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ABSTRACT

An overview of supramolecular assembly sustainemt@ymolecular contacts pertinent to the
coordination chemistry community is presented. eiferthe supramolecular architectures
sustained by secondary bonding, encompassing,t@nétogen and chalcogen bonding,
interactions occurring between metal centres, matalrogen, metalr, main group
element(lone pair)m, and finally, those involving chelate rings suséal by formal bonding
or by hydrogen bonding are described. Whenevesiples comments are included on the
nature of the intermolecular interactions and infation on the energy of stabilisation they
impart. A wide range of intermolecular connectest are applicable to heavy element
compounds and these complement the more establispéixdgen bonding and halogen
bonding. Interestingly, the energies associatel t@merging” intermolecular interactions
often approach those of conventiomalermolecularinteractions suggesting these may be

competitive in directing the way molecules assemblée condensed phase.

Keywords: Coordination chemistry; supramoleculareralstry; self-assembly; crystal

engineering



1. Introduction

Since being mooted over 25 years ago by HoskinsRofison [1], without a doubt
research encompassing coordination frameworks/auatidn polymers/metal-organic
frameworks has resulted in a remarkable resurgeheerest in coordination chemistry. In
this endeavour, metal centres, be they transitigtaly, main group elements or even
lanthanides and actinides, are linked via briddiggnds, both charged, e.g. multi-functional
carboxylates, and neutral, e.g. suitably spaceyridyl-type molecules, into one-, two- and
three-dimensional frameworks. The diversity ofistural motifs/supramolecular topologies
is vast owing the incredible range of possible comiions of metal centres, with different
coordination preferences, oxidation states, et ,arganic linkers, neutral or charged, various
donor atoms, dentiticity, etc., let alone the dej@ace of products on synthetic procedures,
temperature, solvent, concentration, time, etc. [@Jhile the topic has been well-reviewed
over the years [3], the enormous diversity of a@gilons now leads to reviews on specific
applications/classes of applications. Without disding the aesthetic appeal of their
structures, the motivations for their study is viydériven by applications with relevance to
materials chemistry [4] and biological considemasid5]. As gleaned from the very recent
literature, applications in materials science spamn incredibly diverse range from gas
adsorption, sensing and separation [6a-d], phapemrgsive materials [6e-g], non-linear optics
[6h], charge-transport materials [6i], energy sgera[6j], high-energy materials [6K],
encapsulation of nanomaterials [61-n], bioremedia{i6o,p] and as catalysts [6q,r]. In terms
of biological uses, metal-organic frameworks fingpléications as potential drug delivery
vehicles [7a], therapeutic agents [7b], enzyme msnirc], substrates for immobilisation [7d]
and contrast agents for imaging [7e]. Recentlyjdlea of incorporating/docking small organic
molecules in metal-organic frameworks for structdegermination by X-ray crystallography

for otherwise intractable materials, i.e. explatithe idea of “crystalline sponges” was



described [8]. It seems that these advances, aouwsbtriumph of molecular solid-state
chemistry/crystal engineering endeavours, are dichibnly by the imagination of the
practitioner. The boundless opportunities for ttwordination chemist/crystal engineer
notwithstanding, the generation of these matersadill only one of many aspects of crystal
engineering.

There is a wide consensus that there are threaligara in crystal engineering,
proffered by Desiraju [9], and these, simply stated to understand intermolecular forces, i.e.
the way molecules self-assemble, to use this kroiyeldor the rational design of new materials
and then to tailor/optimise these for specific aggtions. With the foregoing in mind, three-
dimensional crystalline materials are readily nagilcsed in terms of the various linkers
between metal centres but, what of two- and onesdsional frameworks — how are they
assembled? and, what about zero-dimensional s@ebidsle it is well established that lower-
dimensional frameworks can be assembled into timensional architectures by the strong
and directional forces afforded by hydrogen bonding by halogen bonding [10], herein, an
overview of non-conventional intermolecular intdiaigs with specific relevance to
coordination chemistry is undertaken.

The identification of points of contact between emiles is a key element of crystal
engineering and underscores the widely popular asnplecular synthon approach in
crystallography [11]. Repeat patterns identifieahf a collection of crystal structures might
be exploited to deliberately arrange molecules ésighed crystal structures, i.e. can be
exploited to be structure directing by arrangingeuoles, de novo, in a controlled manner.
However, a fundamental question confronts the alysingineering community when
evaluating specific intermolecular interactions. hrdded simply: are the identified
intermolecular interactions indeed structure dirggti.e. do they determine the way molecules

self-assemble or, rather, do these intermolecul@ractions eventuate as a consequence of



global crystal considerations? [12]. This questiarst be posed as an individual, conventional
hydrogen bond formed between a pair of moleculashsrently weak, at best, an order of
magnitude less than a comparable covalent interaatidthe electrostatic potential between
constituent molecules. This is underscored bytiservations from computational chemistry
that crystal packing arrangements for molecules,pgolymorphs, differ in energy by < 2-3
kcal/mol [13], at least in organic systems. WHltkes question of how crystals are formed is
beyond the scope of this review, it is salient g in mind when contemplating the
significance of supramolecular assembly sustailyadherently weak interactions. The other
point that needs to be highlighted is that justagalent bonds are not usually formed in
isolation, intermolecular interactions are oftertirag in concert with other supporting
interactions, i.e. are acting cooperatively [14].

Herein, a survey of “emerging” intermolecular itetions pertinent to the coordination
chemistry community is presented. After an ovesvad the now well-documented secondary
bonding and metalmetal interactions, interactions directly involvimgtal centres, i.e. VH,
M--mtand M(lone-pair) 1, are summarised. Then, attention is directetheégparticipation of
chelate rings in supramolecular associations,in.efchelate) 1t and 1(chelate) m(chelate)
interactions as well as acceptors in Csichelate) interactions. This implies that threg ke
modes of supramolecular association are excluaed finis survey, namely hydrogen bonding
[15], halogen bonding [16] and formal anion/cation[17] interactions as there are ample
authoritative reviews available for these topic¥he present survey is not meant to be
exhaustive but, rather is designed to highlighenmiolecular interactions that are being
revealed as important in the self-assembly of hedegnent compounds in their crystal
structures. In short, the emphasis is upon highhg selected supramolecular associations
based on the specific contact under scrutiny asagehny insight into the nature and energy

of the interaction as revealed by computationahdley, and is meant to complement earlier



reviews of inorganic crystal engineering [18]. @nams are original and are drawn with
DIAMOND [19a] using crystallographic data extractéwm the Cambridge Structural

Database (CSD) [19b] and with data interrogatidyimg heavily on PLATON [19c].

2. Secondary bonding interactions
21 Overview

Secondary bonding, alternatively termed as soti-sbsed-shell, non-bonding or
semi-bonding interactions, are well known to cooation chemists, especially those working
with heavier main group elements [20]. Such intgoas typically form between a metal
centre, the Lewis acid (A), and an electron-richalp the Lewis base (X), i.e. X=AX', with
the strength of the interaction increasing with 8iee of A, correlating with increased
polarisability. Secondary interactions lead talgaecognisable supramolecular architectures
as they often play a crucial structure-directingg im assembling molecules. As for other
interactions discussed in this overview, experirakavidence for secondary bonds is readily
gleaned from geometric data gained from X-ray $tmgcdetermination in that the &
separation falls between the A—X covalent bondtleog the one hand and the sum of the van
der Waals radii of A and X’ on the other. The prese of A X’ secondary interactions usually
results in an elongation of the A—X bond lengthrayvio the redistribution of electron density.
The X—A~X’ interactions are more often than not, lineaclwse to linear, and usually cause
significant disruption to the immediate coordinatgeometry about the A atom participating
in such an interaction.

