Main group metal lone-pair...marene) interactions: A new bonding mode

for supramolecular associationst

Ignez Caracelli2 Julio Zukerman-Schpector,*® lonel Haiduc® and Edward R.T.

Tiekink* d

aBioMat, Departamento de Fisica, Universidade Feédier&&o Carlos, C.P. 676, Sdo Carlos,

S&o Paulo 13565-905, Brazil

b | aboratorio de Cristalografia, Estereodinamica @dMagem Molecular, Departamento de
Quimica, Universidade Federal de Sao Carlos, C7B, a0 Carlos, SP 13565-905, Brazil.

E-mail: julio@power.ufscar.br; Fax: +55 16 33518358I: +55 16 33518208

“Facultatea de Chimie, Universitatea Babes-Boly@i;490028 Cluj-Napoca, Romania

d Research Centre for Crystalline Materials, FacoltyScience and Technology, Sunway
University, 47500 Bandar Sunway, Selangor Darul aihs Malaysia. E-mail:

edwardt@sunway.edu.my; Fax: +60 3 7491 8633; Ta): 37491 7173

Abstract

Crystal structures of the heavier main group eldmém low oxidation states have been
evaluated for the presence of supramolecular elgipgnriarene) interactions that are
structure-directing. It is revealed that when prgs these interactions lead to zero-
dimensional, binuclear aggregates but higher-nutjespecies are sometimes observed, with

one-dimensional supramolecular chains of varyimgpkogy being prominent. By contrast,



two-dimensional aggregation based on element{igarene) interactions are rare. In
summary, interactions of main group metal lonegaith aromatic rings are revealed as

synthons capable of assembling molecules into sugeular aggregates.

t Electronic supplementary information (ESI) avdiab For ESI (illustrations of
supramolecular aggregation based on main groupegiglone-pair)-1(arene) interactions

for 1-157), see DOI:



Introduction
It was in the realm of macromolecular crystallogmaghat the concept of element(lone-
pair)--Tesystem interactions most likely arose; hereatiaelpair = Ip. Thus, it was Egli and
Gessner in their rationalisation of the structufettee left-handed Z-DNA duplex who
concluded that cytidine-O(lp)r(pyrimidinyl) interactions were crucial for the bilisation
of the observed conformatidn Subsequently, other light-atom structures weggested to
contain similar interactions in both protéiand molecular structural chemiséyfurther
discussion of the biological inspiration behindneént(lp)--Tesystem interactions is given
below. In terms of supramolecular chemistry, itikely that the first mention of heavy
element(lp)-(arene) interactions was in a review of the stmattahemistry of tellurium
compound$. Subsequently, a number of systematic bibliog@pbiiews have appeared
over the last decade describing supramolecularitaothires sustained by element(ipgkF
system interactions, including those having elerseoxyger: tin,® lead! thallium?8 arsenic
antimony® bismuth'® selenium® and tellurium‘'®'2! The purpose of the present survey is
to provide an update on the structures of the eMsn&om tin to tellurium containing
element(lp)-1(arene) interactions, since the appearance of threginal literature survey,
and to describe the supramolecular aggregatessthbilise. This is especially salient as it is
still comparatively rare for mention of these catsa let alone the aggregation patterns
resulting from them, to be mentioned in the primauplication.

At first glance it might appear odd that elemeggjt(ir(arene) interaction might be
considered as stabilising/attractive when both camepts might be considered electron-rich.
While transition metal-T(arene) interactions are readily explained in tewhsttraction

between a metal and amelectron cloud? the same does not pertain for post-transition

1 An overview of these reviews is to appear in a @drap "Aromatic Interactions: Frontiers
in Knowledge and Application" Edited by Darren Vdhdson and Fraser Hof



elements which being in low oxidation states offerssess stereochemically active lone-
pair(s) of electrons. Under these circumstandess not surprising that such interactions
have attracted the interest of theoreticithhs. The rationale for the formation of
element(lp)-(arene) interactions is very similar to that praggb$or halogen bond which,
also at first glance, appears contrary to expestati Described simply, in either context, the
distribution of electron density is asymmetric,rithbeing a build-up of electron density about
the middle bounds of the electron distribution lag\a region depleted of electron density at
the end which may be variously termed an electritigesregion, o-hole or polar cap. In
halogen bonding this would be located at the enthefvector of the, say, carbon—halogen
bond. In the case of a lone-pair, the polar caplavbe found at the tip of the lone-pair. Itis
the electrophilic polar cap that interacts with #lectron density of theering to form a
stabilising interaction.

In keeping with the notion that identification sfipramolecular synthons is a key
element of crystal engineeridg,in the following, after a brief outline of the posols
employed to ascertain the presence of elementfifgrene) interactions in the crystal
structures of the heavier main group elementsstesyatic survey of structures having these

interactions and the self-assembly based on thiélskenpresented.

Methodology

The search protocols utilised for the current synmere adapted from those employed in
earlier systematic surveys of element(iafarene) interactions? The Cambridge
Structural Database (CSD: version 5.37 + 2 upddtegds searched using CONQUEST
(version 1.18}8 The structural protocols are outlined in Fig. tizere being two key

geometric restraints. The first relates to thé¢atise d, between the metal centre and the ring



centroid, Cg. Following recent literature preced@n? this was set at 4.0 A to capture all
reasonable contacts. Earlier work indicates thahielement(lp)-z(arene) interaction is to
form, it will usually form at distances within treum of the van der Waals radii of the
element in question and that estimated for an aremgi.e. 1.9 A® The angle§, is the
angle between the normal to the plane through theearing (M) and the vector passing
through Cg to the element in questiorp)Mand provides a sense of the relative location of
the element above the plane. In the present suBjeyas restricted to be 20°. This
restriction ensures that only delocali€edlement(lp)-n(arene) interactions were retrieved
from the CSD, meaning approximately equal-(p separations, Fig. 1b. This is in contrast to
localised interactions, where the lone-pair is ci#gd towards a single atom of the ring, and
semi-localised interactions where the lone-paidiiscted to one of the bonds of the rifig.
Non-geometric restrictions were also applied. Tlumsy neutral structures were considered
and structures with R > 0.07, with unresolvableodisr, determined from powder data and
those that are polymeric being omitted. Furtheycsures featuring element(lp)t(arene)
interactions but, where the arene ring was a sblenre also omitted.

