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Synthesis and  pH-sensitive  electrochemical  properties of  three  complexes,
[Cu(PD);] - (ClOy4), - 2.25CH;3CN - 6H,O (1), [Cu(PD)(DMSO)Cl,]-DMSO-H,O (2) and
[Co(PD);] - (ClOy4), - CH3CN - 2H,O (3) (PD=1,10-phenanthroline-5,6-dione), are reported.
Single-crystal X-ray diffraction of the complexes suggest that the structure of 1 is
orthorhombic, 2 triclinic and 3 orthorhombic. The electrochemical properties of free PD
and the three complexes in phosphate buffer solutions in a pH range between 2 and 9 have
been investigated using cyclic voltammetry. The redox potentials of these compounds are
strongly dependent on the proton concentration in the range —0.3V~0.4V versus SCE
(saturated calomel reference electrode). The reduction behavior of PD can be described from
quinone species to semiquinone anion then to the fully reduced dianion. At pH <4, the
reduction of PD proceeds via 2¢~/3H™ processes, while at pH >4, the reduction of PD proceeds
via 2e7/2H™". For all complexes, the N-N chelate PD ligand is electrochemically active and
underwent step reduction via 2e”/2H™.

Keywords: 1,10-Phenanthroline-5,6-dione; Copper(II); Cobalt(II); Cyclic voltammetry

1. Introduction

The transition metal complexes containing redox active ligands display remarkable
photochemical and electrophysical properties. Especially, complexes with dioxolene
ligands have been intensively studied [1-3] because dioxolene takes three oxidation
states: quinone, semiquinone and catecholate. Complexes containing semiquinone and
catecholate have been shown to support intramolecular electron transfer [4-6] or
between localized metal and quinone electronic levels within the semiquinone/
catecholate complex molecule [7, 8]. Coordination of quinone ligands in monometallic
systems would give additional electrochemical activity at potentials near the redox
potentials of the metals [9]. We chose PD as ligand because it has interesting
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electrochemistry property [7] and it is a N—N chelate ligand containing an o-quinoid
moiety, exhibiting pH-dependent responses. Owing to its redox activity, free PD and
ruthenium, cobalt, iron, and nickel complexes show strong electrocatalytic activity for
oxidation of NADH [10, 11]. We focused on the development of mononuclear
transition metal complexes of 1,10-phenanthroline-5,6-dione: copper(IT) and cobalt(IT)
complexes, such as [Cu(PD);]-(ClOy),-2.25CH;CN-6H,O (1), [Cu(PD) (DMSO)
Cl,]-DMSO-H,0O (2) and [Co(PD);3]-(ClOy4),-CH3CN-2H,0 (3) and investigated
their electrochemical properties and the influence of acidity.

2. Experimental

2.1. Materials and measurements

All reagents were obtained from Tianjin Guangfu Chemical Reagent Company and
used without further purification. The reagents used were analytical reagent grade.
Elemental analyses (C, H, N) were carried out on a Perkin-Elmer 240 analyzer.

2.2. Electrochemistry

Cyclic voltammetry measurements were performed on a BAS Epsilon Electrochemical
Workstation. All samples were purged with argon prior to measurements. A standard
three-clectrode system consisting of a glassy carbon working electrode, a platinum-wire
counter electrode and a saturated calomel reference electrode (SCE) was used. All
potentials are referenced to the saturated calomel reference electrode without
consideration of the liquid junction potential. The sweep rate during the CV
measurements was 100mV S™'. Acidic solutions in a pH range between 2 and 4 were
adjusted by mixing 0.1 moldm™ HCIO, and 0.1 moldm™ NaH,PO, solutions. The
phosphate buffer solutions in a pH range between 4 and 9 were prepared using
0.1 moldm > NaH,PO,, 0.1 moldm > Na,HPO, and 0.1 moldm~> NasPO, solutions.
The pH measurements were carried out using a WTW-315i pH meter (Wissenchaftlich-
Technische Werkstétten Instruments Inc.).

