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Rotation barriers in the group IVB ethane congenegXHYH3 (X, Y = C, Si, Ge, Sn, Pb) have been
systematically studied and deciphered using the ab initio valence bond theory in terms of the steric strain and
hyperconjugation effect. Our results show that in all cases the rotation barriers are dominated by the steric
repulsion whereas the hyperconjugative interaction between thid Kond orbitals and the vicinal *¥YH

antibond orbitals (and vice versa) plays a secondary role, although indeed the hyperconjugation effect favors
staggered structures. By the independent estimations of the hyperconjugative and steric interactions in the
process of rotations, we found that the structural effect which mainly refers to the centrab®nd relaxation

makes a small contribution to the rotational barriers. Therefore, we conclude that both the rigid and fully
relaxed rotations in the group IVB ethane congened$s-Hy'Hs observe the same mechanism which is governed

by the conventional steric repulsion.

Introduction SCHEME 1

A molecular conformation is usually determined by the ':—-.502
interactions among bonds which form the molecule. Apart from / ™
the steric repulsion (mostly Pauli exchange interaction) among !
the bonds, stabilizing forces amomgbonds (conjugation) or ‘," ‘."
m ando bonds (hyperconjugation) play important roles in the H !
determination of the most favorable conformatfoflthough : i
there have been speculations for the possible hyperconjugative ¢1 3
interaction among bonds? there are few straightforward ways A R
to distinguish the usually competing steric and hyperconjugative = _ﬂ_/ o
effects, and theoretical analyses heavily depend on how the steric
and electronic interactions are Computationally formulated as bond is essential for the hyperconjugation theory, |mp|y|ng that
various approximations must be introduced in the formulafions.  the rigid rotation and fully relaxed rotation have different
This is exactly the case for ethane, which has been convention-mechanisms for the barriers, although their numerical values
ally and intuitively believed that the staggered structure is are very close. Furthermore, Goodman and co-workers found
favored over the eclipsed structure due to the repulsive exchangehat the mechanism governing the ethane rotation barrier does
interactions between the electrons in the two methyl gréups, not apply to ethane congeners such as disilane and diger-
and this simple repulsion model was confirmed by earlier ab manel4.15

initio bond orbital calculation$! Later, Weinhold and co- The justification of either the steric repulsion model or the
workers showed that hyperconjugative interaction between the hyperconjugative attraction model requires a deep investigation
ocy occupied orbitals in one methyl group and tbeq* into the theoretical methods used in the calculations. In the

antibonding orbitals in the other methyl group stabilizes the molecular orbital (MO) theory, the hyperconjugative stabiliza-
staggered conformer on the basis of a bond orbital analysis attion comes from the interaction between an occupied localized
both the semiempirical and ab initio levéis?® However, it is orbital (e.g., bond orbitabcy in ethane) and a virtual localized
Pophristic and Goodman’s recent work, which is also based on grhital (e.g.,oci*),16 and subsequently, the hyperconjugation
Weinhold’s natural bond orbital (NBO) method, that refuels the energy is defined as the energy difference between the occupied
debate over the nature of the ethane rotation batiéf. localized orbitalp; and the occupied delocalized orbitad as
Pophristic and Goodman surprisingly concluded that the Pauli jjjystrated in Scheme 1. However, in the MO theoretical
exchange energy actually stabilizes the eclipsed conformer of calculations, only delocalized orbitalg} can be obtained self-
ethane relative to the gauche conforrfiem other words, the  consistently. Assumptions have to be adopted to derive localized
eclipsed structure would be preferred if the hyperconjugative orbitals{¢}. If the latter are not optimal, their orbital energies
interaction was quenched. Another puzzling finding by these il be lifted to high levels (e.g¢:' in Scheme 1) and a severe
authors is that a slight variation (0.014 A) of the central@© consequence is the overestimation of the hyperconjugation
~energy. As one of the post self-consistent-field (SCF) approaches
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is of general interest and importance to scrutinize how the in the orbital space, anf is simply an orbital product
electronic relaxation or optimization for the Lewis structure may -

influence the estimation of the hyperconjugation energy and Q= ¢1,(1)g;, (2 3)gp; (4) -+ 2
eventually the interpretation for the origin of the ethane rotation
barrier.

