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The Cambridge Structural Database was evaluated for crystals containing Se. . .O chalcogen bonding inter-
actions. These secondary bonding interactions are found to operate independently of complementary
intermolecular interactions in about 13% of the structures they can potentially form. This number rises
significantly when more specific interactions are considered, e.g. Se. . .O(carbonyl) interactions occur in
50% of cases where they can potentially form. In about 55% of cases, the supramolecular assemblies sus-
tained by Se. . .O(oxygen) interactions are one-dimensional architectures, with the next most prominent
being zero-dimensional assemblies, at 30%.
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1. Introduction

Being present in the three domains of life, i.e. Archaea, Bacteria
and Eukarya, selenocysteine has long being recognised as the 21st
proteinogenic amino acid [1–3]. Natural biological functions of
selenocysteine relate to redox moderation and anti-oxidant effects
such as in the mammalian oxidoreductase system, thioredoxin
reductase (TrxR), where it is present in the active site [4]. In con-
nection with thyroid disease, selenocysteine is also present in the
active sites of deiodinase enzymes which can activate or inactivate
thyroid hormones [5]. The crucial role of selenium in natural bio-
logical functions implies a selenium-deficient diet causes disease
and requires intervention [6]. Complimenting dietary supple-
ments, synthetic selenium compounds also play a role/have poten-
tial as therapeutics [7–10]. The most prominent selenium drug is
EbselenTM, i.e. N-phenyl-1,2-benzisoselenazol-3(2H)-one, which is
known to exhibit a variety of biological activities, partially owing
to its ability to mimic the glutathione peroxidase enzyme, which
regulates redox homeostasis and which protects cells from oxida-
tive stress [7–10]. Other medicinal benefits of EbselenTM include
cytoprotective and neuroprotective properties, and potential
therapeutic applications relate to anti-cancer, anti-bacterial and
anti-inflammatory activities [7–10]. With this background, it is
not surprising the biological mechanism(s) of EbselenTM and related
species have been investigated thoroughly [11,12]. These
experimental and theoretical investigations often point to the
importance of both inter- and intra-molecular Se. . .O interactions
in crucial biological processes [11,12]. Stabilising Se. . .O interac-
tions are now classified among chalcogen bonding interactions, a
term possibly first employed in 1998 [15], whereby the Group
XVI element functions as an electrophile [13,14]. It is stressed that
the focus of the present review is upon the role of intermolecular
Se. . .O contacts and upon the supramolecular aggregation patterns
they sustain. In general terms, chalcogen interactions find very
practical applications in a range of contexts beyond biology and
medicine [16–18], such as in molecular/anion recognition [19–
22], catalysts [23,24] and materials science [25,26]. With this level
of activity, it is not surprising there are several authoritative
reviews of chalcogen bonding [27–30], including reviews of differ-
ent physiochemical procedures for their detection in phases other
than in crystals [31–33], the primary importance of X-ray crystal-
lographic investigations notwithstanding.

The most convenient method for identifying chalcogen bonding
in the solid-state relies upon crystal structure analysis with the
earliest investigations of chalcogen bonding depending on the
evaluation of crystal structures for contacts occurring at separa-
tions intermediate between the respective sums of the covalent
and van der Waals radii for the participating atoms. In these pre-
sent times where all manner of intermolecular contacts/-
supramolecular synthons are being ‘‘revealed”, it might be
tempting to suggest chalcogen bonding, and related tetrel and
pnictogen interactions involving, respectively, Group XIV and XV
elements acting as the electrophile, are a recent phenomenon.
While obviously these interactions already exist in the crystals of
2

the relevant compounds capable of forming such interactions and
may not necessarily have been recognised or appreciated as being
significant previously, it turns out the discussion of secondary
bonding interactions actually goes back well over 50 years. Among
the first bibliographic reviews of the topic are those by H.A. Bent
[34], Noble Laureate O. Hassel [35] and N.W. Alcock [36], with
these being followed up by a number of general overviews of the
topic [37–40]. It is likely the first time the term secondary bonding
was used in the context of these donor–acceptor interactions
appeared in the title of a research paper was in a Conference
Abstract published in 1975 [41] and then in a follow-up Journal
article in 1977 [42]. The use of secondary bonding as a design ele-
ment in crystal engineering endeavours was suggested as early as
1999 [43].

An initially disconcerting feature of many secondary bonding
interactions, including halogen bonding [44], which also comes
under the appellation secondary bonding [36], was that the interac-
tion often occurred between two electron-rich species, i.e. a low
oxidation state main group element, implying a lone-pair or even
lone-pairs of electrons, and donors also having at least one lone-
pair of electrons. Through the concept of a r-hole, theory now aids
the understanding of this apparent violation of basic electrostatic
arguments. Conventionally the bonding in chalcogen bonds was
described in terms of charge transfer from a lone-pair of electrons
of the donor atom (D) to an anti-bonding orbital of the bond involv-
ing the chalcogen atom (A–X), i.e. (D)n2 ? r*(A–X), but the prob-
lem remains in that two electron-rich species are brought into
close contact. The r-hole concept, widely employed to explain
the bonding in such circumstances [45,46], relates to the anisotro-
pic distribution of charge about the bonded chalcogen atom. With
reference to the bonding axis of a A–X bond, there is an equatorial
band of electron density about the A atom, i.e. perpendicular to the
A–X bond, and a significant electron-deficient region at the exten-
sion of the bonding axis, the r-hole (or polar cap). It is the latter
that can form stabilising interactions with nucleophilic species.
The success and general applicability of this approach in rationalis-
ing the formation of chalcogen bonds as well as tetrel, pnictogen
and halogen bonds [47] notwithstanding, recent studies point to
the importance of orbital delocalisation as being relevant [48]. Hav-
ing a model for bonding, the question then arises as to what are the
energies of stabilisation are provided by chalcogen and related
interactions. Naturally, the calculated energies will be highly
dependent on the nature of the bonds about the interacting atoms,
steric profiles of the interacting residues and whether a chalcogen
or other intermolecular interaction is operating independently of
supporting or competing intermolecular interactions not to men-
tion the level of theory/basis sets employed in the performing of
the calculations. Nevertheless, there appears a consensus from cal-
culations [49–53] that the energies of stabilisation afforded by sec-
ondary bonding interactions are comparable and often exceed
those provided by conventional hydrogen bonding interactions
[54] and which, in turn, are comparable to the energies associated
with other supramolecular synthons involving heavy elements
such as p(chelate ring). . .p(chelate) interactions [55].
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It was in the context of a long-held interest in secondary bond-
ing interactions and the supramolecular architectures they sustain
[56–64] and in the aforementioned biological relevance of Se. . .O
chalcogen bonding interactions that the present survey of Se. . .O
interactions operating in crystals was undertaken. This review of
the crystallographic literature serves to highlight the diverse nat-
ure of selenium atom environments, geometries, oxidation states
and numbers and types of Se. . .O secondary bonding interactions
formed by selenium and the wide variety of supramolecular archi-
tectures these chalcogen bonding interactions sustain.
Fig. 1. Examples of excluded structures from the present survey owing to (a) the
Se. . .O contact being embedded within a hydroxyl-O–H. . .Se hydrogen bond, (b) the
Se. . .O contact occurring within an assembly also mediated by hydroxyl-O–H. . .N
(pyridyl) hydrogen bonds and (c) the Se. . .O contacts occurring within a tetra-
molecule aggregate already sustained by a combination of Se. . .N secondary bonding
interactions and hydrogen bonding. Hydrogen bonds are shown as orange dashed
lines, Se. . .O contacts as orange-red dashed lines and Se. . .N contacts as orange-blue
dashed lines. In this and subsequent diagrams, only acidic-H atoms are shown.
Colour code: selenium (orange), phosphorus (pink), oxygen (red), nitrogen (blue),
carbon (grey) and hydrogen (green).
2. Methodology

The Cambridge Structural Database (CSD; version 5.41) [65]
was searched employing ConQuest (version 2.0.4) [66] for Se. . .O
contacts present in crystals based on the distance criterion that
the separation between the selenium and oxygen atoms had to
be equal to or less than the sum of the van der Waals radii, i.e.
assumed in the CSD as 3.42 Å [65]. Other general criteria were
applied in order to keep the number of retrieved structures to a
reasonable number and to ensure reliability in the data, namely
structures with errors, were salts, polymeric and contained transi-
tion metal elements were omitted along with those with R > 0.075.
In all 274 structures were retrieved. These were then evaluated
manually to ensure that the Se. . .O interaction was operating in iso-
lation of other obvious supramolecular synthons employing PLA-
TON [67], Mercury [68] and DIAMOND [69].

Three classes of compounds were rejected from further analy-
sis. Firstly, several structures that registered as a hit was in fact a
false positive as the putative Se. . .O(hydroxyl) interaction was
embedded within a hydroxyl-O–H. . .Se hydrogen bond. This is illus-
trated in Fig. 1a for (-)-t-butylphenylphosphinoselenoic acid [70],
where hydroxyl-O–H. . .Se hydrogen bonding (Se. . .O = 3.30 Å)
occurs between the two independent molecules comprising the
asymmetric unit in the crystal. The second scenario leading to
the omission of structures also involved hydrogen bonding. Thus,
in bi-nuclear 2,20-(diselane-1,2-diyl)bis(pyridin-3-ol) [71], two
centrosymmetrically related molecules are connected into a
dimeric aggregate via hydroxyl-O–H. . .N(pyridyl) hydrogen bonds
as shown in Fig. 1b. Contributing to the stability of this aggregate
are Se. . .O(hydroxyl) contacts (3.36 Å) which, obviously, are not
operating independently and so examples such as this were
omitted from the survey. The third class of omitted compounds
featured complementary secondary bonding interactions. An
example of this is shown in Fig. 1c where some of the supramolec-
ular association operating in the 1:1 co-crystal formed between co-
formers 2,2-dimethyl-N-(7-oxo-6,7-dihydro[1,2,5]selenadiazolo[3,
4-d]pyrimidin-5-yl)propanamide and 2,2-dimethylpropanoic acid
[72] are highlighted. While Se. . .O interactions (3.27 Å) are noted,
these occur within a tetra-molecule assembly sustained by Se. . .N
secondary bonding interactions (2.83 Å) and eight-membered
{. . .HOCO. . .NCNH} synthons.

After manual screening, there remained 224 examples of
supramolecular aggregation featuring Se. . .O secondary bonding
interactions. All of these are illustrated in Appendix A along with
detail of the full composition of the crystal, citation details,
selected distances and angles, and comments on supramolecular
aggregation along with image(s). The structures are generally
arranged in terms of the supramolecular aggregation patterns sus-
tained by the Se. . .O secondary bonding interactions operating in
the crystals, i.e. zero-, one-, two- and three-dimensional. For com-
pleteness, Se. . .O interactions occurring in solvates and co-crystals
are also included. Within each of these categories, discussion of
selenium(II) atoms participating in Se. . .O interactions precedes
those involving selenium(IV) centres and, when known, selenium
3

(VI) examples. Within in each oxidation state, mono-nuclear spe-
cies are covered before bi-nuclear species, etc. and within each of
these categories, aggregates sustained by one interaction are illus-
trated before those sustained by two interactions, etc. Generally,
the examples are included in order of increasing Se. . .O distances.
The exception to the last guideline occurs when there are signifi-
cant numbers of closely related compounds. Comments on hydro-
gen bonding, when present in the crystal, are also included in
Appendix A rather than in the main text unless pertinent to the
discussion of the identified Se. . .O contacts. Finally, while the focus
herein is upon intermolecular Se. . .O contacts, hypervalent
intramolecular Se. . .O, and more rarely Se. . .F and Se. . .S contacts,
are noted in a number of the structures included in this survey.
In cases where these occur, details are also included in Appendix A.

