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By immersion of selected big single crystals of [Zn(pc)(Phen)(H2O)]2·6H2O (1; H2pc = 4-hydroxyphthalic acid)
into aqueous solutions of Cu(NO3)2 and Co(NO3)2, respectively, two central metal ion exchange induced SCTSC
transformation products, [Cu0.63Zn0.37(pc)(Phen)(H2O)]2·6H2O (2) and [Co0.69Zn0.31(pc)(Phen)(H2O)]2·6H2O (3),
can be obtained. As heterogeneous catalysts, central metal ion-exchanged products 2 and 3 showed high catalytic
efficiency in the green oxidative polymerization of DMP. Our results indicate that central metal ion exchange might
be regarded as a powerful and effective method to modify properties of crystalline materials only by varying central
metal ions under moderate conditions.
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Reaction of zinc carboxylate, [Zn(pc)(Phen)(H2O)]2·6H2O (1; H2pc = 4-hydroxyphthalic acid), with
Cu(NO3)2 or Co(NO3)2 is investigated. By immersion of single crystals of 1 into aqueous solutions
of Cu(NO3)2 and Co(NO3)2, respectively, metal ion exchange induced single-crystal to single-crystal
(SCTSC) transformation products, [Cu0.63Zn0.37(pc)(Phen)(H2O)]2·6H2O (2) and [Co0.69Zn0.31(pc)
(Phen)(H2O)]2·6H2O (3), could be obtained. As heterogeneous catalysts, central metal ion-
exchanged products 2 and 3 show high catalytic efficiency in the green oxidative polymerization of
2,6-dimethylphenol (DMP) to poly(1,4-phenylene ether) in the presence of H2O2 as oxidant in water
under mild conditions with reuse without significant loss of activity through three runs, which sug-
gests that these catalysts are efficient, mild, and easily recyclable for the oxidative coupling of DMP.
Our results indicate that central metal ion exchange might be a powerful and effective method to
modify properties of crystalline materials by varying the central metal ions under moderate
conditions.

Keywords: Single-crystal to single-crystal (SCTSC) transformation; Oxidative coupling;
Heterogeneous catalyst; Green chemistry

1. Introduction

Poly(1,4-phenylene ether) (PPE) as an engineering plastic has been widely used in various
areas, such as business equipment and electrical and automotive industries. The oxidative
polymerization of 2,6-dimethylphenol (DMP) to form PPE was first carried out by Hay and
his GE group in 1959 with a copper–pyridine complex as a catalyst in nitrobenzene solution
[1]. Along with the formation of PPE by C–O coupling, an undesirable byproduct, 3,3′,5,5′-
tertramethyl-4,4′-diphenoquinone (DPQ), was also produced by C–C coupling of two
monomeric phenols. Although the oxidative polymerization of DMP in organic solvents has
provided a convenient method for manufacturing PPE in the industry, both a solvent-recov-
ery process and an anti-explosive reactor are required in the industrial production of PPE
[2]. From the view of green chemistry, the use of water as a reaction medium is environ-
mentally friendly and PPE can easily be separated from water due to its insolubility in water
[3, 4]. In 2004, Nishide et al. first used potassium ferricyanide as an oxidant to synthesize
PPE in alkaline water. Unfortunately, the use of potassium ferricyanide is still environmen-
tally deleterious [5]. Green oxidative coupling of DMP in environmental friendly solvents
with clean oxidants is extremely rare. Therefore, this reaction is still a great challenge from
the standpoint of “green chemistry and technology.”

