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On the basis of ’Li NMR studies the coordination mode of phenantroline (phen) and bipyridine
(bipy) to Li* ions was found to be [Li(phen),]* and [Li(bipy),]T in the weakly coordinating sol-
vent nitromethane. A large chemical shift of the "Li signal indicated a strong interaction between
the ligand and the metal center. The related sp®-hybridized N-donor ligand 2,2"-bis[(4S)-4-benzyl-2-
oxazoline] (biox) showed a negligible effect on the 7Li shift, suggesting that almost no interaction
occurs between the Li™ center and biox as compared to Li™ and the solvent y-butyrolactone. Corre-
sponding DFT (RB3LYP/LANL2DZp) calculations have clearly indicated that the poor coordination
of biox is not caused by steric effects but rather by the electronic nature of the heterocyclic biox

system.

Key words: Lithium Complex Formation, 7Li NMR, N Chelates, DFT Calculations

Introduction

During the past decades the inorganic chemistry
community focused its attention on transition metal
complexes because of their versatile application in
catalysis [1], supramolecular self-assembly [2] and
biomimetic chemistry [3]. Main group coordination
chemistry also underwent fascinating developments in
related areas [4,5]. Especially the numerous applica-
tions of lithium ions in supramolecular compounds
and catalysts [6,7], with industrial, biomimetic and
medicinal relevance, are good examples for the impor-
tance of main group metal-based coordination chem-
istry [8—16].

In homogeneous catalysis a detailed understanding
of fundamental processes such as solvent exchange
reactions, is an important prerequisite for the selec-
tion, optimization and composition of ideal solvents
or solvent mixtures. This can further help to under-
stand ligand exchange and substitution processes on
metal ions in various solvent environments. In many

cases, equilibria between solvents, ligands, metal cen-
ters, and other components, can generate structures as
well as coordination numbers in solution which are
different from those found in the solid state. Whereas
X-ray diffraction can only reveal information on solid-
state structures, NMR spectroscopy offers an alterna-
tive method to study structures in solution.

Based on earlier work by Pasgreta et al. [17], it
is our present aim to investigate the coordination of
lithium ions by various bidentate ligands, and to deter-
mine the coordination number in solution by ’Li NMR
measurements. We therefore studied the chemical shift
of the 7Li signal (abundance: 92.6 %) as a function of
the added ligand concentration in reference to an ex-
ternal standard. In addition, quantum chemical calcu-
lations were performed in order to gain further support
for the interpretation of the experimental observations.

In this study we selected the bidentate N-donor lig-
ands 2,2-bipyridine (bipy) and 1,10-phenanthroline
(phen). Their structural motives are commonly used in
supramolecular chemistry and are components of var-
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Fig. 1. Structures of N,N-ligands bipy, phen, and biox.

ious bicyclic cryptands [18]. Since phen is more rigid
than bipy, these ligands differ more in their flexibility
than in their donor properties. As a tribute to the work
of Rolf W. Saalfrank we also selected 2,2'-bis[(4S)-4-
benzyl-2-oxazoline] (biox) for our investigations (see
Fig. 1) [19, 20]. This biox ligands is a well known lig-
and in catalysis [20,21] and of particular interest in
this study for a number of reasons: i) this ligand con-
tains N- and O-donor atoms and therefore offers two
possible coordination modes; ii) because of its C; sym-
metry, this ligand has a chiral character; iii) the bulky
benzyl groups can induce steric hindrance; iv) the N-
donor atoms are also sp>-hybridized but not involved
in aromatic electron delocalization.

Experimental Section

Materials

All chemicals used in this study were of analytical reagent
grade or of the highest purity commercially available. 2,2’-
Bipyridine (bipy), 1,10-phenanthroline (phen), lithium per-
chlorate and lithium iodide were purchased from Sigma-
Aldrich, stored under nitrogen atmosphere, and used with-
out further purification. 2,2'-Bis[(4S)-4-benzyl-2-oxazoline]
(biox) was synthesized according to a procedure described
in the literature [19,20]. Nitromethane and y-butyrolactone
were purchased from Acros Organics, and nitromethane was
purified from organic impurities as described below.

