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a naphthalenediol-based acyclic bis(salamo)-type tetraoxime ligand

Jing Hao, Li-Long Li, Jin-Tong Zhang, Sunday Folaranmi Akogun, Li Wang, Wen-Kui Dong’
School of Chemical and Biological Engineering, Lanzhou Jiaotong University, Lanzhou, Gansu
730070, PR China

ABSTRACT
The homo/heterotrinuclear metal(ll) complexes [Zn3(L)(OAc),(CH30H),]-3CHCI; (1),
[Zn,(L)Ca(OAC)2]-CHCl; (2), [Zn,(L)Sr(OAC),] 3) and

[Zn;Ba(L)(OAC)2(CH30H)]-CH30OH-CHCI; (4), with a novel acyclic bis(salamo)-type tetraoxime
ligand HiL, were synthesized and characterized by elemental analyses, IR, UV-Vis and
fluorescence spectra. UV-Vis titrations clearly show that complexation of HsL with Zn(ll) ions
affords a stoichiometric ratio of 3:1 (M:L) in a cooperative fashion. Complexes 2, 3 and 4 can
acquire by the substitution reactions of complex 1 with 1 equivalent of M(OAc), (M** = Ca®*,
Sr** or Ba®"). The crystal structures of complexes 1-4 have been determined by single-crystal
X-ray diffraction. The coordinating ability of the [Zns(L)]** units may be utilized as a cation

recognition phenomenon.

Keywords: Acyclic bis(salamo) ligand; Heterobismetallic 3d-2s complex; UV-Vis titration;

Crystal structure; Fluorescence property

1. Introduction

Various kinds of salen-type ligands, used for synthesizing functional metal complexe,s
have been synthesized by chemical modification of aldehydes or diamines, which are
versatile and important compounds [1-3]. Many salen-type metal complexes have already
been developed to study their structures, reactivities or fundamental physical properties

[4,5]. Polynuclear metal complexes with a variety of interesting structures, such as
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metallamacrocycles [6], have unique properties and functions like magnetic properties [7],
catalytic activity [8], guest recognition [9] and so on. In particular, heteronuclear
complexes bearing 3d and 4f transition metals are interesting and important because
magnetic superexchange interactions between the bridged metal atoms may exist in the
complexes, which can also be used in guest recognition [10]. Simultaneous and synergistic
non-covalent interactions result in strong and specific host-guest binding phenomena,
except some which are weak [11]. Such a metal-containing ionophore is expected to show
an interaction between the guest cations and the metal complex moieties, leading to
various kinds of functional host-guest systems [12]. In this paper, using the recognition of
metal atoms by the ligand H4L, on the basis of complex 1, complexes 2, 3 and 4 were
subjected to UV-Vis titration and fluorescence titration experiments.

A variety of acyclic and cyclic ligands with two kinds of sites have also been
designed to synthesize such a heteronuclear complex [13]. At the beginning, preparing the
complexes was mostly restricted by the stepwise reactions using a readily available
mononuclear complex, which can be regarded as an “addition reaction”. However, the
preparation of heteronuclear complexes has now been developed, for instance, the metal
that initially bonds to one site of ' some ligands migrates to another site during the second
metalation step [14]. Furthermore, metal exchange between two “coordination-position
isomers” has also been reported [15,16]. In this context, we used a new method to
synthesize (3d)2(2s) ‘trinuclear complexes, which could be regarded as a “substitution
reaction”. A (3d)z homotrinuclear complex prepared with three Zn(ll) ions and the acyclic
bis(salamo) -ligand H,L, having two salen-type chelating moieties [17], undergoes
exclusive and guantitative transmetalation of the central 3d metal ion with a 2s metal ion.

Herein, following our previous studies on the synthesis, structural characterization and
optical properties of 3d or 3d—4f salamo-type complexes [18], we report the cooperative
formation of trinuclear complexes by the metalation of the bis(salamo) ligand HsL. The
homotrinuclear complex with the central cavity surrounded by six oxygen atoms is expected to
have a high affinity toward metal cations, since the donor atoms are arranged in a cyclic fashion
and are negatively charged. Through the “substitution reaction”, the homotrinuclear complex 1

could be effectively transformed into the heterotrinuclear complexes 2, 3 and 4.