The most recent studies by Bickelhaupt and Baer€ratsd

Equation 2 corresponds to a resonance structure with bonds
betweeri; andjy, i; andj,, and so on. An equivalent expression

us'® using very different methods consistently demonstrated that f;)roe)rqisl (hereby we assume the total spin quantum nurgber
the steric hindrance dominates the ethane rotation barrier, R
although the hyperconjugative interaction does favor the stag- (ONES NKA(gz>i11-1¢>i2j2 s nJm) 3)
gered conformation. Bickelhaupt and Baerends built a zeroth- R

order wave function for ethane with fragmental molecular whereAis the antisymmetrizer angl; is simply a bond function
orbitals of the two methyl groups to directly evaluate the Pauli corresponding to the bond between orbitajsand ¢

and electrostatic interactioA%. They concluded the steric A o o N

repulsion as the driving force for the barrier in ethane, although ¢ = Mg la®Ba) = D)} )

the zeroth-order wave function used in their analysis was neither\yhere the spins of electrona Gndg) are explicitly considered
optimized self-consistently nor an eigenfunction of the spin and poth¢; and @; are expanded with the basis functions
operatorz® Alternatively, we adopted the ab initio valence bond - ¢centered on the two bonding atoms and called as bond-distorted
(VB) method to construct both the localized (Lewis structure) orpitals (BDOs)S Equation 4 highlights that a bond orbital is
and delocalized wave functions self-consistently and compute pot only a singlet spin eigenfunction but also comprised of two
the hyperconjugative stabilization explicitly in both the staggered gjater determinants. The wave function for the molecule is

and eclipsed structuré$We found that the hyperconjugation  sypsequently expressed as a linear combination of spin-free VB
effect does favor the staggered structure but accounts for onlyfynctions

around one-third of the rotation barrier, most of which comes
from the steric hindrance which is independently estimated by Y= ZCK(DK (5)
freezing all bond orbitals in the process of rotation. Notably,

most recent experimental pr(_)ofs supported the repulsion ex'Although the VB concepts are much familiar to chemists and
planation for the ethane rotation barrfér. . the VB theory was proposed even earlier than the MO theory,
In this work, we extended our ab initio VB studies to the all  the pottieneck in the ab initio VB method lies in the evaluations
group IVB ethane congenersgki—YH3 (X, Y = C, Si, Ge,  of the overlap and Hamiltonian matrix elements among VB
Sn, Pb) and elucidated their rotation barriers in terms of the fynctions where orbitals are nonorthogonal. In contrast, the
steric strain and hyperconjugation effect. Schleyer and co- orthogonality restraint among MOs makes the MO-based
workers have extensively examined the structures and rotationalyjethods extremely efficient. Unfortunately, the popularity of
barriers in these 15 $X—YHs hydrides?”> With the NBO the MO methods has been accompanied with a few misunder-
methqd, they explored the nature of rotgtlonal pamers in terms standings for the VB theory as eloquently addressed very
of vicinal oxy — ovn* and oxn — oyn* interactions. On the  recently by Hoffman and co-worke?éand the ultimate truth
basis of the modern ab initio VB theory, we found that all s that the MO and VB theories are supplementary and consistent
barriers in both rigid and fully relaxed rotations are consistently ather than conflicting and competing. During the past decade,
dominated by the steric repulsion, although the hyperconjugative y,gdern ab initio VB methods have been developed with a few
interactipn uniformly pref_ers the staggen_ed structures. Thus, thepractical codes availabé-3° Applications have distinctively
mechanisms _for th_e rotations aroune- X single _bonds m_these demonstrated the importance of the VB approaches in gaining
systems are identical and the concept of steric repulsion holds.ngyy insights into molecular structures, properties, and reactivity,
which provide understandings to the results obtained from MO
Methodology computations from different perspectives. In the quest for
efficient algorithms in the ab initio VB computations, we
introduced a new function called paired-permanent-determinant
(PPD), which is an algebraft The introduction of PPD reduces
the CPU and memory requirements and eventually makes the
treatment of systems such as ethane and its congeners straight-
forward. In the present version of our code, XMVBan
algorithm of 2x (N — 2) expansion is used since 1-e and 2-e
electronic integrals can be built as “effective”™22 PPDs.

