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Abstract: Ab initioMO studies at the HF, MP2, and Becke3LYP levels on H-bridged tetrahedranes of the group 14
elements (A4H4, A ) C, Si, Ge, Sn, Pb) with the 6-31G* basis set for C and Si and LANL1DZ and quasirelativistic
pseudopotential basis sets for Ge, Sn, and Pb are reported. As expected, the classicalTd structure1 is more stable
than all the other tetrahedrane alternatives for C4H4. The triply hydrogen bridged structure2 (C3V) is found to be
more stable for Si, Ge, and Sn. Pb4H4 prefers the four H-bridged structure8 (Cs). However, the calculations with
the quasirelativistic pseudopotential basis set show the quadruply H-bridgedD2d structure7 to be the most stable
structure for Ge, Sn, and Pb. Thus the structures derived from the transition metal organometallic chemistry are
competitive for heavier elements (Si to Pb). The periodic behavior begins only with the second period; Li to Ne, are
the exceptions. Suggestions for the realization of these H-bridged structures for Pb from NaPb are discussed.

Introduction

The main group tetrahedranes are of interest from several
viewpoints: in addition to their aesthetic appeal, bonding
features, strain, and many possible applications are compelling
reasons for their exploration.1-4 The electronic structure of
group 14 and 15 tetrahedranes is explained by 2c-2e bonding,
whereas in group 13 multicenter surface bonding has to be
invoked.1,2 The first possible group 15 tetrahedrane N4 has been
predicted as a high energy density material in high specific
inpulse fuels.4 Theoretical studies at the CCSD(T) level show
that N4 (Td) is a local minimum, 186 kcal/mol higher in energy
than 2N2.5 However, N4 (Td) is experimentally yet to be
prepared. In contrast, the tetrahedral P4 is well-known.6

Various substituted B and Al tetrahedrane molecules are
prepared experimentally (e.g., B4tBu4, B4Cl4, and Al4(η5-C5-
Me5)4), and the role of substituents on the stability of B4 and
Al4 cages is discussed in the literature.2,7,8 The tetrahedrane
structures of C and Si are known experimentally with sterically
very bulky substituents.9,10 In C4R4, the substituent R is the
tBu group, where as in Si4R4 the substituent R is the “super

silyl” group (SitBu3). The parent C4H4, 1-C (throughout this
paper the structure number is followed by the symbol of the
atom to specify the molecule) is theoretically predicted to be a
“super base”.3 The structure of1-C is explained by the
tetravalent carbon despite its high strain energy.1 However,1-Si
(tetrasilatetrahedrane) is calculated to be a second order saddle
point at the MP2(FC)/6-31G* level on the potential energy
surface of Si4H4.11 Nagase et al. predicted that two SiSi bonds
in 1-Sican be broken without a barrier to form a four-membered
ring isomer.12 The triply H-bridged tetrahedrane for silicon (2-
Si) is 20.7 kcal/mol lower in energy than the classical structure
(1-Si) at the MP2(FC)/6-31G* level.11 The H-bridged alterna-
tive structures are found to be competitive in stability with the
classical structures for heavier analogs of cyclopropane and
cyclobutane.13,14 Similarly, the structural differences between
ethylene and acetylene with their heavier analogs are well-
known.15,16 The contrasts between carbon and its heavier
analogs are not restricted to the neutral species.17-19 For
example, the side-on complex is the most stable isomer for Sn
and Pb in the AH3+ (A ) C, Si, Ge, Sn, Pb) system.18 The
triply H-bridged C3V structures of A3H3

+ are found to be
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competitive to the classicalD3h 2π aromatic structures.19 The
heavier group 14 tetrahedranes should show equally dramatic
contrast.

