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As the bonding in many compounds can be adequately described using localized, two-centre two-
electron bonds, the electronic structure of molecules where such a description is inadequate is
often chemically very interesting. Three-centre bond orders provide a useful tool for detecting the
presence and analyzing the importance of multicentre and hypervalent effects. To depict the
resulting chemical structures, a graphical device is introduced which constructs the chemical
connections ab initio from the electronic structure. The three-centre, two-electron bonding in a set
of electron-deficient boranes and the three-centre, four-electron bonding in a set of electron-rich
xenon fluorides has been analyzed and the approach has been used to test for the occurrence and
importance of pseudo-aromatic, closed-loops in polyoxometalates.
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Introduction

Prior to the introduction of the concept of multicentre bond-
ing by Lipscomb,'™ Pauling,* Wade® and others,>® chemical
bonding in stable compounds was considered to be limited to
two-centre interactions. These were described by the tradi-
tional Lewis bond multiplicity based on sharing electron pairs
with every atom possessing a complete ‘octet” of valence
electrons.”® In many ways, the Lewis model has survived the
advent of quantum mechanics with the electron-pairs being
replaced by doubly occupied molecular orbitals or localized
‘bond orbitals’.

In this paper, we show how the presence and importance of
multicentre and hypervalent interactions can be analyzed. A
graphical device is introduced which is used to detect these
effects. The approach is illustrated with reference to the
electron deficiency in boranes and delocalization in electron-
rich xenon fluorides and polyoxometalates.

Modern electronic structure theory however focuses, almost
completely, on molecular orbitals (MOs) and electron densi-
ties which are delocalized over the entire molecule. The con-
nection between Lewis structures and these functions is not at
all obvious and many attempts have been made to make such
links. We have previously shown, for example, the usefulness
of calculating bond orders either between atomic pairs’ or
between molecular fragments.'®

In most molecules the bonding can be adequately described
in terms of the electron pair, two-centre two-electron (2c-2e)
bonds of the Lewis model. In such cases, as illustrated in
Scheme 1 for methane, the molecular orbitals can be trans-
formed into localized molecular orbitals (LMOs) which
resemble Lewis structures.
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Such localization procedures!' are possible in many mole-
cules but do not always yield orbitals which resemble the
‘traditional’ chemist’s view of the bonding: in ethene, two C-H
bonding orbitals and two bent C—C bonding orbitals result.
These ‘banana bonds’ are curved between each centre rather
than the o- and n-forms usually drawn which, in fact, more
closely resemble the delocalized forms.

It is not always possible to transform delocalized molecular
orbitals into localized ‘2c-2¢’ orbitals and the bonding in such
molecules is often chemically very interesting. In benzene, the
n-orbitals can be localized only over a minimum of three
atoms. In diborane, localization of the molecular orbitals
produces localized B-H o-bonding orbitals for each terminally
attached hydrogen atom and two orbitals of the type illu-
strated in Scheme 2. Each of the latter involves one of the
bridging hydrogen atoms and both boron atoms and are
commonly taken to represent three-centre two-electron bonds
(3c-2e). Although constructed from the delocalized molecular
orbitals by a localization procedure, they are commonly
referred to as delocalized, multicentre bonds.
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Scheme 1 Transformation of delocalized molecular orbitals into
C—H bond orbitals in methane.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008

New J. Chem., 2008, 32, 1359-1367 | 1359


http://dx.doi.org/10.1039/b801180j
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ032008

Downloaded by University of Belgrade on 01 January 2013
Published on 15 April 2008 on http://pubs.rsc.org | doi:10.1039/B801180J

View Article Online

N0

Scheme 2 3c-2e B-H-B bonding orbital in B,Hg.

The bonding in the archetypical hypervalent molecule XeF,
can be most simply described using only the p orbitals of the
central atom. Localization of the two o-orbitals, illustrated in
Scheme 3, leads to functions which are not Xe—F localized
electron pair bonding functions. The contribution of the Xe
Spe orbital is divided between the two localized functions so
that each is actually a % bond. The four electrons in the
delocalized orbitals are thus commonly referred to as forming
a three-centre four-electron bond (3c-4e). It is not possible to
localize the bonding to make 2c-2e Xe—F single bonds.

