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Abstract: The results of a survey of the crystal structures of main group element compounds (M =
tin, lead, arsenic, antimony, bismuth, and tellurium) for intermolecular M-Se secondary bonding
interactions is presented. The identified MSe interactions in 58 crystals can operate independent
of conventional supramolecular synthons and can sustain zero-, one-, two, and, rarely, three-
dimensional supramolecular architectures, which are shown to adopt a wide variety of topologies.
The most popular architecture found in the crystals stabilized by M:-Se interactions are one-
dimensional chains, found in 50% of the structures, followed by zero-dimensional (38%). In the
majority of structures, the metal center forms a single M--Se contact; however, examples having up
to three M-Se contacts are evident. Up to about 25% of lead(II)-/selenium-containing crystals exhibit
Pb--Se tetrel bonding, a percentage falling off to about 15% in bismuth analogs (that is, pnictogen
bonding) and 10% or lower for the other cited elements.

Keywords: secondary bonding; supramolecular; crystal engineering; tetrel bonding; pnictogen
bonding; chalcogen bonding; selenium; structural chemistry; main group elements

1. Introduction

The term “chalcogen bonding” has only relatively recently been incorporated in the
crystallography lexicon [1] and refers to a non-covalent interaction featuring a Group VI element, for
example and relevant to the present bibliographic survey, selenium, functioning as an electrophilic
center [2—4]. The current use of the term “chalcogen bonding” notwithstanding, such interactions
have long been recognized in the chemical crystallography community [5-7] but under the guise of
“secondary bonding” [7]. Secondary bonding encompasses a range of bonding circumstances such
as classic Lewis acid/Lewis base interactions occurring between a metal center, such as a main group
element (or p-block element), acting as the acid, and a lone-pair of electrons residing on the Lewis
base. The non-covalent binding between atoms under these circumstances, being electrostatic in
nature, is in keeping with expectation, that is, opposites attract. More perplexing are those contacts
occurring between two ostensibly electron-rich species such a low-valent main group element, that
is, having a lone-pair of electrons interacting with an electron-rich element such as selenium. In the
structural chemistry of selenium, a very early example of the discussion of the latter type of
interaction, that is, an intermolecular Se--O contact between electron-rich species, and the description
of the supramolecular assembly stabilized by this interaction, was reported in 1972 [8], and is now
classified as a chalcogen bond. The rationale for the formation of chalcogen bonds and indeed, for
example, allied tetrel, pnictogen and halogen bonding interactions in which a Group XIV, XV, and
XVII element, respectively, functions as the electrophilic center, revolves around the concept of a
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polar cap or o-hole [9-14]. Very briefly, a o-hole refers to an electron-deficient region at the extension
of a covalent bond or at the tip of a lone-pair of electrons, which is available, being a pseudo Lewis
acidic site, for interaction with an electron-rich region, such as a lone-pair of electrons, of a
participating species. Examples of both types of interaction scenarios between a main group element
and selenium are found herein and, therefore, the generic term “secondary bonding” is employed
throughout. However, the purpose of this present review of the relevant structural data is not to
evaluate bonding considerations, rather to highlight the prevalence of M--Se secondary bonding and
the supramolecular architectures they sustain. The present literature survey was conducted in
continuation of a long-held interest in secondary bonding and the supramolecular patterns stabilized
by these interactions [15-23], and is aimed at summarizing all of the known MSe supramolecular
contacts operating in the crystals of main group element species with M = tin, lead, arsenic, antimony,
bismuth, and tellurium, and to provide comprehensive descriptions of the supramolecular
aggregates arising from these in a consistent fashion.

2. Methods

In the present analysis of the crystallographic literature, the Cambridge Structural Database
(CSD; version 5.41) [24] was searched employing ConQuest (version 2.0.4) [25] for M--Se contacts in
crystals based on a distance criterion, that is, the separation between the respective main group
element (M = tin, lead, arsenic, antimony, bismuth, and tellurium) and selenium had to be equal to
or less than the sum of the respective van der Waals radii being 1.90 A for selenium, 2.17 and 2.02 A
for tin and lead, 1.85, 2.00, 2.00 for arsenic, antimony, and bismuth, and 2.06 A for tellurium [25]. In
addition, general criteria were applied; structures with R > 0.100 were excluded along with
disordered structures and polymeric species. All retrieved structures were manually evaluated to
ensure that the putative M-Se interaction was operating independently of other supramolecular
synthons, such as conventional hydrogen bonding. All crystallographic diagrams are original, being
generated with DIAMOND [26].

