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Abstract

A dinuclear cobalt complex Co,L, (H,L = N, N"-bis(salicylidene)-2,2'-ethylenedianiline) have been synthesized and
characterized. X-ray crystallography found that Co,L, contains a planar C0,0, core where two Co(Il) ions are
bridged by two phenoxo ligands with Co-Co distance of 3.221 A and the coordination geometry of each cobalt(II)
ion is a distorted trigonal bipyramid. The magnetic susceptibility measurements revealed that both Co(II) ions are in
low-spin (S = 1/2) states and two Co(II) spin centers are antiferromagnetically coupled with the exchange coupling
constant of J = -45 cm’!. Co,L, showed catecholase-like activity when 3,5-di-tert-butylcatechol (3,5-H,dtbc) was
treated with Co,L, in the presence of O, and NaOH with the turnover number of k. = 803 hl. Electron
paramagnetic resonance (EPR) on the reaction mixture observed a key reaction intermediates, 3,5-di-tert-butyl-1,2-
benzosemiquinonate anion radical (3,5-dtsq®") bound to Co(Ill)-center. This is the first time observation of Co(III)-

3,5-dtsq®" intermediate during the oxidation of 3,5-H,dtbc by a dicobalt(II/II) complex.

Key words: Cobalt complex, Dinuclear complex, Catecholase activity, Single crystal structure, Magnetic properties

1. Introduction

Catechol oxidase (catecholase) is a well-known type-3 copper enzyme, containing a dicopper center in its active
site, which catalyzes the oxidation of a wide range of o-diphenyls to the corresponding o-quinones. These o-
quinones can be autopolymerized to produce brown color polyphenolic pigments that protect tissue damage against
pathogens.[1,2]. The crystal structures at the native met (Cu(Il)-Cu(Il)) state, the deoxy (Cu(I)-Cu(l)) state, and
phenylthiourea inhibited state of the enzyme extracted from sweet potatoes (lpomoea batatas) have been reported.[3]
Based on the structural, spectroscopic, and theoretical investigations, several catalytic reaction pathways of the
enzyme have been proposed. The reaction pathways could be classified into two categories in terms of the active
oxidation states of the copper centers involved in the catalytic cycle; one in which both the met and deoxy states are

active,[3,4] and the other in which only the deoxy state is active.[5,6]

* Corresponding author. Fax: +82 53 950 6331. E-mail Address: 1echi@knu.ac.kr (H.-1. Lee).
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Functionality and reaction mechanisms of copper model complexes mimicking catechol oxidase have been
extensively studied by investigating the oxidation of 3,5-di-fert-butylcatechol (3,5-H,dtbc) to 3,5-di-fert-butyl-o-
quinone (3,5-dtbq) in the presence of O,.[7-32] In addition to the copper complexes, other metals, such as
manganese[33-46], nickel[47-60], zinc[12,60-65], and cobalt[49,52,57,59,66-72] complexes have been also found to
show catecholase activitiecs. Among those complexes, searching the catalytic reaction pathways on the oxidation of
3,5-H,dtbc by cobalt complexes is of interest because cobalt has three redox active states, I/1I/IIl. Depending on
both the oxidation states of the cobalt ions and the constitution, mono- or multicobalt, of the complexes, diversified
reaction pathways have been proposed.[2,66,67,71-73] Until now, the suggested mechanistic pathways in general
involve the formation of 3,5-di-tert-butyl-1,2-benzosemiquinonate anion radical (3,5-dtsq®). However, the oxidation
states of the metal ions are not clearly identified when the semiquinone anion radical is bound to the metal.

In this study, we have synthesized a dinuclear cobalt complex (Co,L,) derived from a tetradentate diphenolate
ligand H,L (H,L = N,N"-bis(salicylidene)-2,2'-ethylenedianiline) to investigate the mechanistic details of the
catecholase activity. (Scheme 1) Single crystal structure of the complex was determined to be a dicobalt(Il) complex
containing planar Co,0, core where two cobalt(Il) ions are bridged by two phenoxo ligands with Co(II)-Co(II)
distance of 3.221 A. The complex showed a high catecholase activity when it reacted with 3,5-H,dtbc in the
presence of O,. Here, we explore the changes of the electronic and magnetic states during the oxidation of 3,5-

sztbC by C02L2.