The vast majority of the literature concerning multicentre
bonding is devoted to discussion of three-centre interactions,
as most localization procedures tend to show the low impor-
tance of higher interactions. A number of studies have in-
vestigated higher order four-,'>'* five-'>!® and six-
centre'>'31® bonding interactions, though the practical utility
of quantifying multicentre bonds involving more than three
atoms is rather limited.

Commonly, three-centre bonds involve either one pair of
electrons, resulting in a three-centre two-electron (3c-2¢) bond,
or two pairs of electrons, forming a three-centre four-electron
(3c-4e) bond. 3c-2¢ bonds are mainly associated with electron-
deficient molecules such as boranes, where they maximize the
bonding potential of the available valence electrons. 3c-4e
bonds have been proposed in hypervalent molecules.

The LMOs produced by localization schemes are not unique
and tails in them, such as those evident even for the simple
methane molecule in Scheme 1, can make assignment to a
particular pair of atoms ambiguous. Two quite different ap-
proaches are available to enable the chemist to identify and
quantify the extent of multicentre bonding within a given
molecule. In the topological ‘atoms in molecules’ (AIM)"
approach, the number of electrons participating in a bond is
used to characterize 3c-2e bonds and this approach has applied
to some electron-deficient molecules such as the boranes.'s!"?

An analysis based on delocalized orbitals is often more
transparent when discussing reactivity and in showing the
connections between apparently unrelated systems and can
utilize the symmetry of molecules. For the analysis of two-
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Scheme 3 Transformation of delocalized molecular orbitals into
Xe-F % bond orbitals in XeF,.

centre bonding in inorganic molecules’ and clusters,>*! we

have found the bond order due to Mayer,?**? itself a general-
ization of the definitions by Wiberg?* and Armstrong et al.?
to be particularly useful. The bond order, fi5p, between two
atoms A and B is given by:

on AonB

ﬁAB(AO) = Z Z (PS)[/(PS)/,' (1)

where P and S are the density and overlap matrices and the
summations run over the atomic orbitals (AOs) centred on the
two atoms. The total ‘bonding power’ or valency, V, of atom
A has been defined®® as a combined measure of covalent
(covalency) and ionic (electrovalent) bonding:

Va = JCa + (Ca + 40D @)

where the covalency, Ca, is the sum of the two-centre bond
orders involving the atom and Q, is its Mulliken charge.

We have recently shown'® how this definition can be use-
fully extended to non-atomic fragments, allowing the bonding
in sandwich complexes, for example, to be analyzed in terms of
metal-ring interactions. The two-centre bond order can be
readily extended to define multicentre indices, such as the three

centre bond order:?’ 3!

onAonBonC

Bapc(AO) =Y "> " (PS),(PS),(PS),, (3)
i J k

Molecular orbital calculations yield positive bond orders for
3c-2e interactions, whereas they yield negative values for 3c-4e
bonds.>> The magnitude of interaction that constitutes a
genuine three-centre bond has been debated in the literature.
For 3c-2e¢ interactions a bond order fapc = 0.1 is regarded as
significant,® whereas for 3c-4e bonds there is debate sur-
rounding what bond order should be considered statistically
significant. Ponec ef al. go as far as to assert’ that 3c-4e
bonding, “does not represent a real bonding mechanism”, at
least in relation to the species studied.

Computational approach

Geometry optimizations have been carried out using the
BP863*¢ density functional approach using the ADF pro-
gram®” % with triple-{ (TZ2P) Slater-type orbital basis sets
and incorporating frozen cores (ADF TZP B.1s, O.1s, F.1s,
Nb.3d, Mo.3d, Xe.4d) and the ZORA relativistic correction.
Two- and three-centre bond orders were calculated from ADF
output using the definitions given in eqn (1) and (2) with an
extended version of our MAYER software.*