Organic–inorganic hybrid materials have received attention owing to their potential appli-
cations in adsorption and separation processes, ion exchange, catalysis, and sensor technol-
ogy [6–9]. One of the salient features of hybrid materials is that they often contain
substitution-active metal sites in their framework, and the metal centers are incorporated in
the interstitial or porous coordination network, making such materials better for ion
exchange [10]. Other coordination-driven metal ions will be capable of entering the inter-
stices or pores (cavities) and reacting with substitution-active metal sites, and then it might
be applied to cation exchange materials [11], which can effectively remove some highly
toxic heavy metals. The central metal ion exchange process is, however, seldom observed
by single-crystal X-ray diffraction (XRD) studies because possible drastic structural changes
during the process cause loss of crystallinity. Retaining single crystallinity even after the
occurrence of exchange reactions is very important for the development and study of central
metal ion exchange materials [12]. Recent studies show that [13], through exchange of cen-
tral metal ion, the framework integrity of some porous metal phosphonate, carboxylate, and
sulfonate complexes can be maintained. Hence, exchange of the central metal ion in porous
complexes can be utilized to design some new metal ion exchange materials. This is a
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promising strategy for the synthesis and design of solid materials, which could be done by
immersing some selectable stable big crystals into the aqueous solution of a certain metal
salt and generating the replacement of cations. In order to further investigate the
coordination-driven central metal ion exchange reaction, we synthesize a zinc carboxylate
[Zn(pc)(Phen)(H2O)]2·6H2O (1, H2pc = 4-hydroxyphthalic acid). Through single-crystal
to single-crystal (SCTSC) transformation, [Cu0.63Zn0.37(pc)(Phen)(H2O)]2·6H2O (2) and
[Co0.69Zn0.31(pc)(Phen)(H2O)]2·6H2O (3) are obtained. In addition, we explore their appli-
cation as catalysts for an aqueous-medium catalysis process of the oxidative coupling of
DMP using hydrogen peroxide as oxidant under mild conditions.

2. Experimental

2.1. General information and materials

All solvents and chemicals (analytical grade) were used without purification. 4-Hydroxyph-
thalic acid (H2pc), Phen, and DMP (99% pure) were used as obtained from J&K Chemical
Ltd. Elemental analyses (C, H, and N) were performed on a Perkin–Elemer 240C analyzer.
IR spectra were recorded from 4000 to 400 cm−1 on a Tensor 27 OPUS (Bruker) FT-IR
spectrometer with KBr pellets. The X-ray powder diffraction patterns were recorded on a
Rigaku D/Max-2500 diffractometer, operated at 40 kV and 100 mA, using a Cu-target tube
and a graphite monochromator. The intensity data were recorded by continuous scan in a
2θ/θ mode from 3° to 80° with a step size of 0.02° and a scan speed of 8° min−1. Atom
adsorption analysis was conducted on a Hitch Z-8000 atom adsorption analyzer. Field emis-
sion scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDS)
were conducted on a JSM-6490 scanning electron microscope. Atomic force microscopy
(AFM) images were taken with a silicon nitride scanning tip (Nanoprobe, Veeco Metrology
Group, Santa Barbara, CA).

2.2. Synthesis of [Zn(pc)(Phen)(H2O)]2·6H2O (1)

To a stirred solution of 2 equiv. of Zn(NO3)2·6H2O (29.7 mg, 0.1 mM) in H2O (5 mL) was
added 2 equiv. of phen (18.0 mg, 0.1 mM) in CH3OH (5 mL). After stirring for 5 min, a
solution of 4-hydroxyphthalic acid (18.2 mg, 0.1 mM) in CH3OH (5 mL) was added, and the
mixture was then stirred for 10 min. Upon evaporation of the solvent, straw yellow block
crystals were isolated in 56% yield. Anal. Calcd for C40H26N4O18Zn2: C, 48.95; H, 2.67; N,
5.71%. Found (%): C, 48.86; H, 2.79, N, 5.59; IR (KBr)/cm−1: 3507(m), 3083(m), 2680(w),
1551(s), 1389(s), 1306(m), 1266(m), 1161(w), 1066(w), 874(m), 729(m), 635(w), 452(w).

2.3. Synthesis of [Cu0.63Zn0.37(pc)(Phen)(H2O)]2·6H2O (2)

Several big single crystals of 1 (0.010 g) were immersed in 5 mL of a 1 mg mL−1 aqueous
solution of Cu(NO3)2·3H2O. After 5 days, green exchanged crystals were obtained at
room temperature. The crystals are stable in air. Anal. Calcd for C40H40Cu1.26N4O18Zn0.74:
C, 48.33; H, 4.03; N, 5.64%. Found (%): C, 48.52; H, 3.84; N, 5.53; IR (KBr)/cm−1:
3464(m), 1683(s), 1609(m), 1374(m), 1326(m), 1221(w), 986(w), 882(w), 806(w), 776(m),
676(m), 446(w).