OH O

S Co,lL, o

t-Bu t-Bu t-Bu t-Bu

3,5-H,dtbc 3,5-dtbq

Scheme 1. Catalytic oxidation of 3,5-H,dtbc by Co,L,
2. Experimental
2.1 Synthesis of N,N'-bis(salicylidene)-2,2'-ethylenedianiline (H,L)

The ligand, H,L, was prepared by following the previously reported literature method.[31,74] A solution of
salicylaldehyde (0.75 g, 6.0 mmol) dissolved in 5 mL of dry toluene was added to a magnetically-stirred solution of
2,2'-ethylenedianiline (0.66 g, 3.0 mmol) dissolved in 20 mL of dry toluene. The mixture solution was refluxed for 2
hours. Yellow solid products were washed several times with methanol and dried under vacuum at ambient
temperature. (Scheme 2) Yield: 90% (1.3 g), m.p. > 200°C. The H,L ligand was identified by FT-IR (Fig. S1)
recorded from a KBr pellet and 'H and '3C NMR recorded in CDCI; at 25°C showing identical features to the

previously reported data.[74] (Figs. S2 and S3) '"H NMR (400 MHz, CDCl;, 298 K): 6 (ppm) = 13.22 (s, 2H, OH),
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8.07 (s, 2H, NCH), 7.40-6.81 (m, 16H, ArH), 3.04 (s, 4H, N(PhCH,CH,Ph)N). 13C NMR (100 MHz, CDCls, 298
K): & (ppm) = 162.92 (NCH), 161.41 (ArC), 148.04 (ArC), 135.50 (ArC), 133.37 (ArC), 132.73 (ArC), 130.81
(ArC), 127.64 (ArC), 127.22 (ArC), 119.76 (ArC), 11935 (ArC), 118.30 (ArCH), 117.65 (ArC), 33.50
(N(PhCH,CH,Ph)N).

2.2 Synthesis of bis{N,N'"-bis((salicylidene)-2,2"-ethylenedianiline) Cobalt(ll)} (Co:L,)

A solution of Co(ClOy),6H,0 (0.73 g, 2.0 mmol) dissolved in 10 mL of dry acetonitrile was added dropwise to a
acetonitrile solution of H,L (0.84 g, 2.0 mmol) and stirred 1 hour at room temperature. An aqueous solution of
sodium hydroxide (0.16 g, 4.0 mmol) was added dropwise to the reaction mixture. The mixture solution was
refluxed 1 hour and stirred overnight at ambient temperature. After the stirring, a wine-matte crystalline powder was
collected by filtration. (Scheme 2) Yield: 88% (0.86 g), m.p. > 200°C. Elemental analysis calculated for
Cs6HysC0,N404-CH3CN (mol. wt. = 995.89): C, 69.95%; H, 4.76%; N, 7.03%. Found: C, 69.39%; H, 4.74%; N 7.37
%. FAB MS analysis (m/z, +ion base): 955.30, [Co,L,+H]* 100 %. (Fig. S4) FT-IR (KBr disc., cm’!, selected
peaks): 1605 (Vimmine), 1585-1440 (Voenzene)- (Fig. S5). The powder was again dissolved in acetonitrile to be 1 x 10-3

M in a 10 mL vial. Suitable crystals for an X-ray analysis were obtained from the solution after two days.

