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Ab initio and density functional calculations for five vertex cage compounds of the type P2(YB)2EH2 , (E ¼ C,
Si, Ge, Sn, Y ¼ H, H2N) using 6-311G++(d,p) and 3-21G++(d,p) basis sets, showed that they adopt a
trigonal bipyramidal structure of C2v symmetry with the two phosphorus atoms occupying the apical position,
the HB or NB groups residing in the trigonal basal plane. The theoretical results agree well with the
experimental data for E ¼ Si, Ge and Sn. For the carbon cage P2(HB)2CH2 this structure is a transition state
and the minimum is a cage of Cs symmetry with a distorted B–B–C ring in the equatorial plane. Key structural
parameters within the cages show a linear dependence on the covalent radii and the diffuseness of the orbitals of
the heteroatom E. The results of the natural population analysis (NPA) and the values of nucleus independent
chemical shifts (NICS) calculated reveal a bonding description very close to the idealized localized Lewis
structure, in contrast to the parent P2(HB)3 cage. This is more pronounced in the case of the NH2

substituted cages.

Introduction

Inorganic ring and cage compounds containing boron have
attracted much attention over the years due to their fundamen-
tally interesting structural and electronic features, as well as
their potential utility as solid state materials precursors.1–10

In particular, cage compounds containing boron and phos-
phorus atoms continue to increase and diversify. Recently
Nöth and Paine have developed general assembly approaches
for BxPyEz cage compounds and a number of five vertex cage
compounds of the type P2(R2NB)2ER2 , (E ¼ Si, Ge, Sn) have
been prepared and structurally characterized.11–13

The electronic structures of heterocapped five-vertex species
of the type 1,5-X2B3H3 (X ¼ N, CH, P, SiH, BH�) have been
discussed many times in the literature.1,14–26 One of the main
goals of these works was the bonding description of these spe-
cies in terms of either classical, 1a, or ‘‘delocalized’’ or non-
classical, 1b, electronic representations.
In this work, we describe the results of ab initio and density

functional calculations for the five vertex cage compounds of
the type P2(YB)2EH2 , where E ¼ C, Si, Ge, Sn and Y ¼ H (2)
and H2N (3). Although these systems have been systematically

studied experimentally,11–13 there were no theoretical data
available. The molecular structures of all cages have been
optimized at both levels of theory using the 6-
311G++(d,p) and 3-21G++(d,p) basis sets and the varia-
tion of geometry as a function of the covalent radii and
the diffuseness of the orbitals of the heteroatom E is exam-
ined. The nature of bonding, the extent of B–B interaction
and the effect of the NH2 substituents are discussed in the
light of the natural population analysis (NPA), whereas
the calculated nucleus independent chemical shifts (NICS)
were used as a measure of stability across the series.

Computational details

Ab initio calculations were performed at the second-order
Møller–Plesset perturbation theory (MP2). For the DFT cal-
culations the hybrid method was applied (B3LYP) with
Becke’s three-parameter functional27 and the nonlocal correla-
tion is provided by the LYP expression.28 The geometries of all
the studied compounds were fully optimized using analytical
gradient techniques at both levels. A frequency calculation
after each geometry optimization ensured that the calculated
structures are real minima or transition states in the potential
energy surface of the molecules. For the calculations with

