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Abstract

While tetrazole derivatives are well established as anionic ligands for d-block elements, there is a growing
interest in lanthanoid complexes of these compounds. Diverse structural chemistry results from the presence of
four potential donor N atoms, and the conjugated nature of the heterocycle can impact on the photophysical
properties of the complexes. This review examines the range of structurally characterised lanthanoid-tetrazolato
complexes, focussing on the structural features of the ligand that impact on the tendency to interact with the first

or second coordination spheres.
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1. Introduction

Tetrazoles are well established ligands for the d-block elements, with an extensive range of structurally
characterised complexes reported.[1, 2] Given the tendency of lanthanoid cations to bind to oxygen donor
ligands in preference to softer nitrogen donors, it is not surprising that there is an order of magnitude less
structurally characterised examples of lanthanoid tetrazolato complexes. While often described as an isostere for
the carboxylate groups,[3] the tetrazolate anion is an aromatic heterocycle with four potential donor atoms
imparting diverse structural chemistry. Tetrazoles can aso be used in conjugation with other aromatic moieties

as ligands to activate sensitisation of lanthanoid luminescence via the antenna effect.[4]

Here, our focus is on the structure of lanthanoid complexes bound to, or interacting with, tetrazolate anions,
including the impact of the heterocycle as a hydrogen bond acceptor. The affinity of lanthanoids for O-donor
ligands, and particularly water, combined with the hydrogen bond acceptor capacity of tetrazole-based ligands,
is likely to favour tetrazoles being found in the second coordination sphere of the lanthanoids, all other factors
being equal. This review examines structurally characterised lanthanoid-tetrazolato complexes from this
perspective, with the aim of gaining an overview of how tetrazolato ligands interact with the first and second

coordination spheres of lanthanoid cations.

2. Tetrazolesasligands

The tetrazole ring comprises an aromatic heterocycle formed by four N atoms and one C atom. In its neutral
form, the tetrazole functionality possesses an acidic NH bond whose pK, is similar to those of carboxylic acids
(= 5). The H atom is connected to either the N1 or N2 atoms of the tetrazole ring with the tautomers being in
equilibrium (Scheme 1).[5] The similar pK, makes tetrazoles and carboxylic acids analogous functional groups
in many aspects of molecular design. In fact, in medicinal chemistry it is not uncommon to consider tetrazoles
as the more metabolicaly stable version of carboxylic acids.[3, 6, 7] Upon deprotonation, tetrazoles become
negatively charged N-donor ligands characterised by the presence of four lone pairs on the N atoms that are able
to engage in bonding with metal centres, with the negative charge delocalised across the heterocyclic ring. The



presence of these lone pairs oriented towards different directions in space is the origin of the versatility of the
tetrazolate anion in forming a multitude of coordination complexes ranging from mononuclear species to
molecularly defined coordination clusters, coordination polymers, and coordination frameworks.[1, 8] While
coordination of the tetrazole ring to metal centres can occur via the aromatic m electrons, these interactions are

very rare with respect to the coordination of metal centres through the lone pairs on the N atoms.
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Scheme 1. 1H- and 2H- tautomers of 5-subgtituted tetrazoles, and the deprotonation reaction.

The synthetic strategies for the preparation of tetrazole-containing molecules typicaly rely upon the 1,3-dipolar
cycloaddition reaction between a nitrile precursor and an azide anion source.[5, 7, 9, 10] This well established
procedure has been the object of intense investigation,[11-14] and there is still an open debate as to whether,
from a mechanistic point of view, the ring closure reaction occurs in a concerted or multi-step fashion.[15] The
tetrazole heterocycle can be irreversibly alkylated at N1 or N2, effectively becoming a neutral ligand. This
substantially changes the nature of the resulting compounds as ligands, particularly with respect to lanthanoid

coordination chemistry, as will be discussed below.

