CONCEPTS

Topographical Analyses of Homonuclear Multiple Bonds between Main
Group Elements
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Abstract: Recent experiments have resulted in the
completion of the series of Group 14 and Group 15
element double-bond systems, R,E=ER, (E=C-Pb,n=
2; E=N-Bi, n=1). Furthermore, new families of multi-
ple-bonded species have been discovered, such as the
radical anion [RSnSnR]~, the close ion pairs [RE(u,Na),-
ER] (E =Ge,Sn), and a digallyne [RGa(u,Na),GaR] for
which a Ga=Ga triple bond was formulated. Some of
these compounds show classical multiple bond features
(i.e. the dipnictogens RE=ER, E=N-Bi) in the sense
that planar structures with short E—E distances are
observed. However, many (i.e. R,E=ER,, E=Si-Pb)
do not behave as expected for compounds with multiple
bonds. They have trans bent structures, show enormous
variation in their E—E distances, and some dissociate
easily under E—E bond cleavage in solution. These
properties raised doubts as to whether these compounds
can be formulated as multiple-bonded systems. Using the
electron localization function (ELF) it is possible to
clearly show the topographical similarities between
classical and nonclassical multiple bonds; ELF divides
these systems into umslipped (classical) and slipped
(nonclassical) systems. ELF can also be employed to
confirm the nonexistence of multiple bonds. Therefore,
topographical analyses using ELF are useful to categorize
a bonding system. In particular, the bonds in the heavier
Group 14 double systems and the Ga—Ga bond in
digallyne are clearly shown by this method as slipped
double and triple bonds, respectively.
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Some Historical Remarks

Controversy surrounding the chemical bond and its graphical
representation are not new.'* In 1865, S. Couper and C.
Brown introduced dashes “-” as “bonds” to represent the
topography of molecules and the valency of their atomic
centers (Scheme 1, B—E)."" Other descriptions were in
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Scheme 1. Historical graphical representations of C,H, (A-C) and C,H,
(D, E).

common use at that time already and most of them were not
designed to reflect the three-dimensional structure of mole-
cules.?*d Kekulé found Brown’s and Couper’s formulae
“exasperating to draw, impossible to print except from plates
and capable of ambiguity”. In Scheme 1, A as the depiction of
the ethylene molecule preferred by Kekulé is compared with
the ones, B or C, proposed by Brown.

Noteworthy is also the representation of acetylene as shown
with a “triple bond” in D and with “self-neutralizing atoms” in
E. (These descriptions resemble the approximation of elec-
tronic ground states by resonance structures—which D and E
were not meant to be!—that came into use about 60 years
later.) The “dash” model was rapidly accepted by other
chemists®! and it is interesting to note that the representation
of a double bond or a triple bond by double or triple dashes
was a consequence of valence theory (“type theory”) and was
used long before the structures and physical properties of
molecules were known (i.e., precise bond lengths and angles,
force constants, dissociation or rotation energies, even elec-
trons were unknown).

The introduction of quantum-mechanical equations
changed the meaning of these dashes. In Lewis structures
each dash is interpreted as a pair of electrons (an a- and a f3-
electron).l¥! Following work by Siedwick, Heitler, and Lon-
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don, filled orbitals were identified with electron pairs.
Subsequently, two major approaches for the description of
electronic states of molecules were developed: molecular
orbital (MO) theory, which uses delocalized orbitals, and
valence bond (VB) theory, which is based on the formation of
electron pairs starting from atomic orbitals.

In the more common MO theory, the set of four (six)
valence electrons in a double (triple) bond is described by a
symmetry-separated set of one o- and one n- (one o- and two
7t-) molecular orbitals. Strictly by definition, the terms o- and
mt-bond are restricted by symmetry to linear molecules but are
commonly used for bond descriptions in planar molecules as
well. Alternatively, multiple bonds are described by bent
bonds or banana bonds.P! Both approaches are equally
legitimatel® and as approximate descriptions neither of these
can be proven to be right or wrong.