2. Experimental
2.1. Materials and instruments

2-Hydroxy-3-methoxybenzaldehyde (99%), methyl trioctyl ammonium chloride
(90%), pyridiniumchlorochromate (98%) and borontribromide (99.9%) were purchased
from Alfa Aesar. Hydrobromic acid 33wt% solution in acetic acid was purchased from
J&K Scientific Ltd. The other reagents and solvents were purchased from Shanghai Darui
Chemical Fine Chemicals Company. All chemicals were of analytical grade and used
without further purification. C, H and N analyses were obtained using a GmbH VarioEL
V3.00 automatic elemental analysis instrument. Elemental analyses for the metals were
detected with an IRIS ER/S-WP-1 ICP atomic emission spectrometer. IR spectra were
recorded on a VERTEX70 FT-IR spectrophotometer, with the samples prepared as KBr
(500-4000 cm™) pellets. UV-Vis absorption spectra were recorded on a Shimadzu
UV-2550 spectrometer. 'H NMR spectra were determined with a German Bruker
AVANCE DRX-400 spectrometer. Fluorescent spectra were taken on a LS-55 fluorescence
photometer. X-ray single crystal structure determinations were carried out on a Bruker
Smart Apex CCD diffractometer. Melting points were obtained with the use of an X4
microscopic melting point apparatus made from the Beijing Taike Instrument Limited

Company and were uncorrected.

2.2. Synthesis of the ligand HyL

The ligand H4L was obtained by the reaction of
2,3-dihydroxynaph-thalene-1,4-dicarbaldehyde with
2-[O-(1-ethyloxyamide)]oxime-6-methoxyphenol, according to the literature [19]. The *H NMR
spectrum in'CDClI; (Fig. 1) showed signals at 6 11.03 and 9.82 ppm, which could be assigned to
the OH protons. However, there were obvious signals at 0 9.14 and 8.29 ppm for the
salicylaldimine CH=N protons. The ¢ 6.68-7.97 ppm peaks could be assigned to the H protons of
the naphthalene and benzene rings.

The ligand HyL is remarkably soluble in chloroform, DMF and DMSO, but only slightly
soluble in methanol, ethanol, acetone and ethyl acetate. Its corresponding complexes are stable in
air. The reaction steps involved in the synthesis of the bis(salamo)-type tetraoxime ligand (H4L)

are shown in Scheme 1.



Scheme 1. Synthetic route to the bis(salamo)-type tetraoxime ligand HaL.

2.3. Synthesis of complexes 1, 2, 3 and 4
2.3.1. Synthesis of complex 1

A solution of Zn(OAc),:2H,0 (6.58 mg, 0.03 mmol) in methanol (3 mL) was added to a
solution of the ligand HaL (6.32 mg, 0.01 mmol) in chloroform (3 mL) at room temperature. The
color of the solution immediately turned yellow. The mixture was filtered and the filtrate was
allowed to stand at room temperature for about four weeks. The solvent was partially evaporated
and several yellow prismatic single crystals were obtained. Yield: 5.:62 mg (41.2%). Anal. Calc.
for C41H45Ci19N4O16Zn3: C, 36.07; H, 3.32; N, 4.10. Found: C, 35.96; H, 3.40; N, 3.97%. IR (KBr;
cm™): 1604 [v(C=N)], 1245 [v(Ar-0)], 3392 [v(O—H)].-UV-Vis [in chloroform/methanol (1:1)],
Amax (NM) [3.3 x 107> M]: 280, 370, 396, 4186.

