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ABSTRACT
Supramolecular aggregation patterns featuring Te…N secondary-bonding interactions have
been identified in the crystals of tellurium(II) and tellurium(IV) compounds through a survey
of the Cambridge Structural Database; 77% of examples involve tellurium(II) centres. The
presence of Te…N secondary-bonding interactions has been established in approximately 11%
of crystals having molecules containing tellurium and nitrogen atoms. Of the 148 Te…N
contacts identified in the survey, the overwhelming majority can be classified in terms of
chalcogen-bonding invoking the σ-hole bonding concept; there are five examples of π-hole
interactions. Of the aggregates featuring Te…N interactions, just over half occur within onedimensional architectures, being chains or tapes, over a third occur with zero-dimensional
aggregates with 11 examples of two-dimensional arrays and one three-dimensional
architecture. While in most aggregates the tellurium atom participated in a single Te…N
interaction only, a sizeable minority (24%) featured tellurium forming two interactions.
Certain classes of molecules exhibited very high propensities to form Te…N interactions:
[1,3]tellurazolo[5,4-b]pyridines

(80%),

2,1,3-benzotelluradiazoles

(75%)

and

1,3-

benzotellurazoles (80%). Compared to the supramolecular association in crystals featuring

Se…N interactions, Te…N interactions are more likely to form, have relatively shorter Te…N
distances and tend to form higher-dimensional aggregates, all observations consistent with the
greater polarizability of the tellurium atom and the more pronounced σ-hole.
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1

Introduction
In crystals, it has long been recognised that main group elements can increase their

coordination environments by forming interactions with electron-rich atoms at distances
beyond the sum of their covalent radii but shorter than the sum of their van der Waals radii [13]. For decades these types of interactions were generally discussed in terms of “secondarybonding” interactions by experimentalists and theoreticians alike [3-9]. For such contacts
involving a main group element in a maximum oxidation state (under normal laboratory
conditions), for example, tin(IV), antimony(V) and tellurium(VI), these electron-acceptors
interacting with electron-rich species such as halide, oxygen and sulphur are readily
rationalised in terms of conventional electrostatic interactions. The bonding situation is more
challenging to rationalise when the main group element participating in such a close
intermolecular contact is in a low oxidation state, such as tin(II), antimony(III) and
tellurium(IV), that is, also electron-rich species. Theory indicates that in these circumstances,
the interacting species also largely interact through electrostatic interactions consistent with the
σ-hole concept [10-14]. This idea is most readily envisaged in a circumstance where a halide
atom interacts intermolecularly with a nitrogen-bound lone-pair of electrons. If this interaction
is of the type C–I…N(pyridyl), the theory suggests there is a polar cap or σ-hole at the tip of the
C–I bond which is electron-deficient and capable of forming an attractive and stabilising
interaction with the lone-pair of electrons of the nitrogen atom; the electron-deficiency at the
tip of the C–I bond is compensated by a build-up of electron-density in the equatorial region
of the C–I bond. The clear implication is that such C–I…N(pyridyl) and related σ-hole
interactions are directional, akin to conventional hydrogen-bonding.

Recent, high-level

calculations on the electrophilic chalcogens tellurium, selenium and sulphur interacting with
nucleophilic nitrogen indicated the electrostatic component was about 58% for all three
elements with significant element-dependent contributions from the orbital contributions and
4

the dispersion terms [15]. According to these calculations, the orbital contribution decreases
from tellurium (36%) to sulphur (25%), whereas the dispersion term increases from tellurium
(6%) to sulphur (18%) [15].
In keeping with a more detailed understanding of the different interactions captured
under the umbrella term “secondary-bonding”, a more specific terminology is now in vogue to
characterise many secondary-bonding interactions in terms of the electrophilic acceptors [1621]. For example, chalcogen-bonding [22] refers to circumstances where the electrophilic
centre is a member of Group 16 of the Periodic Table. As magnitude of the σ-hole increases
with the polarisation of the element and so is at a maximum for tellurium among the Group 16
elements. For this reason, it is not surprising that secondary-bonding interactions in crystals
involving tellurium have long captured the attention of crystallographers in terms of
supramolecular association and the influence of this upon the tellurium atom’s coordination
geometry [23-40]. While the foregoing is focussed upon crystallographic studies, it should be
noted that secondary-bonding interactions formed by tellurium have also be observed in
solution [41, 42] and even in the gas-phase [43]. With this level of activity, it is not surprising
that a number of bibliographic reviews of structural aspects of secondary-bonding interactions
involving tellurium are available [44-47] as are those of chalcogen-bonding in general where
greater emphasis is placed upon implications in materials science, biological mechanisms of
action, anion sensing, etc. [48-55].
With the foregoing in mind and the appearance of recent bibliographic reviews of
secondary-bonding interactions involving selenium in their crystals [56-58], herein the
supramolecular chemistry based on Te…N secondary-bonding interactions is reviewed. A
recent review of supramolecular chemistry based on Se…N secondary-bonding interactions
formed by mononuclear selenium compounds indicated the propensity to form such
interactions in crystals was only 9% overall but for certain classes of compounds, for example,
5

selenocyanates and those featuring selenadiazole rings, these propensities rose to 50 and 75%,
respectively. Given the influence of the σ-hole concept is more prominent for the more
polarisable tellurium atom, it was thought of interest to determine the propensity of tellurium
compounds to form Te…N secondary-bonding interactions in their crystals and when formed,
the nature of the supramolecular aggregates featuring these interactions. The results of this
bibliographic survey are described herein.

2.

Methods
The Cambridge Structural Database (CSD; version 5.42 + one update) [10] was

searched employing ConQuest (version 2020.3.0) [59] for crystals featuring intermolecular
Te…N contacts with the primary criterion being distance-based in that the separation between
the tellurium and nitrogen atoms had to be equal to or less than the sum of the van der Waals
radii of tellurium (2.06 Å) and nitrogen (1.55 Å), that is 3.61 Å [60]. In order to optimise the
reliability of the structures to be evaluated for Te…N contacts, additional criteria were applied
so structures with errors, that were charged, were polymeric and determined by powder
diffraction data were omitted, as were duplicates. All structures were examined individually
employing PLATON [61] and DIAMOND [62]. The purpose of this evaluation was to make
sure the identified Te…N interactions were not in cooperation with other, more conventional,
intermolecular interactions. Three structures featured supporting conventional hydrogenbonding cooperating with the Te…N interaction and were therefore, omitted and two other
structures were rejected as the Te…N interaction was encompassed within close intermolecular
Te…O(nitrate) interactions. After this preliminary screening a total of 82 structures were
retained to which was another four structures obtained from more recent literature.
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A second survey of the CSD was also conducted whereby selenium, sulphur and oxygen
congeners of the 88 identified tellurium-containing structures were searched for. This was
performed by substituting the tellurium atom(s) of the 1-86 with another Group 16 element.
Full details of composition (non-interacting species such as counter-ions, solvent and
co-formers in the case of co-crystals) and geometric parameters characterising the Te…N
interactions and other relevant contacts as well as comments on supramolecular aggregation
along with image(s) for all 88 structures are included in Appendix A, as Tables S1-S10. The
crystallographic diagrams were drawn employing the DIAMOND program [62] from the data
included in the deposited CIF’s obtained from the CSD [59].

3.

Supramolecular assemblies featuring Te…N secondary-bonding in crystals of
tellurium(II) compounds
To aid the flow of the discussion, aggregation involving tellurium(II) molecules are

described before tellurium(IV) molecules (see section 4), the former being in the majority.
Then, descriptions are given based on the dimension of the identified aggregation pattern, that
is, in the order zero-, one-, two- and three-dimensional; multi-component are discussed
separately at the end of each section. Within each section, aggregation patterns involving
mono-nuclear molecules are presented before those involving multi-nuclear species and
structures are generally listed in the Tables in terms of the magnitude of the Te…N distance.

3.1

Zero-dimensional aggregates
Zero-dimensional aggregates featuring Te…N secondary-bonding interactions are

formed by molecules 1-16 in their crystals. The chemical diagrams for 1-16 are given in Fig.
1 and salient geometric parameters are listed in Table 1. The first zero-dimensional aggregate
is apparent in 1 [63] and features a single Te…N secondary-bonding interaction between the
7

molecules, Fig. 2a. The remaining zero-dimensional aggregates feature two Te…N interactions
between the molecules.
The common feature of [1,3]tellurazolo[5,4-b]pyridine derivatives 2-12 [63-72] is the
formation of a six-membered {TeCN…}2 synthon, as illustrated in Figs 2b and 2c for 2 [64]
and 12 [65], respectively. The aggregate in 2 [64] is formed by the two independent molecules
comprising the crystallographic asymmetric unit. For each of 5 [66] and 12 [65], the twomolecule aggregate has crystallographic 2-fold symmetry while the remaining aggregates are
each disposed about a centre of inversion. In 13 [67], the two-molecule aggregate features an
eight-membered {TeCN2…}2 synthon, Fig. 2d, involving the central nitrogen atom of the
triazole ring.
The remaining aggregates to be described are formed by di-nuclear tellurium(II)
compounds but only one of the tellurium atoms of each molecule forms a Te…N secondarybonding interaction. In 14 [68], the molecules assemble about a centre of inversion and form
an eight-membered {TeC2N…}2 synthon, Fig. 2e. A six-membered {TeCN…}2 synthon is
formed by the two independent molecules of the crystallographic asymmetric unit in 15 [69],
Fig. 2f, while a centrosymmetric dimer is formed by the relatively large ditelluraporphyrin
derivative 16 [70], leading to a 10-membered {TeC3N…}2 synthon.

8

Fig. 1. Chemical diagrams for the interacting molecules 1-16 in crystals featuring Te…N contacts within a zero-dimensional aggregate. The
tellurium and nitrogen atoms participating in the Te…N contact are indicated in blue.

Table 1
Geometric (Å, °) details for 1-16 which form zero-dimensional aggregates in crystals featuring Te…N interactions
Aggregate Te…N

1

W, W–Te…N

X, X–Te…N

Y, Y–N…Te

Z, Z–N…Te

(Å)

(°)

(°)

(°)

(°)

3.564(2)

C, 114.98(7)

C, 117.91(6)

C, 78.13(12)

REFCODE

Ref.

C, 100.37(12)

XOGVUN

[63]

BEYHOF

[64]

H, 85(1)
2a

2.912(6)

C, 91.5(2)

C, 167.0(2)

C, 102.3(4)

C, 142.9(4)

2.934(6)

C, 91.0(2)

C, 167.5(2)

C, 100.8(4)

C, 142.4(4)

3

2.961(3)

C, 89.39(12)

C, 167.82(11)

C, 99.1(2)

C, 144.2(2)

WUMDEQ

[65]

4

2.971(4)

C, 91.69(15)

C, 169.91(15)

C, 101.2(3)

C, 141.8(3)

BEYGAQ

[64]

5

2.981(2)

C, 87.60(9)

C, 165.64(8)

C, 102.03(16)

C, 128.57(17)

HULSIT

[66]

6

2.998(7)

C, 93.7(2)

C, 171.6(2)

C, 102.5(5)

C, 141.2(5)

BEYHIZ

[64]

7

3.006(7)

C, 92.4(2)

C, 171.0(3)

C, 101.2(5)

C, 141.6(5)

BEYHAR

[64]

10

8

3.013(4)

C, 92.15(15)

C, 170.32(14)

C, 101.2(3)

C, 142.8(3)

BEYGUK

[64]

9

3.046(3)

C, 90.22(11)

C, 167.62(11)

C, 99.3(2)

C, 143.5(2)

BEYHEV

[64]

10

3.058(3)

C, 90.04(11)

C, 168.03(11)

C, 99.2(2)

C, 144.2(2)

BEYJAT

[64]

11

3.079(4)

C, 88.80(15)

C, 166.13(15)

C, 98.3(3)

C, 145.1(3)

BEYGOE

[64]

12

3.217(7)

C, 98.7(2)

C, 175.9(2)

C, 107.5(4)

C, 118.9(5)

WULSOO

[65]

13

3.363(3)

C, 71.74(8)

C, 165.88(8)

N, 105.00(17)

N, 138.95(16)

VUTNEE

[67]

14

2.5825(17)

Te, 99.13(3)

C, 159.44(6)

C, 96.96(13)

C, 142.74(12)

FOKSUW

[68]

15 a

3.296(3)

C, 97.57(9)

Te, 160.91(5)

C, 92.17(18)

C, 149.7(2)

XUTKED

[69]

3.354(3)

C, 92.23(9)

Te, 162.18(5)

C, 93.50(18)

C, 148.6(2)

3.530(6)

C, 118.5(3)

C, 125.5(3)

Te, 82.43(17)

C, 83.2(5)

MIHLEU

[70]

16

C, 99.6(5)
a The two independent molecules assemble into a non-symmetric dimer
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Fig. 2. Zero-dimensional aggregates featuring Te…N interactions in the crystals of (a) 1, (b) 2, (c) 12, (d) 13, (e) 14 and (f) 15. Colour code for
this and subsequent diagrams: Tellurium (orange), iodide (pink), bromide (olive-green), fluoride (plum), oxygen(red), nitrogen (blue), carbon
(grey).
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The geometric data characterising the nature of the aforementioned Te…N secondarybonding interaction between the molecules are included in Table 1. The shortest Te…N
distance is noted in the two-molecule aggregate formed by the molecules in 14 [70]. The
separation in 14 of 2.5825(17) Å is more than 1.0 Å shorter than the sum of the van der Waals
radii giving a value of 71.5%, being the percentage value calculated from the expression
[(Te…N distance) / (sum of the van der Waals radii)] × 100. The longest separation Te…N
separation is noted for the aggregate in 1 [63], giving 98.7%. However, the majority of
structures present percentage values between these extremes; excluding these extreme values,
the average percentage value for the remaining 16 aggregates computes to 3.11 Å
corresponding to 86.2% of the van der Waals radii. The nature of the Te…N interaction is
readily ascertained from the angle data included in Table 1. The X–Te…N values, for X = C
or Te, are close to 180° in the majority of the aggregates and are therefore, indicative of
chalcogen-bonding interactions involving the participating of a σ-hole [22]. The exceptional
aggregates are seen in 1 [63] and 16 [70], Table 1. The angles subtended at the interacting
nitrogen atom in each case are close to perpendicular and are therefore, indicative of rarer πhole interactions [71,72].

3.2

One-dimensional aggregates: chains
The chemical diagrams of molecules 17-39 [65,66,73-85] which form Te…N

secondary-bonding interactions in their crystals within chains, are given in Fig. 3; the geometric
parameters characterising these interactions are listed in Table 2.

