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ABSTRACT

DFT studies on [N]chalcogena[N]pericyclynes (n ) 3−6, 8) demonstrate their relative stability and hence their possible existence as stable
species. By minimizing repulsive interactions between the chalcogens’ lone pairs, the molecules adopt structures that resemble, in shape,
cycloalkanes or elemental chalcogens. [3]Chalcogena[3]pericyclynes may be interconverted with their valence tautomers, benzene derivatives
with three fused three-membered rings.

Highly symmetric compounds have attracted the interest of
chemists for decades. One motivation behind the interest in
these compounds is certainly their aesthetic appearance.
Many of them are formed by the repetitive arrangement of
subunits. Examples are shape-persistent macrocycles,1 belt-
phanes,2 radialenes,3 or even pericyclynes,4 just to name a
few of them. The term [N]pericyclyne connotes the presence
of n acetylene functionalities on every side of the ring.4

Furthermore, the numeral prefix [N] indicates the number
of corners that are saturated moieties, e.g., CMe2,5 PR,6 or
S. From a synthetic as well as theoretical point of view, these
rather simple molecules are challenging and attractive
research targets. In many cases, these cycles are characterized
by strong electronic interactions between the subunits.4,6 In
some cases, especially with carbon,4,5 silicon,7 and phos-
phorus6 as bridging atoms, their synthesis was successful
(e.g.,1). Other pericyclynes such as the tetracation2 were
only investigated by theoretical methods.8

Attempts to synthesize S4C8 have also been in vain.9

Nevertheless, recently, acyclic oligoacetylenic sulfides with
bulky protecting groups have been investigated spectroscopi-
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cally.10 However, to the best of our knowledge, to date no
pericyclinic structures that consist only of carbon and
chalcogens have been elucidated.

As part of our in-depth study of electron-rich alkynes11-13

we report here on our ab initio studies of cyclic binaric
compounds containing only chalcogens and acetylene units,
which we refer to as [N]chalcogena[N]pericyclynes. A large
variety of chalcogen-containing pericyclynes3(n)-6(n) (n
) 3-6, 8)14 were optimized by DFT methods (B3LYP/6-
311G(d)),15-17 the calculations were carried out with Gauss-
ian 98.18 For n ) 3, the valence tautomers7-10 were also
studied by computational means. All the [N]chalcogena[N]-
pericyclynes were shown to be minima on the potential
energy surface in a singlet ground state by calculating the
force constants (NImag) 0). Possible triplet structures are
remarkably higher in energy, e.g.,4(4) ) 206 kJ/mol.

A comparison of their most important geometrical features
(distancesd(CC), angles C-X-C at the corners, X-C-C
indicating distortions from the usual acetylene geometry, and
torsional anglesø between the XCCX units) is given in
Tables 1 and 2. The CtC bond lengthsd(CC) are always
close to 120 pm. In contrast, the angles C-X-C, X-C-C,
andø vary considerably.

For the larger cycles, C-X-C andø tend toward a limit.
In the first case (C-X-C), this limit is close to the angles
C-X-C in the series of H2X for X ) O, S, Se, and Te. In
the latter case, the limit forø is always close to 90°. This
dependency ofø(n) can easily be understood by realizing a
minimum of repulsion energy between the lone pairs. The
minimum is reached when a perpendicular conformation (ø
) 90°) is adopted. Furthermore, in Tables 1 and 2 we list

for each pericyclyne the heat of formation (∆Hf) and the
strain energyEstrain(XCC) per XCC fragment. Concerning
∆Hf, we omitted a BSSE correction;16 therefore, the values
have to be taken with a grain of salt. All the compounds are
highly endothermic relative to their elements. To get a
reference for the calculation ofEstrain(XCC), we defined that
the largest calculated pericyclynes, the [8]chalcogena[8]-
pericyclynes, do not have any strain. Therefore, in Tables 1
and 2, n ) 8 shows a value of 0. Generally, a strong
dependency onn and X is observed. As anticipated, the larger
n is, the moreEstrain(XCC) is reduced. Also, the use of heavier
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Table 1. Heat of Formation (∆Hf), Strain EnergiesEstrain (Per
XCC Unit), and Bond Lengths and Angles for Oxapericyclynes
3(n) and Thiapericyclynes4(n) (at the B3LYP/6-311G(d) Level)

compd
∆Hf

[kJ/mol]
Estrain(XCC)

[kJ/mol]
C-X-C

[deg]
X-C-C

[deg]
d(CC)
[pm]

ø
[deg]b

3(3) D3h 627 214.2 101.2 159.4 119.8 0.0
3(4) D2d 644 94.4 108.3 170.9 119.1 0.01
3(5) C2 729 42.1 112.8 177.6a 119.0 0.06

112.8 119.0 0.08
112.8 119.0 0.12

3(6) D3d 844 19.3 115.0 178.6 119.0 42.2
3(8) D4d 1100 0 117.0 177.2 119.0 77.1
4(3) D3h 691 41.8 91.6 164.2 121.2 0.0
4(4) D2d 812 14.5 99.0 170.2 121.4 48.8
4(5) C2 986 8.7 100.5 174.6a 121.1 31.7

100.9 121.1 67.4
101.8 121.4 70.1

4(6) D3d 1141 1.8 102.5 177.4 121.3 76.9
4(8) D4d 1506 0 103.9 173.2 121.4 91.4

a Mean value.b ø describes the torsional angle C-X‚‚‚X-C.