3. Zero-dimensional assembles mediated by Se. . .O chalcogen
bonding

In 55 structures zero-dimensional assemblies are formed medi-
ated by Se. . .O chalcogen bonding interactions. These can be con-
nected by one Se. . .O contact, usually two Se. . .O contacts but
aggregates sustained by up to 10 Se. . .O contacts are known. Sele-
nium(II), (IV) and (VI) species are all shown to form zero-
dimensional aggregates.

3.1. Selenium(II) species

There are a total of 32 selenium(II) species, 1–32 [11,73–96,98–
101], forming Se. . .O contacts leading to zero-dimensional aggre-
gates. The chemical diagrams for the interacting species in these
structures are shown in Fig. 2.



Fig. 2. Chemical diagrams for the interacting species, 1–32, in selenium(II) crystals featuring Se. . .O contacts leading to zero-dimensional aggregates. The point of attachment
at the nitrogen atoms in 22 and 24 are indicated by an asterisk.
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3.1.1. Aggregates sustained by a single Se. . .O contact
The common feature of mono-selenium(II) molecules 1–5

[11,73–76] is that dimeric aggregates are sustained by a single
Se. . .O chalcogen bonding interaction; in each of 2–5, the selenium
atom is incorporated within a ring. For 2 [74], 4 [76] and 5 [11],
Fig. 3a, the contact forms between the two independent molecules
comprising the crystallographic asymmetric unit. In 1 [73], there
are four independent molecules and two pairs are connected by a
single Se. . .O(carbonyl) interaction. In 3 [75], there are eight inde-
pendent selenium(II)-containing molecules and four DMSO mole-
cules in the asymmetric unit. In this instance, only one pair of
selenium(II)-containing molecules is connected by a single Se. . .O
(hydroxyl) contact. This is a relatively rare case as, usually, in cases
where multiple molecules comprise the crystallographic asymmet-
4

ric unit, all participate in the formation of Se. . .O contacts (vide
infra). In diselenide 6 [77], a Se. . .O(ether) interaction is featured
between the two independent molecules of the asymmetric unit,
Fig. 3b. Compound 7 [78] features both selenium(II) and sele-
nium(IV) centres connected within a ring with the selenium(II)
atom of one of these connecting to an oxygen atom of the second
independent molecule via a Se. . .O(N-oxo) contact as shown in
Fig. 3c. In 8 [79], with four independent molecules in the asymmet-
ric unit, two pairs of molecules are connected by a single Se. . .O
(methoxy) contact. A similar situation pertains in tri-nuclear 9
[80], where a single Se. . .O(methoxy) contact links the two inde-
pendent molecules, Fig. 3d. The molecule of 9 is notable in that
in addition to two ring selenium atoms, a phosphorus-bound sele-
nide selenium(II) atom is present but, it is one of the ring selenium



Fig. 3. Representative examples of supramolecular association in selenium(II) crystals leading to zero-dimensional aggregation patterns based on Se. . .O chalcogen bonding
interactions: (a) 5 [11; Se. . .O = 2.96 Å], (b) 6 [77; 3.25 Å], (c) 7 [78; 3.41 Å], (d) 9 [80; 3.31 Å], (e) 12 [83; 3.34 Å], (f) 11 [82; 3.27 Å], (g) 13 [84; 3.36 Å], (h) 27 [96; 3.14 Å], (i) 15
[86; 3.27 Å], (j) 18 [89; 3.37 Å], (k) 19 [90; 2.80 Å], (l) 20 [91; 2.85 Å], (m) 21 [92; 2.93 Å], (n) 22 [93; 3.24 Å], (o) 25 [95; 2.91 Å] and (p) 32 [101; 2.98 Å] (including simplified
view). Additional colour codes: bromide (olive-green), chloride (cyan), yellow (sulphur), fluoride (plum).
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atoms that engages in the Se. . .O(methoxy) interaction. Despite the
presence of multiple selenium atoms in 6–9, only one of the possi-
ble selenium atoms in each is engaged in a Se. . .O contact.

3.1.2. Aggregates sustained by two Se. . .O contacts
The overwhelming majority of mono-nuclear selenium(II)

molecules in this category adopt a two-molecule motif sustained
by two Se. . .O contacts. This motif is found in the crystals of 10–
27 [81–96]. Molecules 10–12 feature acyclic, two-coordinated
selenium, 13 is a selenide and those of 14–27 are also two-
coordinated but with the selenium atom incorporated within a
ring. In 10 [81] and 20 [91] the Se. . .O interactions occur between
the two independent molecules comprising the asymmetric unit
whereas in the remaining examples, they occur between cen-
trosymmetrically related molecules. The selenium atoms in 10
[81] and 12 [83], Fig. 3e, associate with nitro-oxygen atoms, in
11 [82] with carbonyl-oxygen, Fig. 3f, and in 13 [84], Fig. 3g, with
hydroxyl-oxygen, the selenium donor being a phosphorous-bound
5

selenide atom. While attention is directed towards intermolecular
Se. . .O interactions in the present survey, it is worth highlighting
here that several of these species discussed herein also feature
close intramolecular Se. . .O contacts. This feature first occurs in this
survey in 12where, owing to the close proximity of a pendant nitro
substituent, an intramolecular Se. . .O(nitro) contact of 2.58 Å
occurs which is significantly shorter than the intermolecular Se. . .-
O(nitro) separation of 3.34 Å. While details of these intramolecular
Se. . .O contacts, and rare examples of intramolecular Se. . .F and
Se. . .O contacts, are not discussed herein, comments on these are
included in Appendix A.

The ring-selenium atoms are generally incorporated within
five-membered rings but form part of a six membered ring in 27
[96] and part of an eight-membered ring in 18 [89]. The molecules
in 14 [85], 16 [87] and 27 [96], the latter having potential
sulphoxide-oxygen atoms capable of forming Se. . .O contacts,
Fig. 3h, associate via Se. . .O(carbonyl) contacts. In the crystals of
15 [86], Se. . .O(hydroxyl) contacts are formed despite the presence
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of bromide atoms, Fig. 3i, and in each of 17 [88] and 18 [89], Fig. 3j,
Se. . .O(ether) contacts are formed despite the presence of potential
carbonyl-oxygen donors. Phosphorus-bound oxide atoms provide
the oxygen atoms to form the dimeric aggregate in 19 [90],
Fig. 3k, amide-O in 20 [91], Fig. 3l, and N-oxide in 21 [92],
Fig. 3m. The dimeric aggregates formed in 22 [93], Fig. 3n, 23
[94] and 24 [93] are sustained by Se. . .O(nitro) interactions despite
the presence of potential competitive interactions with bromide
(22) and carbonyl-O (23). The two remaining molecules in this sec-
tion feature adjacent selenium and oxygen atoms in the five-
membered ring and each of these, i.e. 25 [95] and 26 [95], assemble
about a centre of inversion to form a supramolecular four-
membered {. . .Se–O}2 synthon. In 25, Fig. 3o, there are nitro- and
hydroxyl-oxygen atoms also capable of forming Se. . .O interactions
but, do not. A related {. . .Se–N}2 synthon was observed in Fig. 1c
and has been discussed in terms of being a reliable synthon in
the supramolecular chemistry of selenium-nitrogen materials
[97]. The foregoing highlights the fact that a myriad of oxygen
atoms can participate in Se. . .O interactions and no definitive pref-
erence for one type oxygen atom over another is obvious.

There are four examples of bi-nuclear selenium(II) species
forming centrosymmetric aggregates. In diselenide 28 [98], Se. . .O
(N-oxide) interactions sustain the dimer while Se. . .O(carbonyl)
contacts are found in each of 29 [99] and 30 [100]. In 31 [93],
one of the ring-selenium atoms of the bi-nuclear molecule associ-
ates with a nitro-oxygen atom, similar to that seen in Fig. 3n. An
extraordinary mode of association via Se. . .O(carbonyl) contacts is
found in 32 [101]. Here, a four-molecule aggregate is formed about

a four-fold rotatory inversion axis (4
�
) as shown in the images of

Fig. 3p.
3.2. Selenium(IV) and selenium(VI) species

Less common but, nevertheless well represented in this survey
are selenium(IV) compounds, which differ by having a single lone-
Fig. 4. Chemical diagrams for the interacting species, 33–55, in selenium(IV) and selen

6

pair of electrons as opposed to two for selenium(II) species. Even
less frequently observed herein are selenium(VI) species, devoid
of stereochemically-active lone-pairs on the selenium centre. The
interactions selenium(VI) species form with oxygen reflect more
conventional Lewis acid-Lewis base interactions. There are 18 sele-
nium(IV) species, 33–50 [100,102–115], and five selenium(VI) spe-
cies, 51–55 [116–119], forming Se. . .O contacts leading to zero-
dimensional aggregates, with the chemical diagrams for the inter-
acting species in these shown in Fig. 4.

3.2.1. Aggregates of selenium(IV) species sustained by two Se. . .O
contacts

The majority of the selenium(IV) compounds form centrosym-
metric dimers, indeed 14 of the 18 crystals feature this motif, and
each of these is constructed about a four-membered {. . .Se–O}2 syn-
thon. Compounds 33 [102], 34 [103], 35–37 [104] conform to the
general formula R(R0)Se@O. The dimeric aggregate for 34, being rep-
resentative for this series, is shown in Fig. 5a, and is sustained by
Se. . .O(oxide) interactions and is notable for the presence of poten-
tially competitive but, non-interacting sulphur, fluoride and bro-
mide donors. Two structures conform to the formula R(R0O)Se@O.
In 38 [100], with R0 = H, the interaction sustaining the dimer is
Se. . .O(carbonyl), Fig. 5b, while the Se. . .O(oxide) interactions persist
in39 [105], R0 =Me. Similar Se. . .O(oxide) interactions sustain dimers
in instances when the selenium is incorporated in a five-membered
ring as in the crystals of 40 [106] and 41 [107]. The first non-
selenium oxide molecule is this section is 42 [108], Fig. 5c, where
the selenium atom is C,O-chelated by two distinct ligands leading
to four- and five-membered rings; the dimer is stabilised by Se. . .O
(alkoxide) contacts. A similar contact occurs in the triorganosele-
nium species 43 [109], Fig. 5d, where the selenium atom is incorpo-
ratedwithin a six-membered ring. Themolecules in 44 [110], Fig. 5e,
are connected by Se. . .O(N-oxo) interactions and those in 45 [111],
Fig. 5f, and bi-nuclear 46 [112], Fig. 5g, by Se. . .O(alkoxide) and
Se. . .O(oxide) interactions, respectively. The structure of 44 is the
earliest reported crystal structure included in the present survey,
ium(VI) crystals featuring Se. . .O contacts leading to zero-dimensional aggregates.



