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The computational study explores the electronic fine tuning of the exocyclic C—C single bond length in
tetrahedranyl tetrahedrane as a function of various substituents. The factors which determine the bond lengths
and bond strengths are examined by using the EDA method.

Introduction

Bond lengths and bond strengths are fundamental parameters
in chemistry. It is generally assumed that bond lengths and bond
strengths, which are given by the bond dissociation energy
(BDE), are inversely related to each other. However, such a
correlation is not always given, and there are many cases known
where a longer bond may be stronger than a shorter bond
between the same atoms.! A recent analysis of the nature of
the covalent bond showed that it is the exchange (Pauli)
repulsion between electrons which have the same spin that
determines the equilibrium distance of a covalent bond rather
than the overlap of the atomic orbitals.> The rather delicate
balance between attractive forces arising from the interactions
between not completely filled orbital (covalent bonding) and
the repulsive forces arising from the interactions between filled
orbital (Pauli repulsion) leads to equilibrium structures which
are minima on the potential energy surface. A third contribution
to the energy comes from the Coulombic interactions between
the atoms which is in most cases strongly attractive, even for
most neutral molecules.?

A typical C—C single bond has an equilibrium distance of
around 1.54 A, but sometimes, chemists encounter unusually
long or unusually short bonds. The factors responsible for such
a stretching and shrinking of the bonds and their consequences
on bond strengths provide a major impetus and challenge for
theoretical studies. It is known that in case of cage compounds,
the ring strain is associated with the shortening of the bond in
both exoskeletal and skeletal bonds.? Recent work of Tanaka
and Sekiguchi on the structure of trimethyl-silyl substituted
tetrahedranyl tetrahedrane (THTH) reports the shortest acyclic
C—C single bond of 1.426 A. The shortening was traced to the
high s character at the carbon orbitals forming the exocyclic
bond.* These observations are in agreement with earlier theoreti-
cal predictions.’> The experimental results further triggered
incisive theoretical probes to delineate the causative reasons for
such a shortening, which suggested that hyperconjugation may
play a major role in bond shortening.’
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According to the energy decomposition analysis (EDA) which
was employed by two of the current authors,® the C—C bond
strength in THTH is higher by about 30% compared to ethane
and much higher compared to substituted analogues of ethane.
In contrast, the central C—C linkage in the bicubyl system,
which held the record for the shortest C—C bond prior to the
synthesis of substituted THTH, was found to be not particularly
stronger compared to ethane, albeit it is much shorter. Thus,
the THTH represents not only the shortest but arguably the
strongest C—C single bond known. According to the EDA
results, the stronger and shorter C—C bond in the THTH system
compared with the bicubyl compound does not come from more
attractive interactions but from much less Pauli repulsion
between the tetrahedryl moieties.® This finding clearly indicates
that bond shortening and bond strengthening may be caused by
factors that can only be brought to light by a thorough bonding
analysis which considers all aspects of the interatomic interac-
tions. We want to point out that the effects of electron-
withdrawing and electron-donating substituents on cyclic and
acyclic systems have also been studied by other groups.”'3

This work aims to delineate the effects of various substituents,
H, CHs, OH, OMe, NH,, SiH3, F, Cl, Br, and CN, given in
Figure 1, on the exoskeletal C—C single bond. Furthermore,
the relative stability of eclipsed and staggered conformations
in these substituted systems is examined. Finally, a correlation
between the exocyclic C—C single bond length and its bond
strength, by using EDA method, is explained. EDA method
involves contributions from the various interactions and thus
has been used to carry out a detailed analysis of such interactions
for the present set of systems. Natural bond orbital (NBO)
calculations were carried out to examine the hybridization of
the linking exoskeletal carbons.

