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Abstract:

In this research, a series of copper complexes containing polypyridyl ligands were designed to
study the influence from ligands, nuclearity, solvents and secondary coordination on reactivity toward
small-molecule activation. This structure-reactivity relationship was used in investigation for oxygen
reduction reactions (ORR), and applied in detection of ascorbic acid (AsH,). Firstly, copper(ll) complexes
containing polypyridyl derivatives ligands (i.e., Cu(dpa), Cu(adpa) and Cu,(addpa)) were synthesized
and fully characterized by elemental analysis, mass spectrometry and X-ray crystallography. Their
electrochemical behaviors were studied by cyclic voltammetry. The Cu(l) complexes which are active
species for ORR were generated using AsH, as a reducing agent. Redox states of the metal were
examined by UV-Vis, NMR and EPR. It was found that copper complexes with various ligand topologies
exhibited different reactivity toward O,. Anthracence moiety in Cu(adpa) and Cu,(addpa) played a vital
role in facilitating reduction of Cu(ll) as well as stability enhancement of Cu(l). The dinuclear complex,
Cu,y(addpa) showed significantly higher ORR activity than that of the mononuclear analogue. The
product of ORR was found to be H,0,, indicating 2e’, 2H" reduction process. Being stable and inactive
towards ORR, Cu(adpa) was further investigated as a fluorescence sensor for AsH,. Reaction of
[Cu(adpa)]2+ with AsH, in CH;CN resulted in turn-on fluorescence due to [Cu(adpa)]” formation.
However, when the same reaction was carried out in aqueous solution, the Cu(l) species was gradually
oxidized to Cu(ll) which hampered the accurate measurement. Notably, addition of Zn(Il) in combination
with acetate anions helped to stabilize the Cu(l) complex and allowed an accurate detection of ascorbic
acids in vitamin C tablets. Secondary coordination sphere modulation of the copper center was proposed
to account for this stability enhancement. Overall, the findings obtained from this research have been
shown to be applicable in various fields. Also, this can be further used in design for efficient catalysts

as well as molecular sensors in the future.
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reactivity relationship



Content

Abstract

R

Executive Summary

Objective

Research Methodology

Results and Discussion

Conclusions

Appendix

6.1 A research article published in Dalton Transactions (IF = 4.099)
6.2 A manuscript submitted to Dalton Transactions (IF = 4.099)
Output

Page



1. Executive Summary

Our research project focuses on synthesis, characterization and reactivity of first-row transition metal
complexes bearing polypyridine ligands, in part to gain further mechanistic understanding for related biological
processes catalyzed by metalloenzymes and to provide guidelines for the rational design and synthesis of effective
metal-based catalysts for future applications. Toward this end, we have carried out experiments to get insight into
mechanism of O, reduction mediated by our synthetic copper complexes.

To begin with, our copper complexes were designed to study the influence from ligands, nuclearity, solvents
and secondary coordination on reactivity toward small-molecule activation. All copper complexes were synthesized and
fully characterized to obtain their structural information. Then, the complexes were examined for oxygen reduction
reaction (ORR), so that the structure-reactivity relationship was obtained. Such findings can be further used in a variety
of applications. For example, a dinuclear copper complex (Cu,(addpa)) was shown to be competent to catalyze ORR
via 2-electron, 2-proton process giving rise to the production of H,O,. This reaction is useful in development of fuel
cells. In addition, an ORR-inactive mononuclear complex, Cu(adpa), was found to be an effective sensor for ascorbic
acid detection under aerobic conditions.

This fundamental research has shown that understanding in our synthetic complexes in molecular level can
serve as basic knowledge which can be applied in various fields. Moreover, the achievements of this project are one

oral and two poster presentations in international conferences, as well as two publications in an international journal.
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2. Objective
2.1 Synthesis and characterization of mono and dinuclear copper metal complexes with polypyridyl-based ligands
2.2 Electrochemical study and comparison between mono and dinuclear metal complexes as catalysts for small-
molecule activation focusing on oxygen reduction reaction (ORR)

2.3 Mechanistic investigation towards small-molecule activation by the metal complexes.

3. Research Methodology
3.1 Synthesis and characterization of copper(ll) complexes
3.1.1 Ligand synthesis
2,2’-dipicolylamine (dpa)
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The dpa ligand was prepared according to a published procedure. To the suspension of anhydrous
MgSO, (2.78 g, 23.1 mmol) in CH,CI, (3.80 mL) was added 2-pyridinecarboxaldehyde (0.50 g, 4.60 mmol)
and 2-(aminomethyl)pyridine (0.50 g, 4.60 mmol). The mixture was stirred for 3 h at room temperature under
N,. After that, the suspension was filtered, and solvent in the filtrate was removed under vacuum to obtain a
yellow-oil product. The product was redissolved in CH;CN (12.00 mL) and cooled to -5°C for 15 min. The
NaBH, was slowly added in the solution and stirred for 18 h at room temperature. The reaction was quenched
with conc. HCI (7.70 mL) and heated at 60°C for 2h to give the white precipitates in yellow solution. The white
solid was filtered out, and solvent in the filtrate was removed under vacuum. The crude product was redissoved
in H,O. To the aqueous solution was added NaOH pellets (3.30 g, 82.5 mmol) and the mixture was stirred for

15 min. The solution was extracted with diethyl ether (3 x 200 mL) and dried under vacuum to obtain the

yellow oil product. Yield: 80 %. 'H-NMR (400 MHz, CDCl,, ppm): O 8.49 (m, 2H, ArH), 7.50 (m, 2H, ArH),
7.23 (d, 2H, J = 8.0 Hz, ArH), 7.01 (m, 2H, ArH), 3.84 (s, 4H, -CH,-).

9-[(2,2-dipicolylamino)methyllanthracene (adpa)
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The stirred solution of 9-bis(chloromethyl)anthracene (1.00 g, 4.40 mmol), 2,2’-dipicolylamine (1.05
g, 5.20 mmol) and K,CO4 (2.43 g, 1.70 mmol) in anhydrous DMF (6.8 mL) was slowly added a solution of
Kl (0.73 g, 4.40 mmol) in DMF (3.6 mL). The reaction was stirred at room temperature over 1 h. To the reaction

was added 1M HCI, and the solution was washed with EtOAc. Then, the aqueous solution was alkalized



with 4 M NaOH and extracted by EtOAc : THF (1 : 1). The organic layer was washed with H,O and brine
solution. The solution was dried over anhydrous MgSO,, and the solvent was removed under reduced
pressure. The product was obtain after crystallization in MeOH : Et,0. Yield: 27%, a pale yellow solid. 'H-
NMR (400 MHz, CDCl;, ppm): O 8.49 (d, 2H, J = 4.0 Hz, ArH), 8.39 (s, 1H, ArH), 8.37 (d, 2H, J = 4.8 Hz,
ArH), 7.95 (m, 2H, ArH), 7.57 (ddd, 2H, J = 1.6, 7.6, 7.6 Hz, ArH), 7.41-7.47 (m, 4H, ArH), 7.31 (d, 2H, J =
7.6 Hz, ArH), 7.11 (dd, 2H, J = 4.8, 6.0 Hz, ArH), 4.67 (s, 2H, -CH,-), 3.88 (s, 4H, -CH,-).

9,10-Bis[(2,2’-dipicolylamino)methyl]lanthracene (addpa)
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To a stirred mixture of dpa (6.90 g, 34.7 mmol), 9,10-dimethylchloroanthracene (4.30 g, 15.6 mmol) and
K,CO; (8.71 g, 63 mmol) in DMF, the solution of Kl (2.62 g, 15.8 mmol) in DMF was added dropwise. The mixture
was stirred over 1 h, and 1 M HCI was added into this solution. After that, the solution was washed with EtOAc and
the aqueous phase was alkalized with 4M NaOH. The aqueous solution was extracted with 1:1 EtOAc and THF.
Then, the organic layer was washed with water and followed by brine solution. The solution was dried by MgSO,
and the solvent was removed by rotary evaporation. The yellow solid of addpa was obtained from recrystallization
with CH;OH and Et,0. 'H-NMR (400 MHz, CDCls, ppm): O 8.43 (d, 4H, J=4.9 Hz, ArH), 8.40 (dd, 4H, J=3.3, 6.9
Hz, ArH), 7.50-7.54 (m, 4H, ArH), 7.43 (dd, 4H, J=3.2, 7.4 Hz, ArH), 7.28 (d, 4H, J=8 Hz, ArH), 7.03 (dd, 4H, J=5.2,
6.0 Hz, ArH), 4.64 (s, 4H, -CH,-), 3.87 (s, 8H, -CH,-).

2-[bis(2-pyridylmethyl)aminomethyl]nitrobenzene

NO,

Br

This ligand was prepared by following a published procedure. The mixture solution of dpa (3.86 g,
19.37 mmol), 2-nitrobenzylbromide (4.19 g, 19.40 mmol) and molecular sieve (5 g) was prepared in CH;CN (80 mL).
The reaction was stirred at room temperature under N, for 16 h. The suspension was filtered, and the organic solvent
was evaporated. Then, the crude product was redissolved in CH,CI, and washed with H,O (3 x 300 ml). The organic
layer was dried with anhydrous NaSO,, and the solvent was removed to obtain a dark-brown oil. Yield: 80 %. 'H-
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NMR (400 MHz, CDCl,, ppm): & 8.49 (d, 2H, J = 4.4 Hz, ArH), 7.75 (m, 1H, ArH), 7.70 (d, 2H, J = 15.6 Hz, ArH),
7.64 (tof d, 1H, J = 6 Hz ,ArH), 7.49 (t, 1H, J = 7.2 Hz, ArH), 7.39 (d, 1H, J = 7.6 Hz, ArH), 7.33 (t, 2H, J = 7.6 Hz,

ArH), 7.13 (m, 2H, ArH), 4.07 (s, 2H, -CH,-), 3.79 (s, 4H,-CH,-).

2-[bis(2-pyridylmethyl)aminomethyl]aniline (tpa)

yZ Z  tpa

The tpa ligand was prepared following a published procedure.

Into a 2-[bis(2-

pyridylmethyl)aminomethyl]nitrobenzene (3 g, 8.97 mmol) in two-neck round bottom flask, Pd-C (0.3 g) and MeOH

(150 ml) were added and stirred under H, for 24 hr. The mixture was filtered through celite and the solvent was

removed under reduced pressure. Yield: 98%, red brown oil. '"H-NMR (400 MHz, CDCl;, ppm): O 8.56 (m, 2H,
ArH), 7.62 (m, 2H, ArH), 7.36 (d, 2H, J = 7.2 Hz, ArH), 7.16 (m, 2H, ArH), 7.07 (m, 2H, ArH), 6.63 (t, 2H, J = 6.0 Hz,

ArH), 3.82 (s, 4H, -CH,-), 3.71 (s, 2H, -CH,-).

9-[(2,2-dipicolylamino)methyl]anthracene (atpa)
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The atpa ligand was synthesized according to a published method. The stirred solution of 9-

bis(chloromethyl)anthracene (1.00 g, 4.40 mmol), 2,2 -dipicolylamine (1.05 g, 5.20 mmol) and K,CO; (2.43

g, 1.70 mmol) in anhydrous DMF (6.8 mL) was slowly added a solution of KI (0.73 g, 4.40 mmol) in DMF (3.6

mL). The reaction was stirred at room temperature over 1 h. The solution was add 1M HCI and washed with

EtOAc (3X). Then, the aqueous solution was alkalized with 4 M NaOH and extracted by EtOAc : THF (1 : 1).



The organic layer was washed with H,O and brine solution. The solution was dried over anhydrous MgSO,
and the solvent was removed under reduced pressure. The product was obtain after crystallization in MeOH :
ether. Yield: 27%, a pale yellow solid. '"H-NMR (400 MHz, CDCl,, ppm): O 8.49 (d, 2H, J = 4.0 Hz, ArH),
8.39 (s, 1H, ArH), 8.37 (d, 2H, J = 4.8 Hz, ArH), 7.95 (m, 2H, ArH), 7.57 (ddd, 2H, J = 1.6, 7.6, 7.6 Hz, ArH),
7.41-7.47 (m, 4H, ArH), 7.31 (d, 2H, J = 7.6 Hz, ArH), 7.11 (dd, 2H, J = 4.8, 6.0 Hz, ArH), 4.67 (s, 2H, -CH,-),
3.88 (s, 4H, -CH,-).

3.1.2 Synthesis and characterization of copper(ll) complexes
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[Cu(dpa)(CIO,)](CIO,) was prepared from the reaction of dpa (0.20 g, 1.00 mmol) and Cu(CIO,), (0.56 g,
1.51 mmol) in CH,CI,/CH;OH (1:1 v:v). Yield: 0.28 g (60% ). Blue single crystals suitable for X-ray structure
determination were obtained by recrystallization of the complex via layer diffusion in CH,CI,/CH;CN for 7 days. Anal.

Calcd (found) of C;,H,5Cl,CuN,;Og: %C = 30.04 (30.34), %H = 3.15 (3.05), %N = 8.76 (8.72). MALDI-TOF MS (m/z)
of [Cu(dpa)-H]* for calculated: 261.03; found: 261.23. A,./nm (E/Mcm™) in CH,CN: 606 (117.2).

Cu(adpa)
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[Cu(adpa)(ClO,)]I(CIO,) was prepared according to a modified published method.[1] Reaction of adpa (0.15
g, 0.39 mmol) and Cu(ClO,), (0.16 g, 0.43 mmol) in CH;OH resulted in dark green products. Yield: 0.15 g (61%).
The single crystals suitable for X-ray crytallography were recrystallized by vapor diffusion of Et,0O into the solution in
CH4CN for 7 days. Anal. Calcd (found) of C,;H,5Cl,CuN;Oq: %C = 48.40 (48.09), %H = 3.76 (3.74), %N = 6.27
(6.32). MALDI-TOF MS (m/z) of [Cu(adpa)+(CIO,)]" for calculated: 551.07; found: 551.01. Kmaxlnm (EM'em™) in
CH,CN: 590 (117.9).



Cu,(addpa)
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[Cu,(addpa)(CIO,),](CIO,), was prepared from the reaction of addpa (0.20 g, 0.33 mmol) and Cu(CIO,),
(0.37 g, 1.00 mmol) in CH,CI,/CH;OH (1:1 v:v). Yield: 0.32 g (85%). Deep green single crystals were obtained by

recrystallization of the complex using mixed solvent CH,CI,/CH;0H.

Anal. Calcd (found) of C,yH;5Cl,Cu,NgO46: %C = 42.68 (42.41), %H = 3.22 (3.31), %N = 7.47 (7.34). ESI-MS (m/z)
of [Cuy(addpa)(ClO,);]" for calculated: 1025.00; found: 1025.39. Kmaxlnm (E/M"ecm™) in CH,CN: 593 (273.7).
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Copper(ll) perchlorate (0.30 g, 0.81 mmol) dissolved in MeOH (3.00 mL) was added into the solution of

Cu(atpa)

atpa (0.2 g, 0.40 mmol) in CH,CI, (3.00 mL). The mixture was stirred at room temperature until blue precipitates
was observed. The reaction mixture was then filtered, and the blue solid was recrystallized by CH;CN to obtain the
[Cu(atpa)]** product (70 % yield). Anal. Calcd (found) of CsHs,Cl,CUN,Og: %C = 52.69 (52.63), %H = 4.16
(4.12), %N = 7.23 (7.14). ESI-MS (m/z) of Cu(atpa), [Cu(atpa)-H]" for calculated: 556.18; found: 556.01.

3.2 Studies of reactivity toward O, reduction
Unless otherwise noted, all reactions were carried out under inert atmosphere (N,). All solvents were
deoxygenated prior to use by purging N, for at least 1 h. The UV-Vis spectral change during the reaction was monitored
at ambient temperature using a Varian Cary 50 probe UV-Visible Spectrophotometer with a quartz cuvette (path length

=10 mm).

Generation of copper(l) complexes
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[Cu,(addpa)]** - [Cu,(addpa)]?*




A stock solution of AsH, (44 mM) was prepared in a solvent mixture of 5% DMF in CH;CN or 5% H,O in
CH4CN. To ensure the absence of O, in our reactions, the solution of copper complexes was purged with N, gas for
10 min before starting the reaction. In a typical reaction, to a solution of copper(ll) complex (1 mM for Cu,(addpa); 2
mM for Cu(dpa) and Cu(adpa)) in CH,CN was added an amount of AsH, stock solution (0-2 equiv). A color change
of the solution to yellow was observed. Monitoring of this reaction by UV-vis spectroscopy showed a reduction of
copper(ll) complex (ﬂmax around 600 nm corresponding to a d-d transition band of d® Cu" species) to copper(l) species
(no d-d transition band).

NMR and EPR samples were prepared as follows: to a solution of copper(ll) complex (10 mM) in CD;CN (550
ML) was added AsH, (20 LA, 0.55 equiv dissolved in 15% D,0O in CD,CN). For Cu(adpa) and Cu,(addpa), a color
change to yellow was noted, consistent with formation of copper(l) species. When compared to a broad 'H-NMR
spectrum of Cu', the pale-yellow species exhibited a sharp spectrum, supporting an assignment of diamagnetic d'°
Cu' species. Analysis of "H-NMR spectrum also revealed a formation of dehydroascorbic acid (an oxidized form of

ascorbic acid) after the reaction.

