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. Introduction

Among the theoretical concepts that constitute the
rational basis of modern organic chemistry, the
concept of aromaticity is one of the most general but
also vaguely defined constructs. Aromaticity is dis-
cussed in terms of structural (bond length alterna-
tion, planarity), magnetic (anisotropy and exaltation
of magnetic susceptibility, *H NMR and nuclear
independent chemical shifts—NICS), and energetic
(stabilization energies) criteria.’~® Additional stabi-
lization caused by the cyclic electron delocalization
represents the most important feature of the aro-
matic character of a compound. Such an effect
manifests itself in a broad variety of z-conjugated
organic and organometallic ring systems, for which
reason aromaticity as a theoretical concept and the
terms “aromaticity” and “aromatic” appeared to be
among the most often used in organic chemistry.®
While being introduced for the description of specific
chemical, structural, and magnetic properties of
conjugated hydrocarbons, before long the concept of
aromaticity was extended to various other types of
compounds, first of all to conjugated heterocycles
displaying cyclic electron delocalization.®”° By sub-
stituting CH (CR) units in a conjugated cyclic hydro-
carbon by heteroatoms divided into three main types
X, Y, and Z depending on the number of electrons in
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the p, orbital of the sp2-hybridized atom and by
applying, along with the general (4n + 2) rule, the
so-called semiempirical aromatic electronegativity
constants attributed to each particular center,'® one
can derive a reasonably good approach to prediction
of the aromatic (or antiaromatic) character of a given
heterocycle.

This approach does not, however, account for a
special type of heteroatoms that possesses expanded
valence electron shells, i.e., those in their hypervalent
state. A long-known and amply discussed'!~** ex-
ample of the heteroaromatic compounds containing
such a heteroatom is given by 1,6,6a1*trithiapental-
ene and related compounds 1. The structures of the
parent trithiapentalene 1 (X =Y =S, A=B = CH,
Z = C) and its symmetrically substituted derivatives
and analogues have C,, symmetry. Therefore, they
cannot be represented by a single Lewis structure
and have to be treated as either no bond resonance
la < 1a' or resonance of the two forms 1b < 1b'
containing three-center, four-electron Y—X—Y bonds.

1 Se, Te, NR, PR, AsR, SbR, BiR;

=S,
=0, S, Se, NR; A=B=C(R), N; Z=N, C

S s—S S——S |S
W W
1a 1a’

X
Y

+ - +
s S——Ss——=S

]—S—S |
W W
1b 1b’

The bonding type realized in the latter case implies
formation of familiar o-orbitals of the hypervalent
(i.e., expanding its valence shell beyond the limits of
the Lewis octet rule) T-shaped electron-rich center
also bearing two lone pairs that can be presented as
their symmetry-adapted MO equivalents.*>1 The b,
lone pair contributes to the formation of the aromatic
decet of the bicyclic species 1b, thus providing for the
extra stability of its C,, structure.

% ©

B |

a) by

X=F,ClBrLS, Se. Te,, P¥, As”, Sb™°, Bi”

Depending on the nature of the central atom X and
ring centers Y and Z, the molecules 1 may undergo
deformations of two types, each resulting in destroy-
ing the aromatic electron configuration (Scheme 1).

The energy released upon the isomerization 1 =3
due to folding along the X—Z bond may serve as a
measure of aromaticity of the planar structure 1,
even though corrections are to be made as to conver-
sion of one three-center, four-electron Y—X-Y bond
to two covalent X—Y bonds. Conformational rear-
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Scheme 1

rangement of this type associated with the phenom-
enon of “electromorphism”&1® was considered as
characteristic for the tricoordinated hypervalent
pnictogen (X = P, As, Sh; Z = N) compounds. It was
well documented for derivatives of 5-aza-2,8-dioxa-
1-phosphabicyclo[3.3.0]octa-2,4,6-triene 3 (X = P, Y
=0, Z =N, A= B = CH).*®20 No such distortion
has so far been registered for the isoelectronic dioxa-
chalcapentalenes 1 (X =S, Se, Te, Y =0,A=B =
CH, Z = C) because it requires separation of charges
along the X—Z bond in the isomer 3 (e.g., S*—C~ in
1,6-dioxa-6a-thiapentalene). Instead of this, the type
1 compounds with tricoordinated chalcogen centers
X are known to be influenced by the tendency for
lateral distortions 1 = 2. Extensive X-ray crystal-
lography studies have shown that the two X-Y
distances in all unsymmetrically substituted trithia-
pentalenes, 1,6-dioxa-6a-chalcapentalenes and their
analogues (X = Chalc, Y = O, Chalc, NR) differ in
their length, one of them being significantly elon-
gated compared to the standard covalent X-Y
bond.122122 At the same time, these molecules retain
the sterically strained Cs-symmetric structure 2 with
cis-configuration about the Z=B bond, which ensures
strong attractive intramolecular interaction between
the formally nonbonded closed electron-shell centers
X and Y.

The nature and chemical and structural conse-
guences of the X:--Y interactions of this type occur-
ring between two electron-abundant main-group 15—
17 (VA—VIIA) element centers within a molecule
have drawn special attention of both experimentalists
and theorists and are a topic of rapidly growing
interest.?~30 An important feature of the X:--Y bonds
is strong dependence of their strength and lengths
on the nature of the interacting centers and the
electronegativity of the attached substituents. By
varying these factors in a series of compounds with
similar molecular frameworks, it is possible to cover
a wide range of intramolecular distances, from those
approaching values characteristic of covalent X-Y
bonds to those close to van der Waals (vdW) contacts.
This trend is illustrated by an excerpt of X-ray
structural data for the organochalcogen (X = Chalc)
compounds with conjugated five-membered chelate
rings, which are the fragments of structure 2 (Figure
1).

On the basis of the theoretical work performed at
the HF level with basis sets STO-3G, 3-21G, and
3-21G*, it was concluded that the principal factor
that accounts for this tendency and, in general, for
the strength of a X:-+Y bond is donation of an electron
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Figure 1. X-ray structural data (Chalcogen-+-O bond length, d in A) and the covalency ratio factors, y, calculated on the
basis of Bondi%” covalent and van der Waals radii. ZRyqw (S, O) = 3.30 A, ZRyqw (Se, O) = 3.40 A, ZRqw (Te, O) = 3.60 A.

pair from the highest sz or n orbitals of Y to the lowest
lying o* orbital of the neighboring center X. This
interaction, which corresponds to the no—og,,_g type
(negative hyperconjugation) in compounds 4—6, leads
to expansion of the valence shell of the chalcogen
atoms, for which reason bonds of this type were
suggested to be qualified as “premature hypervalent
bonds”.?* The degree of this expansion may be
characterized by the so-called covalency ratio factor
y introduced by Weinhold and co-workers3®

_ (Rx + RY) - dxv
(Rx tRy) —(rx*ry)

x 1)

where Rx and Ry stand for van der Waals and rx and
ry for covalent radii of the interacting centers, dxy
being the experimentally determined (or calculated)
contact.

