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Abstract: Ab initio MO studies at the HF, MP2, and Becke3LYP levels on H-bridged tetrahedranes of the group 14
elements (AH4, 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 dlassigeturel is more stable

than all the other tetrahedrane alternatives fgidA The triply hydrogen bridged structuge(Cs,) is found to be

more stable for Si, Ge, and Sn. 4P prefers the four H-bridged structuBe(Cs). However, the calculations with

the quasirelativistic pseudopotential basis set show the quadruply H-bridlgedructure? 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 silyl” group (S#Bug). The parent ¢H,, 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® The structure of1-C is explained by the
tetravalent carbon despite its high strain enérdyowever,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 SiH4.'* Nagase et al. predicted that two SiSi bonds
in 1-Sican be broken without a barrier to form a four-membered
ring isomert? The triply H-bridged tetrahedrane for silico?(

Si) is 20.7 kcal/mol lower in energy than the classical structure
(1-Si) at the MP2(FC)/6-31G* levelt The H-bridged alterna-
tive structures are found to be competitive in stability with the
classical structures for heavier analogs of cyclopropane and
cyclobutané34 Similarly, the structural differences between
ethylene and acetylene with their heavier analogs are well-
known!516 The contrasts between carbon and its heavier
analogs are not restricted to the neutral speties. For
example, the side-on complex is the most stable isomer for Sn
and Pb in the A" (A = C, Si, Ge, Sn, Pb) systetd. The
triply H-bridged Cs, structures of AHst are found to be

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 explorationn* The electronic structure of
group 14 and 15 tetrahedranes is explained byZxbonding,
whereas in group 13 multicenter surface bonding has to be
invoked!2 The first possible group 15 tetrahedranghds been
predicted as a high energy density material in high specific
inpulse fuelst Theoretical studies at the CCSD(T) level show
that N, (Tg) is a local minimum, 186 kcal/mol higher in energy
than 2N.> However, N (Ty) is experimentally yet to be
prepared. In contrast, the tetrahedraj B well-known®
Various substituted B and Al tetrahedrane molecules are
prepared experimentally (e.g.4Bus, B4Cls, and Al(5-Cs-
Mes)s), and the role of substituents on the stability of &d
Al,4 cages is discussed in the literatdre® The tetrahedrane
structures of C and Si are known experimentally with sterically
very bulky substituent31® In C4R,, the substituent R is the
Bu group, where as in $, the substituent R is the “super

® Abstract published iAdvance ACS Abstract®ecember 1, 1997.
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competitive to the classic@)s, 27 aromatic structure® The shown that Ru(CQ)and Os(CO) are also isosynaptic to Si
heavier group 14 tetrahedranes should show equally dramaticand Ge¥’ This relation can also be achieved by two isolobal
contrast. replacements (depicted belo®y°

HE IB Fe(CO)s ~y By S

Various H-bridged tetrahedranes of group 14 are derived from
s 3 organometallics by using this isosynaptic analogy. Strucure
A—\—A A—\=A (Cs,) is discussed previously for &i. The transition metal
sH/Z\A/ THy \GW /\ structure with face-bridging hydrogens, suggests isomes
U H— 17Hy

Transition metal tetrahedrane structures with four hydrogens
exhibit a variety of topological arrangements. Wilson et al.
reported that the structure of 4Rw(CO), contains face
bridging hydrogens3.2% A Dy structure (considering the My
core alone)4, where the four hydrogens bridge four edges of
the tetrahedrane, was also found fogRty(CO);2.2% In this
Dyqg structure, the two unbridged RiRu bonds are opposite
to each other. The compounds;®k(CO)1(CNMe), Hy-
Rw(COho(PPh)2, HsRUy(CO)1[P(OMe)], and HiRuy(CO)-
[P(OMe&y)],4 are also shown to havB,q symmetry?1-24 A Cs
structureb, where the two unbridged RtRu bonds are adjacent
to each other, is reported foRuy(CO)ofu{ PhP(CH,)nPPh} ]

(n = 1-4), HRw(COxu{PRPCHCH(CH;)PPh}], Has-
Rus(CO)o[PPCH,CH(CHs)PPh], and HRus(CO)a(n*-
C=N(CHj3)CH,CH,CH,).?5?6 The “isosynaptic” analogy con-
nects the structural patterns of organometallic compounds with
the main group compound$. According to this analogy, Fe-
(CO); is very much like Si or Ge with a stereochemically
inactive ‘ns-electron pair” (as represented below).