Having a database of possible candidates for eacletsre, data were manually
scrutinised to ensure that the element(ipjarene) interaction in question was structure-
directing, meaning that the interaction was opegain isolation of other intermolecular
interactionse.g. hydrogen bonding and secondary interactionsamalustration of this, the
analysis of the supramolecular association in tinecwire of {Pb[SP(O-iPr)(OGH4OEt-
4)]2}%t is given here. Referring to Fig. 2, the centrosyatric aggregate is sustained by a
pair of Pb(Ip)--n(arene) interactions witti = 3.32 A and® = 9.2°,i.e. falling within the cited
search criteria. However, this structure has beemtted from the survey as the
Pb(lp)--n(arene) interactions are complemented by seconddryS interactions and

therefore cannot be considered as structure-diggctoperating in isolation of other



supramolecular synthons. After manual sortingregheere a total of 157 new structures
containing structure-directing elements(ipyarene) interactions that have appeared since
the original bibliographic review of each elemeatsmall number of structures that were
overlooked in the original surveys are also inctutiere. The supramolecular aggregations
patterns resulting from element(lpx(arene) interactions i-157 are discussed in the next
section. Diagrams showing supramolecular aggregaire original and were drawn with
DIAMOND.?? Chemical diagrams were drawn with ChemDraw® witly species directly
participating in element(lp)}r(arene) interactions illustrated. Geometric datacallated in
Tables 1-5. The structure analysis program PLATOMas also routinely employed in the

present survey.

Results

Preamble

The following is a succinct overview of supramolecuaggregation patterns sustained by
M(Ip)---T(arene) interactions which are structure-deterngirim that they are operating in
isolation of other supramolecular synthons suchhgdrogen bonding and secondary
interactions. The supramolecular aggregates desxtrinerein were not covered in earlier
reviews of similar interactions published over tlast decade for tif,lead! thallium®
arsenic® antimony'® bismuth!? selenium?® and telluriumt'®'2 compounds. The aggregates
for each of the elements are arranged in termsne¢masion, mono-, bi, tri-nuclear molecules,
etc., number of unique M(Ip}t(arene) interactions and in the case of seleniumh an
tellurium, oxidation state. Within each categaggregates are ordered in terms of the value

of d and then differentiated 8/in cases where two structures had the same valdie o



Zero-and one-dimensional aggregates sustained by @i... (arene) interactions
Chemical structure diagrams of the 23 tin(ll) males featuring zero-1£17242% and one-
(18-23*>49 dimensional aggregates sustained by Snfigarene) interactions are given in
Fig. 3. Interesting, this number is greater thHaen number of structurese. 22, included in
the first systematic evaluation of M(Ip)y(arene) interactions, namely in tin(ll) compoufds.
Data for the 23 structures are given in Table he Tollowing is an overview of the key
structural motifs observed, with the aggregatestihted in Fig. 4.

In common with most of the other elements covenedthis survey, the most
frequently observed aggregate is one where two maiear molecules are related about a
centre of inversion and are connected by a pa8mndlp)--1(arene) interactions, as illustrated
in Fig. 4a for2.2° This motif, motifO_I, is adopted by—7. In 4,2 for which two molecules
comprise the crystallographic asymmetric unit, onlye of these form Sn(lpjr(arene)
interactions. Essentially the same supramoleculamotif is found in the structures of each
of binuclear8-15, illustrated in Fig. 4b byl5* in 1324 only one of the two independent
binuclear molecules associates in this fashione abgregate in0?* is worthy of special
mention as in addition to forming the Sn(lpg)arene) interactions to form tie | dimer,
each of the two remaining tin(ll) centres form al@n--1(arene) interaction to a solvent
toluene molecule, Fig. 4c. In trinucleda63* two independent molecules comprise the
asymmetric unit and these associatea single Sn(lp)-(arene) interaction as shown in Fig.
4d; this is labelled as mot@_Il. The molecule irl7,2* is a centrosymmetric tetranuclear
species. In the crystal, centrosymmetrically eaattetranuclear molecules self-associate
about a centre of inversion to generate ntdtif Fig. 4e.

The remaining tin(ll) structures self-associat® istipramolecular chains of differing
topology, adopting motit_I. In mononucleat8 linear supramolecular chains arise from a

single donor and a single acceptor interaction metecule, Fig. 4f. A similar situation



pertains for19%® but the resulting topology is zigzag, Fig. 4g. elch of mononucle&0,%’
Fig. 4h,21%® and22%° similar chains are observed but, with helical tog@s. In binuclear
23, only one of the independent tin(ll) atoms formgl®r -T(arene) interactions, leading to

a helical chainl_I.

Zero-and one-dimensional aggregates sustained by ... i(arene) interactions

Since the original review documenting the occureend Pb(lp)--T{arene) interactions,
another nine structure®4-324%" have appeared in the crystallographic literatuaeirig
these structure-directing contacts, Fig. 5 and dahl Three of the structures adopt
centrosymmetric dimeric motd_I, with that found ire6* illustrated in Fig. 6a. Two of the
dimeric aggregates are sustained by a single Pbfif@rene) interaction only, thereby adopt
motif 0_II: that found ir27**is shown in Fig. 6b.

