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ABSTRACT: On the basis of “Li NMR measurements, we have
made detailed studies on the influence of the ionic liquids [emim]
[NTL,], [emim][ClO,], and [emim][EtSO,] on the complexa-
tion of Li" by the bidentate N-donor ligands 2,2’ -bipyridine (bipy)
and 1,10-phenanthroline (phen). For each of the employed ionic
liquids the NMR data implicate the formation of [Li(bipy),]* and
[Li(phen),] ™, respectively. X-ray diffraction studies were per-
formed to determine the coordination pattern in the solid state.
In the case of [emim][ClO,4] and [emim][EtSO,], crystal struc-
tures confirmed the NMR data, resulting in the complexes
[Li(bipy),ClO4] and [Li(phen),EtSO,], respectively. On the
contrary, the ionic liquid [emim][NTf,] generated the C; sym-
metric, dinuclear, supramolecular cluster [ Li(bipy) (NTf,) ] ,, where

the individual Li" centers were found to be bridged by two [N'Tf,] anions. Density functional theory (DFT)-calculations lead to further
information on the effect of stacking on the coordination geometry of the Li" centers.

B INTRODUCTION

In recent years, the demand for environmental friendly and
sustainable chemistry has led to a deeper interest in solvent
effects and the search for customized, so-called designer
solvents."” As a result of their tunable properties, such as density,
viscosity, polarity, conductivity, and melting point, room tem-
perature ionic liquids (RTILs) have emerged as one of the most
promising approaches, and their application has already been
well established in new technologies.” However, since ILs only
consist of cations and anions, they provide a completely different
chemical environment as compared to conventional, molecular
solvents. This raises the question of how dissolved substrates
actually interact with this unique environment, and whether ILs
do more than simply behave as another solvent.

In terms of the nucleophilicity of the different anions that form
part of the ILs, for example, CI,Br ,SCN,NO; ,and N(CN), ",
most of these anions can act as a Lewis base and coordinate to
dissolved metal ions and complexes, either by occupying a vacant
coordination site or, if the anion is a strong nucleophile, by dis-
placing weaker bound ligands. This can lead to a significant modi-
fication of the metal complex when a labile coordination site that is
important for the binding of a substrate, can partially or completely
be blocked by the IL anion. Especially the application of sensitive
catalytically active metal complexes can therefore be influenced or
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controlled by interactions with the anionic component of an IL.**
Most recently, Shirai and Ikeda reported on the macrocyclic com-
plexation of Li" by the cryptand C211 in ILs as solvents. Compared
to the results obtained for nonaqueous solvents, line broaden-
ing experiments on the appropriate "Li NMR signals revealed a
mechanistic changeover that could be attributed to the influence
of the IL anions.®

A detailed knowledge of the possible coordination modes of
lithium ions is an essential prerequisite in the development of
lithium batteries. Therefore, not only solid electrolytes” but also
the combination of lithium salts and ILs are of interest.® °

On the basis of our earlier studies on the coordination of
lithium ions by bidentate N-donor ligands,'"'* and our general
interest in the effect of ILs'® used as solvents, it was our aim to
investigate the influence of some selected ILs on the formation
of such model complexes. In addition, we tried to §enerate the
structural motif Li[bipy]; " as found by Hummel et al."* by employ-
ing ILs in which the anion was systematically varied. We, therefore,
selected the ILs 1-ethyl-3-methyl-imidazolium bis(trifluoromethyl-
sulfonyl)imide ([emim][NTf,]), 1-ethyl-3-methylimidazolium
ethylsulfate ([emim][EtSO,]), and 1-ethyl-3-methylimidazolium
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Figure 1. Structures of the ILs [emim][NT£, ], [emim][ClO,], and [emim][EtSO,].

perchlorate ([emim][ClO,]) (see Figure 1). The latter was used
for the very first time for studies in coordination chemistry.
Depending on their solubility in the applied IL, the bidentate
N-donor ligands 2,2’-bipyridine (bipy) and 1,10-phenanthroline
(phen) were used for the complex-formation reactions of Li™.
To determine the coordination number in solution, the chemical
shift of the "Li NMR signal (abundance: 92.6% ) was studied as a
function of the added ligand concentration in reference to an
external standard. Because different equilibria between solvent
molecules, ligands, and metal jons can generate structural motifs
in solution that can differ from those derived from crystal struc-
tures, we also applied X-ray diffraction to gain more insight into
the coordination pattern in the solid state. In addition, quantum
chemical calculations were performed to obtain further support
for the interpretation of the experimental results.

B EXPERIMENTAL SECTION

Materials. All chemicals used in this study were of analytical reagent
grade or of the highest purity commercially available. 2,2’-Bipyridine,
1,10-phenanthroline, and lithium perchlorate were purchased from
Sigma-Aldrich and used as received. Lithium ethylsulfate was obtained
as a side product in the synthesis of the IL [emim][ClO,] as described
below. Lithium bis(trifluoromethysulfonyl)imide and 1-ethyl-3-methy-
limidazolium bromide were obtained from Iolitec. 1-Ethyl-3-methylimi-
dazolium ethylsulfate was received from Solvent Innovation/Merck and
purified as described below. All chemicals were stored under nitrogen
atmosphere.

