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We have synthesized a new type of acyclic bis(N2O2 chelate) ligand that affords a C-shaped O6 site by the metalation
of the N2O2 salamo sites. UV–vis titration clearly showed that complexation of H4L with MII (MnII, CoII, and NiII)
affords the 1:3 complex [LM3]2+ in a cooperative fashion, whereas complexation with copper(II) gave two or more
complexes in a stepwise fashion. The manganese(II) complex [LMn3(OAc)2(MeOH)2] crystallizes in the triclinic
system, space group P1̄, with unit cell parameters a ) 9.584(6) Å, b ) 13.666(9) Å, c ) 15.566(10) Å, R )
108.702(8)°, � ) 95.255(4)°, γ ) 101.023(8)°, and Z ) 2, and the cobalt(II) complex [LCo3(OAc)2(EtOH)2] · 2CHCl3
crystallizes in the triclinic system, space group P1̄, with unit cell parameters a ) 13.291(6) Å, b ) 13.913(7) Å,
c ) 14.599(8) Å, R ) 88.27(2)°, � ) 67.391(15)°, γ ) 73.90(2)°, and Z ) 2. In the crystal structures, three
metal ions occupied both the N2O2 and O6 sites of the ligand L4-. The resultant trinuclear complexes have a C-
or S-shaped structure depending on the metal employed. The different nature of the N2O2 and O6 sites of the
ligand H4L leads to the site-selective introduction of two different d-block transition metals. An X-ray crystallographic
analysis revealed the structures of the two heterotrinuclear complexes, [LZn2Mn(OAc)2(MeOH)2] and [LCu2Zn(OAc)2(H2O)].

Introduction

Salen-type N2O2 ligands coordinate to various kinds of
transition-metal ions in a tetradentate fashion to produce
stable complexes.1 Some of these complexes serve as the
catalysts of organic reactions,2 models of the catalytic centers
of metalloenzymes,3 nonlinear optical materials,4 and met-
allomesogens.5 In recent years, salen complexes are also used
as a building block of supramolecular structures6 or sensing
of chiral organic molecules.7 A molecule containing two or
more salen complex moieties is also fascinating because
novel functions originating from the cooperation of several

metal centers are expected. In addition to an enormous
number of bimetallic complexes of compartmental ligands,8

larger macrocyclic bis(salen),9–11 tris(salen),12 and acyclic
bis(salen)13 derivatives have been reported. Electrochemical
studies clearly showed an interaction between the metal
centers.9 The cooperative action of the metal centers in some
of the salen oligomers was successfully utilized for the
catalytic organic reactions.11,13,14
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We have recently reported the acyclic bis(N2O2)-type
ligand H4L,15 in which two salamo16,17 chelate moieties share
one benzene ring. When the two salamo moieties are
metalated with d-block transition metals, the conformation
of the molecules is restricted so that the phenoxo oxygen
atoms are directed inward to form an O6 cavity (Scheme 1).

The complexation of H4L with zinc(II) acetate took place in
a cooperative fashion and produced the homotrinuclear
complex [LZn3]2+, in which the third zinc is in the O6

cavity.15 This O6 cavity is also utilized as an ion recognition
site based on transmetalation, which leads to a novel helical
heteronuclear metalloarchitecture having metallohost–guest
components.15,18 These features mainly originate from the
intrinsic properties of the mononuclear complexes of the
salen-type ligands with d-block transition metals. These com-
plexes act as a “complex ligand”, which can coordinate
through the negatively charged phenoxo groups to alkali,19

alkaline earth,20 rare earth,21 and d-block transition22,23
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Scheme 1. Principle of Cooperative Complexation of Bis(salamo) Ligand H4L with Three d-Block Transition-Metal Ions
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metals. Such µ2-phenoxo bridging is particularly important
for the d-block homo- and heterometal complexes of
compartmental ligands, some of which exhibit interesting
electrochemical and magnetic properties. In this report, we
describe the complexation of the acyclic bis(N2O2) ligand
H4L with d-block transition metals (MnII, CoII, NiII, and CuII).
The homotrinuclear d-block metal complexes [LCo3(OAc)2-
(EtOH)2] and [LMn3(OAc)2(MeOH)2] were easily obtained,
and the structures were determined by X-ray crystallography.
The synthesis of some heterotrinuclear d-block metal com-
plexes was also achieved by the site-selective metalation of
the N2O2 and O6 sites with two different d-block transition
metals.

Experimental Section

General Procedures. All experiments were carried out in air.
Ligand H4L was prepared according to the procedures reported
previously.15d Commercial chloroform, methanol, and ethanol were
used without purification. All chemicals were of reagent grade and
were used as received.

Synthesis of Manganese(II) Complex [LMn3(OAc)2]. A solu-
tion of manganese(II) acetate tetrahydrate (7.4 mg, 0.030 mmol)
in methanol (8 mL) was added to a solution of ligand H4L (5.8
mg, 0.010 mmol) in chloroform/methanol (1:2, 3 mL). The resulting
solution was concentrated to dryness, and the residue was recrystal-
lized from chloroform/methanol/ether to afford [LMn3(OAc)2] (6.7
mg, 72%) as brown crystals. Anal. Calcd for C32H32Mn3N4O14 ·
2MeOH: C, 44.12; H, 4.36; N, 6.05. Found: C, 43.61; H, 4.38; N,
5.89.

