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Abstract 

Crystal structures of the heavier main group elements in low oxidation states have been 

evaluated for the presence of supramolecular element(lp)⋯π(arene) interactions that are 

structure-directing.  It is revealed that when present, these interactions lead to zero-

dimensional, binuclear aggregates but higher-nuclearity species are sometimes observed, with 

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



two-dimensional aggregation based on element(lp)⋯π(arene) interactions are rare.  In 

summary, interactions of main group metal lone-pairs with aromatic rings are revealed as 

synthons capable of assembling molecules into supramolecular aggregates. 

 

 

 

 

† Electronic supplementary information (ESI) available: For ESI (illustrations of 

supramolecular aggregation based on main group element(lone-pair)⋯π(arene) interactions 

for 1–157), see DOI: 

  



Introduction 

It was in the realm of macromolecular crystallography that the concept of element(lone-

pair)⋯π-system interactions most likely arose; hereafter lone-pair = lp.  Thus, it was Egli and 

Gessner in their rationalisation of the structure of the left-handed Z-DNA duplex who 

concluded that cytidine-O(lp)⋯π(pyrimidinyl) interactions were crucial for the stabilisation 

of the observed conformation.1  Subsequently, other light-atom structures were suggested to 

contain similar interactions in both protein2 and molecular structural chemistry;3 further 

discussion of the biological inspiration behind element(lp)⋯π-system interactions is given 

below.  In terms of supramolecular chemistry, it is likely that the first mention of heavy 

element(lp)⋯π(arene) interactions was in a review of the structural chemistry of tellurium 

compounds.4  Subsequently, a number of systematic bibliographic reviews have appeared 

over the last decade describing supramolecular architectures sustained by element(lp)⋯π-

system interactions, including those having element = oxygen,5 tin,6 lead,7 thallium,8 arsenic,9 

antimony,10 bismuth,10 selenium11 and tellurium.11b,12 1  The purpose of the present survey is 

to provide an update on the structures of the elements from tin to tellurium containing 

element(lp)⋯π(arene) interactions, since the appearance of their original literature survey, 

and to describe the supramolecular aggregates they stabilise.  This is especially salient as it is 

still comparatively rare for mention of these contacts, let alone the aggregation patterns 

resulting from them, to be mentioned in the primary publication. 

 At first glance it might appear odd that element(lp)⋯π(arene) interaction might be 

considered as stabilising/attractive when both components might be considered electron-rich.  

While transition metal⋯π(arene) interactions are readily explained in terms of attraction 

between a metal and an π-electron cloud,13 the same does not pertain for post-transition 

                                                           

1
 An overview of these reviews is to appear in a Chapter in "Aromatic Interactions: Frontiers 

in Knowledge and Application" Edited by Darren W. Johnson and Fraser Hof 
 



elements which being in low oxidation states often possess stereochemically active lone-

pair(s) of electrons.  Under these circumstances, it is not surprising that such interactions 

have attracted the interest of theoreticians.14  The rationale for the formation of 

element(lp)⋯π(arene) interactions is very similar to that proposed for halogen bond which, 

also at first glance, appears contrary to expectation.15  Described simply, in either context, the 

distribution of electron density is asymmetric, there being a build-up of electron density about 

the middle bounds of the electron distribution leaving a region depleted of electron density at 

the end which may be variously termed an electropositive region, σ-hole or polar cap.  In 

halogen bonding this would be located at the end of the vector of the, say, carbon–halogen 

bond.  In the case of a lone-pair, the polar cap would be found at the tip of the lone-pair.  It is 

the electrophilic polar cap that interacts with the electron density of the π-ring to form a 

stabilising interaction. 

 In keeping with the notion that identification of supramolecular synthons is a key 

element of crystal engineering,16 in the following, after a brief outline of the protocols 

employed to ascertain the presence of element(lp)⋯π(arene) interactions in the crystal 

structures of the heavier main group elements, a systematic survey of structures having these 

interactions and the self-assembly based on these will be presented. 

 

 

Methodology 

The search protocols utilised for the current survey were adapted from those employed in 

earlier systematic surveys of element(lp)⋯π(arene) interactions.5-12  The Cambridge 

Structural Database (CSD: version 5.37 + 2 updates)17 was searched using CONQUEST 

(version 1.18).18  The structural protocols are outlined in Fig. 1a, there being two key 

geometric restraints.  The first relates to the distance, d, between the metal centre and the ring 



centroid, Cg.  Following recent literature precedents,5-12 this was set at 4.0 Å to capture all 

reasonable contacts.  Earlier work indicates that if an element(lp)⋯π(arene) interaction is to 

form, it will usually form at distances within the sum of the van der Waals radii of the 

element in question and that estimated for an arene ring, i.e. 1.9 Å.19  The angle, θ, is the 

angle between the normal to the plane through the arene ring (V1) and the vector passing 

through Cg to the element in question (V2), and provides a sense of the relative location of 

the element above the plane.  In the present survey, θ, was restricted to be ≤ 20º.  This 

restriction ensures that only delocalised20 element(lp)⋯π(arene) interactions were retrieved 

from the CSD, meaning approximately equal lp⋯C separations, Fig. 1b.  This is in contrast to 

localised interactions, where the lone-pair is directed towards a single atom of the ring, and 

semi-localised interactions where the lone-pair is directed to one of the bonds of the ring.20  

Non-geometric restrictions were also applied.  Thus, only neutral structures were considered 

and structures with R > 0.07, with unresolvable disorder, determined from powder data and 

those that are polymeric being omitted.  Further, structures featuring element(lp)⋯π(arene) 

interactions but, where the arene ring was a solvent were also omitted. 

