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ABSTRACT: Optimizations are carried out
on heterocyclic benzenes including oxabenzene
(1O), thiabenzene (1S), selenabenzene (1Se), tel-
lurabenzene (1Te), 1,1-dihydropyridinium (2N),
1,1-dihydrophosphinium (2P), 1,1-dihydroarsinium
(2As), and 1,1-dihydrostybinium (2Sb), using HF
and DFT methods with 6-311++G* basis sets.
These partly aromatic compounds have 6π -electrons
showing ylide character. Nonplanar boat conform-
ers appear as global minima for 1X. In contrast,
planar conformers are the most stable in 2X series.
The inversion barrier energy of heteroatom in 1O

appears the least in 1X structures. Ylide character
increases in series 1X and 2X with the orders of
1Te > 1O > 1Se > 1S and 2As > 2N > 2Sb > 2P, respec-
tively. Homodesmic studies show stability order
for series 1X to be 1S > 1Se > 1Te > 1O, whereas the
order of stability for series 2X is 2As > 2P > 2Sb > 2N.
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INTRODUCTION

Ylides may form via connecting a carbon atom car-
rying an unshared pair of electrons with phosphorus
[1], nitrogen [2], sulfur [3], arsenic [4], or selenium
[5]. Phosphorus ylides, discovered by Staudinger
and Meyer in 1919 [6], are used in the Wittig re-
actions [7]. Various investigations are performed on
interesting structure and reactivity of phosphorus
ylides [8]. This more thorough study of the phos-
phorus ylide is primarily due to its greater stabil-
ity in solution, its greater ease of preparation, and
its greater synthetic utility (the Wittig reagent) com-
pared to the same characteristics of trimethylammo-
nium methylide [9]. Although phosphorus ylides are
used widely, interest into the applications of sulfur
ylides to synthetic problems has been stimulated by
the work of Corey and Jautelat [10]. Sulfur ylides is
generally performed α′-β elimination, Stevens rear-
rangement, and 2,3-sigmatropic rearrangement [11].

In 1947, Wittig observed that the treatment of
tetramethylammonium bromide with phenyllithium
in ether results in proton abstraction giving a nitro-
gen ylide [12].

Recently, Lloyd and coworkers have prepared
a series of heteronium ylides of groups V and
VI including selenium and tellurium [5,13,14].
Monoylides of arsenic are found thermally quite un-
stable materials [15–18].

Among the ylides, thiabenzene reported by Price
and Suld [19] is of interest to chemists owing to
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in situ generation and Stevens’s rearrangement to
thiopyrans [20–24]. This ylide has partly aromatic
and ylide character.

Carbon atoms may form π bonds through pπ–pπ

orbital overlaps with the first row atoms in the peri-
odic table. While with the second row elements, such
as phosphorus and sulfur, carbon does not generally
form stable double bonds. This is due to the long dis-
tance between the parallel p orbitals involved, where
little amount of overlap occurs. It was previously be-
lieved that the pπ–dπ bond is formed by the over-
lap between the filled p orbital from carbon with an
empty d orbital from a second row atom. Also, it was
previously assumed that the pπ–dπ bonding allows
two canonical forms to be considered for phospho-
rus (C P) and sulfur (C S) ylides. Nevertheless, our
calculations reveal no strong d-orbital participation
in bonding.

Following our work on thiopyrans [25,26], here
we take up the comparison of ylidic character and
stability in heterocyclic benzenes.