Toluene =N

O Hop Co(CIO),6H,0, NaOH O;f
1 & CH3CN a O C

—N
dw
H

Y

Scheme 2. Synthesis of Co,L,

2.3 X-ray Crystallography

A dark red crystal of Co,L, was mounted on a glass fiber. X-ray data was collected on a Bruker SMART APEXII
diffractometer equipped with graphite monochromated MoK, radiation (A = 0.71073 A) at room temperature.
(Korea Basic Research Institute, Seoul Western Center) The SMART and SAINT software package were used for
data collection and integration.[75] SADABS was used for absorption correction.[76] The crystal structure was
solved by the direct method and refined by full-matrix least-squares calculation with the SHELXTL software

package.[77] All non-hydrogen atoms were refined anisotropically. The hydrogen atoms attached to C atoms were
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isotropically assigned with the isotropic displacement coefficients of U(H) = 1.2U (C), and their coordinates were
allowed to ride on their respective atoms. A summary of the crystal and some crystallographic data are given in
Table 1. CCDC-830840 contains the supplementary crystallographic data for this paper. These data can be obtained

free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystal data and structure refinement for Co,L,

Empirical formula CscH44C0,N4Oy

Formula weight 954.81

Temperature, K 296

Wavelength, A 0.71073

Crystal system Triclinic

Space group P1

a, A 10.0029(5)

b, A 14.8238(8)

c, A 16.2529(8)

B° 74.554(1)

Volume, A3 2262.0(2)

Z 2

Independent Reflections 11084 (R, = 0.054)
Goodness-of-fit on F? 1.048

Final R indices [I > 2 o(I)]*" R, =0.0679, wR, =0.0915
R indices (all data) R, =0.1856, wR, =0.1326
Largest diff. peak and hole, e-A-3 0.628 and -0.689

aRl = 2||F0|—‘FCH/E|F0|, bWR2 = [EW(FOZ-Fcz)Z/ZWF04]l/2

2.4 Physical measurements

NMR spectra were recorded on a Bruker Advance Digital 400-NMR spectrometer and chemical shifts were
recorded in ppm units. The elemental analysis was performed using a Perkin-Elmer 2400 CHN analyzer. UV/Vis
electronic spectra were recorded with a Scinco UV S-2100 spectrophotometer. Magnetic susceptibilities were
measured in the applied magnetic field of 5000 Oe from 2 to 300 K on a Quantum Design MPMS superconducting
quantum interference device (SQUID) magnetometer equipped with a 5.5 T magnet. Paramagnetic susceptibilities
were calculated by subtracting diamagnetic effects from the observed magnetic susceptibilities using Pascal’s
constants. Fitting of magnetic susceptibility was performed using a home-made program written in MATLAB®

software without considering anisotropic parameters. The program can be obtained upon requesting to the
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corresponding author. X-band (9 GHz) electron paramagnetic resonance (EPR) spectra were collected on a Jeol JES-
TE300 ESR spectrometer using a 100 kHz field modulation. Low temperature EPR spectra were obtained using a
Jeol ES-DVTS3 variable temperature controller. The spectral simulations of EPR were performed using the program

EasySpin.[78]
3. Results and Discussion
3.1 Synthesis and Structure

The ligand, H,L, was prepared by following the previous method.[31,74] An acetonitrile solution of
Co(Cl0Oy),-6H,0 was added dropwise to an acetonitrile solution of H,L and stirred 1 hour. An aqueous solution of
sodium hydroxide was added to the solution. The resulting solution was refluxed 1 hour and stirred overnight to give
a wine matte crystalline powder. Suitable crystals of Co,L, for X-ray analysis were obtained by recrystallization in
acetonitrile.

