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Abstract

The cyclocondensation reaction between sodium 2,6-diformyl-4-methylphenolate (sdmp) and 1,5-diamino-3-(1-
hydroxyethyl)azapentane (dhap) followed by in situ transmetallation with Zn(ClO4)2·6H2O produced a tetranuclear zinc(II)
complex of the current biggest-sized [4+4] Schiff base macrocyclic ligand. The structure of the complex has been determined
by X-ray techniques, indicating that the hydroxyethyl group of the amine, dhap, has been eliminated in the process.
For comparison, the reaction of sdmp with diethylenetriamine has also been carried out. The resulting product has been
characterized by its infrared and positive ion FAB mass spectra, which turned out to be a mixture of the corresponding
[3+3] and [4+4] macrocyclic Schiff bases together with the common [2+2] mode.

Introduction

Although binucleating macrocyclic ligands derived from the
[2+2] condensation of dicarbonyl precursors and diamino
derivatives have been thoroughly investigated for their co-
ordination chemistry [1], metal complexes of [3+3] and
[4+4] macrocyclic Schiff base ligands for polynuclear sys-
tems are still rare. There may be two reasons for this. One is
the difficulty of synthetic techniques for preparing these ‘big
macrocycles’, and the other is the instability of related mac-
rocycles. So far only a few [3+3] Schiff base macrocyclic
complexes have been prepared with metal templates [2]. As
for [4+4] macrocyclic Schiff bases, there has been an early
report [3] that a [4+4] macrocycle with four Mn(II) ions
has been formed when Mn(ClO4)2 is used in a transmetall-
ation reaction of the relevant barium [2+2] macrocycle. The
most recent report is by Brooker and co-workers [4] that
a dinuclear lead [4+4] macrocyclic complex has been ob-
tained by template condensation of 3,6-diformylpyridazine
with 1,3-diaminopropane. Moreover, a novel octaamino tet-
raphenol macrocyclic ligand has been prepared via an in situ
reduction of [4+4] condensation products of 2,6-diformyl-
4-methylphenol with 1,2-diaminoethane in the presence of
magnesium nitrate [5], and the Schiff base analogue with
tetranuclear Cu(II) and Ni(II) complexes of the fully reduced
ligand has been obtained [6].

In continuation of our project on the preparation of Schiff
base macrocyclic ligands and their metal complexes via
the reaction of sodium 2,6-diformyl-4-substitutedphenolates
with polyamines, a number of macrocycles of [2+2] and
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[2+3] modes have been obtained by this method [7]. Re-
cently we have successfully isolated and analyzed [3+3]
macrocycles from the reaction products of sodium 2,6-
diformyl-4-methylphenolate (sdmp) with three alkyl diam-
ines H2RNH2 [R=(CH2)n, n = 4, 5, 6] by a capillary
electrophoresis technique coupled to a mass spectrometer
via an electrospray ionization interface, demonstrating the
independent formation of both tetraimine and hexaimine
macrocycles [8]. In our recent attempt to prepare a series
of novel pendant-arm macrocyclic complexes, the cyclocon-
densation of sodium 2,6-diformyl-4-substitutedphenolate
with 1,5-diamino-3-(1-hydroxyethyl)azapentane (dhap) has
been designed and undertaken, in which a [4+4] macro-
cycle has been obtained unexpectedly. For comparison, the
condensation reaction between sdmp and diethylenetriam-
ine has also been carried out and the product has been
spectrally characterized. We herein report the preparation
and crystal structure of a tetranuclear zinc(II) complex of
the ‘biggest-sized’ Schiff base macrocyclic ligand together
with the infrared and mass spectral analysis on the product
derived from the sdmp and diethylenetriamine.

Experimental

Physical measurements

Microanalyses for C H N were performed with a Per-
kin Elmer Elemental Analyser model 240C. Zinc element
analysis was measured on a Jarrell-Ash 110+2000 ICP
quantimeter. Infrared spectra (4000-400 cm−1), as KBr
pellets, were recorded on a Nicolet 170X FT-IR spectropho-
tometer. Positive FAB mass spectra were measured utilizing
a VG-2AB-HS mass spectrometer with NOBA as the mat-
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rix solvent. Electrospray ionization mass spectra (ESI-MS)
were obtained on a Finnigan MAT SSQ710 spectrometer in
a scan range 200–1200 amu.

Materials

The sodium salt of 2,6-diformyl-4-methylphenolate (sdmp)
was prepared as reported previously [7]. All other solvents
and chemicals were of analytical grade and used as received.