As seen from the experimental data on the
Chalc---O distances shown in Figure 1 and the
corresponding y values calculated based on these
data, the secondary Chalc:-:O bonds in all the
compounds are much shorter than the sum of the van
der Waals radii of respective atoms and in some of
the compounds, e.g., 5b, 6b, 6¢, are almost indistin-
guishable in their lengths from the corresponding
covalent two-center, two-electron bonds. At the same
time, the R—Chalc bonds in compounds 4-6
are significantly elongated. Owing to very short
ClTe---O and ClSe:--O contacts in derivatives of
p-chalcovinylaldehydes 7 (X =S, Se, Te; Y = O), these
compounds are considered, indeed, as the true het-
erocycles, respectively, 1,2-oxatellurolyl-1-ium and

1,2-oxaselenolyl-1-ium chlorides.®63%4° Their elec-
tronic structure can, therefore, be described as the
resonance hybrid of the structures with six-electron
delocalized m-systems. The chemical behavior of
compounds 7 (retention of the structural type in
reactions with electrophiles, readiness to ionization
of the R—X bond under treatment with supernucleo-
philes) well corresponds to the aromatic 7a < 7a' <

7a" but not to the heterodiene structure of the type
7_27,41,42

- + -+
R X—Y R x—1vY

g -y T

7 Ta 7a’ Ta”

High values of the covalency ratio factors for
compounds 4—6 are in line with the results of
calculations, e.g.,%>* employing the theory of atoms
in molecules (AIM),** which point to the existence of
a chemical bond between formally nonbonded chal-
cogen and oxygen atoms involved into the conjugated
five-membered rings 7. These findings justify the
attribution of a broad variety of type 7 compounds
to the pseudo-heterocycles containing s-electron sex-
tets in the ring and, therefore, acquiring substantial
aromatic character. On the contrary, in this review
paper we do not assign to aromatics such compounds
as thiazole and thiadiazole-1 of 1-dioxides*® or 1,1,1-
trifluorothiabenzene“® 8, in which no vacant or a lone
electron pair orbital of 7-symmetry is located at the
hypervalent center incorporated into the unsaturated
ring. Although the RHF (DZ + P) calculations®
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addressed the question “whether an intimate fusion
of aromaticity with hypervalency is possible”, it was
found that the C; ring structure 8a is consistent with
aromaticity (notable equalization of the CC distances
in the ring); it does not correspond to a minimum on
the PES. For the stable C; structure 8b, the calcula-
tions*® revealed significant alternation of the CC bond
lengths. The lack of the aromatic character in 8 and
other compounds of similar type is in accord with
recent theoretical analyses*”~*° which showed that
multiply bonded molecules of main-group 15—17
elements, traditionally treated as hypervalent, are
better described in terms of the ionic structures. No
evidence was found for double bonding at four- and
higher-coordinated sulfur or selenium atoms, which
for a long time has been a conventional way to
describe the structure of the molecules they form.

F
FF .
F\é/ F F"‘//, 'S o F\é‘/F
| Co o
J QU
8 8a 8b

ll. Five-Membered Rings with the Intramolecular
Coordination X=—Y Bonds (X = Chalc, Pnict, Hal;
Y =0,NR,S)

II.1. B-Chalcovinylaldehydes and Derivatives

A particular class of compounds 7 exhibiting the
shortest X---Y nonbonded contacts is S-chalcovinyl-
aldehydes 7 (X = S, Se, Te; Y = O) and their imines
(Y = NR). The high strength of the Chalc:-:Y (O, S,
NR) interaction in these compounds is elucidated by
the computational findings?*°°5! which showed that
the trans-cis-cis conformations 7 (R = H) with the
tricoordinated T-shaped chalcogen centers are roughly
energy equivalent to both cis-cis-cis conformations 7a,
ensuring formation of the intramolecular hydrogen
bonds (like that in the most stable conformation of
its oxygen analogue 7 (X = Y = 0)), and the
unstrained trans-trans-trans conformations 7b.

S S YNy,
SN
7@®R=H)  7a(R=H) b (R=H)
X=Y=0 Ej (kcal mol* 12.7 0 5.7
X=S, Y=0 0.3 0 1.0
X=Y=S 0 0.9

* MP2(full)/6-31G** computed values®”. There is no local minimum on the PES
for the planar structure 7a (X=Y=S).

The calculations?429305051 performed at various
levels of approximation predict that molecules of all
parent S-chalcovinylaldehydes and their imines, 7,
are planar with the Chalc---Y(O, NH) distances
significantly shortened compared to respective vdW
contacts. In accordance with the experimental data
(Figure 1), the degree of this shortening and, thus,
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Table 1. Homodesmotic Stabilization Energies (HSE)
of p-Chalcovinylaldehydes and Their Imines 7,
Energy Differences (AE) between the Ring-Closed
and Chain (7b) Isomers, and Energies of Stabilization
(Estab) of the Bimolecular Complexes 9 (in kcal mol™1)
as Calculated by MP2/LanL2DZ Method?:5°

9, 9,

XIR Y 7,dxv®  AE (7 —7b) dx.y® Eqa HSE
SIH O 2.980(2.780° —3.69(0.79) 3.465 0.7 2.0
SIH NH 2.974 ~1.4 3.707 14 1.1
SICI O 2.395(2.246° 5.0(65) 2833 41 26
S/ICI NH 2.041 17.0 2.640 47 14.7
Se/H O 2935 0.9 3.402 12 3.6
Se/H NH 2.855 1.5 3506 32 28
Se/lCl O 2.397 10.5 2.817 52 6.9
Se/Cl NH 2.089 23.7 2,557 8.0 187
TelH O 2.845 3.8 3.409 18 5.6
Te/lH NH 2.693 6.0 3.730 40 6.7
TelCl O 2.294 16.5 2568 6.3 12.5
Te/Cl NH 2.202 30.1 2.614 11.6 21.9

aThe distances X+-*Y in 7 and 9 (dx..y) are given in A.
b Structures 9 were constrained in a geometry similar to the
structure of the coordination sites of 7 (angles O-:-X—CHs and
X-+«O=C are about 90° and 120° respectively, all other
structural parameters being optimized). ¢ MP2(full)/6-31G**.
d From this point on, positive and negative signs at energy
values signify stabilization and destabilization, respectively.

the strength of the intramolecular coordination
Chalc—Y(0O, NH) bonds are strongly affected by the
electronegativity of the group R attached to the
chalcogen atom. As seen from Figure 2, which shows
the optimized geometries of -chalcovinylaldehydes,
the Chalc---O distance in 7 (Y = O) decreases by
about 0.5 A when the substituent R = H is replaced
by the more electronegative chlorine atom, R = CI.
In the tellurium compounds 7 (X = Te, R=CI, Y =
O, NH), the calculated Te---O distances (2.202 and
2.206 A, respectively) almost approach the length of
a normal covalent Te—O bond (2.03—2.15 A), whereas
for the sulfur analogues 7 (X =S, R =CI, Y = O,
NH), the difference between the calculated S-:-O
contacts and the length of a covalent S—O bond is
substantially larger (0.5—1.0 A depending on the
approximation).

The total gain in energy due to formation of the
secondary Chalc---Y bond of the hypervalent type in
the compounds 7 can be evaluated as the energy
difference (AE) between the ring-closed and chain
isomers, respectively, 7 and 7b. According to ab initio
(MP2/6-31G** and MP2/LanL2DZ) calculations,?® the
attractive interaction increases along the sequence
S, Se, Te and with an increase in the electronegativ-
ity of the substituent R attached to the chalcogen
center. Whereas the isomers 7 (X=S,R=H, Y =0,
NH) at various levels of approximation, up to MP2/
6-31+G**, are less stable than their unstrained
isomers 7b, for the tellurium (X = Te) analogues,
isomers 7 are energy preferable to 7b, even at the
RHF level of approximation. Replacement of the
hydrogen atom R =H in 7 (X = Te, Y = O, NH) by
the more electronegative chlorine atom results in an
increase in the energy of the Te:--O bond up to 16.5—
30 kcal mol~? (Table 1).

To evaluate the contribution of the aromatic sta-
bilization of the five-membered rings in compounds
7, an approach has been employed® based on the
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Figure 2. MP2(fc)/6-31+G** (MP2) and MP2/LanL2DZ (MP2/L) optimized geometries (distances in angstroms and angles
in degrees) for cis-s-cis and trans-s-trans isomers of g-chalcovinylaldehydes 7:2° (a) thiovinylaldehydes, (b) selenovinyl-
aldehydes, (c) tellurovinyl-aldehydes. Experimental data are given for compound 6c¢ (Figure 1).

concept of homodesmotic reactions designed to single
out that part of the stabilization which is caused by
the z-electron cyclic delocalization.>?-%* Although no
precise homodesmotic reaction (in which the number
of bonds of each formal type is retained in both
reactants and products) can be designed for com-
pounds such as 7, the reaction described by eq 2, in
which the bimolecular complexes 9 are the adducts
stabilized by the nx—o}_g interaction,?®° serves as
a sufficiently good approximation. The only deviation
from this demandable condition is the difference in

R—X----- |Y H>:
+ Y + CH, —
H)\(LH H

the number of Cspz—H and Cspo—H bonds in reactants
(4 and 5, correspondingly) and products (3 and 6).
However, a small difference in energy between a
Csps—H and a Cgpo—H bond is included into the HSE
values of all the compounds 7 under consideration
and does not, therefore, affect the principal conclu-
sions.