Co,L, was structurally characterized by a single crystal X-ray diffraction study. Table 1 presents the crystal data.
Co,L, crystallized in a triclinic unit cell containing two dimeric entities. Fig. 1 shows the molecular structure of
Co,L, together with the labeling scheme used. The structure can be viewed as a dicobalt(Il) complex containing
C0,0, core where two cobalt(Il) ions are bridged by two phenoxo ligands with Co(II)-Co(II) distance of 3.221 A
and Co(II)-Opyigging bond lengths of 2.015(3) - 2.087(3) A. The Co,0, core is essentially planar with the maximum
deviation of 0.125 A from the least-squares plane. The Co,0, core is similar to the situation found in other phenoxo-
bridged dinuclear cobalt(II) complexes.[79-82] Each cobalt ion additionally coordinates to two imine nitrogens and
a phenoxo ligand to complete a distorted trigonal bipyramidal coordination geometry (t = 0.83 for Col and 0.63 for
Co2)[83] whose apical positions are occupied by the terminal phenoxo oxygen and one of the bridging phenoxo
oxygens. The Co(II)-Oyemina bond lengths of 1.934(4) - 1.938(3) A are shorter than the Co(I1)-Ovrigging bond lengths.
The Co(I1)-Njmin. bond lengths of 2.052(4) - 2.114(4) A are in agreement with those found in other pentacoordinated
Co(II) complexes.[79-82,84] Selected bond lengths and angles with estimated standard deviations are listed in Table
2.



Fig. 1. Crystal structure of of Co,L, with 33% probability thermal ellipsoids. Hydrogen atoms have been omitted for
clarity.

Table 2. Selected bond lengths and angles for Co,L,.

Bond lengths (A)
Col-N1 2.073(4) Co2-N2 2.052(4)
Col-N3 2.114(4) Co2-N4 2.103(5)
Col-0O1 1.938(3) Co02-02 1.934(4)
Col-03 2.087(3) Co2-03 2.015(3)
Col-04 2.015(3) Co02-04 2.084(3)
Bond angles (°)

N1-Col-N3 109.61(14) N2-Co2-N4 101.88(17)
N1-Col-0O1 92.93(15) N2-C02-02 92.63(16)
N1-Col1-03 91.86(14) N2-Co02-03 123.49(14)
N1-Col-04 125.44(13) N2-C02-04 97.96(15)
N3-Co1-01 95.96(15) N4-Co02-02 98.08(19)
N3-Co1-03 81.55(14) N4-Co02-03 131.10(16)
N3-Col-04 119.81(13) N4-Co02-04 82.33(17)
01-Col1-03 175.13(13) 02-Co2-03 97.12(14)
01-Col-04 103.04(13) 02-Co2-04 169.10(14)
03-Col-04 74.82(12) 03-Co2-04 74.86(11)

3.2 Catecholase activity

Initial tests of the catalytic activities of Co,L, showed a catecholase activity of the complex. Indepth investigation
for the catecholase activity was performed by treating an acetronitrile solution of Co,L, with 3,5-di-tert-
butylcatechol (3,5-H,dtbc) in air. The oxidized product, 3,5-di-tert-butyl-o-quinone (3,5-dtbq), has a strong

absorption at A,,x = 400 nm (¢ = 1,900 M-'cm!), which allows the activity and reaction rate, respectively, to be
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determined.[16,31,32] Fig. 2 shows the change of UV/Vis spectra at room temperature upon adding 3,5-H,dtbc
(3.75 x 10* M, 1.13 x 10 mol) into the Co,L, solution (2.5 x 10> M, 7.5 x 10-® mol) containing 4 equivalents of
aqueous sodium hydroxide. As observed in the figure, the quinone band at 400 nm increases over time on top of the
broad LMCT band of Co,L, at 365 nm. The intensity was saturated at 450 sec after the reaction was initiated. The
amount of 3,5-dtbq generated by the reaction was determined to be 8.53 x 107 mol which is much more than the

amount of Co,L,, indicating the catalytic activity of Co,L,.

Absorbance

T T T T T B T )’ T ¥ T T 1
300 350 400 450 500 550 600
Wavelength (nm)

Fig. 2. Change of UV-VIS absorption spectra of Co,L, + 3.5-H,dtbc + NaOH in acetonitrile. The reaction was
initiated by adding 3,5-H,dtbc solution (3.75 x 10* M, 1.13 x 10 mol) into Co,L, (2.5 x 10° M, 7.5 x 10 mol)
solution containing 3.0 x 107 mol NaOH. Each spectrum was obtained every 10 second up to 450 seconds after
mixing. Arrow denotes the increase of 3.5-dtbq absorption band.

