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ABSTRACT

Walsh diagram for the distortion of methane (D4 = T4 — Dy4 — Dy and Dy, —~ Cy,)
shows qualitatively the reasons for the instability of planar or pyramidal tetracoordinate
carbon compounds. Various methods available for stabilization of these unusual geome-

tries are reviewed briefly.

HE most important tenet of structural
organic chemistry is the directional valence
of carbon, commonly associated with the hybnidi-
zation of the valence orbitals of carbon atom.

Accordingly, tetracoordinate carbon prefers
tetrahedral arrangement of substituents (sp°
hybridization as in methane), tricoordinate car-
bon prefers trigonal planar arrangement (sp°
hybridization as in ethylene) and bicoordinate
carbon prefers linear arrangement (sp hybrnidiza-
tion as mn acetylene). Together with the concept
of m-bonding these rules explain the ground
state structures of most organic molecules. Even
though ideal bond angles (109.47° tetrahedral,
120° trigonal planar) exist only in highly sym-
metric molecules such as methane and benzene
deviations from ideal values are normally small.
These rules were suggested, long before modern
electronic structure theory was established, from
experimental observations on the number of iso-
mers of a given molecular formula, high barriers
of isomerization of optical and geometric iso-
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mers and tremendous intuition'“. Chemists have
been trying to violate these rules. For example
attempts have been made to synthesize molecules
that would sterically require a planar arrange-
ment around carbon atom. {n.n.n.n] Fenestrane
(1) are common targetsBﬂ.hThe smallest expen-
mentally known fenestrane (2) has the central
carbon atom 1n a distorted tetrahedral geome-
try>°. Semiempirical calculation on [4.4.4.4]
fenestrane shows it to be highly strained®”’.
Besides, the two low energy isomers of [4.4.4.4]
fenestrane (3) and (4) are calculated to have non-
planar arrangement of substituents around the
central carbon atom. There has been several sug-
gestions of planar tetracoordinate carbon as
intermediates in the racemization of optically
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gram may be constructed for the change D,y
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the angle o« . Figure 1 shows this diagram

E together with the distortion Dy, (8) — C,_ (9)

- brought by increasing B8. The lowest occupied

molecular orbital shown in the diagram does
not change considerably during the various dis-

The stabilization of planar tetracoordinate tortions. The triply degenerate orbital splits into

carbon may be better achieved by removing the 2 sct of two and one in 'elther of the D, geome-
factors that destabilize it rather than by the tries. The nodal properties of the molecular orbi-

‘brute force’ method used above. The electronic 313 1volved explain the changes in energy of
structure of methane in various geometries each MO during the distortions. For example the

allngpe

active organic compounds, but no such reaction
was observed.®”’

should help in 1dentifying these factors. bz Or bl_tal m'Dld (azq In D) goes up in energy for
DISTORTIONS OF METHANE the distortions Dyq~ Ty~ D,y — Dy, and

What happens when methane is distorted comes down 1n energy during pyramidalization
away from tetrahedral geometry? A Walsh dia- (D, — C4y» figure 1). The changes in this mole-
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Figure 1. Walsh diagram (in fact a combination of two Walsh diagrams) for the distortion of CH, through
vanious geometries. The first part (D, ,— T 4= D,,— D )is obtained by the change of a. Increase of 8 gives the
second part (D, —~ C,.. The molecular orbital pictured at the lower part corresponds to that of bz orbital (in
Dzd, and d2u 0 D*).
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cular orbital at various points along the process 1s
shown in the lower part of figure |. Initially the
MO loses C-H bonding character, becoming a
totally nonbonding p orbitalin 8. Further distor-
tion to 9 brings in some C-H bonding (figure 1
extreme right). In this one electron picture the
minimum energy geometry of methane corres-
ponds to the optimum point taking into account
of all the occupied levels. This treatment of dis-
tortions of methane shows the reasons for the
instability of planar methane’” ™% Two electrons
that contribute to C-H binding in 6 are nonbond-
ing in 8. Consequently carbon atom acquires
more negative charge. Each C-H bond i1s weaker
because there are only six electrons to form the
four C-H bonds. The large destabilization of
planar methane (8) has been confirmed by
numerical calculations™, the best estimate being
150 kcal/mol relative to 6. In view of the high
energy of square planar methane it1s not surpris-
ing that no racemization of an optically active
organic compound is known to take place via a
planar carbon species.