Experiments directed towards the synthesis of unsaturated
main group element compounds date back to the last century.
In accord with the picture of chemical bonding and the
valence concepts of their time, Michaelis et al. described
“phospho-" and “arsenobenzene”, PhE=EPh (E =P, As), and
explicitly applied the term double bond to characterize the
arsenic —arsenic bond.”! Ehrlich used a related formula for
“Salvarsan”  [(3-H;N*-4-HO-C¢H;)As=As(C¢H;-3-NH;"-4-
OH)]-2Cl-. Later advances in spectroscopic methods proved
these formulations to be wrong and these compounds
correspond to oligomeric (RE), compounds.

Short bond lengths, planar or linear arrangements of the
substituents around the multiple bond, rotational barriers, and
enhanced bond energies were introduced as classical indica-
tors for multiple bonds. It is important to remember that these
indicators evolved from the studies of bonding systems in
which elements of the second row, that is C, N, O, are
incorporated. In 1976 Lappert and co-workers isolated the
first distannene, R,Sn=SnR, (1) (R=CH(SiMe;),) as an
example for a homonuclear heavier analogue of an olefin
and determined its structure(Scheme 2).¥ This true milestone

H Me,Si, $iMe;
Me; S \H

4 [LICH(SIMes),]  M&si S
— SN==Sn" siMe,
-4LiCl H~¢ “ASiMe,
Me,Si SiMe; H
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~SiMe;  hy 254 nm /

2 Si _ ¢
=S E=Sn®=41°

~SiMe,
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2

2 SnCl,

Scheme 2. Syntheses of the first distannene 1, disilene 2, and diphosphene
3.
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in main group element chemistry created serious problems for
the classical valence concepts: The skeleton of 1 is not planar
but trans bent (@ =41°); the Sn=Sn bond (2.77 A) is not
significantly shorter than a single bond (2.81 A), and the
molecule dissociates easily in solution into two stannanediyl
(stannylene) fragments (SnR,). Five years later West et al.
succeeded in the isolation of the first stable disilene,
Mes,Si=SiMes, (2) (Mes =2,4,6-Me;C¢H,) which was formed
by dimerization of two silanediyl (silylene) fragments, SiMes,,
generated by photolysis of a polysilane precursor
(Scheme 2).0

In the same year 1981, Yoshifuji and co-workers prepared
the first “true phosphabenzene”, Mes*P=PMes* (3) (Mes* =
2,4,6-(tBu);C¢H,) (Scheme 2).l'% Both compounds, 2 and 3,
were characterized by X-ray structure analyses. The Si=Si
bond in 2 and the P=P bond in 3 are significantly shorter (9 %)
than corresponding single bond lengths. While diphosphene 3
is planar, 2 shows a slightly trans-folded structure. The fold
angle which is defined by the intersection of the R-Si-R plane
and the Si—Si vector is 18°.

Recent Experimental Advances

Only recently the series compounds containing homonuclear
double-bond systems R,E=ER,!'] between elements of
Group 14 (E=C-Pb, n=2)!"4 or Group 15 (E=N-Bi, n=
1)13 was completed (Scheme 3). Table 1 contains a compila-
tion of geomertical and thermodynamical data for Group 14
double-bond systems.

Even in the sterically most crowded olefin, Z-[ (fBuMe,-
Si)(Me;Si)C=C(SiMe,rBu)(SiMe;) ]I, the C=C bond is only
slightly elongated by 2%, although both RR!C halves are
twisted by 60°. The heavier homologues of olefins become
increasingly more flexible with increasing principle quantum
number N. They show large deviations in bond lengths and
fold angles, and the dimerization energy Eg,, which can be
taken as an approximation of the E,, . bond energy, dramat-
ically drops to values typical for van der Waals interactions.
Consequently, most digermenes, distannenes, and all diplum-
benes easily dissociate into the ER, monomers (E = Ge, Sn,
Pb) in solution. Among Group 14 element double-bond
systems, only C=C bonds are considered “hard double bonds”
and it is only these for which the traditional indicators of
double-bonded systems like bond lengths, planarity, high
dissociation energies, and isomerization by bond rotation can
be applied.