From a bonding perspective, traditionally, the natf an A-X’ secondary interaction
has been accepted as being based on charge-traestiie donation of a lone-pair of electrons

on X' into ac*-orbital of the A—X bond. An equivalent descrimiis based on an asymmetric

four-electron, three-centre arrangement wherebybitals of each of A, X and X’ combine to



form three molecular orbitals (MO): a fully occugiMO localised between A and X, a fully
occupied MO between A and X' which is weakly- omrAaonding, and an unoccupied anti-
bonding MO. However, neither of these approacliekesses the question as to how these
interactions form, with the difficulty arising assually, the main group element A is electron-
rich, having one or more lone-pairs of electrossj@es the donor atom, X’, so that a repulsive
interaction might be anticipated. Theory has esdlto explain the specific nature of this
interaction as being one formed between a regiqrositive electropositive potential located
at the apex of a lone-pair of electrons of X' beowpated to A, specifically to a partially
occupied orbital of appropriate symmetry [21]. S hlectropositive region on the lone-pair is
termed ac-hole and the concept is related to the concepéséantions responsible for the
ubiquitous halogen bonding [16]. The electrondeficy of a givero-hole will increase with
increasing electronegativity of the substituentgatently bound to and with the size of the A
atom, i.e. polarisability. With the foregoing inimd, the terminology for a secondary bond
follows that of a hydrogen bond whereby A is theegator of a lone-pair of electrons from X'.
Such is the resurgence of interest in secondargibgnnteractions, sparked largely by
crystal engineering considerations, that specidlis@mes have been coined for interactions
involving the Group 15, 16 and 17 elements, nartethgl [22], pnictogen [23] and chalcogen
[24] bonding, respectively. In the following sextj examples of tetrel, pnictogen and
chalcogen bonding are presented and in Sectiora@.8yerview of steric influences upon the

formation of secondary bonding interactions is give

2.2 Examples of tetrel, pnictogen and chalcogen sexary bonding
In this section, examples of tetrel, pnictogen elmacogen bonding are presented. For
the first-named, tetrel, bonding, the coordinatigeometry about the lead(ll) atom in

Pb(HL)(NCS) [25] is defined by MO donors derived from the protonated (at the pyidly



atom) but, electrically neutral, tridentate Scliffse ligand as well as two negatively charged
N-bound thiocyanate anions. Having a rather la@d in its coordination sphere, the lead
centre is defined as being hemi-directional [2@jtaation which allows for the close approach
of two thiocyanate-S atoms at distances of 3.4034d A in the crystal, i.e. well within the
sum of the van der Waals radii of 3.82 A [27]. ilksstrated in Fig. 1a, the consequence of
these tetrel interactions is the formation of araomlecular chain with a step topology.
Computational chemistry was also employed to pritieetetrel bond energies [25]. The
binding energy afforded by each ‘P® interaction was estimated to be approximately 7
kcal/mol.

The example chosen to illustrate pnicotgen secgriolanding is drawn from xanthate,
"SSCOR, chemistry [28a]. As shown in Fig. 1b, two swlles of Sb(&OMe) associate via
two SbS pnicotgen interactions to form a binuclear, zéimensional aggregate [28b]. Each
individual molecule approximates mirror symmetrythwone xanthate ligand lying on the
putative plane with the others related across theep This leaves a large void allowing for
the close approach of a centrosymmetric moleculefam formation of the central, rectangular
{Sb-S-}> synthon. The curious feature of this structureitss variance with higher
homologues, i.e. in the two polymorphic forms af R = Et compound [28c,d], R = iPr [28¢],
etc. [28d] which often either crystallise with taetimony(lll) lying on a crystallographic 3-
fold axis or having approximate 3-fold symmetry 28 Clearly, the SbS pnicotgen
interactions at play in Sb{SOMe) exert a significant influence upon the coordinatio
geometry about the antimony(lll) atom [29]. Thestion then arises: how does this structural

diversity occur, a question partially addresse8eation 2.3.



(b)

(c)

Figure 1. Supramolecular aggregation patternsenctystal structures of (a) Pb(HL)(NGS)
(Pb~S = 3.40, 3.47 A) [25], (b) Sb§{SOMe) (Sb-S = 3.52 A) [28b] and (c) Ebsel@(Se-O

= 3.52 A) [30d], mediated by tetrel (PN), pnicogen (SbS) and chalogen (S&l) secondary
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bonding, respectively. Colour code in this andssagjuent figures: key metal centre, orange;

sulphur, yellow; red, oxygen; nitrogen, blue; carpgrey; hydrogen, bright-green.

The example used to highlight chalcogen secondanding has some biological
relevance. The organoselenium compound, Eb8g{@sphenyl-1,2-benzoselenazol-3-one), is
known as a synthetic glutathione peroxidase mineindp able to reduce hydrogen peroxide
[30a] and is a key member of the emerging selembarmacopoeia [30b,c]. It was only very
recently that the crystal structures of two polypie of Ebselen® were described, and each
features SeO chalcogen secondary bonding [30d]. In the monmclform, twisted
supramolecular chains are sustained byGateractions as shown in Fig. 1c; similar chains
are found in the orthorhombic form but, with sugpa C—HSe contacts [30d]. The S©
separations of 2.52 and 2.53 A in the two formspeetively, are reported to be tightest of their
type and compare with the sum of the van der Weals of 3.41 A [27]. Computational
chemistry was also used in the investigation aggested the stabilisation energy afforded by
the Se O interaction is ~8 kcal/mol [30d]. The ability sélenium to engage in pnicotgen
interactions is suggested to be crucial in the meigm of action of Ebsel@€nand related
species as for the former, the Se—N bond needs ttelbved as a prerequisite to its biological

action [30a,d].

2.3  Steric effects and secondary bonding

Over the years a significant body of structurabdets been accumulated with now well
over 850,000 structures deposited in the CSD [19bhis observation partly reflects the
relative ease associated with routine structureerdehation employing crystallographic
methods and also the wide availability of X-rayfidi€tometers in the chemical crystallography

community and beyond. This has the consequendentaay derivative structures, i.e.
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structures that only differ in a remote substituemé now available for comparison. It is a
long-held principle that careful analysis of clgsetlated structures can reveal much about
supramolecular association [31]. It is throughteystic analyses of this wealth of structural
data in the CSD, i.e. “data mining”, that meaningfonclusions might be made concerning
molecular packing and one such series of structorbs discussed are the binary mercury(ll)
dithiocarbamates, i.e. compounds of general forntdggSCNRR"), for which there are
currently 36 distinct examples available in thestallographic literature [32a]; R, R’ = alkyl,
aryl. Early work on these and related classesrotsires resulted in a proposal whereby steric
effects associated with remote organic substityengs R and R’ in H#&NRR’)2, and in the
case of organometallic compounds, the metal-bougdoRp, could be exploited to moderate
the formation of secondary interactions [32b,ck ah illustration of this principle, a summary
of the available structural data for HICNRR’). is given. In short, the concept states that
owing to steric hindrance, large R/R’ groups prédelthe close approach of molecules with the
result that secondary interactions, i.e. t3gfor Hg(SCNRR’)2, cannot form.

