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Structure and magnetic characterization of some
bicompartmental [N6O2] divalent metal(II)
complexes using bis(phenolato) ligands bearing
two pendant bis(pyridyl) amine arms†

Franz A. Mautner,*a Roland C. Fischer, b Ana Torvisco,b Kai Nakashima,c

Makoto Handa, c Masahiro Mikuriya, d Nahed M. H. Salem,e Gabriel J. Overby,f

Madison R. Maier,f Febee R. Loukae and Salah S. Massoud *ef

Reactions of the bicompartmental bis(phenolato) compound 6,60-methylenebis(2-((bis(pyridin-2-ylmethyl)-

amino)methyl)-4-chlorophenol)hemihydrate (H2L 1
2H2O) with 3d metal(II) ions afforded novel fully structurally

characterized bridged acetato dinuclear complexes [Mn2(HL)(m1,2-OAc)2]PF6 (1) [Zn2(HL)(m1,2-OAc)(H2O)0.75-

(MeOH)0.25](PF6)2�0.45(H2O) (5) and [Cd2(HL)(m1,1,2-OAc)(OAc)(H2O)]PF6�H2O (6) as well as the polymeric

bridged-azido tetranuclear catena-[Cu4(HL)2(m1,1-N3)2(m1,3-N3)2](NO3)2�5H2O (4). The complex [Cu4(HL)2(ClO4)3-

(H2O)5](ClO4)3�5H2O (2) was partially characterized. In addition, three more dinuclear complexes [Cu2(H2L)-

(NO3)2(H2O)2](NO3)2 (3), [Cu2(HL)(OAc)(CH3OH)](PF6)2 (7) and [Cu2(HL)(NCS)2]NO3�2H2O (8) were also isolated. All

complexes were characterized by CHN elemental analysis, IR and UV-Vis spectroscopy, ESI-MS, conductivity

measurements and X-ray single crystal crystallography for compounds 1, 4, 5 and 6, where the bis(phenolato)

ligand displayed different deprotonation (H2L, HL� and L2�). The magnetic susceptibility measurements over

the temperature range 2–300 K revealed very weak antiferromagnetic coupling in dimanganese(II) 1 (J =

�1.64(1) cm�1) and almost negligible magnetic interaction in dicopper(II) 2 (J = 0(3) cm�1). In the azido catena-

[Cu4(HL)2(m1,1-N3)2(m1,3-N3)2](NO3)2�5H2O (4) complex, the J value of �133(3) cm�1 was obtained upon

moderate-to-strong antiferromagnetic coupling through the di-m1,3-N3-bridged dicopper(II) unit with no

magnetic interaction between the two copper(II) ions in the di-m1,1-N3-bridged unit.

Introduction

Dinuclear metal complexes have been employed for a long time to
mimic the mechanistic pathways for metalloenzymes, catecholase
oxidases,1,2 metallo-b-lactamases (MbL),3 hemocyanin,4 DNA and
RNA cleavage,5–7 hydrolysis of phosphodiesters8 and purple acid
phosphatases9 and as anticancer agents.10 These molecules have
been widely used to monitor and elucidate the spectroscopic
structural features in many biological systems. Some dinuclear
dioxido-bridged complexes of Mn, Fe, Cu and Ni were reported to
activate oxygen insertion in the aliphatic and aromatic compounds’
C–H bonds reactions (monooxygenase).11,12 Moreover, di-nuclear
3d metal complexes have potential applications as catalysts, oxidiz-
ing agents,13,14 and electrochemical and photochemical catalysts
for the oxidation of alcohol, ether and water.14–16 Another feature of
these complexes is their use in the field of materials science for
molecular magnetism,17–20 where some of these compounds were
shown to behave as single molecule magnets (SMMs).16,21,22 Also,
heteronuclear transition metal-lanthanides, 3d–4f complexes
derived from Schiff bases containing phenolic and alkoxy groups,
have the capability of fixing atmospheric CO2.21
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Binucleating compounds bearing bis(pyridyl) groups assembled
through m- or p-xylyl, pyridyl,20,23,24 1,3,5-triazine6 and in particular
mono-phenolate spacers2,7,8,10,12,17–19,25 have been reported
(Scheme 1). Obviously, each of the pendant pyridyl arms in
these molecules binds a metal ion (M2+ or M3+) leading to the
formation of dinuclear species, which in some ligands may
have an extra coordination donor atom (Scheme 1: L-py, bdpaTCl,
and HLR). This property is well pronounced in binucleating
compounds containing phenolate as a spacer group (Scheme 1:
HLR). In this class of phenolate derivatives, dinuclear bridging
bimetallic complexes are obtained and in most cases through
deprotonated phenolate (phenoxido groups) or neutral phenolate
like m-phenoxido groups.2,7,8,10,12,17–19,25 However, in the presence
of other small bridging groups, such as hydroxide, oxide, peroxide,
pseudohalides and acetate, and due to the close proximity between
the two metal centers, doubly homoletically bridged metal com-
plexes like di-m-phenoxido, di-m-hydroxido and di-m-oxido, or doubly
heterolytically bridged metal complexes like m-phenoxido-m-
pseduohalide are produced.5b,7,12d,19,25–27

Herein we report the synthesis of a novel bicompartmental
bis(phenolato) compound containing two pendant bis(pyridyl)-
amine arms, namely 6,60-methylenebis(2-((bis(pyridin-2-yl-
methyl)amino)-methyl)-4-chlorophenol)hemihydrate, H2L�12H2O,
where the two bis(pyridyl)phenolate moieties are separated from
each other by the CH2 group (Scheme 1). As a result, the two
phenolates exhibit magnetically independent behavior, except in
the presence of bridging groups. The coordination chemistry of
the ligand is investigated with various divalent metal ions: Mn2+,
Cu2+, Zn2+ and Cd2+. The complexes are spectroscopically and
structurally characterized and their magnetic properties are
examined when coordinated to paramagnetic ions.

Results and discussion
Synthetic aspects

The synthesis of bicompartmental bis(phenolato) compound
6,6 0-methylenebis(2-((bis(pyridin-2-ylmethyl)amino)methyl)-4-
chlorophenol)hemihydrate (H2L�12H2O, Scheme 1) was straight

forward through the hydroformylation of 2,2 0-methylenebis(4-
chlorophenol) with two equivalents of an aqueous solution of
37% HCHO and Et3N in MeOH. Each of the phenolate groups,
separated by a CH2 group is connected to two pendant
bis(pyridyl)amine arms. The structural feature of the ligand
indicates that the phenolate groups should act independent of
each other, unless small bridging ligands may be present in
the reaction with possible partial or complete deprotonation
of the phenolate moieties. The UV spectrum of H2L obtained
in MeOH shows three strong lmax at 213, 262 and 294 nm
corresponding to the ligand electronic transitions s–s*, p–p*
and n–p*, respectively. The ESI-MS spectra of the ligand in
CH3OH revealed a single peak at m/z = 691.2356 (100%),
corresponding to the protonated ligand (H2L + H+) (m/z =
691.2355) (Fig. S1, ESI†). The 1H and 13C NMR (Fig. S2, ESI†)
assignments of the ligand H2L are shown in Scheme 2.