Fig. 5. Representative examples of supramolecular association in selenium(IV) and selenium(VI) crystals leading to zero-dimensional aggregation patterns based on Se. . .O
chalcogen bonding interactions: (a) 34 [103; Se. . .O = 2.92 Å], (b) 38 [100; 2.85 Å], (c) 42 [108; 3.22 Å], (d) 43 [109; 3.00 Å], (e) 44 [110; 3.20 Å], (f) 45 [111; 3.29 Å], (g) 46 [112;
3.19 Å], (h) 47 [113; 2.81–3.24 Å], (i) 48 [113; 2.96–3.20 Å], (j) 49 [114; 2.60–3.20 Å], (k) 50 [115; 2.66–3.33 Å], (l) 51 [116; 3.35 Å], (m) 53 [117; 3.23 Å], (n) 54 [118; 3.17 Å]
and (o) 55 [119; 3.11 Å]; the cores in hexameric 49 and 50 are also included.
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being described in 1972. It is also noted here that the authors of this
paper discussed the supramolecular association mediated by Se. . .O
secondary bonding in their description of the molecular packing in
this crystal. Higher nuclearity aggregates are noted in the remaining
selenium(IV) structures to be described in this section.

3.2.2. Aggregates of selenium(IV) species sustained by more than two
Se. . .O contacts

Each of 47 and 48 [113] assemble into tetrameric aggregates in
the solid-state. In the crystal of 47, there are two independent
molecules in the asymmetric unit. One of these assembles about
a centre of inversion by the familiar four-membered {. . .Se–O}2 syn-
thon. Attached to either side of this aggregate are two of the second
independent molecules whereby each selenium of each of the ter-
minal molecules effectively bridges the oxo atom, already engaged
in a Se. . .O contact implying this atom is bifurcated, and an
alkoxide-oxygen atom of the O,O-chelating ligand, Fig. 5h. The tet-
rameric aggregate in 48, Fig. 5i, has the same centrosymmetric
{Se. . .O}2 core but, the terminal connections are also of the type
7

{Se. . .O}2, also formed by the second independent molecules. This
compound is of particular interest as the asymmetric unit com-
prises four independent molecules. Two engage as shown in
Fig. 5i, while the other two engage to form a supramolecular chain
as discussed below, see 175 [113]. The last two selenium(IV) aggre-
gates to be described are hexameric.

In the crystal of 49 [114], three independent molecules com-
prise the asymmetric unit. A hexagon of selenium atoms, with a
pronounced chair conformation, is formed about a centre of inver-
sion, with the connections between them being of the type Se. . .O
(oxide), Fig. 5j. In this scheme, two of the independent molecules
associate via the four-membered {. . .Se–O}2 synthon with two of
these bridged by two of the third independent molecules. Thus,
two of the selenium atom forms two Se. . .O(oxide) contacts and
four make a single Se. . .O(oxide) contact. In terms of the oxide
donors, two form two Se. . .O(oxide) contacts and the remaining
four oxide-oxygen atoms participate in a single contact, indicating
the hexamer is sustained by eight Se. . .O(oxide) interactions in all.
A related situation pertains for the hexamer formed in the crystal



Fig. 6. Chemical diagrams for the interacting species, 56–74, in selenium(II) crystals featuring Se. . .O contacts leading to linear one-dimensional aggregates.
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of 50 [115], Fig. 5k. The core and asymmetry in the hexamer com-
prising 50 is as descried for 49. However, in the case of 50, there
are two independent and linked {. . .Se–O}2 synthons which are
bridged over the centre of inversion via a pair of Se. . .O(oxide)
interactions. So, four of the selenium atoms form two Se. . .O(oxide)
contacts and two make a single Se. . .O(oxide) contact, leading to a
total of 10 Se. . .O(oxide) contacts sustaining the hexamer.

3.2.3. Aggregates of selenium(VI) species sustained by Se. . .O contacts
There are five selenium(VI) species featuring Se. . .O interac-

tions, each leading to a centrosymmetric, dimeric aggregate. Com-
pounds 51 [116], 52 [117], 53 [117] and 54 [118] feature Se(=O)2
entities, while that of 55 [119] is an adduct of Se(@O)3. A {. . .Se–
O}2 core is found in each of the five dimers. In diorgano 51, the
selenium atom is incorporated within a six-membered ring,
Fig. 5l. Two species feature CNO2 coordination geometries, i.e. 52
and 53, Fig. 5m. An O,O-chelating ligand, leading to a five-
membered ring, is seen in 54, Fig. 5n. In the only example of a
molecule based on Se(@O)3 core is the ether adduct, 55, Fig. 5o.

4. One-dimensional assembles mediated by Se. . .O chalcogen
bonding

The most numerous among the supramolecular aggregation
patterns described herein are one-dimensional chains. In all, 125
structures fall in this category, being over half of all examples
included in this survey. The following description is based on the
oxidation state of the selenium atom forming the Se. . .O chalcogen
bonding contact, the nuclearity of the molecule and the topology of
the resultant chain, i.e. linear, zig-zag, helical and twisted.

4.1. Mono-nuclear selenium(II) species forming linear supramolecular
chains

The chemical diagrams of the 19 mono-nuclear selenium(II)
molecules aggregating to form linear supramolecular chains in
their crystals based on Se. . .O chalcogen bonding contacts, i.e. 56–
74 [12,120–137], are shown in Fig. 6.
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A variety of selenium(II) and oxygen atom environments partic-
ipate in Se. . .O contacts leading to linear, one-dimensional chains.
The first six molecules have the common feature that they are
diorganoselenium(II) species with the selenium atom not enclosed
within a ring. Fig. 7a shows the formation of Se. . .O(ether) contacts
giving rise to the chain in the crystal of 56 [120]. Molecules 57
[121], 58 [122], 59 [123] and 60 [124] employ carbonyl-oxygen
atoms in the chalcogen bonding interaction. As seen in Fig. 7b for
57, Se. . .O(carbonyl) interactions form in preference to putative
Se. . .O(N-oxo, nitro) contacts. A similar situation pertains in 58
where bromide, cyano-nitrogen and two kinds of ether-oxygen
atoms are available for secondary bonding interactions. The pres-
ence of Se. . .O(nitro) interactions are responsible for chain forma-
tion in the crystal of 61 [11], Fig. 7c. In 62 [125], Fig. 7d, Se. . .O
(nitro) interactions are also formed. The interacting selenium atom
in 62 is a rare example of a selenide forming Se. . .O interactions, as
is the case for 63 [126], which forms Se. . .O(methoxy) contacts.

The selenium atom is incorporated within a five-membered
ring and is flanked by two carbon atoms in five molecules: 64
[127], 65 [128], 66 [129], 67 [130] and 68 [131]. The Se. . .O(car-
bonyl) contacts in the chain formed by 64 are highlighted in
Fig. 7e. The structure of 64 is notable as two independent mole-
cules comprise the asymmetric unit and each self-assembles into
a linear supramolecular chain. A similar mode association is found
in the crystal of 68, where each of the two independent molecules
self-associate into a linear chain. By contrast, in 65–67 the Se. . .O
association involves ether-, methoxy- and nitro-oxygen atoms. In
69 [132], the selenium atom is incorporated within a six-
membered ring and molecules assemble via Se. . .O(carbonyl) con-
tacts, Fig. 7f. In each of the four remaining five-membered ring-
containing molecules, the selenium atom is flanked by carbon
and nitrogen atoms. In 70 [133], 71 [134] and 72 [135], Fig. 7g,
the molecules are linked by Se. . .O(carbonyl) interactions whereas
in 73 [136], Fig. 7h, Se. . .O(nitro) contacts are evident. The last
structure is this category to be described is that of 74 [137] where
the selenium atom formally carries a positive charge and one of
three carboxylic acid substituents is deprotonated. As seen from
Fig. 7i, the linear chain is sustained by Se. . .O(carbonyl)



Fig. 7. Representative examples of supramolecular association in selenium(II) crystals leading to linear, one-dimensional chains based on Se. . .O chalcogen bonding
interactions: (a) 56 [120; Se. . .O = 3.08 Å], (b) 57 [121; 3.12 Å], (c) 61 [11; 3.29 Å], (d) 62 [125; 3.29 Å], (e) 64 [128; 3.09 Å], (f) 69 [132; 3.39 Å], (g) 72 [135; 3.19 Å], (h) 73 [136;
3.19 Å] and (i) 74 [137; 3.21 Å].
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interactions; the carboxylate residue is engaged in charge-assisted
hydrogen bonding, precluding it from participating in Se. . .O
contacts.

4.2. Mono-nuclear selenium(II) species forming zig-zag
supramolecular chains

The chemical diagrams of the 32 mono-nuclear selenium(II)
molecules, i.e. 75–106 [11, 74,101,133, 138–162], forming zig-
zag supramolecular chains in their crystals based on Se. . .O chalco-
gen bonding contacts are shown in Fig. 8. With two exceptions, as
detailed below, the zig-zag chains are propagated by crystallo-
graphic glide symmetry.

Seven compounds have the selenium atom not constrained
within a ring while the remaining 25 feature cyclised selenium,
usually within a five-membered ring. A representative example
of a zig-zag chain is shown in Fig. 9a, for 75 [138]. Here, Se. . .O(car-
bonyl) interactions are in play, as in crystals of 76 [139] and 77
[140]. In 78 [141], Fig. 7b, an example rich in heteroatoms, Se. . .O(-
sulphoxide) interactions are evident, as they are in 79 [142], Fig. 9c,
with a rare C,S-donor set for selenium. The structures of 80 [143]
and 81 [144] are examples of selenides are engaged in Se. . .O inter-
actions. In 80, there are two independent molecules in the asym-
metric unit and each of these self-associates into a
9

supramolecular chain via C@Se. . .O(nitro) interactions, one of these
is shown in Fig. 9d. In 81, where the selenide is phosphorus-bound,
the zig-zag chain, Fig. 9e, arises as a result of P@S. . .O(ether) con-
tacts. The remaining molecules to be covered have the selenium
atom incorporated with a ring.

In the next six molecules, each selenium(II) atom has a C,C-
donor set. The selenium atom in 82 [74] forms part of a four-
membered ring and the molecules assemble into a zig-zag chain
via Se. . .O(sulphoxide) contacts, Fig. 9f. The chains in 83 [145] are
sustained by Se. . .O(methoxy) interactions, and in 84 [146], 85
[101], 86 [147] and 87 [148] by Se. . .O(carbonyl) interactions. Com-
pound 85, Fig. 9g, is one of two molecules in this section assem-
bling into a zig-zag chain not propagated by glide symmetry. In
this case, there are two independent molecules which associate
to form the supramolecular chain.

Next, is a series of molecules constructed about a 5-
selanylidene-1H-pyrrol-2-one core, i.e. 88–99 [11,149–157], fea-
turing a variety of substituents, R, at the nitrogen atom: R = CH2Ph
(88) [149], Ph, polymorphs 89 [11] and 90 [150], Ph-C(=O)OH-4
(91) [151], Ph-Br-4 (92) [152], Me (93) [153], H, acid 94 [152],
Ph-Br-2 (95) [154], Ph-Me-3 (96) [155], Ph-Me-2 (97) [156], Ph-
OH-3 (98) [11] and, lastly, R = a fused 1-ethylpiperidine-2,6-dio
ne/naphthalene derivative (99) [157]. The common mode of the
supramolecular association is the formation of Se. . .O(carbonyl)



Fig. 8. Chemical diagrams for the interacting species, 75–106, in selenium(II) crystals featuring Se. . .O contacts leading to zig-zag one-dimensional chains. The point of
attachment at the nitrogen atom in 99 is indicated by an asterisk.