When considering the coordination chemistry of tetrazolate anions and f-block elements, searching the
Cambridge Structural Database for structures incorporating a lanthanoid and a tetrazole moiety results in ~240
hits (as of September 2017), with over one third of these structures reported since 2015. The ligands range from
polydentate systems designed to chelate lanthanoid cations, to unidentate tetrazole-containing molecules, as well
as many that incorporate a number of different functional groups. Rather than discuss the lanthanoid complexes
of these ligands classed by ligand type, the complexes have been grouped in the following sections according to
which coordination sphere the tetrazole moieties are found to reside in, with an emphasis on bridging between
metal ions. We discuss first the systems where the tetrazole ligands are found in the first coordination sphere
(bound directly to the metal ion), and then move on to the extensive examples where second sphere interactions
are observed, typically through hydrogen bonds linking the tetrazole moieties to the ligands bound directly to
the metal .[ 16]

3. Tetrazolate moiety in thefirst coordination sphere only

3.1. Organometallic Complexes
A smal number of tetrazole-containing organometallic lanthanoid complexes have been structurally

characterised.[17, 18] The ligands that have been used in such complexes are shown in Figure 1. All these



systems include cyclopentadieny! co-ligands, and have h?-tetrazolate interactions. The complex of the formally
neutral 1 is monometallic (CsMes),Sm(1),[17] while the reported complexes of anionic 2 are dinuclear, bridged
by two p-n*:n*tetrazolate moieties. One of the reported complexesis formulated as [(CsHaMe),Y b(u-n*m?(2-
H))]. (Figure 1). [18] The others contain mixed cyclopentadienyl ligands, reported to result from
cyclopentadiene impurities in methylcyclopentadiene. The resulting complexes were formulated as
[{ (CsHaMe)(CsHs)Ln(w-n"m*(2-H))} A [{ (CsHaMe)Ln(p-n"m*(2-H))}2l, Ln = Gd, Dy. In al cases the
coordination mode of the tetrazole ligand was consistent.[18] In these systems, the tetrazole derivative ligands

do not compete with any O-donor ligands, and hence are expected to be found in the first coordination sphere.
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Figure 1. Tetrazole ligands used in structurally characterised organometallic lanthanoid complexes:
1,[17] 2, and a representation of the molecular structure of [(CsHsMe),Y b(u-n*:n?-(2-H))], emphasising
the tetrazole ligand bridging mode.[18]

3.2. Coordination Complexes

There are relatively few lanthanoid-tetrazolate complexes that do not involve tetrazole groups interacting with
the second coordination sphere of the lanthanoid cation. In all but one case, such complexes involve ligands
with high denticity, at least tridentate (Figure 2). These complexes have been predominantly investigated for
their luminescent properties deriving from the specific lanthanoid cation. The strategy of attaching the tetrazole
functionality into a high denticity ligand structure is aimed at preventing water molecules to be directly bound in
the first coordination sphere of the lanthanoid centres. In fact, it is well known that high frequency OH
vibrational modes quench the lanthanoid excited states via multiphonon relaxation.[4] Aside from this structural
functionality, many of the ligands reported in Figure 2 act as sensitisers for the lanthanoid |uminescence through
the antenna effect to overcome the inefficient direct excitation of f-f transitions.[4] In this respect, while
tetrazoles and carboxylic acids might act in an analogous fashion from a structural point of view, the extended
conjugation offered from the tetrazole moiety offers further versatility in tuning the energy of the excited states
of the ligand in order to optimise the antenna effect.[19-21] Such a function is generally enhanced by direct
coordination of the ligand to the metal ion, hence incorporating tetrazoles as the binding site for antenna ligands
is generally associated with the use of multidentate ligand structures. The ready functionalisation of ligands
(such as changes in the “R” group of 7) has been exploited to control properties such as solubility, and to

provide functionalisation for connectivity, while maintaining consistent photophysical properties.[21]
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Figure 2. Tetrazole ligands used in lanthanoid complexes where tetrazole-Ln interactions are limited to the first
coordination sphere: 3,[22, 23], 4,[22] 5,[24] 6,[25] 7,[19-21] 8,[19] 9,[26] 10,[27, 28] 11,[29] 12,[30] 13,[31],
14,[32] 15.[33, 34]

A recent study of the tetrazole analogue of the widely studied DOTA macrocyclic ligand, 5, provides an
interesting comparison of tetrazolate and carboxylate as donor groups.[24] Structuraly, the lanthanoid
complexes were found to be very similar, but replacing carboxylate with tetrazolate reduced the stability
constant of the gadolinium complex from logK of 24.1 to 16.6. This reduction in thermodynamic stability was
somewhat compensated by an increase in kinetic inertness of the tetrazolato complex by two orders of
magnitude.[24] The gadolinium complex of 5 was successfully used as an MRI contrast agent. This work shows
that tetrazolate analogues of carboxylate ligands can form usefully stable complexes in highly competitive

solvent systems, at least in some cases, despite the replacement of O donor atoms with N atoms.

