO-LUMO excitation is a)
translationally allowed; this ul-
timately derives from the (A=
2)—(A=3) transition of the
idealised monocyclic ring,*! in
which the orbital angular mo- /
mentum jumps by one unit,
consistent with an electric- \
dipole transition. In the Dy,
point group of planar S;N;7,
the 4=2 HOMO remains de-
generate, as an e’ pair. In the
C,, and D,, point groups the

HOMO is split into a, + b;
and by, + b,,, respectively. The

translationally (rotationally) al- c)
lowed excitations, producing
diatropic (paratropic) currents,

. ” n " ” "y . / y
are: in Dy, €'—af, a}, ¢’ (e"); M R

in G, a, + bj—a, + b, (a, +
b); in Dy, by + by—e, (
(b, + by). The main active
transitions for all three systems
are marked on energy level di-
agrams in Figure 6. In all cases
the nodal character of HOMO
and LUMO inherited from the
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Figure 3. Calculated current-density maps and orbital contributions to ring current for S;N; : a) total (o4 mx)
current density plotted at a height of 1.04,; b) total current density in the molecular plane; ¢) & current density

arising from the four electrons of the 3¢” HOMO (at height 1.0q,); d) current density arising from the four

The o electrons contribute
localised diamagnetic circula-

Chem. Eur. J. 2004, 10, 940—950 www.chemeurj.org
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electrons of the 0 9¢' HOMO-1 (molecular plane). Nitrogen centres are represented by a barred circle, and
sulfur centres by an open circle.
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Figure 4. Calculated current-density maps and orbital contributions to ring current for S,N;*: a) total (0+4) current density plotted at a height of 1.0ay;
b) total current density in the molecular plane; c) & current density arising from the two electrons of the 5b; HOMO (at height 1.0a,); d) & current densi-
ty arising from the two electrons of the 4a, HOMO-1 (at height 1.04,); e) total 7 current density (at height 1.04,); f) current density arising from the
two electrons of the 0 18a; HOMO-2 (at height 1.04,). Nitrogen centres are represented by a barred circle, and sulfur centres by an open circle.

tions on the N sites of all three rings, with maximal strength
in the plane, but these do not constitute coherent ring cur-
rents. The sum of these localised circulations necessarily
gives rise to a net paratropic circulation at the centre of the
ring, which can be observed as a small inner feature of total
current density in the out-of-plane plot for S;N;~ (Fig-
ure 3a). The diatropic m current is strongest in S,N,**. In
S,N;*, the m current is less uniform than in the other two
molecules, and is weakest in the long S—S bond, where the
4a, component of the HOMO has a node. These trends are
compatible with the NICS(0) and NICS(1) values reported
in Table 1.

944

All three S,N,? systems sustain a & current with the dia-
tropic sense and four-electron character expected of a
planar 10m-electron monocycle. All three systems are 4e di-
amagnetic in the terminology of reference [9c]. Apparently,
the localised character of the energetically disparate S and
N lone pairs prevents their contributing to a global current.

In the orbital picture, similar results can be expected for
the next 4n+2 7 system, the 14 m-electron SsNs™*, in a planar
geometry. As Figure 7 shows, this ring sustains a 4e diamag-
netic i current arising from AA =41 transitions of the near-
degenerate 7b; HOMO and 5a, HOMO-1 orbitals. The o
electrons contribute in-plane localised diamagnetic circula-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 940—-950
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Figure 5. Calculated current-density maps and orbital contributions to ring current for S;N,>*: a) total (c+) current density plotted at a height of 1.0ay;
b) total current density in the molecular plane; c) 7 current density arising from the two electrons of the 2b,, HOMO (at height 1.0a,); d)  current den-
sity arising from the two electrons of the 1b,, HOMO-1 (at height 1.04,); e) Total & current density (at height 1.0a,); f) current density arising from the
four electrons of the 0 9¢, HOMO-3 (at height 1.0a,). Nitrogen centres are represented by a barred circle, and sulfur centres by an open circle.

tions on the nitrogen centres, as in the other members of the
series. Comparison of NICS(0) and NICS(1) values
(Table 1) indicates dominance of the diatropic m compo-
nents.

S.2*, Selt and S,N,: The two X,/* 6m-electron systems
show similar patterns of total (0 + ) current density in the
out-of-plane maps (Figures 8 and 9). In both cases, the cur-
rent is dominated by a peripheral diatropic circulation
which encloses a paratropic central feature. The s contribu-

Chem. Eur. J. 2004, 10, 940-950  www.chemeurj.org

tions to the ring current in these dications arise from the
four HOMO electrons through a translationally allowed
transition to the w* LUMO (e,—b,,; Figure 10). The central
paramagnetic feature is contributed by o electrons, and
hence has maximum strength in the molecular plane
(Figure 11).

This feature arises as a result of partial cancellation be-
tween an inner paratropic current from the HOMO-1 e,
pair, and an outer diatropic current that runs in and out
over the edges of the X, square and arises from the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 945
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Figure 6. Energy-level diagrams and important translationally (T) and rotationally (R) allowed transitions leading to diatropic and paratropic currents
for S;N;~, S,N;* and S,N,/**.
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Figure 7. Calculated current-density maps and orbital contributions to ring current for SsNs*: a) total (0+ ) current density plotted at a height of 1.0a;
b) total current density in the molecular plane; c) &t current density arising from the two electrons of the 7b;, HOMO (at height 1.0a,); d) & current densi-
ty arising from the two electrons of the 5a, HOMO— (at height 1.04,); e) total & current density (at height 1.0a,). Nitrogen centres are represented by a
barred circle, and sulfur centres by an open circle.
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Figure 10. Energy-level diagrams and important translationally (T) and
rotationally (R) allowed transitions leading to diatropic and paratropic
currents for S,°* and Se,**.