The simplest way to stabilize 8 will be to
remove the two nonbonding electrons. The
Walsh diagram clearly indicates Dy, as the
preferred structure of CH.™ . Theoretical studies
at various levels show the Dy, structure to bean
energy minimum with substantial bamer for
decomposition to CHs" and H . CH¢™ has been
characterized experimentally” Despite the
increased interest in dications, CH.* is a very
uncommon species. Let us look at ways of stabt-
lizing planar tetracoordinate carbon compounds
that provide a formal octet of electrons around

carbon.

Hoffmann, Alder and Wilcox first realized the

importance of bringing the lone pa1r on the cen-
tral carbon in 8 back into bonding™. This can be
achieved in the planar geometry by substituting

hydrogens with groups having acceptor orbitals
(10). Thus C-X m-bonding increases, reducing

the charge localization on carbon. Suggestions
were made to locate carbon in the middle of an

annulene perimeterm as in 11. Calculations using
semi-empirical methods showed that these an,
too strained to be experimentally accessible™
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Some stabilization of the planar structure was
obtained by incorporating the lone pair into an
aromatic systeniw 2 e.2. 12 and 13. However the
calculated energy difference between planar and
tetrahedral arrangements was still very large.
The delocalization of the lone pair may be
enhanced by increasing the charge on the central
carbon atom. This is best done by selecting sub-
stituents which are more electropositive than
carbon but are also m-acceptors. Boron, beryl-
lium, lithium and silicon are 1deal substituents®
Accordingly extensive calculations have been
carried out on various methane derivatives. Let
us consider a specific example, CHzLio. Calcula-
tions at various levels indicate that the planar
tetrahedral energy difference 1s low enough for
planar methane derivatives 18 90°. This is
a solid, first prepared in 1959," but its structure
is not known. Like other organolithium com-
pounds CHzLiz may be polymeric in the solid
state. Model calculations indicate that intermo-
lecular association decreases the energy differ-
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ence between planar and tetrahedral
arrangementsw The only well characterized
molecule with a planar tctracomdmate carbon
has two metal substituents, (14) A rearrange-
ment via planar tetracoordinate carbon h..ls been
suggested for compound 15, 1n solution™
Introduction of small rings also should h»:.lp to
stabilize the planar form as the ‘normal” angle tn
planar methane degivatives in 90°. This s
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another way of looking at the traditional brute
force approach. Best possible candidates will be
obtained by incorporating all the three ways of
stabilizing the planarcarbon: rm-acceptance, and
o—donation by e¢lectropositive substituents, and
strain effects. Molecules 16 and 17 that take
advantage of all the three effects are calculated
to favour planar arrangement at the carbon hav-
ing electropositive substituents'*?* These are
not yet known, but the ingenuity of the experi-
mentalist 1s boundless.

Another tetracoordinate geometry available
for carbon is square pyramidal. The Walsh dia-
gram (figure 1) shows that a square pyramida]
tetracoordinate CH¢(9) will be more stable than
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8 and will have a lone pairas inammonta. The all
cis isomer of [4.4.4 4.} fenestrane, 4, is calculated
to have a square pyramidal arrangement at the
central carbon atom®®. The pyramidal struc-
ture 18 has been calculated to be an energy min-
imum on the potential energy surface of CsH,
but no experimental evidence is yet available for

its structure?®®.

The problem of planartetracoordinate carbon
may appear esoteric, but part of the uncommon-
ness of this problem lies in the training of chem-
ists. Every undergraduate student learns about
the 1nversion of ammontia as an isolated experi-
mental observation. One rarely hears of the pos-
stble linear inversion of water or the ‘inversion’ of
methane (hydrides of two atoms adjacent to nit-
rogen in the periodic table), It may be argued
that the barrier for NHa inversion is in the range
easily accessible in the laboratory. Should easy
accessibility alone be a reason to study one sys-
tem and i1gnore another? It is possible to find
substituents to raise the barrner in tricoordinated
nitrogen and to lower the barrier for linear

inversion in dicoordinate oxygen. So ‘easy acces-
sibility’ is variable. What is required is a wider
outlook towards chemistry so that problems will
not be dealt int isolation. Wherever possible theo-
retical methods available may be used to bring
different aspects of chemistry together.
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