On the other hand, all Group 15 element double-bond
systems,!"3 such as the dibismuthene 5, show a classical planar
molecular framework in which the E=E distance is shorter
than that of a single bond (about 6% for E=Bi).[13d
Furthermore, there are no indications that dibismuthene 5
dissociates into BiR (bismuthanediyl) fragments in solution.
In the search for stable triple bond systems, an instructive
series of anionic compounds 6 -8 became available.l'*9 All
contain the sterically very demanding substituent, CsH;-2,6-
Trip, (Trip = triisopropylphenyl), which shields the central
bond from further reactions (kinetic stabilization).
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Scheme 3. Syntheses of diplumbene 4 and dibismuthene 5.

Table 1. Range of experimental bond lengths, dg g, [A], fold angles O [°],
calculated distances, angles, and dimerization energies, Eg, [kJ mol™'] for
Group 14 double-bond systems R,E=ER,.

dg-gexp.  dgpcaled  G@exp.  Ocaled  AE, [ Ref.
C 1.34-137 135 0 0 739 [12a]
Si 2.14-225 216 0-18 29.0 250 [11b]
Ge 221-235 234 12-36  43.7 180 [t1a,b]
Sn 2.77-3.63 2.68 41-46 48 96 [t1a, b]
Pb 2.99-353 295 41-51 546 24 [t1a, b, 12¢]

In compounds 6-8 the central R—E=E—R units (E = Ge,
Sn, Ga) differ by one valence electron (VE) if ionic
interactions are assumed with
the alkali metal centers (i.e.
complete transfer of one elec-
tron from the metal to the .
anion). In the radical anion 6
(11 VE taking [HSnSnH]‘~ as
the parent system), the un-
paired electron is equally delo-
calized over the Sn—Sn bond as
indicated by EPR studies
(A("Sn)=83G; A('"Sn)=
8.5 G) and is thought to be in
a pp(m) orbital perpendicular to
the R,Sn, skeleton. Further re-
duction of 6 in benzene leads to
the close contact ion pair 7a in -
which both potassium ions are
complexed by the Trip units.
The structural differences be-
tween diamagnetic 7a in which
the perpendicular pp(s) orbital
is filled by two electrons (12 VE
with respect to [HSnSnHJ]*")
and its radical precursor 6 are
small; a slight shortening of the

7 H—snci

3K/ thf
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Sn—Sn distance is observed in
7a (0.04 A) and the fold angle
O closes by about 10° (see
Scheme 4). The germanium
analogue  [Na,Ge,(CsH;-2,6-
Trip,)] (7b) has been prepared
by the same method (Ge—Ge
2.394 A, ©=776°). These dia-
nionic species may be best
compared to the neutral
isoelectronic dipnictogenes
RE=ER (E=As, Sb) which
have very similar forms. Note
that in these planar molecules,
O corresponds to an ordinary
E-E-R bond angle and not to a
deviation of a m system from
planarity.

The digallyne 8 has been
prepared by the same synthetic
approach to that applied for 6
and 7a, b, that is simple Wurtz
type coupling of an element dichloride. This species (10 VE
with respect to [HGaGaH]*") has two valence electrons less
than 7b. Formally the pairs 7a, b/8 correspond to the system
[HC=CH]?*/HCCH. Consequently, 8 was formulated with a
Ga=Ga triple bond. However, 8 shows a nonclassical trans
bent structure (©®=49°) and the Ga—Ga bond is not
significantly shorter than a single bond. These structural
features in particular led to a vivid debate on whether this
dianion is not better represented by a resonance form showing
a Ga—Ga single bond and a lone pair on each Ga center (see
also D and E in Scheme 1 and K and L in Scheme 8).l'7 In this
discussion not only the question of “to ; or not to m” was

¢ H-s

o

Sn====8n-------

\J®z84°

6 Na /Et,0

> _4NaCl

Scheme 4. Syntheses of novel multiple-bonded tin (6, 7a) and gallium (8) compounds.
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brought up again but furthermore, it became evident that
there was a lack of methods available to graphically visualize
the electronic nature of main group element multiple bond
systems.

Recent Theoretical Investigations

When double-bond systems R,E=ER, are homolytically
cleaved, the resulting two carbene-analogous fragments ER,
may either exist in a triplet state F or singlet state H. In an
analogous way, triple-bond systems either fall apart into two
quartet ER fragments G or into two doublet fragments I
(Scheme 5).

e %@% %D ;C%i“

Scheme 5. Interaction of triplet ER, (F), quartet ER (G), singlet (ER;)
(H), an doublet ER (I) fragments.

