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Molecules that contain a double bond between hypervalent atoms were designed. They included
monocyclic five-membered ring molecules [HCO2(FPn)2]- and bicyclic molecules [HCO2Pn]2 (Pn )
Sb, Bi), which contain one and two carboxylato (HCO2)- bridges between the doubly bonded pnictogen
atoms, respectively. The bicyclic molecules are kinetically and thermodynamically more stable than the
monocyclic molecules.

Introduction

The chemistry of hypervalent compounds has attracted the
attention of both organic and inorganic chemists over the past
half century.1 Hypervalent molecules are also of broad theoreti-
cal and experimental interest because of their unusual geo-
metrical and electronic structures1,2 and their importance as
reactive intermediates in some chemical reactions.3 Multiple
bonds between high-row elements, phosphorus and silicon (see
1 and 2), were first reported in 1981 by Yoshifuji and
co-workers4aand by West and co-workers,4b respectively. Single
bonds between “hypervalent”5 atoms have been reported for
silicon,6 germanium,7 and tin8 (see3-5). In this paper, we report
our theoretical design of stable double bonds between hyper-
valent atoms.

Results and Discussion

We chose [SiH3dSiH3]2- and [PH2dPH2]2- as simple model
compounds that contain a double bond between hypervalent
atoms. A double bond requires a planar structure. Therefore,
we performed calculations for planar Si2H6

2- and P2H4
2- at the

B3LYP/6-311++G** level.9 The geometries were optimized
for fixed Si-Si-H (or P-P-H) bond angles. The calculations
show that Si2H6

2- has a SidSi double bond with a Si-Si-H
bond angle of around 100°, and there is a bondingπ-orbital

among the high-lying occupied orbitals and an antibondingπ*-
orbital among the low-lying vacant orbitals (Figure 1). The Si-
Si bond is dissociated at wider Si-Si-H bond angles. The
phosphorus species P2H4

2- was not shown to have a PdP double
bond. The bonding and antibondingπ-orbitals are both occupied
by electrons with P-P-H bond angles of around 100°, while
the P-P bond is dissociated for wider P-P-H bond angles.
We performed calculations for Si2F6

2- and P2F4
2- to investigate

the effects of the electronegativity of the atoms bonded to Si
and P. Similar results were obtained for Si2F6

2-. In P2F4
2-, there

is a PdP double bond with a P-P-F bond angle of around
100°.

The calculated results suggest some structural features that
are important for molecules XnMdMXn that contain doubly
bonded hypervalent atoms. The bond angle M-M-X should
be near 100°. We used five-membered ring structures, i.e., the
monocyclic (6-13) and bicyclic (14-21) molecules. Oxygen
atoms were chosen as ring atoms for the electronegative fluorine
atoms. A tricoordinate carbon atom (CH) with a vacant p-orbital
was chosen as the remaining part of the ring. The vacancy of
the p-orbital gives rise to 6π electrons (2π electrons of the
double bond and 4π lone pair electrons on the oxygen atoms)
in the ring. Fortunately, further stabilization of cyclic molecules
or pentagon stability10 is expected from the cyclic delocalization
of the σ-lone pairs on the oxygen atoms through the vicinal
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σ-bond (Figure 2). The lone pairs are donors. The C-O σ-bond
of the carboxylato group and the M-M σ-bond are acceptors.
The lone pair orbital (n), theσ*C-O-orbital, and theσ*M-M-
orbital satisfy the orbital phase continuity conditions:11,12 the
acceptingσ*-orbitals are in-phase and the donating (n) and
acceptingσ*-orbitals are in-phase. Thus, the cyclic delocaliza-
tion of lone pair electrons is enhanced.

Monocyclic Molecules. We optimized the geometries of
monocyclic molecules6-9 (M ) Si, Ge, Sn, and Pb) and10-
13 (Pn ) P, As, Sb, and Bi) under the constraint ofC2V
symmetry at the B3LYP/LANL2DZ level.9 TheC2V geometries
are not equilibrium structures for6-9, as shown by a few
imaginary frequencies, but are equilibrium structures for10-
13 (Figure 3). There is a double bond between the pnictogen
atoms in10-13. The bondingπ-orbital is occupied by electrons,
whereas the antibondingπ-orbitals are vacant (Figure 4).
Calculations for6, 7, 10, and11 containing a lighter atom (M
) Si, Ge, P, As) at the higher level (B3LYP/6-311++G**)
gave similar results, except for a few imaginary frequencies of
the C2V geometry of10.

