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Zinc Schiff Base Complexes Derived from
2,2′-Diaminobiphenyls: Solution Behavior and Reactivity
towards Nitrogen Bases
Knut Tormodssønn Hylland,*[a] Sigurd Øien-Ødegaard,[a] Richard H. Heyn,[b] and
Mats Tilset *[a]
Abstract: Zn complexes of Schiff base ligands derived from
2,2′-diaminobiphenyls and salicylaldehyde derivatives were synthesized and characterized by NMR and single-crystal X-ray diffraction analysis. The detailed NMR studies suggest that the
Zn complexes have a complicated behavior in solution, which
is strongly dependent on the donating ability of the solvent,
the steric properties of the ligand, as well as the concentration
of the complex in the solvent. All these factors are decisive for
the determination of the coordination number of the complex

in solution. Furthermore, pentacoordinated Zn complexes of
the aforementioned type, ligated by a series of nitrogen bases,
were synthesized. NMR studies of the different complexes at
different concentrations and temperatures, revealed information about their conformational stability. The differences were
further examined by single-crystal X-ray diffraction analysis. In
addition to the studies conducted on Zn complexes, comparative studies were conducted on a series of Cd complexes.

Introduction

many derivatives are accessible by standard methods in organic
chemistry.[8]

Schiff base complexes of Zn find application within catalysis,[1]
supramolecular chemistry,[2] chemical sensing and recognition.[3] These applications take advantage of the Lewis acidic
character of Zn.[4] Especially salen and salphen complexes of Zn
(I, II and III, Figure 1) have been well-studied.[5] 2,2′-diaminobiphenyls represent an interesting class of precursors for Schiff
base complexes, e.g. of Zn (IV, Figure 1). In addition to having
the amino groups positioned in such a manner that a salen-like
chelate can be constructed, they have inherent chirality that
can be exploited for the synthesis of enantiopure ligands and
metal complexes.[6] Furthermore, the linear nature of the biphenyl backbone may facilitate incorporation in metal organic
frameworks[7] and other materials, if additional functionality
that allows for heterogenization is present in the diamine (e.g.
carboxylic acids). Finally, and maybe of highest practical importance, the biphenyl backbone is readily functionalized, and
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Figure 1. General structure of Zn salen (I and II) and Zn salphen complexes
(III), and Zn Schiff base complexes presented herein (IV).

As a consequence of their Lewis acidity, Zn salen and salphen complexes exhibit an often complicated behavior in solution, largely influenced by the donating ability of the solvent.[9]
Di Bella and co-workers did extensive studies, both experimentally[4d,10] and computationally,[4a] on Zn salen and salphen
complexes. They found that these complexes have a strong
tendency to form dimers, oligomers or higher aggregates in the
absence of a donating solvent. Interestingly, the tendency to
form aggregates was found to be strongly influenced by the
nature of the bridging amine in the ligand backbone.[4d,5b] It
was also shown that the aggregation was reversible, and that
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monomeric pentacoordinated complexes would form on addition of a suitable ligand, e.g. DMSO or pyridine.[4a,4d]
The coordination chemistry of salen-type Zn complexes towards different nitrogen bases have been studied extensively.
Kleij and co-workers reported the adsorption of nicotine and
related alkaloids by Zn salphen complexes.[3a] The same group
has also studied the interaction between Zn salphen complexes
and biologically relevant heterocycles,[11] as well as the construction of supramolecular assemblies based on the interaction between Zn complexes and heterocycles.[2e] In addition,
Schiff base complexes of Zn find application as catalysts for
different reactions between CO2 and epoxides.[12] For these re-

actions (copolymerization and cycloaddition), nitrogen-containing bases are occasionally used as co-catalysts,[1f,12a,13] thus
studies of the interaction between Zn complexes and nitrogen
bases are of relevance for this field as well.
Herein, in-depth studies of Zn complexes of Schiff bases of
2,2′-diaminobiphenyl derivatives will be presented. The emphasis will be on NMR studies of their behavior in solution, their
reactivity towards different nitrogen-containing bases, and the
crystallographic structure determination of the obtained complexes. In addition, a preliminary study of the corresponding
Cd complexes will be presented and comparisons with the Zn
complexes will be made.

Scheme 1. Synthesis of Schiff base ligands 3a–3r and 4a–4j from 2,2′-diaminobiphenyls 1a and 2b.
Eur. J. Inorg. Chem. 2020, 3627–3643
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Results and Discussion
Synthesis of Zn Complexes of Tetradentate Schiff Base
Ligands
Two 2,2′-diaminobiphenyls were chosen as suitable amine precursors for the synthesis of Schiff base complexes of Zn; dimethyl 2,2′-diaminobiphenyl-4,4′-dicarboxylate (1a) and diethyl 2,2′-diaminobiphenyl-4,4′-dicarboxylate (2a) (see SI for details). In addition to having the required amino substituents,

Scheme 2. Synthesis of Zn complexes 3a-Zn–3m-Zn and 4a-Zn–4g-Zn.
as base instead of NEt3. c) iPr2NEt was used as base instead of NEt3.
Eur. J. Inorg. Chem. 2020, 3627–3643
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a)

they also carry functionality that may permit the heterogenization of the complexes (although not accounted for in this article). The two diamines 1a and 2a were conveniently synthesized in two- and three-step procedures from commercially
available starting materials, using modified literature procedures.[8h,14] All reactions could be performed on a large scale
(yielding 15–20 gram of final products 1a and 2a), and all compounds could be recrystallized to yield pure products. The diamines 1a and 2a were subjected to reactions with different

CH2Cl2 was used as co-solvent.
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salicylaldehydes according to standard literature procedures,[15]
furnishing the corresponding Schiff base ligands 3a–r and 4a–
j (Scheme 1).
Two of the ligands, 3b and 3e, were structurally characterized (see SI). As many salicylaldehyde derivatives are commercially available, a variety of ligands with different electronic and
steric properties could be synthesized in a relatively straightforward manner, which avoids time-consuming work-up and purification protocols. Zn complexes of these Schiff base ligands
were synthesized by reacting the appropriate ligand with one
equivalent of Zn(OAc)2·2H2O in methanol, in the presence of an
excess of NEt3 (Scheme 2).
These reaction conditions are fairly general for the synthesis
of Zn complexes of related Schiff bases.[1b,3c,16] The protocol
avoids the use of air sensitive starting materials (diethyl- or dimethylzinc) and dry solvents, which occasionally are reported in
the literature for the synthesis of similar complexes,[1f,17] making
it a convenient method which could be performed on both
smaller (0.5 mmol) and larger (10 mmol) scale. The complexes
were characterized by NMR spectroscopy (vide infra) and MS, as
well as IR, elemental analysis and single-crystal X-ray diffraction
analysis for selected complexes.

Single-Crystal X-ray Diffraction Analysis of Complex 4a-Zn
One of the complexes in Scheme 2, 4a-Zn, was studied by single-crystal X-ray diffraction analysis. The complex crystallized
as a monomer with distorted tetrahedral geometry around Zn
(Figure 2) and its asymmetric unit consisted of two molecules.
The Zn–N and Zn–O bond lengths are similar to what has been
reported previously by Constable and co-workers for a related
tetrahedral Zn complex of a Schiff base derived from 2,2′-diam-

Figure 2. ORTEP plot of 4a-Zn. Because of disorder limiting the high-resolution diffraction in the measured crystal, only Zn and Br are refined as thermal
ellipsoids (set at 50 % probability). Only one of the two molecules of the
asymmetric unit is displayed, but metric data for both are given below.
Hydrogen atoms have been omitted for clarity. τ4′ = 0.56, 0.61. Selected bond
lengths [Å] and angles [°]: Zn1–N1, 2.0217(4); Zn1–N2, 2.0046(4); Zn1–O1,
1.9334(3); Zn1–O2, 1.8789(3); N1–C13, 1.2851(3); N2–C20, 1.2939(2); Zn2–N3,
2.0111(4); Zn2–N4, 2.0271(3); Zn2–O3, 1.9021(4); Zn2–O4, 1.9015(3); N1–Zn1–
N2, 96.373(13); N1–Zn1–O1, 94.137(13); N1–Zn1–O2, 140.589(16); N2–Zn1–
O1, 140.296(15); N2–Zn1–O2, 94.620(14); O1–Zn1–O2, 101.090(14); C2–C1–
C7–C8, 62.722(33); N3–Zn2–N4, 94.647(13); N3–Zn2–O3, 94.996(14); N3–Zn2–
O4, 141.412(16); N4–Zn2–O3, 133.220(15); N4–Zn2–O3, 95.295(13); O3–Zn2–
O4, 104.776(14).
Eur. J. Inorg. Chem. 2020, 3627–3643
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ino-1,1′-binaphthyl,[18] although the bond angles are somewhat
deviating. This could probably be attributed to differences between the biphenyl and the binaphthyl backbone. Although
the geometry of 4a-Zn can be described as tetrahedral, it is
severely distorted as reflected by its τ4′ values,[19] which was
found to be 0.56 and 0.61 for each of the two complexes in the
asymmetric unit.
The distorted tetrahedral geometry around Zn found in the
structure of 4a-Zn, together with the findings of Constable and
co-workers,[18] is interesting as it suggests that the Zn Schiff
base complexes discussed herein are much more prone to exist
as monomeric tetracoordinated species than e.g. Zn salphen
complexes. Crystal structures of tetracoordinated Zn in salphen
and salen complexes are rare, and only few examples are
known.[3e,4e] However, in the literature it was found that Zn is
tetracoordinated in Schiff base complexes derived from chiral
diamino backbones, e.g. trans-1,2-diaminocyclohexane, forming
double-helicate dimeric Zn2L2 structures.[5b,20]

NMR Studies of 4a-Zn and Other Zn Complexes
Knowledge of the behavior of a metal complex in solution is
valuable for many applications, e.g. catalysis. Hence, complex
4a-Zn was subjected to detailed NMR studies. Large differences
in the 1H NMR resonances of the complex were observed going
from weakly donating solvents (CDCl3) to strongly donating solvents ([D6]DMSO). In CDCl3, a strong concentration dependency
was found for the appearance of the 1H NMR resonances of 4aZn. At low concentrations of the complex, the resonances were
relatively sharp, and with similar chemical shifts as those observed for ligand 4a. On increasing the concentration however,
all the resonances became broadened. In addition, some of the
resonances were moved to lower ppm values (Figure 3). Similar
observations were made in C6D6 and [D6]acetone (Figure S183
and Figure S184, SI).