Zinc carboxylate reaction with Cu(II) or Co(II) 2457
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2.4. Synthesis of [Co0.69Zn0.31(pc)(Phen)(H2O)]2·6H2O (3)

According to the synthetic method of 2, complex 3 was prepared through use of aqueous
solution of Co(NO3)2·6H2O instead of aqueous solution of Cu(NO3)2. After 5 days, green
exchanged crystals were obtained at room temperature. The crystals are stable in air. Anal.
Calcd for C20H20Co0.69N2O9Zn0.31: C, 48.69; H, 4.09; N, 5.68%. Found (%): C, 48.82; H,
3.94; N, 5.61; IR (KBr)/cm−1: 3434(w), 1645(s), 1543(m), 1448(s), 1348(m), 1285(w),
1145(w), 1076(w), 879(w), 739(w), 552(m), 439(w).

2.5. X-ray structure analyses

X-ray single-crystal diffraction measurements for 1–3 were carried out on a Bruker Smart
1000 CCD diffractometer equipped with a graphite crystal monochromator situated in the
incident beam for data collection at 293(2) K. The determinations of unit cell parameters
and data collections were performed with Mo Kα radiation (λ = 0.71073 Å), and unit cell
dimensions were obtained with least-square refinements. The program SAINT [14] was
used for integration of the diffraction profiles. Semi-empirical absorption corrections were
applied using SADABS [15]. All structures were solved by direct methods using the SHEL-
XS program of the SHELXTL package and refined with SHELXL [16]. Metal atoms in
each complex were located from the E-maps, and other non-hydrogen atoms were located
in successive difference Fourier syntheses and refined with anisotropic thermal parameters
on |F|2. Hydrogens were added theoretically, riding on the concerned atoms and refined with
fixed thermal factors. Table 1 shows crystal data and processing parameters for all com-
plexes.

2.6. Experimental procedure for the catalytic oxidative coupling of DMP [17]

One micro mole of DMP (122 mg) was dissolved in 5 mL of water containing 1 mM of
NaOH (40 mg) and 0.1 mM of sodium dodecyl sulfate (SDS) (29 mg). 0.02 mM of complex

Table 1. Crystal data and structure refinement for [Zn(pc)(Phen)(H2O)]2·6H2O (1), [Cu0.63Zn0.37(pc)(Phen)
(H2O)]2·6H2O (2), and [Co0.69Zn0.31(pc)(Phen)(H2O)]2·6H2O (3).

1 2 3

Formula C40H26N4O18Zn2 C40H40Cu1.26N4O18Zn0.74 C20H20Co0.69N2O9Zn0.31
Formula weight 981.39 993.19 493.28
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c Cs C2/c
a (Å) 20.3369(9) 20.3425(6) 20.3388(11)
b (Å) 11.9924(5) 11.9948(4) 12.0040(6)
c (Å) 16.1999(7) 16.1943(5) 16.2042(9)
α (°) 90.00 90 90.00
β (°) 94.278(4) 94.303(2) 94.295(5)
γ (°) 90.00 90 90.00
V (Å3) 3940.0(3) 3940.3(2) 3945.1(4)
T (K) 293(2) 291(2) 293(2)
Z 4 4 8
μ(Mo Kα) (cm−1) 1.306 1.219 1.044
No. of reflections collected [I > 2δ(I)] 4014 4013 3676
No. of independent reflections 2862 3144 2617
Final Ra, Rw 0.0596, 0.1728 0.0458, 0.1185 0.0672, 0.1897
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with appropriate size was added to the above solution and the mixture was stirred at 50 °C.
Then, 10 μL of H2O2 (30% aqueous solution) was slowly added into the mixture using a
micro-injector every 15 min (two times in all). After 8 h, the reaction was stopped and
1.17 g of NaCl was added. Then, the mixture was transferred into a separatory funnel and
the organic materials were extracted with CHCl3 three times. The combined organic extracts
were dried with anhydrous MgSO4 and the filtrate was evaporated in vacuum. The products
were separated by preparative TLC performed on dry silica gel plates with ethyl ether/petro-
leum ether (1 : 3 v/v) as the developing solvent. The main product, PPE, and byproduct,
DPQ, were collected and dried in vacuum, respectively.

The crystal complex catalysts were powdered to increase the surface area for the catalysts
prior to use. Under air, the substrate DMP (0.122 g, 1 mM) was dissolved in 1 : 1 (v/v,
5 mL) mixture of methanol–toluene in a 10 mL flask, and a 2% molar ratio of catalyst/sub-
strate and a 7M ratio of NaOMe/catalyst were added with a magnetic stirrer. Then, hydro-
gen peroxide (30% aqueous solution) was slowly added into the mixture using a syringe
pump every 15 min (10 μL for five times) to minimize H2O2 decomposition. After 3 h, the
sample was concentrated in vacuum and the products were separated by preparative TLC
performed on dry silica gel plates. All reactions were run in duplicate and the data reported
represent the average of these reactions.