Edward R.T. Tiekink Coordination Chemistry Reviews 427 (2021) 213586
interactions, as illustrated for 95 [154] in Fig. 9h. Generally, these
contacts are short, ranging from 2.53 Å in 88 [149] to 2.86 Å for
99 [157], suggesting considerable covalent character in these sec-
ondary bonding interactions. As indicated above, 89 and 90 are
polymorphs. These exhibit the same supramolecular aggregation
via Se. . .O(carbonyl) interactions with very similar Se. . .O separa-
tions of 2.53 and 2.57 Å, respectively. Of interest is the R = H
derivative, 94, i.e. the acid form, where three independent mole-
cules comprise the asymmetric unit. One molecule self-assembles
into a zig-zag chain (glide symmetry). The two other molecules
associate via a Se. . .O(carbonyl) interaction and the resultant
dimeric aggregates assemble into a zig-zag chain, again propa-
gated by glide symmetry. Variations of the above are seen in
100 [133], where the fused C6 ring carries a nitro substituent,
and 101 [158], where the fused C6 ring is fused to a second C6

ring, and in 102 and 103 [159], where the fused C6 ring is substi-
tuted by a thienyl ring; each of the resultant zig-zag chains are
sustained by Se. . .O(carbonyl) interactions. The Se. . .O(carbonyl)
interactions persist in 104 [160], where the fused C6 ring of the
above examples is now a pyridyl ring and 105 [161], where the
selenium atom is incorporated into a six-membered ring. The
final molecule in this section, 106 [162], Fig. 9i, is notable in that
the selenium atom, embedded within a four-membered ring,
forms two Se. . .O(sulphoxide) interactions to sustain the zig-zag
chain.
10
4.3. Mono-nuclear selenium(II) species forming helical and twisted
supramolecular chains

The chemical diagrams of the mono-nuclear selenium(II) mole-
cules, i.e. 107–123 [152,163–177] and 124–126 [159,178,179],
forming, respectively, helical and twisted supramolecular chains
in their crystals based on Se. . .O chalcogen bonding contacts are
shown in Fig. 10.

The supramolecular chains with helical symmetry are typically
propagated by crystallographic 21 screw symmetry, with two
exceptions only, and, while less numerous than zig-zag
supramolecular chains sustained by Se. . .O interactions, comprise
17 examples. Six of the molecules do not have selenium incorpo-
rated within a ring, and four of these have selenium within a C2-
donor set: 107 [163], 108 [164], 109 [165], Fig. 10a, and 110
[166], and two of the examples are selenides 111 [167] and 112
[168], Fig. 11b. Highlighting the diversity of oxygen-donors in
these chains, in 107 and 109 they feature Se. . .O(carbonyl) contacts,
108 Se. . .(methoxy), 110 Se. . .O(sulphoxide), 111 Se. . .O(hydroxyl)
and the chains in 112 are sustained by Se. . .O(ether) interactions.
The remaining helical structures feature cyclised selenium atoms.
The five-membered rings in 113 [169], 114 [170] and 115 [171]
also feature C2 donor sets as does the selenium atom in 116
[172], Fig. 11c, which is now incorporated within a six-
membered ring. The donor atoms forming the Se. . .O interactions



Fig. 9. Representative examples of supramolecular association in selenium(II) crystals leading to linear, one-dimensional chains based on Se. . .O chalcogen bonding
interactions: (a) 75 [138; Se. . .O = 3.05 Å], (b) 77 [140; 3.06 Å], (c) 78 [141; 3.16 Å], (d) 80 [143; 3.12 Å], (e) 81 [144; 3.41 Å], (f) 82 [74; 3.05 Å], (g) 85 [101; 3.36 Å], (h) 95 [154;
2.67 Å] and (i) 106 [162; 3.29 & 3.35 Å].
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are hydroxyl in 113 but, carbonyl in 114–116; in 114, both ether
and hydroxyl donors are available but not employed in Se. . .O con-
tacts. The remaining ring structures contain hetero-atoms, all hav-
ing at least one nitrogen atom, with two exceptions. In 117 [173],
the helical chain is sustained by a charge-assisted Se. . .O(N-oxo)
interaction with the separation being a short 2.41 Å. Molecules
118 [152], 119 [174], 120 [152] and 121 [175] all feature the 5-
selanylidene-1H-pyrrol-2-one core, as seen above in the sequence
of molecules 88–99. The chains in 118 and 120 are sustained by
Se. . .O(hydroxyl) interaction despite having potential carbonyl
donors, whereas the chains in 119 and 121 feature Se. . .O(carbonyl)
interactions. It is noted that 118 has two polymorphs: in 5, Fig. 3a,
the two independent molecules of the asymmetric unit assemble
by a single Se. . .O(carbonyl) interaction and in second polymorph,
98, molecules assemble into a zig-zag chain, but via Se. . .O(hy-
droxyl) interactions as in 118. The helical chain formed in 119 is
especially noteworthy in that rather than the usually observed 21

symmetry, the chain is propagated by crystallographic 61 screw
symmetry, Fig. 11d. In 122 [176], where there are two nitrogen
atoms in the ring, flanking the selenium atom, the helical chain
is sustained by Se. . .O(carbonyl) interactions, Fig. 11e. The
supramolecular aggregation in 123 [177] is quite unusual, featur-
ing three distinct Se. . .O contacts for the selenium atoms derived
from the two independent molecules comprising the asymmetric
unit. As viewed from Fig. 11f, one selenium atom forms a single
contact with a nitro-oxygen atom while the other selenium atom
spans the two oxygen atoms of a symmetry related five-
membered ring. The shortest Se. . .O contact of 2.90 Å in the chain
is associated with the Se. . .O(carbonyl) interaction. The other
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unusual feature of the resulting supramolecular chain is that it is
propagated by crystallographic 41 screw symmetry.

There are three molecules, 124 [159], 125 [178] and 126 [179],
assembling in their crystals to form twisted chains. In 124, Fig. 10g,
and 125, two independent molecules comprise the asymmetric
unit with the twisted arrangement arising due to the relative ori-
entations of the independent molecules in the chains propagated
by translational symmetry; chains are sustained by Se. . .O(car-
bonyl) contacts. The molecule in 126, Fig. 10h, has crystallographic
two-fold symmetry with the selenium atom lying on the axis. Each
selenium atom forms two Se. . .O(nitro) contacts with centrosym-
metrically related molecules.

4.4. Multi-nuclear selenium(II) species forming supramolecular chains

Most of the molecules in this category are bi-nuclear but, there
are several examples of tri- and tetra-nuclear selenium(II) com-
pounds. The chemical structures for the molecules forming the
supramolecular chains, i.e. 127–159 [80,92,95,104,180–205], are
shown in Fig. 12.

4.4.1. Bi-nuclear selenium(II) species forming linear chains
A linear chain is observed in crystals of 127 [180], Fig. 13a, an

example whereby the selenium atom is not embedded within a
ring and where only one of the selenium atoms is engaged in a
Se. . .O contact; in this case the donor is a carbonyl-oxygen atom.
When embedded within a five-membered ring, the selenium
atoms can be next to each other as in 128 [181] and 129 [182],
Fig. 13b, or in a six-membered ring, i.e. 130 [183]. Again, only



Fig. 10. Chemical diagrams for the interacting species, 107–123, in selenium(II) crystals featuring Se. . .O contacts leading to helical one-dimensional chains, and 124–126,
leading to twisted chains.
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one of the selenium atoms in 128–130 forms a Se. . .O contact, with
the donors being ether-, sulphoxide- and carbonyl-oxygen, respec-
tively. The structure of 129 is especially noteworthy in that two
molecules comprise the asymmetric unit, and these possess amide
donors capable of forming hydrogen bonding interactions. One of
the independent molecules forms a supramolecular chain, as just
mentioned, and these are connected into a double-chain by con-
ventional amide-N–H. . .O(sulphoxide) hydrogen bonds involving
the same sulphoxide-oxygen atom forming the Se. . .O contacts.
The second independent molecule also forms a supramolecular
chain but, mediated solely by amide-N–H. . .O(sulphoxide) hydro-
gen bonds, there being no Se. . .O interactions of note. The adoption
of Se. . .O and/or amide-N–H. . .O(sulphoxide) hydrogen bonds sug-
gests, at least to a first approximation, some equivalence in the
energies of stabilisation afforded by these modes of association.
In 131 [184], the association leading to a linear chain involves both
selenium atoms connecting to the carbonyl-oxygen atom of a
translationally related molecule, Fig. 13c. A double-chain is noted
for 132 [185], Fig. 13d. Here, two selenium atoms occur diagonally
opposite positions in a centrosymmetric C2Se2 square, and each
forms a Se. . .O(carbonyl) interaction to form a linear chain. Two
independent molecules also comprise the asymmetric unit of 133
[186]. One of these self-associates into a linear chain via
Se. . .O(sulphoxide) contacts whereby one selenium atom forms
two contacts with translationally related molecules leading to
seven-membered {. . .Se. . .OSSeSeSO} synthons. Centrosymmetri-
cally related chains assemble into a double-chain, also via
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Se. . .O(sulphoxide) contacts, but involving the second selenium
atom (forming the shortest Se. . .O contact) and six-membered {. . .-
OSSe}2 synthons, as shown in the views of Fig. 13e.

4.4.2. Bi-nuclear selenium(II) species forming zig-zag chains
Four molecules of the general formula RSeSeR form supramolec-

ular zig-zag chains in their crystals; these along with the other
chains described in this section are propagated by glide symmetry.
These are sustained by an average of one Se. . .O(sulphoxide) contact
per molecule in 134 [186], Fig. 13f, Se. . .O(nitro) in 135 [187] and
Se. . .O(carbonyl) in each of 136 [188] and 137 [189]. A variation is
noted for 138 [95], Fig. 13g, where the selenium atoms are con-
nected by an oxo-bridge and one of these forms Se. . .O(nitro)
contacts. The selenium atoms are adjacent to each other in the
five-membered ring of 139 [190] and one of these participates in
Se. . .O(sulphoxide) interactions to form the zig-zag chain. In the
five-membered rings of each of 140 [191] and 141 [192], Fig. 13h,
the selenium atoms are separated by a carbon atom, and the chain
is mediated by Se. . .O(carbonyl) interactions. In 142 [80], Se. . .O(hy-
droxyl) interactions involving the ring-bound selenium atommedi-
ate the formation of the zig-zag chain rather than putative
interactions involving the phosphorus-bound selenide atom. A vari-
ation in the general theme of one Se. . .O link per molecule to sustain
the zig-zag chain is noted for 143 and 144 [190], Fig. 13i, where
each selenium atom, occupying adjacent positions in a five-
membered ring, participates in Se. . .O(sulphoxide) interactionswith
the same sulphoxide-oxygen atom.