Figure 3. Stacked 1H NMR (400 MHz, CDCl3) spectra of 4a-Zn at different
concentrations. Only the aromatic region is shown.
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The increased shielding of the 1H NMR resonances on increasing the concentration of 4a-Zn was especially evident for
the protons in close proximity to Zn (Ha and Hd, see Figure 3).
Upon increasing the concentration, the chemical shift for Ha
changes from 7.81 ppm to 7.50 ppm, which is significant for a
non-interchangeable proton.[21] In [D6]DMSO on the other hand,
the 1H NMR resonances of 4a-Zn were sharp and well-defined
at all concentrations studied (see Figure S169, SI). The observed
differences in the two solvents could be explained by that
DMSO is a strongly donating ligand, and when dissolved in
[D6]DMSO, 4a-Zn would exist solely as the pentacoordinated
monomeric complex 4a-Zn-[D6]DMSO. CDCl3 however is a significantly less donating solvent, and other processes would
hence dominate. NMR studies of related Zn salen and salphen
complexes in the literature suggest that these are prone to form
dimers, oligomers or higher aggregates in poorly donating solvents.[2c,4a,4d,17] Due to the structural similarities between Zn
salen and salphen complexes, and the complexes studied
herein, these processes may also be relevant for 4a-Zn. The 1H
NMR spectra presented in Figure 3 may indicate that different
species are present in CDCl3 at different concentrations of 4aZn. At moderate to high concentrations, dimers or higher oligomers of 4a-Zn may be present, whereas under dilute conditions, a monomeric species may exist. The reversibility of these
processes for related Zn salen and Zn salphen complexes have
been reported,[2c,10,22] and a model of the process is outlined
in Scheme 3.

Scheme 3. Model showing the reversible dimerization of 4a-Zn. The concentration of the complex in CDCl3 is crucial for which species are favored. Bromine atoms and ethoxycarbonyl substituents have been omitted for clarity.

for Ha in the presumably pentacoordinated 4a-Zn-[D6]DMSO in
[D6]DMSO (7.61 ppm, see Experimental Section) as well as for
the same proton of pentacoordinated complexes of 3d-Zn, 3eZn and 4e-Zn (vide infra). From this, it is most likely that tetracoordination is found for 4a-Zn at low concentrations of the
complex in CDCl3, and that pentacoordination is dominant at
higher concentrations. As 4a-Zn was found to exhibit dynamic
behavior throughout the whole range of concentrations that
was studied, it is reasonable to assume that a dimeric state is
only intermediate, and that an oligomer or a mixture of oligomers are present under the most concentrated conditions (which
is in agreement with the extensive broadening observed). From
MS, m/z values corresponding to dimeric species could be observed for some of the Zn complexes studied herein (see SI),
but no higher oligomers could be detected by this method.
The resonances of each of the salicylaldiminato half-units in
4a-Zn appeared as equivalent in the 1H NMR spectrum of the
Zn complex in [D6]DMSO. Whereas a tetracoordinated compound may be present at very low concentrations of 4a-Zn in
CDCl3, the above assumption about the coordination of a solvent molecule to 4a-Zn in [D6]DMSO, would necessarily result
in a pentacoordinated geometry around Zn. For pentacoordinated Schiff base complexes of Zn, both square pyramidal[2a]
and trigonal bipyramidal[3c] geometries are common. Pentacoordinated metal complexes are known to be stereochemically
non-rigid species,[23] and molecules with trigonal bipyramidal
geometry are known to isomerize by the Berry pseudorotation
mechanism.[24] Judging from the 1H NMR spectrum of 4a-Zn
in [D6]DMSO, this process may occur very rapidly at ambient
temperature, leading to a sharp set of time-averaged resonances in the 1H NMR spectrum. At the concentrations of 4a-Zn in
CDCl3 where the complex seemed highly susceptible to undergo dimerization/oligomerization (Figure 3, 2.6 × 10–3 mM to
1.1 × 10–1 mM), the 1H NMR spectra of 4a-Zn showed broadened to very broadened resonances. Applying the pseudorotation mechanism on such a dimeric species might account for
the broadened signals observed in 1H NMR, indicating that the
size and the properties of the fifth ligand at Zn is of crucial
importance to how fast this isomerization takes place
(Scheme 4).

In the tetracoordinated monomer depicted to the left in
Scheme 3, the two equivalent protons Ha would be expected
to appear at similar chemical shifts in 1H NMR as the corresponding protons in the free ligand 4a. In the pentacoordinated
dimer to the right in Scheme 3, the salicylaldiminato half-units
of 4a-Zn would no longer be equivalent, and the protons Ha
would appear as the pair Ha/Ha′, where one of the protons
would be more shielded than the other. The broadened 1H NMR
resonances observed at higher concentration of 4a-Zn may be
caused by either an interconversion between the monomer and
the dimer, or an interconversion between different dimers or
oligomers (vide infra). At low concentrations of 4a-Zn, the
chemical shift corresponding to Ha appears at 7.81 ppm, which
indicates negligible shielding (Scheme 3), and it is comparable
to what is observed for ligand 4a in CDCl3 (7.89 ppm). On the
other hand, the chemical shift at moderate to high concentration of 4a-Zn in CDCl3 is comparable with what is observed

Scheme 4. Proposed pseudorotation of (a) 4a-Zn-[D6]DMSO and (b) dimeric
4a-Zn.

Eur. J. Inorg. Chem. 2020, 3627–3643
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Observations from variable temperature 1H NMR studies of
4a-Zn in CDCl3 at three different concentrations (2.6 × 10–4 mM,
1.3 × 10–2 mM and 1.1 × 10–1 mM) were in favor of the above
assumptions. At the lowest concentration of 4a-Zn studied, the
1
H NMR resonances of the complex underwent minimal
changes, and no decoalescence of any resonances could be observed at –56 °C (Figure S173, SI). This supports the assignment
of tetracoordination around Zn,[25] and the preservation of the
pseudo-C2 symmetry of the complex observed from the structural characterization. At higher concentrations of 4a-Zn,
broadened resonances were observed at ambient temperature,
and decoalescence of the resonances was observed on decreasing the temperature (< –8 °C), indicating that the process outlined in Scheme 4b may be operating.[24c] The complexity of
the obtained spectra also suggest that there are several equilibrating complexes present, although it was not possible to unambiguously identify the different species. For more information about the variable temperature NMR studies of 4a-Zn, see
Figure S174 and Figure S175, SI.
In order to gain more insight into which factors that are of
importance for dimer formation, a series of Zn complexes with
different substituents on the phenolic rings were subjected to
NMR studies (Figure 4).

size of the substituents were found to be of crucial importance
for the 1H NMR spectra of the complexes in CDCl3. For complex
4d-Zn with small methyl substituents, the behavior in CDCl3
was similar to that of 4a-Zn and 3b-Zn, whereas naphthalenesubstituted complex 3c-Zn and diethylamino-substituted complex 3g-Zn behaved similar to complexes with ortho substituents, 3d-Zn and 4c-Zn. Especially relevant for these studies was
the chemical shift values of proton Ha (see Figure 4). The chemical shift was observed at relatively high ppm values for complexes 3c-Zn, 3d-Zn, 4c-Zn and 3g-Zn independent of concentrations (7.94 ppm, 7.83 ppm, 7.84 ppm and 7.80 ppm respectively). From the dimerization model depicted in Scheme 3, this
proton would be anticipated to be strongest influenced by dimerization, and would have been expected to appear at a lower
ppm value in a dimer. Indeed, at high concentrations of 4a-Zn
and 4d-Zn, the resonances corresponding to Ha were found
at 7.49 ppm and 7.52 ppm respectively, whereas at very low
concentrations, the resonances were found at 7.81 ppm and
7.82 ppm, similarly to what was observed for 3d-Zn, 4c-Zn and
3g-Zn at any concentrations. In summary, these observations
suggest that the existence of monomeric tetracoordinated Zn
complexes in CDCl3 is very sensitive to the substitution pattern
near Zn. In [D6]DMSO, the 1H NMR spectra of all complexes
were similar, and for the 21 different Zn complexes depicted in
Scheme 2, the chemical shift range of Ha was only 7.55–
7.68 ppm, seemingly being dictated by the electronic properties of the different substituents of each complex.

