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Isoskeletal Schiff base polynuclear coordination
clusters: synthetic and theoretical aspects†
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This work addresses and enlightens synthetic aspects derived from our effort to systematically construct

isoskeletal tetranuclear coordination clusters (CCs) of the general formula [TR2Ln2ĲLX)4ĲNO3)2Ĳsolv)2]

possessing a specific defected dicubane topology, utilizing various substituted Schiff base organic ligands

(H2LX) and NiII/CoII and DyĲOTf)3 salts. Our synthetic work is further supported by DFT studies.

Introduction

The chemistry of polynuclear coordination clusters (CCs)1,2 of
paramagnetic 3d and/or 4f metals is an area of research that
offers many interdisciplinary opportunities to connect with
chemistry, physics, biology and materials science. Aesthetically
pleasing structures have been reported;3–12 moreover, several
research groups have showcased the relevance of CCs in a vari-
ety of fields such as catalysis,13–16 biology,17 luminescence,18–20

magnetic resonance21 and molecular magnetism.22,23

Several organic ligands have been employed to build new
CCs24 and among them Schiff base ligands are widely employed
to give access to a plethora of compounds with unprecedented
topologies and interesting magnetic properties.5,8,9,25–45 The
reason for the widespread selection of Schiff bases as ligands
for the construction of polynuclear CCs is manifold: a) their
facile synthesis and readily tunable structures obtainable in
high yields; b) structural diversity is assured given the avail-
ability of a plethora of carbonyl and amine precursors; and c)
the accessibility of several coordination sites allows for varied
binding modes, although the exact structure and composi-
tion of the final product are invariably unpredictable. (E)-2-(2-
Hydroxy-3-methoxybenzylideneamino)phenol H2L1 (Scheme 1,
left) is derived from the condensation of o-vanillin and
2-aminophenol and several CCs bearing this ligand have been
reported.46–57 The blending of this ligand with CoII or NiII

and 4f nitrate salts results in tetranuclear CCs46,47 of the gen-
eral formula [TR2Ln2L14ĲNO3)2Ĳsolv)2], where TR is CoII or NiII,
Ln is DyIII or TbIII and solv is THF or DMF, possessing a

defected dicubane or “butterfly”58 core (Scheme 1, middle) or
a 2,3M4-1 (Scheme 1, right)48,59,60 topology with the 4f ions
in the wings and the 3d metal in the hinge. This topology
represents one of the most common structural motifs in
magneto chemistry, and CCs of this type have been well-
studied and their behaviour is often very well-understood.46,47

From a structural point of view, it is worth emphasizing that
H2L1 supports this topology in the absence of any additional
bridging atom.

For a long time, synthetic chemists have employed new or-
ganic ligands along with 3d and/or 4f centres, under various
reaction conditions, to afford new polynuclear species; how-
ever, few researchers have focused their efforts on tuning the
periphery of the organic ligands and studying its influence on
the properties of the final product. For example, Murugesu
et al.35 reported a 7-fold enhancement of the energy barrier,
Ueff, of a DyIII2 that behaves as Single Molecule Magnet
(SMM), by introducing electron-withdrawing terminal ligands.

Having all this in mind, we initiated a project towards the
synthesis of tetranuclear CCs of the general formula
[TR2Ln2L14ĲNO3)2Ĳsolv)2], which possess the 2,3M4-1 topology,
using CoII or NiII and 4f ions and substituted Schiff base
ligands, similar to H2L1 (Scheme 2, left) in the presence or
absence of substituted monocarboxylates as co-ligands
(Scheme 2, right). The interest for this specific motif, which
is supported only by the organic ligand in the absence of any
additional bridging atom, is manifold: a) these types of

704 | CrystEngComm, 2016, 18, 704–713 This journal is © The Royal Society of Chemistry 2016

Department of Chemistry, School of Life Sciences, University of Sussex, Brighton

BN1 9QJ, UK. E-mail: Alfredo.Vargas@sussex.ac.uk, G.Kostakis@sussex.ac.uk

† Electronic supplementary information (ESI) available: Crystallographic table of
all compounds; ESI-MS of compounds 7, 10 and 16; protocols for thermal and
microwave-mediated synthesis of ligands; 1H and 13C NMR of ligands; FT-IR of
ligands H2L1–H2L20. CCDC 1406218–1406237. For ESI and crystallographic data
in CIF or other electronic format see DOI: 10.1039/c5ce02109j