Preparations

Dhap-3HCl·2H2O

To an alcoholic solution (400 mL) of salicylaldehyde
(23.20 g, 0.19 mol) and diethylenetriamine (9.78 g, 95
mmol), 2-chloroethanol (7.62 g, 95 mmol) and dry Na2CO3
(10.07 g, 95 mmol) were added. The mixture was stirred
under reflux for 30 h, then filtered at room temperature. The
filtrate was distilled to remove ethanol, and extracted with
THF. After removal of the solvent from the extraction, the
residue was treated with 5M HCl in ethanol (500 mL). The
resulting suspension was kept refluxing for 5 h and filtered.
The products were collected and recrystallized in H2O–
C2H5OH. Yield: 82%. Anal. Calcd. for C6H24Cl3N3O3: C,
24.62; H, 8.21; N, 14.36%. Found: C, 24.48; H, 8.26; N,
14.51%.

Polynuclear zinc(II) complex of the [4+4] macrocyclic
Schiff base ligand
To an aqueous solution (5 mL) of dhap·3HCl·2H2O (0.293
g, 1 mmol) NaOH (0.12 g, 3 mmol) was added, sodium
chloride precipitated immediately by adding ethanol (50
mL) into the above solution. After removing the solids,
the filtrate was blended with sdmp (0.19 g, 1 mmol). The
subsequent condensation reaction was carried out by stir-
ring the mixture at 0 ◦C for 5 h, then Zn(ClO4)2·6H2O
(0.74 g, 2 mmol) was added. The suspended solution was
kept refluxing for a further 2 h, and gradually became clear
red. After concentration, the polycrystalline products de-
posited, which were obtained and dried. Yield 72%. Anal.
Calcd. for C52H66Cl8N12O4Zn5: C, 40.69; H, 4.30; N,
10.96; Zn, 21.36&. Found: C, 40.25; H, 4.54; N, 11.12;
Zn, 21.64. Main IR absorptions(cm−1): 3294 (m, νNH),
1651 and 1641 (s, νC=N). Principal ESI-MS peaks: m/z 512
{[Zn4H5L4Cl4]ZnCl4}3+/3, 430 [Zn4H2L4Cl3]3+/3, 412
[Zn4HL4Cl2]3+/3 and 405 [Zn4L4Cl]3+/3.

Macrocyclic sodium compounds

The condensation reaction between sdmp and diethylenetri-
amine was carried out by the following procedure. To a
suspension of sdmp (0.19 g, 1 mmol) in absolute ethanol
(20 mL) equimolar amine in ethanolic solution (10 mL) was
added. The suspension stirring at room temperature gradu-
ally became dissolved, and was filtered after 3 h to remove
insoluble impurities. Then the filtrate was concentrated, and
diethyl ether was added until a great deal of solid deposited.
The product was collected and dried. It should be pointed out

that the substance obtained in the reaction should be kept
in a vacuum desiccater over P2O5, otherwise it increases
weight in air. No crystalline water has been considered for
the calculation of yields, because the product has been im-
mediately weighed in stoppered tubes once it was collected.
Yield: 63%. Anal. Calcd for C52H64N12O4Na4·10H2O: C,
52.35; H, 7.05; N, 14.09%. Found: C, 52.13; H, 7.04; N,
14.50%. IR(cm−1): 3420(br, νOH), 1636(s, νC=N). Prin-
cipal FAB-MS peaks: m/z 507(13) [Na2HL2]+, 485(100)
[NaH2L2]+, 694(9) [H4L3]+, 1013(9)[Na4HL4]+, 991(7)
[Na3H2L4]+, 969(19) [Na2H3L4]+·[2+2], [3+3] and [4+4]
macrocyclic Schiff bases are abbreviated as H2L2, H3L3 and
H4L4, respectively.

Crystallography

Single crystals suitable for X-ray analysis were ob-
tained by slow evaporation of a solution of the
sample in CH3CN–MeOH–CH2Cl2. Crystal data
for [Zn4H2L4Cl4CH2Cl2]ZnCl4, empirical formula
C53H67Cl10N12O4Zn5, dimensions 0.30 × 0.20 × 0.20
mm, tetragonal, space group I 4̄, a = 11.708(5) Å, c =
24.340(7) Å, U = 3336(2) Å3, Z = 2, dcalc = 1.610 g cm−3,
µ = 2.224 mm−1, F (000) = 1642, T = 293(2) K. Data were
measured on a Siemens P4 four-circle diffractometer with
graphite monochromated Mo-Kα radiation (λ = 0.71073 Å)
at 293(2)K using the ω-2θ scan method. A total of 3658
reflections were collected, of which 2912 were independent
and 2906 (Rint = 0.1315) observed and 189 parameters led
to convergence, with a final value of R1 = 0.0786 and wR2
= 0.1436 with I > 2σ(I).