Fe(CO); O— Si, Ge

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

(16) (a) Grev, R. S.; Schaefer, H. F., 0l Chem. Phys1992,97, 7990
and references therein. (b) Cordonnier, M.; Bogey, M.; Demuynck, C.;
Destombes, J. L1. Chem. Physl992,97,7984 and references therein. (c)
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the known tetraanions A~ (A = Si, Ge, Pb$132 One such
possibility for PH, is also discussed.

Seriand Jemmis

Table 1. Relative Energies(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

4 Al compd HF MP2 B3LYP B3LYP/TZ2f
s NS 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)
) A, 2A\ 7A3 ;g 155”.7 (4)d 121.8 (4) 127.5 (4)
~ - collapse
\\/ /\,\_' W /\L 9-C  collapsed td
H tHe 5 v 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)
7 8 6-Si 102.1 (3) 49.6 (2) 50.6 (2)
7-Si 7.9 (0) —2.9(0) —14.1 (0)
8 H’ H 8-Si collapsed t®
H \ / 9-Si 9.95 (0) —2.2(0) -1.7 (2)
4 a2 A 10-Si  —48.6 (0) —49.4 (0) —47.0 (0)
sH/ \H7 4 1-Ge 0.0 (3) 0.0 (0) 0.0 (3) 0.0
l 2-Ge  —54.0(0) —55.6 (0) —57.6 (0) —72.3
sH 3A 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
2 \\_ /3 8-Ge —41.0 (0) collapsedt@ —48.9 (0) —72.4
\ / A 9-Ge collapsed tdl1 —38.4
1 B 10-Ge —68.5(0) —68.3 (0) —64.2 (0) -72.3
5 "i-_is 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
9 1 0 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
Computational Methods 9-Sn  collapsed td.1
The geometries of all the structures are optimized at HF and MP2 ﬂgﬂ _ggi Egg _ggg Egg _gég Egg _g;i
levels under the symmetry specifi&é* Density functional calculations 1-Pb 003 000 003 0.0
at the Becke3LYP (B3LYP) level were also done for comparison of :Pb _120'4((0)) —111.4 ((0)) —1023 (g)) —104.7
relative energie®: For C and Si, the 6-31G* basis set (as implemented g py, 794 (3) Z92.9(0) —80.9(0) 774
in GAUSSIAN92) was useé Molecules involving Ge, Sn, and Pb  7.pp —-1345 (0) —119.8(0) —114.3(0) —122.9
were optimized with the LANL1DZ basis s#t. This basis set uses  8-Pb  —133.3 (0) —121.7(0) —114.7 (0) —-117.8
the valence doublé-(DZ) basis on H and effective core potentials 9-Pb  collapsed tdl1
plus DZ on Ge, Sn, and Pb. The nature of the stationery points was 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

determined by harmonic force constants and vibrational frequeficies.
To see the relativistic effects on the stabilities of molecules with heavier
atoms, calculations are performed at the B3LYP level with the FZ2P
basis sets for thensihp valence orbitals and the quasirelativistic and Pb structures using the TZ2mMasis set with relativestic psuedo-
pseudopotentials for core electrons of Ge, Sn, and®PBll the potentials at B3LYP level). The values in the parentheses are the
calculations were carried out with the GAUSSIAN92 program pack- number of imaginary frequencies.

ages’® The energy comparisons are at the MP2/6-31G*//MP2/6-
31G*+ZPE level for C and Si and at the MP2/LANL1DZ//IMP2/

(31) (a) Marsh, R. E.; Shoemaker, D.Ata Crystallogr.1953 6, 197.
(b) Hewaidy, I. F.; Busmann, E.; Klemm, VZ. Anorg. Allg. Chem1964
328 283. (c) Corbett, J. DStruct. Bondingl997, 87, 157.