Oxygen reduction reaction (ORR)
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After a complete generation of the copper(l) species (for Cu(adpa) and Cu,(addpa)), O, was purged into the
Cu' solution for 1 h to examine the ORR activity. The reaction can be monitored by spectral change in UV-vis, NMR
and EPR.

3.3 H,0, detection by silver nanoprisms (AgNPrs)

To obtain a sufficient amount of O,-reduced product after ORR, a catalytic reaction was performed. Into a
solution of Cu,(addpa) (10 mM, 0.010 mmol) in CH,CN was added an excess amount of AsH, (10 equiv). Then, the
reaction was purged with O, for 1 h. The reaction was allowed to stand for 2 h before product determination.
Unfortunately, due to the direct reaction of Cu,(addpa) with I, we cannot perform iodometric titration for detection
and quantification of H,O,. However, the H,0O, product from ORR was successfully detected by reaction with AgNPrs.
Owing to precipitation of AgNPrs in organic solvent, UV-Vis spectral change cannot be investigated. Nevertheless,
in the presence of H,0,, an obvious color change of the AgNPrs precipitates from magenta to white can be observed

by naked eye. After the catalytic ORR, an amount of AgNPrs solution (0.02 mL) was added into the reaction solution



(0.20 mL), and the white precipitates were observed, confirming the production of H,0, after ORR. For a positive
control experiment, the same amount of AgNPrs (0.02 mL) was added into H,O, solution (0.1 M) in CH;CN (0.20
mL), which resulted in the change in color of precipitates from magenta to white. When a negative control reaction
was performed (the same condition, but in the absence of Cu,(addpa) or AsH,), the color of precipitates stayed the

same as magenta.

3.4 X-ray crystallography

Crystals of Cu,(addpa) were selected under an optical microscope and glued on glass fiber for single crystal
X-ray diffraction experiments. X-ray diffraction data were collected using a Bruker D8 QUEST CMOS using Mo-KQl
radiation (7\ = 0.7107 A) and operating at T = 296(2) K. Data were measured using (W) and (p scans of 0.5 (d,
scan_width)°® per frame for 30 (d, scan_rate) seconds using Mo-KQl radiation (50 kV, 30 mA). The total number of runs
and images was based on the strategy calculation from the program APEX3. Unit cell indexing was refined using
SAINT (Bruker, V8.34A, 2013). Data reduction, scaling and absorption corrections were performed using SAINT
(Bruker, V8.34A, 2013) and SADABS-2014/4 (Bruker, 2014/4) was used for absorption correction. The structure was
solved in the space group P1 with the ShelXT structure solution program using combined Patterson and dual-space
recycling methods. The crystal structure was refined by least squares using version 2014/7 of ShelXL. All non-hydrogen
atoms were refined anisotropically. Hydrogen atom positions were calculated geometrically and refined using the riding
model. The CIO, anions were found to be disordered over two positions. The relative occupation of the disordered
CIO, anion was refined as a free variable. All CI-O bond distances and O--O separations of both (minor and major)

fractions of the disordered CIO,” anion were restrained to have identical values within 0.02 A.

3.5 Cyclic voltammetry

Cyclic  voltammetric measurements were performed with an Autolab PGSTAT101
potentiostat/galvanostat (Eco Chemie, The Netherlands) using a conventional three-electrode configuration. A
glassy carbon electrode with a disk diameter of 3.0 mm was employed as a working electrode. Before use, the
electrode was polished with an aqueous suspension of alumina powder and rinsed thoroughly with deionized water. A
platinum wire was applied as an auxiliary electrode. All potentials are quoted with respect to a non-aqueous silver/silver
ion (Ag/Ag"’) reference electrode; this electrode was externally calibrated with a ferrocene/ferrocenium ion (Fc/Fc*)
redox couple and has a potential of 0.542 V versus a standard hydrogen electrode (SHE). Cyclic voltammograms of

the copper complexes (1.00 mM) were recorded in a deoxygenated solvent (dimethylformamide, DMF or acetonitrile,

CH,CN) containing 0.10 M tetrabutylammonium hexafluorophosphate (TBAPF,) at scan rates of 50-800 mV-s™". A

deaeration procedure was carried out with the aid of ultra-high purity (UHP) nitrogen.

3.6 Computation methods
Geometry optimizations of dinuclear copper catalyst and its related compounds, were carried out using density
functional theory (DFT) method. The hybrid density functional B3LYP, the Becke three—parameter hybrid functional
combined with the Lee—Yang—Parr correlation functional, using the 6-31G(d,p) basis set have been employed in

calculations. The solvent—effect of polarizable continuum model (PCM) using the CPCM (conductor-like PCM,



acetonitrile as a solvent) model with UFF molecular cavity model have been used in the optimization. Therefore, the
employed method has been called the CPCM(UFF)/B3LYP/6—31G(d,p) method. All calculations were performed with

the Gaussian 09 program.

3.7 Generation of Cu' species in the presence of Zn(OAc),

Unless otherwise noted, the following experiments were conducted under ambient condition. A stock solution
of AsH, was prepared. In a typical reaction, a solution of Cu'(adpa) was combined with Zn(OAc), (8 equiv). To this
solution mixture was added AsH, stock solution (1.0 equiv). A color change of the solution from blue to pale yellow
was observed. The reaction was also monitored by UV-vis spectroscopy, which revealed a complete conversion of the
spectrum for Cu'(adpa) to the spectrum for a Cu' complex (no d-d transition band). The Cu' species seemed to be
stable for at least 30 min. When Zn(OAc), was changed to Zn(NO;), or Zn(phen),, however, the reduction was not
completed as the d-d band of Cu" was present in a significant extent. In fact, they gave the same result as observed
in the reaction without Zn(OAc),. This indicated the presence of OAc™ is necessary to help facilitate the reduction of
Cu'(adpa) and stabilization of Cu'(adpa).

Attempts to characterize this new Cu' complex in the presence of Zn(OAc), by mass spectrometry also have
been made. Samples for ESI-MS analysis were prepared using the same procedure as for the UV-vis measurements.
A prominent peak at mass-to-charge ratio (m/z) of 511.1332 was observed, corresponding to [Cu(adpa)-OAc]*. This
supported the possibility of OAc™ being coordinated to Cu(adpa)..

An NMR sample was prepared as follows: to a solution of Cu'(adpa) was combined with Zn(OAc),. A shift
and broadening of a signal corresponding to OAc™ was noted, indicating the coordination of OAc™ to the paramagnetic
Cu" center. To this solution was added AsH,. The solution became pale yellow, consistent with conversion to Cu'L1.

The yellow product gave a sharp spectrum, corresponding to the Cu' species.

3.8 Reaction in the presence of other divalent metal ions
In a typical reaction for investigation of Cu'(adpa) stabilization with divalent metal ions: Zn(OAc)2, Zn(NO,),,
Mg(NO,),, Ca(NO,),, Cd(NO,), and Zn(Phen),, each metal ion or metal complex (8 equiv.) was added into Cu'(adpa)

solution before the addition of AsH, (1 equiv).

3.9 Detection of AsH, by fluorescence spectroscopy
Fluorescence analysis were performed in 70% H,O/CH,CN buffered at pH 5.6 with acetic acetate (ABS) under
ambient condition. The stock solution of 1 mM Cu'(adpa) was prepared in 70% H,0/CH,CN and then diluted into 10
UM in ABS/CH,CN buffer solution to analyze the fluorescence, whereas ascorbic acid and other antioxidants
(glutathione, citric acid, glucose, lactose, sucrose and fructose) were prepared the stock solution at 0.08 M in H,O and

subsequently preparing at 2 mM in ABS/CH,CN.

3.10 Studies of selectivity and interferences
For selectivity investigation, the analytes solution (5 equiv., 0.05 mL) was added into ABS/CH;CN buffer
solution of Cu'(adpa) (2.00 mL) upon the addition of Zn(OAc), (40 equiv, 0.10 mL). The reaction was stirred for 2 min

prior to analyze by fluorescence.



3.11 Determination of AsH, in vitamin C tablets
Vitamin C tablets were purchased from PT Bayer Indonesia, Depok, Indonesia. The stock sample was

prepared by dissolving three vitamin C tablets in milli-Q water (500 mL). After that, insoluble components were removed

by filtered with 0.45 LLM Millipore filter and diluted for suitable analysis by fluorescence as well as HPLC.

4. Results and Discussion

4.1 Synthesis of copper (ll) complexes

All ligands were prepared according to modified published procedures, and were obtained in moderate
yields. The Cu(ll) complexes were synthesized from reaction of dipicolyl amine-based ligand (dpa, adpa, atpa and
addpa) and Cu(CIO,),. After stirred for a few minutes, the Cu(ll) products were spontaneously precipitated. Our
choice of Cu over other metals was especially inspired by Nature’s choice of Cu over Fe in heme-copper oxidases.
An intriguing study indicated that the high redox potential and the rich electron density in the d orbitals of Cu are key
to its high reactivity towards oxygen reduction. All copper complexes were also characterized by standard analytical
methods including elemental analysis, mass spectrometry, UV-vis and EPR spectroscopy. The structural information
was obtained from X-ray crystallography (Figure 1). The UV-vis spectra of all Cu(ll) complexes exhibit Cu(Il) d-d

transition with absorption maxima in range of 580 to 610 nm.

Figure 1. X-ray crystal structure of [Cu,(adpa)(CH;CN),(CIO,),]*

The X-ray crystal structure of [Cu,(adpa)(CH,CN),(CIO,),]** (in collaboration with Assist. Prof. Dr.Kittipong
Chainok) revealed that each Cu center in the complex is five-coordinate square pyramidal with an axially ligated
perchlorate at 2.435 A and a tightly bound CH,CN at 1.980 A. The relatively long Cu—O bond was attributed to the
Jahn-Teller distortion of d° configuration (Cu") in octahedral field via axial elongation. In addition, our result was
similar to those of reported Cu complexes, which exhibited the bond distance between the axial ligand and Cu" in
range of 2.3-2.6 A. It was also speculated that the weakly bound perchlorate would dissociate upon reduction of Cu'"

to Cu', resulting in a vacant site for substrate binding during the catalytic reaction.

4.2 Electrochemical properties of the copper(ll) complexes.

Cyclic voltammetry was used to examine the electrochemical properties of copper complexes (Cu(dpa),

Cu(adpa) and Cu,(addpa). The cyclic voltammogram in Figure 2(b)-(d) exhibited single redox couple of Cu(ll)/Cu(l).
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The electrochemical data indicated characteristic metal- based electron transfer corresponding with earlier

studies of the reduction of [Cu(dpa)]** and its derivatives.

Current

! 251 T (b)
L WA

(a)

1.5 1.0 -0.5 0.0 0.5
Potential vs. Ag/Ag™ (V)

Figure 2. Cyclic voltammograms recorded with a glassy carbon electrode (area = 0.071 cm?) at 100 mV+s™'from
+0.30 to —1.20 to +0.30 V for (a) DMF containing only 0.10 M TBAPFg; and DMF containing 0.10 M TBAPF; in the
presence of 1.00 mM (b) Cu(dpa), (c) Cu(adpa), and (d) Cu,(addpa).

For comparison of the cathodic electrochemical behavior, copper( Il) complexes containing
anthracenyl scaffold (Cu(adpa) and Cu,(addpa)) were reduced at less negative potential (~100-150 mV)

than Cu(dpa). This suggested that conjugated- 7T systems of anthracene help to facilitate in Cu(Il) complex
reduction. In addition, as compared at same condition copper complexes containing anthracenyl scaffold (Cu(adpa)

and Cu,(addpa)) tended to be more stable than Cu(dpa) in terms of decomposition of Cu(l) to metallic Cu(0).

4.3 Reaction of copper complexes with ascorbic acid

Prior to examine the oxygen reduction reaction (ORR), Cu(l) active species had to be generated by
chemical reaction. AsH, was introduced in our system to serve as a reducing agent as well as a proton source to
participate in ORR. Under N, atmosphere, a color of Cu(ll) complexes in CH,CN (blue for [Cu(dpa)]?*,
[Cu(adpa)]?*, or green for [Cu,(addpa)]**), was changed to yellow upon addition of excess AsH, (dissolved
in DMF/CH;CN). This indicated the formation of new species. Monitoring these reactions by UV-vis titration, d-d
band of Cu(Il) decreased upon addition of AsH, and completely disappeared when 0.5 equiv or 1.0 equiv of AsH,
with regards to Cu(adpa) and Cu,(addpa) respectively was reached.

The yellow species generated from the reaction between Cu'(adpa) and AsH, was found to be stable at
room temperature for at least 4 h under inert atmosphere. Monitoring this reaction by UV-vis spectroscopy revealed

that the d-d band of Cu" at 593 nm decreased upon addition of AsH, and completely disappeared when 1 equiv of

11



AsH, was reached (Figure 3). This result suggested that Cu'(adpa) was reduced to Cu'(adpa) by 2-electron

reducing agent, AsH, (Scheme 1). Furthermore, the reduction of Cu"(adpa) to Cu'(adpa) was confirmed by 'H-

NMR and EPR spectroscopy (vide infra).

|
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Figure 3. (left) UV-Vis spectral changes upon addition of ascorbic acid (0 - 2.0 equiv) to Cu''(adpa) solution (1 mM)

in DMF/CH;CN. (right) Plot of Absorbance at 593 nm vs equiv. of AsH, added
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Scheme 1. Formation of Cu'(adpa)

In should be noted that [Cu(dpa)]® could not be completely generated even after 9 hours (Figure 4).
Whereas in the case of copper complexes bearing anthracenyl moiety (Cu(adpa) and Cu,(addpa)), d-d band of
Cu(Il) was entirely disappeared within 20 min after addition of AsH, (0.5 or 1.0 equiv). Such difference could be
derived from the attribute of ligand structure. This data is in agreement with the result obtained from an

electrochemical reduction that the presence of anthracene moiety help to facilitate in Cu(ll) reduction process.
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Figure 4. UV-Vis spectral changes upon addition of ascorbic acid (0.5 equiv) to Cu(dpa) solution (2 mM) in

DMF/CH,CN. The inset shows plot of absorbance at 606 nm vs times.

4.4 Preparation of Cu'(adpa) and its reactivity with O,

Cu'(adpa) can be prepared by reacting Cu'(adpa) with AsH, in high concentration (up to 10 mM) for EPR
and 'H-NMR studies. It was also observed that the yellow solution of Cu'(adpa) slowly turned green when exposed
to air, indicating the regeneration of Cu'(adpa). Preliminary results from UV-vis, EPR and 'H-NMR spectroscopy
showed that the same reaction could be performed in H,O/CH,CN instead of DMF/CH,CN. In fact, Cu'(adpa) in
H,O/CH,CN seemed to be more reactive to O, as Cu'(adpa) regeneration step was much faster when compared
to the same reaction in DMF/CH,CN. This may be due to DMF serving as a strongly coordinating solvent in place of
ClO,” which could inhibit the substrate (O,) binding. Hence, reactivity studies of Cu'"(adpa) were carried out in
H,O/CH,CN. 'H-NMR spectroscopy of Cu'(adpa):AsH, (1:1.5) in D,O/CD,CN revealed a diamagnetic spectrum
(Figure 5) with sharp peaks at aromatic region for adpa, in stark contrast to the paramagnetic spectrum seen for the
starting @® Cu" complex. The diamagnetic NMR spectrum is consistent with the assignment of d' Cu' product,
Cu'(adpa). When passing air or O, gas into the yellow solution of Cu'(adpa), a paramagnetic spectrum of
Cu'"(adpa) was regenerated, corresponding to the color change from yellow to green solution. The new signals

around 4 - 5 ppm were assigned to the oxidized form of AsH,.

(a) | JUL‘

(b)

) JU«LJ u
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10 8
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Figure 5. '"H-NMR spectra of (a) Cu''(adpa) (10mM), (b) Cu'"(adpa) + AsH, (1:1.5) in D,O/CD5CN and (c) after (b)

exposed to air for 2 h.
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Next, the generation of Cu'(adpa) and its O, reactivity were confirmed by EPR spectroscopy. The EPR
signal due to paramagnetic Cu'(adpa) disappeared upon addition of AsH, (1.5 equiv), corresponding to the formation
of diamagnetic Cu'(adpa). The signal then reappeared after the reaction was exposed to air or O, (Figure 6).

(a)

(b)

(c)

Ascorbic acid

2000 2500 3000 3500 4000 4500

Figure 6. EPR spectra of (a) Cu'(adpa) (10 mM in H,O/CH,CN), (b) Cu'(adpa) + AsH, (1:1.5) and (c) Cu'(adpa)
after reaction with O,. The experimental parameters: microwave frequency= 9.838 GHz, microwave power= 0.620

mW, modulation amplitude= 5.00 G, modulation frequency= 100 kHz.