Reaction of a methanolic solution containing H2L�12H2O and
two molar amounts of Cu(ClO4)2�6H2O and Et3N resulted in the
formation of dinuclear species [Cu2(HL)(ClO4)2(H2O)2]ClO4�
3H2O (2), in which the perchlorato ligands are mono coordi-
nated to each Cu(II) ion. The dinuclear compound, [Cu2(H2L)-
(NO3)2(H2O)2](NO3)2 (3) was also isolated when Cu(NO3)2�3H2O
was used, but the phenolate groups were fully protonated in
this case. However, the reaction conducted with M(OAc)2�nH2O
afforded dinuclear doubly bridged acetato [Mn2(HL)(m1,2-OAc)2]PF6

(1) as well as the mono-bridged acetato [Zn2(HL)(m1,2-OAc)-
(H2O)0.75(MeOH)0.25](PF6)2�0.45(H2O) (5) and [Cd2(HL)(m1,1,2-
OAc)(OAc)(H2O)]PF6�H2O (6) complexes. On the other hand,
performing the reaction of complex 3 in the presence of an
aqueous solution of NaN3 afforded the interesting polymeric
1D chain compound based on the tetranuclear catena-
[Cu4(HL)2(m1,1-N3)2(m1,3-N3)2](NO3)2�5H2O (4) with alternative
doubly bridged end-on (m1,1-N3) and end-end (m1,3-N3) bridging
modes. A similar azido bonding mode was also found in 1D
catena-[Cd2(Et3en)2(m1,1-N3)2(m1,3-N3)2] (Et3en = N,N,N0-tri-
ethylethylenediamine).28 Two more Cu(II) complexes [Cu2(H-
L)(OAc)(CH3OH)](PF6)2 (7) and [Cu2(HL)(NCS)2]NO3�2H2O (8)
were also synthesized. Although two equivalents of the Et3N

Scheme 1 Structural formulas of some bicompartmental amine ligands and their abbreviations.
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base were employed in all reactions to assist the deprotonation
of the phenolate groups, only one was deprotonated in most
products (1, 2, 4–8); probably this may be attributed to the
relatively strong hydrogen bonds generated from the deproto-
nated and protonated phenolates phO� � �H� � �Oph. This intra
O–H� � �O hydrogen bonds were demonstrated in complexes 1,
and 4–6 (see the X-ray section). However, we should mention
that in complex 3, the bis(phenolate) ligand reacted in the fully
protonated neutral form, H2L.

The structural features of the isolated complexes were
established by elemental microanalyses, ESI-MS, IR and UV-
Vis spectroscopy, conductivity measurements and single crystal
X-ray crystallography for 1, 4–6 compounds.

IR spectra

The IR spectra of the investigated complexes and their parent
ligand revealed some general characteristic features including
broad weak to very weak intense bands over the range 3610–
3380 cm�1, characteristic for the n(O–H) stretching frequency of
the coordinated aqua or lattice water molecules in 2–6 and 8 or
coordinated CH3OH in 7. The bis(phenolate) ligand, H2L and
all its complexes 1–8 exhibit a series of very weak vibrations
over the 3040–2900 cm�1 region assigned to the n(C–H) stretch-
ing frequencies of the aromatic and aliphatic groups. In addi-
tion, all compounds display a symmetrical series of four bands
of strong to medium intensity in the 1600–1415 cm�1 region,
characteristic to the bis(pyridyl) group.29,30 The perchlorato
complex [Cu2(HL)(ClO4)2(H2O)2]ClO4�3H2O (2) displayed two
strong absorption bands 1068 and 1056 cm�1, attributable to
the n(Cl–O) stretching frequency of the counter and coordi-
nated ClO4

� groups. The hexafluorophosphate compounds 1, 5,
6 and 7 revealed the strong characteristic stretching frequency
n(F-P) of the PF6

� ion around 930 cm�1. The strong bands
observed in the range 1320–1275 cm�1 are attributed to the
n(N–O) stretching frequency in the nitrate compounds 3, 4 and
8. The azido compound [Cu4(HL)2(m1,1-N3)2(m1,3-N3)2](NO3)2�5H2O
(4) exhibited strong bands at 2040 and 2022 cm�1, whereas the
thiocyanato compound [Cu2(HL)(NCS)2]NO3�2H2O (8) revealed a
strong single band at 2083 cm�1. These bands can be assigned to
the asymmetric stretching frequencies nas(N3

�) and nas(NCS�),
respectively. The split bands in the azido compound are mainly
due to the presence of the azido groups in two different bonding
modes, m1,1-N3 and m1,3-N3. Taking this into consideration, the

high preference of Cu2+ binds the nitrogen site in the vast majority
of mononuclear Cu-thiocyanato complexes, which in most cases
show an absorbance band at a frequency lower than 2000 cm�1,
whereas the corresponding S-NCS bonding, and in some cases,
bridged mN,S-NCS, shows a frequency higher than 2000 cm�1.31,32

Thus, based on this criterion and the observed nas(NCS�) for
complex 8 at 2083 cm�1, one can consider that the thiocyanates
undergo N-NCS Cu2+ bonding.31,32 The very close IR spectral
pattern of the complex cation of [Cu2(HL)(OAc)(CH3OH)](PF6)2

(7) to the corresponding structurally determined acetato com-
plexes 1 and 5 may suggest a similar acetate bonding mode,
therefore, we tentatively suggest the structural formula of 7 as
[Cu2(HL)(m1,2-OAc)(CH3OH)](PF6)2.

Conductivity measurements

In order to explore the electrolytic nature of the complexes
under investigation, their molar conductivities LM were mea-
sured whenever their solubility permits, and the values are
collected in Table 1. The complexes 1, 4, 6 and 8 reveal LM

values in the range of 128–153 O�1 cm2 mol�1, which are in
complete agreement with 1 : 1 electrolytic nature. The tetra-
nuclear catena-[Cu4(HL)2(m1,1-N3)2(m1,3-N3)2](NO3)2�5H2O (4) most
likely dissociates into two dimeric species, [Cu2(HL)(N3)2]NO3. On
the other hand, LM values in the range of 187–272 O�1 cm2 mol�1

were determined in complexes 2, 3, 5 and 7, indicating 1 : 2
electrolytic behavior as expected based on their molecular
formulas.33 Also, in the case of [Cu4(HL)2(ClO4)3(H2O)5](ClO4)3�
5H2O (2), which consists of two independent crystallographic
units {[Cu2(HL)(ClO4)2(H2O)2]ClO4 and [Cu2(HL)(ClO4)(H2O)3]-
(ClO4)2}�5H2O, it seems behaving as a 1 : 2 electrolyte through
the release and/or substitution of one coordinated ClO4

� ligand
from the former unit, and the formation of [Cu2(HL)(ClO4)-
(H2O)2]2 + 2ClO4

� species in the CH3CN solution.

UV-Vis spectra

The electronic spectra of Cu(II)-H2L complexes, 2–4, 7 and 8
obtained in CH3CN or CH3OH tabulated in Table 1 exhibit a
general spectral pattern for the presence of a low energy single
broad band over the wavelength region 640–720 nm. Although
this spectral feature may indicate five-coordinate Cu(II) com-
plexes in a distorted square pyramidal geometry (SP),30,34,35 we
still cannot exclude the possibility of a distorted octahedral
environment.36 This band, which is insensitive to the solvent

Scheme 2 1H and 13C NMR assignments of the bis(phenolate) ligand H2L.
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nature (complexes 3 and 8), can be assigned to ligand field d–d
transition. The strong intense band observed over the region
370–450 nm results from ligand phenolate-oxygen to the Cu(II)
ion charge transfer (L - M, CT).18,26,37,38 The electronic spectra
of [Mn2(HL)(m1,2-OAc)2]PF6 (1) in MeOH revealed a series of very
weak bands at 510, 565 and B650 nm due to Laporte and spin-
forbidden transitions.36 In addition, all complexes and specifi-
cally 1, 5 and 6 showed very strong bands around 260 and
310 nm. These bands were located at comparable positions to
those detected in the free ligand, H2L and attributed to p–p*
and n–p* transitions, respectively. Electronic spectra and molar
conductivity of complexes are compiled in Table 1.

