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Multidentate Schiff base ligands derived from a selection of
biphenyl- and terphenyl polyamines were synthesized, and their
reactivity towards divalent (Ni, Cu, Zn, Cd) and trivalent (Co, Y,
Lu) metals was studied by single-crystal X-ray diffraction
analysis, NMR spectroscopy, and UV/Vis spectroscopy for the
Cu(II) complexes. Large variations in the resulting complexes
were observed based on the relative position of the amine

substituents in the parent triamines, as well as the electronic
properties of the Schiff base ligand itself. Most notably, Schiff
base ligands derived from a m-terphenyl-2,2’,2’’-triamine were
found to coordinate in a tetradentate, pentadentate or
hexadentate fashion, depending on the size and the valency of
the corresponding metal center.

Introduction

Schiff base ligands are popular multidentate ligands in coordi-
nation chemistry. Among other things, the popularity arises
from the general broad scope of the synthesis of such ligands; a
large number of ligands with different denticities can be made
from relatively simple precursors.[1] Schiff base complexes of
most metals in the periodic table are known,[2] and both Schiff
bases and their corresponding metal complexes have found
applications within numerous fields, such as catalysis,[3]

medicine,[4] supramolecular chemistry[5] and materials science.[6]

Of the various Schiff base ligands that are known, tetradentate
salen and salen-like ligands are amongst the most studied,[1,3a,7]

but ligands with higher denticities are also common.[2,8] Multi-
dentate Schiff base ligands are versatile in the sense that they
can stabilize a wide range of coordination geometries and
numbers, which makes them suitable ligands for both relatively
small metals,[3a,7,9] as well as larger metals.[10] Biphenyl- or
terphenyl-2,2’-diamines are attractive starting materials for the
synthesis of multidentate Schiff bases, as the 1,4-relation

between the amino-groups permits for the formation of a
salen-like chelate. Furthermore, the electronic and steric proper-
ties of the biphenyl/terphenyl backbone can easily be tuned by
standard methods in organic synthesis. Ligands derived from
m-terphenyls are particularly interesting in coordination
chemistry and organometallic chemistry,[11] due to their in-
creased steric bulk compared to the corresponding biphenyls
and p-terphenyls. In addition, the m-terphenyl backbone allows
for the installation of three donating moieties in close spatial
proximity to each other by functionalization of the positions
ortho to the CAr� CAr bonds (A, Figure 1). Although this latter
point has been explored to great extent for m-terpyridine
systems[12] (B, Figure 1), relatively few studies have been
conducted on tri-ortho-substituted m-terphenyl ligands.[13]

We recently reported a detailed study on Zn(II) Schiff base
complexes derived from biphenyl-2,2’-diamines.[14] Therein,
particular focus was devoted to NMR investigations of the metal
complexes in solution in the presence or absence of external
ligands, such as organic nitrogen-containing bases and Lewis
basic solvents (Figure 2a). Several of these complexes were
investigated by single-crystal X-ray diffraction as well. In
addition to the studies on Zn, Cd complexes of the same ligand
systems were investigated.

As a continuation of the work on the Zn complexes in
Figure 2a, it was in our interest to investigate Zn complexes
with additional Lewis basic groups in the ligand backbone, by
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Figure 1. m-Terphenyls with donor groups in the positions ortho to the
CAr� CAr bonds (A), and m-terpyridine (B).
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employing a m-terphenyl-2,2’,2’’-triamine rather biphenyl-2,2’-
diamines as ligand precursors (Figure 2b). Furthermore, metal
complexes with pendant Lewis basic groups in the ligand
backbone are useful in catalysis,[15] and as building blocks in
supramolecular chemistry.[5c,16] The introduction of an additional
salicylaldimine group would further make it possible to obtain
potential hexadentate Schiff base ligands, for the coordination
of larger metals, such as the rare-earth elements. Herein, we
report a study of a series of Schiff base ligands, comprising
three salicylaldimine groups in the ligand backbone, and their
reactivity towards a selection of metals (Cu(II), Zn(II), Cd(II),
Co(III), Y(III) and Lu(III)), showing the flexible nature of these
ligands. In addition, we present the synthesis and character-
ization of Ni(II), Cu(II) and Co(III) analogues of the Zn(II)
complexes shown in Figure 2a, in order to further demonstrate
the versatility of the biphenyl-2,2’-diamine backbone for the
synthesis of metal Schiff base complexes.

Results and Discussion

Synthesis of Schiff base ligands 1a–d, 2a–c and 3

In a recent publication we reported the synthesis of biphenyl-
and terphenyl triamines using the Suzuki-Miyaura reaction of
bromoanilines and an ortho-nitro-substituted arylboronic acid
as the key step.[17] Some of these triamines (5, 6, and 7,
Scheme 1) were subjected to typical synthesis conditions for
formation of Schiff bases giving access to ligands 1a–d, 2a–c
and 3 (Scheme 1).

The ligands were obtained in good yields and were
conveniently purified by recrystallization. Because of the
relatively large functional groups in the positions ortho to the
CAr� CAr bonds of m-terphenyls 1a–d, two rotamers were
observed in the NMR spectra of these ligands. The extent of this

phenomenon was dependent on the exact substitution pattern
of the phenolic rings for each ligand and was most pronounced
for 1b and 1d. As expected for compounds exhibiting rotamers
in their 1H NMR spectra,[18] the 1H NMR resonances of the
ligands were solvent- and temperature-dependent (see SI).
Although Schiff bases derived from aromatic amines often are
quite robust towards hydrolytic degradation in the absence of
strong acids or bases,[19] it was found that ligand 1b would
undergo partial hydrolysis in [D6]DMSO, and the hydrolytic
sensitivity of 1b is a key aspect of its reactivity towards Cu(II),
Zn(II) and Cd(II) (vide infra). One of the ligands, 1d, was analyzed
by single-crystal X-ray diffraction analysis (Figure 3). The CAr� CAr
dihedral angles in the ligand were found to be � 68.4(2)° and
� 61.8(2)°, which is comparable to what has been earlier

Figure 2. (a) General structure of biphenyl-2,2’-diamines, Schiff base ligands
derived from these, and their corresponding Zn complexes that were
previously studied by us.[14] (b) m-Terphenyl-2,2’,2’’-triamine 5 and the
general structure of its corresponding Schiff base ligands. The reactivity of
these ligands towards different metals will be discussed herein.

Scheme 1. Synthesis of Schiff base ligands 1a–d, 2a–c and 3 from triamines
5, 6 and 7.
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reported for sterically encumbered m-terphenyls in the
literature.[11c,i,17]

Synthesis and NMR studies of Zn complexes 1a-Zn, 1d-Zn,
2a-Zn and 3-Zn

Monometallic Zn(II) complexes of ligands 1a, 1d, 2a and 3 were
synthesized by reacting the appropriate ligand with one
equivalent of Zn(OAc)2 · 2H2O in the presence of an excess of
NEt3 in MeOH or CH2Cl2/MeOH (Scheme 2).

The complexes were characterized by NMR spectroscopy,
MS, elemental analysis, and single-crystal X-ray diffraction
analysis (vide infra). From NMR studies of complexes 2a-Zn and
3-Zn, the behavior in solution was largely analogous to what
has earlier been reported for Zn complexes of biphenyl- and
terphenyl-based tetradentate N2O2 ligands.

[14,17] No evidence
was found for the coordination of the third salicylaldimine
group to Zn. For complex 1a-Zn, 1H NMR studies were some-
what less straightforward. In strongly Lewis basic solvents ([D6]
DMSO, [D7]DMF and [D5]pyridine), the

1H NMR spectrum of the
complex was relatively conventional, although modest broad-
ening of some of the 1H NMR resonances was observed at
ambient temperature (vide infra). The 1H NMR spectrum of 1a-
Zn in CDCl3 revealed the presence of two species, which were
observed to interconvert by NOESY experiments (see Fig-
ure S127–S129, SI). Whereas the 1H NMR resonances corre-
sponding to the major species underwent changes on gradually
increasing the concentration of 1a-Zn in CDCl3, the resonances
corresponding to the minor species remained practically
constant (Figure 4).

For the major species in the 1H NMR spectrum of 1a-Zn, the
resonances became more broadened and were moved to lower
ppm values at increased concentrations of 1a-Zn, which is in
accordance with the formation of a dimeric (or oligomeric)

Figure 3. ORTEP plot of 1d with 50% probability ellipsoids. Hydrogen atoms
have been omitted for clarity. Selected angles [°]: C2� C1� C7� C8, � 68.4(2),
C2� C3� C13� C14, � 61.8(2).

Scheme 2. Synthesis of Zn(II) complexes 1a-Zn, 1d-Zn, 2a-Zn and 3-Zn.

Figure 4. Stacked 1H NMR (600 MHz, CDCl3) spectra of 1a-Zn with different
concentrations of the complex. The complex is depicted as a tetracoordi-
nated monomer for simplicity.
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species[20] (1a-Zn� D, Scheme 3). The presence of the additional
salicylaldimine group in close proximity to the metal center in
1a-Zn should facilitate coordination of the imine nitrogen to
Zn, resulting in a pentacoordinated monomer (1a-Zn-5,
Scheme 3). The 1H NMR resonances of this species were
unaffected by changes in concentration of the complex, as the
coordination of the pendant salicylaldimine group is intra-
molecular, and not intermolecular like the dimerization process.
Hence, 1a-Zn-5 is suggested to be the minor species at any
concentration of the complex in CDCl3.

The formation of an N3O2-ligated pentacoordinated mono-
mer is more likely to take place than the formation of N3O3-
ligated hexacoordinated species (1a-Zn-6), as hexacoordination
is very rarely seen in the literature for Zn Schiff base complexes
derived from aromatic diamines (e.g. Zn salphen complexes).[21]

It should however be noted that octahedral Zn complexes of
reduced hexadentate N3O3 Schiff base ligands are described in

the literature,[22] and that hexacoordinated Zn complexes of
tridentate Schiff base ligands are quite common.[23]

The presence of only one species in the 1H NMR spectrum
of 1a-Zn in [D6]DMSO, [D7]DMF and [D5]pyridine may be
explained by ligation of a solvent molecule to Zn (Scheme 4).

The ligation of Lewis basic solvent molecules to Zn
complexes of tetradentate Schiff base ligands is a characteristic
attribute of their coordination chemistry.[5c,24] This ligation
would inhibit the interconversions described in Scheme 3, as
both the dimerization in 1a-Zn� D and the coordination of the
salicylaldimine group in 1a-Zn-5 depend on an open coordina-
tion site at Zn. The absence of a free coordination site at Zn
would be expected to restrict the rotation around the CAr� CAr
bond between rings A and A’’ (Scheme 4) to a great extent,
although the somewhat broadened 1H NMR resonances of 1a-
Zn in [D6]DMSO, [D7]DMF and [D5]pyridine suggest that the
corresponding solvent-ligated complex does not possess a
completely static conformation. Also, NOESY experiments of 1a-
Zn in [D7]DMF at different temperatures suggest that several
dynamic processes are taking place, as the imine protons Hd’

and Hd’’ were found to exchange with each other at 27 °C
(Scheme 5). Exchange peaks between the same resonances
were not observed at � 20 °C. For more details see Figure S140
and Figure S141, SI. The fluxional behaviour of 1a-Zn in [D7]
DMF is similar to what has been reported for m-terpyridine[25] or
pyridine[26] complexes of transition metals (e.g. Re(I) and Pt(IV))
in the literature.

In addition to complex 1a-Zn, the related complex 1d-Zn
(Scheme 2) was studied by NMR. Complex 1d-Zn behaved
similar to 1a-Zn in NMR, and two species (1d-Zn-4 and 1d-Zn-5)
were observed in CDCl3, in a ratio of 1.2 : 1 at ambient
temperature. The interconversion between the two species
could be observed in NOESY experiments (see Figure S162, SI),
and the process depicted in Scheme 6 is suggested to be
operative. Similar observations were made for the complex in
C6D6.

The 1H NMR resonances of 1d-Zn in CDCl3 were concen-
tration-independent and sharp at ambient temperature. The 15N
NMR resonances corresponding to the imine nitrogen atoms of
1d-Zn-4 and 1a-Zn-5 in CDCl3 could be obtained from

1H-15N
HMBC experiments (Figure 5).

The 15N NMR resonances corresponding to the two non-
equivalent imine nitrogen atoms in ligand 1d were observed at
δ � 126.9 and δ � 119.6 ppm in CDCl3. For 1d-Zn, the 15N NMR

Scheme 3. Suggested interconversion of complex 1a-Zn in CDCl3.

Scheme 4. Ligation of DMSO to complex 1a-Zn. The ligation blocks the two
tentative modes of pentacoordination seen for 1a-Zn in CDCl3, resulting in a
more conventional 1H NMR spectrum of the complex in [D6]DMSO than in
CDCl3.