Fig. 3. Chemical diagrams for the interacting species 17-39 in crystals featuring Te…N contacts within a one-dimensional aggregate (chain).

Table 2
Geometric (Å, °) details for 17-39 which form chains in crystals featuring Te…N interactions
Aggregate Te…N

W, W–Te…N

X, X–Te…N

Y, Y–N…Te

Z, Z–N…Te

(Å)

(°)

(°)

(°)

(°)

17

2.700(8)

N, 82.0(3)

N, 101.6(3)

C, 79.2(5)

18 a

3.263(5)

C, 71.16(16)

C, 161.43(16)

3.278(5)

C, 72.53(16)

3.290(5)
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REFCODE

Ref.

Te, 82.0(3)

DEBHIC

[73]

N, 118.1(4)

N, 129.5(3)

GOCREY

[74]

C, 164.34(17)

N, 115.8(4)

N, 131.3(4)

C, 72.03(16)

C, 160.36(17)

N, 115.4(4)

N, 129.2(3)

3.355(5)

C, 110.90(18)

C, 171.96(18)

C, 118.8(4)

C, 127.0(4)

WULSUU

[65]

20

3.432(4)

C, 105.64(14)

C, 177.30(15)

C, 121.6(3)

C, 124.2(3)

WULRON

[65]

21

3.080(12)

C, 87.2(3)

C, 165.1(4)

C, 114.8(8)

C, 121.4(9)

RUVWUC

[75]

22

3.1545(9)

C, 84.08(3)

C, 160.77(3)

C, 112.26(6)

C, 120.48(7)

XOGVOH

[76]

23

3.169(3)

C, 87.27(10)

C, 165.28(11)

C, 111.4(2)

C, 122.7(2)

OLUQIX

[77]

24

3.228(5)

C, 85.15(18)

C, 161.68(17)

C, 109.7(3)

C, 123.4(4)

OLUHIO

[77]

16

25

3.231(16)

C, 86.9(6)

C, 158.3(6)

C, 109(1)

C, 113(1)

OLUNEQ

[77]

26 b

3.124(5)

C, 76.62(15)

C, 167.33(15)

C, 120.5(3)

C, 122.42(3)

BECGAT

[78]

3.277(5)

C, 72.69(15)

C, 162.77(15)

C, 112.2(3)

C, 125.90(3)

27

3.293(10)

C, 84.1(3)

C, 157.4(3)

C, 100.9(7)

C, 143.6(8)

OLUNOA

[77]

28 b

3.315(16)

C, 121.8(6)

C, 159.7(6)

C, 104(1)

C, 112(1)

HULSOZ

[66]

3.342(17)

C, 121.0(6)

C, 159.6(7)

C, 104(1)

C, 114(1)

29

3.414(13)

C, 84.38(16)

C, 163.00(17)

C, 105.3(3)

XOWRIN

[79]

30

3.428(4)

C, 86.51(12)

C, 165.00(14)

C, 106.7(2)

C, 131.2(3)

VIGCOD

[80]

31

3.428(6)

C, 74.55(14)

C, 167.75(12)

N, 118.5(4)

C, 131.4(4)

BEQWOL

[81]

32

3.431(3)

C, 117.75(11)

C, 152.82(11)

C, 102.4(2)

C, 114.6(2)

WULSAA

[65]

33

3.338(5)

C, 88.0(2)

C, 165.8(2)

C, 105.0(4)

C, 126.7(4)

WULTUV

[65]

34

3.171(6)

C, 80.74(18)

C, 172.15(17)

C, 156.4(5)

KONZEV

[82]

35 c

3.460(5)

C, 98.60(16)

C, 176.47(16)

C, 108.6(3)

C, 134.4(4)

WULSEE

[65]

3.582(4)

C, 99.36(16)

C, 176.05(15)

C, 111.8(3)

C, 131.0(3)

2.46

C, 84.8

N, 165.0

C, 120.1

Te, 126.1

BZITEZ

[83]

2.47

C, 86.0

N, 165.7

Te, 117.6

C, 127.9

36 d,e
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37 f

38 g

39

2.49

C, 87.3

N, 166.7

C, 112.2

Te, 130.8

2.640(8)

C, 85.1(3)

N, 167.4(3)

Te, 117.0(3)

C, 133.2(6)

2.700(8)

C, 87.9(3)

N, 166.4(3)

Te, 111.3(3)

C, 129.9(6)

2.774(7)

C, 92.3(3)

N, 173.3(3)

Te, 116.2(3)

C, 126.7(6)

2.659(2)

C, 86.0(3)

N, 168.3(2)

Te, 116.0(7)

C, 129.6(4)

2.741(7)

C, 88.03(17)

N, 168.86(17)

Te, 112.7(3)

C, 133.6(6)

2.744(7)

C, 88.6(3)

N, 167.0(3)

Te, 114.8(3)

C, 130.2(6)

3.385(3)

C, 111.49(11)

C, 165.10(10)

C, 101.58(19)

C, 125.4(2)

3.596(3)

C, 81.71(11)

C, 93.70(10)

C, 92.2(2)

C, 97.1(2)

3.433(3)

C, 128.41(6)

C, 149.00(6)

N, 79.71(13)

C, 156.62(13)

a Each of the three independent molecules assembles into a linear chain
b Each of the two independent molecules assembles into a zigzag chain
c The two independent molecules are linked into a twisted chain
d The three independent molecules are linked into a twisted chain
e Standard uncertainty values are not available
f Six independent molecules with two sets of three molecules assembling into a twisted chain
18

JOSVAO

[84]

WULTAB

[65]

NOTRIX

[85]

g Entry 1 is for the molecule assembling into a zigzag chain and the entry 2 relates to the molecule appended to the chain
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A variety of architectures are noted for the one-dimensional aggregates formed by 1739. The second most adopted topology is linear and is found in the crystals of 17-20; the
molecules in 19 and 20 [65] have mirror symmetry. A representative linear chain is illustrated
in Fig. 4a for 19 [65] which features Te…N interactions occurring between the heteroatoms of
the 1,3-benzotellurazole ring. While the mode of association between molecules is generally
consistent with σ-hole type interactions, that in 17 [73] is consistent with π-hole interactions,
Table 2. The most widely adopted topology is zigzag as found in the crystals of 21-33 with a
less common chain shown in Fig. 4b for 29 [65] which features Te…N(nitrile) interactions. All
the chains are propagated by crystallographic glide symmetry and the Te…N interactions are
likely to involve σ-hole bonding.

Generally, the molecule is constructed about a 1,3-

benzotellurazole core and the Te…N interactions leading to the zigzag chains involve the
tellurium and nitrogen atoms of the five-membered ring, akin to that shown for 19 in Fig. 4a.
The exceptional 1,3-benzotellurazole compound is 32 [65] where the fused six-membered ring
carries a pyridyl-nitrogen atom which participates in the Te…N interaction.

Analogous

Te…N(pyridyl) interactions are found in the symmetric diorganotellurium compound, 26 [78].
In 31 [79], the Te…N interactions involves a cyanide-nitrogen atom which approaches the
tellurium centre in a side-on mode, being indicative of a π-hole interaction; nitrile residues are
well-known to be capable of forming both σ-hole and π-hole interactions when forming
halogen-bonds [86]. The remaining zigzag topology for the chain is noted for 31 [81] where
the tellurium does not lie within a ring and forms a Te…N interaction with an outer triazolenitrogen atom. The non-symmetric di-nuclear compound 33 [65], comprising connected 1,3benzotellurazole residues, also forms a zigzag chain with the interacting atoms derived from
the same ring; the second tellurium atom does not participate in an intermolecular Te…N
interaction but both tellurium atoms participate in intramolecular Te…N interactions and intrachain Te…Te interactions are also noted, see Table S2 for geometric parameters.

Fig. 4. One-dimensional chains featuring Te…N interactions in the crystals of (a) 19, (b) 29, (c) 34 and (d) 35.

There is a sole example of a helical chain featuring Te…N interactions, namely in the
crystal of 34 [82]. The helical chain is illustrated in Fig. 4c from which it can be seen that nitro
group is orientated so as to place an oxygen atom in close proximity to the tellurium centre
(Te…O = 2.51 Å). As a general comment, such additional interactions are comparatively rare
among the crystals discussed herein.
The next three chains feature twisted topologies and are found in crystals with multiple
molecules in the asymmetric unit. In 35 [65], the two independent molecules comprising the
asymmetric unit are connected by a Te…N contact and the resulting two-molecule aggregate is
linked into a twisted chain by translational symmetry via a second Te…N interaction as shown
in Fig. 4d. In 36 [83], the three independent molecules are connected into a three-molecule
aggregate via a pair of Te…N interactions and these are connected into a twisted chain, being
propagated by glide symmetry so that each tellurium atom forms a single Te…N contact. A
more complicated situation pertains in the crystal of 37 [84] where six independent molecules
comprise the asymmetric unit. Each of the two sets of three independent molecules are
connected by two Te…N interactions and the resulting twisted chains are propagated by 21screw symmetry. In each of 36 and 37, each independent tellurium atom forms a single Te…N
contact. The two remaining chains are exceptional and are deserving of special comment.
The crystallographic asymmetric unit of 38 [65] comprises two independent molecules
and one of these self-associates to form a zigzag chain through the application of glide
symmetry. Appended to the chain via a second Te…N interaction are the second independent
molecules. The shorter of the Te…N distances is associated with the formation of the chain and
the angle data (Table 2) indicates this is a σ-hole interaction with the longer distance consistent
with a π-hole interaction. End- and side-on views of the chain in 38 are shown in Fig. 5a. A
linear chain is found in 39 [85] whereby the tellurium atom forms two close Te…N contacts,
Fig. 5b; the molecule has two-fold symmetry. The nature of the contact is suggested to be best

described as a Te…π(N2) interaction, which has several precedents in the supramolecular
chemistry of selenium compounds [86-88].

Fig. 5. One-dimensional chains featuring Te…N interactions in the crystals of (a) 38, end- and
side-on views and (b) 39. Additional colour code: chloride (cyan), sulphur (yellow).
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3.3

One-dimensional aggregates: tapes
As can be seen from the chemical diagrams for 40-46 [73,90-96] in Fig. 6, the common

feature of the molecules forming Te…N interactions in the crystals is a five-membered ring
with the tellurium(II) centre flanked by two nitrogen atoms; the exceptional molecule is found
in 47 [96]. The co-planar C=N–Te–N=C atoms and near to 120° Te–N=C angles for molecules
in 40-46 gives an arrangement that allows the tellurium atom to form two contacts on either
side of the five-membered ring with the resulting architecture based on a supramolecular tape.
As indicated in Table 3, a full range of different symmetries are noted despite all seven
structures conforming to the same basic structural motif, illustrated in Fig. 7a for 40 [90].
The tape formed by 40 [90] has a strict zigzag topology, being constructed about fourmembered {TeN…}2 synthons and propagated by glide symmetry, the molecule is disposed
about a mirror plane perpendicular to the plane of the molecule. In 41 [91], the {TeN…}2
synthons are centrosymmetric. In 42 [73], the two independent molecules comprising the
asymmetric unit are connected via a non-symmetric {TeN…}2 synthon and these, in turn, are
linked into a tape by translational symmetry. A similar situation pertains in 43 [92] except two
independent tapes are formed as there are four molecules comprising the asymmetric unit. In
44 [93], the tape is propagated by two-fold symmetry whereas in each of co-crystal 45 [94] and
46 [95], the tapes are propagated by 21-screw symmetry. Generally, the Te…N separations in
the {TeN…}2 synthons are close with the maximum differences noted in the chains of 43, Table
3. Even so, the [(Te…N distance) / (sum of the van der Waals radii)] × 100 percentage values
for the shortest and longest Te…N separations in 43 are relatively low, at 72.9 and 82.1%,
respectively, suggesting some cooperatively or mutual reinforcement of the Te…N contacts.
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Fig. 6. Chemical diagrams for the interacting species 40-47 in crystals featuring Te…N contacts within a one-dimensional aggregate (tape).

Table 3

Aggregate Te…N

W / W–Te…N

X / X–Te…N

Y / Y–N…Te

Z / Z–N…Te

(Å)

(°)

(°)

(°)

(°)

40

2.764(6)

N, 69.4(2)

N, 151.9(2)

Te, 110.6(2)

41

2.825(8)

N, 70.7(3)

N, 150.9(3)

2.842(8)

N, 71.1(3)

2.682(7)

42 a

REFCODE

Ref.

C, 140.0(5)

CESSAU

[90]

Te, 109.3(3)

C, 139.9(6)

FELPUH

[91]

N, 151.2(3)

Te, 108.9(3)

C, 139.8(6)

N, 69.7(3)

N, 153.3(2)

Te, 111.3(3)

C, 137.5(5)

DEBHEY

[73]

2.720(8)

N, 68.6(2)

N, 152.6(2)

Te, 110.5(3)

C, 137.3(6)

2.688(6)

N, 69.5(2)

N, 153.5(2)

Te, 111.1(3)

C, 139.6(6)

2.714(6)

N, 68.8(2)

N, 154.4(2)

Te, 110.6(3)

C, 138.9(5)

43 b

44

45

46

47

2.633(16)

N, 71.4(6)

N, 156.3(6)

Te, 118.0(7)

C, 136(1)

2.964(16)

N, 63.9(6)

N, 150.1(6)

Te, 105.8(6)

C, 144(1)

2.665(17)

N, 71.1(6)

N, 157.7(6)

Te, 116.6(7)

C, 133(1)

2.947(17)

N, 64.5(6)

N, 149.0(6)

Te, 106.9(6)

C, 144(1)

2.676(17)

N, 71.7(6)

N, 156.0(6)

Te, 115.0(7)

C, 137(1)

2.930(17)

N, 65.4(6)

N, 149.9(6)

Te, 107.4(6)

C, 143(1)

2.717(16)

N, 71.0(6)

N, 155.8(6)

Te, 115.2(7)

C, 133(1)

2.940(15)

N, 65.5(6)

N, 149.6(6)

Te, 107.7(6)

C, 142(1)

2.69(2)

N, 70.8(6)

N, 154.0(7)

Te, 112.2(7)

C, 136(2)

2.79(2)

N, 68.5(6)

N, 151.4(7)

Te, 108.2(7)

C, 140(2)

2.675(2)

N, 68.08(8)

N, 151.25(9)

Te, 112.51(10)

C, 136.2(2)

2.704(2)

N, 67.45(8)

N, 150.32(8)

Te, 111.36(10)

C, 138.3(2)

3.758(4)

N, 69.49(14)

N, 151.68(14)

Te, 112.63(16)

C, 136.2(3)

3.837(4)

N, 67.62(14)

N, 149.95(14)

Te, 110.00(16)

C, 138.2(3)

3.487(6)

C, 73.54(11)

C, 170.92(18)

C, 106.0(4)

C, 136.3(5)

a Two independent molecules assemble into a tape
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IMUTEQ

[92]

AREGOU

[93]

RIJNAB

[94]

LOSLUD

[95]

HABDUM

[96]

b Each of the two independent molecules assembles into a tape
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Fig. 7. One-dimensional tapes featuring Te…N interactions in the crystals of (a) 40 and (b) 47.