(32) Queneau, V.; Sevov, S. 8ngew. Chem., Int. Ed. Endl997, 36,
1754.

(33) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARinitio
Molecular Orbital Theory;Wiley: New York, 1986.

(34) Mgller, C.; Plesset, M. 2hys. Re. 1934 46, 618.

(35) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Becke, A. D.
Phys. Re. A 1988 38, 3098. (c) Lee, C.; Yang, W.; Parr, R. 8hys. Re.
B 1988 37, 785. (d) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys.
1980 58, 1200.

(36) (a) Hariharan, P. C.; Pople, J. 8hem. Phys. Letll972 66, 217.
(b) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; DeFrees, D. J.; Pople, J. A. Chem. Physl982 77, 3654.

2The relative energies are calculated after scaling the zero point
energy by 0.9° The last column is the relative energies of Ge, Sn,

LANL1DZ +ZPE level for Ge, Sn, and Pb. Zero-point energies were
scaled by 0.9 The natural bond orbital (NBO) analysis at the HF
level and the geometries at the MP2 level are used in the discudsion.

Results and Discussions

There are many theoretical calculations available in the
literature on1-C and1-Si13% Structurel 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. Structurd is a minimum for C and Si and a
third-order saddle point for Ge to Pb at these levels. Th&d\A
bond lengths are compared with the ethane-like structures
(A2Hg)*? and 3-membered-ring structurésThe A—A distances
in 1-C and1-Si (Table 2) are found to be slightly shorter than

(37) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

(38) Pople, J. A.; Raghavachari, K.; Schlegel, H. B.; Binkley, In§.
J. Quantum Chem. Symp979 13, 255.

(39) (a) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss,Mbl.
Phys.1993 80, 1431. (b) Kuechle, W.; Dolg, M.; Stoll, H.; Preuss, H.
Mol. Phys.1991, 74, 1245. (c) d-polarization functions from: Huzinaga,
S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.; Sakai, Y.;
Tatewaki, H.Gaussian Basis sets for Molecular CalculatipBtsevier: New
York, 1984.

(40) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;

those in AHe (C 1.542 A; Si 2.342 A) and cyclic &g (C
1.504 A; Si 2.332 A). But forl-Geto 1-Pb, the A—A bond
distances are elongated compared witQ(Ge 2.499 A; Sn
2.850 A; Pb 3.012 A) and cyclic M (Ge 2.496 A; Sn 2.860
A; Pb 2.954 A). The bonding i is found to be classical.
The triply H-bridged structure2, is more stable than the
classical structurd by 20.7, 55.6, 69.3, 111.4 kcal/mol for Si

Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. (41) (a) Read, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,

A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavacharei, K.; Binkley, 899. (b) Weinhold, F.; Carpenter, J. Ehe Structure of Small Molecules
J. S.; Gonzalez, G.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.; and lons Naaman, R., Vager, Z., Eds.; Plenum: New York, 1988; p 277.
Stewart, J. J. P.; Pople, J. A. Gaussian 92, Revision A, Gaussian, Inc.:  (42) Schleyer, P. v. R.; Kaupp, M.; Hampel, F.; Bremer, M.; Mislow,
Pittsburgh, PA, 1992. K. J. Am. Chem. S0d.992 114 6791.
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Table 2. Important Geometrical Parameters of the Optimized Structures at the MP2 Level (Distances in A and Angles in Degrees)