Scheme 5. Interconversion of 1a-Zn� DMF and 1a-Zn� DMF* at ambient
temperature.
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resonances of the imine nitrogen atoms in the major species
(1d-Zn-4) were found at δ � 159.1, δ � 156.1 and δ � 128.1 for
N1, N2 and N3 respectively. The change to lower ppm values for
the resonances corresponding to the coordinating imine nitro-
gen atoms (N1 and N2) is in accordance with what is expected
when going from an uncoordinated nitrogen to a metal-
coordinated nitrogen.[27] The resonance corresponding to the
third imine nitrogen (N3) in 1d-Zn remained practically
unchanged on comparison with the corresponding nitrogen in
ligand 1d, indicating that this nitrogen is not participating in
any coordination. For N3 in 1d-Zn-5 on the other hand, the
corresponding 15N NMR resonance was observed at a lower
ppm value, δ � 145.4, which indicates that N3 may be
participating in coordination to Zn. Δδ(N3) is larger than what
would be anticipated if the two different species observed in
the 1H NMR spectrum of 1d-Zn were originating from restricted
rotation around the CAr� CAr bond alone; it would then have
been expected that similar differences in the 15N NMR
resonances of the two different rotamers of ligand 1d could be
observed, which was not the case.

Crystallographic structure determination of complexes 1a-Zn,
1d-Zn, 2a-Zn and 3-Zn

The four Zn complexes depicted in Scheme 2, 1a-Zn, 1d-Zn, 2a-
Zn and 3-Zn were characterized by single-crystal X-ray
diffraction analysis (Figure 6–Figure 9).

Both 1a-Zn and 2a-Zn crystallized as dimers, containing two
pentacoordinated Zn centers with square pyramidal geometry,
as evaluated by their τ5 values

[28] (τ5=0.01 for 1a-Zn, and τ5=
0.04 and 0.07 for 2a-Zn). Complex 3-Zn crystallized as the
pentacoordinated monomer 3-Zn� MeOH, with distorted trigo-
nal bipyramidal geometry (τ5=0.58 and 0.65 for the two
molecules of the asymmetric unit). For 1a-Zn and 2a-Zn, the
Zn� μ-O bond distances were similar to what has been reported
for a related dimeric Zn complex in literature.[17] The Zn� O-

Scheme 6. Suggested dynamic behavior of the naphthol-derived complex
1d-Zn in CDCl3.

Figure 5. Overview of the 15N NMR resonances found for 1d, 1d-Zn-4 and
1d-Zn-5 in CDCl3. Although resonances belonging to two different rotamers
could be seen in the 1H NMR and 13C NMR spectra of ligand 1d, their 15N
NMR resonances could not be differentiated.

Figure 6. ORTEP plot of 1a-Zn with 50% probability ellipsoids. Hydrogen
atoms have been omitted for clarity. τ5=0.01. Selected bond lengths [Å] and
angles [°]: Zn1� N1, 2.1644(18); Zn1� N2, 2.0316(16); Zn1� O1, 1.9592(13);
Zn1� O2, 1.9300(15); Zn1� O3, 2.1480(16); N1� Zn1� N2, 87.22(7); N1� Zn1� O1,
88.47(6); N1� Zn1� O2, 108.79(7); N1� Zn1� O3, 147.54(6); N2� Zn1� O1,
148.19(7); N2� Zn1� O2, 94.95(7); N2� Zn1� O3, 92.01(7); O1� Zn1� O2;
116.22(6); O1� Zn1� O3, 75.35(6); O2� Zn1� O3, 103.61(6); Zn1� O1� Zn2,
101.53(6).

Figure 7. ORTEP plot of 1d-Zn with 50% probability ellipsoids. Hydrogen
atoms and non-coordinated solvents of crystallization (benzene and MeOH)
have been omitted for clarity. τ4’=0.70. Selected bond lengths [Å] and
angles [°]: Zn1� N1, 1.9811(15); Zn1� N2, 2.0010(15); Zn1� O1, 1.9068(13);
Zn1� O2, 1.9169(13); N1� Zn1� N2, 101.36(6); N1� Zn1� O1, 94.46(6);
N1� Zn1� O2, 130.83(6); N2� Zn1� O1, 130.21(6); N2� Zn1� O2, 93.30(6);
O1� Zn1� O2, 111.04(6).
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(MeOH) bond length for 3-Zn� MeOH (Zn1� O3, 2.126(3) Å) is
comparable with reported Zn� O bond lengths in the literature
for a EtOH-ligated Zn Schiff base complex,[29] but longer than
the Zn� O(MeOH) bond in a MeOH-ligated Zn salphen
complex.[30] Although NMR studies suggested the presence of a
potential pentacoordinated species, naphthol-derived 1d-Zn
crystallized as a tetracoordinated complex with distorted
tetrahedral geometry around Zn, as evaluated by its τ4’ value

[31]

of 0.70. The distorted geometry and the Zn� N and Zn� O bond
lengths are in accordance with observations for related
tetracoordinated Zn Schiff base complexes in the literature.[14,32]

Synthesis and characterization of 1a-Co(acac), 1d-Co(acac)
and 8-Co(acac)

The 1H NMR spectra of 1a-Zn and 1d-Zn in CDCl3 showed the
presence of two (interconvertible) species for each complex. To
rationalize that this phenomenon was caused by the flexible
nature of Zn with respect to ligand substitution reactions, as
well as changes in coordination geometries and numbers, the
corresponding Co(III) complexes 1a-Co(acac) and 1d-Co(acac)
were synthesized for comparative NMR studies (Scheme 7). As
opposed to Zn(II) complexes, low-spin octahedral Co(III) com-
plexes are known for being kinetically inert, and in the 1H NMR
spectra of 1a-Co(acac) and 1d-Co(acac) in CDCl3, sharp and
well-defined resonances were observed, being in stark contrast
to the 1H NMR spectrum of e.g. 1a-Zn in CDCl3 at comparable
concentrations. Furthermore, for the Co(acac) complexes, only
one species was observed, while for 1a-Zn and 1d-Zn, two

Figure 8. ORTEP plot of 2a-Zn with 50% probability ellipsoids. Hydrogen
atoms have been omitted for clarity. τ5=0.07, 0.04. Selected bond lengths
[Å] and angles [°]: Zn1� N1, 2.210(9); Zn1� N2, 2.035(10); Zn1� O1, 1.946(8);
Zn1� O2, 1.932(8); Zn1� O3, 2.172(7); Zn2� N3, 2.224(10); Zn2� N4, 2.027(9);
Zn2� O1, 2.199(8); Zn2� O3, 1.955(7); Zn2� O4, 1.942(8); N1� Zn1� N2, 87.9(3);
N1� Zn1� O1, 88.5(3); N1� Zn1� O2, 100.5(4); N1� Zn1� O3, 147.9(3);
N2� Zn1� O1, 143.6(4); N2� Zn1� O2; 94.5(4); N2� Zn1� O3, 91.1(3);
O1� Zn1� O2, 121.7(3); O1� Zn1� O3, 73.7(3); O2� Zn1� O3, 111.6(3);
N3� Zn2� N4, 89.2(4); N3� Zn2� O1, 142.3(3); N3� Zn2� O3, 87.1(3);
N3� Zn2� O4, 104.4(4); N4� Zn2� O1, 89.4(3); N4� Zn2� O3, 144.7(4);
N4� Zn2� O4, 93.9(4); O1� Zn2� O3, 72.9(3); O1� Zn2� O4, 113.2(3);
O3� Zn2� O4, 121.0(3); Zn1� O1� Zn2, 104.5(4); Zn1� O3� Zn2, 105.2(3).

Figure 9. ORTEP plot of 3� Zn� MeOH with 50% probability ellipsoids. Only
one of the two molecules of the asymmetric unit is displayed, but metric
data for both are given below. Hydrogen atoms and CH2Cl2 (solvent of
crystallization) have been omitted for clarity. τ5=0.58, 0.65. Selected bond
lengths [Å] and angles [°]: Zn1� N1, 2.100(3); Zn1� N2, 2.072(3); Zn1� O1,
1.922(3); Zn1� O2, 1.999(2); Zn1� O3, 2.126(3); Zn2� N3, 2.098(3); Zn2� N4,
2.072(3); Zn2� O4, 1.941(2); Zn2� O5, 1.996(3); Zn2� O6, 2.160(2); N1� Zn1� N2,
90.84(11); N1� Zn1� O1, 90.62(11); N1� Zn1� O2, 169.04(11); N1� Zn1� O3,
84.45(10); N2� Zn1� O1, 117.23(12); N2� Zn1� O2, 89.15(11); N2� Zn1� O3,
134.14(11); O1� Zn1� O2, 99.12(12); O1� Zn1� O3, 108.44(12); O2� Zn1� O3,
87.70(10); N3� Zn2� N4, 92.08(11); N3� Zn2� O4, 89.79(11); N3� Zn2� O5,
168.34(10); N3� Zn2� O6, 84.41(10); N4� Zn2� O4, 117.03(11); N4� Zn2� O5,
90.81(11); N4� Zn2� O6, 129.10(10); O4� Zn2� O5, 98.95(10); O4� Zn2� O6,
113.73(10); O5� Zn2� O6, 85.00(9).

Scheme 7. Synthesis of complexes 1a-Co(acac), 1d-Co(acac), and 8-Co(acac).
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species could be observed. This suggest that the accessibility of
an open coordination site at the metal center dictates how the
1H NMR spectrum of the corresponding complex will appear.

Complex 1d-Co(acac) was characterized by single-crystal X-
ray diffraction analysis (Figure 10), and crystallized with the
expected octahedral geometry around Co. Ligand 1d acted as a
tetradentate N2O2 ligand, occupying three of the equatorial and
one of the axial sites around Co. The bidentate acac ligand
concluded the coordination sphere around Co. Overall, the
bond angles and bond lengths in structure of 1d-Co(acac) were
found to be similar to those reported by Shi and Duan for a
similar Co(III) complex derived from 1,1’-binaphthalene-2,2’-
diamine.[33] In addition to 1a-Co(acac) and 1d-Co(acac), a
related complex, 8-Co(acac), was synthesized (Scheme 7, lower
part). The complex was also crystallographically characterized
(see SI), showing very similar geometry around Co as that
observed for 1d-Co(acac).

Synthesis and NMR studies of Zn complex 1b-Zn� NH2

In addition to ligands 1a and 1d, the reactivity of the nitro-
substituted ligand 1b towards Zn was studied. Ligand 1b was
found to behave different from 1a and 1d when it was reacted
with Zn(OAc)2 · 2H2O in the presence of NEt3 in a solution of
CH2Cl2 and MeOH (Scheme 8). For 1b, only two imine function-
alities were intact in the corresponding product 1b-Zn� NH2, as
the third imine hydrolyzed and left behind an NH2 group. From
the single-crystal X-ray diffraction analysis of the complex, the
NH2 group was found to coordinate to Zn (vide infra). The
fluorine-substituted ligand 1c did not react cleanly with Zn-
(OAc)2 · 2H2O under similar conditions as those described for 1a,
1b and 1d, and a mixture of products was obtained instead (see
SI for details).

The partial hydrolysis of imines in complexation of Schiff
base ligands is occasionally reported in the literature,[34] leading
to metal complexes of mixed amine-imine ligands. NMR
characterization of 1b-Zn� NH2 was mainly conducted in [D6]
DMSO, due to the poor solubility of the complex in e.g. CDCl3.
Nevertheless, limited 1H NMR studies could be performed in
CDCl3 (vide infra). In [D6]DMSO, two species were observed. The
two species were determined to be interconvertible from
NOESY and variable-temperature 1H NMR experiments. From
the crystal structure determination of the complex (vide infra) it
was found that the Zn� NH2 bond (2.177(2) Å) was approx-
imately in the same range as the Zn� μ-O bonds that were
found from the single-crystal X-ray diffraction analysis of 1a-Zn
and 2a-Zn. In addition, the Zn� NH2 bond in 1b-Zn� NH2 was of
similar length as the Zn� O(DMSO) bond in a related Zn
complex previously reported by us.[17] As [D6]DMSO is suscep-
tible to break up dimeric pentacoordinated Zn Schiff base
complexes and form monomeric pentacoordinated DMSO-
ligated complexes, the same may occur for 1b-Zn� NH2.
However, since the nature of the pentacoordination for the
latter is predominantly intramolecular, DMSO ligation would be
less favorable compared to dimers where the pentacoordina-
tion at Zn is a result of an intermolecular process. This may
explain the presence of two interconvertible species in the 1H
NMR spectrum of 1b-Zn� NH2 in [D6]DMSO (Scheme 9), as
opposed to e.g. 2a-Zn, for which only one species could be
detected in the 1H NMR spectrum of the complex in [D6]DMSO.