Scheme 1 (left) The (E)-2-(2-hydroxy-3-methoxybenzylideneamino)phenol
H2L1 ligand, (middle) the defected dicubane motif, and (right) the
2,3M4-1 topology.
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molecules exhibit SMM behaviour46,47 and thus it is antici-
pated that the introduction of electron-withdrawing groups
would improve their magnetic properties. b) Replacement of
the 3d and 4f ions with luminescent elements such as ZnII

and EuIII or TbIII, respectively, may lead to a new generation
of materials with interesting optical properties. c) We recently
showed that three tetranuclear CCs formulated as
[TRII

2Dy
III
2ĲL1)4ĲEtOH)6]ĲClO4)2·2ĲEtOH) where TR is CoII (1) or

NiII (2) and [NiII2Dy
III
2ĲL1)4Cl2ĲCH3CN)2]·2ĲCH3CN) (3) display

efficient homogeneous catalytic behaviour in the room-
temperature synthesis of trans-4,5-diaminocyclopent-2-enones
from 2-furaldehyde and primary or secondary amines under a
non-inert atmosphere and thus, further tuning of the organic
periphery may improve their catalytic performance.57 d) More
importantly, the possibility of exchanging the 3d and/or the
4f elements with diamagnetic metal centres and retaining at
the same time the structural topology in the solution gives
the opportunity to study these molecules in the solid and/or
solution state with several spectroscopic techniques such as
NMR (1H, 13C, 89Y) or EPR for the Gd species.

Adopting the isoreticular concept, introduced by O'Keeffe
and Yaghi in metal–organic framework chemistry,61 a termi-
nology that is not valid for finite structures, and since the iso-
structural and isomorphous terms do not fully describe the
targeted CCs, we introduce herein the term “isoskeletal”, pre-
viously used to describe clusters that possess the same topol-
ogy62,63 or related organic structures with the same host
framework but different guests,64,65 to describe the targeted
CCs constructed from organic ligands that provide a similar
coordination environment and have the same 2,3M4-1 topology.
This work addresses and enlightens synthetic and theoretical
aspects derived from our effort to systematically construct iso-
skeletal CCs of the general formula [TR2Ln2ĲLX)4ĲNO3)2Ĳsolv)2],
possessing the desired 2,3M4-1 topology. Magnetic, lumines-
cence and catalytic studies of a few of the reported com-
pounds will be discussed in future articles. To the best of our
knowledge, such a systematic synthetic and theoretical inves-
tigation for the given NiII–CoII/DyIII species bearing the
2,3M4-1 topology has never been carried out.

Results and discussion

The synthesis of the substituted organic molecules represents
the initial synthetic part of this project. A typical synthesis of

a Schiff base ligand takes place in an alcoholic solution in
the presence or absence of a catalyst (acid or base), although
other synthetic methods such as microwave-mediated66 or
solvent-free mechanochemical synthesis67,68 can be employed.
Our attempts to synthesize the substituted organic molecules
bearing electron-withdrawing groups (Scheme 2, left) (Table 1,
entries 2–20) via a typical synthesis, viz. reflux in alcoholic so-
lution of equivalent amounts of the corresponding aldehyde
and amine, resulted in the desired products, but in very low
yields. Microwave-assisted organic synthesis (MAOS) enables
the rapid synthesis of organic molecules, often with excellent
yields and selectivity. Interestingly, by applying MAOS69,70 for
the synthesis of the corresponding organic molecules, the
yield increases drastically. In total, we synthesized 19 new
organic ligands (Table 1, entries 2–20) and we characterized
via single crystal X-ray crystallography two examples, H2L3
and H2L19 (Fig. 1). Single crystal X-ray studies at 173 K reveal
that both H2L3 and H2L19 are a mixture of keto–enol tauto-
mers. In H2L3 (Fig. 1, above), where two molecules can be
found in the asymmetric unit, the enol form of the ligand is
indicative of the existence of protons H3 and H8A that could
be freely refined with 22 and 23% chemical occupancy, re-
spectively. However, to obtain a suitable structure solution,
both protons were restrained to have 25% occupancy and their
O–H bond distance to be at 0.88Å. The C–O bond distances are
1.282(3) and 1.282(3) Å which are slightly higher than a typical
CO double bond. Similarly, for ligand H2L19, protons H1
and H2 (Fig. 1 below) could be freely refined and have 79% and
21% occupancies, indicating a 79/21 existence of the ketonic/
enolic form, while the C–O bond distance is 1.285(2) Å. These
findings are in line with previously reported compounds.67