As illustrated in Fig. 2a, the structure of HgTBICy). [33a], featuring bulky
cyclohexyl substituents, is molecular with the nuey€ll) centre within an $donor set that
defines a distorted tetrahedral geometry. Theraoisevidence for intermolecular H&
interactions in the molecular packing; there aredhother structures in the HGCNRR’).
series adopting this structural motif, all with kpiR/R’ groups [31a]. When the bulk of the
R/R’ substituents decreases, as in HG$iBuz). [33b], the tetrahedrally coordinated
molecules align in the crystal structure to formyveeak Hg'S interactions, significantly
longer than the sum of the van der Waals radii3i&5 A [27]. In Hg(8CN-iBu)z, the Hg'S
separation between centrosymmetrically related outds is 3.73 A [33b]. So a tendency to
dimerise is evident but, the steric bulk of the i@oups precludes the close approach of the

molecules. Circumstances change with small R/Risstuents as now molecules form
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binuclear aggregates as illustrated in Fig. 2ctha archetypal compound, Hg(NE®b)2
[33c,d], because two dithiocarbamate ligands araulsaneously chelating one mercury(ll)
atom while bridging the second, while the other tigands remain in the chelating mode.
About half of the Hg(8ENRR’): structures adopt this motif in which the transdantig-S

distance is normally longer than the bridging Hdpe®d [32a].

Figure 2. Supramolecular aggregation patternsinarfp mercury(ll) dithiocarbamates: (a)
monomeric Hg(8CNCy:)2 [33a], (b) pseudo binuclear [HgGN-i-Bu)z]2 (Hg'S = 3.73 A)
[33b], (c) binuclear [Hg(&NEbL)J. (Hg~S = 3.13 A) [33c,d], (d) one-dimensional

[Ho(S:CNEb)]n (HgS = 3.31 A) [33c] and (e) trinuclear {Hg{SN(1,2,3,4-
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tetrahydroquinoline}} s (central-Hg'S = 3.37 A; outer-HgS = 3.05 A) [33e]. When present,
Hg S secondary bonding interactions are indicatedi&gkidashed lines.

The above notwithstanding, there is clearly a fiaéance between steric effects and
supramolecular aggregation via Hg secondary bonding interactions. This is nicebnsin
the structure of a second polymorph of HgINE®). [33c], which unlike that illustrated in
Fig. 2c, with on average one H§ interaction per molecule, each is connectedarliaoear
supramolecular chain with two H& interactions, on average, per square planar milelec
leading to a 4+2 distorted octahedral geometryhasva in Fig. 2d. Finally, an intermediate
structure is found for Hg(1,2,3,4-tetrahydroquinetiithiocarbamate)which is trinuclear
[33e], Fig 2e. The centrosymmetric aggregate feata central mercury(ll) atom within 4+2
distorted octahedral geometry, as seen for thenparig polymorph of HQ(ENE®)2 [33c],
Fig. 2d, with the links between this and the ousidues being two distinct H& secondary
bonding interactions. Clearly, other factors sashglobal crystal packing effects exert a
significant influence in determining the ultimatérustural motif in these and related
compounds and it remains an enormous challengaitmalise all structural motifs, let alone
control their formation. In summary, as a firsinpiple, steric factors account for an
overwhelming majority of the structures adoptedhiy type of compound, and can influence

the adoption of other supramolecular motifs diseddater.

3 Metal--metal interactions in supramolecular chemistry
3.1 Overview

Interactions between metal centres is the othex sresupramolecular chemistry of
metal-based compounds that has long attractedtiest of coordination chemists [34]. Such
interactions arise owing to relativistic effectsigl exert their maximum influence for the

heavier elements [35]. In short, relativistic etferesult in electrons morbitals being more

14



tightly held to the nucleus with concomitant redoctin the strength of binding of electrons
residing in thed andf orbitals, as applicable. This effect is at a maxn for gold which
explains the “inertness” of this element and itslency to form AuAu interactions. Indeed,
the study of Au'Au interactions is a mature discipline and soméligyts are included in
Section 3.2. Following this is an overview of atie M interactions and then, in Section 3.4,

some examples of interactions occurring betwedaréiit metal centres, i.e.-NM’, are given.

3.2 Aurophilic (Au--Au) interactions

Contacts between closed-shelt{® gold(l) centres which can occur intra-, inter- or
both intra- and inter-molecularly highlight the aphilicity of gold [36] and are usually termed
aurophilic bonding/interactions. An example ofraisture featuring intra- and inter-molecular
aurophilic interactions is shown in Fig. 3a, i.etwasted, supramolecular chain comprising
{[Au 2(S.CNE®)]2}n, @ molecule still attracting considerable inteiasterms of solvent- and
pressure-dependent polymorphism [37]. In keepiitly the comments on steric hindrance as
a crucial factor in supramolecular assembly in i8a@.3, gold(l) compounds are often linear
allowing the close approach of proximate molecut®snable the formation of AwAu
contacts. Conversely, when large substituentp@sent, such as e, Au-Au contacts do
not form [38] owing to the obvious steric crowdithigit would ensue. The length of an-Aau
contact can span a relatively large range of 2.3.50A. In this context, very recently the
pressure-dependence of an intermolecular Aw interaction was evaluated where it was
found that the magnitude of AWu contact in the crystal structure of [1,4-
CsHa{PPh(AuCl)} 7] contracted from 3.67 A, under conditions of ambieressure, to 3.06 A
at 106.2 kbar [39]. Recent authoritative reviewsaarophilic interactions are available that

highlight the fascinating diversity of supramolemubrchitectures they sustain [40]. What
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follows are examples of supramolecular structueasuiring aurophilic interactions chosen to
highlight the interesting structural chemistry tbese compounds.

The energy associated with an aurophilic interacgipans the range of 6-12 kcal/mol
[41], an observation crucial to the crystal engireeethis energy of stabilisation is comparable
to that afforded bgonventional hydrogen bonding. This gives risthtopossibility of seeing
aurophilic and hydrogen bonding interactions actimgoncert or indeed, in competition [42a-
c]. A recent survey of gold compounds containingide or carboxylic acid functionality
indicated, not surprisingly, that hydrogen bondipgedominates but both modes of
supramolecular association can co-exist [42d]. Tsetrative examples are shown in Fig. 3.
In the first, centrosymmetrically related molecud¢sBuN=CAu(SGH4CO:H-4) assemble via
the eight-membered, carboxylic acid synthortH{DCO},, to which are associated, via A8u
interactions, two further molecules, each with atramolecular hydroxyl-O-HS(thiolate)
hydrogen bond that closes a six-membered loop [Bi§], 3b. The second example is a
phosphane analogue of that just described, i.e(M@PAU(SGHsCOH-4) [44]. Similar
hydrogen binding is found but now the ‘Afu interactions connect molecules into a chain

leading to a supramolecular ladder, Fig. 3c.
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Figure 3. Supramolecular aggregatiiterns sustainday AuAu interactions (gold dashed
lines): (a) twisted, supramolecular chain in {[AeCNEDL)]2}n [37], (b) tetranuclear aggregate
in tBUN=ECAU(SGH4CO:H-4) [43] with carboxylate-O—HO(carboxylate) and hydroxyl-O—
H-S(thiolate) hydrogen bonding shown as black dashed and (c) supramolecular ladder in