The kinetics of the oxidation of 3,5-H,dtbc by Co,L, was investigated using the initial rate method. Fig. 3 shows
the concentration changes of the reaction product, 3,5-dtbq, vs. the reaction time, and the corresponding Michaelis-
Menten and Lineweaver-Burk plots, respectively, when 2.5 x 10° M Co,L, solution was mixed with 1-25
equivalents of 3,5-H,dtbc in basic condition. From the analysis, the kinetic parameters of V. = 5.57 x 10 Ms™!, Ky
=1.93 x 10* M, ke = 0.223 57!, and k., Ky = 1155 M!s! were obtained. The blank tests found that the reaction rate
of the Co,L,-catalyzed reaction was more than one order of magnitude faster than those of the reactions with the free
ligand, H,L, or cobalt salt in the absence or presence of NaOH. The reaction rate of the catecholase activity of Co,L,
in the absence of NaOH was significantly slower than Fig.3. The reaction rate was dependent on the concentration
of NaOH which was used for enhancing the deprotonation of 3.5-H,dtbc in the aprotic solvent.[85-88]

Previous studies on catecholase activities of cobalt model complexes have showed wide range of &, values from
less than 10 h'!' to 24000 h-'. (Table 3)[2,66-72,89,90] k., value of 803 h'! (= 0.223 s*') observed from Co,L, is
comparable to those with moderate to high catecholase activities. Fig. S6 displays the concentrations of 3,5-dtbq at
450 sec after the reactions started according to the initial concentrations of 3,5-H,dtbc. The plot of [3,5-dtbq] vs
[3,5-H,dtbc]y is well explained by a linear line with the slope of 0.79, indicating that about 79% of 3,5-H,dtbc were
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converted to 3,5-dtbq. This is in good agreement with the conversion ratio of oxidation of 3,5-H,dtbc by our

previous copper complex.[32]
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Fig. 3. Kinetic study of the catalytic oxidation of 3,5-H,dtbc by Co,L,. [Co,L;]p = 2.5 x 10 M. [NaOH], = 1.0 x
10* M. (A) [3.5-H,dtbc] vs. time. Concentrations of 3,5-dtbq were calculated from the absorbances at A,, = 400 nm
(&= 1,900 M-'cm™). [3.5-H,dtbc]y = (a) 2.5 x 10° M, (b) 6.25 x 10° M, (¢) 1.25 x 104 M, (d) 1.875 x 10* M, (e)
25x 104 M, (f) 3.125 x 10* M, (g) 3.75 x 10> M, (h) 4.375 x 104 M, (i) 5x 10* M, (j) 5.625 x 104, and (k) 6.25 x
10*M. (B) Corresponding Michaelis-Menten plot and (C) Lineweaver-Burk plot.
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Table 3. Kinetic parameters for the catalytic oxidation of 3,5-H,dtbc by cobalt complexes.