Synthesis of Cobalt(II) Complex [LCo3(OAc)2]. A hot solution
of cobalt(II) acetate tetrahydrate (29.9 mg, 0.12 mmol) in ethanol
(10 mL) was added to a solution of ligand H4L (23.3 mg, 0.040
mmol) in chloroform/ethanol (1:4, 10 mL). After the resulting
solution was allowed to stand at room temperature, the precipitates
were collected to give [LCo3(OAc)2] (26.7 mg, 64%) as brown
crystals. Anal. Calcd for C32H32Co3N4O14 · 0.5EtOH · 1.5H2O ·
CHCl3: C, 39.16; H, 3.77; N, 5.37. Found: C, 39.01; H, 4.06; N,
5.58.

Synthesis of Nickel(II) Complex [LNi3(OAc)2]. A solution of
nickel(II) acetate tetrahydrate (7.5 mg, 0.030 mmol) in methanol
(1 mL) was added to a solution of ligand H4L (5.8 mg, 0.010 mmol)
in dichloromethane (1 mL). The resulting solution was concentrated
to dryness, and the residue was recrystallized from chloroform/
ether to afford [LNi3(OAc)2] (6.7 mg, 68%) as yellow crystals. Anal.

Calcd for C32H32N4Ni3O14 ·2MeOH ·3H2O: C, 41.21; H, 4.68; N,
5.65. Found: C, 41.02; H, 4.28; N, 5.45.

Synthesis of Zinc(II)-Manganese(II) Complex [LZn2Mn-
(OAc)2]. Solutions of zinc(II) acetate dihydrate (4.4 mg, 0.020
mmol) in methanol (1 mL) and manganese(II) acetate tetrahydrate
(2.5 mg, 0.010 mmol) in methanol (1 mL) were added to a solution
of ligand H4L (5.8 mg, 0.010 mmol) in chloroform (2 mL). The
resulting solution was concentrated to dryness, and the residue was
recrystallized from chloroform/methanol/ether to afford [LZn2Mn-
(OAc)2] (8.9 mg, 95%) as yellow crystals. Anal. Calcd for
C32H32MnN4O14Zn2 ·MeOH ·H2O: C, 42.51; H, 4.11; N, 6.01.
Found: C, 42.54; H, 3.93; N, 5.79.

Synthesis of Copper(II)-Zinc(II) Complex [LCu2Zn-
(OAc)2]. Solutions of copper(II) acetate hydrate (4.0 mg, 0.020
mmol) in methanol (1 mL) and zinc(II) acetate dihydrate (2.2 mg,
0.010 mmol) in methanol (1 mL) were added to a solution of ligand
H4L (5.8 mg, 0.010 mmol) in chloroform (2 mL). The resulting
solution was concentrated to dryness, and the residue was recrystal-
lized from chloroform/methanol/ether to afford [LCu2Zn(OAc)2]
(8.4 mg, 91%) as dark-brown crystals. Anal. Calcd for
C32H32Cu2N4O14Zn ·2H2O: C, 41.54; H, 3.92; N, 6.06. Found: C,
41.49; H, 4.21; N, 5.54.

Spectrophotometric Titration. Sample solutions containing H4L
(2.0 × 10-4 M) and varying amounts of M(OAc)2 (M ) MnII, CoII,
NiII, and CuII; 0–5 equiv) in chloroform/methanol (1:1, 5 mL) were
prepared. Spectra were recorded at ambient temperature in a 1-mm-
path-length quartz cell on a Jasco V560 or V570 spectrophotometer.

Mass Spectrometry. Sample solutions containing H4L (1.0 ×
10-5 M) and MX2 (M ) MnII, CoII, NiII, and CuII; X ) OAc or Cl;
3.0 × 10-5 M for each) in chloroform/methanol (1:1) were prepared.
In the measurements for heterometal complexes, sample solutions
containing H4L and two kinds of M(OAc)2 (M ) MnII, CoII, NiII,
CuII, and ZnII) were prepared. Mass spectra (electrospray ionization
time-of-flight, ESI-TOF, positive mode) were recorded on an
Applied Biosystems QStar Pulsar i spectrometer.

X-ray Crystallographic Analysis. Intensity data were collected
on a Bruker APEX II CCD, a Rigaku Mercury CCD, or a Rigaku
R-AXIS Rapid diffractometer with Mo KR radiation (λ ) 0.710 69
Å). Reflection data were corrected for Lorentz and polarization
factors and for absorption using the multiscan method. Crystal-
lographic data are summarized in Table 1. The structures were
solved by direct methods (SIR 97)24 or Patterson methods (DIRDIF

(24) SIR 97, program for crystal structure solution: Altomare, A.; Burla,
M. C.; Camalli, M.; Cascarano, G. L.; Giacovazzo, C.; Guagliardi,
A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R. J. Appl. Crystallogr.
1999, 32, 115–119.

