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Two dinuclear complexes [M,(EGTB)(NO3),(DMF),](NOs), - 2DMF (M =Cau, 1; Co, 2) were
synthesized and structurally characterized, EGTB is N,N,N',N'-tetrakis (2-benzimidazolyl-
methyl)-1,4-diethylene amino glycol ether, and DMF is dimethylformamide. The polyphenol
oxidase (PPO) activities of 1 and 2 on pyrogallol oxidation have been investigated, showing that
the rate constants k., increase with increases of reaction temperatures and pH.

Keywords: Dinuclear complexes; Crystal structure; Pyrogallol oxidation; PPO activity

1. Introduction

Polyphenol oxidases (PPOs, EC 1.10.3.1) can be divided into type-3 copper proteins
containing coupled binuclear copper centers and mononuclear nonheme iron enzymes.
They include tyrosinase, catechol oxidase, laccase etc. [1]. Tyrosinases are bifunctional
enzymes which catalyze hydroxylation of monophenols to o-diphenols and their
subsequent oxidation to o-quinones, while catechol oxidases catalyze only the latter
reaction. Laccase is an oxygen reductase and reacts preferentially with p-diphenol [2, 3].
PPOs play a vital role in biological catalytic processes such as animal pigmentation,
browning of fruits and vegetables, and lignin biosynthesis of plants. Moreover,
polyphenol oxidation is widely applied to medical diagnosis, food refreshment and
agricultural cultivation against insects and microbial pathogens [4-6]. In recent years,
PPO model complexes have been extensively studied with respect to their structures,
kinetics and mechanisms [7-9]. Complexes containing benzimidazole-rich ligands have
attracted our interest for a while. Herein, to continue this work, we report the crystal
structures and PPO activities of a dicopper(Il) and a dicobalt(II) complex coordinated
with EGTB (scheme 1).
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Scheme 1. Chemical structure of the cationic core of dinuclear complex [M>(EGTB)(NO5)2(DMF),**
(M =Cu,1; Co,2).

2. Experimental

2.1. General

All chemicals were purchased from commercial sources and used without further
purification. Elemental analyses were obtained using a Perkin—Elmer 2400.
Electrospray ionization mass spectra (ESI-MS) in positive ion modes were acquired
on an Applied Biosystems API 2000 LC/MS/MS system. UV-Vis spectra were recorded
on a Shimadzu UV-265 spectrophotometer. Cyclic voltammetry (CV) was performed
with a BAS-100 electrochemical analyzer on a glassy carbon working clectrode with
a saturated calomel reference electrode and Pt wire serving as the auxiliary electrode.
The supporting electrolyte tetrabutylammonium perchlorate (TBAP) was recrystallized
twice from methanol.

2.2. Preparation of EGTB

Synthesis of EGTB, modified as previously described [10], was obtained by refluxing
stoichiometric quantities of ethylene glycol-bis-(8-aminoethylether)-N,N,N',N'-tetra-
acetic acid (EGTA) and o-phenylenediamine (PDA) in glycol at 160-180°C for 6-8 h.
The crude product was precipitated by adding distilled water and purified by
recrystallization from hot ethanol.

2.3. Preparation of [Cuy,(EGTB)(NO3),(DMF),](NO3),+2DMF (1)

Cu(NO3),-2H,0 (0.48 g, 2.0 mmol) was added to DMF solution (10mL) of EGTB
(0.67 g, 1.0 mmol), then stirred at 60°C for 6 h. The dark blue solution was filtered. Blue
crystals were obtained by vapor diffusion with anhydrous diethyl ether after seven days.
Yield: 60%. Anal. Calcd for CsoHggCusrN13O1g: C, 44.94; H, 5.09; N, 18.88. Found:
C, 44.95; H, 4.90; N, 18.92. IR (KBr, cm™'): 3424(m), 1643(s), 1278(s), 424(w), 288(w).
Molar conductance, A,,: (in DMF solution) 172S cm?mol~!. UV-Vis spectra [Amax,
nm (¢, Lmol™'em™")]: (MeOH solution) 275 (25800).
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2.4. Preparation of [Co(EGTB)(NO;),(DMF),](NO;),+2DMF (2)