Compared with the orbital interaction picture in the MO
theory, the VB theory is established on resonance structures,
and thus, a molecule is described by a set of resonance
structure$:23 Theoretically, each resonance structure can be
represented by a Heiltet.ondon—Slater-Pauling (HLSP)
function, which can be expanded into a linear combination of
2™M Slater determinants(is the number of covalent bonds in
the focused system) or by its equivalent spin-free form such as
the bonded tableau used in our appro#chhe most prominent
difference between MO and VB theories is that in VB theory
all orbitals are nonorthogonal, whereas molecular orbitals are The MO theory interprets the hyperconjugative interaction
restrained to be orthogonal in MO theory. In the extreme end in terms of localized orbitals (Scheme 1), whereas in the

Calculation Details

(i.e., full Cl), however, these two theories are equivalent. terminology of VB theory, the hyperconjugation effect in ethane
In our approach, the VB wave function for each resonance congeners &X—YHz (X, Y = C, Si, Ge, Sn, Pb) can be mainly
structure is defined with a spin-free form2as described by the following three kinds of resonance structures

(Scheme 2). Covalent resonance strucluig the most stable

one among all, and biradical structuiésare more stable than
ionic structuredll in the gaseous phase. In total there are 9
biradical structuresll and 18 singly ionic structuresll .
whereNk is a normalization factod’}] is a standard projection  Consequently, the overall wave functidhfor Hs3X—YH3 is a
operator of symmetry group for irreducible representatidn [  superposition of a total of 28 resonance structures and the energy

o = NKéi]QK 1)
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SCHEME 2 6-31G(d) for C and Si and Los Alamos effective core potential
. " - . Wt . and matching basis set, LANL2B3% augmented with d-
\ /WH WH / WH polarization function® (henceforth LANL2DZd) for Ge, Sn,
WY e x—y" - x—y™ and Pb for further VB calculations. In the case of ethane, we
nd \H H“H/ - H“H/ - have shown that the enlargement of the basis set from 6-31G-

(d) to 6-311G(d,p) does not alter the results and conclusions at
all. In this work, we similarly examine the basis set dependence

difference betweel’ and the most stable resonance structure for disilane. Geometry optimizations and HF energy calculations

@, corresponds to the hyperconjugative stabilization. The @S Well as the primitive integrals that are required for the
solution of W thus is a multi-structure self-consistent-field Subsequent VB calculations were carried out using Gauss#n9s,

procedure which is comparable to the MCSCF method in the While VB calculations were performed with our XMVB

I I I

MO theory. program?°
We start from the construction of the covalent structure _ _
with a HLSP function Results and Discussion

(6) Hyperconjugative Interaction in Disilane. Ab initio VB
calculation results with the 6-31G(d) and 6-311G(d,p) basis sets
for the localized and delocalized structures of disilane were
compiled in Table 1, wherAE;. denotes the hyperconjugation
energy Eno difference between the eclipsed and staggered
structures. It is particularly interesting to note that even the VB
energies for the localized (Lewis) structur&®,) in Table 1)
are considerably lower than the respective HF enerig{ds),
because electron correlation is taken into account in the
construction of VB functions by keeping the pairing electrons
apart. For comparison, Table 1 also listed the hyperconjugation
energies computed with the NBO method. Within the NBO