Fig. 11. Representative examples of supramolecular association in selenium(II) crystals leading to helical, one-dimensional chains based on Se. . .O chalcogen bonding
interactions: (a) 109 [165; Se. . .O = 3.04 Å], (b) 112 [168; 3.39 Å], (c) 116 [172; 3.18 Å], (d) 119 [174; 2.83 Å], (e) 122 [176; 2.95 Å], (f) 123 [177; 2.90, 3.30 & 3.38 Å], (g) 124
[159; 2.55 Å] and (h) 126 [179; 3.26 Å]. Additional colour code: teal, boron.
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4.4.3. Bi-nuclear selenium(II) species forming helical chains
The common feature of the seven helical chains formed by bi-

nuclear selenium(II) molecules is that each is propagated by 21

screw symmetry. The first six molecules employ a single selenium
atom in forming the Se. . .O chalcogen bond: 145, 146 [193],
Fig. 14a, 147 [194], 148 [195], 149 [196] and 150 [197]. The oxygen
donors span a range of types, i.e. sulphoxide (145 and 146), ether
(147) and carbonyl (148 and 150) and phenoxide (149). In 151
[198], Fig. 14b, the adjacent selenium atoms are embedded within
a five-membered ring and form contacts to the same carbonyl-
oxygen atom to form the helical chain, i.e. bearing a close resem-
blance to the aggregation pattern seen in 143 and 144, Fig. 13i.
The bi-nuclear molecule in 152 [199], has two-fold symmetry with
the axis bisecting the Se–Se bond, and each selenium atom forms a
Se. . .O(nitro) contact to a centrosymmetrically related molecule
with the result a twisted chain ensues, Fig. 14c.

4.4.4. Multi-nuclear selenium(II) species forming chains of various
topologies

There are two tri-nuclear selenium(II) species forming
supramolecular chains in their crystals. As a result of Se. . .O(car-
bonyl) interactions whereby two of the three selenium atoms, each
within a five-membered ring, form a contact to the same carbonyl-
13
oxygen atom, a linear chain is formed in the crystal of 153 [152],
Fig. 14d. In 154 [200], where there is an ‘‘open” selenium atom
and two selenium atoms within five-membered rings, it is the for-
mer that forms a Se. . .O(ether) contact to generate a zig-zag chain
via glide symmetry, Fig. 14e.

The remaining five selenium(II)-containing species in this sec-
tion are tetra-nuclear. In 155 [201], two five-membered rings, each
with a 1,3-disposition of selenium atoms, are connected to form
the tetra-nuclear molecule. In the crystal, only one of the selenium
atoms forms a Se. . .O(carbonyl) interaction with translationally
related molecules so that a linear chain is formed, Fig. 14f. The
macrocyclic compound, 156 [202], employs two of its selenium
atoms to sustain a linear assembly via Se. . .(methoxy) interactions
and eight-membered {. . .SeC2O}2 synthons, Fig. 14g. The molecule
157 [203] is clearly related to 155 but, in this case, this assembles
into a zig-zag chain (glide symmetry), Fig. 14h. The remaining
molecules, 158 [204], and 159 [205], assemble into helical chains,
for 158, Fig. 14i, propagated by 21 screw symmetry. An interesting
variation is noted for 159 in that the four selenium atoms line up in
a chain within an eight-membered ring; two independent mole-
cules comprise the asymmetric unit. The independent molecules
assemble via a Se. . .O(carbonyl) contact and the resultant dimeric
aggregate then assembles, via additional Se. . .O(carbonyl) contacts,



Fig. 12. Chemical diagrams for the interacting species, 127–159 [80,95,152,159,180–205], in multi-nuclear selenium(II) crystals featuring Se. . .O contacts leading to
supramolecular one-dimensional chains.
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into a supramolecular helical chain propagated by 31 screw sym-
metry, Fig. 14j.

4.5. Multi-nuclear selenium(IV) species forming supramolecular chains

While far less represented than their selenium(II) counterparts,
there are 21 examples of selenium(IV) compounds, usually
selenoxide derivatives, self-associating in their crystals to form
one-dimensional chains via Se. . .O chalcogen bonding. The chemi-
cal diagrams for these species, i.e. 160–180
[93,104,105,113,188,206–217], are shown in Fig. 15.

The three selenoxides, 160 [104], 161 [104] and 162 [206],
Fig. 16a, feature C2O-donor sets and associate in their crystals to
form linear, supramolecular chains via Se. . .O(nitro) interactions
in 160, and Se. . .O(methoxy) interactions in 161 and 162. Double-
14
chains are often observed in the crystals of the selenium(IV) com-
pounds in this category owing to the formation of multiple Se. . .O
interactions. This is exemplified by 163 [207], Fig. 16b. Here, cen-
trosymmetrically related molecules are connected by a pair of
Se. . .O(oxide) interactions, leading to a {. . .Se–O}2 core, and the
resultant dimeric aggregates assemble into a linear, double-chain
so each selenium atom forms two Se. . .O contacts. Similar patterns
are noted in 164 [208], Fig. 16c, and 165 [209] but, with the bridges
leading to the chains being interactions of the type Se. . .O(nitro); in
164, the Se. . .O(carbonyl) separations are shorter than the Se. . .O(ni-
tro) contacts whereas the opposite trend pertains in 165, under-
scoring the difficulty of correlating distances associated with
weak interactions as discussed in section 8. In 166 [210],
Fig. 16d, with a chelating O,O-ligand leading to a five-membered
ring, the double-chain arises as the successive, centrosymmetri-



Fig. 13. Representative examples of supramolecular association in selenium(II) crystals leading to one-dimensional chains of varying topology on Se. . .O chalcogen bonding
interactions: (a) 127 [180; Se. . .O = 3.29 Å], (b) 129 [182; 3.22 Å], (c) 131 [184; 3.35 Å], (d) 132 [185; 3.04 Å], (e) 133 and view with only ipso-carbon atoms [186; 3.09, 3.37 &
3.35 Å], (f) 134 [186; 3.03 Å], (g) 138 [95; 3.25 Å], (h) 141 [192; 3.05 Å] and (i) 144 [190; 3.18 & 3.36 Å].

Fig. 14. Representative examples of supramolecular association in multi-nuclear selenium(II) crystals leading to one-dimensional chains of varying topology based on Se. . .O
chalcogen bonding interactions: (a) 146 [193; Se. . .O = 3.19 Å], (b) 151 [198; 3.24 & 3.24 Å], (c) 152 [199; 3.22 Å], (d) 153 [152; 2.99 & 3.12 Å], (e) 154 [200; 3.34 Å], (f) 155
[201; 3.22 Å], (g) 156 [202; 3.03 Å], (h) 157 [203; 3.13 Å], (i) 158 [204; 3.35 Å] and (j) 159 [205; 3.16 & 3.17 Å].
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Fig. 15. Chemical diagrams for the interacting species, 160–180, in selenium(IV) crystals featuring Se. . .O contacts leading to supramolecular one-dimensional chains.
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cally related aggregates are connected by Se. . .O(alkoxide) interac-
tions. In the dioxide species, 167 [211], Fig. 16e, the centrosym-
metric aggregates are connected to translationally related dimers
via a pair of Se. . .O(oxide) contacts so each selenium atom partici-
pates in three Se. . .O interactions. A more complicated mode of
association between molecules occurs in 168 [113], Fig. 16f, for
which two independent molecules comprise the asymmetric unit.
Fig. 16. Representative examples of supramolecular association in multi-nuclear seleniu
chalcogen bonding interactions: (a) 162 [206; Se. . .O = 3.37 Å], (b) 163 [207; 3.24 & 3.32 Å
3.29 Å], (f) 168 [113; 2.69–3.20 Å], (g) 170 [113; 2.78 Å], (h) 173 [212; 3.22 Å], (i) 175

16
One of the independent molecules assembles to form a dimer
and translationally related dimers are bridged by a pair of the sec-
ond independent molecule. There are six independent Se. . .O con-
tacts involving oxide- (4) and alkoxide-oxygen (2) donors, and
each selenium atom participates in three Se. . .O interactions.

Molecules 169 [93], 170 [113], Fig. 16g, and 171 [113], each
with C2O donor sets, assemble into zig-zag chains mediated by a
m(II) crystals leading to one-dimensional chains of varying topology based on Se. . .O
], (c) 165 [209; 3.14 & 3.22 Å], (d) 166 [210; 2.89 & 2.93 Å], (e) 167 [211; 3.00, 3.26 &
[113; 2.84–3.21 Å], (j) 178 [215; 3.40 Å] and (k) 179 [216; 3.16 & 3.31 Å].
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single Se. . .O(oxide) contact in each case. In 171, two independent
molecules comprise the asymmetric unit and these are connected
by a single Se. . .O(oxide) interaction and these dimers then assem-
ble into a zig-zag chain via additional Se. . .O(oxide) interactions.
Compounds 172 [188] and 173 [212], in which the selenium cen-
tres are O,O-chelated by two chelating ligands, are polymorphic.
In 172, a single Se. . .O(carbonyl) interaction, on average, sustains
a zig-zag assembly (glide symmetry). By contrast, in 173,
Fig. 16h, the selenium atom lies on a two-fold axis of symmetry
and there are, on average two Se. . .O(carbonyl) interactions per
molecule with the Se. . .O(carbonyl) distance of 3.22 Å being longer
than 3.02 Å observed in 172, as would be expected. The molecule in
174 [213], also has the selenium atom lying on a two-fold axis of
symmetry and a similar mode of association as for 173 is noted
in its crystal. The supramolecular association 175 [113] is of partic-
ular interest. Here, there are four independent molecules in the
asymmetric unit and each participates in Se. . .O contacts. Two of
the independent molecules assemble into a tetrameric aggregate
via Se. . .O(oxide) and Se. . .O(alkoxide) interactions as shown for
aggregate 48 [113] in Fig. 5h. In the second assembly found in
the crystal of 175, involving the two remaining independent mole-
cules, only Se. . .O(alkoxide) interactions are formed leading to a
zig-zag chain with each selenium atom forming two Se. . .O interac-
tions, Fig. 16i.

Helical chains (21 screw symmetry) are found in crystals of 176
[105], 177 [214] and 178 [215], Fig. 16j, sustained by either Se. . .O
(carbonyl), 176 and 177, or Se. . .O(methoxy), 178, interactions. A
helical chain, also with 21 screw symmetry, occurs in the crystal
of 179 [216], Fig. 16k, as the selenium atom accepts bond Se. . .O(ox-
ide) and Se. . .O(hydroxyl) interactions, rather than the single Se. . .O
interactions of the previous three examples. Finally, in 180 [217]
two independent molecules comprise the asymmetric unit and
each selenium atom participates in two Se. . .O(carbonyl) interac-
tions with the chain, propagated by translational symmetry, hav-
ing a twisted topology owing to the relative orientation of the
independent molecules comprising the repeat unit.
Fig. 17. Chemical diagrams for the interacting species, 181–200, in selenium(II) and
dimensional arrays.

17
5. Two-dimensional assemblies mediated by Se. . .O chalcogen
bonding

When Se. . .O chalcogen bonding extends in two dimensions,
supramolecular layers are formed: this has been noted in a total
of 20 crystals, with 12 selenium(II) and eight selenium(IV)
examples. The chemical diagrams for 181–200
[95,113,133,186,218–231] are shown in Fig. 17.