Having a database of possible candidates for each structure, data were manually 

scrutinised to ensure that the element(lp)⋯π(arene) interaction in question was structure-

directing, meaning that the interaction was operating in isolation of other intermolecular 

interactions, e.g. hydrogen bonding and secondary interactions.  As an illustration of this, the 

analysis of the supramolecular association in the structure of {Pb[S2P(O-iPr)(OC6H4OEt-

4)]2} 21 is given here.  Referring to Fig. 2, the centrosymmetric aggregate is sustained by a 

pair of Pb(lp)⋯π(arene) interactions with d = 3.32 Å and θ = 9.2º, i.e. falling within the cited 

search criteria.  However, this structure has been omitted from the survey as the 

Pb(lp)⋯π(arene) interactions are complemented by secondary Pb⋯S interactions and 

therefore cannot be considered as structure-directing, operating in isolation of other 



supramolecular synthons.  After manual sorting, there were a total of 157 new structures 

containing structure-directing elements(lp)⋯π(arene) interactions that have appeared since 

the original bibliographic review of each element; a small number of structures that were 

overlooked in the original surveys are also included here.  The supramolecular aggregations 

patterns resulting from element(lp)⋯π(arene) interactions in 1-157 are discussed in the next 

section.  Diagrams showing supramolecular aggregation are original and were drawn with 

DIAMOND.22  Chemical diagrams were drawn with ChemDraw® with only species directly 

participating in element(lp)⋯π(arene) interactions illustrated.  Geometric data are collated in 

Tables 1-5.  The structure analysis program PLATON23 was also routinely employed in the 

present survey. 

 

 

Results 

Preamble 

The following is a succinct overview of supramolecular aggregation patterns sustained by 

M(lp)⋯π(arene) interactions which are structure-determining in that they are operating in 

isolation of other supramolecular synthons such as hydrogen bonding and secondary 

interactions.  The supramolecular aggregates described herein were not covered in earlier 

reviews of similar interactions published over the last decade for tin,6 lead,7 thallium,8 

arsenic,9 antimony,10 bismuth,10 selenium11 and tellurium.11b,12 compounds.  The aggregates 

for each of the elements are arranged in terms of dimension, mono-, bi, tri-nuclear molecules, 

etc., number of unique M(lp)⋯π(arene) interactions and in the case of selenium and 

tellurium, oxidation state.  Within each category, aggregates are ordered in terms of the value 

of d and then differentiated by θ in cases where two structures had the same value of d. 

 



Zero-and one-dimensional aggregates sustained by Sn(II)… π(arene) interactions 

Chemical structure diagrams of the 23 tin(II) molecules featuring zero- (1–1724-34) and one- 

(18–2335-40) dimensional aggregates sustained by Sn(lp)⋯π(arene) interactions are given in 

Fig. 3.  Interesting, this number is greater than the number of structures, i.e. 22, included in 

the first systematic evaluation of M(lp)⋯π(arene) interactions, namely in tin(II) compounds.6  

Data for the 23 structures are given in Table 1.  The following is an overview of the key 

structural motifs observed, with the aggregates illustrated in Fig. 4. 

In common with most of the other elements covered in this survey, the most 

frequently observed aggregate is one where two mononuclear molecules are related about a 

centre of inversion and are connected by a pair of Sn(lp)⋯π(arene) interactions, as illustrated 

in Fig. 4a for 2.25  This motif, motif 0_I, is adopted by 1–7.  In 4,27 for which two molecules 

comprise the crystallographic asymmetric unit, only one of these form Sn(lp)⋯π(arene) 

interactions.  Essentially the same supramolecular 0_I motif is found in the structures of each 

of binuclear 8–15, illustrated in Fig. 4b by 15;24 in 13,24 only one of the two independent 

binuclear molecules associates in this fashion.  The aggregate in 1024 is worthy of special 

mention as in addition to forming the Sn(lp)⋯π(arene) interactions to form the 0_I dimer, 

each of the two remaining tin(II) centres form a Sn(lp)⋯π(arene) interaction to a solvent 

toluene molecule, Fig. 4c.  In trinuclear 16,34 two independent molecules comprise the 

asymmetric unit and these associate via a single Sn(lp)⋯π(arene) interaction as shown in Fig. 

4d; this is labelled as motif 0_II .  The molecule in 17,24 is a centrosymmetric tetranuclear 

species.  In the crystal, centrosymmetrically related, tetranuclear molecules self-associate 

about a centre of inversion to generate motif 0_I, Fig. 4e. 

The remaining tin(II) structures self-associate into supramolecular chains of differing 

topology, adopting motif 1_I.  In mononuclear 18,35 linear supramolecular chains arise from a 

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



pertains for 1936 but the resulting topology is zigzag, Fig. 4g.  In each of mononuclear 20,37 

Fig. 4h, 2138 and 2239 similar chains are observed but, with helical topologies.  In binuclear 

23,40 only one of the independent tin(II) atoms forms Sn(lp)⋯π(arene) interactions, leading to 

a helical chain, 1_I. 

 

Zero-and one-dimensional aggregates sustained by Pb(II)… π(arene) interactions 

Since the original review documenting the occurrence of Pb(lp)⋯π(arene) interactions,7 

another nine structures, 24-32,41-47 have appeared in the crystallographic literature having 

these structure-directing contacts, Fig. 5 and Table 1.  Three of the structures adopt 

centrosymmetric dimeric motif 0_I, with that found in 2643 illustrated in Fig. 6a.  Two of the 

dimeric aggregates are sustained by a single Pb(lp)⋯π(arene) interaction only, thereby adopt 

motif 0_II : that found in 2744 is shown in Fig. 6b. 

Supramolecular chains are found in the crystal structures of the remaining four 

lead(II) compounds.  A linear chain is found for 29,43 Fig. 6c, motif 1_I.  Each of 3045 and 

3146 features a centrosymmetric, binuclear molecule.  In the molecular packing each of the 

lead(II) atoms forms a Pb(lp)⋯π(arene) interaction so that each molecule participates in two 

donor and two acceptor interactions.  The topology of the resulting chain is linear in each 

case, adopting motif 1_II , and that found in 30 is shown in Fig. 6d.  A non-symmetric, 

binuclear molecule is found in 3247 but each lead(II) atom participates in a Pb(lp)⋯π(arene) 

interaction so that a supramolecular chain ensures, with a helical topology.  The new motif, 

i.e. 1_III , is illustrated in Fig. 6e. 

