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Abstract

The problems involved in identifying and quantifying labile interactions considered to influence complex compound
structures are highlighted through the assessment of four different families of metal complexes for which extensive
crystallographic data are available. Modification of the charge distribution within a ligand molecule as a result of
coordination is one factor with a number of ramifications. A detailed analysis of evidence for both intra- and inter-
molecular attractions in dimethylsulfoxide complexes of metal perchlorates is used to provide a basis for the
consideration of weak interactions between complex ions involving forces including phenyl-group attractions,
hydrogen bonding and cavity inclusion.

Introduction

Much of contemporary chemistry is concerned with the
construction of functional edifices through the linking of
kinetically inert mesomolecular units via labile, though
not necessarily weak interactions [1–3]. These interac-
tions, which have their origins in exactly the same
fundamental attractions and repulsions between nuclei
and electrons as are responsible for the association of
kinetically inert species, are conventionally and conve-
niently divided into many types depending upon the
chemical species involved [1–23]. Thus, labile interac-
tions may include ‘bonds’, such as ‘covalent’ and
‘coordinate’ bonds (which, of course, may also be inert)
and hydrogen bonds, as well as a variety of ‘intermo-
lecular forces’ [24, 25], such as p-stacking, ‘multiple
phenyl embraces’ and dispersion forces. Even when
weak, such forces are important, since the energies
involved can easily exceed 10 kJ mol)1, a figure which
corresponds to a change in an equilibrium or rate
constant by a factor of approximately 100, often more
than sufficient to be the difference between joy and
despair. The rise of ‘supramolecular’ chemistry [1, 2, 26]
has focussed attention upon the problem of the under-
standing and rational exploitation of labile interactions,
one of the most familiar objectives of this field being the
design of macrocyclic receptors capable of the selective
inclusion of substrates [1, 6, 27, 28].

In the crystalline state, molecular motions are greatly
restricted compared to the solution state in which most

syntheses are conducted, and atomic positions derived
from a crystal structure determination can be used to
deduce a great deal concerning both bonding and
intermolecular forces [4, 7–9, 15, 20]. Thus, labile
interactions can be characterised [1–23] even under
conditions where their lability is not apparent. There is a
problem of fundamental importance associated with
attempts to do so, however, in that it is not possible to
tell simply from the positioning of any two atoms
whether any interaction between them is overall attrac-
tive or repulsive. This issue has been discussed at length
in relation to the identification of attractive CH� � �O
interactions, for example [4]. An associated issue is that
the conventional approach to description of chemical
interactions is based upon the identification of closest
pairs of atoms except in certain well-known cases such
as aromatic rings (though even here, representations of
2-centre/2-electron components remain popular) and
‘ionic’ systems. The latter pose an interesting problem in
that in a complex compound such as [Co(NH3)6]Cl3, for
example, formation of the solid lattice is commonly
viewed as due to attractions between Co3+ and Cl)

centres, centres which are much further apart than those
involved in ‘covalent’ bonding and between which other
atoms are interposed. Recognition that the assigned
charges are formal does not change the fact that an
unusually remote interaction is treated as dominant, nor
does it provide any greater insight into the full com-
plexity of the interactions which may occur in such a
compound. Indeed, given the conventional chemical
model of matter as built up from aggregation of positive
nuclei and negative electrons, it is somewhat anomalous
that qualitative descriptions of chemical bonding are
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based upon interactions between species identified as
atoms and ions. Given that the establishment of charges
to be associated with centres involves both philosophical
and practical difficulties [29, 30], for the purposes of the
present discussion it will be assumed that formal charges
are at most only qualitatively indicative of deviations
from a uniform charge distribution within a given
chemical species. This raises the same problem as
encountered in assessing the existence of CH� � �O bonds,
expressible in terms of the example taken of
[Co(NH3)6]Cl3 in that a close approach of Cl to an H
of NH3 might be taken as an attractive (H-bonding)
interaction or as simply a consequence of secondary
coordination to the Co (or, of course, both). Again as
before, one way to find a response to such questions is to
examine many structures which may be subject to such
ambiguity and to search for common geometrical
features which may facilitate a decision. This must still
be done with caution, as chemical perspectives can be
time dependent, the original crystal structure determi-
nation of [Co(NH3)6]Cl3 [31], for example, having been
described in terms of the enclosure of [Co(NH3)6]

3+

entities within 14-vertex polyhedra of Cl) ions (the point
being to explain differences in site symmetry reflected in
59Co NMR spectra), with no mention of NH� � �Cl
interactions, despite the fact that many of the N� � �Cl
separations (3.2–3.3 Å) are consistent with such H
bonding.

Assuming that various attractive forces can be
identified and associated with particular features of a
chemical structure, an immediately ensuing problem is
that a structure alone provides no direct experimental
information on the magnitude of the energies involved.
Again, a careful analysis of numerous related structures
may, however, allow some conclusions to be drawn as to
the relative magnitude of various factors [4, 7–9, 32]. It
is the purpose of this article to consider a number of
metal complex systems to which this statement applies.
The focus is largely, though not exclusively, upon very
heavy metal systems, since the high and usually irregular
coordination environments commonly observed there
can often be rationalised in terms of a balance between
various bonding and intermolecular forces. It is conve-
nient to begin with a consideration of metal-based
electrolytes, since even in such seemingly simple systems
it is apparent that a full analysis of the interactions
occurring is far from facile.

Ion solvation and ion–ion interactions

A conventional view is that the dissolution of many
metal compounds in water is accompanied by rapid
reactions giving rise to hydrated cations (containing the
metal) and anions [33], though it is clear even for well-
studied aqueous systems that much remains to be
understood [34, 35]. A kind of chemical myopia is
tolerated presently because experimental definition of

other than the primary coordination spheres of the
nuclei at the centres of the ions remains generally
uncertain [35, 36]. The nucleophilicity and abundance of
water molecules are considered to be the factors giving
rise to the displacement of anions into the second and
higher coordination spheres of the metal, though there is
good evidence that the structure of the primary coor-
dination sphere is not independent of that of the
secondary, at least [37]. Certainly, the process of
solvent-assisted dissociation is reversible and crystalli-
sation of metal ‘salts’ from water does not necessarily
produce materials which would be considered ‘ionic’
[38]. Given that crystallisation occurs from relatively
concentrated solutions, if the solids obtained reflect the
nature of the species present in such solutions, then once
the influence of water on equilibria derived from its
simple abundance is removed, the subtlety of factors
influencing complex ion equilibria may be revealed in a
detailed consideration of these structures. The fact that
anhydrous sodium chloride crystallises from aqueous
solutions, for example, may be considered to demon-
strate the importance of chloride anion hydration in
determining the nature of the solution species. In aqua-
complex systems such as the thoroughly studied ‘alums’
and related ‘Tutton Salts’ [39], hydrogen bonding
appears to be extensive in the solid state and the sulfate
anions remain outside the primary coordination spheres
of the metal cations present, despite the relatively strong
Lewis basicity of sulfate ion. This not the case with
many other metal sulfates crystallised from water,
especially when very heavy metals such as the lantha-
nides(III) are involved [40]. This suggests that the
balance between metal–water, metal/sulfate and coordi-
nated ligand/lattice water (and its converse) interactions
may be such as to depend significantly upon variations
in properties of the metal due to its position in the
Periodic Table, viz., that changes in bond energies down
a group of the Periodic Table may define approximately
the magnitude of factors such as the difference in H
bonding interaction energies for ligands in the primary
and secondary coordination spheres of a metal ion.

Evidence consistent with this suggestion being a
specific instance of a rationalisation applicable to more
than just aqueous systems may be found in examining
the properties of complexes of so-called dipolar, aprotic
solvents such as dimethylsulfoxide (dmso) [41]. A
particular group is that of the dmso solvates of metal
perchlorates, one reason for their study having been the
consideration of perchlorate as an exceptionally poor
Lewis base [42], so that its occupancy of the primary
coordination sphere in these materials would not be
expected. Structural studies of several [43–50] (but not
all [51–55]) M(ClO4)xÆn(dmso) species have shown that
their representation as [M(dmso)n](ClO4)x (all, in these
cases, with O-bound dmso) is justified, in agreement
with solution studies for a broader range of metals [45,
49, 50, 56–59] which indicate that dmso is the sole
occupant of the primary coordination sphere, even in
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relatively concentrated solutions. Importantly, the struc-
tural studies show significant bond length changes in the
coordinated dmso molecule by comparison with the
molecule in the gas phase or the pure, crystalline solvent
(and this is generally true for other compounds as well
as perchlorates [41]). This effect may be rationalised by
considering that the charge distribution represented by
the Valence Bond Theory ‘resonance form’
(CH3)2S

+AO) is favoured as a result of coordination,
the question then arising as to what effect this may have
on further interactions of the dmso. One effect that
might be anticipated is some depletion of the electron
density at C and H of the methyl groups, leading to
more effective H bonding ability and indeed, in all
published [M(dmso)n](ClO4)x structures, perchlorate-O
atoms can be found within 3.2–3.8 Å of methyl-C
atoms, consistent with the occurrence of weak CH� � �O
interactions. While these approaches are remote and
may at most be indicative of weak interactions, they are
usually numerous, a beautiful example [50] being pro-
vided by [Tl(dmso)6](ClO4)3, where a perchlorate-O
atom situated on the crystallographic and molecular
threefold axis of the structure is 3.52 Å from the C
atoms of methyl groups of three equivalent dmso
ligands (Figure 1). This same perchlorate-O is 3.63 Å
from Tl, making a decision between secondary coordi-
nation and CH� � �O bonding as the primary cause (if
they are not simply comparable) of the approaches
difficult.