D, = A(KxKyOxy0 1 Oxt,OxH,OvH,OYHOYH)

whereKy and Ky refer to the core orbitals and lone pairs on
atoms X and Y and each bond orbit@] is localized on the
two bonding atoms andj only. In principle, wave functions
for biradical and ionic resonance structures can be written out
similarly, and the simultaneous optimization of the orbitals and
configuration coefficients results in the overall wave function
W,

However, the most important feature of modern ab initio VB
methods is that orbitals are allowed to expand and optimize

flexibly. 529 The use of overlap-enhanced orbitals (OE®s), method, hyperconjugation energies can be computed by deleting
which are expanded in the whole molecular space like regular either off-diagonal elements (NBO1) or antibond orbitals

MOs, provides the key to the construction of VB functions of iNBOZ) An increase of the VB hyperconjugation energies is
considerable accuracy and compactness. Since normally nemraqbserved with the enlargement of the basis set from 6-31G(d)

covalent resonance structures are much more stable than radica%0 6-311G(d,p), whereas the NBO energies are a little more

and ionic resonance structures, using OEOs and only neutral . .
covalent structures can recover the electron correlations over-.Stable thgn the VB Qata. This phgnomenon h"%s tW.° origins. One
whelmingly. For example, for benzene, Cooper et al. have is the artifact of basis sets, but this concern exists in all methods.

demonstrated that over 93% of electron correlation can be The other is that in our calculations we only consider 14

recovered by two Kleule and three Dewar structurésk-or the ef;:ggﬁiénn;]iixg p;gbggﬁ;ﬁﬁigﬁlrﬁz ca;?c;lr;, ﬁﬁlc?n\?cln?/? dm
current cases of ethane congeners, there are high energy gap@ P Y9 gntly

between the stable covalent structure and the rest biradical o the h_yper_cqnjugatwe Interaction between_ two silyl molety
ionic structures which have a long separation of unpaired groups in disilane. A further improvement is to localize 2p

electrons or charges and the unfavorable orientation of the eleqtrons in the covalent resonance strugture. This can be
double bond character between two carbons. Thus, we skip the"lehIevecI by our ”eV.V'V developed blqck-local'lzed wave function
biradical and ionic structures by using delocalized OEOs and .(BLW) methoq, which does _ShO.W litle ba3|sgset dependency
define the wave function for £ —YHs as in the calculations of delocalization energféss

Even with the basis set of 6-31G(d), however, we still found

W= A(KxKYUXY'UXH 'Oy 1. Ot Oy 'OYHS'UYHG’) (7) significant hyperconjugative interactions in both the staggered
R and eclipsed structures of disilane, which are even comparable
where orbitalo;’ adopts the form of eq 4 using’ andg; that to theg—x hyperconjugation in propane, as both experimental
are expanded in the whole basis space of the molecule, rathe@nd theoretical studies suggested a stabilizing effect of around
than the subspace of two bonding atomsgasnd ¢ in ;. 3—5 kcal/mol®"3°Part of the hyperconjugation energies listed

Once the localized and delocalized wave functions are definedin Table 1 actually should be ascribed to the geminal bond
as in eqs 6 and 7, the hyperconjugation stabilization energy in antibond interactions between silyl groups and theS8ibond

ethaneEx. can be estimated as the energy difference betweenand antibond, as pointed out by Reed and Weinh‘b‘lﬂuis also
them explains why the second set of NBO data is much larger than

the first set of data (Table 1). These geminal interactions are
E.. = E(¥) — E(®,) = [W|H|W- @ AP0 (8) invariable with respect to internal rotations due to symmetry,
and thus, only the difference between the staggered and eclipsed
whereH is the Hamiltonian operator. It should be pointed out structures is the focal point in our current investigation of the
that bothW and @, can be expanded into’ 2= 128 Slater nature of the rotational barriers, as verified by the BLW

determinants, and in our code, all orbitélg;} and{¢;'} are calculations in the ethane ca¥dndeed, both the VB and NBO
optimized self-consistently and in total the VB part contains calculations show negligible basis set dependency for the
14 electrons. hyperconjugation energy differences. Whereas both methods