Mex(Ph)PAu(SGH4CO:H-4) [44]. Additional colour code: phosphorus, kin

A practical consequence of forming aurophilic iat¢gions is the impact on
luminescence [45], as the formation of an aurophilteraction reduces the gap between the

energy levels of the transition states and mayemse the transition probability. As such,
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aurophilic interactions often exert a significamftuence upon both gold-centred transitions as
well as ligand-to-gold charge transfer transitip#S]. Luminescence events can also be a
signal for other processes occurring in crystallus, when subjected to external influences
including light, thermal, mechanical and chemicahrrangements in the crystal can occur
giving rise to, often, drastic differences in sedtdte luminescence responses [46a]. Drawing
upon an example with crystal structures available doth before and after stimulus, the
polymorph structures of [PhAEDBIPh] [46b] are described. Rapid recrystallisation
[PhAuC=NPh] gave a triclinic structure whereby there weoeAu Au interactions between
molecules with the shortest separation being 4.78id 4a. Slow evaporation from the same
solvent system gave a tetragonal polymorph feagukimAu interactions of 3.18 A, Fig. 4b,
as a result of significant reorganisation of thdenoles, e.g. co-planar to a partially crossed
arrangement when viewed down the respective Awvectors, Fig. 4. Mechanical stimulus
in the form of a simple touch by a needle, let alamechanical grinding, resulted in a single-
crystal-single-crystal phase transformation witardatic changes in the photoluminescence,

i.e. blue to yellow-green [46D].
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Figure 4. Molecular structures of [PhAERPh] [46b] found in the (a) triclinic and (b)
tetragonal polymorphs, highlighting the significaebrganisation in the molecular packing
owing to a mechanical trigger. The Allu separations in the two views are 5.73 and 3.18 A

respectively.

Exploiting gold’s ability to form aurophilic intections and consequent influence on
electronic states has led to the use of luminescemoperties of gold compounds as
chemosensors [47a]. An example of this concepw/foch a crystal structure determination is
available to complement the solution studies isnébin [Aw(u-S;CNE)(PhPB15C5)]*
where B15C5 is benzo-15-crown-5 [47b]. Based dated systems and spectroscopy, the
cation is supposed to have an open conformation metevidence for AuAu interactions.
However, when presented with alkali metal ions, Bla, complexation occurs to bring the
two macrocycles in close proximity leading to tlmenfiation of an intramolecular AuAu
interactions, Fig. 5, and a concomitant luminesearesponse; fine tuning of the macrocycles

can lead to speciation.
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Figure 5. Molecular structure of the [Au-S;CNE®)(PhPB15C5)]" cation [47b] showing a
AuAu interaction (3.08 A) formed as a result of coexgition of the macrocyclic residues to

Na’ cations. Anions and solvent are omitted. Addiilocolour code: sodium, olive-green.

The foregoing has focussed exclusively upon-Au interactions involving gold(l)
species. However, such interactions involving ¢dld being isoelectronic with platinum(ll)
(see below), are starting to emerge in the liteeaturhus, gold(lll) centresanassociate via
Au~Au interactions as illustrated by the structure {[#-(2,2'-bipyridin-6-yl)phenyl][(4-
(dimethylamino)phenyl)ethynyl]gold(lll)} where the AuAu separation between

centrosymmetrically related molecules is 3.50 A][48y. 6.

Figure 6. lllustration of a AuAu interactions involving gold(lll) centres in the

centrosymmetric aggregate formed by two {[2-(2jpybdin-6-yl)phenyl]-[(4-
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(dimethylamino)phenyl)ethynyl]gold(ll)} cations [48]; anion and solvent molecules are

omitted.

3.3 Metallophilic (M--M) interactions

Other metal centres in complexes with low coordomahumbers, i.e. accessible to the
close approach of other moleculeanexhibit metallophilic, M'M, interactions which again
arise from relativistic effects. With the foreggimfluence of relativistic effects in mind, it is
not surprising that the elements on either sidgodd in the Periodic Table, i.e. platinum and
mercury have attracted significant attention irmtgrof platinophilic [49] and mercurophilic
[50] interactions, respectively, in their crystélustures. The formation of molecular wires
sustained by PtPt interactions, as in the crystal structure ofl(2exylt1H-1,2,3-triazol-4-
yh)pyridine)-(2-(pyridin-2-yl)phenyl)-platinunietrafluoridoboratg51], illustrated in Fig. 7a
with PtPt separations of 3.65 A, motivates much of thekvimplatinum chemistry. On the
other hand, the dimeric aggregate in the moleqéaking of methylmercury(2-mercapto-4-
methylpyrimidinate) was reported as an early exanipghlighting unusual mercurophilic

interactions of 3.10 A between molecules relate@4#iyld symmetry [52], Fig. 7b.
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Figure 7. (a) Platinophilic (PPt = 3.65 A) interactions lead to a zig-zagPi}n
supramolecular chain of cations in the structur@efl-hexyl1H-1,2,3-triazol-4-yl)pyridine)-
(2-(pyridin-2-yl)phenyl)platinum(ll) tetrafluoridoborate[51] (anions omitted) and (b) a
mercurophilic (Hg'Hg = 3.10 A) interaction sustains a dimeric aggrega the structure of

methylmercury(2-mercapto-4-methylpyrimidinate) [52]

While other elements feature metallophilic intei@ts in their crystal structures, the
one element that has garnered most attention 81 ridgard is silver for which a recent
comprehensive review is available [53]. Argentdiphinteractionscan play a role in
photochemically-promoted [2+2] cycloaddition reanos in the solid-state, an area of
considerable contemporary interest in both cootthinand organic chemistry [54]. As shown
in Fig. 8, two molecules of bis[trans-1-(4-pyrid)phenylethylene]-(trifluoroacetato)-
silver(l) are linked via an argentophilic interaetiamounting to 3.44 A to form a dimeric
aggregate. Crucially for solid-state [2+2] cycldamn reactions, the double bonds of the
trans-1-(4-pyridyl)-2-phenylethylene ligands angmé¢d so that when subjected to UV-light, a
single crystal to single crystal (SCSC) reactiorcuss to yield binuclear big-3,4-
diphenylcyclobutane-1,2-bis(4-pyridyl)]-bis(trifla@acetato)-di-silver(l), containing two

cyclobutane groups [55].
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Figure 8. (@) Dimeric aggregate in tetrakis[trAr@-pyridyl)-2-phenylethylene]-
bis(trifluoroacetato)-di-silver(l) sustained by argentophilic (Ag'Ag = 3.44 A) interaction,
which upon irradiation with UV light undergoes a SC transformation via a [2+2]
cycloaddition reaction to vyield (b) bjsf3,4-diphenylcyclobutane-1,2-bis(4-pyridyl)]-
bis(trifluoroacetato)-di-silver(l) [55]. Disordexomponents of both molecules are omitted.

Additional colour code: fluoride, lavender.