The HSE values for f-chalcovinylaldehydes and
their imines 7 are listed in Table 1 together with the
computed Chalc---O(NH) distances in 7 and com-
plexes 9. The energy of stabilization for a bimolecular
complex 9 is defined as the difference between the
total energy of the dimer and the combined energy
of the separated monomers. Aromaticity of the cyclic
structure 7, as defined by the HSE value, plays an
important role in stabilization of the ring-closed form.
Its relative contribution increases with an increase
in the covalency ratio factor of the secondary bond,
i.e., as the electronic structure of a compound ap-
proaches the 7a < 7b < 7c description. The HSE
values of the pseudo-heterocycles 7 listed in Table 1
constitute 10—40% of the HSE value of the prototype
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aromatic system of benzene (28.9 kcal mol-1)*¢
calculated at a similar level of approximation.

An important sign of the partial aromatic character
of f-chalcovinylaldehydes and their imines 7 is
significant equalization of lengths of the two carbon—
carbon bonds in the CH—CH=CH triad. As seen from
Figure 2, in the cyclic conformation of the chalcogenyl
chlorides 7 (X = Chalc, R = CI), the difference
between the lengths of the two CC bonds, Al, is 0.05—
0.09 A, the minimal value corresponding to the more
aromatic S-chlorotellurovinylaldehyde. For the less
aromatic parent compounds 7 (R = H), the values Al
= 0.09-0.11 A. At the same time, for the open
isomers 7b, the alternation is much larger (0.11—-0.16
A) and in contrast with 7 it is virtually unaffected
by the origin of the chalcogen center and the sub-
stituent R. These findings lend support to consider-
ation3® of derivatives of S-chlorochalcovinylaldehydes
7 (X =S, Te, Se, R = Cl) and their imines (Y = NH)
as the heterocycles, whose electronic structure is
described as the resonance hybrid 7a < 7a’ < 7a"
of the six-electron delocalized w-systems. Appreciable
elongation (about 0.3 A) of the Chalc—CI bond and
the large positive charge (about +0.5) on the chalco-
gen center in these compounds are consistent with
the significant contribution of the ionic resonance
structure 7a".

I1.2. 3-Thiopropenthiones

Consideration of electron correlation plays an
important role for the correct description of the
energetic and geometric parameters of the com-
pounds with the intermolecular or intramolecular
attractive nonbonded interactions between the elec-
tron-abundant centers.?62° Accounting for the elec-
tron correlation leads to significant enhancement of
the Chalc---O hypervalent interactions in 7 and
provides for additional delocalization of the electron
density associated with equalization of bond lengths
in their molecules. This effect is clearly illustrated
by the calculations® of structural and energetic
characteristics of the ring-closed, 7 (X =Y = S), and
ring-open, 7b (X = Y = S), isomers of 3-thiopro-
penthione (R = H) and its S-fluoro (R = F) derivative
(Figure 3).

The alternation of the CC bonds in the ring-closed
structures 7 (X = = §) is substantially lower
compared to that in their open isomers. This effect
is particularly pronounced in the S-fluoro derivative,
in which both CC bonds at the MP2(full)/6-31G**
level of approximation are predicted to have almost
equal lengths and the S---S distance is 1.43 A shorter
(y = 0.88) than the vdW contact. These features
justify presentation of the structure 7 (X =Y =S, R
= F) as the 1,2-dithiolium fluoride, i.e., its description
in terms of the no bond resonance 7a < 7a’ < 7a".

+ _ +

F—S=—S F §—S F$—3

o U N
7 (X=Y=S, R=F)

By using reaction scheme 2, where X =Y =S, R=
F, the high HSE value (15.9 kcal mol™t) has been
calculated for this compound.
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7 (X=Y=8, R=H), C, 7b (X=Y=S,R=H), C;

2.274 1.823

7 (X=Y=S, R=F), C 7b (X=Y=S, R=F), C

Figure 3. RHF/6-31G** (RHF) and MP2(full)/6-31G**
(MP2) optimized geometries (distances in angstroms and
angles in degrees) for 3-thiopropenthione and its S-fluoro
derivative.5!

I1.3. B-Pnictovinylaldehydes

In contrast with derivatives of -chalcogenovinyl-
aldehydes 7 (X = S, Se, Te) studied in considerable
detail, much less experimental and theoretical at-
tention has been given until recently to the isoelec-
tronic pnictogen (main-group elements N, P, As, Sb,
Bi) compounds 10 (7, X = PnR;), where similar
effects of the hypervalent type bonding and aroma-
ticity stabilizing ring-closed conformations may be
expected.

Tol-p
H H B—Bi 0
“Pn=—0 R—Pn— |
R i LS e
10 10a 10b 11

Pn=N, P, As, Sb, Bi

The ability of compounds 10 to form the intra-
molecular coordination Pn<—0 bonds is illustrated by
the X-ray-determined structure of (2-acetylphenyl)-
bromo(4-methylphenyl)bismuthane 11, in which a
strong hypervalent O—Bi—Br bond has been found
to occur through coordination of the carbonyl oxygen
atom to the bismuth center.®® The intramolecular
Bi--+O distance (2.519 A) in 11 is 1.2 A shorter than
the sum of the vdW radii (3.84 A),%¢ which corre-
sponds to a high magnitude of the covalency ratio
factor y = 0.74. On the other hand, the question about
the aromatic character of compounds 10 is not so
clear. The difference in the electronic structure of
derivatives of -chalcovinylaldehydes 7 (X = Chalc,
Y = O) and their pnictogen analogues 10 (Pn = P,
As, Sh, Bi) consists of the presence the latter of only
one lone electron pair at the accepting center. Ori-
entation of the axis of its orbital dictated by the
geometry of the coordination site in compounds 10
does not entirely match the requirement for the
optimal overlap of the doubly occupied np, orbi-
tal with the m-systems of the essentially planar
—CH=CH—-CH=0 moieties of molecules of 10. From
the NBO analysis,® it follows that the np, orbital has



Cyclic Aromatic Systems with Hypervalent Centers

Figure 4. Orientation of the natural hybrid orbital of the
lone electron pair at the phosphorus atom in 10 (Pn = P,
R = CI) as found by the RHF/6-31G** calculations.5”

rather low p character. Its hybridization varies from
sp®6in 10 (Pn =P, R=H) tosp®? 10 (Ph=Bi, R =
Cl), and its axis in compounds 10 (Pn = P, As, Sb,
Bi) is not orthogonal to the five-membered ring plane,
being declined from the plane on 30—45°. As depicted
in Figure 4, the coordination polyhedron of the
pnictogen center corresponds to a distorted trigonal
bipyramid with the lone pair, as a phantom ligand,
taking an equatorial position.

The geometrical parameters for a series of -pnic-
tovinylaldehydes calculated®” at various theoretical
levels are given in Figure 5.

B-Aminovinylaldehyde 10 (Pn = N, R = H) is the
only compound 10 with the completely planar mo-
lecular structure ensured by the formation of a strong
intramolecular O---HN bond. In all other compounds
10, even those with R = H, the geometry of the
coordination site is primarily determined by the
intramolecular coordination of the hypervalent type
O---Pn—R, which places the substituent R = ClI, F,
H on the line roughly collinear with the O---Pn
secondary bond (the O---Pn—R angles are in the
range 150—167°, the X-ray determined® O---Bi—Br
angle in 11 is 160.8°). The heavier the pnictogen atom
in 10 and the more electronegative the substituent
R, the greater is the O---Pn-R angle.

This geometry of the coordination site shown in
Figure 4 is, obviously, less favorable for the cyclic
electron delocalization over the ring than that real-
ized in the chalcogen analogues 7, where two lone
electron pairs located on the hypervalent center can
adopt the configuration optimal for the formation of
the aromatic sextet (see Introduction). The extensive
calculations®” showed, indeed, that contribution of the
aromaticity factor to stabilization of the cyclic struc-
tures 10 with respect to their open isomers 10b is
virtually absent. Some results of these calculations
are collected in Table 2.

