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ABSTRACT: Compartmentalization of metal ions is crucial in biology as well
as in materials science. For the synthesis of single source precursors, the
preorganization of different metal ions is of particular interest for the low-
temperature generation of mixed metal oxides. On the basis of a potentially Ω-
shaped salen-type ligand providing an N2O2 as well as an O2O2 coordination
site, mixed metal coordination compounds with Cu(II) or Ni(II) and alkali
metal ions have been studied for their structural and optical properties. UV−
vis and 1H NMR titrations show that the obtained compounds adopt partially
different structures in solution compared to the solid state. In the latter case,
the coordination geometry is mainly governed by the size of the alkali metal
ion as well as the transition metal ion used.

■ INTRODUCTION

The precise arrangement and compartmentalization of metal
ions are important both in biology as well as in materials
science.1−5 Siderophores such as iron chelators produced by
microbes are for example prototypes for metal specific uptaking
agents. These could be used in industrial or environmental
cleanup processes to selectively extract metal ions.6 Artificial
systems such as salen (N,N′-disalicylidene-ethylenediamine)
and its derivatives are commonly employed as versatile chelate
ligands in coordination chemistry and obtained by a
straightforward condensation reaction.7 Containing two Schiff
base8 coordinating moieties, this family of ligands is able to
bind to transition-metal ions in a tetradentate fashion forming
stable complexes through its N2O2 site. Furthermore, they
represent versatile ligands type thanks to their tunable design.9

Numerous mono-, di-, or trinuclear complexes have been
synthesized with different transition elements exhibiting diverse
properties.10−17 The resulting compounds are employed, e.g.,
as catalysts,18,19,18,19 for various organic reactions,18,19 as
supramolecular building blocks,20,21 in nonlinear optical
materials22−24 or as interesting magnetic compounds25−30 and
many other applications.31,32 Bermejo et al.33−37 have studied
Mn-Schiff base complexes as possible catalysts for the
disproportionation of hydrogen peroxide.38−41 Furthermore,
other interesting features such as metal-containing gels and
nanofibers made through supramolecular assembly of Zn-salen
based complexes have been described by MacLachlan and co-
workers.42−44

Functional compartments can also be created by substitution
of the ligand, allowing the coordination of two different metal

ions22,45−47 and originating macrocycle-type compounds. The
latter combination can lead to new properties48,49 in
compounds such as coordination polymers,50−54 mono- and
multimetallic55−63 complexes or oxide materials.64−67

Several structural studies were undertaken on bi- or
trinuclear mono- or heterometallic Schiff base complexes.33−37

Interesting trinuclear structures of Zn-salen based complexes
were reported in Cai’s work, by tuning the counterions, the
solvent, or the reaction conditions.68 A structural description of
a binuclear Zn complex able to undergo transmetalation as well
as polynuclear salen compounds was presented by Kleij and co-
workers.69,70 On the basis of salen-type ligands, Nabeshima et
al. have described multiple-metal containing host−guest
complexes using transmetalation reactions to incorporate the
guest ions.22,71 These ligands can adopt, depending on the ionic
radius of the metal ions, a helical conformation in solution.72,73

They also reported the first efficient and selective introduction
of three different metal ions into one ligand under
thermodynamic control.4 While numerous transition metal
ions were widely employed along with the salen-derived ligands
for multiple purposes, the series with alkali metal ions remain
however not entirely investigated.21,74,75 Previous tests to use
alkali ions as guests in larger H2L salen-type ligands using also
transmetalation were unsuccessful.72 While a recent publication
by the Nabeshima group deals with the formation of alkali
metal ion complexes with macrocyclic ligands in solution, no
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solid state data could be obtained to gain further proof and
insight.76

Here, we report on the study of a salen derivative, H2L,
synthesized from o-vanillin and ethylene diamine.77 This ligand
is composed by moieties which potentially allow the
coordination of two different types of metal ions. The central
coordination site is an imine-based N2O2 entity which was used
to coordinate to copper(II) or nickel(II) under deprotonation.
This prearranges the ligand into a Ω-shape leading to a second
recognition site, O2O2, composed by two phenoxy and two
methoxy functions. Due to the high coordination aptitude of
the negatively charged phenolates formed upon deprotonation,
the binding of hard metal ions (alkali, alkaline earth, etc.) is
more favorable.78 Depending on the size of the metal ion to be
coordinated in the O2O2 site, the choice of the counterions, and
the solvent, different coordination modes can be expected in
solution and/or in the solid state.74,79 A total of 11 new
compounds have been obtained and characterized to provide
more details and information compared to previous works.
Containing two different Schiff base coordinating moieties, our
copper(II) or nickel(II) complexes are versatile chelate ligands
for the uptake80 of larger cations such as rubidium or cesium.
We also studied the structural differences influenced by the
uptake of alkali metal ions between the nickel(II) and
copper(II) complexes. Indeed, the copper ion tends to adopt
a square pyramidal coordination sphere, while the nickel ion is
preferentially coordinated in a quasi-perfect square planar
fashion. We also studied the influence of the solvent and the
counterions upon coordination of the alkali metal compounds
by the copper, respectively, the nickel salen complex, as well as
their possible structural isomers in solution and in the solid
state. Taken together, the structural studies of the herein
described alkali-bimetallic complexes in the solid state and in
solution represent an important step toward the comprehen-
sion of the salen-based complex chemistry.