Coordination of N-Ligands to Zn Complexes
To gain deeper knowledge of the coordination of additional
ligands to the Zn complexes discussed so far, a series of pentacoordinated complexes were synthesized and studied by NMR
and single-crystal X-ray diffraction analysis. Various complexes
were studied (see Scheme S6, SI), but the findings will mainly
be discussed for complex 3d-Zn (Figure 4) and the related complexes 3e-Zn and 4e-Zn (Scheme 2), and their reactions towards some of the nitrogen-containing bases depicted in Figure 5.

Figure 4. A selection of the different Zn complexes studied herein. The proton
Ha of the biphenyl backbone is marked as it is of importance for the discussion (see text).

For complexes carrying substituents para to the phenoxides
(as well as no substituents; complex 3b-Zn), similar behavior
as was found for 4a-Zn in CDCl3 was observed. The 1H NMR
resonances of the Zn complexes with ortho substituents were
found to be essentially concentration independent in CDCl3,
indicating static behavior under these experimental conditions
(see Figure S129 and Figure S194, SI, for concentration studies
of 3d-Zn and 4c-Zn). In addition, no significant temperature
dependency was found for the 1H NMR resonances of 3d-Zn,
when the complex was studied at low temperatures (–44 °C),
similar to what was observed for 4a-Zn at low concentrations
in CDCl3 (Figure S130, SI). For complexes carrying substituents
meta to the phenoxides, no clear trend was observed, and the
Eur. J. Inorg. Chem. 2020, 3627–3643
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Figure 5. Nitrogen-containing ligands studied in this work.

The bases depicted in Figure 5 all contain a sp2-hybridized
nitrogen atom. Such bases have been reported to coordinate
to Zn in related salen and salphen complexes, and several of
these Zn complexes have been structurally characterized.[2c,3a,5,11] In addition, there is large diversity in basicity and
steric properties for such ligands; from weakly basic pyridine
with low steric bulk, to the larger and more basic bicyclic ami-
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dines and guanidines 1,5-diazabicyclo[4.3.0]non-5-ene (DBN),
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD).[26] N-ligated complexes of 3d-Zn
could be synthesized by two methods. For DBU, DBN and TBD,
the corresponding complexes 3d-Zn-DBU, 3d-Zn-DBN and 3dZn-TBD could be obtained directly from ligand 3d, by reaction
with Zn(OAc)2·2H2O in the presence of an excess of the given
base (Scheme 5a). The similar synthesis of DBU-ligated Znphthalocyanine complexes has been reported earlier by Mele
and co-workers.[27] Pentacoordinated complexes of 3d-Zn could
also be obtained by recrystallization of the complex in MeCN
in the presence of an excess of base (Scheme 5b). Kleij and coworkers used a similar approach for the synthesis of base-ligated Zn salphen complexes.[11]

was found to be a useful strong base for the synthesis of complex 3e-Zn that was difficult to obtain by using NEt3 as the
base (Scheme 2).
The studies of the complexes by NMR revealed interesting
information, most notably the effect of concentration on their
formation and stability. In the 1H NMR spectra of several of the
complexes depicted in Scheme 5, a significant concentration
dependency of the 1H NMR resonances was found. The complexes of general form 3d-Zn-Base could be divided in two
categories according to how differences in concentration affected their 1H NMR resonances in CDCl3. In the first category
of complexes (Category 1), a concentration effect on the resonances was evident. This was valid for complexes of pyridine,
N-MeIm, TMG and DMAP. At low concentrations, resonances at
higher ppm values were observed, and at high concentrations,
resonances at lower ppm values were observed. This could indicate that the pentacoordinated complex is not a static assembly, and that there is an equilibrium involved between different
species. Complex 3d-Zn-pyridine is a useful model, due to the
availability of [D5]pyridine as a NMR solvent. From the NMR
studies of 3d-Zn in [D5]pyridine, it was found that the 1H NMR
spectrum of 3d-Zn did not change when changing the concentration of the complex (Scheme 6a), similar to what was observed from 1H NMR studies of 4a-Zn in [D6]DMSO. Contrary
observations were made when the isolated complex 3d-Znpyridine was studied in CDCl3. At low concentrations of the
complex (2.6 × 10–3 mM), the chemical shifts were found to be
relatively similar to those observed for 3d-Zn in CDCl3

Scheme 5. Synthesis of various base-ligated complexes of 3d-Zn.

The method depicted in Scheme 5b was suitable for ligation
of pyridine, 4-(dimethylamino)pyridine (DMAP), N-methylimidazole (N-MeIm) and 1,1,3,3-tetramethylguanidine (TMG) to 3dZn, giving access to the complexes 3d-Zn-pyridine, 3d-ZnDMAP, 3d-Zn-N-MeIm and 3d-Zn-TMG, respectively. The two
complexes 3d-Zn-DBU and 3d-Zn-TBD could also be obtained
by this method. The complexes were characterized by NMR
spectroscopy and MS, as well as elemental analysis and singlecrystal X-ray diffraction analysis for selected complexes. The interaction between (S)-nicotine and 4e-Zn was studied exclusively by 1H NMR, this was also done for 4-aminopyridine (4AP) and 2-aminopyridine (2-AP) (see SI). In addition, from
1
H NMR studies of the electron poor complex 4b-Zn in the
presence of NEt3, there were indications of formation of an ZnNEt3 adduct (Figure S354, SI). For less electron poor complexes
(3d-Zn and 4d-Zn), there were no indications of adduct formation with NEt3 (Figure S132 and Figure S199, SI). The inability
to isolate any Zn complexes ligated by NEt3 is in agreement
with the low affinity of tertiary acyclic amines for Zn in salen
and salphen complexes, as reported in the literature,[1e,3d,4e] although Kleij and co-workers were able to structurally characterize an NBu3-ligated Zn salphen complex.[28] The very sterically
hindered base tBu-TMG failed to give any detectable pentacoordinated adducts on reaction with various Zn complexes, but
Eur. J. Inorg. Chem. 2020, 3627–3643
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Scheme 6. Suggested effect of concentration on 3d-Zn in [D5]pyridine (a), on
3d-Zn-pyridine in CDCl3 (b) and (c), and on 3d-Zn-DBU, 3d-Zn-DBN and
3d-Zn-TBD in CDCl3 (d).
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(Scheme 6b). Upon increasing the concentration of 3d-Zn-pyridine (2.6 × 10–2 mM), the chemical shifts were moved to lower
ppm values, the strongest effect was found for the resonance
corresponding to Ha (see Figure 3) and the α-protons of pyridine, indicating a larger extent of pentacoordination in the observed species (Scheme 6c).
From the studies of the complexes, a second category of
complexes 3d-Zn-Base could be established (Category 2). The
1
H NMR appearance of complexes 3d-Zn-DBU, 3d-Zn-DBN and
3d-Zn-TBD in CDCl3 was found to be essentially independent
of the concentration of the corresponding complex
(Scheme 6d). This indicates that Zn in complex 3d-Zn has a
higher affinity for DBU, DBN and TBD than e.g. pyridine, which
could be rationalized by the higher basicity of the former compared to the latter.[26]
As the complexes in Category 1 were dynamic in 1H NMR
with respect to concentration, it complicated their NMR analysis. Complexes 3d-Zn-DBU and 3d-Zn-TBD were more suitable
for in-depth NMR studies as no concentration dependency
could be detected. Although DBU and TBD are structurally similar to each other, some significant differences in the 1H NMR
spectra of their respective complexes were found. Broadened
1
H NMR resonances were observed for 3d-Zn-DBU in CDCl3 at
ambient temperature, whereas decoalescence of the resonances were observed for 3d-Zn-TBD, revealing the non-symmetrical nature of the pentacoordinated complex. Initial studies of
3d-Zn-TBD were conducted at 25 °C, but a small temperature
decrease (15 °C) made the decoalescence more evident. Studies
of 3d-Zn-DBU at the same temperature did not reveal any decoalescence, whereas complex 3d-Zn-TMG, also carrying a
guanidine ligand, had sharp 1H NMR resonances at this temperature (Figure 6).

vent.[29] The resonance of the NH proton of 3d-Zn-TBD was
observed at 6.17 ppm in CD2Cl2, which is a significantly higher
ppm value than what was found for the resonance of the NH
proton of TBD in CD2Cl2 (4.42 ppm). Similar changes were observed in C6D6. This may be indicative of hydrogen-bonding in
solution. In addition, data from single-crystal X-ray diffraction
analysis of 3d-Zn-TBD indicated hydrogen-bonding in solid
state (vide infra). Intramolecular hydrogen bond formation in
TBD complexes of various metals have been reported,[30] and
Hitchcock and co-workers reported a similar change of the resonance of the NH proton in TBD in the complex ZnBr2(TBD)2 in
CD2Cl2[30a] as to what was observed for 3d-Zn-TBD.
More detailed variable temperature 1H NMR studies of 3dZn-DBU and 3d-Zn-TBD revealed other interesting differences
between these complexes. The primarily effect of additional
temperature decrease for 3d-Zn-TBD (vide infra) was a gradually sharpening of the resonances that had underwent decoalescence at 15 °C (Figure 8 and Figure S242, SI). For 3d-Zn-DBU,
decoalescence of some of the resonances was observed at 3 °C,
and at –8 °C a second decoalescence process was observed. On
further decreasing the temperature to –44 °C, all resonances
became sharper. The process was most easily observed for the
imine proton Hd (Figure 7).