Although the positive AE values definitely indicate
considerable stabilization of the conformation 10 of
B-pnictovinylaldehydes relative to their sterically
unstrained trans-s-trans conformation 10b, one may
conclude that this stabilization is almost exclusively
caused by the factors (electrostatic and no—op,_g
orbital interaction) responsible for the formation of
the secondary Pn---O bond. This conclusion follows
from the data on HSE values computed for 10 on the
basis of the homodesmotic reaction 3, similar to that
(eq 2) applied for evaluation of the aromatic stabili-
zation of s-chalcovinylaldehydes and their imines 7.

As seen from the data of Table 2, for most of
compounds 10 the HSE values are varied in the
range of 0 + 3 kcal mol~%, which reflects merely the
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Table 2. Relative Energies (AE) of the Ring-Opened
Conformations 10b (in kcal mol~t), HSE Values (in
kcal mol-?1), and Pn---O Distances (in A) in 10,
Energies of Stabilization (Estan, kcal mol™t) and Pn---O
Distances (in A) in the Dimers 12 Calculated® by
Various ab Initio Methods Denoted as Follows:
MP2-MP2(full)/6-31G**, DFT-B3LYP/6-31G**, MP2/
L-MP2(fc)/LanL2DZ, DFT/L—B3LYP/6-31G**

10, 10, 12,
PnRH  method AE dpn.0® HSE  dpp-0®  Estan
NH> MP2 5.2 2.687 21.2 3.253 0.8
DFT 52 2.693 242  3.363 0.3
NHCI MP2 4.9 2.655 12.8 3.047 2.2
DFT 5.7 2.630 14.7 3.132 1.6
PH; MP2 1.1 2818 3.7 3.360 1.8
DFT 0.9 2.865 2.7 3.532 1.0
PHF MP2 56 2426 0.0 2426 3.6
DFT 5.9 2.417 —-0.2 3.121 2.5
PHCI MP2 41  2.487 41  3.147 3.3
DFT 4.5 2.431 3.1 3.103 2.9
AsH; MP2 22 2793 2.4  3.206 3.8
DFT 1.6 2.845 -1.0 3.207 51

MP2/L 0.1 3.012 23 3.584 1.0
DFT/L 0.8 2942 0.8 3.704 0.5

AsHF MP2 9.6 2508 -39 2.860 7.2
DFT 86 2559 —42 2921 6.1
AsHCI  MP2 8.0 2414 03 20916 7.1
DFT 79 2427 1.0 2.897 7.9

MP2/L 52 2559 2.7 2945 4.5
DFT/L 7.1 2440 3.5 2903 3.4
SbH, MP2/L 0.7 2954 22 3.613 13
DFT/L 22 2.856 0.6 3.653 0.7
MP2/L 84 2719 —-31 2989 5.3
DFT/L 104 2680 —51 2962 4.8
BiH> MP2/L 14 2965 23 3.582 1.7
DFT/L 21 2882 06 3.535 11
BiHCI MP2/L 95 2819 —3.8 2945 6.4
DFT/L 113 2800 —5.7 2.926 5.8

a Structures 12 were constrained in a geometry similar to
the structure of the coordination sites of 10 (angles O---Pn—
CH; and Pn---:O=C are about 90° and 120°, respectively, all
other structural parameters being optimized). The vdW con-
tacts®® are as follows: N---O 2.0 A, P+--:0 2.34 A, As---O 3.44
A, Sb:-0 3.64 A, Bi---0 3.84 A.

SbHCI

accuracy of the approach employed for their estima-
tion. The lack of aromaticity for the heavier main-
group 15 (Pn = As, Sb, Bi) g-pnictovinylaldehydes
also shows itself in that, unlike their chalcogen
analogues 7, alternation of the CC bonds in the CH—
CH=CH triad is almost the same in the chelated, 10,
and open, 10b, conformations (Figure 5, Table 3). A
notable exclusion is p-amino- and S-N-(chloro)ami-
novinylaldehydes 10 (Pn = N). Because of the pla-
narity of their molecules (the sum of the valence
angles at the nitrogen is 360° and 351°, respectively),
in both compounds the axis of the lone electron pair
at the nitrogen is precisely orthogonal to the plane
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a FT.
MP2
%1.
1.
H*NCC=168.
1598
10b (Pn=N, R=H), C,
CINCC=147.0
Dihedral angles 148,

CINCC 159.3 (157.3)
HNCC 13.3(16.3)

10 (Pr=N, R=CI), C,

H'PCC 156.9 (188.4)
HPCC  59.0( €0.0)

Dihedral anie
CIPCC 173.8 (174.9) c'm‘f:a-",
HPCC  76.6(73.7) .

b 10 (Br=P, R=CD), €, 10b (=B, R=CI), C;

1.463 }:Z; Dihedral anglee
; ClAsCC 173.6; HAsCC 81.0
1734 80.0
1714 77.5
10 (Pr=As, R=C}), C, 173.3 79.8 10b (Po=As, R=C), C,
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ral angle
HSbCC 161.1 (161.8)
HSbCC  68.3 (69.9)

10 (Pr=Sb, R=H), C,

Dihedral angle CISbCC=137.3
CISbCC 169.8(171.3)
HSbCC  77.1(76.8)

10, (Pr=Sb, R=Cl), C, 10b (Po=Sb, R=Cl), C,

angl
H'BICC 163.1 (164.3)
HBICC 71.8 (73.6)

10 (Pn=Bi, R~H), C,

hedral angle
CIBICC 171.7(173.3)
HBICC 78.2 (80.0)

10 (Pn=Bi, R=Cl), C,

10b (Pr=Bi, R=CI), C,

Figure 5. MP2(full)/6-31G** (MP2), B3LYP/6-31G** (DFT), MP2/LanL2DZ (MP2/L), and B3LYP/LanL2DZ (DFT/L)
optimized geometries (distances in angstroms and angles in degrees) for S-pnictovinylaldehydes and their Pn—chloro
derivatives: (a) 10 (Pn = N, P), (b) 10 (Pn = As), (c) 10 (Pn = Sb, Bi).%’

of the conjugated ring closed by the intramolecular
N—H---O bond. This results in rather high values of
the homodesmotic stabilization energies and signifi-
cant equalization of the CC bond lengths in the
conformation 10 (Pn = N) as compared with 10b of
these compounds. An important role of the resonance

stabilization of the conjugated systems facilitated by
intramolecular hydrogen bonding has been repeat-
edly noted.5®

A clear tendency to strengthening the Pn---O bond
in the order Pn = P, As, Sbh, Bi and with increase in
the electronegativity of the substituent R can be
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Table 3. Alternation of the CC Bonds Al = lc—¢c — lc=—c
(in A) in Ring-Closed and Ring-Opened
Conformations of g-Chalcovinylaldehydes, 7 and 7b,
and p-Pnictovinylaldehydes, 10 and 10b, as
Calculated by MP2/LanL Method

B-chalcovinylaldehydes?%:20 B-pnictovinylaldehydes®”
X R 7 Al 7bAl PnH R 10Al 10b Al
Sa H 0.098 0.110 PH® H 0.113 0.128

Cl 0.062 0.113 Cl 0.104 0.130

Se H 0.106 0.118 AsH H 0.117 0.125
Cl 0.067 0.125 Cl 0112 0.114

Te H 0.098 0.137 SbH H 0.120 0.125
Cl 0.048 0.124 Cl 0113 0.127
0.056° BiH H 0120 0.125

Cl 0114 0.127

a MP2/6-31+G** calculation.?® ® MP2/6-31G** calculation.
¢ X-ray structural data® for 3-(p-methoxyphenyl)-5-phenyl-1,2-
oxatellurolyl-1-ium chloride.

Table 4. Relative Energies (AE) of the Ring-Opened
Conformations 13b (in kcal mol~t) and ClI---O
Distances (in A) in 13 Calculated®! by ab Initio
Methods

R method AE do---ci %(0-+Cl)

H MP2(full)/6-31G** 7.1 2.557 0.43
B3LYP/6-31+G** 5.6 2.564 0.43

F MP2(full)/6-31G** 20.3 2.036 0.76
B3LYP/6-31+G** 19.3 2.072 0.73

traced in 10 and the bimolecular complexes 12
according to the values of AE, Es.p, and the computed
Pn---O distances. It is worth noting that adducts 12
formed by amines (Pn = N) and methylphosphine (Pn
= P, R = H) are stabilized (Estap > 0) due to only
electrostatic attraction of the components. The com-
puted Pn---O distances in these complexes are longer
than the respective vdW contacts.