■ RESULTS AND DISCUSSION

The N2O2 imine-based chelating site of salen-based compounds
such as H2L has the property to perfectly bind transition metal
ions.81,82 After deprotonation and complexation to divalent d-
block transition metal ions such as Cu(II) and Ni(II) ions,
neutral compounds are obtained. Our symmetric ligand H2L
(Scheme 1) comprises two imines, two phenol, and two
methoxy groups. The coordination of the N2O2 moiety to a
transition metal ion preorganizes the ligand in a Ω-shape,

generating a second recognition site, O2O2, able to accept
further metal ions.
The ligand H2L was synthesized following the literature

procedure77 from the 2-hydroxy-3-methoxybenzaldehyde (o-
vanillin) and ethane-1,2-diamine by a nucleophilic addition
forming an hemiaminal. The subsequent dehydration provides
the resulting imine in quantitative yield (Scheme 1).

Synthesis of the Metallo-ligands. In the first step, Ni(II)
and Cu(II) have been used to bind to the N2O2 cavity of L,
yielding literature-known compounds83−86 LNi and LCu, used
further as ligands for alkali metal ions (detailed data on all the
individual titrations can be found in the Supporting
Information, Figures S2−S4). Solid state structures of the
compounds LCu and LNi obtained as single crystals confirm
the binding of the metal ions in the N2O2 pocket of the Ω-
shaped ligand45,87,88 (Figure S1). The difference between the
two complexes is that in LCu, a water molecule coordinates the
copper ion in order to yield a square pyramidal environment,
while the nickel ion in LNi remains with a square planar
coordination. We used these compounds to study the influence
of alkali metal ion binding in the remaining O2O2 cavity.

Binding of Alkali Metal Ions to the O2O2 Recognition
Site − Solution Studies. The second metal ion insertion was
investigated by mixing LCu or LNi with the alkali metal salts.
Stoichiometric amounts were used in a solvent mixture of
ACN/EtOH for 3 h at RT. 1H NMR and UV−vis titrations
have been performed for the LNi, respectively, the LCu derived
compounds, to explore the formation of the different
heterometallic complexes in solution. Indeed, the Cu(II)
compounds are paramagnetic and change color upon addition
of the alkali metal ion, while the Ni(II) complexes do not
change color and are diamagnetic.

M2 Coordination Studies. 1H NMR Study. Upon addition
of aliquots of alkali metal ion salt to the solution of LNi, peak
shifts were observed particularly for the imine and methyl
signals. For the alkali metal ions Na(I) and K(I), high-field
shifts of the imine signals were observed, while for the two
larger ones, Rb(I) and Cs(I), low-field shifts signal a shielding
effect, rendering the proton less sensitive to the magnetic field.
For the titration of LNi with Li(I) ions, no apparent plateau is
reached as the shifts are too small to determine any tendency.
This might be explained by the fact that the addition of lithium
ions can apparently, due to its smaller size, lead to the
formation of many complex species in solution.
The binding isotherm for Na(I) shows a plateau at 0.5 equiv

of metal ion, corresponding to 0.66 on the Job plot and hence
confirming the presence of a 2:1 (LM1/M2 ratio) species in
solution (Figure 1). The titration curve for the potassium ion is
not well-defined. The Job plot reveals a plateau at around 0.4
equiv of metal indicating the presence of different oligomers in
solution, probably stemming from a coordination polymer. For
the larger Rb(I) ion, the proton signal becomes more and more
shielded upon addition of the Rb(I) ion until almost 0.5 equiv
of metal. Upon further addition, the signal shifts back to
downfield again. This indicates the formation of a 2:1 species at
around 0.5 equiv, before the adoption of a 1:1 binding mode.
Although similar, a less pronounced pattern is observed for the
Cs ion, indicating a weaker binding according to its softer
character (detailed data on all the individual titrations can be
found in the Supporting Information, Figures S11−S16).

1H NMR titrations at room temperature, 0 and 50 °C
(Figure 2), have been undertaken in a mixture of deuterated
acetonitrile and methanol in order to confirm the equilibrium

Scheme 1. Synthetic Route of H2L with Two Specific
Coordination Sites
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between the 1:1 and 2:1 complexes in solution (Scheme 2),
which becomes more apparent at 0 °C, indicating also a fast
exchange on the NMR time scale.

UV−Vis Measurement. The corresponding LCu complexes
were analyzed by UV−vis during addition of aliquots of the
alkali metal ion solutions. For the UV-vis titrations, the
measurements were performed in a mixture of acetonitrile and
DMSO due to solubility reasons. Ni(II) and Cu(II) complexes
with σ-donor/π-acceptor salen ligands present similar UV−vis
spectra and show two characteristic high intensity bands located
below λ= 450 nm and one broad band in the visible region.89

The typical main band is assigned to the π → π* transition
stemming from the extended delocalized π-systems of the
azomethine group involving the molecular π-orbitals localized
on the C = N group and the aromatic ring appearing at around
280 nm. The band at 380 nm is associated with the metal-to-
ligand charge transfer (MLCT) transition. Both bands are
related to the nonresolved d−d transitions from the four low-
lying d-orbitals (dxz, dyz, dz2, dx2−y2) to the empty (Ni), or half-
filled (Cu) dxy orbital.