Transition metal tetrahedrane structures with four hydrogens
exhibit a variety of topological arrangements. Wilson et al.
reported that the structure of H4Ru4(CO)12 contains face
bridging hydrogens,3.20 A D2d structure (considering the M4H4

core alone),4, where the four hydrogens bridge four edges of
the tetrahedrane, was also found for H4Ru4(CO)12.21 In this
D2d structure, the two unbridged Ru-Ru bonds are opposite
to each other. The compounds H4Os4(CO)11(CNMe), H4-
Ru4(CO)10(PPh3)2, H4Ru4(CO)11[P(OMe)3], and H4Ru4(CO)8-
[P(OMe3)]4 are also shown to haveD2d symmetry.21-24 A Cs

structure5, where the two unbridged Ru-Ru bonds are adjacent
to each other, is reported for H4Ru4(CO)10[µ{Ph2P(CH2)nPPh2}]
(n ) 1-4), H4Ru4(CO)10[µ{Ph2PCH2CH(CH3)PPh2}], H4-
Ru4(CO)10[Ph2PCH2CH(CH3)PPh2], and H4Ru4(CO)11(η1-
CdN(CH3)CH2CH2CH2).25,26 The “isosynaptic” analogy con-
nects the structural patterns of organometallic compounds with
the main group compounds.27 According to this analogy, Fe-
(CO)3 is very much like Si or Ge with a stereochemically
inactive “ns-electron pair” (as represented below).

Further, it has been extended to Ru and Os complexes and

shown that Ru(CO)3 and Os(CO)3 are also isosynaptic to Si
and Ge.27 This relation can also be achieved by two isolobal
replacements (depicted below).28,29

Various H-bridged tetrahedranes of group 14 are derived from
organometallics by using this isosynaptic analogy. Structure2
(C3V) is discussed previously for Si.11 The transition metal
structure with face-bridging hydrogens,3, suggests isomer6

(Td). Similarly, the structures having the edge-bridging hydro-
gens,4 and 5, lead to7 (D2d) and 8 (Cs), respectively. The
triply hydrogen bridged structure,9 (C3V), is another candidate
considered in the present study. The lowest energy structure
suggested for Si4H4, 10 (Cs), is also included for comparison.30

Thus the present study deals with the classical as well as the
H-bridged tetrahedranes to see how the heavier analogs of
tetrahedrane structures in group 14 (Si to Pb) behave. We
expect that the H-bridged tetrahedranes discussed here for
heavier elements can be prepared experimentally with use of
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the known tetraanions A44- (A ) Si, Ge, Pb).31,32 One such
possibility for Pb4H4 is also discussed.

Computational Methods

The geometries of all the structures are optimized at HF and MP2
levels under the symmetry specified.33,34 Density functional calculations
at the Becke3LYP (B3LYP) level were also done for comparison of
relative energies.35 For C and Si, the 6-31G* basis set (as implemented
in GAUSSIAN92) was used.36 Molecules involving Ge, Sn, and Pb
were optimized with the LANL1DZ basis set.37 This basis set uses
the valence double-ú (DZ) basis on H and effective core potentials
plus DZ on Ge, Sn, and Pb. The nature of the stationery points was
determined by harmonic force constants and vibrational frequencies.38

To see the relativistic effects on the stabilities of molecules with heavier
atoms, calculations are performed at the B3LYP level with the TZ2P+
basis sets for thens/np valence orbitals and the quasirelativistic
pseudopotentials for core electrons of Ge, Sn, and Pb.39 All the
calculations were carried out with the GAUSSIAN92 program pack-
ages.40 The energy comparisons are at the MP2/6-31G*//MP2/6-
31G*+ZPE level for C and Si and at the MP2/LANL1DZ//MP2/ LANL1DZ+ZPE level for Ge, Sn, and Pb. Zero-point energies were

scaled by 0.9.33 The natural bond orbital (NBO) analysis at the HF
level and the geometries at the MP2 level are used in the discussion.41