Mass spectra of the complexes

The ESI-MS measurements of the complexes, performed in
acetonitrile (CH3CN), provide some information about their
coordination feature. The mass spectra of the structurally
characterized acetato compounds [Mn2(HL)(m1,2-CH3COO)2]PF6

(1), [Zn2(HL)(m1,2-OAc)(H2O)0.75(MeOH)0.25](PF6)2�0.45(H2O) (5) and
[Cd2(HL)(m1,1,2-CH3COO)(CH3COO)(H2O)]PF6�H2O (6) produced
fragments related to the decomposition of the bridged acetate
groups through the release of CO, HCO and HCO2, respectively
(Experimental section). A typical mass spectrum is illustrated in
Fig. 1 for the release of CO from complex 1. The release of HCO2 in
[Cu2(HL)(CH3COO)(CH3OH)](PF6)2 (7) most likely indicates simi-
lar acetato-bridging too. Similarly, the formation of fragments
such as CuL(ClO4)2, HCu2(HL)(NO3)2 and Cu2(HL)(N3)3 in
[Cu2(HL)(ClO4)2(H2O)2]ClO4�3H2O (2), [Cu2(H2L)(NO3)2(H2O)2]-
(NO3)2 (3) and [Cu4(HL)2(m1,1-N3)2(m1,3-N3)2](NO3)2�5H2O (4), respec-
tivly, as well as the appearance of the fragment Cu2(H2L)(NCS) in
[Cu2(HL)(NCS)2]NO3�2H2O (8) reflects the possible bridging of
NCS� to the Cu2+ ions in this complex (Fig. S3–S9, ESI†). Probably,
we should mention that attempts made to obtain good quality
single crystals of 2, 3, 7 and 8 were failed.

Description of the structures

[Mn2(HL)(l1,2-OAc)2]PF6 (1). A perspective view of title com-
pound 1 is given in Fig. 2 and selected bond parameters are

listed in Table S1 (ESI†). In 1, the three N donor atoms and the
phenolato O donor atom of each arm of the bicompartmental
HL� anion are ligated to the Mn(II) center to form a dinuclear
complex cation, with a Mn� � �Mn separation of 4.2381(9) Å. The
MnN3O3 distorted octahedron around the two metal centers is
completed by two oxygen atoms of two bridging acetate anions.
The Mn–O and Mn–N bond distances vary from 2.073(3) to
2.361(3) Å. The Mn–O–C bond angles of the bridging acetate
groups are 140.2(3) and 147.9(3)1. The two phenolato moieties
act in protonated and deprotonated forms to create an internal
hydrogen bond [O2� � �O1 = 2.398(4) Å; O2–H� � �O1 = 172(6)1]
(Fig. S10, ESI†). The complex cation of 1 co-crystallizes with a
PF6

� counter anion.
Catena-[Cu4(HL)2(l1,1-N3)2(l1,3-N3)2](NO3)2�5H2O (4). Each

arm of the two bicompartmental ligands HL in 4 is ligated
via their three N-donors and one phenolato O-donor atom to a
copper(II) center to form two dinuclear subunits. The elongated
octahedra around each of the four metal centers are completed
by two N atoms of a pair of bridging azide anions to link the
subunits to a 1D polymeric chain (Fig. 3). Within the polymeric

Table 1 The UV-Vis spectra and molar conductivity, LM of M(II)-H2L complexes in different solvents

Complex Solvent
Visible spectrum: lmax, nm
(emax M�1 cm�1 per Cu atom) LM (O�1 cm2 mol�1)

[Cu4(HL)2(ClO4)3(H2O)5](ClO4)3�5H2O (2) CH3CN 714 (123.3) 243.5
[Cu2(H2L)(NO3)2(H2O)2](NO3)2 (3) CH3CN 199.2

CH3OH 449 (137.5), 655 (90.3) 201.6
CH3COCH3

a 433, 657
[Cu4(HL)2(m1,1-N3)2(m1,3-N3)2](NO3)2�5H2O (4) CH3CNa 392, 655

CH3OH 127.5
[Cu2(HL)(OAc)(CH3OH)](PF6)2 (7) CH3OH 431 (213.8), 641 (115.8) 187.3
[Cu2(HL)(NCS)2]NO3�2H2O (8) CH3CNa 374 (m), 483 (sh), 643 (w, b)

CH3OH 370 (914.8), 641 (160.7) 135.4
[Mn2(HL)(m1,2-OAc)2]PF6 (1) CH3OH 510 (sh, w), 565 (vw), B650 (11.0) 134.6

CH3CN 258 (6470), 311 (2850) 139.6
DMSO 265 (5730), 314 (2635)

[Zn2(HL)(m1,2-OAc)(H2O)0.75(MeOH)0.25](PF6)2�0.45(H2O) (5) CH3OH 255 (sh), 310 (2390, b) 271.0
[Cd2(HL)(m1,1,2-OAc)(OAc)(H2O)]PF6�H2O (6) CH3OH 259 (sh), 312 (2720) 152.6

DMSO 263 (7550), 317 (2810)

a Saturated solution.

Fig. 1 ESI-MS spectra of [Mn2(HL)(m1,2-OAc)2]PF6 (1) in acetonitrile.
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chains, the azide bridges behave in alternate bridging modes:
Cu1 and Cu4 centers are linked by two end-on (EO) azide
bridges, while Cu2 and Cu3 centers are linked by two end-to-
end (EE) azide bridges. The azide bridges are quite asymmetric.
Thus, each of the four CuN5O axially elongated octahedra forms
one (semi-coordinative Cu–N(N3) and one trans O-phenolato
bond in the range from 2.219(5) to 2.725(5) Å, while the
remaining equatorial Cu–N bonds are in the range from
1.942(6) to 2.059(5) Å. The azide groups have N–N bond lengths
ranging from 1.137(7) to 1.205(8) Å and N–N–N bond angles
from 175.0(6) to 176.2(7)1 (Table S1, ESI†). The intra-chain
metal� � �metal separations are 5.9117(11), 5.8776(12), 5.0874(11)
and 3.6010(9) Å. The polymeric chains co-crystallize with solvent
water molecules and nitrato counter anions. Hydrogen bonds of
type O–H� � �O and O–H� � �N form a supramolecular 2D system
(Fig. S11 and Table S2, ESI†). For charge equilibrium, 50% of the
phenolato groups must be protonated and are expected to form
intra-chain O–H� � �O hydrogen bonds with O� � �O separations of
2.491(6) Å.