Table 1. Crystallographic Data for Trinuclear Complexes

H4L
[LMn3(OAc)2

(MeOH)2]
[LCo3(OAc)2

(EtOH)2] ·2CHCl3

[LZn2Mn(OAc)2

(MeOH)2]
[LCu2Zn(OAc)2

(H2O)] ·MeOH ·8.5H2O

cryst syst monoclinic triclinic triclinic triclinic triclinic
space group Pn Pj1 Pj1 Pj1 Pj1
a/Å 4.5616(7) 9.584(6) 13.291(6) 11.168(5) 12.961(9)
b/Å 37.891(5) 13.666(9) 13.913(7) 12.914(6) 14.588(11)
c/Å 7.9858(11) 15.566(10) 14.599(8) 15.231(5) 14.682(11)
R/deg 108.702(8) 88.27(2) 68.539(16) 111.177(7)
�/deg 101.373(2) 95.255(4) 67.391(15) 68.930(16) 109.929(6)
γ/deg 101.023(8) 73.90(2) 86.77(2) 96.218(7)
V/Å3 1353.2(3) 1870(2) 2386(2) 1900.6(13) 2347(3)
Z 2 2 2 2 2
Dcalc/g cm-3 1.430 1.644 1.677 1.654 1.545
T/K 90 120 120 150 120
R1a [I > 2σ(I)] 0.0623 0.0405 0.0778 0.0449 0.0855
wR2a (all data) 0.1266 0.1012 0.1763 0.1166 0.2431

a R1 ) ∑||Fo| - |Fc||/∑|Fo|; wR2 ) [∑(w(Fo
2 - Fc

2)2)/∑(w(Fo
2)2)]1/2.
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99)25 and refined by full-matrix least squares on F2 using SHELXL
97.26 The non-hydrogen atoms were refined anisotropically except
for some disordered atoms. Hydrogen atoms were included at
idealized positions refined by use of the riding models.

Results and Discussion

Synthesis and Crystal Structure of the Free Ligand
H4L. The ligand H4L was prepared by the reaction of the
oxime 2a with 2,3-dihydroxybenzene-1,4-dicarbaldehyde
(1).15d In a similar manner, we also attempted the synthesis
of the bis(H2saloph) ligand H4L′, which contained imine
moieties instead of the oxime (Scheme 2). The monoimine
2b27 was obtained in 78% yield by the reaction of 2-hydroxy-
3-methoxybenzaldehyde with 2 equiv of o-phenylenediamine
in ethanol. From the reaction mixture of the monoimine 2b
and 0.5 equiv of the dialdehyde 1 in acetonitrile, a dark-red
crystalline product precipitated. However, the product was
identified as the macrocyclic tris(H2saloph) 312b (Chart 1)
instead of the desired acyclic bis(H2saloph) ligand H4L′. In
addition, the H2saloph derivative 4 was also detected in the
1H NMR spectrum of the reaction mixture. Undoubtedly,
these two compounds are derived from the CdN bond
recombination.28 The extremely low solubility of the mac-
rocycle 3 may shift the equilibrium to the formation of 3.12b

Thus, we concluded that an imine group29 is not suitable as
a constituent of the acyclic bis(N2O2 chelate) ligands.

Chart 1

We reported that H2salamo [)1,2-bis(salicylideneami-
nooxy)ethane, an O-alkyloxime analogue of H2salen] deriva-
tives are highly stable under conditions in which the imine
analogues suffer from the CdN recombination.16,17 The
synthetic intermediate monooxime 2a and the target tet-
raoxime ligand H4L were sufficiently stable to resist such a
CdN bond recombination.

The crystal structure of H4L was determined by X-ray
crystallography (Figure 1). The molecule adopts a zigzag
conformation where the two salicylaldoxime moieties are
separated from each other. Probably, packing effects account
for the zigzag conformation in the crystalline state. Three
hydroxyl groups (O1, O5, and O9) are involved in the
O-H · · ·N hydrogen bond to the oxime nitrogen, whereas
O6 forms an O-H · · ·O hydrogen bond. The corresponding
oxime nitrogen (N3) is located in the direction opposite to
the phenol oxygen (O6).

Complexation of H4L with Manganese(II), Cobalt(II),
Nickel(II), and Copper(II). We have already reported that
the complexation of the ligand H4L with zinc(II) acetate takes
place in a cooperative fashion to give the homotrinuclear
complex [LZn3]2+.15a,d The corresponding trinuclear com-
plexes having paramagnetic metals, such as manganese(II)
and cobalt(II), are interesting from the viewpoint of the
electrochemical or magnetic properties.30 Thus, we investi-
gated the complexation of H4L with manganese(II), cobalt-
(II), nickel(II), and copper(II) by spectroscopic methods in
a similar manner.