Results and Discussions

There are many theoretical calculations available in the
literature on1-C and1-Si.1,30 Structure1 is a minimum for C
to Pb, except for Si, in which it is a second order saddle point
(Table 1). However, the results at the HF and B3LYP levels
are different. Structure1 is a minimum for C and Si and a
third-order saddle point for Ge to Pb at these levels. The A-A
bond lengths are compared with the ethane-like structures
(A2H6)42 and 3-membered-ring structures.13 The A-A distances
in 1-C and1-Si (Table 2) are found to be slightly shorter than
those in A2H6 (C 1.542 Å; Si 2.342 Å) and cyclic A3H6 (C
1.504 Å; Si 2.332 Å). But for1-Ge to 1-Pb, the A-A bond
distances are elongated compared with A2H6 (Ge 2.499 Å; Sn
2.850 Å; Pb 3.012 Å) and cyclic A3H6 (Ge 2.496 Å; Sn 2.860
Å; Pb 2.954 Å). The bonding in1 is found to be classical.
The triply H-bridged structure,2, is more stable than the

classical structure1 by 20.7, 55.6, 69.3, 111.4 kcal/mol for Si
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Table 1. Relative Energiesa (kcal/mol) of Calculated Structures at
HF and MP2 and at B3LYP Levels Using the 6-31G* Basis Set for
C and Si and the LANL1DZ Basis Set for Ge, Sn, and Pb

compd HF MP2 B3LYP B3LYP/TZ2P+
1-C 0.0 (0) 0.0 (0) 0.0 (0)
2-C 106.4 (2) 84.2 (2) 87.6 (2)
6-C 359.7 (8) 275.0 (8) 295.3 (8)
7-C 155.7 (4) 121.8 (4) 127.5 (4)
8-C collapsed
9-C collapsed to1
10-C -19.16 (0) -9.5 (0) -9.2 (0)
1-Si 0.0 (0) 0.0 (2) 0.0 (0)
2-Si -12.4 (0) -20.7 (0) -27.2 (0)
6-Si 102.1 (3) 49.6 (2) 50.6 (2)
7-Si 7.9 (0) -2.9 (0) -14.1 (0)
8-Si collapsed to2
9-Si 9.95 (0) -2.2 (0) -1.7 (2)
10-Si -48.6 (0) -49.4 (0) -47.0 (0)
1-Ge 0.0 (3) 0.0 (0) 0.0 (3) 0.0
2-Ge -54.0 (0) -55.6 (0) -57.6 (0) -72.3
6-Ge 34.8 (3) 1.4 (0) 2.2 (0) -24.6
7-Ge -45.1 (0) -46.8 (0) -52.8 (0) -78.0
8-Ge -41.0 (0) collapsed to2 -48.9 (0) -72.4
9-Ge collapsed to11 -38.4
10-Ge -68.5 (0) -68.3 (0) -64.2 (0) -72.3
11-Ge -39.6 (0) -18.8 (0) -23.7 (0)
1-Sn 0.0 (3) 0.0 (0) 0.0 (3) 0.0
2-Sn -74.9 (0) -69.3 (0) -70.6 (0) -74.1
6-Sn -9.6 (3) -32.3 (0) -30.6 (0) -37.7
7-Sn -75.6 (0) -66.0 (0) -71.1 (0) -82.2
8-Sn -73.1 (0) -66.1 (0) -69.9 (0) -77.1
9-Sn collapsed to11
10-Sn -69.1 (0) -66.0 (0) -62.9 (0) -67.1
11-Sn -52.1 (0) -31.3 (0) -35.3 (0) -37.1
1-Pb 0.0 (3) 0.0 (0) 0.0 (3) 0.0
2-Pb -120.4 (0) -111.4 (0) -102.3 (0) -104.7
6-Pb -79.4 (3) -92.9 (0) -80.9 (0) -77.4
7-Pb -134.5 (0) -119.8 (0) -114.3 (0) -122.9
8-Pb -133.3 (0) -121.7 (0) -114.7 (0) -117.8
9-Pb collapsed to11
10-Pb -103.4 (0) -93.4 (0) -84.4 (0) -92.8
11-Pb -93.5 (0) -72.0 (0) -67.7 (0) -74.1