[Zn2(HL)(l1,2-OAc)(H2O)0.75(MeOH)0.25](PF6)2�0.45(H2O) (5).
In 5, the three N donor atoms and the phenolato O donor atom

of each arm of the bicompartmental ligand HL are ligated to a
Zn(II) center to form a dinuclear complex cation with a Zn� � �Zn
separation of 4.7318(11) Å. A bridging acetate anion also links
the two zinc centers via O3 and O4 atoms (Fig. 4). Coordination
number six around Zn1 is completed by O5 of a terminal aqua
ligand with a major split occupancy of 0.755(15) and by O5A of
a terminal methanol molecule with a minor split occupancy of
0.245(15). The penta-coordinated ZnN3O2 polyhedron of Zn2
has a distorted square pyramidal geometry with the t-value39 of
0.32 and an O2 atom in an apical position. The Zn–O/N bond
distances vary from 1.94(4) to 2.241(5) Å. The Zn–O–C bond
angles of the bridging acetate group are 120.6(3) and 141.0(4)1
(Table S1, ESI†). The two phenolato moieties act in protonated
and deprotonated forms to create an internal hydrogen bond
[O2� � �O1 = 2.460(6) Å; O2–H2� � �O1 = 170(5)1]. The complex
cation of 5 co-crystallizes with partially disordered PF6

� counter
anions and a non-coordinated water molecule with an occu-
pancy of 0.453(18).

[Cd2(HL)(l1,1,2-CH3COO)(CH3COO)(H2O)]PF6�H2O (6). This
complex behaves in a similar way to 1 and 5, where the three
N donor atoms and the phenolato O donor atom of each arm of
the bicompartmental ligand HL� are ligated to a Cd(II) center to
form a dinuclear complex cation, with a Cd� � �Cd separation of
4.5690(6) Å (Fig. 5). Each Cd center is further ligated by two
oxygen atoms of a chelating acetate anion. In addition, acetato
oxygen atom O3 is also linked to the Cd2 center. Coordination
number seven around Cd1 is completed by O5 of a terminal
aqua ligand. The distorted CdN3O4 polyhedra around the two
metal centers have Cd-N/O bond distances varying from
2.273(2) to 2.698(2) Å. The Cd1–O3–Cd2 bond angle of the
bridging acetate group is 135.10(9)1 and the two O–Cd–O
chelating bond angles are 51.46(7) and 52.25(7)1. The two
phenolato moieties act in protonated and deprotonated forms
to create an internal hydrogen bond [O1� � �O2 = 2.470(3) Å;
O1–H2� � �O2 = 172(4)1]. The complex cation of 6 co-crystallizes
with a PF6

� counter anion and a non-coordinated water

Fig. 2 Coordination figure of the complex cation of 1.

Fig. 3 Perspective view of the polymeric chain of 4. Color code: brown
Cu, green Cl, red O, blue N, black C.

Fig. 4 Coordination figure of the complex cation of 5. Note: Only O5 of
the aqua ligand with occupancy 0.755(15) given, while the terminal
methanol molecule with a minor split occupancy of 0.245(15) omitted
for clarity.
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molecule. The aqua ligand and water molecule form hydrogen
bonds of types O–H� � �O and O–H� � �F (Table S2 and Fig. S13,
ESI†). Interestingly, the two acetate ligands behave differently,
while both of them form four-membered chelate rings to each
Cd(II) center, and one of the coordinated O-acetato ligands
bound to Cd1 is bridged to the Cd2 ion in m1,1,2-bonding
fashion.

Non-covalent ring� � �ring interactions with Cg� � �Cg (center
of gravity) separations of their aromatic rings less than 3.75 Å
are observed in 1 and 5 (Table S3, ESI†).

[Cu4(HL)2(ClO4)3(H2O)5](ClO4)3�5H2O (2). The determina-
tion of the preliminary structure of this complex showed the
presence of two isolated crystallographically independent
dimeric Cu2(HL) units [Cu2(HL)(ClO4)2(H2O)2]ClO4 and [Cu2(HL)-
(ClO4)(H2O)3](ClO4)2, in which Cu(II) centers are also ligated by
one O phenolato and three N donor atoms of bis(pyridylamine)
groups. Octahedral geometry is completed by two terminal aqua
ligands for Cu1, while the other three Cu(II) centers are further
ligated by one aqua ligand and one terminal OClO3 anion. (ESI,†
Fig. S14a and S14b).

Magnetic measurements

[Mn2(HL)(l1,2-OAc)2]PF6 (1). The magnetic susceptibility
data of 1 were measured in the temperature range 2–300 K.
Fig. 6 shows the temperature dependence of molar magnetic
susceptibility and molar magnetic moment per dinuclear Mn2

unit. The magnetic moment at 300 K is 8.34mB, which is close to
non-interacting two S = 5/2 spins, corresponding to the spin-
only value 5.92mB for high-spin d5 Mn(II). The magnetic
moment gradually decreases with the lowering of temperature
until 50 K and then decreases abruptly to 1.55mB at 2 K. This
magnetic behavior is characteristic of a pair of weakly
antiferromagnetic-coupled manganese(II) ions. The magnetic
data were analyzed by the van Vleck equation for two interact-
ing S = 5/2 spins (eqn (1) based on the Heisenberg model,
h = �2JS1�S2:

wM = (2Ng2mB
2/kT){(55 + 30x10 + 14x18 + 5x24 + x28)/

(11 + 9x10 + 7x18 + 5x24 + 3x28 + x30) (1)

where x = exp(�J/kT) and the other symbols have their usual
meanings.40 The solid lines in Fig. 6 represent the best fits
and produced the parameters: g = 2.04 and J = �1.64 cm�1.
The obtained J value is comparable to those of di-m-acet-
ato-m-phenoxido-bridged dimanganese(II) complexes (|J| =
2.5–6 cm�1),40–42 di-m-acetato-m-aqua-bridged dimanganese(II)
complexes (| J| = 1–3 cm�1),43–45 and tri-m-acetato-bridged
dimanganese(II) complex ( J = �1.3 cm�1).46

[Cu4(HL)2(ClO4)3(H2O)5](ClO4)3�5H2O (2) or {[Cu2(HL)-
(ClO4)2(H2O)2](ClO4), [Cu2(HL)(ClO4)(H2O)3](ClO4)2}�5H2O. The
crystal structure of this complex showed that there are two
crystallographically independent dinuclear copper(II) units
composed of [Cu2(HL)(ClO4)2(H2O)2]ClO4 and [Cu2(HL)(ClO4)-
(H2O)3](ClO4)2, which are similar to each other in the crystal.
Therefore, the complex can be regarded as an essentially
dinuclear copper(II) species. The temperature dependence of
molar magnetic susceptibility and molar magnetic moment of
2 are illustrated in Fig. 7. The magnetic moment at 300 K is
2.71mB, which is close to the non-interacting two S = 1/2 spins,
corresponding to the spin-only value 1.73mB for d9 Cu(II). The
magnetic moment is almost constant and decreases slightly
reaching 2.51mB at 2 K upon cooling the sample. The magnetic
data were analyzed by the molecular field approximation
(eqn (2) for the Bleaney–Bowers equation (eqn (3), taking into
consideration the magnetic interaction between the neighbor-
ing dinuclear molecules as zJ0 (z = number of interacting
neighbors):47a

wM
0 = wM/{1 – (2zJ0/Ng2mB

2)wM} (2)

wM = (2Ng2mB
2/3kT)[{1 + (1/3)exp(�2J/kT)}�1 + 2Na (3)

where J is the exchange coupling constant for the dicopper(II)
molecule and Na is the temperature independent paramag-
netism. The best-fitting parameters of solid lines shown
in Fig. 7 resulted in g = 2.15(1), J = 0(3) cm�1, Na = 60 �
10�6 cm3 mol�1 (fixed) and zJ0 = �0.2(13) cm�1. This result
shows a very weak magnetic coupling between the two
copper(II) ions in accordance with the lack of the bridging
group between the metal ions.