The only two bidentate ligands that form complexes with exclusively first coordination sphere interaction with a
lanthanoid cation are 14 and 15. The ligand 14 bridges lanthanoid cations through the bidentate interaction with

tetrazole N atoms, and the two carboxylate groups to form a three-dimensional coordination network.[32] 5-



(Pyrimidyl)-tetrazolate, 15, on the other hand, acts as a bis-bidentate bridging ligand where the tetrazole group
interacts only the first coordination sphere of two lanthanoid cations, with no second sphere interactions.[33, 34]
The complex cation from one of these structures is shown in Figure 3. This m 4-bridging mode is rare, but is
also observed in a Pr complex of the deprotonated form of 20 (Figure 4),[35] where the bridging tetrazole
moiety is involved in additional second sphere interactions. Indeed, first coordination sphere bridging of
lanthanoids by tetrazolato ligands is uncommon in any form. The only other examples beyond those mentioned
above are am ,-bridge in a Dy complex of the deprotonated form of 19,[36] a m s-bridge in a La complex of
azo-linked bis-tetrazolate 18,[37] and m ,s-bridges in a range of Ln;g and Ln;, clusters supported by the bis-

tetrazol ate calixarene 29,[38] (see Figure 4 for ligand structures).
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Figure 3. A representation of the complex cation from the compound [Dy(15-H),(u-(15-H))(H20)e] (15-
H)-6H,0 emphasising the bridging of the metal ionsin the first coordination sphere.[33]

4. Tetrazolate moiety bridging metal atomsfrom thefirst to the second coordination sphere

There are a significant number of complexes where an anionic tetrazolate moiety bridges from the first to the
second coordination sphere of alanthanoid cation. Once again, in the mgjority of cases, aligand must be at least
bidentate to achieve interaction with the first coordination sphere (Figure 4). Bridging to the second
coordination sphere through hydrogen bonds to aqua ligands occurs in a number of modes, the most common of
which is a double hydrogen bond bridge between N3 and N4 to two O atoms (Figure 5, Mode 1). Single
hydrogen bond bridges to one or more of the N atoms not bound directly to the Ln atom are also common but

arerarely the only interaction observed.

The complexes of 5-(2-pyridyl)tetrazolate (16-H) are a good example of such interactions. Neutral [Ln(16-
H)3(H,0)3] complexes have been reported for La,[39] Gd,[40] Eu,[41] Tb,[41] and Ho[42]. Cationic [Ln((16-
H),(H,0),] " are known for La, Gd, and Ho, as well as neutral hydroxo bridged dimer for Yb and Y, proposed to



arise through condensation of the cationic species.[42] Figure 6 shows a fragment of the structure of [Gd(16-
H),(H,0)s]Cl as an example of a Mode 1 type of interaction, with the two hydrogen bonds presumably forming
astrong link between the two cationic centres. The one-dimensional polymer thus formed is further cross-linked
by single hydrogen bonds (Mode 2, Figure 5) such that all tetrazolate N atoms in the structure are involved in
second sphere interactions.