3. Results

The following gives an outline of the supramolecular association formed between selenium and,
in turn, the main group elements, M = tin, lead, arsenic, antimony, bismuth, and tellurium, as revealed
by X-ray crystallography. Traditionally, when searching for structures with secondary bonding
interactions [7], such as A-D-M in the present analysis where D = Se, contacts between the two
elements occurring at distances longer than the assumed sum of the covalent radii but, less than the
sum of the van der Waals radii are identified. In this scenario, the angle at the selenium atom might
be expected to be close to 180°. However, this is an oversimplification for two key reasons. Firstly, if
the donor is selenium(Il), as in the majority of the structures described herein, there are two lone-
pairs of electrons available for binding to M; for selenium(IV), there is one lone-pair. In addition, the
selenium atom may be bound to two or more other atoms; for example, the interaction might be of
the type A:xSe-M, AsSe-M, and so on. In these ways, the A-D--M contact is distinct from a
conventional hydrogen bonding interaction or an analogous halogen bonding interaction. In
instances where the selenium-bound lone-pair of electrons is assumed to interact with the o-hole of
the main group element-bound lone-pair of electrons, as appears to be the case in most of the
examples discussed in 3.1-3.6, the lone-pair may not necessarily be diagonally opposite to a covalent
bond. It is for these reasons, that is, the influence of the bonding circumstances and the variable
coordination geometries of the donor and acceptor atoms, angular information is not included in the
descriptions of the structures. The identified M--Se contacts occur independently of other obvious
supramolecular association such as hydrogen bonding interactions. The supramolecular aggregation
patterns are discussed in the order zero-, one-, two-, and three-dimensional. Within each category,
mononuclear species are described before binuclear species, etc.
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3.1. Tin Compounds Featuring Sn--Se Interactions in their Crystals

3 of 18

There are 13 compounds featuring Sn-Se secondary bonding interactions in their crystals, 1-13,
and the chemical structures for these are shown in Figure 1. The aggregation patterns involve both
tin(Il) and tin(IV) centers and encompass zero-, one- and, two, and three-dimensional architectures.
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Figure 1. Chemical diagrams for tin compounds 1-13. The atoms participating in the Sn-Se

interactions are highlighted in blue.

The first three structures to be discussed have rather complicated compositions, but the

supramolecular association between the interacting species is relatively simple, leading to zero-

dimensional aggregates in each case. In 1 [27], comprising interacting cations and anions, the former
contains a central SnsSes core capped by a p3-Se atom forming bonds to the each of the three tin atoms
of the core, and the counter-anion is [SnCls]-. The tin(Il) atom of the latter forms three Sn--Se
interactions to the three p2-Se atoms of the cyclic core of the cation to form the zero-dimensional

aggregate illustrated in Figure 2a. The interacting species in 2 [28] is the [NaSni20sSes]*~ tri-anion
and this self-associates about a center of inversion to form a dimeric aggregate mediated by two
Sn--Se interactions as shown in Figure 2b. A three-molecule aggregate is observed in ionic 3 [29],
Figure 2c. The non-symmetric, di-cation comprises of two bridged SnsSes cores, similar to that seen
in1, and again similar to 1; one p2-Se atom of each core associates via a Sn-Se interaction with a tin(II)

atom derived from a [SnCls]- anion.
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Figure 2. Supramolecular aggregation via SnSe secondary bonding in (a) 1 {UJAZIQ; d(Sn-Se) = 3.76,
3.79 & 3.90 A}, (b) 2 (PUZCUI; 3.84 A}, () 3 {BIFCAX; 3.64 & 3.81 A}, (d) 4 {BELCUS; 3.65 A}, (e) 5
{RESTER; 3.77 A}, (f) 7 {LEVLEE; 3.88 A}, (g) 8 {TORPOG; 3.86 A}, (h) 9 {WUSWOY; 3.79 A}, and (i)
10 {MESESN; 3.77 & 3.91 A and 3.84,3.93 & 3.98 A}. Color code in this and subsequent diagrams: main
group element, brown; selenium, orange; chloride, cyan; fluoride, plum; oxygen, red; nitrogen, blue;
and carbon, gray.

