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A family of bis(trifluoromethanesulfonyl)amide-based ionic liquids of
composition [REs5(C,Hs-C3zHzN,-CH,COO);6(H,0)6l(Tf,N)15 (RE = Er,
Ho, Tm; C3H3zN, = imidazolium moiety) featuring the cationic, record
quindecim {15+} charged pentanuclear rare earth (RE)-containing ion
[RE5(C2H5-C3H3N,-CH,COO)16(H20)6]™* has been synthesized and
characterized. In addition, due to the presence of rare earth ions,
these ionic liquids show a response to magnetic fields with the highest
effective magnetic moment observed so far for an ionic liquid and
are rare examples of ionic liquids showing luminescence in the
near-infrared. These ionic liquids also were successfully employed
in a three-component synthesis of 2-pyrrolo-3’-yloxindole with an
extremely low (<0.035 mol%) catalyst loading rate.

In the quest for safer and greener technologies, ionic liquids
(ILs), commonly defined as salts with a melting point below
100 °C, offer promising technology solutions because of their
unique properties and property combinations which can be
realized due to their wide tuneability and modular character.
Not only can they be considered as excellent ‘green’ alternatives
to volatile organic solvents (volatile organic compounds, VOCs)
because of their generally extremely low vapour pressure, but
ILs can also offer useful material properties and unique property
combinations such as wide electrochemical window, excellent
thermal stability, miscibility, low combustibility, and high catalytic
and biologic activity which renders them interesting for a number
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Conceptual insights

Tonic liquids (ILs) are salts that are liquid at low temperature (<100 °C) which
represent a class of new ‘green’ materials with nonmolecular character and a
wide range of practical applications. A boundless variety of cation/anion
combinations (~10'%) gives us a choice to create an IL for a desired process,
device or product. Nevertheless, one of the design limiting criteria and
paradigms in IL research is that a combination of highly charged ions will
lead to a compound being solid at room temperature (or below 100 °C) because
of the high Coulombic attraction. In this communication, we demonstrate that
the paradigm of using only low charged ions for creating new ionic liquids
should be revisited. These materials not only feature the highest charge ever
observed for an ionic liquid, but they are also magnetic ionic liquids with the
highest magnetic moment observed ever. Other achievements of this work are
the realization of rather challenging NIR luminescence in the liquid state of
materials and highly efficient catalytic abilities.

of special applications. Activities in this field are documented
by a large number of scientific publications and patents, the
total number doubling over the last five years.” The number of
known IL forming cations and anions lead to 10 possible
combinations resulting in ILs — each with an individual set of
chemical and physico-chemical properties - which underpins
their remarkable potential.®

One of the design criteria and paradigms in IL research is
that the ions constituting the IL have to be of low charge, so
that the Coulombic attraction is low, resulting in a reduced
thermodynamic stability of the solid.* Indeed, the majority of
identified ILs is composed of singly charged organic quaternary
cations and inorganic anions.* So far, the highest charge (+7) of
an ion in ionic liquid was observed for the p;-oxo cluster cation,
[Fe;0(cmmim)s(H,0);]”" (emmim = 1-carboxymethyl-3-methyl-
imidazolium), in [Fe;O(cmmim)es(H,0)3](Tf,N), (Tf,N = bis-
(trifluoromethanesulfonyl)amide, F;C-SO,-N"-SO,-CF; with a
melting point of T, = 92 °C).” Incorporation of metals into
ionic liquids offer the potential to bestow the ionic liquid with
additional chemical and physical properties.® In this light, rare
earth cations are well-suited to endow a range of ionic liquids
with additional features, as rare earth compounds are well
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known for their outstanding luminescence, magnetism and
catalytic activity.” After the first report on a rare earth containing
ionic liquid with divalent rare earth cations,® seminal publica-
tions on rare earth containing ionic liquids with luminescent®
and magnetic properties'® have stimulated the field and a fair
number of ionic liquids with complex rare earth containing
cations'" and anions®'*'? have been reported over the last few
years. In this communication, we report on the synthesis and
characterization of a new family of rare earth-containing liquids,
[RE5(C,H5-C3H;3N,-CH,CO0),6(H,0)g](Tf,N);5 (RE = Er, Ho, Ty
C,H;-C3H;3N,-CH,COO = 1-carboxymethyl-3-ethylimidazolium),
featuring a novel pentanuclear rare earth cation with a charge of
+15. This type of cation represents the highest charged ion for an
ionic liquid achieved so far.

