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Intramolecular YO (Y = N, P, As, Sb, Bi) coordination
in organopnictogen compounds: an ab initio and DFT study
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The molecular structure and rearrangements of B-pnictogenovinylaldehydes and 1,6-di-
oxa-6a\3-pnictapentalenes (Pn = N, P, As, Sb, and Bi) were studied using the ab initio and
DFT approach. According to calculations, the quasi-cyclic conformation of B-pnicto-
genovinylaldehyde molecules is much more stable than their free of strain, frans-s-trans
conformation. This stabilization is achieved due to the formation of a rather strong secondary
Pn«O bond of the hypervalent type. Bicyclic structures of 1,6-dioxa-6a\3-pnictapentalenes
(Y = P, As) with the three-center, four-electron hypervalent O—Y—O bonds are more
energetically favorable than isomeric sterically unstrained monocyclic structures. The strength
of the intramolecular coordination bonds (R)Y«O in B-pnictogenovinylaldehydes and of the
hypervalent bonds O—Y(R)—O in 1,6-dioxa-6aA3-pnictapentalenes increases in the order
Y = N, P, As, Sb, and Bi and with an increase in the electronegativity of the substituent
R = H, Cl, and F. In contrast to their chalcogen-containing analogs, the above-mentioned
quasi-cyclic and bicyclic structures of organopnictogen compounds possess low aromatic
character.

Keywords: intramolecular coordination, organopnictogen compounds, molecular and
electronic structure, nonempirical quantum-chemical calculations, aromaticity, hetera-
pentalenes, hypervalent bonding, B-pnictogenovinylaldehydes.

Intra- and intermolecular donor-acceptor interac-
tions between electron-rich centers (viz.,, main group
element atoms) determine the molecular structure of
compounds;1—9 the secondary and tertiary structures of
proteins; biological activity of various enzymes and phos-
phorus- and selenium-containing proteins and nucleo-
sides;’—? and the modes of molecular packing in crys-
tals.19=12 Intramolecular hypervalent coordination
Chalc«<~O(N) (Chalc = S, Se, and Te) plays an impor-
tant role in the stabilization of some thermodynami-
cally and kinetically unstable organochalcogen com-

pounds13:14 and is responsible for the stereochemistry
of the reactions at the chalcogen center.15 A recently
proposed new concept of pharmacophore bondingl is
also based on the assumption of a specific role of
intermolecular non-covalent S...O interaction between
the sulfur-containing bioactive compound and the O
atom of the peptide bond of an enzyme or correspond-
ing receptor.

The nature of the attractive intramolecular nonbonded
interaction between the chalcogen and O (or N) atoms,
as well as the structural and chemical consequences of

Published in Russian in [lzvestiya Akademii Nauk. Seriya Khimicheskaya, No. 11, pp. 1938—1954, November, 2001.
1066-5285/01/5011-2028 $25.00 © 2001 Plenum Publishing Corporation



Secondary bonds in organopnictogen compounds

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 11, November, 2001 2029

this interaction (they are determined by short contact
between these atoms) have been studied experimentally
and theoretically in considerable detail.1=6,17—19 The
shortest Chalc<—O(N) contacts occur in the case of
1,5-interaction where both atomic centers are involved
in the m-conjugated system. The molecules of B-chalco-
genovinylaldehydes (1) and 1,6-dioxa-6aA*-chalca-
pentalenes (2) are typical representatives of this class of
systems. The electronic structures of molecules 1 and 2
are described20—24 as the no bond resonance sys-
tems with a m-electron sextet and decet, respectively
(Scheme 1).
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The strength of the secondary bonds X...O in com-
pounds 1 and 2 can be estimated!8:1% as the difference
between the total energies (AE) of quasi-cyclic cis-cis
molecular conformations 1 and 2 and the corresponding
free of strain, frans-s-trans conformations (3 and 4,
respectively). The Chalc...O distances and AFE values
obtained from ab initio calculations18:19 of these com-
pounds and the homodesmotic stabilization energies
(HSE),25:26 which characterize the contribution of the
aromatic stabilization energy to AF, are presented in
Fig. 1. To provide the possibility of comparing the
parameters of the secondary, or "premature hyper-
valent,"17 bonds with the corresponding standard values
for covalent bonds, it is convenient to introduce?’ the
so-called covalency ratio factor, x, which is calculated
using the formula

_ (RA +RB)_dAB )
(RA +RB)—(rA +rB)

Here, Ry and Rp are the van der Waals radii of the
interacting nonbonded atoms; r, and rg are their cova-
lent radii, and d,g is the distance between the inter-
acting centers, which is determined either experi-
mentally or from calculations. The yx values for
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Fig. 1. Distances Chalc...O!8 (in A); covalency ratio factors X
for Chalc...O bonds (the covalent and van der Waals radii of
corresponding atoms were taken from Ref. 28); energy differ-
ences (AE/kcal mol~!) between the cyclic (1) and open (3)
B-chalcogenovinylaldehyde isomers and between the bicyclic
(2) and corresponding monocyclic (4) structures, and the
homodesmotic stabilization energies (HSE/kcal mol™1) calcu-
lated by the MP2(fc)/LanL.2DZ method. Positive values corre-
spond to stabilization of the cyclic structures.

some chalcogen-containing compounds are also given
in Fig. 1.
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Analysis of the numerical data presented in Fig. 1
shows that the strength of the Chalc...O bond increases
(i) in the order X = S, Se, and Te and (ii) as the
electronegativity of the substituent at the chalcogen
atom increases. The cis-s-cis conformers of molecules 1
(X =S, Se; R = H) are less energetically favorable than
their sterically unstrained isomers 3. However, replace-
ment of the H atom at the chalcogen center by the Cl
atom leads to substantial stabilization of the quasi-cyclic
structure 1. This can be explained assuming that the
energy levels of the orbitals involved in the ng—c*yx_g
donor-acceptor interaction responsible for the energy of
the secondary bond2—96,16—19,29,30 come closer together.
The aromaticity of cyclic structures 1 and 2, which is
characterized by the HSE values, makes the largest
contribution to AE and increases as the covalency ratio
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factor of the secondary bond Chalc...O increases. It is
aromatic stabilization that is responsible for symmetric
C,, molecular structures of 1,6-dioxa-6ai*-chalca-
pentalenes 2.

The well-studied B-chalcogenovinylaldehydes 1 and
1,6-dioxa-6ai*-chalcapentalenes 2 have the correspond-
ing isoelectronic analogs 5 and 6 containing pnictogen
centers (Pn = N, P, As, Sb, and Bi). However, these
organopnictogen compounds have not been theoretically
studied as yet, though the possibility for similar coop-
erative effects of hypervalent bonding and aromatic sta-
bilization of quasi-cyclic structures to occur in mol-
ecules 5 and 6 (Scheme 2) seems not to be improbable.