Complex Vinax Ms ™) kear (51 Kvy(M) keat/ Ky M 1s1)  Ref.
Co,L, 5.57 x 10 2.23x 10! 1.93x 10* 1160 This work
Co(Hdmg),(Ph;P), 74(3.7) x 102 [66,67]
[Cox(LN]* 8.5x 103 [89]
[Cox(L2)]* 9.1x 10° [89]
[Co,(EGTB)CL]* 1.95 x 107 1.95x 1073 2.77 x 1073 0.704 [68]
[Cox(L'H)(H,0),(OAcC),]*2 1.24 x 10 1.24x 10°! 2.45x 107 50.6 [69]
[Cox(L2)(H,0)2(OAC),]* 1.28 x 1075 1.28 x 102 178 x 10 7.19 [69]
[Cox(L3)(H,0),(OAC),]* 1.19 x 107 1.19 x 102 2.39x 103 4.98 [69]
[Coa(HL')2(H,O0)(HOCH,CH3)]* 5.95x 10 5.95 8.82x 1073 675 [70]
Cos(H,L2)5(LA)CL, 6.76 x 10 6.76 8.97 x 103 754 [70]
Co(L)(N3)>(H;0%) 6.97 x 10 2.78 x 103 1.26 x 103 22.1 [90]
Co(L)(NCS)(H,0) 7.80 x 10°8 3.11x 103 1.24x 103 2.51 [90]
Coy(H,L),(OAc), 2.22x 107 2.19x 102 8.7x 1073 2.52 [71]
cis-[CosLoy(MeOH),(Ny)y(iy-N3),]  1.97 x 10°6 3.94 x 102 1.89 x 10 20.9 [72]
trans-[CosLy(H,0),(N3)y(uy-N3),]  1.20x 10 2.36 x 102 1.44x 10°% 16.4 [72]
CosLR5(N3)s(1y 5-N3)s 1.38 x 10°6 275 x 102 1.65x 107 16.7 [72]

3.3 Magnetic properties

The magnetic susceptibility of Co,L, was measured over the temperature range of 2 K — 300 K in the applied
magnetic field of 5000 Oe. As shown in Fig. 4(A), the molar magnetic susceptibility (y;,) decreases as temperature
increases with maximum at near 34 K, indicating an antiferromagnetic coupling between the spin centers. Sharp
increase of y,, at very low temperature may be due paramagnetic impurities. The antiferromagnetic nature of Co,L,
is also observed from the y,7 vs. T plot in which y,,T decreases as temperature decreases. (Fig. 4(B)) I at room
temperature is calculated to be 1.12 cm?/mol which gives the magnetic moment of 2.12 g3 per Co(II) ion. Co(II) ion,
with d” electron configuration, can have either S = 1/2 (low-spin) or S = 3/2 (high-spin) spin state, of which the
theoretical spin-only magnetic moment is 1.73 x5 or 3.87 ug, respectively. This clearly demonstrates that both the
Co(II) ions of Co,L, are in low-spin (S = 1/2) states.

To estimate the magnitude of the exchange coupling between two Co(Il) centers, y,, was fitted with the following

equation,[91,92]

Cimp N.gz.u§
Xm= Xo *+ T—08

] )

imp 2

KT[3+e *T]

where y, and Cin/(T - 6yp) are the temperature independent and dependent magnetic susceptibilities of
paramagnetic impurities, respectively. The best fit parameters are y, = 4.4 x 10 cm¥mol, Ciy,, = 0.23 cm’K/mol,
Gmp = -14 K, and J = -45 cm! with fixed g = 2.0, indicating strong antiferromagnetic coupling between two spin

centers.



Zm (cm=3/mol)
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Fig. 4. Plots of (A) molar magnetic susceptibility (¥, black square) vs T and (B) T (red circle) vs T of Co,L,.

Solid lines are the fit using the equation (1). Fitting parameters: y, = 4.4 x 104 cm’/mol, Ci,, = 0.23 cm?K/mol,
Bmp=-14K, J=-45cm’!, and g =2.0.