It has been well recognized that the geometries and rotationalconfirmed that the vicinalosiy — osiy* hyperconjugative
barriers in ethane and its congeners are rather insensitive to thenteraction favors the staggered structure of disilane, the VB
basis sets and theoretical levels use#:23Thus, we adopt the  calculations show that the hyperconjugation energy difference
geometries optimized at the HF level with the basis sets of is only about 0.250.28 kcal/mol, compared with the rotational
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TABLE 1: Hyperconjugation Energies in Disilane Computed with the ab Initio VB Method and NBO Method at the HF/

6-31G(d) Optimal Geometries

6-31G(dy 6-311G(d,p)
energy staggered eclipsed staggered eclipsed

E(®) (a.u.) —581.39003 —581.38914 —581.43561 —581.43468
E(W) (a.u.) —581.39567 —581.39439 —581.44510 —581.44372
Enc (kcal/mol) —3.54 —-3.29 —5.95 —5.67

AEn (kcal/mol) 0.0 0.25 0.0 0.28

Enc (NBO1) (kcal/moly -7.32 —6.12 —-5.11 —-4.22

AEn: (NBO1) (kcal/mol) 0.0 1.20 0.0 0.89

Enc (NBO2) (kcal/moly —30.80 —29.68 —31.65 —30.63

AEn: (NBO2) (kcal/mol) 0.0 1.12 0.0 1.02

aHF energies for the staggered and eclipsed conformers-884.30509 and-581.30358 au, respectively, corresponding to a barrier of 0.95
kcal/mol.® HF energies for the staggered and eclipsed conformers584.35592 and-581.35436 au, respectively, corresponding to a barrier of
0.98 kcal/mol.c The NBO delocalization energies are computed based on the deletion of off-diagonal elements betidlkori orbitals in one
moiety and Si-H antibond orbitals in the other moiety. Totally 18 elements are deléfEde NBO delocalization energies are computed based on

the deletion of six SiH antibond orbitals.
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Figure 1. Comparison of energy profiles for the disilane rotation where

TABLE 2: Energy Variation by Freezing the Bond Orbitals
during the Rotation in Disilane (kcal/mol)

staggered— eclipsed

eclipsed— staggered

basis set AEsteric AEsteric
6-31G(d) 0.57 —0.56
6-311G(d,p) 0.59 —-0.57

a Starting from the optimal VB function for the staggered conformer.
b Starting from the optimal VB function for the eclipsed conformer.

variation by freezing the bond orbita]g;} during the rotation
where the hyperconjugation effect is deactivated. The procedure
is as follows. First, we obtain the optimal VB functi@p for

the covalent structure at the initial geometry (either staggered

the hyperconjugation effect is considered (blue line) or screened out or eclipsed) self-consistently. Second, we rotate one silyl group

(brown line).

barrier 0.86-0.87 kcal/mol at the same VB level. Although the
experimental value for the disilane rotation barrier is 1.26 kcal/
mol,* theoretical calculations at various levels give a range of
0.82-1.09 kcal/mol42241The ab initio VB results suggest that
the attractive hyperconjugation effect is far from being able to
account for the total rotational barrier. In contrast, the NBO
calculations resulted in a large hyperconjugation energy differ-
ence of 1.08-1.20 kcal/mol, compared with the barrier 0:95
0.98 kcal/mol at the HF level. The NBO data implies that if

by 60 to the optimal eclipsed (or staggered) structure and re-
compute the energy by fixing all bond orbitals without any SCF
calculation. In this step, a Jacobix2 2 matrix transformation