4.5 Structural characterization of Cu" species after O, reduction.

Efforts were made to obtain single crystals for structural characterization of the Cu" product following reaction
of Cu'(adpa) with O,. After the reaction was completed, Et,O was added to obtain the green precipitates. This solid
was then recrystallized by vapor diffusion in CH,CI,/CH;CN, the same condition to get single crystals of
[Cu,(adpa)(CH,CN),(CIO,),]*". The mixture was allowed to stand for four weeks to afford dark green crystals, suitable
for X-ray diffraction. As shown in Figure 7, the structure of the Cu" product after O, reduction resembled that of the
Cu" starting material except the Cu" product, [Cu,(adpa)(CH,CN),(H,0),]*" having H,O as an axial ligand instead of
ClO,. This may imply that the axially ligated CIO, dissociated from the Cu center to generate a vacant site for O,

binding during the reaction.

Figure 7. X-ray crystal structure of [Cu,(adpa)(CH;CN),(H,0),]*".
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Interestingly, reactivity of our copper complexes toward O, was significantly different. In case of Cu(adpa),
a yellow solution of [Cu(adpa)]* species were relatively stable at room temperature under aerobic systems (air or
0O,). Monitoring this reaction up to 1 day, the diamagnetic spectrum of Cu(l) species was still observed. In contradict
to [Cu,(addpa)]?*, a paramagnetic spectrum was regenerated within an hour corresponding to the color change from
yellow to green solution. To clarify the higher ORR activity of Cu,(addpa) over Cu(adpa), our initial assumption
would be simply derived from its more number of active sites. Reactivity comparison of the two copper complexes
with the same equivalents of copper centers i.e., Cu(adpa) (2 mM) vs Cu,(addpa) (1 mM) was investigated by UV-
I

vis (Figure 8). Interestingly, ORR activity of [Cu(adpa)]* was significantly lower than that of [Cu,(addpa)]**, indicating

that the number of active sites could not use to explain for this case. Given the crystal structure and intramolecular
TT— TU stacking between the pyridyl and aryl rings in [Cu,(addpa)]**, the synergistic cooperation for O, binding
between two Cu centers is also not likely to operate. Therefore, the lower reactivity of [Cu(adpa)]” towards O, may
be due to the stronger influence from anthracene to stabilize the mononuclear than the dinuclear complex. Overall,

Cu,(addpa) showed the best performance for ORR activity.
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Figure 8. (left) UV-Vis spectra of reaction between [Cu(adpa)]®>" (2.0 mM) and ascorbic acid (0.55 equiv) in
H,O/CH,CN after purging O, (0-5 h) and (right) UV-Vis spectral change of reaction between [Cu,(addpa)]** (1.0 mM)
and ascorbic acid (1.10 equiv) in H,O/CH;CN after purging O, (0-1 h)

4.6 Catalytic O, reduction and proposed intermediate

In the reaction mediated by Cu,(addpa), the amount of AsH, was increased to 10 equiv to develop in ORR
catalytic cycles. The finding demonstrated that AsH, could be completely employed in ORR mediated by Cu,(addpa).
The production of dehydroascorbic acid (AsH,-oxidized product in hydrated bicyclic form) was detected, while the
signal of AsH, was completely absent. Also, UV-vis data showed 70% recovery of [ Cu,(addpa)]*" after catalytic
cycles, suggesting a complete reaction of [ Cu,(addpa)]** and AsH, to generate Cu(l) active species for catalytic
ORR. In our system, AsH, not only can serve as a reductant but also a proton source for O, reduction. This reducing
agent offers a unique and efficient system because, unlike other previous reports, an external source of proton is not

required in our reaction.
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Next, the product obtained from catalytic O, reduction was determined. We attempt to detect H,O, production
after catalytic ORR by reaction with silver nanoprisms (AgNPrs). A color change of AgNPrs from magenta to white
in solution from ORR was observed, implicating that H,0, was produced from ORR. Also, in case of Cu complex or
AsH, alone, the magenta of AgNPrs was still observed, indicating that white precipitate was obtained from reaction

of H,0,.

To gain further insights into mechanism for [Cu,(addpa)]*" mediated catalytic O, reduction, computational
calculations were next performed. From literature, possible Cu,0, adduct in dioxygen activation reaction could be
end-on or side-on peroxo species. In the most cases, end-on Cu,O, species with nucleophilic and basic properties
tends to produce H,0, as a product.According to H,O, production in our ORR, possible copper-dioxygen intermediate
was proposed to be an end-on species. The Cu,0, structure was optimized by DFT calculation as shown in Figure

9.
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Figure 9. Proposed structure of an end-on Cu,0O, intermediate by DFT calculations

At first glance, it might be unusual to propose an end-on peroxo species with tridentate ligands. However,
X-ray structure of [Cu,(addpa)]** both before and after catalytic O, reduction as well as [Cu,(addpa)]>* from our
calculations revealed that CH,CN served as an additional ligand. As a result, the copper centers possessed
insufficient vacant sites to adopt a side-on intermediate. The proposed intermediate was also consistent with our
experimental data as its basic and nucleophilic nature would give H,O, product. After protonation of the peroxo
intermediate, the other remaining Cu(1) center in each complex could reduce another O, molecule to complete the

catalytic cycle.

4.7 Reaction of [Cu(adpa)]** with ascorbic acid under ambient condition

As mentioned earlier, reduction of [Cu(adpa)]?" with AsH, in CH,CN was successfully investigated by UV-
vis and "H-NMR. Both spectroscopic data indicated a complete generation of [Cu(adpa)]* species, and it was found
to be relatively stable in the air or O, for at least 5 h. This result prompted us to think that this copper complex
might find an application in ascorbic acid sensing. However, detection of natural reducing agents should be carried

out in aqueous solution for practical use. Thus, the CH;CN solvent was change to the mixed solvent of H,O/CH;CN
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(7:3 viv). It was found that [Cu(adpa)]* could not be completely formed and also gradually reoxidized to Cu(ll),

suggesting its higher reactivity with O, in aqueous solution (Figure 10).

(a) (b)
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Figure 10. Monitoring d-d band of Cu(adpa) in H,O/CH,CN (7:3 v/v) at (a) 2 min; and (b) 2 h after addition of AsH,

(1.0 equiv) in aerobic atmosphere

From the previous works, several researchers reported that modulation of secondary coordination
sphere such as non-covalent interaction, especially, metal-[_| and the addition of electron withdrawing groups
(e.g. Lewis acid cations) influences redox potentials of copper center, leading to change in reactivity and
stability. In our work, we modulated the secondary coordination sphere of the Cu center by addition of Zn(ll) in

combination with acetate anions (bridging ligand) to fine-tune the reactivity of copper complexes toward ORR in

aqueous solution.

To test our hypothesis, reduction of [Cu(adpa)]®* by AsH, (1 equiv) in H,O/CH,CN (7:3 v/v) was
performed under aerobic atmosphere in the presence of 8 equiv of Zn(OAc),, Zn(NO;), or Zn(phen),. It
was found that d-d transition band of Cu(ll) (ﬂmax = 632 nm) completely disappeared upon the addition of
AsH, only in the presence of Zn(OAc),, and the spectrum was stable for at least 60 min before the d-d band
started to increase, implying the regeneration of Cu(ll) (Figure 11). This could suggest that Zn(OAc), can
help facilitating reduction of [Cu(adpa)]?* and stabilizing the Cu(l) species as well. The results also
demonstrated to the important role of acetate anions for Cu(l) stabilization. It was proposed that Zn(ll) may

help to stabilize Cu(l) species via acetate bridging.
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Figure 11. (a) Stability test for Cu(l) species generated from reaction of [Cu(adpa)]®" and AsH, in the presence of

Zn(OAc), in aqueous solution: 2 min (—), 30 min (—) and 60 min (——) after AsH, addition (b) Regeneration of

[Cu(adpa)]*" after exposed to air for 4 h

Moreover, it should be noted that [Cu(adpa)]” was stable for at least 2 h in H,O/CH,CN (1: 4 v/v)
buffered with acetic- acetate buffer solution (ABS) at pH 5.6. To confirm that no transmetalation between
Zn(Il) and Cu(adpa), H,0, was employed to reoxidize Cu(l) species from reaction of [Cu(adpa)]* and AsH,.
The results showed that the [Cu(adpa)]?* was immediately regenerated upon addition of H,O, (Figure 12).

This data confirmed that the redox reaction of Cu(adpa) in the presence of Zn(OAc), was reversible, and

transmetalation did not proceed.
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Figure 12. Regeneration of [Cu(adpa)]** after addition of H,O, (10 equiv) to the solution containing Cu(l) species in

aqueous solution

To point out the essential role of Zn(ll) for Cu(l) stabilization, the Zn(ll) ions was changed to other divalent
cations (e.g. Mg(ll), Ca(ll) and Cd(Il)) in Cu(ll) reduction reactions. It was found that the [Cu(adpa)]® was stabilized
by Zn(Il) more than Cd(Il), Mg(ll) and Ca(ll), respectively. The stronger Lewis acidity of Zn(ll) was accounted for
better stabilizing Cu(l) by delocalization of electrons through OAc™ bridge, analogous to an imidazolate-
bridged Cu-Zn model for CuZnSOD. All evidence pointed out that both Zn(1l) and OAc™ are required to

facilitate reduction of the Cu(ll) complex and stabilization of the Cu(l) redox state in aqueous solution.
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4.8 Fluorescence measurements for Cu(adpa) and Cu(atpa) in the presence of ascorbic acid

The approach for Cu(l) stabilization by Zn(1l) combination of OAc™ was applied in ascorbic acid
sensing. Fluorescence spectroscopy was selected due to its high sensitivity, simple and rapid technique . As
a molecular sensor, Cu(adpa) contains a dipicolylamine Cu active site and anthracene as a sensory unit.
Redox state change of the Cu center provides different fluorescent signals. When AsH, reacted with copper(ll)
complex, the Cu(ll) was reduced to Cu(l) leading to magnetic properties conversion. [Cu(adpa)]?* did not give the
fluorescence signal owing to the presence of Cu(Il) paramagnetic ion. Upon addition of AsH, to [Cu(adpa)]?*, the
fluorescent signal was emitted at 421 nm which is consistent with the conversion of Cu(ll) to a diamagnetic

Cu(l) complex as illustrated in Figure 13. This indicated that the AsH, can be detected by our fluorescence sensor,

[Cu(adpa)]*".
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Figure 13. Change in (a) Fluorescence signal (Excitation wavelength = 340 nm, slit setting on instrument = 10 and
PMT = 500); and (b) UV-vis spectrum upon addition of AsH, (1 equiv) into [Cu(adpa)]** solution in the presence of
Zn(ll) in H,O/CH4CN (7: 3 v/v) buffered with ABS at pH 5.6

To expand the pH range of our detection, [ Cu(atpa)]?* containing a tetradentate ligand was prepared to
reduce chelation effect by glutathione. The tetradentate ligand was expected to more tightly bind to the Cu center
than the tridentate ligand in adpa. The results revealed that Cu(atpa) showed highly selective detection for AsH,
among various natural reducing agents (sugar group, citric acid and glutathione) as compared to Cu(adpa). In
addition, the molecular probe, Cu(atpa) also demonstrated no interference (Figure 14) which was suitable for AsH,

sensing in the next step.
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Figure 14. a) Selectivity and (b)

interference study for AsH, detection using our sensor. The concentration of

Cu(atpa) = 10 LM, Zn(OAc), = 40 equiv and 7\.ex = 340 nm.

4.9 Limit of detection and determination of AsH, in vitamin C tablets

Limit of detection (LOD) for AsH, was 163 nM which could be determined by 3G/S; O is the standard

deviation for the blank solution, n

= 10, and S is the slope of the calibration curve. Moreover, our sensor was

subsequently employed to measure the AsH, amount in vitamin C tablets to verify our accurate detection in real

samples. The determination of AsH, by our system with standard addition method was consistent with acceptable

quantitative analysis by HPLC, and was closed to the amount specified on the vitamin C tablets (1.00 g). Also,

recovery was in between 101 and 104, and relative standard deviation was 1.5 - 4.0. This demonstrated the high

accuracy of our method.
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Figure 15. (a) Fluorescence titration curves of Cu(atpa) (10 LLM) in the presence of Zn(OAc), (40 equiv) with AsH,

and (b) plot between fluorescence intensity and concentration of ascorbic acid ( LLM) (Fluorescence parameters:

excitation wavelength = 340 nm, slit setting on instrument = 10 and PMT = 530)

5. Conclusions

In this research, we pointed out an importance of ligand design to fine-tune reactivity of the metal mediators
toward O,. In the first project, copper complexes with a series of dipicolylamine ligands were developed to activate
O, and to study the structure-reactivity correlation. Variation of ligand attributes in the copper complexes by
introducing conjugated-TT systems of anthracenyl scaffold as well as different nuclearity were found to have an effect
on ORR activity. For chemical reduction of Cu(ll) complexes, ascorbic acid which is an environmentally benign
reducing agent was employed to provide both electrons and protons to participate in ORR. The presence of
anthracene moiety helps to facilitate the reduction of Cu(Il) complex and to stabilize the Cu(l) redox state. Also, it
was demonstrated that the dinuclear complex exhibited higher ORR activity than the mononuclear analogue. Overall,
Cu,(addpa) showed the best activity for ORR. Our studies indicated that ORR could be mediated by Cu,(addpa) via

intermolecular two-electron transfer process and subsequently produced H,0, as a product.

As an example of applications from study of structure-reactivity relationship in the first project, a stable

+

complex [Cu(adpa)]” in CH;CN under aerobic system found a potential use in ascorbic acid sensing. The copper
complex rapidly reacted with AsH, to generate a stable Cu(l) species which resulted in fluorescence enhancement.
Although [Cu(adpa)]” in CH,CN was ORR inactive, it seemed to be more active in aqueous solution. The problem
was solved by modulation of secondary coordination sphere around the copper center. It was found that Zn(ll) in
combination with OAc™ helped to stabilize the Cu(l) species in aqueous solution. In addition, changing the tridentate
ligand in Cu(adpa) to a tetradentate ligand of Cu(atpa) helped to improve the selectivity for AsH, sensing.
Furthermore, our sensor was successfully used for AsH, detection in vitamin C tablets with a simple, rapid and

accurate method.
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Tuning the reactivity of copper complexes
supported by tridentate ligands leading to
two-electron reduction of dioxygent
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A series of copper complexes bearing polypyridyl tridentate ligands have been prepared to fine tune their
reactivity toward the oxygen reduction reaction (ORR). During the process of preparation of our copper
complexes, we successfully obtained two new crystal structures which are [Cu,(u-Cl),(adpa),l(ClO4), (2b)
and [Cu,(addpa)(CH3CN),(ClO,),)(ClO,), (3a) and a new structure [Cu,(addpa)(CH3CN),(H20),)(ClO,)4
(3b) captured after the catalytic ORR. Electrochemical studies and stoichiometric chemical reduction of
copper(i) complexes by ascorbic acid indicated that the presence of an anthracene unit helps to facilitate
the reduction of Cu(i) as well as the stabilisation of Cu(l) species. Regarding oxygen activation, the dinuc-
lear Cu()) complex 3a showed significantly higher ORR activity than its analogous mononuclear complex
2a. Complex 3a was also found to be relatively robust and competent in catalytic O, reduction. The
observed H,0, product after this catalysis, together with the data obtained from DFT calculations sup-
ported that 3a exhibited a 2H*, 2e~ catalytic activity towards the ORR as opposed to the expected 4H",
4e” process usually found in copper complexes with tridentate ligands. The proton (H*) source for this
process was expected from ascorbic acid which also serves as a reducing agent in this reaction. This work
highlighted an approach for tuning the ORR activity of the copper complexes by the introduction of a
conjugated-r moiety to the supporting ligand.

Introduction

The catalytic reduction of dioxygen molecules (O,) is one of
the most fundamental reactions which plays a crucial role in
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both biological and industrial processes. In particular, a
number of copper proteins are involved in proton-assisted
catalytic reduction of O, to water (H,O) and oxygenation of
organic substrates accompanied by a two- or four-electron
reduction of O, depending on the types of enzymes.' Thus, the
four-electron reduction of O, mediated by synthetic copper
complexes has gained considerable attention because of its
mechanistic implication in multicopper oxidases (MCOs) such
as laccases” as well as the development of a fuel cell techno-
logy using this Earth-abundant metal.”" Recently, the catalytic
two-electron reduction of O, to H,0, has also attracted great
interest since H,0, is a promising candidate as a clean energy
carrier and can be used in simple one-compartment fuel
cells.” H,0, is also regarded as a versatile and environmen-
tally benign oxidising agent.”® Compared to a large number of
published reports on the catalytic four-electron O, reduction
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reaction (ORR) with copper-based systems,”” only a few
examples have been reported for the two-electron reduction of
0, catalysed by copper complexes.'’™* There are a variety of
factors that can control the catalytic two- versus four-electron
reduction of O,, including the ligand type and nature of the
resulting copper-oxygen (Cu,0,) intermediates."" In this
regard, studies of homogeneous metal complexes in solution
are particularly useful to gain insight into the mechanistic
details of the O, activation process.