Supramolecular chains are found in the crystalctires of the remaining four
lead(Il) compounds. A linear chain is found &8,* Fig. 6¢, motifl_I. Each of30* and
31% features a centrosymmetric, binuclear molecule.the molecular packing each of the
lead(ll) atoms forms a Pb(lpyr(arene) interaction so that each molecule partiegpan two
donor and two acceptor interactions. The topolofjyhe resulting chain is linear in each
case, adopting motit_II, and that found ir80 is shown in Fig. 6d. A non-symmetric,
binuclear molecule is found B2*" but each lead(ll) atom participates in a Pb(ipjarene)
interaction so that a supramolecular chain ensuvigs,a helical topology. The new motif,

i.e. 1_lll, isillustrated in Fig. 6e.

One-and two-dimensional aggregates sustained by T)I(.. T{arene) interactions
Only three new thallium(l) structure33-35,8-°°Fig. 7 and Table 2, have appeared since the

publication of the most recent review of M(lpiarene) interactiond,e. those involving



thallium(l)2 Actually, there were a good number of “hits” boainual inspection revealed
that the TI(Ip)--T(arene) interactions were cooperating with othgrramolecular synthons,
most commonly with FI-O secondary bonding or conventional hydrogen banpdifiwo of
the crystal structure§3*® and34,*° feature motifl_|, i.e. helical supramolecular chains with
that in the latter illustrated in Fig. 8a. A raegample of a two-dimensional architecture
sustained by M(Ip)-r(arene) interactions is found in the structure36f° Compound35
comprises centrosymmetric, binuclear molecules wedtbh thallium(l) centre participating in
TI(Ip)---1(arene) interactions. As these extend laterallyay@r ensures which has a flat

topology as shown in Fig. 8b. This is classifiechaotif2_|I.

One-and two-dimensional aggregates sustained by Al$)... T(arene) interactions

Even though there are only six new arsenic(llljcures with As(lp)-m(arene) interactions,
36-41,°1°° reported since the earlier reviéva, rich diversity of supramolecular aggregation
patterns in one- and two-dimensions are appareitf, ¥ and Table 3. A linear
supramolecular chain sustained by As(lpfarene) interactions is found in the crystal
structure of36°! These, motifl |, are connected into tapes by conventional hydrogen
bonding interactionsia centrosymmetric, eight-membered {...HOC=Q)nthons, Fig. 10a.
Linear chains (motifL_I) are also found in the structure 3.2 As illustrated in Fig. 10b,
putative secondary AsS and As-N can be envisaged along the direction of the cbain
these do not form as the As(lpjarene) interactions predominate. In the crystacture of
38°3 Fig. 10c, helical chains are formed; madtifl. A tubular topology is found in the
structure39,>* and in isostructurad0.>* Aesthetically, these are most attractive aggesgas
the tubes possess crystallographicsynmetry as highlighted in the end-on view of Higd.

Unlike the previous structures in this categorg, tiolecule ird1%° is binuclear and disposed



abut a centre of inversion. The central phenyg rparticipates in two As(lp)t(arene)

interactions so that a flat layer (md2ifl) is formed as illustrated in Fig. 10e.

Zero-and one-dimensional aggregates sustained by @b -1iarene) interactions

Of the eight new antimony(lll)-containing structsre having structure-directing
Sbh(lp}--T{arene) interactiong2-49,°6-%2 Fig. 11 and Table 3, and which have appeared since
a systematic review of this phenomenon, fel#-45, feature zero-dimensional aggregation
leading to motif 0_I.  An exemplar, namely5® is shown in Fig. 12a. Linear,
supramolecular chains with mirror symmetry, arenfbin mononuclea#6,%° Fig. 12b and
475%° The remaining two molecules also self-associatte motif 1_| and give rise to helical

chains, illustrated in the case48°! in Fig. 12c.

Zero-and one-dimensional aggregates sustained by(Bi) ~1arene) interactions

At least 22 bismuth(lll) structures featuring BI[ll-T(arene) interactions have been
published since a review of this phenomenon appeiar2013!° 50-71,%¢ 6378 Fjg. 13 and
Table 3. Of these, 13 adopt dimeric mdlifl as exemplified for the centrosymmetric
aggregates in Fig. 14a for mononucl&®* and binuclea61,’® Fig. 14b. The dimeric
aggregate found i62,"* Fig. 14c, is of interest from at least two persives. Firstly, this is
a rare example of an aggregate of matif lacking crystallographic symmetry. Als8?2 has

a polymorph in the literatuféwhich also self-associatem Bi(lll) ---m(arene) interactionsi[
=3.76 A,0 = 11.0°] but to form a linear supramolecular cha@ motif 1_I. Indeed, linear
chains are found in several structures, Table & wiat found in63’2 shown in Fig. 14d.
Compound64”® is noteworthy as each of the four independent oubds comprising the
asymmetric unit forms Bi(ll})-1(arene) interactions, with pairs of molecules asding to

generate chains with linear topologies. Therenig@eample of a zigzag chaine. 66, Fig.



14e, and three helical chairsg. 68,’® Fig. 14f. In67,” each of the crystallographically
independent molecules self-associates to form #hiedh chain. Finally, both independent
bismuth(lll) atoms in two binuclear moleculeg,0’® and 71,® Fig. 14g, form

Bi(lll) ---r(arene) interactions leading to chains with a steppology, motifL_IV.