Figure 7. Stacked 1H NMR (500 MHz, CDCl3) spectra of 3d-Zn-DBU on decreasing temperature. Only the aromatic region is shown.

Figure 6. Stacked 1H NMR (600 MHz, CDCl3, 15 °C) spectra of 3d-Zn-TMG
(top), 3d-Zn-DBU (middle) and 3d-Zn-TBD (bottom) highlighting the significance of the N-ligand on the appearance of the 1H NMR resonances of the
corresponding complex. Only the aromatic region is shown.

One possible explanation for the increase in conformational
stability for the TBD complex compared to the DBU complex
and the TMG complex is the ability of intramolecular hydrogenbonding in the former than the two latter complexes. The NH
proton of the TBD ligand in 3d-Zn-TBD could not be observed
in CDCl3, probably because of rapid H-D exchange in this solEur. J. Inorg. Chem. 2020, 3627–3643

www.eurjic.org

The most reasonable explanation for the observations in Figure 7 is that in case of 3d-Zn-DBU there are two equilibrating
pentacoordinated complexes present (Scheme 7).

Scheme 7. Model of pseudorotation in 3d-Zn-DBU. The DBU ligand has been
omitted for clarity and is represented by “N”.
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This would lead to the decoalescence of proton Hd into four
resonances Hd, Hd′, Hd′′ and Hd′′′. However, only three resonances were observed at the lowest temperature that was investigated. The ratios between the resonances Hd′′, Hd and Hd′ at
–44 °C in Figure 7 were found to be 0.3:0:7:1 by integration.
Based on this, it would be anticipated that the resonance Hd′
actually contains two resonances Hd′ and Hd′′′ in the same relative ratio as that observed within the pair Hd′′ and Hd. The effect
may indeed be observable for proton Ha, but unfortunately
overlap with other resonances in the 1H NMR spectrum make
the unambiguous assignment of all four resonances Ha, Ha′, Ha′′
and Ha′′′ impossible.
A second explanation for the observations made for 3d-ZnDBU in Figure 7, may be that the dominating equilibrium for
this complex is that depicted in Scheme 6d, i.e. between a pentacoordinated complex and a tetracoordinated complex. In order to investigate whether the equilibrium depicted in
Scheme 6d really was operating for the DBU-ligated complex, a
1
H NMR experiment was performed. In an equilibrium process,
a small amount of uncoordinated DBU would be present at
any time. DBU is a useful strong base for numerous organic
reactions,[31] such as transesterifications.[32] Importantly, it can
be used catalytically in such reactions.[33] In virtue of having
ethoxycarbonyl substituents, 4e-Zn-DBU could then react with
another alcohol, i.e. CD3OD, in the presence of catalytic
amounts of DBU released in solution to produce the transesterification products, 3e-CD3-Zn-DBU and ethanol (Scheme 8).

Scheme 8. Suggested formation of 3e-CD3-Zn-DBU from 4e-Zn-DBU in
CD3OD.

Thus, the 1H NMR spectrum of 4e-Zn-DBU in CD3OD was
recorded. Initially a small amount of ethanol could be detected
alongside the resonances belonging to the ethoxycarbonyl
group, and after one day, there were only traces left of the
ethoxycarbonyl group, alongside an increased amount of ethanol (Figure S359, SI). The presence of the deuterated complex
3e-CD3-Zn-DBU was verified by MS. These observations suggest that there indeed is an equilibrium involved for the DBUligated complexes, between a pentacoordinated and a tetracoordinated species. Furthermore, the transesterification did not
take place when 4e-Zn was studied in CD3OD under similar
Eur. J. Inorg. Chem. 2020, 3627–3643
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conditions, indicating that DBU is needed for the reaction to
take place.
Whereas the equilibrium between a pentacoordinated complex and a tetracoordinated complex could not be directly observed from the variable temperature NMR studies of 3d-ZnDBU, it was possible to detect it from the studies of 3d-Zn-TBD
(Figure 8).

Figure 8. Stacked 1H NMR (500 MHz, CDCl3, –44 °C) of 3d-Zn (top) and 3d-ZnTBD (bottom), showing the coexistence of the two complexes in the bottom
spectrum.

Unlike what was observed for 3d-Zn-DBU, no secondary decoalescence process could be observed for 3d-Zn-TBD, which
may be attributed to the ability of intramolecular hydrogenbonding in the complex as discussed above. However, at sufficiently low temperatures (≤ –22 °C), the resonances belonging
to a second species were revealed, which is most probably the
tetracoordinated species 3d-Zn from comparisons with the
1
H NMR spectrum of the latter at the same temperatures. Furthermore, additional resonances in the aliphatic region of the
1
H NMR spectrum of 3d-Zn-TBD could be attributed to uncoordinated TBD. The ratio between 3d-Zn-TBD and 3d-Zn was estimated to be 1:0.04 from integration of the 1H NMR spectrum
of 3d-Zn-TBD, which is in agreement with the proposal in
Scheme 6d, with the equilibrium being strongly in favor of the
pentacoordinated complex, at least at low temperatures. In addition to 3d-Zn-DBU and 3d-Zn-TBD, a third complex, 3d-ZnDMAP was studied using variable temperature 1H NMR. As opposed to the two former complexes, the 1H NMR resonances of
the latter complex were sharp at room temperature, similar to
what was observed for 3d-Zn-TMG (upper spectrum, Figure 6).
On decreasing the temperature to –56 °C, the 1H NMR resonances of 3d-Zn-DMAP became broadened, but the decoalescence
temperature could not be reached in CDCl3 (Figure S259, SI).
In addition to the studies conducted on base-ligated complexes of 3d-Zn, 3e-Zn and 4e-Zn, a series of other base-ligated complexes were synthesized, using the reaction conditions
described in Scheme 5a. On comparison of the ortho-tert-butylsubstituted complex 3d-Zn-DBU and the ortho-fluorine-substi-
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Figure 9. Stacked 1H NMR (600 MHz, CDCl3, 25 °C) spectra of 3d-Zn-DBU
(top) and 3j-Zn-DBU (bottom) showing the aromatic and the aliphatic region.

tuted complex 3j-Zn-DBU, significant differences in the 1H NMR
spectra of the two complexes were found (Figure 9).
Both the resonances belonging to the DBU ligand and the
aromatic resonances were significantly sharper and more welldefined for 3j-Zn-DBU than for 3d-Zn-DBU. This may indicate
that not only the size of the N-ligand, but also the steric and
electronic properties of the N2O2 ligand are crucial for the isomerization rates of the pentacoordinated Zn complexes described
herein.
Although NMR proved to be very useful for the studies of
the interactions between the Zn complexes and the different
Lewis bases described herein, attempts to study the Zn complexes and their interactions with other Lewis bases (halide anions) were less conclusive. Only very subtle changes in the 1H
NMR resonances of the complexes 3d-Zn and 4d-Zn in CDCl3
could be observed on addition of tetrabutylammonium halide
salts. The 1H NMR studies of 3d-Zn and 4d-Zn in the presence
of tetrabutylammonium cyanide in CDCl3 were complicated by
coinciding decomposition of the complexes. The coordination
of water to complex 3j-Zn could be detected by 1H NMR, but
only in CDCl3 (see S154, SI).

Crystallographic Structure Determination of Base-Ligated
Pentacoordinated Zn Complexes
Complexes 3d-Zn-N-MeIm, 3e-Zn-DMAP, 4e-Zn-DBU, 3d-ZnTBD and 3e-Zn-TMG (Figure 10, Figure 11, Figure 12, Figure 13,
and Figure 14) were characterized by single-crystal X-ray diffraction analysis.
All five complexes crystallized with the anticipated pentacoordination around Zn, with distorted trigonal bipyramidal geometries as evaluated by the τ5 values[34] of the structures. The
obtained structures clearly show that the salicylaldiminato halfunits within each complex do not have an identical environment, thus explaining the observations made in the 1H NMR
spectra of 3d-Zn-TBD and 3e-Zn-DBU. On comparison of the
bond lengths between Zn and the nitrogen of the different
Eur. J. Inorg. Chem. 2020, 3627–3643
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Figure 10. ORTEP plot of 3d-Zn-N-MeIm with 50 % ellipsoids. Hydrogen atoms have been omitted for clarity. τ5 = 0.83. Selected bond lengths [Å] and
angles [°]: Zn1–N1, 2.0712(1); Zn1–N2, 2.1901(1); Zn1–N3, 2.0751(1); Zn1–O1,
1.9834(1); Zn1–O2, 1.9372(1); N1–Zn1–N2, 91.315(2); N1–Zn1–N3, 125.842(3);
N1–Zn1–O1, 90.391(3); N1–Zn1–O2, 118.977(3); N2–Zn1–N3, 84.573(2); N2–
Zn1–O1, 175.708(3); N2–Zn1–O2, 86.425(3); N3–Zn1–O1, 91.236(3); N3–Zn1–
O2, 114.617(3); O1–Zn1–O2, 96.190(3); C2–C1–C7–C8, 65.639(7).