Red crystals were obtained with a similar reaction procedure as described above, but
using Co(NOj),-6H,0 instead of Cu(NOs),-2H,0. Yield: 70%. Anal. Calcd for
CsoHggCo,N 130 5: C, 45.09; H, 5.12; N, 18.99. Found: C, 44.97; H, 5.05; N, 18.83. IR
(KBr, cm™"): 3325(m), 1656(s), 1388(s), 434(w), 282(w). Molar conductance, Ap,: (in
DMEF solution) 165S cm?mol™'. UV-Vis spectra [Amax, nm (g, L mol ™' cm™")]: (MeOH
solution) 278 (23700).

2.5. X-ray structure determination

Crystals of 1 and 2 suitable for X-ray diffraction were sealed in thin-walled quartz
capillaries and mounted on a Bruker Smart Apex CCD diffractometer equipped with
graphite-monochromated Mo-Ka radiation (4 =0.71073 A) at 293 K. Preliminary unit
cell constants were determined with a set of 45 narrow frame (0.3° in ®) scans. Data sets
consisted of 1286 frames of intensity data collected with a frame width of 0.3° in ®, a
counting time of 10s/frame, and a crystal-to-detector distance of 5.0cm. Their
structures were solved by direct methods and multi-scan absorption corrections were
applied using the SAINT+ program [l1]. The final refinement was performed with
SHELXL-97 [12] by full-matrix least-squares methods on F* with anisotropic thermal
parameters for non-hydrogen atoms. The hydrogen atoms were generated theoretically
onto atoms to which they are attached and refined isotropically with fixed thermal
factors [Ujso(H)=1.2Ucq(aromatic, methylene C and imine N atoms), Ujs(H)=
Ugq(methyl C). Crystallographic data of the two complexes are listed in table 1 and
selected bond lengths and angles are given in table 2.

2.6. Assay of PPO activity

The PPO activity was measured by pyrogallol oxidation in methanol-Tris-HCI buffer
solution (Tris is trihydroxymethyl amino methane). For determination of the kinetic
parameters of the complexes, the concentration of pyrogallol was varied from 1.0 x 10~°
to 1.0 x 107>mol L™', while that of the complexes were kept at 1.0 x 10 mol L™".
The determined wavelength was chosen at Ap,,=325nm (e =4000 Lmol 'em™)).
The pH values and temperatures of reaction system changed in the range of 7.60—8.50
and 20-30°C, respectively.

3. Results and discussion

3.1. Crystal structures of the complexes

Both complexes crystallized in the triclinic crystal system, space group Pi (table 1) with
general formula [M,(EGTB)(NO3),(DMF),](NO3),-2DMF (M=Cu, 1; Co, 2).
The coordination around copper in 1 can be described as distorted square pyramidal
with N1/N2/N4/O3 atoms in the base and carbonyl oxygen O2 occupying the vertex
(figure 1). In contrast to 1, the coordination geometry in 2 can be best described as
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distorted octahedral (figure 2), in which two benzimidazolyl nitrogens (N2/N4), one
oxygen (0O3) of NO5 and one carbonyl oxygen (O2) of DMF are in the equatorial plane,
the amino nitrogen (N1) and the other oxygen (O4) of NO5 occupy two axial positions;
these nitrogens and oxygens are facial in the octahedron. Although the two complexes

Table 1.

Crystal data and structure refinement for 1 and 2.