The [REs5(C,H5-C3H3N,-CH,COO0),6(H,0)5](Tf,N);5 (1-3) com-
pounds can be obtained by reacting the respective rare oxide
with 1-carboxymethyl-3-ethylimidazolium chloride and LiTf,N in
aqueous solution (for details see the ESI}) as liquids forming a
separate phase (Fig. 1, inset). The ILs overall show a low tendency
to crystallize. For the Er (1) and Ho (2) ILs, crystals form after a few
months under ambient conditions.

The thermal behaviour of all compounds was investigated by
differential scanning calorimetry (DSC) and thermogravimetry
(TG) (Fig. 1). Crystalline [Ers(C,H;-C3H3N,-CH,COO)14(H,0)s](TE,N) 15
shows a melting point of 74.6 °C, thus truly qualifying as an IL.
Upon cooling, 1 vitrifies at 10 °C (at a thermal ramp of 10 °C
min~') and partial crystallization occurs at —32 °C. Upon
subsequent heating the IL devitrifies at 0 °C. In the following
thermal cycles all glass transitions have been observed, how-
ever, without crystallization. A similar thermal behaviour has
been detected for the Ho IL (2). All crystallization attempts for
Tm IL (3) failed and only glass transitions were observed (for
details on the thermal behaviour see the ESI). This illustrates
the extremely low tendency of these compounds to crystallize
and all ILs are metastable RTILs (room temperature ILs). The
thermal stability of 1-3 was investigated by TG. Dehydration
occurring around at 110 °C was identified as a first decomposition
step. The observed weight loss of 2.35% at ~200 °C corresponds
to the elimination of all eight water molecules.
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Fig. 1 Images of ionic liquids after a two month crystallization term: {Er5}
(1, middle), {Ho5} (2, left) and {Tm5} (3, right) and their TG (solid line)/DSC
(dotted line) curves (for crystalline 1; for 2 and 3 in a liquid state).
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Fig. 2 Structure of the [Ers(CoHs-CsHzN,-CHoCOO)s6(H,0)gl*>* cation
as evidenced in 1.

To identify the structural units in these complex ionic liquids,
single crystal X-ray structure analysis was applied (Fig. 2). It has
to be stressed that the growth of crystals of sufficient quality for
X-ray structure analysis is extremely difficult due to the low
tendency of the compounds to crystallize. In addition, structure
solution and refinement is not trivial due to the large number of
independent parameters that need to be refined. The Er- and Ho-
compounds are isotypic and crystallize in the non-centrosymmetric
orthorhombic space group Pca2; (ESL# Table S1) and feature the
quindecim charged [Ers(C,Hs-C3H;N,-CH,CO0),4(H,0)s]™" unit
which is composed of five crystallographically independent Er
atoms (Fig. 2). The structure of the Er compound will be discussed
in detail as a representative of the series.

The central Er*' cation is octacoordinated in the form of a
distorted square-antiprism, while the other four feature 9-fold
coordination spheres formed by oxygen atoms. The latter coordina-
tion polyhedra can be best described as axially capped square
antiprisms with different degrees of distortion (ESL# Fig. S2-S4).
Slight, but distinct differences in the Er coordination spheres destroy
the center of inversion for the complex polycation. Refinement in the
corresponding centrosymmetric space group Pcam fails.