3.4  Heterometallophilic (M--M’) interactions

As indicated in Section 3.3, the key elements yikel form metallophilic interactions
are those where relativistic effects are grea®st [ Again, motivated largely by the desire to
control luminescence events, increasing effortsehbgen devoted to form metallophilic
interactions between different metal centres,&ug:Ag [56a] and Au'Hg [56b]. Other heavy
elements are also capable of forming metallophiiteractions, such as those with*%#
electronic configurations, namely thallium(l), Iéddand bismuth(lll). Owing to their weaker
nature, their reports remain relatively sparsaaliterature. However, if any of these elements
is combined with metals with a greater propensityarm metallophilic interactions, stable

aggregates may be formed. A case in point is thePb interaction found in the structure of
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(CeCls)2AuPb[HB(pz}] [57a], shown in Fig. 9; HB(pz)s the hydrogen tris(pyrazolyl)borate
anion. In this structure, the A®b separation is 3.05 A and emission waveleng8Gnm
[57a]. The energy of association between the goltllead atoms, having ionic and dispersive
character strengthened by relativistic effects, @asulated to be ca 98 kcal/mol. Substituting
fluoride into the gold-bound aryl rings ofdCls).Au Pb[HB(pz}], i.e. leading to (6CI2F3)2Au

and (GCls)2Au anions, successively diminishes the strength@fAuPb interactions, i.e. to
3.10 and 3.28 A, respectively [57b]. The conseqgaédn terms of luminescence is that the
emissions are shifted to higher energy, i.e. 468 206 nm, respectively [57b]. Normally,
attempts at rationalising small differences in distances characterising weak interactions is
often not possible/recommended [58] but, in thsance, systematic changes in chemistry
result in systematic differences in the-ARb distances and correlated spectroscopic responses
[57]. Such control over solid-state luminescence, by changing the metal centres
participating in these interactions, the electratractures of the ligands bound to the metals
as well moderating the coordination geometriesuiass this field will attract increasing

attention.

Figure 9. An illustrative example of a A®b (= 3.05 A) interaction found in the structure of

(CsCls)2AuPb[HB(pz}] [57a]. Additional colour codes: chloride, cydaaron, dark-yellow.
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4 Metal -hydrogen interactions as supramolecular synthons

Interactions between metals and hydrogen have fleeegnised for well over 40 years
and may be classified in terms of agostic, anagesiil weak hydrogen bonds [59]. An agostic
interaction is a three centre, two electron bondnelthe metal centre is electron-deficient, i.e.
involves donation of electron density from a filleg-~ orbital to the metal acting as a Lewis
acid. By contrast, anagostic interactions areetlwentre, four electron interactions involving
electron-rich metal centres which might be rep@sor attractive, and if attractive can be
considered as a hydrogen bond with the metal c&mioning as the hydrogen bond acceptor
[59]. Agostic interactions are generally charastat by M-H—C distances of approximately
1.8to 2.3 A and angles at H in the range ca 9@@8. On the other hand, anagostic interactions
generally have longer MH-C distances, 2.3 to 2.9 A, and wider angles, #dQ70°.
Metal-hydrogen bonding studies have focussed largely thmmetals platinum(ll) [59, 60a],
exploiting the NMR-activé®Pt isotope, and gold, for which a comprehensiveerehas been
published recently [60b].

Unambiguous crystallographic evidence, i.e. basecheutron diffraction data, for
water-O—H'Pt and ammine-N—-HPt (non-conventional) hydrogen bonding was repoited
the structure of trans-[Pt&NH3)(N-glycine)] [61]. As shown in Fig. 10, centrosgmatrically
related molecules are connected via ammine-NRrHhydrogen bonds arranged in slightly
buckled six-membered {HNPt}. synthon. The water molecule, as an example cérse/
coordination, associates with each platinum ceviaex water-O—H Pt hydrogen bond. The
water molecule simultaneously forms donor and a@cecdyp/drogen bonds to the carbonyl and
hydroxyl groups of the carboxylic acid residue. eTiydrogen atoms occupy approximately
trans positions about the square planar platingroéitre with the HPtH angle being 167°,

giving rise to a pseudo [4+2] coordination geometGomputational chemistry indicates the
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nature of the water-O—H...Pt hydrogen bond is neithectrostatic nor covalent but, rather

driven by dispersion [61].

b\“.‘(‘c
Figure 10. Crystallographic evidence for water-O-F (H-Pt = 2.89 A, angle at H = 137°)
and ammine-N-HPt (HPt = 2.75 A, angle at H = 137°) hydrogen bonditgv as pink

dashed lines, reported in the structure of tran€ipENHz)(N-glycine)] [60]. Non-specified

hydrogen bonds are shown as orange dashed lines.

Considerable effort in deciphering the nature oHCM interactions in nickel(ll) and
palladium(ll) dithiocarbamate complexes has takelacg in recent years [62].
Dithiocarbamate ligands are well-known for theiogensity to form tight, four-membered
chelate rings enabling significant delocalisatidnreelectron density over the ring and in
square-planar complexes, significant conjugation ba anticipated over the M{GN).
framework along with activation of the metal centr&n example of C—HNi interactions
leading to a supramolecular chain is found in thieucture of bis[benzyl(3-
methoxybenzyl)carbamodithioato]nickel(ll) [62c].ostn in Fig. 11. Computational chemistry
conducted on model compounds indicates the endiggglailisation afforded by each C=Ni

interaction in this structure is 3.9 kcal/mol [62c]
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Figure 11. Supramolecular chain sustained by GNHnteractions in the molecular packing
of centrosymmetric bis[benzyl(3-methoxybenzyl)canodithioato]nickel(ll) [62c]. The

H-Ni distance is 2.78 A and the angle at H is 137°.

In arecent but, rare systematic evaluation ottlystallographic literature for anagostic
C—-HNi/Cu interactions cum hydrogen bonding leadingetght-membered {HCNM}2
synthon, cf. the carboxylic acid dimer synthonHOCO},, revealed the formation of zero-
and one-dimensional aggregation patterns [63dpc&s examples are shown in Fig. 12. The
zero-dimensional aggregate formed by two centrosgmoally related [ethylene-
bis(salicylideneiminato)]nickel(ll) molecules seeasethylene-H atoms interacting with
symmetry related nickel(ll) centres [63b]. A suprecular chain mediated by-HCNNi} 2
synthons, again involving methylene-H atoms, isrfed in the structure of (6,14-diacetyl-
7,13-dimethyl-1,4,8,12-tetra-azacyclopentadecal2,&4-tetraenato)nickel(ll) [63c], Fig.
12b. Finally, an unusual example of a two-dimenal@rchitecture sustained by iICNCu}.
synthons, involving methyl-H atoms, is observed tire molecular packing of cyclo-

tetrakis[{1>-dimethylamino)copper(l)] [63d], Fig. 12c.
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Figure 12. Supramolecular association sustaine@-Hy M interactions in the molecular
packings of (a) [ethylene-bis(salicylideneiminatagkel(ll) with HM = 2.95 A and angle at

H = 127° [63b], (b) (6,14-diacetyl-7,13-dimethyl4|8,12-tetra-azacyclopentadeca-4,6,12,14-
tetraenato)nickel(ll) with HM = 2.84 A and angle at H = 154° [63c] and (c) oyigtrakis[(i2-
dimethylamino)copper(l)] with HM = 2.85 A and angle at H = 155° and 2.92 A and®160

[63d]. Solvent molecules in (a) and (b) have bewmitted.

With relevance to several key chemical processcatglytic transfer of hydrogen, it is
likely the evaluation of metahydrogen interactions, including those relevant to

supramolecular chemistry, will be an area that eoltinue to garner attention.