y Electronic supplementary information (ESI) available: optimized
bond lengths and angles. See http://www.rsc.org/suppdata/nj/b3/
b301191g/
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E ¼ C, Si and Ge, the Gaussian-type basis set 6-311G++(d,p)
was employed. In order to have comparable results for all the
series with E ¼ C, Si, Ge and Sn, all cage were reoptimized at
both levels with the 3-21G++(d,p) basis set. The total energies
and zero point energies calculated at various levels and basis
sets are given in Table S1.y There were no significant discre-
pancies of the results obtained with the two basis sets. Thus,
the mean deviations of bonds lengths and angles calculated
at both levels with the two basis sets are 0.006 Å and
0.2� respectively for the P2(HB)3 , 0.004 Å and 0.1� for
P2(H2NB)3 , 0.009 Å and 0.5� for the P2(HB)2EH2 and 0.013
Å and 0.9� respectively for the P2(H2NB)2EH2 . Therefore,
unless otherwise specified, the discussion is based on the results
calculated with the 3-21G++(d,p) basis set. The optimized
geometrical parameters calculated using the 6-311G++(d,p)
basis set are given in Tables S2, S3 and S4. Although the
3-21G++(d,p) basis set could be considered poor for the
description of Sn atom, an optimization at the B3LYP level
of P2(HB)2SnH2 and P2(H2NB)2SnH2 employing the SDD
effective core potential29 for Sn gave almost identical results
shown in Table S5.y The nucleus independent chemical shifts
(NICS)30 were calculated at the MP2 level with both basis sets
using the GIAO method.31 All ab initio and DFT calcula-
tions were carried out using the GAUSSIAN 98 system of
programs.32

Results and discussion

An assessment of the computational level and basis sets used in
this work, necessary to achieve reasonable comparisons, was
made by comparing our results with previous ab initio works
on P2(HB)3 and P2(H2NB)3, as well as with the available
experimental structures for the P2(R2NB)3 system. The opti-
mized at B3LYP/3-21G++(d,p) level structures along with
selected geometrical parameters are given in Fig. 1. Both mole-
cules adopt the D3h symmetry revealing a trigonal bipyramidal
P2B3 core analogous to the experimental structures for
P2(

iPr2NB)3 ,
33 P2(

iPr2NB)2((Me3Si)2NB)34 and P2(tmpB)3
34

(tmp ¼ 2,2,6,6-tetramethylpiperidino). The calculated equili-
brium geometry of P2(H2NB)3 compares well with the experi-
mental data. The B–P distance is calculated to be very close to
the experimental value (1.952 Å (calc.), 1.95 Å (mean exp)).
The calculated B–N distance (1.409 Å) is very close to the
experimental distance (mean 1.40 Å). The B� � �B distance is
also well reproduced by the calculations (2.147 Å (calc.),
2.19 Å (mean exp)), as well as the bond angles in the cage.
There is an overall agreement of the geometries of the
species calculated in this work with those found at the

MP2/6-311G(d,p)25 and MP2/6-31G+(d)26 levels. Although
the perpendicular to the basal plane orientation of the NR2

units is clearly attributed to steric hindrance in the experimen-
tal molecules, the calculations showed that there is also a
strong preference for this structure and in the case of the model
molecule P2(H2NB)3 , where no steric hindrance exists. An
optimization of the structure with the NR2 units lying within
the basal plane under no symmetry constraint gives also the
perpendicular arrangement. This conformational preference
is attributed to the higher stabilization of the N lone pairs
and the strengthening of the p B–N bond when the NH2 units
lie perpendicular to the basal plane.25 The introduction of the
NH2 substituent leads to a significant lengthening of the B� � �B
equatorial distance (1.894 to 2.144 Å) and a shortening of the
P� � �P distance (3.134 to 3.015 Å).
The geometries of the cage molecules P2(HB)2EH2 and

P2(H2NB)2EH2 (E ¼ C, Si, Ge) were optimized under the
C2v symmetry constraint employing the 6-311G++(d,p) and
3-21G++(d,p) basis set at both MP2 and DFT level of theory.
The obtained optimized values of the geometrical parameters
using the 3-21G++(d,p) basis set are collected in Tables 1
and 2, whereas their geometries are shown in Fig. 2 and 3.
Frequency calculations revealed that all structures are real
minima in the potential energy surface, except the case of the
P2(HB)2CH2 cage, where the C2v structure is a transition state
with one imaginary frequency and will be discussed later.
The molecules display a distorted trigonal bipyramidal

structure with the two phosphorus atoms occupying the apical
position, the HB or NB groups residing in the trigonal basal
plane and the H2N groups lying perpendicular to it. As a
result, these P2B2E cores resemble the P2B3 trigonal bipyrami-
dal core structure of P2(R2NB)3 .

