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A set of o-phenylenediamine-based pentadentate ligands having pyridine
and quinoline binding sites was prepared in this work. The weak metal-
binding abilities of anilinic nitrogen atoms and rigid chelate structure of
the o-phenylenediamine skeleton serve as unique metal coordination
properties of the ligand library presented herein. In addition to variations
in the pyridine and quinoline binding sites, the non-coordinating alkyl groups
(CHs or CH,Ph) in the ligand structure cause significant differences in
the coordination structures of copper(ll) complexes. In the aerobic
alcohol oxidation reaction in the presence of CuBr and 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO), the ligand donating fewer
electrons, namely, N-benzyl-N,N',N'-tris(2-quinolylmethyl)-1,2-
phenylenediamine (Bn-TQPHEN, L4), exhibited greater activity than N-
methyl-N,N’,N’'-tris(2-pyridylmethyl)-1,2-phenylenediamine (Me-TPPHEN,
L1). Thus, the present study proposes future directions for the utilization
of pentadentate ligands and their relevance to redox-active copper
metalloenzymes.
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1 Introduction

The catalytic activities and selectivities of transition-metal
complexes covering the active sites of metalloenzymes and
artificial systems are strictly governed by the electronic and steric
properties of the supporting ligands. Carefully designed ligands can
be used to manipulate the structure, stability, as well as redox and
electronic properties of the resulting metal complexes. For
mimicking biological enzymatic systems, several researchers have
extensively studied pyridine-based pentadentate nitrogen ligands,
such as N-benzyl-N,N',N'-tris(2-pyridylmethyl)ethylenediamine
(Bn-TPEN) (Tamura et al., 2000; Hazell et al, 2002; Ortega-
Villar et al., 2005; Zhang et al., 2014), N,N-bis(2-pyridylmethyl)-
N-bis(2-pyridyl)methylamine (N4Py) (Lubben et al., 1995; Roelfes
et al., 1999; Jackson et al., 2011; Ohzu et al., 2012; Chen et al., 2013;
Mukherjee et al., 2019), and N-(2-(N,N-bis(2-pyridylmethyl)amino)
ethyl)pyridine-2-carboxamide (PaPy;H) (Rowland et al., 2001; Patra
et al., 2002; Patra and Mascharak, 2003; Ghosh et al., 2004; Gonzalez
et al,, 2011; Young et al, 2013), whose structures are shown in
Figure 1. Based on the promising characteristics of these ligands,
rational modifications have been implemented to enhance the
reactivities and selectivities of the metal complexes utilized as
catalysts for diverse applications.

One of the most important strategies used to modify existing
ligand structures like those shown in Figure 1 is replacement of the
widely used pyridines with quinolines. Compared to pyridine,
quinoline has weaker metal-binding affinity and electron-
donating ability owing to its weak basicity (pK, = 4.93 for
quinoline vs. 5.23 for pyridine in H,O) (Lokov et al, 2017;
Hosmane and Liebman, 2009) as well as steric hindrance of the
peri (H-8) hydrogen atom. Therefore, metal complexes with
quinoline-based ligands usually exhibit electron-deficient natures,
resulting in higher substrate oxidation reaction activities. Recently,
our group systematically investigated the replacement of pyridines
and the benzyl group of Bn-TPEN with other nitrogen-containing
alkyl ~ substituents,

heteroaromatics and non-coordinating
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respectively, to comprehensively examine the effects of the
ligands on the structural and electrochemical properties of
copper(Il) complexes (Mikata et al.,, 2024). Copper proteins and
copper-containing metalloenzymes are ubiquitous in biological
systems. The diverse coordination geometries and electronic
properties of the copper centers enable specific functions,
including electron transfer, dioxygen binding/activation, and
oxygen atom transfer reactions (Rubino and Franz, 2012; Liu
et al,, 2014; Solomon et al., 2014). Extensive studies on synthetic
model complexes based on structural and functional mimicry of the
copper proteins via careful ligand design have revealed many
unprecedented features of this biologically important metal ion
(Ttoh, 2015; Hong et al.,, 2017; Adam et al., 2018).