calcd calcd calcd
compd parameter value compd parameter value compd parameter value
1-c Cc-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)yGe(4) 2.544 Sn(2)Sn(3) 2.889
2-C  C(1)-C(2) 1.732 Ge(1YH(5) 1.848 Sn(1¥H(5) 1.722
C(1)-C (4) 1.465 Ge(4yH(8) 1.529 Sn(1)H(6) 1.727
C(1)-H (5) 1.288 01 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
01 29.23 Ge(1yH(5) 1.964 Sn(2ySn(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)yGe(4) 2.574 Sn(1)Sn(2) 4.601
7-C C(1)-C(2) 1.773 Ge(LyH(5) 1.839 Sn(1yH(5) 1.785
C(1)-C(4) 1.448 10-Ge Ge(1)-Ge(2) 2.505 Sn(4yH(8) 1.733
C(1)—H(5) 1.289 Ge(2rGe(3) 2.527 Sn(4)H(5) 3.436
10-C C(1)-C(2) 1.498 Ge(LyH(5) 1548 1-Pb  Pb-Pb 3.111
C(2-C(3) 1.432 Ge(2rH(7) 1.565 Pb-H 1.782
C(1)—H(5) 1.085 Ge(2rGe(3)-Ge(1y-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(1l)»-Ge(4) 2.572 Pb(1yH(5) 2.067
H(5)—C(1)—H(6) 113.84 Ge(1)yGe(2) 3.981 Pb(4)H(8) 1.739
Ge(1)>-H(5) 1.615 61 27.64
1-Si Si-Si 2.315 Ge(4yH(8) 1557 6-Pb  Pb(1)-Pb(2) 3.460
Si-H 1.478 Ge(4}H(5) 3.053 Pb(13H(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(®Pb(4) 3.013
Si(1)—H(5) 1.695 2-Sn  Sn(1)-Sn(2) 3.555 Pb(E)H(5) 2.066
Si(4)—H(8) 1.469 Sn(1)Sn(4) 2.908 8-Pb  Pb(1)-Pb(2) 3.632
01 30.0 Sn(1)}H(5) 2.010 Pb(1}Pb(3) 3.456
6-Si Si(1)-Si(2) 2.658 Sn(4yH(8) 1.703 Pb(1)Pb(4) 3.166
Si(1)—H(5) 1.764 61 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(£)H(5) 2.046
Si(1)—Si(4) 2.257 Sn(BH(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(1Sn(4) 2.943 Pb(4}H(8) 2.072
Si(1)-Si(4) 2.324 Sn(LyH(5) 2.010 10-Pb Pb(1)y-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(1yH(5) 1.768
10-Si  Si(1)-Si(2) 2.314 Sn(ySn(4) 3.091 Pb(1yH(6) 1.769
Si(2)-Si(3) 2.283 Sn(2ySn(4) 3.580 Pb(2yH(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)yPb(3-Pb(1)-Pb(4) 170.97
Si(2)-Si(3)—Si(1)-Si(4) 154.72 Sn(2yH(8) 1.900 11-Pb Pb(1)-Pb(4) 2.985
H(5)—Si(1)—H(6) 110.90 Sn(4yH(8) 2.041 Pb(1)Pb(2) 4.658
1-Ge Ge-Ge 2.546 Pb(HH(5) 1.834
Ge-H 1.542 Pb(4¥H(8) 1.772
Pb(4)-H(5) 3.500

to Pb, respectively (Table 1), and is a minimum. StrucBi@ for 6 by the NBO method). The molecule is divided intq A

is a second-order saddle point and higher in energy 1hén (Tg) and H, (Ty) fragments. The interaction diagram between
The A—A bridged bonds in2-Si to 2-Pb are shortened to a A4 and H, leading to AH4 (6) is shown in Figure 1. The 1a
large extent (Table 2) compared to the-A bridged bonds in orbital of A4 is an all-symmetric combination of s orbitals and
triply H-bridged cyclopropane analogs (Si 3.080 A; Ge 3.417 the 2ais an sp-hybridized orbital on heavy atoms. Hence, these
A; sn 3.783 A; Pb 3.889 A}® However, the A-H, distance two MOs lead to the lone pair on A and an electron density at
in 2 is slightly longer than the corresponding distance in triply the centroid of the Atetrahedrané* The 1t and 24 MOs of
H-bridged cyclopropane. The unbridged—A distance is A4 mainly contribute to the formation of the-AA bonds and
slightly shorter than the corresponding distance in the classicallone pair on A in A, and by the tetrahedral symmetry these
structurel. The nonplanarity of bridging hydrogens (that is lead to significant electron density at the center of the tetrahedral
the angle between theshlane and the AHA pland),) is nearly faces* The 1a and 1% orbitals of H, interact with the 1a
constant £28.4) for 2-Sito 2-Pb. The NBO analysis gives 2a, 1, and 24 orbitals of A, leading to 1@ 2a, 1t, and 2%

the following bonding ir2: three 2e-2e classical A-A bonds, in A4H4, respectively. Hence these orbitals contribute to the
three 3e-2e H-bridged A-A bonds, and a lone pair on each surface bonding of ilon the A, tetrahedrane. The le set of
divalent A. orbitals of A, lead to A-A bonds and by symmetry it has null