a The relative energies are calculated after scaling the zero point
energy by 0.9.b The last column is the relative energies of Ge, Sn,
and Pb structures using the TZ2P+ basis set with relativestic psuedo-
potentials at B3LYP level). The values in the parentheses are the
number of imaginary frequencies.
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to Pb, respectively (Table 1), and is a minimum. Structure2-C
is a second-order saddle point and higher in energy than1-C.
The A-A bridged bonds in2-Si to 2-Pb are shortened to a
large extent (Table 2) compared to the A-A bridged bonds in
triply H-bridged cyclopropane analogs (Si 3.080 Å; Ge 3.417
Å; Sn 3.783 Å; Pb 3.889 Å).13 However, the A-Hb distance
in 2 is slightly longer than the corresponding distance in triply
H-bridged cyclopropane. The unbridged A-A distance is
slightly shorter than the corresponding distance in the classical
structure1. The nonplanarity of bridging hydrogens (that is
the angle between the A3 plane and the AHA plane,θ1) is nearly
constant (∼28.4°) for 2-Si to 2-Pb. The NBO analysis gives
the following bonding in2: three 2c-2e classical A-A bonds,
three 3c-2e H-bridged A-A bonds, and a lone pair on each
divalent A.
TheTd structure,6, where the four hydrogens bridge the four

faces of A4, is a minimum for Ge, Sn, and Pb at the MP2 and
B3LYP levels and a higher order stationery point at the HF
level (Table 1). For C and Si,6 is a higher order saddle point.
6-Sn and 6-Pb are 32.3 and 92.9 kcal/mol more stable than
1-Snand1-Pb. But6-Ge is 1.4 kcal/mol less stable than1-Ge.
The A-A distance in6 (Table 2) is calculated to be shorter
than the H-bridged A-A distance in isomer2 and triply
H-bridged A3H6. However, the A-H distance is elongated in
6 compared to2 and A3H6 (Table 2). The electronic structure
of 6 can be analyzed better by the fragment molecular orbital
(FMO) method43 (since a localized picture cannot be attained

for 6 by the NBO method). The molecule is divided into A4

(Td) and H4 (Td) fragments. The interaction diagram between
A4 and H4 leading to A4H4 (6) is shown in Figure 1. The 1a1
orbital of A4 is an all-symmetric combination of s orbitals and
the 2a1 is an sp-hybridized orbital on heavy atoms. Hence, these
two MOs lead to the lone pair on A and an electron density at
the centroid of the A4 tetrahedrane.44 The 1t2 and 2t2 MOs of
A4 mainly contribute to the formation of the A-A bonds and
lone pair on A in A4, and by the tetrahedral symmetry these
lead to significant electron density at the center of the tetrahedral
faces.44 The 1a1 and 1t2 orbitals of H4 interact with the 1a1,
2a1, 1t2, and 2t2 orbitals of A4 leading to 1a1, 2a1, 1t2, and 2t2
in A4H4, respectively. Hence these orbitals contribute to the
surface bonding of H4 on the A4 tetrahedrane. The 1e set of
orbitals of A4 lead to A-A bonds and by symmetry it has null
density at the center of the tetrahedrane face, hence, no
interaction with the H4 fragment.
In Structures7 and8, the four hydrogens bridge the edges

of the A4 cage. The main difference between7 and8 is that
the unbridged A-A bonds in 7 are opposite to each other

(43) (a) Fujimoto, H.; Hoffmann, R.J. Phys. Chem.1974, 78, 1167. (b)
The interaction diagram in Figure 1 is drawn for6-Sn. The extended Huckel
parameters for Sn [5s (-16.16, 2.32), 5p (-8.32, 1.94)] and H [1s (-13.6,
1.3)] are from the following: Tremel, W.; Hoffmann, R.Inorg. Chem.1987,
26, 118. Jørgensen, K. A.; Wheeler, R. A.; Hoffmann, R.J. Am. Chem.
Soc.1987, 109, 3240.

(44) Hoffmann, R.; Schilling, B. E. R.; Bau, R.; Kaesz, H. D.; Mingos,
D. M. P. J. Am. Chem. Soc.1978, 100, 6088.