5.1. Two-dimensional assemblies formed by selenium(II) compounds

Several different motifs are noted in the two-dimensional
arrays formed by the compounds in this section. In the crystal of
mono-nuclear 181 [218], Fig. 18a, molecules assemble about a cen-
tre of inversion, being connected by Se. . .O(nitro) interactions and
eight-membered {. . .Se. . .ONO}2 synthons. The connections extend
laterally as each selenium forms two contacts as does each nitro
group, via both oxygen atoms, with the resultant layer being corru-
gated. The selenium atom also forms two contacts in 182 [219] but,
with the same, bifurcated carbonyl-oxygen atom to sustain a flat,
hexagonal-like grid, Fig. 18b. In the following structures, disparate
Se. . .O interactions sustain the resulting two-dimensional array. In
183 [220], the selenium atom forms two interactions with
carbonyl- and hydroxyl-oxygen atoms, derived from symmetry
related molecules, which are linked by a hydroxyl-O–H. . .O(car-
bonyl) hydrogen bond. In 184 [133], the connections are of the
type Se. . .O(carbonyl) and Se. . .O(nitro), and analogous contacts
are formed in 185 [221], Fig. 18c. The layers in each of 183–185
have a jagged topology. There are two bi-nuclear selenium(II) com-
pounds adopting two-dimensional aggregation patterns. In the
first of these, 186 [222], each selenium atom forms a contact to a
carbonyl-oxygen atom of two different molecules, Fig. 18d, leading
to a flat, hexagonal pattern akin to that for 182, Fig. 18b. In a vari-
ation, in 187 [223], each selenium atom again forms a single con-
tact but, two different carbonyl-oxygen atoms, Fig. 18e, leading
to a corrugated topology. A polymorph of 187 exists, i.e. 132, which
selenium(IV) crystals featuring Se. . .O contacts leading to supramolecular, two-



Fig. 18. Examples of supramolecular association in mono- and bi-nuclear selenium(II) crystals leading to two-dimensional arrays based on Se. . .O chalcogen bonding
interactions: (a) 181 [218; Se. . .O = 3.01 & 3.17 Å], (b) 182 [219; 3.25 Å], (c) 185 [221; 3.06 & 3.16 Å], (d) 186 [222; 3.06 & 3.18 Å] and (e) 187 [223; 3.14 Å].
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adopts a linear, one-dimensional chain in its crystal, Fig. 13d, form-
ing the same number of Se. . .O(carbonyl) interactions. The differ-
ence in aggregation patterns arise as in 132, centrosymmetric,
eight-membered {. . .SeC2O}2 synthons are formed whereas in 187,
the molecules assemble through more open, 16-membered {. . .-
SeC2O}4 synthons, Fig. 18e.

Somewhat squarer arrangements are seen in the crystals of bi-
nuclear 188 [224], Fig. 19a, where each molecule participates in
four Se. . .O(carbonyl) interactions, with one of the selenium atoms
forming two interactions and one of the carbonyl-oxygen atoms
forming two interactions; the layer is corrugated. An even more
square appearance is seen for 189 [186], Fig. 19b, where the central
18
atom of the tri-nuclear molecule participates in two
Se. . .O(sulphoxide) interactions with two different molecules while
at the same time donating two sulphoxide-oxygen atoms to another
two symmetry related molecules; the resultant layer is flat. In
tri-nuclear 190 [225], which has two-fold symmetry with the cen-
tral selenium atom lying on the axis, it is the external selenium
atoms of the Se3 chain that each form a single Se. . .O(carbonyl)
interaction and each of the carbonyl-oxygen atoms also
participates in a Se. . .O contact, Fig. 19c, leading to a corrugated
layer. In tri-nuclear 191 [226], which has mirror symmetry with
the central selenium lying on the plane, the selenide atoms lie to
the periphery of the Se@P–Se–P@Se hetero-chain. In this instance,



Fig. 19. Examples of supramolecular association in selenium(II) crystals leading to two-dimensional arrays based on Se. . .O chalcogen bonding interactions: (a) 188 [224;
Se. . .O = 3.29 & 3.41 Å], (b) 189 [186; 3.22 Å], (c) 190 [225; 3.17 Å] and (d) 191 [226; 3.33 Å].
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the selenide atoms form Se. . .O(phenoxide) contacts that generate a
grid with a flat topology, Fig. 19d.

The final selenium(II) compound adopting a two-dimensional
array in its crystal is also the only example of a tetra-nuclear com-
pound in this category, 192 [205]. Here, the four selenium atoms
are in a Se4 chain and, as seen from Fig. 20, it is the 1,3-selenium
atoms forming the Se. . .O(carbonyl) interactions with two different
carbonyl-atoms that are responsible for the formation of the layer,
which has a distinctive saw-tooth topology.

5.2. Two-dimensional assemblies formed by selenium(IV) compounds

A smaller number of selenium(IV) compounds assemble into
two-dimensional arrays. The structure of 193 [227] is the only
example in this series where the selenium atom is not incorporated
within a ring. This open arrangement coupled with the selenium
atom is within an O3-donor set enables the formation of three
interactions with each of the coordinated triflate anions, two of
which are Se–O covalent bonds; each of the non-coordinating oxy-
19
gen atoms participates in a Se. . .O(sulphonate) interaction, as seen
from the detail of the selenium-atom environment of Fig. 21a. The
packing comprises inter-digitated rows of molecules connected by
the aforementioned Se. . .O(sulphonate) interactions to form a flat
layer. In 194 [228], molecules are connected into centrosymmetric
dimers via Se. . .O(alkoxide) interactions and these in turn are con-
nected into a grid by Se. . .O(oxide) interactions which form the
shorter of the separations, Fig. 21b. Disparate Se. . .O interactions
are evident in 195 [95] and 196 [113]. In the former, approximately
orthogonal chains sustained by Se. . .O(nitro) and Se. . .O(oxide)
interactions assemble molecules into a two-dimensional array,
Fig. 21c. In 196, Se. . .O(alkoxide) and Se. . .O(oxide) interactions
cooperate in a similar fashion. The resultant layer in each of 195
and 196 is jagged.

The selenium atom in 197 [113] is incorporated within a six-
membered ring and forms a total of three Se. . .O interactions in
the crystal, Fig. 22a. Centrosymmetrically related molecules are
connected by via Se. . .O(alkoxide) interactions, forming the shorter
distances, and these are connected into a flat, two-dimensional



Fig. 20. Supramolecular association in 192 [205; Se. . .O = 3.34 & 3.42 Å], leading to two-dimensional arrays based on Se. . .O chalcogen bonding: detail of the Se. . .O(carbonyl)
interactions as well as a side-on and plan view of the layer.

Fig. 21. Examples of supramolecular association in selenium(IV) crystals leading to two-dimensional arrays based on Se. . .O chalcogen bonding interactions: (a) 193 [227;
Se. . .O = 2.76, 2.91, 3.14 & 3.14 Å] showing detail of the Se. . .O(sulphoxide) interactions as well as a side-on and plan view (fluoride atoms omitted) of the layer, (b) 194 [228;
2.76 & 3.29 Å] and (c) 195 [95; 3.13 & 3.26 Å].
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Fig. 22. Examples of supramolecular association in selenium(IV) crystals leading to two-dimensional arrays based on Se. . .O chalcogen bonding interactions: (a) 197 [113;
Se. . .O = 2.82, 3.13 & 3.18 Å] showing detail of the Se. . .O interactions as well as a plan view of the layer, (b) 198 [229; 2.96, 2.97 & 3.16 Å], (c) 199 [230; 3.09 Å] and (d) 200
[231; 3.06 Å].
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array by Se. . .O(oxide) interactions. Two independent molecules
comprise the asymmetric unit of 198 [229] and these are con-
nected by Se. . .O(carbonyl) interactions to form the array shown
in Fig. 22b; the topology of the layer is flat. The selenium atom
in the first independent molecule forms two Se. . .O contacts and
the carbonyl-O atom one, with the second independent molecule
follows the opposite trend. This flexibility in association via Se. . .O
contacts is reflected in the following observation. Compound 198 is
of particular interest as three polymorphs have been reported. Ear-
lier in this survey, aggregation patterns were reported for the first
two of these, i.e. 172 and 173, Fig. 16h, each of which adopts a zig-
zag chain in their crystal sustained, on average, by one and two
Se. . .O(carbonyl) interactions, respectively. The selenium atom in
199 [230] is bis-chelated by C,O-donors and lies on a two-fold axis
of symmetry. The selenium atom forms two Se. . .O(contacts) to
form a flat, two-dimensional array, Fig. 22c. The only bi-nuclear
compound in this section is found in 200 [231] where diagonally
opposite selenium atoms are incorporated within a four-
membered ring; the molecule has mirror symmetry with the nitro-
gen atoms of N2Se2 core lying on the plane. Each of the selenium
and carbonyl-oxygen atoms forms a single Se. . .O(carbonyl) contact
extending laterally to form a corrugated layer, Fig. 22d.
Fig. 23. Chemical diagrams for the interacting species, 201–203, in selenium(II) and
selenium(VI) crystals featuring Se. . .O contacts leading to supramolecular, three-
dimensional arrays.
6. Three-dimensional assemblies mediated by Se. . .O chalcogen
bonding

There are only three examples of selenium compounds com-
prising one chemical entity in the crystal assembling into a
three-dimensional architecture based on Se. . .O chalcogen bonding.
The chemical structures for these oxide-rich molecules, i.e. 201–
203 [118,232], are shown in Fig. 23.
21
Only one selenium(II) molecule assembles to form a three-
dimensional architecture in its crystal, namely 201 [232]. The bi-
nuclear molecule has mirror symmetry containing both selenium
atoms and relating the two cyclobutadiene residues. Here, each
selenium atom forms four Se. . .O(carbonyl) interactions and each
of the carbonyl-oxygen atoms forms two interactions to selenium
as highlighted in Fig. 24a. The resulting architecture resembles a
skewed honeycomb array. The two remaining molecules feature
selenium(VI) centres, i.e. tri-nuclear 202 [118] and tetra-nuclear
203 [118]. In the former, which lacks symmetry, only the oxide-
oxygen atoms participate in Se. . .O interactions with each forming
a single contact and each selenium atom forming two Se. . .O(oxide)
contacts, Fig. 24b. Layers with a zig-zag topology are discernible in
the packing, Fig. 24b, being connected by three distinct Se. . .O(ox-
ide) contacts. The molecule in 204 is disposed about a four-fold

centre of inversion (4
�
) with each Se(=O)2 unit involved in two

donor and two acceptor Se. . .O(oxide) contacts, Fig. 24c. The result-
ing architecture comprises tetra-nuclear molecules assembled into
columns, with a square appearance, connected orthogonally by the



Fig. 24. Supramolecular association in selenium(II) and selenium(VI) crystals
leading to three-dimensional arrays based on Se. . .O chalcogen bonding interactions
showing detail of the Se. . .O interactions as well as a perspective of the three-
dimensional assembly: (a) 201 [232; Se. . .O = 3.19 & 3.39 Å], (b) 202 [118; 3.03–
3.33 Å] and (c) 203 [118; 3.13 & 3.15 Å].
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Se. . .O(oxide) contacts which define columns with a rectangular
appearance, Fig. 24c.
7. Supramolecular assemblies of multi-component species
mediated by Se. . .O chalcogen bonding

For completeness, in this section Se. . .O chalcogen bonding
interactions in multi-component crystals are surveyed. Firstly, sol-
vates are described followed by co-crystals. The chemical struc-
tures of the 20 compounds covered in this section, 204–224
[118,233–245] are shown in Fig. 25.
7.1. Supramolecular assemblies in solvates of selenium compounds

Each of the mono-, bi- and tri-nuclear selenium(II) compounds,
i.e. 204 [233], 205 [234] and 206 [235], illustrated in Fig. 26a-c,
respectively, feature a single Se. . .O contact between the molecule
and solvent, i.e. dimethylformamide in 204 and 206, and methanol
in 205. In tetra-nuclear 207 [235], which is disposed about a centre
of inversion, there are two co-crystallised dimethylformamide
22
molecules and the oxygen atom from each of these symmetrically
spans two selenium atoms to form a three-molecule aggregate
shown in Fig. 26d.