Solution studies (1H and 13C NMR) of the synthesized com-
pounds revealed the existence of both keto and enol forms.

Scheme 2 (left) The substituted organic ligands used in this work R1 =
H, Br, allyl, NO2; R2 = H, Cl, C6H5; R3 = H, NO2; R2−R3 = C4H4; (right)
the substituted monocarboxylates used in this work (M1 R4 = R6=NO2;
R5 = H; M2 R4 = NO2; R5 = R6 = H).

Table 1 A list of all substituted Schiff bases synthesized for this study. R1,
R2 and R3 correspond to the substituted groups seen in Scheme 2 (left)

Entry R1 R2 R3 Yield (%)

1 H2L1 H H H 95
2 H2L2 H H NO2 66 [96]a

3 H2L3 H Cl NO2 76 [95]a

4 H2L4 H C6H5 H 91
5 H2L5 H C4H4 88
6 H2L6 NO2 H H 93
7 H2L7 NO2 H NO2 94
8 H2L8 NO2 Cl NO2 80
9 H2L9 NO2 C6H5 H 92
10 H2L10 NO2 C4H4 74
11 H2L11 allyl H H 70 [98]a

12 H2L12 allyl H NO2 72
13 H2L13 allyl Cl NO2 70
14 H2L14 allyl C6H5 H 69
15 H2L15 allyl C4H4 61 [95]a

16 H2L16 Br H H 84
17 H2L17 Br H NO2 79
18 H2L18 Br Cl NO2 35 [85]a

19 H2L19 Br C6H5 H 83
20 H2L20 Br C4H4 79

a MW technique.
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The synthesis of the targeted tetranuclear CCs represents
the next part of this project. Based on the synthetic protocols
that resulted in the isolation of the targeted tetranuclear CCs
[TR2Ln2ĲLX)4ĲNO3)2Ĳsolv)2],

57 and bearing in mind that a sub-
tle change in the synthetic procedure may affect the shape,
dimensionality and nuclearity of the final product, we scre-
ened several molecular ratios to isolate the corresponding
targeted isoskeletal CCs. At this point, it is worth mentioning
that in order to avoid complicating the synthetic procedures
we employed only DyĲOTf)3 as the lanthanide source. During
this screening procedure several interesting and unexpected
results were obtained, grouped and presented below.

A) Oxidation

The reaction of H2L6 with CoĲClO4)2, DyĲOTf)3 and Et3N in
the molar ratio 2 : 1 : 1 : 5 in MeOH resulted, after 3 days, in
approximately 82% yield, in dark-red shaped crystals formu-
lated as (Et3NH)ĳCoIIIĲL6)2]·3MeOH [4·3MeOH] (Fig. 2 left).
Similarly, the reaction of H2L20 with CoĲClO4)·6H2O, DyĲOTf)3
and Et3N in the molar ratio 1 : 1 : 1 : 3 in MeOH resulted, after
6 days, in approximately 82% yield dark, in red-shaped crys-
tals formulated as (Et3NH)ĳCoIIIĲL20)2]·2MeOH [5·2MeOH]
(Fig. 2, right). In the cases of 4 and 5, during crystallization,
upon standing at room temperature, CoII is oxidized to CoIII.
To target the isoskeletal 2,3M4-1 CoII analogues, it is impor-
tant to perform the synthesis and crystallization under inert
atmosphere conditions.