Poly(phenylene ether) (PPE): 1H NMR (CDCl3, TMS) δ = 6.44 (s, 2H; HAr), 2.09 ppm
(s, 6H; CH3);

13C NMR (CDCl3, TMS) δ = 16.6–16.8, 114.1, 114.5, 124.4, 125.0, 129.0,
131.6, 132.7, 145.6, 146.4, 151.5, 154.5, 154.8 ppm; IR (KBr): �mC–O–C = 1186 cm−1.

DPQ: 1H NMR (CDCl3, TMS) δ = 8.2 (s, 4H), 7.1 (s, 2H), 2.1 ppm (12H); 13C NMR
(CDCl3, TMS) δ = 17.07, 129.56, 135.67, 139.10, 187.21 ppm; IR (KBr): �mC=O =
1594 cm−1.

2.7. Ion exchange test

The effect of the initial concentration of Cu(II) on copper ion exchange was also examined.
Ten milligrams of crystalline 1 was immersed in 5 mL of an aqueous solution of Cu(NO3)2,
the concentration of which ranged from 0.2 to 1 mgmL−1, in a glass tube. The tubes were
allowed to stand for five days at room temperature. Then the resultant crystalline materials
were filtered, washed with deionized water, and dissolved in HNO3 solution. The final
concentrations of Cu(II) in the resultant crystalline materials were measured using a Hitch
Z-8000 atom adsorption analyzer.

3. Results and discussion

3.1. Crystal structure of [Zn(pc)(Phen)(H2O)]2·6H2O (1)

Crystallographic analysis reveals that 1 crystallizes in the monoclinic space group C2/c as
the dinuclear neutral molecule [Zn(pc)(Phen)(H2O)]2. The asymmetric unit consists of two
Zn2+ ions, two phen ligands, two deprotonated pc2− ions, two coordinated waters, and six
lattice water molecules. Each Zn(II) is a five-coordinate with two nitrogens of one phen and
three oxygens from two different deprotonated pc2− ligands and one coordinated water,
forming a distorted trigonal bipyramidal geometry, where N1, N2, and O1 locate at the
equatorial positions, while O6 and O2A occupy the axial positions (figure 1). The
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d(Zn–Ocarboxylate) is 1.936(3)–1.993(3) Å and d(Zn–Owater) is 2.174(3) Å, in the range of
typical Zn–O (carboxylate and water) distances [18]. The Zn–N bond lengths are 1.986(4)
and 2.013(4) Å. The distorted trigonal bipyramid ZnO3N2 has O(N)–Zn–O(N) angles rang-
ing from 90.07(14)° to 174.54(15)°, within the range expected for such coordination. Each
pc2− connects adjacent Zn(II) centers to form a dimer in a bidentate bridging mode by one
of the two carboxylate groups with Zn···Zn separation of 3.1088(10) Å and another carbox-
ylate group is free of coordination, while Phen is typical chelating the Zn(II). Hydrogen
bonding interactions are usually important in the synthesis of supramolecular architecture.
There exist O–H···O hydrogen bonding interactions between lattice waters, coordinated
water, and carboxyl oxygens with distances of 2.630(4)–3.40(2) Å, leading to the formation
of a 2-D supramolecular network.

3.2. Central metal ion exchange induced SCTSC transformation

Central metal ion exchange properties of organic–inorganic hybrid materials are closely
associated with the coordination ability of the metal ions [13(b)]. Due to the strong coordi-
nation ability of copper or cobalt ions to carboxylate [19], copper or cobalt could partly
replace the central zinc ions in 1. 1 cannot dissolve in H2O, CH3COCH3, and CH3CN, but
can slightly dissolve in C2H5OH and can dissolve in THF, hot CH3OH, DMF, and DMSO.
We first investigate the influence of concentrations of Cu(NO3)2 (from 0.2 to 1 mg mL−1)
on the percentage of exchanged zinc ions. As shown in figure 2, the percentage of
exchanged zinc ions in concentrated solutions of Cu(NO3)2·3H2O is slightly greater than
those in dilute solutions. For example, the percentage is 63.12% in 1 mgmL−1 solution of