A one-dimensional chain with a zig-zag topology (glide symme-
try) is formed in the crystal of 208 [236] whereby the
dimethylsulphoxide-oxygen atom symmetrically bridges two sele-
nium atoms to form the arrangement shown in Fig. 26e.

The focus now turns towards selenium(IV) species. A three-
molecule aggregate is formed in 209 [237] where the dioxane
molecule, situated about a centre of inversion, bridges two mole-
cules as shown in Fig. 26f. A hydrated, linear supramolecular chain
is formed in the crystal of 210 [238]. The water molecule is con-
nected to the selenium atom, being separated by 2.92 Å, and the
resultant two molecule aggregates assemble into a chain via Se. . .-
O(hydroxyl) chalcogen bonds (3.03 Å) as shown in Fig. 26g.

In the mono-selenium(IV) compound 211 [239], linear chains
are sustained by Se. . .O(oxide) contacts and these are connected
into a three-dimensional array by links provided by bridging diox-
ane molecules, Fig. 27a. Thus, each selenium forms three Se. . .O
interaction with the shorter of the separations involving Se. . .O
(ether) contacts.

There are two mixed selenium(IV)/(VI) compounds in this cate-
gory, i.e. 212 [118] and 213 [118], and a pivotal role for the co-
crystallised dioxane molecules is evident in each. The tetra-
nuclear molecule in 212 is disposed about a centre of inversion.
There are two molecules of solvent for each tetra-nuclear molecule
and it is the selenium(IV) centres that associate with two symme-
try dioxane molecules to form a two-dimensional grid, Fig. 27b. In
the second mixed valence compound, 213 [118], two tri-nuclear
molecules and four dioxane molecules comprise the asymmetric
unit. As shown in the left-hand image of Fig. 27c, molecules are
assembled into a two-dimensional array with an undulating topol-
ogy via Se. . .O(ether) interactions as each dioxane molecule is
bridging and each selenium(IV) centre forms two contacts of this
type. The links between layers to form a three-dimensional archi-
tecture are of the type Se. . .O(oxide), where the oxide-donors are
bound to the selenium(VI) centres. The Se. . .O(oxide) interactions
form separations systematically longer than the Se. . .O(ether) con-
tacts, Fig. 27c.

A three-dimensional architecture is also found in the crystals of
the selenium(VI) compound, 214 [118], a 1:1 dioxane solvate, with
the bi-nuclear molecule bisected by two-fold axis of symmetry and
with the dioxane molecule disposed about a centre of inversion. As
seen in Fig. 27d, molecules are assembled into rows via Se. . .O(ox-
ide) interactions and rows are connected by Se. . .O(ether) interac-
tions derived from the bridging dioxane molecules. A systematic
trend is noted in Se. . .O distances as for 213 in that the separations
involving the Se. . .O(ether) contacts are shorter than the Se. . .O(ox-
ide) contacts.

7.2. Supramolecular assemblies in selenium(II) co-crystals

In this final section, a number of selenium(II) and selenium(IV)
aggregates are described, with all but one example being zero-
dimensional in consideration of Se. . .O interactions alone. The sele-
nium(II) atom in mono-nuclear 215 [240] forms four Se. . .O(ether)
contacts to sustain a two-molecule aggregate, Fig. 28a. The asym-
metric unit of 216 [241] comprises two selenium(II) molecules
and the organic co-former, i.e. is a 2:1 co-crystal, one of the sele-
nium(II) molecules makes a single Se. . .O(hydroxyl) interaction to
form the two-molecule aggregate shown in Fig. 28b. In the 1:2
co-crystal 217 [242], each of the selenium atoms in the bi-
nuclear molecule forms a Se. . .O(carbonyl) interaction to form a
three-molecule aggregate, Fig. 28c. Another bi-nuclear molecule
where the selenium atoms are connected to each other within a
five-membered ring, 218 [243], forms a 2:1 co-crystal with a



Fig. 25. Chemical diagrams for the interacting species, 204–224, in selenium(II) and selenium(IV) crystals featuring Se. . .O contacts leading to supramolecular, two-
dimensional arrays.
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nitrogen-oxo-containing molecule; both species are radicals. The
oxo atoms atom accepts four Se. . .O(oxo) interactions, one each
from each of the selenium atoms of the two co-formers, Fig. 28d.
The tri-nuclear molecules in each of 219 and 220 [244] featured
earlier in 206, i.e. forming a two-molecule aggregate with a solvent
molecule, Fig. 26c. In 219 and 220, Fig. 28e, this molecule is also a
co-former in 2:1 co-crystals with potentially bridging molecules, at
least via Se. . .O interactions; the organic co-former is disposed
about a centre of inversion in both co-crystals. Indeed, one sele-
nium(II) atom in each molecule is connected by Se. . .O(carbonyl)
and Se. . .O(nitro) interactions in 219 and 220, respectively, to form
a three-molecule aggregate in each case.

The only one-dimensional chain in this section is formed in the
2:1 co-crystal 221 [241]; the selenium(II) molecule also formed a
solvate via a Se. . .O(hydroxyl) interaction in 216 [241], Fig. 28b.
In 221, the benzene-1,4-diol molecule is situated about a centre
of inversion and the association between molecules is also through
Se. . .O(hydroxyl) interactions. Centrosymmetric {. . .Se–O}2 syn-
thons are formed in the crystal leading to a linear, supramolecular
chain, Fig. 28f.
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7.3. Supramolecular assemblies in selenium(IV) co-crystals

There are three selenium(IV) molecules forming co-crystals
based on Se. . .O chalcogen bonding, i.e. 222, 223 and 224 [240].
In 222, Fig. 28g, the selenium(IV) atom forms three Se. . .O(ether)
contacts to form a zero-dimensional adduct. Similar, two molecule
aggregates are formed in 223 and 224 where each selenium atom
forms four Se. . .O(ether) contacts, resembling the situation illus-
trated for 215 [240] in Fig. 28a.

8. Overview

Allowing for multiple molecules in the asymmetric unit and the
occurrence of several polymorphs, 224 distinct supramolecular
aggregation patterns based on Se. . .O chalcogen bonding interac-
tion are noted in the crystals of nearly 220 selenium compounds.
The overwhelming majority of the compounds were homogeneous
but examples of solvates and co-crystals are evident. By far the
most predominant oxidation state is + II, with 163 examples
(72%), followed by + IV (51) with a small number of compounds



Fig. 26. Supramolecular association in selenium(II) and selenium(IV) crystals leading to zero- and one-dimensional assemblies based on Se. . .O chalcogen bonding
interactions: (a) 204 [233; Se. . .O = 2.64 Å], (b) 205 [234; 3.06 Å], (c) 206 [235; 3.28 Å], (d) 207 [235; 2.94 & 2.95 Å], (e) 208 [236; 2.89 & 2.90 Å], (f) 209 [237; 2.83 Å] and (g)
210 [238; 2.92 & 3.03 Å].
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with selenium in the + VI (8) oxidation state; two mixed valent
selenium(IV)/(VI) compounds are also included in the survey. Over
two-thirds of molecules are mono-nuclear (161), with decreasing
numbers of bi-, tri- and tetra-molecules, i.e. 43, 11 and nine,
respectively. A full range of zero-, one-, two- and three-
dimensional patterns are noted with the majority, i.e. over 55%
(128 examples), being one-dimensional with the next most signif-
icant being, zero-dimensional, with 69 examples. There are 22
examples of molecules assembled into two-dimensional arrays
and five forming three-dimensional architectures. The average
number of Se. . .O interactions per participating species varies from
0.5, i.e. for zero-dimensional aggregates sustained by a single inter-
action to four in several architectures. Of the nearly 300 different
Se. . .O contacts in the supramolecular aggregates described herein,
over three-quarters (78%) involve a single Se. . .O interaction and
18% involve two Se. . .O interactions. There are six examples each
of molecules where the selenium forms three or four contacts,
always in higher-dimensional aggregates. Of the zero-
dimensional aggregates, the majority comprise two like-
molecules sustained by one (9) or two (41) Se. . .O interactions
24
but, examples of four- and six-molecule aggregates are also
observed. A variety of topologies are noted among the 125 zero-
dimensional chains, including linear (38), zig-zag (52), helical
(30) and twisted (5).

The large range of supramolecular aggregation patterns is com-
plimented by the diversity in the oxygen donors participating in
Se. . .O interactions. When aggregates featuring one type of Se. . .O
interaction only, 41% involve carbonyl donors. The next most
prevalent are ether (including methoxy) and Se@O donors, each
at 12%, followed by nitro-, sulphoxide- and hydroxyl-donors at 9,
8 and 6%, respectively.

Attention is now directed on the propensity ofmolecules to form
Se. . .O chalcogen bonding in their crystals. Herein, 224 examples of
aggregates sustained by Se. . .O chalcogen bonding interactionswere
identified. Put into perspective, after a search of the CSD [65] fol-
lowing the protocols outlined in section 2, there are 1722 ‘‘hits”
for crystals containing both selenium and oxygen. This implies
the percentage adoption of Se. . .O chalcogen bonding approximates
13% of all possible structures where these interactions can occur.
This percentage is an underestimate as in the present survey as



Fig. 27. Supramolecular association in selenium(IV), mixed selenium(IV)/(VI) and selenium(VI) crystals leading to two- and three-dimensional assemblies based on Se. . .O
chalcogen bonding interactions: (a) 211 [239; Se. . .O = 2.61, 2.72 & 2.90 Å], (b) 212 [118; 2.40 & 2.44 Å], (c) 213 [118; Se. . .O(ether) 2.44–2.62 Å and Se. . .O(oxide) 2.82 & 3.07 Å]
and (d) 214 [118; 2.83 & 3.13 Å].
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crystals where Se. . .O interactions were acting in concert with other
identifiable intermolecular forces, the notable example being
hydrogen bonding, were omitted. This percentage compares
favourably to the 6% of selenium(lone-pair). . .p(arene) interactions
in crystals where these interactions can potentially form
[248,249]. Over and above different chemical composition, as
alluded to above, secondary bonding interactions, including chalco-
gen bonding interactions, are notoriously subject to steric effects in
that these interactions are mitigated when bulkymetal-bound and/
or ligand-bound substituents are present [54,56–63]. To probe
further the likely adoption of Se. . .O interactions in crystals, the
25
likelihood of specific classes of compounds to form Se. . .O chalcogen
bonds was ascertained.