Scheme 2
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The ability of the pnictogen center to form hyper-
valent bonds in systems of the types 5 and 6 can be
illustrated by the results of X-ray diffraction studies of
(2-acetylphenyl)bromo(4-methylphenyl)bismuthane (7)3!
and 5-aza-2,8-dioxa-1-pnictabicyclo[3.3.0]octa-2,4,6-
trienes (ADPnO) (8)32:33 (Scheme 3).
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A rather strong hypervalent bond O—Bi—Br in com-
pound 7 is due to the intramolecular coordination of the
carbonyl O atom to the Bi atom. The intramolecular
contact Bi...O (2.519 A) is 1.2 A shorter than the sum of
the van der Waals radii of Bi and O atoms (this corre-
sponds to y = 0.74). Compounds 8 are isostructural with
and isoelectronic to 1,6-dioxa-6ai*-chalcapentalenes 2.
The barriers to stereochemical vertex inversion at the Pn

center lie between 5 and 35 kcal mol~! for NH; and
NF; and between 35 and 85 kcal mol™! (1 kcal mol™! =
4.184 kJ mol™!) for the trihydrides and trifluorides of
other pnictogens.34—37 Hence, one can expect that iso-
meric classical structure 8a with two pyramidal,
tricoordinate pnictogen centers will be much more
stable than the planar conformation 8. However, high
10m-electron aromaticity of the bicyclic pentalene-type
structure 8 provides stabilization of the planar confor-
mation 8 with a T-shaped bond configuration at the
pnictogen center, as in the case of chalcogen-containing
analogs 2. Recent calculations38 revealed the absence of
local minima on the potential energy surface (PES) of
classical isomer 8a (Y = As). In contrast to this, a
shallow minimum was found38 on the PES of the phos-
phorus derivative with pyramidal structure 8a (Y = P).
This minimum lies only 16.6 kcal mol™! higher than
that corresponding to planar isomer 8 on the energy scale.

The main goal of this study was to estimate the
effects of hypervalent bonding in the R—Pn—O triad
and aromatic stabilization in model compounds 5 and 6
and to compare the magnitudes of these effects with
those found for chalcogen-containing compounds 1 and 2
(X =38, Se, and Te).

Calculation Procedure

Calculations were carried out using the ab initio computa-
tional scheme (MP2(full)/6-31G** and MP2(fc)/LanL2DZ)39
and DFT approach (B3LYP/6-31G**, B3LYP/LanL2DZ) with
the GAUSSIAN-9440 and GAMESS 4! program packages.
The geometries of the structures corresponding to the station-
ary points on the PES were optimized with the "tight" conver-
gence criterion (GAUSSIAN-94) and up to a value of 1075 au
for the RMS and gradients (GAMESS). The correspondence
between the structures found and the stationary points on the
PES was proved by calculating the harmonic vibrational fre-
quencies. Relativistic effects for the Sb- and Bi-containing
systems were partially included by the use of the LanL2DZ
pseudopotential basis set. The basis set superposition error
(BSSE)4% was ignored following the known recommendations.43

Results and Discussion

B-Pnictogenovinylaldehydes 5. According to calcula-
tions of systems 5 and 9 (Table 1, Figs. 2—5), only
the molecule of B-aminovinylaldehyde 5 (Y = N,
R = R’ = H) has a planar C; conformation due to the
formation of a strong intramolecular bond O...H—N.

For all other compounds 5 including those contain-
ing two H atoms at the pnictogen center, the geometry
of the coordination site is mainly determined by the
intramolecular interaction O—Y—R of the hypervalent
type, which provides a nearly linear configuration of the
0..Y—R (R = Cl, F, H) triad. The calculated angles
O...Y—R lie between 150 and 167° (¢f. 160.8° for the
O...Bi—Br angle in compound 7 obtained from X-ray
diffraction experiments3!). An increase in the atomic
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Fig. 2. Geometric parameters of the molecules of cis- and trans-isomers of B-aminovinylaldehydes and B-phosphinovinylaldehydes
and their chloro derivatives calculated by the B3LYP/6-31G** and MP2(full)/6-31G** (figures in parentheses) methods. The bond
lengths are given in A and the bond angles and dihedral angles () are given in degrees.
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Fig. 3. Geometric parameters of the molecules of cis- and trans-isomers of B-fluorophosphinovinylaldehydes and
B-fluoroarsinovinylaldehydes obtained from B3LYP/6-31G** and MP2(full)/6-31G** (figures in parentheses) calculations. The
bond lengths are given in A and the bond angles and dihedral angles () are given in degrees.

number of the pnictogen center in compounds 5 and in
the electronegativity of substituent R leads to substantial
increase in the angle O...Y—R. The calculated Y...O
contacts in molecules 5 (Y = P, As, Sb, and Bi) are
much shorter (by ~0.5—1.1 A) than the sums of the van
der Waals radii of the corresponding atoms and decrease
in the order Y = P, As, Sb, and Bi (Table 2). The same
is also observed for B-chalcogenovinylaldehydes 1
(X = S, Se, Te), viz., the secondary bond Y...O is
shortened while its covalency ratio factor y increases as
the atomic number of Y and the electronegativity of
substituent R (R = H, Cl, F) increase (see Fig. 1).
Intramolecular Y« O coordination makes the cis-s-cis
conformation 5 more stable than the strain-free
trans-s-trans conformation 9. The stabilization energies
(AE) estimated as the differences
between the total energies of con- R
formations 5 and 9 are listed in Ras A~
Table 3. The relative thermody- SRS
namic characteristics of these con- 9

formations (they are also given in Table 3) allow one to
follow the same tendency to strengthening of the
hypervalent bond O—Y as that illustrated in Fig. 1.
According to RHF calculations, the quasi-cyclic sys-
tem 5 (R = R’ = H) is less energetically favorable than
isomeric structure 9. The inclusion of electron correla-
tion, which is known to be of crucial importance for
correct description of hypervalent interactions,44 leads
in the case of MP2 calculations to equalization of the
energies of conformers 5 and 9 (AE = 1—2 kcal mol™!).
Indeed, in some cases!8:19:44 attempts at finding intra-
and intermolecular attractive hypervalent interactions
using the RHF approximation failed. The AF value (the
energy preferableness of structure 5) monotonically in-
creases in the order Y = P, As, Sb, Bi and as the
electronegativity of the substituent R increases. For
instance, for compounds with Y = Sb (Bi) and R = Cl
the AE values lie between 10 and 11 kcal mol™!, which is
comparable with the energy of a rather strong hydrogen
bond.45:46 Calculations with the LanL2DZ pseudo-
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Fig. 4. Geometric parameters of the molecules of cis- and frans-isomers of B-arsinovinylaldehyde and B-chloroarsinovinylaldehydes
calculated by the B3LYP/6-31G**, MP2(full)/6-31G** (figures in parentheses), MP2/LanL2DZ (figures in brackets), and
B3LYP/LanL2DZ (figures in braces) methods. The bond lengths are given in A and the bond angles and dihedral angles (¢) are

given in degrees.

potential basis set (see Tables 2 and 3) lead to underes-
timation of hypervalence effects. A possible explanation
consists in the fact that this basis set is not augmented
with polarization functions necessary for correct de-
scription of long-range interactions.