2.3.2. Syntheses of the heterotrinuclear complexes

A solution of Zn(OAc),-2H,0 (6.58 mg, 0.03 mmol) in methanol (1 mL) and Ca(OAc), (1.58
mg, 0.01 mmol) in water/methanol (1:3, 2 mL) were added to a solution of H4L (6.32 mg, 0.01
mmol) in chloroform (3 mL), and the resulting solution was concentrated to dryness. The solid
was redissolved in chloroform/methanol (1:1, 6 mL). The mixture was filtered and the filtrate
was allowed to stand at room temperature for several weeks, giving yellow crystals of complex 2.
Complexes 3 and 4 were prepared by a similar procedure as for complex 2.

Complex 2, yellow crystals, Yield: 4.73 mg (45.6%). Anal. Calc. for C37H35CaClzsN4O14Zn;:
C, 42.86; H, 3.40; N, 5.40. Found: C, 42.79; H, 3.23; N, 5.27%. IR (KBr; cm™): 1610 [w(C=N)],
1238 [v(Ar=0)]. UV-Vis [in chloroform/methanol (1:1)], Amax (NM) [3.3 x 107> M)]: 280, 370,
396, 416.

Complex 3, yellow crystals, Yield: 3.31 mg (34.3%). Anal. Calc. for C3sH34N4O14SrZn;,: C,
44.80; H, 3.55; N, 5.81. Found: C, 44.73; H, 3.62; N, 5.75%. IR (KBr; cm™): 1610 [v(C=N)],
1235 [v(Ar-0)]. UV-Vis [in chloroform/methanol (1:1)], Amax (NM) [3.3 x 107> M)]: 280, 370, 396,
416.

Complex 4, yellow crystals, Yield: 3.01 mg (25.1%). Anal. Calc. for C3gH43BaClsN4O16Zn;:
C, 39.09; H, 3.62; N, 4.68. Found: C, 39.21; H, 3.72; N, 4.62%. IR (KBr; cm™): 1610 [w(C=N)],



1235 [V(Ar-0)], 3434 [v(O-H)]. UV-Vis [chloroform/methanol (1:1)], [3.3 x 107> M)] Amax (NM):
280, 370, 396, 416.

2.4. X-ray crystal structure determination

Intensity data for complexes 1, 2 and 3 were collected on a SuperNova (Dual, Cu at zero,
Eos) diffractometer with Mo K, radiation (A = 0.71073 A) at 173.00(10), 293(2) and.294.29(10)
K, respectively, while intensity data for complex 4 was collected on a Bruker-Smart 1000 CCD
area detector with Mo K, radiation (. = 0.71073 A) at 291.73(10) K. Reflection data were
corrected for Lorentz and polarization factors and for absorption using the multi-scan method.
The structures were solved by using the program SHELXL-97 and Fourier difference techniques,
and refined by the full-matrix least-squares method on F?. All hydrogen atoms were added in

calculated positions. The crystallographic data are summarized in Table 1.

Table 1 Crystallographic data and refinement parameters for the complexes 1, 2, 3 and 4.

3. Results and discussion
3.1. Crystal structures

Complex 1 was synthesized by the reaction of the ligand HsL with 3 equivalents of the Zn** ion.
Complexes 2, 3 and 4 were prepared by the reactions of complex 1 with 1 equivalent of M(OACc);
(M?* = Ca®*, Sr** or Ba™). Complex 1 dissolves in DMF and chloroform, but is only slightly
soluble in methanol. Complexes 2, 3 and 4 have similar solubility. The heterotrinuclear
complexes 2-4 were synthesized by using Ca®*, Sr** and Ba”" ions to replace the central Zn** ion
of complex 1, [Zns(L)]** (Scheme 2). All the structures of the complexes were determined by

single-crystal X-ray diffraction. Selected bond lengths and bond angles are listed in Table S1.

Scheme 2. Formation of the trinuclear complexes L-Mj from the bis(salamo) ligand H4L and ion

recognition based on metal exchange.