B) Solvent influence

As anticipated, modification of the organic periphery of the
parent organic ligand H2L1 drastically affects its solubility.
However, when targeting the corresponding isoskeletal tetra-
nuclear species, the use of a mixture of solvents, to enhance
dissolution, results in the formation of undesired com-
pounds. For example, the reaction of ligand H2L14 with
NiĲClO4)2, DyĲOTf)3 and Et3N in the molar ratio 2 : 1 : 1 : 5 in a
mixture of EtOH/CH2Cl2 results in the synthesis of a tetra-
nuclear compound formulated as [NiII2Dy

III
2ĲL14)4Ĳallyl-o-

vanillin)2ĲEtOH)2]·3CH2Cl2 [6·3CH2Cl2] (Fig. 3). The two allyl-
o-vanillin moieties are derived from the disassembly of
H2L14 during the reaction. Interestingly, performing a simi-
lar reaction in solely DMF results in the formation of the
desired [NiII2Dy

III
2ĲL14)4ĲDMF)6]·2ĲClO4)·4DMF [7·4DMF]

(Fig. 3). This observation was additionally proven by
performing a reaction of ligand H2L19 with NiĲClO4)2·6H2O,
DyĲOTf)3 and Et3N in the molar ratio 2 : 1 : 1 : 5 in a mixture of
EtOH/CH2Cl2, which resulted in the isolation of compound
[NiII2Dy

III
2ĲL19)4Ĳbromo-o-vanillin)2ĲEtOH)2]·6EtOH [8·6EtOH]

(Fig. 3). Moreover, utilizing a blend of EtOH/THF in the fol-
lowing reaction of NiĲClO4)2·6H2O, DyĲOTf)3 and Et3N in the
molar ratio 2 : 1 : 1 : 5 results in [NiII2Dy

III
2ĲL15)4Ĳallyl-o-

vanillin)2ĲEtOH)2]·2THF·2EtOH [9·2THF·2EtOH] (Fig. 3). How-
ever, performing a similar reaction in DMF results in the for-
mation of the desired compound [NiII2Dy

III
2ĲL15)4ĲDMF)2]

·2ĲClO4) [10] (Fig. 3). The aforementioned examples indicate
that the use of a second solvent increases the chances of the
formation of a by-product and thus the mixture of solvents
may not correspond to an ideal synthetic protocol when
targeting high purity compounds.

C) Solvent concentration influence

During our efforts to scale up the synthesis of compound 2,57

we performed reactions with a lower amount of solvent
(10 ml instead of 20 ml) or we tripled the amount of the
reactants while retaining the same the molar ratio, but
then a different product was obtained, formulated as
[NiII2Dy

III
2ĲL1)4ĲEtOH)4ĲH2O)2]ĲClO4)2 (11) (Fig. 4). Two water

molecules coordinate to NiII centres in 11, in contrast to two

Fig. 1 A schematic representation of H2L3 (up) and H2L19 (bottom)
ligands.

Fig. 2 (left) The crystal structure of compound 4. (right) The crystal
structure of compound 5. Solvent molecules and H-atoms are omitted
for clarity. Colour code: Co (pink), N (light blue), O (red), C (orange), Br
(blue).
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ethanol molecules found in 2.57 Moreover, when a similar
scale up reaction is performed in a different solvent such as
DMF, another compound is formed formulated as
[NiII2Dy

III
2ĲL1)4ĲDMF)6]ĲOTf3)2·2DMF (12·2DMF) (Fig. 4), in-

stead of the expected perchlorate derivative. In addition,
performing a concentrated reaction of NiĲClO4)·6H2O,
DyĲOTf)3, Et3N and H2L20 in the molar ratio 1 : 1 : 2 : 8 resulted
in a CC with the formula [NiII2Dy

III
2ĲL20)4ĲDMF)6]

[NiII2Dy
III
2ĲL20)4ĲDMF)4ĲH2O)2]·4ĲClO4)·5DMF (13·5DMF) (Fig. 4).

D) Molar ratio

The reaction of NiĲClO4)2·6ĲH2O), DyĲOTf)3, and H2L5 with
Et3N in MeOH in the molar ratio 1 : 1 : 2 : 5 resulted in the
isolation of a tetranuclear cubane Ni4 formulated as

[NiII4ĲL5)4ĲMeOH)4]·6MeOH (14·6MeOH) which is isoskeletal
to the tetranuclear cubic Ni4 CC formed by the H2L1 ligand,
reported recently.54 However, performing the same reaction
in EtOH results in the isolation of the targeted isoskeletal
tetranuclear [NiII2Dy

III
2ĲL5)4ĲEtOH)6]·2ĲClO4)·4EtOH (15·4EtOH)

(Fig. 5).