The Ty structure 6, where the four hydrogens bridge the four density at the center of the tetrahedrane face, hence, no
faces of A, is a minimum for Ge, Sn, and Pb at the MP2 and interaction with the H fragment.
B3LYP levels and a higher order stationery point at the HF  In Structures7 and 8, the four hydrogens bridge the edges
level (Table 1). For C and Sgis a higher order saddle point.  of the A, cage. The main difference betwe&rand8 is that
6-Sn and 6-Pb are 32.3 and 92.9 kcal/mol more stable than the unbridged A-A bonds in7 are opposite to each other
1-Snand1-Pb. But6-Geis 1.4 kcal/mol less stable thdnGe EYATET o Hor R Phvs Chenio7a 78 1167 (6
The A-A diStqnce in6 (Taple 2) is _Cal,cmated to be S.horter Th((e in)te(?azctiléjén&(i);(g)’rarﬁ in(l):igl]ﬁgr:]f is draw¥15638neThe e?(ten’ded Hij(ck)el
than the H-bridged AA distance in isomer2 and triply parameters for Sn [5s-16.16, 2.32), 5p8.32, 1.94)] and H [1s13.6,
H-bridged AHs. However, the A-H distance is elongated in 1.3)] are from the following: Tremel, W.; Hoffmann, Riorg. Chem1987,
6 compared t& and AsHg (Table 2). The electronic structure éf;clllgsgf%gﬂszi% K. A Wheeler, R. A.; Hoffmann, RAm. Chem.
of 6 can be analyzed better by the fragment molecular orbital ™44y Hoffmann, R.; Schilling, B. E. R.; Bau, R.; Kaesz, H. D.; Mingos,
(FMO) method?® (since a localized picture cannot be attained D. M. P.J. Am. Chem. S0d978§ 100, 6088.
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-30 (2.314 A) are much shorter than what is foun@i$iand7-Si.
The unbridged StSi bonds (2.507 A) ir9-Si are longer than
the unbridged St Si bonds in2-Siand7-Si. The NBO analysis
has shown an interesting bonding feature for this isomer. There
is a lone pair on each Si(1), Si(2), and Si(3). The Si{4]8)
bond is a classical 2e2e type. The remaining bonds, Si{1)
H(5)—Si(4), Si(3-H(7)—Si(4), Si(2y-H(6)—Si(4), Si(4)-Si-
(1)—Si(2), Si(4)-Si(1)—Si(3), and Si(4)-Si(2)—Si(3), are found
to be 3ec-2e bonds. This type of bonding picture should lead
to longer Si(1)}-Si(2), Si(1)-Si(3), and Si(2)}Si(3) bond
distances and shorter Si(4$i(1), Si(4)-Si(2), and Si(4)-Si-
(3) bond distances, as is indeed found by calculation (Table 2).
Isomer11l is minimum for Ge, Sn, and Pb. It is less stable
than7 and more stable than the classigalstructurel (Table
1). The A—A bond in11-Geis slightly longer than that iA,
1ty whereas inl1-Sn it is equivalent to that il and in11-Pbit
is less than that il (Table 2). The bonding idlis traced to
be a classical 2e2e bond between AA. There are three lone
1494 pairs, one each on the divalent atom A.