 

One-and two-dimensional aggregates sustained by Tl(I)…π(arene) interactions 

Only three new thallium(I) structures, 33-35,48-50 Fig. 7 and Table 2, have appeared since the 

publication of the most recent review of M(lp)⋯π(arene) interactions, i.e. those involving 



thallium(I).8  Actually, there were a good number of “hits” but manual inspection revealed 

that the Tl(lp)⋯π(arene) interactions were cooperating with other supramolecular synthons, 

most commonly with Tl⋯O secondary bonding or conventional hydrogen bonding.  Two of 

the crystal structures, 3348 and 34,49 feature motif 1_I, i.e. helical supramolecular chains with 

that in the latter illustrated in Fig. 8a.  A rare example of a two-dimensional architecture 

sustained by M(lp)⋯π(arene) interactions is found in the structure of 35.50  Compound 35 

comprises centrosymmetric, binuclear molecules with each thallium(I) centre participating in 

Tl(lp)⋯π(arene) interactions.  As these extend laterally, a layer ensures which has a flat 

topology as shown in Fig. 8b.  This is classified as motif 2_I. 

 

One-and two-dimensional aggregates sustained by As(III)… π(arene) interactions 

Even though there are only six new arsenic(III) structures with As(lp)⋯π(arene) interactions, 

36-41,51-55 reported since the earlier review,9 a rich diversity of supramolecular aggregation 

patterns in one- and two-dimensions are apparent, Fig. 9 and Table 3.  A linear 

supramolecular chain sustained by As(lp)⋯π(arene) interactions is found in the crystal 

structure of 3651  These, motif 1_I, are connected into tapes by conventional hydrogen 

bonding interactions via centrosymmetric, eight-membered {…HOC=O}2 synthons, Fig. 10a.  

Linear chains (motif 1_I) are also found in the structure of 37.52  As illustrated in Fig. 10b, 

putative secondary As⋯S and As⋯N can be envisaged along the direction of the chain but, 

these do not form as the As(lp)⋯π(arene) interactions predominate.  In the crystal structure of 

38,53 Fig. 10c, helical chains are formed; motif 1_I.  A tubular topology is found in the 

structure 39,54 and in isostructural 40.54  Aesthetically, these are most attractive aggregates as 

the tubes possess crystallographic 65 symmetry as highlighted in the end-on view of Fig. 10d.  

Unlike the previous structures in this category, the molecule in 4155 is binuclear and disposed 



abut a centre of inversion.  The central phenyl ring participates in two As(lp)⋯π(arene) 

interactions so that a flat layer (motif 2_I) is formed as illustrated in Fig. 10e. 

 

Zero-and one-dimensional aggregates sustained by Sb(III) …π(arene) interactions 

Of the eight new antimony(III)-containing structures having structure-directing 

Sb(lp)⋯π(arene) interactions, 42-49,56-62 Fig. 11 and Table 3, and which have appeared since 

a systematic review of this phenomenon, four, 42–45, feature zero-dimensional aggregation 

leading to motif 0_I.  An exemplar, namely 4559 is shown in Fig. 12a.  Linear, 

supramolecular chains with mirror symmetry, are found in mononuclear 46,60 Fig. 12b and 

47.60  The remaining two molecules also self-associate into motif 1_I and give rise to helical 

chains, illustrated in the case of 4861 in Fig. 12c. 

 

Zero-and one-dimensional aggregates sustained by Bi(III) …π(arene) interactions 

At least 22 bismuth(III) structures featuring Bi(III)⋯π(arene) interactions have been 

published since a review of this phenomenon appeared in 2013,10 50-71,56, 63-78 Fig. 13 and 

Table 3.  Of these, 13 adopt dimeric motif 0_I as exemplified for the centrosymmetric 

aggregates in Fig. 14a for mononuclear 5364 and binuclear 61,70 Fig. 14b.  The dimeric 

aggregate found in 62,71 Fig. 14c, is of interest from at least two perspectives.  Firstly, this is 

a rare example of an aggregate of motif 0_I lacking crystallographic symmetry.  Also, 62 has 

a polymorph in the literature79 which also self-associates via Bi(III) ⋯π(arene) interactions [d 

= 3.76 Å, θ = 11.0º] but to form a linear supramolecular chain, i.e. motif 1_I.  Indeed, linear 

chains are found in several structures, Table 3, with that found in 6372 shown in Fig. 14d.  

Compound 6473 is noteworthy as each of the four independent molecules comprising the 

asymmetric unit forms Bi(III)⋯π(arene) interactions, with pairs of molecules associating to 

generate chains with linear topologies.  There is an example of a zigzag chain, i.e. 66,74 Fig. 



14e, and three helical chains, e.g. 68,76 Fig. 14f.  In 67,75 each of the crystallographically 

independent molecules self-associates to form the helical chain.  Finally, both independent 

bismuth(III) atoms in two binuclear molecules, 7078 and 71,78 Fig. 14g, form 

Bi(III) ⋯π(arene) interactions leading to chains with a stepped topology, motif 1_IV. 