Figure 1. Molecular structure of 1 with atom labeling of the asymmetric unit. All hydrogens are omitted for
clarity.
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Cu(NO3)2, whereas the percentages are 59.79% in 0.4 mg mL−1 solution of Cu(NO3)2 and
57.13% in 0.2 mg mL−1 solution of Cu(NO3)2. The rising trend of the percentage gradually
becomes slow, which indicates that the percentage of exchanged zinc ions would be finite.
Subsequently, Cu-exchanged induced product [Cu0.63Zn0.37(pc)(Phen)(H2O)]2·6H2O, 2, is
obtained by immersing big crystals of 1 into an aqueous solution of 1 mgmL−1 copper
nitrate for five days. From a photograph of the crystal (figure 3), we can clearly see that 2
entirely maintains single crystallinity. XRD confirms that a SCTSC transformation has
occurred, resulting in a Cu–Zn complex, and the complex retains the same structure as 1.
As shown in figure 4, analogous powder X-ray diffraction (PXRD) analysis and IR spectra
also verify that the exchanged product 2 retains 1’s structure. Complex 2 is carefully ana-
lyzed using an atomic adsorption spectrophotometer, and the content of zinc is 36.76%,
while that of copper is 63.24%. These results agree well with elemental analysis. Similar to
2, Co-exchanged product [Co0.69Zn0.31(pc)(Phen)(H2O)]2·6H2O, 3, can also be prepared by
immersing the big crystals of 1 into an aqueous solution of 1 mg mL−1 cobalt nitrate for
five days. Complex 3 also inherits the single crystallinity and crystal structure of 1. Analo-
gous XRD analysis and IR spectra (figure 4) also verify that 3 retains 1’s structure. The
contents of zinc and cobalt are 31.09 and 68.91%, respectively, which are measured by
atomic adsorption and confirmed by elemental analysis. Obviously, it is the coordination
ability of the in-going metal ions toward ligands that controls the reaction process of central
metal ion exchange. If the coordination ability of the in-going metal ions is close to or
roughly similar to that of the central metal ions, the cation-exchanged products will preserve
the original structure to a great extent, as in the case of 2 and 3.

To further clarify the central metal ion exchange, energy dispersive X-ray spectroscopy
(EDS) measurements on 2 and 3 are carried out. Figure 5(a) shows the SEM and EDS
results of the crystal surface of 2. The detected surface atom ratios for carbon, nitrogen,
oxygen, copper, and zinc are 51.46, 9.65, 20.40, 16.67, and 1.84%, respectively. After this
crystal is cut [figure 5(b)], the interior atom ratios of the crystal for carbon, nitrogen, oxy-
gen, copper, and zinc are 40.23, 7.19, 39.33, 9.25, and 4.00%, respectively. Obviously, the
percentage of exchanged zinc ions on the surface of 2 is slightly greater than that in the inte-
rior, and the mean value of EDS results accord with atomic adsorption spectrophotometer

Figure 2. The percentage of exchanged zinc ions of crystalline 1 in different solution concentration of copper
nitrate.

Zinc carboxylate reaction with Cu(II) or Co(II) 2461
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and elemental analysis. Analogous results also occur in 3 (figure 6). These results are
similar to a previous report [13(c)], where there is a diminishing concentration gradient of
Fe(III) from the crystal surface to the interior. It indicates that there is some resistance to
both external mass transfer and intra-particle diffusion.

Micro-topographic AFM is a technique that is used for further identifying SCTSC trans-
formation in a dynamic regime [20]. Usually, a dissolution–reprecipitation process [21] will
occur in the course of ion exchange, and the formation of a new crystalline phase on the
surface of the old one starts, which continues until the ion exchange is complete. Mean-
while, the height of microcrystallites (or peaks or holes [22]) becomes more pronounced
and complexes will rapidly lose their crystallinity turning opaque [23]. This loss of singu-
larity, which indicates a significant restructuring of the crystal in conjunction with changes
in the crystallographic symmetry of the complex, is, to us, inconsistent with the proposed
SCTSC process. If the crystal surface profile or height of microcrystallites has no obvious
change, we think that it will be a SCTSC process. The AFM technique is a good method
that can be utilized to image the crystal surface profile to reveal nanoscopic features on the
surface. From figure 7, we can see that the crystal surface profiles and peak heights of
AFM images of 1 and 2 show no obvious change, which indicates a SCTSC process.
During the course of ion exchange, we cannot find a dissolution–reprecipitation process.
Similar phenomena also occur between 1 and 3.