11.4. (2)-1-(3-oxapropenyl)chloronium Cations

(2)-1-(3-oxapropenyl)chloronium cations 13 are
main-group 17 element analogues of g-chalco- and
B-pnictovinylaldehydes. Although their salts have not
yet been described, those of alkenyl iodonium cations
of similar type are well characterized and amply
reviewed group of compounds.5?° In 13, the chlorine
center bears two lone pairs, one of which is engaged
into the z-system of the cation. The electronic struc-
ture of these cations is, therefore, similar to that of
fp-chalcovinylaldehydes 7. As a consequence, one may
expect that trans-cis-cis conformation 13 would be
stabilized relative to 13b by both intramolecular
coordination of the hypervalent type and partial
aromatic character. The values of AE characterizing
the energy preference of structure 13 are in accord
with this expectation (Table 4).

+ + +
R—Cl=—0 R—CI—O
‘ R/Cl\NO
N NN
13 13a 13b

As seen from the data of Table 4 and Figure 6, the
ring-closed structures 13 are strongly stabilized by
the intramolecular coordination CI——O interaction,
whose energy depends substantially on the origin of
the substituent at the chlorine atom. The attraction
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13b (R=F), C,

13b (R=H), C,
Figure 6. MP2(full)/6-31G** (MP2) and B3LYP/6-31G**
(DFT) optimized geometries (distances in angstroms and

angles in degrees) of cis-s-cis and trans-s-trans isomers of
the chloronium cation 13.61

between these centers is additionally strengthened
owing to significant polarization of this bond in the
cation. The CI---O distance in 13 (R = H) is about
0.5 A longer than in the more delocalized structure
of 13 (R = F).%!

lll. Heterapentalenes

II.1. 1,6,6a4*Trichalcapentalenes

1,6,6al*-Trithiapentalene, the archetype compound
of type 1, has been studied extensively!!12.14.62-64
because of the early obtained experimental evidence®
for its unique C,,-symmetric structure governed by
a three-center, four-electron bond at the tricoordinate
central sulfur atom. As indicated in the Introduction,
the VB description of the electronic structure of
trithiapentalene and its analogues can be done in
terms of resonance of two hypervalent structures 1b
< 1b'" whereas the still often met (see, e.g., ref 62b)
classical representation, 15, of the C,, structure is
inaccurate even on the strength of purely geometrical
data: the length of the C3,—Sga bond in 14 (X = S) is
1.748—-1.758 A.

X——X——X X—=X S—S—3$
|

W WX W
14, X=S, Se, Te 14a 15

The ab initio calculations performed at the HF
level, even those employed extended basis sets of of
orbitals, predict that the classical Cs structure of
trithiapentalene la is energy preferred to the C,,
form. When the correlation energy was considered
(at both MP2 and DFT levels), C,, structures were
obtained with all basis sets starting from 3-21G.1464
It is worth noting that the C,, structures were
obtained for triselena- and tritellurapentalenes 14 (X
= Se, Te), even at the HF level of approximation.5’
Whereas consideration of the electron correlation is
crucial for the correct estimation of relative energies
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Table 5. Relative Energies (AE) of the Monocyclic
trans-trans Conformations 14a (in kcal mol~?*) and
X—X Distances (in A) in Trichalcapentalenes 14
Calculated?®®” by ab Initio Methods

X method dx-x dx—x (X-ray) AE HSE
S MP2(full)/6-31+G** 2.3672 2.363% 12.1 16.9

B3LYP/6-31G** 2.423° 13.0

MP2/LanL2DZ 2.590 10.7 13.8
Se MP2(full)/6-31G**  2.527 2.58%7 25.1

MP2/LanL2DZ 2.757 19.8 18.8
Te MP2/LanL2DZ 3.058 16.3 20.5

@ The S—S bond length in trithiapentalene calculated at the
highest currently reported level of approximation is 2.372
(MP2/6-311G**)83 and 2.429 A% (B3LYP/6-311G**).

of the C,, structures of trichalcapentalenes, the
theoretical bond lengths in that are most sensitive
to the basis set. They were found to be in sufficiently
good agreement with the experimental data®® even
at the RHF level on condition that the basis set
contains d functions. With the use of the pseudo-
potential LanL2DZ basis, the X;—Xs, bond lengths
are approximately 0.2 A elongated compared with the
experimental values (Table 5). The aromatic stabi-
lization of trichalcapentalenes 14 can be assessed as
the heat of the homodesmotic reaction 4.

- +
X—X—X
PN | +cH, — H3C/X\X/Wx 4)

14 16

The HSE values of 14 thus obtained (Table 5)
constitute about 30—50% of the HSE value calcu-
lated,5” based on the similar type reaction 5, for the
most aromatic 10s electron bicyclic structure of
naphthalene: 62.2 (MP2(full)/6-31G**) and 53.7
(B3LYP/6-31G**) kcal mol~1. As shown in Figure 7,
compounds 14 and their isoelectronic analogues
possess the closed-shell z-electron system similar to
that of the aromatic®* pentalene dianion. Table 5
contains also the values of AE characterizing the
enhanced stability of the bicyclic C,, structures 14
relative to their unstrained monocyclic isomers 14a.

Due to the relatively low ability of the first-row
elements to form three-center, four-electron bonds,
the bicyclic Cy, structure 17 of 1,6,6a-trioxapentalene,
the oxygen analogue of trichalcapentalenes, conforms
not to a minimum but to a saddle point on the PES.
Thus, it represents the transition state for the O—0O
bond switching rearrangement of the 2a = 1 = 2b
type. This rearrangement may be thought of as the
intramolecular Sy2 reaction at the sp® oxygen center.
The ab initio calculations®! predict that it occurs with
a very low energy barrier (9.1 (MP2(full)/6-31G*¥*)

Minkin and Minyaev

Table 6. Stabilization of the Bicyclic Structures 18 of
1,6-Dioxa-6aA-chalcapentalenes (AE, in kcal mol™?)
Relative to Their Ring-Opened Isomers 19 and HSE
Values (in kcal mol=?t) for 18 Calculated?®5” as Heats
of the Reaction 6

X method AE HSE
S RHF/LanL2DZ 6.1 10.5
MP2/LanL2DZ 12.1 16.6
B3LYP/6-31G** 23.4
MP2(fc)/6-31+G** 20.7 24.9
Se RHF/LanL2DZ 13.0 18.5
MP2/LanL2DZ 19.8 26.0
MP2(fu)/6-31G** 39.0
Te RHF/LanL2DZ 25.0 21.9
MP2/LanL2DZ 27.7 29.9

and 7.8 (B3LYP/6-31G**) kcal mol~t), which is near
the lowest limit of the characteristic NMR time scale.

+ +

— 0~5-0Q 0~5-0, o 0—o0

TS —=( I — O p—1_J_

AR s Ly P

17a 17 17b
do. 02696 A do.o = 1.950 A

II1.2. 1,6-Dioxa-6a4*-chalcapentalenes

1,6-Dioxa-6al*-thia- and selenapentalenes became
known in the beginning of 1970s%” and in 1983, Detty
and Luss® completed this series of compounds by the
synthesis of the first tellurium analogue, 2,5-diphen-
yl-1,6-dioxa-6ai*-tellurapentalene. All the X-ray struc-
tural determinations available for these com-
pounds'?3362 gre in agreement with the assumption
of C,, molecular symmetry corresponding to 18. The
bicyclic structure 18 is correctly reproduced by ab
initio MO theory at the levels of approximation
higher than RHF.'42% As seen from the data of Table
5, the symmetric structures 18 of 1,6-dioxa-6ai*-
chalcapentalenes are predicted to be more stable than
their monocyclic isomers 19. The trend to stabiliza-
tion of the naphthalene-like 10s electron structure
18 when going from sulfur to tellurium is clearly
expressed by the values of AE (energy difference
between 18 and 19) and HSE. As seen from the data
of Table 6, accounting for the correlation energy
results in additional stabilization of the delocalized
structure with the hypervalent chalcogen centers.
The aromatic character of the bicyclic structure 18
is the main factor contributing to this stabilization.
This conclusion is corroborated by the HSE values
of 18 calculated on the basis of the homodesmotic
reaction 6 similar to eq 4.