33,34 A general agreement is
found between the calculated and experimental geometries
given also for comparison in Table 2. Generally, the largest
discrepancies concern the equilibrium bond lengths, while the
valence angles are well reproduced at both levels of theory.
It is worth noting that the geometrical parameters calculated
at the DFT level compare more favorably to experiment than
those obtained at the MP2 level.
The C2v optimized structure for the P2(HB)2CH2 cage is

calculated to be a transition state. Schleyer et al.26 have
found also a C2v structure in studying the homodesmotic reac-
tion P2(CH2)3+P2(HB)2CH2!P2(HB)3+P2(HB)(CH2)2 . We
have repeated their optimization (MP2/6-31G+(d)) and found
that it is also a transition state. After releasing the symmetry
constraint and reoptimization of P2(HB)2CH2 we have located
a distorted minimum of Cs symmetry shown in Fig. 2. Its opti-
mized structural parameters are given in Table 1. The basal
triangle in this structure is strongly distorted with the carbon
atom approaching the first boron atom at a distance only
10% greater that the sum of the boron and carbon atoms cova-
lent radii. This B� � �B distance is very close to this calculated
for P2(HB)3 , for which Schleyer et al.26 predict the delocalized
non classical bonding description 1b. The plot of the relative
energy along the intrinsic reaction coordinate (IRC) calculated
with this C2v transition state is shown in Fig. 4. From the IRC
it is assured that the C2v structure is the transition state in the
maximum of the potential energy path (0 amu�1/2 bohr) con-
necting two equivalent Cs structures (�5 and 5 amu�1/2 bohr).
The barrier height is 12.5 kcal mol�1 at the B3LYP/3-
21G++(d,p) level and increases to 15.0 kcal mol�1 at the
MP2 level. This distortion, not found for E ¼ Si, Ge and Sn,
should be attributed to strain and/or electronic factors occur-
ring only in the carbon cage. In the C2v structure the C–B–B
angles (63.5�) are very close to 60�. This would be energetically
penalizing and the C2v structure is unstable. A lesser strain is
expected for the cages with E ¼ Si, Ge and Sn, as the E–B–
B angles are larger (65�, 66� and 68� respectively). Further-
more, the distorted structure seems to favor the stabilizing
interactions between the p orbitals of the carbon and boron

Fig. 1 Optimized structures and selected geometrical parameters for
P2(HB)3 and P2(H2NB)3 at the B3LYP/3-21G++(d,p) level (mean
experimental values for P2(

iPr2NB)2((Me3Si)2NB) and P2(tmpB)3).
34
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atoms. The two occupied molecular orbitals resulting from
the interaction of the in plane and the perpendicular to the
basal plane carbon and boron orbitals, NHOMO and HOMO
respectively, are shown in Fig. 5 for both structures (B3LYP/
3-21G++(d,p)). The overlap between the contracted p orbitals
of carbon and those of the two boron atoms is small in the C2v

structure. In the distorted structure this overlap is higher
concerning C–B and B–B0 interactions and lower for the
C–B0 interaction. The net result is the stabilization of
NHOMO and HOMO in going from the C2v to Cs structure.
It should be noted that test optimizations have shown that

the hypothetical trigonal [(HB)2CH2] fragment adopts also a
distorted Cs structure, with the C2v structure being a transition
state, a fact that ensures that the distortion is due to the orbital
interactions within the basal triangle. No Cs structure has been
located also in the case of the P2(H2NB)2CH2 cage, where
the interaction of the nitrogen lone pairs with the boron
B-pp orbitals in the equatorial plane of the cage offers a further
stabilization. On the other hand, Si, Ge and Sn atoms, which
are larger in size and possess more diffuse orbitals, optimize
their interaction with boron effectively leading to the stabiliza-
tion of the symmetrical C2v structure (the rp orbital radii is