E) Solvent diffusion crystallization

In our effort to obtain the targeted tetranuclear NiII2Dy
III
2 an-

alogues with H2L4 as a ligand via the diffusion crystallization
technique, a compound formulated as [NiII2Dy

III
2ĲL4)4ĲDMF)6]

·2ĲClO4)·2Et2O (16·2Et2O) (Fig. 6, left) which contains two
ether molecules as lattice solvents, was isolated. Upon stand-
ing at room temperature,71–74 compound 16 immediately
loses its crystallinity.

Fig. 3 The crystal structures of compounds 6–10. H atoms and
solvents are omitted for clarity. The substituted o-vanillin moiety is in-
dicated with blue colour. Colour code: Ni (light green), Dy (light blue),
N (blue), O (red), C (orange), Br (blue).

Fig. 4 The crystal structures of 11, 12 and 13. Colour code: Ni (light
green), Dy (light blue), N (blue), O (red), C (orange), Br (blue), F (green)
S (yellow).

Fig. 5 The crystal structures of compounds 14 (left) and 15 (right).
Colour code: Ni (light green), Dy (light blue), N (blue), O (red), C
(orange).
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F) Co-ligand introduction

To identify the possibility of introducing a monocarboxylate
group as a co-ligand on the periphery of the 2,3M4-1 motif,
we performed a pilot reaction with H2L1, NiĲOAc)2·4ĲH2O),
DyĲOTf)3 and Et3N in the molar ratio 2 : 1 : 1 : 2 in MeOH that
resulted in the isolation of a compound formulated as
[NiII2Dy

III
2ĲL1)4ĲOAc)2ĲMeOH)2]·2MeOH(17·2MeOH) (Fig. 6, right).

Each acetate group bridges the Ni and Dy centres, which is in
contrast to the NO3 analogues that prefer to chelate to the Ln
centres.46,47

Employment of the bulky co-ligands M1 and M2 along with
ligand H2L12, CoĲClO4)2·6H2O and DyĲOTf)3 in the molar ratio
of 2 : 1 : 1 : 5 in N,N′-DMF as solvent results in the isolation of
two compounds formulated as [CoII2Dy

III
2ĲL12)4ĲM1)2ĲDMF)2]

(18) and [CoII2Dy
III
2ĲL12)4ĲM2)2ĲDMF)2]·2DMF (19·2DMF),

respectively (Fig. 7).
However, our effort to obtain the isoskeletal compound to

18 CoII2Dy
III
2 compound along with ligand H2L2 instead of

H2L12 we performed a similar reaction which resulted in red
plate crystals formulated as [DyIIIĲM1)3ĲDMF)2] (20) (Fig. 8).
Compound 20 is a one-dimensional (1D) coordination poly-
mer and can be considered as a polymorph to the recently
reported compound.75

Finally, the diffusion of Et2O to a concentrated reaction of
ligand H2L5 along with NiĲClO4)·6H2O, DyĲOTf)3, M1 and
Et3N in DMF results in the formation of a compound formu-
lated as [NiII2Dy

III
2ĲOH)ĲL5)3ĲM1)3ĲDMF)2]·1.5DMF·Et2O (21

·1.5DMF·Et2O) which possesses the 2,3M4-1 topology. Surpris-
ingly, only three organic ligands are involved in the aggrega-
tion in contrast to the four ligands used in compounds 6–19.
The skeleton of 21 is further supported by the presence of a
hydroxyl μ3-OH group. Also, one Et2O molecule is trapped in
the lattice (Fig. 9).