A different supramolecular architecture featuring Te…N interactions is formed by the
two-fold symmetric, di-nuclear molecule in 47 [96] as each of the tellurium atoms participates
in a Te…N interaction to form the double-chain shown in Fig. 7b, which is propagated by glide
symmetry. In common with the supramolecular structures formed by 40-46, the Te…N
interactions leading to the described supramolecular architectures arise from σ-hole bonding.

Seven crystals, 48-54 [65,66,77,97-100] feature Te…N interactions within a twodimensional architecture and there is a sole example of a three-dimensional architecture (55
[93]) to be described; the chemical diagrams for 48-55 are given in Fig. 8 and key geometric
parameters are collated in Table 4. The aggregation patterns leading to the architectures to be
described in this section are all distinct and lack the homogeneity of the previous series of
structural motifs.
In the cyanide species 48 [97], the tellurium atom forms two distinct Te…N(cyanide)
interactions. Molecules align along a 21-screw axis with end-on Te…N(cyanide) connections
between them. Orthogonal and, from symmetry, on either side of the helical chains are further
Te…N(cyanide) connections, but side-on, giving rise to flat, two-dimensional array two

molecules thick, Fig. 9a. Despite the distinct approach of the bifurcated cyanide residue to
tellurium, the angle data indicate σ-hole interactions for each contact, with the end-on Te…N
contact being significantly shorter than the side-on contact. A related flat, two-molecule thick
layer is apparent in the crystal of 49 [98], which features a cyanide-substituted 1,3benzotellurazolyl molecule.

As evident from Fig. 9b, the 1,3-heteroatoms of the five-

membered rings at either end of the centrosymmetric molecules connect to form linear chains
with off-set chains being linked by end-on Te…N(nitrile) contacts which form the longer of the
Te…N distances. In 50 [65], the five-membered ring of 49 is now fused to a pyridyl ring and
the substituent is also a pyridyl ring. The tellurium forms two Te…N(pyridyl) contacts, one
leads to a six-membered {TeCN…}2 synthon as noted above, for example, in the two-molecule
aggregates formed in the crystals of 2-12. The dimeric aggregates are linked laterally to four
other aggregates to form the two-dimensional array shown in Fig. 9c, which has a distinctive
jagged topology when viewed side-on. The Te…N separation associated with the {TeCN…}2
synthon is notably shorter than the exocyclic contact. The molecule in 51 [77] lacks the
pyridyl-nitrogen atom of the fused-ring in 50. In the crystal, the tellurium forms contacts with
both nitrogen donors with the contact involving the pyridyl-nitrogen atom being the shorter of
the two. The two-dimensional array illustrated in Fig. 9d, comprises rows of molecules
connected as just indicated to give rise to a flat topology. The four remaining architectures to
be described arise from interactions involving di-nuclear molecules.
The molecule in 52 [66] is a centrosymmetric bithiophene molecule terminated by two
1,3-benzotellurazolyl residues.

The Te…N interactions formed at each terminus lead to

connections orientated in different directions and extend laterally to result in flat, twodimensional array as indicated in Fig. 9e.
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Fig. 8. Chemical diagrams for the interacting species 48-55 in crystals featuring Te…N contacts within two- and three-dimensional architectures.

Table 4
Geometric (Å, °) details for 48-55 which form two- and three-dimensional architectures in crystals featuring Te…N interactions

48

49 a

(Å)

(°)

(°)

(°)

2.889(6)

C, 78.4(2)

C, 167.48(18)

C, 168.0(5)

3.383(6)

C, 78.69(19)

C, 169.37(19)

C, 110.5(5)

3.1585(10)

C, 86.86(3)

C, 165.22(3)

C, 113.98(6)

(°)

C, 122.48(6)

JASWAB

[97]

HALWID

[98]

3.3146(11)

C, 83.32(3)

C, 161.91(3)

C, 172.63(9)

3.095(3)

C, 90.72(11)

C, 168.12(11)

C, 100.3(2)

C, 143.7(2)

3.480(3)

C, 103.40(11)

C, 168.99(11)

C, 92.2(2)

C, 119.3(2)

3.420(2)

C, 109.12(8)

C, 172.19(8)

C, 92.50(16)

C, 113.05(17)

3.506(2)

C, 92.86(8)

C, 170.88(7)

C, 131.78(16)

C, 105.84(14)

52

3.4309(18)

C, 124.30(7)

C, 156.94(6)

C, 105.05(12)

53

3.421(11)

Te, 115.24(18)

C, 144.1(4)

54

3.301(9)

C, 78.4(2)

C, 173.9(3)

50 b

51 c

WUMCOZ

[65]

OLUNIU

[77]

C, 116.62(13)

HULSEP

[66]

C, 97.3(8)

C, 97.7(7)

FEGCIE

[99]

C, 94.2(4)

C, 100.8(6)

MOTHAE

[100]

AREGEK

[93]

C, 105.4(5)
55 d

2.659(6)

N, 69.6(2)

N, 152.1(2)

Te, 113.5(2)

C, 136.4(5)

2.767(6)

N, 67.1(2)

N, 149.4(2)

Te, 109.7(3)

C, 139.2(5)

3.595(8)

N, 113.63(19)

N, 130.7(2)

C, 109.2(6)

a Entry 2 is for the Te…N(nitrile) interaction
b Entry 1 is involved in dimer formation
c Entry 2 is for the Te…N(pyridyl) interaction
d Entry 3 is for the Te…N(nitrile) interaction
31

Fig. 9. Two-dimensional architectures featuring Te…N interactions in the crystals of (a) 48, (b) 49, (c) 50, (d) 51 and (e) 52.
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In di-nuclear 54 [99], there is a direct bond between the tellurium atoms; the molecule
has two-fold symmetry.

As shown in Fig. 10a, the two-dimensional array features

Te…N(pyridyl) interactions which are noteworthy as the tellurium atom sits approximately atop
pyridyl-nitrogen atom. This feature along with the angle data is consistent with π-hole
interactions. The tellurium atoms in two-fold symmetric 54 [100] are separated by an ethyne
group. Consistent with the preceding di-nuclear molecules described in this section, each
tellurium atom forms a single Te…N contact only. In this case, Fig.10b, the tellurium atom
forms a π-hole interaction with the amino-nitrogen atom. The topology of the layers in each
of 53 and 54 is jagged.
A rare example of a three-dimensional architecture featuring Te…N interactions is that
formed 55 [93], a 1,2,5-telluradiazole molecule doubly-substituted by nitrile residues. Off-set
supramolecular tapes assembled about four-membered {TeN…}2 synthons, akin to those
formed by 40 shown in Fig. 7a, are linked by significantly weaker side-on Te…N(nitrile)
interactions to form the architecture shown in Fig. 11. In this example, the tellurium atom
forms three contacts with significant distortions manifested in the angles about this atom.

Fig. 10. Two-dimensional architectures featuring Te…N interactions in the crystals of (a) 53
and (b) 54.
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Fig. 11. Three-dimensional architecture featuring Te…N interactions in the crystal of 55.

3.5

Multi-component crystals
In this section, supramolecular aggregates featuring Te…N interactions occurring

between disparate molecules and/or aggregates involving other supramolecular synthons are
summarised. The chemical diagrams of the interacting species in 56-68 [66,73,92,101-104]
are given in Fig. 12 and Table 5 provides a summary of the geometric parameters characterising
the Te…N interactions.
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Fig. 12. Chemical diagrams for the interacting species 56-68 in multi-component crystals featuring Te…N contacts.

Table 5
Geometric (Å, °) details for 56-68 in multi-component crystals featuring Te…N interactions
Aggregate Te…N
(Å)

W, W–Te…N

X, X–Te…N

Y, Y–N…Te

Z, Z–N…Te

(°)

(°)

(°)

(°)

REFCODE

Ref.

56

3.592(4)

C, 121.48(10)

C, 156.46(9)

C, 126.1(3)

57 a

2.767(5)

N, 68.81(15)

N, 153.57(16)

Te, 111.19(18)

C, 139.6(4)

2.787(4)

N, 76.70(16)

N, 161.48(15)

C, 118.6(4)

C, 122.9(4)

58

2.743(5)

N, 70.18(16)

N, 155.30(18)

Te, 109.82(19)

59

2.926(5)

C, 92.86(16)

C, 170.34(15)

60

3.164(4)

C, 90.05(14)

61 b

2.658(3)

N, 76.88(10)

ZOSVOV

[101]

IMUTOA

[92]

C, 140.5(4)

DEBHOI

[73]

C, 102.2(3)

C, 141.1(3)

WULRAZ

[65]

C, 159.03(15)

C, 99.4(3)

C, 141.4(3)

WUMDIU

[65]

N, 156.05(10)

C, 106.1(2)

C, 107.5(2)

XUHHEQ

[102]

WULQUS

[65]

C, 117.3(2)
2.728(3)

N, 76.64(10)

N, 159.16(10)

C, 103.9(2)

C, 112.5(2)

C, 115.6(2)
2.660(3)

N, 76.64(10)

N, 158.96(10)

C, 105.0(2)

C, 107.9(2)

C, 118.9(2)
2.775(3)

N, 77.63(10)

N, 161.18(10)

C, 109.2(2)

C, 109.9(3)

C, 113.4(2)
62 c

2.974(3)

C, 92.13(12)

C, 169.28(11)

C, 100.9(2)

C, 139.0(2)

3.057(3)

C, 90.85(11)

C, 169.03(10)

C, 103.1(2)

C, 137.9(2)
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63 c

64

65

66

67 c

68

2.923(7)

C, 92.8(3)

C, 169.5(3)

C, 100.2(6)

C, 141.0(6)

2.996(7)

C, 91.1(3)

C, 162.6(3)

C, 102.1(6)

C, 140.6(6)

2.910(5)

C, 79.5(2)

C, 173.03(17)

C, 107.9(4)

C, 134.2(4)

3.003(5)

C, 77.73(17)

C, 168.74(16)

C, 109.1(4)

C, 131.7(3)

2.854(6)

C, 82.7(3)

C, 174.71(19)

C, 119.4(4)

C, 123.6(5)

2.943(5)

C, 77.7(4)

C, 172.10(17)

C, 114.5(4)

C, 130.0(4)

2.961(8)

C, 77.8(6)

C, 171.6(3)

C, 114.9(6)

C, 127.4(6)

2.927(10)

C, 80.1(9)

C, 173.3(3)

C, 118.3(7)

C, 125.2(8)

2.824(6)

C, 79.9(4)

C, 172.4(2)

C, 114.3(5)

C, 132.4(5)

2.976(5)

C, 81.0(5)

C, 171.9(2)

C, 109.2(4)

C, 135.4(4)

2.914(5)

C, 78.1(6)

C, 169.4(2)

C, 111.9(4)

C, 133.6(4)

2.885(5)

C, 81.0(3)

C, 172.2(2)

C, 111.7(4)

C, 133.3(4)

3.054(16)

C, 75.4(6)

C, 165.5(5)

C, 171(1)

a Entry 1 is involved in dimer formation
b Entries 1 and 2 are for the first independent molecule
c Two independent molecules assemble into a non-symmetric dimer
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WUMFOC

[65]

IRAWUW

[103]

IRAXOR

[103]

IRAXIL

[103]

IRAXEH

[103]

VEVFIL

[104]

Fig. 13. Aggregation patterns in multi-component crystals featuring Te…N interactions in the crystals of (a) 61, (b) 62, (c) 64, (d) 66 and (e) 70.

The first three aggregates to be described arise in solvates. In 56 [101], Fig. 13a, a
Te…N interaction is formed between the ring tellurium(II) atom and the co-crystallised
acetonitrile molecule to result in a two-molecule aggregate. In pyridine solvate 57 [92], Fig.
13b, a centrosymmetric dimer constructed about a four-membered {TeN…}2 synthon is evident.
In the unsolvated form of 57 [73], that is, in crystal 17, similar synthons are noted but these
extend on either side of the five-membered ring to construct a supramolecular tape; 57 may be
alternatively referred to as 43.pyridine. The presence of coordinating pyridine molecules in 57
disrupts putative tape formation. A similar centrosymmetric dimer is seen in the crystal of 58
[73] (alternatively, 17.DMSO) where additional coordination provided by dimethyl
sulphoxide-oxygen atoms is noted; in the unsolvated form of the tellurium(II) molecule, 17, a
linear chain featuring Te…N interactions is apparent.
Two co-crystals also having I…N halogen-bonding leading to zero-dimensional
aggregates are discussed next. The [1,3]tellurazolo[5,4-b]pyridine derivative in 59 [65] has
been functionalised with a tetrafluoro-4-iodophenyl residue. As for 2-12, dimerization occurs
via six-membered {TeCN…}2 synthons with the terminal iodo atoms forming I…N halogen
bonds

to

one

of

the

nitrogen

atoms

of

the

co-crystallised

DABCO

(1,4-

diazabicyclo[2.2.2]octane) molecule to result in a four-molecule aggregate, shown in Fig. 13c.
As for 8, one of the tellurium(II) molecules in 60 [65] dimerises whereas the other independent
molecule comprising the asymmetric unit does not within the standard van der Waals radii; a
long separation of 3.751(4) Å is noted for this molecule, with a centrosymmetrically related
molecule to form an analogous dimer, but the C–Te…N angle is nearly 30° narrower than for
the original dimer. However, the latter is connected to the dimeric aggregate through the
agency of I…N halogen bonds provided by intervening 1,4-C6F4I2 (1,2,4,5-tetrafluoro-3,6-diiodobenzene) molecules. As shown in Fig. 13d, this mode of association results in a sixmolecule aggregate.

Fig. 14. Zero-dimensional aggregation patterns in multi-component crystals featuring Te…N interactions in the crystals of (a) 56, (b) 57, (c) 59
and (d) 60.

The next three co-crystals feature supramolecular polymers.