is applied to thep and d orbitals of the rotated silyl group.
Finally, we estimate the energy change along the rotation and
ascribe this energy change to the steric effect, as in this
procedure all orbitals are frozen and no electronic relaxation
occurs. In the above procedure of rotation, disilane is structurally
relaxed but electronically frozen, and in general the computed
steric energy is comprised of Pauli exchange repulsion and
electrostatic interaction (including the dispersion energy). A

there were no hyperconjugative interaction the silyl groups can small amount of geometric effect (mostly the variation of the
rotate almost freely in disilane. The difference between the ab central Si-Si bond length) has also been included into this steric

initio VB and NBO results reinstates the importance of relaxing
the wave function of the Lewis structure, which is self-
consistently optimized in the VB calculations.

Depicted in Figure 1 are the torsional energy profiles
determined with (blue curveéy in eq 7) and without (brown
curve, @, in eq 6) the contribution of hyperconjugative
interactions in disilane from VBSCF/6-31G(d) calculations. The

energy term and will be discussed further in the next section.

With this procedure, we computed the steric energy change in
the process of rotation from the staggered to the eclipsed
conformation when all orbitals are frozen but structural param-

eters are flexed and vice versa with the 6-31G(d) and 6-311G-
(d,p) basis sets. Results are summarized in Table 2. In either
direction, the results are very similar and independent of basis

energy profile that has the hyperconjugation effect screened outsets used in the calculations, and the steric effect contributes
essentially corresponds to effects due to the Pauli exchange andbout 0.6 kcal/mol to the disilane rotation barrier, which is twice
electrostatic repulsion interactions or steric effects. Our results as large as the hyperconjugation stabilization. The slight
demonstrate that when hyperconjugative interactions in disilane difference (0.030.02 kcal/mol) between the rigid rotation
are excluded, the staggered structure is still favored over the processes using bond orbitals optimized either at the staggered

eclipsed conformation by 0.5%.59 kcal/mol.

Steric Strain in Disilane. Although it is generally assumed
that the rotational barrier comes from the attractive electronic

or eclipsed conformation is due to the small difference between
the electronic structures in the two conformers, namely the
electronic relaxation in the rotation. These findings are identical

effect (hyperconjugation) and the repulsive steric effect and the to those in the ethane case, indicating that both systems have

latter can be conveniently determined by subtracting the
hyperconjugation energy from the overall rotational barrier, it

the very same rotation mechanism.
Structural Effect in Disilane. Researchers in favor of the

is desirable to evaluate the steric energy independently. In theattractive explanation for rotation heights around single bonds
analysis on ethane, we proposed a solution to probe the energeti@also found that the interpretation of barriers is influenced by
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TABLE 3: Hyperconjugative Stabilization in Staggered and

Q Q
R, electronic R, rigid ] R ? Eclipsed Structures and the Steric and Hyperconjugative
Tocalization rotation CH Contributions to the Rotation Barriers in Ethane Congeners
(o) E, 'e) E, 00 H3:X—YH3(X,Y = C, Si, Ge, Sn, Pb) with the Basis Sets of
¥(s) ' D(s) ' @;(e) 6-31G(d) for C and Si and LANL2DZ(d) for Ge, Sn, and Pb
l . (kcal/mol)
AE, electronic
relaxalionl e Enc Enc AE, AEp AEp AEp
X=Y (s) () AEng AE (VB) (HF) (MP2F (exptf
R d R i R d C-C -11.08 —10.18 0.90 1.80 271 299 3.14 2.88
H Pt OHO Pl M C-Si —6.00 —-559 041 086 1.27 140 154 169
o  delocalization D o} C-Ge -832 -7.97 035 075 1.10 121 125 1.24
P(e) “Eye dyle) E, D(e) C-Sn -6.21 -6.08 0.13 044 057 061 0.70 0.65
Figure 2. Decomposition scheme to explore the geometric impact on C-Pb —621 -614 008 032 039 042 051
the rotational barrier. Si-Si —-354 —329 024 057 080 095 107 126
Si—Ge -5.08 —493 0.15 058 0.73 0.84 0.85
Si—-Sn —4.06 —4.00 0.06 0.46 0.52 058 0.55
the slight change of the central bond lengths. In other words, Si-Pb —4.28 —4.23 0.04 0.36 0.40 0.47 0.43