Only for the elements from the second period are the high-
spin states F and G energetically low lying. The elements from
the higher periods prefer low-spin ground states H and Ll
Each of these low-spin fragments donates a pair of electrons
from an occupied sp hybrid orbital to an empty p orbital of its
bonding partner to form double donor—acceptor bonds.* By
this approach bent double bonds in Group 13 species REFER
(E=Ga, In, T and Group 14 species R,E=ER, (E=Si,
Ge, Sn, Pb), [818-dl and bent triple bonds REEER (E = Ga~
or Si)%2¢l can be rationalized. Furthermore, since dative
bonds are much weaker than o and it bonds, very low binding
energies are expected for nonclassical double or triple bonds.

In the Carter, Goddard III, Malrieu, and Trinquier
model®- 21 (CGMT modell"'“l) the criterion for a nonplanar
trans bent form of a multiple bond system in R,E=ER, is
given by: ZAE_ 1) > AE,. ;. Here AEs_ 1 corresponds to the
singlet—triplet excitation energy of the fragment ER, and is
positive when the singlet state is the ground state, and E,,;
denotes the E=E bond energy.?? Classical planar forms
should be observed when ZAE 1 is smaller than %2E,, .
ZAEg 1) <%E,. ;. The planar forms of Group 15 double-
bond systems RE=ER (E =N -Bi)['®-¢l are within this model
simply due to the fact that all ER fragments have triplet
ground states (i.e. AE 1) is negative).

The long E—E distances for the heavier Group 13 to 15
elements are caused by increasing interatomic repulsion
AEp,i, as was pointed out by Ziegler and Jacobsen.['®"! The
energy AEp,,; results from repulsive two-center, three-elec-
tron (2c-3e) and two-center, four-electron (2c—4e) interac-
tions between occupied orbitals on both fragments. This
unfavorable interaction will increase with increasing orbital
overlap, that is upon shortening of any bond. Especially, for
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the heavier elements, AFEp,,;; becomes dominant already at
quite long E—E distances because the valence np-orbitals of
one fragment, which are rather extended in space, underlie a
repulsive 2¢ —3e interaction with (n — 1)p-core orbitals on the
other fragment. In contrast, elements of the second period
have only core electrons in the 1s level.['s"

Finally, one needs to ask whether a double-bond system—
be it classical or nonclassical—is the only possible stable
structure one can imagine (guided by the valence theory).
Within the GCMT model, the requirement for the existence
of a planar or trans bent ground state double-bond system is
given by ZAE 1)< E,, . As a consequence, doubly H-bridg-
ed structures V and VI (Scheme 6) represent the global

HR A
H... ~H S.H
“E=—EX —E=E E—E
™o H MY VA
H H
| ] n
H H H
\E A VL N
% \H \H/ II( \H/
v \" Vi
E |energy of isomers ——>
C |
Si, Ge n < v< vV
Sn,Pb| V,VI < Il < V< I

Scheme 6. The various possible E,H, (E = C—Pb) isomers I- VI and their
relative energy ordering.

minima on the Sn,H, and Pb,H, energy surfaces because SnH,
or PbH, have very stable singlet states and E,,, becomes even
smaller than AE ).'*9 The trans bent double-bond forms
II are the least stable isomers!

Ethylene exists only in form of one isomer I; however five
different isomers II- VI in a narrow energy band are found as
local minima on the energy surfaces of the homologues. This
may explain the facile ligand scrambling reactions that are
experimentally observed when the homoleptic fragments ER,
and E'R!, (E, E' = Sn, Pb) are mixed and heteroleptic double-
bond systems RR!'E=ERR' and RR'E'=E'RR! are obtained
as products.['2d]

Summarizing the experimental and theoretical findings
leads to the following conclusion: The classical multiple bond
indicators—bond lengths and bond strengths—have no mean-
ing for multiple bonds in which elements from the higher
periods are involved. However, they are valid for an excep-
tional element: carbon.