While the 1,2,5-

telluradiazole-3,4-dicarbonitrile molecule in 45 forms a supramolecular tape, the intervention
of DABCO molecules in the 1:1 co-crystal 61 [102] and consequent Te…N(DABCO)
interactions gives rise to zigzag chains propagated by glide symmetry, Fig. 14a. A similar
situation pertains in polymorphs 62 and 63 [65]; in these cases, the co-crystals are 2:1 as
opposed to 1:1 in 59. As indicted in Fig. 14b, pairs of [1,3]tellurazolo[5,4-b]pyridine derivative
self-associate about a non-symmetric {TeN…}2 synthon with the pendant tetrafluoro-4iodophenyl residues forming I…N halogen bonds with the DABCO molecules; the chains differ
in their pitch. The remaining co-crystals involve di- and tetra-nuclear tellurium(II) molecules.
In a very recent study, the authors demonstrate the ability to form molecular rectangles
by combining 1,8-bis(telluromethylethynyl)anthracene (BTMEA) molecules with ditopic
bipyridyl-type molecules [103]. An open, pincer-type aggregate is observed in the 2:1 cocrystal with bis[1,2-bis(4-pyridyl)ethane, 64 [103], Fig. 14c. The remaining sites can be
clipped in 1:1 co-crystals to give centrosymmetric, rectangular architectures as shown
crystallographically in 65, 66, Fig. 14d, and 67 [103]. Finally, in 1:1 co-crystal 68 [104], each
of the co-formers is centrosymmetric. As shown in Fig. 16e, only two of the possible four
tellurium atoms engages in Te…N interactions with end-on orientated nitrile-nitrogen atoms to
form a linear chain. From the data included in Table 5, the bonding giving rise to the Te…N
interactions in 56-68 is of the type σ-hole.

4.

Supramolecular assemblies featuring Te…N secondary-bonding in crystals of
tellurium(IV) compounds
Approximately one-fifth of the supramolecular aggregates described herein feature

Te…N interactions formed by tellurium(IV) species. While some of the previously seen

aggregation patterns for tellurium(II) species are repeated, distinct supramolecular motifs are
also noted.

4.1

Zero- and one-dimensional aggregation patterns
There are 10 crystals to be described in this section and the chemical diagrams for these,

namely 69-78 [105-113], are shown in Fig. 15 with relevant geometric parameters collated in
Table 6. There is a sole example of a zero-dimensional aggregate, namely in the crystal of 69
[105]. The centrosymmetric dimer is formed between the tellurium(IV) centre and the
exocyclic nitrogen atom via a four-membered {TeN…}2 synthon, Fig. 16a.
Crystallographic glide symmetry propagates the supramolecular chain encompassing
Te…N interactions in the crystal of 70 [106], Fig. 16b, whereas 21-screw symmetry propagates
the chains in 71 [107] and 72 [108], Fig. 16c. While the Te…N interactions in 70 and 71 involve
ring-nitrogen atoms, those in 72 involve imide-nitrogen atoms. The side-on approach of the
tellurium(IV) centre to the ring in 70 is suggestive of a π-hole interaction. The remaining
architectures are tapes with five examples involving the participation of azide molecules.
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Fig. 15. Chemical diagrams for the interacting tellurium(IV) molecules 69-78 in crystals featuring Te…N contacts within zero-dimensional species
and one-dimensional aggregates (chains and tapes).

Table 6
Geometric (Å, °) details for 69-78 which form zero-dimensional species, chains and tapes in crystals featuring Te…N interactions
Aggregate

Te…N

V, V–Te…N

W, W–Te…N

X, X–Te…N

Y, Y–N…Te

(Å)

(°)

(°)

(°)

(°)

Z, Z–N…Te

REFCODE

Ref.

69

3.260(7)

70

N, 80.0(2)

N, 114.8(2)

N, 166.8(2)

Te, 100.0(2)

C, 124.0(5)

ZIRHEN

[105]

3.5697(16) Cl, 70.06(3)

O, 108.43(5)

C, 80.52(5)

O, 101.57(10)

C, 102.28(11)

LERGIA

[106]

71

3.009(4)

O, 70.79(12)

O, 137.34(13)

C, 145.69(16)

O, 92.4(2)

C, 152.2(3)

KOHNAZ

[107]

72

3.470(3)

N, 143.96(11)

C, 85.42(11)

C, 122.80(13)

Te, 151.80(15)

S, 91.85(13)

BIBLAZ

[108]

73

2.970(3)

N, 64.34(8)

N, 124.30(8)

C, 76.63(9)

Te, 115.66(9)

N, 124.99(18)

YABXEF

[109]

N, 122.06(7)

C, 109.47(7)

Te, 109.91(9)

N, 104.54(15)

N, 113.19(7)

C, 76.19(9)

Te, 119.99(8)

N, 119.42(17)

QIFJEU

[110]

N, 123.70(7)

C, 105.29(8)

Te, 108.57(8)

N, 132.16(17)

N, 78.37(9)

N, 116.09(8)

Te, 115.12(9)

N, 124.3(2)

IFEBAW

[111]

N, 108.29(9)

N, 123.59(7)

Te, 115.51(9)

N, 128.2(2)

C, 151.80(8)
3.287(3)

N, 70.09(7)
C, 133.89(7)

74

3.141(2)

N, 69.18(7)
C, 158.79(8)

3.498(2)

N, 61.56(7)
C, 136.35(7)

75

3.031(3)

N, 64.88(8)
C, 154.66(8)

3.234(3)

N, 64.49(8)
C, 132.79(8)
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76

3.350(3)

N, 74.06(9)

N, 122.39(9)

C, 101.90(10)

N, 124.2(3)

N, 117.33(8)

C, 68.79(9)

N, 103.71(19)

QIFJAQ

[110]

YOXLAY

[112]

ZAPHED

[113]

C, 146.60(10)
3.388(3)

N, 70.76(8)
C, 152.82(10)

77

3.379(10) N, 79.8(4)

N, 116.55(17)

N, 157.87(17)

Te, 100.2(4)

78

3.138(9)

N, 115.1(3)

C, 81.0(3)

N, 115.8(7)

N, 113.3(3)

C, 89.3(3)

N, 143.1(7)

O, 73.77(17)
C, 161.9(3)

3.174(9)

O, 72.88(17)
C, 160.9(3)

46

C, 124.6(8)

Fig. 16. Zero- and one-dimensional aggregates featuring Te…N interactions in the crystals of (a) 69, (b) 70, (c) 72 (e) 73 and (d) 76. Additional
colour code: boron (teal).
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In the diorganotellurium diazide derivative 73 [109], the α-nitrogen atom of each azide
ligand connects to a centrosymmetrically related tellurium(IV) centre to assembles molecules
into a tape, Fig. 16d. Tapes are formed in a similar fashion in each of 74 [110] and 75 [111];
the symmetry propagating the tape in 74 is glide symmetry. In the monoorganotellurium triazide species 75, glide symmetry again comes to the fore; the third azide ligand does not form
Te…N interactions. Despite having the same diorganotellurium diazide formulation as 73 and
74, a distinct mode of association is apparent in the crystal of 76 [110], Fig. 16e. In this case,
the terminal azide-nitrogen atom of one of the azide ligands bridges two tellurium atoms almost
symmetrically but at rather long separations to establish non-symmetric, six-membered
{TeN3…Te…N…} synthons and a supramolecular tape. The final two supramolecular tapes are
constructed from di-nuclear molecules.
The molecule in 77 [112] lies on a mirror plane perpendicular to the Te2N2 core and
with the bridging nitrogen atoms lying on the plane. The terminally-bound nitrogen atoms
connect to centrosymmetrically related tellurium(IV) atoms so the tape in Fig. 17a is formed.
In di-nuclear 78 [113], the bridging oxygen atom lies on a two-fold axis. As for 76, the terminal
nitrogen atom participates in the Te…N interactions. However, in this case, the bifurcated
nitrogen atom is connected to both tellurium(IV) atoms of a symmetry related molecule so that
each tellurium atom forms two Te…N contacts leading to a zigzag architecture, as shown in
Fig. 17b.

Fig. 17. Aggregation patterns supramolecular tapes featuring Te…N interactions in the crystals of (a) 77 and (b) 78.

4.2

Two-dimensional architectures
Referring to Fig. 18 and Table 7, four tellurium(IV) molecules, namely 79-82 [111,114]

assemble into three distinct two-dimensional architectures featuring Te…N interactions. The
common characteristic of the molecules is the presence of azide groups.

In the

monoorganotellurium triazides, 79, 80 and 81 [111], the tellurium-bound organo groups are
relatively small, that is, isopropyl, ethyl and n-propyl, respectively, with the additional
supramolecular association in their crystals, compared with, for example, 75, correlated with
reduced steric congestion, a well-documented phenomenon in the supramolecular chemistry of
the main group elements [46,73,115-122].

Fig. 18. Chemical diagrams for the interacting tellurium(IV) molecules 79-82 in crystals
featuring Te…N contacts within two-dimensional architectures.

The first two-dimensional architecture involves nitrogen atoms derived from two of
three azide ligands. In 79 [111], Fig. 19, one azide forms Te…N interactions by employing the
α- and γ-nitrogen atoms. The former lead to {TeN…}2 synthons and the latter to larger
{Te…N3…}2 synthons. The synthons are centrosymmetric and edge-shared with the result that
supramolecular tapes are formed. The links between the rows involve the γ-nitrogen atoms of
a second azide ligand so a flat, two-dimensional architecture, two molecules thick, ensues.

Table 7
Geometric (Å, °) details for 79-82 which form two-dimensional architectures in crystals featuring Te…N interactions
Aggregate

79 a

Te…N

V, V–Te…N

W, W–Te…N

X, X–Te…N

Y, Y–N…Te

Z, Z–N…Te

REFCODE

Ref.

(Å)

(°)

(°)

(°)

(°)

2.852(5)

N, 66.56(14)

N, 125.76(14)

N, 146.68(15)

Te, 113.44(16)

N, 126.5(3)

IFAZUK

[111]

N, 125.63(12)

N, 145.06(13)

N, 146.4(3)

N, 80.75(14)

N, 122.02(13)

N, 132.4(3)

N, 123.24(13)

N, 160.02(14)

Te, 119.70(16)

N, 113.6(3)

IFAZIY

[111]

N, 126.87(12)

N, 146.67(13)

Te, 110.74(15)

N, 130.6(3)

N, 77.24(16)

N, 105.04(14)

N, 131.6(4)

C, 78.03(14)
3.339(4)

N, 72.34(12)
C, 105.12(17)

3.290(3)

N, 69.03(13)
C, 153.58(13)

80 b

2.789(4)

N, 74.89(13)
C, 82.51(16)

3.187(4)

N, 70.75(12)
C, 79.44(17)

3.129(5)

N, 76.38(13)
C, 162.78(19)

81 b

2.831(3)

N, 74.78(10)

N, 122.68(10)

N, 161.26(9)

Te, 120.23(12)

N, 116.1(2)

N, 125.12(10)

N, 146.76(9)

Te, 110.32(9)

N, 132.8(3)

N, 77.92(13)

N, 109.10(11)

N, 135.2(3)

N, 99.8(2)

C, 77.6(2)

Te, 127.6(3)

N, 92.6(6)

N, 97.3(2)

C, 84.9(2)

N, 84.9(6)

N, 90.2(5)

N, 116.21(18)

C, 77.4(2)

Te, 124.5(2)

N, 105.2(4)

N, 114.48(19)

C, 85.5(2)

Te, 135.8(2)

N, 103.5(5)

IFAZOE

[111]

KEHBOP

[114]

C, 82.49(11)
3.244(3)

N, 71.58(10)
C, 78.65(14)

3.226(4)

N, 72.52(11)
C, 158.43(14)

82 c

3.173(7)

O, 83.86(18)
C, 169.1(2)

3.478(6)

O, 85.14(16)
C, 175.22(19)

3.315(6)

O, 67.90(15)
C, 153.6(2)

3.243(6)

O, 69.83(17)
C, 160.9(2)

a Entry 1: α-azide-N of µ3-azide; entry 2: γ-azide-N of µ3-azide; entry 3: γ-azide-N of µ2-azide
b Entry 1: α-azide-N of µ2-azide; entry 2: α-azide-N of second µ2-azide; entry 3: γ-azide-N of µ2-azide
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c Entry 1: α-azide-N of µ3-azide; entry 2: β-azide-N of µ3-azide; entries 3 and 4: α-azide-N of second µ3-azide

Fig. 19. Two-dimensional architecture featuring Te…N interactions in the crystal of 79.
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The crystals of 80 and 81 [111] are isostructural. Again, the resulting two-dimensional
architecture is flat and two molecules thick, as shown for 80 in Fig. 20. In this array, the
supramolecular organisation involves the participation of all three azide ligands. Two form
Te…N interactions employing the α-nitrogen atom leading to non-symmetric {NTeN…Te…}
synthons arranged cooperatively to form ribbons. As for 79, the links between the ribbons
involve γ-nitrogen atoms of third azide ligand. However, the contacts occur about a centre of
inversion giving rise to eight-membered {TeN3…}2 synthons.
The molecule is 82 [114] is a non-symmetric, di-nuclear species. In 82, each tellurium
atom forms two Te…N interactions as opposed to the three Te…N interactions noted in each of
79-81.

One azide ligand bridges the tellurium atoms of a symmetry related molecule

employing the α-nitrogen atom to one tellurium atom and the β-nitrogen to the other; the former
interaction occurs at the shorter separation. As highlighted in Fig. 21, on the other side of the
di-nuclear molecule, the two tellurium atoms are simultaneously bridged by the α-nitrogen
atom of the second azide ligand with Te…N separations intermediate to those formed by the
first azide ligand. The topology of the two-molecule thick layer is flat and features fivemembered {Te…N2...Te…N…} synthons.

Fig. 20. Two-dimensional architecture featuring Te…N interactions in the crystal of 80.

Fig. 21. Two-dimensional architecture featuring Te…N interactions in the crystal of 82.
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4.3

Multi-component crystals
The four multi-component crystals featuring Te…N interactions involving tellurium(IV)

centres are solvates 83-86 [123-126]. The interacting species giving rise to the aggregates to
be described are shown in Fig. 22 and key geometric parameters characterising the Te…N
interactions are collated in Table 8.
A two-molecule aggregate is noted in the crystal of 83 [123] which is formed through
the agency of a Te…N(pyridyl) interaction, Fig. 23a. The three-molecule aggregate in 84 [124]
has two-fold symmetry with the non-hydrogen atoms of the acetonitrile molecule lying on the
axis. Here, the acetonitrile-nitrogen atom forms two Te…N interactions, Fig. 23b. Whereas
the σ-hole is projected to be located at the extension of a Te–Cl bond in 83, in 84 it is likely
the σ-hole is located at the extension of a Te–C bond.
Only one of the tellurium atoms in the tri-nuclear species of 85 [125] forms a
Te…N(acetonitrile) interaction, Fig. 24a. The crystal of 86 [126] features another tri-nuclear
species and in this case, all three tellurium atoms form Te…N interactions, Fig. 28b.
Centrosymmetrically related molecules assemble about a {TeN…}2 synthon and the remaining
tellurium atoms associate with pyridyl-nitrogen atoms to form a six-molecule aggregate. In
each case, the Te…N interaction occurs opposite a Te–N(aza) bond. The Te…N(pyridyl)
separations are shorter than the Te…N distances of the core.