The central ErOg polyhedron shares two vertices with the second
and fourth, which, in turn, share edges with the peripheral units.
The observed Er-O distances range from 2.241(9) to 2.553(8) A.
These values lie in the typical range for Er(m) carboxylates."* The
central Er** cation with a lower coordination number shows, as
expected, shorter Er-O distances than the others with a higher
coordination number (2.25(1)-2.42(1) A), while a small fraction of
the Er-O contacts can reach even values of 2.7-2.82 A as a result of
distortion due to higher coordination (n*n":j1, mode) and bridging
between two Er atoms. Tf,N anions surrounding the complex
{Ers} compensate the charge of the cation. They exhibit both
cisoid- and transoid-conformation with respect to the S-N-S bond
with a significant domination (11 vs. 4) of the latter. The transoid
conformation is the thermodynamically favoured one in the gas
phase and is also the more stable in the solid if no specific
interactions stabilize the cisoid.®

This journal is © The Royal Society of Chemistry 2017
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The IR spectra of 1 in the solid and liquid state are similar,
indicating that the same structural units are present in both in
the liquid and the solid state, most importantly the [Ers(C,Hs-
C3H;3N,-CH,COO0),6(H,0)s]"*" cation preserves structural integrity
(ESIL). As expected, the IR spectra of the analogous compounds 2
and 3 feature the same characteristic vibrations as 1 (ESL).

Electrospray mass spectra of all aqueous solutions of 1-3
widely show matching peaks, confirming not only their struc-
tural identity, but most importantly proof the existence of the
pentanuclear rare earth cation core, even in solution (Fig. S8
and Table S3, ESI¥).

The magnetic properties of 1-3 were measured in the tem-
perature range from 2 to 300 K and in an applied magnetic field
of 1000 Oe (Fig. 3 and Tables S4, S5 and Fig. S9, S10 in the ESIf).

The magnetization (M) data were collected in the 0-70 kOe
field range at different temperatures (2 and 5 K). The room-
temperature y7 values of complexes 1, 2, and 3 are 56.2, 67.9,
and 32.9 cm® K mol ', respectively. These results are in good
agreement with the theoretical values expected for five noninter-
acting rare earth ions (1, 57.4 cm® K mol ™ %; 2, 70.35 cm® K mol %; 3,
35.75 cm® K mol %) according to the single ion values at 300 K.'*
Upon lowering the temperature, »7 for 1-3 remains almost constant
until ~150 K and then decreases sharply to reach a value of 36.2,
31.5, and 14.7 ecm® K mol " at 2.0 K for compounds 1 (Fig. 3),
2 and 3, respectively (Fig. S9, ESI).

Using room temperature y7 values, we calculated effective
paramagnetic moments in the liquid state for 1-3 (see the ESL, i
Table S4), which are equal to 21.2 (1), 23.3 (2), and 16.2 (3) us.
Yet, with these effective magnetic moment () values all three
ILs exceed the highest u.¢ so far reported for an ionic liquid
(11.76 ug).'* Thus, all ionic liquids respond to external mag-
netic fields and belong to the group of magnetic ionic liquids
which recently have found application in DNA separation.'*

The field dependence of the magnetization for 1-3 (inset,
Fig. 3 and Fig. S9, ESI}) at low temperatures (2 and 5 K) shows
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Fig. 3 Plotof ymT vs. T for compound 1 under 1000 Oe dc field and molar
magnetization (M) vs. applied field (H) at 2 and 5 K (inset).
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that the magnetization increases rapidly at low field and finally
reaches values of 23.2 (1), 28.1 (2), and 15.0 (3) ug at 2 K
(H = 70 kOe) without clear saturation. These values are much
lower than the expected saturation values of five non-interacting
Er*', Ho’", and Tm>" ions. The low values of saturation may
originate from magnetic anisotropy and/or the lack of a well-
defined ground state.