3.1.1. Structure of complex 1
The crystal structure and atom numbering of complex 1 are shown in Fig. 2. Complex 1
crystallizes in the monoclinic system, space group P2;/n. X-ray crystallography clearly shows the

formation of complex 1, which was isolated as yellow crystals. Interestingly, the formation



process of complex 1 was highly cooperative. In the crystal structure of complex 1, two acetate
ions bridge the trinuclear Zn?* ions in a p,-fashion, which probably contributes to the cooperative
formation of complex 1. The Zn1 and Zn2 atoms are both five-coordinated with distorted trigonal
bipyramidal geometries, which were deduced by calculating the 7 values, where 7; = 0.8227 and
7o = 0.6943 [20]. The Zn3 atom is six-coordinated, with a distorted octahedral geometry. The
distances between the Zn3 atom and the coordinated oxygen atoms range from 2.02to 2.19 A.
The Zn3 atom is located in the cavity that consists of six oxygen atoms, where four oxygen atoms

are phenoxy oxygen atoms and the other two oxygen atoms are from the methoxy groups.
Fig. 2. X-ray crystal structure of complex 1.

In the crystal structure of complex 1, there is a significant intermolecular hydrogen bond
(C10-H10A:--012) between the complex 1 units, which links the units together efficiently to form
a 1D chain supra-molecular structure along the b'axis (Fig. S1).

As a result, metalation of the bis(salamo) ligand H,L affords the trinuclear complex
[Zns(L)]?* instead of the dinuclear complex [Zn,(L)]. Complex 1 was not the desired product
because its cavity is occupied by an additional Zn** ion,as is evident from the crystal structure.
However, the size of the cavity seems to be too large to fit in the central Zn** ion because only
two donor atoms coordinate to the central Zn®* ion in the crystal structure. Thus, this structure
suggests that the central Zn** ion should be replaced by a metal ion with a suitable size for the
cavity. Thus the 2s ions having a suitable radius are utilized in a “substitution reaction” to prepare

heteronuclear complexes.

3.1.2. Structure of complex 2

The crystal structure and atom numbering of complex 2 is shown in Fig. 3(a).
Complex 2 crystallizes in the triclinic, space group P1. In complex 2, The Znl and Zn2
atoms are located in the N,O, salamo moieties, two acetate ions bridge the Zn?* ions and
the Ca®* ion in a po-fashion. The Znl and Zn2 atoms are both five-coordinated with
tetragonal pyramidal geometries, which were deduced by calculating the z values, where 73 =
0.3335 and 7, = 0.2287, for the Znl and Zn2 atoms, respectively [20]. The Cal atom is

eight-coordinated with the a square antiprismatic geometry, replacing the central Zn*" ion



of complex 1. Here, all the six oxygen atoms of the [LZn,] moiety coordinate nicely to the
Cal atom. Complex 2 has weak coordination with the methoxy groups, deduced by
analyzing the distance between the Cal atom and the oxygen atoms of the methoxy
groups. The distances between the Cal atom and the four phenoxy oxygen atoms.of the
salamo moieties range from 2.365(4) to 2.432(3) A, which are obviously shorter than the
bond distances to the methoxy groups (Cal-O1 2.678(3) A, Cal-010 2.643(3) A). This
fact clearly shows that the coordination bonds of the former are stronger than those of the
later. Intermolecular hydrogen bonds (C7-H7---O11, C24-H24--O13) between complex 2 units
obviously link the units together efficiently, and the interlinked units eventually form a 1D chain
supra-molecular structure, which is very similar to complex 1 (Fig. S2).

In summary, the stable complex 2 is obtained by the substitution reaction of the Ca®* ion with
complex 1, where the space group and geometries of the Znl and Zn2 atoms are all different
from that of complex 1. Compared with the oxygen atoms of the methoxy groups, Cal has a
strong coordination with the phenoxy oxygen atoms, which probably results from the electrostatic

interaction.

Fig. 3. X-ray crystal structures of the heterotrinuclear complexes: (a) complex 2, (b) complex 3, (c)

complex 4.