Fig. 22. Chemical diagrams for the interacting species 83-86 in multi-component crystals featuring Te…N contacts.

Table 8
Geometric (Å, °) details for 83-86 in multi-component crystals featuring Te…N interactions
Aggregate

83

Te…N

V, V–Te…N

W, W–Te…N

X, X–Te…N

Y, Y–N…Te

(Å)

(°)

(°)

(°)

(°)

2.426(9)

Cl, 85.3(2)

Cl, 90.4(2)

Cl, 177.5(2)

C, 119.4(7)

Cl, 93.32(3)

C, 90.06(13)

C, 109.492(7)

Z, Z–N…Te

REFCODE

Ref.

C, 122.4(7)

LAFNAH

[123]

VOLXEC

[124]

N, 83.3(3)
84

3.229(2)

Cl, 81.13(3)
C, 171.40(12)

85

2.793(5)

O, 74.38(12)

O, 115.74(12)

C, 87.25(18)

C, 147.28(10)

F, 108.56(9)

F, 121.13(9)

N, 67.39(10)

Te, 112.61(12)

S, 118.50(14)

N, 74.67(11)

N, 155.25(11)

F, 98.58(11)

F, 125.72(10)

N, 73.41(10)

C, 113.6(3)

C, 127.9(3)

N, 86.67(11)

N, 162.35(12)

F, 114.57(11)

F, 121.18(10)

N, 70.25(10)

C, 116.3(3)

C, 122.7(3)

N, 73.75(12)

N, 155.41(12)

ACAFAL

[125]

VULBAF

[126]

C, 161.94(16)
86 a

2.956(4)

2.677(4)

2.852(4)

a Entry 1 is involved in dimer formation
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Fig. 23. Zero-dimensional aggregation patterns in multi-component crystals featuring Te…N
interactions in the crystals of (a) 83 and (b) 84.

Fig. 24. Zero-dimensional aggregation patterns in multi-component crystals featuring Te…N
interactions in the crystals of (a) 85 and (b) 86.
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5

Evaluating the crystals of congeners of 1-88 for the presence of related secondary-

bonding interactions
In this section, a comparison is made been the supramolecular association in the
tellurium crystals described above (Sections 3 and 4) with those in crystals of their lighter
congeners. As outlined in Methods (Section 2), the CSD [10] was searched for crystals having
the same composition as each 1-86 except that tellurium was replaced, in turn, by selenium,
sulphur and oxygen atoms. The results of this survey are collated in Table 9. Full details of
the composition, unit-cell data, supramolecular association, images and literature citations for
the congeners are included in Table S11.
Of tellurium crystals 1-86, 25 have crystal structure determinations available for
congeners. Such a high percentage reflects several systematic and elegant studies comparing
supramolecular association in tellurium and selenium crystals, including co-crystals
[64,65,77,78]. As outlined above, among the Group 16 elements, the σ-hole effect is at a
maximum for the larger, more polarisable tellurium atom and on this basis, tellurium would be
anticipated to form Te…N interactions at a greater propensity than its congeners.

This

anticipation is readily borne out for 1, 14, 16, 17, 25, 27, 33, 41, 42, 50 and 55. Referring to
Table 9, for each of these, crystal structures are available for the sulphur and/or oxygen
congeners. Except for 25 [77], isostructural relationships, defined in terms of metric unit-cell
data and symmetry, are not apparent. For this series, it is important to stress that this does not
imply, isostructural relationships do not exist in unreported or undiscovered congeners – it is
probably fair to state that most crystallographic studies do not involve exhaustive attempts to
seek polymorphs. For 25, one of the two independent molecules is arranged in zigzag chains
featuring Te…N interactions. Similarly, in the sulphur congener, zigzag chains are apparent for
one of the independent molecules but the S…N interactions occur at separations greater than
the benchmark van der Waals radii incorporated in the CSD [10]. The application of van der
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Waals radii is an arbitrary but convenient cut-off value to ascertain interactions: attractive
interactions can and do occur at distances beyond van der Waals radii and there are other
compilations of van der Waals radii available [146-149]. The available congeners of 1, 14, 16
and 50 do not feature related architectures nor related secondary-bonding interactions seen in
the tellurium-containing crystals. The remaining congeners are deserving of further comment.
Tellurium compound 17 forms a linear chain in its crystal. For the sulphur analogue of
17 [130], 17-S, two independent molecules comprise the asymmetric unit: one dimerises via
S…N interactions while the other assembles into a helical chain (about a 21-screw axis)
encompassing S…N interactions. In the oxygen congener, 17-O [131], rather long O…N
interactions are noted within a linear chain apparently stabilised by π…π interactions. Whereas
27 [77] features Te…N interactions within a zigzag chain, a helical chain is identified in the
crystal of 27-Se [77] featuring two independent Se…N contacts significantly longer than the
sum of the van der Waals radii. In the same vein, long S…N contacts between molecules
assembled in a linear chain are noted for 27-S [133]. Supramolecular tapes are apparent in 41
[91] but only dimers featuring S…N interactions are seen in 41-S [136]. Tellurium compound
42 [73] is one of two examples where congeners are available for all elements comprising the
Group. Among these, the 42-Se [137] and 42-S [138] congeners are isostructural and feature
Se…N and S…N interactions, respectively, within helical chains is contrast to the tape seen in
42. In 42-O [139], long O…N separations are noted within chains. While the preceding sets
of congeners suggest a diminishing influence of Se…O, S…N and O…N upon the
supramolecular association compared to Te…N interactions, the remaining two sets of
congeners suggest otherwise.
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Table 9
Listing, through their CSD REFCODES, of congeners of 1-86. REFCODES highlighted with a green background exhibit an isostructural
relationship for that entry.
Comp’d

Te-congener

Se-congener

S-congener

O-congener

1

XOGVUN [63]

–

NUSQOJ [127]

–

4

BEYGAQ [64]

BEYJEX [64]

–

–

7

BEYHAR [64]

BEYHUL [64]

–

–

8

BEYGUK [64]

BEYGIY [64]

–

–

9

BEYHEV [64]

WULVEH [65]

–

–

11

BEYGOE [64]

BEYFUJ [64]

–

–

14

FOKSUW [68]

–

DQUNDS02 [128]

–

16

MIHLEU [70]

–

DTHTPP02 [129]

–

17

DEBHIC [73]

–

ESUYEW [130]

LIZPEQ [131]

23

OLUQIX [77]

OLUGEJ [77]

–

–

25

OLUNEQ [77]

–

SERZEU10 [132]

–

26

BECGAT [78]

BECFUM [78]

–

–
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27

OLUNOA [77]

OLUGIN [77]

AYIRAD [133]

–

30

VIGCOD [80]

OLUGAF [77]

–

–

33

WULTUV [65]

WULTOP [65]

FOCZON [134]

NOGBOA [135]

41

FELPUH [91]

–

ONINIJ [136]

–

42

DEBHEY [73]

BESEAZ01 [137]

BETHAZ01 [138]

BEOXAZ01 [139]

43

IMUTEQ [92]

NABSAN [140]

–

–

46

LOSLUD [95]

LOSMAK [141]

–

–

50

WUMCOZ [65]

WUMCUF [65]

WUTQEJ [142]

–

51

OLUNIU [77]

OLUGOT [77]

–

–

53

FEGCIE [99]

ABOWUK [143]

–

–

55

AREGEK [93]

HAMFUY [144]

HAMFOS [144]

–

60

WUMDIU [65]

WUMCIT [65]

–

–

68

VEVFIL [104]

ZUGRUO [145]

–

–
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The common feature of 55 [93], 55-Se [144] and 55-S [144] is the appearance of threedimensional architectures despite the absence of isostructural relationships: indeed, the mode
of aggregation between the molecules in each congener is distinct, as detailed in Table S11.
Tellurium compound 33 [65] is the second example where congeners are available for all
elements comprising the Group and a reverse trend in supramolecular aggregation is apparent
for the heavier congeners. The 33-Se [65] and 33-S [134] congeners are isostructural and form
two-dimensional arrays based on Se…N and S…N interactions, respectively, in contrast to the
zigzag chain formed by 33 [65]. Long O…N separations are noted within a linear chain in the
crystal of 33-O [135]. The remaining structural comparisons involve tellurium crystals and
those of their selenium congeners.
There are 14 pairs of tellurium and selenium congeners. Of these, non-isostructural
relationships are apparent for half of these, namely for 7, 8, 9, 11, 23, 46 and 68. For tellurium
compounds 7, 8, 9 and 11 [64], dimeric aggregates featuring Te…N interactions are apparent in
their crystals. For the selenium-congeners, 7-Se, 8-Se [64], 9-Se [65]and 11-Se [64], Se…N
contacts significantly longer than the sum of van der Waals radii are apparent within chains.
In 23 and 23-Se [77], zigzag chains with Te…N and Se…N interactions, respectively, are
evident. In the same way, supramolecular tapes are evident in both 46 [95] and 46-Se [141].
Finally, while a chain featuring Te…N interactions was noted for 68 [104], a two-dimensional
layer is apparent in the crystal of 68-Se [145]. If longer Te…N interactions are considered in
68, a two-dimensional array is also apparent but with a distinctive topology, Table S11.
The remaining pairs of congeners exhibit isostructural relationships. Dimers based on
Te…N and Se…N interactions are noted in 4 and 4-Se [64]. Zigzag chains seen in 26 [78] and
30 [80] persist in 26-Se [78] and 30-Se [77], respectively, except featuring Se…N interactions.
Similarly, the supramolecular tape in 43 [92] in evident in 43-Se [140], the two-dimensional
architecture in 53 [99] persists in 53-Se [143], and the six-molecule aggregate seen in co-crystal
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60 [65] is also seen in 60-Se [65]. The exceptional supramolecular aggregation is apparent in
the pair of congeners 51 and 51-Se [77]. Whereas a two-dimensional array is discernible in
each crystal, the Se…N separations in 51-Se are longer the sum of the van der Waals radii.
A further analysis based on geometric parameters was conducted on aggregates in the
isostructural pairs whereby, as much as can be ascertained, the X-ray intensity data were
measured under comparable conditions in order to enhance the validity of any drawn
conclusions [150,151]. Data for six isostructural pairs are included in Table 10. Keeping in
mind that ascertaining definitive trends from inherently weak interactions is hazardous
[45,152], some observations can be made. With the exception of 30, 51 and 60, the Te…N
distances are experimentally equivalent/close to the Se…N distances in their seleniumcongeners. For the first five entires, the C–Se…N angle associated with the σ-hole interaction
is wider for the selenium-congeners while the reverse is true for the three remaining
isostructural pairs. Based on the expressions, %(Te…N/3.61) and %(Se…N/3.45), the only
secure conclusion that can be made is, relatively, Te…N interactions are stronger than their
Se…N counterparts in these isostructural pairs, at least among this series of isostructural pairs.
The availability of experimental isostructural aggregates and complementary
theoretical investigations [64,77] enables a comment of the relative energies associated with
the Te…N and Se…N interactions, a topic of obvious interest to computational chemists working
in the area [15,65,153,154]. The ESP values for 4, [64], 30 and 51 [77] and their selenium
congeners are available and indicate differences of up to +5.8 kcal/mol in the magnitude of the
σ-hole on tellurium.
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Table 10
Selected geometric parameters (Å, °) charactering Te…N and Se…N secondary-bonding interactions in isostructural crystals
Te…N

C–Te…N

(Å)

(°)

4 [64]

2.971(4)

169.91(15)

82.3

26 [78] b

3.124(5)

167.33(15)

86.5

3.277(5)

162.72(15)

90.8

30 [80]

3.428(4)

165.00(14)

95.0

51 [77] c

3.420(2)

172.19(8)

94.7

3.506(2)

170.88(7)

97.1

53 [99]

3.421(11)

144.1(4)

94.8

60 [65]

3.164(4)

159.03(15)

87.7

Aggregate

%(Te…N/3.61) a

Se…N

C–Te…N

(Å)

(°)

4-Se [64]

2.964(5)

175.17(17)

85.9

26-Se [78] b

3.146(3)

171.94(10)

91.2

3.217(3)

170.79(10)

93.3

30-Se [77]

3.356(2)

171.04(8)

97.3

51-Se [77] c

3.457(2)

175.33(8)

100.2

3.590(2)

167.37(9)

104.1

53-Se [143]

3.414(9)

140.5(3)

99.0

60-Se [65]

3.294(5)

156.93(16)

95.5

Aggregate

%(Se…N/3.45) a

a %(Te…N/3.61) = [(Te…N distance) / (sum of the van der Waals radii)] × 100; %(Se…N/3.45) analogous expression for selenium
b Two independent molecules comprise the asymmetric unit
c Entry 2 refers to the Te/Se…N(pyridyl) interaction
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The calculation of interactions energies sustaining aggregates via Te…N interactions is
still relatively rare. It is instructive to consider the series of geometry-optimised gas-phase
dimeric species constructed by 2,1,3-benzotelluradiazole rings, that is, aggregates constructed
about a four-membered {TeN…}2 synthon; the molecules have chloro substituents [15]. The
series of geometry-optimised sulphur, selenium and tellurium dimeric aggregates were
evaluated and revealed interaction energies increasing from sulphur to tellurium, that is, −5.39
< −8.45 < −16.83 kcal/mol, energies comparable to those imparted by conventional hydrogenbonding interactions [155]; this study also made mention of the contribution of the intrasynthon N…N interaction.

Interestingly, and, crucially, in contrast the experimental

observations, Table 10, there was a smooth gradation in chalcogen…N separations (2.960 <
2.836 < 2.649 Å) and C–chalcogen…N angles (173.3 > 166.6 > 156.7°) going down the Group.
These observations serve to emphasis the non-innocent role of the global molecular packing
upon inherently weak interactions in crystals.
The foregoing experimental and theoretical observations are generally consistent with
the notion that the formation of Te…N interactions is more favourable in crystals, certainly
compared with sulphur- and oxygen-congeners.

However, a small number of notable

exceptions to this axiom are recognised for selenium-congeners.

6.