Similar interactions are seen in an isomorphous series of complexes, [Ln(24-2H)(HCOO)(H,0)4], (Ln = Pr, Gd,
Eu, Tb, Dy, Er, Yb) (Figure 7) contributing to the formation of a two dimensional hydrogen bonded polymer,
with the three dimensional structure completed by formate bridges between the metal ions.[43]

Figure 4. Tetrazole ligands found in lanthanoid complexes where tetrazole-L n interactions bridge the first and
second coordination spheres. 9,[27, 44] 11,[29] 16,[39-42] 17,[45] 18,[37, 46, 47] 19,[36, 48] 20,[35] 21,[49]
22,[33] 23,[45] 24,[43, 50-52] 25,[40] 26,[23] 27,[53] 28,[54] 29,[55] 30.[56]

Examples where bridging Mode 1 is not observed include those where there is only a single aqua ligand bound
to the lanthanoid ion, such as a complex of 27,[53] or where the steric demands of the tetrazolato ligand may

make such an approach unviable (such as complexes of 22,[33] 26,[23] 21,[49] 9,[44] and 29.[55]). Others



display a related convergent motif, but bridging to two linked lanthanoid cations (Mode 3, Figure 5). This is
observed, for example, in complexes of 18,[37] 19,[36, 48], and 20.[35] Nevertheless, of the ~50 structures
found on the Cambridge Structural Database where tetrazole moieties bridge the first and second coordination
spheres, bridging Mode 1 (Figure 5) is found in amost three quarters of these, suggesting this is a favoured
structural motif.
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Figure 5. Bridging modes observed where tetrazol e ligands bridge the first and second coordination spheres of

lanthanoid cations.

Figure 6. The hydrogen bond linked dimer found in the structure of [ Gd(16-H),(H,O)s] Cl.[42]



Figure 7. The planar OH...N hydrogen bond array observed in Ln(24-2H)(HCOO)(H,0); (Ln = Pr, Gd, Eu, Tb,
Dy, Er, Yb) formed by tetrazole bridges between the first and second coordination spheres. The formate anions
in the axial positions of the distorted pentagonal bipyramidal coordination sphere have been omitted for
clarity.[43]

While this ligand set is dominated by polydentate ligands, it is notable that two ligands, 17 and 18, are found in
some instances with a rare unidentate tetrazol ate moiety coordinated to alanthanoid cation, without a supporting
chelated donor atom. The isomorphous dinuclear La and Ce complexes of 17 include a chelated ligand bound by
the N1 and N1” atoms, and a bridging ligand linked through the N2 and N2’ atoms (Figure 8).[45] Here, it may
be relevant that a water solvent molecule bridges between a chelated tetrazole ligand and the bridging tetrazole
group (Figure 8), although thisis only one of an extensive range of hydrogen bond interactions in the structure.
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Figure 8. The dimeric structure observed in [Lay(17-2H)3(OH,) 5] - 2H,0 showing the water molecule in the

second sphere linking the unidentate tetrazole moiety to a neighbouring tetrazole group. [45]

In the case of 18, a dimeric La complex has a unidentate tetrazolate group supported by a second sphere
interaction with an aqua ligand on the second metal ion (Figure 9), possibly also with an approach between an
azo N atom and the cation (La-Nao, 2.98; Ln—N.q, 2.69 A).[37] In contrast, a mononuclear Gd complex of 18 is
reported with a second sphere interaction between an agua ligand, and the unbound tetrazolate group of 18
(Figure 10).[46] An arguably similar interaction occurs in the praseodymium complex of tris-tetrazole
substituted calixarene 30, which was found to act as a unidentate ligand with a single Pr-N bond, which is

supported by four hydrogen bonds between the neighbouring tetrazole groups and agua ligands (Figure 11).[56]
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Figure 9. The carbonato-bridged dimeric structure [Lay(18-2H),(H,0)5(CO3)]-H,0, emphasising the second

sphere interaction with a unidentate tetrazole moiety.[37]
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Figure 10. A view of the complex cation [Gd(H,0)(18-2H)]" emphasising the second sphere interaction
between an agua ligand and the unbound tetrazole moiety, presumably adding stability to the unidentate
tetrazole-metal interaction. [46]
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Figure 11. The praseodymium complex of 30, [Pr(30-2H)(OACc)(OH,)s(EtOH)], showing unidentate first
coordination sphere interaction of atetrazole group, supported by second sphere interactions involving

neighboring tetrazole moieties.[56]