The color of a solution of H4L in chloroform/methanol
(1:1) immediately changed from colorless to yellow upon
the addition of a solution of cobalt(II) acetate. Two bands
at 304 and 317 nm disappeared and a new band at 345 nm
appeared in the absorption spectrum (Figure 2b). As in the
case of the zinc(II) complex,15a,d the spectroscopic titration
clearly indicates the formation of a 1:3 complex, although

(25) Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Garcia-Granda, S.;
Gould, R. O.; Israel R.; Smits, J. M. M. The DIRDIF 99 program
system; Crystallography Laboratory, University of Nijmegen: Nijmegen,
The Netherlands, 1999.

(26) Sheldrick, G. M. SHELXL 97, Program for crystal structure refinement;
University of Göttingen: Göttingen, Germany, 1997.

(27) Sasaki, I.; Pujol, D.; Gaudemer, A. Inorg. Chim. Acta 1987, 134, 53–
57.

(28) Similar CdN bond recombination affords a macrocyclic imine. See:
Houjou, H.; Nagawa, Y.; Hiratani, K. Tetrahedron Lett. 2001, 42,
3861–3863.

(29) We also attempted the synthesis of the bis(H2salen) ligand; however,
we could not purify the monoimine precursor analogous to 2a, probably
because of the CdN recombination.

(30) (a) Ama, T.; Rashid, M. M.; Yonemura, T.; Kawaguchi, H.; Yasui,
T. Coord. Chem. ReV. 2000, 198, 101–116. (b) Winpenny, R. E. P.
J. Chem. Soc., Dalton Trans. 2002, 1–10. (c) Laye, R. H.; McInnes,
E. J. L. Eur. J. Inorg. Chem. 2004, 2811–2818. (d) Christou, G.
Polyhedron 2005, 24, 2065–2075.

Scheme 2. Synthesis of Bis(N2O2 chelate) Ligands

Figure 1. Crystal structure of bis(salamo) ligand H4L with thermal
ellipsoids plotted at the 50% probability level.
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the ligand H4L has two salamo chelate moieties. The
exclusive and cooperative formation of the 1:3 complex was
suggested by the spectral changes because the isosbestic
points (263 and 325 nm) were observed when up to 3 equiv
of cobalt(II) was added. The titration experiments also
showed a similar 1:3 complexation of H4L with manga-
nese(II) and nickel(II) (Figure 2a,c). In general, the cobalt(II)
and manganese(II) complexes of the salen-type Schiff base
ligands are readily oxidized when exposed to air.12f,31 This
process can be easily monitored by the change in the
absorption spectra. In the case of the oxime-based ligand
H4L, however, such a spectral change due to autoxidation
was not observed. Thus, the 1:3 complexes of H4L with

cobalt(II) or manganese(II) was proven to be stable under
aerobic conditions.

In the ESI mass spectra, strong peaks for [LM3(OAc)]+

(M ) MnII, m/z 802.0; M ) CoII, m/z 814.0; M ) NiII, m/z
811.0) were observed (Figure 3a–c). These peaks clearly
indicated the existence of trinuclear complexes similar to
the zinc(II) complex.15a,d It is important to note that these
ions observed in the mass spectra contain an acetato ligand.

(31) (a) Biswas, S.; Mitra, K.; Schwalbe, C. H.; Lucas, C. R.; Chatto-
padhyay, S. K.; Adhikary, B. Inorg. Chim. Acta 2005, 358, 2473–
2481. (b) Amirnasr, M.; Schenk, K. J.; Gorji, A.; Vafazadeh, R.
Polyhedron 2001, 20, 695–702.

Figure 2. UV–vis spectral changes of H4L by the addition of M(OAc)2 (CHCl3/CH3OH (1:1), [H4L] ) 2.0 × 10-4 M): (a) M ) MnII; (b) M ) CoII; (c)
M ) NiII; (d) M ) CuII. The inset shows the plot of absorbance at 337 nm (MnII and NiII), 345 nm (CoII), and 304 and 334 nm (CuII) versus the molar ratio
[MII]/[H4L].

Figure 3. ESI mass spectra of H4L in the presence of M(OAc)2 (3 equiv): (a) M ) MnII; (b) M ) CoII; (c) M ) NiII; (d) M ) CuII.
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The acetate ion should play an important role in the
cooperative formation of the trinuclear complexes. As
described above, the reaction of H4L with M(OAc)2 (M )
MnII, CoII, and NiII) resulted in the cooperative formation of
[LM3]2+, and the acetate ion is strongly bound to the
trinuclear core in solution as in the crystalline state (vide
infra). The acetate adduct formation may be favorable when
the metal ions prefer the penta- and hexacoordinate environ-
ments (Scheme 3). Indeed, manganese(II), cobalt(II) (vide
infra), nickel(II),17b and zinc(II)17a in an N2O2 salamo chelate
site are penta- or hexacoordinate with additional coordination
of anions or solvent molecules. The acetate ion, which is
strongly bound to the metal in the salamo site, attracts the
third metal ion in the central O6 site by forming a µ2-acetato
bridge (vide infra).

Interestingly, no cooperative 1:3 complexation was ob-
served when H4L was titrated with copper(II) acetate. The
addition of 1 equiv of copper(II) caused a new peak at 323
nm, but the intensity of the peak became low and the peak
shifted to a longer wavelength when more than 1 equiv of
copper(II) was added (Figure 2d). The stoichiometry of the
copper(II) complex was not reliably determined by a molar

ratio plot of the titration experiments. Because there are no
isosbestic points observed in the spectra, two or more
complexes, such as the di- and trinuclear ones, are suggested
to form in a stepwise fashion.