3.1.3. Structure of complex 3

The crystal structure and atom numbering of complex 3 is shown in Fig. 3(b). Complex 3
crystallizes in'the triclinic system, space group P1. The Zn®** ions of complex 3 have similar
coordination environments and coordination geometries, with the z values 75 = 0.4233 (Zn1) and
76 = 0.5087 (Zn2) [20]. Both zinc atoms are five-coordinated with tetragonal pyramidal (Znl1) and
trigonal bipyramidal (Zn2) geometries. The Srl atom is eight-coordinated with a square
antiprismatic geometry, which is similar to the Cal atom in complex 2. The distances between the
Srl atom and the four phenoxy oxygen atoms of the coordinated salamo moieties range from
2.501(4) to 2.569(5) A, which are obviously shorter than the bond distances to the methoxy
groups (Sr1-O1 2.645(5) A, Sr1-010 2.735(4) A). The Sr-O bonds in complex 3 experience the
same coordination environment as the Ca-O bonds in complex 2, however, these bonds are

obviously longer than the corresponding Ca-O bond lengths found in complex 2.



In the crystal structure of complex 3 there are significant intermolecular hydrogen bonds
(C16-H16---03, C24-H24--011) and C-H--m interactions (C8-H8B--Cg6 (C1-C6),
C22-H22A---Cg5 (C11-C20)). Here, complex 3 units are interlinked by the intermolecular
hydrogen bonds and C-H---x interactions into a 2D supra-molecular structure (Fig. S3).

3.1.4. Structure of complex 4

The crystal structure and atom numbering of complex 4 is shown in Fig. 3(c). Complex 4
crystallizes in the triclinic system, space group P1, which is the same as complexes 2 and 3. The
Zn** ions of complex 4 are both five-coordinated with tetragonal pyramidal geometries, derived
from the 7 values of 77 = 0.4688 (Zn1) and =g = 0.4263 (Zn2) [20]. In this complex the Bal atom
is nine-coordinated with a single square antiprismatic geometry, which is different from the Cal
and Srl atoms in complexes 2 and 3 because of the coordination of a methanol molecule. The
distances between the Bal atom and the four phenoxy oxygen atoms of the salamo moieties range
from 2.706(4) to 2.814(4) A, which are obviously shorter than the bond distances to the methoxy
groups (Bal-O1 2.973(5) A, Bal-010 2.955(4) A). The same situation was also observed in
complexes 2 and 3.

In the crystal structure of complex 4, because of the presence of methanol molecules, there
are more significant intermolecular hydrogen bonds (C23-H23A---014, 015-H15--016 and O16-
H16A--013) and C-H--m interactions (C21-H21---Cg6 (C11-C12-C17-C18-C19-C20) and
C14-H14---Cg8 (C25-C30)). Here, complex 4 units are interlinked by the intermolecular
hydrogen bond and C-H---z interactions into a 2D supra-molecular structure along the bc plane
(Fig. S4).

Therefore, the final formed geometries of the Znl and Zn2 atoms are both square pyramids,
whilst the Cal and Srl atoms both display square antiprismatic geometries. The Bal atom is
larger than the Cal and Sr1l atoms, so the coordination of the Bal atom with a methanol molecule
makes the structure more stable. The resulting geometry of the Bal atom is a single square
antiprism. The coordination bonds of the Cal atom with the phenoxy oxygen atoms are obviously
shorter than the Cal atom with methoxy groups in complex 2, with complexes 3 and 4 showing
the same experimental phenomena. It can be seen that with the increase of the cation radius, the
coordination bonds of the central cation are stronger. This fact suggests that the charge of the

central cation and the size-fit principle (between the cavity and the central metal cation) are



significant factors which affect the cation-binding ability of complex 1.