Visualization

In the Lewis structures of simple molecules, the bond multi-
plicity is represented by the number of solid lines between
pairs of atoms. When non-integral bond orders or delocalized
bonds have to be ascribed, dotted lines are often used. For
systems containing multicentre interactions, the interacting
centres are sometimes joined by intersecting lines leading to
often complex diagrams. Chemists usually use their own
experience and perceived knowledge of bonding rules when
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Molecular diagrams for (a) B,Hg, (b) [BsHgJ*~, (¢) BsHo, (d) BsH o, (¢) [BsH4]*~, (f) B¢H o and (g) BsH;; showing two-centre bond orders

as coloured lines and three-centre bond orders as coloured triangles using the colour scale shown.

constructing molecular diagrams. Chemical modelling and
drawing software typically decides on the presence or absence
of bonds using algorithms based on the interatomic spacing.
Both approaches are prone to bias and may not be appropriate
when the bonding is complex.

A two-centre bond order analysis gives information on the
interactions between every pair of atoms in a molecule and
thus allows the chemical topology to be described. Similarly,
an analysis of multicentre bonding gives information on the
presence and importance of the delocalized bonding between
sets of atoms. In this paper, the chemical diagrams are
constructed ab initio from the electronic structure calculations.
The MAYER VISUALIZER software*' is a computational
chemistry tool for visualizing the results of bond order calcu-
lations. As in the classical representation, two-centre interac-
tions are shown using a line but a colour scale is used to
represent the bond order. Similarly, three-centre interactions
are shown with coloured triangles.

This approach allows all possible interactions to be repre-
sented without recourse to the chemical experience of the user
and uses a more direct measure of chemical interaction than
the bond length. Via a bond order analysis, the atom—atom
connections in the optimized structure are made ab initio.

Multicentre bonding in electron-deficient compounds

The large class of compounds known as boranes are probably
the most familiar electron-deficient compounds. They are

characterized by having structures based on polyhedra with
triangular faces and can contain both terminal (H,) and
bridging (Hp) hydrogen atoms. In this work, we explore the
conclusions reached by Housecroft er al.** and Armstrong
et al.* on the bonding patterns in the c/oso boranes and extend
this study to the nido and arachno systems. By extending the
studies of these workers to multicentre interactions, the pre-
sent work aims to investigate both the importance of three-
centre interactions and their influence on the two-centre terms.
The optimized and available experimental structures are given
in the ESI.{ Fig. 1 shows the calculated molecular diagrams
for the systems analyzed which may be compared with
the classic analyses of Wade** and Williams* of structural
patterns.

The 3c-2e B-H,—B bonding in the smallest member, dibor-
ane, has been extensively studied computationally'®:!%-2%-31-46
and serves as a familiar introduction to multicentre bonding in
undergraduate textbooks. Three-centre B-H,—B interactions
are detected (Bpu,s = 0.20) but all other possible multicentre
interactions are negligible. A significant two-centre B-B link
(P = 0.43) is also calculated. Localization does not indicate
the presence of a B-B bond and the apparent two-centre bond
order can be seen to arise only via the three-centre B-H,—B
interaction. The higher-order bond order modifies the lower-
order term*® and two-centre bond orders should not be
interpreted as evidence of localized interactions in the absence
of a higher-order analysis. The calculated molecular diagram
for diborane in Fig. 1(a) conveniently summarizes these results
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and shows the presence and relative importance of the two-
and three-centre interactions. The relatively small B-B separa-
tion leads standard molecular drawing software to draw a
bond between the boron atoms. The more complete bond
order analysis shows the true source of the interaction. Hexa-
borane(6), BsH¢> ™, is an octahedral closo borane with loca-
lized 2c-2e B-H, at each vertex. The edge bond order (fgg =
0.68) is in excellent agreement with the bond indices calculated
by Housecroft er al.** using the CNDO-SCF approach. The
cross-polyhedral B-B bond orders (fgg = 0.12) also provide a
significant contribution to the overall bonding. Eight 3c-2e B;
bonds are detected on each face (ffiggg = 0.15). No other
significant three-centre interactions are found and the mole-
cular diagram in Fig. 1(b) concurs with the suggestion by
Housecroft et al. that the skeletal electron density lies on the
pseudo-spherical surface which connects the boron atoms.*