+ - - +
O=X=P - o—x—0 o—x—o0 =X
QI — S S A~
18 18a 18b 19
X=S, Se, Te

He 0NN N0 6
X=S, Se, Te

18 +CH, —

The calculations? displayed the pronounced equal-
ization of the CC bond lengths in 18 as compared
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Figure 7. Canonical 7-MOs of pentalene dianion, 1,6,6al*-trithipentalene, and 1,6-dioxa-6ai*-thiapentalene as calculated

with the 6-31G** basis set.2957

with 19. As Figures 2 and 8 show, further significant
shortening of Chalc—0O bonds is observed in 18, even
compared to that occurring in S-chalcovinylaldehydes
7 (X = Chalc) with the electronegative substituents,
R = CI. For the dioxatellurapentalene 18 (X = Te),
the length of the Te—O bond is almost the same as
that of standard covalent bonds of this type.3® As for
compounds 7 and 14, the use of the pseudopotential
basis set (LanL2DZ) leads to underestimation of the
aromaticity and hypervalent bonding effects. This is
seen in a comparison of the MP2/LanL2DZ and MP2/
6-31G** or MP2/6-31+G** calculations (Figure 7,
Tables 2, 4, and 5). The MP2/LanL2DZ method
predicts that the bonds formed by the hypervalent
chalcogen center are longer than those obtained with

the employment of more sophisticated methods,
whose predictions concerning bond lengths and va-
lence angles are in excellent agreement with the
experimental data available on trichalcapentalenes
14 and derivatives of dioxachalcapentalenes 19 (Tables
5 and 6).

II1.3. 1,6-Dioxa-3a-aza-6a*-pnictapentalenes
(10-Pn-3 5-aza-2,8-dioxa-1- pnictabicyclo[3.3.0]-
octa-2,4,6-trienes)

This family of compounds 20 with the hypervalent
bonding arrangement across the pnictogen centers
has been designed and studied in detail by Arduengo
and his group.t318-2069 As confirmed by the X-ray
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18 (X=Se), C;,

AT2
2'.121&\

18 (X=§), C,,

19 (X=Te), C,

Figure 8. Structural parameters for 1,6-dioxa-6a-chalcapentalenes 18 and their monocyclic isomers 19 as calculated?® by
the MP2/LanL2DZ (MP2/L) and MP2(fc)/6-31+G** (MP2) ab initio methods. Numbers in brackets are X-ray crystallography
data for the derivatives of 18: di[2,3;4,5-(4'-methoxybenzo)]-1,6-dioxa-6a-thiapentalene,'2%2 3,4-(2,2-didimethylpropano)-
2,5-diaza-1,6-dioxa-6a-selenapentalene,®? and 2,5-diphenyl-1,6-dioxa-6a-tellurapentalene.’® Bond lengths and angles are

given in angstroms and degrees, respectively.

crystallography determination, a powerful bicyclic
five-membered ring effect provides for stabilization
of the central pnictogen atom in 20 in the T-shaped
configuration, like that of the tricoordinated chalco-
gen atoms in 1,6-dioxa-6a-chalcapentalenes 18. This
similarity manifests itself also in the likeness of the
electronic structure of these compounds. As shown
in Figure 9, compounds 20 (for which the acronym
ADPO has been coined)'® have closed 10 electron
shells and the shape of the w-orbitals in 20 closely
resembles that of 14 (Figure 7). Much like as in 14,
one of the two lone pairs on the Pn?~ center in 20
occupies the nonbonding a; orbital whereas another
one (by) is involved in the common s-system of the
molecule.

Scheme 2 features important rearrangements of
ADPO. Of special interest is the isomerization of 20
into the classical form 21 with both pnictogen centers
possessing their usual pyramidal configuration. The
relative energy of 21 may serve as a measure of the
aromaticity of the planar structure 20 with the
hypervalent pnictogen (Pn) center. The calculations®
carried out for the phosphorus compounds (Pn = P)

at the SCF level showed that the folded classical
structure 21 is lower in energy than 20 by 9.9 kcal
mol~1. Inclusion of the electron correlation correction
(MP2) inverts the order of stability of these isomers;
the planar structure 20 becomes energy favorable by
13.9 kcal mol1.

Subsequent calculations™ lent support to the con-
clusion on the higher stability of the aromatic struc-
ture 20 (Pn = P) of 10-P-3 ADPO and addressed the
guestion on the Kinetic stability of the “electro-
morphs” 21 (Pn = P, As). Some of the results are
given in Table 7. The energy difference (AE) between
the bicyclic, 20, and the ring-opened, 23, forms of
ADPO (Pn = P, As) is of the same order of magnitude
as that computed for 1,6-dioxa-6a-chalcapentalenes
18 (Table 6), which points to the comparable effects
of the aromatic stabilization in both groups of com-
pounds. The structural parameters computed for the
parent 10-P-3 ADPO, 20 (Pn = P)?%70 are in excellent
agreement with those determined by X-ray crystal-
lography for its 3,7-di-tert-butyl derivative. The MP2-
(full)/6-31G** calculated Pn—0O distances in 20 (Pn
=P, As) are found to be only ~0.1 A longer than the
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respective covalent bond lengths. Figure 10 shows the
MP2(full)/6-31G** calculated geometries for the iso-
mers of 1,6-dioxa-3a-aza-6a-pnictapentalenes.

The structure 21a in this figure portrays the
transition state for the interconversion between the
aromatic hypervalent, 20, and classical, 21, isomers
of ADPO (Pn = P). The energy barrier to this
rearrangement is calculated to be 16.9 kcal mol~?!
from the side of the more stable form 20, but it is
only 0.3 kcal mol~* from the side of the minor isomer
21. This finding points to the extreme flatness of the
PES in the region of 21 (Pn = P). Therefore, a
possibility to experimentally observe this rearrange-
ment seems to be quite ambiguous.

By contrast with the ADPO compounds formed by
the second- and third-row pnictogen atoms readily
acquiring the T-shaped hypervalent arrangements in
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Figure 9. Canonical 7-MOs of 1,6-dioxa-3a-aza-6al*-pnictapentalenes 20 (Pn = N, P, As) as calculated with the 6-31G**
basis set.”

Table 7. Relative (with respect to 20) Energies of the
Isomers of 5-Aza-2,8-dioxapnictabicyclo[3.3.0]octa-
2,4,6-trienes (Pn = P, As)"®

Pn isomeric structure method AE, kcal mol~*
P 21 RHF/6-31G** —9.5
MP2(full)/6-31G** 16.6
B3LYP/6-31G** a
23 RHF/6-31G** 23.2
MP2(full)/6-31G** 34.8
B3LYP/6-31G** 27.4
As 21 RHF/6-31G** —0.6
MP2(full)/6-31G** a
B3LYP/6-31G** a
23 RHF/6-31G** 23.1
MP2(full)/6-31G** 27.6
B3LYP/6-31G** 30.4

2 No local minimum corresponding to this structure has been
found on the PES.
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21a, (Pn=P), C;

23, (Pn=P), C,

23, (Pn=As), Cs

Figure 10. MP2(full)/6-31G** (MP2) and B3LYP/6-31G** (DFT) optimized geometries (distances in angstroms and angles
in degrees) of isomers of 1,6-dioxa-3a-aza-6a-pnictapentalenes 20 (Pn = P, As).70

Scheme 2

2-

)
. OQ—Pn—0 _ _O—Pn—0
Soh = Lo ™ uh)