Seven of the tin compounds self-associate to form one-dimensional chains in their crystals,
adopting varying topologies and numbers of Sn--Se interactions sustaining the chains. Compound 4
[30], the first example of a neutral compound and one containing a tin(IV) center, was investigated
in terms of systematically varying the substitution pattern in molecules of the formula (2-
MeSeCsHsCH2)Sn(Ph)s-»Cls, and ascertaining supramolecular association patterns. In the case of 4,
that is with n = 2, molecules self-associate into a helical chain (21 screw symmetry) via Sn-Se
interactions, as shown in Figure 2d. The next two chains involve the association between tetra-anionic
species, [Snz(p2-Se)2Ses]*, but the Sn-Se interactions involve the non-charged p2-Se atoms. The
compositions of 5 [31], Figure 2e, and 6 [32]; SEKYEN differ in the nature of the counter-cations. The
tetra-anion in 5 is disposed about a center of inversion and is connected to centrosymmetrically
related aggregates via two Sn-Se interactions and {Sn--Se}z synthons to form a linear, supramolecular
tape. Essentially the same arrangement is observed in 6 where the Sn2Se:z core lies on a mirror plane
and is disposed about a center of inversion; the Sn--Se separation is 4.02 A. The neutral, cyclic
compound 7 [33], is disposed about a center of inversion and also connects into a linear,
supramolecular tape via Sn-Se interactions involving the p2-Se atoms, Figure 2f. Binuclear 8 [34],
where the tin(IV) atoms are bridged by a butyl chain, is disposed about a center of inversion and
associates with inversion related molecules via {SnSe}2 synthons, Figure 2g. In 9 [35], designed as a
volatile synthetic precursor for SnSe nanomaterials, the tin(IV) atom lies on a 2-fold axis of symmetry,
a variation occurs in that the tin atom accepts two Sn-Se interactions from a symmetry related
molecule also on the 2-fold axis to form a twisted chain, Figure 2h. The crystallographic asymmetric
unit of 10 comprises of two independent five-membered (Me25n)sSe2 rings and these form distinct
Sn--Se interactions [36]. For the first independent molecule, only two of the constituent tin(IV) atoms,
that is, the two tin atoms bonded to each other each forms a Sn---Se interaction and one of the selenium
atoms forms two contacts. In the second independent molecule, each of the tin(IV) atoms forms a
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single Sn-S interaction, one selenium atom forms one contact and the other selenium atom
participates in two Sn-Se interactions. In the crystal, alternating independent molecules assemble
into a chain, forming comparable Sn-Se interactions involving the bonded tin atoms connecting to
the selenium atoms that form two Sn-Se contacts. Centrosymmetrically related chains associate via
{Sn--Se}2 synthons involving the second independent molecule only. The resultant double-chain is
illustrated in Figure 2i.

The remaining three tin structures assemble into higher-dimensional arrays. In binuclear and
centrosymmetric 11 [37], designed as a precursor for the chemical vapor deposition of SnSe
nanomaterials, each of the tin(Il) atoms forms a single Sn-Se interaction as does one of the two
independent selenium atoms. As these extend laterally, a two-dimensional array results with a
corrugated topology, as seen in the views of Figure 3a. In binuclear 12 [38], the molecule is disposed
about a 2-fold axis of symmetry and has a twisted, U-shape. Each of the tin(IV) and selenium atoms
participates in a Sn--Se interaction to form the corrugated array of Figure 3b.

e

Figure 3. Supramolecular aggregation via Sn—Se secondary bonding in (a) 11 {ZOPWIK; d(Sn--Se) =
3.62 A}, (b) 12 {UCORE]J; 4.01 A}, and (c) 13 {HMCTSS; 4.01 A}. Additional color code: silicon, olive-
green.

The cyclic, trinuclear molecule (Me25n)sSes in 13 [39] has one pair of the diagonally opposite
tin(IV) and selenium atoms lying on a 2-fold axis of symmetry, with the ring-atoms not lying on the
axis each participating in a single Sn-Se interaction. These interactions extend in three-dimensions
to consolidate the molecular packing, Figure 3c.

3.2. Lead Compounds Featuring Pb-Se Interactions in Their Crystals

There are seven lead compounds satisfying the specified search criteria, 14-20, and the chemical
diagrams for the interacting species in these are shown in Figure 4. The common feature of each
structure is the +II oxidation state for the lead atom so all Pb--Se interactions can be classified as tetrel
bonding interactions. Three of the molecules self-associate to form zero-dimensional aggregates and
the remaining examples form one-dimensional chains in their crystals.
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Figure 4. Chemical diagrams for lead compounds 14-20.