Pentaborane(9), BsHo, is a square-pyramidal, nido borane.
The B.x—Bq distances are ca. 0.1 A shorter than the Beg—Beq
distances and have markedly larger bond orders (/3BBXB€q =
0.70 and ﬁBqueq = 0.40). The four B; triangular faces in BsHy
are characterized by 3c-2e¢ bonds (fggg = 0.15), suggesting
that the cluster bonding network in BsHy and BgHg> ™ is not
greatly disrupted by removal of a boron vertex. The only other
significant three-centre bonds are four Beg-Hp—Beq (Br,B
=(.15) interactions which appear to be slightly weaker than
those in B,Hg. The molecular diagram in Fig. 1(c) thus
describes the nido surface in an analogous manner to hexabor-
ane(6). Tetraborane(10) (B4H;o) is a ‘butterfly’-shaped,
arachno. The longer B-B interactions along the wings are
characterized by lower bond orders (fgg = 0.37) than that
for the cross-linking interaction (fgg = 0.66). The separation
of the boron atoms at the ‘wing-tips’ is in excess of 3 A with a
negligible bond order. Tetraborane(10) is stabilized by six 3c-
2e¢ bonds. The strongest of these interactions (Bpu,s = 0.13)
are four symmetry-equivalent B-Hy-B three-centre bonds
along the butterfly wings. Two slightly weaker (fgpg =
0.12) three-centre interactions are also detected for the wings.
Although only slightly weaker than the other three-centre
interactions discussed above, they have not conventionally
been included in descriptions of the bonding in this molecule.
Fig. 1(d) shows the calculated molecular diagram including all
of these interactions.

Heptaborane(7), B;H,>~, is predicted to be a pentagonal
biprismatic closo borane, in agreement with solution NMR
data.*’ The shorter separation of the equatorial boron atoms
leads to a larger bond order (fgp =0.82) compared to that to
the axial sites (fgg =0.53). Ten symmetry equivalent 3c-2e
bonds are detected for the Beq—Bax—Beq triangles (fggg =
0.14). No other significant three-centre interactions are found
so that the molecular diagram in Fig. 1(e) is very similar to
that for B¢He>~ with the cluster bonding lying on the pseudo-
spherical surface.

Hexaborane(10), BgH;o, is a pentagonal pyramidal, nido
borane. The unbridged B.q atoms interact with a much higher
bond order (fgg = 0.96) than for the bridged connections
(P = 0.40-0.50) due to the absence of Hy, atoms. The apical
boron atom interacts with the B, atoms with bond orders
(g =0.60-0.48) which decrease as the number of Hy, atoms
on B, atoms increases.

Conversely, the five 3c-2e B; interactions detected for the
triangular faces of the pyramid have bond orders (ffggg =
0.17-0.12) which increase with the number of H, atoms
attached to the B.q atoms involved. Four further three-centre
interactions are detected corresponding to the Beq—Hy—Beg
interactions. The molecular diagram in Fig. 1(f) is thus very
similar to that in the nido BsHo.

Pentaborane(11), BsH;,, is an arachno borane with a
‘butterfly’ structure that has two B atoms in ‘wing-tip’ posi-
tions, two B atoms in ‘body’ positions and the apical boron at
the ‘head’ position. The bond orders (fgg = 0.44) between the
apical and ‘wing-tip’ boron atoms are quite similar to those for
the interactions between the ‘wing-tip’ and ‘body’ atoms and
are actually larger than for the interaction between the two
atoms in ‘body’ positions (fgg = 0.37) despite being ca. 0.1 A
longer than either. The apical-‘body’ separation is slightly
shorter but is associated with a much higher bond order
(Beg = 0.59). The higher than expected bond orders asso-
ciated with interactions with the apical boron are coupled to
the lower positive charge on this site. Three 3c-2e B; interac-
tions are detected with the two strongest involving the apical,
‘wing tip” and ‘body’ boron positions (fggg = 0.16) and the
third connecting the apical and ‘body’ boron atoms (figgg =
0.12). Four 3c-2e bonds involving bridging hydrogen atoms
are detected. Three of these are between boron atoms in
conventional p-bridging positions.