Figure 3. Photographs of 1’s single crystal in central metal ion exchange process. (a) {Zn, 37%; Cu, 63%} and
(b) {Zn, 31%; Co, 69%}.
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3.3. Catalytic oxidative coupling of DMP in water

The overall oxidative coupling process of DMP under green reaction conditions is shown in
scheme 1. Under the same reaction conditions, the catalytic activities of the Zn(II) dimer 1
and its cation-exchanged products 2 and 3 possess big differences, though they have the
same structures. As can be seen in table 2, Cu-exchanged product 2 has better activity than
Co-exchanged product 3, and 1 is completely inactive, viz., the conversions of 89 and 76%
for 2 and 3, respectively. The results indicate that Cu(II)-containing complexes have good
catalytic activities in the oxidative coupling reaction. The contrasting reaction using Cu
(NO3)2 or Co(NO3)2 as catalyst only gives trace amounts of PPE. The reason is that the
N/O donor ligands interact with metal ions to provide a delocalized electronic system within
complexes, which induce the modification of the electronic properties of the molecules.

Figure 4. (a) IR spectra of 1 and its Cu(II), Co(II)-exchanged products (2 and 3). (b) PXRD patterns of 1 and its
Cu(II), Co(II)-exchanged products (2 and 3).
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This favors the coordination of DMP to metal centers to form the proposed active metal
species and the subsequent polymerization of DMP [24]. Likewise, Reedijk and co-workers
have also shown that a series of Cu(II) complexes incorporating structurally related N,O
containing ligands underwent this polymerization more efficiently than copper(II) salts [25].
This suggests that the copper complexes have an obvious comparative advantage in the oxi-
dative coupling of DMP. In addition, central metal ion-exchanged products 2 and 3 perform
identically with selectivity of almost 88%, which is comparable to that found for enzymes
such as laccaese and tyrosinase [26].

The potential benefits of the heterogeneous catalyst include facilitation of catalyst separa-
tion from reagents and reaction products, and simplification of methods for catalyst recy-
cling [27]. For a truly effective heterogeneous catalyst, therefore, it is critical that recovery
can be simple and efficient, and that the recovered catalyst can retain its original reactivity
through multiple cycles. As Cu-exchanged product 2 shows higher catalytic activity, we
have tested for its recovery and reuse. After the reaction completed, the catalyst was recov-
ered by filtration for consecutive runs. The recovered catalyst was used for a new reaction
batch of DMP. Catalyst 2 exhibits excellent reusability for three times without showing any
significant deterioration of catalytic activity. Then, we carried out another control reaction,
because in the catalytic process, the leached metal species might catalyze efficiently the

Figure 5. (a) SEM and EDS for the surface of 2. (b) SEM and EDS for the interior of 2 after a single crystal is
cut.
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Figure 7. (a) Image of single crystal surface of 1. (b) Image of single crystal surface of 2. (c) Profile of single
crystal surface of 1. (d) Profile of single crystal surface of 2.
Note: Different scale for Z-axis representing height of microcrystallites.

Figure 6. (a) SEM and EDS for the surface of 3. (b) SEM and EDS for the interior of 3 after a single crystal is cut.
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oxidative coupling reaction instead of the heterogeneous catalysts [28]. To examine this
possibility, we filtered catalyst 2 after the oxidative polymerization and allowed the filtered
catalyst and the filtrate to react with another aliquot of DMP, respectively, as shown in the
previous study [28]. The filtered catalyst was subjected to the second run by charging with
new reagents and then the products were again formed with about 85–92% of the original
conversion. The filtrate obtained from the first filtration was also used in a new reaction
with the addition of substrate. Only 6–9% conversion of DMP was observed under similar
conditions. This result strongly suggests that the dominant reactive species is the heteroge-
neous catalyst 2, not species such as the leached metal. However, about 6–9% conversion
by the filtrate indicates that trace amounts of Cu metal ions might be leached during the
catalysis. XRD pattern of the filtered catalyst after the reaction revealed the same pattern as
the original catalyst, suggesting that the original structure of the filtered catalyst had been
retained during the reaction. Based on these results, we have concluded that the heteroge-
neous catalyst 2 could be recycled multiple times without a significant loss of activity.

