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We show, by means of quantum chemical calculations, that the inorganic ions Se,l,2* and S,04>~, whose structures
have been long-known and well-characterized, have aromaticity resulting from through-space conjugation, analogous
to the aromaticity in the transition states of some pericyclic reactions, such as Cope rearrangements and Diels—
Alder reactions.

Introduction Scheme 1. Selected Homoaromatic Systems
.. L Saturated Linkage Saturated Linkage Saturated Linkage
The concept of homoaromaticity was first introduced by 1

Winstein to describe compounds that have one or more
saturated linkages interrupting the formal cyclic conjugation,
yet they display aromaticity (e.g., tris-homocyclopropenyl

cationl).! So far, homoaromaticity has been well-established
in a large number of organic cationic and anionic systems,
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in which the homoconJUQat'Ve Interaction completes the Scheme 2. Representative Pericyclic Reactions with Aromatic

otherwise cyclic delocalization ofrd+ 2 electrong:® An Transition States

exclusive feature of these homoaromatic systems is the 77
presence of one or more saturated linkages interrupting the ~ \“’/ Z » (ﬁ
conjugated bond between adjacent centers (e.g., cyclobutenyl E; . Q Q * s @
cation2, 3,5-bridged bishomocyclopropenyl cati8nScheme Cope Rearmangement Diets-Alder Reaction

1)2 Hence, for most of the homoaromatic systems, their rearrangement and Dielslder reaction4 and5 (Scheme
homoconjugatively interacting subunits are geometrically far 2) have sixnobile electronfsto attain the aromatic through-
apart from each other, but they are unitedthjough-space  gpace conjugation. These aromatic PTSs, which differ from
conjugation® Similar aromatic through-space conjugation has the aforementioned homoaromatic systems, have no saturated
been recognized within the transition states of some peri- linkages to connect the conjugative subunits. Herein, we
cyclic organic reactions such as Cope rearrangements andshow, by means of quantum chemical calculations, that the
Diels—Alder reactions (Scheme 2¥. For example, both inorganic ions Sg.2* (6) and SO~ (7), whose structures
pericyclic transition states (PTSs) of the prototype Cope hayve been long-known and are well-characterizetave
PTS-like aromaticity resulting from 10-electron through-

*To whom correspondence should be addressed. Fa86-592-

2183047. E-mail: xinlu@xmu.edu.cn. space conjugation between their spaced conjugative subunits.
(1) (a) Winstein, SJ. Am. Chem. Sod 959 81, 6524. (b) Winstein, S.;
Sonnenberg, J.; de Veries, I. Am. Chem. S0d.959 81, 6523. (5) For a recent review on the applications of nucleas-independent
(2) (a) Winstein, SChem. Soc. Spec. Puli967 21, 5. (b) Paquette, L. chemical shift, see: Chen, Z.; Wannere, C. S.; Corminboeuf, C;
A. Angew. Chem., Int. Ed. Endl978 17, 106. (c) Childs, R. FAcc. Puchta, R.; Schleyer, P. v. Chem. Re. 2005 105 3842. The
Chem. Res1984 17, 347. (d) Williams, R. V.; Kurtz, H. AAdv. aromaticity in pericyclic-reaction transition states has also been
Phys. Org. Cheml994 29, 273. reviewed.
(3) For recent reviews on homoaromaticity, see: (a) Williams, RChem. (6) Wannere, C. S.; Bansal, R. K.; Schleyer, P. vJROrg. Chem2002
Rev. 2001, 101, 1185. (b) Williams, R. VEur. J. Org. Chem2001 67, 9162.
227. (7) (a) Nandana, W. A. S.; Passmore, J.; White, P. S.; Wong, C1.M.
(4) For the pioneering work on transition-state aromaticity, see: Evans, Chem. Soc., Chem. Commuir282 1098. (b) Nandana, W. A. S.;
M. G.; Warhurst, ETrans. Faraday Socl93§ 34, 614. Passmore, J.; White, P. S.; Wong C. IMorg. Chem199(Q 29, 3529.
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Computational Details ’