Table 2. Important Geometrical Parameters of the Optimized Structures at the MP2 Level (Distances in Å and Angles in Degrees)

compd parameter
calcd
value compd parameter

calcd
value compd parameter

calcd
value

1-C C-C 1.477 2-Ge Ge(1)-Ge(2) 3.162 10-Sn Sn(1)-Sn(2) 2.870
C-H 1.073 Ge(1)-Ge(4) 2.544 Sn(2)-Sn(3) 2.889

2-C C(1)-C (2) 1.732 Ge(1)-H(5) 1.848 Sn(1)-H(5) 1.722
C(1)-C (4) 1.465 Ge(4)-H(8) 1.529 Sn(1)-H(6) 1.727
C(1)-H (5) 1.288 θ1 28.79 Sn(2)-H(7) 1.742
C(4)-H(8) 1.078 6-Ge Ge(1)-Ge(2) 3.080 H(5)-Sn(1)-H(6) 107.74
θ1 29.23 Ge(1)-H(5) 1.964 Sn(2)-Sn(3)-Sn(1)-Sn(4) 163.04

6-C C(1)-C(2) 1.736 7-Ge Ge(1)-Ge(2) 3.152 11-Sn Sn(1)-Sn(4) 2.927
C(1)-H(5) 1.406 Ge(1))-Ge(4) 2.574 Sn(1)-Sn(2) 4.601

7-C C(1)-C(2) 1.773 Ge(1)-H(5) 1.839 Sn(1)-H(5) 1.785
C(1)-C(4) 1.448 10-Ge Ge(1)-Ge(2) 2.505 Sn(4)-H(8) 1.733
C(1)-H(5) 1.289 Ge(2)-Ge(3) 2.527 Sn(4)-H(5) 3.436

10-C C(1)-C(2) 1.498 Ge(1)-H(5) 1.548 1-Pb Pb-Pb 3.111
C(2)-C(3) 1.432 Ge(2)-H(7) 1.565 Pb-H 1.782
C(1)-H(5) 1.085 Ge(2)-Ge(3)-Ge(1)-Ge(4) 159.53 2-Pb Pb(1)-Pb(2) 3.645
C(2)-H(7) 1.089 H(5)-Ge(1)-H(6) 109.92 Pb(1)-Pb(4) 2.978
C(2)-C(3)-C(1)-C(4) 143.66 11-Ge Ge(1)-Ge(4) 2.572 Pb(1)-H(5) 2.067
H(5)-C(1)-H(6) 113.84 Ge(1)-Ge(2) 3.981 Pb(4)-H(8) 1.739

Ge(1)-H(5) 1.615 θ1 27.64
1-Si Si-Si 2.315 Ge(4)-H(8) 1.557 6-Pb Pb(1)-Pb(2) 3.460

Si-H 1.478 Ge(4)-H(5) 3.053 Pb(1)-H(5) 2.175
2-Si Si(1)-Si(2) 2.715 1-Sn Sn-Sn 2.927 7-Pb Pb(1)-Pb(2) 3.691

Si(1)-Si(4) 2.283 Sn-H 1.719 Pb(1)-Pb(4) 3.013
Si(1)-H(5) 1.695 2-Sn Sn(1)-Sn(2) 3.555 Pb(1)-H(5) 2.066
Si(4)-H(8) 1.469 Sn(1)-Sn(4) 2.908 8-Pb Pb(1)-Pb(2) 3.632
θ1 30.0 Sn(1)-H(5) 2.010 Pb(1)-Pb(3) 3.456

6-Si Si(1)-Si(2) 2.658 Sn(4)-H(8) 1.703 Pb(1)-Pb(4) 3.166
Si(1)-H(5) 1.764 θ1 27.20 Pb(2)-Pb(4) 3.630

7-Si Si(1)-Si(2) 2.764 6-Sn Sn(1)-Sn(2) 3.398 Pb(1)-H(5) 2.046
Si(1)-Si(4) 2.257 Sn(1)-H(5) 2.126 Pb(1)-H(7) 2.070
Si(1)-H(5) 1.711 7-Sn Sn(1)-Sn(2) 3.605 Pb(2)-H(8) 1.962