In the literature, one of the most important strategies to
fine tune the reactivity and stability of metal complexes is the
ligand design. In particular, several research groups have
developed polypyridyl scaffolds, especially pyridyl-based tri-
podal ligands such as tris(2-pyridylmethyl)amine (tpa) and its
derivatives to allow spectroscopic characterisation of putative
copper-dioxygen species (Cu,0,),**'*'* which have been pos-
tulated as key intermediates in several copper-containing
proteins.”'*™'7 These synthetic copper complexes have been
examined to mediate the oxygen reduction reaction (ORR)**
with an ultimate goal to obtain efficient biomimetic catalysts
for fuel cell technologies and water treatment.”'*>° For
example, [Cu(tpa)(H,0)]*" was shown to have the lowest ORR
overpotential at pH 1 when compared to other synthetic
copper catalysts. However, modification on the Cu(tpa) plat-
form did not show a significant improvement in ORR catalysis.
Therefore, more variation in the design of Cu(tpa) catalysts is
required for further development.”’>* Recently, a copper
complex bearing a tpa derivative i.e., 2,2 -dipicolylamine (dpa)
was studied to mimic the T3-site of laccase and was shown to
be an active electrocatalyst for the ORR.? Hence, modification
of Cu(dpa) could be a potential approach for the development
of ORR catalysis.

In addition to the types of coordinated ligands, delocalised-
n electron moieties could also influence the reactivity and
stability of the biomimetic copper complexes. The conjugated-
n systems in the ligand tend to participate in non-
covalent interactions such as metal-r, anion-x, n-x and
H-bonding,>*** and these interactions affect the electronic
structures of the complex which, in turn, control its reactivity.
It has been previously reported that the Cu(i) centre with a
pyridyl-based dipicolylamine tridentate ligand can be stabil-
ised by Cu(i)-arene interactions. Itoh and co-workers noted a
small change in the supporting ligands i.e., the substituents
on the phenyl group of the ligand sidearm and alkyl linker
chain, has a huge impact on the Cu(i)-arene interactions and
the reactivity towards 0,.**** Moreover, it was demonstrated
that a number of copper-based electrocatalysts suffered from
their poor long-term stability, partly due to inefficient electron
transfer from the support to the catalyst. Therefore, introduc-
tion of an anthracene unit to the copper complexes is expected
to help in this regard since anthracene and other aromatic
groups have been shown to facilitate such an electron transfer
process, leading to the observed higher ORR activity.’*™*' In
addition, the number of nuclearities in the complexes can
result in synergistic cooperation in O, binding. In fact, coop-
erative catalysis has been proposed as a mode of action found
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in many metalloenzymes."* This bimetallic cooperative strat-
egy is particularly useful when the system exhibits higher reac-
tivity than that obtained from the mononuclear analogue.
Examples of these metalloenzymes are copper-based oxidases
and oxygenases.” Inspired by these enzymes, the design of
the dinucleating ligand could be useful to control the metal-
based catalytic reactivity. In particular, studies on the
influence of the linkage on the promotion of electron
transfer between two copper sites serve as models for non-
coupled binuclear copper enzymes such as dopamine
f-monooxygenase (DPM) and peptidylglycine a-hydroxylating
monooxygenase (PHM).***® Recently, it was shown that intra-
molecular n-r stacking interactions were observed when the
anthracenyl spacer was employed in a synthetic dinuclear
copper complex. These interactions influenced the geometry
and electronic properties of the complex, which would have an
effect on its reactivity towards O, reduction."*

Although a number of bioinspired copper complexes based
on tpa and dpa derivatives with aromatic moieties have been
reported, new reactivity of copper species is still emerging and
remains unexplored.””** Particularly, only a few researchers
studied the effect of delocalised n-electron moieties on the
ORR activity of the biomimetic copper complexes.***” To the
best of our knowledge, the oxidase reactivity of copper com-
plexes bearing dipicolylamine and anthracene scaffolds has
not been reported yet.

Herein, a series of bioinspired-copper complexes based on
dipicolylamine (dpa) and anthracene (Chart 1) for O, acti-
vation was investigated. The influence of delocalised n-electron
moieties (anthracene) and nuclearities (mononuclear vs.
dinuclear) on the reactivity of the complexes was examined. It
was demonstrated that the presence of the anthracene moiety
facilitates the Cu(u) reduction process and the reactivity of
Cu(1) species. Moreover, ascorbic acid known as a natural redu-
cing agent was introduced in our study as a source of both

» @
/N\c";:. Qb

A .
Cu(tpa) Cu(adpa) (2)
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Cu(dpa) (1) Cuy(addpa) (3)
Chart 1

This journal is © The Royal Society of Chemistry 2018

23



Dalton Transactions

electrons and protons. Our dinuclear copper complex (3a) was
shown to be competent in the catalytic two-electron reduction
of O, to H,0,. X-ray crystal structures and DFT calculations
also helped in gaining further insight into the molecular
understanding of the structure-reactivity correlation of the
copper complex catalysts.

Results and discussion
Synthesis of the ligands and copper(i1) complexes

All ligands were synthesised according to modified published
procedures with moderate yields.**”* The corresponding Cu()
complexes were prepared by adding a solution of Cu(ClO,), in
CH,O0H to the ligand dissolved in CH,Cl,. The Cu(u) products
were then precipitated spontaneously. Our choice of copper
over other metals was especially inspired by Nature's choice of
Cu over Fe in heme-copper oxidases. An intriguing study indi-
cated that the high redox potential and the rich electron
density in the d orbitals of Cu are key to its high reactivity
towards oxygen reduction.”’ Furthermore, our attempts to crys-
tallise the Cu(n) product after the reaction of Cul(addpa) with
O, resulted in dark green crystals suitable for X-ray structural
characterisation (vide intra). As a result, we have successfully
obtained three new crystal structures which are
[Cuy(p-Cl)s(adpa),](ClO,), (2b), [Cus(addpa)(CH;CN),(ClOy),]
(Cloy), (3a) and [Cu,(addpa)(CH;CN),(H,0),](ClO,), (3b) by
X-ray crystallography (Table 1). All copper complexes were also
characterised by other standard analytical methods including
elemental analysis, mass spectrometry, and UV-vis and EPR
spectroscopy. The UV-vis spectra of all Cu(u) complexes exhibit
Cu(n) d-d transitions with absorption maxima in the range of
580 to 610 nm.
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X-ray crystal structures

To gain insights into the correlation between the complex
structures and their reactivity, all copper complexes were exam-
ined crystallographically. The crystal structure of [Cu(dpa)
(CH4CN)(Cl0,)](Cl0,) (1) was previously reported.”* The geo-
metry around the Cu(u) centre was best described as a dis-
torted square pyramid with the basal plane formed by three
nitrogen atoms of the ligand and one nitrogen atom of the
acetonitrile molecule. The apical position was found to be
occupied by an oxygen atom from the ClO,~ anion.

Our initial attempt to synthesise [Cu(adpa)(H,O)
(ClOy);]-0.5H,0 (2a) from the reaction of Cu(Cl0,), with adpa
in mixed CH,Cl,/CH;CN solution yielded a dinuclear doubly
chloro-bridged copper(u) complex [Cu,(p-Cl),(adpa),](ClO,),
(2b), in which the chloro ligands can only come from CH,Cl,.
This complex crystallises in the centrosymmetric monoclinic
space group P21/n and the asymmetric unit contains a Cu(n)
atom, one adpa ligand, one CI~ ligand, one disordered ClO,~
anion, and unmodeled highly disordered solvent molecules
(Fig. $1%). As shown in Fig. 1a, the adpa and chloride ions act
as a tridentate chelating ligand and as bridging ligands,
respectively, by linking the 2a fragments to form a Cu,Cl, rec-
tangular core with a Cu---Cu separation of 3.5572(9) A. Each
Cu(u) centre displays a five-coordinate distorted square pyrami-
dal geometry, belonging to the SP-I type,”* with the trigonality
parameter 7 of 0.18 (7 is defined as (f-a)/60, where § and « are
the two trans-basal angles, (ideally, 7 = 0 and 1 for square pyra-
midal and trigonal bipyramidal environments, respectively).”
The small bite angles of the tridentate adpa ligand (viz.
Cl1-Cul-N2 = 176.30(7)° and N1-Cul-N3 = 165.38(10)°,
Table S2t) is the most likely cause for the distortion of the
ideal square pyramidal environment of the Cu(u) atoms. The
Cu-N bond lengths (1.980(2)-2.031(2) A) and the Cu-Cl bond

Table 1 Crystal data and structural refinement for complexes 2b, 3a, and 3b

Compound 2b

Empirical formula C54H,45ClL,Cu;N Oy

Formula weight 1175.85
Temperature (K) 296
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2yin

a(A) 11.5432(11)
b(A) 12.0648(12)
c(A) 20.0110(18)
al(?) 90

A°) 94.684(3)

7 (°) 90

V(AY) 2777.6(5)

Z 2

Degiea (g em™) 1.406

p (mm™?) 1.015
Reflns collected/unique 51374/5692
GOF on F* 1.023

Rints Riigma 0.093, 0.0460

Ry, WR; [1> 20(1)]
Ry, WR, (all data) .
Max./min. residual (e A™%)

0.0448, 0.1120
0.0693, 0.1240
0.47/-0.71

This journal is ® The Royal Society of Chemistry 2018

3a 3b
C-l-IH-!ZCI-IcuZNHOIﬁ CJ-IH-IGCI-ICUZNHO 18
1207.73 1243.77

296 296

0.71073 0.71073
Triclinic Triclinic

Pi Pi

8.4013(6) 10.0380(3)
9.4328(6) 10.6269(3)
16.0385(11) 12.7725(4)
84.045(2) 109.7640(10)
84.266(2) 95.8450(10)
78.661(2) 97.6530(10)
1235.36(15) 1254.94(7)

1 1

1.623 1.646

1.156 1.143
29505/4537 42 084/5996
1.031 1.024

0.1042, 0.0610
0.0596, 0.1361
0.1027, 0.1562
0.59/-0.59

0.0401, 0.0260
0.0430, 0.1074
0.0618, 0.1175
0.60/-0.48
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(c)

Fig. 1 Coordination environment of the Cu(i) ion in the complexes (a)
[Cus(p-Cl)2(adpa)al(ClOs), (2b), (b) [Cuz(addpa)(CH3CN)2(ClO4).)(ClO4),
(3a), and (c) [Cuz(addpa)(CH3CN),(H,0),]1(ClO,);s (3b). Displacement
ellipsoids are drawn at 30% probability.

lengths (1.980(2) and 2.031(2) A, Table S27) in this complex are
comparable to those observed in the dinuclear doubly
chloro-bridged Cu(n) complexes with the [CuN;ClL,]
chromophore.**%77

In the crystal of the discrete 0D dimers, there exists intra-
molecular n-n stacking between the pyridyl and aryl rings of
the adpa ligand (centroid to centroid distance = 3.546(3) A).
Moreover, intermolecular C-H---n interactions are perceived
between the adjacent dimers, which assists the formation of
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2D supramolecular sheets in the bc¢ plane (Fig. S2 and
Table S31). These sheets are further connected via C-H--O
hydrogen bonds involving the ClO,  anion and the adpa
ligands, completing the 3D supramolecular network (Fig. S37).
Since no chloride source was added during the reaction and
crystallisation, the origin of the chloro bridging ligand is likely
from the CH,Cl, solvent. In addition, similar reactivities of
metal complexes toward a halogenated solvent have been
observed previously.” !

To eliminate the effects of CI” which is a strong binding
anionic ligand and to examine 2a as a mononuclear complex,
2a was prepared in the absence of a halogenated solvent fol-
lowing a reported synthetic procedure.” The crystal structure
of the complex prepared by this method was also reported.*
The Cu(n) centre adopted a distorted octahedral geometry with
three nitrogen atoms from the ligand and one oxygen from
water at the equatorial sites and two oxygen atoms from ClO,~
anions in the axial positions. There was also intermolecular
anion-r interaction between the bound ClO,  anions and the
aromatic rings of the adjacent anthracenyl groups.

Moreover, our structural analysis revealed that 3a and 3b
crystallise in the triclinic space group P1, and are dinuclear
cationic species as shown in Fig. 1b and c. The asymmetric
unit of both compounds contains a half of the centro-
symmetric dinuclear complex cation and counter ClO;~
anions, in which the inversion centres are at the middle of the
anthracene ring of the ligands (Fig. S4f). The Cu(u) centre is
five-coordinated with the basal plane formed by three nitrogen
atoms of the ligand (Cu-N = 1.963(4)-2.032(4) A for 3a, and
1.981(2)-2.035(2) A for 3b, Table $2+) and one nitrogen atom
of the acetonitrile molecule (Cu-N = 1.982(5) A for 3a and
1.994(2) A for 3b), while the apical position was occupied by a
coordinated oxygen of a ClO,~ anion (Cu-O = 2.442(4) A) for 3a
or an oxygen atom from a coordinated water molecule (Cu-O =
2.295(2) A) for 3b. The geometries around the copper(i) atom
in both complexes are best described as distorted square pyra-
midal CuN,0; environments with the value of the trigonality
parameter 7 being 0.13 and 0.04 for 3a and 3b, respectively.
The Cu--Cu separation along the length of the ligands in 3a
(8.9151(14) A) is slightly longer than that in 3b (7.7310(6) A),
possibly due to the steric effects as well as the intermolecular
interactions involving the coordinated water molecules and
ClO,~ anions at the apical positions. The large Cu---Cu dis-
tance found in both complexes resulted in no paramagnetic
coupling between the two copper centres as confirmed by EPR
analysis (see Fig. 5).

Similar observations were found in the dinuclear Cu(u)
complex above, and there exist intermolecular n-x (3.655(3) A)
stacking interactions in the crystal of 3a. Each dimer in 3a is
linked together by intermolecular n-n stacking between the
pyridyl rings of the adpa ligands (3.812(4) A), forming a 1D
supramolecular chain parallel to the ¢ axis (Fig. S51). A combi-
nation of C-H---O hydrogen bonds (Table $2%) involving the
ClO;™ anions and the adpa ligands together with anion:--x
interactions between the ClO, anion and the pyridyl ring of
the adpa ligand (O8A--centroid (N3/C8-12) = 3.085(12) A)

This journal is © The Royal Society of Chemistry 2018
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links the 1D chains into the 3D supramolecular structure
(Fig. S67). Significantly, the replacement of ClO,™ in the apical
position by water substituents makes a difference to the solid-
state structure of complexes 3a and 3b. In the absence of inter-
molecular n-x stacking and with no anion---x interactions, the
overall 3D packing in 3b is stabilised by O/C-H---O hydrogen
bonds (Table S21) and intramolecular 7= (3.5339(15) A) stack-
ing interactions (Fig. S77).

Notably, the structure of the Cu(u) product after O,
reduction (3b) resembled that of the Cu(u) starting material
except that complex 3b has H,O as an axial ligand instead of
ClO, ™. This may imply that the axially ligated ClO,” disso-
ciated from the Cu(u) centre to generate a vacant site for O,
binding during the reaction.

Electrochemical properties of the copper(n) complexes

To investigate the electrochemical behaviours especially the
reduction characteristic of 1, 2a, and 3a, their cyclic voltammo-
grams in deaerated dimethylformamide (DMF) solutions con-
taining 0.10 M tetrabutylammonium hexafluorophosphate
(TBAPF;) were acquired in the cathodic domain. Fig. 2 depicts
the cyclic voltammograms collected from +0.30 to —1.20 to
+0.30 V at a scan rate of 100 mV s~' for the solutions of
1.00 mM Cu(u) complexes. Voltammogram (a) recorded as a
background cyclic voltammogram exhibits no significant
peaks of DMF-TBAPF; electrolyte solution. As displayed in vol-
tammograms (b)-(d), the reduction of all three complexes
reveals a single Cu(n)-Cu(1) redox couple, and the electro-
chemical data are summarized in Table 2. These character-
istics of metal-centred electron transfer have been seen in
earlier studies of the reduction of Cu"(dpa) and its
derivatives.'* %>

A direct comparison between the cyclic voltammograms of
mononuclear 1 and 2a suggests that the presence of an anthra-

L $ (d)
£t R e ©
3 =
3
25 (b)
[ FAI k
= (a)
15 1.0 05 0.0 0.5

Potential vs. Ag/Ag® (V)

Fig. 2 Cyclic voltammograms recorded with a glassy carbon electrode
(area = 0.071 cm?) at 100 mV s™* from +0.30 to —1.20 to +0.30 V for (a)
DMF containing only 0.10 M TBAPFs; and DMF containing 0.10 M
TBAPFg in the presence of 1.00 mM (b) 1, (c) 2a, and (d) 3a.
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Table 2 Electrochemical data for the reduction of complexes 1, 2a, and
3ain DMF-0.10 M TBAPF¢

Complex  Epc®(V)  Epa(V) Ep”(V)  AE, (MV)  ipafipe”
1 —0.67 -0.59  —0.63 81 0.96
2a -0.53 -0.44  —0.48 88 0.99
3a -0.56 -0.41  -0.48 146 0.95

“The potential is quoted with respect to the Ag/Ag” reference electrode
and externally calibrated with the Fc/Fc™ redox couple having_a poten-
tial of 0.542 V vs. the standard hydrogen electrode (SHE).”* °E,,, =
(Epe + Epa)/2, when E,,. = cathodic peak potential and E,,, = anodic peak
potential. “ AE, = |Eyq — Ep|- dipalipc = (anodic peak current)/(cathodic
peak current).

cene moiety in the complex structure helps to facilitate the
reduction process since 2a can be electrochemically reduced at
a less negative potential (~150 mV) than 1. The differences of
the cathodic peak potential (E,.) and the anodic peak potential
(Epa), symbolised by AE,, of the Cu(u)-Cu(i) redox couple for
the 1 and 2a reduction are 81 and 88 mV, respectively. It is
worthwhile to mention that an electron transfer in high-resis-
tance organic media always gives a AE,, value larger than the
theoretical value of 59/n mV® and the AE, for a reversible
one-electron ferrocene/ferrocenium ion (Fe/Fc') redox couple
in DMF-0.10 M TBAPF; has a value of 81 mV (data not shown).
In addition, the ratios of anodic and cathodic peak currents
(ipalipe) for the Cu(u)-Cu(1) redox couple are 0.96-0.99 (approxi-
mately 1). All these results confirm that the reduction of 1 and
2a appears reversible and involves one electron, indicating the
stability of the reduced forms of both complexes under these
experimental conditions.