Solution studies

To further confirm the identity of compounds 7, 10 and 16 in
solution, we performed an electrospray ionization mass (ESI-MS)
spectrometry study. For 7, we observed three peaks in the MS
(positive-ion mode) at m/z 1009.2113, 972.1730 and 936.1485

which correspond perfectly to three dicationic fragments,
[NiII2Dy

III
2ĲL14)4ĲDMF)2]

2+, [NiII2Dy
III
2ĲL14)4ĲDMF)]2+ and

[NiII2Dy
III
2ĲL14)4]

2+, respectively (see Fig. S1 ESI†). Similarly,
for 10, the peaks atm/z 1742.2549, 876.6074, 840.0702 and 803.067
correspond to [NiII2Dy

III
2ĲL15)4ĲMeOH)]+, [NiII2Dy

III
2ĲL15)4-

ĲDMF)2]
2+, [NiII2Dy

III
2ĲL15)4ĲDMF)]2+, and [NiII2Dy

III
2ĲL15)4]

2+

fragments (see Fig. S2†), respectively. For compound 16, the follow-
ing four m/z 1847.228, 929.1356, 892.1121 and 855.5781 peaks cor-
respond to [NiII2Dy

III
2ĲL4)4ĲMeOH)]+, [NiII2Dy

III
2ĲL4)4ĲDMF)2]

2+,
[NiII2Dy

III
2ĲL4)4ĲDMF)]2+ and [NiII2Dy

III
2ĲL4)4]

2+ fragments (see
Fig. S3†), respectively. However, all the efforts to obtain simi-
lar ESI-MS spectra for compounds 18 and 19, which contain
a co-ligand, were not successful.

Fig. 6 The crystal structures of compound 16 (left) and 17 (right).
Colour code: Ni (light green), Dy (light blue), N (blue), O (red), Cl (light
green).

Fig. 7 The crystal structures of compounds 18 (upper) and 19 (lower).
Colour code: Co (pink), Dy (light blue), N (blue), O (red), C (orange).

Fig. 8 The crystal structure of compound 20. Colour code: Dy (light
blue), N (blue), O (red), C (orange).
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Theoretical studies

To gain further insight into the tuning and modulation of,
inter alia, the catalytic activities of the tetranuclear CCs, com-
putational studies were carried out. Specifically, the influence
of the organic ligands on the electronic properties of the
metals was studied. The reason for this study is that the ‘ac-
tivity’ of the ligands may be tuned by employing diverse func-
tional groups at specific sites/positions. In order to do this,
quantitative and qualitative metrics of the functional group
effects were established and in parallel several congeners of
the ligands were examined; more so, several model systems
of the polynuclear coordination clusters were used. With re-
spect to Scheme 2 (see text) concerning the numbering, the
following tables (Tables 2–5) indicate the model systems
studied. Fig. 10 shows the visualization of the mapped molec-
ular electrostatic potential in ligands L1m to L12m, as in the
usual molecular electrostatic potential (MEP) rendering, with
the blue zones depicting the ‘positively’ charged zones, while
the red zones the ‘negatively charged zones’.

One way to assess the effect of the electron-withdrawing
groups on the Schiff base is to qualitatively render the MEP
mapped onto the van der Waals surface. Indeed, the nature
of the R groups has a profound effect on the surface charge
of the base on its ‘inner cove’ – that is, the O–O–N–O core

pattern that directly interacts with the metals. Fig. 10 and
Table 5 qualitatively illustrate this idea. Unsurprisingly, the
results show that the charge distribution along the cove can
indeed be modulated upon modification of the groups.

In the gas phase, in their most stable geometrical configu-
ration, the most ‘simple’ functionalization, i.e. having R1 =
R2 = R3 = H turns out to confer the highest negative charge
accumulation on the ligand ‘anchor’ points, the least being
with R1 = NO2, R2 = Cl, R3 = NO2. Interestingly, for a given R1,
changing R3 has a profound effect on the charge distribution
as can be illustrated by considering L1m and L5m. On the
other hand, for a given R3, changing R1 does not have a no-
ticeable altering effect, as shown for example by L5m versus
L10m and L1m versus L2m. More crucially, the conformation
of the ligand, although not surprisingly, ultimately deter-
mines the extent, nature and motifs of the interaction be-
tween the metal-interacting side of the ligands and the
metals (see Fig. 11). Indeed, single point (sp) calculations on
L6m in its ligand-bound geometry exhibits a different charge
distribution signature with respect to that of its gas-phase op-
timized structure (gp). The geometries differ by having the
nitrogen-bound aryl group (ring 2) rotated clockwise (gp) or
counter clockwise (sp) around the N–C(aryl) bond. This obser-
vation can be rationalized when one considers the frontier
molecular orbitals (MO).