The best-fitting parameters of solid lines shown in Fig. 7
resulted in g = 2.15, J = 0.02 cm�1, Na = 60 � 10�6 cm3 mol�1

Fig. 5 Coordination figure of the complex cation of 6.

Fig. 6 Temperature dependence of magnetic susceptibility wM (J) and
magnetic moment mM (J) of 1. The solid lines represent the best fits
obtained as described in the text.
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(fixed) and zJ0 = �0.20 cm�1. This result shows a very weak
magnetic coupling between the two copper(II) ions in accor-
dance with the lack of the bridging group between the
metal ions.

Catena-[Cu4(HL)2(l1,1-N3)2(l1,3-N3)2](NO3)2�5H2O (4). The
crystal structure of 4 revealed two kinds of dinuclear molecules:
the di-m1,1-N3-bridged dicopper(II) unit, which exhibits more
tendency to ferromagnetic or less likely weak antiferromagnetic
coupling, and the di-m1,3-N3-bridged dicopper(II) unit, which
predominantly shows antiferromagnetic coupling. The two
dinuclear Cu(II) units are connected by the HL� ligands to form
a zigzag chain of tetranuclear units. This structure may be
described as the coexistence of two magnetically different
dinuclear copper(II) species in the crystal. Taking into consid-
eration the fact that longer axial coordination is in the range
2.219(5) to 2.725(5) Å, one can ignore the magnetic interaction
within the di-m1,1-N3-bridged dicopper(II) unit. The temperature
dependence of molar magnetic susceptibility and molar mag-
netic moment per tetranuclear Cu4 unit (Fig. 8) reveals molar
magnetic moment of 3.86mB at 300 K, which corresponds to
1.93mB/Cu and close to non-interacting four S = 1/2 spins with
the spin-only value of 1.73mB for d9 Cu(II). The magnetic
moment decreases smoothly with lowering temperature and
reaches to 2.61mB at 2 K. The magnetic data were analyzed by
the molecular field approximation (eqn (4), for the modified
Bleaney–Bowers eqn (5) consisting of magnetic interaction in

the di-m1,3-N3-bridged dicopper(II) unit and non-interaction
between the two copper(II) ions of the di-m1,1-N3-bridged
dicopper(II) unit,47 considering the magnetic interaction
between the neighboring copper(II) moieties as zJ0 (z = number
of interacting neighbors):

wM
0 = wM/{1 � (2zJ0/Ng2mB

2)wM} (4)

wM = (2Ng2mB
2/3kT)[{1 + (1/3)exp(-2Ja/kT)}�1] + Ng2mB

2/2kT + 2Na
(5)

where J is the exchange coupling constant for the di-m1,3-
N3-bridged dicopper(II) unit. The best-fitting parameters
(Fig. 8) resulted in g = 2.39(1), J = �133(3) cm�1, Na = 60 �
10�6 cm3 mol�1 (fixed), and zJ0 = �0.44(5) cm�1. The obtained J
value agrees with observed magnetic coupling via the di-m1,3-N3-
bridged dicopper(II) unit.7

No attempts were made to determine the magnetic proper-
ties of the complexes [Cu2(H2L)(NO3)2(H2O)2](NO3)2�5H2O (3),
[Cu2(HL)(OAc)(CH3OH)](PF6)2 (7) and [Cu2(HL)(NCS)2]NO3�2H2O
(8) due to the expected weak magnetic coupling between the Cu(II)
centers as demonstrated in 2, and lack of structural information.

Experimental
Materials and physical measurements

2,20-Methylenebis(4-chlorophenol) was purchased from Alfa
Aesar and bis(pyridine-2-ylmethyl)amine (DPA) from TCI Amer-
ica. All other chemicals used in this study were of reagent
grade. NMR spectra were collected on a Bruker AvNeo 700 MHz
spectrometer at room temperature, whereas 13C NMR spectra
were obtained on a Varian 400 NMR spectrometer operating at
100 MHz (13C). Chemical shifts (d) are reported in ppm and
referenced internally to residual solvent resonances (d6-DMSO:
dH = 2.49, dC = 39.4 ppm) or TMS. ESI-MS spectra of H2L and its
M(II) complexes were recorded in CH3OH and CH3CN, respec-
tively on an LC-MS Varian Saturn 2200 Spectrometer. Electronic
spectra were recorded using an Agilent 8453 HP diode UV-Vis
spectrophotometer. Infrared spectra were recorded on a Cary
630 (ATR-IR) spectrometer. Conductivity measurements were
performed using a Mettler Toledo Seven Easy conductivity
meter and calibrated by 1413 mS cm�1 conductivity standard.
The molar conductivity of the complexes was determined from
LM = (1.0 � 103 k)/[M(II)], where k = specific conductance and
[M(II)] is the molar concentration of the complex. Elemental
analyses were carried out by Atlantic Microlaboratory, Norcross,
Georgia, U. S. A.

Caution! Salts of perchlorate and azide and their metal com-
plexes are potentially explosive and should be handled with great
care and in small quantities.

Synthesis of the compounds

6,60-Methylenebis(2-((bis(pyridin-2-ylmethyl)amino)methyl)-
4-chlorophenol)hemihydrate (H2L�12H2O). To a solution con-
taining 2,20-methylenebis(4-chlorophenol) (0.270 g, 0.01 mol),
bis(pyridine-2-ylmethyl)amine (DPA) (4.00 g, 0.02 mol) and
triethylamine, Et3N (2.02 g, 0.02 mol) dissolved in 40 mL

Fig. 7 Temperature dependence of magnetic susceptibility wM (J) and
magnetic moment mM (J) of 2. The solid lines represent the best fits
obtained as described in the text.

Fig. 8 Temperature dependence of magnetic susceptibility wM (J) and
magnetic moment mM (J) of 4. The solid lines represent the best fits
obtained as described in the text.
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MeOH, aqueous 37% HCHO (1.63 g, 0.02) was added. The
resulting mixture was refluxed gently for 4 days, during which
the color turns orange and the solution was evaporated under
reduced pressure to about 30 mL. The pale-yellow precipitate
was isolated and collected by filtration, washed with Et2O, and
dried in air (yield 4.2 g, 60.0%). Anal. Calcd for C39H37Cl2N6O2.5:
C, 66.85; H, 5.32; N, 11.99%. Found: C, 66.99; H, 5.31; N, 11.88%.
ESI-MS (MeOH): m/z = 691.2356 (100%) (Fig. S1, ESI†). Calcd for
(H2L + H+) = 691.2355 (100%). 1H NMR (d6-DMSO): 8.52 (d, 4H),
7.73 (t, 4H), 7.31 (m, 4H), 7.27 (s, 2H) (py protons); 7.07 (s, 2H),
6.98 (s, 2H) (phenyl H); 3.90 (s, 2H) (ph-CH2-ph); 3.78 (s, 8H)
(py-CH2-N); 3.74 (s, 2H) (ph-CH2-N). 13C NMR: 157.0, 153.3, 148.1,
136.3, 128.3 (pyridyl C); 128.0, 126.9, 124.1, 122.4, 121.8, 120.7
(phenyl C); 57.5 (N-CH2-py); 54.6 (N-CH2-phenyl); 28.5 (phenyl-
CH2-phenyl) (Fig. S2, ESI†). Selected IR (cm�1): 3210 (b, vw) nO–H

(H2O); 3050 (vw), 3008 (vw), 2914 (vw), 2808 (w) nC–H (C–H
stretching of aliphatic and aromatic groups); 1599 (s), 1569 (m)
1472 (s) 1428 (vs) bis(pyridyl); 1374 (m), 1360 (m), 1292 (m), 1262
(m), 1229 (vs), 1123 (w), 1040 (w), 1002 (m), 970 (m), 886 (m), 766
(vs), 740 (vs), 682 (s) (phenolate and pyridyl groups). UV (MeOH):
lmax, nm (e, M�1 cm�1): 213 (2.724 � 104), 262 (1.161 � 104), 294
(5.32 � 103).