Zero-dimensional aggregates sustained by Se({Jrarene) interactions

With 52 structures featuring Se¢H)arene) interactions72-1238122 and one with a
Se(IV)--m(arene) interaction124'?* selenium is the most significant contributor tce th
structures included in this survey, providing abone-third of the examples. There are 23
examples where Se(yr{arene) interactions lead to zero-dimensional rmpffig. 15 and
Table 4. Compoundg2-84 feature the common, dimeric motif involving two nomuclear
molecules,0_|, as exemplified foi74%? in Fig. 16a. The exceptional dimeric aggregate is
found for 76® where, rather than being centrosymmetric, theeggge is located about a 2-
fold axis, Fig. 16b. The binuclear molecu8%-89 are also zero-dimensional. While each of
85” and86>* employ a single selenium(ll) to form the centrosyatric dimer, in87,°° where
two independent molecules comprise the asymmetiic association into the dimer v&a a
single Se(ll)(arene) interaction leading to mo@f I, Fig. 16c. Variations are found for
88% and89.%” In 88° Fig. 16d, with two independent molecules, botesieim(ll) centres

of one molecule associatéa Se(ll}--T(arene) interactions to the two rings of the second
molecule. This is designated as mdiflll. In 89°" both selenoether atoms of the
macrocycle associate with another molecule abaéinére of inversion, Fig.16e, so there are
now four Se(ll}1(arene) interaction sustaining the dimer aggregatetif O _IV. In
tetranuclear90,°® a centrosymmetric aggregate arises as a resulSegfl)--T(arene)
interactions involving the selenoether atoms rathan the phosphorous selenide atoms, Fig.

16f. This observation is consistent with the poegi systematic analysis of selenium



structures that suggested a preferential partiopatof selenoether- over selenide-
selenium(ll) in Se(ll}-T(arene) interactions when there was a competitietwéen the
two.l! Each of tetranuclea®1,°® 92°° and 93,1 Fig. 16g, associate about a centre of
symmetry to form th@® | motif. A new motif,0_V, is found in the crystal structure ®4.8°
Here, where two independent molecules compriseafiyenmetric unit, one self-associates
about a centre of inversion to form an aggregaie tkmotifO_I. Associated with this are
two molecules of the second independent molecudeh eby a single Se(ljiarene)
interaction, resulting in a four-molecule aggregatabilised by four Se(Hytarene)

interactions as shown in Fig. 16h.

One-dimensional aggregates sustained by Se¢thtarene) interactions

There are more one-dimensional aggregates sustayn&e(ll)--(arene) interactions than
zero-dimensional aggregates. 29vs 23. Chemical diagrams are given in Fig. 17 artd da
included in Table 4. The common supramolecular inshasustained by single
Se(ll)--m(arene) interactions are founide. motif 1 _|. Thus, linear §5-103), zigzag 104~
109 and helical 110-114) topologies are observed. Exemplars of theseslaogn in Figs
18a-c for99,%% 105198 and 114 respectively. Binuclear moleculd45-118 employ a
single selenium atom only to form linear supramolac chains as illustrated fdr1 748 in
Fig. 18d, and a zigzag chain is formed in the sasagin the crystal structure 4f19?° Fig.
18e. Binuclear molecules20'? and 121,22 Fig. 17f, utilise both selenium atoms to form
linear chains and are designated as niotif. A new motif,i.e. 1_V, arises in the crystal
structure of122'22 Here, binuclear molecules with 2-fold symmetrgif-associate about
centres of inversion to form twisted chains, Fi§g.l The final aggregation pattern to be

described in this section involves an octanucleaideoule situated about a centre of



inversion,i.e. 12312 These associate with translationally related mdis to generate a

linear chain, motiflL_I, Fig. 18h.

One-dimensional aggregate sustained by Se(lVyarene) interactions
There is a sole example of a structure featurin@vye-m(arene) interactions, namely that of
124124 Fig. 19 and Table 4. In the crystal, moleculeseatble into zigzag supramolecular

chainsvia a single Se(I\V¢)-T(arene) interaction per molecule, Fig. 20.

Zero-and one-dimensional aggregates sustained by (Tl ~-1(arene) interactions

Chemical diagrams for tellurium(ll) compounds déseil herein 12515182 125138forming
Te(Il)--1(arene) interactions are given in Fig. 21 and geomeata collated in Table 5. The
mononuclear tellurium(ll) compound®5-127 adopt motifd_| with 127427 being notable as
the molecules are not related over a centre ofrgiwe, rather the two independent molecules
comprising the asymmetric unit are connected by Te@l)---1(arene) interactions, Fig. 22a.
A large number of binuclear tellurium(ll) compound28-138 associate about a centre of
inversion with only one of the independent tellum{li) centres forming the Te(l)m(arene)
interaction. These are also designated as rfofifand the aggregate found 84?8 is
illustrated in Fig. 22b.

The remaining aggregates sustained by Tef(i{prene) interactions are one-
dimensional. Mononucledr39-144 self-assemble into linear chaivia one Te(ll)--T(arene)
interaction per molecule. All of these are clasdifas motifl_| and are exemplified in Fig.
22c for140'?% |In the same manner, zigzag supramolecular claaéfound in each df4532
and 1462 with the latter illustrated in Fig. 22d. Furth@presentatives of motif_| are
found in the helical chains adopted Bg73* and 148'%° Fig. 22e. Only one of the

tellurium(ll) centres in binucleat49® forms Te(ll)-T(arene) interactions to generate a



linear chain, Fig. 22f. A similar situation pertaifor 1503’ where the telluroether- rather
than the telluride-tellurium(ll) atom forms theemnaction, leading to a zigzag chain, Fig. 22g.
The final structure in this category is tetranucl&sl,*® which has 2-fold symmetry. Two
tellurium(ll) atoms per molecule participate in Me¢-1(arene) interactions leading to a

linear chain, Fig. 22h.