 

Zero-dimensional aggregates sustained by Se(II)⋯π(arene) interactions 

With 52 structures featuring Se(II)…π(arene) interactions, 72-123,80-123 and one with a 

Se(IV)⋯π(arene) interaction, 124,124 selenium is the most significant contributor to the 

structures included in this survey, providing about one-third of the examples.  There are 23 

examples where Se(II)⋯π(arene) interactions lead to zero-dimensional motifs, Fig. 15 and 

Table 4.  Compounds 72–84 feature the common, dimeric motif involving two mononuclear 

molecules, 0_I, as exemplified for 7482 in Fig. 16a.  The exceptional dimeric aggregate is 

found for 7684 where, rather than being centrosymmetric, the aggregate is located about a 2-

fold axis, Fig. 16b.  The binuclear molecules 85–89 are also zero-dimensional.  While each of 

8593 and 8694 employ a single selenium(II) to form the centrosymmetric dimer, in 87,95 where 

two independent molecules comprise the asymmetric unit, association into the dimer is via a 

single Se(II)…π(arene) interaction leading to motif 0_II , Fig. 16c.  Variations are found for 

8896 and 89.97  In 88,96 Fig. 16d, with two independent molecules, both selenium(II) centres 

of one molecule associate via Se(II)⋯π(arene) interactions to the two rings of the second 

molecule.  This is designated as motif 0_III .  In 89,97 both selenoether atoms of the 

macrocycle associate with another molecule about a centre of inversion, Fig.16e, so there are 

now four Se(II)…π(arene) interaction sustaining the dimer aggregate, motif 0_IV.  In 

tetranuclear 90,98 a centrosymmetric aggregate arises as a result of Se(II)⋯π(arene) 

interactions involving the selenoether atoms rather than the phosphorous selenide atoms, Fig. 

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



structures that suggested a preferential participation of selenoether- over selenide-

selenium(II) in Se(II)⋯π(arene) interactions when there was a competition between the 

two.11  Each of tetranuclear 91,98 9299 and 93,100 Fig. 16g, associate about a centre of 

symmetry to form the 0_I motif.  A new motif, 0_V, is found in the crystal structure of 94.85  

Here, where two independent molecules comprise the asymmetric unit, one self-associates 

about a centre of inversion to form an aggregate akin to motif 0_I.  Associated with this are 

two molecules of the second independent molecule, each by a single Se(II)…π(arene) 

interaction, resulting in a four-molecule aggregate stabilised by four Se(II)…π(arene) 

interactions as shown in Fig. 16h. 

 

One-dimensional aggregates sustained by Se(II)⋯π(arene) interactions 

There are more one-dimensional aggregates sustained by Se(II)⋯π(arene) interactions than 

zero-dimensional aggregates, i.e. 29 vs 23.  Chemical diagrams are given in Fig. 17 and data 

included in Table 4.  The common supramolecular chains sustained by single 

Se(II)⋯π(arene) interactions are found, i.e. motif 1_I.  Thus, linear (95–103), zigzag (104–

109) and helical (110–114) topologies are observed.  Exemplars of these are shown in Figs 

18a-c for 99,103 105108 and 114,115 respectively.  Binuclear molecules 115–118 employ a 

single selenium atom only to form linear supramolecular chains as illustrated for 117118 in 

Fig. 18d, and a zigzag chain is formed in the same way in the crystal structure of 119,120 Fig. 

18e.  Binuclear molecules 120121 and 121,82 Fig. 17f, utilise both selenium atoms to form 

linear chains and are designated as motif 1_II .  A new motif, i.e. 1_V, arises in the crystal 

structure of 122.122  Here, binuclear molecules with 2-fold symmetry, self-associate about 

centres of inversion to form twisted chains, Fig. 18g.  The final aggregation pattern to be 

described in this section involves an octanuclear molecule situated about a centre of 



inversion, i.e. 123.123  These associate with translationally related molecules to generate a 

linear chain, motif 1_I, Fig. 18h. 

 

One-dimensional aggregate sustained by Se(IV)⋯π(arene) interactions 

There is a sole example of a structure featuring Se(IV)⋯π(arene) interactions, namely that of 

124,124 Fig. 19 and Table 4.  In the crystal, molecules assemble into zigzag supramolecular 

chains via a single Se(IV)⋯π(arene) interaction per molecule, Fig. 20. 

 

Zero-and one-dimensional aggregates sustained by Te(II) …π(arene) interactions 

Chemical diagrams for tellurium(II) compounds described herein, 125-151,82, 125-138 forming 

Te(II)…π(arene) interactions are given in Fig. 21 and geometric data collated in Table 5.  The 

mononuclear tellurium(II) compounds 125–127 adopt motif 0_I with 127127 being notable as 

the molecules are not related over a centre of inversion, rather the two independent molecules 

comprising the asymmetric unit are connected by two Te(II)⋯π(arene) interactions, Fig. 22a.  

A large number of binuclear tellurium(II) compounds, 128–138 associate about a centre of 

inversion with only one of the independent tellurium(II) centres forming the Te(II)⋯π(arene) 

interaction.  These are also designated as motif 0_I and the aggregate found in 134128 is 

illustrated in Fig. 22b. 

The remaining aggregates sustained by Te(II)⋯π(arene) interactions are one-

dimensional.  Mononuclear 139–144 self-assemble into linear chains via one Te(II)⋯π(arene) 

interaction per molecule.  All of these are classified as motif 1_I and are exemplified in Fig. 

22c for 140.126  In the same manner, zigzag supramolecular chains are found in each of 145132 

and 146,133 with the latter illustrated in Fig. 22d.  Further representatives of motif 1_I are 

found in the helical chains adopted by 147134 and 148,135 Fig. 22e.  Only one of the 

tellurium(II) centres in binuclear 149136 forms Te(II)…π(arene) interactions to generate a 



linear chain, Fig. 22f.  A similar situation pertains for 150137 where the telluroether- rather 

than the telluride-tellurium(II) atom forms the interaction, leading to a zigzag chain, Fig. 22g.  

The final structure in this category is tetranuclear 151,138 which has 2-fold symmetry.  Two 

tellurium(II) atoms per molecule participate in Te(II)⋯π(arene) interactions leading to a 

linear chain, Fig. 22h. 

 

Zero-and one-dimensional aggregates sustained by Te(IV) ⋯π(arene) interactions 

There are six tellurium(IV) structures forming Te(IV)⋯π(arene) interactions, i.e. 

mononuclear 152-157;82, 139-142 see Fig. 23 for chemical diagrams and Table 5 for data.  Two 

structures adopt motif 0_I, being disposed about a centre of inversion in each case; 153140 is 

shown in Fig. 24a.  The remaining structures each aggregate into a zigzag supramolecular 

chain sustained by a single Te(IV)⋯π(arene) interaction per molecule, i.e. motif 1_I.  