In the 1H NMR spectrum of 1b-Zn� NH2 in [D6]DMSO, the
differences in the resonances of the major species and the
corresponding resonances of the minor species were in some

Figure 10. ORTEP plot of 1d-Co(acac) with 50% probability ellipsoids.
Hydrogen atoms and non-coordinated solvents of crystallization (benzene
and MeCN) have been omitted for clarity. Selected bond lengths [Å] and
angles [°]: Co1� N1, 1.925(4); Co1� N2, 1.902(4); Co1� O1, 1.889(3); Co1� O2,
1.871(3); Co1� O4, 1.891(3); Co1� O5, 1.892(3); N1� Co1� N2, 92.46(16);
N1� Co1� O1, 92.96(15); N1� Co1� O2, 90.12(15); N1� Co1� O4, 87.50(15);
N1� Co1� O5, 175.84(15); N2� Co1� O1, 174.57(16); N2� Co1� O2, 91.82(16);
N2� Co1� O4, 92.09(15); N2� Co1� O5, 88.67(15); O1� Co1� O2, 88.60(14);
O1� Co1� O4, 87.72(14); O1� Co1� O5, 85.96(14); O2� Co1� O4, 175.50(14);
O2� Co1� O5, 85.85(14); O4� Co1� O5, 96.46(14).

Scheme 8. Synthesis of complex 1b-Zn� NH2. Scheme 9. Proposed partial solvolysis of 1b-Zn� NH2 in [D6]DMSO.
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cases rather large. This was especially evident for the
resonances corresponding to the protons of the NH2-substi-
tuted ring, as well as the NH2 protons (Figure 11). For the major
component, the resonances corresponding to the three ring
protons Ha’’, Hb’’ and Hc’’ were observed at relatively high ppm
values, at δ 7.94–7.96, δ 7.58–7.59 and δ 7.48 respectively, and
the resonance corresponding to the NH2 protons was observed
at δ 6.17. In the minor component, the 1H NMR resonances of
the protons of discussion were observed at significantly lower
ppm values; δ 7.27, δ 7.00, δ 6.82 and δ 5.16 respectively, being
closer to what is expected for an aromatic amine of this kind.[17]

The 15N NMR resonance of the NH2 nitrogen of the major
component was observed at a lower ppm value than the
corresponding resonance of the minor component (δ � 326.9
and δ � 317.2 respectively) (Figure 12). This can be seen as an

indication that the major component in [D6]DMSO actually is
the NH2-coordinated complex depicted to the left in
Scheme 9.[27c–d] The 15N NMR resonances of 1b-Zn� NH2 were
compared to those of triamine 5. From 1H-15N HMBC of 5 in [D6]
DMSO, the 15N NMR resonance corresponding to the “outer”
NH2 nitrogen (N

2H2 in Figure 12) could be assigned. The ppm
value was found to be comparable to the corresponding amino
nitrogen in the minor species observed for 1b-Zn� NH2, yet
another indication of the coordination of the amino group in
the major species.

In the 1H NMR spectrum of 1b-Zn� NH2 in CDCl3, only one
species was observed (Figure 13). All the 1H NMR resonances
belonging to the NH2-substituted ring in 1b-Zn� NH2 were
found at relatively high ppm values in CDCl3 (δ 7.82, δ 7.70 and
δ 7.51–7.53 for Hb’’, Ha’’ and Hc’’ respectively), similar to what was
observed for the major component in [D6]DMSO. This indicates
that the pentacoordinated complex might be intact in CDCl3.
The resonance corresponding to Ha’ of 1b-Zn� NH2 in CDCl3 was
observed at δ 7.72, which is more upfield than what was
reported for the corresponding 1H NMR resonances of Zn Schiff
base complexes derived from biphenyl-2,2’-diamines at approx-
imately the same concentration (typically δ 7.80–7.85 at ca.
2.6 ·10� 3 M).[14] As the chemical shift of this specific resonance
was found to be useful for the assignment of coordination
numbers of these Zn complexes in CDCl3, the more upfield

1H
NMR resonance of Ha’ in 1b-Zn� NH2 indicates that Zn is not
tetracoordinated, further strengthening the assumption that
1b-Zn� NH2 remains pentacoordinated in CDCl3. The differences
observed in the 1H NMR spectra of 1b-Zn� NH2 as a function of
the donating ability of the solvents used, are consistent with
those observed for a Ru(II) complex bearing a 6,6’-diamino-2,2’-
bipyridine ligand in the literature, where the amino groups
were observed to dissociate in CD3CN but remaining ligated in
CD2Cl2.

[35]

Figure 11. 1H NMR (600 MHz, [D6]DMSO) spectrum of 1b-Zn� NH2 showing
the aromatic region as well as NH2 protons. Only the assignments that are
discussed in the text are shown.

Figure 12. Overview of the 15N NMR resonances found for 5, 1b-Zn� NH2 and
1b-Zn� DMSO in [D6]DMSO. Only the

1H NMR and 15N NMR resonances
corresponding to the NH2 group of the major rotamer of 5 is included.

Figure 13. 1H NMR (600 MHz, CDCl3) spectrum of 1b-Zn� NH2 (2.6 · 10
� 3 M)

showing the aromatic region.
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Synthesis and NMR studies of Cd complex 1b-Cd� NH2

In light of the unexpected outcome of the reaction between 1b
and Zn(OAc)2 · 2H2O, the reactivity of ligand 1b towards Cd-
(OAc)2 · 2H2O was investigated (Scheme 10).

The resulting Cd complex was investigated by NMR
spectroscopy, in addition to single-crystal X-ray diffraction
analysis (vide infra), and 1b-Cd� NH2 was found to crystallize as
a dimer, with hexacoordination around both Cd atoms.
Analogously to the Zn complex, the 1H NMR spectrum of 1b-
Cd� NH2 in [D6]DMSO revealed a mixture of two interconvertible
species. At ambient temperature, the ratio between these
species was 2 :1 in favor the NH2-coordinated species for 1b-
Cd� NH2, compared to 6 :1 for the Zn complex. The resonance
corresponding to the NH2 protons of the major component
showed subtle splitting that could indicate coordination to Cd
(Figure 14).

As for 1b-Zn� NH2, the largest differences in ppm values for
the major and the minor component in [D6]DMSO were found
for the protons of the NH2-substituted aromatic ring. However,
the differences found for 1b-Cd� NH2 were significantly smaller
than what was found for 1b-Zn� NH2. For 1b-Cd� NH2, Δδ
between the major and the minor species was 0.32, 0.29, 0.07
and 0.22 for Ha’’, Hb’’, Hc’’ and NH2 respectively, whereas Δδ was
0.68, 0.58, 0.66 and 1.01 for 1b-Zn� NH2. From these observa-
tions, the internal NH2 coordination in 1b-Cd� NH2 in [D6]DMSO
seems more labile than that in 1b-Zn� NH2, which was further
supported by observations from 1H-15N HMBC experiments. The
15N NMR resonances corresponding to the NH2 nitrogen atoms
of the two species were observed at δ � 322.8 and δ � 318.9
respectively, being closer to each other than what was found
for 1b-Zn� NH2 (Figure 15). This was further illustrated by
relatively long Cd� NH2 bonds in 1b-Cd� NH2 (2.470(12) Å and
2.418(12) Å) found from the crystal structure determination of
the complex (vide infra).

The increased lability of the NH2-coordination in 1b-
Cd� NH2 compared to 1b-Zn� NH2 was further supported by
variable-temperature 1H NMR experiments performed in [D6]
DMSO. The two NH2-resonances in Figure 14 had coalesced at
77 °C for 1b-Cd� NH2, whereas two distinct resonances still
could be observed for 1b-Zn� NH2 at the same temperature. In
addition, the Cd complex was found to undergo significant
decomposition when exposed to elevated temperatures in [D6]
DMSO, while the Zn complex showed no signs of degradation.
For more details, see Figure S146–S147 (1b-Zn� NH2), and
Figure S209–S210 (1b-Cd� NH2), SI. Attempts of synthesizing a
Hg(II) complex of ligand 1b employing the conditions described
for the synthesis of 1a-Zn� NH2 and 1b-Cd� NH2 did not yield a
conclusive outcome.

Scheme 10. Synthesis of Cd complex 1b-Cd� NH2.

Figure 14. 1H NMR (600 MHz, [D6]DMSO) spectrum of 1b-Cd� NH2 showing
the aromatic region and the amino protons. Only the assignments of the
protons discussed in the text are shown. The Cd complexes are depicted as
pentacoordinated monomers for simplicity. The insert shows the subtle
splitting of the resonance corresponding to the NH2 protons of the major
species.

Figure 15. Overview of the 15N NMR resonances found for 5, 1b-Cd� NH2 and
1b-Cd� DMSO in [D6]DMSO. The Cd complexes are depicted as pentacoordi-
nated monomeric species for simplicity. Only the 1H NMR and 15N NMR
resonances corresponding to the NH2 group of the major rotamer of 5 is
included.
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Synthesis and characterization of Ni complex 9-Ni, and Cu
complexes 1b-Cu� NH2, 1a-Cu� NH2 and 9-Cu.

Whereas Zn(II) and Cd(II) share many similarities in terms of
coordination chemistry, Cd(II) is considerably larger than Zn(II).
Cu(II) and Ni(II) on the other hand, both have a more similar
ionic radius to Zn(II). To investigate Cu(II) and Ni(II) Schiff base

complexes derived from biphenyl-2,2’-diamines, complexes 9-
Cu and 9-Ni were prepared (Scheme 11).

The Ni(II) complex was analyzed by MS, elemental analysis
and single-crystal X-ray diffraction, in addition to 1H NMR
studies in different solvents (CDCl3, C6D6 and [D6]DMSO). A
paramagnetic species was consistently observed, with severe
line-broadening of the resonances. Magnetic moment measure-
ment of 9-Ni in CDCl3 at 25 °C using Evans method,[36] gave μB=

2.23, which is lower than expected for Ni(II) with 2 unpaired
electrons (μB=2.9–4.0).[37] This may be indicative of interconver-
sion between different geometries in solution, which is occa-
sionally reported for Ni Schiff base complexes in the
literature.[36b,38] Recrystallization of 9-Ni from benzene gave
crystals suitable for single-crystal X-ray diffraction analysis. The
complex crystallized as a trimer, with two unique Ni centers,
both having distorted octahedral geometry (Figure 16).

For the middle Ni center in 9-Ni (Ni2), one molecule of the
Schiff base ligand was found to coordinate in a N2O2

2�

tetradentate fashion, whereas the two other Schiff base ligands
in the structure contributed with one bridging oxygen ligand
each (O1 and O6 respectively), resulting in the observed
hexacoordination around Ni2. For the terminal Ni centers (Ni1
and Ni3), the coordination sphere around each Ni atom was
made up from one Schiff base ligand acting as a N2O2

2�

tetradentate ligand. The two last coordination sites were
occupied by a water ligand, and one bridging oxygen ligand
from the Schiff base moiety binding the middle metal center,
Ni2. For the two unique Ni centers in the crystal structure, Ni2
was observed to have a more distorted octahedral geometry
than Ni1/Ni3.

The synthesis of Cu(II) complex 9-Cu was carried out
according to literature protocols.[38a] The complex was charac-
terized by MS, elemental analysis, UV-Vis (vide infra) and single-
crystal X-ray diffraction analysis. Single-crystal X-ray diffraction
analysis revealed that the Cu complex crystallized as a
tetracoordinated monomer even from a mixture of two strongly
coordinating solvents, DMSO and MeCN (Figure 17).

For 9-Cu, a distorted square planar geometry was observed
(τ4’=0.43). The bond lengths and angles between Cu and the
donor atoms of the ligand were similar to those reported in the
literature for related Cu(II) complexes.[38a,39] The observed
tetracoordination around Cu in 9-Cu is interesting as it indicates
that pentacoordination is less favored for Cu(II) than for Zn(II) in
complexes of Schiff base ligands derived from biphenyl- and
terphenyl-2,2’-diamines; Zn complexes of this type of ligands
readily form DMSO-ligated adducts when recrystallized from
DMSO.[14,17] To further investigate these apparent differences
between Cu(II) and Zn(II), the reactivity of ligand 1b towards
Cu(II) was studied, as this specific ligand facilitated the
formation of a pentacoordinated complex for Zn(II). In addition,
the combination of a redox active metal, e.g. Cu, and an amine
in proximity can make a catalyst candidate in reactions where
both electron and proton transfers are essential.[15b–c,40] The
attempted synthesis of 1b-Cu� NH2 was carried out according
to the procedure for 1b-Zn� NH2 and 1b-Cd� NH2. From MS
analysis of the product from the reaction of 1b with Cu-
(OAc)2 ·H2O, m/z values corresponding to both 1b-Cu� NH2 and

Scheme 11. Synthesis of 9-Cu and 9-Ni. The Ni(II) complex is depicted as
tetracoordinated monomer for simplicity.