Zero-and one-dimensional aggregates sustained by (I'g) ---Tarene) interactions

There are six tellurium(lV) structures forming Té(i--1(arene) interactions,i.e.
mononucleal 5215782 13%9-142gee Fig. 23 for chemical diagrams and Table Si&ta. Two
structures adopt motd |, being disposed about a centre of inversion im ease153*° is
shown in Fig. 24a. The remaining structures eagregate into a zigzag supramolecular
chain sustained by a single Te(lViarene) interaction per moleculege. motif 1 1.

Compoundl55#! serves as an example, being illustrated in Fig. 24

Inspiration from biology

As highlighted in the Introduction, interest in rlent(Ip)--Taromatic ring) interactions was
garnered from the apparent role of an oxygen{ijaromatic ring) contact is stabilising the
conformation of the left-handed Z-DNA dupléxAs illustrated in Fig. 25, the participating
oxygen atom is a cytidine-sugar-O atom andritsystem is a six-membered pyrimidinyl ring
of a guanine residue; Figs 25-27 were drawn withVB&alizer™ 142 using data extracted
from the Protein Data Bank (PDBY The presence of heavy element¢hpiaromatic ring)
interactions in macromolecular structures has beemtioned to in some of the earlier

reviews on this topié®!? In keeping with the theme of the present update,examples of



such interactions involving neutral molecules ipayating element(lp) interacting with a
protein and an enzyme are presented.

In the first exemplar, the interaction of the cgdhiexapeptide inhibitor, cyclic tris-
valinyl-selenazole (QZ-Val), Fig. 26a, with the nmanane transporter protein P-glycoprotein
(P-gp), which has pharmacological relevance, baitigansporter of drug metabolites across
cell membranes, has been described recéfttyAs seen from Figs 26b and ¢, some of the
selenium(ll) atoms of QZ-Val are linked to P-g@a selenium(Ip)-1(arene) contacts in this
co-crystal.

The second exemplar, an enzyme-inhibitor complexyeimarkable from several
perspectives and is discussed here even thoughslgstem is not an arene ring. The study
in question revealed the interactions of analogefesarcosine, Fig. 27a, with the enzyme,
sarcosine oxidase, specifically the active sitee ttovalently bound flavin adenine
dinucleotide (FAD)Y* The analogues were those where the NH group rebsiae was
replaced by species such as X = methylene, seléh)urtc. Crucially, the authors of this
paper, published in 2000, concluded that the bopdifinity, which followed the order CHk
O < S < Se < Te, was related to the ability of Xdom X(Ip)...1tinteractions in the receptor
site. This notion is entirely consistent with thencepts explaining the formation of
X(Ip)... 1t interactions as outlined in thatroduction. Crystallography on the co-crystals
reveals the positioning of tellurium(ll), Fig. 27and selenium(ll) over the ring&, akin to
that seen in molecular compounds. Clearly, therenormous scope for further study
designed to unravel the nature and relative impodaof element(lp).m interactions in

macromolecular systems.

Overview



The previous sections have shown that element(fpiteractions provide definitive points
of contact between molecules leading to clearlpgacsable supramolecular aggregates. As
the specified element(Ip)m. interaction occurs in isolation of other recoghlsa
supramolecular synthons, these may be termed wusteuddirecting. The foregoing
notwithstanding, several interrelated questionseaais to their prevalence, their strength and,
crucially, their relevance to crystal engineerimgleavours.

Of the heavier main group elements covered herdi@, maximum adoption of
independent element(lp)m. interactions occur in thallium(l) structures, dhoat 14%.
Bismuth(lll) structures are 9% likely to feature abogous interactions with the other
elements having lower probabilities, down to a mimm of 2-3% for tin(ll) and lead(ll)
compounds. To put this in context, the well-redegd eight-membered {...HOCQ®}
synthon occurs in just one-third of structures wh#rey can potentially form owing to
competing supramolecular interactidi§. However, the percentage adoption of
element(lp)..1tinteractions in molecular packing will be highkam indicated above as these
can operate in cooperation with other synthons dmiindicated above, these structures were
excluded from the present survey.

The energy of stabilisation imparted by element(lm) interactions is small and
likely to be less than 10 kJ mbt * 148 |n keeping with their weak nature and as antieipa
for weak interactions, no correlation betwesand 8 exist$'2 as occurs for conventional
hydrogen bonding interactions. This lack of catiein is related to the great diversity of the

chemical composition of the molecules and theiereht weak natur&? 149

Conclusions
The observation of element(lp)t.interactions date back over a Century in the faim

Menschutkin complexes of which the SkbQGlomplex with benzene is the prominent



example!® Over the past decade, data mining investigatltmng shown that analogous
element(lp)..ttinteractions are pivotal in assembling molecutes,iusually, zero- and one-
dimensional aggregates, and less commonly into &nd-three-dimensional architectures.
While inherently weak, these interactions play ke fia stabilising crystal structures, often
being structure-directing and any thorough analydisupramolecular association should
include a search for element(Ip)t.interactions involving both light- and heavier+alent
species. While the exploitation of element(lpy)..interactions in deliberate crystal
engineering endeavours is in its infancy, the vegent reports of interacting halogenated
solvent with substituted triazine ringga element(lp)..1t interaction$®! and the direct
spectroscopic observation of element(lp).interactions in substituent formatessuggest
that element(lp).11 interactions may have a role in arranging molexutethe condensed

phase.
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Table 1 Geometric parameters characterising Sn(lmjarene) interactions i1—23, and

Pb(lp).. m(arene) interactions i24-32

Compound CSD ref. code d (A) 6 (9 Motif Ref.