Synthesis of [emim][NTf,]. To achieve a high purity, contamina-
tions of methylimidazole were removed by repeated recrystallization of
[emim]Br from a mixture of methanol and acetone. In this recrystalliza-
tion procedure [emim]Br was dissolved in an approximately 10%
amount of methanol at 65 °C. After cooling to room temperature, pre-
cooled acetone was added in a ratio of 1:1 compared to [emim]Br.
Crystallization occurred overnight at a temperature of —23 °C. [emim]
[NTf,] was synthesized from [emim]Br and Li[NTf,] by anion
metathesis, as described elsewhere.® The water content was found to
be 0.00% after drying under high vacuum for S days, at 50 °C. Elemental
Analysis calculated (%) for CgH; FsN30,4S,: C, 24.55; H, 2.83; N,
10.74; S, 16.39; found: C, 24.78; H, 2.65; N, 10.92; S, 16.54.

Purification of [emim][EtSO,]. Traces of impurities were re-
moved by repeated extraction with a mixture of dichloromethane and
water in a volume ratio of 1:1. To achieve a higher optical purity, [emim]
[EtSO,4] was stirred for one week with activated charcoal (Acros
Organics: Norit A SUPRA) under high vacuum at a temperature of
5S °C. After filtration with a Millipore filter, @ = 0.2 um, the water
content was determined by Karl Fischer titration and found to be 0.03%.
Elemental Analysis calculated (%) for CgH4N,0,S: C, 40.66; H, 6.83;
N, 11.86; S, 13.57; found: C, 40.55; H, 6.66; N, 12.13; S, 13,24.

Synthesis of [emim][ClO,]. The IL [emim][ClO,] was prepared
from LiClO, and [emim][EtSO,] according to the direct anion
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metathesis procedure, described elsewhere.'® Li[EtSO,] was thereby
generated as the corresponding side product. After removal of the
applied solvent mixture and drying under high vacuum, [emim][ClO,]
was obtained as a clear, colorless liquid in a yield of 94% with a water
content of 0.02%. Elemental Analysis calculated (%) for C¢H;;CIN,O,:
C, 34.22; H, 5.26; N, 13.30; found: C, 34.22; H, 5.50; N, 13.15.

Synthesis of [Li(bipy)(NTf,)], (1). Solid bipy (234 mg; 1.5
mmol) was added under argon atmosphere to a solution of Li[NTf,]
(144 mg; 0.5 mmol) in 3 mL of [emim][NTf,]. The reaction mixture
was heated to 60 °C under stirring to dissolve the solid bipy. Subse-
quently, the mixture was stored in the refrigerator at 3 °C. Within several
days colorless crystals appeared. Elemental Analysis calculated (%) for
CasH F1oLibNgOgSs: C, 32.51; H, 1.82; N, 9.48 S, 14.47; found: C,
32.01; H, 1.45; N, 9.36; S, 14.89.

Synthesis of 3[Li(bipy),ClO4]1-0.5 bipy (2). Solid bipy (234
mg; 1.5 mmol) was added to a solution of Li[ClO,] (53 mg; 0.5 mmol)
in 3 mL of [emim][ClO,4]. The reaction mixture was heated to 60 °C
under stirring to dissolve the solid bipy. Subsequently, the mixture was
stored in the refrigerator at 3 °C. Within several days colorless crystals
appeared. Elemental Analysis calculated (%) for CssHs,Cl3LisN;30,5:
C, 58.53; H, 3.93; N, 13.65; found: C, 57.94; H, 3.82; N, 13.44.

Synthesis of [Li(phen),(EtSO,)] (3). Solid phen (270 mg; 1.5
mmol) was added to a solution of Li[EtSO,4] (66 mg; 0.5 mmol) in 3 mL
of [emim][EtSO,]. The reaction mixture was heated to 60 °C under
stirring to dissolve the solid phen. Subsequently, the mixture was stored in
the refrigerator at 3 °C. Within several days colorless crystals appeared.
Elemental Analysis calculated (%) for CoH,,LiN,0,S: C, 63.41; H, 4.30;
N, 11.38; S, 6.51; found: C, 62.45; H, 4.25; N, 11.16 S, 6.50.

Elemental Analyses. Elemental Analysers (Euro EA 3000 (Euro
Vector) and EA 1108 (Carlo Erba)) were used for chemical analyses.