Table 4 lists selected results obtained from analysis of
the electronic structure of compounds 5 in the frame-
work of the Natural Bond Orbital scheme (NBO analy-
sis)27 and we can now explain the nature of the attrac-
tive interaction between the pnictogen center and the
carbonyl O atom. The energy of the stabilizing orbital
interaction (see Table 4) is defined3 as the total energy
of all two-electron orbital interactions involved in elec-
tron transfer from the lone electron pair (LEP) orbital of
the O atom to the antibonding Y—R orbital of the
pnictogen center. The largest contribution to this energy

comes from interaction between the ng and o*y_g
orbitals oriented along the direction of the O...YR bond.
According to calculations for compounds 5 (Y = As, Sb,
and Bi), the LEP of the O atom donates up to 0.15 e to
the o*y_g orbital of the axial bond Y—Hal, whereas the
degree of charge transfer to the c*y_p orbital of com-
pounds 5 with R = H is nearly an order of magnitude
lower. By and large, from the data listed in Table 4 it
follows that the tendency to strengthening of the RY...O
bonds in compounds 5 with an increase in the atomic
number of Y and in the electronegativity of substituent
R, found when analyzing the calculated distances Y...O
and AF values, correlates with an increase in both the
total energies of the attractive orbital interactions and
the energies of the orbital interaction ng—o*y_g. This
correlation emphasizes an important role of the orbital
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Fig. 5. Geometric parameters of the molecules of cis- and trans-isomers of -stibinovinylaldehydes and B-bismuthinovinylaldehydes

and their derivatives obtained from MP2/LanL.2DZ and B3LYP/LanL2DZ (figures in parentheses) calculations. The bond lengths
are given in A and the bond angles and dihedral angles (¢) are given in degrees.
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Table 1. Total energies (£y), zero-point vibrational energy
corrections (ZPE), and the lowest harmonic frequencies (w;)
calculated by different quantum-chemical methods for the

isomers 5 and 9 of B-pnictogenovinylaldehydes

Table 2. Contacts Y...O (r) in the molecules of cis-s-cis
conformers of B-pnictogenovinylaldehydes 5 and the covalency
ratio factors (y) for secondary bonds Y...O calculated by the
MP2(full)/6-31G** (A) and MP2/LanL.2DZ (B) methods

YR’ Iso- R Computational —FEiot ZPE o Y—R’ R r/A X
-1
mer method au /cm 4 4
NH 5 H MP2(full)/6-31G** 246.585076 0.081273 170 N— 2.687 0.18
B3LYP/6-31G**  247.296673 0.079978 233 Cl 2.655 0.20
CIMP2(full)/6-31G** 705.565577 0.071389 93 P-H H 2.818 0.33
B3LYP/6-31G** 706.842064 0.069825 93 Cl 2.487 0.54
9 H MP2(full)/6-31G** 246.577418 0.080813 143 F 2.426 — 0.58 —
B3LYP/6-31G** 247.296673 0.079978 233 As—H H 2.690 2.702 0.48 0.47
CIMP2(full)/6-31G** 705.557828 0.070887 89 Cl 2.522 2.614 0.59 0.53
B3LYP/6-31G**  706.833049 0.069422 88 F 2.415 — 0.65 —
PH 5 H MP2(full)/6-31G** 532.780558 0.072397 141 Sb—H H - 2.862 — 0.50
B3LYP/6-31G**  533.865406 0.070434 128 Cl - 2.719 — 0.59
F MP2(full)/6-31G** 631.831994 0.066726 23 Bi-H H - 2.968 - 0.53
B3LYP/6-31G**  633.129131 0.065201 133 Cl - 2.819 - 0.62
CIMP2(full)/6-31G** 991.837229 0.065408 99
B3LYP/6-31G** 993.488716 0.063832 100
9 H MP2(full)/6-31G** 532.778814 0.071300 99
B3LYP/6-31G**  533.865406 0.070443 128 Table 3. Energy differences calculated without (AE) and with
F MP2(full)/6-31G** 631.823054 0.065642 56 inclusion of zero-point vibrational energy correction (AEzpp),
B3LYP/6-31G**  633.119800 0.064023 65 standard enthalpy differences (AH°), and free Gibbs energy
CIMP2(full)/6-31G** 991.830729 0.064560 57 differences (AG°) between the cis-s-cis conformers of B-pnicto-
B3LYP/6-31G** 993.481501 0.063074 47 genovinylaldehydes 5 and isomers 9 calculated by different
AsH 5 H MP2(full)/6-31G** 2424.102714 0.070830 136 quantum-chemical methods
B3LYP/6-31G** 2426.272736 0.068977 128
MP2/LanL2DZ  197.633745 0.067650 111 YR’ R Computational AE AEgpy AH° AG
B3LYP/LanL2DZ 198.586138 0.068162 115 method
F MP2(full)/6-31G** 2523.156261 0.065225 22 keal mol™!
B3LYP/6-31G** 2525.537395 0.063570 126
Cl MP2(full)/6-31G** 2883.174803 0.064441 96 NH H MP2(full)/6-31G** 52 49 51 48
B3LYP/6-31G** 2885.910190 0.062800 95 B3LYP/6-31G** 52 47 50 44
MP2/LanL2DZ  211.823249 0.061243 80 Cl MP2(ful)/6-31G** 49 46 48 42
B3LYP/LanL2DZ 212.969615 0.061892 89 B3LYP/6-31G** 57 54 57 5.1
9 H MP2(full)/6-31G** 2424.099280 0.069709 78 PH H MP2(ful)/6-31G** 1.1~ 04 08 —02
B3LYP/6-31G** 2426.270156 0.068066 79 B3LYP/6-31G*™ 09 04 07 —04
MP2/LanL2DZ  197.633649 0.066810 91 F MP2(full)/6-31G** 56 49 54 4.0
B3LYP/LanL2DZ 198.585155 0.067300 62 B3LYP/6-31G** 59 51 56 4.0
F MP2(full)/6-31G** 2523.140997 0.063900 57 Cl MP2(ful)/6-31G** 41 3.6 39 27
B3LYP/6-31G** 2525.523759 0.062372 62 B3LYP/6-31G** 45 41 44 3.0
CI MP2(full)/6-31G** 2883.162099 0.063287 48 AsH H MP2(full/6-31G** 2.2 15 1.9 07
B3LYP/6-31G** 2885.897651 0.061848 36 B3LYP/6-31G** 16 1.0 1.4 03
MP2/LanL2DZ  211.814911 0.060461 47 MP2/LanL/2DZ 0.1 =05 —-02 —1.0
B3LYP/LanL2DZ 212.958242 0.061092 41 B3LYP/LanL2DZ 0.8 0.1 ~ 0.5 =07
SbH 5 H MP2/LanL2DZ  196.915161 0.065205 116 F MP2(full)/6-31G** 9.6 87 92 75
B3LYP/LanL2DZ 197.864525 0.065894 122 B3LYP/6-31G** 8.6 78 83 7.0
Cl MP2/LanL2DZ  211.125892 0.059911 82 Cl MP2(ful)/6-31G** 80 73 76 6.1
B3LYP/LanL2DZ 212.267299 0.060551 86 B3LYP/6-31G*™ 79 73 77 6.0
9 H MP2/LanL2DZ  196.913275 0.064379 8 MP2/LanL2DZ 5247 51 37
B3LYP/LanL2DZ 197.861408 0.065021 61 B3LYP/LanL2DZ 7.1 66 7.0 5.4
Cl MP2/LanL2DZ  211.112535 0.058883 43 SbH H ~ MP2/LanlL2DZ 07 12 05 —05
B3LYP/LanL2DZ 212.250749 0.059564 39 B3LYP/LanL2DZ ~ 20 14 18 05
BiH 5 H MP2/LanL2DZ  196.949150 0.064053 117 €l MP2/LanlL2DZ 84 77 81 65
B3LYP/LanL2DZ 197.904831 0.064718 125 . B3LYP/LanL2DZ 104 98 102 8.4
Cl MP2/LanL2DZ  211.316769 0.059062 72 BiH H  MP2/LanL2DZ 14 1.0 13 03
B3LYP/LanL2DZ 212.316769 0.059695 75 B3LYP/LanL2DZ 2.1 17 2.1 0.8
9 H MP2/LanL2DZ  196.946869 0.063352 81 €l MP2/LanL2DZ 95 89 93 76
B3LYP/LanL2DZ 197.901494 0.064056 67 B3LYP/LanlL2DZ  11.3 108 11.2 9.4
cl BI;AIE%I/‘EEI];E?DZZ i;;;g?gg gggzé;i ‘3“5) Note. Positive AE values denote stabilization of the cyclic