In the present study, in addition to the alteration of pyridine
with quinoline, the ethylenediamine backbone of Bn-TPEN was
replaced with o-phenylenediamine to construct a new ligand
library with weak electron-donating abilities using the
diminished basicity of anilinic nitrogen atoms compared to the
alkyl amine nitrogen atoms (Figure 2). The ligand library
presented herein has better synthetic accessibility than our
effort,
ethylenediamine was replaced with the 2-aminoethanol skeleton
(Mikata et al., 2023). As shown in Figure 2, a total of four ligands
were examined in this study, including the known ligand
N-methyl-N,N’,N'-tris(2-pyridylmethyl)-1,2-phenylenediamine
(L1) (Basu et al.,, 2015; Ekanayake et al., 2017), to investigate the
ligand effects on structure, redox potential, absorption spectrum,

previously reported work on a similar where

and catalytic activity for alcohol oxidation reactions of copper
complexes. These pentadentate ligands are appealing for Cu-
catalyzed aerobic alcohol oxidation as they provide well-defined
N5 environments that resist disproportionation and allow fine-
tuning of the copper redox properties. Notably, Cu catalysts
supported by pentadentate ligands have never been reported for
this transformation, in contrast to the well-established (bpy)Cu(I)/
TEMPO catalyst system (where bpy = 2,2’'-bipyridine and
TEMPO = 2,2,6,6-tetramethylpiperidine 1-oxyl) (Hoover and
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FIGURE 1
Structures of some pyridine-based pentanitrogen ligands.
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FIGURE 2
Structures of the four ligands investigated in this study

Stahl, 2011) that exhibits high activity for alcohol oxidation at  without further purification. The 'H/®C nuclear magnetic
room temperature under air as well as wide substrate scope. resonance (NMR) spectra were recorded using a JEOL AL-400
spectrometer at 400/100 MHz and referenced to internal
Si(CHj3)4 or solvent signals. Furthermore, elemental analyses were

2 Materials and methods performed on the J-Science JM10 micro corder, and the UV-vis
spectra were recorded using a Jasco V-770 spectrophotometer
2.1 General equipped with a temperature control unit (Jasco ETCS-761). The

perchlorate salts of metal complexes with organic ligands are known
All reagents and solvents used to prepare the ligands and  to be potentially explosive, so all due precautions were observed
complexes were procured from commercial sources and used  during the study.
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2.2 Synthesis of ligands

2.2.1 N-methyl-N,N’,N’-tris(2-pyridylmethyl)-1,2-
phenylenediamine (Me-TPPHEN, L1)

The preparation of this compound was reported previously by
(2015). Briefly, a mixture of N-methyl-1,2-
phenylenediamine (0.169 mL, 1.50 mmol), potassium carbonate
(1.04 g, 7.53 mmol), potassium iodide (0.249 g, 1.50 mmol), and 2-
chloromethylpyridine hydrochloride (0.740 g, 4.51 mmol) in
acetonitrile (20 mL) was refluxed for 48 h under a nitrogen

Basu et al

atmosphere in the dark. After the reaction solution was cooled to
room temperature, the solvent was removed under reduced
pressure, and the organic materials were extracted with
chloroform/water. The chloroform was dried over Na,SO, and
evaporated, and the residue was purified by silica gel column
chromatography (eluent: ethyl acetate and methanol in the ratio
of 10:1) to yield Me-TPPHEN as an amorphous brown substance
(0.245 g, 0.619 mmol, 41%). Further recrystallization from
acetonitrile-ether afforded single crystals suitable for X-ray
crystallography.

"H NMR (CDCl;, 400 MHz): § 8.53 (dt, ] = 4.9, 1.0 Hz, 1H),
8.49-8.51 (m, 2H), 7.42-7.49 (m, 3H), 7.17 (d, J = 7.8 Hz, 2H),
7.05-7.15 (m, 4H), 6.97-7.00 (m, 1H), 6.90-6.94 (m, 2H), 6.80-6.85
(m, 1H), 4.67 (s, 6H), 2.85 (s, 3H).

BC NMR (CDCls, 100 MHz): § 159.0, 158.8, 149.0, 148.8, 144.6,
142.1, 136.09, 136.05, 122.79, 122.75, 122.6, 122.4, 121.7, 121.6,

120.4, 60.0, 57.5, 40.0.