Figure 16. ORTEP plot of 9� Ni with 50% probability ellipsoids. Hydrogen
atoms (except those of the water ligands) and non-coordinated, disordered
solvent molecules have been omitted for clarity. Selected bond lengths [Å]
and angles [°]: Ni1� N1, 2.034(6); Ni1� N2, 2.011(6); Ni1� O1, 2.025(5); Ni1� O2,
1.995(5); Ni1� O3, 2.137(5); Ni1� O7, 2.169(5); Ni2� N3, Ni2� N4, 2.059(6);
Ni2� O1, Ni2� O6, 2.144(5); Ni2� O3, Ni2� O4, 2.065(5); N1� Ni1� N2, 92.6(2);
N1� Ni1� O1, 93.2(2); N1� Ni1� O2, 95.2(2); N1� Ni1� O3, 167.2(2); N1� Ni1� O7,
84.9(2); N2� Ni1� O1, 174.2(2); N2� Ni1� O2, 89.4(2); N2� Ni1� O3, 92.6(2);
N2� Ni1� O7, 95.2(2); O1� Ni1� O2, 90.1(2); O1� Ni1� O3, 81.69(18); O1� Ni1� O7,
85.23(19); O2� Ni1� O3, 96.48(16); O2� Ni1� O7, 175.4(2); O3� Ni1� O7,
83.03(18); Ni1� O3� Ni2, 98.06(19); Ni1� O1� Ni2, 99.14(18); N3� Ni2� N4,
92.3(3); N3� Ni2� O1, N4� Ni2� O6, 82.9(5); N3� Ni2� O3, N4� Ni2� O4, 86.4(2);
N3� Ni2� O4, N4� Ni2� O3, 166.3(2); N3� Ni2� O6, N4� Ni2� O1, 112.8(2);
O1� Ni2� O3, O4� Ni2� O6, 80.62(18); O1� Ni2� O4, O3� Ni2� O6, 85.03(18);
O1� Ni2� O6, 158.1(3); O3� Ni2� O4, 98.0(3).

Full Papers
doi.org/10.1002/ejic.202100170

1878Eur. J. Inorg. Chem. 2021, 1869–1889 www.eurjic.org © 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH

Wiley VCH Dienstag, 11.05.2021

2119 / 201398 [S. 1878/1889] 1

https://doi.org/10.1002/ejic.202100170


the complex 1b-Cu, with a fully intact ligand, were observed
(Scheme 12), indicating that the reactivity of ligand 1b is highly
metal-dependent, even for Cu(II) and Zn(II), which are similarly
sized and Lewis acidic.

Whereas the method depicted in Scheme 12 proved
unsuccessful for the selective synthesis of 1b-Cu� NH2, the
compound as well as the related complex 1a-Cu� NH2 could be
synthesized directly from triamine 5, 2 equivalents of the
corresponding salicylaldehyde derivative and Cu(OAc)2 ·H2O
(Scheme 13).

In addition to single-crystal X-ray diffraction analysis (vide
infra), 1b-Cu� NH2 and 1a-Cu� NH2 were characterized by MS,
UV/Vis and elemental analysis. The UV-Vis spectra of the two
complexes, alongside the previously discussed complex 9-Cu
are shown in Figure 18.

The UV/Vis absorption spectra show defined bands at
365 nm, 399 nm and 410 nm for 1b-Cu� NH2, 1a-Cu� NH2 and
9-Cu respectively, which could be attributed to ligand-to-metal
charge transfer from the phenoxide donors in the ligands to the
Cu(II) center, based on observations in the literature concerning
related complexes.[41] Of the three complexes, the absorption
band of nitro-substituted 1b-Cu� NH2 was slightly more blue-
shifted and significantly more intense than the corresponding
bands for 1a-Cu� NH2 and 9-Cu. Similar observations were
made by Decinti and co-workers on comparison of a nitro-
substituted chiral Cu salen complex with a non-substituted
complex.[42] Very intense absorption bands were observed at λ
<300 nm for 1b-Cu� NH2, 1a-Cu� NH2 and 9-Cu, which may be
attributed to π!π* transitions associated with the ligands.
Low-intensity ligand field (d!d) transitions were observed
between 651 nm and 687 nm for the three complexes, with the
bands associated with 1b-Cu� NH2 and 1a-Cu� NH2 being more
broadened than that of 9-Cu (see insert in Figure 18).

Figure 17. ORTEP plot of 9� Cu with 50% probability ellipsoids. Only one of
the two molecules of the asymmetric unit is displayed, but metric data for
both are given below. Hydrogen atoms, non-coordinated MeCN (solvent of
crystallization) and disorder in one of the ethoxycarbonyl substituents have
been omitted for clarity. τ4’=0.43, 0.43. Selected bond lengths [Å] and
angles [°]: Cu1� N1, 1.952(6); Cu1� N2, 1.951(6); Cu1� O1, 1.896(5); Cu1� O2,
1.897(5); Cu2� N3, 1.955(5); Cu2� N4, 1.950(6); Cu2� O3, 1.886(5); Cu2� O4,
1.900(5); N1� Cu1� N2, 96.8(2); N1� Cu1� O1, 93.7(2); N1� Cu1� O2, 150.4(2);
N2� Cu1� O1, 148.1(2); N2� Cu1� O2, 93.5(2); O1� Cu1� O2, 92.1(2);
N3� Cu2� N4, 97.0(2); N3� Cu2� O3, 93.7(2); N3� Cu2� O4, 149.8(2);
N4� Cu2� O3, 149.9(2); N4� Cu2� O4, 94.8(2); O3� Cu2� O4, 89.8(2).

Scheme 12. Attempted synthesis of 1b-Cu� NH2. A mixture of 1b-Cu� NH2

and 1b-Cu was obtained.

Scheme 13. Synthesis of 1a-Cu� NH2 and 1b-Cu� NH2 directly from triamine
5 using a one-pot procedure.

Figure 18. UV/Vis (CH2Cl2) spectra of Cu(II) complexes 1b-Cu� NH2, 1a-
Cu� NH2 and 9� Cu at similar concentrations.
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Crystallographic structure determination of 1b-Zn� NH2,
1b-Cd� NH2, 1b-Cu� NH2, and 1a-Cu� NH2

Complexes 1b-Zn� NH2, 1b-Cd� NH2, 1b-Cu� NH2 and 1a-
Cu� NH2 were characterized by single-crystal X-ray diffraction
analysis (Figure 19, Figure 20, Figure 21 and Figure 22).

All four complexes crystallized with the NH2 group coordi-
nating to the metal. Whereas the Zn complex and the two Cu
complexes crystallized as pentacoordinated monomers, the Cd
complex crystallized as a dimer with distorted octahedral
geometries around both Cd atoms. The geometry found for 1b-
Cu� NH2 was distorted trigonal bipyramidal (τ5=0.70), while
distorted square pyramidal geometries were found for both 1b-
Zn� NH2 (τ5=0.33) and 1a-Cu� NH2 (τ5=0.25). The bond
distance between Zn and the amino group in 1b-Zn� NH2 is
comparable to literature values for Zn� NH2 bond distances.

[43] In
1b-Cd� NH2, the bonds between the Cd atoms and the NH2
groups (Cd1� N3 and Cd2� N6) are rather long (2.470(12) Å and
2.418(12) Å respectively), and significantly longer than the
corresponding Zn� N bond in 1b-Zn� NH2 (2.177(2) Å), as
anticipated from the NMR comparisons of the two complexes
(vide supra). Similarly, the Cd� μ-O bonds (Cd1� O4, 2.315(10) Å
and Cd2� O2, 2.329(10) Å) are considerably longer than the
corresponding Zn� O bonds in e.g. dimeric 1a-Zn (2.1480(16) Å),
and of similar length as Cd� μ-O bonds in multinuclear Cd Schiff
base complexes reported in the literature.[10b,14,44] Although
relatively rare, there are a few reported examples of coordina-
tion compounds of Cd where one of the ligands is an aromatic
amine, and the observed Cd� NH2 bond distances in 1b-Cd� NH2

are in accordance with those reported in literature.[43a–b,45]

Figure 19. ORTEP plot of 1b-Zn� NH2 with 50% probability ellipsoids. Hydro-
gen atoms (except for NH2) and disorder in the one of the methoxycarbonyl
substituents have been omitted for clarity. τ5=0.33. Selected bond lengths
[Å] and angles [°]: Zn1� N1, 2.050(2); Zn1� N2, 2.205(2); Zn1� N3, 2.177(2);
Zn1� O1, 1.9896(12); Zn1� O2, 1.9833(17); N1� Zn1� N2, 85.00(8); N1� Zn1� N3,
89.18(8); N1� Zn1� O1, 90.91(8); N1� Zn1� O2, 170.51(8); N2� Zn1� N3,
114.97(8); N2� Zn1� O1, 93.93(8); N2� Zn1� O2, 89.55(7); N3� Zn1� O1,
150.98(8); N3� Zn1� O2, 86.08(8); O1� Zn1� O2, 97.22(7).

Figure 20. ORTEP plot of 1b-Cd� NH2 with 50% probability ellipsoids. Hydro-
gen atoms (except for NH2) and non-coordinated MeOH (solvent of
crystallization) have been omitted for clarity. Selected bond lengths [Å] and
angles [°]: Cd1� N1, 2.300(11); Cd1� N2, 2.363(13); Cd1� N3, 2.470(12);
Cd1� O1, 2.249(11); Cd1� O2, 2.248(9); Cd1� O4, 2.315(10); Cd2� N4, 2.299(12);
Cd2� N5, 2.358(12); Cd2� N6, 2.418(12); Cd2� O2, 2.329(10); Cd2� O3,
2.301(10); Cd2� O4, 2.273(9); N1� Cd1� N2, 81.0(4); N1� Cd1� N3, 80.7(4);
N1� Cd1� O1, 78.9(4); N1� Cd1� O2; 157.0(4); N1� Cd1� O4, 126.3(4);
N2� Cd1� N3, 118.1(4); N2� Cd1� O1, 86.0(4); N2� Cd1� O2, 81.1(4);
N2� Cd1� O4, 149.9(4); N3� Cd1� O1, 145.2(4); N3� Cd1� O2, 95.3(4);
N3� Cd1� O4, 82.3(4); O1� Cd1� O2, 114.0(4); O1� Cd1� O4, 87.5(4);
O2� Cd1� O4, 74.9(3); N4� Cd2� N5, 80.0(4); N4� Cd2� N6, 79.1(4); N4� Cd2� O2,
130.5(4); N4� Cd2� O3, 78.0(4); N4� Cd2� O4, 153.0(4); N5� Cd2� N6, 120.8(4);
N5� Cd2� O2, 146.5(4); N5� Cd2� O3, 87.7(4); N5� Cd2� O4, 80.0(4);
N6� Cd2� O2, 83.3(4); N6� Cd2� O3, 139.2(4); N6� Cd2� O4, 95.9(4);
O2� Cd2� O3, 86.4(4); O2� Cd2� O4, 74.2(3); O3� Cd2� O4, 118.9(3);
Cd1� O2� Cd2, 105.6(4); Cd1� O4� Cd2, 105.3(4).

Figure 21. ORTEP plot of 1b-Cu� NH2 with 50% probability ellipsoids. Hydro-
gen atoms (except for NH2) have been omitted for clarity. τ5=0.70. Selected
bond lengths [Å] and angles [°]: Cu1� N1, 1.933(3); Cu1� N2, 2.041(3);
Cu1� N3, 2.299(3); Cu1� O1, 1.986(2); Cu1� O2, 1.903(2); N1� Cu1� N2,
91.95(11); N1� Cu1� N3, 86.83(11); N1� Cu1� O1, 92.02(11); N1� Cu1� O2,
172.46(12); N2� Cu1� N3, 114.29(11); N2� Cu1� O1, 130.68(11); N2� Cu1� O2,
91.23(11); N3� Cu1� O1, 115.00(10); N3� Cu1� O2, 85.64(10); O1� Cu1� O2,
91.08(10).
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On comparison of 1b-Zn� NH2 and 1b-Cu� NH2, a signifi-
cantly longer metal-NH2 bond was found for 1b-Cu� NH2

(Cu1� N3, 2.299(3) Å) than for 1b-Zn� NH2 (Zn1� N3, 2.177(2) Å).
This may be attributed to weaker axial ligation for the d9 Cu(II)
center, compared to the d10 Zn(II) center.[46] This observation is
consistent with literature reports, comparing Cu(II) complexes
of pentadentate N3O2 ligands derived from bis(3-aminopopyl)
amines and salicylaldehyde derivatives with their Zn(II)
homologues.[41a,47] The elongated Cu� NH2 bond found in 1b-
Cu� NH2 is also in agreement with general observations
concerning the bond lengths in crystal structures of pentacoor-
dinated Cu(II) complexes, where one of the Cu-ligand bonds
often is significantly longer than the others.[48] Comparing the
nitro-substituted complex 1b-Cu� NH2 with its unsubstituted
analog 1a-Cu� NH2, the large influence of the relatively
peripheral nitro groups became evident. Nitro-substituted 1b-
Cu� NH2 crystallized with distorted trigonal bipyramidal geome-
try, while 1a-Cu� NH2 crystallized with distorted square pyrami-
dal geometry. The Cu� NH2 bond was significantly longer for 1a-
Cu� NH2 (Cu1� N3, 2.4795(15) Å) than for 1b-Cu� NH2 (Cu1� N3,
2.299(3) Å). Furthermore, the two other Cu� N bonds and the
two Cu� O bonds were closer to each other in values for 1a-
Cu� NH2 than for 1b-Cu� NH2.