Table 1 Optimized at the MP2 and B3LYP levels bond lengths (Å) and angles (�) for P2(HB)2EH2 , (E ¼ C, Si, Ge, Sn) using the 3-21G++(d,p)
basis set

P2(HB)2CH2 (C2v) P2(HB)2CH2 (Cs)
a P2(HB)2SiH2 (C2v) P2(HB)2GeH2 (C2v) P2(HB)2SnH2 (C2v)

MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP

B� � �B 1.990 2.046 1.908 1.941 1.957 2.007 1.962 2.011 1.986 2.026

B–P 1.924 1.933 1.909 1.912 1.925 1.933 1.934 1.941 1.937 1.944

1.899 1.901

E� � �B 2.247 2.298 1.737 1.756 2.315 2.362 2.414 2.467 2.605 2.655

2.439 2.461

E–P 1.942 1.946 1.987 1.995 2.253 2.261 2.343 2.353 2.554 2.559

B–H 1.193 1.194 1.187 1.189 1.192 1.194 1.193 1.194 1.194 1.195

1.193 1.194

E–H 1.092 1.094 1.092 1.095 1.479 1.491 1.525 1.536 1.729 1.741

1.090 1.090

B–P–B 62.3 63.9 60.1 61.2 61.1 62.6 61.0 62.4 60.7 62.1

E–P–B 71.1 72.7 52.9 53.4 66.8 68.0 68.0 69.4 69.3 70.7

77.7 78.3

P–B–P 99.5 97.4 103.6 102.9 110.6 108.7 111.0 109.0 112.9 110.8

104.4 103.7

P–E–P 98.3 96.5 98.0 97.1 89.2 88.0 85.7 84.4 78.4 77.4

B–E–B 52.6 52.8 51.1 51.6 50.0 50.3 47.9 48.1 44.1 44.4

P–B–H 130.2 131.3 127.3 127.7 124.4 125.4 124.1 125.1 122.6 123.8

126.9 127.1

B–B–H 143.8 143.3 156.1 156.2 145.8 146.1 144.8 144.9 143.0 143.6

132.4 132.3

H–E–H 110.8 110.6 112.3 111.3 107.2 107.5 111.1 111.3 111.1 111.0

ab 106.4 105.6 108.9 110.3 126.5 125.5 127.1 126.3 132.0 130.7

a The second value for some geometrical parameters refers to B0 (see Fig. 2). b a is the angle between the two PEP planes.

Table 2 Experimental and optimized at the MP2 and B3LYP levels bond lengths (Å) and angles (�) for P2(H2NB)2EH2 , (E ¼ C, Si, Ge, Sn) using
the 3-21G++(d,p) basis set

P2(H2NB)2CH2 (C2v) P2(H2NB)2SiH2 (C2v) P2(H2NB)2GeH2 (C2v) P2(H2NB)2SnH2 (C2v)