In the case of 3a, which is a dinuclear complex containing
two Cu(u) centres, its reduction takes place at a potential more
positive than that during the reduction of 1, and the larger
AE, (146 mV) possibly arises from the overlapping of the
peaks for two successive Cu(n)-to-Cu(i) reduction processes. As
previously described in the publication dealing with dinuclear
copper complexes,'” the reduction of the second Cu(u) centre
occurs at a slightly more negative potential. To check our
hypothesis, we evaluated the integrated areas under the back-
ground-subtracted cyclic voltammetric curves of 1, 2a, and 3a
(Table S4t). Dividing the area (equal to [idE) by the scan rate
results in the charge associated with the electron transfer reac-
tion occurring in the experiment, i.e.,

<JidE> xvl=Q 1)

where v and Q represent the scan rate and charge, respectively.
Regardless of the signs, the absolute areas corresponding to
Cu(u)-to-Cu(i) reduction in the forward scan (above the x-axis)
and Cu(i)-to-Cu(n) re-oxidation in the backward scan (below
the x-axis) were combined. The area and also the charge
obtained from the cyclic voltammogram of 3a are approxi-
mately 1.7 times higher than the values from 1 and 2a, imply-
ing the existence of a pair of one-electron Cu(u)-to-Cu(i)
reductions at the two Cu(u) centres of 3a.
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Furthermore, the electrochemical behaviour of 1.00 mM 3a
in acetonitrile (CH;CN)-0.10 M TBAPF; solution was explored
by means of cyclic voltammetry (Fig. $87). Owing to the solvent
effect, more quasireversible feature and two close anodic
peaks in the reverse scan are noticeable, confirming the
overlap of two separate redox processes. Compared to the
cyclic voltammogram of 3a in DMF-TBAPF,, (Fig. 2), a large
positive (~350 mV) shift of the Cu(m)-Cu(1) redox couple peaks,
which implies more favourable reduction, was found in
CH;CN medium. Hence, CH3CN was chosen as one of the sol-
vents used for reactivity studies of the complexes with O, in
this work.

Cyclic voltammograms for the Cu complexes in DMF con-
taining 0.10 M TBAPF, were further examined in the potential
range extended to —1.80 V (Fig. §97), allowing the metal-
centred reduetion of Cu(i) to Cu(0).°”** The appearance of a
new and sharp anodic peak at —0.32 V along with a small pre-
peak around —0.48 V in the voltammogram of 1 reflects the
surface-confined process of the reoxidation of the electrode-
attached Cu(0).5 7® For 2a and 3a, no obvious peak for the
metallic Cu(0) oxidation was detected. However, the formation
of a tiny anodic peak/shoulder at about —0.60 V and the
current enhancement of the Cu(r)to-Cu(n) reoxidation peak
suggest that the electrogenerated Cu(i) complexes might be
fully reduced at a more negative potential. Due to the limited
potential window of this voltammetric system, we cannot actu-
ally inspect this phenomenon. Under the same conditions,
copper complexes containing anthracenyl scaffolds 2a and 3a
tended to be more stable than Cu(dpa) (1) in terms of
decomposition of Cufi) to metallic Cu(0). Hence, 2a and 3a are
expected to be more robust catalysts for the ORR,

Reduction of the copper(u) complex with ascorbic acid

From the UV-wis spectra, all Cu(n) complexes in this study
exhibited broad and weak absorption bands around 600 nm,
attributed to the forbidden d-d transitions of d-copper(i)
ions. This UV-vis feature also indicated that all complexes in
solution possessed a square-based pyramidal geometry (SBP)
around the Cu centres in agreement with the result obtained
in solid state by X-ray crystallography for 1 and 3a.'*”" 2a is
also expected to adopt a SBP geometry when dissolved in
CH,CN, a similar structure found in the case 3a as well as
other Cu complexes with dpa and a benzyl sidearm.”* In
addition, the UV-vis data may imply that intramolecular n-x
stacking between the pyridyl and aryl rings of the ligands in 2a
and 3a still remained in solution.

To investigate the ORR mediated by our copper complexes
via chemical reduction, ascorbic acid (AsH,) was introduced in
our system as a reducing agent as well as a proton source.
Under a N, atmaosphere, addition of excess AsH, (dissolved in
DMF/CH,;CN) to the solution of Cu(n) complexes in CH;CN
resulted in a colour change from blue (1, 2a) or green (3a) to
vellow, indicating the formation of new species. Monitoring
these reactions by UV-vis titration revealed that the d-d band
of Cu(n) decreased upon the addition of AsH, and completely
disappeared when 0.5 equiv. or 1.0 equiv. of AsH, with respect
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Fig. 3 UV-vis spectral changes upon the addition of AsH:
{0-2.0 equiv.) to 3a solution (1 mM} in DMF/CH:CN. The inset shows the
plot of absorbance at 593 nm vs. equiv. of AsH; added.

to 2a and 3a respectively was reached (Fig. 3 and Fig. S10%).
This result suggested that AsH, served as a 2-electron reduc-
tant in our systems. Furthermore, the reduction of Cufu) to
Cu(l) was confirmed by 'H-NMR and EPR spectroscopy
(vide infra).

Interestingly, reduction of Cu(u) in these complexes was
quite different. Upon addition of AsH, (0.5 equiv.) to 1, even
after 9 hours the reduction was not complete (Fig. $117). In
contrast, the d-d band of 2a and 2b entirely disappeared
within 20 min after the addition of AsH, (0.5 or 1.0 equiv.).
Such a difference could be derived from the attribute of the
ligand structure. This is in good agreement with the electro-
chemical data that Cu complexes bearing an anthracene
moiety illustrated a less negative shift of the reduction poten-
tial when compared to that of 1, thus suggesting that the pres-
ence of the anthracene moiety helps in facilitating the Cu(u)
reduction process.

Preparation of copper(1) complexes and their reactivity with O,

As suggested by the UV-vis data, reduction of 1 to the Cu()
species was more difficult than that of the Culu) complexes
bearing an anthracene maiety. Results from "H-NMR also led
to similar conclusions. Monitoring the reaction of 1 and AsH,
by *H-NMR demonstrated that the signals of AsH; slowly dis-
appeared, concomitant with the growth of new peaks around
4-5 ppm assigned to the oxidised form of AsH, (Fig. S127).
When a stoichiometric amount of AsH, was consumed, the
diamagnetic spectrum of d'" Cu'(dpa) was not observed, which
could indicate the instability of the Cu(i) species. In other
words, the Cu(l) species bearing the ligand adpa and addpa
are significantly more stable than Cu'(dpa), possibly due to the
anthracene moiety which could help to delocalise the charge
from nitrogen donors.”*”* This finding highlighted the effect
of delocalised 7w-electron moieties on the stability of the Cu(r)
complexes.

Next, Cu(1) species bearing adpa and addpa were prepared
from the reaction of Cu(u) complexes and AsH, at a high con-
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centration (up to 10 mM) for 'H-NMR and EPR studies.
Preliminary results from UV-vis, EPR and 'H-NMR spec-
troscopy showed that the same reaction could be performed in
H,O/CH;CN instead of DMF/CH;CN. In fact, the Cu(i) species
in H,O/CH;CN seemed to be more reactive to O, since the
regeneration step of Cu(u) complexes was much faster when
compared to the same reaction in DMF/CH;CN. This may be
due to DMF serving as a strongly coordinating solvent in place
of ClO,~ which could inhibit the substrate (0,) binding.
Hence, reactivity studies of the copper complexes were carried
out in H,O/CH;CN.

The 'H-NMR spectroscopy of 2a:AsH, (1:0.55) and
3a:AsH, (1:1.5) in D,O/CD;CN revealed diamagnetic spectra
with sharp peaks in the aromatic region for the ligands, in
stark contrast to the paramagnetic spectra seen for the starting
d’ Cu(u) complexes (Fig. S167 and Fig. 4). The diamagnetic
NMR spectra were consistent with those of the d'* Cu(i) pro-
ducts. Interestingly, the yellow solution of Cu'(adpa) was found
to be stable for at least 1 day at room temperature when
exposed to air or O, (Fig. $167). In contrast, when purging air
or O, gas into the yellow solution of Cu}(addpa), a paramag-
netic spectrum of 3a was regenerated within an hour corres-
ponding to the colour change from yellow to green solution.
The new signals around 4-5 ppm were assigned to the oxidised
form of AsH, (Fig. 4).

Our initial assumption was that higher ORR activity of 3a
over 2a would be simply derived from its more number of
active sites. This was tested by comparison of the ORR activity
between the two complexes with the same equivalents of
copper centres Le., 2a (2 mM) vs. 3a (1 mM) (Fig. S17 and
$18%). Interestingly, the reaction of Cu'(adpa) + O, was much
slower than that of 3a, suggesting that the number of active
sites cannot be the only factor responsible for the higher reac-
tivity observed in 3a. Given the crystal structure and intra-
molecular n-n stacking between the pyridyl and aryl rings in
3a, the synergistic cooperation for O, binding between two Cu

® Signal of AsH, oxidized form
(hydrated bicyclic form of DHA)

(a) ’

l Cu',(addpa)

Cu',(addpa)

Cu',(addpa)

95 90 85 B0 75 70 65 B0 55 50 45 40 35 30 25 20 15 10 05 00
8 (ppm)

Fig. 4 'H-NMR spectra of (a) 3a (10 mM) and (b) 3a + AsH,
(1:1.5 equiv.) in D,O/CDsCN and (c) after (b) was exposed to air for 2 h.
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centres is also not likely to operate (vide infra). Therefore, the
lower reactivity of Cu'(adpa) towards O, may be due to the
stronger influence of anthracene on the stabilisation of the
mononuclear than the dinuclear complex. Since 3a showed the
best performance for ORR activity, we concentrated our further
study only on this dinuclear complex.

Next, generation of Cuj(addpa) and its O, reactivity were
confirmed by EPR spectroscopy. The EPR signal due to para-
magnetic Cu}(addpa) disappeared upon addition of AsH,,
corresponding to the formation of diamagnetic Cu}(addpa).
The signal then reappeared after the reaction was exposed to
air or O, (Fig. 5). EPR data also suggested that there is no mag-
netic coupling between the two copper centres. Additionally,
the X-ray structure of 3a revealed the long distance between Cu
and Cu (8.915 A), supporting a noncoupled dinuclear copper
complex assignment. These results pointed out that intra-
molecular cooperative activation of O, by the two copper
centres could not be operative in our system.

Structural characterisation of copper(n) species after O,
reduction and its implication in the mechanism for 3a cata-
lysed-0O, reduction

Efforts were made to obtain single crystals for structural
characterisation of the Cu(u) product following the reaction of
Cu}(addpa) with O,. After the reaction was complete, Et,O was
added to obtain green precipitates. This solid was then recrys-
tallised by vapour diffusion in CH,Cl,/CH;CN, the same con-
ditions as the crystallisation of 3a. The mixture was allowed to
stand for four weeks to afford dark green crystals, suitable for
X-ray diffraction. As shown in Fig. 1(c), the structure of the
Cu(u) product after O, reduction (complex 3b) resembled that
of the Cu(n) starting material except that 3b has H,O as an axial
ligand instead of ClO,™. This may imply that the axially ligated
ClO,™ dissociated from the Cu centre to generate a vacant site
for O, binding during the reaction. The coordinated H,O

(a)
Cu',(addpa)

(b)
Cu',(addpa)

(c)
Cu' (addpa) after ORR

Ascorbic acid

2000 2500 3000 3500 4000 4500
[G]

Fig. 5 EPR spectra of (a) 3a (10 mM in CH3CN), (b) 3a + AsH, (1:1.5)
and (c) (b) +O,. The experimental parameters: microwave frequency
9.838 GHz, microwave power = 0.620 mW, modulation amplitude
5.00 G, modulation frequency = 100 kHz.
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could be derived from residual water in the solvent or the
product from the disproportionation of H,0,.

Catalytic O, reduction and the proposed mechanism

After performing the ORR mediated by 3a + AsH, (1.5 equiv.),
quantitative analysis by UV-vis and EPR signals showed that
85% of Cull(addpa) could be regenerated. This suggests that
our Cu complex is quite robust and could be applicable for cat-
alysis. Following the catalytic O, reduction of 3a + AsH,
(10 equiv.), '"H-NMR data revealed the production of de-
hydroascorbic acid (AsH,-oxidised product in hydrated bicyclic
form),”* whereas the signal of AsH, was completely absent.
Also, 70% recovery of Cu}(addpa) was obtained after catalytic
cycles (Fig. S21t). This indicated that AsH, fully reacted with
Cu}(addpa) to generate the Cu(1) active species for the catalytic
ORR. In our system, AsH, can not only serve as a reductant but
also a H' source for O, reduction via the 2-e~ process. This
reducing agent offers a unique and efficient system because,
unlike other previous reports, an external source of proton is
not required in our reaction. With the readily available protons
in the reaction, it was not surprising that the Cu-peroxo inter-
mediate (usually observed by UV-vis) could not be detected in
our case.

Next, the product obtained from catalytic O, reduction was
determined. Typically, catalytic O, reduction in the presence of
a proton source (AsH,) can result in the production of H,0,
(2e7, 2H" process) or H,O (4e”, 4H' process).>® In our case,
generation of H,0, after the catalytic ORR was confirmed by
reaction with silver nanoprisms (AgNPrs) according to a pre-
vious research study.”” Unfortunately, quantitative analysis of
H,0, by UV-vis could not be achieved in our reaction solutions
owing to the precipitation of starch-coated AgNPrs in CH;CN.
Nevertheless, a colour change of AgNPr precipitates could be
observed by the naked eye, indicating the production of H,0,
(Fig. S227). For a positive control reaction, in the presence of
H,0, (0.1 M), the magenta colour of AgNPr precipitates was
changed to white colour due to the oxidation of AgNPrs to
Ag(1) by H,0,. The white precipitates were analysed by scanning
electron microscopy (SEM) and energy dispersive X-ray analysis
(EDX) to determine the elemental composition. The data from
the EDX technique showed the presence of carbon (C) and
oxygen (O), which are the elemental components in starch,
and silver (Ag) in the white precipitates. This suggested that
the Ag(1) species probably precipitated along with starch in the
systems leading to the observation of white precipitates. From
our ORR catalysed by the dinuclear copper complex, the same
colour change of the AgNPr precipitates from magenta to
white was observed, indicative of H,O, production from the
ORR. Also, if the reaction contains only Cu complex or AsH,
alone, the magenta AgNPr precipitates were still observed. It
should also be noted that our attempt to detect and quantify
H,0, produced from O, reduction by iodometric titration was
not successful due to the direct reaction between Cu,(addpa)
and iodide.

To further support our proposed mechanism of two-elec-
tron reduction of oxygen to H,O, mediated by our copper
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complex, the number of electrons consumed per oxygen mole-
cule was evaluated. This method has been used in both
electro- and chemical catalyses.””®”” Determined by 'H-NMR
with O, as a limiting agent, the relative stoichiometry of O, to
DHA (an oxidised product from AsH,) was obtained. It was
found that 1 equiv. of DHA was produced for each equivalent
of O, used in the reaction. This can translate to approximately
2 electrons consumed per oxygen molecule in the ORR. This
result pointed out that Cu,(addpa) mainly catalysed the ORR
via the 2e”, 2H" process to give the H,0, product (eqn (2))
although a possibility that a small amount of H,O produced
via the 4e”, 4H" process (eqn (3)) proceeding concomitantly
cannot be absolutely ruled out.