3.2. IR spectra

The IR spectra of the ligand H4L and its corresponding complexes exhibit various bands in the
region 4000-400 cm™. The most important bands are given in Table S2. The spectrum of the ligand
shows an O-H stretching band at 3172 cm™ that belongs to phenolic hydroxyl group, whereas
complex 1 shows a band at 3392 cm™ that belongs to the coordinated methanol molecules. The
band is shifted by 220 cm™ in complex 1 compared to ligand HsL, probably resulting from the
powerful intramolecular hydrogen bonds in the ligand. The free ligand exhibits characteristic C=N
and Ar-O stretching bands at 1607 and 1250 cm™, respectively. Those bands are shifted by 3-5
cm " in complex 1. This lowering of energy results from-the Zn-N and Zn-O interactions upon
complexation, which is similar to previously reported Zn(ll) complexes [21]. Compared with
complex 1, the C=N and Ar-O stretching bands belonging to the heterotrinuclear complexes are
shifted by 3 and 7 cm™, respectively. Meanwhile, the O-H stretching band disappeared in
complexes 2 and 3. The O-H stretching band at 3434 cm™, attributed to the methanol molecules of
complex 4, is shifted by 42 cm™. These facts are due to the replacement of the central Zn** ion by
the M?* ions and the formation of new M-O coordination bond. The above facts are consistent with

the results determined by X-ray diffraction.

3.3. UV-Vis absorption spectra

In the UV-Vis titration experiment of complex 1, the color of the ligand solution in
chloroform/methanol (1:1) gradually changed from colorless to yellow upon addition of a solution
of Zn(I1) acetate. The free ligand H,L shows four strong absorption bands at 269, 343, 360 and 378
nm. However, complex 1 shows four absorption bands at 280, 370, 396 and 416 nm, which are
shifted by 11, 27, 36 and 38 nm, respectively. The red-shift phenomena is due to the coordination
of the ligand H,L with the Zn*" ion. In the case of complex 1, although the ligand HsL has two
salamo chelate moieties, the spectroscopic titration clearly indicates the formation of a 3:1
homotrinuclear Zn(11) complex. The exclusive and cooperative formation of a 3:1 homotrinuclear
Zn(1l) complex was indicated by the spectral changes, in which the absorbance of the solution
hardly changed after Zn** was added up to 3 equivalents, and the isosbestic points at 274, 308 and

367 nm were observed (Fig. 4).



Fig. 4. (a) UV-Vis spectral changes of HsL (1.6 x 10~ M) on addition of Zn(OAc); (1.05 x 107
M) (CHCI5/CH3OH (1:1); (b) UV-Vis spectral changes of complex 1 on addition of Ca(OAc);
([[Zns(L)]*] = 3.3 x 107> M) (the amount of metal salt added to the ligand HsL each time was 2

uL)

In the UV-Vis titration experiment of complex 2, the color of the solution of complex 1 in
chloroform/methanol (1:1) changed inconspicuously when a solution of Ca** ions was added. In
the titration experiment, there were neither red-shift nor blue-shift phenomena, except for
changes in absorbance, and the absorbance of the solution hardly changed after the Ca?* ion was
added up to 1 equivalent. The spectroscopic titration clearly indicates that the ratio of the reaction
stoichiometry is 1:1 (Fig. 4). Similar changes were also observed for complexes 3 and 4 (Fig. S5),

thus giving the same results.

3.4. Fluorescence tests

The excitation and emission spectra of complex 1 are shown in Fig. 5. The excitation
spectrum (435 nm) in a chloroform and methanol solution (1:1) is detected at the same intensity
as the corresponding emission spectrum (501 nm) at room temperature. The emission spectrum
excited at 435 nm exhibits broad visible luminescence in the range 450 to 650 nm. Since the
conjugate system of a naphthalene ring is larger than that of a benzene ring, their optical

properties are better than the reported Zn(I1) complexes with benzene [22].

Fig. 5. The excitation and emission spectra of complex 1 (CHCI3/CH3OH = 1:1, V/V, Aex =
435).

The excitation and emission spectra of complex 2 at room temperature are shown in Fig. 6.
Complex 2 shows an intense photoluminescence with a maximum emission at ca. 500 nm upon
excitation at 429 nm. Upon excitation at 438 and 440 nm, complexes 3 and 4 respectively show
maximum emissions at ca. 502 and 503 nm, the emission spectra are shown in Fig. 7 and Fig. 8.
Compared with complex 1, strong fluorescence intensities of the heterotrinuclear complexes are

observed, indicating that the fluorescent characteristic has been influenced by the introduction of
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the alkaline earth metal ions. Among the three heterotrinuclear complexes, the fluorescence
intensity of complex 2 is the strongest, while the lowest is observed for complex 4. It is obvious
that enhancement in the fluorescence intensities show declining trend from complex 2 to 4.
Meanwhile, the maximum emissions of the heterotrinuclear complexes have subtle differences,
the maximum wavelength shifts from 500 to 503 nm. Differences in the radii of the alkaline earth
metal ions may be the main reason for the diverse fluorescence enhancement and peak

wavelength variation.