Exploring 1d as a hexadentate ligand: Synthesis,
single-crystal X-ray diffraction analysis and NMR studies of
1d-Lu

From the studies of Co(III) complexes 1a-Co(acac) and 1d-
Co(acac), it was observed that in case of rather small Co(III),
potentially hexadentate ligands 1a and 1d would act as
tetradentate N2O2

2� ligands, leaving the third salicylaldimine
group uncoordinated. From the NMR studies of Zn complexes
1a-Zn and 1d-Zn, however, there were indications that the

imine nitrogen of the third salicylaldimine group could
participate in coordination to the metal center, hence 1a and
1d would partially function as pentadentate N3O2

2� ligands. To
investigate whether e.g. 1d could act as a hexadentate N3O3

3�

ligand, its reactivity towards Lu(III) was studied. The metal was
chosen on basis of being trivalent and relatively large,[49] thus
facilitating high coordination numbers as well as flexible
coordination geometries,[50] which may be needed in order to
accommodate ligand 1d. In addition, Lu(III) possess the d0

configuration, which renders the metal diamagnetic and
suitable for conventional NMR studies, comparable to those of
e.g. ligand 1d and Zn complex 1d-Zn. Reacting 1d with
Lu(NO3)3 · xH2O lead to the successful formation of complex 1d-
Lu (Scheme 14).

Complex 1d-Lu was characterized by NMR, MS, elemental
analysis and single-crystal X-ray diffraction analysis. Combined
1H, 13C and 15N NMR studies in different solvents suggested that
1d coordinated in a hexadentate fashion to Lu, acting as an
N3O3

3� ligand.[51] This was most evident in the 1H NMR spectrum
of the complex, as no resonances that could be attributed to
naphtholic protons were observed. Furthermore, imine coordi-
nation to Lu was rationalized from 1H-15N HMBC experiments,
where small coordination shifts (Δδ(N1)=18.0 ppm, and
Δδ(N2)=2.8 ppm, see Figure 27 for numbering scheme) were
found for the imine nitrogen atoms in [D6]DMSO. As opposed
to what is commonly observed for coordination of metals to
nitrogen atoms in 15N NMR, the resonances corresponding to
imine nitrogen atoms of 1d-Lu were moved to higher ppm
values on comparison with those of 1d, indicating a rather
weak interaction.[27b] Crystals suitable for single-crystal X-ray
diffraction analysis of the complex were obtained from a
DMSO/EtOH mixture, and it was found that the complex
crystallized as the heptacoordinated complex 1d-Lu� DMSO
(Figure 23). A related heptacoordinated complex 1d-Lu� MeOH
(Figure 24) was obtained from recrystallization of 1d-Lu from a
CDCl3/MeOH mixture.

Both Lu complexes crystallized with geometries best
described as intermediate between capped octahedral and
pentagonal bipyramidal. The bond lengths between Lu and the
heteroatoms within the hexadentate ligand were similar for
both complexes, with Lu� N and Lu� O bond lengths in the
range of 2.350(3)–2.472(3) Å and 2.178(3)–2.200(3) Å respec-
tively for 1d-Lu� DMSO, and 2.362(16)–2.486(16) Å and
2.146(15)–2.193(13) Å respectively for 1d-Lu� MeOH. In addi-
tion, the bond lengths were similar to what has been reported

Figure 22. ORTEP plot of 1a-Cu� NH2 with 50% probability ellipsoids. Hydro-
gen atoms (except for NH2) and non-coordinated EtOH (solvent of
crystallization) have been omitted for clarity. τ5=0.25. Selected bond lengths
[Å] and angles [°]: Cu1� N1, 1.9618(15); Cu1� N2, 1.9818(14); Cu1� N3,
2.4795(15); Cu1� O1, 1.9154(13); Cu1� O2, 1.9205(13); N1� Cu1� N2, 94.41(6);
N1� Cu1� N3, 77.57(6); N1� Cu1� O1, 94.51(6); N1� Cu1� O2, 165.87(6);
N2� Cu1� N3, 112.16(6); N2� Cu1� O1, 150.95(6); N2� Cu1� O2, 91.85(6);
N3� Cu1� O1, 96.75(6); N3� Cu1� O2, 88.34(6); O1� Cu1� O2, 86.03(6).

Scheme 14. Synthesis of 1d-Lu. The product is depicted as a hexacoordi-
nated complex for simplicity, although the complex is probably heptacoordi-
nated, bearing an additional water ligand.
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in the literature for Lu� N and Lu� O bond lengths in Schiff base
complexes of heptacoordinated Lu.[10g,52] The Lu� O(solvent)
bond distances are in accordance with literature values for
Lu� O(DMSO) and Lu� O(MeOH) bond lengths.[53]

The 1H NMR spectrum of 1d-Lu was found to be highly
solvent-dependent. At ambient temperature in [D6]DMSO and
[D7]DMF, the

1H NMR resonances of each of the two meth-
oxycarbonyl-substituted moieties in the complex were time-
averaged (ring systems A’ in Figure 25), and the resonances of
ring systems A’ and A integrated in a 2 :1 ratio. Several of the 1H
and 13C NMR resonances were broadened in [D6]DMSO at
ambient temperature, most notably the resonance correspond-
ing to He’ (Figure 25). A gradual sharpening of the broadened
resonances in the 1H NMR spectrum of 1d-Lu was observed on
elevated temperatures in [D6]DMSO (Figure 25).

The very broadened nature of the resonance corresponding
to He’ at ambient temperature indicated dynamic behavior of
the complex in [D6]DMSO. For low-temperature

1H NMR studies,
[D7]DMF was used, in which the complex had a similar

1H NMR
spectrum to that in [D6]DMSO at ambient temperature. The 1H
NMR spectra of 1d-Lu in the temperature range between 27 °C
and � 53 °C are shown in Figure 26.

On decreasing the temperature, the resonance correspond-
ing to He’ gradually decoalesced into two new resonances (He’1

and He’2) (see Figure 26). Notably, a relatively large separation in
chemical shifts for the resonances corresponding to He’1 and He’2

(δ 5.26 and δ 6.89) was observed, indicating that one of the
methoxycarbonyl-substituted ring systems (A’ in Figure 26)
must be significantly more shielded than the other. Because of
the dynamic behavior of 1d-Lu in [D6]DMSO and [D7]DMF,
attention was turned to the coordination number of the
complex in solution. Whereas ligand 1d itself is hexadentate, Lu
complexes usually possess coordination numbers of seven,
eight or nine.[50,54] As both [D6]DMSO and [D7]DMF are strongly
coordinating solvents, it is reasonable to assume that at least
one solvent molecule is ligated to the Lu center in both
solvents, as it is commonly seen in the coordination chemistry
of rare earth metals.[55] In addition, solvent-ligation was already

Figure 23. ORTEP plot of 1d-Lu� DMSO with 50% probability ellipsoids.
Hydrogen atoms and two non-coordinated molecules of DMSO (solvent of
crystallization) have been omitted for clarity. Selected bond lengths [Å] and
angles [°]: Lu1� N1, 2.350(3); Lu1� N2, 2.472(3); Lu1� N3, 2.445(3); Lu1� O1,
2.178(3); Lu1� O2, 2.200(3); Lu1� O3, 2.193(3); Lu1� O4, 2.268(3); N1� Lu1� N2,
76.50(10); N1� Lu1� N3, 78.42(10); N1� Lu1� O1, 73.61(10); N1� Lu1� O2,
114.68(10); N1� Lu1� O3, 143.30(10); N1� Lu1� O4, 127.83(10); N2� Lu1� N3,
128.00(10); N2� Lu1� O1, 115.15(10); N2� Lu1� O2, 71.61(10); N2� Lu1� O3,
140.17(10); N2� Lu1� O4, 71.33(10); N3� Lu1� O1, 100.00(10); N3� Lu1� O2,
78.91(10); N3� Lu1� O3, 74.90(10); N3� Lu1� O4, 153.02(10); O1� Lu1� O2,
170.95(10); O1� Lu1� O3, 86.65(10); O1� Lu1� O4, 84.24(10); O2� Lu1� O3,
84.39(10); O2� Lu1� O4, 92.74(10); O3� Lu1� O4, 78.80(10).

Figure 24. ORTEP plot of 1d-Lu� MeOH with 50% probability ellipsoids.
Hydrogen atoms have been omitted for clarity. The OH proton of the MeOH
ligand could not be detected in the crystal structure. Selected bond lengths
[Å] and angles [°]: Lu1� N1, 2.362(16); Lu1� N2, 2.477(17); Lu1� N3, 2.486(16);
Lu1� O1, 2.165(14); Lu1� O2, 2.146(15); Lu1� O3, 2.193(13); Lu1� O4, 2.296(14);
N1� Lu1� N2, 77.8(6); N1� Lu1� N3, 72.1(5); N1� Lu1� O1, 74.7(5); N1� Lu1� O2,
126.0(6); N1� Lu1� O3, 135.0(6); N1� Lu1� O4, 126.7(6); N2� Lu1� N3, 124.5(5);
N2� Lu1� O1, 113.7(5); N2� Lu1� O2, 71.6(5); N2� Lu1� O3, 146.5(5);
N2� Lu1� O4, 75.1(5); N3� Lu1� O1, 101.8(5); N3� Lu1� O2, 90.1(6); N3� Lu1� O3,
72.3(5); N3� Lu1� O4, 157.8(5); O1� Lu1� O2, 158.9(5); O1� Lu1� O3, 86.7(5);
O1� Lu1� O4, 75.7(5); O2� Lu1� O3, 80.4(5); O2� Lu1� O4, 86.7(6); O3� Lu1� O4,
85.5(5).

Figure 25. 1H NMR of 1d-Lu (500 MHz, [D6]DMSO) at increasing temperatures
(bottom to top). Only selected regions of the 1H NMR spectra are shown.
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observed from the crystallographic characterization of 1d-
Lu� DMSO and 1d-Lu� MeOH (vide supra). Hepta-, octa- and
nonacoordinated metal complexes are known to be stereo-
chemically non-rigid,[56] which rationalize the dynamic behavior
of 1d-Lu in [D6]DMSO and [D7]DMF.

[57] The combined structural
and NMR-based investigations suggest that 1d-Lu contains (at
least) one labile monodentate ligand, which in combination
with the high relative Lewis acidity of Lu(III),[58] makes it an
interesting candidate for various applications, e.g. as a polymer-
ization catalyst.[59] As 1d acts a hexadentate N3O3

3� ligand, the
formation of monomeric complexes of Lu(III), as well as other
rare earth metals (vide infra), should be favored compared to
tetradentate N2O2

2� salen-type ligands,[60] which occasionally
give rise to dimeric complexes with rare earth metals,[59c] or
homoleptic ML2- or M2L3-type complexes.[10h,s,59b] However, it
should be noted that dimer formation for rare earth metal
complexes of e.g. heptadentate Schiff base ligands has been
reported in the literature.[61]

As the nitro-substituted ligand 1b was found to react in a
different manner with Zn(OAc)2 · 2H2O than e.g. 1d, the
reactivity of 1b towards Lu(NO3)3 · xH2O was studied. Although a
pure product could not be obtained, the 1H NMR spectrum of
the obtained product indicates that the ligand acts as an N3O3

3�

ligand towards Lu(III) (Scheme 15). This result shows again that
the reactivity of ligand 1b is highly metal-dependent, as already
observed for Cu(II), Zn(II) and Cd(II).

A preliminary investigation of the reactivity of ligand 1d
towards larger rare-earth metals (Y(III) and La(III)) (Scheme 16)
did not yield any fully conclusive results.