89,90 Concerning the copper complexes,
the color of the LCu solution in ACN/DMSO immediately
changed from pale green to pale purple upon the addition of
the alkali metal nitrate solution, while for those containing
nickel, the solutions maintain their initial orange tint. During
the formation of new species in solution upon titration, the two
intense absorption bands decrease and are slightly hypso-
chromically shifted revealing two isosbestic points, indicating
the transformation of one species into another. The UV−vis
spectral changes of each titration reach a plateau at around 0.5
equiv of added alkali metal ions (Figure 3) indicative of the

formation of a 2:1 complex (detailed data on all the individual
titrations can be found in the Supporting Information, Figures
S5−S9). No correlation can be drawn for the d−d transition
band during the titration, indicating different coordination
possibilities for the transition metal ion, e.g., with solvent
molecules or counterions, as confirmed later by the solid-state
structures.
In completion of the solution studies, the ESI mass spectra of

the mother liquors in MeOH of the LNi and LCu alkali
complexes also indicate in all cases the presence of two main
peaks for the 1:1 and 2:1 compositions (Scheme 2). The
compounds corresponding to the 1:1 ratio might also indicate
the presence of oligomers stemming from of a coordination
polymer (see Figure S28).

Crystallography. In order to gain further insight into the
way that LCu and LNi bind to the different alkali metal ions,
single crystal X-ray analysis was performed on all compounds,
except “LCuK” (3), for which no single crystals could be
obtained. [{LCuLi(μ-NO3)(μ-H2O)}2]n will be abbreviated as
“LCuLi” (1), [LCuNaNO3)]n as “LCuNa” (2), and [LCuRb-

Figure 1. (a) 1H NMR titration of LNi with NaNO3 forming the
complex LNiNa. (b) 1H NMR titration binding isotherm of the
LNiNa complex formation focused on the imine proton signal and a
Job plot performed with constant total concentration of [0.04 M].

Figure 2. 1H NMR titration binding isotherm of the LNiNa complex
formation focused on the imine proton signal at 0 °C, RT and 50 °C
and their corresponding fitted curves.

Scheme 2. Existing Equilibrium between the 1:1 and the 2:1
Species in Solution

Figure 3. UV−vis titration of the LCu with NaNO3 complex.
Diminution of the absorbance of the two first bands along the titration
and appearance of the two isosbestic points. Binding isotherm of
LCuNa focused on the first band and a Job plot performed with
constant total concentration of [0.0001 M].
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(μ-NO3)]n and [LCuCs(μ-NO3)]n as “LCuRb” (4) and
“LCuCs” (5), respectively. For the nickel containing
compounds, the nomenclature “LNiLi” for [(LNiLi(NO3))2-
(μ-H2O)] (6), “LNiNa” for [LNiNa(NO3)] (7), “LNiK” for
[(LNiK(μ-NO3)]n (8), “LNiRb” for [(LNiRb(NO3)]n (9), and
“(LNi)2Cs” for [{(LNi)2Cs(NO3)}(HCCl3)]n (10) is em-
ployed. Furthermore, the structure of a copper analogue to 6,
[(LCuLi(NO3))2(μ-H2O)] (1′) will be presented as well as an
unusual alternative to 2, a compound with three “LCuNa”
entities in the asymmetric unit, namely, [{LCuNa(NO3)}3]n
(2′). The use of methanol during the reaction produce yielded
the complex [LNiNa(MeOH)] (7′), a solvate analogue to 7. A
detailed description of all single crystal structures and their
corresponding figures can be found in the Supporting
Information, Figures S29−S37, Table S1).
All the complexes were crystallized from the mother liquor of

the reaction after reacting H2L first with Cu(OAc)2 or
Ni(OAc)2 respectively, and second, with the corresponding
alkali salts. In the following compounds, copper(II) and
nickel(II) are coordinated in a quasi-perfect square planar
mode by the N2O2 chelating moiety of the ligand formed by the
phenolate moieties and imine groups with (for copper) or
without (for nickel) additional axial oxygen donor atoms, as
considered by the bond valence sums.91 The angle sum around
the metal ions within the chelating moiety is always
approximately 360°, indicating the planarity of this coordina-
tion.
Concerning the occupation of the O2O2 site, the

monocoordinated ligand will adopt different conformations
depending on the size of the alkali metal ions as well as on their
noncovalent bonds, forming simple monomer complexes, or
coordination polymers.
Copper(II) (LCu) Complexes. The two independent

lithium ions of LCuLi, 1, are each bound by only one side of
the O2O2 cavity of a ligand molecule, via one phenolate and the
corresponding methoxy group. A “dimer” structure is formed in
which a single water molecule O15 acts as bridging ligand
between the two alkali metal ions, connecting two independent
LCuLi-complexes. The latter are packed in an antipararallel
fashion. While the oxygen atoms of water molecule act as
bridging atom between the lithium ions of neighbor complexes,
the nitrate anions act also as bridging ligands toward the copper
as well as the lithium ions. An overall one-dimensional (1D)
coordination polymer is then obtained, in which the ligand
molecules are arranged anti, hence alternatingly head to tail
along the crystallographic c-axis (Figure 4).
In contrast to 1, the sodium ion in 2 is coordinated by all