2.2.2 N-methyl-N,N’,N’-tris(2-quinolylmethyl)-
1,2-phenylenediamine (Me-TQPHEN, L2)

A mixture of N-methyl-1,2-phenylenediamine (0.169 mL,
1.50 mmol), potassium carbonate (1.04 g, 7.53 mmol), potassium
iodide (0.275 g, 1.66 mmol), and 2-chloromethylquinoline
hydrochloride (0.945 g, 441 mmol) in acetonitrile (15 mL) was
refluxed for 48 h under a nitrogen atmosphere in the dark. After the
reaction solution was cooled to room temperature, the solvent was
removed under reduced pressure, and the organic materials were
extracted with chloroform/water. The chloroform was dried over
Na,SO, and evaporated, and the residue was purified by silica gel
column chromatography (eluent: hexane and ethyl acetate in the
ratio of 3:1) to yield Me-TQPHEN as an orange solid
(0.778 g, 1.43 mmol, 97%).

'H NMR (CDCls, 400 MHz): § 8.08 (d, J = 8.3 Hz, 1H), 8.00 (d,
J = 8.8 Hz, 2H), 7.89 (d, J = 8.3 Hz, 2H), 7.77 (d, ] = 8.3 Hz, 1H),
7.60-7.70 (m, 6H), 7.43-7.52 (m, 3H), 7.37 (d, J = 8.3 Hz, 2H), 7.21
(t, ] = 8.8 Hz, 1H), 7.03-7.12 (m, 2H), 6.92 (dt, ] = 7.6, 1.5 Hz, 1H),
6.84 (dt, ] = 7.6, 1.5 Hz, 1H), 4.94 (s, 4H), 4.92 (s, 2H), 2.94 (s, 3H).

C NMR (CDCl;, 100 MHz): § 159.8, 159.5, 147.64, 147.56,
144.7, 142.2, 136.0, 129.3, 129.2, 129.0, 128.9, 127.44, 127.38, 127.2,
127.1, 126.0, 122.7, 122.6, 121.7, 120.9, 120.5, 60.8, 58.5, 40.2.

High-resolution mass spectrometry (HRMS) via electrospray
ionization (ESI) m/z: calculated value for Cs;H3,N5 (L2 + HY) =
546.2658 and measured value = 546.2630; calculated value for
Cs7H;3,N5Na (L2 + Na™) = 568.2477 and measured value = 568.2421.

Analytically calculated value for C3,H33 4NsO; 5 (L2-1.2H,0): C,
78.33; H, 5.93; N, 12.34; measured value: C, 77.97; H, 5.61; N, 12.16.
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2.2.3 N-benzyl-N,N’,N'-tris(2-pyridylmethyl)-1,2-
phenylenediamine (Bn-TPPHEN, L3)

A mixture of N-benzyl-1,2-phenylenediamine (0.198 g,
1.00 mmol), potassium carbonate (0.691 g, 5.00 mmol),
potassium  jodide (0.166 g~ 1.00 mmol), and 2-
chloromethylpyridine hydrochloride (0.493 g, 3.01 mmol) in
acetonitrile (15 mL) was refluxed for 48 h under a nitrogen
atmosphere in the dark. After the reaction solution was cooled to
room temperature, the solvent was removed under reduced
pressure, and the organic materials were extracted with
chloroform/water. The chloroform was dried over Na,SO, and
evaporated, and the residue was purified by silica gel column
chromatography (eluent: ethyl acetate and methanol in the ratio
of 30:1) to yield Bn-TPPHEN as a brown oil (0.178 g,
0.377 mmol, 38%).

'H NMR (CDCls, 400 MHz): 8 8.51 (d, ] = 4.4 Hz, 3H), 7.36-7.45
(m, 3H), 7.14-7.19 (m, 5H), 7.03-7.10 (m, 6H), 6.90-6.95 (m, 1H),
6.72-6.85 (m, 3H), 4.75 (s, 4H), 4.54 (s, 2H), 4.53 (s, 2H).

C NMR (CDCls, 100 MHz): § 158.83, 158.76, 149.0, 148.9,
142.5, 142.3, 137.5, 136.05, 135.97, 129.5, 128.0, 126.8, 123.1, 122.9,
122.5, 122.2, 121.81, 121.76, 57.7, 56.4, 55.0.

HRMS (ESI) m/z: calculated value for Cs;H30Ns5 (L3 + HY) =
4722501 and measured value = 472.2477;
for C;;HyNsNa (L3 + Na*) = 494.2321
value = 494.2287.