Complex 1d-Y was obtained in good yields, and was
characterized by NMR, as well as elemental analysis of its
DMSO-ligated adduct 1d-Y� DMSO. The complex was found to
undergo demetallation during MS measurements, and attempts

to obtain crystals for single-crystal X-ray diffraction analysis lead
to crystal formation of the demetallated species, 1d (which
accordingly could be characterized by single-crystal X-ray
diffraction analysis, vide supra). The 1H NMR spectra of 1d-Y in
[D6]DMSO and CDCl3 were very similar to those of 1d-Lu. Hence
they will not be discussed in detail, but it should be noted that
the 1H NMR and 13C NMR resonances of the Y(III) complex were
less broadened than those of the Lu(III) complex in [D6]DMSO at
ambient temperature, while the opposite was observed in
CDCl3 (see Figure S256–S258, SI). The attempted synthesis of
1d-La did not yield a clear outcome, and a complex mixture of
different species was obtained instead (see Figure S259, SI). The
unsuccessful attempt of synthesizing 1d-La might be attributed
to the considerably larger size of La(III) compared to Y(III) and
Lu(III),[49] and issues concerning the successful coordination of
early lanthanoids, the middle lanthanoids (having similar ionic
radii as Y(III)) and the late lanthanoids to the same ligand
system are occasionally reported in the literature.[62] The use of
more reactive starting materials (e.g. the corresponding rare-
earth bis(trimethylsilyl)amide compounds[63]) would perhaps
lead to the successful synthesis of complexes of 1d with the
early lanthanoids, and this topic deserves further investigations.

Conclusion

Herein, the reactivity of new polydentate Schiff base ligands
towards different metals was presented. For the reactions of
Zn(OAc)2 · 2H2O and Schiff bases derived from a substituted
2,6,2’-triaminobiphenyl or a linear 2,2’,2’’-triamino-p-terphenyl,
the obtained complexes were similar to those Zn complexes
that are commonly obtained from Schiff bases derived from
2,2’-diaminobiphenyl. For the reactions of Zn(OAc)2 · 2H2O and
the hexadentate Schiff bases derived from a substituted 2,2’,2’’-

Figure 26. 1H NMR of 1d-Lu (500 MHz, [D7]DMF) at increasing temperatures
(bottom to top). Only the region between δ 5.0 and 9.25 is shown.

Scheme 15. Synthesis of 1b-Lu. The product is depicted as a hexacoordi-
nated complex for simplicity.

Scheme 16. Reactivity of ligand 1d towards La(NO3)3 · 6H2O and Y-
(NO3)3 · 6H2O.
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triamino-m-terphenyl and either salicylaldehyde or 2-hydroxy-1-
naphthaldehyde, the obtained complexes were found to exist
as either tetracoordinated monomeric complexes, or pentacoor-
dinated monomeric or dimeric/oligomeric species in solution,
as observed by NMR spectroscopy. For a related hexadentate
ligand obtained from the condensation of the same 2,2’,2’’-
triamino-m-terphenyl and 5-nitrosalicylaldehyde, a pentaden-
tate, NH2-containing ligand was formed upon reaction with
Zn(OAc)2 · 2H2O and Cd(OAc)2 · 2H2O, and complexes containing
a labile metal-NH2 bond were isolated as the sole products.
When the same reaction was carried out using Cu(OAc)2 ·H2O, a
mixture of different products were obtained instead, most
notably an NH2-containing pentacoordinated complex as well
as a tetracoordinated complex, analogous to those that were
obtained for Zn using ligands derived from less electron poor
salicylaldehydes. The pentacoordinated complex could be
synthesized selectively by reacting the 2,2’,2’’-triamino-m-
terphenyl with 2 equivalents of 5-nitrosalicylaldehyde in the
presence of Cu(OAc)2 ·H2O. The method was successfully
extended to salicylaldehyde, yielding another pentacoordinated
Cu complex. Finally, one of the m-terphenyl ligands that acted
as tetradentate/pentadentate ligand towards divalent and
relatively small Zn(II), was found to act as a hexadentate ligand
towards larger and trivalent Lu(III) and Y(III). The results
presented herein highlight the versatility of the triamine-m-
terphenyl backbone and its Schiff base ligands, creating metal
complexes with easily tunable properties. Further studies
should focus on the application of the complexes in various
catalytic settings, as well as broadening the scope of the
synthesis of rare earth metal complexes.

Experimental Section
Triamines 5–7,[17] and Schiff base ligands 8–9[14] were synthesized as
described elsewhere. THF (unstabilized), MeCN and CH2Cl2 were
dried using an MB SPS-800 solvent purifier system from MBraun.
Toluene was dried using 3 Å molecular sieves. Hexanes and ethyl
acetate were distilled before use. Other chemicals and solvents
were used as received from commercial sources. TLC was
performed using Merck 60 F254 plates. Flash chromatography was
performed using silica gel from Merck (60, 0.040–0.063 mm). NMR
spectroscopy was performed using Bruker Avance DPX300, AVII400,
AVIIIHD400, DRX500, AVI600, AVII600 or AVIIHD800 operating at
300 MHz (1H NMR), or 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 of the variable temperature
NMR experiments was measured indirectly by correlation of the
observed probe temperature to independently measured temper-
atures (or extrapolated temperatures for the temperatures above
the boiling point of methanol) using a Delta OHM HD9214
thermometer fitted into a NMR tube containing CD3OD/CH3OH.
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 27. 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
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. All
melting points are uncorrected and were obtained with a Stuart
SMP10 melting point apparatus. UV/Vis measurements were
performed on a Specord 200 Plus instrument. Elemental analysis
was performed by Mikroanalytisches Laboratorium Kolbe, Oberhau-
sen, Germany. Single-crystal diffraction data were acquired on a
Bruker D8 Venture equipped with a Photon 100 CMOS area
detector, and 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[64] and
refined with ShelXL.[65] Olex2 was used as user interface.[66] The cif
files were edited with enCIFer v. 1.4.[67] Disordered solvent
molecules in the structures of 1a-Zn, 1b-Zn� NH2, 1b-Cu� NH2 and
1d-Lu� MeOH were removed using the SQUEEZE algorithm.[68]

Molecular graphics were produced with Diamond v. 4.6.2. Full
details of the data collection, structure solution and refinement for
each compound are contained in the cif files. The data are
summarized in Table S1–Table S15, SI.

Experimental and analytical data for a selection of compounds
described within the text are presented here, data for all
compounds can be found in the SI.

1b. A suspension of triamine 5 (0.408 g, 1.01 mmol, 1.0 equiv.), 5-
nitrosalicylaldehyde (0.555 g, 3.31 mmol, 3.3 equiv.) and HCO2H
(10 drops) in EtOH (10 mL) was heated at reflux temperature for
3 days. After cooling to rt, the precipitated solids were filtered off,
and washed with EtOH. 1b was obtained as orange crystals after
recrystallization from MeCN. Yield: 0.656 g, 0.770 mmol, 76%. M.p.
170–172 °C; 1H NMR (800 MHz, CDCl3, major rotamer): δ=13.30 (s,
2H, OH’), 12.78 (s, 1H, OH), 8.53 (s, 2H, Hd’), 8.25 (d, 3JH,H=9.1 Hz, 2H,
Hf’), 8.19 (s, 2H, Hh’), 8.11 (d, 3JH,H=7.8 Hz, 2H, Hb’), 8.04 (m, 1H, Hf),
7.88 (s, 2H, Ha’), 7.71–7.72 (m, 3H, Hd+Hc’), 7.40 (s, 1H, Hh), 7.27 (s,
2H, Ha), 7.03 (d, 3JH,H=9.1 Hz, 2H, He’), 6.71 (d, 3JH,H=9.1 Hz, 1H, He),

Figure 27. Numbering scheme used for reporting the NMR data. Roman
letters=protons, numbers=carbons. Greek letters=protons and carbons.
For 1b-Zn� NH2 and 1b-Cd� NH2, imine nitrogen N

3 is not present, instead an
NH2 group is present. For complex 1b-Cd, the imine nitrogen N3 is present,
although this species was only observed in MS.
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3.95 (s, 6H, CO2CH3), 2.49 ppm (s, 3H, Ar� CH3);
13C NMR (201 MHz,

CDCl3, major rotamer): δ=165.9 (C9’), 165.8 (CO2CH3), 165.6 (C
9),

164.6 (C7), 161.3 (C7’), 144.8 (C2’), 141.9 (C2), 140.2 (C12’), 139.8 (C12),
139.4 (C1’), 137.3 (C4), 131.9 (C3), 131.5 (C6’), 131.4 (C1), 131.2 (C4’),
129.2 (C5’), 128.8 (C11’), 128.6 (C11), 128.5 (C13’), 127.6 (C13), 118.8 (C3’),
118.1 (C10+C10’), 118.0 (C8’), 117.1 (C8), 52.5 (CO2CH3), 21.1 ppm
(Ar� CH3);

15N{1H} NMR (600 MHz, CDCl3): δ= � 13.2 (NO2),
� 85.6 ppm (CH=N1+CH=N2); LRMS (ESI): m/z (%): 875.191 (100) [M
+Na]+; HRMS (ESI): m/z calcd for C44H32N6O13+Na: 875.1920 [M+

Na]+; found: 875.1921; elemental analysis calcd (%) for C44H32N6O13:
C 61.97, H 3.78, N 9.86; found: C 62.02, H 3.76, N 9.83.

For 1H NMR and 13C NMR data of the minor rotamer of 1b in CDCl3,
see SI. Additional NMR data in C6D6 are also presented in the SI.

1d. A suspension of triamine 5 (0.412 g, 1.02 mmol, 1.0 equiv.), 2-
hydroxy-1-naphthaldehyde (0.582 g, 3.38 mmol, 3.3 equiv.) and
HCO2H (10 drops) in EtOH (10 mL) was heated at reflux temperature
for 2 days. After cooling to rt, the precipitated solids were filtered
off, and washed with EtOH. 1d was obtained as golden yellow
crystals after recrystallization from 10% benzene in MeCN. Yield:
0.708 g, 0.815 mmol, 80%. M.p. 266–267 °C; 1H NMR (600 MHz, [D6]
DMSO, major rotamer): δ=14.73 (s, 2H, OH’), 13.63 (s, 1H, OH), 9.28
(s, 2H, Hd’), 8.50 (s, 1H, Hd), 8.08–8.13 (m, 4H, Ha’+Hj’), 7.97 (d, 3JH,H=

7.9 Hz, 2H, Hb’), 7.86 (d, 3JH,H=9.1 Hz, 2H, Hf’), 7.80 (d, 3JH,H=7.9 Hz,
2H, Hc’), 7.68 (d, 3JH,H=7.9 Hz, 2H, Hg’), 7.57 (d, 3JH,H=9.0 Hz, 1H, Hf),
7.45 (d, 3JH,H=8.0 Hz, 1H, Hg), 7.39 (s, 2H, Ha), 7.30–7.33 (m, 2H, Hi’),
7.23–7.26 (m, 2H, Hh’), 6.98–7.02 (m, 3H, Hh+He’), 6.82–6.84 (m, 1H,
Hi), 6.59 (d, 3JH,H=8.5 Hz, 1H, Hj), 6.55 (d, 3JH,H=9.0 Hz, 1H, He), 3.83
(s, 6H, CO2CH3), 2.48 ppm (s, 3H, Ar� CH3);

13C NMR (151 MHz, [D6]
DMSO, major rotamer): δ=167.2 (C9’), 165.7 (CO2CH3), 163.1 (C

9),
161.5 (C7), 157.6 (C7’), 144.1 (C2’), 142.8 (C2), 138.3 (C1’), 136.5 (C11’),
135.7 (C4), 135.2 (C11), 132.6 (C17’), 131.6 (C17), 131.5 (C6’), 131.3 (C3),
131.2 (C1), 130.5 (C4’), 128.7 (C13’), 128.5 (C13), 127.7 (C15’), 127.2 (C15),
126.9 (C5’), 126.8 (C12’), 126.6 (C12), 123.4 (C14’), 123.0 (C14), 120.7 (C10’),
120.4 (C16’), 119.2 (C10), 119.1 (C3’), 117.8 (C16), 109.1 (C8’), 107.8 (C8),
52.3 (CO2CH3), 20.5 ppm (Ar� CH3);

15N{1H} NMR (600 MHz, [D6]
DMSO): δ= � 115.0 ppm (CH=N2), � 136.0 ppm (CH=N1); LRMS (ESI):
m/z (%): 890.284 (100) [M+Na]+; HRMS (ESI): m/z calcd for
C56H41N3O7+Na: 890.2837 [M+Na]+; found: 890.2841; elemental
analysis calcd (%) for C56H41N3O7: C 77.49, H 4.76, N 4.84; found: C
77.48, H 4.76, N 4.83.