The remaining three-centre bond is unusual, in that it
involves a hydrogen atom that on casual inspection would
seem to lie in a terminal position. It involves one of the boron
atoms at the ‘wing-tip’ positions, the apical boron atom and
the hydrogen atom bound to the apical boron atom. The
three-centre interaction is very asymmetric, with the hydrogen
atom ca. 0.2 A closer to the apical boron atom. No doubt, this
asymmetry accounts for the relatively weak three-centre bond
order (fgug = 0.13) but this is in the range normally
considered significant.?® This interaction has been proposed
previously*®* and recent gas-phase electron diffraction data
supports the highly asymmetric interaction.*® The three-centre
bond order for the interaction of this hydrogen atom with the
other ‘wing-tip’ boron atom is negligible. The alternative
arrangement in which the hydrogen atom is connected to both
‘wing-tip’ positions as well as the apical boron atom leads to
two slightly smaller bond orders (fgug = 0.10) and is, in fact,
a transition state.

The molecular diagram, shown in Fig. 1(g), thus shows
additional features to that on the conventional structural
representation*® of this cluster. The additional three-centre
term, which might be termed an agostic interaction in a metal
cluster, illustrates the fine line that exists between what is and
is not a bond in complex bonding cases such as the boranes.

Housecroft et al.** assert that cross-polyhedral B-B bond
orders should be considered insignificant, at least in the closo
boranes. Though small cross-polyhedral bonding interactions
(s = 0.15) are found in BgH¢>~, such interactions are much
smaller in B;H,>~ (P = 0.05 for axial-axial and fgg = 0.08
for cis-related equatorial-equatorial). In higher boranes, where
the separations are larger, such interactions are inconsequential.
Bochicchio er al.* assert that three-centre bonds in molecules are
strictly localized to certain regions, whereas the rest of the
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molecule can be described by classical 2c-2e bonds. This assess-
ment is certainly applicable to all of the boranes examined here,
and by extension is presumably the case in larger boranes also.
The 3c-2e bonds tend to be located on the surface described by
the B-B-B and B-H,—B groups so that the skeletal electron
density is close to the pseudo-spherical surfaces on which the
boron atoms lie in the closo boranes™***>152 and on the
remaining surface in the nido and arachno species.

Multicentre bonding in electron-rich compounds
A. Xenon fluorides

The presence of 3c-4e bonding in the xenon fluorides has long
been predicted®® and thus these systems serve as a useful test
set. The optimized and available experimental structures are
given in the ESI.f

The Xe—F bond order (fixcg = 0.41) in linear XeF, arises
almost completely from o-bonding; the = component of the
bond order is negligible. The three-centre F—Xe—F bond order
(Brxer = —0.25) indicates both a high degree of delocalization
and the presence of a 3c-4e bond. This arises from a o,
molecular orbital of the form shown in Scheme 3. The fluorine
atoms reach a total valency close to one (calculated using the
definition in eqn (2)) due to the large ionic component
associated with high partial charges on the atoms (¢gr =
—0.6). The presence of a 3c-4e bond seems unequivocal from
the molecular orbitals and from the bond order analysis.

From an electron localization function analysis, Silvi sug-
gests'® that there is no 3c-4e bond in XeF, (and, by extension,
in any other system) because the electron localization function
does not show the same behaviour exhibited by 3c-2e bonded
systems. It should be noted, however, that 3c-4e bonds are
intrinsically different from 3c-2e bonds in that, as described in
the Introduction, they can be localized but only into functions
which provide half bonds.

The bonding in the square planar XeF4 and approximately
octahedral XeFg is very similar to that in XeF,. There is a
small increase in the Xe—F bond order (fix.r = 0.45 and 0.50,
respectively). Two 3c-4e interactions are detected in XeFy,
(Brxer = —0.24) and three are detected in XeF, (frxer =
—0.20) and each involve trans related F atoms only. In both
cases these arise from molecular orbitals of the type implicated
in XeF,. Three-centre interactions involving cis related F
atoms are small.