The first aggregate is the centrosymmetric dimer formed by 14 [40] which was developed as a
precursor for the chemical vapor deposition (CVD) of PbSe nanoparticles. As shown in Figure 5a,
molecules associate through two Pb-Se interactions via a {Pb-Se}2 synthon. A similar {Pb-Se-}»
synthon is found in 15 [41], Figure 5b, but the dimeric aggregate has crystallographic 2-fold
symmetry. The di-anion in 16 [42], which thermally decomposes to PbSe, associates about a center of
inversion with each of the selenium atoms of one 2,2-dicyano-ethylene-1,1-diselenolate ligand
forming Pb--Se interactions, Figure 5c. The remaining molecules in this section associate to form one-
dimensional chains.

Figure 5. Supramolecular aggregation via Pb-Se secondary bonding in (a) 14 {UTAJUV; d(PbSe) =
3.41 A}, (b) 15 {TAKLOI; 3.57 A}, (c) 16 {(KUHSAH; 3.49 & 3.72 A}, (d) 17 {BOKMUJ; 3.47 & 3.62 A}, (e)
18 {XUZTUT, 3.27 & 3.40 A}, and (f) 19 {YIBHOG; 3.64 A}. Additional color code: phosphorus, pink.

In 17 [43], developed as a synthetic precursor for PbSe nanomaterials, a selenium atom of each
of the asymmetrically chelating diselenocarbamate ligands connects to the same symmetry related
lead(II) atom; as a result, a zigzag chain is formed (glide symmetry), Figure 5d. One selenium atom
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of each of the asymmetrically coordinating diselenophosphinate ligands in 18 [44] also forms a Pb-Se
interaction but with different centrosymmetrically related molecules, leading to the formation of a
twisted supramolecular chain sustained by {Pb-Se-}. synthons, Figure 5e. The compound was
prepared in the context of investigating the mechanism of forming quantum dots from tertiary
phosphine selenide sources. The lead(Il) atom in 19 [45] lies on a 2-fold axis of symmetry and the
coordinated selenium atoms associate with the same symmetry related lead(Il) atom to form a
twisted, supramolecular chain, Figure 5f. The structure of 20 [35] is isostructural with the tin(II)
analog, 9, described as a twisted chain and illustrated in Figure 2h; 9 was investigated for its utility
as a single source precursor for PbSe nanoparticles.

3.3. Arsenic Compounds Featuring As-Se Interactions in their Crystals

A relatively small number of compounds featuring As-Se interactions in their crystals are
known and the chemical structures for the interacting species are shown in Figure 6, that is for 21—
27, and, as demonstrated above, even though there is only a small number of examples, there is a
great diversity in supramolecular architectures.
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S /AS/A?—SG
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Figure 6. Chemical diagrams for arsenic compounds 21-27.

The first selenide included in this survey is noted in the crystal of 21 [46], where two distinct
molecules associate via As-Se interactions, with the participating atoms being arsenic(Ill) and
selenide-selenium atoms, indicative of a pnictogen interaction. Each of the molecules is located on a
crystallographic 3-fold axis of symmetry and associate with a crystallographic site of symmetry 23. It
can be noted from the Figure 7a that each phosphaneselenide atom forms three As--Se interactions
with three different AsBrs molecules so that a distorted AssSes cube, sustained by eight As-Se
interactions, defines the core of the aggregate. The mono-anion in 22 [47] has the charge localized on
the exocyclic selenium atom with the dimeric aggregate in the crystal shown in Figure 7b sustained
by As-Se interactions between centrosymmetrically related anions.
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Figure 7. Supramolecular aggregation via AsSe secondary bonding in (a) 21 {GEXSOT; d(AsSe) =
3.37 A}, (b) 22 {NEKJIW; 3.48 A}, (c) 23 {(ESEARS; 3.63 A}, (d) 24 {COSDIX; 3.64 A}, (e) 25 {SEDMAP;
3.53 A}, (f) 26 {(WAMCOE; 3.29, 3.42 & 3.60 A}, and (g) 27 {KAXXUC; 3.60, 3.61, 3.64 & 3.72 A}.
Additional color code: bromide, olive-green.