four oxygen atoms of the O2O2 compartment of the ligand. Its
hexacoordinated ligand sphere is completed by the two O
atoms of a nitrate ion. Five out of these six oxygen atoms
coordinate in an almost perfect plane, similar to a crown ether
complex,92,93 while the sixth oxygen atom, stemming from the
bidentate nitrate anion, is out of plane. While a Na(I)-π contact
allows an expansion of the structure into the direction of the a-
axis, a growth along the c-axis is revealed by the short contact of
Cu2 in the N2O2 site with the O atom of the nitrate ion of a
neighbor unit (Figure 5).
Compounds LCuRb, 4, and LCuCs, 5, adopt similar

structural motifs. The alkali metal ion is in both cases too
large to fit into the O2O2 compartment of the ligand. Instead,
two antiparallel neighbor ligands form a head to tail sandwich
complex using all O atoms of both ligand molecules to
coordinate to one alkali metal cation. In addition, one nitrate

anion coordinates with two of its O atoms to each alkali metal
ion. These oxygen atoms also act as bridging ligands to two
copper ions of two second neighbor parallel ligands, while one
of the oxygen atoms also connects to a next neighbor alkali
metal ion (Figure 6). Both compounds form a one-dimensional
(1D) coordination polymer with antiparallel arrangement of
the ligands. However, the distance of the cesium ion to the
mean plane of oxygen atoms of each of its ligands is more
asymmetric than for the rubidium ion. This is explained by the
softer character of cesium with respect to rubidium.

Nickel(II) (LNi) Complexes. Compared to 1 (LCuLi), the
corresponding “LNiLi” compound 6 has a similar L/M/M2
ratio, but only one water molecule. This, together with the
terminal monodentate nitrate anions linked to the lithium ions
(see Figure S30), prevents the formation of a one-dimensional
Li−H2O-chain as in 1. A finite “dimer” structure is formed in
which the single water molecule acts as bridging ligand between
the two alkali metal ions of two almost parallel LNiLi-entities.
In contrast to 1, the anions in 6 act as terminal ligands on the
lithium ions, form a hydrogen bond to the bridging water
molecule and are not coordinated to the transition metal ion
(Figure 7).
The Ni-analogue to 2 (LCuNa), compound 7, has a similar

5-fold coordination of Na1 as 2, and the packing, occurring in
an offset parallel fashion, is governed by Na(I)−π interactions
(see Figure S32).
While the LCuK compound 3 could not be isolated as single

crystals, the LNiK compound 8 was obtained in single
crystalline form. In contrast to compounds 2 (LCuNa) and 7
(LNiNa), and similar to compounds 4 (LCuRb) and 5
(LCuCs), the potassium ion in 8 is too large to be
accommodated in the O2O2 compartment. Nevertheless,
similar as in 2 and 7, the four O atoms of the O2O2

Figure 4. Crystal structure of LCuLi complex 1 (#1 (1 + x, y, z))
bridged by one molecule of water and two nitrate ions and its
corresponding 1D coordination polymer formation. H atoms except
for water are omitted for clarity.
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compartment form, together with one O atom of a nitrate
anion, a crown ether type cavity made of five O atoms within a
plane. The five-rings of O atoms in 8 are parallel to each other,
while the potassium ion is ca. 1.72 Å out of plane with respect
to one ligand, and 1.83 Å out of plane with respect to the other.
An overall one-dimensional coordination polymer is obtained
along the c-axis, with the ligands arranged on one side with
offsets of ca. 40°. The structure of LNiRb (9) is very similar to
8 (Figure 8), except that the rubidium ion is coordinated in a
more symmetric way between the two mean planes of five-rings
of O atoms. For 8, the potassium ions form a zigzag chain with
angles of 174°, while the rubidium ions in compound 9 form
angles of 177°. The LNiRb compound 9 is “more relaxed” than
the LCuRb compound 4, which is due to the lack of Ni−
O(nitrate) interactions. While compound 4 features Cu−
O(nitrate) bonds, which force the ligands to be alternating
antiparallel to each other, the ligands in 9 can all pack on one
side of the chain.
The nickel analogue to compound 5 (LCuCs), could not be

obtained; instead, this is the only case for which a 2:1
compound LNi:Cs was found in the solid state. Two LNi
complexes use all eight of their O atoms to coordinate the
cesium ion in a sandwich fashion, while the nitrate anion uses
two of its O atoms to complete the 10-fold coordination of the
alkali metal ion. These “sandwich” complexes stack parallel to

each other via short π−π interactions. Co-crystallizing chloro-
form molecules are found in the channels between the chains
and promote nonpolar interactions. This compound remained
the only one for which the 2:1 complex could be verified in the
solid-state structure (Figure 9).
In comparison, there is a clear trend to form the 1:1