Purification of nitromethane

To a stirred 1:1 (v/v) mixture of nitromethane and diethyl
ether, small pieces of dry ice were added until the tempera-
ture was well below —60 °C, and nitromethane crystallized.
The resulting suspension was filtered from diethyl ether by
passing it through a Biichner-type funnel covered with a fil-
ter paper and coated with dry ice powder. The crystals were

washed with pre-cooled (in a dry ice-acetone mixture) di-
ethyl ether and transferred to a round bottom flask. After
melting, residues of diethyl ether and carbon dioxide were
removed by bubbling nitrogen gas through the liquid. The re-
sulting liquid was distilled twice by use of a Vigreux column
and stored under nitrogen atmosphere [22].

Sample preparation

All operations were performed under nitrogen atmosphere
by use of standard Schlenk techniques. In the case of bipy
and phen a solution of the bidentate ligand (1.0 M in ni-
tromethane) was mixed in different volume ratios with 1 mL
of a solution of the appropriate lithium salt (0.05 M in ni-
tromethane). Because of its poor solubility, biox samples
were prepared by addition of 1 mL of a lithium perchlorate
solution (0.05 M in y-butyrolactone) to various amounts of
the solid ligand to obtain the appropriate molar ratios.

NMR studies

7Li 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.
In a typical experiment, 540 uL of the lithium-ligand solu-
tion mixture was transferred under nitrogen atmosphere to an
NMR tube, and a 1 mL glass capillary filled with an external
standard (0.1 M LiClOy4 solution in DMF) was placed inside
the NMR tube. All measurements were performed at room
temperature under ambient pressure.

Quantum-chemical calculations

All structures were fully optimized using the B3LYP hy-
brid density functional [23] and the LANL2DZ [24] basis
set augmented with polarization functions (further denoted
as LANL2DZp) [25,26]. All structures were characterized
as minima by computation of vibrational frequencies. The
GAUSSIAN 03 suite of programs was used throughout [27].

Results and Discussion
Adopted method

To determine the number of ligand molecules coor-
dinated to the Li™ ions by NMR techniques, the con-
centration of the appropriate lithium salt was kept con-
stant while the concentration of the bidentate ligand
was varied over a wide range. The measured chemical
shift of the "Li signal was then plotted against the mo-
lar ratio of ligand : metal. When such a plot shows a re-
markable discontinuity, the appropriate ligand : metal
ratio can be taken as the coordination number of the
ligand. In order to avoid the disturbing influence of



M. Schmeisser et al. - Ligand Exchange Processes on Solvated Lithium Cations 407
7.0
6.0 / * o o oo
__ 50
g_ e —— — S S
e
& 40
@
= * phen/LiClO,
E 3.0 = bipy/LiCIO,4
2 bipy/Lil
S * biox/LiCIO,
20
1.0 -
L I ) L " mn N | ] | ] L} | - u n
0.0 : ; ‘ ‘ ‘
0 1 2 3 4 5 6 Fig. 3. 7Li NMR shift as a function of the lig-

molar ratio ligand:LiX

the solvent on the investigated system, an inert “non-
coordinating” solvent must be used. On the other hand,
typical alkali metal salts are not appreciably soluble in
really inert solvents. With a Gutmann donor number
of DN = 2.7, nitromethane [28] presents a good com-
promise for the various requirements and is supposed
to interact only weakly with the Li™ ions or bidentate
ligands.
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Fig. 2. 'Li NMR spectra recorded as a function of the
phen:LiClO4 molar ratio at 25 °C (ext. standard 0.1 M
LiClO4 in DMF).

and:LiX molar ratio at 25 °C (color online).