Fig. 6. (a) The excitation and emission spectra of complex 2 (5.0 x 10> M) (CHCIs/CH;OH
= 1:1, vlv, Aex = 429 nm). (b) Fluorescence spectral changes of complex 1 by the addition of
Ca(OAC); (5.0 x 107> M) (CHCI3/CH3OH (1:1), [complex 1] =5.0 x 107> M, A = 429) (The

amount of Ca(OAc), added to complex 1 each time was2 uL).

Fig. 7. (a) The excitation and emission spectra of complex 3 (5.0 x 10> M). (b)
Fluorescence spectral changes of complex 1 by the addition of Sr(OAc), (5.0 x 107> M)
(CHCI3/CH30H (1:1), [complex 1] = 5.0 x 107> M, Aex = 438 nm) (The amount of Sr(OAc),

added to complex 1 each time was 2 ulL)

Fluorescence titration experiments of the alkaline earth metal ions with crystals of
complex 1 show the same results in comparison with the UV-Vis titration experiments.
The fluorescence intensity of the solution hardly changed after the alkaline earth metal ion
was added up to 1 equivalence. The spectroscopic titration clearly indicated that the ratio
of the reaction stoichiometry was 1:1. The binding constants of complex 1 upon sequential
addition of Ca**, Sr** or Ba®" ions were estimated to be 4.71 x 10° 1.92 x 10° and 3.12 x

10° M, respectively.

Fig. 8. (a) The excitation and emission spectra of complex 4 (5.0 x 10> M). (b)
Fluorescence spectral changes of complex 1 by the addition of Ba(OAc); (5.0 x 102 M)
(CHCI3/CH30H = 1:1, v/v), [complex 1] = 5.0 x 10> M, Aex = 440 nm) (The amount of
Ba(OAcC), added to complex 1 each time was 2 pL).
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Furthermore, complexes 1-4 exhibit strong fluorescence intensities in the solid state at room
temperature, as shown in Fig. S6 (a-b). The emission spectra of complexes 1-4 were measured at
the appropriate excitation wavelengths of 440 and 420 nm. Complexes 1-4 show maximum
emissions at 515.5, 497.5, 490.5 and 532 nm, respectively. The results show that the fluorescence
intensity of complex 2 was the strongest among the complexes, and the fluorescence intensity of
complexes 3 and 4 were weaker than complex 1. The differences in the fluorescence intensities
could be easily observed in the maximum wavelengths of complexes 1-4, especially between
complexes 3 and 4 which are shifted by 41.5 nm.

According to the obtained experimental data, the differences among the three
heterotrinuclear complexes are very obvious and could be utilized in host-guest systems. Also,
the complexes with the naphthalene ring show better optical properties.

4. Conclusion

We have designed and synthesized a novel acyclic bis(salamo)-type ligand, H4L, and
obtained the corresponding homotrinuclear Zn(ll1) complex by the reaction of the
bis(salamo)-type tetraoxime ligand H,L with 3 equivalents of the Zn?* ion. The heterotrinuclear
3d-2s complexes were acquired by the substitution reaction of the homotrinuclear Zn(11) complex
with 1 equivalent of M(OAC), (M** = Ca*", Sr** or Ba*"). UV-Vis and fluorescence intensity
spectral titrations and X-ray crystallography clearly show that the stoichiometry of the
homotrinuclear Zn(I1) complex is 3:1 (Zn**/ ligand) and those of the heterotrinuclear complexes
are all 2:1:1 (Zn®*/M*/ligand). The different fluorescence enhancements and maximum
wavelength variations of the heterotrinuclear complexes clearly show the success of the
transformation from homotrinuclear to heteronuclear complexes, which could be used in
host-guest systems. Furthermore, by analyzing the structures of these complexes, the
metal-chelate function of the phenoxy oxygen atoms with the M?* ion has stronger coordination
than the oxygen atoms of methoxy groups, which may be affected by the electrostatic interaction.
The central Zn** ion of the complex [Zns(L)]** could be replaced by a metal cation that has a
suitable size for the cavity. Owing to their electrostatic interaction and size-fit principle,
heteronuclear complexes with rare-earth(I11) ions may be prepared by substitution reactions, and