5 Metal --Tqarene) interactions
5.1 Preamble

The participation of arene and other aromatic rimgsupramolecular recognition is
well known in the organic solid-state and in biotad systems. The importance of face-to-

face et stacking), off-set (slipped or parallel displacéat)e-to-face and edge-to-face, i.e.
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C—H-1 interactions for the stabilisation of both cryststructures and molecular
conformations is well established [64]. It is nolwar that analogous interactions occur in the
supramolecular chemistry of metal-based compoufidg [ The focus of this section is to
highlight direct interactions occurring between igeg metal and an arene ring related to
supramolecular association as opposed to “formatoordination as found in, e.g. ferrocene.
As mentioned in the Introduction, analogous forneel -arene interactions, i.e. involving

cations [65] and anions [66], are not covered Inerei

5.2 Metal--1qarene) interactions

Metal 1arene) interactions are long known to be importamhaterials science and
biological process [67] and, increasingly, for thele in supramolecular chemistry. Most
recent attention has been directed towards undaelisiathe role of Aut(arene) interactions
in the crystal chemistry of gold compounds. Thigiest relates directly to the great affinity
of gold for tTesystems [68a]. This attraction is so great thaltd gs described as being
“carbophili¢, a property that provides impetus to the burgegriield in both homo- and
hetero-geneous catalysis mediated by gold [68b-€].

A clue to the importance of supramolecular Atjarene) interactions comes from the
molecular structures of two polymorphs of {fPEHPPR)(AuCl).. In the first reported form,
Fig. 13a, the binuclear molecule, where the twal gddms are linked by the bidentate bridging
di-phosphane ligand, features an intramolecular Aw interaction [69a]. More recently, a
second form was described whereby an intramolecMarriarene) interaction is formed
rather than the AuAu interaction [69b], Fig. 13b; there are no clagermolecular AuAu
interactions in either form. Given the energidgedentiating polymorphs are inherently small
[13], and that the energy of stabilisation provid®d conventional hydrogen bonding and
AuAu interactions can be close [41], it follows ‘Am(arene) interactions must also provide
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similar levels of stabilisation to sustaining sfiecmolecular conformations/intermolecular
interactions. This assumption has been confirreedntly by computational chemistry where
intramolecular AuTiarene) interactions are reported to be 5-12 kadl/m several

phosphanegold(l) thiolate molecules [70].

Figure 13. Molecular structures of polymorphs &fhPCHPPh)(AuCl), featuring
intramolecular: (a) AuAu (3.34 A) [69a] and (b) Aur(arene) (3.58 A) [69b] interactions.
The purple dots in the arene rings represent tbhengtic ring centroids, and putative AGg

interactions are shown as purple dashed lines.

The supramolecular chemistry of Am(arene) interactions has been surveyed in recent

years [71] with the focus being upon delocalisadractions between gold and the arene ring
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[72], meaning the gold atom occupies a positionrlgeperpendicular to the ring and is
approximately equidistant from the six carbon at@msiprising the ring. What follows is a
brief description of some representative supranutdecassemblies based on ‘Auarene)
interactions, where zero- and one-dimensional aggi@n patterns dominate, in an almost 1:1
ratio. In the molecular packing dMeN(H)C(=O)CHCH:]JPhPAUCI, Fig. 1l4a, two
crystallographically independent molecules assemidle singleAu 1iarene) interaction to
form a dimeric aggregate [73a]. This is in facitguare, with the majority of dimeric
aggregates assembling about a centre of inverfoming two Au-Tiarene) interactions.
This is illustrated in Fig. 14b fafichlorido-(2-(dimethylaminomethyl)phenyl)gold(lil) [73b]
which also highlights that both gold(l), Fig. 14and gold(lll) centres can form such
interactions. Supramolecular chains are also fdasgd on Aurarene) interactions and can
be of differing topology, e.g. linear, zig-zag dmelical. An example of the latter is found in

the crystal structure of BAsAuCI [73c], Fig. 14c.
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Figure 14. lllustrative examples of Am(arene) interactions leading to a: (a) dimeric
aggregate in [MeN(H)C(=0)Ci€H;]PhPAuUCI (3.92 A) [73a], (b) centrosymmetric dimeric
aggregate indichlorido-(2-(dimethylaminomethyl)phenyl)gold(Ill) (3.85 A)73b] and (c)
helical supramolecular chain in #sAuCI (3.96 A) [73c]. Additional colour code: arsc,

green.

5.3 Metal(lone-pair)-1(arene) interactions

The interaction between an electropositive metatreeand arsystem, as described in
the preceding section, is readily explained in teainconventional electrostatics. Less obvious
are the interactions to be covered now, namelyaot®ns between main group elements in
lower oxidation states, implying the presence tbrae-pair(s) of electrons, and arene rings
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[74], i.e. Menschutkin complexes, exemplified byhlatypal SbGlCeHs. Contemporary
theory provides an explanation in terms of theradgon of thereelectrons of the arene ring
with the electropositive polar caphole [16, 21], located at the tip of the lone-pa@e Section
2.1. The possibility of a specific interactionween a lone-pair of electrons and an aromatic
system was first raised in the context of macrowmdbe crystallography [75], and in the realm
of the heavier main group elements, in discussodiiallurium stereochemistry [76].

Surveys overthe past decade evaluating the role of metal(lae-p(arene)
interactions, hereafter M(Ip)ytarene), in assembling main group element compoimtteir
crystals. Thus, bibliographic reviews are avagdiolr tin(ll) [77a], lead(ll) [77b], thallium(l)
[77c], arsenic(lll) [77d], antimony(lll) [77¢€], kisuth(lll) [77€], selenium(ll, IV) [77f,g] and
tellurium(ll, 1V) [77g-1] with both an overview [7} and update for all cited elements [77k]
published during 2016. In these studies, evideva® sought for delocalised M(Ipj{arene)
interactions operating in isolation of complemeytearteractions such as hydrogen bonding
and secondary bonding. From this wealth of dafewaillustrative examples are presented
now.

Supramolecular association sustained by M(igarene) interactions usually lead to
zero- and one-dimensional aggregation patternsr |¢ss common are two-dimensional
assembly based on M(lpitarene) interactions with only a few examples oé¢hdimensional
architectures. A zero-dimensional species is faaride crystal structure of {hydrogen tris[4-
bromo-3-(p-chlorophenyl)pyrazolyllborato}thallium(ichlorobenzene solvatfr8a] which
features a Tl(Ip)m(arene) interaction between the pyramidal thallijroéntre and thew
system of the solvent molecule, Fig. 15a. Whitgs M(Ip)1(arene) interactions between a
complex molecule and solvent, and between disparatecrystallographically independent,
molecules are seen, the overwhelming majority ob-zimensional aggregate see two like-
molecules connected about a centre of inversiamexX@ample of this common structural motif
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is shown in Fig. 15b, i.e. for chlorido-(dipher3ddiketiminato)tin(ll) [78b], also with a

pyramidal coordination geometry about the tin(Ignte. However, more exotic zero-
dimensional aggregates are also known as in thectear aggregate found in the molecular
packing of (2.2.2)paracyclophane tris[trichloridertouth(lll)] benzene solvate [78c], Fig. 15c,
and in the centrosymmetric, tetranuclear aggrefigated in the structure of 1,2-diphenylethyne

tetrakis[trichloridoantimony(lil)] [78d], Fig. 15d.