Isomerl0, which is the lowest energy structure foplSi, so
far, is also computed in the present stdlylt is a minimum
for C, Ge, Sn, and Pb as well. Structdr@is 9.5, 49.4, 68.3,
66.0, and 93.4 kcal/mol more stable thaffor C, Si, Ge, Sn,
and Pb, respectively. The nonplanarity of therihg decreases
from 10-C to 10-Pb (Table 2). The A(1)}A(2) and A(2)>
A(3) distances are shorter ¥0-C and10-Siand longer inl0-
Snand10-Pbcompared to cyclic 4Hg (C—C 1.545 A; Si-Si
-21.01 ey 2.355 A; Sn-Sn 2.862 A; Pb-Pb 2.914 AY4 However, in
A, ALH, H, 10-Ge these distances are very close to that in cycligif
(2.510 A). The NBO analysis shows a classicat-2e bond
between A(1)}-A(2), A(2)—A(3), A(3)—A(4), and A(1)-A(4)
Figure 1. Interaction diagram betweenyATq) and H (Tq) leading to forming a four-membered ring. The bonding of hydrogens with
AdHa (Tg). The HOMO of A and AH. is 2a and le, respectively.  the heavy atoms is also found to be the classicalZtype.
The HOMO of H, is a triply degenerate 4tvith only two electrons in A@3) is a divalent atom with a lone pair. The extra two
It electrons, one each from A(2) and A(4), make use of the empty

whereas ir8 they are adjacent7 is a minimum for Sito Pb P orbital on A(3), forming a 3¢2e delocalizedr-bond.

and is calculated to be more stable than the classical structure, Calculations with the quasirelativistic pseudopotential basis
1, by 2.9, 46.8, 66.0, and 119.8 kcal/mol for Si, Ge, Sn, and set (TZ2Pt) for Ge, Sn, and Pb have shown the following
Pb, respectively. Structuis a minimum for Sn and Pb and  results. For Ge th®q structure7 has become more stable
collapses t@ on optimization for Si and Ge! Howeve exists than the four-membered-ring structur@ Interestingly theTq
for Ge to Pb at both HF and B3LYP levels and it is a minimum Structure6 is 24.6 kcal/mol more stable than the classical
(Table 1). On optimization8-C gets dismantled by breaking structurel for Ge, whereas it is 2.2 kcal/mol higher in energy
the H-bridged G-C bonds. 8-Sn and 7-Sn are energetically ~ thanl with the LANL1DZ basis. Similarly9-Geexists at this
degenerate, where8sPbis 1.8 kcal/mol more stable thahPb. level and it is 38.4 kcal/mol more stable than the classical
The H-bridged A-A bond distances for-Sito 7-Pb are very structurel-Ge Sn has not shown any difference in results with
close to the corresponding distancegiTable 2) and shorter ~ the LANL1DZ basis, except all the structures became more
compared to the triply H-bridged cyclic s structure!3 stable than the classical structure In the case of Pb there is
However, these distances8aSnand8-Pb are slightly shorter @ difference in the stability order gfand8. At the LANL1DZ
compared t&-Snand7-Pb, respectively (Table 2). The NBO  basis,7 and8 are nearly isoenergetic, whereas at the TZ2P
analysis shows the following bonding i four 3c—2e basis theDyq structure? is more stabilized and 5.1 kcal/mol
H-bridged A-A bonds, two 2e-2e A—A bonds, and a lone lower in energy tha8. Thus with relativistic pseudopotentials
pair on each A. A similar type of bonding was observed in the Da4 structure? is the most stable among the structures
8-Snand8-Pb as well. considered in the present study for Ge, Sn, and Pb.

The second triply H-bridged structur®, is minimum only The remarkable differences in stability of the isomers from
for Si! For Ge to Pb9 collapses tdl1 (Cz,) on optimization 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 valenaas andnp atomic orbitals (the difference
increases from Si to Pb) and in their enerdfesThis is also
evident from the NBO analysis. The lone pair orbitals in
isomers6, 7, 8, 9, and11 have predominant s character{5
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(45) (a)Nagase, SAcc. Chem. Resl995 28, 469. (b) Nagase, S.;
11 Kobayashi, K.; Kudo, TMain. Group Met. Cheml994 17, 171. (c) Kudo,
T.; Nagase, Rev. Heteroat. Cheml993 8, 122. (d) Nagase, $olyhedron
. .. 1991 10, 1299. (e) Tsumuraya, T.; Batcheller, S. A.; Masamunérfgew.

and for C it collapses td. 9-Siis 2.2 kcal/mol more stable  chem. Int. Ed. Engll991, 30, 902. (f) Kutzelnigg, WAngew. Chem., Int.