0, + AsH, — H,0, + DHA (2)

0, + 2 AsH, — 2 H,0 + 2 DHA (3)

To gain further insights into the mechanism of Cul
(addpa)-mediated catalytic O, reduction, computational calcu-
lations were next performed. From the literature, possible
Cu,0, adducts in the dioxygen activation reaction might be
end-on or side-on peroxo species. Generally, end-on Cu,0,
exhibiting nucleophilic and basic properties tends to produce
H,0, via protonation. According to H,O, production in our
ORR, a possible copper-dioxygen intermediate would be an
end-on species which is in agreement with the most stable
structure of Cu,O, optimized by DFT calculations as shown in
Fig. 6.

At first glance, it might be unusual to propose an end-on
peroxo species with tridentate ligands. However, the X-ray
structure of Cul(addpa) both before and after catalytic O,
reduction as well as Cul(addpa) from our calculations
(Fig. S257) revealed that CH;CN served as an additional ligand.
As a result, the copper centres might possess insufficient
vacant sites to adopt a side-on intermediate. The proposed
intermediate was also consistent with our experimental data in
that its basic and nucleophilic nature would give the H,0,
product. It should be mentioned that dioxygen activation by
intermolecular coupling between two dinuclear copper(r) com-
plexes has already been presented in the literature.”® After the
protonation of the peroxo intermediate, the other remaining
Cu() centre in each complex can reduce another O, molecule
to complete the catalytic cycle (Fig. S27+).

Fig. 6 Proposed end-on Cu,O, intermediate in this work from DFT
calculations.
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Conclusions

Copper complexes bearing dipicolylamine-based tridentate
ligands were prepared to examine for their reactivity toward
dioxygen activation. All complexes were structurally character-
ised by X-ray crystallography as well as their properties using
electrochemical and spectroscopic techniques. The Cu(i) active
species were generated by reaction of the copper(n) complex
with ascorbic acid, which could serve as a reducing agent and
a proton source. The influence of conjugated-n systems and
nuclearity of the complex on ORR activity was highlighted.
Both electrochemical analysis and chemical reaction studies
revealed that the anthracene moiety can facilitate in the
reduction of the Cu(u) complex as well as the stability of the
Cu(1) species. Although cooperative O, binding was not
expected in 3a due to the long distance between the two
copper centres, our results showed that the dinuclear complex
3a exhibited significantly higher ORR activity than its mono-
nuclear analogue 2a. 3a was also found to be relatively robust
and competent in the catalytic two-electron reduction of O,
leading to the production of H,0,. This experimental result is
in good agreement with the data obtained from DFT calcu-
lations. The basic findings here may serve as useful infor-
mation for future design of catalysts for use in substrate oxi-
dation as well as application in sustainable and clean energy
conversion.

Experimental section
Materials

For ligand and copper complex syntheses, commercially avail-
able reagents and solvents were purchased with high purity
grade and used without further purification or dried over
molecular sieves (3 or 4 A) prior to use unless otherwise noted.
For reactivity studies, all solvents of the highest purity grade
were purchased from Merck and dried with molecular sieves
3 or 4 A prior to use. Ascorbic acid was obtained from Aldrich
and was purified according to published purification
methods.”” Deuterated-solvents for NMR analysis were pur-
chased from Cambridge Isotope Laboratories, Inc. 2,2-
Dipicolylamine (dpa),** 9-(2,2-dipicolylamino)methyl]anthra-
cene (adpa)’® and 9,10-bis[(2,2"-dipicolylamino)methylJanthra-
cene (addpa)®® were prepared according to literature
procedures.

Instrumentation

Nuclear Magnetic Resonance (NMR) spectra were recorded on
a 400 MHz Varian Mercury spectrometer at 298 K. Mass spectra
were recorded by Electrospray Ionization Mass Spectrometry
(ESI-MS) on a Bruker Daltonics microOTOF and by matrix-
assisted laser desorption/ionization (MALDI) time-of-flight (TOF)
mass spectrometry (MS) on a Bruker Daltonics MALDI-TOF.
UV-vis spectra were recorded on a Varian Cary 50 probe UV-
visible spectrophotometer. Electron paramagnetic resonance
(EPR) spectra were recorded at 298 K using a Bruker
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EMX-Micro spectrometer. Scanning electron microscopy (SEM)
and energy dispersive X-ray analysis (EDX) was carried out
using a scanning electron microscope JSM-IT100.

Synthesis and characterisation of copper(u) complexes

General procedure. All complexes were synthesised under a
N, atmosphere at room temperature. To a stirred solution of
the ligand was added dropwise a solution of Cu(ClO,),-(H,0)
dissolved in CH3;OH. The reaction was stirred for 2 h, after
which the solid product was precipitated and filtered.

Caution! Perchlorate is a potentially explosive substance.
Experiments should be handled carefully.

Cu''(dpa) (1) was prepared from the reaction of dpa (0.20 g,
1.00 mmol) and Cu(ClOy), (0.56 g, 1.51 mmol) in CH,Cl,/
CH3OH (1:1 v:v). Yield: 0.28 g (60%). Blue single crystals suit-
able for X-ray structure determination were obtained by recrys-
tallisation of the complex by layer diffusion in CH,Cl,/CH;CN
for 7 days. Anal. caled (found) of C;,H;5Cl,CuN3;0y: %C =
30.04 (30.34), %H = 3.15 (3.05), %N = 8.76 (8.72). MALDI-TOF
MS (m/z) of [1 — H]' for calculated: 261.03; found: 261.23. Apax/
nm (¢/M~' em™") in CH;CN: 606 (117.2).

Cu''(adpa) (2a) was prepared according to a modified pub-
lished method.*” Reaction of adpa (0.15 g, 0.39 mmol) and
Cu(ClO,), (0.16 g, 0.43 mmol) in CH;OH resulted in dark
green products. Yield: 0.15 g (61%). The single crystals suitable
for X-ray crytallography were recrystallised by vapour diffusion
of Et,O into the solution of 2a in CH;CN for 7 days. Anal. caled
(found) of C,,H,;ClL,CuN;0y: %C = 48.40 (48.09), %H = 3.76
(3.74), %N = 6.27 (6.32). MALDI-TOF MS (m/z) of [2a + (Cl0,)]’
for calculated: 551.07; found: 551.01. Zya/nm (&/M~' ecm™') in
CH;CN: 590 (117.9).

[Cu,(p-Cl),(adpa),](ClO,), (2b) was prepared from the reac-
tion of adpa (0.20 g, 0.51 mmol) and Cu(ClO,), (0.29 g,
0.77 mmol) in CH,Cl,/CH;OH (1:1 v:v). The crystalline
product was obtained by the layer diffusion method with
CH;CN/Et,O for 1 day. ESI-MS (m/z) of [2b + (Cl)]” for calcu-
lated: 487.09; found: 487.09, and [2b + (ClO,)]" for calculated:
551.07; found: 551.07.

Cu''(addpa) (3a) was prepared from the reaction of addpa
(0.20 g, 0.33 mmol) and Cu(ClO,), (0.37 g, 1.00 mmol) in
CH,Cl,/CH;0H (1:1 v:v). Yield: 0.32 g (85%). Deep green
single crystals were obtained by recrystallisation of the
complex using a mixed solvent CH,Cl,/CH;OH. Anal. caled
(found) of C4oH34CLCu,NgO;6: %C = 42.68 (42.41), %H = 3.22
(3.31), %N = 7.47 (7.34). ESI-MS (m/z) of [3a + (ClO,);] for cal-
culated: 1025.00; found: 1025.39. Apa/nm (¢/M~' em™) in
CH;CN: 593 (273.7).

[Cu,(addpa)(CH;CN),(H,0),](C10,),; (3b). Complex 3b was
prepared from catalytic O, reduction by 3a with AsH,. To a
stirred solution of 3a in CH;CN under N, at room temperature,
AsH, (1.5 equiv.) in 5% DMF/CH;CN was added. The mixture
was stirred for 1 h, resulting in a yellow solution of Cu}
(addpa). After that, the solution was exposed to air and stirred
for another 4 h to give a green solution of Cu(u) species. The
solid product was precipitated upon addition of Et,O to the
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mixture. This solid was recrystallised in CH,Cl,/CH;CN to give
dark green crystals of 3b.

Studies of reactivity toward O, reduction

Unless otherwise noted, all reactions were carried out under
an inert atmosphere (N,). All solvents were deoxygenated prior
to use by purging N, for at least 1 h. The UV-vis spectral
change during the reaction was monitored at ambient temp-
erature using a Varian Cary 50 probe UV-visible spectrophoto-
meter with a quartz cuvette (path length = 10 mm).

Generation of copper(1) complexes. A stock solution of AsH,
(44 mM) was prepared in a solvent mixture of 5% DMF in
CH;CN or 5% H,0 in CH;CN. To ensure the absence of O, in
our reactions, the solution of copper complexes was purged
with N, gas for 10 min before starting the reaction. In a typical
reaction, to a solution of copper(i) complex (1 mM for 3a;
2 mM for 1 and 2a) in CH;CN was added an amount of AsH,
stock solution (0 — 2 equiv.). A colour change of the solution
to yellow was observed. Monitoring of this reaction by UV-vis
spectroscopy showed a reduction of the copper(n) complex
(Amax around 600 nm corresponding to a d-d transition band
of d? Cu(u) species) to copper(i) species (no d-d transition
band).

NMR and EPR samples were prepared as follows: to a solu-
tion of copper(n) complex (10 mM) in CD;CN (550 pL) was
added AsH, (20 pL, 0.55 equiv. for 2a, whereas 1.5 equiv. for
3a dissolved in 15% D,O in CD;CN). For 2a and 3a, a colour
change to yellow was noted, consistent with the formation of
copper(1) species. When compared to a broad '"H-NMR spec-
trum of Cu(n), the pale-yellow species exhibited a sharp spec-
trum, supporting an assignment of diamagnetic d'’ Cu(i)
species. Analysis of the "H-NMR spectrum also revealed the
formation of dehydroascorbic acid (an oxidised form of
ascorbic acid) after the reaction.

Oxygen reduction reaction (ORR). After a complete gene-
ration of the copper(i) species (for 2a and 3a), O, was purged
into the Cu(i) solution for 1 h to examine the ORR activity. The
reaction can be monitored by the spectral change in UV-vis,
NMR and EPR.

H,O0, detection by silver nanoprisms (AgNPrs)

To obtain a sufficient amount of O,-reduced product after the
ORR, a catalytic reaction was performed. To a solution of 3a
(10 mM, 0.010 mmol) in CH;CN was added an excess amount
of AsH, (10 equiv.). Then, the reaction was purged with O, for
1 h. The reaction was allowed to stand for 2 h before product
determination. Unfortunately, due to the direct reaction of 3a
with I", we cannot perform iodometric titration for detection
and quantification of H,0,. However, the H,O, product from
the ORR was successfully detected by reaction with AgNPrs.
Owing to the precipitation of AgNPrs in an organic solvent, the
UV-vis spectral change cannot be investigated. Nevertheless, in
the presence of H,0,, an obvious colour change of the AgNPr
precipitates from magenta to white can be observed by the
naked eye. After the catalytic ORR, a certain amount of AgNPr
solution (0.02 mL) was added to the reaction solution
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(0.20 mL), and the white precipitates were observed, confirm-
ing the production of H,O, after the ORR. For a positive
control experiment, the same amount of AgNPrs (0.02 mL) was
added to the H,0, solution (0.1 M) in CH;CN (0.20 mL), which
resulted in the change in the colour of precipitates from
magenta to white. When a negative control reaction was per-
formed (the same conditions, but in the absence of 3a or
AsH,), the colour of the precipitates remained the same as
magenta.

Determination of the number of electrons consumed per
oxygen molecule in the ORR

Deuterated solvents for NMR analysis were saturated with O,
prior to use in the reaction. In a typical experiment, a stock
solution of Cu,(addpa) in the O,-saturated CD;CN (6.0 mM)
was prepared. This solution (550 pL) was then transferred to
an NMR tube fitted with a septum. To this solution was added
an excess amount of AsH, (0.0264 mmol) in D,O to obtain the
final mixed solvent of 5% D,O/CD;CN (600 pL). After that, the
reaction was stirred for 1 h and then analysed by 'H-NMR. The
reaction was carried out in triplicate. It should be noted that
allowing the solution to react longer than 1 h also gave the
same result. However, if this complete reaction was exposed to
O, afterward, the excess AsH, would react with O, and more
dehydroascorbic acid (DHA) yield was observed. This indicated
that the reaction was complete within an hour and O, as the
limiting agent could be used up. The relative yield of DHA
which is an oxidised form of AsH, was calculated based on
3 runs to determine the relative stoichiometry of O, to DHA. It
was found that about 1 equiv. of DHA was produced for each
equivalent of O, consumed. In other words, a total of around
2 electrons (1.9-2.4 e”) per oxygen molecule were consumed in
the oxygen reduction.

X-ray crystallography

Crystals of complexes 2b, 3a, and 3b were selected under an
optical microscope and glued on glass fiber for single crystal
X-ray diffraction experiments. X-ray diffraction data were col-
lected using a Bruker D8 QUEST CMOS using Mo-Ka radiation
(4 = 0.7107 A) and operating at T = 296(2) K. Data were
obtained using @ and ¢ scans of 0.5 (d, scan_width)° per
frame for 30 (d, scan_rate) seconds using Mo-Ka radiation
(50 kv, 30 mA). The total number of runs and images was
based on the strategy calculation from the program APEX3.
Unit cell indexing was refined using SAINT (Bruker, V8.34A,
2013). Data reduction, scaling and absorption corrections
were performed using SAINT (Bruker, V8.34A, 2013) and
SADABS-2014/4 (Bruker, 2014/4) was used for absorption cor-
rection.®” The structure was solved in the space group P1 with
the ShelXT structure solution program using combined
Patterson and dual-space recycling methods.”’ The crystal
structure was refined by least squares using version 2014/7 of
ShelXL.?* All non-hydrogen atoms were refined anisotropically.
Hydrogen atom positions were calculated geometrically and
refined using the riding model. For 2b, the solvent masking
procedure as implemented in OLEX2** was used to remove the
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electronic contribution of disordered and partially occupied
solvent molecules from the refinement. A comment relating to
the use of these routines appears in the “Refinement special
details” section of the cif file. For 3a and 3b, the ClO,™ anions
were found to be disordered over two positions. The relative
occupation of the disordered ClO, anion was refined as a free
variable. All Cl-O bond distances and O--O separations of
both (minor and major) fractions of the disordered ClO,~
anion were restrained to have identical values within 0.02 A.
A summary of crystal data and relevant refinement parameters
for 2b, 3a, and 3b is given in Table S1 in the ESLf Selected
bond lengths and bond angles are provided in Table S2.f
Hydrogen bond geometry is also given in Table S3.F The CCDC
numbers of 2b, 3a, and 3b are 1543792, 1543793, and
1543794, respectively.

Cyclic voltammetry

Cyclic voltammetric measurements were performed with an
Autolab PGSTAT101 potentiostat/galvanostat (Eco Chemie, The
Netherlands) using a conventional three-electrode configur-
ation. A glassy carbon electrode with a disk diameter of
3.0 mm was employed as a working electrode. Before use, the
electrode was polished with an aqueous suspension of
alumina powder and rinsed thoroughly with deionized water.
A platinum wire was applied as an auxiliary electrode. All
potentials are quoted with respect to a non-aqueous silver/
silver ion (Ag/Ag') reference electrode; this electrode was exter-
nally calibrated with a ferrocene/ferrocenium ion (Fe/Fe')
redox couple and has a potential of 0.542 V versus a standard
hydrogen electrode (SHE).”> Cyclic voltammograms of the
copper complexes (1.00 mM) were recorded in a deoxygenated
solvent (dimethylformamide, DMF or acetonitrile, CH;CN)
containing 0.10 M tetrabutylammonium hexafluorophosphate
(TBAPF,) at scan rates of 50-800 mV s~'. A deaeration pro-
cedure was carried out with the aid of ultra-high purity (UHP)
nitrogen.