Figure 15. Zero-dimensional aggregates sustaiged(lp) ~1(arene) interactions (shown as

purple dashed lines): (a) {hydrogen tris[4-bromo-3-(p-

34



chlorophenyl)pyrazolyl]borato}thallium(l) chlorobeene solvatéTlCg = 3.69 Ag = 14.5°)
[78a], (b) chlorido-(diphenyB-diketiminato)tin(ll) (Sn~Cg = 3.69 A,a = 14.5°) [78b], (c)
(2.2.2)paracyclophane tris[trichloridobismuth(llBenzene solvate (BCg = 2.98 A;a =
10.5°; d = 2.99 A = 5.6° and 3.08 A and 3.5° second and third inuigget contacts) [78c]
and (d) centrosymmetric 1,2-diphenylethyne tetfakefloridoantimony(lil)] (Sb-Cg = 3.28
A, o =6.6° 3.39 A and 9.2° for independent secondamt[78d]. The angla represent the

angle between the vector perpendicular to the pllareeigh the arene ring and that between

the ring centroid and the main group element, Midiional colour code: bromide; lime.

lllustrative examples of M(Ip)(arene) interactions leading to one-dimensional
aggregation are shown in Fig. 16. The supramcadecahain in chlorido-(toluene-3,4-
dithiolato)arsenic(lll) [79a], Fig. 16a, is trulgmarkable in that rather than forming more
conventional AsCl and As'S secondary (pnictogen) bonding interactions, thegenone in
any dimension of the molecular packing, a As(ijarene) interaction being formed instead.
Such an observation suggests the energy of stiminsof a As(lp) T(arene) interaction might
be comparable to the energy of stabilisation a#drdy a putative secondary AS| and As'S
secondary bonding interaction. In the crystahef highly symmetric (crystallographic mmm
symmetry) tetradeca-bismuth(lll) compound showifign 16b, two distinct solvent benzene
molecules interact with the cluster. Four formngke interaction to a bismuth(lll) atom while
two others bridge two bismuth(lll) centres leaditoga supramolecular chain [79b]. An
example where each repeat unit participates in T@(ip) 1(arene) interactions leading to a
linear supramolecular chain is evident in centrasytic trans-1,2-dichlorido-1,2-
bis(phenyltellanyl)ethylene [79c], Fig. 16¢. Indeesupramolecular chains of various
topologies are found for all of the main group etets and these can be sustained by single or
multiple metal(Ip) T(arene) interactions [77].
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Figure 16. One-dimensional aggregates sustainedVifjg) T(arene) interactions: (a)
chlorido-(toluene-3,4-dithiolato)arsenic(l1l) (A€g = 3.30 Aa = 3.6°) [79a], (b) hexakigg-
t-butylphosphonato)-bigg-t-butylhydrogenphosphonato)-decakisOxido)-tetrakis(1s-t-
butylphosphonato)-tetradeca-bismuth(lll) benzeresse tetrahydrate (BiCg = 3.19 Aa =

0.0° (bridging benzene); d = 3.21 A, = 5.8°) [79b] and (c) trans-1,2-dichlorido-1,2-
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bis(phenyltellanyl)ethylene (TeCg = 3.93 Ao = 19.1°) [79¢]. Non-participating entities are
omitted from (b).

An example of two-dimensional aggregation sustalme8e(Ip) m(arene) interactions
is found in the molecular packing of 1,2,4¢5afluoridb-3,6-bis(phenylseleno)benzene [80],
Fig. 17. Here, the molecule is centrosymmetic padicipates in four Se(lp)arene)

interactions that extend laterally to form a layer.

Figure 17. Two-dimensional aggregation sustaingdse(lp) 1(arene) interactions in the
molecular packing of 1,2,4&trafluoride3,6-bis(phenylseleno)benzene (A3g = 3.68 A

= 8.8°; 3.88 A and 18.7° for second contact) [80].

As suggested in Section 3.4, attempts at corrglati@ak interactions with systematic
changes in chemistry are not recommended, at |based on experimental, i.e.
crystallographic, results. However, increasingraton by theoreticians reveal systematic
variations in Mring centroid distances that correlate the eledatrgoroperties of the

participating species [80]. With reference to thessical SbGICsHe aggregate, the addition
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of methyl groups significantly enhances the inteasmcenergy, from ca 8 to 10 kcal/mol, and
permethylation increases the energy to 16 kcalf®bh]. These energies approach, even
exceed, those observed for hydrogen bonding arain,ag very recent study on a pair of
tautomeric structures suggests intramolecular ax{fgee-pair) 1(carbonyl) interactions are
competitive with intramolecular O-+HD hydrogen bonding [81c]. These sorts of advances

suggest that further effort in this aspect of sopkecular chemistry is desirable.

6. Interactions involving chelate rings

The concept of metalloaromaticity or chelatoaroniiti[82], i.e. chelate rings that
have aromatic character, remains controversiatla@dubject of experimental and theoretical
investigations [83]; also see Section 7. Neveed®lthere is a growing body of evidence to
show that chelate rings can assemble much in the gay as, for example, arene rings. Thus,
in the following, examples of chelate rings intérag with arene rings, chelate rings with
chelate rings, and chelate rings accepting carlwamdb hydrogen atoms will be presented.

Stacking interactions involving chelate and aremgys have emerged as being
important supramolecular synthons over the lastadec especially for sterically
unencumbered square planar, transition metal cotepl84]. Based on systematic literature
surveys of square-planar metal complexes, theatffface-to-face interactions often formed
between a chelate ring andwsystem resembles the classical benzene dimerg8dgyesting
that chelate rings can associate in a similar tasas arene rings [84a]. Preferential formation
of t(chelate) m(arene) overr(arene) 1(arene) interactions, at least having closer inter-
centroid separations, is indicated for square-planeplexes having an arene ring fused to a
chelate ring [84b]. Emphasising this last pointthe illustrated example highlighting the

formation of Ttichelate) (arene) interactions in the crystal of bis(acettbne-
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naphthoylhydrazinato)copper(ll) [85], Fig. 18a, ttemtrosymmetric molecules are connected

into a linear chain via  CuCNeO)1(arene) interactions.
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Figure 18. Supramolecular aggregation mediatethteyactions involving chelate rings: (a)
chain sustained by m(chelate) m(arene) interactions in bis(acetone-1-
naphthoylhydrazinato)copper(ll) (E¢€g = 3.70 A) [85], (b) chain sustained by
m(chelate) m(chelate) interactions in centrosymmetric
bis[bis(methoxycarbimido)aminato]copper(ll) (€gg = 3.70 A) [87] and (c) two-
dimensional array sustained by C=Hchelate) interactions in  bis(2,4-

pentanedionato)palladium(ll) (C=HCg = 3.18 A, angle at H = 139°) [90].

A logical extension in these investigations is aalgsis for (chelate) m(chelate)
interactions and, indeed, thesecurin nearly 39% of neutral, transition metal squplanar
complexes [86]. As a comprehensive review oftibyic is given in a companion article [86b],
comments are kept to a minimum in this section, siiffices to mention that
m(chelate) m(chelate) interactions have the hallmarks of tlaorganic analogues. An
example illustrating T(chelate) i(chelate) interactions is found in the structure of
centrosymmetric bis[bis(methoxycarbimido)aminatgjoer(ll) [87]. Here, five-membered
(CuCNO) chelate rings associate in a stacked manneprtm 2 supramolecular chain.
Computational chemistry estimates that the enefgytaction between pairs of rings in this
supramolecular arrangement amounts to ca 8 kca[@dl.