MP2 B3LYP MP2 B3LYP Expa MP2 B3LYP Expb MP2 B3LYP Expc

B� � �B 2.112 2.191 2.125 2.199 2.21 2.126 2.195 2.22 2.134 2.208 2.23

B–P 1.946 1.957 1.951 1.964 1.98 1.955 1.966 1.97 1.960 1.972 1.98

E� � �B 2.335 2.376 2.403 2.456 2.52 2.489 2.542 2.62 2.676 2.727 2.82

E–P 1.921 1.928 2.248 2.261 2.24 2.337 2.350 2.32 2.549 2.561 2.53

B–N 1.405 1.401 1.410 1.405 1.38 1.409 1.405 1.42 1.411 1.407 1.40

E–H 1.094 1.096 1.482 1.493 1.529 1.541 1.734 1.746

N–H 1.010 1.014 1.010 1.014 1.010 1.014 1.010 1.014

B–P–B 65.7 68.1 66.0 68.1 68.7 65.9 67.9 70.0 66.0 68.1 69.1

E–P–B 74.3 75.4 69.4 70.7 73.0 70.2 71.5 74.6 71.5 72.7 76.4

P–B–P 94.3 92.4 105.1 102.9 100.0 105.8 103.6 99.4 107.5 105.1 100.9

P–E–P 95.9 94.2 87.1 85.6 85.2 83.7 82.2 80.7 76.6 75.4 74.2

B–E–B 53.8 54.9 52.5 53.2 52.7 50.6 51.2 51.2 47.0 47.8 46.9

P–B–N 132.8 133.8 127.4 128.5 129.8 127.0 128.1 130.1 126.0 127.2 129.4

B–B–N 144.0 144.9 151.3 152.1 151.3 150.6 151.0 152.4 150.6 151.5 152.9

H–E–H 109.7 109.7 108.1 108.1 110.7 110.6 110.3 109.9

H–N–H 114.6 114.0 114.6 114.1 114.7 114.2 114.7 114.2

ad 105.9 112.0 127.3 128.0 122.7 128.8 129.1 124.9 133.9 134.1 125.8

a Mean values for P2(
iPr2NB)2(SiPh2) and P2(tmpB)2(SiPh2) (ref. 11). b Mean values for P2(tmpB)2(GePh2) (ref. 12). c Mean values for

P2(tmpB)2(Sn
iBu2) and P2(

iPr2NB)2(Sn
iBu2) (ref. 13).

d a is the angle between the two PEP planes.
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0.78, 0.84 and 1.00 au for Si, Ge and Sn respectively compared
to 0.25 au for C).35 Thus, no Cs structure is obtained both for
the P2(HB)2EH2 cages and for the [(HB)2EH2] fragments in
this case.
The P–E distances calculated are similar to those in the cage

species (Me2Si)6P4 ,
36 (Me2Ge)6P4

37 and (Me2Sn)6P4
38 (2.244

Å, 2.308 Å, and 2.510 Å respectively). In general there is an
almost linear dependence of key geometrical parameters of
the cage upon the size and the orbital diffuseness of the element
E. Plots of B–B and P� � �P distances, as well as the P–E–P and
the angle a between the two PEP planes, calculated at the
B3LYP/3-21G++(d,p) level, versus the covalent radii of atom
E39 are given in Fig. 6 and 7 respectively. As the size of E
increases the B–B and P� � �P distances and the angle a increase,
whereas the angle P–E–P decreases. From the plots it can be
also seen that the values of the structural parameters for the
Cs structure of P2(HB)2CH2 are quite in line with the other
E, while those of the C2v structure are not, particularly in

the case of the B� � �B and P� � �P distances. The replacement
of BH with BNH2 increases the B� � �B distances, which lie in
the range 1.941 Å–2.046 Å for and 2.191 Å–2.208 Å for
P2(HB)2EH2 and P2(H2NB)2EH2 respectively.
The nature of bonding in the studied molecules has been

characterized by employing the natural population analysis
(NPA) of Weinhold, Reed, and Weinstock.40 The results at
the B3LYP/3-21G++(d,p) level are shown in Table 3. The
B� � �B Wiberg bond indices (WBI) and the overlap weighted
natural atomic orbitals (NAO) bond orders for P2(HB)2EH2

(E ¼ C: C2v structure, Si, Ge, Sn) are smaller than those for
P2(HB)3 , for which Schleyer et al.26 predict a boron–boron
bonding interaction. NBO bonding descriptions show small
deviations from idealized localized Lewis structure, with as
much as 94–95% of the total electron density used in describing
the Lewis structure (91.6% for P2(HB)3). The residual electrons
(RE), not involved in the two-center bonding and hence delo-
calized, are in the range 1.15–1.17 e (1.78 for P2(HB)3) and
found to be almost independent to basis set and level of calcu-
lation. Thus, for P2(HB)3 the RE are equal to 1.784 and 1.839 e
for 3-21G++(d,p) and 6-311G++(d,p) respectively at the
B3LYP level. The corresponding values at the MP2 level are
1.901 and 1.933 e, whereas this calculated by Schleyer et al.26