Compound 155141 serves as an example, being illustrated in Fig. 24b. 

 

 

Inspiration from biology 

As highlighted in the Introduction, interest in element(lp)⋯π(aromatic ring) interactions was 

garnered from the apparent role of an oxygen(lp)⋯π(aromatic ring) contact is stabilising the 

conformation of the left-handed Z-DNA duplex.1  As illustrated in Fig. 25, the participating 

oxygen atom is a cytidine-sugar-O atom and the π-system is a six-membered pyrimidinyl ring 

of a guanine residue; Figs 25-27 were drawn with DSVisualizerTM 143 using data extracted 

from the Protein Data Bank (PDB).144  The presence of heavy element(lp)⋯π(aromatic ring) 

interactions in macromolecular structures has been mentioned to in some of the earlier 

reviews on this topic.10-12  In keeping with the theme of the present update, two examples of 



such interactions involving neutral molecules incorporating element(lp) interacting with a 

protein and an enzyme are presented. 

In the first exemplar, the interaction of the cyclic hexapeptide inhibitor, cyclic tris-

valinyl-selenazole (QZ-Val), Fig. 26a, with the membrane transporter protein P-glycoprotein 

(P-gp), which has pharmacological relevance, being a transporter of drug metabolites across 

cell membranes, has been described recently.145  As seen from Figs 26b and c, some of the 

selenium(II) atoms of QZ-Val are linked to P-gp via selenium(lp)⋯π(arene) contacts in this 

co-crystal. 

The second exemplar, an enzyme-inhibitor complex, is remarkable from several 

perspectives and is discussed here even though the π-system is not an arene ring.  The study 

in question revealed the interactions of analogues of sarcosine, Fig. 27a, with the enzyme, 

sarcosine oxidase, specifically the active site, the covalently bound flavin adenine 

dinucleotide (FAD).146  The analogues were those where the NH group of sarcosine was 

replaced by species such as X = methylene, selenium(II), etc.  Crucially, the authors of this 

paper, published in 2000, concluded that the binding affinity, which followed the order CH2 < 

O < S < Se < Te, was related to the ability of X to form X(lp)…π interactions in the receptor 

site.  This notion is entirely consistent with the concepts explaining the formation of 

X(lp)…π interactions as outlined in the Introduction.  Crystallography on the co-crystals 

reveals the positioning of tellurium(II), Fig. 27b, and selenium(II) over the rings,146 akin to 

that seen in molecular compounds.  Clearly, there is enormous scope for further study 

designed to unravel the nature and relative importance of element(lp)…π interactions in 

macromolecular systems. 

 

 

Overview 



The previous sections have shown that element(lp)…π interactions provide definitive points 

of contact between molecules leading to clearly recognisable supramolecular aggregates.  As 

the specified element(lp)…π interaction occurs in isolation of other recognisable 

supramolecular synthons, these may be termed structure-directing.  The foregoing 

notwithstanding, several interrelated questions arise as to their prevalence, their strength and, 

crucially, their relevance to crystal engineering endeavours. 

Of the heavier main group elements covered herein, the maximum adoption of 

independent element(lp)…π interactions occur in thallium(I) structures, at about 14%.  

Bismuth(III) structures are 9% likely to feature analogous interactions with the other 

elements having lower probabilities, down to a minimum of 2-3% for tin(II) and lead(II) 

compounds.  To put this in context, the well-recognised eight-membered {…HOCO}2 

synthon occurs in just one-third of structures where they can potentially form owing to 

competing supramolecular interactions.147  However, the percentage adoption of 

element(lp)…π interactions in molecular packing will be higher than indicated above as these 

can operate in cooperation with other synthons but, as indicated above, these structures were 

excluded from the present survey. 

The energy of stabilisation imparted by element(lp)…π interactions is small and 

likely to be less than 10 kJ mol-1.1, 14, 148  In keeping with their weak nature and as anticipated 

for weak interactions, no correlation between d and θ exists6-12 as occurs for conventional 

hydrogen bonding interactions.  This lack of correlation is related to the great diversity of the 

chemical composition of the molecules and their inherent weak nature.12a, 149 

 

Conclusions 

The observation of element(lp)…π interactions date back over a Century in the form of 

Menschutkin complexes of which the SbCl3 complex with benzene is the prominent 



example.150  Over the past decade, data mining investigations have shown that analogous 

element(lp)…π interactions are pivotal in assembling molecules into, usually, zero- and one-

dimensional aggregates, and less commonly into two- and three-dimensional architectures.5-12  

While inherently weak, these interactions play a role in stabilising crystal structures, often 

being structure-directing and any thorough analysis of supramolecular association should 

include a search for element(lp)…π interactions involving both light- and heavier-element 

species.  While the exploitation of element(lp)…π interactions in deliberate crystal 

engineering endeavours is in its infancy, the very recent reports of interacting halogenated 

solvent with substituted triazine rings via element(lp)…π interactions151 and the direct 

spectroscopic observation of element(lp)…π interactions in substituent formates152 suggest 

that element(lp)…π interactions may have a role in arranging molecules in the condensed 

phase. 
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Table 1 Geometric parameters characterising Sn(lp)…π(arene) interactions in 1–23, and 

Pb(lp)…π(arene) interactions in 24–32 

 

Compound CSD ref. code d (Å) θ (º) Motif Ref. 