Sn(ll) structures

Zero-dimensional aggregates

1 HEBXOBO1  3.47 45 0_| 24
2 QIVNUEO1 362 115 0| 25
3 QOXQID 3.76 112 0| 26
4 ZUNYAK 3.80 175 0_| 27
5 OGAPES 3.85 8.0 0_| 28
6 ZOBGEE 3.86 125 0| 29
7 YOMVAY 4.02 196 0_| 30
8 VAYTEW 325 7.6 0_| 24
9 TOMWIC 334 7.1 0_| 31
10 VAYTIA 3.36 108 0_| 24

3.59 7.6 (solvent)

11 BUHTIJ 3.37 7.2 0_l 32
12 BEMMOX 3.40 4.0 0_l 33
13 VAYRUK 3.44 8.9 0l 24
14 VAYSIZ 3.68 5.7 0l 24
15 VAYRIY 3.69 8.2 0l 24
16 LUCZIT 3.58 11.3 o_1 34
17 VAYTAS 3.26 11.9 0l 24

One-dimensional aggregates



18
19
20
21
22
23

Pb(ll) structures

Zero-dimensional aggregates

24

25

26

27

28

One-dimensional aggregates

29

30

31

32

KOXCUX
LIIMOI
ULOLOX
NIDTOL
NUMWEX

BOKBOT

GISDET

DABCUH
HUGVUB
DAYVOQ

DUZRIB

HUGWEM

KUQFAEO1

GOLMOK

TUMFAJ

3.71

3.63

3.44

3.76

4.00

3.38

3.47

3.49

3.89

3.75

3.75

3.17

3.47

3.91

3.34

3.40

11.6

13.3

8.9

2.8

16.6

8.2

4.3

11.6

18.9

3.6

12.1

8.3

12.8

17.3

8.3

12.0

1 I (linear)

1_| (zigzag)
1_1 (helical)
1_1 (helical)
1_1 (helical)
1_1 (helical)
0l

0l

0l

o_li

o_li

1_1 (linear)
1_1l (linear)
1_1 (linear)
1_1ll (helical)

35

36

37

38

39

40

41

42

43

44

42



Table 2 Geometric parameters characterising Tl(Ip¥arene) interactions i83-35

Compound CSD ref. code d (A) 6 (%) Motif Ref.
One-dimensional aggregates

33 MIBZIG 3.06 6.8 1_I (helical) 48
34 DIPSAY 335 115 1 | (helical) 49
Two-dimensional aggregate

35 QUQZIN 324 26 2_| flat 50



Table 3 Geometric parameters characterising As(Ipjarene) interactions ir86-41,

Sb(lp)...1m(arene) interactions #2—49 and Bi(Ip).. {arene) interactions iB0-71

Compound CSD ref. code d (A) 6 (%) Motif Ref.

As(lll) structures

One-dimensional aggregates

36 FEFHOP 3.47 9.2 1 | (linear) 51
37 RUTXUA 3.48 6.9 1 | (linear) 52
38 DIYCOF 3.36 13.4 1_1| (helical) 53
39 GETLUO 3.70 12.5 1 | (tubular) 54
40 GETMAV 3.76 12.7 1 | (tubular) 54

Two-dimensional aggregate
41 LUFTOW 3.60 9.9 2_| (flat) 55
Sb(lll) structures

Zero-dimensional aggregates

42 WEWDOT 3.67 10.6 0_l 56
43 YUGSOK 3.78 17.3 0_l 57
44 TOMQAP 3.85 15.1 0_l 58
45 MOZPAU 3.95 14.3 0_l 59

One-dimensional aggregates

46 SEKGEW 3.37 0.2 1 I (linear) 60
47 SEKGIA 3.38 2.4 1 I (linear) 60
48 HIJRID 361 5.4 1_I (helical) 61
49 HORPIP 394 175 1_I (helical) 62

Bi(lll) structures



Zero-dimensional aggregates

50

51

52

53

54

55

56

57

58

59

60

61

62

One-dimensional aggregates

63

64

65

66

67

BIQVAA
VICKAV
BIQGEP
WOXFUM
WAZWOL
LONJUV
MATQEF
HIJROJ
IZUHIV
WAZWUR
NOCGESO01
DUGLIC

BITRPH11

HAQMAP

XAJHUO

LEYZIA
ETUXIB

KIKRED

3.51

3.52

3.55

3.59

3.67

3.71

3.74

3.76

3.76

3.78

3.92

3.72

3.79

3.94

3.37

3.55

3.59

3.56

3.61

3.93

3.85

3.42

3.71

4.5

3.7

5.9

14.1

4.9

11.0

13.7

13.1

13.4

3.9

18.2

13.2

12.7

13.0

2.0

13.0

13.8

12.4

14.2

15.2

12.3

9.8

13.0

0_l
0_l
0_l
0_l
0_l
0_l
0_l
0_l
0_l
0_l
0_l
0_l

0_|

1 I (linear)

1 I (linear)

1 I (linear)

1 1 (zigzag)

1 1 (helical)

63

64

63

64

65

66

67

68

69

65

69

70

71

72

73

56

74

75



68

69

70

71

PAFQIY
MSTLBIO2

DUGKOH

DUGKIB

3.73

3.93

3.28

3.40

3.27

3.36

2.8

15.1

1.8

2.1

4.9

3.7

1 1 (helical) 76
1 1 (helical) 77

1 IV (stepped) 78

1 IV (stepped) 78



Table 4 Geometric parameters characterising Se(lpjarene) interactions in2-124

Compound CSD ref. code d (A) 6 (9 Motif Ref.