compounds between LM1 and M2, independently of the alkali
metal ion M2, in the solid state, while this is not the case in
solution. The solvents used, e.g., acetonitrile and ethanol, are
coordinating solvents able to interact strongly with the (hard)
alkali metal ions. When single crystals of the 1:1 stoichiometry
are redissolved in a donor solvent, the structure falls apart in
solution, leading to 1:1 and 2:1 complexes with LM1 and M2
respectively, as seen in ESI-MS (see Figure S28). The alkali
metal ions M2 are then also solvated by the solvent which acts
as a concurrent donor with respect to the LM1 complexes.
The solid-state structures predominantly form one-dimen-

sional coordination polymers, either by bridging water
molecules, nitrate anions, or the alkali metal ions themselves.
The lithium ion is too small to fill the O2O2 cavity in the copper

Figure 5. Crystal structure of LCuNa complex 2 (#1 (−1 + x, y, z), #2
(1 + x, y, z), #3 (1/2 − x, 1 − y, 1/2 + z), #4 (3/2 − x, 1 − y, −1/2 +
z)), its Na(I) π-system packing and Cu(II)−C4 interaction (dash
bonds). All H atoms are omitted for clarity.

Figure 6. Crystal structure of the 1D coordination of LCuRb complex
4 (above, #3 (1/2 − x, 1/2 + y, 1/2 − z), #4 (x, 1 + y, z), #5 (1/2 − x,
3/2 + y, 1/2 − z)) and, LCuCs complex 5 showing a tail to face
packing (#1 (1/2 − x, 1/2 + y, 1/2 − z), #4 (1/2 − x, −1/2 + y, 1/2
− z), #7 (x, 1 + y, z)). All H atoms are omitted for clarity.
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compound, while it is well coordinated by all four O atoms in
the nickel compound. This is because in the nickel compound,
the O2O2 cavity is smaller, underlined by the higher bond
valence sum for the nickel than for the copper ion. Having an
average bond valence sum91 of 1.94 provided by the N2O2
cavity of the ligand, the Cu(II) completes its coordination
sphere using the O-donors of the anions, leading to alternating
arrangements of the ligands in an antiparallel fashion along the
polymer propagation direction, featuring a Jahn−Teller effect.94
These interactions might also explain the “head to tail”
arrangements of the complexes in all LCu-based structures
and may induce the color change of the copper complexes from
green to various pink hues (Figure 10). On the other hand, the
Ni(II) ion does not require this interaction, owing to an
average bond valence of 2.35 provided by the N2O2 cavity,
leading thus to parallel arrangements of the ligand moieties
with slight offsets. For the sodium compounds, the donor
atoms from the O2O2 cavity are typically completed with a fifth
O atom from a counterion, yielding a crown ether like
environment for the alkali metal ion. All larger alkali metal ions
cannot be accommodated in the mean plane of the O2O2 cavity,
but they are coordinated by two such entities in a sandwich
type fashion. This then leads to a coordination polymeric
structure as proposed by Nabeshima et al.76 for their closed
crown ether type ligands. While they had no solid-state
evidence for this proposed conformation, we have shown this
effect here.

So far, only one 2:1 compound “(LNi)2Cs” (10) has been

isolated in the solid state, probably a result of the use of a bulky,

nonpolar solvent. Although we tried to use this or similar

solvents to produce other 2:1 complexes as single crystals,

compound 10 remains the only such example to date.

Figure 7. Crystal structure of the “dimer” LNiLi complex 6 (#1 (1/2 +
x, y, 1/2 − z)) bridged by one molecule of water with forming two H
bonds. The packing reveals C−H···π interactions along the a-axis
(dash bonds). All H atoms are omitted for clarity. Blue dashes
correspond to H-bonds.

Figure 8. Crystal structure of the 1D coordination of LNiK complex 8
(#1 (x, −1/2 − y, −1/2 + z), #2 (x, −1/2 − y, 1/2 + z), #3 (x, y, 1 +
z)), and, LNiRb complex 9 (#1 (1/2 + x, 1/2 − y, z), #2 (−1/2 + x,
1/2 − y, z)) showing face to face packing. All H atoms are omitted for
clarity.