METHOD OF CALCULATIONS

The Gaussian 98 system of programs is employed for
the geometry optimizations on 1X and 2X at HF/6-
311++G* and B3LYP/6-311++G* levels of theory
[27–29]. The former optimized geometrical outputs
are used as inputs for the B3LYB/6-311++G* cal-
culations; obtaining more accurate values of acti-
vation electronic energies (E), enthalpies (H), and
Gibbs free energies (G). To find energy minima, key-
word “FOPT” is used. This keyword requests for a
geometry optimization to be performed. The geom-
etry will be adjusted until a stationary point on the
potential surface is found. Here, the Berny algorithm
is employed for all minimizations, using redundant
internal coordinates [30]. For minimum state struc-
tures, only real frequency values are accepted. The
calculations exhibit systematic errors and thus bene-
fit from scaling. Thermodynamic functions obtained

SCHEME 1 Derivatives of heterocyclic benzenes 1X and 2X.

through frequency calculations are multiplied by the
scaling factor of 0.89 as suggested by Hout and
Hehre [31] for HF/6-31G* and by the scaling fac-
tor of 0.99 as suggested by Rauhut and Pulay [32]
for B3LYP/6-31G*. For heavy atoms, such as Te and
Sb, the calculation was done with the McGrath and
Curtiss basis set using “Extrabasis” keyword (het-
eroatoms are optimized using the LANL2DZ basis
set) [33].

RESULTS AND DISCUSSION

In this paper, possibilities of homoaromatic-
ity and ylide characters are investigated for
the 6π -electrons containing heterocyclic benzenes
that incorporate group 16 elements: oxabenzene
(1O), thiabenzene (1S), selenabenzene (1Se), tel-
lurabenzene (1Te), along with those incorporat-
ing group 15 elements: 1,1-dihydropyridinium (2N),
1,1-dihydrophosphinium (2P), 1,1-dihydroarsinium
(2As), and 1,1-dihydrostybinium (2Sb) (Scheme 1).
The electronic thermal energies, thermal enthalpies,
and thermal free energies for 1X and 2X are calcu-
lated at various levels of theory (Fig. 1). To measure
the extent of stability attained through homoaro-
maticity for 1X and/or 2X, the homodesmic method
is employed [34]. This method, which is based on
cyclic and acyclic reference system, is customarily
used for measuring the stability of six-membered π -
electron systems involving aromatic, homoaromatic,
nonaromatic, and antiaromatic species. Here, the
energies of starting materials 1X and C4H6 are sub-
tracted from their corresponding homodesmic prod-
ucts 1X′ (Scheme 2). Similarly, the energies of start-
ing materials 2X and C4H6 are subtracted from their
corresponding homodesmic products 2X′ . The trend
of relative stability, �ET, for 1X series calculated at
B3LYP/6-311++G* level is 1S (15.0 kcal/mol) > 1Se

(14.6 kcal/mol) > 1Te (11.7 kcal/mol) > 1O (−4.6
kcal/mol). These results are consistent with the ex-
perimental data on the stability of related ylides
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FIGURE 1 Optimized structures of heterocyclic benzenes 1X and 2X. White balls are hydrogen atoms.

[9]. Structure 1O is the least stable for two reasons.
First, placing a positive charge on oxygen, which is
the most electronegative among group 16 elements,
is the least desirable. Second, any contribution from
a benzene form for 1O contradicts the octet rule. The
order of stability of 1S,1Se, and 1Te is linearly pro-
portional to the electronegativity (correlation factor,
R2 = 0.997), whereas indirectly proportional to the
atomic volume and/or covalent radii of S, Se, and Te
(R2 = 0.994 and 0.907, respectively). In other words,
the decrease of stability from 1S toward 1Te may be

SCHEME 2 Homodesmic reaction between 1X, 2X and C4H6 forming the corresponding hypothetical products 1X′ or 2X′ .

due to the decrease of the overlap between the het-
eroatom (S, Se, and Te) and the adjacent carbons.

The trend of relative stability, �ET, for
2X series calculated at B3LYP/6-311++G* level
is 2As (14.8 kcal/mol) > 2P (14.1 kcal/mol) > 2Sb

(12.9 kcal/mol) > 2N (12.9 kcal/mol). Excluding 2N,
this trend coincides with the inverse trend of
atomic volume for group 15 elements: As (13.1) < P
(17.0) < Sb (18.4). Apparently, the larger the het-
eroatom in the six-member ring, the less stable is
the structure. A justification for the exclusion of 2N

Heteroatom Chemistry DOI 10.1002/hc
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from the above energy trend is due to its instabil-
ity for the reasons similar to those mentioned for
1O. Obviously, placing a positive charge on nitro-
gen, which is the most electronegative among group
15 elements, destabilizes 2N, whereas no stabilizing
contribution is possible from a benzene-type canon-
ical form for 2N because nitrogen lacks d orbital in
its valance electronic configuration, making such a
canonical form go against the octet rule.