Computation methods

Geometry optimizations of the dinuclear copper complex and
its related species, were carried out using the density func-
tional theory (DFT) method. The hybrid density functional
B3LYP, the Becke three-parameter hybrid functional® com-
bined with the Lee-Yang-Parr correlation functional,** using
the 6-31G(d,p) basis set**® were employed in calculations.
The solvent-effect of the polarizable continuum model
(PCM)*”"** using the CPCM (conductor-like PCM, acetonitrile
as a solvent) model”**® with the UFF molecular cavity model
were used in the optimization. Therefore, the employed
method was called the CPCM(UFF)/B3LYP/6-31G(d,p) method.
All calculations were performed with the Gaussian 09
program.”’
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A new and facile approach to stabilise copper(i) complexes in aqueous solution by the addition of zinc(i)
ions in combination with acetate ions (OAc™) was demonstrated. This stability enhancement toward the
aerobic oxidation of copper() species was investigated by various techniques including UV-vis spec-
troscopy, *H-NMR, FT-IR, and ESI-MS. Our experimental results together with DFT calculations led to a
proposed structure of [(adpa)Cu-OAc-Zn(OAc)(H,0),1"2%. It was also postulated that zinc(i) with its
Lewis acidity may attract electrons from the Cu centre through the bridging ligands (OAc™), resulting in
the lower reactivity of Cu() with O,. In addition, this strategy was shown to be applicable to ascorbic acid
detection by monitoring a change in the redox states of copper complexes using fluorescence spec-
troscopy. Moreover, it was demonstrated that the method was sensitive and accurate for the quantitative
analysis of ascorbic acid in vitamin C tablets.
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Ascorbic acid (vitamin C, AsH,) is an essential antioxidant
playing a vital role in biological processes. In addition, the
Copper is an abundant and redox-active metal. It is frequently AsH, level positively correlates with several diseases including
employed as a redox catalyst in a wide range of both synthetic cardiovascular disease, viral infection and Alzheimer’s disease

Introduction

and biological reactions."™ In nature, copper containing
enzymes serve as mediators for substrate conversion. Typically,
Cu(n) centres in the enzymes will be reduced to Cu(i) reactive
species for further catalytic processes. Interestingly, there are
several enzymes which can generate Cu(i) active intermediates
using ascorbic acid (vitamin C, AsH,) as a reducing agent
such as dopamine f-hydroxylase (DPH), peptidylglycine
a-hydroxylating monooxygenase (PHM) and ascorbate oxidase
(A0).>* Likewise, synthetic metal complexes show high poten-
tial in AsH, oxidation.”'* Hence, redox active metals including
copper are potentially applicable as a sensor probe for AsH, by
monitoring the changes in the redox state of the metal.
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as well as anticancer therapy.”*'® On the other hand, the
lower level of AsH, can lead to the development of diabetes or
cognitive impairment.’”"'” Also, AsH, has been used as an
additive substance in food, beverages and pharmaceutical for-
mulations for oxidative protection. Because of its advantages
in food quality control and healthcare, the development of a
simple method for AsH, detection has gained considerable
attention. Recently, a number of research studies reported
sensors for AsH, based on materials such as quantum dots,
Au nanoparticles and C-dots/Fe(n).>**® However, these
materials could be suffering from reproducibility and charac-
terisation. On the other hand, molecular probes (e.g., metal
complexes) can be characterised in terms of molecular struc-
tures, chemical properties and mechanistic studies with
routine spectroscopic techniques. In addition, these methods
are quite repeatable.

Unfortunately, the utilisation of Cu complexes in the field
of molecular sensors via a redox reaction (Cu(n) — Cu(i)) is
usually hampered by the instability of the Cu(i) species in
aqueous solution under aerobic conditions.””*® Therefore,
new strategies for the stabilisation of the active species (Cu(1))

Datton Trans., 2019, 48, 997-1005 | 997
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HO" TOH {))
Ascorbic acid Cu(adpa) Cu(atpa)

Chart 1 Ascorbic acid (AsH;) and copper complexes used in this study.

Dehydro-
ascorbic acid Zn?*
Ascorbu: acid ’{o
MS& \m&
[Cu(adpa)}** [Cu(adpa)]®
Paramagnetic, d® Diamagnetic, d'°
Fluorescence OFF Fluorescence ON

Fig. 1 Proposed acetate-bridged Zn(i)-Cu(i/1)adpa complex and the
mechanism for AsH, detection.

are of particular importance for developing a simple, rapid
and accurate sensor for the detection of antioxidants. It has
been demonstrated that copper(1) can be stabilised by metal-x
interactions relying on the ligand attributes with conjugated =
systems or by coordinating solvents (i.e. acetonitrile).>*** we
initially tried to stabilise Cu() using acetonitrile as the solvent
due to its facile procedure. Unfortunately, our Cu(i) complex,
Cu'(adpa) (Chart 1) was not stable in aqueous solution despite
the presence of acetonitrile.

Herein, we report a new approach to stabilise Cu(i) polypyri-
dyl complexes toward aerobic oxidation by Zn(u) ions in combi-
nation with acetate anions (OAc™) as shown in Fig. 1. We pro-
posed that the positively-charged Zn** may stabilise Cu(i) by
attracting electrons through acetate bridging ligands. This sec-
ondary coordination sphere modulation was inspired by an
imidazolate-bridged Cu-Zn model for superoxide dismutase
(CuznSOD) enzymes.”**” Our simple and easy approach was
then applied for the accurate detection of AsH, in vitamin C
tablets with good sensitivity. To the best of our knowledge,
this is the first example of copper complexes as fluorescent
probes via a reversible redox reaction for AsH, detection.

Results and discussion
Reaction of the Cu(n) complex and ascorbic acid

To establish distinct spectroscopic patterns between Cu(i) and
Cu(u) species and confirm the successful reaction of our
copper complexes and AsH,, the reaction of Cu''(adpa) and
AsH, was initially performed under a N, atmosphere in
CH;CN. Upon the addition of AsH, to the solution of
Cu''(adpa), a color change from blue to pale yellow was
observed. Monitoring of this reaction by UV-vis spectroscopy
and "H-NMR confirmed that Cu'(adpa) was reduced to Cu(1)

998 | Dalton Trans.. 2019, 48, 997-1005
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species in concomitance with the oxidation of AsH, as
evidenced by the observed production of dehydroascorbic acid
(Fig. S1 and S27). It should be noted that the same result was
obtained when the reaction was carried out in the presence of
0,, and the Cu(1) species seemed to be stable for at least 5 h.
In contrast, when the solvent was changed to H,O/CH;CN
(7:3 v/v) under ambient conditions, Cu'(adpa) could not be
completely formed and gradually reoxidised by air to Cu(u),
suggesting its instability in aqueous solution. However,
performing the reactions in aqueous solution is essential for
the detection of biological substances including natural
reducing agents owing to their solubility in water.

Cu(r) stability enhancement toward aerobic oxidation by the
modulation of the secondary coordination sphere

From the heteronuclear metalloenzymes in nature, we learn
that Zn*>* not only serves as a mediator for catalytic substrate
conversion, but also plays a crucial role in the stabilisation of
enzymes and proteins.”® A synthetic model for CuznSOD
demonstrated the vital role of Zn** in controlling the redox
potentials of Cu(u) ions through the imidazole (Im) bridge for
the desired catalytic reaction.’® From this inspiration, we came
up with the idea that Zn>' in combination with bridging
ligands may help to facilitate Cu(u) reduction and stabilise our
Cu(1) species in aqueous solution under aerobic conditions.
Thus, we first proved our assumption by the addition of Zn**
and Im in the reaction of Cu''(adpa) + AsH, in H,O/CH;CN
(7:3 v/v). As a result, it seemed that the reduction of Cu(u) to
Cu(1) was facilitated as the Cu(u) d-d band was dramatically
decreased when monitored by UV-vis spectroscopy. However,
the reaction started to be cloudy after 15 min which hampered
a prolonged monitoring of this reaction. Then, we also tried to
add histidine (His) instead of Im, and found that Cu(u) was
fully reduced to Cu(1). However, His was not well-dissolved in
our solvent system. It should be noted that His contains not
only the Im side chain, but also a carboxyl group which can
serve as a bridging ligand. Therefore, we sought for other
alternatives, and thought that acetate anions (OAc™) might be
a good candidate since they have been demonstrated as a
bridge between two metal centres in dinuclear complexes.****
To test our hypothesis, the reduction of Cu"(adpa) by AsH,
(1 mol equiv.) in H,O/CH;CN (7:3 v/v) was performed under
aerobic conditions in the presence of 8 mol equiv. of Zn(OAc),,
Zn(NO;), or Zn(phen),. Fig. 2 indicates that the d-d transition
band of Cu(u) (Amax = 632 nm) completely disappeared upon
the addition of AsH, only in the presence of Zn(OAc),, and the
spectrum was stable for at least 60 min before the d-d band
started to come back, implying the regeneration of Cu(u). This
could suggest that Zn(OAc), can help facilitating the reduction
of Cu"(adpa) and stabilising the Cu(i) species as well.
Moreover, the reversible d-d band of Cu(u) (Fig. S4f) con-
firmed that no transmetalation occurred between Zn*' and
Cu(adpa) during the redox reaction of Cu(adpa) in the
presence of Zn(OAc),.

Furthermore, the importance of Zn>" in stabilising
Cu'(adpa) was highlighted by comparative reactions using

This jounal is © The Royal Society of Chemistry 2019
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Fig. 2 UV-vis spectra of (a) 2 mM Cu'(adpa); (b) Cu'(adpa) + AsH,
(1 mol equiv.); Cu"(adpa) + AsH, (1 mol equiv.) in the presence of 8 mol
equiv. (c) Zn(NOs),, (d) Zn(phen),, and (e) Zn(OAc), in H;O/CH5CN (7:3
v/v) at room temperature.

other redox inactive cations with OAc™ i.e., Na', Mg*" and Ca*'
instead of Zn®' (Fig. 3 and S7). It was found that in the
presence of such metal ions, the Cu(u) d-d band was suddenly
decreased upon the addition of AsH,, suggesting that all metal
ions with OAc™ are likely to facilitate the Cu(n) reduction by
AsH,. However, all Cu(un) spectra gradually returned after
5 min, except the one with Zn(OAc), of which the Cu(i) species
could be stabilised for at least 60 min. Therefore, it is conclus-
ive that both Zn*' and OAc™ are required to facilitate the
reduction of the Cu(u) complex and stabilise the Cu(i) redox
state. We also proposed that Zn** as a good Lewis acid may
help to stabilise Cu(i) by the delocalisation of electrons
through the OAc™ bridge, analogous to an imidazolate-bridged
Cu-Zn model for CuZnSOD.**

0.2

~ Zn(OAc),
- Ca(OAc),
~ Mg(OAc),
—~ Na(OAc)

0.1 4

Absorbance

0 T T T T T )
0 10 20 30 40 50 60

time (min)

Fig. 3 Change in the absorbance of Cu(i) for the reactions of 2 mM
Cu'(adpa) with AsH, (1 mol equiv.) in the presence of various redox
inactive cations as a function of time. Each reaction was performed in
H,O/CH3CN (7 : 3 v/v) at room temperature.

This joumal is © The Royal Society of Chemistry 2019

View Article Online

Paper

It is worth mentioning that the influence of a Lewis acid on
the redox potential of the metal centre has been previously
demonstrated.***® Therefore, the electrochemical behaviours
of our Cu(i)/()(adpa) redox couple in the absence and pres-
ence of Zn(OAc), were studied by cyclic voltammetry. It was
found that the reduction potential of Cu'(adpa) did not
change significantly after adding Zn(OAc),, but Cu(i) seemed
to be reoxidized less than that in the absence of Zn(OAc),. In
addition, when the supporting electrolyte was changed from
an acetic-acetate buffer to a non-coordinated electrolyte (pot-
assium hexafluorophosphate, KPFy), a similar result was
obtained. These electrochemical results might suggest that the
reoxidation of Cu(i) to Cu(u) is more difficult in the presence of
Zn(OAc),.

To rule out the possibility that the pH change caused by
Lewis acid Zn(n) ions may be responsible for the stability of
Cu(i), a comparative study in the buffered solvent (acetic-
acetate buffer solution, pH 5.6) was carried out (Fig. S187). In
the reaction of Cu''(adpa) + AsH, in the absence of Zn(u), Cu(1)
was not fully formed and gradually reoxidised to Cu(n) within
20 min. On the other hand, in the presence of Zn(u) under the
same conditions, the Cu(i) complex was stabilised up to
40 min.

Proposed structure of [(adpa)Cu-OAc-Zn(OAc)(H,0),]"**

To shed some light on how Zn(OAc), helps to stabilise the Cu'
species, we sought to investigate the interaction between
Cu"(adpa) and Zn(OAc), by spectroscopic techniques, ESI-MS,
and DFT calculations which led to a proposed structure of
[(adpa)Cu-OAc-Zn(OAc)(H,0),] **. To begin with, our first
structural evidence on the proposed structure came from FT-IR
analysis. Since the carboxylate group can coordinate to the
metal ions in various ways, a number of research studies exam-
ined the vibrational frequencies of acetate salts to correlate
with their structure and employed this relationship to predict
the coordination mode of OAc™ in metal complexes.'"***
Deacon and Phillips*' reported that the frequency separation
between the COO™ antisymmetric and symmetric stretching
vibrations or the Av,  values for the species with different
binding modes usually fall in the following order:

Av,_s(unidentate) > Ay, s(ionic) ~ Ay, s(bridging)
> Av, (bidentate).

It should be noted that OAc™ has been reported as a brid-
ging ligand in both homo- and heterometallic complexes.*®**
The FT-IR spectrum of our precipitate obtained from the reac-
tion between Cu'(adpa) and Zn(OAc),(H,0), is shown in
Fig. 4e in comparison with those of Zn(OAc),(H,0), (biden-
tate), Cu''(adpa), Na(OAc) (ionic), and a solid mixture of
Zn(OAc),(H,0), + Cu"(adpa). It can be seen that our precipi-
tate from the reaction showed two new peaks at 1561 and
1385 ecm ™' which could be assigned to asymmetric and sym-
metric COO™ stretching, respectively. Since these new signals
did not match with the starting material Zn(OAc),(H,0), and
free OAc™ (ionic), it suggested that OAc™ might form a new
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Fig. 4 Comparison of the FT-IR spectra of (a) Zn(OAc),(H,0),; (b) solid
mixture of Zn(OAc)»(H,0), + Cu"(adpa); (c) Na(OAc); (d) Cu'(adpa) and
(e) precipitate from the reaction of Cu''(adpa) + Zn(OAC),(H,0),.

coordination. Notably, the shifts in these vibrational frequen-
cies are quite similar to those observed for acetate bridging in
several carboxylate-bridged copper complexes (e.g. Cu-Cu,
Cu-Ca).">*¥3 The Ay, , value of 176 cm™" from our sample is
quite close to that from the heterometallic carboxylate-bridged
Cu-Ca complex (180),** but significantly different from that of
bidentate OAc™ in Zn(OAc),(H,0), (Av = 114). These data
pointed that OAc™ might serve as a bridging ligand between
Zn** and Cu"(adpa). To support this hypothesis, an optimised
structure of [(adpa)Cu-OAc-Zn(OAc)(H,0),]*" was obtained
from the DFT calculations with the CPCM(UFF)/B3LYP/6-
311+G(d,p) basis set. It was found that the O-C-O angle of the
acetate bridge was 121.8° which is relatively close to that of the
heterometallic bidentate acetate bridge of the Cu-Ca complex
(121.5(3)°),” Zn-Ca (122.9, 123.9 and 124.3°) and Zn-Mg
(123.9 and 124.9°).*°

To gain further support for the proposed structure of
[(adpa)Cu-OAc-Zn(0OAc)(H,0),]** in the solution phase, we also
monitored the Cu'/(adpa) + Zn(OAc),(H,0), reaction by UV-vis
spectroscopy and 'H-NMR. Interestingly, upon the addition of
Zn(OAc),(H,0), to Cu''(adpa), a slight shift in the d-d band of
Cu(n) and a significant change in the "H-NMR signal of OAc™
were observed. The 'H-NMR signal of OAc™ in Cu''(adpa) +
Zn(OAc),(H,0), was broadening and shifted to 2.6 ppm,
indicating the coordination of OAc™ to Cu(n). For comparison,
when Na(OAc) was added to Cu"(adpa), the "H-NMR signal of
CH;COO~ (OAc™) could not be observed (Fig. S8f). This
suggested the difference in the coordination of OAc™ between
these two systems. As a bridging ligand between the Zn(u) and
Cu(u) complex, OAc™ may have a weaker paramagnetic influ-
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ence of Cu(u) than that in the Cu"(adpa) + Na(OAc) solution.
In addition, the ESI-MS data clearly showed that OAc™ from
Zn(OAc),(H,0), could bind to Cu(u) (see the ESIT). All of these
results support the finding that the formation of [(adpa)Cu-
OAc-Zn(OAc)(H,0),]*" is feasible.