Indeed, inspection of the LUMO–HOMO-2 of L6m (sp) in-
dicates that the molecular orbitals (MO) are mainly consisted
of π networks running throughout the whole molecule; even

Fig. 9 The crystal structure of compound 21. Colour code: Ni (light
green), Dy (light blue), N (blue), O (red), C (orange), H (white).

Table 2 Recapitulative table of the model ligands used

L R1 R2 R3

L1m H H H
L2m OMe H H
L3m NĲCH2CH3)2 H H
L4m F H H
L5m H H NO2

L6m CH2CHCH2 H NO2

L7m1 NO2 H H
L8m NO2 H H
L9m H Cl NO2

L10m Br H NO2

L11m NO2 H NO2

L12m NO2 Cl NO2

L7: an additional NO2 is substituted at the ortho position adjacent to R2.

Table 3 Recapitulative table of the co-ligands used

coL R4 R5 R6

coL1m H H H
coL2m H F H
coL3m NO2 H NO2

Table 5 Mulliken charges

Model qĲM1) qĲM2) qĲO1) qĲN) qĲO2)

m1 11 0.79 1.49 −0.64 −0.20 −0.61
m2 11a 0.53 1.49 −0.61 −0.16 −0.59
m3 12 0.93 1.34 −0.55 −0.26 −0.73
m4 12a 0.69 1.36 −0.62 −0.17 −0.58
m5 13 0.86 1.32 −0.56 −0.30 −0.73
m6 14 0.85 1.56 −0.55 −0.27 −0.70
m7 14b 0.85 1.55 −0.56 −0.27 −0.71

Table 4 Recapitulative table of the models used

Model M1 M2 L coL S

m1 11 Zn Y L1m coL2m (CH3)2NCOH
m2 11a Ni Y L1m coL2m (CH3)2NCOH
m3 12 Zn Y L5m MeOH NO3

m4 12a Ni Y L5m MeOH NO3

m5 13 Zn Y L1m EtOH1 —
m6 14 Zn Y L6m coL3m S1m
m7 14b Zn Y L1m coL3m S1m
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more remarkable is the low mixing of atomic p orbitals per-
pendicular to the molecular plane defined by ring 1 (the aryl
containing R1) and the N-centered p orbital that is parallel to
this plane (see Fig. 12). This very orientation of the p orbital
should also be responsible for the dependence of the cove
charge distribution on the orientation of the hydrogens on
the OH functions on both rings (data not shown).

In terms of partial atomic charge, within the Mulliken
partitioning scheme, it can be noted that there are indeed
variations in values on the metals, on the two oxygen and the
nitrogen atoms (see Table 5) depending on the makeup of
the ligand. Close examination suggests that, in terms of par-
tial charges, both M2 (Table 4) and O1 (the phenolic oxygen
atom of the o-vanillin moiety) are spectator elements and the
value of their partial charge does not depend on that of the
other atoms. However, an interdependence of the values of
partial charge on N, O2 (the phenolic oxygen atom of the
aminophenol moiety) and M1 can be found. The largest of
such variations occurs for metal M1 and is observed between
model m2 11a and model m3 12. These results are perfectly
in line with that of the charge distribution being dependent
on the orientation of ring 2.

The above results clearly show the richness of the chemis-
try of the present coordination clusters: the nature of metal
M1 and the identity of the R groups in the ligands play pre-
ponderant roles in both the tuning and control of the

Fig. 10 Rendition of the molecular electrostatic potential (MEP) of the
model ligands.

Fig. 11 Rendition of the molecular electrostatic potential (MEP) of
L6m in its ligand-bound (left) and in its free conformation (right).

Fig. 12 Frontier orbitals of L6m (sp).
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behaviour of the clusters. With the trends and rationale
hereby demonstrated, it should be possible in future work to
better modulate the activity of the clusters through tuning of
the electronic structure and control of structural constraints.