Except for 1O, where the subtraction of the heat
of formation of the reactants from that of the prod-
uct is negative (Scheme 2), all the other compounds
with 1X and/or 2X structures appear homoaromatic.
This shows that the potential energy of their starting
materials is lower than those of the corresponding
products.

Change of basis set from 6-311++G* to
LANL2DZ was necessary to accommodate heavy
atoms (Te and Sb) in 1Te and 2Sb. Although such a
change often leads to discrepancies, the stability or-
ders appeared to follow the same trends regardless
of the basis sets employed.

It is previously reported that because of pπ–dπ

bonding, two canonical forms can be suggested for
phosphorus and sulfur (Scheme 3, ylide and ylene
forms), but there is only one for nitrogen and oxy-
gen. This leads to instability of nitrogen and oxygen
ylides. However, the bond order calculations show a
single bond for X1–C2, a double bond for C2–C3, and
a quasi double bond for C3–C4(Scheme 3a). There-
fore, there is no pπ–dπ bond between X1–C2 and/or
X1–C6.

The HOMO–LUMO energy separation has been
used as a simple indicator of kinetics stability [35].
A large HOMO–LUMO gap implies high kinetic sta-
bility and low chemical reactivity, because it is en-
ergetically favorable to add electrons to a high lying

SCHEME 3 (a) Partial conjugation in nonplanar 1X respon-
sible for dispersing of negative charge on C2 (C6) and C4.
(b) Continuous conjugation in the planar 1X responsible for
dispersing of negative charge on all of the carbon atoms.

FIGURE 2 Two possibility constructions for 1X. (a) Boat con-
former and (b) planar conformer.

LUMO, to extract electrons from a low-lying HOMO,
and so to form activated complex of any potential
reaction [35]. A large HOMO–LUMO gap for 1S, 2As,
and 2P shows their high stability that confirmed the
homodesmic procedure.

Compounds of 1X and 2X would have different
proton substitutions on the ring. The charge on C2,
C4, as well as C6 is generally negative and on S1,
C3, as well as C5 is positive. The order of the Mul-
liken charge changes on X1 is 1Te (0.5) > 1O (0.3) > 1Se

(0.2) > 1S (0.1) and 2As (0.6) > 2N (0.4) > 2Sb (0.3) > 2P

(0.1). This charge distribution on X1 and adjacent
carbon atoms confirms the extent of ylide character.
The positive charge on X1 atom in contrast to the
negative charge on adjacent carbons increases from
1S to 1Te as well as from 2P to 2Sb. The charge on X1

for 1S and/or 2P in the series is lowest and for 1O and
2N is highest. Therefore, 1O and 2N show the absolute
ylide forms. The dipole moment also confirms the
extent of ylide character. Hortmann and coworkers
proposed the perfect resonance of negative charge
on C2 and C4 (Scheme 3b) [36]. Nevertheless, the

FIGURE 3 Changes of inversion barrier energy (kcal/mol)
through scanning the torsion angle (Å) of � C2–X1–C6–H7 for
1X.
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TABLE 1 Single Point Energy (with B3LYP/6-311++G* level, hartree) for Both Planar and Boat Conformer and Their Difference
Energy (hartree and kcal/mol) of 1X

Compound Planar Form Boat Form �E(hartree) �E(kcal/mol)

1O −269.213 −269.272 0.059 37.157
1S −592.182 −592.294 0.112 70.152
1Se −2595.505 −2595.622 0.116 73.062
1Te −201.986 −202.110 0.124 77.705

charge distribution on C2 and C4 shows partly reso-
nance of negative charge (Scheme 3a).