. o
All calculations were performed using the hybrid density H e:_.. @—-.

functional MPW1PW91 method, which is a combination of the ' ' .
modified PW exchange functional by Barone e? ahd the 1991 E 2981 ' 3.84 1 2,53 2.61
PW correlation functional® implemented in Gaussian 98The :{ 84) '

basis sets employed are the relativistic effective core potential ! 1
(RECP)!?athe valence triple: basis set (denoted SDB-cc-pVTZ) ‘Q. &\Q. —3
2.46 1.50
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for Sel 42", and the standard 6-3315(3df)!3 for other ions. Such . 1.93

a combination of theoretical methods and basis sets has been shown (2.45) (1.51)

to be reasonable at predicting the geometries of S- and Se-containing

ions such as §" and Sg+.17 6 Sels?*(Cay) 7 $,04%(C)) 8 S;C14%(Cav)
To characterize the aromaticity of the inorganic ions concerned, NICS = -17.4 NICS = -6.1 NICS =-13.5

the nucleas-independent chemical shifts (NFGSQt their geomgtric _ Figure 1. Geometries (bond lengths in A) and GIAQIICS values (in
centers were computed using the gauge-independent atomic orbitappm) of Sel,2* (6), S02 (7), and SCl2* (8) predicted at the
(GIAO) method® at the MPW1PW091 level of theory. A negative  MPW1PW91 level, along with the available experimental data given in
NICS value is associated with aromaticity, and a positive NICS parentheses. The;G,°" ion is nearly C;, symmetric, but it is ofC;
value is associated with antiaromaticitifor an up-to-date review ~ SYMmety:

on the definition and applications of NICS, please see to ref 5. scheme 3. Possible Isomers of 8.2~

o]

Results and Discussion s<;) \S/O Oo>S

Previous X-ray diffraction experimeritshowed that the s ° §—0 l/o
Sel2t ion, 6, in Sel4(AsFy),»SO; and Sel4(ShyF1), crystals °© o o
adopts a trigonal prism structure consisting of two eclipsed a b ¢
V-shaped units (VSUs), Sgl (Figure 1). The 80, ion, 02 o} /O
7, also adopts this form (Scheme 3a), in which it is nearly % o_s/\ 0—s'_
eclipsed in some Na Zn*t and SA" salts® A nearly _o | © | °
staggered structure (Scheme 3b) with an$-S—0 tor- S\O S\O O\S
sional angle of~56° was also found in the N&O,4-2H,0 d e f

(8) For the X-ray structures of,842-, see: (a) Dunitz, J. DActa 8d it ;
Crystallogr 1956 60, 539. (b) Kiers, C. Th.: Vos, Acta Crystallogr. crystal®? In addition, aC,, symmetric staggered structure

B 1978 34, 1499. (c) Magnusson, A.; JohanssonAtta Chem. Scand.  (Scheme 3c), &, symmetric gauge structure (Scheme 3d),

1982 A36 429 (d) Weinrach, J. B; Meyer, D. R; Guy, J. T.;  gnd two other isomers (Scheme 3e and f) were predicted,
Michaelski, P. E.; Carter, K. L.; Grubisha, D. S.; Bennett, D. W. . hemical lculati b did f
Crystallogr. Spectrosc. Re$992 22, 291. using quantum chemical calculations, to be candidates for

(9) (a) Adamo, C.; Barone, VChem. Phys. Lettl997, 274 242. (b) the ground-state structure of,&?".'6 Yet, an accurate

(10) /éféfgg,\', CJ E?r\j’vr;‘;'g\/{g,E;‘se”;e'ep%glzggiéoggfj theoretical prediction on the ground-state structure;6(3