5. Tetrazole moiety in the second coor dination sphere only

Where tetrazole or tetrazolate groups interact with only the second sphere of the lanthanoid cation, bridging
occurs in the majority of examples. Exceptions predominantly involve ligands that are N-alkylated with
coordinating groups (see for example 19,[57, 58] 31,[59] 36,[60, 61] Figure 12) that are directly coordinated to
a neighbouring metal centre. Some N-alkylated tetrazole ligands exhibit no interaction with the lanthanoid
centre, with the tetrazole moiety functioning purely as a linker of the coordinating groups. Complexes of the
meta isomer of ligands 33 and 35 exhibit this behaviour, for example.[62, 63] In other cases where no first or
second sphere interactions are observed, the tetrazole moiety is coordinated to a d-block metal ion limiting
further interactions (39[64]), or the system is anhydrous such as found in luminescent metal organic frameworks
constructed with 5-(4-(tetrazol-5-yl)phenyl) isophthalic acid.[65]

When tetrazole groups bridge the second coordination spheres of neighbouring lanthanoid cations, the majority
of structures involve at least one double hydrogen bond interaction (Mode 1, Figure 4). The bridge is often
completed by a single hydrogen bond link (Mode 5, Figure 13). The extensive hydrogen bond networks in these
structures typically also include single hydrogen bond bridges between lanthanoid centres. Less commonly
observed are structures that exhibit bridging Mode 6 (Figure 13), with four hydrogen bonds stahilising the
second sphere interaction. This mode is observed in complexes of 38,[61] whereas the related Mode 7 (Figure
13) is observed in complexes of the dicarboxylate 21.[66] Bridging Mode 6 is aso observed in complexes of

ligands free of oxygen donor atoms, with 16, and 18. The impact of these interactions on the properties of the

13



complexes is difficult to deconvolute from other factors, given the relatively small number of structures
available for analysis. It is interesting to note that a “water-poor” Dy complex of deprotonated 18[67] is found
to be unusually thermally stable. The structure is free of uncomplexed water, and has extensive hydrogen bond
linkages between the [Dy(H,0)g]*" ions and the 18 anions, with Mode 6 linkages between the metal centres,
along with additional hydrogen bonds to the azo N atoms (Figure 14). It should be noted, however, that studies
of the retention of crystallinity upon dehydration of a range of complexes of the bis-tetrazole substituted
benzene derivatives 44 and 45 resulted in the proposal that the presence or absence of strong n-stacking between

the ligands, in addition to extensive hydrogen bonded networks, was the deciding factor.[68-70]
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Figure 12. Tetrazole ligands found in lanthanoid complexes where tetrazole-L n interactions involve only the
second coordination sphere: 16,[71] 17,[45] 18,[37, 47, 67] 19,[57, 58, 72, 73] 20,[34] 21,[66, 74, 75] 31,[59,
76] 32,[32, 77, 78] 33,[79] 34,[80] 35,[63, 79, 81, 82] 36,[60, 61, 80, 82] 37,[83] 38,[61, 62, 78, 82] 39,[64]
40,[84] 41,[85, 86] 42,[87-89] 43,[90] 44,[68, 69, 91] 45,[70] 46,[37].
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Figure 14. A fragment of the Dy salt [Dy(H,0)g]»(18-2H);, emphasising the hydrogen bond bridges between the
tetrazole moieties and agua ligands.[67]

6. Conclusions

The subgtitution of tetrazolate for carboxylate donor groups in polydentate lanthanoid ionophores has been
shown to produce complexes with promising properties, particularly for light emission. While such complexes

are generally found to be less thermodynamically stable due to the replacement of O donor atoms with N atoms,

15



in at least one case this is compensated for by increased kinetic inertness. Bidentate and unidentate tetrazolate-
based ligands are found almost exclusively in the second sphere of hydrated lanthanoid cations. Second sphere
interactions are hindered where the tetrazole moiety is N-alkylated, such that the dominant function of the
tetrazole moiety is to link other donor groups. The extensive range of hydrogen bond interactions beween the
tetrazole moiety and agua ligands are complex, but certain motifs are regularly observed in the solid-state.
Given the directionality and stability of hydrogen bonds, and the rigid ligand structures that are readily

accessible, crystal engineering with these componentsis a viable possibility worthy of further exploration.
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