Analytically calculated value for C5;H3;N5O (L3-H,0): C, 76.05;
H, 6.38; N, 14.30; measured value: C, 75.93; H, 6.18; N, 14.09.

calculated value
and measured

2.2.4 N-benzyl-N,N’,N’-tris(2-quinolylmethyl)-1,2-
phenylenediamine (Bn-TQPHEN, L4)

A mixture of N-benzyl-1,2-phenylenediamine (0.297 g,
1.50 mmol), potassium carbonate (1.04 g, 7.53 mmol), potassium
iodide (0.255 g, 1.54 mmol), and 2-chloromethylquinoline
hydrochloride (0.966 g, 4.51 mmol) in acetonitrile (15 mL) was
refluxed for 24 h under a nitrogen atmosphere in the dark. After the
reaction solution was cooled to room temperature, the solvent was
removed under reduced pressure, and the organic materials were
extracted with chloroform/water. The chloroform was dried over
Na,SO, and evaporated, and the residue was purified by silica gel
column chromatography (eluent: hexane and ethyl acetate in the
ratio of 3:1) to yield Bn-TQPHEN as an orange solid (0.519 g,
0.835 mmol, 56%).

'H NMR (CDCls, 400 MHz): § 7.98-8.03 (m, 3H), 8.87 (d, ] =
8.3 Hz, 2H), 7.76 (d, ] = 8.8 Hz, 1H), 7.61-7.71 (m, 6H), 7.43-7.48
(m, 3H),7.32 (d, ] = 8.4 Hz, 2H), 7.13-7.25 (m, 6H), 7.07 (dd, J = 7.1,
2.2 Hz, 1H), 6.88 (dd, J = 7.3, 2.4 Hz, 1H), 6.76-6.87 (m, 2H), 5.04 (s,
4H), 4.79 (s, 2H), 4.66 (s, 2H).

C NMR (CDCl;, 100 MHz): § 159.4, 147.7, 147.6, 142.4, 142.3,
137.4, 136.0, 135.9, 129.7, 129.2, 129.0, 128.0, 127.4, 127.2, 126.9,
126.0, 122.7, 122.6, 122.3, 121.7, 121.2, 121.0, 58.6, 57.2, 55.1.

HRMS (ESI) m/z: calculated value for C43H3Ns5 (L4 + HY) =
622.2902; calculated value

644.2790 and measured

6222971 and measured value =
for Cy3HssNsNa (L4 + Na') =
value = 644.2705.

Analytically calculated value for C43H3,N50 (L4-H,0): C, 80.72;
H, 5.83; N, 10.95; measured value: C, 80.65; H, 5.67; N, 10.83.
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2.5 mol% CuBr/L, air H
©/\OH 5 mol% TEMPO, 10 mol% NMI o
CHsCN, RT
SCHEME 1

Cu-catalyzed aerobic oxidation of benzyl alcohol to benzaldehyde.

2.3 Synthesis of copper(ll) complexes

2.3.1 [Cu(LDI(CLOy), as L1-Cu"

The hexafluorophosphate complex of L1-Cu" has been
synthesized and characterized previously (Ekanayake et al., 2017).
Briefly, Cu(ClO,),-6H,0 (13 mg, 35 umol) in ethanol (0.5 mL) was
added to the solution of Me-TPPHEN (11.9 mg, 30 umol) in ethanol
(0.5 mL). The precipitated materials were then collected by filtration
to yield [Cu(L1)](ClOy,), as a blue powder (18.5 mg, 28 umol, 93%).

2.3.2 [Cu(L2)(CHzOH)I(ClO4), as L2-Cu"

Cu(ClO,),:6H,0 (10 mg, 27 pmol) in methanol (0.5 mL) was
added to the solution of Me-TQPHEN (13.6 mg, 25 pmol) in
methanol (0.5 mL). The resulting mixture was maintained at 4 °C
under ether diffusion condition to yield [Cu(L2)(CH;OH)](ClO,),
as green crystals (12.3 mg, 16.9 umol, 68%) suitable for X-ray
crystallography.

HRMS (ESI) m/z: calculated value for C5,H;,CuN; (L2 + Cu'') =
608.1875 and measured value = 608.1836; calculated value for
Cs7H5,CICuN;s (L2 + Cu" + CI") = 643.1564 and measured
value = 643.1527.

Analytically calculated value for Csg5H3;,ClL,CuN;5Og5
([Cu(L2)(CH30H)](Cl0O,),-0.5CH3;0H): C, 54.01; H, 4.36; N,
8.18; measured value: C, 53.91; H, 3.96; N, 8.32.