0 Pn—O0

Pn=N, P, As, Sb, Bi

20 (Pn = P, As), their first-row analogue 20 (Pn =
N) is stable in the monocyclic form 22 (Pn = N). This
situation is completely similar to that described in
section 111.1 for 1,6,6a-trioxapenalenes 17. According
to the data of ab initio (MP2(full)/6-31G** and
B3LYP/6-31G**) calculations,”® the C,, structure
20 (Pn = N) represents the transition state for
the in-plane N—O bond switch reaction. The 22a =
22b interconversion proceeds as a concerted one-
step reaction via a tricyclic transition-state structure
and may be regarded as an example of the Boul-
ton—Katritzky rearrangement. As shown by recent
ab initio calculations, the same type of reaction
mechanism is also realized for degenerate Boul-
ton—Katritzky rearrangements of the anions of the
3-formylamino-1,2,4-oxadiazole,  3-formylmethyl-
isoxazole, and 3-hydroxyiminomethyl-1,2,5-oxadi-
azole™ and 4-nitro-benzofuroxan.” Interestingly,
the 22a = 22b rearrangement can occur also through
another, higher energy transition state with
the folded Cs structure 21 (Pn = N).”° The re-

{
b“@
2. % //7 22a
N
O—}Tn 0]
N
22b
O—E’n
K;Nmo
23
Scheme 3
N——N
AN
%/)O IS
o)
21
49.0 (44.8) kcal mol

23.4 (17.6) k
MP2 (DFT)

@] ll\ll—O O—ll\ll 0]
X N{% \*N%
22a 22b

arrangements considered above are depicted by
Scheme 3.
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Table 8. Stabilization of the Bicyclic Structures 24 of
1,6-Dioxa-6ai5-pnictapentalenes (AE) Relative to
Their Ring-Opened Isomers 25, HSE Values for 24,5
and Hybridization of the Lone Electron Pair (LP) at
the Pnictogen Center of 24

AE, HSE,

PnR method kcal mol™*  kcal mol™* LP

NH  MP2(full)/6-31G** -19.6 - sple
B3LYP/6-31G** —-13.8 -

PH  MP2(full)/6-31G** 15.0 15.4 sp09
B3LYP/6-31G** 14.8 12.8

PF  MP2(full)/6-31G** 41 1.8 sp°6
B3LYP/6-31G** 6.0 0.7

AsF MP2(full)/6-31G** 9.2 7.2 sp24
B3LYP/6-31G** 10.4 6.6

I1.4. 1,6-Dioxa-6a4>-pnictapentalenes

1,6-Dioxa-6al’-pnictapentalenes 24 are the hetera-
pentalenes which have not yet been synthesized. In
a formal way, they can be derived by annelation of a
five-membered furan ring to a molecule of cis-S-
pnictovinylaldehyde 10, just as 1,6-dioxa-6ai*-chal-
capentalenes 18 are derived from cis-3-chalcovinyl-
aldehydes 7.

_R .R AR
O—F’n<—0 O—Pn— O————Pn—O
AN A PN

24 24a 24b

R
/
O—~Pn
NN
25

As in the case of -pnictovinylaldehydes 10, 1,6-
dioxa-6at5-pnictapentalenes 24 (Pn = P, As) are
prone to formation of rather strong intramolecular
coordination Pn—O bonds, which support a cis-
configuration around the CC double bonds and
provide for the stable heterapentalene-like structure
of their molecules. This conclusion is validated by
results of the calculations®” (Table 8), which witness
energy preference of the bicyclic hypervalent struc-
tures 24 (Pn = P, As) over the isomeric unstrained
monocyclic forms 25. The energy difference between
24 and 25 increases in the sequence Pn = N, P, As.
The HSE values calculated for compounds 24 accord-
ing to eq 6, where X = PnR (Table 8), are lower than
those of the chalcogen analogues 18 listed in Table
6. This indicates that the aromatic character of
heterapentalenes 24 is significantly weaker than that
of 1,6-dioxa-6al*-chalcapentalenes 18 (X = S, Se, Te).
Whereas the aromaticity of 18 and ADPO 20 is a
direct consequence of the full analogy in their elec-
tronic structure with that of pentalene dianion,®270
the aromatic character of 1,6-dioxa-6a®>-pnictapen-
talenes 24 must depend on the degree of involvement
of a single lone electron pair (LP) at the pnictogen
atom into the cyclic w-conjugation. According to the
NBO analysis, the axis of the LP orbital is declined
from the molecular plane at angles 121—-136° and the
p character of the orbital decreases in the sequences
Y = N, P, As and R = H, F. The higher p character
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of the LP orbital centered at the pnictogen atom of
24, the larger is the HSE.

Optimized geometries of selected 1,6-dioxa-6a4®-
pnictapentalenes 24 (Pn = N, P, As), their monocyclic
isomers 25, and transition-state structures for the
low-energy barrier transformations of 24 are shown
in Figure 11. As for the oxygen analogue 17, the
symmetric structure of 1,6-dioxa-6al’-azapentalene
24 (Pn = N, R = H) conforms not to a minimum but
to a saddle point on the PES, which corresponds to
the transition state for the N—O bond switch rear-
rangement involving 26 and its mirror-image isomer.
This rearrangement proceeds apparently as the in-
tramolecular Sy2 substitution at the tricoordinated
nitrogen atom placed within a molecular framework
suitable for the stereoelectronic demands of this
mechanism. The AE values given in Table 8 repre-
sent the energy barriers for this rearrangement. They
are close to that (27.7 kcal mol~* at the MP2(full)/6-
31G** level) for the energy barrier against the
intramolecular nucleophilic substitution at the tet-
rahedral carbon atom in a structurally similar system
of 2,3-dihydro-3-formylmethylenefuran.”

For all the compounds shown in Figure 11, the
bicyclic structures 24 are slightly folded along the
Pn—Cs, bond. The C,, structures 27 were also found
on the PESs of 24 (Pn = P, As, R = F) and identified
as the transition states for a peculiar polytopal
rearrangement of these compounds sketched below.

24, Cs 27, Cay 24a, C,

The trigonal bipyramidal-like (bisphenoidal) struc-
tures 24 (Pn = P, As) interconvert by passing through
the planar C,, transition-state structure 27, whereas
in the unstrained bisphenoids the topomerization
occurs, as usual, through square pyramidal transi-
tion-state structures, see e.g., ref 74. The energy
barriers to the 24 = 27 = 24a rearrangement were
calculated®” to be 25.1 (B3LYP/6-31G**) and 15.6
(MP2(full)/6-31G**) kcal mol~?* for the phospha-1,6-
dioxa-6a5-pnictapentalenes (Pn = P) and 46.7
(B3LYP/6-31G**) and 32.7 (MP2(full)/6-31G**) kcal
mol~! for the arsa-1,6-dioxa-6al’-pnictapentalenes
(Pn = As).

II1.5. 1,6-Dioxa-6a4*-cloroniapentalene

This hypothetical perchloronium cation 28 is an
isoelectronic analogue of 1,6-dioxa-6ai*-chalcapen-

+ + +
O—CI—O0 O——CI—|O o—-Cl

A AN RS
28a 28b 29

Ee (keal mol™): 0 MP2(full)/6-31G**  34.1

0 B3LYP/6-31G** 46.1
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24 (Y=As, R=F), C,

27 (Pn=As, R=F), C,,

25 (Pn=N, R=H), (',

1.621
1.621

25 (Pn=As, R=F) , C,,

Figure 11. MP2(full)/6-31G** (MP2) and B3LYP/6-31G** (DFT) optimized geometries®” (distances in angstroms and angles
in degrees) of the bicyclic and monocyclic isomers of 1,6-dioxa-6a45-pnictapentalenes and the transition-state structures

for their interconversion: (a) Pn = N; (b) Pn = P; (c) Pn = As.

talenes. Its planar C,, structure with the hypervalent
arrangement across the chlorine center corresponds
to a deep local minimum on the PES, and it is
strongly stabilized with respect to the monocyclic
isomer 29.5!

Although for 28 the HSE value could not be
calculated by using eq 6 because the reference ring-
opened structure (X = CI™) under optimization of its
geometry appeared to eliminate a molecule of methyl
chloride, high values of E (AE) indicate a significant
degree of the aromatic stabilization. The calculated
geometry of cation 28 is shown in Figure 12. Very
strong hypervalent bonding in the (O—CI-0O)* triad
of 28 is stressed by the pronounced (~1.3 A) shorten-
ing of the CI-O contact as compared with the
respective vdW contact.