Complex

1

2

Empirical formula

CsoHegCusN1301g

CsoHegC02N13015

Formula weight 1336.30 1327.08
Crystal size (mm?) 0.20 x 0.10 x 0.04 0.30 x 0.20 x 0.10
Crystal system Triclinic Triclinic
Space group . P1 P1
Unit cells and dimensionals (A, °)

a 9.722(3) 10.6482(11)

b 12.124(4) 10.8728(11)

¢ 14.899(5) 14.8249(15)

o 78.813(6) 81.326(2)

B 71.439(6) 85.549(2)

Y. 70.882(8) 65.841(2)
V(A% 1565.1(9) 1547.9(3)
4 1 1
Dcacia (gem™>) 1.418 1.424
F(000) 696 692
h, k, [ range —11/11, —14/13, —17/15 —12/12, —12/12, —14/17
Tinin/ Tinax 0.9702/0.8626 0.9407/0.8362
0 range for data collection (°) 1.79-25.00 2.07-25.00
Reflections collected 7647 9509
Independent reflections 4760 [R(iny) =0.0807] 5406 [Riny) = 0.0629]
Data/restraints/parameters 4760/0/401 5406/0/401
Goodness-of-fit on F* 0.747 0.979

Final R indices [/ > 20(D]*
R indices [all data]

Largest diff. peak and hole (e A_3)

R;=0.0757, wR,=0.1133
R;=0.1844, wR,=0.1542
0.347 and —0.278

R, =0.0560, wR,=0.1412
R, =0.0811, wR,=0.1628
0.858 and —0.394

Ry = YN Fol = [Fell [ Fol; wRy=[Xw (F2 = F2)° /S w(F2)’]' .

Table 2. Selected bond lengths (A) and angles (°) for 1 and 2.

1 2
Cu(1)-N(3) 1.923(6) Co(1)-N(3) 2.043(3)
Cu(1)-N(5) 1.949(6) Co(1)-N(1) 2.297(3)
Cu(1)-N(1) 2.125(6) Co(1)-N(4) 2.057(3)
Cu(1)-0(2) 1.987(5) Co(1)-0(5) 2.075(3)
Cu(1)-0(3) 2.740(2) Co(1)-0(2) 2.128(3)
Cu(1)-0(5) 2.228(6) Co(1)-0(3) 2.260(3)
N@3)-Cu(1)-N(5) 159.2(3) N(3)-Co(1)-N(4) 104.49(12)
N(3)-Cu(1)-0(2) 95.8(2) N(3)-Co(1)-0(5) 91.25(12)
N(5)-Cu(1)-0(2) 98.1(2) N(4)-Co(1)-0(5) 154.06(12)
N(3)-Cu(1)-N(1) 82.5(2) N(3)-Co(1)-0(2) 103.93(12)
N(5)-Cu(1)-N(1) 81.7(2) N(4)-Co(1)-0(2) 97.56(11)
0(2)-Cu(1)-N(1) 172.3(3) 0(5)-Co(1)-0(2) 98.48(11)
N(3)-Cu(1)-O(5) 101.2(2) N(3)-Co(1)-0O(3) 160.84(12)
N(5)-Cu(1)-0O(5) 95.2(2) N(4)-Co(1)-0(3) 87.00(12)
N(1)-Cu(1)-O(5) 102.2(2) 0(5)-Co(1)-0(3) 84.08(12)
N(5)-Cu(1)-O(3) 95.2(3) N(4)-Co(1)-N(1) 78.76(10)
0(5)-Cu(1)-0(3) 135.8(2) 0(5)-Co(1)-N(1) 84.51(10)
N(1)-Cu(1)-0(3) 121.9(2) 0(2)-Co(1)-N(1) 176.08(10)
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are similar in several aspects, e.g. space group and formula, in the coordination sphere
the M—X bonds (M = metal and X = N or O) in 1 are all shorter by more than 0.1 A
than those in 2 except for the M—Ocyrbony1 bonds [2.223(2)A in 1 and 2.075(2)A in 2].
The Cu(Il) benzimidazolyl nitrogen distances [average 1.938(2) A] are similar to
Cuy(NMEDTB) (NO;); (NMEDTB = N,N,N',N'-tetrakis[(Imethyl-2-benzimidazolyl)-
methyl]-1,2-ethanediamine) [10]. The two Cu(II) ions of 1 are separated by 11.391 A,
which is much longer than the Cu-.--Cu distance [5.171(2) A] of
Cuy(NMEDTB)(NO;); and too long to have dinuclear coupling in comparison with
the Cu - - Cu distance 2.9 A of the natural catechol oxidase isolated from sweet potatoes
[13]. Therefore, 1 is best considered as two mononuclear cores.