In the case of the Cu(i) species, the reaction of Cu''(adpa) +
Zn(OAc),(H,0), and AsH, gave rise to a prominent signal at
m/z 512.1356 in the ESI-MS spectrum, corresponding to
[Cu'(adpa) + (OAc™) + H']". It might be implied that OAc™
could coordinate to the Cu(i) centre in a similar manner to
that found in the Cu(i) compound, Cu"(adpa). Unfortunately,
the interaction of the Cu(i) complex and Zn(OAc),(H,0), could
not be investigated by other spectroscopic techniques due to
the limitations of our system. Therefore, we turned our atten-
tion to studying this interaction and proposing the structure
using DFT calculations. As a result, a DFT-optimised structure
of [(adpa)Cu-OAc-Zn(OAc)(H,0),]’, together with its frontier
orbitals, was obtained as shown in Fig. 5 and Fig. S13-15.1
Markedly, a significant change in the highest occupied mole-
cular orbital (HOMO) delocalisation on the copper(i) centre in
the presence and absence of Zn(OAc),(H,O), was noted. In
[(adpa)Cu-OAc-Zn(0OAc)(H,0),]’, the HOMO orbital is deloca-
lized to the Cu(i) centre substantially less than that of the Cu
complex without Zn(OAc),(H,0),. This result is consistent with
our experimental finding that the Cu(1) complex is significantly
less reactive toward O, in the presence of Zn(OAc),. However,
when there is only OAc™ bound to the Cu(i) centre without
Zn*', the HOMO is delocalised around the Cu(i) ion and its
coordination site which is in agreement with our reactivity
study that Cu'(adpa) + NaOAc seemed to react with O, to

(b)

Fig.5 Plots of the HOMOs of (a) Cu'adpa) and (b) Cu'(adpa)/Zn
(OAC)+(H,0),, computed at the CPCM(UFF)/B3LYP/6-311+G(d,p) level of
theory.
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generate the Cu(n) product. We account for the stability of
Cu'(adpa) in the presence of Zn(OAc), by the role of Zn>" as a
good Lewis acid. Due to its electron-withdrawing properties,
Zn*' may help to attract electrons from the Cu(i) active site via
the acetate bridge, leading to a less electron density on the Cu
centre. This rationale was consistent with the fact that
Cu'(adpa) + Zn(OAc), exhibited less reactivity toward O, when
compared to Cu'(adpa) itself. Given the proposed structure, we
also speculate that the bridge through OAc™ and Zn*' may
help to provide a steric encumber which inhibits the oxidizing
agent (e.g. O,) to react with the Cu(i) centre.

All of these results are in agreement with our proposal that
OAc™ coordinated to the copper centre and could serve as a
bridging ligand between the Cu(1)/(n) and Zn*' ions resulting
in the stabilisation of the Cu(i) species under aerobic con-
ditions. Next, this approach was tested for its applicability to
AsH, sensing.

Application in ascorbic acid sensing by fluorescence

Our approach was applied to detect AsH, by fluorescence spec-
troscopy because of its high sensitivity. As a molecular sensor,
Cu(adpa) contains a dipicolylamine Cu active site and anthra-
cene as a sensory unit. A change in the redox states of the Cu
centre would give a different fluorescence spectrum. As
expected, Cu'"(adpa) did not show fluorescence signals owing
to the disturbance of the paramagnetic species, Cu(u).”" The
addition of AsH, resulted in a significant fluorescence
enhancement at 421 nm which is consistent with the conver-
sion of Cu(n) to a diamagnetic Cu(1) complex as illustrated in
Fig. 6.

Because ascorbic acid is a hexanoic sugar acid with two
acidic protons (pK, 4.04 and 11.34),*' the effects of pH and
interferences from common natural reducing agents (.e., redu-
cing sugar, citric acid, and glutathione) were investigated next.
The results showed that pH had a large influence on our AsH,
detection in terms of both sensitivity and selectivity
(Fig. S197). At pH 4, a satisfactory fluorescence intensity and
high selectivity for AsH, detection were achieved. However, the
selectivity was significantly lower at a higher pH due to Cu
chelation by glutathione.”*®

02
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Fig. 6 Change in (a) the fluorescence signal (excitation wavelength =
340 nm, slit setting on the instrument = 10 and PMT = 500); and (b) UV-
vis spectrum upon the addition of AsH, (1 mol equiv.) to the Cu'(adpa)
solution in the presence of Zn(i) in H;O/CH3CN (7: 3 v/v) buffered with
ABS at pH 5.6.
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Fig. 7 (a) Selectivity and (b) interference study for AsH, detection using
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to Cu(atpa) + Zn(OAc),; and (d) detection of ascorbic acid in vitamin C
tablets. The concentration of Cu(atpa) = 10 pM, Zn(OAc), = 40 mol
equiv. and ¢, = 340 nm.

To decrease the influence of the chelation of Cu ions by
analytes and to expand the pH range of our detection, we
decided to prepare Cu''(atpa) (Chart 1) for our further studies.
As a tetradentate ligand, atpa was expected to bind Cu ions
more tightly than a tridentate ligand, adpa. Hence, copper
sequestration by glutathione will be less pronounced. Our
results confirmed this assumption as shown in Fig. 7. In
addition, our limit of detection (LOD) for AsH, was deter-
mined to be 163 nM which is relatively low (36/S; o is the stan-
dard deviation for the blank solution, n = 10, and S is the
slope of the calibration curve).

Moreover, our approach was then employed to measure the
AsH, amount in vitamin C tablets to verify our accurate detec-
tion in real samples. The measurements by our sensor,
Cu''(atpa), in comparison with HPLC were done using the
standard addition method. The result from our method was in
good agreement with that from standard HPLC and was close
to the amount specified on the vitamin C tablets. Our recovery
was in between 101 and 104, and the relative standard devi-
ation was 1.5-4.0. This demonstrated the high accuracy of our
method.

Conclusions

In conclusion, we presented a new strategy to stabilise Cu(i)
complexes. Our experiments demonstrated that a combination
of Zn*' ions and OAc™ can stabilise Cu(1) species in aqueous
solution under aerobic conditions. This approach was sub-
sequently applied to detect AsH, in vitamin C tablets with high
accuracy. Our strategy would also attract interest in other areas
such as catalysis for the control of stability and reactivity of
metal complexes for mechanistic investigation. Undoubtedly,
this approach would pave the way for designing copper com-
plexes as molecular sensors for biological applications.
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Experimental
Materials and methods

Solvents of HPLC grade were purchased from Merck and used
without further purification. Milli-Q was prepared using ultra-
pure water systems. Deuterated NMR solvents were purchased
from Cambridge Isotope Laboratories, Inc. NMR experiments
were carried out using a 400 MHz Varian Mercury spectro-
meter. All UV-vis spectra were recorded by using a Varian Cary
50 probe UV-visible spectrophotometer with a quartz cuvette
(path length = 10 mm). Fluorescence spectra were obtained
using a Varian spectrofluorometer with Cary Eclipse, a pulsed
xenon lamp and a photomultiplier tube detector. Mass spectra
were obtained by Electrospray Ionization Mass Spectrometry
(ESI-MS) on a Bruker Daltonics microOTOF. IR measurements
were carried out on a Thermo, Nicolet 6700 FT-IR in ATR
mode. Cyclic voltammetry was performed on an pAutolab
Type 1II potentiostat under an N, atmosphere. This system
contained a three-electrode cell: glassy carbon as the working
electrode, Pt wire as the counter electrode and Ag/AgNO;
(0.01 M) as the reference electrode. For HPLC analysis, the
amounts of ascorbic acid in vitamin C tablets were determined
using a Varian Prostar with a C-18 column (C18 4.6 x 250 mm,
5 pm, Phenomenex), pumped at a flow rate of 1.5 mL min ™.
Vitamin C tablets were purchased from PT Bayer Indonesia,
Depok, Indonesia. All copper complexes and ligands were pre-
pared according to modified published procedures.’” !

Caution! Perchlorate is a potentially explosive salt.
Experiments should be carefully handled.

Computation methods

The density functional theory (DFT) method, the hybrid
density functional theory of Becke’s three parameter exchange
functional®® with the Lee-Yang-Parr correlation functional®
(B3LYP), using the 6-311+G(d,p) basis set®**> was employed.
All structure optimizations in aqueous solution using the
B3LYP/6-311+G(d,p) method combination with the solvent
effect of the polarizable continuum model (PCM)®**7* using
the CPCM (conductor-like PCM, water as a solvent) model”® 7>
with the UFF molecular cavity model,** called the CPCM(UFF)/
B3LYP/6-311+G(d,p) level of theory, were carried out. All calcu-
lations were performed with the Gaussian09 program.”® The
molecular graphics for relevant compounds and their frontier
orbitals (HOMOs and LUMOs) were plotted and visualised
using the GaussView 5.0.9 program.””

Reaction of Cu"(adpa) and ascorbic acid (AsH,) in CH;CN

All solvents were deoxygenated prior to use by purging N, for
at least 1 h. A stock solution of AsH, was prepared in a solvent
mixture of 5% H,O in CH;CN (44 mM). To a solution of
Cu'"(adpa) (2.0 mM) in CH;CN was added the AsH, stock solu-
tion (0.55 mol equiv.). A color change of the solution from
blue to pale yellow was observed. Monitoring of this reaction
by UV-vis spectroscopy showed a complete reduction of
Cu'"(adpa) (Amax = 591 nm corresponding to a d-d transition
band of d” Cu" species) to Cu'(adpa) (no d-d transition band).
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When exposed to air, this pale-yellow species was found to be
stable for at least 5 h. An NMR sample was prepared as
follows: to a solution of Cu"(adpa) (10 mM) in CD;CN (550 pL)
was added AsH, (20 pL, 0.55 mol equiv. dissolved in 15% D,O
in CD;CN). A color change from blue to pale yellow was noted,
consistent with the formation of Cu'(adpa). When compared
to a broad 'H-NMR spectrum of Cu'(adpa), the pale-yellow
species exhibited a sharp spectrum, supporting an assignment
of diamagnetic d'° Cu' species. An analysis of the 'H-NMR
spectrum also revealed the formation of dehydroascorbic acid
(an oxidized form of ascorbic acid) after the reaction. When
the reaction was carried out in the presence of O,, the same
result was obtained.

Generation of Cu' species in the presence of Zn(OAc),

Unless otherwise noted, the following experiments were con-
ducted under ambient conditions. A stock solution of AsH,
(80 mM) was prepared in H,O/CH;CN (7:3 v/v). In a typical
reaction, a solution of Cu"(adpa) (2.0 mM) was combined with
Zn(OAc), (8.0 mol equiv.) in H,O/CH;CN (7:3 v/v). To this
solution mixture was added the AsH, stock solution (1.0 mol
equiv.). A color change of the solution from green to pale
yellow was observed. The reaction was also monitored by UV-
vis spectroscopy, which revealed a complete conversion of the
spectrum for Cu''(adpa) (Zmax = 632 nm) to the spectrum for a
Cu' complex (no d-d transition band). The Cu' species seemed
to be stable for at least 60 min. When Zn(OAc), was changed to
Zn(NO;), or Zn(phen),; however, the reduction was not com-
pleted as the d-d band of Cu" was present to a significant
extent. In fact, they gave the same result as observed in the
reaction without Zn(OAc),. This indicated that the presence of
OAc™ is necessary to help facilitate the reduction of Cu''(adpa)
and the stabilisation of Cu"(adpa).

Attempts at characterising this new Cu complex in the pres-
ence of Zn(OAc), by mass spectrometry have also been made.
Samples for the ESI-MS analysis were prepared in 7:3 (v/v)
H,O/CH;CN. A prominent peak at a mass-to-charge ratio (m/z)
of 511.1332 (calc. m/z 511.13) was observed in the reaction of
Cu"(adpa) + Zn(OAc),(H,0), (1:8 mol equiv.), corresponding
to [Cu"(adpa) + OAc]'. On the other hand, m/z at 512.1356
(cale. m/z 512.14) which corresponded to [Cu'(adpa) + (OAc™) +
(H')]" was found when the solution mixture of Cu''(adpa) + Zn
(OAc),(H,0), was added to AsH, (5 mol equiv.). This supported
the possibility of OAc™ being coordinated to Cu(n/1)adpa.

In addition to ESI-MS, the coordination of Zn(OAc),(H,0).
on the Cu" centre was also investigated by IR spectroscopy.
The solid sample for IR analysis was prepared from the reac-
tion of Cu"(adpa) and Zn(OAc),-(H,0), (8 mol equiv.) in 7:3
(v/v) H,O/CH;CN. After being stirred for around 10 min, the
solution mixture was precipitated under reduced pressure to
remove CH;CN and obtain a dark green solid. The solid was
filtered for subsequent analysis by IR spectroscopy in the ATR
mode.

An NMR sample was prepared as follows: a solution of
Cu''(adpa) (10 mM) in CD;CN (550 pL) was combined with
Zn(OAc), (8.0 mol equiv. dissolved in D,O/CD;CN 7:3 v/v). A
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shift and broadening of a signal corresponding to OAc™ was
noted, indicating the coordination of OAc™ to the paramag-
netic Cu" centre. To this solution was added AsH, (50 pL,
5.0 mol equiv. dissolved in D,O/CD;CN 7: 3 v/v). The solution
became pale yellow, consistent with the conversion to
Cu'(adpa). The yellow product gave a sharp spectrum, corres-
ponding to the Cu' species.

Effect of pH

Acetic-acetate buffer solutions (ABS) with pH 4.0-5.6 and
phosphate buffer solution (PBS) with pH 6.0-8.0 were prepared
in H,O/CH;CN (7:3 v/v). In a typical reaction, to a solution of
Cu''(adpa) (10 uM) in a buffer solution with the desired pH
(2.00 mL) was added Zn(OAc), (100 pL, 40 mol equiv. dissolved
in H,O/CH;CN 7:3 v/v). To this solution mixture was then
added a stock solution of AsH, (50 pL, 5 mol equiv. dissolved
in H,O/CH;CN 7:3 v/v). It should be mentioned that a color
change of the solution could not be observed with the naked
eye at this low concentration. After being stirred for 2 min, the
reaction was monitored by fluorescence spectroscopy, which
revealed an emission band at i, = 423 nm. (Fluorescence
parameters: excitation wavelength = 340 nm, slit setting on the
instrument = 10 and PMT = 500).

To demonstrate the effect of pH on AsH, detection in the
presence of a possible interference, a solution of glutathione
(GSH, 5.0 mol equiv.) or a mixture of AsH, (5.0 mol equiv.) and
GSH (5.0 mol equiv.) was used instead of AsH,.

Reaction in the presence of other divalent metal ions

A stock solution of AsH, (80 mM) and M(OAc),, (M = Zn*’, Na’,
Ca®* or Mg”") was prepared in H,O/CH;CN (7:3 v/v). In a
typical reaction, Cu''(adpa) (2 mM) in 2.00 mL of H,O/CH;CN
(7:3 v/v) was combined with M(OAc), (8 mol equiv., 100 pL).
After being stirred for 2 min, the solution was monitored by
UV-vis spectroscopy. To this solution mixture was added the
AsH, stock solution (1.0 mol equiv., 50 pL). An immediate
color change of the solution from green to pale yellow was
observed. The reaction was also monitored by UV-vis spectro-
scopy, showing a complete conversion of the spectrum for
Cu"(adpa) (Amzx = 635 nm) to the spectrum for a Cu' complex.

Reaction in the presence of other bridging ligands

A solution mixture of Cu"(adpa) (2 mM) and a bridging ligand
(16 mol equiv. of imidazole, or histidine) was prepared in
2.00 mL of H,O/CH;CN (7:3 v/v). A solution of Zn(NO;),
(8 mol equiv., 100 pL) was then added. To this reaction
mixture was added the AsH, stock solution (1.0 mol equiv.,
50 pL). The reaction was stirred for 2 min before being moni-
tored by UV-vis spectroscopy.

Studies of selectivity and interfe by fluc e
spectroscopy

Acetic-acetate buffer solutions (ABS) with pH 5.6 were pre-
pared in H,O/CH;CN (7:3 v/v). In a typical reaction, to a solu-
tion of Cu"(adpa) or Cu"(atpa) (10 pM) in the buffer solution
(2.00 mL) was added Zn(OAc), (100 pL, 40 mol equiv. dissolved
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in H,O/CH;CN 7:3 v/v). To this solution mixture was then
added a stock solution of AsH, (50 pL, 5 mol equiv. dissolved
in H,O/CH;CN 7 : 3 v/v). After being stirred for 2 min, the reac-
tion was monitored by fluorescence spectroscopy (fluorescence
parameters: excitation wavelength = 340 nm, slit setting on the
instrument = 10 and PMT = 500 for Cu(adpa); PMT = 530 for
Cu(atpa)).

For the selectivity study, the addition of AsH, was changed
to glucose, lactose, sucrose, fructose, citric acid or glutathione.
For the interference study, the addition of AsH, was changed
to the mixture of AsH, (5.0 mol equiv.) and a possible interfer-
ing substance (5.0 mol equiv. of glucose, lactose, sucrose, fruc-
tose, citric acid or glutathione).

Sample preparation for the determination of AsH, in vitamin
C tablets

Three tablets of vitamin C were dissolved in Milli-Q water
(500.00 mL). The solution was then filtered with a 0.45 pM
Millipore filter to remove insoluble components. An amount
of the filtrate (31 pL) was then transferred to a volumetric flask
and diluted to 10.00 mL with ABS (pH 5.6) in H,O/CH;CN
(7:3 v/v). The amount of ascorbic acid in vitamin C tablets
was determined by the standard addition method.
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7.1 International Journal Publication
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Dalton Transactions, 2018, 47, 16337 — 16349.
“Stabilisation of copper(l) polypyridyl complexes toward aerobic oxidation by zinc(ll) in combination with
acetate anions: a facile approach and application in ascorbic acid sensing in aqueous solution” submitted
to Dalton Transaction (IF = 4.099).
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7.2 Application
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® Bio-inspired Transition Metal Complexes: Synthesis, Reactivity and Applications. Invited oral
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® Synthesis and Reactivity of a Dinuclear Copper Complex Toward Oxygen Reduction. Poster
presentation at Pure and Applied Chemistry International Conference 2016 (PACCON2016), Bangkok,
Thailand, February 9, 2016.

44