rigid rotations and fully relaxed rotations, albeit they have very Ge-Ge -7.79 -7.67 0.12 049 0.61 071 072

close barriers, may have different rotation mechanisfis.14 Ge-Sn  —6.15 —6.08 007 040 046 052 051

, : : . Ge-Pb —6.38 —6.34 004 032 036 042 041
At the HF/6-31G(d) level, the optimal S5i bond distance in S—Sn  —-513 —511 002 034 036 043 042
the staggered structure (2.352 A) is 0.010 A shorter than that sn-Pb -5.37 —535 002 028 030 036 0.35
in the eclipsed structure (2.362 A). Although in the pretext we Pb-Pb —555 -554 001 023 024 030 0.29

have independently examined both the hyperconjugation and aAg, is defined as the hyperconjugation energy difference between
steric effects and their total energy contributions are very close the eclipsed and staggered structures, My, = End€) — End(S).

to the overall barrier, it is illuminating to discern the electronic ® AEs = AEy(VB) — AEqy,. ¢ MP2 rotation barriers are computed at
and geometric relaxations, particularly in the centratSibond, the HF optimal geometried.References 42 and 40.

in the process of rotation. As we'mentlloned n the abovg, thg TABLE 4: Estimation of the Steric Effect by Freezing the
geometric effect has been contained in the steric energies iNgynqg Orbitals during the Rotation in Ethane Congeners

Table 2. Here we propose to probe the structural effect on the H;X-YH 5(X,Y=C, Si, Ge, Sn, Pb) with the Basis Sets of
rotational barrier in the following five successive steps as shown 6-31G(d) for C and Si and LANL2DZp for Ge, Sn and Pb

in Figure 2: (1) at the optimal geometry of the staggered (kcal/mol)

structure, deactivate the hyperconjugation effect. The energy X-Y staggered— eclipsed eclipsed— staggeretl
variation in this step is the reverse of the hyperconjugation = ~—¢ 1.85 176
energy defined by eq 8 in the staggered structuiie,( = 3.54 C—Si 0.88 —0.84
or 5.95 kcal/mol with 6-31G(d) or 6-311G(d,p)); (2) freeze all C—Ge 0.77 -0.73
orbitals and structural parameters except the dihedral angle C—Sn 0.45 —0.43
between the two silyl groups and rotate one group b¥ t60 ;:gib 8'3? :8'261_)
the eclipsed structure. Energy changes in this step come from g;_5q 0.59 057
the steric repulsion in the rigid rotatiokd= 0.69-0.72 kcal/ Si—Sn 0.46 —0.45
mol); (3) relax the electrons in the covalent resonance structure.  Si—Pb 0.36 —0.35
The re-optimization of the bond orbitals inherited from the  Ge-Ge 0.50 —0.48
staggered structure will negligibly stabilize the covalent structure ~ G&-Sn 0.40 —0.39
(Ee = —0.002 kcal/mol with both basis sets); (4) relax the gen:gg 8'2421 :8'31
geometry to the optimal eclipsed structure for the covalent gn—pp 0.29 028
resonance structure. The geometric change is dominated by the pb—Pb 0.23 -0.23