We investigated the kinetic and thermodynamic stabilities of
10-13. The calculations suggested that all of the five-membered
ring species could isomerize into the three-membered ring
species10a-13a (Figure 5) with low enthalpies of activation:

∆Hq ) 0.5 kcal/mol for10; 3.3 kcal/mol for11; 6.3 kcal/mol
for 12; and 6.9 kcal/mol for13. Molecules10-13 show slight
differences in the thermodynamic stability from the three-
membered ring species:∆H ) -2.5 kcal/mol for10; 1.5 kcal/
mol for 11; 4.4 kcal/mol for12; and 5.8 kcal/mol for13. The
monocyclic molecules10-13, which contain a double bond
between the pnictogen atoms, are thermodynamically and
kinetically unstable and difficult to isolate and characterize.

Bicyclic Molecules.We designed the bicyclic molecules14-
21. Further stabilization is expected from an additional cyclic
delocalization of theπ- and n-electrons (Figure 2). The
geometries ofD2h symmetry were optimized at the B3LYP/
LANL2DZ level (Figure 6).

The D2h geometries of14-17, which contain double bonds
between the atoms in group 14, have a few imaginary frequen-
cies like the monocyclic geometries6-9. Thus, they are not
equilibrium geometries. On the other hand, molecules19-21
(Pn) As, Sb, Bi) are at local minima, whereas18 (Pn) P) is
the transition state of the rapid degenerate rearrangement
with an enthalpy of activation∆Hq ) 0.88 kcal/mol for di-
phosphirene18a with normal valency where the formyl
groups are on the sides syn to the PdP bond. Molecules19-
21 have a double bond between heavy atoms. The HOMO is
the bondingπ-orbital and the LUMO is the antibondingπ-orbital
(Figure 7).

The bicyclic molecules19-21 isomerize to dipnictogenenes
19a-21a (Figure 8), respectively, as was suggested by the
earlier result that theC2V geometry of18 is the transition state
of the diphosphirene18a. Surprisingly, the products are syn,anti-
conformers. One formyl group is on the syn side of the PndPn
bond, whereas the other is on the anti side. The syn,syn-
conformers were not located at local energy minima. These
results suggest that19-21are kinetically stable. The enthalpies
of activation of isomerization and the energy differences
between19-21and the products were calculated at the B3LYP/
LANL2DZ (B3LYP/6-311++G**) levels. The enthalpies of
activation are appreciable (12.7 (10.9) kcal/mol for19) and
outstanding (18.3 kcal/mol for20; 21.9 kcal/mol for 21).
Molecules 19-21 are thermodynamically more stable than
the products, as shown by their energy differences (∆H ) 10.6
(8.9) kcal/mol for19; 16.3 kcal/mol for20; 19.4 kcal/mol for
21).
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Figure 1. Bonding and antibondingπ-orbitals.

Figure 2. Orbital phase continuity for the pentagon stability.

5544 Organometallics, Vol. 26, No. 23, 2007 Kameyama et al.



Figure 3. C2V geometries optimized at the B3LYP/LANL2DZ (B3LYP/6-311++G**) level.

Figure 4. High-lying molecular orbitals and the LUMO of10-13 calculated at the B3LYP/LANL2DZ (B3LYP/6-311++G**) level.

Figure 5. Geometries of the products of the rearrangement of10-13 optimized at the B3LYP/LANL2DZ (B3LYP/6-311++G**) level.
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We performed further calculations for19 at the MP2/6-
311++G** and MP2/LANL2DZ levels and for20 and21 at
the MP2/LANL2DZ level. The MP2 calculations supported the
results of the DFT calculations, which showed that20 and
21 are kinetically and thermodynamically stable molecules

(Figure 9).13 However, a local energy minimum was not found
for 19 at the MP2 level.