Figure 11. ORTEP plot of 3e-Zn-DMAP with 50 % ellipsoids. Only one of the
two molecules in the asymmetric unit is shown. Hydrogen atoms have been
omitted for clarity. τ5 = 0.89, 0.89. Selected bond lengths [Å] and angles [°]:
Zn1–N1, 2.0711(1); Zn1–N2, 2.1563(1); Zn1–N3, 2.0936(1); Zn1–O1, 1.9919(2);
Zn1–O2, 1.9358(1); Zn2–N4, 2.1630(1); Zn2–N5, 2.0723(1); Zn2–N6, 2.0949(1);
Zn2–O3, 1.9294(2); Zn2–O4, 1.9942(1); N1–Zn1–N2, 89.722(3); N1–Zn1–N3,
119.986(4), N1–Zn1–O1, 87.220(3); N1–Zn1–O2, 122.369(3); N2–Zn1–N3,
87.468(3); N2–Zn1–O1,176.065(4); N2–Zn1–O2, 86.752(3); N3–Zn1–O1,
91.915(4); N3–Zn1–O2, 117.282(3); O1–Zn1–O2, 96.977(3); C2–C1–C7–C8,
61.396(8); N4–Zn2–N5, 90.028(3); N4–Zn2–N6, 86.413(3), N4–Zn2–O3,
86.776(3); N4–Zn2–O4, 176.305(4); N5–Zn2–N6, 118.997(4); N5–Zn2–
O3,123.184(3); N5–Zn2–O4, 87.601(3); N6–Zn2–O3, 117.368(3); N6–Zn2–O4,
92.257(4); O3–Zn2–O4, 96.894(3).

base ligands, the bond lengths were found to range from
2.0444(1) Å to 2.0936(1) Å. From the categorization of complexes based on their behavior towards concentration effects in
solution, it would be anticipated that for complexes belonging
to the first category (3d-Zn-N-MeIm, 3e-Zn-DMAP and 3e-Zn-
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Figure 12. ORTEP plot of 4e-Zn-DBU with 50 % ellipsoids. Hydrogen atoms
have been omitted for clarity. τ5 = 0.72. Selected bond lengths [Å] and angles
[°]: Zn1–N1, 2.0974(1); Zn1–N2, 2.1512(1); Zn1–N3, 2.0883(1); Zn1–O1,
1.9815(1); Zn1–O2, 1.9659(1); N1–Zn1–N2, 90.649(3); N1–Zn1–N3, 119.402(3);
N1–Zn1–O1, 88.015(3); N1–Zn1–O2, 128.793(3); N2–Zn–N3, 90.723(3); N2–
Zn1–O1, 171.865(3); N2–Zn1–O2, 85.620(3); N3–Zn1–O1, 96.925(3); N3–Zn1–
O2, 111.708(4); O1–Zn1–O2, 88.964(3); C2–C1–C7–C8, 67.082(7).

Figure 13. ORTEP plot of 3d-Zn-TBD with 50 % ellipsoids. Hydrogen atoms
(except N5–H) have been omitted for clarity. τ5 = 0.71. Selected bond lengths
[Å] and angles [°]: Zn1–N1, 2.1304(1); Zn1–N2, 2.0874(1); Zn1–N3, 2.0559(1);
Zn1–O1, 1.9701(1); Zn1–O2, 2.0204(1); N5···O1, 2.9841(1); N1–Zn1–N2,
90.618(3); N1–Zn1–N3, 93.411(3); N1–Zn1–O1, 87.268(3); N1–Zn1–O2,
174.622(3); N2–Zn1–N3, 90.618(3); N2–Zn1–O1, 131.876(3); N2–Zn1–O2,
88.793(3); N3–Zn1–O1, 114.969(3); N3–Zn1–O2, 91.736(3); O1–Zn1–O2,
89.145(3); C2–C1–C7–C8, –60.396(7); N5–H···O1, 147.413(5).

TMG), the Zn-N(base) bonds would be longer than for complexes belonging to the second category (4e-Zn-DBU and 3dZn-TBD). However, there was no clear correlation between
these observations and the obtained bond lengths. The Zn-N
bond lengths were found to increase in the order 3e-Zn-TMG
< 3d-Zn-TBD < 3d-Zn-N-MeIm < 4e-Zn-DBU < 3e-Zn-DMAP.
Eur. J. Inorg. Chem. 2020, 3627–3643
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Figure 14. ORTEP plot of 3e-Zn-TMG with 50 % ellipsoids. Hydrogen atoms
(except for N3–H) and MeCN (solvent of crystallization) have been omitted
for clarity. τ5 = 0.77. Selected bond lengths [Å] and angles [°]: Zn1–N1,
2.0869(1); Zn1–N2, 2.1699(1); Zn1–N3, 2.0444(1); Zn1–O1, 2.0042(1); Zn1–O2,
1.9524(1); N3···O1, 3.0357(2); N3···O2, 3.2834(1); N1–Zn1–N2, 92.200(3); N1–
Zn1–N3, 127.099(3); N1–Zn1–O1, 87.435(3); N1–Zn1–O2, 122.323(4); N2–Zn1–
N3, 88.613(3); N2–Zn1–O1, 173.053(4); N2–Zn1–O2, 85.121(3); N3–Zn1–O1,
97.144(3); N3–Zn1–O2, 110.453(3); O1–Zn1–O2, 89.211(3); C2–C1–C7–C8,
68.579(8); N3–H···O1, 48.341(5); N3–H···O2, 86.435(5).

Since the obtained structures have varied deviations from ideal
trigonal bipyramidal geometry, this must be taken into consideration when comparing the data. Another perspective could
be obtained by comparing the three different Zn-N bonds
within each complex. For 3d-Zn-N-MeIm and 3e-Zn-DMAP, the
shortest bond is between Zn and one of the N donors in the
N2O2 ligand. For the three other complexes, the shortest bond
is between Zn and the N donor of the base ligand. This may
account for the differences in stability observed for 3d-Zn-NMeIm and 3e-Zn-DMAP, and 3d-Zn-TBD and 4e-Zn-DBU in
solution, although 3e-Zn-TMG does not fit in this pattern,
based upon both bond lengths and basicity of the ligand itself.
Hence, it is clear that other factors are important as well, e.g.
the size of the ligand as well as secondary stabilizing interactions between the different complexes in solution.[5b] Intramolecular hydrogen-bonding within 3d-Zn-TBD was discussed
as a possible explanation for the increased conformational stability for this complex compared to e.g. 3d-Zn-DBU and 3d-ZnTMG. Both the donor–acceptor bond length and the hydrogen
bond angle within 3d-Zn-TBD are within the range of hydrogen-bonding of moderate strength,[35] and these values support the assumptions made from the 1H NMR data. No clear
indications of intramolecular hydrogen-bonding were found for
3e-Zn-TMG in the solid state, although this complex also have
an NH-containing guanidine ligand. This observation is in accordance with the literature reports concerning the coordination chemistry of guanidines, as bicyclic guanidines (e.g. TBD)
have a greater tendency to participate in intramolecular hydrogen bonding than acyclic guanidines (e.g. TMG).[30b,36]
Synthesis, NMR Studies and Single-Crystal X-ray
Diffraction Analysis of Cd Complexes 4b-Cd, 4a-Cd-DBU
and 4e-Cd-DBU
In addition to the studies on Zn, preliminary studies were conducted on Cd as well. This was of special interest as Zn and Cd
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have many similarities in terms of coordination chemistry.[37]
The main difference between Zn and Cd is the larger ionic radius of the latter than the former.[38] Cd is also considered to
be a softer Lewis acid than Zn.[39] Both these factors should be
of relevance for studies of metal complexes of the N2O2 tetradentate ligands described herein. Initially, when ligand 4a was
treated with Cd(OAc)2·2H2O or CdCl2 using the same reaction
conditions as those for the synthesis of the Zn complex 4a-Zn,
only a product of low purity could be obtained. Similar results
were obtained using ligand 4e, and no Cd complex could be
isolated from the reaction. However, better results were obtained using the more electron poor ligand 4b, and the corresponding Cd complex 4b-Cd could be obtained in moderate
yields using the reaction conditions depicted in Scheme 9.

Scheme 9. Synthesis of Cd complex 4b-Cd.