To fully understand the intrinsic advantage of heterogeneous versus homogeneous cata-
lysts, the oxidation coupling of DMP is conducted in 1.5 : 1 (v/v) methanol–toluene mixed
solution using central metal ion-exchanged products 2 and 3 as homogeneous catalysts
under the same reaction conditions as the prior study (table 2) [17]. To our surprise, the use
of central metal ion-exchanged products 2 and 3 acting as homogeneous catalysts can

Table 2. Oxidative coupling of DMP in watera or in methanol–toluene mixtureb catalyzed by 1–3.

Catalysts Solvent Conversion (%) Selectivity (%)

1 H2O 0 0
CH3OH/toluene 0 0

2 H2O 89 87.2
CH3OH/toluene 65 89.3

3 H2O 76 86.4
CH3OH/toluene 52 87.8

[Cu(pc)(phen)(H2O)]2·5H2O (4) H2O 96 90.4
CH3OH/toluene 87 91.8

[Co(pc)(phen)(H2O)3]·H2O (5) H2O 86 89.6
CH3OH/toluene 70 91.2

Cu(NO3)2 H2O 26 49
Co(NO3)2 H2O 19 37

aHeterogeneous optimized conditions: DMP (1 mM), NaOH (1 mM), H2O2 (0.02 mL), and catalyst (0.02 mM) in 5 mL of
water for 8 h at 50 °C.
bHomogeneous optimized conditions: DMP (1 mM), NaOMe (0.14 mM), H2O2 (0.05 mL), and catalyst (0.02 mM) in a 1.5 : 1
MeOH/toluene mixture (5 mL) for 3 h under the ambient temperature.

OHm + m H2O2
CuII-catalyst

1/ 2 ( m-n ) OO

O

+  2 m H2O

n

(PPE)

(DPQ)

H2O

(DMP)

Scheme 1. Oxidative polymerization of DMP in water.
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effectively suppress diphenoquinone production and improve the selectivity for PPE, while
decreasing distinctly the catalytic activities. For example, when utilizing 2 as heterogeneous
catalyst, the oxidation coupling of DMP occurs with 89% conversion and 87.2% selectivity
for PPE. Nevertheless, 2 assumes the markedly lower efficiency (65% conversion) for the
reaction in methanol–toluene medium, albeit with slightly enhanced selectivity of 89.3%.
The superior activities of the complexes in the heterogeneous catalytic system may be
attributed to full exposure of metal sites, therefore giving an ultimately high degree of metal
dispersion [29]. Clearly, central metal ion exchange can be used to modify the catalysis
properties of metal–organic complexes.

Furthermore, we evaluate catalytic efficiencies of pure copper complex 4 and cobalt com-
plex 5 for comparison [30]. As can be seen in table 2, in spite of heterogeneous or homoge-
neous reaction systems, pure copper or cobalt complex 4 or 5 has superior catalytic activity
to the cation-exchanged products 2 or 3, and the activity and selectivity obtained with 4 are
better than those observed using cobalt complex 5. This observation is very significant since
it prompts us to construct new self-assembly Cu-complexes as catalysts for the oxidative
coupling of DMP. In addition, it is of note that all the catalysts used in this study, including
the cation-exchanged products and pure complexes, show an identical product distribution
for PPE and DPQ, signifying that all the catalysts probably carry out the oxidation coupling
of DMP by the same reaction mechanism.

On the basis of the above experimental results and previous literature [31], a plausible
reaction mechanism for the present oxidative coupling reaction was proposed as follows:
DMP is dissolved in the basic aqueous phase to form the phenolate anion; these phenoxide
anions coordinate to M(II) centers and then electron transfer from the coordinated phenox-
ide anions to M(II) ions occurs, leading to the formation of phenoxyl radicals. The resultant
M(I) ions were re-oxidized to M(II) ions by H2O2 (M = Cu, or Co). The C–O coupling of
these phenoxyl radicals yields the linear polymer PPE; the C–C coupling of these phenoxyl
radicals results in the byproduct DPQ.

4. Conclusion

In crystalline state, 1 undergoes a partial metal ion exchange reaction and two SCTSC
transformation products (2 and 3) are obtained. Using central metal ion-exchanged products
2 and 3 as catalysts, a green aqueous-medium catalytic oxidative coupling of DMP has been
explored with potentials in “green chemistry and technology,” which suggests that central
metal ion exchange might be a powerful and effective method to modify properties of crys-
talline materials only by varying central metal ions under moderate conditions.

Supplementary material

CCDC 961149–961151 contain the supplementary crystallographic data for 1 and its cat-
ion-exchanged products 2 and 3, respectively. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/
cif.
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