NMR Sudies. All operations were performed under nitrogen atmo-
sphere by use of standard Schlenk techniques. In a typical series of
measurements, a solution of bipy or phen (1.0 M in the IL) was mixed in
different volume ratios with a 0.05 M solution of the appropriate lithium
salt. In each case 540 uL of the lithium-ligand solution mixture was
transferred under nitrogen atmosphere to a NMR tube, and a glass
capillary (@ = 1 mm) filled with an external standard (0.1 M LiClO,
solution in DMF) was placed inside the NMR tube. The "Li NMR
spectra were recorded at a frequency of 155 MHz on a Bruker Avance
DRX 400WB spectrometer equipped with a superconducting BC-94/89
magnet system. All measurements were performed at room temperature
under ambient pressure.

X-ray Crystal Structure Determination. Intensity data were
collected either on a Bruker-Nonius KappaCCD diffractometer ([Li-
(bipy)(NTHf,)], and [Li(phen),(EtSO,)]) or on a Bruker Smart APEX-
II diffractometer (3[Li(bipy),ClO4]-0.5 bipy) using graphite mono-
chromatized MoKt radiation (4 = 0.71073 A). Data were corrected for
Lorentz and polarization effects, and semiempirical absorption correc-
tions were performed on the basis of multiple scans using SADABS.'” All
structures were solved by direct methods and refined by full-matrix least-
squares procedures on F> using SHELXTL NT 6.12."® All non-hydrogen
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Figure 2. "Li NMR spectra recorded as a function of the molar ratio

[bipy]:[Li"] in [emim][NTf,] at 25 °C; Li{N'Tf,] was used as a source
of Li" ions.

atoms were refined with anisotropic displacement parameters. The
hydrogen atoms were placed in positions of optimized geometry, and
their isotropic displacement parameters were tied to those of the
corresponding carrier atoms by a factor of 1.2 or 1.5.
Quantum-Chemical Calculations. All structures were fully opti-
mized using the B3LYP hybrid density functional'® and LANL2DZ basis set
augmented with polarization functions (further denoted as LANL2DZp) *"**
All structures were characterized as minima by computation of vibrational
frequencies. The GAUSSIAN 03 suite of programs was used throughout.”

B RESULTS AND DISCUSSION

’Li NMR Studies. On the basis of our earlier studies,'’ the
number of bidentate ligand molecules coordinated to a Li* ion in
solution was determined by applying "Li NMR measurements. In
a typical experiment the concentration of the appropriate lithium
salt was kept constant, while the concentration of the bidentate
ligand was varied over a wide range. The resulting chemical shift
of the "Li signal was then plotted against the mole ratio of
[ligand]:[Li"]. When such a plot shows a remarkable disconti-
nuity in the chemical shift, the appropriate [ligand]:[Li "] ratio
can be taken as the coordination number relative to the bidentate
ligand.** Although such experiments can not reveal unequivocal
information to which extent the remaining coordination site is
indeed occupied by an anion of the employed IL, we can at least
estimate whether the first coordination sphere provides enough
space for the coordination of a solvent anion. On the basis that a
maximum of three phen or bipy molecules can occupy six coor-
dination sites as found by Hummel et al,"* we can then estimate
the number of remaining vacant coordination sites.

Coordination of Li* by bipy in [emim][NTf,]. The bis-
(trifluoromethylsulfonyl)imide anion (NTf, ) is one of the
most common building blocks used in ILs. On the one hand
many ILs that contain this anion have melting points below 0 °C
and low viscosities, whereas on the other hand the NTf, ™ anion
exhibits a weak coordinating ability because of its sterically
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Figure 3. Chemical shift of the Li signal as a function of the molar ratio
[N,N-ligand]:[Li"] at 25 °C.

demanding and electron withdrawing trifluoromethyl groups.
Thus, we started our investigations on the coordination of bipy to
Li" ions, using the IL [emim][NTf,] (Guttmann Donor Num-
ber DN = 11.2 kcal/mol)*® as solvent. To avoid effects of other
anions, Li[NTf,] was employed as a source for Li* ions.

As illustrated by the NMR spectra in Figure 2, the successive
addition of bipy leads to a significant downfield shift of the "Li
signal up to a molar ratio of about [bipy]:[Li*] = 4:1, suggesting
a strong interaction between Li" and bipy. At higher concentra-
tion levels of bipy, the "Li signal is only slightly further shifted and
the first coordination sphere of the Li* center is almost saturated.
In Figure 3 the chemical shift was plotted as a function of the
molar ratio [bipy]:[Li*], and the straight lines (blue color)
clearly indicate a break point in the chemical shift at a molar ratio
of [bipy]:[Li"] = 2:1. This suggests that under these conditions
two bipy molecules occupy the first coordination sphere of the
Li" ion. As a result of the curvature observed in the data, the
measured chemical shift at this ratio is not identical to the value
expected from the crossing point of the straight lines. Therefore,
the equilibrium between nonchelated and chelated Li* has to be
formulated according to eq 1.