The Cd complex was characterized by NMR spectroscopy,
MS, elemental analysis and single-crystal X-ray diffraction analysis. Crystals suitable for single-crystal X-ray diffraction analysis
was obtained by slow diffusion of methanol into a saturated
solution of 4b-Cd in DMSO, giving 4b-Cd-DMSO-MeOH. The
complex crystallized as a monomer with distorted octahedral
geometry around Cd. The N2O2 ligand occupied four of the six
coordination sites, whereas the two last sites were occupied by
a DMSO molecule and a MeOH molecule (Figure 15).

base complexes.[40] The trans angles in the complex were found
to be 153.388(2)°, 150.990(2)° and 151.942(2)° for N1–Cd1–O2,
N2–Cd1–O1 and O3–Cd1–O4 respectively, showing large deviations from the expected 180° angles. The cis angles were also
deviating from the expected 90° angles, ranging between
78.083(2) and 121.794(2)°. There are several reports of hexacoordinated Cd complexes of multidentate ligands with strongly
distorted octahedral geometry,[40a,41] and even trigonal prismatic geometry[42] in the literature, creating a clear precedence
for the distorted geometry observed for 4b-Cd-DMSO-MeOH.
The effect of increased ionic radius for Cd compared to Zn
can be seen by the enhancement of coordination number of
the Cd complex, together with the elongation of all the bonds
between the metal ion and the heteroatoms of the N2O2 ligand.
Although Cd is considered to be a softer Lewis acid than Zn,
the DMSO ligand coordinates via oxygen and not sulfur,[43] and
oxygen coordination in Cd-DMSO complexes is frequently reported in the literature.[44] The pseudo-octahedral geometry
found for 4b-Cd-DMSO-MeOH may explain the low stability of
the complex in other NMR solvents than [D6]DMSO. Whereas
the Zn complexes described herein could be studied in different
solvents, 4b-Cd was found to decompose rapidly in CDCl3 and
even in CD3CN, thus limiting NMR studies to [D6]DMSO. Cd coordination was readily detected by 1H NMR spectroscopy, and
Cd satellites were visible for the imine proton in 4b-Cd with
3
JH,Cd of 26.8 Hz. The value is comparable with what has previously been reported for Schiff base complexes of Cd.[42c,45] Cd
satellites were also observed in the 13C NMR spectrum of the
complex, but only three-bond coupling constants could be detected, and only for carbons in the phenoxide rings of the complex. 3JC,Cd values for C10 and C8 were found to be 15.0 Hz and
21.0 Hz, respectively (Figure 16). These coupling constants are
comparable with reported values in the literature for Schiff base
complexes of Cd.[46]

Figure 15. ORTEP plot of 4b-Cd-DMSO-MeOH with 50 % ellipsoids. Hydrogen
atoms have been omitted for clarity. Selected bond lengths [Å] and angles
[°]: Cd1–N1, 2.3435(1); Cd1–N2, 2.3224(1); Cd1–O1, 2.2579(1); Cd1–O2,
2.2120(1); Cd1–O3, 2.3186(1); Cd1–O4, 2.3737(1); N1–Cd1–N2; 86.043(1); N1–
Cd1–O1, 80.174(1); N1–Cd1–O2, 153.388(2); N1–Cd1–O3, 88.640(1); N1–Cd1–
O4, 110.812(2); N2–Cd1–O1, 150.990(2); N2–Cd1–O2, 81.709(1); N2–Cd1–O3,
121.794(2); N2–Cd1–O4, 80.941(1); O1–Cd1–O2, 120.355(2); O1–Cd1–O3,
83.486(2); O1–Cd1–O4, 80.331(2); O2–Cd1–O3, 78.083(2); O2–Cd1–O4,
90.525(2); O3–Cd1–O4, 151.924(2); C2–C1–C7–C8, –75.114(4).

Figure 16. Excerpt of the 13C NMR (151 MHz, [D6]DMSO) spectrum of 4b-Cd
showing the resonances corresponding to C10, C3 and C8 (left to right). Only
C10 and C8 show coupling to Cd, although C3 also would be expected to
have a 3J coupling to Cd.

The octahedral geometry found for 4b-Cd-DMSO-MeOH can
best be described as severely distorted. The Cd–N and Cd–O
bonds between Cd and the Schiff base ligand are of comparable length to reported values for hexacoordinated Cd Schiff

The significantly longer Cd–N bonds in the complex, compared to the Cd–O bonds, may explain the lack of observed 3J
coupling between Cd and C3 (see Figure 16). The weak nature
of the Cd–N bonds could also be observed in 1H-15N HMBC
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experiments. The coordination shift Δδ (δcomplex – δligand) of the
imine nitrogen was less in 4b-Cd (Δδ = 18.1) than in 4b-Zn
(Δδ = 33.5) on comparison with that of ligand 4b.
Whereas ligands 4a and 4e failed to yield Cd complexes
when the reactions was carried out in the presence of NEt3, Cd
complexes of these ligands could be obtained when DBU was
used as the base. As was found for Zn, DBU-ligated complexes
were obtained in moderate to good yields (Scheme 10).

Scheme 10. Synthesis of Cd complex 4b-Cd.

The complexes were characterized by NMR spectroscopy, MS,
elemental analysis and single-crystal X-ray diffraction analysis.
4e-Cd-DBU crystallized as a monomer with pentacoordination
at Cd, analogously to what was seen for the corresponding
Zn complex (Figure 17).

Figure 17. ORTEP plot of 4e-Cd-DBU. Because of disorder limiting the highresolution diffraction in the measured crystal, only Zn and O are refined as
thermal ellipsoids (set at 50 % probability). Hydrogen atoms have been omitted for clarity. τ5 = 0.52. Selected bond lengths [Å] and angles [°]: Cd1–N1,
2.2876(2); Cd1–N2, 2.3158(2); Cd1–N3, 2.2634(3); Cd1–O1, 2.1468(2); Cd1–O2,
2.1595(2); N1–Cd1–N2, 90.609(6); N1–Cd1–N3, 118.298(6); N1–Cd1–O1,
81.832(5); N1–Cd1–O2, 128.766(6); N2–Cd1–N3, 93.208(5); N2–Cd1–O1,
159.802(6); N2–Cd1–O2, 80.252(5); N3–Cd1–O1, 106.881(6); N3–Cd1–O2,
112.514(7); O1–Cd1–O2, 89.894(6); C2–C1–C7–C8, 77.236(15).

Whereas 4e-Zn-DBU crystallized with distorted trigonal bipyramidal geometry around Zn (τ5 = 0.72), the geometry
around Cd in 4e-Cd-DBU was found to be intermediate between trigonal bipyramidal and square pyramidal (τ5 = 0.52).
Of the three Cd–N bonds, the bond between Cd and the DBU
ligand (2.2634(3) Å) was shorter than the corresponding bonds
between Cd and the N2O2 ligand (2.3158(2) Å and 2.2876(2) Å,
respectively). On comparison with the Zn complex 4e-Zn-DBU
Eur. J. Inorg. Chem. 2020, 3627–3643
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(Figure 12), the bond between Cd and the DBU ligand was significantly longer than the corresponding bond between Zn and
DBU (2.0883(1) Å).
As was seen for 4b-Cd, coordination of Cd in 4e-Cd-DBU
could be detected by the presence of Cd satellites in both 1H
and 13C NMR. While 4b-Cd only could be characterized in
[D6]DMSO due to stability issues, 4e-Cd-DBU was more robust
towards degradation in solution. Although most NMR characterization of the Cd complex was performed in [D6]DMSO, some
characterization could also be carried out in CDCl3, although
degradation of the complex took place over time. This suggest
that the preferred coordination number of the Cd complex in
solution would be six, and that the pentacoordinated species
(presumably present in CDCl3) is less stable than a hexacoordinated species (presumably present in [D6]DMSO).
The 1H NMR spectrum of 4a-Cd-DBU was similar to that of
4e-Cd-DBU, with the expected 1:1 stoichiometry between the
N2O2 ligand and the DBU ligand. The spatial proximity of the
different ligands at Cd was established by 1H-1H NOESY experiments. 4a-Cd-DBU was characterized by single-crystal X-ray diffraction analysis as well, showing strikingly different results than
those obtained for 4e-Cd-DBU. Crystals were obtained by slow
diffusion of EtOH into a saturated DMSO solution of 4a-CdDBU. The complex crystallized as a tetramer, with each of the
four Cd nuclei having a distorted octahedral geometry (Figure 18 and Figure 19). Furthermore, the complex crystallized
without any DBU ligands, and the coordination environment
was solely made up by four molecules of the N2O2 ligand.

Figure 18. ORTEP plot of 4a-Cd with 50 % ellipsoids. Hydrogen atoms and
ethoxycarbonyl groups have been omitted for clarity.

As seen from Figure 18 and Figure 19, the four Cd nuclei are
interconnected by bridging oxygens, creating a cavity in the
structure. The distance between the diagonally oriented Cd nuclei in this cavity was found to be 4.8074(1) Å (Cd1···Cd3) and
5.1232(1) Å (Cd2···Cd4) respectively. The bonding distances between Cd and each of the six heteroatoms were similar to those
seen for the monomer 4b-Cd, with Cd–N bond lengths ranging
between 2.3109(1) Å and 2.3416(1) Å, and Cd–O bond lengths
ranging between 2.2057(1) Å and 2.3762(1) Å. Although the
hexacoordination observed for 4a-Cd and 4b-Cd was not seen
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Figure 19. ORTEP plot of 4a-Cd with 50 % ellipsoids. Only the heteroatoms
coordinating to Cd, as well as the carbon atoms that connect the aforementioned heteroatoms, are shown. Selected bond lengths [Å] and angles [°]:
Cd1–N1, 2.3416(1); Cd1–N2, 2.3186(1); Cd1–O1, 2.2800(1); Cd1–O2, 2.3061(1);
Cd1–O3, 2.2632(1); Cd1–O8, 2.2642(1); Cd2–N3, 2.3229(1); Cd2–N4, 2.3109(1);
Cd2–O1, 2.3663(1); Cd2–O3, 2.2115(1); Cd2–O4, 2.2057(1); Cd2–O6, 2.3762(1);
Cd1···Cd2, 3.5008(1); Cd1···Cd3, 4.8074(1); Cd1···Cd4, 3.5468(1); Cd2···Cd4,
5.1232(1); N1–Cd1–N2, 80.107(2); N1–Cd1–O1, 79.786(1); N1–Cd1–O2,
121.236(2); N1–Cd1–O3, 144.119(2); N1–Cd1–O8, 90.198(2); N2–Cd1–O1,
120.085(2); N2–Cd1–O2, 80.797(2); N2–Cd1–O3, 90.802(1); N2–Cd1–O8,
142.569(2); O1–Cd1–O2, 154.234(2); O1–Cd1–O3, 75.015(2); O1–Cd1–O8,
93.069(2); O2–Cd1–O3, 90.864(2); O2–Cd1–O8, 73.605(2); O3–Cd1–O8,
116.018(2); N3–Cd2–N4, 88.491(2); N3–Cd2–O1, 90.433(2); N3–Cd2–O3,
79.799(2); N3–Cd2–O4, 166.549(2); N3–Cd2–O6, 115.367(2); N4–Cd2–O1,
113.098(1); N4–Cd2–O3, 113.098(1); N4–Cd2–O4, 80.701(2); N4–Cd2–O6,
92.009(2); O1–Cd2–O3, 74.268(2); O1–Cd2–O4, 85.512(2); O1–Cd2–O6,
144.914(2); O3–Cd2–O4, 111.824(2); O3–Cd2–O6, 86.788(1); O4–Cd2–O6,
73.288(2); Cd1–O1–Cd2, 97.765(1); Cd1–O3–Cd2, 102.947(1); Cd1–O2–Cd4,
98.477(2); Cd1–O8–Cd4, 105.017(2).