The intensity data were corrected for Lorentz and po-
larization effects during data reduction using XSCANS [9].
The structure was solved by direct methods and refined on
F 2 by full-matrix least-squares methods using SHELXTL
version 5.0 [9]. All the non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were inserted in calculated
positions (C–H, 0.96; N–H, 0.90 and O–H, 0.85 Å) assigned
fixed isotropic thermal parameters at 1.2 times the equivalent
isotropic U of the atoms to which they are attached (1.5 times
for the O–H and methyl groups) and allowed to ride on their
respective parent atoms. The contributions of these hydro-
gen atoms were included in the structure-factor calculations.
All computations were carried out on a PC-586 computer
using the SHELXTL-PC Program Package [10]. Analytical
expressions of neutral-atom scattering factors employed and
anomalous dispersion corrections were incorporated [11].

Results and discussion

Macrocyclic tetranuclear Zn(II) complex -
[Zn4H2L4CL4CH2CL2]ZnCl4

The preparation of the zinc(II) complex involves the tem-
plate reaction of sdmp with dhap followed by in situ
transmetallation of the resulting multinuclear sodium ion
macrocyclic compound, usually unstable and difficult to
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Figure 1. (a) Molecular structure of the zinc complex cation. (b) An overview of a unit cell.

isolate, with Zn(ClO4)2·6H2O in ethanol. The infrared spec-
trum of the complex proved the formation of Schiff bases
with two strong imine C=N absorptions present at 1641
and 1651 cm−1, respectively, indicative of the different
situation of imine bonds. In addition, the band ascribed
to νNH was conspicuously observed at 3294 cm−1, sug-
gesting the loss of the hydroxyethyl group from the amine
dhap after the formation of an unexpected macrocyclic
compound. The ESI-MS technique has been employed
to study the mass spectrum of the polynuclear zinc(II)
complex. No molecular ion peak was observed for this
compound, but peaks corresponding to the triple-charged

complex cations were found as base peaks or in certain
intensities. The reason is that ESI-MS depends upon pre-
existing ions in solution and the triple-charged species of
the complex cations are formed through the ionization of
the metal complex in solution. A group of triple-charged
peaks of {[Zn4H5L4Cl4]ZnCl4}3+/3, [Zn4H2L4Cl3]3+/3,
[Zn4HL4Cl2]3+/3 and [Zn4L4Cl]3+/3 were characteristic-
ally observed, respectively, exhibiting the existence of a
[4+4] macrocycle (L4).

The molecular structure of the complex cation to-
gether with a unit cell diagram is shown in Figure 1.
Selected bond lengths and angles are given in Table 1.
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Table 1. Selected bond distances (Å) and angles (deg) for the zinc complex

Zn(2)–O(1) 2.017(6) Zn(2)–Cl(6) 2.091(11)

Zn(2)–N(1) 2.160(7) Zn(2)–N(2) 2.067(8)

Zn(2)–Cl(2) 2.282(3) Zn(2)–Cl(6)#4 2.552(11)

O(1)–C(10) 1.303(11) N(1)–C(1) 1.426(11)

N(1)–C(2) 1.470(11) N(2)–C(3) 1.438(12)

N(2)–C(4) 1.330(12) N(3)–C(11) 1.280(12)

N(3)–C(12) 1.446(11) Zn(1)–Cl(1) 2.267(3)

C(14)–Cl(6) 1.250(10)

O(1)–Zn(2)–N(2) 84.1(3) O(1)–Zn(2)–N(1) 160.6(3)

N(2)–Zn(2)–Cl(6) 141.5(4) O(1)–Zn(2)–Cl(6) 82.1(4)

N(2)–Zn(2)–N(1) 80.3(3) N(1)–Zn(2)–Cl(6) 103.2(4)

O(1)–Zn(2)–Cl(2) 95.9(2) N(2)–Zn(2)–Cl(2) 118.4(2)

N(1)–Zn(2)–Cl(2) 101.6(2) Cl(6)–Zn(2)–Cl(2) 98.7(3)

O(1)–Zn(2)–Cl(6)#4 80.4(3) N(2)–Zn(2)–Cl(6)#4 98.7(3)

Cl(6)–Zn(2)–Cl(6)#4 43.6(4) N(1)–Zn(2)–Cl(6)#4 90.6(3)

Cl(2)–Zn(2)–Cl(6)#4 142.3(2) Cl(6)–C(14)–Cl(6)#4 90.58(11)

Cl(1)–Zn(1)–Cl(1)#1 109.37(7)

#1: y, −x,−z; #4: y − 1/2, −x + 1/2, −z + 1/2.