In many instances, a form of ‘chelation’ of perchlo-
rate-O by the two methyl groups of one dmso entity may
be discerned and a particular instance of such chelation
in the case of [Zn(dmso)6](ClO4)2 [45] provides evidence
for further complication in the analysis of the interac-
tions occurring. Thus, the approaches of one perchlo-
rate-O to methyl carbons (3.45, 3.61 Å), with a second
perchlorate-O at only slightly longer distances (3.59,
3.63 Å), are associated with another approach (3.56 Å)
of the first oxygen to the S centre of the dmso (Figure 2).

This approach to sulphur can be rationalised in terms
of the (negative) charge depletion at S leading to an
attractive interaction of its nucleus with the charge
accumulation at perchlorate-O. That this S-contact is
not invariably observed when C-contacts are apparent
may mean that the latter are energetically more impor-
tant, although there is another consideration of possible
importance and that is the extent to which S as well as O
of formally O-bound dmso may interact with the metal.
It has been noted [50] in the case of [Tl(dmso)6](ClO4)3,
for example, that although ÆTlAOæ (2.224(3) Å) is
considerably shorter than ÆTlASæ (3.292(2) Å), justifying
the description of the complex as one of O-bound dmso,
the MAOAS bond angle is relatively small. It has been
suggested that this may be indicative of some tendency
towards g2 coordination of the SO unit, reflecting the
‘softness’ of Tl(III) as a Lewis acid, and, consistent with
this view, the corresponding angle in [Hg(dmso)6]
(ClO4)2 [43], containing ‘soft’ Hg(II), is smaller while that

Table 1. Selected features of the geometry of crystalline [M(dmso)n](ClO4)x complexes (all values truncated to three significant figures to allow for

differing uncertainties. Where disorder was resolved, values for the major component only are given).

M, n, x MAO(Å) MAOAS(�) S� � �Oa Ref.

UO2, 5, 2 2.33–2.43 121–141 2.96–3.07b [47]

Mg, 6, 2c 2.05, 2.06, 2.08 140, 130, 128 3.34d, 3.25, 3.03 [55]

Sr, 6, 2c 2.42 , 2.45, 2.47 151, 133, 143 >3.50d [55]

Co, 6, 2c 2.10, 2.11 121, 116 3.18, 3.26; 2.99, 3.28 [62]

Ni, 6, 2c 2.05, 2.08 120, 116 2.98, 3.20; 3.16, 3.19 [62]

Zn, 6, 2c 2.10, 2.11 120, 116 3.20, 3.25; 3.00, 3.28 [45, 62]

Hg, 6, 2c 2.32, 2.32, 2.38 117, 132, 120 3.30, 3.38; 3.54d; 3.14 [43]

Al, 6, 3c 1.88, 1.89, 1.89, 1.89,

1.89, 1.89

128, 125, 126, 126, 126, 124 3.12, 3.17; 3.03, 3.12; 3.06, 3.12;

3.10. 31.2; 3.08, 3.11, 3.40d; 2.99, 3.11

[67]

Ga, 6, 3c 1.96, 1.96, 1.96, 1.96,

1.97, 1.98

125, 123, 123, 124, 122, 123 3.15, 3.22; 3.09, 3.14; 3.09, 3.14;

3.10, 3.16; 3.03, 3.16; 3.13, 3.16

[67]

Tl, 6, 3c 2.22 121 3.21, 3.54, 3.86d [50]

Cr, 6, 3c 1.96, 1.97, 1.97, 1.98,

1.98, 1.98

125,123,123,122, 124, 123 3.17, 3.24; 3.11, 3.15; 3.09, 3.15;

3.04, 3.18; 3.17, 3.17; 3.14, 3.18

[67]

Dy, 8, 3c 2.33, 2.34, 2.34, 2.36,

2.37, 2.38, 2.38, 2.41

137, 124, 134, 126, 126,

129, 129, 126

3.02; 3.02, 3.11; 2.96; 3.03, 3.11; 2.97, 3.23;

3.03, 3.25; 3.11, 3.13; 3.00, 3.21

[67]

Bi, 8, 3c 2.39, 2.40, 2.40, 2.44,

2.45, 2.45, 2.47, 2.47

125, 133, 138, 127, 130,

123, 123, 129

3.10, 3.17; 3.06, 3.71d; 2.98, 3.77d;

3.17, 3.23; 3.13, 3.26; 2.94, 3.25;

3.12, 3.16; 3.40, 3.34

[49]

Th, 9, 4c 2.47, 2.49, 2.49 (caps);

2.40, 2.42, 2.43, 2.44,

2.44, 2.45 (prism)

124, 124, 123; 138, 137,

136, 129, 129, 137

2.96, 3.00; 2.94, 3.02; 2.97, 2.98;

3.06, 3.48; 3.11, 3.41, 3.01, 3.51, 3.08,

3.09; 3.08, 3.11; 3.03, 3.58

[69]

a Intramolecular S� � �O(dmso) approaches <3.5 Å except where otherwise indicated.
b Plus one intermolecular approach to uranyl-O of 3.22 Å and several contacts to perchlorate-O between 3.5 and 3.7 Å.
c Entries in the columns MAOAS and S� � �O are in order associated with the MAO bond lengths given in the second column.
d Intermolecular contact to perchlorate-O.
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in [Sc(dmso)6]I3 [57, 59], containing ‘hard’ Sc(III), is
significantly larger. However, yet a further complication
in these systems is the possibility of an interaction
between the O-atom of a coordinated dmso with the S-
atom of an adjacent dmso. This is analogous to that
identified between O and carbonyl-C of coordinated dmf
molecules [60] and may of course be considered as an
aspect of the interaction to be expected between dipolar
molecules, regardless of the rest of their environment. In
crystalline dmso itself [61], columnar arrays of head-to-
tail SO entities are found, with an ‘intermolecular’ S� � �O
separation of 3.84 Å (and with O� � �H 2.40–2.70 Å, i.e.,
ÆO� � �Cæ 3.5 Å, and H� � �H 2.80–2.90 Å noted). Again,
the [Tl(dmso)6]

3+ cation provides a striking example of
evidence that ‘dipolar’ S� � �O interactions may indeed be
fortified by coordination of dmso. Each sulphur atom in
this highly symmetrical species can be viewed as
bridging (unsymmetrically) two oxygen atoms which
occupy the vertices of a trigonal face completed by the
oxygen to which the sulphur is considered bound in an
inert manner (Figure 1). The S� � �O distances are 3.21
and 3.54 Å, both significantly shorter than the S� � �O
separation in crystalline dmso itself. If indeed some
attractive interaction is involved, then some conse-
quences concerning the M� � �S distances and MAOAS
bond angles might be anticipated and for present

purposes it is useful to focus on the latter. (As noted
above, variations in the ratio of MO to MS separations
in some dmso complexes have been considered in terms
of the Lewis acid character of the central metal.) The
TlAOAS bond angle is 120.7(2)�, a value which may be
considered relatively small (see ahead) and thus indic-
ative that some attractive interaction indeed is occur-
ring. Whether or not this involves principally S and O
centres of bound dmso molecules is unclear but it is
instructive to consider other dmso complexes in these
terms. Relevant data are summarised in Table 1.

In the family of essentially octahedral [M(dmso)6]
(ClO4)2 species (M ¼ Mg, Co, Ni, Zn, Cd, Hg), the Co,
Ni and Zn [45] compounds are isomorphous and in
recent structure determinations at low (~150 K) tem-
perature [62], many aspects of the disorder well known
[46, 47, 55–59] to plague structure determinations on
complexes containing both perchlorate and dmso
proved to be resolvable, providing greater precision on
most aspects of geometry. Approaches of perchlorate to
bound dmso as noted above for the Zn species can be
found in all but also there are close parallels to the
features noted above for the Tl(III) complex. Thus, in
columns parallel to c, the lattices in part involve
alternating cation and perchlorate entities, one of the
ClAO bonds being coincident with the crystallographic
3 axis and the oxygen atom involved being equidistant
from three dmso methyl groups associated with three
ligands on one trigonal face. Above the opposite
trigonal face, the perchlorate here is inverted and now
each of the three oxygen atoms appears to be ‘chelated’
by two methyl groups. (This is unlike the Tl(III) system,
where the orientation of two perchlorate groups towards
opposite trigonal faces is the same.) Within the
[M(dmso)6] unit, there are slightly differing but both
relatively small ‘upper’ and ‘lower’ MAOAS angles,
associated with slightly different pairs of S� � �O (dmso)

Figure 1. Views perpendicular to (L) and down (R) the threefold axis of the [Tl(dmso)6]
3+ cation [50]. The two perchlorate-O atoms lying on the

threefold axis above and below the cation are also shown.