Methods

Geometry optimizations for all compounds were first
carried out by using gradient corrected DFT, B3LYP level'4
in conjunction with 6-3114G(d,p) basis sets. The calculations
were done with the program package Gaussian03.'> All
structures are characterized as minima or saddle points on
the potential energy surface by calculating the vibrational
frequencies. The hybridization at the carbon atoms in the
exocyclic C—C bond was estimated with the NBO method.!®
The nature of the exocyclic C—C bond was analyzed by
means of the EDA scheme of ADF'7 which was originally
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Figure 1. Structures and symmetry of the energy minima of the THTH—X compounds (D3,) and the transition states (D3, or Cs;) investigated in

this work.

developed by Morokuma'® and by Ziegler and Rauk.'” The
focus of the bonding analysis is the instantaneous interaction
energy, AFEi,, of the bond, which is the energy difference
between the THTH molecule and the tetrahedranyl fragments
at the electronic doublet state in the frozen geometry of the
compound. The interaction energy can be divided into three
main components:

AE,

nt

= AE

elstat

+ AEPauli + AEorb (1)

AFE. s gives the electrostatic interaction energy between
the fragments and the molecule, which is calculated by using
the frozen electron density distribution of the interacting
species. The second term in eq 1, AEp,yi, refers to the
repulsive interactions between the fragments, which are
caused by the fact that two electrons with the same spin
cannot occupy the same region in space. AEp,y; is calculated
by enforcing the Kohn—Sham determinant on the superim-
posed fragments to obey the Pauli principle by antisymme-
trization and renormalization. The stabilizing orbital inter-
action term, AEy, is calculated in the final step of the energy
partitioning analysis when the Kohn—Sham orbitals relax to
their optimal form. This term can be further partitioned into
contributions by the orbitals belonging to different irreducible
representations of the point group of the interacting system.
The interaction energy, AFEi,, can be used to calculate the
BDE, D., by adding AE.,, which is the energy necessary
to promote the fragments from their equilibrium geometry
to the geometry in the compounds (eq 2). Further details of

the energy partitioning analysis can be found in the
literature.!”"

—D.=AE,, + AE,, 2)

The EDA calculations have been carried out at the BP862°
level by using uncontracted Slater-type basis functions which
have TZ2P quality.?! An auxiliary set of s, p, d, f, g, and h
Slater-type orbitals was used to fit the molecular densities and
to represent the Coulomb and exchange potentials accurately
in each self-consistent field cycle.?? For the EDA calculations,
the geometries were optimized at BP86/TZ2P.

Results and Discussion

Table 1 gives the exocyclic C—C single bond lengths,
hybridization of the carbons linking the exoskeletal bond, and
the barriers for rotation about the C—C bond, which were
calculated at B3LYP/6-311+G(d,p). Table 2 lists the EDA
results for the staggered conformers at BP86/TZ2P. Careful
examination of the calculated numbers gives insights into the
factors which determine the bond length and the bond strength.
Although the changes in the exocyclic C—C distances are small,
the analysis of the calculated numbers reveal important informa-
tion about the theoretically predicted trends.

From the comparison of eclipsed and staggered conformations
of substituted THTH systems, it can be observed from Table 1
that the eclipsed conformations possess longer exoskeletal C—C
bonds than the staggered conformations. This cannot be ascribed
to a higher s character of the carbon atoms linking the exocyclic
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TABLE 1: Bond Lengths for the Exocyclic C—C Bond in Angstroms, NImag Values, and Hybridization (Hyb") for the Eclipsed
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and Staggered Conformations and Rotational Barriers (RB) at B3LYP/6-311+G(d,p) Level

eclipsed staggered

name bond length NImag Hyb" bond length NImag Hyb" RB
THTH 1.435 1 sp'48 1.426 0 sp'46 2.8
THTH—Me 1.436 1 sp'46 1.428 0 sp'® 2.2
THTH—-OH 1.432 34 sp'¥ 1.424 0 sp!3® 21
THTH—OMe 1.431 1 sp'¥ 1.424 0 sp'40 23
THTH—NH, 1.436 1 sp' 43 1.428 0 sp!43 4.0
THTH-SiH; 1.433 1 sp'* 1.427 0 sp!33 24
THTH-F 1.423 34 sp'® 1.415 0 sp'28 23
THTH—-CI 1.421 1 sp'40 1.415 0 sp'40 2.1
THTH—-Br 1.421 1 spl# 1.414 0 sp'# 2.2
THTH—-CN 1.427 1 sp'#? 1.420 0 sp'#? 1.9

“One of the frequencies corresponds to the exocyclic C—C single bond rotation. The other two have very small absolute values and are

likely the results of numerical integral calculations.