There are four examples whereby one-dimensional chains are formed through As-Se
interactions. In 23 [48], a mirror plane bisects the molecule with the selenium atom lying on the plane.
The molecules are assembled into a linear chain via a single As-Se connection per molecule, Figure
7c. Similar connections are noted in the crystal of 24 [49], comprising a five-membered AssSe: ring,
whereby only one of the three potential arsenic(Ill) atoms and one of the two selenium atoms are
engaged in As-Se interactions to form a chain with a helical topology being propagated by 2i-screw
symmetry, Figure 7d. A third topology for the chain is seen in the crystal of 25 [50] where the molecule
is disposed about a 2-fold axis of symmetry. There are on average two As-Se interactions between
the molecules and being propagated by glide symmetry; the chain has a zigzag topology, Figure 7e.
The fourth one-dimensional architecture observed for 26 [51] reverts to a helical topology (21 screw
symmetry), Figure 7f, but exhibits quite distinct features than for 24. In the crystal, two AsCls
molecules are bridged by two selenium atoms to form a {As-Se}2 synthon. These are further
connected by additional As-Se interactions (3.42 A) to form the helical, supramolecular chain. In this
scheme, the arsenic(Ill) center participates in three AsSe interactions as seen in 21 and in the next
structure to be described, 27.

A two-dimensional architecture is constructed in the crystal of 27 [52] as a result of three distinct
As-Se interactions. As is evident from the inset of Figure 7g, the mono-anion, formulated as AsSes,
participates in eight As-Se interactions whereby four arsenic atoms form a single interaction, as do
two of the selenium atoms with one selenium atom forming two As-Se contacts. Three of the contacts
involve directly bonded arsenic and selenium atoms and occur around a center of inversion in each
case; thus, there are three independent {As—Se}2 synthons. The two remaining interactions occur
between bonded arsenic atoms connecting to a single selenium atom, which thereby lead to the
formation of a three-membered {-~AsAs-Se} synthon. The result is the grid shown in Figure 7g, which
define rather large voids that accommodate the tetraphenylphosphonium counter-cations.
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3.4. Antimony Compounds Featuring Sb-Se Interactions in their Crystals

Eight crystals feature Sb-Se interactions leading to zero-, one-, and two-dimensional
aggregation patterns. The chemical diagrams for the interacting species in these, that is, 28-35, are
shown in Figure 8.
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Figure 8. Chemical diagrams for antimony compounds 28-35; Cp is cyclopentadienyl.

The supramolecular association in the crystal of 28 [53] is an illuminative example of cooperation
between Sb--Se and Sb--Cl secondary bonding interactions. As evidenced from Figure 9a, there is a
Sb--Se interaction between the SbCls molecule and one of the selenium atoms of the eight-membered
ring of the 1,5-diselenacyclooctane molecule. These aggregates associate about a center of inversion
via Sb-Cl interactions to form a four-molecule aggregate. The molecules in 29 [54], Figure 9b, 30 [55];
KIMNEB:; Sb-Se = 3.69 A and 31 [56]; ISIPEG Sb--Se = 3.88 A are centrosymmetric dimers sustained
by two Sb--Se interactions; 29 [54] was employed as a precursor for CVD of Sb2Ses and aerosol-
assisted chemical vapor deposition (AACVD) of Sb:2Ses thin films. The last zero-dimensional
aggregate is found in the crystal of 32 [46]; GEXSIN; 3.36 A. This is centered about a distorted SbaSes
cube, sustained by eight Sb--Se interactions, as described above for isostructural 21 [46], Figure 7b.
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Figure 9. Supramolecular aggregation via Sb-Se secondary bonding in (a) 28 {EWIWAI; d(SbSe) =
3.29 A}, (b) 29 {TAKSEF; 3.67 A}, (c) 33 {ACUPAQ; 3.87 A}, (d) 34 {HEFCOK; 3.61 A}, and (e) 35
{JAZGIA; 3.55, 3.64 & 3.66 A)}.
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Two one-dimensional chains are sustained by Sb--Se interactions. There is an average of one
Sb--Se interaction per repeat unit in 33 [57] where the resulting topology is linear and where the
interacting selenium atom approaches the antimony atom within the O:5e2 skewed-trapezoidal plane
in the region between the two oxygen atoms, Figure 9c. The [Sb12Sex]*- Zintl ion in 34 [58] also self-
associates into a linear chain whereby centrosymmetrically related tetra-anions are connected by a
{Sb--Se}2 synthon, Figure 9d.

The last crystal in this section to be discussed features the smallest molecule in this category,
that is, Sb(SeMe)s in 35 [59]. Similar to that seen in 32, the antimony atom accepts three Sb--Se
interactions as each selenium atom participates in one such contact. To a first approximation, the
resultant two-dimensional array has the form of a square grid and displays a corrugated topology,
as seen in the views of Figure 9e.