Coordination of Li* ions by phen

As a starting point for our studies we selected the
coordination of the phen ligand to Li* ions. Because
of the size and the structure of the phen ligand, we ex-
pected two or not more than three ligand molecules to
coordinate to a Li* center. As source of Li* ions we
used LiClO4 to minimize anion effects. Fig. 2 illus-
trates the results obtained from the Li NMR study.
The step-wise addition of phen leads to a significant
down-field shift of the 7Li signal, which indicates a
strong coordination by the phen ligand. This behavior
stops at a molar ratio of at about 2.8, after which no fur-
ther shift of the "Li signal was observed. Fig. 3 shows
a plot of the chemical shift as a function of the mo-
lar ratio. As indicated by the straight lines (blue color)
a clear breakpoint can be observed at a molar ratio of
phen to Li™ of 2: 1, which indicates that Li™ is coordi-
nated by two phen molecules under these conditions.

On the other hand, the measured chemical shift at
this molar ratio is not the same as determined from the
crossing point of the straight lines, so that the equilib-
rium between chelated and non-chelated Li™ ions has
to be considered (Eq. 1).

Li* +2 phen —— [Li(phen),]* (1)

Buttery et al. recently published X-ray data for va-
rious alkaline ions coordinated by phen. In contrast to
our procedure they used methanol as a solvent for the
crystal growth [29]. However, they also found that two
phen molecules coordinate to an Li* ion. Although
the methanol molecule is known to be a good donor,
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their crystal structure astonishingly exhibits only four-
coordinate Li™. The measured Li*—-N distances of
2.07 and 2.10 A are somewhat elongated compared
to the calculated (B3LYP/LANL2DZp) bond length of
2.05 A (see Fig. 4). This slight difference can be at-
tributed to the influence of proximate molecules and
ions in the solid state. Unfortunately, our NMR data
did not reveal any information on to which extent a
solvent- or counter ion-free coordination site of Lit
is an effect of ideal crystal growth, or whether there
is indeed no perchlorate anion coordinated to the Li™*
cation in solution. However, on the basis of the IR
and Raman spectral data reported by Chabanel et al.,
we can (almost) exclude ClO4~ coordination [30]. In
their spectroscopic study, it was clearly shown that the
ClO4~ counterion only coordinates in nitromethane if
no stronger potential ligand is present in solution. In
our case phen is clearly the strongest donor system,
exhibiting sp?-hybridized N-donor atoms.

Coordination of Li* ions by bipy

In order to clarify, whether the rigidity of the phen
molecule influences the coordination pattern of the Lit
ions, and whether a more flexible ligand could pro-
voke coordination by three ligand molecules, we re-
peated the experiments by using bipy as the bidentate
N-donor system. Analogous to phen, the step-wise ad-
dition of bipy to a solution of LiClO4 also led to a sig-
nificant down-field shift of the "Li signal and reached
a maximum at a molar ratio bipy:Li* of about 3:1,
as shown in Fig. 3 (purple line). The crossing point
of the straight lines reveals a clear discontinuity of the
chemical shift at a molar ratio of bipy:Li™ of 2: 1. In

1.45A 2.85A

Fig. 4. Calculated (B3LYP/LANL2DZp) structure of
[Li(phen),]™ (color online).

contrast to our assumption that the Lit coordination
pattern could differ when bipy instead of phen is used,
the experimental results again show the coordination of
only two bipy molecules to Li* ions in solution. Simi-
lar to phen, the chemical shift of the 7Li signal at a mo-
lar ratio of bipy:Lit of 2: 1 is not as large as expected
by the crossing point of the straight lines. Therefore,
the coordination of bipy also shows an equilibrium be-
tween chelated and non-chelated cations (Eq. 2).

Li™ +2 bipy —— [Li(bipy)>]* )

From melts of Lil and bipy, Fischer and Hummel were
able to obtain a series of compounds of the config-
uration [Lil(bipy),]. Among these they also reported
evidence for [Lil(bipy)4.5] whose crystal structure ex-
hibits Li™ ions coordinated by three bipy molecules
[31]. To exclude a possible disturbing effect of the
ClO4~ anion in our study, we repeated the experi-
ment using Lil. As illustrated by Fig. 3 (green color)
the chemical shift of the "Li signal shows almost the
same behavior for the coordination of bipy and re-
sults in a discontinuity at a similar molar ratio of
bipy:LiT. Thus, the maximum coordination of bipy
to Lil shows the same ratio of bipy:Li™ of 2:1 with
an equilibrium between chelated and non-chelated Li*
ions. Our expectation to obtain evidence for the for-
mation of [Li(bipy)s]* in solution via application of
a very weak coordinating solvent, viz. nitromethane,
was not achieved. Therefore, we calculated the struc-
ture of [Li(bipy),]™. As expected for a higher coordi-
nation number, the average Li—N bond length is sig-
nificant longer (2.26 A) in the crystal structure than
in the calculated [Li(bipy),]™ motif (2.05 A) (B3LYP/