IV. Aromatic Stabilization of the Transition-State
Structures with Hypervalent Centers

Configurational inversion in the cyclic tricoordinate
pnictogen compounds serves as an illustrative ex-
ample of the impact which aromatic stabilization of
a transition-state structure with the hypervalent
center may have on the reaction mechanism.” Scheme

29, C,

Figure 12. MP2(full)/6-31G** (MP2) and B3LYP/6-31G**
(DFT) optimized geometries (distances in angstroms and
angles in degrees) of 1,6-dioxa-6ai*-cloroniapentalene 28
and its monocyclic isomer 29.61

4 features two alternative nondissociative reaction
pathways for the inversion of pyramidal configura-
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Scheme 4
[ Ph—R
/ ] X
O\ 31’C2v O\
[ Pn=R | PR
o’ o
30a

/
\

tion at the tricoordinate pnictogen atom in deriva-
tives of 2H-1,3,2-dioxaphosphole and 2H-1,3,2-di-
oxaarsole 30 (Pn = P, As).

The generally accepted vertex inversion mecha-
nism involves passage via the transition-state struc-
ture 31 with a trigonal pnictogen center, at which
the lone electron pair possess pure p character and
the m-system of the molecule containing as a whole
eight electrons is antiaromatic. On the other hand,
if the topomerization proceeds according to the edge
inversion pathway,5%7¢ the transition-state or inter-
mediate structure 32 with a T-shaped arrangement
at the hypervalent pnictogen center acquires an
aromatic 6.t electron configuration due to withdrawal
of a pair of w-electrons to the nonbonding orbital at
the pnictogen atom. It may, therefore, be expected
that the edge inversion route 30a = 32 = 30b is
energy favored for compounds 30 capable of forma-
tion of sufficiently strong hypervalent bonds across
the pnictogen center, i.e., those with pnictogen atoms
of the second to lower row in the periodic table and
with electronegative substituents R attached to these
atoms. The ab initio calculations™ performed at the
MP2(full)/6-31G** level have found, indeed, that the
configurational inversions of 2-fluoro-2H-1,3,2-di-
oxaphosphole 30 (Pn = P, R = F) and arsole 30 (Pn
= As, R = F) described by Scheme 4 take place
through the edge inversion mechanism, i.e., by pas-
sage via the aromatic transition-state structures 32.
Figure 13 shows the shapes of three occupied x
orbitals of the aromatic transition-state structure 32
with the tricoordinate hypervalent phosphorus atom.

The energy barriers calculated for these topomer-
izations are 31.0 (Pn = P) and ~ 23 (Pn = As) kcal
mol~1. [The MP2(full)/6-31G** structure 32 conforms
to a very shallow minimum (the minimal vibrational
frequency is 46 cm™1) on the PES. On the B3LYP/6-
31G** PES, this structure is a true saddle point.”]
According to the calculations, none of compounds 30
(Pn =N, P, As; R=Hand Pn =N, R=F) is
susceptible of realization of the vertex inversion
mechanism 30a = 31 = 30b with passage the
antiaromatic transition state. When molecules of 30
were computationally forced to accept the C,, struc-
ture 31, a Pn—0 bond in 30 broken to form rather
stable zwitterionic compounds R—Pn —O"=CH-—
CH=0. Structural parameters calculated for 2H-
1,3,2-dioxaphosphole and arsole and the transition-
state structures for their configurational inversion
are shown in Figure 14.
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E, eV
LUMO
A
— BA
0_
HOMO
-100 - -+ 5A
120
4.0 H A
-16.0 -
“+ 2A
-18.0 —

Figure 13. 7-MOs of the aromatic transition-state struc-
ture 32 for the inversion of pyramidal configuration at the
phosphorus atom of 2H-1,3,2-dioxaphosphole calculated
with the 6-31G** basis set.”

32 (Pn=As, R=F), C,

30 (Pn=As, R=F), C,

Figure 14. MP2(full)/6-31G** optimized geometries (dis-
tances in angstroms and angles in degrees) of 2H-1,3,2-
dioxaphosphole and arsole 30 and the transition-state
structures 32 for their configurational inversion.”

V. Summary

Strong attractive intramolecular X<—Y(S, NR’) in-
teractions of 1,5-type occurring between terminal
electron-rich main-group 15—17 centers (X = pnic-
togen, chalcogen, or halogen) and carbonyl, thione,
or imine groups (Y = O, S, NR') incorporated into
the conjugated —X—CH=CH-CH=Y fragments re-
sult in significant stabilization of cis-s-cis structure
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of these molecules, which may be viewed as the five-
membered pseudo-heterocycles with the hypervalent
arrangements across the pnictogen, chalcogen, or
halogen centers. In derivatives of s-chalcovinylalde-
hydes and isoelectronic chloronium cations, one of
two lone electron pairs at X =S, Se, Te, CI* possesses
pure p character and is involved in conjugation with
the z-system of the rest of the molecule, which leads
to an appreciable contribution of the aromatic sta-
bilization of the 6s-electron ring closed by the XY
bond. The aromaticity of these structures evaluated
through calculation of the homodesmotic stabilization
energies (HSE) increases in parallel with an increase
in the strength of the intramolecular coordination
bonds, i.e., in the order X = S, Se, Te and with an
increase in electronegativity of a substituent attached
to the chalcogen atom. Clear manifestation of the
aromatic character of the cis-s-cis isomers of -chal-
covinylaldehydes, their imines, as well as congeneric
thiones and chloronium cations comes from the
theoretical and experimental evidence for the pro-
nounced equalization (as compared with the open
trans-s-trans isomers) of the CC bond lengths.

The cooperative effects of the hypervalent bonding
and aromaticity are most distinct in the bicyclic
structures of 1,6,6al*trichalcapentalenes, their 1,6-
dioxa(aza) analogues, and 1,6-dioxa-3a-aza-6al*-
pnictapentalenes, in which two conjugated —X—CH=
CH—-CH=Y fragments are fused together via the
symmetric —Y—X—Y— triad. The assessments based
on the HSE values indicate that the aromaticity of
these 10m-electron compounds is estimated as about
30—50% of the aromatic character of the most aro-
matic bicyclic structure of naphthalene.

As shown by extensive ab initio calculations,
substantial hypervalent bonding effects also operate
in the case of fS-pnictovinylaldehydes formed by
second and lower row pnictogen atoms (X = P, As,
Sb, Bi), providing for the enhanced stability of their
cis-s-cis configuration with respect to the free-of-
strain trans-s-trans structures. The bicyclic 1,6,6a1°-
dioxapnictapentalene structure is also the most
energy favorable form of these compounds. However,
by contrast with the chalcogen and halonium ana-
logues, the pseudo-cyclic structure of -pnictovinyl-
aldehydes and the bicyclic structure of 1,6,6al°-
dioxapnictapentalenes are maintained through
primarily the occurrence of the hypervalent bonding
across the pnictogen centers, whereas sz-delocaliza-
tion is not (or weakly) operative in these compounds.
A possible explanation for this finding is the low p
character of the single lone electron pair at the
pnictogen and orientation of the axis of its orbital,
which is unfavorable for the optimal overlap with the
m-system of the rest of a molecule.

As first proposed by Arduengo and Dixon,®20
configurational isomerizations at the second and
lower row tricoordinate pnictogen centers may pro-
ceed through the T-shaped hypervalent structures.
Such a structure is strongly stabilized in the aromatic
1,6-dioxa-3a-aza-6al*-pnictapentalenes. It was found
by calculations that the aromatic stabilization of the
T-shaped hypervalent arrangement at the tricoordi-
nate pnictogen center in 2H-1,3,2-dioxaphosphole and

Minkin and Minyaev

arsole arising due to withdrawal of two electrons from
the s-system of the ring onto the hypervalent electron-
excessive center facilitates the rearrangement and
directs it along the reaction path with the aromatic
transition-state structure. Investigation of the influ-
ence of cooperative effects of hypervalent bonding and
aromaticity on stability and mechanisms of reactions
of main-group 14—17 compounds not considered in
this review is the subject of our continuing research.
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