bonds of the staggered conformations. The NBO values for the
hybridization change very little upon rotation, and the s character
of the C—C bonds in the staggered conformation is sometimes
slightly higher but sometimes slightly lower than that in the
eclipsed conformation. The data clearly show that there must
be other factors than the change in the hybridization which
determine the length of the C—C bond. On the other hand, the
calculated hybridization indicates that the C—C bond orbitals
have a very large s character between sp!?8—sp!-33, which is
clearly much higher than in a sp? hybridized orbital. The data
suggest that the hybridization plays a major role for the very
short C—C bonds in the THTH systems. We want to point out
that the calculated energy difference between the staggered
equilibrium form and the eclipsed saddle point of THTH is in
very good agreement with a previous study where the staggered
conformation was found to be more stable than the eclipsed
conformation by 2.8 kcal/mol.’

The calculated values at B3LYP/6-311+G(d,p) for the
exoskeletal C—C bond of the staggered equilibrium structures
show that the substituted THTHSs may be divided into two
groups. One group are the halogen-substituted systems
THTH-X, where X = F, CI, or Br. These three compounds
have nearly the same exocyclic C—C distance of 1.414—1.415
A (Table 1), which is clearly shorter than in the parent
compound (1.426 A). If they could be synthesized, they
would exhibit the shortest C—C single bond which has ever
been observed. The members of the other group of
THTH—X, where X = Me, OH, OMe, NH>, or SiH3, have
essentially the same exoskeletal C—C distance (1.424—1.428
A) as in the parent molecule. The exocyclic C—C distance
of the compound THTH—CN, which has a pseudo-halogen
as substituent, has an intermediate value (1.420 A). It is
gratifying that the calculated values at BP86/TZ2P give very
similar values and that the above grouping holds also for
the latter data. The only exception is the C—C distance where
X = NH,, for which the BP86/TZ2P value (1.417 A) is
shorter than that at B3ALYP/6-311+G(d,p) (1.428 A).

We will now discuss the EDA results given in Table 2 in
order to rationalize the changes in the exoskeletal C—C
distances. First, we notice that there is no correlation between
the bond length and the bond strength of the C—C bond.
This holds if one takes the intrinsic interaction energy AFEjy,
or the BDE D, as measure for the bond strength. For example,
the compound THTH—Br has a significantly shorter bond
than the parent system, but the BDE (D, = 133.8 kcal/mol)
is less than that for THTH (D, = 136.2 kcal/mol), and also
the AEiy value of the former (—141.3 kcal/mol) is slightly

less than that for the latter (—142.6 kcal/mol). A similar
situation is found when one compares the exocyclic C—C
distances and the bond strength of THTH—CN with the
parent system THTH. In the following, we will use the
intrinsic interaction energy AEj, as measure for the bond
strength because the BDE comprises also the preparation
energy AEp.p, which is not directly related to the interatomic
interactions. We want to point out that the trend of AEjy
and D, is the same for all compounds. This is because the
AEpp do not vary a lot.

A pivotal question concerns the strength of the hyperconju-
gation in THTH—X. Table 2 shows that the stabilization gained
by the s orbitals contributes between 12.1 and 15.0% to the
total orbital interactions. A previous work showed that the
m-orbital interactions in substituted unconstrained ethanes
X3C—CXj3 provide between 5.4 (X = H) and 10.0% (X = Cl)
to the AEqp term.® Although the C—C bonds in THTH—X are
significantly shorter than those in X3C—CXas, the increase in
the stabilizing contribution of the sr-orbital interactions is rather
small. This is a first hint that hyperconjugation may not be the
main driving force for the short C—C bond.

Table 2 shows that THTH—Me has a longer and weaker
exocyclic C—C bond than THTH. However, the contributions
of the electrostatic attraction AE. ., and the orbital interac-
tions AEy, in THTH—Me are significantly stronger than
those in THTH. Note that the increase in AE,, comes mainly
from the o orbitals, whereas the hyperconjugation, which is
given by the s orbitals, increases only slightly. The increase
of the attractive terms is compensated by the larger Pauli
repulsion. Thus, the longer and weaker exoskeletal C—C bond
in THTH—Me comes from the stronger steric repulsion of
the methyl substituents, which is in agreement with chemical
intuition. The EDA data for THTH—OH show that the
exocyclic C—C bond is also weaker than that in THTH, but
now, the bond length of the former system is slightly shorter
than that in the parent system. The electrostatic attraction
AE.stae in THTH—OH has nearly the same strength as that
in THTH, whereas the orbital interactions AE, in the former
compound are clearly stronger than those in the latter. Note
that the contribution of the 7 orbitals to the larger AE, value
has increased from 12.1% in THTH to 13.0% in THTH—OH
(Table 2). There is stronger hyperconjugation in the latter
system than in the parent compound, which agrees with the
notion that electronegative substituents yield lower-lying
vacant orbitals which are available for hyperconjugation. The
stronger hyperconjugation can be correlated to the slightly
shorter exocyclic C—C bond in THTH—OH than that in