2.3. X-ray crystallography

A green single crystal of [Cu(PD);]- (ClOy), - 2.25CH;CN - 6H,O (1) with approximate
dimensions of 0.04 x 0.02 x 0.02mm>, a grass green single crystal of [Cu(PD)
(DMSO)Cl,]-DMSO-H,0 (2) with approximate dimensions of 0.22 x0.18 x
0.16mm> and a yellow single crystal of [Co(PD)s]-(ClO,),- CH5CN -2H,0O (3) with
approximate dimensions of 0.26 x 0.19 x 0.08 mm were mounted on glass fibers.
Determination of the unit cells and data collection were performed using Mo-Ka
radiation (L =0.71073 A) on a Bruker SMART 1000 diffractometer equipped with
a CCD camera. The w—¢ scan technique was employed [12]. Crystal parameters and
structure refinements for the complexes are summarized in table 1. Selected bond
lengths and angles are listed in table 2. The structures were solved primarily by
direct methods and secondly by Fourier difference techniques and refined using the
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Table 1.

Crystal data and structure refinement for 1, 2 and 3.

3149

Complex

1

2

3

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions (A, °)

(SIS N

X ™R

Volume (A3), V4

Calculated density (Mgm ™)
Absorption coefficient (mm ™)

F(000)
Crystal size (mm?)

6 range for data collection (°)
Reflections collected/unique

Completeness 6 =26.41

Goodness-of-fit on F*

Final R indices [/>20([)]

R indices (all data)

Largest diff. peak and hole (e 10\’3)

Cu0.50H24.75C1:Ng 25014
985.38

113(2)

0.71073

Orthorhombic,
P2(1)2(1)2(1)

13.839(3)

14.101(4)

20.637(5)

90.00

90.00

90.00

4027.1(17), 4

1.625

0.758

2002

0.04 x 0.02 x 0.02

1.75 to 25.00

7105/5692

[Rin=0.072]

99.9%

1.08

R;=0.0667,
wR,=0.1327

R;=0.0872,
wR,=0.1444

0.34 and —0.60

C16H20C12CUN20552
518.90

294(2)

0.71073

Triclinic

Pi

7.1283(10)
13.1464(18)
13.1593(19)
61.288(2)
76.072(2)
86.593(2)
1074.5(3), 2
1.645
1.527
530
0.22x0.18 x0.14
1.77 to 25.02
5470/3684
[Rine=0.0190]
99.3%
1.027
R;=0.0310,
wR,=0.0768
R; =0.0406,
wR,=0.0825
0.430 and —0.339

C3H,5CLCoN70 6
965.48

293(2)

0.71073
Orthorhombic
P2(1)2(1)2(1)

13.876(2)
14.238(2)
20.763(3)

4101.9(11), 4

1.563

0.631

1964

0.26 x 0.19 x 0.08

1.73 to 25.03

22426/7229

[Rine =0.0236]

99.9%

0.973

R;=0.0502,
wR,=0.1084

R;=0.1037,
wR,=10.1236

0.426 and 0.284

Table 2. Selected bond lengths (/0\) and angles (°) for 1, 2 and 3.

Complex Bond lengths (A) Bond angles (°)

1 Cul-N5 2.078 (6) N5-Cul-N1 174.4 (2)
Cul-N1 2.102 (6) N5-Cul-N3 95.1 (2)
Cul-N3 2.121 (6) NI1-Cul-N3 88.87 (19)
Cul-N4 2.128 (4) N5-Cul-N4 90.01 (19)
Cul-N6 2.130 (6) NI1-Cul-N4 94.6 (2)

2 Cul-03 1.9988 (19) 03-Cul-N2 88.04 (8)
Cul-N2 2.035 (2) 0O3-Cul-N1 164.81 (8)
Cul-N1 2.033 (2) N2-Cul-N1 80.36 (8)
Cul-Cl1 2.5080 (8) 03-Cul-CI2 92.80 (6)
Cul-CI2 2.2603 (8) N1-Cul-CI2 93.94 (6)