There were clear differences between the elements in groups
14 and 15. Neither monocyclic nor bicyclic molecules containing
a double bond between the hypervalent atoms were located as
energy minima for group 14 elements. The bonding-antibond-
ing property of theσ-σ* interaction between the geminal ring
bonds was previously proposed to indicate ring strain.14 We
subjected8 (M ) Sn) and12 (Pn ) Sb) to the bond model
analysis.15 According to the calculated interbond energy (IBE)16,17

(Table 1), the geminalσPnPn-σ*PnOandσPnO-σ*PnPninteractions
in 12 (Pn ) Sb) are nonbonding (Figure 10), whereas the
antibonding property (0.310 au) ofσMM-σ*MO interaction is
greater than the bonding property (-0.190 au) of theσMO-
σ*MM interaction in8 (M ) Sn). The predominance of the
antibonding property strains the ring. The hybrid orbitals for
σMM of 8 (M ) Sn) have higher s-character than those forσPnPn

of 12 (Table 1) due to the low s-character of the hybrid orbital
on M for the M-O bond (M) Sn) and the high s-character of
the lone pair on Pn()Sb). The high s-character ofσMM (M )
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∆G values (14.1 kcal/mol [14.2 kcal/mol] for20 and 17.7 kcal/mol [17.3
kcal/mol] for 21) do not significantly differ from the∆Hq and∆H values
(see the Supporting Information).
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Figure 6. Geometries of14-21 optimized under the constraint of theD2h symmetry at the B3LYP/LANL2DZ (B3LYP/6-311++G**)
[MP2/LANL2DZ] level.

Table 1. Interbond Energies (IBE)17 between the Geminal
Bonds and Hybrid Orbitals (HO) of 8 and 12 Calculated at

the RHF/LANL2DZ Level Using the B3LYP/
LANL2DZ-Optimized Geometries.

IBE (au) HOa

σM(Pn)M(Pn)-
σ*M(Pn)O

σM(Pn)O-
σ*M(Pn)M(Pn) σM(Pn)M(Pn) σM(Pn)O

8 (M ) Sn) 0.310 -0.190 sp0.59 sp97.9

12 (Pn) Sb) 0.000 0.000 sp5.11 sp21.8

a Hybrid orbitals on M(Pn).

Figure 7. HOMO (bondingπ-orbital) and LUMO (antibonding
π*-orbital) of 19-21calculated at the B3LYP/LANL2DZ (B3LYP/
6-311++G**) level.
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Sn) is a factor for the antibonding property of the geminal
delocalization14 and strains the ring of8.

Conclusion

We designed some molecules with a double bond between
hypervalent atoms. Monocyclic five-membered ring molecules
containing hypervalent Sb and Bi atoms (12, 13) with a
carboxylato (HCO2)- bridge between them are kinetically and
thermodynamically unstable because of the low barrier for
isomerization and the small energy difference from the products.
Bicyclic molecules20 and 21, containing the hypervalent Sb
and Bi atoms with two carboxylato bridges, are kinetically and
thermodynamically stable. The barriers for the isomerization
are reasonable, and the energies are significantly lower than
those of the products. The corresponding monocyclic and
bicyclic molecules containing atoms of the group 14 elements
were not located at the local energy minima. Finally, the bicyclic
molecules20 and 21, which contain a double bond between
the hypervalent Sb or Bi atoms, are recommended for synthesis
as a first target. Important factors in stabilizing the double bond
between the hypervalent atoms for group 15 elements are
effective cyclic delocalizations ofπ and lone pair electrons and
low ring strain.
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Figure 8. Geometries of18a-21a optimized at the B3LYP/LANL2DZ (B3LYP/6-311++G**) [MP2/LANL2DZ] level.

Figure 9. Enthalpies of activation (kcal/mol) of the isomerization and thermodynamic stabilities of20 and21 at the B3LYP/LANL2DZ
[MP2/LANL2DZ] level.

Figure 10. Geminal bond orbital interactions.
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