Se(ll) structures

Zero-dimensional aggregates

72 NARWUA 3.47 5.0 0_l 80
73 ERUWIY 3.49 8.6 0_l 81
74 WARJIK 3.49 12.2 0_l 82
75 OXAWOA 3.51 10.3 0_l 83
76 QOMTIX 3.57 14.2 0_l 84
77 WUSJUR 3.57 16.4 0_l 85
78 SAGTOM 3.58 11.2 0_l 86
79 SADVOK 3.66 11.2 0_l 87
80 EVAVED 3.67 8.2 0_I 88
81 ISUJAI 3.69 19.0 0_I 89
82 AXAGOW 3.70 12.3 0_I 90
83 MIVYUN 3.86 13.3 0_I 91
84 QOJWET 3.87 18.9 0_I 92
85 QODXUE 3.53 16.7 0_I 93
86 ZOSSIL 3.84 12.8 0_I 94
87 FUXTOI 3.91 11.2 o_ll 95
88 RIHVEL 3.75 18.3 O_1 96
3.92 19.4
89 CENBAA 3.36 8.0 0_IVv 97

3.45 4.7



90

91

92

93

94

One-dimensional aggregates

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

BEYCIT
BEYCUF
JOLZER
JANKIT

WUSKAY

UJIVUF
ERUVUJ
TOVQEC
WARLAE
ZOMMIZ
OPUYII
ZOMMOF
SENGOHO1
XEYZIM
ZUBWAW
QOVGAL
EDIGUUO2
XAYCIL
XAYCUX
GlYJuVv
DIZSIQ
AFUPEY

GAQQEW

3.71

3.50

3.48

3.59

3.43

3.91

3.60

3.63

3.64

3.78

3.83

3.84

3.85

3.91

3.95

3.48

3.58

3.75

3.91

3.97

3.98

3.48

3.51

3.54

14.9

9.0

1.6

12.4

10.6

16.8

12.8

8.5

14.8

7.8

6.8

154

16.1

12.6

9.9

4.5

18.0

4.2

19.3

19.8

9.5

8.6

16.4

17.3

0_l
0_l
0_l
0_l

0V

1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (zigzag)
1_| (zigzag)
1_| (zigzag)
1_1 (zigzag)
1_1 (zigzag)
1_1 (zigzag)
1_1 (helical)
1_1 (helical)

1 1 (helical)

98

98

99

100

85

101

81

102

82

103

104

103

105

106

107

108

105

109

109

110

111

112

113



113 LEDZIF 3.57
114 ZOGFIM 3.74
115 WEKWOA 3.53
116 HOGBOW 3.69
117 COFBAC 3.87
118 LIFFUD 3.95
119 ICEWIY 3.52
120 WARKOR 3.54
3.79
121 IGIXIH 3.69
122 REDGUE 3.94
123 SUWEFIB 3.68

Se(lV) structure
One-dimensional aggregate

124 PAHFOV 3.56

11.8

17.2

15.3

8.4

9.4

18.8

11.6

15.2

6.7

17.0

16.8

2.8

2.4

1_1 (helical)
1_1 (helical)
1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (linear)
1_1 (zigzag)

1 11 (linear)

1 11 (linear)

1 V (twisted)

1 I (linear)

1 1 (zigzag)

114

115

116

117

118

119

120

121

82

122

123

124



Table 5 Geometric parameters characterising Te(Ipjarene) interactions ih25-157

Compound CSD ref. code d (A) 6 (9 Motif Ref.

Te(ll) structures

Zero-dimensional aggregates

125 POYGITO1 3.61 8.8 0_l 125
126 HUJROV 3.67 14.3 0_l 126
127 VUBPIT 3.69 8.9 0_l 127
3.72 12.1
128 TOWZOW 3.54 5.7 0_l 128
129 TOWYEL 3.58 9.8 0_l 128
130 TOXCAM 3.62 141 0_l 128
131 KIBTEW 3.63 14.4 0_l 129
132 TOXBIT 3.65 9.3 0_I 128
133 TOXBOZ 3.68 12.7 0_I 128
134 TOXCIU 3.69 10.4 0_I 128
135 TOXCOA 3.71 9.9 0_I 128
136 TOWYIP 3.72 9.9 0_I 128
137 TOWZAI 3.78 16.6 0_I 128
138 BETDAGO1  3.85 18.6 0_I 130

One-dimensional aggregates

139 NECVOI 3.48 12.7 1_| (linear) 131
140 HUHMII 3.67 10.0 1 | (linear) 126
3.58 15

141 WARLEI 3.74 5.3 1_| (linear) 82



142

143

144

145

146

147

148

149

150

151

WARJOQ

WARKEH

HUJRAH
UJOSES
GUFPAA
EHUSOQ
GUDGET
YUXQEO
MUWEFIU

INIXAF

Te(lV) structures

152

153

154

155

156

157

RATFID
IRUKEM
UJOSIW
KAKCOP
WARNEK

HAQHOY

3.85

3.92

3.92

3.93

3.62

3.79

3.62

3.71

3.55

3.72

3.62

3.51

3.58

3.64

3.76

3.83

3.85

3.7

4.2

4.8

8.1

7.5

11.6

0.8

111

9.3

8.5

9.3

11.7

9.9

8.1

19.4

18.0

9.6

1 I (linear)

1 I (linear)

1_1 (linear)
1_1 (zigzag)
1_| (zigzag)
1_1 (helical)
1_1 (helical)
1_1 (linear)
1_1 (zigzag)

1 I (linear)

0_l
0_l
1 1 (zigzag)
1 1 (zigzag)
1 1 (zigzag)

1 1 (zigzag)

82

82

126

132

133

134

135

136

137

138

139

140

132

141

82

142



Fig. 1 Search protocols for element(ipy(arene) interactions: (a) geometric restrictions
where d (A) is the distance between the ring centroid, @gd the element under
consideration, ané (°) is the angle between the normal to the argg ¥1, and the vector,
V2, between the ring centroid and the element, ardrépresentation of a delocalised
element(lp)-z(arene) interaction where the lone-pair interagisadly with all carbon atoms

of the arene ring.