Figure 2. Portion of the lattice of [Zn(dmso)6](ClO4)2 showing con-

tacts between perchlorate and a coordinated dmso.
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approaches, all even shorter that those in the Tl(III)
complex. The various interatomic distances and angles
observed in the major component of the partly disor-
dered Ni complex are shown in Figure 3 (see also
Table 1).

Surprisingly, given the very similar MAO distances
and similar lattices (Figure 4) in which columns of
alternating [M(dmso)6] and [ClO4] units (although, for
Mg, two perchlorate units interpose between every pair
of Mg, more like the case for Tl) can be discerned,
[Mg(dmso)6](ClO4)2 (P�1) [55] is not isostructural with its
Co, Ni and Zn analogues (P31/c). All MgAOAS are
significantly larger than in the transition metal species,
though the two smaller values are associated with single,
‘intramolecular’ S� � �O contacts of 3.25 Å (for the dmso
with MgAOAS 130.2�) and 3.03 Å (for 127.5�). The
largest MgAOAS is found for two trans-disposed
ligands which have contacts to perchlorate oxygens
(S� � �O 3.34 Å). It would appear that bending of the
MgAOAS angle (to facilitate S� � �O approaches) is more
energetically demanding than that of ZnAOAS, a
circumstance possibly to be associated with differences
in the metal valence shells, though in general the issue of
differences in bending force constants for analogous
compounds of groups 2 and 12 has proven complicated
to resolve [63]. Whatever the fundamental causes of the
differences, a simple rationalisation of the nature of all
four systems is that their subtler details reflect the
balance of a number of weak interactions, the domi-
nance of one over others being sensitive to minor
differences in strong interactions. It should be noted
again that in all the lattices considered there are
numerous dmso-methyl-CH� � �O (perchlorate) ap-
proaches between ~3.3 and 3.8 Å which must be of

importance in determining the lattice structure (and
which presumably, simply because of their number,
must give rise to some differences between, for example,
[M(dmso)6](ClO4)2 and [M(dmso)6](ClO4)3 systems).

Other informative contrasts with the Zn system
are provided by the other group 12 compounds, [Cd-
(dmso)6](ClO4)2 (Fd2d) [44] and [Hg(dmso)6](ClO4)2
(P�1) [43], though disorder problems in the structure of
the former are quite severe and detailed comparisons
with the other species are not justifiable. For Hg(II),
marked distortions from octahedral geometry in six-
coordinate complexes are common but the fact that
[Hg(dmso)6](ClO4)2 is isomorphous with its Mg ana-
logue indicates that the special bonding proclivities of
Hg(II) may not be the prime cause of the distortions
seen in this case. Since ÆHgAOæ (2.34 Å) is considerably
longer than ÆMgAOæ (2.06 Å), retention of the same
S� � �O approaches in both complexes would require
greater bending of the MAOAS unit and this is
essentially as observed. Thus, HgAOAS of 117.3� is
associated with S� � �O of 3.30, 3.38 Å (differing slightly
from Mg, where only one contact is <3.5 Å) and

Figure 3. Geometry of a portion of the [Ni(dmso)6](ClO4)2 lattice. For

clarity, only two of the NiAO vectors are shown.

Figure 4. Partial lattice views of [Mg(dmso)6](ClO4)2 and

[Zn(dmso)6](ClO4)2: (a) the Mg lattice viewed down a, showing

adjacent cation and anion columns. For contrast, all atoms of the

perchlorate units are shown in black. Columns of cations along the bc

diagonal are separated by two perchlorate units; (b) a view perpen-

dicular to the cation and anion columns parallel to a; (c) the Zn lattice

(minor disordered component deleted) viewed down c, again with all

perchlorate atoms shown in black; (d) a view perpendicular to the

mixed cation/anion and purely anion columns parallel to c.
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HgAOAS of 120.0� is associated with S� � �O of 3.14 Å.
Bending towards one octahedral edge to achieve a given,
single S� � �O should be less, of course, than the bending
necessary over a face in order to achieve two contacts of
the same length. The third HgAOAS of 132.2�, as in the
case of the largest angle for Mg, is not associated with
any close intramolecular approach but with perchlorate-
O contacts (3.53 Å) with the S atoms of the two (trans)
ligands involved (Figure 5(a)). The general argument
that there may be a competition between intra- and inter-
molecular modes of S� � �O interactions dependent in part
upon the energy of MAOAS bond bending is supported
also by features of the structure of [Hg(dmso)6](CF3-

SO3)2 [64] (a compound studied, incidentally, because of
an interest in determining the Hg� � �H separations, found
to range between 4.00 and 5.48 Å). In this P�3 system, all
the HgAOAS angles are the same, all are small
(116.4(2)�) and each S is found within 3.20 Å of a
coordinated oxygen atom as well as within 3.47 Å of a
sulphonate group oxygen atom (Figure 5(b)). Clearly,
the substitution of triflate for perchlorate must introduce
new considerations (both geometrical and chemical) and,
as in some related systems [65], there is evidence for
CH� � �F interactions (C� � �F 3.40 Å) but it does seem that
intramolecular S� � �O interactions of dmso ligands are a
significant attractive force controlling aspects of complex
ion structure.

A structure determination is yet to be performed for
[Ca(dmso)6](ClO4)2 but the cation has been character-
ised in other environments [66] and the complex
[Ca(dmso)6]2[W4Ag4S16] [66(a)] provides some interest-
ing comparisons with [Hg(dmso)6](ClO4)2. ÆHgAOæ and
ÆCaAOæ are very similar (2.34, 2.33 Å, respectively),
suggesting similar degrees of MAOAS angle bending
would be necessary for a given intramolecular S� � �O
separation. In both complexes, there is a wide range in
MAOAS, with the values for the Ca species being

generally larger, again perhaps as a result of some
fundamental difference in factors determining the force
constants. Only the smallest angle (125�) is associated
with an S� � �O separation (3.13 Å) comparable to the
shortest observed with Hg (though angles of 126� and
139� are associated with such contacts at 3.36 and
3.48 Å, respectively). All dmso-S except that at 3.13 Å
from O are associated with contacts to S atoms of the
[W4Ag4S16] unit between 3.42 and 3.99 Å, suggesting
that these polysulphide S atoms play a role equivalent to
that of perchlorate-O in the Hg complex. That such
perchlorate-O interactions may eventually win out when
bond length extension requires extreme MAOAS bend-
ing to retain intramolecular S� � �O interactions is sug-
gested by the structure of [Sr(dmso)6](ClO4)2 [55]. This
species has been characterised as a component of the
lattice of Sr7(dmso)40(OH2)(ClO4)14 and it is the only
[M(dmso)6](ClO4)2 complex known to date in which
there are no intramolecular S� � �O contacts <3.8 Å.
ÆSrAOæ is 2.46 Å and SrAOAS angles are 133.0�, 142.7�
and 150.9�, with every dmso-S having at least one
‘intermolecular’ contact to perchlorate-O of <3.5 Å.

Low-temperature structure determinations for
[M(dmso)6](ClO4)3 (M ¼ Al [67], Ga [67], Tl [50])
provide data which support the analysis above (as do
ambient temperature determinations for M ¼ Sc [67], In
[47], though unresolved aspects of disorder cause greater
uncertainties in geometry). The range of ÆMAOæ in these
three Group 13 complexes is nearly as great as that
observed in the various M(II) species described above
but here MAOAS systematically decreases in associa-
tion with the retention of two intramolecular S� � �O for
every S atom (Table 1). Every S (except S5 in the Al
species) has at least one additional contact to perchlo-
rate-O, invariably longer than the intramolecular con-
tacts, though frequently <3.5 Å. Contacts between
perchlorate-O and methyl-C, frequently in the range

Figure 5. Close approaches in the [Hg(dmso)6](ClO4)2 and [Hg(dmso)6](CF3SO3)2 lattices: (a) a partial view of the perchlorate lattice, showing

disordered perchlorate units in proximity to two dmso ligands; (b) a view down c of the triflate lattice, showing S� � �O (dmso), S� � �O (sulphonate)

and F� � �C approaches. (Fluorine atoms shown in black.)

138



3.3–3.4 Å and presumably indicative of CH� � �O bond-
ing, are numerous in all complexes and, given the
relative abundance of perchlorate entities relative to that
in the M(II) compounds, the fact that S� � �O(perchlo-
rate) contacts do not displace intramolecular S� � �O in
the M(III) systems suggests that perchlorate-O interac-
tion with S is weaker than that with CH. Again, the
energy involved in MAOAS bending must be of some
relevance to the retention of intramolecular attractions
and the quite small value (119.6(2)�) for the Tl complex
is consistent with the normal decrease in the value of the
relevant force constant down the Periodic Table. Note
that in the beautifully symmetric structures of
[M(dmso)6]I3 (M ¼ Al, Ga, In and Sc [57, 59]), where
anion disorder is not a complication, S� � �O approaches
essentially identical to those in the perchlorates are seen.