A Topographical Analysis of Main Group Element
Multiple Bonds

However, the questions still remain: Are the bonds in the
higher homologues of ethylene correctly represented as
double bonds? Is the Ga—Ga bond in digallyne 8 a real triple
bond? In order to find more general answers, we suggest here
a description based on the electron localization function
(ELF).2] In a very simplistic way, ELF represents the
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probability of finding two elec-
trons with the same spin « in a
given space (Pauli repulsion).
In regions where this probabil-
ity is small, electrons are local-
ized. Since the same consider-
ations are valid for S-electrons,
ELF divides the valence elec-
tron density of a closed-shell
system into regions of (bonding
and nonbonding) electron pairs.
The definition of ELF is chosen
such that at high values of ELF
(close to 1, color-coded white)
electron pairs are localized. It is
very important to keep in mind
that high electron density does
not necessarily coincide with
large ELF values. For example,
although the uniform electron
density of an atom shows only
one maximum at the position of
the nucleus, ELF reveals the
shell structure of atoms, that is
several local maxima are found.
The same holds for molecules
where the electron density is
highest at the position of the
nuclei, from which it monotoni-
cally decreases towards the
bond centers.®] However,
again the ELF can show max-
ima at these latter positions. As
such, ELF is a projection of i
properties of the electron den-
sity and coincides in many cases
with chemist’s ideas of electron
pairs when they draw chemical
formulae. Furthermore, as long
as no specific quantitative val-
ues shall be obtained for a given
structure, ELF is widely inde-
pendent of the quantum mechanical method as well as of the
basis sets chosen to calculate the electron densities and
reliably reproduces trends. This is an advantage over any MO
description, which relies on well-defined but arbitrarily
chosen wavefunctions.?*?

In Figure 1 we show various plots of ELF based on
calculated electron densities for classical (a—f) and non-
classical (g—k) double-bond systems.

In a and b color-coded two-dimensional contour line plots
of the ELF of C,H, are shown. The molecule lies either with
the E—F axis in the plane of the paper and the hydrogen atoms
above and below that plane (a) or the molecular plane
coincides with the paper plane(b). In all molecules, the local
ELF maxima (bond attractors??4), M! and M2, of the ELF of
the E—E bond regions are indicated by a dot.

In C,H,, the C=C bonding domains are characterized by a
dumb-bell shaped region of localized electrons (ELF > 0.8).

1) hypothetical planar Sn,H,.

Chem. Eur. J. 2000, 6, No. 13
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Figure 1. Two-dimensional (2D) cross sections through the molecules (left two columns) and three-dimensional
(3D) representations (right column) of the electron localization function (ELF). In all 2D pictures the density of
points measures the electron density. Regions of low-electron density appear instead of the atom cores, because
valence electron calculations were performed. The color of ELF at each point corresponds to the values given in
the color bar on top of Figure 1b. The contour lines of the 2D images correspond to ELF = 0.80, 0.85, 0.90, and
0.95 with higher values towards the maximum shown as black dot. All 3D surfaces correspond to the ELF = 0.80.
a)-c) GH,, d)-f) Bi,H,, g) trans bent Si,H,, h) —i) trans bent Sn,H,, j) trans bentGe,H,, k) trans bent Pb,H,, and

The bond attractors M! and M? lie above and below the
molecular plane on a line m perpendicular to the molecular
plane intersecting the midpoint of the E—E distance (see
Scheme 7). Note also that ELF shows a local minimum at this
point of intersection. This is nicely seen as well in ¢ in which an
isosurface of ELF =0.8 is shown. As was mentioned above,
large ELF values within the double-bond region do not

slipped double bond

E=Si, Ge, Sn, Pb
Scheme 7. Placement of local ELF maxima M!, M? in unslipped and
slipped double bonds.

unslipped double bond
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coincide with high electron density, which is given by the pixel
density in the two dimensional (2D) plots. The particular form
of ELF for a double bond can be understood by using the
arguments given above: In double-bond domains, two a and
two f3 electrons have to be hosted. The Pauli repulsion will
force the electrons with the same spin to localize in separate
regions. Or in other words: although the electron density is
higher on the C—C connecting line, the electrons formally
assigned to the double bond do not localize here due to the
Pauli repulsion. The relation of the observed distribution of
bonding domains—projected from the electron density by the
ELF—to the VSEPR model is evident: Electron pairs try to
keep a maximum distance to each other!?? In d to f, the ELF
of HBi=BiH as a model for dibismuthene 5 is shown. The
resemblance between these
plots and the ones for ethylene
is striking, the only difference
being the lone pairs on each Bi
center shown as closed spheres
in f. Hence dibismuthene 5 like
all dipnictogenes RE=ER (E =
N -Bi) falls within the category
of classical double bonds.