In the ESI mass spectrum of H4L in the presence of 3
equiv of copper(II) acetate, both the di- and trinuclear
complexes were detected (Figure 3d). The dinuclear species
was observed as [LCu2H]+ (m/z 705.1) and [LCu2Na]+ (m/z
727.0), indicating that there is a considerable amount of the
dinuclear complex [LCu2] in solution even in the presence
of excess copper(II) acetate. In addition, the trinuclear
complex was observed as a dicationic species [LCu3]2+ (m/z
383.5). It is noteworthy that the peak intensity for the acetate
adduct [LCu3(OAc)]+ was low. This observation strongly
indicates the weak coordination of the acetate ion to
[LCu3]2+.

The reason why the complexation behavior of H4L with
copper(II) is different from that with other metals can be
explained as follows. Salamo-type ligands can form stable
tetracoordinate complexes with copper(II),15c,16a whereas
penta- or hexacoordinate ones form with other metals (MnII,
CoII, NiII, and ZnII). The additional coordination of the acetate

Scheme 3. Plausible Mechanism for the Formation of Trinuclear Complexes

Figure 4. ESI mass spectra of H4L in the presence of MCl2 (3 equiv): (a) M ) MnII; (b) M ) CoII; (c) M ) NiII; (d) M ) CuII.
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ion to copper(II) in the salamo site, which changes the
copper(II) from tetra- to pentacoordinate, is not prone to take
place. Because the coordination of the acetate ion is weak,
the µ2-acetato bridging cannot enhance the interaction
between the salamocopper(II) unit and the additional cop-
per(II). Consequently, the complexation of [LCu2] with a
third copper(II), which is mainly due to the µ2-phenoxo
bridging, is less favored. This is in contrast to the manga-
nese(II), cobalt(II), and nickel(II) systems, in which the
acetate ion is strongly bound to the trinuclear core. Thus,
we again confirmed that the bridging µ2-acetato ligand plays
an important role in the strong binding of [LM2] toward the
third MII, which causes the cooperative formation of the
trinuclear complexes [LM3]2+.

To confirm the effect of the acetate ion on stabilization of
the [LM3]2+ species, complexation of H4L with metal ions
was studied in the absence of the acetate ion. The ESI mass
spectra of H4L in the presence of MCl2 (M ) MnII, CoII,
and NiII; Figure 4a–c) clearly indicated the existence of
dinuclear species [LM2], which was confirmed by the peaks
for [LM2Ca]2+ (m/z 364.0 for M ) MnII; m/z 368.0 for M )
CoII; m/z 367.0 for M ) NiII). Trinuclear species [LM3]2+

was also detected for M ) MnII (m/z 371.5) and M ) CoII

(m/z 377.5). In addition, peaks corresponding to the free
ligand were observed as [H4L + H]+ (m/z 583.2) and [H4L
+ Na]+ (m/z 605.2). Obviously, trinuclear complex [LM3]2+

did not form efficiently under the conditions. Consequently,
the acetate ion is essential for the efficient and cooperative
formation of trinuclear complex [LM3]2+ (M ) MnII, CoII,
and NiII). The mass spectrum of H4L in the presence of CuCl2

also showed peaks related to dinuclear species [LCu2Na]+

(m/z 727.0) and [LCu2Ca]2+ (m/z 372.0) (Figure 4d). In this
case, however, peaks for trinuclear species [LCu3]2+ or free
lilgand H4L were not detected. This result suggested that
dinuclear complex [LCu2] was almost exclusively formed
and that the formation of trinuclear complex [LCu3]2+ is less
favored in the absence of acetate ion.

Crystal Structures of Manganese(II) and Cobalt(II)
Complexes. An X-ray crystallographic analysis revealed that
the manganese(II) complex consists of one ligand L4-, three
manganese(II) ions, two acetato ligands, and two methanol
molecules (Figure 5 and Table 2). Mn1 and Mn3 sit in the
N2O2 chelate sites. In addition, an acetato ligand coordinates
to Mn1 having a distorted octahedral geometry in an η2

fashion and another acetato ligand bridges Mn2 and Mn3.
The geometry of Mn3 is trigonal-bipyramidal. On the other
hand, Mn2 has a pentagonal-bipyramidal geometry with
seven oxygen donors in which two methanol molecules
occupy the axial positions (O15 and O16). The ligand L4-

coordinates to Mn2 through three phenoxo donors (O1, O5,
and O6), with Mn2-O distances ranging from 2.200 to 2.255
Å. A weak coordination bond was also found between Mn2
and a methoxy group of ligand L4- [Mn2-O2 2.589(2) Å].
Thus, the four oxygen donors in L4- coordinate to Mn2,
which forces the structure of the L4- moiety into a C-shaped
one. In the crystal structure, two methanol molecules are
involved in the hydrogen bonding: one to the phenoxo
oxygen [O16-O9 2.783(3) Å] and the other to the acetato
oxygen [O15-O11, 2.629(3) Å]. These intramolecular
hydrogen bonds may stabilize the trinuclear structure.