Another aspect of periodicity is revealed in the
structures determined for the complexes with the empir-
ical formulae Pb(ClO4)2Æ5dmso [54], Pb(ClO4)2Æ3dmso
[54], and Ba(ClO4)2Æ5dmso [55]. Here, finally, a property
is observed which might be expected when a small-bite
chelate interacts with a large metal ion [68] and
perchlorate is found to be coordinated in these solids.
The ambient temperature Pb complex determinations
are affected by disorder but in Pb(ClO4)2Æ5dmso ¼
[Pb(dmso)5(O2ClO2)]ClO4, the intrusion of perchlorate
into the primary coordination sphere appears to have
only minor consequences concerning close approaches
to the dmso-S atoms. PbAOAS range from 125 to 144�
but all close contacts involve dmso-O except in one case,
where S appears poised essentially equidistant from
dmso-O and the more closely bound oxygen atom of the
unsymmetrically chelating perchlorate ligand. The
ligand with PbAOAS 144�, however, is unusual in that
its contact is to a dmso-O coordinated to an adjacent Pb
atom. This contact is symmetrical, so that, in effect, a
pair of aligned dmso dipoles link two Pb complex
entities (Figure 6). The complex Pb(ClO4)2Æ3dmso,
with the unexpected composition of mixed dimers,
[Pb2(l-dmso)2(dmso)4(O2ClO2)2][Pb2(l-O2ClO2)2(dm-
so)6(OClO3)2], is somewhat more complicated to de-
scribe but perhaps the only feature of note is that S� � �O
(bound perchlorate) contacts occur at distances which,

in some cases, are only slightly longer than S� � �O (dmso)
and which are relatively short (3.1–3.2 Å). The complex
Ba(ClO4)2Æ5dmso, defined in a determination free of
disorder, is also a centrosymmetric dimer, [Ba2(l-
dmso)4(dmso)6(O2ClO2)2](ClO4)2, but provides marked
contrasts with the Pb systems. ÆBaAO(dmso)æ 2.68 Å
(for the unidentate ligands) is by far the longest of all
systems considered so far and this may explain why the
bending only of one of the bridging dmso ligands is
sufficient to enable a single and rather long (3.42 Å)
S� � �O contact involving another dmso ligand.
ÆBaAO(perchlorate)æ at 2.99 Å clearly brings these
donors further out from Ba and thus closer to the
dmso-S atoms and, significantly, the shortest of all
S� � �O (perchlorate) contacts (3.16 Å) is to the more
remotely bound oxygen of the chelating pair. Other
short (3.2–3.4 Å) contacts of this type involve both the
uncoordinated oxygen atoms of chelating perchlorate as
well as oxygen atoms of lattice perchlorate.

Neither the Pb nor the Ba systems just discussed
involve six coordination of the metal and change in
coordination number is of course another factor which
depends on the position of an element in the Periodic
Table. Considering only homoleptic dmso complexes of
metal perchlorates, Bi(III) [49], Dy(III) [67] and Th(IV)
(Harrowfield et al., submitted for publication) provides
examples where the effects of this change may be
considered independently of any effects of perchlorate
coordination as seen for Pb(II) and Ba(II). Perchlorate
disorder still creates uncertainty in approaches involving
perchlorate-O but most dmso configurations are well
defined in these three cases. The Bi and Dy complexes
provide further examples where all the dmso present is
coordinated, while the Th complex is, somewhat surpris-
ingly given the ease with which certain materials con-
taining large amounts of lattice dmso can be crystallised
[69], the sole known example of a metal perchlorate
which crystallises in a form where both coordinated and
lattice dmso are present. Thus, the formulae
M(ClO4)3Æ8dmso (M ¼ Bi, Dy) and Th(ClO4)4Æ13dmso
correspond to the representations [Bi(dmso)8](ClO4)3,
[Dy(dmso)8](ClO4)3 (both of square-antiprismatic coor-
dination geometry) and [Th(dmso)9](ClO4)4Æ4dmso (of
tricapped-trigonal-prismatic geometry), respectively
(Figure 7). Given very similar ÆMAOæ (2.43 Å (Bi);
2.36 (Dy); 2.45 Å (Th)), any effects of specific metal
properties and differences in OAMAO angles associated
with 8- or 9-coordination might be anticipated to be
revealed in comparisons of these compounds. In fact, all
three show rather close similarities in MAOAS angles
and closest S� � �O (dmso) approaches, the two 8-coordi-
nate metals differing only rather subtlely in that for Dy
each dmso-S has two very similar approaches, whereas
for Bi the two values are rather more divergent, with two
ligands appearing to have but a single contact<4 Å. This
could be seen as a consequence of the small difference in
ÆMAOæ, the longer BiAO meaning that for the same
degree of bending, a single contact would be more readily

Figure 6. The symmetrical interaction of two dmso ligands on

separate complex ion entities within the lattice of [Pb(dmso)5(O2-

ClO2)]ClO4.
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maintained than two (as previously discussed in relation
to M(II) systems). In all three systems, S� � �O (perchlo-
rate) contacts are also apparent, somewhat longer than
S� � �O (dmso) at ~3.5 Å, uncertainty in these values
resulting from partial disorder of the perchlorate moie-
ties. In the Th complex, S� � �O (dmso) approaches are
amongst the shortest of all observed in the complexes
presently discussed, though they do not differ greatly
from those of the Dy complex, possibly consistent with
the fact that the smallest OAMAO bond angles in the
two species are very similar (and slightly smaller on
average than those of the Bi complex). MASAO values
vary considerably over each of the three complexes but
all lie within an intermediate range (~124–138�) for the
present systems, consistent with the fact that a higher
coordination number brings ligands into closer proxim-
ity than in, say, an octahedral complex with the same
ÆMAOæ and thus does not necessitate extreme MAOAS
bending to maintain a particular S� � �O. Within the
[Th(dmso)9] moiety, which has close to C3h symmetry,
the closer oxygen atoms making up the trigonal prism are
associated with the larger MAÔAS and the more remote
oxygen atoms making up the capping species are
associated with the smaller, providing yet further support
to the notion that the S� � �O (dmso) interactions must be
attractive. As well, within the dmso molecules which are
not within the primary coordination sphere of the Th,
there is a pair aligned exactly as would be expected for
antiparallel dipoles, with an S� � �O separation of 3.79 Å,
essentially equal to that observed within the lattice of
pure dmso. Longer contacts to perchlorate-O are also
evident, indicating quite striking differences between
dmso in the primary and higher coordination spheres of
the metal with respect to both forms of contact.

The overall result of this analysis is the conclusion that
for a molecule such as dmso, coordination can result in a
considerable enhancement of secondary interactions of
the molecule, and a qualitative ordering based on just the
data presently discussed is that the energy of S� � �O
(dmso) exceeds that of S� � �O (perchlorate). Quantita-
tively, it would appear that the S� � �O (dmso) interaction
has an energy at least equal to that required for the
bending of an MAOAS unit by ~20�, an energy perhaps
as great as 4 kJ mol)1. Obviously, it would be useful to
extend such analyses in many dimensions. Evidence that
coordinated dimethylformamide (dmf), for example, may
be involved in weak intramolecular attractions has been
noted for the complex [Al(dmf)6](ClO4)3 [60] (and is
discussed further ahead) but, to remain briefly under
consideration of dmso, uranyl ion complexes of this
molecule provide evidence of the diversity of its possible
interactions. In [UO2(dmso)5](ClO4)2 [47], each dmso
ligand has a similar orientation with respect to the
equatorial UO5 pentagonal plane which gives rise to a
short (2.96–3.07 Å) S� � �O contact involving an adjacent
dmso. Other, more remote contacts involve both uranyl-
O and perchlorate-O, with the uranyl-O contacts
(~3.7 Å) being such that it is the same oxygen which is

Figure 7. (a) Section of the lattice of [Bi(dmso)8](ClO4)3, showing one

‘stoichiometric unit’, viewed perpendicular to one square face of the

square–pyramidal coordination sphere, and various close atomic

approaches. All atoms of the perchlorate units are shown in black;

(b) a [Dy(dmso)8] unit of [Dy(dmso)8](ClO4)3, showing more compre-

hensively its immediate environment of perchlorate units (black) and

some close atomic approaches; (c) the [Th(dmso)9] unit of

Th(ClO4)4Æ13dmso, free of its environment of both perchlorate and

dmso units, viewed down the near-threefold axis and showing the two

inequivalent S� � �O approaches.
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the closer to all dmso-S. In [UO2(dmso)5](CF3SO3)2
(Harrowfield et al., submitted for publication), disorder
problems are rather severe but it appears that sulphonate-
O contacts with dmso-S (~3.6 Å) influence the confor-
mations of the sulfoxide ligands in such a way that four
turn slightly to give contacts ~3.5 Å with one uranyl-O
while one turns in the opposite manner to similarly
contact the other uranyl-O. S� � �O (dmso) contacts
~3.0 Å are retained for all, nonetheless. The apparently
greater influence of triflate compared to perchlorate is
consistent with their relative basicity. On such grounds, it
is unsurprising to find that in [UO2(dmso)2(NO3)2]
(Harrowfield et al., submitted for publication), dmso-S
has a close contact with coordinated nitrate-O (3.25 Å)
and a slightly longer contact to uranyl-O (3.33 Å), that in
[UO2(dmso)3(pic)2] (Harrowfield et al., submitted for
publication) (pic ¼ 2,4,6-trinitrophenoxide, picrate)
short contacts are to phenoxide-O (3.09 Å), nitro-O
(3.15, 3.27 Å) and uranyl-O (3.37 Å), and that in
[(UO2)4(l3-O)2(dmso)4(O2CCH3)4] (Harrowfield et al.,
submitted for publication) an unusually short contact to
acetate-O (2.87 Å) occurs (alongwith a contact to uranyl-
O of 2.93 Å as the shortest for the other, inequivalent S of
this complex). In all these structures, there is evidence for
other specific examples of weak interactions which may
be of structural influence, uranyl-O approaches to
nitrate-N (3.14 Å) and acetate-C (3.30 Å) being but two
examples (Figure 8; see ahead also).