lengthening of the SiSi bond by 0.010 A and the accompanied
energy reduction results from the structural effégt€ —0.13
kcal/mol with 6-31G(d) and-0.14 kcal/mol with 6-311G(d,p));
(5%,"":']0,"" me ilectrons to d(?[!ocali;e a;mort}? the lt,WO sdilyltgrotups (X, Y = C, Si, Ge, Sn, Pb). Computation results are collected
which 1s the hyperconjugation eftect in tn€ eclipSed SUCIUre i, tapjes 3 and 4. In accord with our detailed analyses on ethane
(Ehc = —3.29 or—5.67 keal/mol with 6-31G(d) or 6-311G- 4 disilane, we found that in all systems the hypyerconjugation
( ’(F)))rz.the basis of the ahove energy decompasition, we found effect stabilizes the staggered structures more than the eclipsed
that the electronic relaxatiorEf) causes unnoticeablé energy structures, but the hyperconjugation energy changes between
the staggered and eclipsed structures are small compared with

changes in the rotation, whereas the geometric relaxaligh ( . . . . .
which lengthens the central S8i bond from the staggered the ovgrall. rotational barriers, which are dominated by the steric
repulsion in all ethane congeners. Schleyer et al. have already

conformer to the eclipsed conformer slightly stabilizes the ) ; ; .
system. These results prompt us to conclude that the S”ghtfound that the barriers decrease with the increasing of th¥ X

central bond perturbation in the rotation makes very limited P0ond distance&: Our decomposition of the rotation barriers in
energy contribution to the rotation barrier in disilane. This is terms of steric and hyperconjugative interactions reveals that
apparently consistent with the fact that the rigid rotational barrier the percentage contribution of the steric repulsion to the rotation
is only slightly higher (0.03 kcal/m#f) than the relaxed rotation ~ barriers increases with the increasing of the-¥X bond
barrier, and therefore, both have the same mechanism which isdistances, whereas the percentage contribution of the hyper-
dominated by the steric effect. conjugative interaction to the rotation barriers decreases (Figure

General Trends in all Ethane CongenersWith the same 3). From the MO theory perspective, both steric and hypercon-
approaches described in the above, we continued our analysegugative interactions are related with the overlap magnitudes
to the whole set of 15 group IVB ethane congenegXHH s of the adjacent Xkl and YH; moieties which depend on the

a Starting from the optimal VB function for the staggered conformer.
b Starting from the optimal VB function for the eclipsed conformer.
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Figure 3. Correlations between the relative contributions of steric effect
(in blue) and hyperconjugation effect (in brown) to the rotation barriers
versus the central XY bond distances in all ethane congeners.
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Figure 5. Variations of the rotation barriers and their steric and
hyperconjugation components inbts (X = C, Si, Ge, Sn, Pb)

X=Y distances, but it seems from Figure 3 that the hypercon-

J. Phys. Chem. A, Vol. 109, No. 10, 2005315

Ge, Sn, Pb) systems. Compared with Figure 4, all energy terms
decrease at higher rates. However, the general rules stand firmly.

Conclusion

Exploration of the nature of the rotational barriers in the whole
set of ethane congenersXt-YH; (X, Y = C, Si, Ge, Sn, Pb)
with the modern ab initio VB theory reveals that the hyper-
conjugative interactions between vicinal XH and YH bonds does
favor the staggered structures in all cases, which is in qualitative
agreement with the hyperconjugation mo#i&l®> However, the
magnitude of the hyperconjugation contribution to the barriers
is much lower than the overall rotation barriers. The exclusion
of all electronic effects by freezing all orbitals in the rotations
demonstrated that the majority of the rotation barrier gxH
YH3; comes from the steric repulsion. Stepwise analyses on
disilane further show that the central-Si bond stretching
stabilizes the system by 0.£8.14 kcal/mol which is a small
fraction of the rotation barrier. Based on the modern ab initio
VB calculations, we summarize that both the rigid and fully
relaxed rotations in ethane congeners follow the same mecha-
nism that the steric repulsion is the primary cause for the barrier,
while the hyperconjugation effect plays a secondary role.
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