at the MP2/6-31G+ (d) level is 1.823 e. The NBO occupancies
indicate that each of the boron pp orbital in the equatorial
plane is essentially unoccupied (0.36–0.40 e) and favor a loca-
lized description for the molecules. This is also supported by
the small values of B–E bond indices. The B–P bond indices
are close to that of normal B–P single bonds. In the case of
the C2v unstable structure of the carbon cage the B–E bond
indices are the smallest across the series of P2(HB)2EH2 . In
the distorted Cs structure, which is the minimum, the relatively
large B–C bond index confirms the already discussed better
overlap between B and C orbitals. Furthermore, a boron–
boron interaction is depicted, as all indices are very close to
those for P2(HB)3 . The replacement of the BH hydrogens by
the NH2 groups leads to a totally localized description for
the P2(H2NB)2EH2 cages (VL� 97%, RE� 0.84 e). In this
case, the boron B–pp orbitals in the equatorial plane of
the cage interact with the nitrogen lone pairs and are not avail-
able for boron–boron interactions. Thus, the values of B–E
bond indices are smaller than those in the corresponding
P2(HB)2EH2 cages.
Finally, in order to further study the cage delocalization we

have also used the nuclear independent chemical shifts
(NICSs),30 defined as the negative of the absolute magnetic

Fig. 2 Optimized structures of P2(HB)2EH2 , (E ¼ C, Si, Ge and Sn)
at the B3LYP/3-21G++(d,p) level.

Fig. 3 Optimized structures of P2(H2NB)2EH2 , (E ¼ C, Si, Ge and
Sn) at the B3LYP/3-21G++(d,p) level.

Fig. 4 Plot of the relative energy along the intrinsic reaction coordi-
nate (IRC) calculated at the B3LYP/3-21G++(d,p) level for the C2v

transition state of P2(HB)2CH2 .

New J. Chem., 2003, 27, 1240–1245 1243
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shieldings computed at cage centers (nonweighted mean of the
heavy atom coordinates). At this position negative NICS
values imply delocalization and diatropic current, while posi-
tive NICS values paratropic current. NICSs calculated at the
MP2 level have been extensively used for the study of two
or three-dimensional aromaticity and relative stability of ring
heterocycles30,41 or closo-heteroboranes molecular.26 The
calculated NICS values for the cages studied, calculated at
the MP2 level with both basis sets, are shown in Table 3.
The values for the parent P2(HB)3 cage are very close to that
calculated by Schleyer et al.26 (�18.2 ppm). The very small
diatropic NICS of all other molecules, compared to those
for P2(HB)3 and the B5H

�
5 five-vertex deltahedron (–28.1

ppm),26 show a very limited delocalization, in line with the
results of the NPA analysis. The NICS for the unstable C2v

transition state of P2(HB)2CH2 and for P2(H2NB)2CH2 are
paratropic indicating the already discussed absence of any
delocalization in the basal plane in the case of the carbon sym-
metrical cage. The NICS values calculated for the Cs minimum
of P2(HB)2CH2 , where both B–B and C–B interaction in the
basal plane exists, are the most diatropic across the series of
P2(HB)2EH2 .