The cations XeF;" and XeFs' have structures which are
related to those of XeF, and XeF, by the addition of a cis related
F atom. Bond contraction from the positive charge leads to
slightly higher bond orders (fx.r ~ 0.6). In both cases, the 3c-4e
bonds in the parent molecules are preserved and no additional
terms involving the cis-related group are introduced.

3c-4e interactions are detected and are important in all of the
xenon fluorides and arise from c-overlap of a Xe p-orbital with
F orbitals, as illustrated in Scheme 3 within each linear {XeF,}
subunit. These triatomic subunits are essentially singly bonded.

B. Polyoxometalates

This large class of compounds is commonly based on high-
oxidation, group 5 or 6 metal-oxygen clusters with edge-

sharing MO,4 or MOg polyhedra arranged such that they form
enclosed and often highly symmetrical structures. We have
recently published a number of papers’®?!**3% aimed at
developing an understanding of the bonding in these complex
species. It has been proposed®®>° that metal-oxygen rings in
polyoxometalates, termed ‘closed loops’, be regarded as a
delocalized bonding system featuring interpenetrating loops
of o- and =m-type orbitals. In this section, the presence and
importance of such delocalization is analyzed in a representa-
tive set of molybdates (four Lindqvist anions, B-octamoly-
bdate, an Anderson-type tellurohexamolybdate and a Keggin
phosphododecamolybdate). The Lindqvist and Keggin struc-
tures contain only one terminal oxo group per metal atom,
and are thus categorized as Type I polyoxometalates, whereas
the octamolybdate and Anderson structures have metal atoms
with two terminal oxo groups, and are thus categorized as
Type II systems. The Lindqvist and octamolybdate anions
contain only group 5 and 6 metal ions and are examples of
isopolyanions whereas the Anderson and Keggin anions also
contain heteroatoms and are classified as heteropolyoxometa-
lates. We have previously investigated other aspects of the
bonding in these systems and the optimized and experimental
structures are given in the original computational papers.

The structure of the Lindqvist isopolyanion MogO19°~,
shown in Fig. 2(a), consists of edge-sharing, distorted
{Mo0Og} units with each Mo(vi) ion bonded to a single
terminal oxo group (O,), four two-coordinate bridging oxygen
atoms (Op) and a six-coordinate oxygen atom (O.) that
occupies the centre of the O, cluster.

Three equivalent closed loops have been proposed®’ for
these anions based on the eight-membered {Mo4O,4} planar
rings that lie perpendicular to the molecular C4 axes. We have
previously identified ¢ and m molecular orbitals possessing this
loop structure® and Cai er al.®® have suggested the presence of
aromatic character in the loops due to Mo-Oy, d,—p; interac-
tions. The three-centre analysis reveals twenty-four 3c-4e
bonds (Bomoo, —0.09) which combine, as shown in
Fig. 3(a), to make up such loops. Whilst the sign of the bond
order is indicative of a 3c-4e interaction, its small magnitude
suggests only a weak delocalization. This is consistent with our
previous conclusion,® based on an energy decomposition
analysis, that the closed-loops are present but do not stand
out as a stabilizing factor. Fig. 2(a) shows the molecular
diagram for this anion and neatly summarizes the considerable
differences in the natures of the Mo—O,, Mo—Oy, and Mo-O,
interactions. Our previous analysis of closed-loops has been
restricted to this system which, due to its high symmetry, is
amenable to detailed analysis. The present methodology is not
restricted in this way.

Reduction to give MogO,o°~ leads to occupation of a
doubly-degenerate, delocalized Mo—Oy, m-antibonding orbital
with the resulting E, state subject to a small Jahn—Teller
distortion.>*¢! The delocalized nature of the singly occupied
orbital leads to minor changes in bond lengths and a reduction
in the 3c-4e bond order in the degenerate 2E,, state as well as in
the Jahn-Teller distorted A, and 2B, states.