Gayatri et al.

J. Phys. Chem. A, Vol. 112, No. 50, 2008

12922

‘Anowwiks 2 pue

T ‘Ip YYIM SUONNGLIUOD [BIIGIO SOAIS YoIym Anowiwiks %€) Ay sjudwSely Y, , ‘[OUW/[eY Ul Ie san[eA ASIoug -ojels 19[qnop OIUoNdA[d dy) ul sjuswiSely [KIpayena) ay) oI soroads Sunoerour ayg, ,

SLTI— LEE— I'¥e1— T8E1— L6T1— €TeI— yTeEl— I'eel— 0TEI— v9e1— (Ca—=)av
'8 v'L 'L 9 9L $9 TL 89 69 79 RCAY
(B8FD 06E—  (%9ED 09¢—  (BEED SSE—  (LEYD §'ee—  (BTTD €6T—  (BFTDLee— (BTN TOE— (6T L'6T—  (%ETD §8T—  (BITD I'LT— 4(2) gV
10— 10—> 1'0—> 1'0—> 10—> 10— 1'0—> 1'0—> 10— 10—> o) °qV
(%S TYTT—  (%¥'98) 9'LTT—  (%198) 961c— (LS8 TTOT— (%8LY) +'01T—  (%9°L8) 08€T— (%TLY) €S0T— (%1'L8) 0T0T— (%L'LY) TEOT— (%6'LY) L'96T— (') 24V
(%S°€9) 7'€9T—  (BT'19 9€9T— (%19 1'SST—  (%09) 09€T—  (%S09) 8'66T—  (%6'65) 8TLT— (%819 9S€T—  (%LT19) L'0ET—  (%6'6S) 6 T€T—  (%809) 8'€TT— “o7V
(%$°96) €TST—  (%6'88) 8'L9T—  (%9'8E) 909T—  (%0'9€) 6TEI—  (%S6E) L'6ST—  (%T0Y) L'I8T—  (%TSE) L'ShT—  (%E8E) ¥evI—  (%I0F) T'SST—  (%T6E) 0'vhI— eIV
8'8LT 06T TYLT YT 65T L'Ste L1¥T TYET 1'87C TSt gy
6'SE1— I'Iyl— SIvl— Lipl— €LET— 8LTI— 9'6E1— 6'6£1— 6'8€1— 9TrI— Ay

ND 19 D d HIS ‘HN SO HO N H
Y 9TH'T = “°(D—D)4 Y)3udT puog udzo ] oY) je paje[md[e) X —HLHL Pa1933e)§ Jo puog )—) d1PA0XY 3y} 10 JTZIL/98dd 1€ SINSY VAT ‘€ ATIV.L

‘“AnowwAs 2 pue < ‘Ip PIM SUOHNQLIUOD [LIIQI0 SIAIS YoIym AnowwiAs €9 oAey spuawidel) oy, , ‘Pu0q D—2) d1[IKO0Xd 9y} Ul SWOIE UOGILd Y} UIMIDG § S[LIIQIO JIWOoIe

Ay Jo de[10A0 AU} JO IZIS Y SOAIS QUI[ ISB[ AL, 'SWONSIUY Ul 9IB SIOUBISIP PUB ‘[OW/[BOY UI I8 SON[eA ASIOUy "9Jels J9[qnop JIUO0IOd[Q Y} Ul sjuowiSel) [A1payend) ay) are sorods Sunoerdur ayJ, ,