Figure 9. Crystal structure of the sandwich conformation of (LNi)2Cs
complex 10 (#1 (x, 1/2 − y, 1/2 + z)) with a Ni(II)−Ni(II) inteaction
(dashed bond). All H atoms are omitted for clarity.
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■ CONCLUSION
The synthesis of heterometallic complexes upon reaction of a
salen-type ligand with M1 = Cu(II) or Ni(II), and different
alkali nitrate salts has been investigated. We showed that the
coordination of the transition metal ion is crucial for the
preorganization of the ligand to bind the alkali metal ion M2.
Hence, the coordination of the N2O2 chelating site of the ligand
to M1 produces an Ω-shaped O2O2 recognition site which can
easily host alkali metal ions M2 similar to crown ethers. The M2
recognition was investigated in solution by UV−vis and 1H
NMR titration at different temperatures and clearly showed the
presence of the 2:1 LM1/M2 compounds next to 1:1 complexes
upon addition of the alkali salt. The presence of two species
(2:1 and 1:1) in solution was also demonstrated by ESI mass
spectrometry where both masses can be observed, even when
the 1:1 solid state compounds are redissolved in solution. The
compound corresponding to the 1:1 ratio is also indicative of
the presence of oligomers stemming from a coordination
polymer. Furthermore, the use of different solvents, equivalents
of alkali salt with respect to LM1, as well as counterions lead in
almost all cases to the 1:1 coordination compounds. An
equilibrium involving mixed metal complexes with different
stoichiometries in solution was thus demonstrated, while in
most cases, one single stoichiometry was preferred in the solid
state. The X-ray crystallographic analysis of the different alkali
complexes shows a size-dependent coordination of the alkali
metal ions by the O2O2 cavity. While Li(I) and Na(I) ions fit
into this compartment, the coordination of the K(I), Rb(I), or
Cs(I) ions occurs by two different ligands, leading to a bridging
via the alkali metal ions into 1D coordination polymers. Such
heteromultimetallic salen-based complexes juxtaposing two
metals ions within one ligand entity are of crucial significance
in diverse research areas. In particular, the development of
oxide material precursors and optical chemosensors from these
compounds is currently ongoing in our group.

■ EXPERIMENTAL SECTION
All experiments were performed in air and at RT. Ligand H2L was
prepared according to the procedure reported by Avecilla et al.77

“LCu” and LNi were synthesized as described in the literature.83,84 All
chemicals were commercial products of reagent grade and were used
without further purification. 1H and 13C measurements were carried
out for the Ni-compounds with a Bruker 400 MHz spectrometer at
ambient temperature, and chemical shifts are given in ppm with
respect to the residual solvent peak. Mass spectra (ESI-TOF, positive
mode) were recorded with a Bruker esquire HCT spectrometer with a
DMF/ACN mixture as solvent. The UV/vis spectra were recorded
with a Perkin−Elmer Lambda 40 spectrometer. The elemental analysis
relative to the nickel compounds are not shown in the presented work
due to the possible interferences with the metal during the
mineralization. The crystallographic data of single crystals were
collected with Mo-Kα radiation (λ = 0.71073 Å). All measurements
were performed at 200 K, or 250 K for the compounds 1′, 2′, and 7′,
with Stoe IPDS-II or IPDS-II T diffractometers equipped with Oxford
Cryosystem open-flow cryostats.95 Single crystals were picked under

the microscope, and placed in inert oil. All crystals were mounted on
loops, and all geometric and intensity data were taken from one single
crystal. The absorption corrections were partially integrated in the data
reduction procedure.96 The structures were solved and refined using
full-matrix least-squares on F2 with the SHELX-2014 package.97,98 All
atoms (except hydrogen atoms) were refined anisotropically. Hydro-
gen atoms were refined where possible, and otherwise added using the
riding model position parameters. Crystallographic data can be found
in the Supporting Information (see Table S1). CIF files can be
obtained from the Cambridge Crystallographic Data Centre, CCDC-
1497630 (1), CCDC-1518363 (1′), CCDC-1497673 (2), CCDC-
1518361 (2′), CCDC-1497674 (4), and CCDC-1497675 (5), CCDC-
1497676 (6), CCDC-1497677 (7), CCDC-1518362 (7′), CCDC-
1497678 (8), CCDC-1497679 (9), CCDC-1497680 (10). Copies of
these data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk or e-mail,
deposit@ccdc.cam.ac.uk. Powder X-ray spectra were collected on a
Stoe STADIP using Cu-Kα1 radiation (1.5406 Å) using a Mythen
detector.

Synthesis. Synthesis of Lithium Complex [{LCuLi(μ-NO3)(μ-
H2O)}2]n “LCuLi” (1). A solution of LiNO3 (18 mg, 0.256 mmol)
was added to a solution of LCu (100 mg, 0.256 mmol), previously
dissolved in a mixture of acetonitrile/ethanol (7:3, 30 mL). The
reaction mixture turned dark purple immediately. After stirring for 2 h
at room temperature, the solvent of the resulting solution was
removed under reduced pressure to produce a powder of the complex
(1) (110 mg, 90%). X-ray-suitable single crystals were obtained by
dissolving (1) in a mixture of acetonitrile/ethanol (7:3, 30 mL), which
was allowed to evaporate at room temperature for 1 week; purple,
needle-like single crystals resulted. ESI-MS (m/z): 396.1 [M + H]+.
Anal. Calcd for C22H27CuLiN3O5 (1): C, 55.65; H, 5.63; N, 8.80%.
Found: C, 54.6; H, 5.61; N, 8.68%.

Synthesis of Lithium Complex [(LCuLi(NO3))2(μ-H2O)] “LCuLi’”
(1′). A solution of LiNO3 (18 mg, 0.256 mmol) was added to a
solution of LCu (100 mg, 0.256 mmol), previously dissolved in a
mixture of acetonitrile/ethanol (7:3, 30 mL). The reaction mixture
turned dark purple immediately. After stirring for 2 h at room
temperature, the resulting solution was partially evaporated, and the
product was precipitated with diethyl ether. The precipitate was
collected by filtration and dried under a vacuum to produce the
complex (1′) (105 mg, 86%). The filtrate was allowed to stand at
room temperature for 1 week after partial evaporation of the solvent;
dark green, needle-like single crystals suitable for X-ray crystallographic
analysis were obtained. ESI-MS (m/z): 396.1 [M + H]+.