[Mn2(HL)(l1,2-CH3COO)2]PF6 (1). A mixture of 6,60-
methylenebis(2-((bis(pyridin-2-ylmethyl)amino)methyl)-4-chloro-
phenol)hemihydrate (140 mg, 0.2 mmol), Et3N (40.5 mg,
0.4 mmol) and Mn(CH3COO)2�4H2O (69.2 mg, 0.40 mmol) was
dissolved in MeOH (20 mL) and heated on a steam-bath for
5 min and this was followed by the addition of NH4PF6 (65.2 mg,
0.40 mmol), filtered through Celite, and then allowed to crystal-
lize at room temperature. After 2 hours, the isolated shiny
colorless single crystals were collected by filtration, washed with
propan-2-ol, Et2O and air dried (overall yield: 148 mg, 69.5%
based on H2L). Characterization: C43H41Cl2F6Mn2N6O6P (MM =
1063.57 g mol�1): calcd: C, 48.56; H, 3.89; N, 7.90%. Found: C,
48.61, H, 3.87; N, 7.91%. ESI-MS (CH3CN): m/z = 889.0913
(100%). calcd: 889.1277 {C42H41Cl2Mn2N6O5Q[Mn2(HL)(CH3-

COO)(CH3O)]+Q[Mn2(HL)(m1,2-CH3COO)2]–CO} (Fig. 1). Selected
IR bands (cm�1): 2929 (vw) n(C–H); 1601 (s), 1572 (m), 1471 (m),
1415 (s) (pyridyl groups: nCQC, nCQN); 1293 (w), 1242 (w),
1049 (m), 1013 (m) (phenolate and pyridyl groups); 833 (vs)
n(P–F); 757 (m), 634 (m), 556 (s). UV-Vis: lmax, nm (emax M�1

cm�1 per Mn atom) MeOH: 510 (sh, w), 465 (vw), B650 (11.0);
DMSO: 265 (5730), 314 (2635); CH3CN: 258 (6470), 311 (2850).
Molar conductivity: LM (MeOH) = 134.6 O�1 cm2 mol�1 and LM

(CH3CN) = 139.6 O�1 cm2 mol�1.
[Cu4(HL)2(ClO4)3(H2O)5](ClO4)3�5H2O (2). A mixture of 6,60-

methylenebis(2-((bis(pyridin-2-ylmethyl)amino)methyl)-4-chloro-
phenol)hemihydrate (175 mg, 0.25 mmol), Et3N (50.5 mg,
0.5 mmol) and Cu(ClO4)2�6H2O (0.190 g, 0.5 mmol) were
dissolved in MeOH (20 mL) and heated on a steam-bath for
5 min. The resulting green solution was filtered through Celite
and allowed to crystallize at room temperature. After 3 days,
the separated well-shaped green crystals were collected by
filtration, washed with propan-2-ol, Et2O and dried in air (overall
yield: 0.325 g, 54.3%). Characterization: C78H90Cl10Cu4N12O38

(MM = 2412.321 g mol�1). calcd: C, 38.84; H, 3.76; N, 6.97%.

Found: C, 38.77; H, 3.65; N, 6.94%. ESI-MS (CH3CN): m/z =
950.9935 (66.91%) (Fig. S3, ESI†). calcd: 951.0358 (100%) for
CuL(ClO4)2 fragment. Selected IR bands (cm1): 3460 (w, b) (nO–H,
H2O); 3049 (vw), 3025 (vw), 2919 (vw), 2830 (vw) n(C–H); 1610 (s),
1562 (w), 1482 (w), 1444 (s) (pyridyl groups: nCQC, nCQN); 1073
(vs, b) n(Cl–O); 1287 (w), 1239 (w), 860 (m), 759 (s). UV-Vis lmax,
nm (emax M�1 cm�1 per Cu atom) (CH3CN): 714 (123.3). LM

(CH3CN) = 243.5 O�1 cm2 mol�1.
[Cu2(H2L)(NO3)2(H2O)2](NO3)2 (3). This complex was synthe-

sized essentially as described for 2, except Cu(NO3)2�3H2O was
used instead of Cu(ClO4)2�6H2O. The complex was isolated as
light navy-blue crystals, which were not good enough for X-ray
structural determination. Characterization: C39H40Cl2Cu2-
N10O16 (MM = 1102.790 g mol�1): calcd C, 42.48; H, 3.66; N,
12.70%. Found: C, 42.30; H, 3.33; N, 12.59%. ESI-MS (CH3CN):
m/z = 941.0510 (50.76%) (Fig. S4, ESI†). calcd: 941.0704 (100%)
for HCu2(H2L)(NO3)2 fragment. Selected IR bands (cm1): 3440
(w, b) (nO–H, H2O); 3036 (vw), 2923 (vw) n(C–H); 1608 (m), 1572
(w), 1480 (s), 1438 (s) (pyridyl groups: nCQC, nCQN); 1287 (s),
1275 (vs) n(N–O) (NO3

�); 1156 (w), 1097 (m), 1009 (s), 857 (m),
770 (vs), 725 (s), 655 (m). UV-Vis lmax, nm (emax M�1cm�1 per Cu
atom): CH3OH: 449 (137.5), 655 (90.3); CH3CN: 438 (229.9), 562
(148.9); acetone (saturated): 328, 433, 656 (b). Molar conduc-
tivity, LM (CH3OH) = 201.6 O�1 cm2 mol�1 and LM (CH3CN) =
199.2 O�1 cm2 mol�1.

Catena-[Cu4(HL)2(l1,1-N3)2(l1,3-N3)2](NO3)2�5H2O (4). To a
mixture containing 6,60-methylenebis(2-((bis(pyridin-2-ylmethyl)-
amino)methyl)-4-chlorophenol)hemihydrate (175 mg,
0.25 mmol), Et3N (50.5 mg, 0.5 mmol) and Cu(NO3)2�3H2O
(122 mg, 0.5 mmol) dissolved in MeOH (25 mL), an aqueous
solution (5 mL) of NaN3 (16 mg, 0.25 mmol) was added drop
by drop and the resulting green solution was heated on a
steam-bath for 5 min, then filtered through Celite and allowed
to stand at room temperature. The icy green crystals which
separated after 3 days were collected by filtration, washed with
propan-2-ol, Et2O and dried in air (overall yield: 285 mg, 57%).
Characterization: C78H80Cl4Cu4N26O15 (2017.630 g mol�1):
calcd: C, 46.43; H, 4.00; N, 18.05%. Found: C, 46.10; H, 3.72;
N, 17.69%. ESI-MS (CH3CN): m/z = 941.0512 (88.32%) (Fig. S5,
ESI†). calcd: 941.1067 (100%) for Cu2(HL)(N3)3. Selected IR
bands (cm�1): 3390 (w, b) n(O–H); 2042 (vw), 2928 n(C–H);
2040 (s), 2022 (m) n(N3); 1607 (s), 1572 (m), 1465 (w), 1439 (s)
(pyridyl groups: nCQC, nCQN); 1322 (s, b) n(N–O) (NO3

�); 1237
(m), 1155 (w), 1100 (m), 1051 (m), 1028 (m), 1010 (m), 871 (w),
860 (s), 764 (vs), 725 (vs), 677 (w). UV-Vis: lmax, nm (CH3CN,
saturated): 392, 655; molar conductivity: LM (CH3OH) =
127.5 O�1 cm2 mol�1.