Summary

Ab initio and density functional calculations on a series of five
vertex cage compounds of the type P2(YB)2EH2 , (E ¼ C, Si,
Ge, Sn, Y ¼ H, H2N) using both 6-311G++(d,p) and 3-
21G++(d,p) basis sets, indicate that they adopt a trigonal
bipyramidal structure of C2v symmetry with the two phos-
phorus atoms occupying the apical position, the HB or NB
groups residing in the trigonal basal plane. The theoretical
results agree well with the experimental data for E ¼ Si, Ge
and Sn. For the carbon cage P2(HB)2CH2 the C2v structure
is a transition state and the minimum is a cage of Cs symme-
try with a distorted B–B–C ring in the equatorial plane, in
which the contacted orbitals optimize their overlap with B
and P orbitals leading to both B–B and C–B interaction.
Key structural parameters within the cages show a linear
dependence on the covalent radii of the heteroatom E. The
results of the natural population analysis (NPA) and the
values of nucleus independent chemical shifts (NICS) calcu-
lated reveal a bonding description very close to an idealized
localized Lewis structure for all P2(HB)2EH2 cages. When
NH2 groups replace BH hydrogens the classical localized
structure is further stabilized.

Fig. 5 NHOMO and HOMO molecular orbitals for the C2v and Cs structures of P2(HB)2CH2 calculated at the B3LYP/3-21G++(d,p) level.

Fig. 6 Plot of the B� � �B and P� � �P distances (dashed and dotted lines
respectively) calculated at the B3LYP/3-21G++(d,p) level for
P2(HB)2EH2 (X, ¯) and P2(H2NB)2EH2 (S, ˘) versus the covalent
radii of atom E ¼ C, Si, Ge and Sn.

Fig. 7 Plot of the P–E–P and a angles (dotted and dashed lines
respectively) calculated at the B3LYP/3-21G++(d,p) level for
P2(HB)2EH2 (¯, X) and P2(H2NB)2EH2 (˘, S) versus the covalent
radii of atom E ¼ C, Si, Ge and Sn.
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Table 3 Wiberg bond indices (WBI), natural atomic orbital bond orders (NAO), valence Lewis (VL-in%), B-pp occupancies, residual electrons
(RE) obtained from the natural bond orbital (NBO) analysisa and nucleus independent chemical shifts (NICS, ppm) of P2(HB)3 , P2(H2NB)3 ,
P2(HB)2EH2 and P2(H2NB)2EH2 (E ¼ C, Si, Ge, Sn,) molecules

WBI NAO NICSb

B–B B–P B–E B–B B–P B–E VL RE B-pp BS1 BS2

P2(BH)3 0.436 0.939 0.514 0.819 91.6 1.784 0.504 �16.9 �16.1

P2(BH)2CH2(C2v) 0.370 0.923 0.168 0.441 0.819 0.200 94.1 1.151 0.362 2.7 2.9

P2(BH)2CH2(Cs)
c 0.431 0.779 0.534 0.553 0.740 0.660 92.4 1.542 0.457 �13.0 �13.1

1.039 0.046 0.875 0.000 0.541

P2(BH)2SiH2 0.351 1.038 0.215 0.435 0.873 0.274 94.9 1.133 0.390 �3.3 �3.5

P2(BH)2GeH2 0.346 1.043 0.201 0.468 0.883 0.245 95.1 1.104 0.383 �1.8 �2.4

P2(BH)2SnH2 0.347 1.066 0.186 0.453 0.883 0.217 94.9 1.167 0.405 — �2.8

P2(BNH2)3 0.239 0.948 0.359 0.827 96.9 1.089 — �4.9 �4.9

P2(BNH2)2CH2 0.235 0.900 0.086 0.387 0.862 0.158 96.0 1.015 — 0.9 0.4

P2(BNH2)2SiH2 0.216 1.002 0.142 0.340 0.867 0.223 97.3 0.832 — �2.9 �3.4

P2(BNH2)2GeH2 0.214 1.008 0.133 0.345 0.868 0.186 97.4 0.830 — �3.2 �3.4

P2(BNH2)2SnH2 0.211 1.024 0.124 0.350 0.874 0.174 97.3 0.874 — — �3.7

a B3LYP/3-21G++(d,p). b Calculated at the MP2 level using the BS1: 6-311G++(d,p) or BS2: 3-21G++(d,p) basis set. c The second value for

some geometrical parameters refers to B0 (see Fig. 1).
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