Figure 1. An ORTEP view of the structure of 1. The hydrogen atoms, non-coordinating NO3 and solvated
DMF are omitted for clarity. Symmetry code: A=2—x,2—y, 2 —=z.

Figure 2. An ORTEP view of the structure of 2. The hydrogen atoms, non-coordinating NO3 and solvated
DMF are omitted for clarity. Symmetry code: A=1—x,2—y,2—z.
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In the molecule structure of 2, the Co—N(amino) bond is the longest, and the next is
Co-0(3) (NOy). The Cu(1)-O3 and Cul-0O4 bond lengths of nitrate of 1 are unequal
[1.988(2) A/2.740(2) A], but the Col-O3 and Col-O4 bonds in 2 are nearly equal
[2.128(2) A/2.260(2) A]. The reasons underlying these significant alterations in the inner
spheres of the metal ions might be the presence of inter- and intra-molecular contacts
mediated by the coordinated DMF molecules. The Co---Co distance is 11.804 A,
slightly longer than that of 1.

3.2. Cyclic voltammetry

The redox potential is an important parameter both in electron transfer and catalytic
process. The potentials for the two complexes were measured by cyclic voltammetry in
the range —1.2 to +1.2'V versus SCE at a scan rate of 100mVs™'. Complex 1 shows a
quasi-reversible redox process (figure 3). The cathodic and anodic peak potentials are
—0.117 and 0.050V, and the corresponding peak currents are 1.086x 10~ and
7.463 x 107% A, respectively, which are assigned to a two-electron process Cu,'' <> Cu,'.
In comparison with E=—-0.30V versus SCE for parogallol, 1 has higher anodic
potential, indicating it can oxidize pyrogallol [14]. The redox processes of 2 are

irreversible, an anodic peak at 0.957 V is assigned to the oxidative peak of Co' — Co'".

3.3. Electrospray ionization mass spectrometry

To track the oxidative products of pyrogallol and further understand the reaction
mechanism, electrospray ionization mass spectrometry in positive mode was performed.
Pyrogallol was first bound to a metal center to form pyrogallol semiquinone, then
oxidized to purpurogallin and a series of their phenol-quinone tautomers [15]. The
formation of purpurogallinoid (m2/z 104) and formaldehyde (/72/z 30) has been reported
[16]. From ESI-MS (+) of 1 (figure 4), there seems to exist intradiol and extradiol
mechanisms of pyrogallol dioxygenation [17, 18]. The peaks at m/z 57.1, 74.2, 87.1 may

N & O 0 O N

04 /
-2
—e
-6

10 08 06 04 02 0 02 —04 —06 —08 —10
EN

Figure 3. Cyclic voltammogram of 1 in DMF.
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be products of McLafferty rearrangement of muconic acid and its dimethyl derivatives
[19]. ESI-MS of pyrogallol oxidative products catalyzed by 2 are the same as with 1.
The catalytic reactions seem to be similar.