Synthesis of Sodium Complex [LCuNa(NO3)]n “LCuNa” (2). A
solution of NaNO3 (22 mg, 0.256 mmol) was added to a solution of
LCu (100 mg, 0.256 mmol) in a mixture of acetonitrile/ethanol (7:3,
30 mL). The mixture turned red immediately and the reaction was
stirring for 2 h at room temperature. Red rhombohedral-like single
crystals were obtained by vapor phase diffusion of diethyl ether into
the mother liquor of the reaction in a long tube. ESI-MS (m/z): 412.0
[M + H]+. Anal. Calcd for C19H19.5CuNaN2.5O4 (2): C, 52.65; H, 4.24;
N, 8.08%. Found: C, 54.97; H, 4.43; N, 7.74%.

Synthesis of Sodium Complex [{LCuNa(NO3)}3]n “LCuNa’” (2′). A
solution of NaNO3 (22 mg, 0.256 mmol) was added to a solution of
LCu (100 mg, 0.256 mmol) in a mixture of acetonitrile/ethanol (7:3,
30 mL). The mixture turned red immediately, and after stirring for 2 h
at room temperature, the resulting solution was partially evaporated
and the product was precipitated with diethyl ether. The precipitate
was collected and dried under a vacuum to afford the complex (2′)
(112 mg, 92%). After a few days, red, needle-like single crystals
suitable for X-ray crystallographic analysis were obtained by vapor
phase diffusion of diethyl ether into the mother liquor of the reaction
in a long tube. ESI-MS (m/z): 412.0 [M + H]+.

Synthesis of Potassium Complex “LCuK” (3). A solution of KNO3
(26 mg, 0.256 mmol) was added to a solution of LCu (100 mg, 0.256
mmol) in a mixture of acetonitrile/ethanol (7:3, 30 mL). The mixture
turned purple immediately. After the mixture was stirred for 2 h at
room temperature, the precipitate was collected and dried under a
vacuum to produce complex (3) (116 mg, 92%). ESI-MS (m/z): 428.0

Figure 10. Color change of the alkali complexes 1−5 depending on
the M2 metal ion size used compared to LCu (left).
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[M + H]+. Anal. Calcd for C26H36CuKN4O6 (3): C, 51.77; H, 6.02; N,
9.29%. Found: C, 53.16; H, 6.62; N, 9.22%.

Synthesis of Rubidium Complex [LCuRb(μ-NO3)]n “LCuRb” (4). A
solution of RbNO3 (38 mg, 0.256 mmol) in water (10 mL) was added
to a solution of LCu (100 mg, 0.256 mmol) in a mixture of
acetonitrile/ethanol (7:3, 30 mL). The mixture turned purple
immediately. After the mixture was stirred for 2 h at room
temperature, the metallic purple precipitate was collected and dried
under a vacuum to produce complex (4) (146 mg, 95%). The filtrate
was allowed to stand at room temperature for 4 weeks. The solvent
was partially evaporated and purple needle-like single crystals suitable
for X-ray crystallographic analysis were obtained. ESI-MS (m/z): 473.9
[M + H]+. Anal. Calcd for C24H30CuN4O5Rb (4): C, 47.76; H, 5.01;
N, 9.28%. Found: C, 48.01; H, 5.19; N, 9.07%.

Synthesis of Cesium Complex [LCuCs(μ-NO3)]n “LCuCs” (5). A
solution of CsNO3 (50 mg, 0.256 mmol) in water (10 mL) was added
to a solution of LCu (100 mg, 0.256 mmol) in a mixture of
acetonitrile/ethanol (7:3, 30 mL). The mixture turned purple
immediately. After the mixture was stirred for 2 h at room
temperature, the metallic purple precipitate was collected and dried
under a vacuum to produce the complex (5) (159 mg, 96%). The
filtrate was allowed to stand at room temperature for 4 weeks. The
solvent was partially evaporated and purple needle-like single crystals
suitable for X-ray crystallographic analysis were obtained. 1H NMR
(400 MHz, DMSO-d6): δ(ppm) 3.41 (s, 4H), 3.69 (s, 6H), 6.44−6.45
(t, J = 7.8 Hz, 2H), 6.76−7.78 (dd, J = 7.6, 1.5 Hz, 2H), 6.85−6.88
(dd, J = 8, 1.6 Hz, 2H), 7.87 (s, 2H). ESI-MS (m/z): 407.1 [M + H]+.
Anal. Calcd for C24H30CsCuN4O5 (5): C, 44.28; H, 4.65; N, 8.61%.
Found: C, 44.73; H, 4.55; N, 8.52%.