Al(dmf)6](ClO4)3 has been mentioned as another
homoleptic solvento complex of a perchlorate in which

close intramolecular approaches (2.88–2.92 Å; of car-
bonyl-C to coordinated oxygen) have been identified as
indicative of a significant attractive force. In support of
this analysis, in complexes of dmf with the lanthanides
Gd, Tb and Ho [70] where both MAOAC bond angles
and MAO bond lengths differ significantly from those of
the Al complex and where the relative positionings of the
dmf ligands vary considerably, a closeO-contact for each
carbonyl-C is maintained. Thus, in [H2N(CH3)2]-
[Gd(dmf)8](ClO4)4, such C� � �O contacts range from
2.86 to 3.09 Å, in [Tb(dmf)8](ClO4)3 from 2.82 to
3.31 Å, and in [Ho(dmf)7(OH2)](ClO4)4 from 2.97 to
3.27 Å. Given the general chemical importance of the
amide unit and the common observation of metal ion
catalysis of its reactions, recognition and exploitation of
intra-complex interactions of this type may prove to be
useful.

Labile interactions involving aromatic ligands

Intense interest has been focussed on both aromatic–
aromatic interactions such as face-to-face (p-stacking,
charge transfer interactions), edge-to-face and vertex-to-
face attractions of aza-aromatics in particular, as well as
aromatic-metal interactions (polyhapto–p-coordination,
cation–p interactions) and their importance is un-
doubted [5–7, 10, 11, 14, 16–18, 20, 23]. As exemplified
by the extensive chemistry of metallocenes [71], polyhap-
to-aromatic binding need not be labile but there are
many systems, particularly involving alkali metal ions
[72], where this is the case. While the term ‘cation–p
bonding’ [10] implies that this interaction can be
regarded as coordinative, with the aromatic behaving
as a Lewis base, there are instances of ambiguity in the
interpretation of aromatic unit approaches to metals. An
instructive example is provided in comparison of the
structures of the three formally dimeric complexes of
dibenzoylmethane anion (DBM)) with Zn(II) [71], Sn(II)
[74] and Pb(II) [75], M2(DBM)4. In the Zn species, the
primary coordination sphere consists of five oxygen
donor atoms and the ZnO5 coordination geometry is
close to trigonal bipyramidal, there being no evidence of
unusually close approaches of any of the phenyl group
atoms to the metal. If the Sn and Pb species are regarded
simply as dimers, it is also true for both that no close
approaches of aromatic units to the metals are apparent.
However, the SnO5 and PbO5 entities have very asym-
metric structures, far from trigonal bipyramidal, and
both can be seen as having large gaps in the primary
coordination sphere. An obvious explanation for this
difference from Zn(II) is that both Sn(II) and Pb(II) may
be regarded as having a lone pair (5s2 or 6s2) in the
valence shell and that the structures provide examples of
this lone pair being ‘stereochemically active’. As in
several cases of Pb(II) structures initially considered to
provide evidence for this effect, consideration of the
complete lattice of the crystalline solid casts doubt on

Figure 8. Partial views of the lattices of (a) ‘mononuclear’ [UO2

(NO3)2(dmso)2] and (b) ‘tetrameric’ [(UO2)4(l3-O)2(dmso)4(O2CCH3)4]

showing both intra- and inter-molecular contacts.
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this interpretation. Thus, both the Sn and Pb compounds
appear to be polymeric rather than dimeric, the dimer
units being linked by a phenyl group from one making
a close approach to a metal atom of its neighbour,
locating itself in an essentially g6 manner, and so largely
occupying the space initially assigned to a lone pair
(Figure 9). One rationalisation of this is that it is the lone
pair that is involved in donation to an aromatic ring
rendered electron deficient by its substituents and, while
reasonable, this is the converse of the conventional view
of cation–p interactions. While this may do no more than
highlight the artificiality of the formalisms involved in
analysing the formation of these complexes, it does place
metal–aromatic interactions within the broader context
of interactions observed in substituted aromatic systems,
in particular those termed ‘p-stacking’ [7]. Note that the
term ‘p-stacking’ has often been applied to describe
systems which simply involve parallel arrays of aromatic
rings and where there may be no evidence of significant
p–p interactions [7(a)] or, if anything, it is the substit-
uents on the rings which are involved in any close
intermolecular contacts, and some examples of this are
cited ahead.

An appealing rationalisation of many stacked struc-
tures is that they involve the projection of relatively
positive centres of a functionalised aromatic onto
relatively negative centres of the same molecule [76].
(On the basis of simple packing considerations, it would
not be expected that stacking would lead to a direct
projection of all interacting centres one upon the other
and ‘offset’ or ‘slipped’ stacking is in fact the usual
observation [7].) Such a mode of interaction need not
mean that the parallel arrays of near-planar molecules
which engender the term ‘stacking’ are the only possible

result and herring-bone arrays of aromatics, for exam-
ple, occur with essentially the same frequency as stacks
[7(a)]. Significantly, stacking appears to be a flexible
motif in the sense that parallel orientations can often be
maintained for various projections of the molecules.
This is exemplified in numerous structures [7, 77] of
complexes of nitrophenoxides and aza-aromatic carb-
oxylates where stacking is maintained in spite of major
changes in both the nature and the coordination mode
of the metals involved. One conclusion which may be
drawn from this work is that the energy of stacking
interactions may be comparable to coordinate bond
energies, at least for alkali and alkaline earth metals and
some heavy metals such as Tl, Ag and Pb. A very
speculative estimate [78] (although having some theo-
retical [79] and experimental [80] support) of the energy
of picrate-pair stacking of 40 kJ mol)1 is certainly
consistent with this conclusion. As with M(ClO4)xÆndm-
so compounds, it is possible to find numerous systems
where various weak interactions appear to be in
competition and where the balance may change from
one system to another. Several examples (and ones
where the interactions may not be particularly weak,
though they are labile) are provided by metal complexes
of nitrophenoxides [7(b), (Harrowfield et al., submitted
for publication), 79(b), (d), 81–84].

For 2-nitrophenoxide (2NP)), the coordination
environments of the metals in its M(I) (M ¼ alkali
metals, Ag, Tl) complexes vary greatly but in all
structures infinite parallel arrays of aromatic units can
be discerned [77(b)]. Projections perpendicular to the
aromatic ring plane (for adjacent pairs dissected from
the infinite arrays) show, however, that the overlap of
adjacent units is not of a common form (Figure 10).
Indeed, in the case of Rb(I), there is no overlap at all,
with the closest approach (3.36 Å) being of a nitro-
group oxygen to the carbon attached to phenoxide
oxygen. Further, even where there is overlap, atom
separations are not always such as to indicate signif-
icant interaction (using a value of 3.5 Å as the critical
point [7(a)], though greater values have been taken
[10]). In the case of the Na(I) complex, several short
C� � �C contacts (3.32, 3.33, 3.47 and 3.50 Å) are
apparent, though the shortest contact (3.29 Å) is that
of nitro-N with the carbon bearing the nitro substituent
on the adjacent ring. In contrast, even though the ring
projections appear very similar, in the Tl(I) complex the
only contact under 3.5 Å is between nitro-N and nitro-
O at 3.34 Å. In the Ag(I) complex, overlap in projec-
tion is very slight and no short contacts are evident, the
closest approach (3.57 Å) being of nitro-N to the 4-
carbon of the adjacent ring, though here a reason for
this special character of the Ag complex may be that it
is the only one of the series discussed in which binding
of the metal to the aromatic ring occurs. Ag is g2-
bound to carbons 5 and 6 of the phenoxide ring (as well
as to nitro- and phenoxide-O) and obviously this may
produce a rather different perturbation of the ring to

Figure 9. A simplified representation of the linking of Pb2(DBM)4
(DBM ¼ (C6H5CO)2CH

)) units by the positioning of a ligand phenyl

group within an apparent coordination vacancy on Pb(II). (All atoms

of one dimer unit have the same colour and only the ligands involved

in the linking are shown in full.)
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systems where the metals form their primary coordina-
tion spheres with oxygen-donors only.