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, remains unavailable. Nevertheless, we consider only the well-
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A, Jr.;  char riz li r r hem
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, characterized ec psed structure (SC eme 3a)' .
A. D.: Kudin, K. N.: Strain, M. C.: Farkas, O.: Tomasi, J.. Barone, Some structural features are noticeable for the eclipsed

V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;  structures of S¢,2", 6, and $O42, 7 (Figure 1) First, the

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; s
Morokuma. K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K. bond length of Sel (2.45 A) or S-O (1.51 A) within each
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;  VSU is shorter than that of an ordinary single bone€(51
ngshenko, A F’_lskorz., P.; Komaromi, .I.; Gomperts., R.; Martin, R. & for Se—| and ~1.69 A for S—O), implying n-bonding

L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, . .

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Within the VSU. Second, between two eclipsed VSUs, the

Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,  distance of two opposite atoms,-S&e (2.84 A)/|..| (3.71

E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998. . .. . .

(12) (a) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, Mol. A) in6orS-S (2-39 A) ”'17' is much shorter than the sum
Phys 1993 80, 1431. (b) Martin J. M. L.; Sundermann, 4. Chem.  of the van de Waals radii~4.0 A for Se--Se, 4.3 A for
Phys 2001, 114, 3408. . S .

(13) Glukhovtsev. M. N.; Pross, A.; McGrath, M. P.; RadomJLChem. |-+, and 3.7 A fpr S _S)’ but itis ConS|derab|y Ionger than
Phys 1995 103 1878. the corresponding single bond-2.34 A for Se-Se and

(14) (a) Schleyer, P.v. R.; Maerker, C.; Dransfeld, A.; Jiao, H. J.; Hommes, ~2 05 A for S—S) indicating an unusual VSWWSU
N. J. R.v. EJ. Am. Chem. S0d996 118 6317. (b) Schleyer, P. v. . . 2 . N o
R.: Jiao, H.; Hommes, N. J. R. v. E.: Malkin, V. G.; Malkina, 0. L. interaction. By taking a hypothetical dication,C&*" (8),

s J. Alm. IE:hem. Slod997, 119 I12669. A as a model for S&2*, Nandana et af performed ab initio
15) Wolinski, K.; Hilton, J. F.; Pulay, P. J. Am. Chem. S0d99Q 112, ; _AAi : 24 o

8251 and references therein. SCF single-point calculation on,Sly " Since each VSU
(16) (a) Leszczynski, J.; Zerner, M. Chem. Phys. Letfl989 159, 143. has 3-center 5-electron (3c5e}bonding, they concluded

(b) Carter, K. L.; Weinrach, J. B.; Bennett, D. \&.. Am. Chem. Soc. i - i i i icati
1993 115 10981, (¢) Steudel R.; Steiger. . Mol. Struct. 1993 that the unusual inter-VSU interaction in these dications

284, 55. (d) McKee, M. L.J. Phys. Chem1996 100, 3473. could be attributed to the 6-center 10-electron (GC]Zﬂej[
(17) gaggai/(i)esé,?%ﬁ;b ?gespie, R-JT'-;garISJ.t%.; Sagsmgm@- Clh%m ’ interaction, which can be further simplified as “a 6-center,
A . ameron, 1. S.; beetn, K. J.; bionne, |.; bu, H. . . . .
B.; Jenkins, H. D. B.; Krossing, |.; Passmore, J.; Roobottom, H. K. 2-electronz* —s* bond involving the mFeraCtlon Oh_*
Inorg. Chem.200Q 39, 5614. SOMO’s” of each VSU (Scheme 4 and Figure $1n this
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Scheme 4. Selected Molecular Orbitals of 8¢*" Originating from
the 7-Orbitals of Two Sef" Radicals (ref 7b)

Sel," Se,l 2t

E

| n*-n* bonding

5
o
i

Scheme 5. Resonance of Three Valence-Bond (VB) Structures which
Account for the 6c10e Through-SpageConjugation within Sgh?* (ref

regard, 6 and 7 can be simply regarded as inorganic
analogues of two allyl dianion radicals4s?") linked by a
bond involving the two unpaired electrons in the antibonding
sr*-orbitals. Similarz* —z* interactions were found in the
m-dimers of some organie-radicals, such as the tetra-

106.5

(1 11
l3 uo. 205

285’

. 2.06
2 99 (2.06)
(2 9'5!