Overview
A total of 86 supramolecular architectures in crystals of tellurium compounds have been

identified in the present survey. There are 30 instances of zero-dimensional aggregates, which
is less than the 44 one-dimensional species but more than the 11 two-dimensional architectures.
There is a sole example of a three-dimensional architecture and if this is ignored, the percentage
breakdown is approximately is about 35, 51 and 13%, respectively, for the adoption of zero-,
one- and two-dimensional aggregates. For comparison, the equivalent adoption ratio of
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aggregates featuring Se…N interactions in crystals of mono-nuclear selenium species is 50, 45
and 5%, respectively [58]. Based on these numbers, qualitatively it can be stated that the
dimensionality of aggregates featuring Te…N interactions tends to be greater than for
aggregates having Se…N interactions. For tellurium, the ratio of tellurium(II)-containing
aggregates to those formed by tellurium(IV) species is 77:23 which compares to 94:6 for
selenium [58]; in neither case were species in the +VI oxidation state noted to form chalcogen
bonds with nitrogen.
The zero-dimensional aggregates normally involved two molecules with some
comprising more molecules with the maximum number leading to a six-molecule aggregate.
A full variety of topologies for the one-dimensional aggregates was observed, for example,
linear, zigzag, helical, twisted and tapes, as were patterns of interactions leading to twodimensional arrays. The majority of the aggregates (72%) had the tellurium atom interacting
with one nitrogen atom only, 24% of the aggregates involved two Te…N interactions and 4%,
three. This compares with 79, 18 and 3%, respectively, determined from the survey of Se…N
interactions. This comparison is consistent with the conclusion that tellurium is more likely to
form multiple Te…N interactions.
While it is well-recognised that distance correlations are basically impossible when
assessing intermolecular interactions [45,152], owing to a large number of factors, none the
least being the experimental conditions under which the crystal was investigated, the nature of
bonding, σ-hole versus π-hole, the chemical environment about the donor and acceptor atoms,
etc. some comment is merited. The shortest separation associated with a Te…N interaction was
2.426(9) Å in co-crystal 83 [123] and the longest was 3.596(3) Å in 38 [65]. Employing the
relationship [(Te…N distance) / (sum of the van der Waals radii)] × 100, short and long
separations amount to 62.2 and 99.6%, respectively, of 3.61 Å, the sum of the van der Waals
radii [10]. The former separation in 83 is highly suggestive of some covalent character in the
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Te…N interaction. The long contact in 38 is associated with a π-hole interaction. As illustrated
in Fig. 5a, this aggregate involves two distinct Te…N interactions but each formed between
tellurium and nitrogen atoms within a five-membered ring. The second Te…N interaction is
considerably shorter, at 3.385(3) Å, and the angle data indicates σ-hole bonding; with reference
to 3.61 Å, the percentage value for the shorter contact amounts to 93.8%. Among the 150
individual Te…N contacts in the aggregates 1-86, the mean Te…N separation is 3.09 Å,
equivalent to 85.6% of the sum of the van der Waals radii, and the median value is longer, at
3.12 or 86.4%.
The concurrent presence of Te…N interactions corresponding to both σ- and π-hole
bonding just noted for 38 [65] prompts the question: how prevalent are π-hole interactions
among aggregates 1-86. Of the 148 individual Te…N contacts, five have angle distributions
consistent with π-hole bonding between tellurium and sp2-nitrogen; π-hole bonding is attracting
increasing attention, including the interplay between σ-hole and π-hole interactions [156-160].
For σ-hole interactions, the C–Te…N angles for dimeric aggregates 2-15 lie in the narrow range
159.44(6) to 175.9(2)°; Table 1. These trends continue for the chains in 20-39 involving a
single Te…N interaction, that is N, C–Te…N angles lie in the range 152.82(11) to 177.30(15)°,
Table 2. Some distortions are apparent when the tellurium centre forms two or, especially,
three interactions. For example, in the tapes of 42-48, the N–Te…N angles are generally smaller
and lie in the range 149.0(6) to 157.7(6)°, Table 3.
Next, attention is directed towards the propensity of Te…N interaction formation. Thus,
consideration is given to the appearance of polymorphs, multiple molecules in the
crystallographic asymmetric unit and overall propensity in terms of all possible tellurium
crystals having nitrogen donors. The only polymorphs for 1-86 are included in this data set,
there being no polymorphs of 1-86 not forming Te…N interactions. The polymorphs are cocrystals 64 and 65 [65] and these present very similar aggregation patterns. Nearly 20% of the
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crystals contain multiple molecules in the asymmetric unit. There are 13 examples with two
independent molecules (Z' = 2), namely 1 [63], 2 [64], 15 [69], 25 [77], 26 [78], 28 [66], 35
[65], 38 [65], 42 [73], 61 [102], 62 [65], 63 [65] and 67 [103]. Two crystals have Z' = 3,
namely, 18 [74] and 36 [83]. There is a single example each with Z' = 4 and 6, that is, 43 [92]
and 37 [84], respectively. With the exception of 25 and 60, in each of the remaining crystals,
all independent molecules participate in Te…N interactions. In each of 25 and 60, only one of
the two independent molecules forms Te…N interactions. In summary, this analysis suggests
a high propensity for all independent molecules to form Te…N interactions when Te…N are
formed in crystals.
The CSD [10] was searched for all crystals containing tellurium and nitrogen where
putative Te…N interactions could form with the same exclusions as indicated in the Methods
(Section 2) as well as excluding crystals with transition metals. This resulted in 789 hits and
therefore, about a 11% probability of Te…N formation in crystals where such contacts are
possible. This value compares to 9% for analogous Se…N interactions [58]. It is salient to
recall here that structures featuring disorder in the crystals were omitted from the present
survey. One such example of an omitted structure for this reason, which was described in 1996,
is that of Te(NMe2)2 which forms σ-hole interactions leading to a centrosymmetric {TeN…}2
synthon [161].
Among 1-86, there were three classes of compounds that featured prominently. Thus,
1,3-benzotellurazole derivatives, first noted in 1 [63], participated in 13 aggregates, more often
than not leading to strings of molecules connected by Te…N interactions involving the atoms
of the five-membered ring. In the CSD there are 16 hits for such molecules indicating that
13/16, or over 80%, of these molecules form Te…N interactions in their crystals. Another
prominent set of molecules were those based on the 2,1,3-benzotelluradiazole ring, noted first
in 17 [73]. Nine of the 12 examples formed tapes owing to Te…N interactions forming on
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either side of the five-membered ring via four-membered {TeN…}2 synthons. A search of the
CSD, indicated 16 structural analogues indicating an 75% propensity for these types of
molecules forming at least one Te…N interaction in their crystals. The most represented core
structure in the review is the one based on [1,3]tellurazolo[5,4-b]pyridine, seen first in 2 [64].
This is found in 21 aggregates and in 16 of these, molecules assemble about a six-membered
{TeCN…}2 synthon. There are 28 related structures indicating that tellurium forms Te…N
interactions in 75% of instances where it can. Thus, while the overall probability of forming
Te…N interactions in modest, certain classes of compounds exhibit high propensities to form
such interactions, often in a predictable manner.
The relationship between the aggregation patterns in tellurium-containing crystals and
those in their lighter congeners indicated that the formation of analogous secondary-bonding
interactions diminished significantly and most dramatically for the sulphur and oxygen
analogues. This observation is consistent with the greater propensity of tellurium to form
Te…N interactions, reflected most prominently in the shorter Te…N distances compared to their
van der Waals radii in isostructural pairs. This is in accord with theoretical investigations
conducted on congeners which show relatively greater charge localised at the projected site of
the σ-hole for tellurium [64,77] and greater energy of stabilisation provided by Te…N
interactions in tellurium-containing aggregates compared with those of the lighter congeners
[15].
The foregoing clearly establishes tellurium centres as being suitable candidates for the
construction of supramolecular aggregates featuring Te…N interactions within crystals,
sometimes with very high probabilities of formation as demonstrated in several enlightening
investigations, including systematic co-crystal formation [64,65,77,78]. While the focus of
this bibliographic review has been upon intermolecular Te…N in the context of supramolecular
chemistry in crystals, it should be stressed analogous intramolecular, gas-phase Te…N
72

interactions continue to attract recent attention [162-164] as has the role of chalcogen-bonding
involving tellurium in terms of the development of synthetic anion transporters [165-168],
computational-based design of molecular capsules [169] and in the emergence of new, catalytic
applications of tellurium species based on chalcogen bonding [170,171].

7

Conclusions
Tellurium(II) and tellurium(IV) compounds exhibit supramolecular aggregation

patterns featuring Te…N secondary-bonding interactions in about 11% their crystals with the
majority of examples (77%) involving tellurium(II) centres. One-dimensional aggregation
makes up approximately 51% of the examples followed by zero- (35%) and two-dimensional
(11%) patterns Chalcogen-bonding via σ-hole bonding is apparent in 143 of the 148 Te…N
contacts, there being only five examples of π-hole interactions. Tellurium, being the larger of
the Group 16 elements, is more polarizable and the influence of σ-hole formation is expected
to be most prominent. This is clearly borne out by a systematic comparison with the lighter
congeners suggesting tellurium offers the greatest opportunities for the systematic construction
of supramolecular aggregates in crystals, especially certain classes of tellurium compounds,
for example, 2,1,3-benzotelluradiazoles and 1,3-benzotellurazoles, which exhibit very high
likelihoods of forming Te…N interactions in their crystals.

The interest in crystals

notwithstanding, chalcogen-bonding involving tellurium also has implications in catalytic,
materials and medicinal chemistry and hence, is certainly deserving of further, systematic
study.

Declaration of Competing Interest
The author declares that there are no known competing ﬁnancial interests or personal
relationships that could have appeared to inﬂuence the work reported in this paper.
73

Acknowledgements
The author gratefully acknowledges Sunway University Sdn Bhd (Grant no. GRTIN-IRG-012021) for support of structural studies.

Appendix A. Supplementary data
Supplementary data associated with this article (details of crystals featuring Te…N secondarybonding interactions: composition, diagram, distance and angle data, citation and commentary)
can be found, in the online version, at doi:10.1016/j.ccr.20201.xx.xxx.

74

References
[1]

H.A. Bent, Chem. Rev. 68 (1968) 587–648, https://doi.org/10.1021/cr60255a003.

[2]

O. Hassel, Science 170 (1970) 497-502, https://doi.org/10.1126/science.170.3957.497.

[3]

N.W. Alcock, Adv. Inorg. Chem. Radiochem. 15 (1972) 1−58,

https://doi.org/10.1016/S0065-2792(08)60016-3.
[4]

N.W. Alcock, Bonding and Structure: Structural Principles in Inorganic and Organic

Chemistry, Ellis Horwood, New York, 1990.
[5]

P. Pyykkö, Chem. Rev. 97 (1997) 597−636, https://doi.org/10.1021/cr940396v.

[6]

I. Haiduc, Coord. Chem. Rev. 158 (1997) 325−358, https://doi.org/10.1016/S0010-

8545(97)90063-1.
[7]

G.A. Landrum, R. Hoffmann, Angew. Chem. Int. Ed. 37 (1998) 1887−1890,

https://doi.org/10.1002/(SICI)1521-3773(19980803)37:13/14<1887::AIDANIE1887>3.0.CO;2-0.
[8]

I. Haiduc, in: J.L. Attwood, J.W. Steed (Eds), Encyclopaedia of Supramolecular

Chemistry, vol. 2, Marcel Dekker, New York, 2004, p. 1215−1224.
[9]

R.H. Crabtree, Chem. Soc. Rev. 46 (2017) 1720−1729,

https://doi.org/10.1039/C6CS00688D.
[10]

J.S. Murray, P. Lane, T. Clark, P. Politzer, J. Mol. Model. 13 (2007) 1033−1038,

https://doi.org/10.1007/s00894-007-0225-4.
[11]

P. Politzer, J.S. Murray, T. Clark, Phys. Chem. Chem. Phys. 12 (2010) 7748–7757,

https://doi.org/10.1039/C004189K.
[12]

P. Politzer, J.S. Murray, Phys. Chem. Chem. Phys. 15 (2013) 11178–11189,

https://doi.org/10.1039/C3CP00054K.
[13]

P. Politzer, J.S. Murray, Crystals 7 (2017) 212, https://doi.org/10.3390/cryst7070212.

[14]

J.S. Murray, P. Politzer, Crystals 10 (2020) 76, https://doi.org/10.3390/cryst10020076.
75

[15]

M. Michalczyk, M. Malik, W. Zierkiewicz, S. Scheiner, J. Phys. Chem. A 215, (2021)

657–668, https://doi.org/10.1021/acs.jpca.0c10814.
[16]

S. Scheiner, J. Chem. Phys. 134 (2011) 094315, https://doi.org/10.1063/1.3562209.

[17]

L. Brammer, Faraday Discuss. 203 (2017) 485−507,

https://doi.org/10.1039/C7FD00199A.
[18]

B. Silvi, E. Alikhani, H. Ratajczak, J. Molec. Model. 26 (2020) 62,

https://doi.org/10.1007/s00894-019-4283-1.
[19]

I. Alkorta, J. Elguero, A. Frontera, Crystals 10 (2020) 180,

https://doi.org/10.3390/cryst10030180.
[20]

S. Kolb, G.A. Oliver, D.B. Werz, Angew. Chem. Int. Ed. 59 (2020) 22306–22310,

https://doi.org/10.1002/anie.202007314.
[21]

M. Savastano, Daltons Trans. 50 (2021) 1142–1165,

https://doi.org/10.1039/D0DT04091F.
[22]

W. Wang, B. Ji, Y. Zhang, J. Phys. Chem. A 113 (2009) 8132–8135,

https://doi.org/10.1021/jp904128b.
[23]

F.H. Kruse, R.E. Marsh, J.D. McCullough, Acta Cryatallogr. 10 (1957) 201-209,

https://doi.org/10.1107/S0365110X5700064X.
[24]

G.D. Christofferson, R.A. Sparks, J.D. McCullough, Acta Crystallogr. 11 (1958) 782–

788, https://doi.org/10.1107/S0365110X58002218.
[25]

O. Foss, S. Husebye, Acta Chem. Scand. 20 (1966) 132–142,

https://doi.org/10.3891/acta.chem.scand.20-0132.
[26]

F. Einstein, J.Trotter, C. Williston, J. Chem. Soc. A (1967) 2018–2023,

https://doi.org/10.1039/J19670002018.
[27]

N.W. Alcock, W.D. Harrison, J. Chem. Soc., Dalton Trans. (1982) 251−255,

https://doi.org/10.1039/DT9820000251.
76

[28]

N.W. Alcock, W.D. Harrison, J. Chem. Soc., Dalton Trans. (1982) 709–712,

https://doi.org/10.1039/DT9820000709.
[29]

M.J. Collins, J.A. Ripmeester, J.F. Sawyer, J. Am. Chem. Soc. 110 (1988) 8583–

8590, https://doi.org/10.1021/ja00234a002.
[30]

N.W. Alcock, J. Culver, S.M. Roe, J. Chem. Soc., Dalton Trans. (1992) 1477–1484,

https://doi.org/10.1039/DT9920001477.
[31]

M.R. Sundberg, R. Uggla, T. Laitalainen, J. Bergman, J. Chem. Soc., Dalton Trans.