A different contrast of Ag(I) and Tl(I) is provided
[77(b)] in their 4-nitrophenoxide (4NP)) complexes,
where again Tl is O-coordinated and Ag is involved in
an g2 interaction with the aromatic ring along with O-
coordination. In the case of 4-nitrophenol, two poly-
morphs are known [85] in which quite different stacking
patterns occur, and the Ag(4NP) and Tl(4NP) com-
plexes display essentially these two modes (Figure 11).
The head-to-head, tail-to-tail mode in the Ag complex is
associated with relatively short C� � �O (phenoxide) and
C� � �O (nitro) contacts of 3.30 and 3.20 Å, respectively,
though with the shortest contact (3.16 Å) being N(ni-
tro)� � �O(nitro) and no C� � �C contacts apparent. The
head-to-tail mode found in the Tl complex involves
C� � �C contacts of 3.40 and 3.46 Å along with N� � �C of
3.47 Å and a short nitro-O� � �phenoxide-O contact of
3.30 Å. (Note that given the occurrence of attractive
interactions between bound halogen and nitro groups
[8], it would seem reasonable to expect that such O� � �O
contacts might also be attractive.)

The structures of complexes of higher nitrophenox-
ides display similar characteristics to those discussed
above, the Pb(II) complex of 2,4-dinitrophenoxide, for
example, [77(d)] being another instance of parallel
arrays of the aromatic being associated with different
adjacent-ring projections and in particular projections
where contacts appear to involve primarily the ring
substituents rather than the ring atoms themselves, one
of the reasons for this perhaps being that a group such
as ANO2 can rotate out of the aromatic plane to
facilitate contact, so that in this Pb complex a C� � �O

(nitro) contact as short as 3.02 Å is found. In the widely
investigated complexes of 2,4,6-trinitrophenoxide (pic-
rate) [7(b), (Harrowfield et al., submitted for publica-
tion), 78, 81–84], stacked arrays of at least some of the
aromatic units are invariably observed, and in the case
of the Ag(I) complex (incorporated in the publication
concerning mono-nitrophenoxides [77(b)]), the metal is
not involved in direct interaction with the ring and the
complex is isomorphous with that of sodium. Here, the
stacking projection involves significant overlap of the
rings, though only producing C� � �C contacts of 3.45,
3.46. 3.46 and 3.49 Å, along with N� � �C of 3.45, 3.49 Å,

Figure 10. Projections, perpendicular to the aromatic ring plane, of adjacent 2-nitrophenoxide units within stacks in the lattices of the M(I)

complexes. Only the shortest inter-atomic approaches are indicated.

Figure 11. Projections and close approaches within 4-nitrophenoxide

arrays of the Ag(I) and Tl(I) complexes.
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N� � �O of 3.32 Å and O� � �O of 3.10, 3.39 Å. The nitro
groups are not significantly tilted from the aromatic
planes but in another complex of 1:1 M:picrate stoichi-
ometry (though of a rather complicated structure),
tilting of one nitro group appears to result in what
might be termed ‘edge-to-edge’ interaction of picrate
units. Thus, in the Er(III) complex of a doubly-deprot-
onated calix[4]arene derivative [83], coordinated picrate
lies nearly parallel to one phenyl ring of the calixarene
and projection indicates significant overlap of the
aromatic rings, though only one C� � �C is short
(3.31 Å) (Figure 12). The uncoordinated 6-nitro group
is tilted at an unusually large angle (72�) to the aromatic
plane, resulting in one of its oxygen atoms coming
within 3.26 Å of carbon-5 of a picrate of an adjacent
complex moiety (which reciprocates the interaction). In
fact, a very similar situation arises in the complex of
Cu(II) picrate with 15-crown-5 [82], where one array of
parallel picrate units shows in projection overlap of only
nitro groups (N� � �O 3.30 Å) but is in contact (O� � �C
3.09 Å) with an oxygen of a strongly tilted (55�) nitro
group from a picrate in a separate array. Even more
complicated forms of picrate interactions are found in
various solvates of the lanthanide picrates, which are
known in forms which vary from those with no picrates
restrained within the metal’s primary coordination
sphere to those where all three picrates are chelated.
In the case of [Ho(cis-DTSO2)4(OH2)2](pic)3 (cis-
DTSO2 ¼ cis-1,3-dithiane-1,3-dioxide) [81(c)], although
the uncoordinated picrate ions are involved in H
bonding to coordinated water, it is clear also that they
form parallel arrays. Contacts both within and between
these arrays are numerous and complicated, a degree of
disorder involving the nitro substituents making detailed
estimation of approaches difficult but three different
modes of parallel unit overlap are shown in Figure 13.
In all of these, many contacts fall in the range 3.5–3.6 Å
but shorter contacts are quite sparse, the shortest C� � �C
being 3.38 Å, N� � �C being 3.41 Å, O� � �C being 3.36 Å
and N� � �O 2.97 Å (associated with O� � �O 3.01 Å).
Chelation of all three picrates to the one metal, as in
[Nd(hmpa)3(pic)3] [81(h)], prevents these three picrate
entities from adopting parallel orientations but does not

preclude stacking between picrates from separate com-
plex units. Also apparent are ‘non-stacking’ approaches
between picrates, both intra- and inter-molecular, the
latter being exemplified in what might be termed an
‘edge-to-edge’ (CH� � �O) interaction causing two picrate
units to be essentially coplanar, as shown in Figure 14.

Although it appears that for various nitrophenoxides
it is the interactions involving the substituent atoms that
are prominent in inducing nitrophenoxide–nitrophen-
oxide association and that ring stacking may therefore
be more a consequence of the optimisation of these
interactions than the result of (carbon) p–p attractions,
stacking is nonetheless a remarkably persistent motif
within a very large number of solid state structures.
Since even one particular nitrophenoxide may show

Figure 12. Partial view of adjacent coordinated picrate entities within

the lattice of the Er(III) complex of a functionalised calix[4]arene

dianion [83]. Carbon atoms of the calixarene are shown in black.

Figure 13. [Ho(cis-DTSO2)4(OH2)2](pic)3: (a) a view of the picrates

moieties in the lattice, showing the parallel orientations of the ring

planes; (b) three different modes of ring overlap observed within these

stacks.

Figure 14. Partial view of the lattice of [Nd(hmpa)3(pic)3] [83(h)],

showing ‘edge-to-edge’ (CH� � �O) contact of two coplanar picrate

ligands bound to separate Nd complex units.
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various forms of stacking overlap, the contribution of
this effect to the lattice energy must vary but approx-
imate upper limits may be estimated. If, in the case of 2-
nitrophenoxide, it is assumed that the remoteness of
aromatic–aromatic approaches in the Ag(I) complex is a
consequence of the binding of the metal to the ring
carbons, then the Ag(I)/C2 binding energy must exceed
that of stacking. In the gas phase, the bond enthalpy for
the Ag+/ethene complex is 140 kJ mol)1 [86] but it is
known that this interaction enthalpy diminishes signif-
icantly with the binding of co-ligands [87], so that a
figure of half this value might be taken as appropriate
for the 2-nitrophenoxide complex. Since a given aro-
matic unit has others to both sides in a stack, then this
number could be halved again to obtain a ‘stack-pair
interaction enthalpy’ of ~35 kJ mol)1, a plausible figure
if stacking effects are to be regarded as some of the
stronger intermolecular forces (and one that happens to
agree with the crude estimate made for picrate systems).

Hydrogen bonding and ligand conformations

Hydrogen bonding is far too diverse and important a
topic to be adequately considered in a brief review but
some specific cases occurring in metal complex systems
are worthy of present consideration in order to provide
some indication of the importance of H bonding as a
factor relative to other labile interactions. In many
systems, such as some of those [81] just discussed, H
bonding is as prominent a motif in the crystal lattices as
is stacking. In the case of [Fe(OH2)6](pic)2 [84], for
example, both the phenoxide- and nitro-group-O atoms
are involved in approaches (2.1–2.2 Å) to the aqua-
ligand hydrogen atoms consistent with strong H bonds
and, significantly, the picrate stacks are not only
‘slipped’ but the mean aromatic planes of consecutive
units in a stack are at approximately 36� to one
another. In this, the Fe(II) compound differs from its
otherwise closely similar Mg(II) analogue [88] and if
the greater acidity of [Fe(OH2)6]

2+ compared to that of
[Mg(OH2)6]

2+ [89] is interpreted as meaning that its
aqua-ligands would act as stronger H-bond donors, then
the subtle differences between the two may be taken as
an indication that H bonding and stacking are interac-
tions of comparable energy for picrates at least.