structures 5.
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Table 4. Total energies (£) of the orbital interaction between
the YHR fragment and the carbonyl O atom in structures 5
calculated in the framework of the NBO analysis by the
MP2(full)/6-31G** and MP2/LanL2DZ methods

YR’ R E/kcal mol™!
MP2(full)/6-31G** MP2/LanL2DZ
PH H 3.0 (2.1) —
F 15.9 (11.6) —
Cl 19.2 (14.3) —
AsH H 4.8 (3.3) 3.6 (2.4)
F 21.1 (15.4) —
Cl 26.5 (19.8) 30.3 (22.7)
SbH H — 7.3 (4.0)
Cl — 29.4 (20.3)
BiH H — 8.0 (4.3)
Cl — 27.3 (19.0)

Note. Figures in parentheses correspond to the strongest orbital
interaction ng—c*y_g.

interaction np—c*y_g in the determination of the prop-
erties of the secondary pnictogen—oxygen bonds in com-
pounds 5, similarly to the case of their chalcogen-
containing analogs 1.2:3.6,16—19,47 Yet another impor-
tant component of the O—Pn interaction, which stabi-
lizes the conformation 5, is electrostatic attraction be-
tween the positively charged pnictogen atom (according
to NBO analysis data, the Pn atom carries a charge
ranging from +0.35e for the P atom at R = R* = H
to +1.17e for the Bi atom at R = Cl, R” = H) and
negatively charged O atom of the carbonyl group whose
charge varies between —0.5 and —0.6e.

As mentioned above, stabilization of the cis-s-cis
conformation of B-chalcogenovinylaldehydes 1 (X = S,
Se and Te)lY is to a great extent due to the large
contribution of the aromaticity of the 6m-electron
pseudocyclic structure of these compounds. In B-pnicto-
genovinylaldehydes 5 the lone electron pair of the
pnictogen center can also be involved in the formation
of the m-electron sextet. To estimate the contribution of
aromatic stabilization of molecules 5 to AE, we calcu-
lated the HSE values for the reaction shown in Scheme 4.

Scheme 4
H\
\\ H
R—Y----0
| + >=O + CH, —>
NS
H H H
H
S H
RH_" >—H H H
— ‘\l(---—O + —
CH, H 0
H
10

This reaction is analogous to that used previously!¥ in
the evaluation of homodesmotic stabilization energies of
B-chalcogenovinylaldehyde molecules 1 (X = S, Se,
and Te).

The HSE values represent the energy contribution of
cyclic electron delocalization and can be considered as
analogs of Dewar’s resonance energy.26-48 Although no
unambiguous homodesmotic reaction (in which the num-
ber of chemical bonds of each formal type is retained in
both reactants and products) can be constructed for
compounds 5, the reaction shown in Scheme 4 can serve
as a reasonable approximation for estimating the HSF
values. The only deviation from the above condition is
the difference between the number of Cy;3—H and
Cgp2—H bonds in reactants (four and five, respectively)
and products (three and six, respectively). However, a
small difference in the energies of these bonds has little
effect on the HSE values obtained and, hence, does not
affect the principal conclusions. To exclude overesti-
mated stabilization of the bimolecular complexes 10 due
to the formation of not only the coordination bond, but
also additional hydrogen bonds YH...O and CH...Cl
between monomers (see, e.g., the structures!® of bimo-
lecular complexes H,CO...R,X, where X = S, Se, and
Te), the dimer energies (Table 5) were calculated for the
conformation 10 in which only the RY...O interaction
occurs. (The angles Me—Y—O and Y—O—CH, were
assumed to be equal to 90° and 120°, respectively, while
the rest geometric parameters were treated as indepen-
dent variables.) As could be expected, variation of the
pnictogen center (in the order Y = N, P, As, Sb, Bi) and
substituent at Y (in the order R = H, Cl, F) leads to an
increase in the stabilization energy of complex 10 and to
a progressive shortening of the Y...O distance (r) as
compared to the sum of the van der Waals radii. It
should be emphasized that the adducts 10 formed by
amines (Y = N) and methylphosphine (Y = P, R = H)
are stabilized (Ey > 0) solely by the electrostatic interac-
tion. The calculated Y...O distances in these complexes
are longer than the sum of the van der Waals radii of
corresponding atoms.