Substitution of a Mo(vi) atom in the fully oxidized anion for
a Nb(v) atom leads to the Cy, NbMos0,9>~ anion in which the
two loops of weak 3c-4¢ bonds passing through the
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(2)

Fig.2 Molecular diagrams for (a) MogO19>~ (b) NbMosO6°~, (¢) trans-Nb;MosO16* ™, (d) cis-Nb:MosO16* ™, (€) a-PM0,5040>~, (f) B-MogO»6*~
(showing bicapped ring of {MogO1s}), () B-MogOx¢*~ (showing two {Mo40,} subunits) and (h) TeMogO,4°~ showing two-centre bond orders as
coloured lines using the colour scale shown and Mo (green), O (red), Nb (purple), P (gold) and Te (purple).

heteroatom are weakened by the lower covalency associated
with its lower charge. This is evident in the molecular diagram,
shown in Fig. 2(b). The bonding in the remaining {Mo0404}
loop is slightly enhanced (fomoo, = —0.11) and Fig. 3(b)
shows how the presence of three-centre interactions leads to
the loop structure. A second such substitution gives rise to
either cis or trans Nb,Mo4O,o*~ polyanion. In the trans
isomer, there is further enhancement of the Mo—O bonding,
as shown in the molecular diagram in Fig. 2(c), and loss of any
delocalization along the two loops containing the Nb(v)
atoms. The remaining loop, shown in Fig. 3(c), involves only
molybdenum and oxygen atoms with the same 3c-4e bond
order as in the singly substituted anion. In the C,, cis isomer,
there is additional enhancement of the Mo-O bonding, as
shown in the molecular diagram in Fig. 2(d), and disruption of
all three loops, as shown in Fig. 3(d).

0-PMo0,,040>~ has the Keggin structure®® with the ideal T
symmetry shown in the molecular diagram shown in Fig. 2(e).

The single oxo group on each Mo atom has a considerable
trans influence. One of the four equivalent {MoOg} loops
which can be constructed through the interaction between the
metal and two-coordinate oxygen atoms is clear in this figure.
The three-centre interactions, shown in Fig. 3(e), match this
topology and are of very similar magnitude (8o mo0, ~ —0.1)
to those in the other proposed loops. No involvement from the
heteroatom is apparent in these loops.

Reduction to form o-PMo;,040*" leads to occupation of a
doubly degenerate m-antibonding orbital with the ’E state
subject to a small Jahn-Teller distortion and a Cs ground
state. As in the Lindqvist anion, reduction is accompanied by a
disruption of the three-centre interactions.

The C,;, octamolybdate isomer, B-M080264_, contains three
types of nominally six-coordinate molybdenum atoms. The
molecular diagram, shown in Fig. 2(f) and (g), illustrates the
complexity of the variations in the bond orders, and the subtle
distinction between possible descriptions of the metal
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Fig.3 Molecular diagrams for (a) MogO1o>~ (b) NbMo0sO 16>, (¢) trans-Nb,MosO16* ™, (d) ¢is-Nb,MosO19* 7, (€) 0-PM015,049° ", () B-M0gOns*~
(showing bicapped ring of {MogO1s}), (g) B-M0gOas*~ (showing two {Mo04O;,} subunits) and (h) TeMog0,4°~ showing three-centre bond orders
as coloured lines using the colour scale shown and Mo (green), O (red), Nb (purple), P (gold) and Te (purple).

polyhedra. Fig. 2(f) shows the structure as a ring of six, edge-
sharing {MoOg} with two capping {MoOg} units whilst
Fig. 2(g) shows the structure as two offset {Mo04O,,} ring
subunits, with the molybdenum atoms arranged in an approx-
imate diamond.

The analysis suggests that whilst the M1-O,, interaction is
characteristic of a multiply bonded oxo group, the weak
M2-O,; bond is real and so the description of this oxygen
atom as pseudo-terminal or even bridging is appropriate,
despite the M1-Op, and M1-O, bonds being structurally
comparable.

The presence of two, eight-membered {Mo0404} closed loops
has been proposed by Nomiya and Miwa®’ in B-octamolyb-
date. Although these authors did not identify the location of
the loops, they presumably involve the two {Mo4O1,} rings
shown in Fig. 2(g). Fig. 3(f) and (g) show the calculated 3c-4e
interactions, from the same viewpoints as Fig. 2(f) and (g),
respectively. Three-centre interactions of comparable magni-

tude to those detected in the Lindqvist anions (8o moe0, ~
—0.1) are found within the loops in the {M040,,} rings. More
significant three-centre interactions (fomo0, ~ —0.2), invol-
ving each of the cis-related O—Mo-Oy in this Type II poly-
anion are detected.