(1994) 3279−3283, https://doi.org/10.1039/DT9940003279.
[32]

I. Haiduc, D.B. Sowerby, S.F. Lu, Polyhedron 14 (1995) 3389–3472,

https://doi.org/10.1016/0277-5387(95)00108-5.
[33]

J.E. Drake, L.N. Khasrou, A.G. Mislankar, R. Ratnani, Inorg. Chem. 38 (1999) 3994–

4004, https://doi.org/10.1021/ic990281f.
[34]

J. Zukerman-Schpector, I. Haiduc, Sulfur Relat. Elem. 171 (2001) 73−112,

https://doi.org/10.1080/10426500108046629.
[35]

J. Zukerman-Schpector, I. Haiduc. CrystEngComm 4 (2002) 178–193,

https://doi.org/10.1039/B201969H.
[36]

M.C. Janzen, M.C. Jennings, R.J. Puddephatt, Inorg. Chem. 42 (2003) 4553–4558,

https://doi.org/10.1021/ic030057x.
[37]

J. Beckmann, D. Dakternieks, A. Duthie, N.A. Smith, J. Organomet. Chem. 669

(2003) 149–153, https://doi.org/10.1016/S0022-328X(03)00005-6.
[38]

P.C. Srivastava, S. Bajpai, R. Lath, S. M. Bajpai, R. Kumar, R.J. Butcher, Polyhedron

23 (2004) 1629–1639, https://doi.org/10.1016/j.poly.2004.03.019.
[39]

P.C. Ho, P. Szydlowski, J. Sinclair, P.J.W. Elder, J. Kübel, C. Gendy, L.M. Lee, H.

Jenkins, J.F. Britten, D.R. Morim, I. Vargas-Baca, Nature Commun. 7 (2016) 11299,
https://doi.org/10.1038/ncomms11299.
77

[40]

E. Denes, A. Beleagă, A. Silvestru, Inorg. Chim. Acta 511 (2020) 119841,

https://doi.org/10.1016/j.ica.2020.119841.
[41]

D. Dakternieks, R. Di Giacomo, R.W. Gable, B.F. Hoskins, J. Am. Chem. Soc. 110

(1988) 6541–6546, https://doi.org/10.1021/ja00227a040.
[42]

P.J.W. Elder, I. Vargas-Baca, Phys. Chem. Chem. Phys. 18 (2016) 30740–30747,

https://doi.org/10.1039/C6CP05892B.
[43]

A.F. Cozzolino, G. Dimopoulos-Italiano, L. M. Lee, I. Vargas-Baca, Eur. J. Inorg.

Chem. 2013 (2013) 2751–2756, https://doi.org/10.1002/ejic.201201439.
[44]

A.F. Cozzolino, P.J.W. Elder, I. Vargas-Baca. Coord. Chem. Rev. 255 (2011) 1426–

1438; https://doi.org/10.1016/j.ccr.2010.12.015.
[45]

E.R.T. Tiekink, J. Zukerman-Schpector, CrystEngComm 11 (2009) 2701–2711,

https://doi.org/10.1039/B910209D.
[46]

E.R.T. Tiekink, J. Zukerman-Schpector, Coord. Chem. Rev. 254 (2010) 46–76,

https://doi.org/10.1016/j.ccr.2009.09.007.
[47]

T. Chivers, R.S. Laitinen, Chem. Soc. Rev. 44 (2015) 1725–1739,

https://doi.org/10.1039/C4CS00434E.
[48]

A.C. Legon, Phys. Chem. Chem. Phys. 19 (2017) 14884–14896,

https://doi.org/10.1039/c7cp02518a.
[49]

R. Gleiter, G. Haberhauer, D.B. Werz, Chem. Rev. 118 (2018) 2010–2041,

https://doi.org/10.1021/acs.chemrev.7b00449.
[50]

L. Vogel, P. Wonner, S.M. Huber, Angew. Chem. Int. Ed. 58 (2019) 1880–1891,

https://doi.org/10.1002/anie.201809432.
[51]

P. Scilabra, G. Terraneo, G. Resnati, Acc. Chem. Res. 52 (2019) 1313–1324,

https://doi.org/10.1021/acs.accounts.9b00037.

78

[52]

V. Kumar, Y. Xu, C. Leroy, D.L. Bryce, Phys. Chem. Chem. Phys. 22 (2020) 3817–

3824, https://doi.org/10.1039/C9CP06267J.
[53]

P.C. Ho, J.Z. Wang, F. Meloni, I. Vargas-Baca, Coord. Chem. Rev. 422 (2020)

213464, https://doi.org/10.1016/j.ccr.2020.213464.
[54]

B. Zhou, F.P. Gabbaï, Chem. Sci. 11 (2020) 7495–7500,

https://doi.org/10.1039/D0SC02872J.
[55]

N. Biot, D. Bonifazi, Coord. Chem. Rev. 413 (2020) 213243,

https://doi.org/10.1016/j.ccr.2020.213243.
[56]

E.R.T. Tiekink, Crystals 10 (2020) 503, https://doi.org/10.3390/cryst10060503.

[57]

E.R.T. Tiekink, Coord. Chem. Rev. 427 (2021) 213586,

https://doi.org/10.1016/j.ccr.2020.213586.
[58]

E.R.T. Tiekink, Coord. Chem. Rev. 443 (2021) 214031,

https://doi.org/10.1016/j.ccr.2020.2140231.
[59]

R. Taylor, P.A. Wood, Chem. Rev. 119 (2019) 9427−9477,

https://doi.org/10.1021/acs.chemrev.9b00155.
[60]

I.J. Bruno, J.C. Cole, P.R. Edgington, M. Kessler, C.F. Macrae, P. McCabe, J.

Pearson, R. Taylor, Acta Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 58 (2002) 389–
397, https://doi.org/10.1107/S0108768102003324.
[61]

A. Spek, Acta Crystallogr., Sect. E: Cryst. Commun. 76 (2020) 1–11,

https://doi.org/10.1107/S2056989019016244.
[62]

K. Brandenburg, DIAMOND. Visual Crystal Structure Information System, version

3.1, Crystal Impact, Bonn, Germany, 2006.
[63]

T. Junk, F.R. Fronczek, Private Communication to the Cambridge Structural Database

(2019) Refcode XOGVUN.

79

[64]

N. Biot, D. Bonifazi, Chem. - Eur. J. 24 (2018) 5439-5443,

https://doi.org/10.1002/chem.201705428.
[65]

N. Biot, D. Bonifazi, Chem. - Eur. J. 26 (2020) 2904-2913,

https://doi.org/10.1002/chem.201904762.
[66]

D. Romito, N. Biot, F. Babudri, D. Bonifazi, New J. Chem. 44 (2020) 6732-6738,

https://doi.org/10.1039/C9NJ06202E.
[67]

D. Das, P. Singh, A. K. Singh, J. Organomet. Chem. 695 (2010) 955-962,

https://doi.org/10.1016/j.jorganchem.2009.11.009.
[68]

T. Junk, F.R. Fronczek, Private Communication to the Cambridge Structural Database

(2019) Refcode FOKSUW.
[69]

C. Thone, S.M. Mobin, P.G. Jones, Private Communication to the Cambridge

Structural Database (2008) Refcode XUXTED.
[70]

E. Pacholska, L. Latos-Grażyński, Z. Ciunik, Angew. Chem. Int. Ed. 40 (2001)

4466−4469, https://doi.org/10.1002/1521-3773(20011203)40:23<4466::AIDANIE4466>3.0.CO;2-L.
[71]

S. Scheiner, J. Phys. Chem. A 125 (2021) 6514−6528;

https://doi.org/10.1021/acs.jpca.1c05431.
[72]

P. Politzer, J.S. Murray, T. Clark, Phys. Chem. Chem. Phys. 23 (2021) 16458–16468;

https://doi.org/10.1039/d1cp02602j.
[73]

A.F. Cozzolino, J.F. Britten, I. Vargas-Baca, Cryst. Growth Des. 6 (2006) 181–186

https://doi.org/10.1021/cg050260y.
[74]

S. Yadav, R. Deka, S. Raju, H.B. Singh, Inorg. Chim. Acta 488 (2019) 269–277;

https://doi.org/10.1016/j.ica.2019.01.024.

80

[75]

A. Kremer, C. Aurisicchio, F. De Leo, B. Ventura, J. Wouters, N. Armaroli, A.

Barbieri, D. Bonifazi, Chem. - Eur. J. 21 (2015) 15377–15387,
https://doi.org/10.1002/chem.201501260.
[76]

T. Junk, F.R. Fronczek, Private Communication to the Cambridge Structural Database

(2019) Refcode XOGVOH.
[77]

A. Kremer, A. Fermi, N. Biot, J. Wouters, D. Bonifazi, Chem. - Eur. J. 22 (2016)

5665–5675, https://doi.org/10.1002/chem.201504328.
[78]

S. Aboulkacem, D. Naumann, W. Tyrra, I. Pantenburg, Organometallics 31 (2012)

1559–1565; https://doi.org/10.1021/om201195j.
[79]

M. Jiang, J. Guo, B. Liu, Q. Tan, B. Xu, Org. Lett. 21 (2019) 8328–8333,

https://doi.org/10.1021/acs.orglett.9b03106.
[80]

A.E. Mistryukov, I.D. Sadekov, V.S. Sergienko, G.M. Abakarov, M.A. Porai-Koshits,

A.A. Shneider, A.D. Garnovskii, Chem. Heterocycl. Compd 25 (1989) 1407–1409,
https://doi.org/10.1007/BF00473875.
[81]

H.A. Stefani, S.N.S. Vasconcelos, F. Manarin, D.M. Leal, F.B. Souza, L.S.

Madureira, J. Zukerman-Schpector, M.N. Eberlin, M.N. Godoi, R. de Souza Galaverna, Eur.
J. Org. Chem. 2013 (2013) 3780–3785; https://doi.org/10.1002/ejoc.201300009.
[82]

T. Junk, F.R. Fronczek, Private Communication to the Cambridge Structural Database

(2019) Refcode KONZEV.
[83]

H. Campsteyn, L. Dupont, J. Lamotte-Brasseur, M. Vermeire, J. Heterocycl. Chem.

15 (1978) 745–748; https://doi.org/10.1002/jhet.5570150507.
[84]

G. De Munno, F. Lucchesini, Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 48

(1982) 1437–1439; https://doi.org/10.1107/S0108270191014907.
[85]

M. Minoura, T. Kawashima, N. Tokitoh, R. Okazaki, Tetrahedron 53 (1997) 8137–

8148; https://doi.org/10.1016/S0040-4020(97)00498-5.
81

[86]

C.J. Setter, J.J. Whittaker, A.J. Brock, K.S. Athukorala Arachchige, J.C. McMurtrie,

J.K. Clegg, M.C. Pfrunder, CrystEngComm 22 (2020) 1687–1690,
https://doi.org/10.1039/D0CE00176G.
[87]

G. Hua, Y. Li, A.L. Fuller, A.M.Z. Slawin, J.D. Woollins, Eur. J. Org. Chem. (2009)

1612–1618, https://doi.org/10.1002/ejoc.200900013.
[88]

D.B. Cordes, G. Hua, A.M.Z. Slawin, J.D. Woollins, Acta Crystallogr., Sect. C:

Cryst. Struct. Commun. 67 (2011) o509–o514, https://doi.org/10.1107/S0108270111049900.
[89]

Y.-S. Zhu, Y. Xue, W. Liu, X. Zhu, X.-Q. Hao, M.-P. Song, J. Org. Chem. 85 (2020)

9106–9116, https://doi.org/10.1021/acs.joc.0c01035.
[90]

V. Bertini, P. Dapporto, F. Lucchesini, A. Sega, A. De Munno, Acta Crystallogr.,

Sect. C: Cryst. Struct. Commun. 40 (1984) 653-655;
https://doi.org/10.1107/S0108270184005217.
[91]

R. Neidlein, D. Knecht, A. Gieren, C. Ruiz-Pérez, Z. Naturforsch., B: Chem. Sci. 42

(1987) 84-90.
[92]

A.F. Cozzolino, P.S. Whitfield, I. Vargas-Baca, J. Am. Chem. Soc. 132 (2010) 17265-

17270; https://doi.org/10.1021/ja107252f.
[93]

A.F. Cozzolino, Q. Yang, I. Vargas-Baca, Cryst. Growth Des. 10 (2010) 4959-4964;

https://doi.org/10.1021/cg101060s.
[94]

N.A. Pushkarevsky, A.V. Lonchakov, N.A. Semenov, E. Lork, L.I. Buravov, L.S.

Konstantinova, G.T. Silber, N. Robertson, N.P. Gritsan, O.A. Rakitin, J.D. Woollins, E.B.
Yagubskii, J. Beckmann, A.V. Zibarev, Synth. Met. 162 (2012) 2267-2276,
https://doi.org/10.1016/j.synthmet.2012.10.026.
[95]

T. Junk, F.R. Fronczek, Private Communication to the Cambridge Structural Database

(2019) Refcode LOSLUD.