Implicit in arguments such as that just advanced is
the notion that the formal charge on a cation is
delocalised over the entirety of any complex it may
form and thus that the strength of an interaction such as
H bonding may depend on this formal charge [90].
Because X� � �H distances provided by X-ray structure
determinations are frequently rather imprecise and
because H bonding arrays are usually rather compli-
cated, it is difficult to provide clear evidence that effects
of this factor are dramatic but it is certainly easy to find
examples where different patterns of H bonding are
associated with significant differences in the coordina-

tion sphere of a metal. In the case of Co(III) complexes
of derivatives of 3,6,10,13,16,19-hexa-azabicyclo[6.6.6]i-
cosane, ‘sarcophagine’ (sar), two extreme conforma-
tions, designated as lel3 or ob3 depending upon whether
the CAC bonds of the ethylene bridges are parallel or
oblique, respectively, to the C3 axis of the complex have
been well characterised [91]. The lel3 conformation is
invariably associated with approaches to the coordi-
nated NH units, interpreted as H bonding, in which a
single acceptor binds to 2NH entities situated at the
extremes of an octahedral edge not spanned by a chelate
arm, whereas the ob3 conformation is associated with
approaches by a separate acceptor to each NH unit. In
the complex [Co((NO2)2sar]Cl3Æ2H2O [91(b)], a situation
found in many complexes including those of the simple
bidentate ligand ‘en’ (ethane-1,2-diamine) arises in
which every chloride is ‘H-bond chelated’ by two NH
units, and here one of these chlorides is also chelated by
two NH units from an adjacent complex cation (of the
opposite chirality) (Figure 15(a)). Though this particu-
lar form is rare, four-coordination of chloride in these
systems is usual and consistent with regarding the
cation–anion interactions as occurring through specific
(adjacent atom) bonding pathways rather than through
a non-directional ‘electrostatic’ interaction. A sarcoph-
agine complex which has been characterised in both
lel3 and ob3 forms is [Co((HO2CCH2NH2)2sar]

5+

[91(d)], which, as the pentachloride is ob3 and, as the

Figure 15. Sarcophagine complexes: (a) a view, down the threefold

molecular symmetry axes, of an adjacent pair of lel3 cations of

opposite chirality found in the lattice of [Co((NO2)2sar]Cl3Æ2H2O. The

nearest-neighbour chloride ions for one cation are shown, one chloride

being in equivalent interaction with the other cation; (b) the lel3 and

ob3 cations found in [Co((HO2CCH2NH2)2sar]Cl(SO4)2 and [Co((-

HO2CCH2NH2)2sar]Cl5.
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chloridebis(sulphate) is lel3 (Figure 15(b)). In the for-
mer, there is no chelation of Cl and in the latter, it is
sulphate-O which is chelated, showing that the situation
in [Co((NO2)2sar]Cl3Æ2H2O is not some peculiarity due
to chloride. As there is no evidence in this a various
other cases for the association of unusual X� � �H
distances with the different conformers and since the
total numbers of H bonds to the cation is constant, it
would appear that the energy difference between the two
arrays must be a relatively small fraction of the total H-
bond energy or, in other words, that the lel3/ob3
difference, estimated from molecular mechanics calcu-
lations as ~4 kJ mol)1 [92] must be small relative to the
H bonding energy. If, as argued above, H bonding and
stacking energies may be comparable and stacking
energies may be ~30–40 kJ mol)1, a consistent, if rather
imprecise picture arises. Note that hydrogen bonds from
an NH centre may be expected to have an enthalpy of at
least 20 kJ mol)1 [19].

Cavity inclusion and catalysis

The idea of using ligand superstructure as a cavity
wherein reactions influenced or induced by the bound
metal may be conducted has been extensively explored
both from the point of view of imitating and under-
standing various biological processes (e.g. oxygen trans-
port, enzyme catalysis) and from the point of view of
synthesising more efficient and more selective catalysts
[6, 26, 27, 28, 93, 94]. Particular interest has been
focussed on calixarenes [27, 94, 95, 96] and cyclodextrins
[26(a), 97, 98] as readily available, cavity-forming
molecules which may be used to provide such ligand
‘superstructure’. The requirements for success in this
domain, however, are so stringent that few examples of
successful catalyst design can yet be cited. (Active
metallocatalysts based on calix[4]arenes are known [99]
but these do not appear to involve reactions within the

ligand cavity.) Part of the reason for this is a need for a
better understanding of the factors that lead to selectiv-
ity in cavity inclusion of coordinated ligands. In
calix[4]arene systems, simple examples where a coordi-
nated metal draws a single ligand into the cavity have
long been known [100], as have cases where a ligand on
a metal not bound to the calixarene is encapsulated by
the calixarene [101], but instances where a metal is
bound to the calixarene and also to at least two other,
different ligands, either one of which may be inserted
into the cavity, remain rare [94, 96]. With the objective
being catalysis, it is, of course, essential that whatever
interactions may give rise to inclusion be labile.

Phosphine ligands are important in numerous met-
allocatalyst systems and phosphine derivatives of both
calixarenes and cyclodextrins readily form complexes
with metals such as Ru, Rh, Pd and Pt which are
catalytically active [97, 98]. Diphosphination of the
macrocycles provides a chelating unit to strongly bind
the metal, upon which two or more other coordination
sites are available for binding substrates to be reacted.
Ligands held at these other sites may enter the cavity
formed by the macrocycle and variation in their nature
can provide a system for the exploration of cavity
inclusion selectivity towards coordinated ligands. In the
case of the calix[4]arene diphosphine derivative LI

(Figure 16), its complexes of the form
[Pd(CH3)(py)LI]

+, [PtH(PPh3)LI]
+ and [RuCl2(CO)2LI]

have been shown by spectroscopic measurements to
involve preferential inclusion of the CH3, H and CO
ligands, respectively, and a structure determination on
the Ru complex has confirmed its inclusion of CO [97].
While it is appealing, recognising the relatively small size
of the calix[4]arene cavity, to rationalise these results
simply as reflecting a size preference (an argument
supported by some results for a metallocalix[6]arene
system [102]), the fact that NO+, isoelectronic with CO,
is held with remarkable strength within calix[4]arenes
[103] and induces a similar conformation (for the cone

Figure 16. Bis(diphenylphosphino) derivatives of macrocycles: LI is derived from the tetrapropyl ether of calix[4]arene and LII from

permethylated a-cyclodextrin.
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form) to that seen in [RuCl2(CO)2LI] [97], suggests that
other factors may be operative. While coordinated CO
does not have the orientational freedom of NO+, so
that it is necessarily the oxygen atom which penetrates
furthest into the cavity, like NO+, it does position itself
remarkably closely to two distal aromatic rings of the
calixarene. The carbonyl-C is 2.81 Å from each of the
calixarene aromatic carbons to which P is bound (and
3.08 Å from the two neighbouring ring carbon atoms),
while the carbonyl-O is 2.98 Å from the same carbon
atoms, as well as having contacts between 3.03 and
3.27 Å with all five other atoms of the rings to which
these carbons belong and contacts of 3.30 Å with the
carbons bearing phenolic-O of the other two rings and
of 3.23 Å with their phenolic oxygen atoms. (Note that
the N of included NO+ comes to within 2.45 Å of one
phenolic ether oxygen and 2.78 Å of another.) These are
all considerably shorter separations than found in a
variety of simple inclusion complexes of calixarenes
[104], so that even were it to be argued that inclusion in
the metal complex system is enforced by the metal and
that the approaches may signify enhanced repulsions
rather than attractions, significant modification of the
properties of the included ligand might be anticipated.
‘Charge-transfer’ interactions with aromatics (such as
that involved in NO+ inclusion), for example, are
known to be dramatically enhanced as separations
between the interacting centres fall below ~3.5 Å [105].
Any modification of ligand properties resulting from
inclusion is, of course, of potential interest in regard to
catalysis and, in this regard, it is interesting that the
CAO bond length for included CO (1.02(2) Å) is, if
anything, actually shorter than that for the non-included

CO (1.08(2) Å). Also worthy of note is the fact that the
phenyl groups bound to P, along with the ‘flattened’
phenyl rings of the calixarene, define cavities, each
formed by three phenyl groups, which surround the
coordinated chlorine atoms. The closest Cl� � �C ap-
proaches (involving C2 of the P-phenyl groups) are 3.40
and 3.45 Å, comparable to those seen in a variety of
systems where ‘halogen bonding’ [19] has been pro-
posed. Thus, it is certainly possible that to analyse cavity
preferences of coordinated ligands in terms of cavity
interactions alone may be misleading unless all forms of
labile interactions occurring can be catalogued, an
objective which can be difficult to realise.

Cyclodextrins provide molecular cavities of quite
different chemical character to those of calixarenes and
a-cyclodextrin in particular provides a larger cavity than
a cone calix[4]arene, so that it is unsurprising to find that
complexes of the ligand LII (Figure 16) show different
cavity selectivity to those just discussed [98]. Here, there
is substantial evidence that the cyclodextrin cavity is
‘chlorophilic’ and the crystal structure of the simple
complex [PtCl2LII] (Figure 17) provides evidence of the
nature of the cavity interactions with coordinated
chlorine. Given the highly oxygenated nature of the
cyclodextrin framework, it is significant that there is no
evidence for ‘halogen bonding’ involving these oxygen
atoms, the shortest Cl� � �O approaches (involving the
ring glycosidic oxygen of two glucose residues) being
>4.1 Å. Consistent with spectroscopic measurements
[98], the closest approaches to Cl (~2.5 Å) appear to
involve the hydrogen atoms at C5 on the rings to which
the phosphines are attached. Thus, the interaction may
be described as Cl� � �HC bonding, though given that

Figure 17. Metal complexes of the A,D-bis(diphenylphosphino)-a-cyclodextrin LII: (a) the PtCl2 complex, with space-filling views from ‘above’

and ‘below’ the macrocycle; (b) similar views of the major conformer present in the lattice of the RuCl2(CO)2 complex.