Table 2. Heat of Formation (∆Hf), Strain EnergiesEStrain (Per
XCC Unit), and Bond Lengths and Angles for
Selenapericyclynes5(n) and Tellurapericyclynes6(n) (at the
B3LYP/6-311G(d) Level)

compd
∆Hf

[kJ/mol]
Estrain(XCC)

[kJ/mol]
C-X-C

[deg]
X-C-C

[deg]
d(CC)
[pm]

ø
[deg]b

5(3) D3h 829 32.7 90.1 164.9 121.3 0.0
5(4) D2d 1021 11.6 96.3 171.9 121.4 48.0
5(5) C2 1252 6.8 98.1 175.5a 121.2 30.4

98.3 121.4 66.6
99.1 121.4 71.0

5(6) D3d 1469 1.1 99.8 177.0 121.4 78.1
5(8) D4d 1950 0 101.0 173.1 121.5 93.8
6(3) D3h 816 26.6 89.3 165.3 121.6 0.0
6(4) D2d 1019 9.2 94.8 172.0 121.8 50.6
6(5) C2 1255 5.6 96.3 121.6 31.8

96.9 175.3a 121.8 69.5
97.6 121.8 73.6

6(6) D3d 1478 4.2 98.0 177.0 121.9 80.7
6(8) D4d 1965 0 99.1 173.3 121.9 96.1

a Mean value.b ø describes the torsional angle C-X‚‚‚X-C.
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chalcogens decreases the strain of the cycles. This observa-
tion is in line with the behavior of C-X-C and ø as a
function of n: the heavier the chalcogen atom, the smaller
the angle C-X-C, the less disfavored are the smaller cycles.

The minimum structures for the calculated [3]pericyclynes
3(3), 4(3), 5(3), and6(3) revealD3h symmetry showing bent
triangles. In the case of the [4]pericyclynes3(4),4(4),5(4),
and6(4), the minima showD2d symmetry as does cyclobu-
tane (see Figure 1). These envelope-like structures intercon-

vert via a D4h symmetric transition state. The inversion
barriers (Table 3) are strongly dependent on the chalcogen

in the corners. [4]Oxa[4]pericyclyne3(4) shows an almost
D4h symmetrical square (Figure 1). This behavior can be
rationalized in terms of NBO interactions. Such an analysis
reveals that the magnitude of the inversion barriers results
essentially as a compromise of two effects: the overlap
between the lone pairs at the chalcogen atoms and theπ*
orbitals of the triple bonds and the energy difference between
these orbitals. The overlap decreases from oxygen to
tellurium. The same holds for the energy difference of these
orbitals: its largest value is found for oxygen, its smallest
for tellurium. As a result, the highest inversion barrier is
found for the sulfur congener4(4); for the oxygen congener
3(4), the high strain energy overcomes the relatively small
repulsion energy between the oxygens’ lone pairs. Thus, a
structure with only negligible deviations from an exact square
results. A similar structure was also proposed for the
tetracation2.8

The favored geometries of the [5]chalcogena[5]pericyclynes
showC2 symmetry also in order to minimize the torsional
strain between the chalcogens’ lone pairs. Higher pericy-
clynes behave similarly. For the [6]chalcogena[6]pericyclynes,
the global minimum is a chairlike structure (D3d) as shown
for 4(6) in Figure 2. Since pericyclynes can be viewed as
expanded cycloalkanes and chalcogenapericyclynes as ex-
panded chalcogen structures, other possible conformations

should also be accessible. This reasoning prompted us to
explore the inversion process of4(6) (Figure 3).

On the potential surface, we located the chair conformation
(D3d) as global minimum and the boat conformation (C2V)
as a local minimum. The transition state between chair and
boat conformation, the half-chair conformation (C2), is 39.0
kJ/mol higher in energy than the chair and 12.4 kJ/mol higher
in energy than the boat conformation. Between the flexible
boat conformations, we find as a transition state a twist
conformation. A comparison with the well-known energy
profile of cyclohexane19 shows similarities and differences.
The value of the activation energy for both inversion
processes (cyclohexane about 45 kJ/mol)19 and the confor-
mation of the transition state is similar. In variance with the
energy profile of cyclohexane is the finding that the boat
conformation is a local minimum and the twist conformation
is a transition state between the boat conformations. The
energy difference for both was calculated to be 1.4 kJ/mol.