01%°0 ) ¥Tro 185°0 65770 €LE0 9970 9LY0 970 9850  ““(O-)S
8It'1 011 011 Al 9T 1 LT e ' 2 9T “0—dM
9LTI- 8eeT— CrEr— €8e1— L6271~ vITI— PTEl— Tee— 6IE1— T9sl—  Ca—=)av
'8 $L VL 99 9L ) vL L9 69 9 dudgy
BOSDTOP—  (BIPD TSE—  (ByyD 9LE—  (BYD 9SE—  (%TTD €67~  (%9TD 6¥E—  (%6TND S0E—  (%0E€D TOE—  (%TTD 08—  (%ITD I'LT— FORCAY
10— 10—> 10—> 10—> 10—> 10— 10—> 10—> 10— 10—> () eqy
(B6'78) 99TC—  (%6'S8) v'TET—  (%9°S8) 0¥TT— (BT 90—  (%8'L8) ¥0IT— (%' L8) SOVT—  (%T'L8) 6'S0T—  (%O'LY) 0T0T—  (%8'LY) 1'T0T—  (%6L8) L'96T— (D) “AV
(BY'€9) 6990~ (%609 L'OLT—  (%TT9) L'19T— (%€ TTHT—  (%S09) 8667~  (%868) 8'SLT—  (%819) S96T— (%919 TTEC—  (%009) TOT—  (%809) 8'€TT— wogy
(%9°9) THST—  (BI'6E) 6'€LI—  (%8'8E) €991~  (%TIE) 89ET—  (%S6E) L'6ST—  (BTOY) €681~ (%TSE) ¥'OvI—  (%TSE) LvbI— (%00 SEST—  (%T6E) 0'tbl— Ty
1'$8C 2303 €987 I'€€e T68T (4333 TEve 0'LET 6re TSt Hdry
09€T— CIPI— LTpT— 6 rrT— CLEl— 6LTl— 8651 — 66€1— 88T~ 9ThI— gy

ND g D E *HIS HN SN0 HO W H
»A1pw035 wnuqumby 3y 18 X—HLHL PA1983e)s jo puog D—) dPA0XY 3y 10§ JTZL/98dd & SHNSY VAT T ATIVL



Shortening of the C—C Single Bond in Substituted THTH Systems

THTH, but they do not yield a stronger bond. The EDA data
show that the larger Pauli repulsion in the former compound
compensates for the increase in the attractive terms. The EDA
results for THTH—OMe are very similar to those of
THTH—-OH (Table 2). The exocyclic C—C bond distance
and the bond strength in the two compounds are nearly the
same. The slightly larger values for AFEgsa: and AEq in
THTH—-OMe are compensated by an equally strong increase
of the Pauli repulsion, which can be explained with the larger
steric repulsion of the OMe substituents compared with OH.

The amino-substituted system THTH—NH, has clearly the
weakest exoskeletal C—C bond (AE;, = —127.9 kcal/mol) of
all compounds investigated here, but the bond distance of 1.417
A is even shorter than that in THTH (1.426 A). Note that the
strength of the attractive components AFEg,: and AEq in
THTH—-NH, are the largest of all systems shown in Table 2.
This is a surprising result considering the fact that the C—C
interaction energy AEjy, is rather small. The large contributions
of the attractive terms are overcompensated by the large Pauli
repulsion. Table 2 shows that THTH—NH, has also the largest
AEp,yi value, which can be explained with the repulsion of the
nitrogen lone-pair orbitals which are more diffuse than the
oxygen lone-pair orbitals and thus yield stronger exchange
repulsion. We want to point out that the hyperconjugation in
THTH—-NH, (—34.9 kcal/mol) is clearly higher than that in
THTH—-OH (—30.5 kcal/mol), but the main increase of the
AE,, term comes from the o orbitals. The EDA results for the
silyl-substituted system THTH—SiH; are similar to those of
THTH—Me. The Pauli repulsion in the former system is slightly
stronger than that in the latter because the SiHj3 substituent is
more bulky than CH3, but the attractive terms AFejsa and AEo,
in THTH-SiHj; are also a bit stronger, which nearly compensates
for the larger steric repulsion.