147



halogen-bonding energies may sometimes considerably
exceed analogous hydrogen-bonding energies [19], it may
be that Cl� � �O interactions are not observable because of
the conformational rigidity of the cyclodextrin ring.
Certainly, simple rotation about the C5–C6 bond does
not bring the pendent CH3O groups within closer than
4.8 Å of the included Cl. Again, it should also be noted
that the four phenyl substituents at the two phosphorus
atoms define a shallow upper cavity on the functionalised
cyclodextrin and give rise to Cl� � �C contacts of 3.40 and
3.44 Å (two of each), and it is difficult to say what
influence this might have upon the specific positioning of
the included chlorine atom. A similar analysis may be
made concerning the complex [RuCl2(CO)2LII] [98],
although assessment of this structure is complicated by
its disorder. Nonetheless, again it is clear that orientation
of the chloro groups into the cavity is preferred to that of
the CO and that this can be associated with contacts to
C5 hydrogen atoms (~2.8 Å). Both the carbonyl-C and -
O atoms have close contacts to aromatic carbon, as short
as 2.91 Å for C and 3.34 Å for O, indicating interactions
which may assist in keeping these atoms out of the
cyclodextrin cavity.

Conclusions

The discussion above provides a complement to rather
more comprehensive reviews (e.g. [23]) focussed on labile
interactions in systems including those where any metal
ions present are not considered to have a significant
influence. There is no reason to expect that labile and
weak interactions in metal complex systems should differ
in any way other than quantitatively from those in other
systems, though as is exemplified in the case of ‘agostic
interactions’ [106] metals may provide a special form for
a given interaction, in this case the ability of hydrogen to
link at least two centres. As has been noted by others
beforehand [4, 7(a), 8, 9], the analysis of crystal struc-
tures for evidence of weak interactions is an arduous task
and it is extremely difficult to be sure that all inter-atomic
approaches of possible significance have been identified.
This is particularly true where hydrogen is involved,
since hydrogen atom positions are often not established
with certainty. The real problem which remains, how-
ever, is the assignment of quantitative measures to the
energy of all the interactions which may be separately
identified on some logical basis and the present discus-
sion, unfortunately, does little more than indicate where
the difficulties arise.

References

1. J.-M. Lehn: Supramolecular Chemistry: Concepts and Perspec-
tives, VCH, Weinheim (1995).

2. J.L. Atwood, J.E.D. Davies, D.D. MacNicol and F. Vögtle
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49. J. Näslund, I. Persson, and M. Sandström: Inorg. Chem. 39, 4012

(2000).
50. G. Ma, A. Molla-Abbassi, M. Kritikos, A. Ilyukhin, F. Jalilehv-

and, V. Kessler, M. Skripkin, M. Sandström, J. Glaser, J.
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72. (a) P. Thuéry, M. Nierlich, V. Lamare, J.-F. Dozol, Z. Asfari,

and J. Vicens J. Incl. Phenom. Macrocyclic Chem. 36, 375 (2000);
(b) R. Ferdani, J. Hu, W.M. Leevy, J. Pajewska, R. Pajewski, V.
Villalobos, L.J. Barbour, and G.W. Gokel: J. Incl. Phenom.
Macrocycl. Chem. 41, 7 (2001).

73. D.V. Soldatov, A.T. Henegouwen, G.D. Enright, C.J. Ratcliffe,
and J.A. Ripmeester: Inorg. Chem. 40, 1626 (2001).

74. T. Uchida, K. Kozawa, and H. Obara: Acta Cryst. B 33, 3227
(1977).

75. J.M. Harrowfield, S. Maghaminia, and A.A. Soudi, Inorg. Chem.,
in press.

76. C.A. Hunter and J.K.M. Sanders: J. Am. Chem. Soc. 112, 5525
(1990).

77. See, for example: (a) G.A. Bowmaker, I. Bytheway, L.M.
Engelhardt, J.M. Harrowfield, D.L. Kepert, H. Miyamae, J.M.
Patrick, T.M. Shand, B.W. Skelton, and A.H. White: Aust. J.
Chem. 49, 1081, 1089, 1099, 1111, 1127, 1135, 1147, 1157 (1996);
(b) J.M. Harrowfield, T.M. Shand, R.P. Sharma, B.W. Skelton,
and A.H. White: Aust. J. Chem. 51, 707, 723, 735, 747, 761, 775,
785 (1998); (c) S. Burnet, A.K. Hall, J.M. Harrowfield, G.A.
Koutsantonis, V. Sanford, B.W. Skelton, and A.H. White:
Supramolecular Chem. 15, 291 (2003); (d) J.M. Harrowfield, G.
Shahverdizadeh, and A.A. Soudi: Supramolecular Chem. 15, 367
(2003) and literature discussed therein.

78. J.M. Harrowfield, B.J. Peachey, B.W. Skelton, and A.H. White:
Aust. J. Chem. 48, 1349 (1995).

79. L. Troxler, G. Wipff, and J.M. Harrowfield: J. Phys. Chem. A
102, 6821 (1998).

80. The enthalpy of association between caffeine and [Cu(phen)2]
2+

in aqueous solution, for example, has been measured as
8 kJ mol)1 by A. Dei, A. Scozzafava, and G. Renzi: Inorg.
Chim. Acta 56, 73 (1981).

81. (a) M.C. Sanchez, P.C. Isolani, J. Zuckerman-Schpector, and G.
Vincentini: J. Alloys Comp 344, 298 (2002); (b) M.C.C. Cardoso,
L.B. Zinner, J. Zuckerman-Schpector, D.M. Araujo Melo, and
G. Vincentini: J. Alloys Comp 323–324, 22 (2001); (c) P.C.
Isolani, G. Vincentini, and L.B. Zinner: J. Alloys Comp. 323–324,
13 (2001); (d) P. Miranda Jr., C.C. Carvalho, J. Zuckerman-
Schpector, P.C. Isolani, G. Vincentini, and L.B. Zinner: J. Alloys
Comp. 303–304, 162 (2000); (e) B. Ji, Z. Zhou, K. Ding, and Y.
Li: Polyhedron 17, 4327 (1998); (f) J.D. Ayala, G. Bombieri, A.
Del Pra, A. Fantoni, and G. Vincentini: Inorg. Chim. Acta 274,
122 (1998); (g) J.D. Ayala, G. Vincentini, G. Bombieri: J. Alloys
Comp 225, 357 (1995); (h) A.G. Silva, G. Vincentini, J.
Zuckerman-Schpector, and E.E. Castellano: J. Alloys Comp
225, 354 (1995).

82. Z. Zhou, W.-C. Zheng, Y.-Z. Li, Z.-H. Mao, W.-C. Zhou, and Z.
Hong: Polyhedron, 15, 3519 (1996).

83. P.D. Beer, M.G.B. Drew, P.B. Leeson, and M.I. Ogden: Inorg.
Chim. Acta 246, 133 (1996).

84. K. Honda, H. Yamawaki, M. Matsukawa, M. Goto, T.
Matsunaga, K. Aoki, M. Yoshida, and S. Fujiwara: Acta Cryst.
C 59, 319 (2003).

85. (a) P. Coppens and G.M. Schmidt: Acta Cryst. 18, 62, 654 (1965);
(b) F. Iwasaki and Y. Kuwano: Acta Cryst. B 34, 1286 (1978).

86. J. Kaneti, L.C.P.M. de Smet, R. Boom, H. Zuilhot, and E.J.R.
Sudhölter: J. Phys. Chem. A 106, 11197 (2002).

87. H. Deng and P. Kebarle: J. Phys. Chem. A 102, 571 (1998).
88. J.M. Harrowfield, B.W. Skelton, and A.H. White: Aust. J. Chem.

48, 1333 (1995).
89. D.T. Richens: The Chemistry of Aqua-Ions, Wiley, Chichester

(1997).
90. T.W. Hambley: Inorg. Chem. 27, 2496 (1988).
91. See, for example: (a) R.J. Geue, T.W. Hambley, J.M. Harrow-

field, A.M. Sargeson, and M.R. Snow: J. Am. Chem. Soc. 106,
5478 (1984); (b) I.J. Clark, L.M. Engelhardt, R.J. Geue, J.M.
Harrowfield, A.M. Sargeson, B.W. Skelton, and A.H. White:
Aust. J. Chem. 46, 1483 (1993); (c) P.V. Bernhardt, A.M.T.

149



Bygott, R.J. Geue, A.J. Hendry, B.R. Korybut-Daszkiewicz,
P.A. Lay, J.R. Pladziewicz, A.M. Sargeson, and A.C. Willis:
Inorg. Chem. 33, 4553 (1994); (d) P.S. Donnelly, J.M. Harrow-
field, B.W. Skelton, and A.H. White: Inorg. Chem. 39, 5817
(2000); (e) S. Burnet, M.-H. Choi, P.S. Donnelly, J.M. Harrow-
field, I. Ivanova, S.-H. Jeong, Y. Kim, M. Mocerino, B.W.
Skelton, A.H. White, C.C. Williams, and Z.-L. Zeng: Eur. J.
Inorg. Chem. 1869 (2001).

92. P. Comba and T.W. Hambley: Molecular Modelling of Inorganic
Compounds, VCH, Weinheim (1995), p. 61. See also Ref. [91(a)].

93. D.H. Busch and C. Cairns: Progr. Macrocyc. Chem. 3, 1 (1987).
94. C. Wieser-Jeunesse, C.B. Dieleman, and D. Matt: Coord. Chem.

Rev. 165, 93 (1997).
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