for any of the Zn complexes described herein, the obtained
structure of 4a-Cd may shed light on potential oligomeric structures of Zn complexes as well.

Conclusions
Herein, various Zn complexes of Schiff base ligands derived
from 2,2′-diaminobiphenyls and substituted salicylaldehydes
were synthesized and studied. Special emphasis was put on
their behavior in solution of donating ([D6]DMSO) and non-donating (CDCl3) solvents. In CDCl3, the obtained NMR data suggests that the complexes undergo a concentration dependent
dimerization/oligomerization, when the steric bulk of the ligands are low. For more sterically demanding ligands, the complexes seem to exist as one species independent of concentration, presumably as tetracoordinated species. A monomeric tetracoordinated Zn complex was also structurally characterized,
implying that the existence of these are much more pronounced than what has earlier been shown for the related Zn
salen and salphen complexes. This may be attributed to the
flexible nature of the 2,2′-diaminobiphenyl backbone of the Zn
complexes herein, which allows for a possible equilibrium between a tetracoordinated and a pentacoordinated species in
Eur. J. Inorg. Chem. 2020, 3627–3643

www.eurjic.org

solution. In addition, the complexes differ from salen complexes
derived from chiral diamino backbones (e.g. trans-1,2-diaminocyclohexane). In these complexes, Zn is tetracoordinated, but
not monomeric.. Secondly, a series of Zn complexes with external nitrogen ligands were synthesized and studied. A variety
of different ligands was studied, and the obtained complexes
showed large variation with respect to stability in solution. For
complexes of e.g. pyridine, DMAP and N-MeIm, the presence of
pentacoordinated species were found to be strongly dependent
on concentration, indicating a reversible coordination/de-coordination process. For complexes of e.g. DBU and TBD, the obtained species seemed more stable, although there were indications of a reversible process here as well. For the DBU-ligated
complexes this could only be observed indirectly, but for the
TBD-ligated complexes both the pentacoordinated complex
and the corresponding tetracoordinated complex could be observed in 1H NMR at low temperatures (≤ –22 °C). In addition
to the work on the Zn complexes, Cd complexes of some of
the ligands were prepared and structurally characterized, and
comparisons with the aforementioned Zn complexes were
made, illustrating both the similarities and differences between
these two metals that are often discussed in parallel.

Experimental Section
General considerations. All chemicals were used as received. Starting materials 1b (dimethyl 2,2′-dinitrobiphenyl-4,4′-dicarboxylate)
and 2c (ethyl 4-bromo-2-nitrobenzoate) were synthesized as described elsewhere.[8h] DMF and CH2Cl2 were dried using a MB SPS800 solvent purifier system from MBraun. Other solvents were used
as received. NMR spectroscopy was performed using Bruker Avance
AVII400, AVIIIHD400, DRX500, AVI600, AVII600 or AVIIHD800 operating at 400 MHz (1H NMR), 376 MHz (19F NMR), 101 MHz (13C NMR),
or 500 MHz (1H NMR), or 600 MHz (1H NMR) and 151 MHz (13C
NMR), or 800 MHz (1H NMR) and 201 MHz (13C NMR) respectively.
All spectra were recorded at room temperature unless otherwise
mentioned. The temperature in the variable temperature NMR experiments were measured indirectly, by correlation of the observed
probe temperature to independently measured temperatures using
a Delta OHM HD9214 thermometer fitted into a NMR tube containing CD3OD. Because of this, small deviations in the exact temperature cannot be excluded. 1H NMR and 13C NMR spectra have been
referenced relative to the residual solvent signals, and the peaks are
numbered according to Figure 20. Chemical shifts in 19F NMR have
been referenced to CFCl3 by using C6F6 (–164.9 ppm with respect to
CFCl3 at 0 ppm) as an internal standard, and are proton decoupled.
Chemical shifts in 15N NMR have been calibrated against CH3NO2
as an external standard (0.0 ppm). All 15N NMR chemical shifts were