3 Col-N5 2.103 (4) N5-Col-N1 89.29 (16)
Col-N1 2.118 (4) N5-Col-N6 77.81 (18)
Col-N6 2.119 (5) N1-Col-N6 95.14 (16)
Col-N4 2.124 (5) N5-Col-N4 95.16 (17)
Col-N2 2.127 (5) N1-Col-N4 174.32 (18)

full-matrix least squares method. Computations were performed with the SHELXL-97
program [13, 14]. All non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were set in calculated positions and refined as riding atoms with a common
fixed isotropic thermal parameter.
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2.4. General procedure for the synthesis of (1), (2) and (3)

1,10-Phenanthroline-5,6-dione was prepared according to the literature method [15].

[Cu(PD)3] - (ClOy4), - 2.25CH;CN - 6H,O (1) was prepared by mixing a CH3CN
(10mL) solution of Cu(ClOy),-6H,O (186 mg, 0.5mmol) with 1,10-phenanthroline-
5,6-dione (105 mg, 0.5 mmol) in CH;CN (5mL) solution, the solution was refluxed for
two hours, filtered and evaporated at room temperature. Green prism single crystals
suitable for X-ray diffraction were obtained after one month. Yield: 45%. Calcd for
C40.50H24.75C1,CulNg 55014 (%): C, 49.13; H, 2.40; N, 11.61. Found (%): C, 49.32;
H, 2.51; N, 11.72.

[Cu(PD)(DMSO)Cl,]- DMSO -H,O (2) was prepared by mixing a water (5mL)
solution of CuCl,-2H,O (171mg, 0.5mmol) with [,10-phenanthroline-5,6-dione
(0.5mmol) in DMSO (5mL) solution, the solution was stirred overnight at room
temperature, filtered and evaporated at room temperature. Grass green blocky single
crystals suitable for X-ray diffraction were obtained on slow evaporation of a DMSO-
H,O solution of the complex after five months. Yield: 85%. Calcd for C;sH»oCl,
CulN,»OsS, (%): C, 37.35; H, 3.77; N, 5.51. Found (%): C, 37.03; H, 3.88; N, 5.40.

[Co(PD);] - (ClOy4), - CH3;CN - 2H,0 (3) was synthesized by mixing a water (SmL)
solution of Co(ClQOy,),-6H>0 (183 mg, 0.5mmol) with 1,10-phenanthroline-5,6-dione
(0.5 mmol) in methanol (5 mL), the solution stirred for 10 min at room temperature, the
yellow precipitate filtered off and dissolved in CH3;CN. Yellow blocky single crystals
suitable for X-ray diffraction were obtained on slow evaporation of a mixed solution of
the complex after 10 days. Yield: 55%. Calcd for C3;gH,5Cl,CoN,O4 (%): C, 47.44;
H, 2.50; N, 10.14. Found (%): C, 47.27; H, 2.61; N, 10.16.

Caution! Perchlorate salts of metal complexes containing organic ligands are
potentially explosive. Only small quantity of material should be prepared and handled
with suitable safety measures.

3. Results and discussion

The metal complexes were characterized by X-ray structural analyses. The electro-
chemical properties of free PD, 1, 2 and 3 in aqueous solutions at various pH values
were investigated.

3.1. X-ray structural characterization

The perspective view of [Cu(PD);] - (ClOy), - 2.25CH;CN - 6H,O (1) is shown in figure 1;
key bond lengths and angles are summarized in table 2. In the complex, copper(Il) is
coordinated by six nitrogen atoms to form a distorted octahedron. N1, N3, N5, N6 are
nearly coplanar, while the axial coordination sites are occupied by N2 and N4.
The copper is shifted by 0.0457 A from the equatorial plane. The Cu—N distances are
2.102(6), 2.121(6), 2.078(6) and 2.130(6)A in the equatorial plane, while 2.152(5) and
2.128(4)/0% for the axial. The bond angle of N2-Cul-N4 is 169.6(2)°.