3. 4 Electron Paramagnetic Resonance

EPR (electron paramagnetic resonance) is useful for monitoring the changes of the metal oxidation states and
radical intermediates during the catalytic reaction. To observed such changes, EPR spectra were recorded after
adding 3,5-Hdtbe (1.3 x 102 M, 4.0 x 10-3 mol) into the Co,L, solution (6.7 x 10* M, 2.0 x 10-% mol) containing 4
equivalents of aqueous sodium hydroxide. Fig. 5(A) displays EPR spectra obtained from the frozen acetonitrile
solution of the reaction mixture at 110 K. EPR spectrum at 0 sec, which was obtained from the Co,L, solution
containing sodium hydroxide, did not give any detectable EPR intensity due to strong antiferromagnetic coupling of
two low-spin Co(Il) ions. After adding 3,5-H,dtbc, EPR signal gradually increases over the reaction time. The
observed EPR spectra could be well simulated with g = [2.003 2.003 2.001] and Ac, =[16.5 16.5 47.6] MHz. EPR
spectrum obtained from the reaction-mixture solution at room temperature shows 16 lines or 8 doublets. (Fig. 5(B))
This splitting is due to the nuclear hyperfine couplings of *°Co (I ="7/,) and 'H (I = /), which is confirmed by the
numerical simulation with g;,,= 2.0023 and the isotropic nuclear hyperfine coupling constants of A, s, = 26.8 MHz
and Apis = 9.2 MHz. Calculated gis, (= 2.002) and Ac, 50 (= 26.9 MHz) values extracted from the simulation of the
frozen solution EPR (Fig. 5(A)) are essentially the same as those obtained from the solution EPR (Fig. 5(B)) at
room temperature, indicating that both the EPR spectra in Figs. 5(A) and 5(B) are arising from the same chemical
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species. In the frozen solution EPR, 'H hyperfine coupling is not resolved under the inhomogeneously broadened
EPR line caused by g- and Ac,-anisotropies.

Since the EPR measurements at both room temperature and 110 K detected the °Co hyperfine coupling, the
signal can be assigned to either low-spin Co(II) (d7, S = 1/2) or a radical species coupled to low-spin Co(III) (d¢, S =
0). EPR of low-spin Co(Il) shows wide range of g- and A¢,-values depending on the coordination geometries and
ligand atoms.[93-99] In general, g-anisotropy and 4, of low-spin Co(II) are bigger than those observed in this work,
suggesting that a radical species coupled to low-spin Co(IIl) gives rise to EPR of Fig. 5. Previously, EPR of low-
spin Co(III)-3,5-dtsq®" (=3,5-di-tert-butyl-1,2-benzosemiquinonate anion radical) complex has been reported with
the ring 'H hyperfine of 3.3-3.5 G and the *Co hyperfine of 10-11 G which are close to our results.[66,67,73,100]
These confirms the EPR spectra obtained during the catalytic oxidation of 3,5-H,dtbc by Co,L, are arising from an
intermediate containing low-spin Co(IIl)-3,5-dtsq®-. Free 3,5-dtsq®- radical in solution has been often detected by

EPR.[30,32,101] However, such signal has not been observed during the oxidation of 3,5-H,dtbc by Co,L,.

(A) 0sec (B
5 min Exp.
—— e | |
15 min
F Sim.
) T T 1 1 I T
3100 3200 3300 3400 3200 3250 3300

Field Strength (G) Field Strength (G)

Fig. 5. (A) EPR spectra obtained from the frozen CH;CN solution of Co,L, + NaOH + 3,5-H,dtbc and a
corresponding numerical simulation, and (B) EPR spectra obtained from the CH;CN solution of Co,L, + NaOH +
3,5-H,dtbc and a corresponding numerical simulation (5 min after mixing). Experimental conditions: microwave
frequency, 9.13 GHz; microwave power, | mW; modulation amplitude, 0.5 G; modulation frequency, 100 kHz; time
constant, 0.3 sec; scan speed, 125 G/min; temperature, 110 K (for A) and 298 K (for B); [Co,L,]o = 6.7 x 104 M,
[NaOH], = 2.7 x 10-* M; and [3.5-H,dtbc], = 1.3 x 102 M. Simulation parameters: (A) g = [2.003 2.003 2.001]; A¢,
=[16.516.547.6] MHz, and (B) gis, = 2.0023; Apiso = 9.2 MHz; Acyiso = 26.8 MHz.