The structure consists of a discrete tetranuclear cation
[Zn4H2L4Cl4CH2Cl2]2+ balanced by a ZnCl4 counter ion,
formulated as [Zn4H2LCl4(CH2Cl2)]ZnCl4. The complex
cation has a 4̄ axis possessing I 4̄ crystallographic symmetry.
The macrocycle, which appears as the condensation product
of 2,6-diformyl-4-methylphenol with diethylenetriamine, is
composed of forty eight members, actually the biggest Schiff
base macrocycle at present. The huge ring is symmetrically
half-folded, two phenyl ring planes on the opposite position
are parallel to one another and perpendicular to the other
two. It is noticed that the macrocycle acts as a divalent anion
instead of a tetravalent one as expected. Each Zn atom on
the ring is coordinated by a secondary amine N atom, an
imine N atom, the adjacent phenolic O atom and one Cl
anion as well as one chlorine atom from the dichlorometh-
ane molecule, respectively. Thus the coordination geometry
around the Zn atom is distorted square pyramidal. It is ob-
vious that chloride anions resulting from the neutralization
of the amine hydrochloride have led to the formation of
ZnCl4 groups. As confirmed by its infrared spectrum, the
coordination behavior of the two imine moieties on one
edge is different, coordinated and uncoordinated. This has
also been reflected by the values of their C=N bond lengths
[N(2)–C(4):1.330(12)Å and N(3)–C(11):1.280(12)Å]. It is
of much interest to note that one dichloromethane molecule,
disordered, has been ‘trapped’ in the center, with the Cl atom
being very close to Zn atoms with the Zn–Cl distance of
2.091(11) and 2.552(11) Å. It appears that molecular recog-
nition functions as the preference of the polynuclear zinc(II)
complex cation to fixing one solvent molecule through the
supramolecular interaction between the host and the guest
molecules.

As seen from the X-ray structural results, the hy-
droxyethyl group from the amine dhap has been lost.
A similar elimination in the reaction of sodium 2,6-
diformyl-4-methylphenolate with N,N-bis(2-aminoethyl)-2-
hydroxybenzylamine, followed by in situ transmetallation of

Fe(ClO4)3 or Mn(ClO4)2 has been observed by us, in which
a mononuclear Fe(III) or Mn(III) complex of an asymmetric
[2+2] Schiff base macrocycle has been formed and con-
firmed by X-ray crystallographic data [11]. It is assumed
here that the hydroxyethyl group elimination from the amine
precursor during the reaction may partly result from the
presence of Zn2+ ions under the basic condition, because ex-
periments have shown that the R-OAr bond could be broken
in the presence of certain divalent metal ions such as Cu2+
under similar circumstances [13]. But further experiments
should be undertaken to elucidate the mechanism.

Synthesis and characterization of the corresponding
macrocyclic sodium compound

The synthetic scheme for the reaction is the same as before
[7], three possible macrocyclic ligands are shown below.

The product derived from the reaction between sdmp and
diethylenetriamine has been characterized by element ana-
lyses, infrared and mass spectra, respectively. Like other
macrocyclic sodium compounds [6], the product is easily
hygroscopic, it gained in weight during the microanalytical
measurement. The analytical data would only be in agree-
ment with the theoretical values when crystalline water was
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added. A strong νC=N band was observed at 1636 cm−1 in
the infrared spectrum, indicative of the formation of Schiff
bases. Besides, a νO−H band was also observed owing to
the presence of crystalline water. Since this substance is
hardly soluble in either organic solvents or water, the related
1H-NMR data of the product have not been obtained.

The positive FAB mass spectrum of the product was
measured in order to confirm the formation of macrocyc-
lic Schiff bases and define the cyclocondensation mode.
The principal FAB-MS peaks have been assigned. A [4+4]
mode as well as [2+2] and [3+3] modes has been found
as fragments of sodium-containing macrocycles and free
macrocyclic Schiff bases. As pointed out previously, it is
impossible for high grade condensation modes, e.g. [4+4]
macrocyclic Schiff bases, to split into pieces of the cor-
responding low grade modes under the condition that FAB
mass spectra are measured [7]. Hence we conclude that the
product in the reaction is a blend of Na2L2 and Na3L3 and
Na4L4. The contrast reaction between sdmp and diethylen-
etriamine in the absence of any metal templates have been
tested, but sticky polymer-like products have been obtained
and characterized by FAB mass spectra in which no peaks
attributed to cyclocondensation modes have been observed.
This proves that sodium ions here play an important template
role in the formation of these Schiff base macrocycles.
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