From the data listed in Table 5 it follows that, in
contrast to high HSE of B-chalcogenovinylaldehydes 1
(see Fig. 1), the HSE values calculated for all com-
pounds 5, except for the nitrogen derivatives (Y = N),
are rather small or negative. This suggests the absence of
aromaticity in B-pnictogenovinylaldehydes 5 (Y = P, As,
Sb, and Bi) and is also supported by retention of consid-
erable variations in the lengths of the alternating car-
bon—carbon bonds, Al = Ic_c — lc=c (Al=0.11—0.13 A)
in the quasi-cyclic structures 5, similarly to those found
for the open conformations 9 (see Figs. 2—5 and Table 6).
On the other hand, B-chalcogenovinylaldehydes 1 are
characterized by substantial equalization of the car-
bon—carbon bond lengths (i.e., by a decrease in A/) as
compared to linear isomers 3, especially for the com-
pounds with electronegative substituent (Cl) at the chal-
cogen center.
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Table 5. Total energies (E;y/au), distances Y...O (r/A), and
stabilization energies (Eg/kcal mol™!) of complexes 10 and the
homodesmotic stabilization energies (HSE/kcal mol™!) of
B-pnictogenovinylaldehydes 5 calculated by different quan-
tum-chemical methods

YRR Computational —Eyo r Ey® HSE
method
N H MP2(full)/6-31G**  209.751327 3.25 0.8 21.2

210.367356 3.36 0.3 24.2
668.745239 3.05 2.2 12.8
669.927864 3.13 1.6 14.7
495.974747 3.35 1.9 3.7
496.970238 3.53 1.0 2.7
595.02311123.04 3.6 0.0
596.229281 3.12 2.5 —0.2
955.030647 3.15 3.3 4.1
956.592969 3.10 2.9 3.1
2387.298857 3.21 3.8 24
2389.383494 3.21 5.1 —1.0
160.871849 3.58 1.0 2.3
161.697108 3.70 0.5 0.8
2486.347236 2.86 7.2 —3.9
2488.639711 2.92 6.1 —4.2
2846.368742 2.92 7.1 0.3
2849.017857 2.89 7.9 1.0

B3LYP/6-31G**
Cl  MP2(full)/6-31G**
B3LYP/6-31G**
MP2(full)/6-31G**
B3LYP/6-31G**
F  MP2(full)/6-31G**

B3LYP/6-31G**
Cl  MP2(full)/6-31G**
B3LYP/6-31G**
MP2(full)/6-31G**
B3LYP/6-31G**
MP2/LanL2DZ
B3LYP/LanL2DZ
F MP2(full)/6-31G**

B3LYP/6-31G**
Cl  MP2(full)/6-31G**

B3LYP/6-31G**

As H

MP2/LanL2DZ 175.060970 2.95 4.5 —2.7
B3LYP/LanL2DZ 176.078692 2.90 3.4 3.5

Sb H MP2/Lanl.2DZ 160.151659 3.61 1.3 2.2
B3LYP/Lanl.2DZ 160.973861 3.65 0.8 0.6

Cl  MP2/Lanl2DZ 174.359225 2.99 5.3 3.1
B3LYP/LanL2DZ 175.372058 2.96 4.8 —5.1

Bi H MP2/LanL2DZ 160.185060 3.53 1.7 2.3
B3LYP/LanL2DZ 161.013676 3.53 1.1 0.6

Cl  MP2/Lanl2DZ 174.402857 2.95 6.4 —3.8
B3LYP/Lanl.2DZ 175.421043 2.93 5.8 —5.7

@ Calculated as the difference between the total dimer energy
and the sum of the total energies of isolated monomers.

The electronic structures of B-chalcogenovinyl-
aldehydes 1 (X = Chalc) and their pnictogen-containing
analogs 5 (Y = P, As, Sb, and Bi) differ in that the Pn
atom has only one LEP ny and that the LEP orientation
controlled by the sterecochemistry of the coordination
site in molecules 5 is unfavorable for optimum interaction
with the m-system of the fragment —CH=CH—CH=0.
As follows from NBO analysis data, the angle between
the orbital ny and the five-membered ring plane varies
from ~30° to 45°, the LEP orbital is characterized by
rather low p-character, and its hybridization lies be-
tween sp¥¢ for the phosphorus derivative 5 (Y = P,
R = H) and sp%2 for the bismuth derivative 5 (Y = Bi,
R = CI). Figure 6 shows that the coordination polyhe-
dron of bonds at the pnictogen atom in molecules 5
corresponds to a distorted trigonal bipyramid with the
LEP (a phantom ligand) in equatorial position. This
geometry of the coordination site seems to be less
favorable for cyclic n-electron delocalization compared
to that of the chalcogen-containing analogs 1, in which
one of the LEP orbitals of the hypervalent center is an
unperturbed p,-orbital.>

Table 6. Alternation degree of carbon—carbon bonds,
Al = lc_c — Ic=c, in the cyclic (4) and open (B) conforma-
tions of B-chalcogenovinylaldehydes (1 and 3, respectively)
and B-pnictogenovinylaldehydes (5 and 9, respectively), and
homodesmotic stabilization energies (HSE) for the cyclic struc-
tures 1 and 5 calculated by the MP2/LanL.2DZ method

X4 R Al/A HSE

or YH y 3 /kcal mol~!
B-Chalcogenovinylaldehydes!8:19

4 H 0.098 0.110 2.0

Cl 0.062 0.113 2.6

Se H 0.106 0.118 3.6

Cl 0.067 0.125 6.9

Te H 0.098 0.137 5.6

Cl 0.048 0.124 12.5

0.056¢ — —

B-Pnictogenovinylaldehydes

PHY H 0.113 0.128 3.7

Cl 0.104 0.130 4.1

AsH H 0.117 0.125 2.3

Cl 0.112 0.114 —=2.7

SbH H 0.120 0.125 2.2

Cl 0.113 0.127 -3.1

BiH H 0.120 0.125 2.3

Cl 0.114 0.127 —3.8

@ Listed are the substituents X for B-chalcogenovinylaldehydes
or YH for B-pnictogenovinylaldehydes.

b Obtained from MP2/6-31+G** calculations.!8

¢ Calculated by the MP2/6-31G** method.

4 The results of X-ray study of 3-(p-methoxyphenyl)-5-phenyl-
1,2-oxatellurolyl-1-ium chloride.4®

B-Aminovinylaldehydes and - N-(chloro)aminovinyl-
aldehydes 5 (Y = N) represent a distinct exception. As a
result of planarity of their structure (the sum of the bond
angles at the N atom is 360 and 351°, respectively), in
both molecules the LEP axis of the N atom is normal to
the plane of the conjugated ring stabilized by the in-
tramolecular bond N—H...O. This leads to rather high
HSFE values and to considerable equalization of the
carbon—carbon bond lengths in the conformation 5
(Y = N) of these compounds as compared to structure 9
(see Fig. 2). Important role of the resonance stabiliza-

H

RN

Fig. 6. Orientation of the hybrid LEP orbital of the P atom in
molecule 5 (Y = P, R = Cl) determined in the framework of
the NBO analysis by the RHF/6-31G** method.