In contrast, the cobalt(II) complex has an S-shaped
structure (Figure 6 and Table 2), although it has the
composition [LCo3(OAc)2(EtOH)2] similar to the manga-
nese(II) analogue. Two of the three cobalt atoms (Co1 and

Figure 5. Crystal structure of [LMn3(OAc)2(MeOH)2] (ORTEP, 50%
probability).

Table 2. Selected Interatomic Distances (Å) of Complexes
[LMn3(OAc)2(MeOH)2] and [LCo3(OAc)2(EtOH)2]

[LMn3(OAc)2(MeOH)2] [LCo3(OAc)2(EtOH)2]

Mn1-N1 2.278(2) Co1-N1 2.106(6)
Mn1-N2 2.267(2) Co1-N2 2.062(6)
Mn1-O1 2.1063(19) Co1-O1 1.938(4)
Mn1-O5 2.1081(19) Co1-O5 2.060(5)
Mn1-O11 2.209(2) Co1-O11 1.997(5)
Mn1-O12 2.348(2)
Mn2-O1 2.2069(19) Co2-O5 2.083(5)
Mn2-O2 2.589(2) Co2-O6 2.039(5)
Mn2-O5 2.2003(18) Co2-O12 2.061(5)
Mn2-O6 2.2552(19) Co2-O13 2.049(5)
Mn2-O13 2.1800(19) Co2-O15 2.156(5)
Mn2-O15 2.228(2) Co2-O16 2.125(5)
Mn2-O16 2.173(2)
Mn3-N3 2.268(2) Co3-N3 2.056(6)
Mn3-N4 2.269(2) Co3-N4 2.102(6)
Mn3-O6 2.0954(19) Co3-O6 2.049(5)
Mn3-O9 2.0650(18) Co3-O9 1.935(5)
Mn3-O14 2.163(2) Co3-O14 2.012(5)

Figure 6. Crystal structure of [LCo3(OAc)2(EtOH)2] (ORTEP, 50%
probability).
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Co3) sit in the salamo moiety, whereas the third one (Co2)
is in the central cavity. Two acetato ligands as well as two
phenoxo donors (O5 and O6) bridge Co1-Co2 or Co2-Co3.
The two metal atoms in the N2O2 sites (Co1 and Co3) have
a trigonal-bipyramidal geometry, whose axial positions are
occupied by the N1-O5 and N4-O6 donors, respectively.
On the other hand, Co2 in the central O6 site has an
octahedral geometry with six oxygen-donor atoms including
two µ2-acetato ligands and two ethanol molecules. There are
hydrogen bonds between the ethanol molecules and phenoxo
oxygen atoms [O15-O9 2.729(7) Å and O16-O1 2.719-
(7) Å].

There are common features in the crystal structures of the
trinuclear complexes [LM3(OAc)2(solv)n] (M ) MnII, solv
) MeOH, n ) 2; M ) CoII, solv ) EtOH, n ) 2; M )
ZnII,15a,d solv ) EtOH or H2O, n ) 1). All of the complexes
have the third metal ion in the central O6 cavity, and the
three metal ions are bridged by the µ2-phenoxo ligand and
at least one µ2-acetato ligand. It was known that the phenoxo
oxygen of metal complexes of the salen-type N2O2 ligands
can further coordinate to another metal ion much stronger
than the phenol of uncomplexed ligands. This is mainly due
to the anionic feature of the deprotonated phenol group,
which can readily bridge two metal ions in a µ2 fashion.
Furthermore, the bridging µ2-acetato ligands contribute to
the stabilization of the trinuclear structure. We have reported
that the O6 site of the ligand L4- is suitable for the inclusion
of rare-earth and alkaline-earth metal ions because of the
effective coordination of all six oxygen donors (four µ2-
phenoxo and two methoxy groups) arranged in a cyclic
fashion. In the homotrinuclear system, however, the simul-
taneous coordination of the six oxygen donors to the central
metal ion is not essential for the formation of [LM3]2+.15a,d

The two terminal salicylidene moieties of [LM3]2+ are
dangling because they do not simultaneously coordinate to
the central metal ion.

Because of this structural feature, the ligand moiety of
complexes [LM3]2+ has various structures depending on the
metal used. The dihedral angles R and R′ between the
benzene rings (defined as shown in Scheme 4) are sum-
marized in Table 3. The terminal benzene ring of the zinc(II)
complexes [LZn3(OAc)2(solv)] (solv ) H2O and EtOH)15a,d

is bent to the same side and the angles R and R′ range from

66 to 105°. In the case of the manganese(II) complex, one
of the angles is much smaller than the other [78.16(9) and
33.66(11)°]. The pentagonal-bipyramidal geometry of Mn2,
in which four of the five equatorial positions are occupied
by oxygen atoms (O1, O2, O5, and O6) of L4-, probably
increases the planarity around the Mn1-salamo moieties.
On the other hand, only O5 and O6 coordinate to the central
metal in the case of the cobalt(II) complex. Interestingly,
the two terminals of the ligand L4- in [LCo3(OAc)2(EtOH)2]
are directed to opposite sides with almost the same angles
(R ) 93.0° and R′ ) -92.0°). Accordingly, the cobalt(II)
complex has an S-shaped structure in which both ends of
the ligand L4- are separated from each other.

