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ARTICLE INFO ABSTRACT
Articl_e history: Citing 120 references, this article gives an overview of low-melting cationically tagged coordination
Received 15 September 2014 compounds of transition metal ions. In three sections, focussing on Werner-type complexes, carbonyls

Accepted 9 February 2015

c - and ferrocenes, ammonium-, phosphonium- and imidazolium-tagged complexes that have Tg,s <200°C
Available online 17 February 2015

are summarised. Many of these compounds are identified as Ionic Liquids. Influences of the ligand, the
metal ion and the anionic counterion on the melting point of the complexes are discussed. Together about
220 coordination compounds of about 100 ligands are described and shown in 11 figures.

© 2015 Elsevier B.V. All rights reserved.
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cyanopropyl)-pyridinium; Py-(CH;),CO,H, 1-(2-carboxyethyl)-pyridinium; TCNQ, 7,7,8,8-tetracyanoquinodimethane; Tol, toluyl; Tos, tosyl; TSIL, task-specific lonic Liquid;
WCA, weakly coordinating anion.

* Tel.: +49 0761 203 6128; fax: +49 0761 203 6001.

E-mail address: julia.klingele@ac.uni-freiburg.de

http://dx.doi.org/10.1016/j.ccr.2015.02.006
0010-8545/© 2015 Elsevier B.V. All rights reserved.


dx.doi.org/10.1016/j.ccr.2015.02.006
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2015.02.006&domain=pdf
mailto:julia.klingele@ac.uni-freiburg.de
dx.doi.org/10.1016/j.ccr.2015.02.006

16
1. Introduction

The melting point Ty, or temperature of decomposition of inor-
ganic salts and simple coordination compounds generally exceeds a
few hundred degrees. Alkali metal and earth alkali metal halides for
example melt at 415°C (BeCl,) to 1477 °C (SrF;) and coordination
compounds like Prussian blue or [Co(NH3 )g]Cls commonly decom-
pose before they melt. However, for quite some time salts have been
noticed that melt far below those temperatures or are fused even
at RT. For a long time these salts were regarded as chemical curiosi-
ties but recently with the discovery that such compounds can be air
and water stable [1] chemists became more and more interested
in this type of salt. Nowadays such low-melting salts are gener-
ally known as lonic Liquids [2-8]. Convention today recognises a
salt that melts below 100 °C, the boiling point of water, as IL. Ionic
complexes melting below 200 °C will be classified as “low-melting”
hereupon. ILs feature some specific interesting physical proper-
ties [6,8,9], like extremely low vapour pressure at RT, high ionic
conductivity and electrochemical stability [10]. Especially worth
mentioning are the very good solvent properties of ILs that make
them popular alternative reaction media for electrochemical inves-
tigations [11], electrodeposition of reactive elements [12], organic
[5,13] and inorganic synthesis [5,14], separation science [15,16],
catalysis [5,13,16-19] and others [9]. In this aspect, ILs are com-
monly called “green solvents” as solvent evaporation is prevented
and high reusability of catalytic systems is often achieved [18-20].

Unusually low melting points will generally be achieved with
salts that have unusual high fusion entropies ASgs. The fusion
entropy is a function of the symmetry factor ¢ and the number of
torsion angles t: the lower the symmetry and the higher the num-
ber of torsion angles, the higher ASs,s and the lower the melting
point Ty, [21]. That is why an IL cation is generally composed of
an organic ion with low symmetry and side chains with especially
high torsion and rotational degrees of freedom.

Common IL cations are tetraalkylammonium, tetraalkylphos-
phonium, 1,3-dialkylimidazolium or N-alkylpyridinium (Fig. 1a)
[22]. Lately the variety of organic IL cations has extended and com-
pounds have especially been designed for specific physical and/or
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chemical properties. These cations can, for example, be particularly
polar, or be highly fluorinated, have chiral side chains, have specific
functional groups or selected donor atoms for coordination chem-
istry. ILs with such cations are commonly known as task-specific
ILs and in theory they can be optimised for a desired application
[8,23]. As the variety of potential TSILs is tremendous, physical and
chemical properties of TSILs are yet little explored.

IL-anions are usually monoanionic weakly coordinating anions
with high distribution of charge density, to minimise resulting
coulomb interactions between them and the IL cation and there-
fore lower the capability to form ionic pairs [24]. Approved WCAs
for IL syntheses are dicyanamide [N=C-N-C=N-], tosylate, n-
alkylsulfate [25], highly or perfluorinated anions like [Al(hfip)4]~
[26], bis(trifluoromethylsulfonyl)imide (NTf, ~), trifluoromethane-
sulfonate or tris(pentafluoroethyl)-trifluorphosphate (Fig. 1b) [27].

Regarding properties of ILs, promising new materials have been
described as metal containing ILs, so-called MelLs that addition-
ally feature the typical characteristics of the metal ion. Although
strictly speaking an IL exhibiting a main group metal ion, such as
for example [EMIm][Al(hfip)4] [26] can be regarded as MelL as well.
In this review an IL is meant that contains a transition metal com-
plex of any kind. Rare-earth containing ILs are also known (see
Refs. [28-32] for some examples), but are excluded at this point.
Obviously the metal centre can be introduced in both parts of the
IL, the anion or the cation. MelLs of the first type usually are com-
posed of halido or pseudohalido metallates in combination with
imidazolium-based cations, the best-known examples probably
being [C;MIm][FeCly] [33,34]. These MelLs have some very inter-
esting additional properties, like paramagnetism, luminescence or
enhancement of catalytic reactions and have been subject of spe-
cialistreviews [33-37].Far less common are the latter type of MelLs,
that contain the metal centre in their cationic part.

Two types of such MelLs are thinkable. The first has a sim-
ple cationic chromophore like e.g. [M'L,]?* (M = transition metal)
with L being a ligand of neutral charge. Here fused ferrocene
NTf, ~-complexes [33,34] or [Ag(en), |NTf, and [Zn(en)4](NTf;),-
derivatives [38], both with alkyl side chains, complexes like
[M(Cplm)p, Xy (m=2-6, X=ClOy4, BF4, Cl, Br, NO3, NTf,) [39-42]
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Fig. 1. Examples of (a) organic IL cations and their abbreviations (from left) tetraalkylammonium, tetraalkylphosphonium, 1,3-dialkylimidazolium and N-alkylpyridinium.
(b) WCAs (from upper left) dicyanamide, tosylate, n-alkylsulfate, [Al(hfip)s]~, NTf, -, trifluoromethanesulfonate, FAP—, commonly used for the preparation of ILs.
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