2038  Russ.Chem.Bull., Int.Ed., Vol. 50, No. 11, November, 2001

Minkin et al.

tion of conjugated systems with intramolecular hydrogen
bonds was repeatedly pointed out.45-46,51

The aforesaid suggests that considerable stabilization
of the quasi-cyclic conformation 5 of B-pnictogenovinyl-
aldehyde molecules compared to their free of strain,
trans-s-trans conformation 9, clearly indicated by sub-
stantially shortened Y...O contacts and positive AE val-
ues (see Tables 2 and 3, respectively), is mainly due to
the factors responsible for the formation of secondary
bonds Y...O of the hypervalent type (i.e., electrostatic
attraction and the ng—o*p,_g orbital interaction). In
contrast to B-chalcogenovinylaldehydes 1, aromatic sta-
bilization in molecules 5 is relatively weak or even
absent.

1,6-Dioxa-6aA3-pnictapentalenes 6. Formally, these
unknown at present compounds can be obtained
by "fusing" the five-membered furan ring with the
cis-B-pnictogenovinylaldehyde molecules 5. Compounds
6 are isoelectronic to both 1,6-dioxa-6ai4-chalca-
pentalenes 2 and ADPnO 8 and possess the same type of
the heterapentalene backbone. Similarly to molecules 2,
alternative structural forms of the heterapentalene sys-
tem 6 can be represented either by the equilibrium
between topomers 11 (here, structure 6 is a transition
state) or by isomers with respect to acyclic bonds, e.g.,
12 (Scheme 5).

Scheme 5
R SR .
O—Y----0 o—Y- (0]
N NS ! W -
11a 6
R\ /R
O----Y—O o—Y
- |
NS NN
11b 12

The formation of strong 3c-4e bonds O—Y—O with
Y = P and As is readily apparent from the results of
calculations listed in Tables 7 and 8. These bonds stabi-
lize the cis-configuration with respect to the C=C bonds,
thus providing the possibility of formation of stable
quasi-heterapentalene structures 6 of corresponding com-
pounds. Bicyclic hypervalent structures 6 (Y = P, As) are
more energetically favorable than sterically unstrained
monocyclic isomers 12. The energy differences between
6 and 12 increase on going from Y = P to Y = As and
from R = H to R = F. For nitrogen derivative (Y = N,
R = H) the most stable is monocyclic cis-structure 11
with intramolecular coordination O«N. Only one simi-
lar structure was found in the calculations of 1,6-dioxa-
6a-fluoro-6a)\3-arsapentalene (Y = As, R = F); however,
its formation should be considered as a consequence of a

slight distortion of the Cg-structure 6 of this compound.
The total energies of structures 6 and 11 (Y = As, R=F)
virtually coincide (see Tables 7 and 8). The symmetric
structure of 1,6-dioxa-6aA’-azapentalene 6 (Y = N,
R = H) corresponds to a saddle point rather than a
minimum on the PES and represents a transition state
(TS) of the N—O bond switching reaction between the
topomers 11a and 11b. This rearrangement is likely to
proceed as intramolecular Sy2-substitution at the
tricoordinate N atom and structure 6 exactly meets
corresponding stereoelectronic conditions. The energy
barrier to the rearrangement is characterized by the AF
values for structure 6 (Y = N, R = H) listed in Table 8.
They are close to the height of the barrier to intramolecu-
lar nucleophilic substitution at the tetrahedral C atom in
the structurally identical 2,3-dihydro-3-formylmethylene-
furan (27.7 kcal mol™! at the MP2(full)/6-31G** level of
theory).52 The results obtained from MP2 and DFT
calculations are in reasonable agreement. The sole ex-
ception is the structure of 1,6-dioxa-6a-fluoro-6a)s-
arsapentalene 6 (Y = As, R = F). The optimized geo-
metric parameters of the molecules of 1,6-dioxa-6a\>-
pnictapentalenes 6, monocyclic isomers 12, structures
14 (TS of topomerization of compounds 6), and their
isomers 13 are presented in Figs. 7—11.

The aromaticity of 1,6-dioxa-6a\*-chalcapentalenes
2 (X =S, Se, Te) and ADPnO 8 is readily apparent from
complete analogy between the electronic structures of
these compounds and pentalene dianion.183—20,23,26,38
On the other hand, aromaticity of 1,6-dioxa-6a\>-pnicta-
pentalenes 6 should depend on the degree of involve-
ment of the LEP of the pnictogen atom in cyclic
n-conjugation. According to NBO analysis data, the
angle between the LEP axis and the direction of the
C(3a)—Y bond varies from 121 to 136° while the
p-character of the LEP orbital decreases in the order
Y = N, P, As and on going from R = H to R = F as
well. To estimate the HSE values for molecules 6 and
compare them with the results obtained for compounds
2 (X = 8§, Se, and Te), we calculated the heats of the
reactions presented in Scheme 6 (see Table 9).

Scheme 6
— .~“\R +
o—Y (0]
NN e
6
R
|
e

15

As can be seen from the data listed in Table 9, the
HSE values for 1,6-dioxa-6aA>-pnictapentalenes 6 are
much lower than those found for their chalcogen-con-
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Table 7. Total energies (£;.), zero-point vibrational energy corrections (ZPE), and the lowest (®;) or imaginary (i)
harmonic frequencies calculated by different quantum-chemical methods for the isomers of 1,6-dioxa-6aA>-pnictapentalenes