The B3LYP/6-311++G* calculated geometrical
parameters are presented. The bond lengths X1–C2

in contrast to C2–C3 decrease from 1O to 1S as well
as from 2N to 2P. The bond lengths of 1S, 1Se, 1Te as
well as 2P, 2As, 2Sb are not significantly changed. The
order of bond length of X1–H is 1O < 1S < 1Se < 1d

and 2N < 2P < 2As < 2Sb. These orders are reasonably
related to more electropositivity of 1Te and/or 2Sb.
The C1–C2–C3 and C2–X1–C6 in contrast to C3–C4–C5

increase from 1O to 1Te as well as from 2N to 2Sb.
The dihedral angles of C2–X1–C6–C5, X1–C2–C3–C4,
and C2–C3–C4–C5 increase from 1O to 1Te. The order
of dihedral angle C2–X1–C6–C5 (with the B3LYP/6-
311++G* level) is 1O 18.5 > 1S 17.9 > 1Se 15.4 > 1Te

13.2 and 2N –15.8 > 2P = 2As = 2Sb = 0. These orders
show the C X C C dihedral angle for 1X is out
of the plane and for 2x is in the plane. Unshared
electrons on sulfur and ylide character as well as
low overlap between heteroatom and carbon orbitals
may be the reason for the boat structure of 1X (see
Fig. 2). Conjugation of π -system in the ring tends
to more planarity of 2x. Interestingly, for two basis
sets two conformers are found for 2N (Fig. 1). Con-
formers 2N and 2N′′ are obtained with 6-311++G*
and 6-31G* basis sets using the identical methods,
respectively.

Compounds 1X could be in two boat and planar
conformers. In inversion process, p orbital on a sul-
fur atom containing an unshared electron becomes
parallel to adjacent p orbitals on the carbons. This
leads to a strong repulse interaction and diminish
the conjugation of π electrons. Scanning of the tor-
sion angle � C2–X1–C6–C5 was carried out to study the
inversion barrier energy of the heteroatom atom for
1X (Fig. 3). Also, single-point energies are calculated
for both plane and boat conformers (Table 1). This
energy difference may be related to inversion barrier.
The order of difference in energies in kcal/mol is 1O

(37.2) < 1S (70.1) < 1Se (73.1) < 1Te (77.7). This order
shows a significant energy barrier between 1O and
others. The small size of oxygen may led to the lowest
barrier energy of 1O than 1x. In contrast, compounds
2x have just planar conformer (Scheme 3b). Con-

jugation of π-system in the ring tends to planarity.
Therefore, planar conformer has six electrons, ho-
moaromatic, and stable.

CONCLUSIONS

We have reasonably provided evidence of the bond-
ing model for 1-heterocyclic benzenes 1X and 2X

consistent with the experimental observation. The
molecular structure of heterocyclic benzenes 1X and
2X is studied using ab initio calculations with the HF
and DFT methods and 6-31G* as well as 6-311++G*
basis sets. These compounds have 6π -electrons with
homoaromatic and ylide character. Boat conformer
for 1X and planar conformer for 2X are stable and
have homoaromatic character. The stability of 1X

and 2X is compared with a typical homodesmic re-
action. The B3LYP/6-311++G* calculated stability
of each series is as follows: 1S > 1Se > 1Te > 1O and
2As > 2P > 2Sb > 2N. The order of inversion barrier en-
ergy of heteroatom for 1X is 1Te > 1Se > 1S > 1O.

SUPPLEMENTARY MATERIAL

Table 1 showing “sum of electronic and thermal en-
ergies (E), thermal enthalpies (H), thermal Gibbs
free energies (G) in kcal/mol for heterocyclic ben-
zenes 1X and 2X and other species occurring in ho-
modesmic reaction” and Table 2 showing “energy
difference between 1X and 2X and the corresponding
homodesmic products: sum of electronic and ther-
mal energies, �ET; sum of electronic and thermal
enthalpies, �HT; sum of electronic and thermal free
energies, �GT” are available from the corresponding
author on request.
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