82

[96]

S. Gulati, S. Pundir, S. Kumar, K.K. Bhasin, Phosphorus, Sulfur, Silicon, Relat. Elem.

190 (2015) 1509–1517; https://doi.org/10.1080/10426507.2014.996642.
[97]

K.E. Grung, C. Rømming, J. Songstad, Acta Chem. Scand. 43 (1989) 518–526;

https://doi.org/10.3891/acta.chem.scand.43-0518.
[98]

G. Sanford, K.E. Walker, F.R. Fronczek, T. Junk, J. Heterocycl. Chem. 54 (2017)

575–579; https://doi.org/10.1002/jhet.2624.
[99]

K.K. Bhasin, V. Arora, T.M. Klapötke, M.-J. Crawford, Eur. J. Inorg. Chem. 2004

(2004) 4781–4788; https://doi.org/10.1002/ejic.200400297.
[100] J. Farran, L. Torres-Castellanos, A. Alvarez-Larena, J.F. Piniella, M.V. Capparelli, J.
Organomet. Chem. 654 (2002) 91–99, https://doi.org/10.1016/S0022-328X(02)01381-5.
[101] E. Hupf, Y. Tsuchiya, W. Moffat, L. Xu, M. Hirai, Y. Zhou, M.J. Ferguson, R.
McDonald, T. Murai, G. He, E. Rivard, Inorg. Chem. 58 (2019) 13323–13336,
https://doi.org/10.1021/acs.inorgchem.9b02213.
[102] V. Kumar, Y. Xu, D.L. Bryce, Chem. - Eur. J. 26 (2020) 3275–3286,
https://doi.org/10.1002/chem.201904795.
[103] A. Dhaka, O. Jeannin, E. Aubert, E. Espinosa, M. Fourmigué, Chem. Commun. 57
(2021) 4560–4563, https://doi.org/10.1039/d1cc00789k.
[104] D.O. Cowan, M.D. Mays, T.J. Kistenmacher, T.O. Poehler, M.A. Beno, A.M. Kini,
J.M. Williams, Y.-K. Kwok, K.D. Carlson, L. Xiao, J.J. Novoa, M.-H. Whangbo, Mol. Cryst.
Liq .Cryst. 181 (1990) 43–58, https://doi.org/10.1080/00268949008035991.
[105] T. Chivers, X. Gao, M. Parvez, Angew. Chem. Int. Ed. 34 (1995) 2549–2551,
https://doi.org/10.1002/anie.199525491.
[106] J.M. Watkins, F.R. Fronczek, R.A. Zehnder, T. Junk, Acta Crystallogr., Sect. C:
Cryst. Struct. Commun. 69 (2013) 156–157, https://doi.org/10.1107/S0108270112050196.

83

[107] T. Junk, F.R. Fronczek, Private Communication to the Cambridge Structural Database
(2019) Refcode KOHNAZ.
[108] N.G. Furmanova, V.I. Naddaka, V.P. Krasnov, J. Struct. Chem. 22 (1981) 574–578.
[109] T.M. Klapötke, B. Krumm, P. Mayer, D. Naumann, I. Schwab, J. Fluorine Chem. 24
(2004) 997–1005, https://doi.org/10.1016/j.jfluchem.2004.01.017.
[110] T.M. Klapötke, B. Krumm, P. Mayer, O.P. Ruscitti, Inorg. Chem. 39 (2000) 5426–
5427, https://doi.org/10.1021/ic000810b.
[111] T.M. Klapötke, B. Krumm, P. Mayer, H. Piotrowski, O.P. Ruscitti, A. Schiller, Inorg.
Chem. 41 (2002) 1184–1193; https://doi.org/10.1021/ic011026+.
[112] T. Chivers, X. Gao, M. Parvez, J. Am. Chem. Soc. 117 (1995) 2359–2360,
https://doi.org/10.1021/ja00113a029.
[113] P. Magnus, M.B. Roe, V. Lynch, C. Hulme, Chem. Commun. (1995) 1609–1610,
https://doi.org/10.1039/C39950001609.
[114] T.M. Klapötke, B. Krumm, P. Mayer, M. Scherr, Z. Naturforsch. B: Chem. Sci. 61
(2006) 528–534.
[115] E.R.T. Tiekink, CrystEngComm 5 (2003) 101–113, https://doi.org/10.1039/B301318A.
[116] M.A. Buntine, F.J. Kosovel, E.R.T. Tiekink, CrystEngComm 5 (2003) 331–336,
https://doi.org/10.1039/B308922C.
[117] Y.

Liu,

E.R.T.

Tiekink,

CrystEngComm

7

(2005)

20–27,

https://doi.org/10.1039/B416493H.
[118] E.R.T. Tiekink, CrystEngComm 8 (2006) 104–118, https://doi.org/10.1039/B517339F.
[119] C.S. Lai, E.R.T. Tiekink, Z. Kristallogr. Cryst. Mater. 222 (2007) 532–538,
https://doi.org/10.1524/ zkri.2007.222.10.532.
[120] E.R.T.

Tiekink,

Appl.

Organomet.

https://doi.org/10.1002/aoc.1441.
84

Chem.

22

(2008)

533–550,

[121] E.R.T. Tiekink, Crystals 8 (2018) 292, https://doi.org/10.3390/cryst8070292.
[122] Guobi Li, Arnold L. Rheingold, and John D. Protasiewicz, Inorg. Chem. 60 (2021)
7865−7875, https://doi.org/10.1021/acs.inorgchem.1c00339.
[123] J. Münzenberg, H.W. Roesky, M. Noltemeyer, S. Besser, R. Herbst-Irmer, Z.
Naturforsch. B: Chem. Sci. 48 (1993) 199–208.
[124] F. Mostaghimi, E. Lork, I. Hong, T.L. Roemmele, R.T. Boeré, S. Mebs, J. Beckmann,
New J. Chem. 43 (2009) 12754-12766, https://doi.org/10.1039/C9NJ02401H.
[125] K. Kobayashi, H. Izawa, K. Yamaguchi, E. Horn, N. Furukawa, Chem. Commun.
(2001) 1428–1429, https://doi.org/10.1039/b103676a.
[126] J. Munzenber, H.W. Roesky, S. Besser, R. Herbst-Irmer, G.M. Sheldrick, Inorg. Chem.
31 (1992) 2986–2987, https://doi.org/10.1021/ic00039a058.
[127] Q.

Ding,

X.

He,

J.

Wu,

J.

Comb.

Chem.

11

(2009)

587–590,

Sci.

6

(1990)

923–924,

https://doi.org/10.1021/cc900027c.
[128] A.

Yuchi,

M.

Shiro,

T.

Yasui,

Anal.

https://doi.org/10.2116/analsci.6.923.
[129] L. Latos-Grazynski, J. Lizowski, L. Szterenberg, M.M. Olmstead, A.L. Balch, J. Org.
Chem. 56 (1991) 4043–4045, https://doi.org/10.1021/jo00012a044.
[130] M. Tomura, Y. Yamashita, Z. Kristallogr. - New Cryst. Struct. 218 (2003) 555–556,
https://doi.org/10.1524/ncrs.2003.218.4.555.
[131] N. Blouin, A. Michaud, D. Gendron, S. Wakim, E. Blair, R. Neagu-Plesu, M. Belletête,
G. Durocher, Y. Tao, M. Leclerc, J. Am. Chem. Soc. 130 (2008) 732–742,
https://doi.org/10.1021/ja0771989.
[132] S.-Z. Hu, D. Shi, T. Huang, J. Wan, Z. Huang, J. Yang, C. Xu, Inorg. Chim. Acta 173
(1990) 1–4, https://doi.org/10.1016/S0020-1693(00)91046-6.

85

[133] J.B. Baruah, Private Communication to the Cambridge Structural Database (2016)
Refcode AYIRAD.
[134] C.M. Fitchett, C. Richardson, P.J. Steel, Org. Biomol. Chem. 3 (2005) 498–502,
https://doi.org/10.1039/b416553e.
[135] F.E. Hahn, L. Imhof, T. Lügger, Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 54
(1998) 668–669, https://doi.org/10.1107/S0108270197018143.
[136] T. Linder, E. Badiola, T. Baumgartner, T.C. Sutherland, Org. Lett. 12 (2010) 4520–
4523, https://doi.org/10.1021/ol1018213.
[137] A.C. Gomes, G. Biswas, A. Banerjee, W.L. Duax, Acta Crystallogr., Sect. C: Cryst.
Struct. Commun. 45 (1989) 73–75, https://doi.org/10.1107/S0108270188008376.
[138] T. Suzuki, T. Tsuji, T. Okubo, A. Okada, Y. Obana, T. Fukushima, T. Miyashi, Y.
Yamashita, J. Org. Chem. 66 (2001) 8954–8960, https://doi.org/10.1021/jo010808h.
[139] M.R. Ams, N. Trapp, A. Schwab, J.V. Milić, F. Diederich, Chem. - Eur. J. 25 (2019)
323–333, https://doi.org/10.1002/chem.201804261.
[140] T.F. Mikhailovskaya, A.G. Makarov, N.Yu. Selikhova, A.Yu. Makarov, E.A. Pritchina,
I.Yu. Bagryanskaya, E.V. Vorontsova, I.D. Ivanov, V.D. Tikhova, N.P. Gritsan, Y.G. Slizhov,
A.V.

Zibarev,

J.

Fluorine

Chem.

183

(2016)

44–58,

https://doi.org/10.1016/j.jfluchem.2016.01.009.
[141] A.L. Rheingold, Private Communication to the Cambridge Structural Database (2019)
Refcode LOSMAK.
[142] K. Rajaguru, A. Mariappan, R. Manjusri, S. Muthusubramanian, N. Bhuvanesh, RSC
Adv. 5 (2015) 86832-86839, https://doi.org/10.1039/C5RA17827D.
[143] K.K.

Bhasin,

V.

Arora,

Appl.

Organomet.

https://doi.org/10.1002/aoc.659.

86

Chem.

18

(2004)

359-362,

[144] E.A. Suturina, N.A. Semenov, A.V. Lonchakov, I.Yu. Bagryanskaya, Y.V. Gatilov,
I.G. Irtegova, N.V. Vasilieva, E. Lork, R. Mews, N.P. Gritsan, A.V. Zibarev, J. Phys. Chem.
A 115 (2011) 4851-4860, https://doi.org/10.1021/jp2019523.
[145] P.W.R. Corfield, S.J. La Placa, Acta Crystallogr., Sect. B: Struct. Sci., 52 (1996) 384387, https://doi.org/10.1107/S0108768195012286.
[146] S. Alvarez, Dalton Trans. 42 (2013) 8617−8636, https://doi.org/10.1039/C3DT50599E.
[147] A.

Mukherjee,

G.R.

Desiraju,

IUCrJ

1

(2014)

49−60,

https://doi.org/10.1107/S2052252513025657.
[148] Y. Balmohammadi, H.R. Khavasi, S.S. Naghavi, CrystEngComm 22 (2020)
2756−2765, https://doi.org/10.1039/C9CE01885A.
[149] P.

Politzer,

J.S.

Murray,

Struct.

Chem.

32

(2021)

623−629,

https://doi.org/10.1007/s11224-020-01713-7.
[150] K. Kersten, R. Kaur, A. Matzger, IUCrJ, 5 (2018) 124−129,
https://doi.org/10.1107/S2052252518000660.
[151] P. Sacchi, M. Lusi, A. J. Cruz-Cabeza, E. Nauha and J. Bernstein, CrystEngComm 22
(2020) 7170–7185, https://doi.org/10.1039/D0CE00724B.
[152] J.D.

Dunitz,

R.

Taylor,

Chem.

-

Eur.

J.

3

(1997)

89–98,

https://doi.org/10.1002/chem.19970030115.
[153] A.F. Cozzolino, I. Vargas-Baca, Cryst. Growth Des. 11 (2011) 667–677,
https://doi.org/10.1021/cg100951y.
[154] M. Bursch, L. Kunze, A.M. Vibhute, A. Hansen, K.M. Sureshan, P.G. Jones, S.
Grimme,

D.B.

Werz,

Chem.

Eur.

J.

27

(2021)

4627–4639,

https://doi.org/10.1002/chem.202004525.
[155] E.R.T.

Tiekink,

Coord.

Chem.

https://doi.org/10.1016/j.ccr.2017.01.009.
87

Rev.

345

(2017)

219–228,

[156] H.

Wang,

W.

Wang,

W.J.

Jin,

Chem.

Rev.

116

(2016)

5072–5104,

https://doi.org/10.1021/acs.chemrev.5b00527.
[157] S.J.

Grabowski

Phys.

Chem.

Chem.

Phys.

19

(2017)

29742–29759,

https://doi.org/10.1039/C7CP06393H.
[158]

R. Shukla, N. Claiser, M. Souhassou, C. Lecomte, S.J. Balkrishna, S. Kumar, D.

Chopra, IUCrJ 5 (2018) 647–653, https://doi.org/10.1107/S2052252518011041.
[159] S.

Scheiner,

J.

Phys.

Chem.

A

125

(2021)

6514−6528,

https://doi.org/10.1021/acs.jpca.1c05431.
[160] P. Politzer, J.S. Murray, T. Clark, Phys. Chem. Chem. Phys. 23 (2021) 16458−16468,
https://doi.org/10.1039/d1cp02602j.
[161] R.E. Allan, H. Gornitzka, J. Karcher, M.A. Paver, M.-A. Rennie, C.A. Russell, P.R.
Raithby, D. Stalke, A. Steiner, D.S. Wright, J. Chem. Soc. Dalton Trans. (1996) 1727−1730,
https://doi.org/10.1039/DT9960001727.
[162] T. Glodde, Y. V. Vishnevskiy, L. Zimmermann, H.-G. Stammler, B. Neumann, N. W.
Mitzel, Angew. Chem. Int. Ed. 60 (2021) 1519–1523, https://doi.org/10.1002/anie.202013480.
[163] J.-M. Mewes, A. Hansen, S. Grimme, Angew. Chem. Int. Ed. 60 (2021) 13144–13149,
https://doi.org/10.1002/anie.202102679.
[164] Y.V. Vishnevskiy, N.W. Mitzel, Angew. Chem. Int. Ed. 60 (2021) 13150–13157,
https://doi.org/10.1002/anie.202104899.
[165] L.E. Bickerton, A. Docker, A.J. Sterling, H. Kuhn, F. Duarte, P.D. Beer, M.J. Langton,
Chem. Eur. J. 27 (2021) 11738–11745, https://doi.org/10.1002/chem.202101681.
[166] B. Zhou, F.P. Gabbaï, J. Am. Chem. Soc. 143 (2021) 8625–8630,
https://doi.org/10.1021/jacs.1c04482.
[168] A. Docker, C.H.Guthrie, H. Kuhn, P.D. Beer, Angew. Chem. Int. Ed. 60 (2021)
21973–21978, https://doi.org/10.1002/ange.202108591.
88

[169] D. Tzeli, I.D. Petsalakis, G. Theodorakopoulos, Faiz-Ur Rahman, Y. Yu, J. Rebek Jr,
Phys. Chem. Chem. Phys. 23 (2021) 19647–19658, https://doi.org/10.1039/d1cp02277f.
[170] C. Cremer, M. Goswami, C.K. Rank, B. de Bruin, F.W. Patureau, Angew. Chem. Int.
Ed. 60 (2021) 6451–6456, https://doi.org/10.1002/anie.202015248.
[171] R. Weiss, E. Aubert, P. Pale, V. Mamane, Angew. Chem. Int. Ed. 60 (2021) 19281–
19286, https://doi.org/10.1002/ange.202105482.

89