Li* 4 2N,N-ligand = [Li(N,N-ligand),]" (1)

To clarify whether the first coordination sphere of the Li"
center is occupied by an additional anion of the employed IL, we
also investigated the possible coordination of NTf,  using
nitromethane as solvent. Here the successive addition of [emim ]
[NT£,] to a solution of LiClO, in nitromethane led to a small
upfield shift of the "Li signal, indicating that only weak interac-
tions between Li* and NTf,™ are present (Supporting Informa-
tion, Figure S1). Nevertheless, a clear discontinuity in the
chemical shift is observed for a molar ratio of [NTf, J:[Li"] =
2:1, suggesting the coordination of two NTf, ™ anions.”® On the
basis of results from other groups, it seems plausible to expect
coordination of NTf, ™ in the 77°-mode via the sulfonyl oxygen
atoms, which leads to an overall tetrahedral coordination geometry
ofthe Li* center.”” Thus, the formation of [Li(bipy),]™* occurs via
displacement of coordinated N'Tf, by bipy, and the occupation of
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Table 1. Overall Stability Constants f8, for Li(N,N-ligand), Complexes

complex solvent donor number [kcal/mol]
Li(bipy), [emim][NTH, ] 11.2

Li(bipy), [emim][ClO,] 7.6

Li(phen), [emim][EtSO,] 22.3

Li(bipy), nitromethane 2.7

Li(phen), nitromethane 2.7

“ These values were derived from the data presented in ref 11.

Ba M 2] log 3, log f3, (literature)
(29 £3) x 10° 4.46
(28 £3) x 10° 4.45
(21 £1) x 10° 432
(57 £8) x 10*“ 476 4.73 (ref 32)
(153 4 38) x 10*¢ 5.18

further coordination sites by an additional anion can therefore be
excluded.

Coordination of Li* by bipy in [emim][ClO4]. The tetra-
fluoroborate anion (BF, ") is one of the anions with the lowest
coordinating ability suitable for the synthesis of RTILs. However,
the application of BF,  can be very problematic because of its
hydrolytic sensitivity. Perchlorate anions (ClO, ) exhibit a low
polarizability and also behave as poor nucleophiles because of a
complete delocalization of their negative charge over four oxygen
atoms. In combination with the [emim] cation they also
generate a RTIL with a Donor Number of 7.6 kcal/mol, which
is quite similar to that of [emim][BF,] (DN = 7.3 kcal/mol).>
We, therefore, also studied the influence of the weakly co-
ordinating RTIL [emim][ClO,4] on the complexation of Li" by
bipy. Similar to the NMR data obtained for [emim][NTf, ], the
stepwise addition of bipy to a solution of LiClO, led to a
significant downfield shift of the "Li signal up to a molar ratio of
about [bipy]:[Li"] = 4:1. Above this ratio, higher concentra-
tions of bipy have only little influence on the chemical shift,
even though a slightly stronger increase is observed as com-
pared to [emim][NTf,]. This can be ascribed to a stronger
competition between bipy and ClO, , which exhibits less
sterical hindrance than NTf,” because of its smaller molecular
size. Nevertheless, the first coordination sphere of the Li" ions
is almost saturated and complexation by bipy is clearly favored.
As outlined by the crossing point of the red lines (see Figure 3)
a significant discontinuity in the chemical shift is observed for a
molar ratio of [bipy]:[Li*] = 2:1, which suggests the coordina-
tion of two bipy molecules to a Li" ion. Because of its low
coordinating ability, we were not able to determine the
coordination mode of ClO, ™ anions to Li" by NMR studies.
Further performed '7O and *°Cl NMR measurements only
exhibited single signals that were not very informative.
Although most studies on related systems indicate that Li" is
4-fold coordinated in solution,”® Wickleder and Henderson
et al. published a crystal structure® that exhibits Li* ions
coordinated in an octahedral mode by 77" bound ClO,~ anions.
Therefore, we can not completely exclude additional coordina-
tion of a maximum of two ClO,  anions within the first
coordination sphere.

Coordination of Li* by phen in [emim][EtSO,]. The direct
alkylation of 1-methylimidazole with diethylsulfate is an effective,
halide free synthesis, and the resulting IL [emim][EtSO,] is one
of the cheapest ILs commercially available.*® In addition, [emim]
[EtSO,] can be used as a source of [emim] cations in the synthesis
of other ILs by applying direct or membrane assisted metathesis
procedures.®’ Although [emim][EtSO,] exhibits a Gutmann
Donor Number of 22.3 kcal/mol and the ethylsulfate anion is
supposed to coordinate to lithium ions,™ it was quite interesting to
see whether this cheap but coordinating IL influences or even
prevents complex-formation reactions.