In g-k color-coded ELF
plots based on the nonclassical
trans bent structures of the
parent compounds H,E=EH,
(E=Si, Ge, Sn,® Pb) are
depicted (see Table 1 for struc-
tural details). As the fold angle
® increases with increasing
atomic number of E, the max-
ima M! and M? are increasingly
slipped away from the line m as
is described by the deviation
angle a: a(C)=0°, a(Si)=9°,
a(Ge) =40°, a(Sn) =41°,
a(Pb) =43° (Scheme 7).

However, the principle char-
acteristics of a double-bond
system, that is the finding of
M! and M? above and below the
E-E axis are retained. There-
fore, this property of ELF, that
is two weakly separated max- e
ima M! and M? and a local
minimum on the E—E vector is
proposed as double-bond crite-
rion.’”! This analysis describes
all E=E bonds as double bonds even in nonplanar molecules
and tolerates a wide range of bond lengths and fold angles ©.
Double bonds can be divided into unslipped double bonds
which is the classical case of planar molecules and slipped
double bonds in molecules of lower symmetry.*!

At this point it is interesting to examine the form of the
ELF of a hypothetical planar distannene (Figure 11). In
contrast to planar C,H, or Bi,H,, where both double-bond
domains take a rather contracted space above and below the
midpoint of the E—F bond, in planar a-Sn,H, the double-bond

h) Ga,H,, and i) P,H,.

2322
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domains are considerably localized over the two Sn centers.
Since, as we stated above, bonding domains tend to keep apart
from each other as far as possible, it is not difficult to imagine
that a distribution for the double-bond domains in a trans bent
structure as shown in Figure 1i is more favorable.?)

As was seen from the comparison of ethylene and
bibismuthene in Figures 1¢ and 1f, respectively, ELF shows
nicely the relationship between bonding and nonbonding
electron pairs. ELF can also be used to demonstrate the
topographical relationship between the double bond in ethyl-
ene and the three-center, two-electron BHB bonds in the
isoelectronic diborane B,H,.** 21 ELF plots of B,H, using
the same orientations as were chosen for C,H, are shown in
Figures 2a—c.

Ty

I I

Figure 2. Two-dimensional (2D) cross sections through the molecules and 3D representations of the ELF. For
further details see caption of Figure 1. a)-c) doubly H-bridged B,H;, d)-f) doubly H-bridged Si,H,, g) C,H,,

Clearly, the ELF regions of the two bridging hydrogen
atoms in B,H, (Figure 2a —c) are closely related to the double-
bond domains of ethylene in Figures 1a-c. However, the two
maxima M! and M2, which coincide with the positions of the
protons are strongly separated in this case. In Figures 2d -f,
the same topographical relationship is seen for the domains
for the hydrogen atoms of the doubly hydrogen-bridged
disilene isomer HSi(u,-H),SiH (V; see Scheme 6) and the
Bi=Bi double-bond domains shown in Figure 1d-f. Again,
the only difference is the stronger separation of the ELF

0947-6539/00/0613-2322 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 13
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maxima (i.e. proton positions) above and below the molecular
plane. Generally, hydrogen cores (protons) show a preference
to locate where electrons localize anyway, that is close to ELF
maxima./?>?)