3.5. Bismuth Compounds Featuring Bi-Se Interactions in their Crystals

There are only six bismuth-/selenium-containing crystals featuring Bi--Se interactions and the
chemical structures of the interacting species in these, that is, 3641, are shown in Figure 10.
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Figure 10. Chemical diagrams for bismuth compounds 36-41.

A simple dimeric aggregate sustained by two Bi-Se interactions and a {Bi-Se}> synthon is
observed in the crystal of 36 [55]. While this has the appearance, at least to a first approximation, of
several related species covered above (Figure 11a), the difference here is that the association is not
through a center of inversion, as is usually observed. In this case, the contacts occur between two
crystallographically independent molecules. The association in 37 [46; GEXSEJ; 3.35 A], with a
supramolecular BisSes core sustained by Bi--S interactions, is as described previously for 21, Figure
7b, and 32. An aesthetically pleasing Bis core is a key feature in the crystal of 38 [60], with each edge
of the Bis triangle, which encompasses a central bismuth atom, being bridged by a sequence of Se—
Ag-Se atoms. Centrosymmetrically related molecules associate through a center of inversion and are
sustained by four Bi-Se interactions, as is apparent from the two views of Figure 11b.

Figure 11. Supramolecular aggregation via Bi--Se secondary bonding in (a) 36 {KIMMEA; d(Bi--Se) =
3.51 & 3.55 A}, (b) 38 {EGEPEM; 3.70 & 3.83 A}, (¢) 39 (COFGEM,; 3.48 A}, (d) 40 {GIPREC; 3.90 A}, and
(e) 41 {MIWFAA; 3.48, 3.50 & 3.57 A}. Additional color code: silver and iron, dark-green.
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The three remaining crystals feature one-dimensional chains. In 39 [61], of interest owing to a
semi-conducting character and where a Bi-Se atom pair caps a Fe2(CO)s unit, the presence of Bi--Se
interactions lead to a helical, supramolecular chain; Figure 11c. A helical chain is also observed in 40
[62], Figure 11d, again sustained by, on average one Bi--Se interaction per repeat unit. When the two
bismuth-bound phenyl groups of 40 are replaced by two phenylselenyl groups, leading to 41 [63],
significantly more Bi-Se interactions are evident. The asymmetric unit of 41 comprises two
independent molecules and each of these self-associates into a helical chain, as for 39 and 40, but, in
this case, there are, on average, three Bi-Se interactions per repeat unit in each of the independent
chains formed in the crystal, one of which is illustrated in Figure 11e; the Bi--Se separations for the
second independent chain are 3.49 and 2 x 3.59 A. This propensity to form Bi-Se interactions in
Bi(SePh)s (40) is not pervasive as the structure suggests. For example, the molecule highlighted in 38
co-crystallizes with one equivalent of Bi(SePh)s as well as one equivalent of 1,2-dimethoxyethane
(solvate). However, Bi(SePh)s in 38 (and in the disordered chloride analog of 38) does not participate
in Bi-Se interactions, instead the bismuth atom forms Bi-Br (BiCl) secondary bonding interactions
with the other bismuth-containing molecule.

3.6. Tellurium Compounds Featuring Te-Se Interactions in their Crystals

The most numerous among the main group elements covered in the present survey are those
having tellurium, with 17 examples. The chemical diagrams for 42-58 are given in Figure 12. As with
the earlier series covered, herein a broad range of compounds and supramolecular motifs are noted.

Se.
e TTe ‘
(N |
Se Te T ﬁ Se=C=N"
7
Te  Se Ph P _se_| ] se P 1
5= ] o PP Ty e Sl ph—Tex _Te..
_R Pl | ] | NiPr I “Ph MeT | "Mye
Se Te R R = ! iPr Pt Me

iPr

R = 4-OMe R= C(=0)OEt R =20Me R =4F

42 43 55 44 45 46 47 48
Te—
° T Se Se
sé se / Te~ “Te
se—S¢ / |
//\\ Cp---Fe--Cp /SE*SE
Cp—M M—Ci NG N
OC\?C:CO i /\0// \ P se “Se_ /SE’CN 56 125 1Bu I‘e
Os-se T Y Te N
oc ] CO \/ H PN H PN
\ AN ,\7 - N___S s.__N Te_ _p 8
oc—o// Bi—co| ST e ) hid 5 se” TSe  gu—NT N~ SN—18u
PN s | Vs MeO iPr o o | ‘
oc € co cp ~ Cp---Fe--Cp tBu
M=2r M= Hf Y=85 Y=8e
49 50 51 52 53 54 57 58

Figure 12. Chemical diagrams for tellurium compounds 42-58; Cp is cyclopentadienyl.