Conclusions

In this work we present the synthesis of nineteen new
substituted Schiff base organic ligands and eighteen new
CCs. Adopting the MOF isoreticular concept, we introduce
herein the term “isoskeletal” which ideally describes the
structural and topological similarities found in compounds
6–13, 15–19 and 21. Microwave synthesis has proven to be
very efficient for the synthesis of the substituted Schiff base
ligands.76 Targeting the synthesis of such isoskeletal species,
it is shown that several parameters must be taken into ac-
count. We do show here that a slight change in the synthetic
procedure drastically affects the formula of the desired com-
pound. However, the usage of different lanthanide sources
and the lanthanide contraction are two parameters that have
not been taken into account in this study and are anticipated
to have a major impact on the shape, nuclearity and formula
of the final product. The possibility of producing isoskeletal
species and exchanging the 3d and/or the 4f elements with
diamagnetic elements such as ZnII or YIII gives the opportu-
nity to further study the targeted molecules in the solid and/
or solution state with additional spectroscopic techniques
such as NMR (1H, 13C, 89Y) or EPR for the GdIII species. For
the present study, ESI-MS studies of compounds 7, 10 and 16
are indicative that the targeted species remain intact in solu-
tion. However, upon introduction of co-ligands the targeted
CCs become insoluble in alcoholic solvents. Computational
studies showcase how the likely activity of the CCs can be
tuned and modulated, and suggest ways on achieving this,
hence demonstrating the richness of the chemistry of the
hereby reported constructs. Our future efforts will be focused
on further exploring the coordination chemistry of these spe-
cies as well on performing such systematic studies involving
other organic ligands, aiming to isolate molecules with better
magnetic, catalytic or fluorescence properties.

Experimental
Materials

Chemicals (reagent grade) were purchased from Sigma Al-
drich and Alfa Aesar. Detailed synthesis and characterization
of the HL ligand is described in the ESI.† All experiments were
performed under aerobic conditions using materials and sol-
vents as received. Safety note: perchlorate salts are potentially
explosive; such compounds should be used in small quanti-
ties and handled with caution and utmost care at all times.

Synthesis

Detailed synthetic protocols can be found in the ESI.† Powder
XRD spectra of compounds 4–21 were not recorded, due to
the fact that these molecules can be considered as

unexpected reaction products. Elemental analysis results of
selected samples (7, 10, 11, 13 and 16) are reported in the
ESI.†

Instrumentation

IR spectra of the samples were recorded over the range of
4000–650 cm−1 on a Perkin Elmer Spectrum One FT-IR
spectrometer fitted with a UATR polarization accessory.

Computational details

Energy minimization on strategically designed model com-
pounds (see Results and discussion) was conducted within
the Kohn–Sham Density Functional Theory (DFT) approach
at the B3LYP/SDD and B3LYP/6-311G* levels.77–87 Calcula-
tions were carried using the Gaussian09 (ref. 88) software.
The Jmol program was used for visualization purposes.89

X-ray crystallography

Data for H2L3, H2L19, 5–8, 10–12, 15–17 and 21 were col-
lected (ω-scans) at the University of Sussex using an Agilent
Xcalibur Eos Gemini Ultra diffractometer with a CCD plate
detector under a flow of nitrogen gas at 173(2) K using Mo
Kα radiation (λ = 0.71073 Å). CRYSALIS CCD and RED soft-
ware were used respectively for data collection and process-
ing. Reflection intensities were corrected for absorption by
the multi-scan method. Data for 4, 9, 13, 14, 18–20 were col-
lected at the National Crystallography Service, University of
Southampton.90 All structures were determined using
Olex2,91 solved using either Superflip92 or SHELXT93,94 and
refined with SHELXL-2014.95 All non-H atoms were refined
with anisotropic thermal parameters, and H-atoms were in-
troduced at calculated positions and allowed to ride on their
carrier atoms. Geometric/crystallographic calculations were
performed using PLATON,96 Olex2,91 and WINGX93 packages;
graphics were prepared with Crystal Maker.97 For compounds
8, 9 and 14 the SQUEEZE process was applied.98 Each of the
crystal structures has been deposited at the CCDC with refer-
ence numbers 1406218–1406237.
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