[Zn2(HL)(l1,2-OAc)(H2O)0.75(MeOH)0.25](PF6)2�0.45(H2O) (5).
To a mixture containing 6,60-methylenebis(2-((bis(pyridin-2-
ylmethyl)amino)methyl)-4-chlorophenol)hemihydrate (175 mg,
0.25 mmol), Et3N (50.5 mg, 0.5 mmol) and Zn(CH3COO)2�2H2O
(109 mg, 0.50 mmol) dissolved in MeOH (20 mL), NH4PF6

(83 mg, 0.50 mmol) was added, and the resulting solution
was heated on a steam-bath for 10 min, filtered through Celite
and then allowed to crystallize at room temperature. In the
following day, the isolated colorless crystals were collected by
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filtration, washed with propan-2-ol, Et2O and air dried (overall
yield: 247 mg, 82.3% based on H2L). Characterization:
C41.25H41.40Cl2F12N6O5.45P2Zn2 (MM = 1200.001 g mol�1): calcd:
C, 41.29; H, 3.48; N, 7.00%. Found: C, 40.86, H, 3.39; N, 6.98%.
ESI-MS (CH3CN): m/z = 865.0564 (100%) (Fig. S6, ESI†). Calcd =
865.0990 (87.1%) {C40H39Cl2N6O4Zn2Q[Zn2(L)(CH3O)(H2O)]+Q
[Zn2(HL)(m1,2-CH3COO)(H2O)]2+–HCO}. Selected IR bands
(cm�1): 3582 (w, b) n(O–H); 2927 (vw) n(C–H); 1608 (m), 1500 (m),
1444 (m) (pyridyl groups: nCQC, nCQN); 1239 (m), 1104 (w), 1022
(m), 757 (m), 732 (m) (phenolate and pyridyl groups); 829 (vs)
n(P–F); UV-Vis: lmax, nm (emax M�1cm�1 per Zn atom) CH3OH:
211 (16760), 255 (sh), 310 (2390, b). Molar conductivity: LM

(CH3OH) = 271.0 O�1 cm2 mol�1.
[Cd2(HL)(l1,1,2-CH3COO)(CH3COO)(H2O)]PF6�H2O (6). A mixture

of 6,60-methylenebis(2-((bis(pyridin-2-ylmethyl)amino)methyl)-4-
chlorophenol)hemihydrate (140 mg, 0.2 mmol), Et3N (40.5 mg,
0.4 mmol), Cd(NO3)2�4H2O (123 mg, 0.40 mmol) and sodium
acetate, CH3COONa (54.4 mg, 0.40 mmol) dissolved in MeOH
(20 mL) was treated with NH4PF6 (130 mg, 0.80 mmol) and the
mixture was heated on a steam-bath for 10 min. The resulting
solution was then filtered through Celite and allowed to crystal-
lize at room temperature. After 2 days, the white crystals, which
separated, were collected by filtration, washed with propan-2-
ol, Et2O and air dried (overall yield: 278 mg, 91.6% based on
H2L). Shiny single crystals suitable for X-ray analysis were
obtained upon further recrystallization from MeOH. Character-
ization: C43H45Cd2Cl2F6N6O8P (MM = 1214.55 g mol�1) calcd: C,
42.52; H, 3.73; N, 6.92%. Found: C, 43.01, H, 3.76; N, 6.97%.
ESI-MS (CH3CN): m/z = 1005.0208 (100%) (Fig. S7, ESI†). Calcd =
1005.067 (53%) {C42H42Cd2Cl2N6O5Q[Cd2(L)(m1,1,2-CH3COO)-
(CH3)(H2O)]+Q[Cd2(HL)(m1,2-CH3COO)(m1,1,2-CH3COO)(H2O)]+–
HCO2}. Selected IR bands (cm�1): 3612 (w, b) n(O–H) H2O); 2929
(vw) n(C–H); 1603 (m), 1553 (m), 1468 (m), 1421 (m) (pyridyl
groups: nCQC, nCQN); 1310 (w), 1237 (w), 1049 (m), 1156 (m)
(phenolate and pyridyl groups); 836 (vs) n(P–F); 770 (s), 755 (s),

670 (m). UV-Vis lmax, nm (emax M�1cm�1 per Cd atom) (CH3OH):
209 (23070), 259 (sh), 312 (2720); DMSO: 263 (7550), 317 (2810);
molar conductivity: LM (CH3OH) = 152.6 O�1 cm2 mol�1.

[Cu2(HL)(CH3COO)(CH3OH)](PF6)2 (7). The complex was
isolated as light navy-blue crystals and synthesized using a
procedure similar to that described for complex 1 (overall yield:
55.6%). Characterization: C42H42Cl2Cu2F12N6O5P2 (MM =
1198.746 g mol�1): calcd: C, 42.08; H, 3.53; N, 7.01%. Found:
C, 42.24, H, 3.62; N, 6.99%. ESI-MS: m/z = 861.0639 (68.35%)
(Fig. S8, ESI†). calcd: m/z = 861.1209 {C41H41Cl2Cu2N6O3Q
[Cu2(L)(CH3)(CH3OH)]+Q[Cu2(HL)(m1,2-CH3COO)(CH3OH)]2+–
HCO2}. Selected IR bands (cm�1): 3095 (vw), 2931 (vw) n(C–H);
1600 (m), 1583 (s), 1440 (m), 1446 (m) (pyridyl groups: nCQC,
nCQN); 1395(s),1 1337 (m), 1302 (w), 1241 (w), 1241 (w), 1162 (w),
1101 (w), 1031 (w), 764 (s); 832 (vs) n(P–F). UV-Vis lmax, nm (emax

M�1cm�1 per Cu atom) (CH3OH): 431 (213.8), 641 (115.8).
Molar conductivity: LM (CH3OH) = 187.3 O�1 cm2 mol�1.

[Cu2(HL)(NCS)2]NO3�2H2O (8). Teal colored (overall yield
76.7%). Characterization: C41H39Cl2Cu2N9O7S2 (MM =
1013.932 g mol�1): calcd: C, 47.72; H, 3.81; N, 12.22%. Found:
C, 48.06; H, 3.74; N, 12.19%. ESI-MS: m/z = 874.0438 (66.95%)
(Fig. S9, ESI†). calcd: m/z = 874.0620 (100%) for Cu2(H2L)(NCS).
Selected IR bands (cm1): 3485 (w, b) (nO–H, H2O); 2944 (vw),
2902 (vw) n(C–H); 2083 (vs) n(NCS); 1608 (s), 1572 (m), 1450 (m),
1445 (s) (pyridyl groups: nCQC, nCQN); 1334 (vs), 1287 (m)
n(N–O) (NO3

�); 1241 (m), 1100 (m), 1031 (m), 977 (m), 857 (s),
758 (vs), 727 (s), 676 (m). UV-Vis lmax, nm (emax M�1 cm�1 per
Cu atom) (CH3OH): 370 (914.8), 641 (160.7); (CH3CN, saturated)
lmax, nm: 215 (s, sh), 374 (m), 483 (sh), 643 (w, b). Molar
conductivity, LM (CH3OH) = 135.4 O�1 cm2 mol�1.