Synthesis of [(LNiLi(NO3))2(μ-H2O)] “LNiLi” (6), [(LNiNa(NO3)]
“LNiNa” (7), [(LNiK(μ-NO3)]n “LNiK” (8), [(LNiRb(NO3)]n “LNiRb” (9),
[{(LNi)2Cs(NO3)}(HCCl3)]n “(LNi)2Cs” (10). These compounds were
prepared by the same method as described above, by reacting LNi
instead of LCu in an acetonitrile/ethanol (7:3) solution with one
equivalent of the appropriate alkali metal salt. The metal salts used
were as follows: LiNO3 for 6, NaNO3 for 7, KNO3 for 8, RbNO3 for 9
and CsNO3 for 10.

Data for 6. Yield: 91%. 1H NMR (400 MHz, DMSO-d6): δ(ppm)
3.41 (s, 4H), 3.70 (s, 6H), 6.41−6.46 (t, J = 7.8 Hz, 2H), 6.76−7.79
(dd, J = 7.6, 1.5 Hz, 2H), 6.86−6.89 (dd, J = 8, 1.6 Hz, 2H), 7.88 (s,
2H). ESI-MS (m/z): 391.1 [M + H]+.

Data for 7. Yield: 92%. 1H NMR (400 MHz, DMSO-d6): δ(ppm)
3.41 (s, 4H), 3.69 (s, 6H), 6.44−6.45 (t, J = 7.8 Hz, 2H), 6.76−7.78
(dd, J = 7.6, 1.5 Hz, 2H), 6.85−6.88 (dd, J = 8, 1.6 Hz, 2H), 7.87 (s,
2H). ESI-MS (m/z): 407.1 [M + H]+.

Data for 8. Yield: 87%. 1H NMR (400 MHz, DMSO-d6): δ(ppm)
3.42 (s, 4H), 3.72 (s, 6H), 6.50−6.55 (t, J = 7.8 Hz, 2H), 6.82−
6.85(dd, J = 7.6, 1.5 Hz, 2H), 6.90−6.93 (dd, J = 8, 1.6 Hz, 2H), 7.92
(s, 2H). ESI-MS (m/z): 423.1 [M + H]+.

Data for 9. Yield: 89%. 1H NMR (400 MHz, DMSO-d6): δ(ppm)
3.31 (s, 4H), 3.63 (s, 6H), 6.42−6.47 (t, J = 7.8 Hz, 2H), 6.70−7.72
(dd, J = 7.6, 1.5 Hz, 2H), 6.83−6.86 (dd, J = 8, 1.6 Hz, 2H), 7.80 (s,
2H). ESI-MS (m/z): 469.0 [M + H]+.

Data for 10. Yield: 95%. 1H NMR (400 MHz, DMSO-d6): δ(ppm)
3.33 (s, 4H), 3.63 (s, 6H), 6.40−6.46 (t, J= 7.8 Hz, 2H), 6.67−7.70
(dd, J = 7.6, 1.5 Hz, 2H), 6.83−6.86 (dd, J = 8, 1.6 Hz, 2H), 7.81 (s,
2H). ESI-MS (m/z): 517.0 [M + H]+.

Synthesis of Sodium Complex [LNiNa(MeOH)] “LNiNa(MeOH)”
(7′). A solution of NaNO3 (4 equiv., 44.2 mg, 0.520 mmol) was added
to a solution of LNi (50 mg, 0.1530 mmol) in MeOH (10 mL) or a
mixture of DCM and MeOH (1:1, 10 mL). The mixture turned red
immediately and after stirring for 2 h at room temperature, the
precipitate was collected and dried under a vacuum to produce the
complex (7′) (119 mg, 97%). After a few days, red, needle-like single
crystals suitable for X-ray crystallographic analysis were obtained by
slow evaporation of the mother liquor of the reaction. 1H NMR (400
MHz, DMSO-d6): δ(ppm) 3.41 (s, 4H), 3.69 (s, 6H), 6.44−6.45 (t, J
= 7.8 Hz, 2H), 6.76−7.78 (dd, J = 7.6, 1.5 Hz, 2H), 6.85−6.88 (dd, J =
8, 1.6 Hz, 2H), 7.87 (s, 2H). ESI-MS (m/z): 407.1 [M + H]+.

1H NMR Spectroscopy Titration. Samples of LNi were prepared in
deuterated DMSO varying the M(NO3) concentration from 0 to 3
equiv. (M = Li, Na, K, Rb, Cs) with a volume of 0.5 mL in the NMR
tube. Spectra of the nickel complexes were recorded at ambient
temperature in a 400 MHz. A Job plot was performed under the
conditions where the sum of the concentration of the host and the
guest is constant, namely, [0.04 M] in DMSO. Due to the
paramagnetism of the Cu(II) compounds, no 1H NMR measurement
has been performed on these complexes.

UV−vis Titration. Samples containing 0.1 mM of LCu in
acetonitrile were prepared (3 mL in the cuvette). Additions from 0
to 3 equiv of alkali metal salts were performed using 0.03 M solutions
of M(NO3) (M = Li, Na, K, Rb, Cs) in DMSO (addition of 2 μL),
respectively. Spectra were recorded at ambient temperature in a 1 mm-
path-length quartz cell on a Perkin−Elmer Lambda 40 spectrometer. A
Job plot was performed under the conditions where the sum of the
concentration of the host and the guest is constant, namely [0.0001
M], in a mixture of DMSO and acetonitrile.
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