HOMO-4 b,, orbital. The ¢ orbitals of X" can be qualita-
tively understood as combinations of four radial lone-pair
(aj, + e, + by,) and four edge-bond (a;, + €, + by,) local-
ised orbitals, and, as Figure 12 shows, the e, molecular orbi-
tals responsible for the paratropic ¢ current are the anti-
bonding combinations of the e, lone-pair and edge-bond lo-
calised functions. The o molecular orbital responsible for
the diatropic current is the antibonding combination of edge
bonds. The opposite sense of the two o orbital currents is
compatible with the selection rules for transitions to the o*
LUMO++1 (e,): by,xe,=e, (translational) and e,xay=e,
(rotational). The presence of the diatropic m current density
accounts for the negative NICS(1) values for these two mol-
ecules (Table 1).

The calculated current-density maps for S,N, (Figure 13)
show strong similarities with those of the more symmetrical
X2* systems. Again there is a 4e diatropic m current arising
from the HOMO and HOMO-1 (1by, and 2b,, in D,,), and

S .
/ /;/ =9\ } r\\\\\
(b omirat s
/o AR TG AN (e
.o £ AVIASLE
C e EINE R
r'd Y

AN

CIiT

Figure 11. Calculated current-density maps and orbital contributions to ring current for S;** and Se,’* in the molecular plane: a) total current density
(S2%); b) total current density (Se,*T); c) current density arising from the four electrons of the o 6, HOMO—1 (S,**); d) current density arising from
the four electrons of the o 12e, HOMO—1 (Se,**); e) current density arising from the two electrons of the ¢ 2b,, HOMO—4 (S;%); f) current density

arising from the two electrons of the o 4b,, HOMO—4 (Se,**).
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J

¢} Abg,

Figure 12. Orbitals with significant contributions to the current-density
maps of Se,**: a) 5e, HOMO; b) 12¢, HOMO-1 ¢) 4b,, HOMO—4.

in the m plotting plane at 1a, above the nuclei, there is
again a net paratropic contribution from six electrons in
high-lying ¢ orbitals. This o contribution is made up of a
paratropic current from 4b,, (HOMO-2) and 5b,,
(HOMO-3), and a diatropic current from 2b,;, (HOMO—6).

Unlike the previous examples, the current-density maps
for the X3* and S,N, systems do not yield a clear-cut answer
to the question of aromaticity, as their current is not a
simple circulation. From the m current alone, these systems
are apparently aromatic; from the o current alone, they are
apparently antiaromatic. The “aromaticity” of the whole
current-density distribution is then equivocal, and would
depend on which property was used to sample it. The small
negative values of NICS(0) and NICS(1) (Table 1) suggest a
near cancellation of o and m effects.

Conclusion

a) )]

This survey of some simple in-
organic monocycles shows that

.

R

¢ e T
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A pEwh ¥ et b
- FaY q ¥ L I

P;{x:}tq t N

k f w ] i
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(i oy s such systems can exhibit dia-

s *éﬁi{ es A \i‘t w tropic m ring currents anq re-
::oi:{}: o :!Ej B semble. the arc}'letypal T-isoe-

et ,"%‘:—- i ARRD b e lectronic aromatic [r]annulenes.

_*b_“:'_ff el In both the inorganic and or-

ot ganic series, the ¢ electron con-

tributions, especially in the ring

planes, can be large (especially

in four-membered rings) and

3 r may oppose the w current. The

diagnosis of aromaticity on the
basis of the ipsocentric ring-cur-
rent criterion for the systems
with larger rings is clear. The
i- 6m-electron Py~ and Ass™ five-
membered rings, akin to Ny~
and the cyclopentadienyl anion,
the 10m-electron S;N;~, S,N;~
and S,N,** systems, akin to the
CiH dianion, and the 14n-
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.
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Figure 13. Calculated current-density maps and orbital contributions to ring current for SN, in a plane at a
height of 1.0q,: a) total current density; b) total st current density; c) current density arising from the two
electrons of the o 4b,, HOMO-2; d) current density arising from the two electrons of the o 5b;, HOMO-3;
e) current density arising from the two electrons of the o 2b;, HOMO—6; f) the three ¢ orbitals that make
significant contributions to the current-density maps of S,N,, displayed with respect to the short S—S non-

bonding contact (2.359 A, B3LYP/6-311 + G**).
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electron S;Ns* ring in its planar
form are examples thereof. The
number of participating elec-

trons and sense of the m cur-
.? \ rent, as shown by the ipsocen-
tric model, follow simple
Hiickel considerations. The
NICS analysis agrees with the
main conclusions drawn from
the detailed current-density
maps. The connection between
the clearly defined physical
magnetic aromaticity criteria
and the chemical properties of
such a wide range of systems is
necessarily a more complex
question and could be a subject
for future research.

5by,
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