We used phen instead of bipy because of the poor solubility of
the latter in [emim][EtSO,]. Despite the fact that phen exhibits a
more rigid structure than bipy, earlier studies performed in
nitromethane as solvent showed no influence on the coordina-
tion behavior and complex-formation reaction.'’ Accordingly,
the successive addition of phen to a solution of Li[EtSO,] also
leads to large downfield shifts in the "Li signal. The results are
presented by the green dots in Figure 3. Compared to the data
obtained for the other solvents, this NMR titration features a
more distinct curvature and the Li signal at higher ratios than
[phen]:[Li*] = 4:1 is also downfield shifted. This leads to the
conclusion that the [EtSO,] anion has a much larger influence on
Li" and saturation of the first coordination sphere is only reached
at higher concentration levels of phen because of the competition
between EtSO, and phen to bind to Lit. However, a disconti-
nuity in the chemical shift of the "Li signal can again be observed
for an approximate ratio of [phen]:[Li"] = 2:1, as indicated by
the red lines in Figure 3. Therefore, complex-formation is not
prevented by EtSO, ", and lithium ions are coordinated by two
phen ligands similar to the other systems reported above.
Unfortunately, we were again not able to find evidence for the
additional coordination of an EtSO,~ anion. Application of a "Li
NMR titration in a weakly coordinating solvent like nitro-
methane, led to the precipitation of Li[EtSO,] as a white solid.
70 NMR measurements performed directly on [emim][EtSO,]
only showed one broad signal that was not very informative.
Thus, the coordination of an additional EtSO, anion can not be
completely excluded.

Stability Constants. As mentioned above, the results pre-
sented in Figure 3 indicate a clear curvature of the graphs which
can be accounted for by an equilibrium (eq 1) between chelated
and free lithium ions in solution. Depending on the position of
this equilibrium, the observed NMR data differ from the applied
linear fits, especially in the region of the observed discontinuity.
These differences allow the estimation of the overall stability
constants 3, of the generated [Li(bipy),]* or [Li(phen),]™
complexes, by application of eq 2 at a molar ratio [N,N-ligand]:
[Li"] = 2:1. The appropriate concentrations of free ligand, free
lithium and chelated lithium can be calculated from the observed
and expected chemical shifts and the total concentrations of Li"
and N,N-ligand at this molar ratio, respectively.

[Li(N,N-ligand), ]
[Ligee] [N 7N-hgandﬁ‘ee] g

ﬁz = (2)

The resulting stability constants (3, are summarized in Table 1
and compared to data obtained for nitromethane as solvent.
In terms of the applied ILs, [emim][NT£,] and [emim][ClO,]
with a low coordinating ability lead to similar stability constants.
Though [emim][NTf,] exhibits a slightly higher Donor Number,
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Table 2. Crystallographic Data, Data Collection, and Refinement Details for the Investigated Compounds

CSD-ref code

CCDC-810346

CCDC-810347

CCDC-810348

substance [Li(bipy) (NT£,)], (1) 3[Li(bipy),ClO,4]-0.5 bipy (2) [Li(phen),(EtSO4)] (3)
empirical formula Cy4H;6F1,Li,NgOsS, CssHs>Cl3LisN 1304, C,6H,LiIN,O,S
mol. weight [g/mol] 886.55 1334.37 49247
crystal size [mm] 0.24 x 0.20 x 0.17 0.45 x 0.28 x 0.18 0.34 x 0.23 x 0.14
temperature [K] 150(2) 100(2) 150(2)
crystal system triclinic triclinic monoclinic
space group PT (no. 2) PT (no. 2) P2,/c (no. 14)
a[A] 9.0329(3) 10.6247(2) 16.7031(10)
b [A] 9.6847(7) 15.5181(2) 11.1598(6)
c[A] 10.9049(11) 19.4551(3) 13.2751(7)
o [deg] 68.141(7) 82.158(1) 90
B [deg] 76.947(4) 89.379(1) 107.738(6)
7 [deg] 80.558(5) 77.308(1) 90
v [A%] 859.13(11) 3099.41(9) 2356.9(2)
VA 1 2 4
o [g/em?®] (calc.) 1.714 1.430 1.388
w [mm™'] 0.397 0.224 0.179
F (000) 444 1378 1024
abs. corr SADABS SADABS SADABS
Trnin; Tonax 0.804; 0.935 0.662; 0.746 0.840; 0.975
20 interval [deg] 7.1 <20 < 558 52 <20 <558 5.9 <20 <558
coll. refl. 26629 49406 72730
indep. refl. 4098 14532 5623
R(int) 0.0382 0.0391 0.0399
obs. refl. [I = 20(I)] 3358 11257 4577
no. ref param. 253 865 326
wR,; (all data) 0.0837 0.1013 0.1215
R, [I = 20()] 0.0338 0.0388 0.0406
GoF F* 1.024 1.039 1.040
max.; min res. electr. density[e A™3] 0.375; —0.325 0.315; —0.577 0.459; —0.396
»
Figure 4. Molecular structure of [Li(bipy)(NTf,)], (1).
the larger size of NTf, minimizes interactions with the individual the lowest stability constant. From a comparison of this value
lithium ions, and leads to a slightly higher stability constant with the data derived from nitromethane as solvent, it is obvious