9-Si Si(1)-Si(2) 2.507 Sn(1)-Sn(4) 2.943 Pb(4)-H(8) 2.072
Si(1)-Si(4) 2.324 Sn(1)-H(5) 2.010 10-Pb Pb(1)-Pb(2) 2.985
Si(1)-H(5) 1.604 8-Sn Sn(1)-Sn(2) 3.573 Pb(2)-Pb(3) 3.035
Si(4)-H(8) 1.473 Sn(1)-Sn(3) 3.396 Pb(1)-H(5) 1.768

10-Si Si(1)-Si(2) 2.314 Sn(1)-Sn(4) 3.091 Pb(1)-H(6) 1.769
Si(2)-Si(3) 2.283 Sn(2)-Sn(4) 3.580 Pb(2)-H(7) 1.822
Si(1)-H(5) 1.483 Sn(1)-H(5) 2.002 H(5)-Pb(1)-H(6) 103.79
Si(2)-H(7) 1.494 Sn(1)-H(7) 2.015 Pb(2)-Pb(3)-Pb(1)-Pb(4) 170.97
Si(2)-Si(3)-Si(1)-Si(4) 154.72 Sn(2)-H(8) 1.900 11-Pb Pb(1)-Pb(4) 2.985
H(5)-Si(1)-H(6) 110.90 Sn(4)-H(8) 2.041 Pb(1)-Pb(2) 4.658

1-Ge Ge-Ge 2.546 Pb(1)-H(5) 1.834
Ge-H 1.542 Pb(4)-H(8) 1.772

Pb(4)-H(5) 3.500
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whereas in8 they are adjacent.7 is a minimum for Si to Pb
and is calculated to be more stable than the classical structure,
1, by 2.9, 46.8, 66.0, and 119.8 kcal/mol for Si, Ge, Sn, and
Pb, respectively. Structure8 is a minimum for Sn and Pb and
collapses to2 on optimization for Si and Ge! However,8 exists
for Ge to Pb at both HF and B3LYP levels and it is a minimum
(Table 1). On optimization,8-C gets dismantled by breaking
the H-bridged C-C bonds. 8-Sn and7-Sn are energetically
degenerate, whereas8-Pb is 1.8 kcal/mol more stable than7-Pb.
The H-bridged A-A bond distances for7-Si to 7-Pb are very
close to the corresponding distances in2 (Table 2) and shorter
compared to the triply H-bridged cyclic A3H6 structure.13

However, these distances in8-Snand8-Pbare slightly shorter
compared to7-Snand7-Pb, respectively (Table 2). The NBO
analysis shows the following bonding in7: four 3c-2e
H-bridged A-A bonds, two 2c-2e A-A bonds, and a lone
pair on each A. A similar type of bonding was observed in
8-Snand8-Pb as well.
The second triply H-bridged structure,9, is minimum only

for Si! For Ge to Pb,9 collapses to11 (C3V) on optimization

and for C it collapses to1. 9-Si is 2.2 kcal/mol more stable
than the classical structure1. The H-bridged Si-Si bonds

(2.314 Å) are much shorter than what is found in2-Siand7-Si.
The unbridged Si-Si bonds (2.507 Å) in9-Si are longer than
the unbridged Si-Si bonds in2-Siand7-Si. The NBO analysis
has shown an interesting bonding feature for this isomer. There
is a lone pair on each Si(1), Si(2), and Si(3). The Si(4)-H(8)
bond is a classical 2c-2e type. The remaining bonds, Si(1)-
H(5)-Si(4), Si(3)-H(7)-Si(4), Si(2)-H(6)-Si(4), Si(4)-Si-
(1)-Si(2), Si(4)-Si(1)-Si(3), and Si(4)-Si(2)-Si(3), are found
to be 3c-2e bonds. This type of bonding picture should lead
to longer Si(1)-Si(2), Si(1)-Si(3), and Si(2)-Si(3) bond
distances and shorter Si(4)-Si(1), Si(4)-Si(2), and Si(4)-Si-
(3) bond distances, as is indeed found by calculation (Table 2).
Isomer11 is minimum for Ge, Sn, and Pb. It is less stable
than7 and more stable than the classicalTd structure1 (Table
1). The A-A bond in11-Ge is slightly longer than that in1,
whereas in11-Sn, it is equivalent to that in1 and in11-Pb it
is less than that in1 (Table 2). The bonding in11 is traced to
be a classical 2c-2e bond between A-A. There are three lone
pairs, one each on the divalent atom A.
Isomer10, which is the lowest energy structure for Si4H4, so