Sn(II) structures 

Zero-dimensional aggregates 

1 HEBXOB01 3.47 4.5 0_I 24 

2 QIVNUE01 3.62 11.5 0_I 25 

3 QOXQID 3.76 11.2 0_I 26 

4 ZUNYAK 3.80 17.5 0_I 27 

5 OGAPES 3.85 8.0 0_I 28 

6 ZOBGEE 3.86 12.5 0_I 29 

7 YOMVAY 4.02 19.6 0_I 30 

8 VAYTEW 3.25 7.6 0_I 24 

9 TOMWIC 3.34 7.1 0_I 31 

10 VAYTIA 3.36 10.8 0_I 24 

  3.59 7.6 (solvent)  

11 BUHTIJ 3.37 7.2 0_I 32 

12 BEMMOX 3.40 4.0 0_I 33 

13 VAYRUK 3.44 8.9 0_I 24 

14 VAYSIZ 3.68 5.7 0_I 24 

15 VAYRIY 3.69 8.2 0_I 24 

16 LUCZIT 3.58 11.3 0_II  34 

17 VAYTAS 3.26 11.9 0_I 24 

One-dimensional aggregates 



18 KOXCUX 3.71 11.6 1_I (linear) 35 

19 LIJMOI 3.63 13.3 1_I (zigzag) 36 

20 ULOLOX 3.44 8.9 1_I (helical) 37 

21 NIDTOL 3.76 2.8 1_I (helical) 38 

22 NUMWEX 4.00 16.6 1_I (helical) 39 

23 BOKBOT 3.38 8.2 1_I (helical) 40 

Pb(II) structures 

Zero-dimensional aggregates 

24 GISDET 3.47 4.3 0_I 41 

25 DABCUH 3.49 11.6 0_I 42 

26 HUGVUB 3.89  18.9 0_I 43 

27 DAYVOQ 3.75 3.6 0_II  44 

28 DUZRIB 3.75 12.1 0_II  42 

One-dimensional aggregates 

29 HUGWEM 3.17 8.3 1_I (linear) 43 

30 KUQFAE01 3.47 12.8 1_II  (linear) 45 

31 GOLMOK 3.91 17.3 1_II  (linear) 46 

32 TUMFAJ 3.34 8.3 1_III  (helical) 47 

  3.40 12.0 

  



Table 2 Geometric parameters characterising Tl(lp)…π(arene) interactions in 33–35 

 

Compound CSD ref. code d (Å) θ (º) Motif Ref. 

One-dimensional aggregates 

33 MIBZIG 3.06 6.8 1_I (helical) 48 

34 DIPSAY 3.35 11.5 1_I (helical) 49 

Two-dimensional aggregate 

35 QUQZIN 3.24 2.6 2_I flat 50 

  



Table 3 Geometric parameters characterising As(lp)…π(arene) interactions in 36–41, 

Sb(lp)…π(arene) interactions in 42–49 and Bi(lp)…π(arene) interactions in 50–71 

 

Compound CSD ref. code d (Å) θ (º) Motif Ref. 

As(III) structures 

One-dimensional aggregates 

36 FEFHOP 3.47 9.2 1_I (linear) 51 

37 RUTXUA 3.48 6.9 1_I (linear) 52 

38 DIYCOF 3.36 13.4 1_I (helical) 53 

39 GETLUO 3.70  12.5 1_I (tubular) 54 

40 GETMAV 3.76 12.7 1_I (tubular) 54 

Two-dimensional aggregate 

41 LUFTOW 3.60 9.9 2_I (flat) 55 

Sb(III) structures 

Zero-dimensional aggregates 

42 WEWDOT 3.67 10.6 0_I 56 

43 YUGSOK 3.78 17.3 0_I 57 

44 TOMQAP 3.85 15.1 0_I 58 

45 MOZPAU 3.95 14.3 0_I 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 3.61 5.4 1_I (helical) 61 

49 HORPIP 3.94 17.5 1_I (helical) 62 

Bi(III) structures 



Zero-dimensional aggregates 

50 BIQVAA 3.51 4.5 0_I 63 

51 VICKAV 3.52 3.7 0_I 64 

52 BIQGEP 3.55 5.9 0_I 63 

53 WOXFUM 3.59 14.1 0_I 64 

54 WAZWOL 3.67 4.9 0_I 65 

55 LONJUV 3.71 11.0 0_I 66 

56 MATQEF 3.74 13.7 0_I 67 

57 HIJROJ 3.76 13.1 0_I 68 

58 IZUHIV 3.76 13.4 0_I 69 

59 WAZWUR 3.78 3.9 0_I 65 

60 NOCGES01 3.92 18.2 0_I 69 

61 DUGLIC 3.72 13.2 0_I 70 

62 BITRPH11 3.79 12.7 0_I 71 

  3.94 13.0 

One-dimensional aggregates 

63 HAQMAP 3.37 2.0 1_I (linear) 72 

64 XAJHUO 3.55 13.0 1_I (linear) 73 

  3.59 13.8 

  3.56 12.4 

  3.61 14.2 

65 LEYZIA 3.93 15.2 1_I (linear) 56 

66 ETUXIB 3.85 12.3 1_I (zigzag) 74 

67 KIKRED 3.42 9.8 1_I (helical) 75 

  3.71 13.0 



68 PAFQIY 3.73 2.8 1_I (helical) 76 

69 MSTLBI02 3.93 15.1 1_I (helical) 77 

70 DUGKOH 3.28 1.8 1_IV (stepped) 78 

  3.40 2.1 

71 DUGKIB 3.27 4.9 1_IV (stepped) 78 

  3.36 3.7 

  



Table 4 Geometric parameters characterising Se(lp)…π(arene) interactions in 72–124 

 

Compound CSD ref. code d (Å) θ (º) Motif Ref. 