For 1H NMR and 13C NMR data of the minor rotamer of 1d in [D6]
DMSO, see SI. Additional NMR data in different solvents and at
different temperatures are also presented in the SI. Crystals of 1d
suitable for single-crystal X-ray diffraction analysis were obtained
from vapor diffusion of EtOH into a DMSO solution of the Y
complex 1d-Y. Crystal and refinement data are given in Table S1, SI.

1a-Zn. Ligand 1a (0.356 g, 0.495 mmol, 1.0 equiv.) was dissolved in
CH2Cl2 (2 mL). NEt3 (0.35 mL, 2.5 mmol, 5.0 equiv.) was added,
followed by a solution of Zn(OAc)2 · 2H2O (0.113 g, 0.513 mmol,
1.0 equiv.) in MeOH (10 mL). A solid started to precipitate within
few minutes, and the resulting pale yellow suspension was stirred
at rt for 18 h. The solids were then filtered off and washed with
MeOH. 1a-Zn was obtained as pale yellow crystals after recrystalli-
zation from MeCN. Yield: 0.277 g, 0.355 mmol, 72%. M.p. 213–
215 °C; 1H NMR (600 MHz, [D6]DMSO): δ=12.38 (s, 1H, OH), 9.00 (s,
1H, Hd’’), 8.18 (s, 1H, Hd’), 7.93 (s, 1H, Ha’’), 7.89 (dd, 3JH,H=8.0 Hz,
4JH,H=1.7 Hz, 1H, Hb’), 7.73 (s, 1H, Hh’’), 7.71 (dd, 3JH,H=8.0 Hz, 4JH,H=

1.6 Hz, 1H, Hb’’), 7.63 (s, Hd), 7.59–7.60 (m, 2H, Ha’+Hc’), 7.51 (d,
3JH,H=7.5 Hz, 1H, Hc’’), 7.41 (s, 1H, Hf’’), 7.21–7.24 (m, 2H, Hf’+Hh’),
7.19 (s, 1H, Ha), 7.12 (s, 1H, Hb), 7.05 (ddd, 3JH,H=8.5 Hz, 3JH,H=6.8 Hz,
4JH,H=1.6 Hz, 1H, Hf), 6.98 (s, 1H, Hg’’), 6.93 (s, 1H, He’’), 6.78 (d, 3JH,H=

6.8 Hz, 1H, He’), 6.54 (s, 1H, Hh), 6.44–6.46 (m, 2H, He+Hg’), 6.20 (s,
1H, Hg), 3.86 (s, 3H, CO2CH’3), 3.84 (s, 3H, CO2CH’’3), 2.30 ppm (s, 3H,
Ar� CH3);

13C NMR (201 MHz, [D6]DMSO): δ=173.0 (C7), 171.3 (C9’),

171.1 (C9), 168.4 (C7’), 165.6 (C’O2CH3), 165.5 (C’’O2CH3), 164.3 (C
7’’),

160.1 (C9’’), 148.1 (C2’), 147.2 (C2’’), 144.1 (C2), 138.7 (C1’’), 137.7 (C1’),
136.2 (C13’), 135.5 (C13), 135.1 (C5), 134.8 (C11), 134.6 (C11’), 133.6 (C11’’),
133.0 (C13’’), 132.7 (C1 or C3), 132.3 (C4+C1 or C3), 132.0 (C6’’), 131.0
(C6), 130.6 (C6’), 129.9 (C4’’), 129.7 (C4’), 126.8 (C5’’), 126.6 (C5’), 123.2
(C3’), 122.8 (C10’), 122.2 (C10), 119.4 (C8’’), 119.1 (C8’+C12’’), 118.9 (C3’’),
117.8 (C8), 116.5 (C10’’), 113.1 C12’), 112.9 (C12), 52.2 (CO2C’H3 or
CO2C’’H3), 52.1 (CO2C’H3 or CO2C’’H3), 20.2 ppm (Ar� CH3). Several of
the 1H and 13C NMR resonances were broadened. 15N{1H} NMR
(600 MHz, [D6]DMSO): δ= � 89.0 (CH=N3), � 123.4 (CH=N2� Zn),
� 131.8 ppm (CH=N1� Zn); LRMS (ESI): m/z (%): 802.150 (100) [M+

Na]+; HRMS (ESI): m/z calcd for C44H33N3O7Zn+Na: 802.1502 [M+

Na]+; found: 802.1501; elemental analysis calcd (%) for
C44H33N3O7Zn: C 67.66, H 4.26, N 5.38, Zn 8.37; found: C 67.48, H
4.24, N 5.35, Zn 8.32.

For additional NMR data for 1a-Zn in different solvents and at
different temperatures, see SI. Crystals of 1a-Zn suitable for single-
crystal X-ray diffraction analysis were obtained by slow evaporation
of a solution of the complex in THF. Crystal and refinement data are
given in Table S2, SI.

1b-Zn� NH2. Ligand 1b (0.434 g, 0.508 mmol, 1.0 equiv.) was
dissolved in CH2Cl2 (10 mL). NEt3 (0.35 mL, 2.5 mmol, 4.9 equiv.) was
added, and the originally yellow solution quickly turned red-brown.
A solution of Zn(OAc)2 · 2H2O (0.114 g, 0.522 mmol, 1.0 equiv.) in
MeOH (10 mL) was then added, and a pale yellow precipitate
formed within 30 min of stirring at rt. The resulting suspension was
stirred for a total reaction time of 18 h at rt. Additional MeOH
(10 mL) was added, and the reaction mixture was stirred for a few
minutes before the product was filtered off and washed with
MeOH, furnishing 1b-Zn� NH2 as a pale yellow solid. Yield: 0.320 g,
0.418 mmol, 82%. M.p.>310 °C; 1H NMR (600 MHz, [D6]DMSO): δ=

8.69 (s, 1H, Hd’), 8.51 (d, 4JH,H=3.1 Hz, 1H, Hh’), 8.11 (dd, 3JH,H=9.5 Hz,
4JH,H=3.1 Hz, 1H, Hf’), 7.94–7.96 (m, 2H, Ha’’+Hb’), 7.90–7.91 (m, 2H,
Hd+Hh), 7.87 (dd, 3JH,H=9.5 Hz, 4JH,H=3.1 Hz, 1H, Hf), 7.67 (d, 4JH,H=

1.7 Hz, 1H, Ha’), 7.58–7.59 (m, 2H, Hb’’+Hc’), 7.48 (d, 3JH,H=7.9 Hz, 1H,
Hc’’), 7.37 (d, 4JH,H=1.5 Hz, 1H, Ha), 7.34 (d, 4JH,H=1.2 Hz, 1H, Hb), 6.79
(d, 3JH,H=9.5 Hz, 1H, He’), 6.53 (d, 3JH,H=9.5 Hz, 1H, He), 6.17
(broadened s, 2H, NH2), 3.81 (s, 3H, CO2CH’3), 3.78 (s, 3H, CO2CH’’3),
2.43 ppm (s, 3H, Ar� CH3);

13C NMR (151 MHz, [D6]DMSO): δ=176.1
(C9’), 176.0 (C9), 173.4 (C7’), 168.7 (C7), 165.8 (C’’O2CH3), 165.3
(C’O2CH3), 149.0 (C

2’), 140.7 (C2’’), 140.6 (C2), 136.8 (C1’), 136.6 (C5),
134.9 (C13’), 134.3 (C12’), 134.1 (C12), 133.1 (C13), 131.4 (C6’), 131.0 (C4+
C6’’), 130.8 (C3), 130.7 (C4’), 130.6 (C1’’), 130.5 (C3+C6), 129.7 (C4’’),
129.1 (C11’), 129.0 (C11), 127.7 (C5’), 124.9 (C3’), 123.6 (C10’), 123.4 (C10),
123.0 (C5’’), 121.5 (C3’’), 118.3 (C8’), 117.1 (C8), 52.3 (CO2C’H3), 52.1
(CO2C’’H3), 20.5 ppm (Ar� CH3);

15N{1H} NMR (600 MHz, [D6]DMSO):
δ= � 11.2 (2×NO2), � 120.9 (CH=N2� Zn), � 125.6 (CH=N1� Zn),
� 326.9 ppm (j 1JN,H j =72 Hz, NH2); LRMS (ESI): m/z (%): 788.094
(100) [M+Na]+; HRMS (ESI): m/z calcd for C37H27N5O10Zn+Na:
788.0942 [M+Na]+; found: 788.0945; elemental analysis calcd (%)
for C37H27N5O10Zn: C 57.94, H 3.55, N 9.13, Zn 8.52; found: C 57.75, H
3.51, N 9.09, Zn 8.49.

For NMR data of the minor species of 1b-Zn� NH2 in [D6]DMSO (1b-
Zn-DMSO), see SI. Additional NMR data in different solvents and at
different temperatures are also presented in the SI. Crystals of 1b-
Zn� NH2 suitable for single-crystal X-ray diffraction analysis were
obtained by performing the abovementioned procedure under
more diluted conditions (CH2Cl2 (20 mL) and MeOH (20 mL) were
used), and without any stirring, furnishing 1b-Zn� NH2 as yellow
crystals during the course of 1 day. The product obtained by this
crystallization method had an identical 1H NMR spectrum to the
product obtained from the abovementioned method. Crystal and
refinement data are given in Table S7, SI.
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1b-Cd� NH2. The Cd complex was prepared analogously to 1b-
Zn� NH2, by employing 1b (0.433 g, 0.508 mmol, 1.0 equiv.), Cd-
(OAc)2 · 2H2O (0.134 g, 0.505 mmol, 1.0 equiv.), NEt3 (0.35 mL,
2.5 mmol, 4.9 equiv.), CH2Cl2 (10 mL) and MeOH (10+10 mL). 1b-
Cd� NH2 was obtained as a yellow solid. Yield: 0.325 g, 0.400 mmol,
79%. M.p.>310 °C; 1H NMR (600 MHz, [D6]DMSO): δ=8.37–8.42 (m,
2H, Hd’+Hh’), 7.96–7.98 (m, 1H, Hf’), 7.83–7.85 (m, 1H, Hb’), 7.73–7.80
(m, 3H, Hd+Hf+Hh), 7.63 (s, 1H, Ha’’), 7.51 (s, 1H, Ha’), 7.43–7.44 (m,
2H, Hc’+Hb’’), 7.31–7.34 (m, 1H, Hc’’), 7.20 (s, 1H, Ha), 7.18 (s, 1H, Hb),
6.55–6.58 (m, 1H, He’), 6.32–6.34 (m, 1H, He), 5.27 (m, 2H, NH2), 3.83
(s, 3H, CO2CH’3), 3.78 (s, 3H, CO2CH’’3), 2.37 ppm (s, 3H, Ar� CH3);

13C
NMR (151 MHz, [D6]DMSO): δ=177.8 (C9’), 177.6 (C9), 171.2 (C7’),
170.9 (C7), 166.2 (C’’O2CH3), 165.6 (C’O2CH3), 150.5 (C

2’), 143.6 (C2),
142.3 (C2’’), 137.4 (C1’), 135.4 (C5+C13’), 134.1 (C13), 133.0 (C12’), 132.4
(C12), 132.3 (C1’’), 131.8 (C1), 131.0 (C6’), 131.0 (C4), 130.7 (C6’’), 130.3
(C6), 130.2 (C3), 130.1 (C4’), 129.2 (C4’’), 128.09 (C11), 128.02 (C11’), 126.5
(C5’), 124.14 (C10’), 123.6 (C10), 123.59 (C3’), 120.8 (C5’’), 120.1 (C3’’),
119.3 (t, 3JC,Cd=18.7 Hz, C8’), 118.0 (t, 3JC,Cd=22.3 Hz, C8), 52.3
(CO2C’H3), 52.0 (CO2C’’H3), 20.4 ppm (Ar� CH3). Several of the

1H and
13C NMR resonances were broadened. 15N{1H} NMR (600 MHz, [D6]
DMSO): δ= � 11.4 (2×NO2), � 97.8 (CH=N2� Cd), � 112.6
(CH=N1� Cd), � 322.7 ppm (j 1JN,H j =77 Hz, NH2); LRMS (ESI, positive
mode): m/z (%): 838.069 (14) [M+Na]+; HRMS (ESI): m/z calcd for
C37H27

110CdN5O10+Na: 834.0680 [M+Na]+; found: 834.0677; LRMS
(ESI, negative mode): m/z (%): 702.184 (<10), 814.072 (29) [1b-
Cd� NH2� H]

� , 850.048 (100) [1b-Cd� NH2 +Cl]� , 963.084 (<10) [1b-
Cd� H]� ; HRMS (ESI, negative mode): m/z calcd for C37H26110CdN5O10:
810.0715 [1b-Cd� NH2� H]

� ; found: 810.0710; m/z calcd for
C37H27

110CdN5O10+Cl: 846.0482 [1b-Cd� NH2 +Cl]� , found: 846.0475;
m/z calcd for C44H29

110CdN6O13: 959.0828 [1b-Cd� H]� , found:
959.0821; elemental analysis calcd (%) for C37H27N5O10Cd: C 54.59, H
3.34, N 8.60, Cd 13.81; found: C 54.41, H 3.27, N 8.55, Cd 13.76.