far, is also computed in the present study.30 It is a minimum
for C, Ge, Sn, and Pb as well. Structure10 is 9.5, 49.4, 68.3,
66.0, and 93.4 kcal/mol more stable than1 for C, Si, Ge, Sn,
and Pb, respectively. The nonplanarity of the A4 ring decreases
from 10-C to 10-Pb (Table 2). The A(1)-A(2) and A(2)-
A(3) distances are shorter in10-C and10-Siand longer in10-
Sn and10-Pbcompared to cyclic A4H8 (C-C 1.545 Å; Si-Si
2.355 Å; Sn-Sn 2.862 Å; Pb-Pb 2.914 Å).14 However, in
10-Ge these distances are very close to that in cyclic A4H8

(2.510 Å). The NBO analysis shows a classical 2c-2e bond
between A(1)-A(2), A(2)-A(3), A(3)-A(4), and A(1)-A(4)
forming a four-membered ring. The bonding of hydrogens with
the heavy atoms is also found to be the classical 2c-2e type.
A(3) is a divalent atom with a lone pair. The extra two
electrons, one each from A(2) and A(4), make use of the empty
p orbital on A(3), forming a 3c-2e delocalizedπ-bond.
Calculations with the quasirelativistic pseudopotential basis

set (TZ2P+) for Ge, Sn, and Pb have shown the following
results. For Ge theD2d structure7 has become more stable
than the four-membered-ring structure10. Interestingly theTd
structure6 is 24.6 kcal/mol more stable than the classical
structure1 for Ge, whereas it is 2.2 kcal/mol higher in energy
than1with the LANL1DZ basis. Similarly,9-Geexists at this
level and it is 38.4 kcal/mol more stable than the classical
structure1-Ge. Sn has not shown any difference in results with
the LANL1DZ basis, except all the structures became more
stable than the classical structure1. In the case of Pb there is
a difference in the stability order of7 and8. At the LANL1DZ
basis,7 and8 are nearly isoenergetic, whereas at the TZ2P+
basis theD2d structure7 is more stabilized and 5.1 kcal/mol
lower in energy than8. Thus with relativistic pseudopotentials
the D2d structure7 is the most stable among the structures
considered in the present study for Ge, Sn, and Pb.
The remarkable differences in stability of the isomers from

C to Pb are due to strong reluctance of the heavier atoms to
form s-p hybrid orbitals. It is mainly due to the difference in
the size of the valencens andnp atomic orbitals (the difference
increases from Si to Pb) and in their energies.45 This is also
evident from the NBO analysis. The lone pair orbitals in
isomers6, 7, 8, 9, and11 have predominant s character (∼75

(45) (a)Nagase, S.Acc. Chem. Res.1995, 28, 469. (b) Nagase, S.;
Kobayashi, K.; Kudo, T.Main. Group Met. Chem.1994, 17, 171. (c) Kudo,
T.; Nagase, S.ReV. Heteroat. Chem.1993, 8, 122. (d) Nagase, S.Polyhedron
1991, 10, 1299. (e) Tsumuraya, T.; Batcheller, S. A.; Masamune, S.Angew.
Chem., Int. Ed. Engl.1991, 30, 902. (f) Kutzelnigg, W.Angew. Chem., Int.
Ed. Engl.1984, 23, 272.