than the classical structurk The H-bridged SiSi bonds Ed. Engl.1984 23, 272.
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to 90% for Sito Pb). This leaves maximum p character forthe  One interesting observation in this direction is the crystal
other bonds in these isomers. The gradual decrease inihe s structure of NaPB! The Pb atoms in the unit cell of NaPb are
mixing for these elements is clearly reflected in the relative arranged in regular tetrahedral units {PbEach Pb group is
stabilities of the tetrahedrane isomers studied here. The classicaurrounded by sodium atoms. Thus one might see NaPb in the
Ty structurel is more stable for C and the triply H-bridg€d, solid state as P~ (Tg) ions surrounded by Naions. The
structure2 (contains one classical and three divalent Si atoms) greater reactivity of NaPb toward the alkyl halides is explained
is more stable for Si. However, for Ge to Pb the quadruply in terms of gradual removal of sodium atoms by halides, with
H-bridged Doy structure 7 is found to be most the stable consequent exposure of lead atoms to allyl radiZalQuite

structure. If one considers all four H-bridged systeng, and possibly a similar mechanism, where NaPb is treated with protic

8 alone, the relative stabilities are as explained below. Leaving acids, might lead to various tetrahedral structures discussed for
the four lone pairs in these systen@s 7, and8), isomers7 and Pb in this study via paths I, I, or lll. Equation 1 is highly

8 have two 2e-2e A—A bonds and four 3e2e H-bridged exothermic due to the charges that are involved. Similar

bonds with twelve valence electrons (established by NBO experiments can also be tried with the structures that contain
analysis). On the other hanfi,has 4e-3e type bonding (as  Sis*” and Gg* 3132 We expect that these experimental studies
established by FMO method) with the four capping H atoms. are in the realm of possiblility.

This makes6 less stable compared #and8. Pb44_ LaHt — PhH, 1)

Therefore the results in the present study provide the
qualitative and quantitative differences of C with the heavier Summary and Conclusions
analogs, Sito Pb, for the tetrahedranes. The structures der_|ved Only C has shown the classical structure to be more
from the organometallic chemistry are competitive for heavier (%

| s (Si 1o Pb d 1o the classical struct dont avorable, among the tetrahedrane structures considered here.
elements (Si to Pb) compared to the classical structure adopte i and Ge prefer the triply H-bridged structuepver the other

by the C. The present study suggests that the periodic variationsoriolgeol structures at the MP2/6-31G* level. But isori8iis
start with the second period only. The elements Li to Ne are 28.7 and 12.7 kcal/mol more stable thanfor Si and Ge
the exceptioné?_v“S Though structur@-Siis 20.7 kcal/mol more respectively. However, for Si2,is the lowest energy isomér,
stable thanl-Si, the tetrahedral structure observed foRgi even lower tharl0 by 3.3 kcal/mol. Interestinglyz-Sn 8-Sn
experimentally points to the effect of substituents in controlling 4 10-sn are very close in energy. The situation in Pb is
the structures; the propensity for bridging does not seem to 9entirely different. The most stable isomer for Pb obtained in
beyond hydrogen¥ ) ) the present study is the four H-bridg€d structure,8. The
We feel that the best way to obtain various tetrahedral p,, structure7, and theCs, structure2, are 1.9 and 10.3 kcal/

structures discussed here is by adding protons to e @q) mol higher in energy tha. Compared td.0-Ph, 8-Pbis more
system. The attack of Hions on atom A in A*" leads to  stable by 28.3 kcal/mol. But the calculations with quasirela-
structurel (path I). If the H" attacks A-A bonds, isomerg tivistic pseudopotentials show structitéo be the most stable
and8 can be obtained (path Il). On the other hand,Tfaftacks  structure for Ge, Sn, and Pb. This study further supports the
on the A faces, theTq structure6 is the result (path Ill).  relation between the organometallic and main group chemistry
Structures2 and9 (for Si) can be achieved by the mixed paths by various analogies. Although the parent tetrahedrdr€s
of I and Il. and 1-Si are not known experimentally, the structural and the
energetic differences of Si to Pb and C make them excellent
H+ experimental targets. These H-bridged structures may be
generated experimentally from the tetraanions?Aknown
L already?3132
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