Se(II) structures 

Zero-dimensional aggregates 

72 NARWUA 3.47 5.0 0_I 80 

73 ERUWIY 3.49 8.6 0_I 81 

74 WARJIK 3.49 12.2 0_I 82 

75 OXAWOA 3.51 10.3 0_I 83 

76 QOMTIX 3.57 14.2 0_I 84 

77 WUSJUR 3.57 16.4 0_I 85 

78 SAGTOM 3.58 11.2 0_I 86 

79 SADVOK 3.66 11.2 0_I 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 0_II  95 

88 RIHVEL 3.75 18.3 0_III  96 

  3.92 19.4 

89 CENBAA 3.36 8.0 0_IV 97 

  3.45 4.7 



90 BEYCIT 3.71 14.9 0_I 98 

91 BEYCUF 3.50 9.0 0_I 98 

92 JOLZER 3.48 1.6 0_I 99 

93 JANKIT 3.59 12.4 0_I 100 

94 WUSKAY 3.43 10.6 0_V 85 

  3.91 16.8 

One-dimensional aggregates 

95 UJIVUF 3.60 12.8 1_I (linear) 101 

96 ERUVUJ 3.63 8.5 1_I (linear) 81 

97 TOVQEC 3.64 14.8 1_I (linear) 102 

98 WARLAE 3.78 7.8 1_I (linear) 82 

99 ZOMMIZ 3.83 6.8 1_I (linear) 103 

100 OPUYII 3.84 15.4 1_I (linear) 104 

101 ZOMMOF 3.85 16.1 1_I (linear) 103 

102 SENGOH01 3.91 12.6 1_I (linear) 105 

103 XEYZIM 3.95 9.9 1_I (linear) 106 

104 ZUBWAW 3.48 4.5 1_I (zigzag) 107 

105 QOVGAL 3.58 18.0 1_I (zigzag) 108 

106 EDIGUU02 3.75 4.2 1_I (zigzag) 105 

107 XAYCIL 3.91 19.3 1_I (zigzag) 109 

108 XAYCUX 3.97 19.8 1_I (zigzag) 109 

109 GIYJUV 3.98 9.5 1_I (zigzag) 110 

110 DIZSIQ 3.48 8.6 1_I (helical) 111 

111 AFUPEY 3.51 16.4 1_I (helical) 112 

112 GAQQEW 3.54 17.3 1_I (helical) 113 



113 LEDZIF 3.57 11.8 1_I (helical) 114 

114 ZOGFIM 3.74 17.2 1_I (helical) 115 

115 WEKWOA 3.53 15.3 1_I (linear) 116 

116 HOGBOW 3.69 8.4 1_I (linear) 117 

117 COFBAC 3.87 9.4 1_I (linear) 118 

118 LIFFUD 3.95 18.8 1_I (linear) 119 

119 ICEWIY 3.52 11.6 1_I (zigzag) 120 

120 WARKOR 3.54 15.2 1_II  (linear) 121 

  3.79 6.7 

121 IGIXIH 3.69 17.0 1_II  (linear) 82 

122 REDGUE 3.94 16.8 1_V (twisted) 122 

123 SUWFIB 3.68 2.8 1_I (linear) 123 

Se(IV) structure 

One-dimensional aggregate 

124 PAHFOV 3.56 2.4 1_I (zigzag) 124 

  



Table 5 Geometric parameters characterising Te(lp)…π(arene) interactions in 125–157 

 

Compound CSD ref. code d (Å) θ (º) Motif Ref. 

Te(II) structures 

Zero-dimensional aggregates 

125 POYGIT01 3.61 8.8 0_I 125 

126 HUJROV 3.67 14.3 0_I 126 

127 VUBPIT 3.69 8.9 0_I 127 

  3.72 12.1 

128 TOWZOW 3.54 5.7 0_I 128 

129 TOWYEL 3.58 9.8 0_I 128 

130 TOXCAM  3.62 14.1 0_I 128 

131 KIBTEW  3.63 14.4 0_I 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 BETDAG01 3.85 18.6 0_I 130 

One-dimensional aggregates 

139 NECVOI 3.48 12.7 1_I (linear) 131 

140 HUHMII  3.67 10.0 1_I (linear) 126 

  3.58 1.5 

141 WARLEI  3.74 5.3 1_I (linear) 82 



142 WARJOQ 3.85 3.7 1_I (linear) 82 

143 WARKEH  3.92 4.2 1_I (linear) 82 

  3.92 4.8 

144 HUJRAH 3.93 8.1 1_I (linear) 126 

145 UJOSES 3.62 7.5 1_I (zigzag) 132 

146 GUFPAA 3.79 11.6 1_I (zigzag) 133 

147 EHUSOQ 3.62 0.8 1_I (helical) 134 

148 GUDGET 3.71 11.1 1_I (helical) 135 

149 YUXQEO 3.55 9.3 1_I (linear) 136 

150 MUWFIU  3.72 8.5 1_I (zigzag) 137 

151 INIXAF  3.62 9.3 1_I (linear) 138 

Te(IV) structures 

152 RATFID 3.51 11.7 0_I 139 

153 IRUKEM  3.58 9.9 0_I 140 

154 UJOSIW 3.64 8.1 1_I (zigzag) 132 

155 KAKCOP 3.76 19.4 1_I (zigzag) 141 

156 WARNEK 3.83 18.0 1_I (zigzag) 82 

157 HAQHOY 3.85 9.6 1_I (zigzag) 142 

 

  



 

Fig. 1  Search protocols for element(lp)⋯π(arene) interactions: (a) geometric restrictions 

where d (Å) is the distance between the ring centroid, Cg, and the element under 

consideration, and θ (º) is the angle between the normal to the arene ring, V1, and the vector, 

V2, between the ring centroid and the element, and (b) representation of a delocalised 

element(lp)⋯π(arene) interaction where the lone-pair interacts equally with all carbon atoms 

of the arene ring. 

 

 

Fig. 2  Supramolecular association in the structure of {Pb[S2P(O-iPr)(OC6H4OEt-4)]2} 2 with 

Pb(lp) ⋯π(arene) and Pb⋯S secondary interactions shown as purple and black dashed lines, 

respectively.  Colour code in this and subsequent diagrams: orange, element donating the 

lone-pair of electrons; yellow, sulphur; pink, phosphorus; red, oxygen; grey, carbon.  The 

arene ring participating in the element(lp)⋯π(arene) interaction is highlighted in purple.  All 

but acidic hydrogen atoms (green) are omitted. 