In keeping with the steric hindrance arguments acti®ns 2.3 and 3.2, stacking
interactions involving chelate rings are precluddien the substituents are large with the
consequence that C=Hi(chelate) interactions are more likely to form [88]ndeed, a
significantly greater number of investigations haveen dedicated to C-Hichelate)
interactions cf. other interactions involving chelaings. An early, specific reference to the
possibility of C—H 1(chelate) interactions stabilising a crystal stmoetwas for bi-pyridyl
adducts of cadmium bis(xanthate) compounds [89d]these along with other 1,1-dithiolate
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complexes, e.g. containing dithiocarbamates, heyasdly attracted the most attention in this
area [89]. This observation notwithstanding, C-Fitthelate) interactions have also been
evaluated in complexes of acetylacetonates [90pgbhhyrins [90c] and di-imines [90d]. An
illustration of a two-dimensional architecture glisbd by methyl-C—H m(chelate)
interactions is found in the molecular packing ofenttosymmetric bis(2,4-
pentanedionato)palladium(ll) [91], Fig. 18c. A sefuent computational study [90b] suggests
a binding energy to the aromatic chelate ({acring of 4-5 kcal/mol.

A series of 12 binary palladium xanthates, i.e.(§2G6OR})], was reported recently
with Pd-S interactions observed with smaller R groups besteadily replaced by C-
H-1(chelate) interactions as the bulk of the R growpse increased [89d]. Calculations in
this study suggested higher energies of stabitisatif. bis(2,4-pentanedionato)palladium(Il)
[90b], i.e. ca 15 kcal/mol for the R = n-Pr compduan energy only slightly less than that
afforded by a complementary P8 interaction. Clearly, from the foregoing, thisrenormous

scope for further work in this area.

7. Interactions involving quasi-chelate rings

It was highlighted in Section 6.1 that the elecitonature, i.e. the aromaticity, of
chelate rings is still the subject of debate. Thasy in fact be a moot point in consideration of
the supramolecular association to be describdusrsection. There is mounting evidence that
rings mediated by hydrogen bonding, i.e. wherere&b covalent bond in a chelate ring is
replaced by a hydrogen bond, leading to a quadatheing, can participate in attractive
intermolecular interactions and that these ringsdneot necessarily be aromatic [92]. For
example, there isnindication that stacking interactions between bgen-bonded rings are
stronger than those formed by benzene moleculds [R8cently, evidence was reported for

the formation of C—-H(quasi-chelate) interactions [94].
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A C-H(quasi-chelate) interaction was first noted intrégolarly in the structure of
(PhsPXCu[S=C(OEt)=N(H)Ph]CI, which features a six-memidede CICUSCNH} quasi-
chelate ring [94a]. Computational chemistry intkchthe ring was non-aromatic and the
attractive interaction amounted to 3.5 kcal/mol gP4 A literature survey indicated
approximately 1/6 of structures having aGICuSCNH} quasi-chelate ring, formed a C-
H-(quasi-chelate) interaction. Attention was nextecied to the formation of related
intermolecular C—MH(quasi-chelate) interactions, i.e. intermolecularHC(CICUSCNH)
interactions [94b]. Zero-, one- and two-dimenslaggregation patterns sustained by these
interactions were discovered. Exemplars are showig. 19. A zero-dimensional aggregate
sustained by a single interaction between two alygraphically independent molecules is
found in the molecular packing of chlorido-bis(isgpylimidazolidine-2-thione)copper(l)
[95a], Fig. 19a. Interestingly, only one of themtified structures assembled into a zero-
dimensional aggregate, there been an almost splivden one- and two-dimensional
aggregation patterns. An example of the forméousd in the structure of chlorido-bis(1,3-
thiazolidine-2-thione)copper(l) [95a], which is @d symmetric and forms two
{-CICuSCNH]} quasi-chelate rings, each of which pgrates in a methylene-C=Hquasi-
chelate) interaction leading to a twisted supraecwdég chain as shown in Fig. 19b. An
example of two-dimensional aggregation is seenhm ¢rystal of centrosymmetric and
binuclear big(>-3-methyl-1,3-dihydro-2H-imidazole-2-thione)-dichido-bis(3-methyl-1, 3-
dihydro-2H-imidazole-2-thione)-di-copper(l) [95b].Unlike the preceding examples with
trigonal planar coordination geometries for coppen( this structure, a tetrahedral geometry
based on a CkSdonor set is found. Only two of the quasi-chelatgs participate in
imidazolyl-C—H(quasi-chelate) interaction, extending laterallfjdon the two-dimensional

framework, Fig. 19c.
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Figure 19. Supramolecular aggregation mediate@-Hy m(quasi-chelate) interactions: (a) a
non-symmetric dimer in chlorido-bis(N-isopropylinazblidine-2-thione)copper(l) (C-+Cg

=2.78 A, angle at H = 147°) [95a], (b) a suprarolar chain in chlorido-bis(1,3-thiazolidine-
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2-thione)copper(l) (C-HCg = 2.72 A, angle at H = 151°) [95b] and (c) a-tfimensional
framework in bigf>-3-methyl-1,3-dihydro-2H-imidazole-2-thione)-dichildo-bis(3-methyl-
1, 3-dihydro-2H-imidazole-2-thione)-di-copper(l) {8 Cg = 2.35 A, angle at H = 141°)

[95c]. The intramolecular N=HCI hydrogen bonds are shown as orange dashed lines.

In all, there are approximately 90 structures aahystallographic literature capable of
forming {"CICuSCNH} quasi-chelate rings and, of these, alooetthird form C—H(quasi-
chelate) interactions in their solid-state struesjreither intra- or inter-molecularly. It is
noteworthy that this percentage matches the foonaif the eight-membered carboxylic acid
dimer synthon, i.e..{HOCO}. [96], often cited as being an important supramdbacsynthon

is crystal engineering.

8. Conclusions

The foregoing presents an overview of the differéypes of supramolecular
associations that can specifically operate in tlgstal structures of heavy element compounds
of the transition metals and main group elememntd, lzeyond. These interactions may be
secondary in nature, now classified as tetrel, gigen and chalcogen bonding interactions,
depending on the interacting elements. Theseatipnalised in terms of electropositive polar
caps on lone-pairs of electrons which interact widéttron-rich regions. Interactions can occur
directly between metal centres with like or unliketals, offering opportunities for tailoring
specific photoluminescent responses. Direct cadiore between a metal and hydrogen, i.e.
M-H bonding, are also known. Metals can also assoaiath t(arene) rings to form
recognisable supramolecular aggregates and usmigsarguments concerning polar caps on
lone-pairs of electrons, main group element(lone}pa-interactions are now recognised in

sustaining supramolecular aggregation pattems$Systems based on chelate rings can also
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assemble as do their all-organic counterparts, paticipating in r(chelate) m(arene),
m(chelate) m(chelate) and C—Hrchelate) contacts. Finally, proving metal-arowigtiis not
the sole criterion for supramolecular assembly dhame chelate rings, quasi-chelate rings
mediated by hydrogen bonding can also participate-iH(pseudo-chelate ring) interactions.
The role of computational chemistry in rationalgsithe formation of the cited
intermolecular interactions cannot be underestithdteth in terms of explaining, for example,
why seemingly two negatively charged entities carmf attractive interactions, and by
providing estimates of the energies of stabilisatiprovided by specific interactions.
Interestingly, many of the just-mentioned attraetiintermolecular interactions, often
involving atoms/residues at the periphery of mdikesuprovide energies of stabilisation
approaching those afforded by conventional hydrdgemding. This suggests the possible
utility of these “emerging” interactions in crystahgineering enterprises. Whatever the
motivations for their study, continued advance®um understanding of the supramolecular
associations specific to the coordination chemedn only contribute to a general
understanding of how and why molecules assembtbeasdo in the solid-state, surely, the

crucial question in molecular crystallography.
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