10 Seg?*(C.)
NICS = -18.6

987*(Cy)
NICS = -17.9

Figure 2. Geometries (bond lengths in A and angles in degree) and
GIAO—NICS values (in ppm) of " and Seg*" predicted at the
MPW1PW91/6-31%G(3df) level of theory. The available experimental data
are given in parentheses.

for Sel?", 6, and —6.1 ppm for $O42, 7, showing that
both ions are aromatic.

We then considered the hypothetical ioaC&>*" (8), that
was previously proposed by Nandana e?&,Cl2" (Figure
1) shows structural features similar to those ofl 3¢&; the
optimal S-S distance of 2.61 A i8 is much longer than a
normal S-S single bond, but it is much shorter than the sum
of the van der Waals radii. 108 is also aromatic with a
predicted NICS value of-13.5 ppm.

The order of the predicted NICS values &f7, and 8
implies that the aromaticity of these ions follows the order
6 > 8 > 7. This is in agreement with the general trend that
larger electronegativity (EN) differences between constituent
atoms result in more-polarized chemical bonds. The Pauling
EN?° difference is 0.11 for Sel, 0.58 for S-ClI, and 0.86
for S—O, suggesting that ther-bonds would be more
polarized in7 than in6 and 8. Consequently, the through-
space conjugation (in-plang-electron delocalization) is

cyanoethylene anion radical and octamethydiphenylenestronger in6 and8 than in7. The much smaller NICS value

cation radical® Nandana et aP also proposed that the
bonding in6 could be described with three valence-bond
(VB) structures, each containing an inter-VS&bond
(Scheme 5): the VB structuréA, contributes dominantly
to the inter-VSU bonding with a minor contribution from
the 6B and 6C structures. Following their suggestion, we

of 7 implies that the cyclic through-space conjugation
between its two subunits should be much weaker than that
within 6 and 8. This may be the reason rotational acyclic
isomers of 90,2~ can be readily observed experiment&fly.

In addition to the ions described above, we have consid-
ered other inorganic ions,s8 (9) and Se?" (10), which

noticed that the resonance of these VB structures results indisplay peculiar structural features. The MPW1PW91/6-

6c10e through-spacer-conjugation which satisfies the
(4n + 2)-electron Hekel rule for aromaticity (or homo-
aromaticity). Hence, we infer that the unusual inter-VSU
interaction within6 or 7 could be described as &c10e
through-space conjugatigand consequently, it is aromatic
in nature.

The MPW1PW91-optimized geometries of,5¢" 6 and

311+G(3df)-optimized geometries && and 10 are shown

in Figure 2, along with key bond lengths determined by X-ray
diffraction”?122Both eight-membered ring cyclic iongX

X S, Se) have unusually short transannulatX
distances (ranging from 2.9 to 3.3 A for SeSe7, Se4
Se6, and Se2Se8 in10and around 2.9 A for S2S8, S3-

S7, and S4S6 in9), which is longer than a normal XX

S,04% 7 are shown in Figure 1. Both ions are predicted to single bond but much shorter than the sum of van der Waals
have a singlet ground state, in accordance with the experi-radii. It should be noted that a comprehensive density
mental observatidf that they are diamagnetic. For both functional study was previously conducted by Cameron et

ions, the agreement between the experimental and theoretical

geometries is fairly good. The 8¢ ion, 6, is C,, Ssymmetric
(Figure 1). $0427, 7, is not ideallyC,, symmetric, but it is
C, symmetric with an G-S—S—0 torsional angle of 77
(Figure 1). Its ideally eclipsed structur€y) corresponds

to a rotational transition state that connects two equivalent

C; structures. The predicted NICS values at27.4 ppm

(18) Ly, J.-M.; Rosokha, S. V.; Kochi, J. K. Am. Chem. So003 125
12161 and references therein.