Y R Structure, Computational —FEiot ZPE ®; or i®
symmetry method Jem™!
au
N H 6, C (TS) MP2(full)/6-31G** 397.498813 0.095644 i522
B3LYP/6-31G** 398.623735 0.093882 i827
11, C; MP2(full)/6-31G** 397.545085 0.095823 130
B3LYP/6-31G** 398.660682 0.095823 129
12, C; MP2(full)/6-31G** 397.5300698 0.096580 130
B3LYP/6-31G** 398.645741 0.095523 104
13, C; MP2(full)/6-31G** 397.469870 0.097190 114
B3LYP/6-31G** 398.577292 0.095408 61
P H 6, C, MP2(full)/6-31G** 683.842165 0.092334 198
B3LYP/6-31G** 685.324322 0.090485 208
12, C; MP2(full)/6-31G** 683.818268 0.090207 84
B3LYP/6-31G** 685.300733 0.088793 92
14, G,, (TS) MP2(full)/6-31G** 683.830488 0.092412 i469
B3LYP/6-31G** 685.300094 0.091065 i501
13, C; MP2(full)/6-31G** 683.849301 0.094820 72
B3LYP/6-31G** 685.318688 0.092583 115
F 6, C, MP2(full)/6-31G** 782.886848 0.085420 153
B3LYP/6-31G** 784.581297 0.083974 151
12, C; MP2(full)/6-31G** 782.880243 0.085659 67
B3LYP/6-31G** 784.571782 0.082815 70
14, G,, (TS) MP2(full)/6-31G** 782.861978 0.086008 282
B3LYP/6-31G** 784.541226 0.084978 i318
13, C; MP2(full)/6-31G** 782.856234 0.085659 98
B3LYP/6-31G** 784.544256 0.084226 108
As H 6, C, MP2(full)/6-31G** 2575.173224 0.090599 177
B3LYP/6-31G** 2577.740592 0.088883 172
12, C; MP2(full)/6-31G** 2575.146512 0.089296 87
B3LYP/6-31G** 2577.714006 0.087641 93
14, G,, (TS) MP2(full)/6-31G** 2575.137735 0.090579 1502
B3LYP/6-31G** 2577.688536 0.088787 i612
13, C; MP2(full)/6-31G** 2575.173900 0.092826 100
B3LYP/6-31G** 2577.727408 0.091254 119
F 6, C, MP2(full)/6-31G** 2674.217242 0.083767 i25 (TS)
B3LYP/6-31G** 2676.995877 0.082311 100
11, C; MP2(full)/6-31G** 2674.217242 0.083772 37
12, C; MP2(full)/6-31G** 2674.202564 0.082784 64
B3LYP/6-31G** 2676.979308 0.081601 75
14, G,, (TS) MP2(full)/6-31G** 2674.165059 0.084412 i266
B3LYP/6-31G** 2676.921458 0.082941 329
13, C; MP2(full)/6-31G** 2674.180730 0.084361 97
B3LYP/6-31G** 2676.953467 0.082920 110
taining analogs 2. The higher the p-character of the Scheme 7

LEP centered on the Pn atom in molecules 6, the higher
the HSE value and, hence, the aromaticity of the com-
pound. The homodesmotic stabilization energies found
for systems 6 and 2 (see Table 9) were compared with
the corresponding values calculated for the most aro-
matic bicyclic naphthalene structure with a m-electron
decet. The results obtained using the same proce-
dure (Scheme 7) were 62.2 (MP2(full)/6-31G**) and
53.7 kcal mol~! (B3LYP/6-31G**). As can be seen, the
HSE values are nearly 50% of the latter estimate for
1,6-dioxa-6aA*-chalcapentalenes 2, much lower for com-
pounds 6, and virtually insignificant for 6a-fluoro de-
rivatives. These results indicate that heterapentalenes 6

are much less aromatic than compounds 2. As in the
case of B-pnictogenovinylaldehydes, this can be due to
the fact that both hybridization and orientation of the
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Table 8. Relative energies calculated without (AE) and with inclusion of zero-point vibrational energy correction (AEpg), standard
relative enthalpies (AH°), and standard free Gibbs energies (AG°) of the isomers of 1,6-dioxa-6a\3-pnictapentalenes

Y R Structure, Computational AE AEzpE AH° AG°
symmetry method «eal mol-!
N H 11, C, MP2(full)/6-31G** 0 0 0 0
B3LYP/6-31G** 0 0 0 0
6, C, (TS) MP2(full)/6-31G** 29.0 28.2 27.8 28.6
B3LYP/6-31G** 23.2 22.0 21.7 22.3
12, ¢ MP2(full)/6-31G** 9.4 9.2 9.4 8.7
B3LYP/6-31G** 9.4 9.2 9.4 8.7
13, C; MP2(full)/6-31G** 47.2 47,3 46.8 47.8
B3LYP/6-31G** 52.3 52.1 51.8 52.3
P H 6, C MP2(full)/6-31G** 0 0 0 0
B3LYP/6-31G** 0 0 0 0
12, ¢ MP2(full)/6-31G** 15.0 13.7 14.3 12.5
B3LYP/6-31G** 14.8 13.7 14.2 12.7
14, G,, (TS) MP2(full)/6-31G** 7.3 7.4 6.9 8.1
B3LYP/6-31G** 15.2 15.6 15.0 16.4
13, C, MP2(full)/6-31G** —4.5 -2.9 —-2.8 —-3.3
B3LYP/6-31G** 3.5 4.8 4.6 4.9
F 6, C MP2(full)/6-31G** 0 0 0 0
B3LYP/6-31G** 0 0 0 0
12, C, MP2(full)/6-31G** 4.1 3.2 3.7 2.1
B3LYP/6-31G** 6.0 5.2 5.6 4.2
14, Gy, (TS) MP2(full)/6-31G** 15.6 16.0 15.2 17.0
B3LYP/6-31G** 25.1 25.8 249 26.9
13, C, MP2(full)/6-31G** 19.2 19.4 19.1 19.6
B3LYP/6-31G** 23.2 23.4 23.1 23.7
As H 6, C MP2(full)/6-31G** 0 0 0 0
B3LYP/6-31G** 0 0 0 0
12, C, MP2(full)/6-31G** 16.8 15.9 16.3 15.0
B3LYP/6-31G** 16.7 15.9 16.2 15.1
14, G,, (TS) MP2(full)/6-31G** 22.3 22.3 21.7 23.3
B3LYP/6-31G** 32.7 32.6 32.1 33.6
13, C; MP2(full)/6-31G** —-0.4 1.0 0.7 1.1
B3LYP/6-31G** 8.3 9.8 9.5 10.0
F 6, C, MP2(full)/6-31G** 0 0 0 0
B3LYP/6-31G** 0 0 —0.5 1.1
11, C, MP2(full)/6-31G** 0 0 0 0
B3LYP/6-31G** 0 0 0 0
12, C; MP2(full)/6-31G** 9.2 8.6 8.8 8.3
B3LYP/6-31G** 10.4 9.9 10.1 9.4
14, G,, (TS) MP2(full)/6-31G** 32.7 33.1 32.1 35.2
B3LYP/6-31G** 46.7 47.1 46.1 48.7
13, C; MP2(full)/6-31G** 22.9 23.3 22.7 24.4
B3LYP/6-31G** 26.6 27.0 26.5 27.7
LEP of the pnictogen center in molecules 6 are unfavor- Scheme 8
able for providing the maximum overlap with the
n-system of the molecular skeleton. 0 o o

All the bicyclic structures 6 shown in Figs. 7—11 are
characterized by slight folding along the Y—C(3a) bond.
Planar structures 14 with C,, symmetry represent transi-
tion states of a specific polytope rearrangement of quasi-
trigonalbipyramidal (bisphenoid) structures 6 (Y = P, As;
see Scheme 8).