Six of the compounds assemble into zero-dimensional motifs. In 42 [64], the tellurium and
selenium atoms of one of the five-membered rings associate about a center of inversion to form the
dimeric aggregate shown in Figure 13a. When 42 was cocrystallized with TCNQ
(tetracyanoquinodimethane), highly conductive charge-transfer (CT) complexes were formed [64].
Similar centrosymmetric {Te-Se} synthons are observed in each of 43 [65], Figure 13b, 44 [66],
MIVYIB; d(Te-Se) = 3.90 A, and 45 [66, MIVZAU; 3.93 A] Again, a {Te-Se}2 synthon is noted in 46
[67], Figure 13c, a compound that is particularly noteworthy for the relatively high number of
potential iodide donors but, where Te-Se interactions prevail. The ion-pair in 47 [68] is formulated
as [PhsTe][N=C=S5] with the closest association between the constituent species being Te-~N contacts
of 2.81 and 3.12 A, represented as black dashed lines in Figure 13d, for the two independent ion-pairs
comprising the asymmetric unit. In terms of Te Se interactions, one of the two independent ion-pairs
associates with a center of inversion via a {Te-Se}2 synthon. Associated with this are two of the
second independent ion-pairs (each separated by 3.43 A) so a four-ion-pair aggregate is generated. A
related ion-pair, [MesTe][N=C=S5], is seen in 48 [68], where, consistent with the replacement of the
tellurium-bound phenyl substituents of 47 with (relatively) electropositive methyl substituents, the
Te-N separation is elongated to 3.25 A. The constituents of the ion-pair are connected into a
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supramolecular chain with a zigzag topology via Te-Se interactions, Figure 13e. When the weak
Te-N interactions are taken into consideration, the aforementioned chains are connected into a two-
dimensional array (not illustrated).

Figure 13. Supramolecular aggregation via TeSe secondary bonding in (a) 42 {ECITEP; d(TeSe) =
3.81 A}, (b) 43 (BAWFUA; 3.68 A}, (c) 46 {YIKFOO; 3.74 A}, (d) 47 {ZZZAIJ01; 3.43, 3.44 & 3.54 A}, (e)
48 {HUHCIW; 3.47 & 3.55 A}, (f) 49 {QENRIK; 3.95 A}, (g) 52 {XOTLUN; 3.48 A}, (h) 54 {TRTUTE; 3.82
A}, and (i) 55 {BAWGAH; 3.84 A}. Additional color code: osmium, dark-green; sulfur, yellow.

In cluster compound 49 [69], the osmium atoms of the Os3(CO)s core are ps-capped on either side
by tellurium and selenium atoms, which associate in the crystal to form a linear, supramolecular
chain with an average of one Te Se interaction per repeat unit, Figure 13f. In isostructural 50 and 51
[70], constructed about MsO cores, M = Zr (50) and Hf (51), and featuring an unusual TeSes capping
residue, molecules associate into helical chains (21 screw symmetry) via Te-Se interactions. Similar
helical chains are observed in 52, Figure 13g, and 53 [71], which differ in the nature of the atom
connecting the aromatic ring to the selenium atom bonded to the tellurium atom, the latter associate
to form the chain. On average, there are two TeSe interactions linking the repeat unit of 54 [72]
where the tellurium is located on a center of inversion. The resulting chain has a linear topology,
Figure 13h. Compound 55 [65] is closely related to that of 43 in that the methoxy substituents of the
latter have replaced by ethoxycarboxyl groups; the central selenium atom in 55 lies in a 2-fold axis of
symmetry. Whereas 43 self-associates into a dimer, Figure 13b, 55 self-associates into a linear,
supramolecular chain as each selenium atom forms two Te-Se interactions with a translationally
related molecule, Figure 13i.