Crystallography

The X-ray single-crystal data of title compounds 1, 4, 5 and 6
were collected on a Bruker-AXS APEX II CCD diffractometer at
100(2) K. The crystallographic data, conditions retained for the

Table 2 Crystallographic data and processing parameters of 1, 4, 5 and 6

Compound 1 4 5 6

Empirical formula C43H41Cl2F6Mn2N6O6P C39H34Cl2Cu2N13O7 C41.24H41.39Cl2F6N6O5.45P2Zn2 C43H45Cd2Cl2F6N6O8P
Formula mass 1063.57 998.80 1200.00 1214.52
System Monoclinic Monoclinic Triclinic Monoclinic
Space group P21/n P21/n P%1 P21/n
a (Å) 11.8542(7) 14.4530(8) 13.7082(6) 17.1145(9)
b (Å) 25.7848(14) 23.7277(15) 13.8145(6) 14.5430(7)
c (Å) 16.0771(9) 25.4316(16) 14.4212(6) 20.9676(10)
a (1) 90 90 77.240(2) 90
b (1) 105.415(2) 102.888(3) 69.673(2) 102.122(3)
g (1) 90 90 72.143(2) 90
V (Å3) 4737.3(5) 8501.7(9) 2417.44(18) 5102.4(4)
Z 4 8 2 4
T (K) 100(2) 100(2) 100(2) 100(2)
m (mm�1) 0.756 1.397 1.267 1.031
Dcalc (Mg m�3) 1.491 1.561 1.649 1.581
y max (1) 25.499 26.000 25.499 27.515
Data collected 62 811 141 439 61 834 141 635
Unique refl./Rint 8827/0.1089 16 649/0.0946 9010/0.0647 11 704/0.0728
Parameters/restraints 601/0 1147/84 722/104 623/0
Goodness-of-fit on F2 1.030 1.101 1.065 1.025
R1/wR2 (all data) 0.0462/0.1372 0.0827/0.1907 0.0641/0.1864 0.0393/0.0749
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intensity data collection and some features of the structure
refinements are listed in Table 2. Data collections were per-
formed under Mo-Ka radiation (l = 0.71073 Å); data processing,
Lorentz-polarization and absorption corrections were per-
formed using APEX and the SADABS computer programs.48

The structures were solved using direct methods and refined
by full-matrix least-squares methods on F2, using the SHELX
program library.49 Further programs used: Mercury and PLATON.50

Magnetic measurements

The temperature dependent magnetic susceptibilities were
measured over the temperature range 2–300 K in a magnetic
field of 0.5 T using a Quantum Design MPMS-7 magnetometer
at the Institute for Molecular Science (IMS). The measured data
were corrected for diamagnetic contributions.51

Conclusions

The novel bicompartmental ligand, H2L�12H2O with two pheno-
late moieties separated by a methylene group, bearing two
flexible bis(2-picolyl)amine arms can accommodate two
metal(II) ions. This was demonstrated in the isolation of the
dinuclear complexes [Mn2(HL)(m1,2-OAc)2]PF6 (1), [Cu2(HL)-
(ClO4)2(H2O)2]ClO4�3H2O (2), [Cu2(H2L)(NO3)2(H2O)2](NO3)2 (3)
[Zn2(HL)(m1,2-OAc)(H2O)0.75(MeOH)0.25](PF6)2�0.45(H2O) (5),
[Cd2(HL)(m1,1,2-OAc)(OAc)(H2O)]PF6�H2O (6), [Cu2(HL)(OAc)-
(CH3OH)](PF6)2 (7) and [Cu2(HL)(NCS)2]NO3�2H2O (8). The
metal centers act magnetically independent of each other as
in complex 2 and probably 3. However, in the presence of small
bridging ligands such as acetate anions, complexes 1, 5 and 6
were isolated and structurally characterized, in which the OAc�

ligands link the two metal ions in the m1,2- or m1,1,2-OAc bonding
modes. In addition, using the versatile bonding azide ligand,
polymeric bridged-azido tetranuclear catena-[Cu4(HL)2(m1,1-N3)2-
(m1,3-N3)2](NO3)2�5H2O (4) was obtained. In these complexes
and with the exception of 3, only monoprotonated HL� ligand
was coordinated to metal ions, whereas fully protonated H2L was
found in 3. This was attributed to the strong hydrogen bonds
generated from the deprotonated and protonated phenolates,
phO� � �H� � �Oph. The magnetic susceptibility measurements in the
latter complex revealed very weak antiferromagnetic (AF) coupling
through the di-m1,1-N3-bridged and moderate-to-strong AF coupling
through the di-m1,3-N3-bridged dicopper(II) units. On the other
hand, weak AF and negligible ferromagnetic interactions were
determined in dimanganese(II) 1 and dicopper(II) 2, respectively.
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R. Herchel, J. Hošek, Z. Trávnı́ček, R. C. Fischer and
F. A. Mautner, Dalton Trans., 2016, 45, 12933–12950.

8 (a) C. Pathak, D. Kumar, M. K. Gangwar, D. Mhatre,
T. Roisnel and P. Ghosh, J. Inorg. Biochem., 2018, 185,
30–42; (b) S. K. Barman, T. Mondal, K. Debasis, F. Lloret
and R. Mukherjee, Dalton Trans., 2017, 46, 4038–4054;
(c) L. Tjioe, T. Joshi, C. M. Forsyth, B. Moubaraki, K. S.
Murray, J. Brugger, B. Graham and L. Spiccia, Inorg. Chem.,
2012, 51, 939–953.

9 (a) C. Pathak, S. K. Gupta, M. K. Gangwar, A. P. Prakasham
and P. Ghosh, ACS Omega, 2017, 2, 4737–4750; (b) A. Neves,
M. Lanzanaster, A. J. Bortoluzzi, R. A. Peralla, A. Cassellato,
E. E. Castellano, P. Herrald, M. J. Riley and G. Schenk,
J. Chem. Soc., 2007, 129, 7486–7487.

10 S. S. Massoud, F. R. Louka, N. M. H. Salem, R. C. Fischer,
A. Torvisco, F. A. Mautner, J. Vančo, J. Belza, Z. Dvořák and
Z. Trávnı́ček, Eur. J. Med. Chem., 2023, 246, 114992, DOI:
10.1016/j.ejmech.2022.114992.

11 (a) D. Maiti, D. H. Lee, K. Gaoutchenova, C. Wurtele,
M. C. Holthausen, A. A. N. Sarjeant, J. Sundermeyer,
S. Schindler and K. D. Karlin, Angew. Chem., Int. Ed., 2008,
47, 82–85; (b) L. Li, N. N. Murthy, J. Tesler, L. N. Zakharov,
G. P. A. Yap, A. L. Rheingold, K. D. Karlin and S. E. Rokita,
Inorg. Chem., 2006, 45, 7144–7159; (c) C. Kim, Y. Dong and
L. Que Jr., J. Am. Chem. Soc., 1997, 119, 3635–3636;
(d) J. A. Halfen, J. S. Mahapatra, E. C. Wilkinson,
S. Kaderli, V. C. Yong, Jr., L. Que, A. D. Zuberbuhler and
W. B. Tolman, Science, 1996, 271, 1397–1400.
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