Figure 20. Numbering scheme used for reporting the NMR data. Roman letters = protons, numbers = carbons, Greek letters = protons and carbons.
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obtained and assigned using 1H-15N HMBC experiments. The peaks
in the 1H NMR and 13C NMR spectra were assigned using various
2D experiments (NOESY, COSY, TOCSY, HSQC, HMBC and HETCOR).
MS (ESI) was recorded on a Bruker maXis II ETD spectrometer by
Osamu Sekiguchi. IR spectra were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer. All melting points are uncorrected
and were obtained with a Stuart SMP10 melting point apparatus.
Elemental analysis of selected complexes was performed by Mikroanalytisches Laboratorium Kolbe, Oberhausen, Germany. For the
complexes not characterized by elemental analysis, the presence of
NMR silent impurities cannot be excluded. Homogenous NMR samples were always used when assessing the purity by NMR.
X-ray Crystallography
Single crystal diffraction data were acquired on a Bruker D8 Venture
equipped with a Photon 100 detector by using Mo Kα radiation (λ =
0.71073 Å) from an Incoatec iμS microsource. Data reduction was
performed with the Bruker Apex3 Suite, the structures were solved
with ShelXT[47] and refined with ShelXL.[48] Olex2 was used as user
interface.[49] The cif files were edited with enCIFer v. 1.4,[50] and
molecular graphics were produced with Diamond v. 4.6.2.
Deposition Numbers 2003219 (for 4e-Cd-DBU), 2003220 (for 3dZn-N-MeIm), 2003221 (for 4a-Zn), 2003222 (for 3e-Zn-TMG),
2003223 (for 4b-Cd-DMSO-MeOH), 2003224 (for 4a-Cd), 2003225
(for 3d-Zn-TBD), 2003226 (for 4e-Zn-DBU), 2003227 (for 3e),
2003228 (for 3e-Zn-DMAP), 2003229 (for 3b) contain the supplementary crystallographic data for this paper. These data are provided free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures
service www.ccdc.cam.ac.uk/structures.
The data are summarized in Table S1–S11, SI.
Experimental and analytical data for a selection of the compounds
described within the text are presented here, data for all compounds can be found in the SI.
General procedure for the synthesis of Schiff base ligands 3a–
3o and 4a–4g: Amine 2a or 2b (1.0–15 mmol) and salicylaldehyde
derivative (2.0–2.2 equiv.) were mixed in EtOH (10 mL pr. mmol
amine). Formic acid (5–30 drops) was added, and the suspension
was stirred at reflux temperature for 20 hours. After cooling to r.t.,
the solids were filtered off, washed with EtOH, air dried and recrystallized to yield the Schiff base ligand. Example (4a): Amine 2a
(0.671 g, 2.04 mmol, 1.0 equiv.) and 5-bromosalicylaldehyde
(0.867 g, 4.31 mmol, 2.1 equiv.) were used. 4a was obtained as
orange crystals after recrystallization from MeCN (1.24 g, 1.79 mmol,
87 %). M.p. 205–206 °C; 1H NMR (400 MHz, CDCl3): δ = 12.13 (s, 2H,
OH), 8.40 (s, 2H, Hd), 8.08 (dd, 3JH,H = 7.9 Hz, 4JH,H = 1.5 Hz, 2H, Hb),
7.89 (d, 4JH,H = 1.5 Hz, 2H, Ha), 7.48 (d, 3JH,H = 7.9 Hz, 2H, Hc), 7.39
(dd, 3JH,H = 8.8 Hz, 4JH,H = 2.4 Hz, 2H, Hf ), 7.12 (d, 4JH,H = 2.4 Hz,
2H, Hh), 6.74 (d, 3JH,H = 8.8 Hz, 2H, He), 4.45 (q, 3JH,H = 7.1 Hz, 4H,
CO2CH2CH3), 1.45 ppm (t, 3JH,H = 7.1 Hz, 6H, CO2CH2CH3); 13C NMR
(101 MHz, CDCl3): δ = 165.7 (CO2CH2CH3), 162.8 (C7), 159.6 (C9),
147.0 (C2), 138.3 (C1), 136.0 (C11), 134.3 (C13), 132.1 (C4), 131.0 (C6),
128.2 (C5), 120.4 (C8), 119.3 (C3), 118.9 (C10), 110.9 (C12), 61.5
(CO2CH2CH3), 14.4 ppm (CO2CH2CH3); IR (KBr): ν̃ = 1617.9 cm–1;
LRMS (ESI): m/z (%): 693.0 (42) [M + H]+; HRMS (ESI): m/z calcd. for
C32H26Br2N2O6 + H: 693.0230 [M + H]+, found 693.0217.
General procedure for the synthesis of Zn complexes 3a-Zn–
3m-Zn and 4a-Zn–4g-Zn, and Cd complex 4b-Cd: Schiff base ligand (0.50–10 mmol, 1.0 equiv.) was suspended in MeOH (10 mL
pr. mmol ligand), NEt3 (2.2–3.6 equiv.) and then Zn(OAc)2·2H2O or
CdCl2 (1.0–1.1 equiv.) were added. The resulting suspension was
stirred at r.t. for 20–24 h. The solids were filtered off, washed with
Eur. J. Inorg. Chem. 2020, 3627–3643
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MeOH, air dried and recrystallized to yield the metal complex. Example (4a-Zn): Ligand 4a (0.733 g, 1.05 mmol, 1.0 equiv.),
Zn(OAc)2·2H2O (0.238 g, 1.08 mmol, 1.0 equiv.) and NEt3 (0.33 mL,
2.4 mmol, 2.2 equiv.) were used. 4a-Zn was obtained as yellow
crystals after recrystallization from MeCN (0.610 g, 0.805 mmol,
76 %). M.p. 213–214 °C; 1H NMR (400 MHz, [D6]DMSO): δ = 8.32 (s,
2H, Hd), 7.92 (dd, 3JH,H = 8.0 Hz, 4JH,H = 1.6 Hz, 2H, Hb), 7.61 (d,
4
JH,H = 1.6 Hz, 2H, Ha), 7.44–7.46 (m, 4H, Hc, Hh), 7.28 (dd, 3JH,H =
9.1 Hz, 4JH,H = 2.8 Hz, 2H, Hf ), 6.56 (d, 3JH,H = 9.1 Hz, 2H, He), 4.27–
4.37 (m, 4H, CO2CH2CH3), 1.31 ppm (t, 3JH,H = 7.1 Hz, 6H,
CO2CH2CH3); 13C NMR (101 MHz, [D6]DMSO): δ = 170.3 (C7, C9),
164.9 (CO2CH2CH3), 148.4 (C2), 137.5 (C13), 137.2 (C11), 136.3 (C1),
131.2 (C6), 131.0 (C4), 127.0 (C5), 125.0 (C10), 124.0 (C3), 120.2 (C8),
102.8 (C12), 61.1 (CO2CH2CH3), 14.1 ppm (CO2CH2CH3); IR (KBr): ν̃ =
1610.9 cm–1; LRMS (ESI): m/z (%): 778.9 (100) [M + Na]+, 1536.8 (22)
[2M + Na]+; HRMS (ESI): m/z calcd. for C32H24Br2N2O6Zn + Na:
776.9185 [M + Na]+, found 776.9191; elemental analysis calcd. (%)
for C32H24Br2N2O6Zn: C 50.72, H 3.19, N 3.70; found C 51.02, H 2.93,
N 3.53.
General procedure for synthesis of base-ligated Zn and Cd complexes (direct method): Schiff base ligand (0.50–1.0 mmol,
1.0 equiv.) was suspended in MeOH or EtOH (10–20 mL pr. mmol ligand), base (3.0–4.8 equiv.) and then Zn(OAc)2·2H2O or
Cd(OAc)2·2H2O or CdCl2 (1.0–1.1 equiv.) were added. The resulting
suspension was stirred at r.t. for 20–24 h. The solids were filtered
off, washed with MeOH or EtOH, air dried and recrystallized to yield
the base-ligated metalcomplex. Example (3d-Zn-DBU): Ligand 3d
(0.309 g, 0.498 mmol, 1.0 equiv.) was suspended in MeOH (10 mL).
DBU (0.30 mL, 2.0 mmol, 4.0 equiv.) and then Zn(OAc)2·2H2O
(0.120 g, 0.547 mmol, 1.1 equiv.) were added. The resulting suspension was stirred at r.t. for 24 h. The solids were filtered off and
washed with MeOH. 3d-Zn-DBU was obtained as yellow crystals
after recrystallization from MeCN (0.237 g, 0.283 mmol, 57 %). M.p.
182–183 °C; 1H NMR (600 MHz, CDCl3): δ = 8.12 (s, 2H, Hd), 7.92 (dd,
3
JH,H = 7.9 Hz, 4JH,H = 1.1 Hz, 2H, Hb), 7.63 (s, 2H, Ha), 7.25–7.31 (m,
4H, Hc, Hf ), 6.92 (d, 3JH,H = 7.5 Hz, 2H, Hh), 6.38–6.41 (m, 2H, Hg),
3.92 (s, 6H, CO2CH3), 2.27–3.47 (m, 6H, Hα, Hι, Hγ), 0.43–2.12 ppm
(m, 28H, C(CH3)3, Hβ, Hε, Hζ, Hη, Hθ); 13C NMR (151 MHz, CDCl3): δ =
172.5 (C7, C9), 166.2 (CO2CH3), 163.5 (Cδ), 150.0 (C2), 142.8 (C10),
137.7 (C1), 134.1 (C13), 131.3 (C4, C6, C11), 126.7 (C5), 124.3 (C3),
118.9 (C8), 112.2 (C12), 53.0 (Cι), 52.3 (CO2CH3), 48.1 (Cα), 42.8 (Cγ),
35.5 (Cε), 35.3 (C(CH3)3), 29.2 (C(CH3)3), 29.1 (Cη or Cθ), 27.8 (Cη or
Cθ), 24.3 (Cζ), 21.1 ppm (Cβ). Most of the 1H and 13C NMR resonances were broadened. HRMS (ESI): m/z calcd. for C47H54N4O6Zn + H:
835.3408 [M + H]+; found 835.3409; elemental analysis calcd. (%)
for C47H54N4O6: C 67.50, H 6.51, N 6.70; found C 67.54, H 6.49, N
6.67.
General procedure for synthesis of base-ligated Zn complexes
(indirect method): Zn complex 3d-Zn or 3e-Zn (0.25–0.50 mmol,
1.0 equiv.) was suspended in MeCN (5–10 mL). Base (1.1–3.8 equiv.)
was added and the mixture was boiled until everything was dissolved (more MeCN was added if necessary). The hot solution was
cooled slowly to r.t., and then further at 4 °C. After 1–2 days, the
precipitated crystals were filtered off, washed with MeCN, yielding
the base-ligated Zn complex. Example (3d-Zn-N-MeIm): 3d-Zn
(0.229 g, 0.335 mmol, 1.0 equiv.) was suspended in MeCN (10 mL).
N-MeIm (0.103 g, 1.25 mmol, 3.7 equiv.) was added and the mixture
was boiled until everything had dissolved. The solution was then
cooled to r.t. slowly, and then further at 4 °C for 1 day. The precipitated crystals were then filtered off and washed with MeCN. This
gave 3d-Zn-N-MeIm as yellow crystals, suitable for single-crystal Xray diffraction analysis (0.158 g, 0.206 mmol, 62 %). M.p. 184–186 °C;
1
H NMR (600 MHz, CDCl3, 2.6 × 10–3 mM): δ = 8.24 (s, 2H, Hd), 7.98
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(dd, 3JH,H = 8.0 Hz, 4JH,H = 1.6 Hz, 2H, Hb), 7.75 (d, 4JH,H = 1.6 Hz,
2H, Ha), 7.35–7.37 (m, 3H, Hf, Hγ), 7.33 (d, 3JH,H = 8.0 Hz, 2H, Hc),
7.00 (dd, 3JH,H = 7.9 Hz, 4JH,H = 1.7 Hz, 2H, Hh), 6.97 (s, 1H, Hα), 6.84
(s, 1H, Hβ), 6.52–6.54 (m, 2H, Hg), 3.94 (s, 6H, CO2CH3), 3.66 (s, 3H,
NCH3), 1.37 ppm (s, 18H, C(CH3)3); 13C NMR (151 MHz, CDCl3,
2.6 × 10–3 mM): δ = 172.0 (C7), 171.9 (C9), 166.0 (CO2CH3), 148.5 (C2),
142.8 (C10), 137.8 (C1), 137.7 (Cγ), 134.6 (C13), 132.7 (C11), 132.4 (C6),
132.0 (C4), 129.3 (Cα), 127.7 (C5), 123.6 (C3), 120.0 (Cβ), 118.4 (C8),
114.1 (C12), 52.5 (CO2CH3), 35.3 (C(CH3)3), 33.3 (NCH3), 29.2 ppm
(C(CH3)3); LRMS (ESI): m/z (%): 705.191 [3d-Zn + Na]+ (100), 765.263
(43) [M + H]+; HRMS (ESI): m/z calcd. for C42H44N4O6Zn + H:
765.2625 [M + H]+; found 765.2626; elemental analysis calcd. (%)
for C45H48N4O6Zn: C 65.84, H 5.79, N 7.31; found C 65.59, H 5.76, N
7.27.
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