As noted above, Se. . .O(carbonyl) interactions featured in 41% of
the crystals in the present survey. Hence, the CSD was searched for
‘‘selenium” and ‘‘carbonyl-oxygen” using the established protocols.
This indicated that almost 50% of all crystals having these two
components actually formed Se. . .O(carbonyl) interactions. An
analogous search for residues containing Se@O, often observed in
the selenium(IV) compounds included herein, was conducted. This
analysis indicated a smaller percentage adoption of about 25%.
Throughout this survey, the 5-selanylidene-1H-pyrrol-2-one core,



Fig. 28. Supramolecular association in selenium(II) and selenium(IV) co-crystals leading to zero- and one-dimensional assemblies based on Se. . .O chalcogen bonding
interactions: (a) 215 [240; Se. . .O = 2.87–3.40 Å], (b) 216 [241; 3.18 Å], (c) 217 [242; 2.83 Å], (d) 218 [243; 2.90–3.35 Å], (e) 220 [244; 3.23 Å], (f) 221 [241; 3.14 & 3.28 Å] and
(g) 222 [240; 2.66–2.85 Å].
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as found in EbselenTM, has been mentioned a good number of times.
This core has a three-bond separation between the selenium and
carbonyl-oxygen atoms, and with these acceptor and donor atoms
largely constrained to a fixed disposition owing to their relation-
ship through the five-membered ring. A search of the CSD revealed
this core features in 52 crystals. With Se. . .O(carbonyl) interactions
forming in 25 examples, the percentage adoption is over 48%.
Interestingly, five others of these structures formed Se. . .O interac-
tions in their crystals but, with selenide- (1), nitro- (1) and
hydroxyl-oxygen (3) donors. With this relatively high adoption
rate, the propensity of selenium molecules with selenium incorpo-
rated within a five-membered ring comprising four unspecified
atoms and unspecified bonds between them was then evaluated.
The CSD has about 945 ‘‘hits” for this fragment and with 102 exam-
ples having unassisted Se. . .O chalcogen bonding interactions, the
percentage adoption is at least 10%, indicating this fragment alone
does not promote Se. . .O interactions.

Consideration is now directed towards the geometric parame-
ters characterising the observed Se. . .O secondary bonding interac-
tions. The Se. . .O separations span a wide range, i.e. from a short
2.40 Å, indicative of some covalent character, right out to the van
der Waals limit of 3.42 Å; the average distance of a Se. . .O interac-
tion computes to 3.11 Å and the median value is 3.17 Å. It is noted
that while many of the shorter interactions were in the dioxane
adducts, such as 212which exhibited the short contact cited above,
short contacts were often noted in one-dimensional chains involv-
ing molecules incorporating the 5-selanylidene-1H-pyrrol-2-one
core, e.g. the next shortest separation of 2.41 Å is observed in
118. However, these are only generalisations, with each class of
molecule, respectively, also having longer contacts, e.g. 3.35 Å in
8 and 3.38 Å in 23. This observation is entirely consistent with
the well-known axiom in supramolecular chemistry that geomet-
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ric correlations of weak intermolecular interactions are not gener-
ally possible unless the molecules/interactions are very closely
related/isostructural [245–247]. In the present case, the lack of sys-
tematic trends is not surprising considering the different chemical
composition of the interacting species, different oxidation states
and geometries, and range of oxygen donors engaged in the Se. . .O
interactions.

Up to this point, no specific mention of the angles associated
with the supramolecular Se. . .O interactions has been made; key
angles subtended at oxygen donor atoms and selenium acceptor
atoms are collated in Appendix A. Just as distance correlations
are not reliable for intermolecular interactions [245–247], correla-
tions involving angles are also problematic, as commented upon
recently for secondary bonding interactions formed between sele-
nium and the heavier main group elements [250]. This is because,
as for distances, angles are going to be moderated by the chemi-
cal/electronic environment of the participating atoms. Based on
the assumption that for the specified Se. . .O contacts, the oxygen
atom is the Lewis base, providing the charge to the r-hole located
on the selenium atom of the Lewis acid, there are several variables
impacting upon the magnitude of the Se. . .O interaction and the
angles subtended at the interacting oxygen atom. In the case of
the oxygen donor, these factors include but, are not limited to
the steric and electronic profiles of the residues bound to oxygen,
the hybridisation of the oxygen atom and, when the interacting
oxygen atom is part of a nitro group, for example, the partial
charge on the oxygen atom. For the selenium acceptor, again the
steric and electronic profiles of bound atoms/groups come into
play, as does the ligand donor set about the selenium atom along
with the oxidation state of the selenium atom which, in turn,
impacts on the number of sterically active lone-pairs of electrons
about the selenium atom and therefore, stereochemistry.
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These points are highlighted in the following observations on
the sub-set of structures where the donor oxygen and acceptor
selenium atoms participate in one contact only. Considering the
angles subtended at the oxygen donors first, in the surveyed struc-
tures featuring a single contact between the participating atoms,
the minimum angle of 82.4� (the Se. . .O separation is 3.38 Å) was
found in 105 where the donor atom is a carbonyl-O to a sele-
nium(II) centre, and the maximum angle of 160.2� (Se. . .O = 2.83 Å)
is seen in 217 where a carbonyl-O atom is the donor and the accep-
tor is a selenium(II) atom flanked by nitrogen and sulphur atoms
within a five-membered ring. The large range observed overall is
also reflected in more specific contacts, for example S–O. . .Se con-
tacts with a range of over 70�, i.e. from 87.7� in 2 to 159.7� in 78with
a spread of values within this range for the 10 structures having the
oxygen and selenium atoms forming a single contact only. The above
notwithstanding, the following represents an analysis of specific
types of Se. . .O interactions.

For the sp3-hybridised hydroxyl-O atom, there are 11 examples
and the range of values is somewhat reduced compared to the gen-
eral survey, i.e. 94.1� in 13 to 126.2� in 15 if an outlier, i.e. 3
(144.7�), is ignored. While, to a first approximation, these values
are in the generally expected range for a sp3-hybridised-O(lone-
pair). . .r-hole(Se) interaction, the influence of hydrogen bonding
interactions, for example, might also be expected to cause distor-
tions, as in outlier 3. Conversely, if selenium-bound lone-pair of
electrons is anticipated in a position diagonally opposite to a cova-
lent bond involving selenium and carbon (or nitrogen or phospho-
rus), a close to linear angle at seleniumwould be anticipated. In the
present series of structures involving hydroxyl-donors, these
angles range from 148.6� for C–Se. . .O in 15, where the selenium
(II) atom is part of five-membered ring to 175.0� for N–Se. . .O in
118, where the selenium(II) atoms is flanked by carbon and nitro-
gen donors within a five-membered ring.

A number of structures are constructed about a {. . .Se@O}2 core
and these present a robust set of Se@O. . .Se and A–Se. . .O angles,
where A = C, N or S. Only two examples of selenium(II) feature this
core, i.e. 25 and 26, each resulting in a zero-dimensional aggrega-
tion, with pairs of Se@O. . .Se and A–Se. . .O angles of 108.3 and
156.5�, and 111.2 and 156.1�, respectively. For the 15 selenium
(IV) species, the Se@O. . .Se angles range from 88.0�, for 43, to
121.4� for 44. In fact, these are outliers (see below) with the
remaining angles lying between 93.2�, for 37, to 108.4� for 42. In
terms of A–Se. . .O angles, these are consistently wider than for
the selenium(II) species, lying between 163.6�, for 37 (A = C), to
177.5� for 39 (A = O). The two exceptional selenium(II) structures
in this regard are 42, with C–Se. . .O = 144.9�, and 44 with
C–Se. . .O = 138.9�. These, along with 43 mentioned above, feature
concatenated, strained rings which readily account for the
observed deviations. For the five zero-dimensional selenium(VI)
structures featuring a {. . .Se@O}2 core, the Se@O. . .Se angles range
from 105.3�, for 55, to 111.5� for 53, and the A–Se. . .O angles range
from 167.5�, for 55 (A = O), to 174.1�, for 51 (A = C). The {. . .Se@O}2
core also features in eight one-dimensional aggregation patterns
and present narrow ranges for both Se@O. . .Se, i.e. 94.6� (168) to
108.6� (165), and A–Se. . .O angles, i.e. 156.2� (165, A = O) to
176.8� (164, A = C). Finally, taking the sub-set of 29 zero-
dimensional selenium(II) examples where the selenium atom
forms one Se. . .O interaction only, there are two exceptional struc-
tures where A–Se. . .O lies between 127 and 128�, i.e. 8 and 22.
Indeed, 21 examples have A–Se. . .O > 160�.

From the A–Se. . .O data included in Appendix A, it is a general-
isation that the angle about the selenium atom, regardless of oxi-
dation state, generally lies between 140 and 180�. This
observation is consistent with expectation in terms of the r-hole
model to explain the nature of these interactions [45–47,251]. It
might be concluded that while to a first approximation, there is a
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general understanding of the mode of bonding leading to Se. . .O
and related secondary bonding interactions, further investigations,
such high-level crystallographic, including charge density studies
and analysis [11,252,253], along with reliable computational
chemistry studies [254–256] are required in order to gain a more
complete picture of Se. . .O interactions. Also of interest would be
the determination, experimental and theoretical, of the energies
of stabilisation provided by specific Se. . .O contacts. Thus far, these
are comparatively rare, e.g. 10–40 kJ/mol for molecules based on
the EbselenTM (89 & 90) structure [11], i.e. as noted previously
[54], an energy in the range observed for conventional hydrogen
bonding interactions.

Finally, while the focus of the present review has been upon the
identification of intermolecular Se. . .O interactions in crystals of
molecular selenium compounds, the relevance of Se. . .O secondary
bonding interactions in the biological context was alluded to in the
Introduction. With the present covid-19 pandemic confronting the
World, it is not surprising that EbselenTM and analogues have
already been evaluated as potential inhibitors of the active site of
the main protease (Mpro) of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [257] in a classic case of drug repur-
posing [258]. On-going crystallographic, spectroscopic, e.g. 77Se
NMR [259], and computational studies [260,261] should also be
alert for the potential influence of Se. . .O interactions in providing
stability to poses adopted by selenium compounds in relevant
active sites of target macromolecules.
9. Conclusions

Chalcogen bonding of the type Se. . .O contribute to the stability
of crystals where they can form and are shown to sustain a full
range of supramolecular aggregates: any complete analysis of the
molecular packing of relevant compounds should include an anal-
ysis of these and other secondary bonding interactions. In the same
way, any evaluations of the biological mechanisms of action, cat-
alytic processes, rationalisation of chemical reactivity, etc. should
be on the alert to the possible role of Se. . .O secondary bonding.
Most notably by the prevalence of linear A–Se. . .O angles, for
A = C, N, S and Se, the concept of the r-hole provides a key impetus
for the rationalisation of these interactions for selenium(II)- and
selenium(IV)-containing compounds in the above contexts. How-
ever, further studies are required, both experimental and computa-
tional, for a more complete understanding of the formation of
Se. . .O interactions and the energies of their association.
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