 



 

 

Fig. 3  Chemical structure diagrams for tin(II) compounds 1–23 which form Sn(lp)⋯π(arene) 

interactions leading to zero- (1–17) and one- (18–23) dimensional aggregation patterns. 

 



 

Fig. 4  Supramolecular aggregates sustained by Sn(lp)⋯π(arene) interactions in the crystal 

structures of (a) 2, (b) 15, (c) 10, (d) 16, (e) 17, (f) 18, (g) 19 and (h) 20.  Additional colour 

code: blue, nitrogen; brown, silicon. 



 

Fig. 5  Chemical structure diagrams for lead(II) compounds 24–32 which form 

Pb(lp)⋯π(arene) interactions leading to zero- (24–28) and one- (29–32) dimensional 

aggregation patterns. 

 



 

Fig. 6  Supramolecular aggregates sustained by Pb(lp)⋯π(arene) interactions in the crystal 

structures of (a) 26, (b) 27, (c) 29, (d) 30 and (e) 32.  Additional colour code: olive-green, 

bromide. 

 

 



Fig. 7  Chemical structure diagrams for thallium(II) compounds 33–35 which form 

Tl(lp)⋯π(arene) interactions leading to zero- (33 and 34) and two- (35) dimensional 

aggregation patterns. 

 

 

Fig. 8  Supramolecular aggregates sustained by Tl(lp)⋯π(arene) interactions in the crystal 

structures of (a) 34 and (b) 35.  Additional colour code: lime, boron. 

 



 

Fig. 9  Chemical structure diagrams for arsenic(III) compounds 36–41 which form 

As(lp)⋯π(arene) interactions leading to zero- (36–40) and two- (41) dimensional aggregation 

patterns. 

 



 

Fig. 10  Supramolecular aggregates sustained by As(lp)⋯π(arene) interactions in the crystal 

structures of (a) 36, (b) 37, (c) 38, (d) 39 and (e) 41.  Additional colour code: dark-red, 

iodide. 

 



 

Fig. 11  Chemical structure diagrams for antimony(III) compounds 42–49 which form 

Sb(lp)⋯π(arene) interactions leading to zero- (42–45) and one- (46–49) dimensional 

aggregation patterns. 

 



 

Fig. 12  Supramolecular aggregates sustained by Sb(lp)⋯π(arene) interactions in the crystal 

structures of (a) 45, (b) 46 and (c) 48. 

 

 



Fig. 13  Chemical structure diagrams for bismuth(III) compounds 50–71 which form 

Bi(lp)⋯π(arene) interactions leading to zero- (50–62) and one- (63–71) dimensional 

aggregation patterns. 

 

 

Fig. 14  Supramolecular aggregates sustained by Bi(lp)⋯π(arene) interactions in the crystal 

structures of (a) 53, (b) 61, (c) 62, (d) 63, (e) 66, (f) 68 and (g) 71.  Additional colour code: 

cyan, chloride; green, hydrogen. 

 

 



 

Fig. 15  Chemical structure diagrams for selenium(II) compounds 72–94 which form 

Se(lp)⋯π(arene) interactions leading to zero-dimensional aggregation patterns. 

 



 

Fig. 16  Zero-dimensional, supramolecular aggregates sustained by Se(lp)⋯π(arene) 

interactions in the crystal structures of (a) 74, (b) 76, (c) 87, (d) 88, (e) 89, (f) 90, (g) 93 and 

(h) 94. 

 



 

Fig. 17  Chemical structure diagrams for selenium(II) compounds 95–123 which form 

Se(lp)⋯π(arene) interactions leading to one-dimensional aggregation patterns. 

 



 

Fig. 18  One-dimensional, supramolecular aggregates sustained by Se(lp)⋯π(arene) 

interactions in the crystal structures of (a) 99, (b) 105, (c) 114, (d) 117, (e) 119, (f) 121, (g) 

122 and (h) 123. 

 

 

Fig. 19  Chemical structure diagram for selenium(IV) compound 124 which forms 

Se(lp)⋯π(arene) interactions leading to a one-dimensional aggregate. 



 

Fig. 20  One-dimensional, supramolecular aggregate sustained by Se(lp)⋯π(arene) 

interactions in the crystal structure of 124. 

 

 



Fig. 21  Chemical structure diagrams for tellurium(II) compounds 125–151 which form 

Te(lp)⋯π(arene) interactions leading to zero- (125–138) and one- (139–151) dimensional 

aggregation patterns. 

 

 

Fig. 22  Supramolecular aggregates sustained by Te(lp)⋯π(arene) interactions in the crystal 

structures of (a) 127, (b) 134, (c) 140, (d) 146, (e) 148, (f) 149, (g) 150 and (h) 151.  

Additional colour code: mauve, fluoride. 

 



 

Fig. 23  Chemical structure diagrams for tellurium(IV) compounds 152–157 which form 

Te(lp)⋯π(arene) interactions leading to zero- (152 and 153) and one- (154–157) dimensional 

aggregation patterns. 

 

 



Fig. 24  Supramolecular aggregates sustained by Te(lp)⋯π(arene) interactions in the crystal 

structures of (a) 153 and (b) 155. 

 

 

Fig. 25  Illustration of cytidine-sugar-O atom⋯π(pyrimidine) interaction, thought to stabilise 

the conformation found in the left-handed Z-DNA duplex. 

 



 

Fig. 26  (a) Chemical diagram of the cyclic hexapeptide inhibitor QZ-Val, (b) view of the 

interaction between P-glycoprotein and QZ-Val via selenium(lp)⋯π(arene) interactions and 

(c) detail of the selenium(lp)⋯π(arene) interactions. 

 



 

Fig. 27  (a) Chemical diagram of sarcosine, and (b) image representing the interaction of a 

tellurium(II)-substituted sacrosinate anion with the active site (FAD) of sarcosine oxidase; 

insert (above): detail of the tellurium(II)…π(pyrimidinyl)interaction. 

 