Fig. 5. Calculated (B3LYP/LANL2DZp)
[Li(bipy)>]™ (color online).

structure of
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molar ratio biox/LiClO,

LANL2DZp) (see Fig. 5). Comparison of the Li-N
bond lengths of [Li(phen),]™ and [Li(bipy),]™ shows
that both are in the same range. In [Li(bipy),]* the
metal-ligand distance is 0.02 A shorter because of a
shorter N—N distance in the chelate system. This effect
can be ascribed to an elongated C—C bond between the
two pyridine groups, due to the absence of a HC-CH
bridge which gives rise to H-H repulsion in the bipy
molecule (see Figs. 4 and 5) [32].

Coordination of Li* ions by biox

Although biox is mainly known as a ligand in transi-
tion metal catalysis [20, 21], this molecule is of special
interest in the present study as it exhibits heterocyclic,
sp>-hybridized N-donors, not involved in aromaticity.
In addition, this ligand offers the possibility to study
the influence of bulky groups by comparing 4,4',5,5’-
tetrahydro-2,2’-bioxazole (tbiox) with the experimen-
tally employed biox system. In contrast to our previous
experiments, we now used y-butyrolactone as reaction
medium because of the poor solubility of the biox lig-
and in nitromethane. With a rather low Gutmann donor
number of DN = 14, we considered y-butyrolactone
not to have too much influence on the reaction system
[33]. However, the experimental results have clearly
revealed that the "Li signal is shifted to higher field,
but shows only a very slight effect on the step-wise ad-
dition of biox to a solution of LiClO4 (Figs. 3 and 6
red dots). This indicates that the coordination of biox
to Li™" ions is not favorable at all, and the experimental
determination of the coordination number is not possi-
ble using the ’Li NMR technique.

Whereas phen and bipy can only chelate a metal ion
via N-donor atoms, the biox molecule has two possi-

6  Fig. 6. Li NMR shift as a function of the biox:
LiClO4 molar ratio at 25 °C.

148k 3

0.0 keal mol™'

Fig. 7. Calculated (B3LYP/LANL2DZp) structure of the two
border line isomers of [Li(tbiox),]™ (color online).

ble coordination sites, viz. N- and O-donors. In order to
clarify which coordination mode would be more favor-
able, we calculated the two predicted borderline cases,
viz. two times N-N coordination and two times O-O co-
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ordination, respectively. As a model for the experimen-
tally applied biox system we used tbiox since it is not
affected by the sterically demanding benzyl groups.
These calculations have shown a significant preference
of 28 kcal mol~! for N-coordination compared to O-
coordination (see Fig. 7).

As shown in Figs. 7 and 8 the calculated structures
for [Li(tbiox),]™ and [Li(biox),]" clearly reveal iden-
tical lengths for Li-N (2.10 A) and C—C (1.49 A) bonds
for the two heterocycles. Due to the bulkiness of the
benzyl groups a slight deviation in the structure can be
seen in the N-N distances, which are 0.03 A longer in
[Li(biox),]* than in the tbiox model complex. Con-
sequently, the O-O distances are 0.2 A smaller in
[Li(biox),]* than in [Li(tbiox),]". From a compari-
son of all structural data in Table 1, it can be con-

Fig. 8. Calculated
(B3LYP/LANL2DZp)
structures  of  the
expected [Li(biox),]™
complex observed
from different views.
To enable a better view
of the [Li(biox)y]"
structure (bottom left)
one biox was removed
from [Li(biox),]t to

283A 1494  276A

obtain [Li(biox)]*
(bottom right; color
online).