compared to [emim][ClO,]. In contrast, [Li(phen),]" exhibits that the lack of stability must be attributed to effects of the IL
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Table 3. Selected Bond Distances [A] and Bond Angles [deg] of 1

bond length (meas.) length (calc.)
Li(1)—N(1) 2.082(3) 212
Li(1)-N(2) 2.077(3) 213
Li(1)—0(1) 2.123(3) 2.07
Li(1)-0(24) 2.060(3) 2.03
Li(1)-0(3) 2.076(3) 2.04

bond angle (meas.) angle (calc.)
N(1)—Li(1)—0(1) 146.2(2) 156.8
0(3)—Li(1)~N(2) 161.8 (2) 151.8
0(2A)—Li(1)—0(1) 101.5(2) 98.3
0(2A)~Li(1)~0(3) 96.0(2) 104.3
N(2)-Li(1)—0(1) 922(2) 92.8

Figure S. Stacking of 1; view along the crystallographic c-axis.

[emim][EtSO,], as [Li(phen),]™ in nitromethane exhibits a
significantly higher stability constant than [Li(bipy),]*.>*

X-ray Diffraction Studies. All crystals used for X-ray diffrac-
tion studies were obtained directly from the employed ILs. On
the basis of our "Li NMR experiments, we employed lithium salts
featuring the same anion as the appropriate IL for crystallization
to exclude possible effects of other anions. Important details and
parameters concerning the data collection and structure refine-
ments are given in Table 2.

Structure of [Li(bipy)(NTf;)], (1). In contrast to the results
obtained from the "Li NMR experiments, X-ray diffraction studies
revealed a completely different coordination pattern of Li" in the
presence of bipy in the solid state. As shown in Figure 4, the
discrete dimeric lithium species [Li(bipy) (NTf,)], (1) was found
to be the principal structural motif that controls the stacking process.
The asymmetric unit of 1 contains one-half of the molecule, whereas
the second half is generated by an inversion center, located at the
center of the molecule.

Each Li" ion is 5-fold coordinated by two nitrogen and three
oxygen donor atoms. Following the concept of Addison and
Reedijk to characterize the coordination geometry by use of the
so-called 7-value (7 = (f—0t)/60), basal angles of ot = 146.17
(16)° (N(1)—Li(1)—0O(1)) and S = 161.81 (17)° (O(3)—
Li(1)—N(2)) result in a 7 value of 0.26. This indicates a distorted

square-pyramidal coordination geometry for each Li" center.*®
Both bipy and one NTf, ~ anion coordinate in a77°-mode toa Li*
ion, spanning the tetragonal base of this polyhedron, whereas the
apical position is occupied by an oxygen atom of the second,
neighboring NTf,™ anion. Therefore, the individual Lit centers
are not only bound 77 by one NTf, ~ anion. Both Li" centers of 1
are in addition bridged by one sulfonyl subunit of each NTf, ™~ anion.
This leads to a complex structure of two six-membered ring systems
connected by an eight-membered ring. Being part of two rings, the
distance Li(1)—O(1) (see Table 3) is slightly elongated compared
to the other Li—O contacts, indicating a weaker interaction caused
by steric effects.

Earlier studies by Davidson et al. on the coordination of
tetramethylethylenediamine (TMEDA) led to a similar dimeric
lithium species as presented in Figure 4.** In contrast to our
observations, both Li" centers in their structure exhibit trigonal-
bipyramidal coordination geometries. By application of density
functional theory (DFT) calculations without any symmetry
constraints (B3LYP/LANL2DZp), we found that for the TMEDA
ligand both structural motifs could be possible (see Supporting
Information, Figure S2) and the clear preference for the trigonal-
bipyramidal coordination geometry can be attributed to packing
effects. However, similar calculations performed on the bipy complex
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only resulted in a square-pyramidal coordination geometry (ot =
151.8%, B = 156.8°, 7 = 0.08) (see Table 3 and Supporting
Information, Figure $3). This leads to the conclusion that in our
case the observed geometry must be favored by a lack of flexibility
within the bipy ligand as compared to the TMEDA ligand.

On considering stacking effects, the trifluoromethyl groups of 1
are orientated cisoid with respect to the same NTf,  anion, whereas
those of different anions are found to be transoid. As illustrated in
Figure 5, 1 is arranged in parallel layers with the trifluoromethyl
groups facing other trifluoromethyl groups of the next layer above
and below. This leads to the formation of unpolar arrays, the so-called
“fluorous regions” that separate the individual layers.”

Although the NTf,  anion offers different possible ways to
coordinate to a metal center (N-donor as well as O-donor), a clear
preference for coordination via oxygen atoms is observed.>**” This
can be ascribed to steric effects, but also be attributed to electronic
features. Because of the electron withdrawing character of the
trifluoromethyl groups, a large degree of pst—dr bonding within
the N—S moiety leads to charge delocalization over the whole
NTf,  anion.*®

Figure 6. Molecular structure of Li(bipy),ClO, in crystals of 2 (here
Li3).