L‘

\é A
L ey

Fig. 2 Supramolecular association in the structure &f$P(O-iPr)(OGH4OEt-4)k}. with

Pb(Ilp)---m(arene) and PbS secondary interactions shown as purple and ldasked lines,

respectively. Colour code in this and subsequégrdms: orange, element donating the
lone-pair of electrons; yellow, sulphur; pink, ppbsrus; red, oxygen; grey, carbon. The
arene ring participating in the element(ipy(arene) interaction is highlighted in purple. All

but acidic hydrogen atoms (green) are omitted.
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Fig. 3 Chemical structure diagrams for tin(ll) compoudd&3 which form Sn(lp)-m(arene)

interactions leading to zeral«17) and one-18-23) dimensional aggregation patterns.



Fig. 4 Supramolecular aggregates sustained by Sntigrene) interactions in the crystal
structures of (a2, (b) 15, (c) 10, (d) 16, (e)17, (f) 18, (g) 19 and (h)20. Additional colour

code: blue, nitrogen; brown, silicon.
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Fig. 5 Chemical structure diagrams for lead(ll) compaurn24-32 which form
Pb(lp)--m(arene) interactions leading to zera24428) and one- Z9-32) dimensional

aggregation patterns.
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Fig. 6 Supramolecular aggregates sustained by Pbtigrene) interactions in the crystal
structures of (aR6, (b) 27, (c) 29, (d) 30 and (e)32. Additional colour code: olive-green,

bromide.
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Fig. 7 Chemical structure diagrams for thallium(ll) camapds 33-35 which form
TI(Ip)---T(arene) interactions leading to zerd3(and 34) and two- 85 dimensional

aggregation patterns.

Fig. 8 Supramolecular aggregates sustained by THigarene) interactions in the crystal

structures of (a34 and (b)35. Additional colour code: lime, boron.



MeO Cl

Fig. 9 Chemical structure diagrams for arsenic(lll) comnpds 36-41 which form

As(Ip)---T(arene) interactions leading to zer86{40) and two- 41) dimensional aggregation

patterns.



Fig. 10 Supramolecular aggregates sustained by As(ifarene) interactions in the crystal
structures of (aB6, (b) 37, (c) 38, (d) 39 and (e)41. Additional colour code: dark-red,

iodide.
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Fig. 11 Chemical structure diagrams for antimony(lll) qmwunds42-49 which form

Sb(lp)--T(arene) interactions leading to zerod2{45) and one- 46-49) dimensional

aggregation patterns.



Fig. 12 Supramolecular aggregates sustained by Sbtigrene) interactions in the crystal

structures of (a5, (b) 46 and (c)48.
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Fig. 13 Chemical structure diagrams for bismuth(lll) campds 50-71 which form
Bi(Ip)---m(arene) interactions leading to zerdd0{62) and one- §3-71) dimensional

aggregation patterns.

Fig. 14 Supramolecular aggregates sustained by Bi{igarene) interactions in the crystal
structures of (ab3, (b) 61, (c) 62, (d) 63, (e)66, (f) 68 and (g)71. Additional colour code:

cyan, chloride; green, hydrogen.
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Fig. 15 Chemical structure diagrams for selenium(ll) coonpds 72-94 which form

cl ‘

Se(Ilp)--m(arene) interactions leading to zero-dimensiongreggation patterns.



Fig. 16 Zero-dimensional, supramolecular aggregates isestaby Se(Ip)-m(arene)
interactions in the crystal structures of 7d) (b) 76, (c) 87, (d) 88, (e) 89, (f) 90, (g) 93 and

(h) 94.
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Fig. 17 Chemical structure diagrams for selenium(ll) coomnpds 95-123 which form

Se(lp)--(arene) interactions leading to one-dimensionategggion patterns.



Fig. 18 One-dimensional, supramolecular aggregates sestaby Se(lp)-T(arene)
interactions in the crystal structures of 98) (b) 105 (c) 114, (d) 117, (e) 119 (f) 121, ()

122and (h)123

Fig. 19 Chemical structure diagram for selenium(lV) commpd 124 which forms

Se(lp)--(arene) interactions leading to a one-dimensioggtegate.



Fig. 20 One-dimensional, supramolecular aggregate swestaihy Se(lp)-1(arene)

interactions in the crystal structureli4.
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Fig. 21 Chemical structure diagrams for tellurium(ll) goounds125-151 which form
Te(lp)--T(arene) interactions leading to zerd2%-138 and one- 139-151) dimensional

aggregation patterns.

Fig. 22 Supramolecular aggregates sustained by Tefifgrene) interactions in the crystal
structures of (a)l27, (b) 134, (c) 140, (d) 146 (e) 148 (f) 149 (g) 150 and (h)151

Additional colour code: mauve, fluoride.
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Fig. 23 Chemical structure diagrams for tellurium(lV) goounds152-157 which form
Te(lp)--T(arene) interactions leading to zert52 and153) and one-154-157) dimensional

aggregation patterns.




Fig. 24 Supramolecular aggregates sustained by Tefifgrene) interactions in the crystal

structures of (al53and (b)155

Fig. 25 lllustration of cytidine-sugar-O atorripyrimidine) interaction, thought to stabilise

the conformation found in the left-handed Z-DNA bty



Fig. 26 (a) Chemical diagram of the cyclic hexapeptideibiior QZ-Val, (b) view of the
interaction between P-glycoprotein and QZ-Val selenium(lp)-m(arene) interactions and

(c) detail of the selenium(lp)r(arene) interactions.
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Fig. 27 (a) Chemical diagram of sarcosine, and (b) int&gpeesenting the interaction of a
tellurium(ll)-substituted sacrosinate anion witte thctive site (FAD) of sarcosine oxidase;

insert (above): detail of the tellurium(l)rpyrimidinyl)interaction.