In particular, the [8]chalcogena[8]pericyclynes illustrate
the structural relationships to chalcogens such as S8 and Se8.
Exploded crown-like structures (D4d) are observed where the
acetylene unit serves as a rigid and (concerning the repulsion
of the lone pairs) electronically active relais. The crownlike
structure is shown for the selenium congener5(8) in Figure
4.

In the case of the [3]pericyclynes, their valence tautomers
7-10, the corresponding benzene derivatives with three

Figure 1. Optimized structures of3(4) (left) and4(4) (right).

Table 3. Inversion Barriersa for [4]Pericyclynes3(4)-6(4) (at
the B3LYP/6-311G(d) Level)

compd 3(4) 4(4) 5(4) 6(4)
inversion barriera [kJ/mol] 0.2 28.5 18.9 18.1

a Starting with theD2d-symmetric molecule via aD4h-symmetric transition
state.

Figure 2. Optimized structure of4(6).

Figure 3. Energy profile of [6]thia[6]pericyclyne (4(6)).

Org. Lett., Vol. 6, No. 4, 2004 591



annelated three-membered rings, were also investigated. The
compounds7-10might be formed from the corresponding
pericyclynes via an allowed [π2s+ π2s+ π2s] cycloaddition
process. Figure 5 shows a comparison between the planar

structures of6(3)and10. In Table 4 we list the most relevant
geometrical parameters calculated. It is seen that the lighter

the chalcogen is, the more a bond-localized cyclohexatriene
structure is adopted. In benzotrisoxirene7, the difference
(∆d) between the CdC double-bond and C-C single-bond
lengths amounts to 9.5 pm, whereas in the corresponding
tellurium congener10, this value decreases to 4.1 pm. This
result can be rationalized by considering electronic effects.
The smaller the chalcogen is, the better the orbital overlap

between the p orbitals of the chalcogen and the carbon atoms.
To avoid an unfavored (antiaromatic) 4π system in the three-
membered rings, bond localization in the central benzene
ring is favored. An NBO analysis and a comparison of the
corresponding bond indices confirm this view. These com-
putational results are in line with experimental studies of
cyclobutadiene fused benzenes,20 which also adopt cyclo-
hexatriene-like structures. To our surprise, the NICS values,21

calculated in the center of the six-membered ring (Table 4),
were not reduced at all relative to that of benzene (-9.4).
This result confirms the relative insensitivity of NICSs to
geometry variations in aromatic systems.21 It is interesting
to note that for the heavier chalcogens (Se, Te), the benzene
derivatives 9 and 10 should be more stable than the
corresponding pericyclynes, whereas for C6O3 and C6S3,
structures with triple bonds should be favored.

An NBO analysis of3(3)-6(3) reveals that only3(3)
possesses transannular interaction (homoaromaticity for3-
(3)). As a result of this interaction, the bond index of the
triple bond is reduced from 2.7 to 1.8. For4(3)-6(3), the
homoaromatic interaction was found to be negligible.

Our investigations demonstrate that [N]chalcogena[N]-
pericyclynes are local minima on their potential energy
surface possessing a singlet ground state. Most of their
structures are determined by interactions between the chal-
cogens’ lone pairs. Due to a minimum of repulsion, an almost
perpendicular arrangement of their p orbitals is, whenever
possible, favorable. Many of their molecular structures
resemble, in shape, cycloalkanes or elemental chalcogens
such as S8. In the case of [3]chalcogena[3]pericyclynes, for
the heavier chalcogens (Se, Te), a benzene-like structure is
calculated to be more stable than the acetylenic one. All these
highly remarkable molecules are still waiting to be synthe-
sized.
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Figure 4. Optimized structure of5(8).

Figure 5. Optimized structures of the pericyclyne6(3) and the
benzene derivative10.

Table 4. Stabilization EnergiesEstab (vs Corresponding
Pericyclyne) and Bond Lengths and Angles for Benzene
Derivatives7-10 (at the B3LYP/6-311G(d) Level)

7a 8 9 10

∆Hf [kJ/mol] 780 719 805 799
Estab [kJ/mol]b -153.4 -28.2 +24.0 +17.2
d(C-C) [pm]

(WBI)c
139.9 (0.92) 140.4 (1.14) 139.3 (1.24) 139.1 (1.31)

d(CdC) [pm]
(WBI)c

130.4 (1.78) 133.0 (1.59) 134.1 (1.55) 135.0 (1.50)

∆d [pm] 9.5 7.4 5.2 4.1
d(C-X) [pm] 144.0 179.6 195.0 212.3
X-C-X [°] 58.1 46.0 41.8 38.3
NICS [ppm] -14.6 -10.2 -12.1 -12.9

a From ref 22. b Positive sign (+) indicates that the benzene derivative
is more stable than the pericyclyne.c WBI: Wiberg bond index.
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