Complex 1b-Cd was only observed by MS. For NMR data of the
minor species of 1b-Cd� NH2 in [D6]DMSO (1b-Cd� DMSO), see SI.
Additional NMR data in different solvents and at different temper-
atures are also presented in the SI. Crystals of 1b-Cd� NH2 suitable
for single-crystal X-ray diffraction analysis were obtained by slow
diffusion of MeOH into a solution of the complex in DMSO.
Alternatively, crystals could obtained by performing the above-
mentioned procedure under more diluted conditions (CH2Cl2
(20 mL) and MeOH (20 mL) were used), and without any stirring,
furnishing 1b-Cd� NH2 as yellow crystals during the course of 1 day.
The product obtained by this method had an identical 1H NMR
spectrum to the product obtained from the abovementioned
method. Crystal and refinement data are given in Table S8, SI.

1b-Cu� NH2. Triamine 5 (0.200 g, 0.493 mmol, 1.0 equiv.), Cu-
(OAc)2 ·H2O (0.098 g, 0.49 mmol, 1.0 equiv.) and 5-nitrosalicylalde-
hyde (0.165 mg, 0.987 mmol, 2.0 equiv.) were stirred in toluene
(2 mL) overnight. The product was isolated by gravity filtration,
washed with toluene (2×1 mL) and then dried in a vacuum oven at
70 °C over night, yielding the product as a bright green solid. Yield:
0.315 g, 0.412 mmol, 84%. UV/Vis (CH2Cl2): λmax (ɛ)=259 (62000),
365 (36000), 677 nm (327 mol� 1dm3cm� 3); LRMS (ESI): m/z (%):
787.095 (100) [M+Na]+; HRMS (ESI): m/z calcd for C37H27CuN5O10+
Na: 787.0946 [M+Na]+; found: 787.0947; elemental analysis calcd
(%) for C37H27CuN5O10: C 58.08, H 3.56, N 9.15, Cu 8.30; found: C
57.67, H 3.59, N 9.17, Cu 8.24.

Recrystallization by vapor diffusion of methanol into a solution of
1b-Cu� NH2 in DMSO yielded crystals suitable for single-crystal X-
ray diffraction analysis. Crystal and refinement data are given in
Table S11, SI.

1d-Co(acac). Ligand 1d (0.431 g, 0.496 mmol, 1.0 equiv.) and Co-
(acac)3 (0.177 g, 0.496 mmol, 1.0 equiv.) were dissolved in toluene
(10 mL), and the dark green-brown solution was heated at reflux

temperature under Ar for 3 days. After cooling to rt, the reaction
mixture was diluted with CH2Cl2 (50 mL), and evaporated to dryness
under reduced pressure. Purification by flash chromatography (95%
CH2Cl2/5% EtOAc), followed by recrystallization from MeCN/
benzene (5 :1) gave 1d-Co(acac) as dark green crystals. Yield:
0.290 g, 0.283 mmol, 57%. 1H NMR (600 MHz, CDCl3): δ=14.53 (d,
4JH,H=2.1 Hz, 1H, OH), 9.19 (d, 4JH,H=2.1 Hz, 1H, Hd’’), 8.10 (dd, 3JH,H=

8.1 Hz, 4JH,H=1.6 Hz, 1H, Hb’), 8.02 (d, 3JH,H=8.5 Hz, 1H, Hj’’), 7.99 (s,
1H, Hd’), 7.97 (d, 3JH,H=8.1 Hz, 1H, Hc’’), 7.85–7.87 (m, 2H, Hb’’+Hf’’),
7.76–7.78 (m, 2H, Ha’+Hg’’), 7.70 (d, 3JH,H=8.5 Hz, 1H, Hj’), 7.68 (d,
3JH,H=8.1 Hz, 1H, Hc’), 7.65–7.67 (m, 3H, Hf’+Hg’+Ha’’), 7.59 (d, 3JH,H=

9.2 Hz, 1H, He’), 7.55 (ddd, 3JH,H=8.5 Hz, 3JH,H=6.7 Hz, 4JH,H=1.0 Hz,
1H, Hi’’), 7.39–7.42 (m, 3H, Hg+Hi’+Hh’’), 7.35–7.37 (m, 2H, Hd+Hf),
7.19–7.22 (m, 2H, He+Hh’), 7.11–7.13 (m, 2H, Hj+He’’), 7.08 (m, 2H,
Ha+Hb), 6.87–6.89 (m, 1H, Hh), 6.53 (ddd, 3JH,H=8.2 Hz, 3JH,H=7.3 Hz,
4JH,H=1.1 Hz, 1H, Hi), 5.31 (s, 1H, Hγ), 3.95 (s, 3H, CO2CH’3), 3.86 (s,
3H, CO2CH’’3), 2.33 (s, 3H, Ar� CH3), 2.01 (s, 3H, H

α), 1.11 ppm (s, 3H,
Hɛ); 13C NMR (151 MHz, CDCl3): δ=189.3 (Cβ), 187.3 (Cδ), 168.7 (C9’),
167.3 (C9), 166.6 (C9’’), 166.4 (C’’O2CH3), 166.3 (C’O2CH3), 164.1 (C

7),
161.7 (C7’), 156.6 (C7’’), 149.8 (C2’), 146.5 (C2), 145.6 (C2’’), 140.8 (C1’),
138.6 (C1’’), 137.1 (C5), 136.1 (C11’’), 135.7 (C3), 135.4 (C11), 135.3 (C11’),
134.9 (C1), 134.2 (C17’), 133.6 (C17), 133.07 (C4 or C6), 133.04 (C6’’),
132.9 (C17’’), 132.1 (C4 or C6), 131.0 (C6’), 130.3 (C4’’), 130.0 (C4’), 129.2
(C13’’), 128.9 (C13’), 128.5 (C13), 128.4 (C5’), 128.0 (C15’’), 127.53 (C12’’),
127.51 (C15’), 127.24 (C5’’), 127.17 (C15), 126.5 (C12’), 126.1 (C10’), 125.9
(C12), 124.6 (C10+C3’), 123.8 (C14’’), 122.3 (C14’), 121.6 (C14), 120.8 (C10’’),
119.8 (C16’’), 119.1 (C16’), 118.3 (C16), 117.6 (C3’’), 113.4 (C8), 111.7 (C8’),
109.5 (C8’’), 96.9 (Cγ), 52.4 (CO2C’H3), 52.1 (CO2C’’H3), 26.5 (C

α), 25.2
(Cɛ), 21.0 ppm (Ar� CH3);

15N{1H} NMR (600 MHz, CDCl3): δ= � 125.6
(CH=N3), � 214.6 (CH=N2� Co), � 226.9 ppm (CH=N1� Co); LRMS (ESI):
m/z (%): 1046.245 (100) [M+Na]+; HRMS (ESI): m/z calcd for
C61H46CoN3O9+Na: 1046.2458 [M+Na]+; found: 1046.2451; elemen-
tal analysis calcd (%) for C61H46CoN3O9: C 71.55, H 4.53, N 4.10, Co
5.76; found: C 71.37, H 4.53, N 4.09, Co 5.73.

Crystals of 1d-Co(acac) suitable for single-crystal X-ray diffraction
analysis were obtained by vapor diffusion of MeCN into a solution
of the complex in benzene. Crystal and refinement data are given
in Table S6, SI.

1d-Lu. Ligand 1d (0.219 g, 0.252 mmol, 1.0 equiv.) was dissolved in
CH2Cl2 (5 mL). NEt3 (0.30 mL, 2.2 mmol, 8.8 equiv.) was added,
followed by a solution of Lu(NO3)3 · xH2O (0.117 g, 0.259 mmol,
1.0 equiv., assuming x=5) in MeOH (10 mL). The reaction mixture
was stirred at reflux temperature for 2 hours, and a yellow
precipitate gradually formed. After cooling to rt, the precipitated
solids were filtered off, washed with MeOH, and dried in an oven at
100 °C for 1 day, furnishing 1d-Lu as a yellow solid. Yield: 0.216 g,
0.208 mmol, 82%. 1H NMR (600 MHz, [D6]DMSO): δ=8.68 (s, 2H,
Hd’), 8.49 (s, 1H, Hd), 7.91 (d, 3JH,H=8.6 Hz, 2H, Hj’), 7.77 (dd, 3JH,H=

7.9 Hz, 4JH,H=1.6 Hz, 2H, Hb’), 7.68 (d, 3JH,H=9.1 Hz, 1H, Hf), 7.61–7.64
(m, 4H, Hf’+Hg’), 7.55 (d, 3JH,H=7.3 Hz, 1H, Hg), 7.47 (d, 3JH,H=8.7 Hz,
1H, Hj), 7.44 (d, 3JH,H=7.9 Hz, 2H, Hc’), 7.35–7.38 (m, 2H, Hi’), 7.29–
7.32 (m, 4H, Ha+Ha’), 7.17–7.22 (m, 3H, Hi+Hh’), 7.05–7.08 (m, 1H,
Hh), 6.77 (d, 3JH,H=9.1 Hz, 1H, He), 6.05 (s (d expected), 2H, He’), 3.72
(s, 6H, CO2CH3), 2.37 ppm (s, 3H, Ar� CH3);

13C NMR (151 MHz, [D6]
DMSO): δ=169.5 (C9), 168.6 (C9’), 165.5 (CO2CH3), 164.9 (C

7), 164.4
(C7’), 153.5 (C2’), 143.5 (C2), 137.6 (C1’), 136.4 (C11), 136.1 (C4), 135.6
(C11’), 134.62 (C17’), 134.61 (C17), 133.1 (C1), 131.0 (C6’), 130.1 (C3),
130.0 (C4’), 128.7 (C13+C13’), 127.5 (C15), 127.4 (C15’), 126.1 (C5’), 125.4
(C12’), 125.3 (C12), 125.0 (C10), 124.5 (C3’), 121.6 (C14+C14’), 119.6 (C16’),
118.2 (C16), 114.1 (C8’), 110.3 (C8), 52.2 (CO2CH3), 20.5 ppm (Ar� CH3).
Several of the 1H and 13C NMR resonances were broadened. The
resonance corresponding to C8’ could only be detected indirectly by
HMBC experiments (600 MHz). The resonance corresponding to C10’

was not observed at ambient temperature, but could be observed
at 90 °C (δ 123.9; 125 MHz). 15N{1H} NMR (600 MHz, [D6]DMSO): δ=
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� 112.2 (CH=N2-Lu), � 118.0 ppm (CH=N1� Lu); LRMS (ESI): m/z (%):
890.284 (20) [1d+Na]+, 1062.201 (100) [M+Na]+; HRMS (ESI): m/z
calcd for C56H38LuN3O7+Na: 1062.2010 [M+Na]+; found: 1062.2013;
elemental analysis calcd (%) for C56H38N3O7Lu: C 64.68, H 3.68, N
4.04, Lu 16.83; found: C 63.59, H 3.92, N 4.16, Lu 16.49.

For additional NMR data for 1d-Lu in different solvents and at
different temperatures, see SI. For a discussion of the NMR
characterization of 1d-Lu in CDCl3, see SI. 1d-Lu was crystallo-
graphically characterized as 1d-Lu� DMSO and 1d-Lu� MeOH.
Crystals of 1d-Lu� DMSO suitable for single-crystal X-ray diffraction
analysis were obtained by slow diffusion of EtOH into a solution of
1d-Lu in DMSO. Crystal and refinement data are given in Table S12,
SI. Crystals of 1d-Lu� MeOH were obtained by slow diffusion of
MeOH into a solution of 1d-Lu in CDCl3. Crystal and refinement
data are given in Table S13, SI. A low carbon content was observed
in the elemental analysis of 1d-Lu. The low carbon content may be
explained by the presence of one water ligand in the complex,
although it is difficult to prove its presence unambiguously. For
more info on potential water-ligation in 1d-Lu, see SI.

Deposition Numbers 2021584 (for 8-Co(acac)), 2021585 (for 9-Cu),
2021586 (for 9-Ni), 2021587 (for 2a-Zn), 2021588 (for 1a-Zn),
2021589 (for 3-Zn� MeOH), 2021590 (for 1b-Zn� NH2), 2021591 (for
1b-Cd� NH2), 2054568 (for 1d-Zn), 2054771 (for 1d-Co(acac)),
2054854 (for 1b-Cu� NH2), 2053903 (for 1a-Cu� NH2), 2054825 (for
1d), 2054856 (for 1d-Lu� DMSO), and 2054826 (for 1d-Lu� MeOH)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service www.ccdc.cam.ac.uk/structures.
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