The Anderson structure, exemplified by TeMog0,4°,
contains a ring of six, distorted {MoQOg} connected by two-
and three-coordinate O, atoms and a central heteroatom
which is coordinated to all six of the three-coordinate Oy
atoms. As in B-octamolybdate, the Mo atoms are each bonded
to two, cis-related oxo atoms. The molecular diagram, shown
in Fig. 2(h), neatly summarizes the variations in the internal
bonding and the distinct and distinctive trans influence of the
0X0 groups.

{Mo¢Og} closed loops involving all of the Mo atoms have
been proposed.’” These loops are constructed from three-
centre interactions of comparable magnitude to those detected
in the other polyoxometalates (8o mo0, ~ —0.1). As found for
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Scheme 4 3c-4e O—M-O, p—d—p- bond in ¢is-MO,>™" unit.

the other Type II system studied, B-octamolybdate, stronger
3c-4e interactions are predicted (Bomoo, ~ —0.2) involving
each of the cis-related O—Mo—O, groups. Fig. 3(h) shows the
calculated three-centre interactions.

Although the {TeOg} octahedron at the centre of the ion is
strongly bound to the surrounding ring, these are primarily
located bonds as no multicentre bonds mediated by the
tellurium atom are detected.

The polyoxometalates studied exhibit weak 3c-4e bonding.
O—Mo-0Oy, interactions are characterized in each system by
similar bond orders (Bomo0, ~ —0.1) which, although small,
do correspond to the closed loops suggested by Nomiya and
Miwa**>® and by King® and identified in our previous
molecular orbital descriptions®®2!->*3% of these systems. The
magnitude of these bond orders is on the limit of what can be
considered indicative of a bond. Nevertheless, the bond orders
are very similar in each system and decrease in the reduced and
substituted systems in a manner that would be anticipated
from bonding considerations. Although small, the three-centre
bond orders are still considerably larger than those obtained
for systems such as CCly (fciccr < —0.05) and SiCly (Bcisicl <
—0.05) in which no delocalization is expected.

The bonding involving the heteroatom in heteropolyoxo-
metalates appears to be localized. In Type II polyanions,
somewhat stronger 3c-4e interactions (8o mo0, ~ —0.2) invol-
ving each of the cis-related O—Mo—O, groups are detected.
The relatively strong 3c-4e interaction is due to the interaction
pictured in Scheme 4 and is an important contribution® to the
stronger Mo-O; bonding that is possible in cis-related
O—Mo-O, groups compared to the trans form. That the d,—p,
3c-4e bonding favours a 90° interaction should be contrasted
with the 180° interaction favoured by the ps—ps 3c-4e bonding
in the xenon fluorides.

Conclusions

In many ways the Lewis model of electron-pair bonding has
survived the advent of quantum mechanics with the pairs
being replaced by doubly occupied molecular orbitals or
localized ‘bond orbitals’. Whilst localization of the multicentre
molecular orbitals obtained from high-level electronic struc-
ture calculations is possible in most cases, the electronic
structure of molecules where this is not possible, including
electron-deficient and electron-rich molecules is often chemi-
cally very interesting. Three-centre bond orders provide a
useful tool for detecting the presence and analyzing the
importance of multicentre and hypervalent effects but have
had limited use in all but small molecules. To assist in the
detection of multicentre interactions and to stimulate further
investigations in larger systems, a graphical device is intro-
duced which constructs the chemical connections ab initio
from the electronic structure. The three-centre, two-electron

bonding in a set of electron-deficient boranes and the three-
centre, four-electron bonding in a set of electron-rich xenon
fluorides has been analyzed using this method, to map the
occurrence and network of the multicentre interactions. The
approach has been used to detect multicentre effects in poly-
oxometalates for the first time. The previously suggested
pseudo-aromatic, closed-loops in these large systems poly-
oxometalates have been detected but are found to be relatively
weak in magnitude.
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