3.5 Implication for Mechanistic Pathway

EPR measurements found a key reaction intermediate, low-spin Co(IIl)-3,5-dtsq®", during the oxidation of 3,5-
H,dtbe by Co,L, in the presence of O, (Fig. 5). Though the generation of Co(III)-3,5-dtsq®" intermediates during the
oxidation of 3,5-H,dtbc by monomeric Co(II) complexes has been suggested,[66,67,89] the observation of the
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intermediate species from dicobalt(Il/II) complexes has not been reported. Previously, the oxidation of 3,5-H,dtbc
by dicobalt complexes involved either with Co(II)-3,5-dtsq®- or without 3,5-dtsq®- intermediate depending on both
the binding modes of 3,5-H,dtbc, monodentate or bridging bidentate, and the oxidation states of the cobalt
centers.[71,102] Observation of Co(II)-3,5-dtsq®- in the catecholase activity of Co,L, is likely to implying that only
one cobalt site of Co,L, is active for the catalysis. However, a fragmentation during the reaction cannot be ruled
out.[103] More detailed investigation including the dependence of OH- is currently underway for setting up a
mechanistic pathway.

The oxidation product, 3,5-dtbq, has been often generated via disproportionation or air oxidation of free 3,5-
dtsq®- radical in solution which has been easily detected by EPR.[30,32] But such a signal was not observed during
the oxidation of 3,5-H,dtbc by Co,L, indicating that 3,5-dtsq®- was not freed from the intermediate complexes.
There have been numerous reports showing valence tautomerism in cobalt and o-quinone complexes.[66,67,73,104-
107] Therefore it is most probable that the last part of the mechanistic pathway is a valence tautomerization between

Co(IlI)-center and 3,5-dtsq®" in which Co(III)L-3,5-dtsq*" is in equilibrium with Co(I[)L + 3,5-dtbq.

4. Conclusion

In summary, we have taken a compartmental ligand, H,L, containing N,O, chelate groups to build dicobalt(II)
complex, Co,L,. The complex contains a planar Co,0, core where two cobalt(I) ions are bridged by two phenoxo
ligands with Co(II)-Co(II) distance of 3.221 A. The magnetic susceptibility measurements of Co,L, found that both
Co(I) ions are in low-spin (S = 1/2) configuration and two Co(Il) spin centers are antiferromagnetically coupled
with the exchange coupling constant of J = -45 c¢cm™!. Co,L, showed catecholase-like activity when 3,5-di-tert-
butylcatechol (3,5-H,dtbc) was treated with Co,L, in the presence of O, and NaOH. Kinetic investigation for the
oxidation of 3,5-H,dtbc to 3,5-di-fert-butyl-o-quinone (3,5-dtbq) by Co,L, in acetonitrile found the turnover number
of ke = 803 h'!, which is relatively high catecholase activity in Co complexes. EPR of the reaction mixtures
observed the reaction intermediate of a low-spin Co(IlI) complex containing 3,5-dtsq®- ligand. This is the first time
observation of of Co(Ill)-3,5-dtsq*- intermediate during the oxidation of 3,5-H,dtbc by a dicobalt(II/II) complex.
The oxidation product, 3,5-dtbq, was probably generated via a valence tautomerization between Co(IlI)-center and

3,5-dtsq*.
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Graphical Abstract
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Highlights

A dinuclear cobalt complex (Co,L,) derived from a tetradentate diphenolate ligand H,L (H,L =
N,N"-bis(salicylidene)-2,2'-ethylenedianiline) was synthesized.

Single crystal X-ray crystallography revealed that Co,L, is a dimeric complex with a planar
Co(II),0, core.

Magnetic susceptibility measurements on Co,L, found that both Co(II) ions are in low-spin (S =
1/2) states and two Co(II) spin centers are antiferromagnetically coupled.

The complex showed a high catecholase activity when it reacted with 3,5-di-tert-butylcatechol
(3,5-H,dtbc) in the presence of O, and NaOH.

Electron paramagnetic resonance (EPR) of the catalytic reaction mixture observed a key reaction
intermediates, 3,5-di-tert-butyl-1,2-benzosemiquinonate anion radical (3,5-dtsq®) bound to
Co(III)-center.
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