Structure of 3[Li(bipy),ClO,4]-0.5 bipy (2). In agreement
with the "Li NMR data, the single crystal X-ray structure deter-
mination revealed a monomeric lithium species with the empiri-
cal formula [Li(bipy),ClO,], as shown in Figure 6. Because of
additionally enclosed bipy molecules, the crystal structure pos-
sesses an asymmetric unit that contains three molecules of

Figure 8. Stacking of Li2; view along the crystallographic b-axis. Lil
and Li3 omitted for clarity.

Figure 7. Stacking of Lil and Li3; view along the crystallographic a-axis. Li2 and additionally enclosed bipy molecules omitted for clarity.
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[Li(bipy),ClO,] (Lil, Li2, Li3) and a half bipy molecule. Within
the asymmetric unit, Lil, Li2, and Li3 differ slightly in terms of
their bond lengths, bond angles, and torsion angles of the bipy
ligands (see Supporting Information, Table S1). However, they
all exhibit the same coordination pattern and geometry.
Although ClO, " is known to possessa low coordinating ability,
the Li* center is bound in the 77°-mode by both one ClO, ™~ anion
and two bipy molecules, leading to a distorted octahedral coordi-
nation geometry. On considering the structure of trichelate com-
plexes, bidentate ligands such as bipy, acetylacetone, and so forth are

known to form A and A enantiomers.” Surprisingly, we found Lil,
Li2, and Li3 to be achiral complexes and the bipy moieties to feature
torsion angles (N—C—C—N) with different algebraic signs (see
Supporting Information, Table S1). To estimate the energy differ-
ences between the observed meso- and the A- or A-structures, we
tried to calculate (B3LYP/LANL2DZp) the stability of these motifs.
However, independent of the starting structure, we only found the
chiral motifs to be stable (see Supporting Information, Figure S4).
This leads to the conclusion that the achiral structure is preferred as
a result of packing effects.

The crystal structure has several motifs that control the
stacking. Lil and Li3 generate two parallel chains that run along
the b-axis through the center of the unit cell (see Figure 7). Both
chains are connected by C—H- - - O interactions between H(43)
and O(13) [C(43)---0(13) = 3.292(2) A; H(43)---0O(13) =
241 A; C(43)—H(43)---0(13) = 154.7°]. Because of an
antiparallel arrangement of Lil and Li3 within these chains,
the bipy ligands face each other, and the average distances of
3.44 A (Li1, bipy: N1-C1—C10—N2; Li3, bipy N11—CS1—
C60—N12, determined as the distance between the centers of
the neighbor C6—C7 and C54—CSS bonds) and 3.63 A (Lil,
bipy: N3—C11—C20—N4; Li3, bipy N9—C41—CS0—N10,
determined as the distance between the centers of the neighbor
C15—C16 and C45—C46 bonds) enable 77— interactions
between parts of these ligands. As shown in Figure 8, the Li2
complexes are located in opposite directions above and below
the ab-planes, likewise generating two parallel chains but
running along the a-axis. Within each chain, the individual
Li2 complexes are connected by C—H-:-O interactions
between H(33) and O(23) of the next complex [C(33): -
0(23) = 3.390(2) A; H(33)---0(23) = 2.52 A; C(33)—
H(33)- - -0(23) = 152.5°]. Because of the symmetry, the bipy
ligands (N7—C31—C40—N8) face each other and the average
distances of 3.44 A (determined as the distance between the

*—

(-]

Figure 10. Stacking of 3; view along the crystallographic c-axis (top view on a monolayer).
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Table 4. Selected Bond Lengths [A] and Bond Angles [deg] of 3

bond length (meas.) length (calc.)
Li(1)—N(1) 2.121(3) 213
Li(1)-N(2) 2.185(3) 217
Li(1)—-N(3) 2215(3) 235
Li(1)—N(4) 2.160(3) 217
Li(1)—0(12) 2.047(3) 191

bond angle (meas.) angle (calc.)
N(1)—Li(1)—N(3) 111.1(2) 97.8
N(4)—Li(1)—-N(2) 166.9(2) 165.9
0(12)—Li(1)—N(1) 121.9(2) 112.8
0(12)—Li(1)—N(3) 126.8(2) 148.6
0(12)—Li(1)—N(2) 99.5(2) 99.1

Figure 11. Stacking of 3; view along the crystallographic a-axis.

centers of two neighbor C36—C37 bonds) indicate 77— inter-
actions through the ab-plane that connect both chains.

The structural motifs presented in Figures 7 and 8 cross each
other similar to tree trunks of a blockhouse. As mentioned above,
the crystal exhibits additionally enclosed bipy molecules, not
taking part in any coordination and therefore featuring a more
stable transoid and nearly planar conformation.** These mole-
cules fill the remaining space, that is, in the center of the c-axis.