The halogen-substituted systems THTH—X (X = F, Cl, Br)
have clearly the shortest exocyclic C—C bonds (Table 2), but the
bond strengths given by the AEiy values are similar to the C—C
bond strength in the parent system THTH. The Pauli repulsion in
THTH—X significantly increases with F < Cl < Br, which can
be explained with the size of the halogen atoms. The rise in the
repulsive forces is nearly compensated by the stronger attraction,
which comes from the orbital interactions and Coulombic interac-
tions alike. The rise is particulalry steep from fluorine to chlorine,
which can be explained with the more diffuse orbital at the carbon
atoms of the exocyclic C—C bond which leads to better overlaps
and stronger attraction with the carbon nucleus of the adjacent
carbon atom. Table 1 shows that the sp” hybridization of the carbon
atoms change toward more p character with the trend F < Cl <
Br. We want to point out that the contribution of the 7z orbitals to
AE, is very high, which indicates a rather strong hyperconjuga-
tion. The largest contribution of hyperconjugation to the exoskeletal
C—C bond is calculated for THTH—CN (Table 2). Although the
C—C bond in the latter compound is rather short, it is the second
weakest after the amino-substituted species THTH—NH,. This
comes from a comparatively large Pauli repulsion which compen-
sates for the intrinsically strong orbital attraction and Coulombic
attraction. It has been shown by us that the maximum in the
stabilizing interactions is not determined by the size of the overlap
of the atomic orbital but by the steep increase of the Pauli repulsion
at shorter interatomic distances. The attractive orbital interactions
and electrostatic bonding further increase when a bond becomes
shorter than the equilibrium value but AEp,; becomes much
larger.’

Table 2 shows also the overlap integrals of the singly
occupied fragment orbitals which yield the exocyclic C—C
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bonds. A surprising result is the very small value S = 0.373
for THTH—NH,, because the molecule has the strongest orbital
interaction (AEq, = —275.8 kcal/mol) of all systems shown in
Table 2. Equally surprising is the largest value S = 0.486 which
is found for the parent system THTH—H, because it has the
weakest orbital interaction (AEyp = —223.8 kcal/mol). It has
been shown before that the size of the overlap does not correlate
with the strength of a bond.?

The EDA results in Table 2 have been obtained by using the
equilibrium structures of the tetrahedrane systems. It is interest-
ing to compare the data with EDA results for THTH—X where
the exocyclic C—C bond is frozen at the distance of the parent
system THTH—-H (1.426 A). The EDA results for the latter
species where all geometry variables have been optimized except
for the frozen C—C bond are shown in Table 3.

The values given in Table 3 show that the overall interaction
energies AEjy at r(C—C) = 1.426 A do not differ very much
from the equilibrium values (Table 2), whereas the energy
components exhibit a somewhat larger variation. It is enlighten-
ing to analyze the trend of the energy terms for the different
systems shown in Table 3, because the size depends only on
the type of ligand but not on the geometry. The following trends
are observed:

AEp,,;: F<H<OH<OMe <Me <SiH; <CI<CN <Br

< <NH,

AE, . : F<OH <H <OMe <CN <Me <SiH; <CI <Br
<NH,

AE,,,: H<OH <Me <OMe <F<SiH,<CI<CN<Br
<NH,

Noteworthy is the finding than the amino-substituted system
has the largest values for all three energy terms, particularly
for the Pauli repulsion which is much larger than that in the
next member of the series, Br. This is clearly the effect of the
diffuse lone-pair orbital at nitrogen. It is surprising, however,
that the amino group yields also the strongest electrostatic
attraction and the strongest orbital term. As shown above, this
is not due to the larger orbital overlap of the carbon atoms which
make up the exocyclic C—C bond.

Summary and Conclusion

The results of the present work can be summarized as follows.
The very short exocyclic C—C single bond in THTH—X can
be further shortened when X is a halogen atom. The calculations
predict that the C—C bond will become shorter by ~0.012 A
when X = F, Cl, Br compared to that in the silyl-subsituted
compound THTH—SiH;. The EDA results reveal that the
equilibrium bond length of the exocyclic C—C single bond is
determined by the interplay of attractive forces (electrostatic
bonding and orbital interactions) and repulsive forces (Pauli
repulsion), where it is the latter which prevents shorter bonds.
Although the hyperconjugation in THTH—X is slightly stronger
than that in substituted ethanes X3C—CX3, the main reason for
the very short exoskeletal C—C single bond in the former
compound is the very high s character of the bonding orbital at
carbon.
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