As a result, the structure of the trinuclear complex
[LM3(OAc)2(solv)n] depends on the metal. The orientation
of both terminals may be influenced by the slight difference
in the geometry of each metal because the phenoxo groups
of at least one terminal salicylaldoxime moiety are not bound
to the central metal. In addition, the coordination of the
acetato ligands and solvent molecules as well as hydrogen
bonds between them may affect the structure.

Synthesis and Structure of d-Block Heterometal
Complexes. As described above, the homotrinuclear com-
plexes can be efficiently obtained by the cooperative com-
plexation between the tetraoxime ligand H4L and d-block
transition-metal ions (MnII, CoII, NiII, and ZnII) in spite of
the two completely different coordination environments
provided by the N2O2 chelates and an O6 cavity. We have
reported that the heterotrinuclear complex [LZn2G]n+ (G )
alkaline earth and rare earth) can be obtained by the selective
metal exchange that is probably driven by the larger electric
charge and suitable ionic radius of Gn+.15d The different
nature of the two kinds of coordination sites effectively
discriminates the different d-block transition metals, even
though they have the same electric charges and similar ionic
radii. In fact, the site-selective synthesis of heteronuclear
complexes [LM2M′]2+, where M and M′ are different d-block
transition metals, can also be achieved using the bis(salamo)
ligand H4L (Scheme 5).

Table 4 shows the predominant species observed in the
ESI mass spectra of the ligand H4L in the presence of two
of the five divalent d-block transition metals (MnII, CoII, NiII,
CuII, and ZnII; 3 equiv each). For CuII-CoII, CoII-NiII, and
NiII-ZnII, a mixture of trinuclear complexes was formed.
However, it is noteworthy that a single heterotrinuclear
complex [LM2Mn]2+ was selectively formed in a solution
containing MnII and MII (CuII, CoII, NiII, and ZnII). The
reverse heterotrinuclear complexes [LMn2M]2+ or homotri-
nuclear complexes [LM3]2+ were not detected in the mass
spectra. The almost exclusive formation of [LM2Mn]2+

Scheme 4. Dihedral Angles R and R′ of Trinuclear Complexes
[LM3(OAc)2(solv)n]

Table 3. Dihedral Angles R and R′ of Trinuclear Transition-Metal
Complexes [LM3(OAc)2(solv)n]

complex R (deg)a R′ (deg)a

[LMn3(OAc)2(MeOH)2] 78.16(9) 33.66(11)
[LCo3(OAc)2(EtOH)2] 93.0(2) -92.0(2)
[LZn3(OAc)2(H2O)]15d 66.0(2) 105.2(2)
[LZn3(OAc)2(EtOH)]15a 69.47(13) 88.19(12)

a Dihedral angles R and R′ are defined as shown in Scheme 4.
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suggests that MnII prefers the central O6 cavity to the N2O2

salamo moiety.
The structure of [LZn2Mn(OAc)2] was determined by

X-ray crystallography (Figure 7 and Table 5). As expected,
the two zinc atoms, Zn1 and Zn2, are in the N2O2 sites and
Mn1 is in the central O6 cavity. The geometry of Mn1 in
the central O6 site is pentagonal bipyramidal similar to that
of [LMn3(OAc)2(MeOH)2]. The five oxygen donors provided
by L4- (O1, O2, O5, and O6) and acetato ligand (O13)
occupy the equatorial positions of Mn1, although the
O2-Mn1 bond is significantly elongated [2.693(3) Å]. In
addition, two methanol molecules occupy the apical posi-
tions. The preference of ZnII over MnII in the N2O2 sites is
reasonably explained by the Irving-Williams series.32 In
contrast, the central O6 site binds MnII more strongly than
ZnII. In the crystal structure, only two oxygen donors of the

O6 site coordinate to the central Zn2+ of [LZn3]2+, while four
donors interact with the central MnII of [LZn2Mn]2+. The
[LZn2] unit binds Mn2+ more strongly than Zn2+ presumably
because of the increased number of coordination bonds to
the central metal.

Site selectivity was also observed when the CuII-M (M
) NiII, ZnII, and MnII) combinations were used as the metal
source (Table 4). The predominant trinuclear complex in the
ESI mass spectra was [LCu2M]2+. In addition, several peaks,
such as [LCu2H]+ and [LCu2Na]+, were observed in the mass
spectrum. These peaks strongly suggest the existence of
[LCu2], which has no d-block transition metal in the O6 site.
This result shows that the affinity of the O6 site of [LCu2] to
the metals (ZnII, MnII, NiII, CoII, and CuII) is not so strong.(32) Irving, H.; Williams, R. J. P. J. Chem. Soc. 1953, 3192–3210.