The perspective view of [Cu(PD)(DMSO)Cl,] - DMSO - H,O (2) is shown in figure 2.
The key bond lengths and angles are summarized in table 2. In the complex, the
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Figure 1. ORTEP diagram of 1.

Figure 2. ORTEP diagram of 2.
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Figure 3. ORTEP diagram of 3.

copper(II) is coordinated in a distorted square pyramidal geometry through the DMSO
oxygen O3, two N atoms of PD and CI2 in the basal plane and Cll in the apical
position. The four equatorial donor atoms are nearly coplanar, while the copper atom is
0.3229 A out of the plane. As is usual, the Cul-Cll distance of 2.5080(8) A is
significantly longer than Cul—-CI2 2.2603(8) A.

The structure of [Co(PD)s] - (ClOy), - CH3CN - 2H,O0 (3) is shown in figure 3. The key
bond lengths and angles are summarized in table 2. In the complex, the cobalt(II) is
coordinated by six nitrogen atoms to form a distorted octahedron. N1, N2, N4 and N6
are nearly coplanar, while the cobalt atom is 0.0380 A out of the plane. The axial
coordination sites are occupied by N3 and N5. The Co—N distances are 2.118(4),
2.124(5), 2.129(4) and 2.119(5)/0\ in the equatorial plane, while 2.127(5) and 2.103(4)}1
in the axial. The N3—Col1-N5 bond angle is 169.44(16)°.

3.2. Cyclic voltammetric studies

In order to facilitate electrochemical assignments of the metal-PD complexes, the
electrochemistry of free PD will be briefly discussed; the cyclic voltammogram



09: 42 23 January 2011

Downl oaded At:

Synthesis and pH-sensitive redox properties of PD 3153

—— pH=2.20
-——-pH=4.03

—T v T T v
0.5 04 03 0.2 0.1 0.0 -01 -02 -03 -04

Figure 4. Cyclic voltammograms of PD in 0.1 mol L' phosphate buffer solutions at several pH values.

for the free ligand was obtained under the same conditions as those employed in
study of its complexes. Figure 4 shows the cyclic voltammogram of PD in
different pH phosphate buffer solutions. The voltammograms exhibit a couple of
redox peaks with peak potential shifted to the more negative values as pH
increases; studies at pH>9 are made difficult by the base-catalyzed
decomposition of PD, which produces 4,5-diazafluorenone. The broad anodic
and cathodic waves at low pH are interpreted as overlap of two closely
successive (quinone/semiquinone) and (semiquinone/catecholate) redox couples
[Equations (1) and (2)] [16]. This assumption, supported by their peak potentials,
was irrespective of the scan rates. The AFE, of ~42mV was obtained at high
pH, which is attributed to reduction of the quinone species to the semiquinone
anion followed by reduction to the fully reduced dianion at the same
potential [17].

Figure 5 shows the plot of E_ values of free PD against pH. There is a breakpoint at
ca pH 4, and the slopes of the plot below pH 4 and above pH 4 were determined
graphically as ca —83 and —54mV/pH, respectively. The slopes in the plot indicate
that the reduction of the PD occurs via 2e /3H" and 2e /2H" processes [17]. Thus,
quinone molecules undergo two one-electron reductions in H>O to give catecholate
analogues and simultaneously combine one or two protons [Equations (1) and (2)].
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In the range of pH 2-4, the pyridine nitrogen site of PD was protonated
[Equation (3)] [18].

The electrochemical properties of 1, 2 and 3 at a glassy carbon electrode were
investigated using cyclic voltammetry in aqueous solutions having pH values between 2
and 9. The cyclic voltammograms of 1 (figure 6(a)) at pH 2.22 exhibit a pair of waves
with £,=0.02V and E,=—0.10V versus SCE; AE,=120mV (where E, and E_ are the
anodic and cathodic peak potentials and AE, is the potential separation between the
peaks), attributed to redox processes centered on the metal (Cu'’/Cu'). An increase in
pH promotes the disappearance of this pair of waves (Cu''/Cu'). Analogous to the PD
system, a pair of waves with £,=0.28V and E,=0.20V, AE,=80mV can be assigned
to the two one-electron redox of coordinated PD [11]. The electrochemical response is
sensitive to the pH, and the waves shift to more negative potentials as the pH is
increased. When the pH is raised to 4.18, an anodic wave appears at 0.2 V, which can be
assigned to the metal centered oxidation. In acidic medium, there is an overlap of
anodic peaks of Cu'”™ and PD [20].