3.4. The PPO activity of the complexes

The kinetic studies of pyrogallol oxidation catalyzed by the two complexes were carried
out by the initial velocity (V;) method. When varied concentrations of substrate
(pyrogallol, S) was varied and other factors unchanged, V; was found to be linear
independent on low pyrogallol concentrations. However, at higher pyrogallol
concentrations, the catalyst (model complex, M) is saturated and V; follows saturation
kinetics, namely, V; is zero-order with respect to substrate concentrations [S], and the
maximum velocity (¥ ,.x) is also obtained at the same time. So a treatment on the basis
of Michaelis-Menten model, originally developed for enzyme Kkinetics, can be
applied. Several kinetic parameters Viax, Km, Kkear and ke, /K, were obtained
under different conditions (table 3). Here, K,,, is Michaelis constant, k., is the turnover
number, namely, the amounts (mole) of substrate converted to product per minute
per mole of mimetic enzyme. Figure 5 shows 1/V is linear with 1/[S] for 1, implying

5.0e5 -
122.2 Tris
4.5e5
4.0e5
3.5e5

3.0e5

2.5e5 (Tris);
2435

Intensity (cps)

2.0e5

1.5e5
571

1.0e5 1 581
102.2

5.0e4 303 |74.2

| Ja7.1

0 | — I. ' . . L , Il l| i Ty
50 100 150 200 250 300 350

m/z (amu)

Figure 4. ESI-MS(+) of pyrogallol oxidation catalyzed by 1 in Tris buffer methanol solution (pH 8.00).
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Table 3. The kinetic data of two complexes.
104 Vmux 1031<m kcat/Km
Complex T (°C) pH (mol L™"min~") (mol L™ keaq (min~") (mol L™' min~")
Blank 30 8.00 0.02
1 20 8.00 1.25 2.12 12.50 5.90
258.00 1.73 2.73 17.30 6.35
30 7.60 0.48 1.22 4.80 3.93
308.00 2.28 3.37 22.8 6.77
308.50 3.03 4.01 30.30 7.56
2 20 8.00 1.16 21.23 11.60 0.55
258.00 1.25 22.05 12.50 0.57
30 7.60 0.23 20.41 2.30 0.11
308.00 1.86 32.12 18.60 0.58
308.50 2.41 34.75 24.10 0.69

< 10°L mol™' min)

-

1

04

06
1
ﬁ <10°L mol™)

08

10

Figure 5. Lineweaver-Burk plot for pyrogallol oxidation catalyzed by 2 at pH 8.00 and 30°C.

a first-order dependence. The slope of the straight line is K,/ V' .x, and the intercept on
the vertical axis is 1/V ax.

The results in table 3 are evaluated from Lineweaver-Burk plots. Rate constants
increase with increases of reaction temperature and pH of the reaction solution.
Moreover, k., of 1 is slightly greater than that of 2, but the Michaelis constant K, of 1
is about 816 times lower than that of 2 under the same conditions. Thus, the affinity of
1 for pyrogallol is better, and the formation rate of quinone is slightly faster than for 2.
The difference of the catalytic activities may result from the oxidation state and
coordination environment of the complexes. Potentials of PPO model compounds close
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to 0V have excellent activity, while those deviated from the potential 0.2-0.3 V lead to
loss of activity partially or completely [20]. The redox potential of 1 is close to 0V,
indicating that the Cu(Il)-complex are easily reduced to its Cu(l) after accepting
electron from the substrate. But in 2, the Co(Il) ion is difficult to reduce during
pyrogallol oxidation. Moreover, coordination around each copper in 1 can be described
as distorted square pyramidal, and DMF may be easier to be substituted in the reaction,
producing one or two vacant sites to combine with pyrogallol and pyrogallol
semiquinone. Compared to the dinuclear distances (3—4 A) of the typical PPO model
compounds described in the literature, the dinuclear distances of the two complexes are
too long to bind coorperatively with substrate molecules [21-23]. The PPO activities
may be dependent upon the interaction between each active center and substrate.

Supplementary material

Crystallographic data of the two complexes have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication CCDC-283305 (1) and
CCDC-283372 (2). Copies of the data are available from CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (Fax: +44-1223-336033; Email: deposit@ccdc.cam.ac.uc.uk
or www: http://www.ccdc.cam.ac.uk).
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