Finally classical and nonclassical triple bonds are discussed.
In Figure 2g, the ELF of the classical triple bond system of
HC=CH is shown. No maximum is found on the C- C axis and
the chemical bond is represented as a cylindrical torso
following the D, symmetry of the molecule. In this case, the
ELF maxima of triple bonds are represented by ring attractors
as was proposed earlier (Scheme 8).2*/ When a triple bond is

1) 2)

carbon, nitrogen, and oxygen. Over the last 20 years refined
experimental techniques have allowed the synthesis, isolation,
and detailed study of many fascinating multiple-bonded main
group element compounds; however, the classical indicators
cannot be applied to many of these compounds. These
nonclassical multiple-bonded systems have distorted struc-
tures, their bonds are not shortened and are even sometimes
longer than single bonds, and they dissociate homolytically in
solution. Although these differences to classical bonding
systems can be rationalized by theoretical models, the
question still remains whether they are correctly represented
by the graphical methods,
which are in common use. An
analysis of classical and non-
classical bonding systems by
R means of ELF permits a topo-
graphical classification of mul-
tiple bonds, which is free from

% o R
R—C—+ | C—R Ga ¢ \Ga ReP—P restrictions imposed by the
R

unslipped slipped
triple bond triple bond

classical indicators. In particu-
lar, the distribution of local
ELF maxima in the multiple-

Scheme 8. 1) Unslipped and 2) slipped ring attractors in acetylene and digallyne, respectively. 3) The bond ~ bond region allows one to dis-
attractor in P,H, is shown as filled dot, lone pair attractors are shown as unfilled circles. tinguish between unslipped (i.e.

treated as a six-electron problem, this ELF shape is expected
to be the best compromise to host three a and three f8
electrons. Most remarkably, the torso-type shape of the triple-
bond domain is retained in the nonclassical digallyne dianion
[HGa=GaH]*~ as is shown in Figure 2h. Clearly this com-
pound has a triple bond! Using the terminology introduced
above, this bond corresponds to a slipped triple bond system
and acetylene is shown with an unslipped triple bond in
Scheme 8. The tilted torus can also be interpreted as a
consequence of mixing in a small contribution of resonance
structure L into resonance structure K.

In order to confirm our analysis of the triple bond in
digallyne 8 and to rule out a description with two lone pairs at
the Ga centers and a Ga—Ga single bond, we inspected the
chemical bonds in diphosphene H,P—PH,. Considering the
E—H bonds as localized two-electron, two-center bonds, in
both cases three electron pairs are left for bonding between
the E centers. As shown in Figure 2i, clearly a maximum on
the P—P vector and two further maxima at each P centre are
found. The interpretation as o-P-P bond and two lone pairs on
each phosphorus center is straightforward, and the contribu-
tion of the resonance structure H,P=PH, N to the electronic
ground state is certainly negligible. Therefore H,P—PH, may
be represented with a bond attractor on the P—P connection
line (black dot) and two nonbonding attractors (unfilled
circles) on each P center (Scheme 8).

Conclusion

Classical multiple bond indicators such as planar or linear
structures, short bond lengths, and bond energies stem from
concepts which were developed to identify the “chemical
bonds” between a rather limited number of elements, namely
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classical) and slipped (i.e. non-
classical) multiple bonds. This leads to a very general
classification, and a wide range of bond lengths and dis-
tortions is tolerated. Also, ELF shows the absence of multiple
bonding. These topographical analyses reveal that the sim-
ilarities between classical and nonclassical multiple bonds are
much larger than one might have anticipated on the basis of
the molecular structures alone (which are defined by the
positions of the nuclei). Both, classical and nonclassical
double bonds or triple bonds are characterized by two weakly
separated domains or ring attractors, respectively, which are
placed around the bond vector. Therefore they are, in our
opinion, graphically adequately represented by the traditional
Lewis formulae (i.e. trans bent distannenes such as
R,Sn=SnR, and digallynes such as [RGa=GaR]*") keeping
in mind that these graphical descriptions are unbeatable in
their clearness and simplicity.

Methods

Calculations: The equilibrium structures of E,H, (E =Si, Ge,
Sn, and Pb) are taken from CCD (Sn) and CCSD (Pb)
calculations (Gaussian 94) employing the Stuttgart quasirela-
tivistic pseudopotentials calculations as reported in reference
[12d], the structure of [Ga,H,]>~ used in this work was
described in reference [28]. The structure of HSi(u,-H),SiH is
reported in references.?'* The E—E distances are taken from
experimental data for E=C, B, P, Bi (1.35, 1.82, 2.23, and
2.82 A, respectively, with d(E—H) fixed to 1.08, 1.19/1.37, 1.41,
and 1.90 A, respectively. The ELF was calculated for all
structures using the program package MEHMACC.?
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