related research is underway.
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Appendix A. Supplementary data

CCDC 1424752, 1424753, 1424754 and 1424755 contain the supplementary
crystallographic data for complexes 1, 2, 3 and 4. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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Table 1

Crystallographic data and refinement parameters for the complexes 1, 2, 3 and 4.

Complex 1 2 3 4

Empirical formula C41H45C|9N40152n3 C37H35CaCI3N4014Zn2 C35H34N4014Sr2n2 C39H4gBaC|3N4OmZn2
Formula weight 1364.97 1036.86 965.03 1198.20

T (K) 173.00(10) 293(2) 294.29(10) 291.73(10)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic triclinic triclinic
Space group P2,/n P1 P1 P1

a(A) 14.0480(4) 13.4794(7) 12.6197(14) 10.6854(5)

b (A) 16.5494(3) 13.6682(6) 13.346(2) 14.1383(7)
c(A) 23.6735(5) 15.4156(9) 15.6864(18) 16.2738(13)
a(°) 90 85.483(4) 114.099(13) 73.657(6)

A () 100.464(2) 65.228(5) 104.696(10) 88.178(5)
y(°) 90 65.053(5) 99.435(11) 78.971(4)

V (A% 5412.2(2) 2321.6(2) 2223.2(6) 2315.0(2)

Z 4 2 2 2

Dearc (g cm™) 1.675 1.483 1.442 1.719
Absorption coefficient (mm™) 1.831 1.381 2.329 2.115

6 range for data collection (°) 3.377-26.021 3.40-26.02 3.409-26.020 3.290-26.022
F(000) 2760.0 1056.0 976.0 1200

h/k/l (minimum, maximum)

Crystal size (mm)
Reflections collected

Independent reflection

Completeness to 26.32 (%)

Data/restraints/parameters
Final R indices [I > 20 (1)]

R indices (all data)

Goodness-of-fit for ( F?)

Largest difference peak and hole

eA?

-13, 17/-20, 19/-29, 23
0.21 x 0.24 x 0.32
23279/10650
[Rine=0.049]
10650

99.71
10650/0/670
R:=0.0519,
R;=0.0812,
WR;=0.0968
1.032

0.91,-1.10

-15, 16/-16, 16/-19, 18
0.25 x 0.27 x 0.31
17514/9119

[Rin= 0.043]

9119

99.76

9119/0/554
R1=0.0524,
WR;=0.1549
R;=0.0731,
wR,=0.1377
1.048

0.72,-0.65

-14,15/-16, 13/-17, 19
0.17 x 0.18 x 0.23
15027/8714

[Rin= 0.079]

8714

99.75

8714/0/518
R1=0.0690,
wR,=0.0926
R1=0.0963,
wR,=0.1139
1.025

1.06,-0.61

-13, 12/-16, 17/-17, 20
0.21 x 0.23 x 0.25
16597/9101

[Rin= 0.032]

9101

99.79

9101/0/596

Ry = 0.0520,
WR,=0.1453

R = 0.0695,
WR,=0.1286
1.050

1.99,-1.08

a. Ry=ZIRy| = [Fd/Z|Fo|; b. WR, = [EW(Fo2 - FA/EW(FA)?TH2, w = [6%(Fo?) + (0.0784P)? + 1.3233P]™, where P = (F> + 2F2)/3; ¢. GOF = [Zw(F,?-

2.
Fcz)zlnobs - nparam)]1 2:
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