Figure 1. Interaction diagram between A4 (Td) and H4 (Td) leading to
A4H4 (Td). The HOMO of A4 and A4H4 is 2a1 and 1e, respectively.
The HOMO of H4 is a triply degenerate 1t2 with only two electrons in
it.
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to 90% for Si to Pb). This leaves maximum p character for the
other bonds in these isomers. The gradual decrease in the s-p
mixing for these elements is clearly reflected in the relative
stabilities of the tetrahedrane isomers studied here. The classical
Td structure1 is more stable for C and the triply H-bridgedC3V
structure2 (contains one classical and three divalent Si atoms)
is more stable for Si. However, for Ge to Pb the quadruply
H-bridged D2d structure7 is found to be most the stable
structure. If one considers all four H-bridged systems6, 7, and
8 alone, the relative stabilities are as explained below. Leaving
the four lone pairs in these systems (6, 7, and8), isomers7 and
8 have two 2c-2e A-A bonds and four 3c-2e H-bridged
bonds with twelve valence electrons (established by NBO
analysis). On the other hand,6 has 4c-3e type bonding (as
established by FMO method) with the four capping H atoms.
This makes6 less stable compared to7 and8.
Therefore the results in the present study provide the

qualitative and quantitative differences of C with the heavier
analogs, Si to Pb, for the tetrahedranes. The structures derived
from the organometallic chemistry are competitive for heavier
elements (Si to Pb) compared to the classical structure adopted
by the C. The present study suggests that the periodic variations
start with the second period only. The elements Li to Ne are
the exceptions.27,45 Though structure2-Si is 20.7 kcal/mol more
stable than1-Si, the tetrahedral structure observed for Si4R4

experimentally points to the effect of substituents in controlling
the structures; the propensity for bridging does not seem to go
beyond hydrogens.10

We feel that the best way to obtain various tetrahedral
structures discussed here is by adding protons to the A4

4- (Td)
system. The attack of H+ ions on atom A in A44- leads to
structure1 (path I). If the H+ attacks A-A bonds, isomers7
and8 can be obtained (path II). On the other hand, if H+ attacks
on the A3 faces, theTd structure6 is the result (path III).
Structures2 and9 (for Si) can be achieved by the mixed paths
of I and II.

One interesting observation in this direction is the crystal
structure of NaPb.31 The Pb atoms in the unit cell of NaPb are
arranged in regular tetrahedral units (Pb4). Each Pb4 group is
surrounded by sodium atoms. Thus one might see NaPb in the
solid state as Pb44- (Td) ions surrounded by Na+ ions. The
greater reactivity of NaPb toward the alkyl halides is explained
in terms of gradual removal of sodium atoms by halides, with
consequent exposure of lead atoms to allyl radicals.31 Quite
possibly a similar mechanism, where NaPb is treated with protic
acids, might lead to various tetrahedral structures discussed for
Pb in this study via paths I, II, or III. Equation 1 is highly
exothermic due to the charges that are involved. Similar
experiments can also be tried with the structures that contain
Si44- and Ge44-.31,32 We expect that these experimental studies
are in the realm of possiblility.

Summary and Conclusions

Only C has shown the classicalTd structure to be more
favorable, among the tetrahedrane structures considered here.
Si and Ge prefer the triply H-bridged structure,2, over the other
bridged structures at the MP2/6-31G* level. But isomer10 is
28.7 and 12.7 kcal/mol more stable than2 for Si and Ge,
respectively. However, for Sn,2 is the lowest energy isomer,
even lower than10by 3.3 kcal/mol. Interestingly,7-Sn, 8-Sn,
and 10-Sn are very close in energy. The situation in Pb is
entirely different. The most stable isomer for Pb obtained in
the present study is the four H-bridgedCs structure,8. The
D2d structure,7, and theC3V structure,2, are 1.9 and 10.3 kcal/
mol higher in energy than8. Compared to10-Pb, 8-Pb is more
stable by 28.3 kcal/mol. But the calculations with quasirela-
tivistic pseudopotentials show structure7 to be the most stable
structure for Ge, Sn, and Pb. This study further supports the
relation between the organometallic and main group chemistry
by various analogies. Although the parent tetrahedranes1-C
and1-Si are not known experimentally, the structural and the
energetic differences of Si to Pb and C make them excellent
experimental targets. These H-bridged structures may be
generated experimentally from the tetraanions, A4

4-, known
already.31,32
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