As shown in figure 6(b), the cyclic voltammogram of 2 at pH 2.2 exhibits a reductive
wave with E,=—0.043V versus SCE (where E. is the cathodic peak potential),
attributed to reduction centered on the metal (Cu'//Cu'). With increasing pH, the
location of the wave is invariable. Analogous to the PD system, a pair of waves with
E,=0.279V and E.=0.191V; AE,=88mV can be assigned to the two one-electron
redox reactions of coordinated PD. The electrochemical response is sensitive to the pH,
and the waves shift to more negative potentials as pH is increased. When the pH is 8.99,
redox peaks move to —0.177V and —0.258 V. In addition, an anodic wave appears at

0.2 4 \\
\\\
\‘{
0.14 .
e
N\
0.0 1 :

E/V vs. SCE

B e

Figure 5. Plots of E. (vs. SCE) vs. pH for the reduction of PD.
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0.210V, which can be assigned to the metal centered irreversible oxidation. In acidic
medium, there is an overlap of anodic peaks of Cu'"" and PD.

The cyclic voltammograms of 3 [see figure 6(c)] show only one redox couple
assigned to the ligand-centered reduction/oxidation processes and with the pH
increasing, the redox couple becomes two redox couple waves. Figure 7(a), (b) and
(c) show the plots of E. values of 1, 2 and 3 against pH. The slopes of the
three figures are roughly —50, —66, —56 mV/pH, respectively, indicating that reduction
of PD proceeded via the 2e”/2H™ processes. By comparing the slope of the free ligand,
the distinct behavior of the complexes is apparent [20]. The transformation is probably
brought by the coordination of PD ligand.

4. Conclusion

Three complexes of 1,10-phenanthroline-5,6-dione ligand [Cu(PD)j3]. (ClOy), - 2.25CH3;CN -
6H,0 (1), [Cu(PD)(DMSO)Cl,] - DMSO - H,0 (2) and [Co(PD);](ClO,), - CH;CN - 2H,O
(3) have been synthesized and characterized. The crystal structure of 2 shows Cu(Il) in
a distorted square pyramidal geometry, 1 and 3 are distorted octahedra. The electrochemical
properties of these complexes are pH-dependent and the reduction of coordinated PD

(a) (b) —— pH=2.20
— —— pH=4.99

— pH=2220 -
- ---pH=4.180 pH=8.99

& T T T T T T T T T T T
05 04 03 02 01 00 01 -02 03 -04 -05 0.4 0.2 0.0 -0.2 -0.4
EN eV

—pH=2.20
— ——pH=4.99
pH=8.99

TuA

T T T T T T T T T 1
05 04 03 02 01 00 -01 -02 -03 -04
EN

Figure 6. Cyclic voltammograms of 1(a), 2(b) and 3(c) in 0.1 mol L' phosphate buffer solutions at several
pH values.
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2 3 ‘ 5 5 T B
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E/Vvs. SCE

Figure 7. Plots of E, (vs. SCE) vs. pH for the reduction of 1(a), 2(b) and 3(c).

proceeded via 2e~/2H™ processes. This behavior could be important for research into
electrochemical properties and the influence of acidity of dioxolene ligands. This research is
useful to modeling the mechanism of proton pumping in the Cytochrome ¢ oxidase by
model compounds.

Supplementary information

Crystallographic data for the structures reported in this article have been deposited with
the Cambridge Crystallographic Data Centre, CCDC No. 1: 607011; 2: 645217. Copies
of the data can be obtained free of charge on application to CCDC (Email:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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