Compound 56 [73] self-associates into a supramolecular chain, Figure 14a. Two independent
molecules comprise the asymmetric unit and these differ in the number of Te-Se interactions they
form. For the first independent molecule, one tellurium and the selenium atom form a single TeSe
interaction each, whereas for the second molecule, the same situation pertains, except both
participating atoms form two Te--Se interactions. The connections between the independent
molecules lead to a linear, supramolecular chain. Centrosymmetrically chains are linked into a
double-chain via additional TeSe interactions formed by the second independent molecule. The
molecule in 57 [74] is related to that in 56 in that there has been an exchange between selenium and
tellurium atoms. This results in a distinct supramolecular assembly. Here, the central tellurium atom
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forms two Te--Se interactions with each of the selenium atoms forming a single TeSe interaction.
These extend laterally so a two-dimensional array eventuates, Figure 14b. A comparison of the
simplified images in Figures 14a and 14b highlight the different modes of association between
molecules. The energies associated with individual Te--Se contacts were calculated for each of 56 and
57, and for the latter, these were —10.8 and —11.8 k] mol-! [74]. The molecule in 58 [75] features a seven-
membered ring containing a string of Te-Se—-Se—Te atoms bridged by a P-N-P link, the latter being a
part of a four-membered N:P: ring. Each of the tellurium and selenium atoms forms a Te-Se
interaction. Again, these extend laterally to form a two-dimensional array, Figure 14c.

3 R8N o

Mﬁmﬁ SAGAS

Figure 14. Supramolecular aggregation via Te--Se secondary bonding in (a) 56 {QAZGUV; d(TeSe)
=370, 3.79 & 3.92 A}, (b) 57 {OMIHAV; 3.62 & 3.69 A}, and (c) 58 {ONEGIZ; 3.82 & 3.89 A}. In the
simplified views of (a) and (b), only the carbon atom bound to selenium/tellurium are shown, and in
(0), the t-butyl groups are omitted.

4. Discussion and Outlook

The foregoing describes 58 crystals featuring M- Se secondary bonding interactions between
main group elements (M) and selenium for M = Sn (13 examples), Pb (7), As (7), Sb (8), Bi (6), and Te
(17). The percentage adoption of M--Se in the crystals varies considerably. For example, of the 27
crystals containing both lead and selenium, seven feature Pb--Se interactions, giving a percentage
adoption of 26%. This falls off to 16% for bismuth to 10% for tellurium and then 6% (arsenic) and 5%
(tin and antimony). One reason for the low adoption rates relates to the observation that secondary
bonding interactions are extremely sensitive to steric hindrance—bulky groups present on the
organometal center and/or ligands bound to the metal can preclude the formation of secondary
bonding interactions [15-23]; steric considerations have been exploited for the rational design of
coordination polymers in zinc and cadmium dithiolate chemistry [76]. In most of the crystals, the
metal center forms a single M--Se contact with few examples of the metal forming two contacts and
rarely, three M~-Se contacts. With the formation of primarily one M-Se interaction, the
supramolecular architectures sustained by these interactions are usually zero- or one-dimensional,
being found in 38 and 50% of all crystals, respectively. Two-dimensional architectures sustained by
M:-Se interactions are found in 10% of the crystals and there is a single example of a three-
dimensional architecture. A comment on the likely bonding responsible for the M Se interactions is
appropriate. For the Sn-S contacts, the majority features tin(IV) centers and so the interactions can
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be considered in terms of classic Lewis Acid/Lewis Base electrostatics. In contrast, all of the Pb--Se
contacts can be rationalized in terms of tetrel bonding; the overwhelming majority of M--Se
interactions formed by arsenic-triad arise from pnictogen bonding and the tellurium examples in
terms of chalcogen bonding where o-hole considerations come to the fore. Thus far, limited mention
has been made of the energy of stabilization provided by M-Se interactions. This is because
supporting computational chemistry is largely lacking for M--Se interactions with the exception of 56
and 57 [74]. However, in a recent commentary on supramolecular association involving metal centers,
it was concluded that the energies of stabilization provided by various secondary bonding
interactions was in the same range and often exceeded the energy of stabilization provided by
conventional hydrogen bonding interactions [77]. This conclusion is emphasized in the very recently
published analysis of a tetrel, C--O, bond formed between a sp®-carbon center and the oxygen atom
of a tetrahydrofuran molecule, not an interaction that might be expected to be particularly notable,
for which an energy of stabilization of about 11 kcal mol! was calculated [78]. In the context of the
foregoing survey of M-Se interactions, with diverse bonding circumstances and supramolecular
molecular aggregation patterns, clearly there is enormous scope for further experimental work
supported by theoretical analysis.
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