Table 1. Calculated (B3LYP/LANL2DZp) bond lengths in
[Li(phen), ], [Li(bipy)>]T, [Li(tbiox),]T and [Li(biox),]*.

[Li(phen)>]*  [Li(bipy)2]* [Li(tbiox),]" [Li(biox)2]"
Li-N  2.05A 2.03 A 2.10 A 2.10A
C-C 145A 1.50 A 1.49 A 1.49 A
N---N 2.73A 2.68 A 2.80 A 283 A

cluded that the Li—N bond length has the largest value
for the bioxazoline-based ligand system and can there-
fore be considered as the weakest interaction in all
studied cases. On going from the aromatic phen and
bipy systems (calculated NLMO [34] hybridization of
the N lone pair: sp>°) to the bioxazoline-based com-
plexes (calculated NLMO [34] hybridization: sp'-) the
distances between the two chelating N-donor atoms
clearly increase. On the other hand the C—C bonds con-
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Table 2. Calculated reaction energies (B3LYP/LANL2DZp) [Li(bipy),]* + 2 biox —
for the step-wise substitution of y-butyrolactone by tbiox or (6)

biox.

Reaction tbiox biox

3) +7.4 kcal mol~! +6.9 kcal mol~!
4) +8.7 kcal mol~! +9.9 kcal mol~!
Y +16.1 kcal mol~! +16.8 kcal mol~!

necting the two chelating heterocycles are not signifi-
cantly affected with exception of the bridging in the
phen molecule.

Although steric hindrance of the bulky benzyl
groups does not influence the coordination at the
Li™ center, ligand exchange at the solvated com-
plex from [Li(y-butyrolactone)s]™ via [Li(y-butyro-
lactone),(L)]™ to [Li(L),]" can still be influenced by
steric hindrance. Therefore, we also focused on the
relative stabilities. On the basis of reactions (3) and (4)
we calculated the reaction energies for the formation
of [Li(L);]" in y-butyrolactone.

[Li(y-butyrolactone)q]™ + L — (3)
[Li(y-butyrolactone),(L)] " + 2 y-butyrolactone

[Li(y-butyrolactone), (L)]" + L — “
[Li(L),]T + 2 y-butyrolactone (L: biox or tbiox)

As illustrated by the data in Table 2, all reaction
steps are endothermic, and the overall reaction has
nearly identical values for the model tbiox and biox
ligands, which again does not show any influence of
the bulky benzyl groups. A reliable comparison with
the formation of [Li(phen),;]* and [Li(bipy);]" in ni-
tromethane requires detailed knowledge about the co-
ordination of CH3NO; to Li™ ions. To the best of our
knowledge, there are no reliable studies on this topic.
We, therefore, directly compared the chelated systems
as shown in reactions (5) and (6).

[Li(phen),] " + 2 biox —

5
[Li(biox),]* 4 2 phen (+11.0 kcal mol ') ©)

[Li(biox),] " + 2 bipy (+9.5 kcal mol ')

Again the bioxazoline-based compounds are clearly
disfavored, most probably because of the different
electronic nature of the ring systems, i. e. cyclic elec-
tron delocalization in the case of the six-membered
rings and two double bonds in the case of the five-
membered ring systems.

Conclusions

The results obtained from our 'Li NMR studies
clearly demonstrate that Li* ions in a weakly coordi-
nating solvent like nitromethane are chelated by two
phen or bipy molecules. The large chemical shift of
the "Li signal confirms a strong interaction between
the ligand and the metal center. A completely differ-
ent behavior was found for the investigated biox sys-
tem, where the effect on the 7Li shift is almost negli-
gible, suggesting that the interaction between the Lit
center and biox can hardly compete with the stronger
interactions between Lit and y-butyrolactone. This is
in agreement with the results from DFT calculations,
which clearly indicate that the non-favored coordina-
tion of biox is not caused by steric effects but rather by
the different electronic nature of the heterocyclic sys-
tems.
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