Scheme 5. Formation of Trinuclear Complexes with Two Different d-Block Transition Metals

Table 4. Predominant Species Observed in ESI Mass Spectra of H4L in
the Presence of Two Kinds of d-Block Transition Metals (3 equiv for
Each)

M M′ LM2M′ speciesa others

Cu Co LCu2Co, LCo2Cu L2Cu4Co, LCu2
b

Cu Ni (LNi2Cu)c LCu2
b

Cu Zn LCu2Zn LCu2
b

Cu Mn LCu2Mn LCu2
b

Co Ni LCo3, LCo2Ni
Co Zn LCo2Zn, (LZn2Co)c

Co Mn LCo2Mn
Ni Zn LZn2Ni, LNi2Zn
Ni Mn LNi2Mn
Zn Mn LZn2Mn (LZn2)b,c

a Observed as [LM2M′]2+ and [LM2M′(OAc)]+. b Observed as [LM2H]+,
[LM2Na]+, and/or [LM2Ca]2+. c Weak intensity.

Figure 7. X-ray structure of [LZn2Mn(OAc)2(MeOH)2]. Thermal ellipsoids
are drawn at the 50% probability level.

Table 5. Selected Interatomic Distances (Å) of
[LZn2Mn(OAc)2(MeOH)2] and [LCu2Zn(OAc)2(H2O)]

[LZn2Mn(OAc)2(MeOH)2] [LCu2Zn(OAc)2(H2O)]

Zn1-N1 2.052(3) Cu1-N1 1.962(6)
Zn1-N2 2.133(3) Cu1-N2 2.014(7)
Zn1-O1 2.074(2) Cu1-O1 1.949(5)
Zn1-O5 1.987(2) Cu1-O5 1.902(5)
Zn1-O11 1.966(3) Cu1-O11 2.252(6)
Zn2-N3 2.071(3) Cu2-N3 1.998(7)
Zn2-N4 2.177(3) Cu2-N4 1.972(7)
Zn2-O6 2.042(2) Cu2-O6 1.913(5)
Zn2-O9 1.967(2) Cu2-O9 1.969(6)
Zn2-O14 1.977(3) Cu2-O14 2.238(5)
Mn1-O1 2.206(3) Zn1-O1 2.135(5)
Mn1-O2 2.693(3) Zn1-O5 2.028(5)
Mn1-O5 2.175(2) Zn1-O6 2.220(5)
Mn1-O6 2.287(2) Zn1-O13 1.951(6)
Mn1-O13 2.127(3) Zn1-O15 1.964(5)
Mn1-O15 2.222(3)
Mn1-O16 2.215(3)

Figure 8. X-ray structure of [LCu2Zn(OAc)2(H2O)]. Thermal ellipsoids
are drawn at the 30% probability level.
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The structure of [LCu2Zn]2+ was determined by X-ray
crystallography (Figure 8 and Table 5). As expected, the two
copper atoms (Cu1 and Cu2) are located in the salamo
moieties and Zn1 is in the central O6 cavity. Cu1 has a
square-pyramidal geometry, where O11 of the monodentate
acetato ligand occupies the axial position, whereas Cu2 has
a trigonal-bipyramidal geometry with axial donors of O6 and
N4. The geometry of Zn1 in the central O6 site is distorted
trigonal-bipyramidal in which O1 and O6 occupy the apical
positions. The [LCu2] unit acts as a tridentate ligand (O1,
O5, and O6) for Zn1 in the central O6 site.

Conclusion

We have synthesized a new type of acyclic bis(N2O2

chelate) ligand that affords a C-shaped O6 site by the
metalation of the N2O2 sites. UV–vis titration clearly showed
that the complexation between H4L and a divalent d-block
metal MII (MnII, CoII, and NiII) affords a 1:3 complex [LM3]2+

in a cooperative fashion. The X-ray crystallographic analysis
of the manganese(II) and cobalt(II) homotrinuclear com-
plexes showed that each of the three metal ions occupied
both the N2O2 and O6 sites. The third complexation in the
O6 site is presumably due to the bridging µ2-acetato and µ2-
phenoxo groups of the [M(salamo)] moieties. In contrast,
such a 1:3 complexation with copper(II) was not favorable,
probably because the acetate ion coordinates to copper(II)
at a salamo N2O2 site more weakly than to manganese(II),

cobalt(II), nickel(II), and zinc(II). The resultant trinuclear
complexes have a C- or S-shaped structure depending on
the metal employed. The framework of H4L may be utilized
as a scaffold of switchable functional molecules bearing
photoactive or redox-active moieties. In addition, the different
nature of the N2O2 and O6 sites of the ligand H4L leads to
the site-selective introduction of two different kinds of metals
even if they are divalent d-block transition metals (MnII, CoII,
NiII, CuII, and ZnII). Among them, manganese(II) selectively
occupied the central O6 site, whereas copper(II) preferred
the N2O2 site. The resultant homo- and heterotrinuclear
complexes are attractive because we can construct next-
generation functional molecules by incorporating the intrinsic
properties of the metal complexes such as catalytic activity
and redox properties.
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