Structure of [Li(phen),(EtSO,4)] (3). As shown in Figure 9,
X-ray diffraction studies revealed a monomeric lithium species,
being the principal structural motif that exhibits the empirical
formula [Li(phen),(EtSO4)] (3). The asymmetric unit of 3
contains the molecule itself.

In agreement with the results obtained from our NMR data,
Li" ions in the solid state are likewise coordinated by two phen
molecules. Together with a monodentate bound EtSO,  anion,
each Li" center is 5-fold coordinated and basal angles of o =
111.09 (13)° (N(1)—Li(1)—N(3)) and S = 166.92 (15)°
(N(4)—Li(1)—N(2)) result in a 7 value of 0.93, indicating a
distorted, trigonal-bipyramidal coordination geometry.*® The

phen molecules occupy in the 7* mode the axial as well as two
equatorial positions, whereas the third equatorial position is
bound by one of the terminal oxygen atoms of the EtSO,
anion. Although sulfate ions and their derivates exhibit differ-
ent possible coordination modes (they can behave as mono-
dentate ("), bidentate (17%), or bridging (u) ligands), structure
3 shows a preference for 7' coordination. Application of DFT
calculations in the absence of symmetry constraints (B3LYP/
LANL2DZp) surprisingly led to a 6-fold coordinated Li" .species
with the EtSO,~ anion bound in the 7*-mode to the Li" center
(Supporting Information, Figure S5). A $-fold coordinated Li "
complex with the EtSO,~ anion bound in the 7'-mode was
found to be stable if the Li" center is included in the square-
pyramidal coordination geometry (a = 148.6°, f = 165.9°,
7 = 0.29) (Supporting Information, Figure S6). Therefore,
the trigonal-bipyramidal constitution of 3 can be attributed
to stacking effects that lead to a better 77—t interaction mentioned
below.

The stacking can be described by vertical layers consisting
of parallel chains running along the crystallographic a-axis
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(Figure 10). Within these chains, compound 3 is arranged
antiparallel in a zigzag pattern. Because of the symmetry, phen
ligands using the same labeling span parallel planes with a
distance of 3.46 A (phen: N1—C1—C12—N2, determined as
the distance between neighbor C4 atoms) and 3.41 A (phen:
N3—C13—C24—N4, determined as the distance between the
centers of neighbor C15—C16 and C23—C24 bonds). These
distances indicate ;T— interactions between parts of the
aromatic phen systems, leading to a shorter Li(1)—N(1) =
2.121(3) A and alonger Li(1)—N(3) = 2.215(3) A bond length.
Compared to the other Li—N bonds (Table 4), these distances
deviate for steric reasons and lead to a better 77— interaction.
As shown in Figure 11, the vertical layers outlined in Figure 10
are successively staggered. This arrangement enables the for-
mation of C—H- + + O interactions between H(22) and O(14)
of the next vertical layer [C(22):-O(14) = 3.242(2) A;
H(22)---0(14) = 236 A; C(22)—H(22)- - -O(14) = 154.6°]
and leads to an interaction of the individual layers over the
whole surface.

Il CONCLUSIONS

The results obtained from our ’Li NMR studies clearly
demonstrate that Li* ions, diluted in the three employed ILs,
are chelated by two bipy or phen molecules. In the case of
[emim][ClO,] and [emim][EtSO,], this observation was con-
firmed by crystal structures, where each Li" center was found to
be coordinated by two chelate molecules and one anion of the
corresponding solvent. Although the coordination of an anion
could be an effect of charge neutralization and therefore an effect
of the crystallization process, a likewise coordination of these
anions in solution can not be excluded completely. To our
surprise, the NTf,  anion, which was supposed to have only
little influence on the complex-formation reaction, generated a
completely different coordination pattern in the solid state. This
means that the coordination behavior of the NTf,” anion
caused by its electronic properties can have a significant
influence on the solid state structure, even though NTf, ™
seems to behave nearly innocent in solution. Redissolving these
crystals in [emim][NTf,] must then lead to a different complex
structure in solution, because of the new ratio of [bipy]/[Li*] =
1:1. Despite an excess of bipy or phen over Li", the structural
motif [Li(bipy);], as found by Hummel et al,'* was not
observed in this study, neither in solution nor in the crystal
structures. Thus, the generation of this motif must be an effect
of their binary melts, since Hummel et al. used bipy itself as
solvent. These observations clearly demonstrate that our un-
derstanding of how metal salts dissolve in ILs, and how ILs
actually interact with catalytically active complexes, remains
rather limited. On the other hand the reported molecular and
crystal structures of lithium complexes in ILs form a good basis
for systematic studies on the chemical reactions of such com-
plexes in ILs.

As a result of decades of research, scientists have developed a
good understanding of the role of conventional solvents, but still
much more needs to be done to reach such an understanding
for the role of ILs as solvents in coordination chemistry.
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