Erbium(m) and holmium(m) are two ions that are well known to
exhibit luminescence in the NIR. Luminescence in this spectral
range is of interest for biomedical imaging, telecommunications
and solar energy conversion. However, due to the small energy gap
between the excited and ground state NIR luminescence is easily
quenched by vibronic coupling with O-H, N-H and C-H vibrations
from water and organic ligands and hard to observe in the liquid
state. For Er’* compounds only two O-H vibrations need to get
activated to allow for a radiationless return to the ground state. No
luminescent Ho>* ILs have been reported so far. We have reported
the luminescence of Erl; in the highly viscous IL [C;,mim]|Tf,N
(Cy,mim = 1-dodecyl-3-methylimidazolium)" and Biinzli and
co-workers studied the optical behaviour of [RE(tta);(phen)]
(tta = thenoyltrifluoroacetonate, phen = 1,10-phenanthroline)
in the ionic liquid crystalline material [C;,mim]CL'® Near
infrared luminescence measurements for 1 and 2 were performed
at room temperature (Fig. S12-517, ESI#). The NIR emission of 1 in
a liquid state is observed when excited at 524 nm (Fig. S13, ESI).
A broad band at 1540 nm with four shoulders (1480, 1510, 1560
and 1590 nm) can be assigned to the “I;5,, — *I;5, transition of the
Er’* ion. The emission spectrum of 1 in the solid state is similar to
that in the liquid state (Fig. S15, ESIf). The lifetime of 1, in both
liquid and solid states, is 0.6 ps. Upon excitation at 487 nm, 2
shows the characteristic NIR luminescence of the Ho’* ion
(Fig. S17, ESIt). The emission spectrum consists of bands with
maxima at 980, 1237 and 1478 nm, which are attributed to °F5 —
5L, °Is — °Igand °F5 — °I, transitions of the Ho®" ion. The lifetime
of 2 is 0.8 ps. The lifetimes are appreciably high for a compound in
the liquid state, especially when taking into account that the rare
earth cations are surrounded by water molecules and organic
ligands were typically lifetimes in the ns regime are found."” The
observed lifetimes are similar to those found for glasses and
complexes with rigid ligand surrounding.'® However, they are a
little shorter than that observed for Erl; doped into the highly
viscous IL [C1,mim|Tf,N (r = 10.4 ps).'

The ILs synthesized not only show intriguing properties as neat
ILs, but also in solution where the quindecim charge cation can
serve as an efficient catalyst. Oxindoles as well as pyrroles are
among the most prevalent heterocyclic compounds being present
as the basic cores in many potent pharmaceutical compounds,
natural products and various kinds of useful materials."® Multi-
component reactions continue to be the center of attention for the
preparation of these compounds since three or more molecular
building blocks can simultaneously be combined into one target
substance.”® As part of outspreading work on the synthesis of
hybrids of both heterocyclic moieties of the above mentioned
compounds, 1-3 have been tested as catalysts to the known”'
synthesis of ethyl 2-methyl-4-(2-oxo-2,3-dihydro-1H-3-indolyl)-5-
phenyl-1H-3-pyrrolecarboxylate (5) through three-component

Mater. Horiz., 2017, 4, 217-221 | 219
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Scheme 1 Synthesis of 2-pyrrolo-3’-yloxindole (5).

coupling of 3-phenacylideneoxindole (4a), ammonium acetate
(4b) and ethyl acetoacetate (4¢) (Scheme 1 and Fig. S11, ESI#).
About 0.03 mol% of ILs (1-3) catalyzed a one-pot reaction with
ca. 96-99% yield and satisfy the general requirements of scale-
up catalyst loadings (< 0.1 mol%).>* Increasing the molar ratio
of 1-3 up to 3 mol% did not improve the yield noticeably. The
high purity, good yields and easy separation of 5 by simple
filtration, encouraged us to investigate the reuse and recycling
of our ionic liquids.

After separation of product 5 by simple decantation, the
residue was directly recycled in the subsequent runs. As shown
in Table S6 (ESIi), the catalysts can be reused at least ten times
without significant loss of activity (ca. 85-87%).

Conclusions

In conclusion, we have demonstrated the syntheses and structural
characterization of the record quindecim charged pentanuclear
rare earth based ionic liquids. Mass spectrometry (ESI-MS) in
combination with single crystal X-ray analysis has proven to be
an exceptionally vital tool for characterizing the metal containing
ILs in liquid/solid states. With room temperature peg (Bohr
magnetons) values as high as 21.2 (1), 23.3 (2) and 16.2 (3) the
effective moments are the highest ever reported for magnetic
ionic liquids (MILs). The ionic liquids can not only respond to a
magnetic field, but also show NIR luminescence and extraordinary
catalytic activity. They can be used in the three-component synthesis
of ethyl 2-methyl-4-(2-0x0-2,3-dihydro-1H-3-indolyl)-5-phenyl-
1H-3-pyrrolecarboxylate at extremely low loading levels (0.029-
0.031 mol%).
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