A salient feature of the mechanism of this rearrange-
ment is planarity of the tetracoordinate inversion center,
whereas topomerization of strain-free bisphenoid struc-
tures occurs usually via a square-pyramidal TS (see, e.g.,

L | /RI iF
C(Sa)—\lf" ===C(3a)—Y—F -——‘C(Sa)—\lf'\:

N TN N

6, C, 14,C,, 6b, C,
Ref. 53). Calculations performed for the phosphorus
derivative 6 (Y = P, R = H) predict a rather low energy
barrier to the topomerization (~7 kcal mol~! at the
MP2/6-31G** level of theory). For the As derivative, as
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12 (Y =N, R=H), 13 (Y =N, R=H), C;

Fig. 7. Geometric parameters of the 4,5-dihydro-5-formylmethyleneoxazole isomers and bicyclic structure 6 (a TS of interconversion
between topomers 11a and 11b) calculated by the B3LYP/6-31G** and MP2(full)/6-31G** (figures in parentheses) methods. The
bond lengths are given in A and the bond angles are given in degrees.

1.931
(1.877)

14 (Y=P,R=H), C,, 13(Y=P,R=H), C,

Fig. 8. Geometric parameters of the molecule of 1,6-dioxa-6aA>-phosphapentalene (6), structure 14 (a TS of topomerization of 6),
and isomers 12 and 13 calculated by the B3LYP/6-31G** and MP2(full)/6-31G** (figures in parentheses) methods. The bond
lengths are given in A and the bond angles are given in degrees.



2042 Russ.Chem.Bull., Int.Ed., Vol. 50, No. 11, November, 2001 Minkin et al.

1.936
(1.901)

\
1
(AN —C
@

127.8
(126.7)

14(Y=P,R=F), G, 13(Y=P,R=F), C,

Fig. 9. Geometric parameters of the molecule of 1,6-dioxa-6a-fluoro-6ai3-phosphapentalene (6), structure 14 (a TS of
topomerization of 6), and isomers 12 and 13 calculated by the B3LYP/6-31G** and MP2(full)/6-31G** (figures in parentheses)
methods. The bond lengths are given in A and the bond angles are given in degrees.

1.525

f 109.0) 1839
< (1.827)

1.410
N\
N

14 (Y = As, R = H), Gy, 13 (Y = As, R = H), C,

Fig. 10. Geometric parameters of the molecule of 1,6-dioxa-6aA>-arsapentalene (6), structure 14 (a TS of topomerization of 6),
and isomers 12 and 13 calculated by the B3LYP/6-31G** and MP2(full)/6-31G** (figures in parentheses) methods. The bond
lengths are given in A and the bond angles are given in degrees.
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12 (Y =As, R=F),

14 (Y = As, R=F), Gy,

13 (Y=As, R=F), C,

Fig. 11. Geometric parameters of the molecule of 1,6-dioxa-6a-fluoro-6aA’-arsapentalene (6), structure 14 (a TS of topomerization
of 6), and isomers 12 and 13 calculated by the B3LYP/6-31G** and MP2(full)/6-31G** (figures in parentheses) methods. The
bond lengths are given in A and the bond angles are given in degrees.

well as upon replacement of the H atom at the pnictogen
center by the more electronegative atom F the barrier to
the topomerization ("cuneal inversion"54) becomes much
higher.

It was also of interest to assess the possibility for
"electromorphism" to occur in structures 6 due to "forced"
distortion of their geometries, similarly to that proposed
for 5-aza-2,8-dioxa-1-pnictabicyclo[3.3.0]octa-2,4,6-
trienes (ADPnO) 8.32:33 No stationary points corre-
sponding to the structure of intermediate (or TS) 16 and

isoelectronic to 8a were located on the PES of systems
6. Nevertheless, we found that folding of these struc-
tures along the Y—C(3a) bond immediately results in
isomeric 2,8-dioxa-1-pnictabicyclo[3.3.0]octa-2,4,6-
trienes 13 that are formed as a result of migration of the
substituent R (R = H, F) from Y to the C(3a) atom
(Scheme 9). The relative energies of the phospha and
arsa derivatives 13 (Y = P, As; R = H) listed in Table 8
nearly coincide with those of hypervalent isomers 6. In
the case of nitrogen derivatives 13 (Y = N) and com-
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Table 9. Homodesmotic stabilization energies (HSE/kcal mol~!)
and the LEP orbital hybridization (LP) for the atomic centers
X (in compounds 2) or Y (in compounds 6), and the total
energies (E/au) of polyenes 15

Struct- X R Computational —E(15) HSE LP
ure Y) method

218 S — MP2/Lanl2DZ  392.074416 16.6 p
B3LYP/6-31G**  782.028589 234 —
MP2(fc)/6-31+G** 780.349761 24.9 —
Se — MP2/LanL2DZ  391.206449 26.0 —
MP2(full)/6-31G** 2780.483483 39.0 —
Te — MP2/LanL2DZ  390.059210 29.9 —

6 N H MP2(full)/6-31G** 437.849479 12.6 sp!8
B3LYP/6-31G**  439.164601 12.6 —

P H MP2(full)/6-31G** 724.187519 15.4 sp0?
B3LYP/6-31G**  725.827966 12.8 —

F MP2(full)/6-31G** 823.253858 1.8 sp0®

B3LYP/6-31G**  825.104195 0.7 —

As H MP2(full)/6-31G** 2615.510667 20.3 sp-6
B3LYP/6-31G** 2618.236579 17.6 —

F MP2(full)/6-31G** 2714.579446 7.2 sp0-4
B3LYP/6-31G**  271.509987 6.6 —

pounds with the F atom in position 5, structures 6 are
more energetically favorable.

Scheme 9

Intramolecular coordination Y«O in the cis-s-cis
conformers of B-pnictogenovinylaldehydes 5 leads to
their stabilization as compared to the uncoordinated
sterically unstrained trans-s-trans conformers 9. This
effect is almost entirely due to the factors responsible for
the formation of secondary bonds Y...O of the hypervalent
type, viz., electrostatic attraction and the np—6*p,_gr
orbital interaction. In contrast to B-chalcogenovinyl-
aldehydes 1, aromatic stabilization in molecules 5 is
insignificant or even absent. According to calculations,
bicyclic hypervalent structures of 1,6-dioxa-6aA>-pnicta-
pentalenes 6 (Y = P and As) are much more stable than

the strain-free monocyclic isomers 12. In addition, aro-
maticity of heterapentalenes 6 is much weaker than that
of their chalcogen-containing analogs 2 (X = S, Se,
and Te). As in the case of B-pnictogenovinylaldehydes
5, this can be explained by non-optimum hybridization
and orientation of the LEP of the pnictogen center,
which precludes a maximum overlap with the m-system
of the molecular skeleton. It should be emphasized
again that correct estimate of the strengths and lengths
of the secondary bonds Chalc...O (in B-chalcogenovinyl-
aldehydes 1) and Pn...O (in B-chalcogenovinylaldehydes
1 and B-pnictogenovinylaldehydes 5), as well as the
three-center, four-electron hypervalent bonds O—X—0
(in 1,6-dioxa-6aAr*-chalcapentalenes 2) and O—Y—O
(in 1,6-dioxa-6a\3-pnictapentalenes 6) requires the in-
clusion of electron correlation.
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