(19) Huheey, J. Elnorganic Chemistry: Principles of Structure and
Reactvity, 2nd ed.; Harper and Row: New York, 1972. Pauling
electronegativity: Se, 2.55; |, 2.66; S, 2.58; O, 3.44; Cl, 3.16.

(20) Peter, L.; Meyer, B. 1. Mol. Struct 1982 95, 131. (b) Takahashi,
H.; Kaneko, N.; Miwa, K.Spectrochim. Acta A982 38, 1147.

(21) (a) McMullan, R. K.; Prince, D. J.; Corbett, J. Dorg. Chem 1971,

10, 1749. (b) Brown, I. D.; Crump, D. B.; Gillespie, R.1dorg. Chem.
1971 10, 2319. (c) Cardinal, G.; Gillespie, R. J.; Sawyer, J. F.; Vekris,
J. E.J. Chem. Soc., Dalton Trand982 765. (d) Collins, M. J.;
Gillespic, R. J.; Sawyer, J. FActa Crystallogr C 1988 44, 405.

(22) Gillespie, R. J.; Passmore, J.; Ummat, P. K.; Vaidya, OlnGrg.
Chem 1971, 10, 1327.
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Concluding Remarks

In summary, we have shown the existence of 10e aro-
maticty in a series of inorganic ions, $8", S0, S°F,
and S¢**, which accounts for the unusual through-space
=p 4= X-+-X (X = S, Se) interaction within these ions. In particular,
a) HOMO-12 b) HOMO-9 ¢) HOMO-6 the aromatic ions Sk2?" and S$SO,2~ have no saturated
linkage to connect the spaced conjugative subunits and are
geometrically analogous to the aromatic transition states of
some pericyclic reactions. Such PTS-like aromaticity should
be prevalent in some other diamagnetic inorganic ions and
molecules (e.g., §,** and (NO})**%, consisting of two
! weakly interacting radical subunits linked by a bond involv-
= ing the two unpaired electrons in the antibonding
d) HOMO-4 e) HOMO-2 fy LUMO orbitals?6-2” A systematic theoretical investigation to disclose

Figure 3. Selected molecular orbitafs of S*" showing the 16ie  the presence of PTS-like aromatic through-space conjugation
conjugation. The lone-pair electrons of the S1 and S5 atoms contribute to . | . . t . tl d .
HOMO—-6, HOMO—-9, and HOMG-12, showing the involvement of these In analogous Inorganic systems IS curréntly underway in our

electrons in the through-space conjugation of the twb sibunits. Iaboratory.
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electron delocalization in the cyclic ionsX (X = S, Se) pVTZ calculations predicted a NICS value 6220.7 ppm, showing
is more complex than that within St (6), 02~ (7), that the through-space conjugation between its twoslbunits is

‘ remarkably aromatic.
and SCl2" (8).1° In the X (X = S, Se) ions, the lone-  (26) Many homopolyatomic cations of Groups 16 and 17 were disclosed
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ir electron f the X1 and X toms (i.e.. th tom to haver* —z* bond(s), see: Brownridge, S.; Krossing, |.; Passmore,
pair € e.C ons o € . and X5 a O. s (ie., e.a oms J.; Jenkins, H. D. B.; Roobottom, H. KCoord. Chem. Re 200Q
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to the through-space electron delocalization (Figure 3). Such(27) gelzxzd* was recBently d[ijsclossed g) have twg SSetSJS(Sa*n}:(I ) c
. onas, see: rownriage, s.; Cameron, |. S.; Du, R.; Knapp, C.;

effects account for the shortening of the-X bonds around Koppe, R.: Passmore, J.; Rautiainen, J. M.: Sckeb H.Inorg. Chem

X1 and X517 2005 44, 1660 and references therein.
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