2.3.3 [Cu(L3)I(PFg), as L3-Cu"

Cu(ClO,),-6H,0 (11.1 mg, 30 pumol) in ethanol (0.5 mL) was
added to the solution of Bn-TPPHEN (14.1 mg, 30 pmol) in ethanol
(0.5 mL). The precipitated materials were collected by filtration and
recrystallized from acetonitrile (0.8 mL) in the presence of NH,PF
(14.5 mg, 89 pumol) under ether diffusion condition at 4 °C to yield
[Cu(L3)](PFs), as blue crystals (9.77 mg, 11.8 pmol, 39%) suitable
for X-ray crystallography.

HRMS (ESI) m/z: calculated value for C5;H,oCuN5 (L3 + Cu'l) =
534.1719 and measured value = 534.1706; calculated value for
C3H,0CICuN; (L3 + Cu" + ClIY) = 569.1408 and measured
value = 569.1389; calculated value for C;;H,oCICuN;O, (L3 +
Cu" + ClO47) = 633.1204 and measured value = 633.1178.

Analytically  calculated value for C;4Hj;35CuF;,NgsP,
([Cu(L3)](PF¢),-1.5CH3CN):  C, 46.06; H, 3.81; N, 10.27;
measured value: C, 46.39; H, 3.92; N, 9.93.

2.3.4 [Cu(L4)I(ClOy,), as L4-Cu"

Cu(ClO,),:6H,0 (10 mg, 27 pmol) in methanol (1.0 mL) was
added to the solution of Bn-TQPHEN (15.5 mg, 25 pmol) in
methanol (1.0 mL). The resulting mixture was maintained at 4 °C

Frontiers in Chemical Biology

under ether diffusion condition to yield [Cu(L4)](ClO,), as green
crystals (164 mg, 74%)
crystallography.

HRMS (ESI) m/z: calculated value for C43H35CuN; (L4 + Cu't) =
684.2188 and measured value = 684.2171; calculated value for
C43H35CICuNs (14 + Cu' + CIY) = 719.1877 and measured
value = 719.1860.

Analytically  calculated  value for  C,3H35CLCuNsOg
([Cu(L4)](ClOy),): C, 58.41; H, 3.99; N, 7.92; measured value: C,
58.48; H, 3.76; N, 7.78.

18.5 pmol, suitable for X-ray

2.4 X-ray crystallography

Single crystals of L1, L2-Cu"-0.5CH;O0H, L3-Cu", and L4-
Cu3CH3;0H were placed on a mounted CryoLoop or
MiTeGen MicroLoop with Paratone-N oil. Then, all data were
collected at 150 or 153 K on a Rigaku Mercury charge-coupled
device (CCD), Saturn CCD, or Synergy-S detector with
monochromatic MoKa radiation at 50 kV/40 mA (Mercury),
50 kV/24 mA 50 kV/1 mA (Synergy-S),
respectively. The data were processed on a personal computer

(Saturn), or

using CrystalClear Software or CrysAllis?™ (Rigaku). The
structures were solved by direct methods (SIR-92 (Altomare
et al., 1994), SIR 2008 (Burla et al., 2007), or SHELXT 2018/2
(Sheldrick, 2015b)) and refined using the full-matrix least-squares
method on F* (SHELXL 2016/6 or 2019/3) (Sheldrick, 2015a). The
hydrogen atoms were located at the ideal positions and treated as
riding models. The disordered solvent molecules for L3-Cu" were
removed by PLATON SQUEEZE (Spek, 2015). The crystal data are
summarized in Supplementary Tables S1, S2. The CCDC 2479086-
2479089 repository contains the supplementary crystallographic
data for this study; these data may be obtained free of charge from
the Cambridge Crystallographic Data Centre (www.ccdc.cam.ac.
uk/datarequest/cif).

2.5 Cyclic voltammetry (CV)

CV measurements of the copper(I) complexes were performed
ALS  Electrochemical (Model 6271E,
Bioanalytical Systems Inc.) equipped with a glassy carbon

using the Analyzer
working electrode, a platinum wire auxiliary electrode, and an
Ag/Ag" reference electrode (in acetonitrile containing 0.01 M of
AgNOj; and 0.1 M of BuyNClIO,). The complex concentration was
1 mM in acetonitrile solution containing 0.1 M of Bu,NPF; as a

frontiersin.org
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Ar
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reflux, 24-48 h
38-95%
R-TArPHEN (L1-L4)
R = Me or Bn
Ar = 2-pyridyl (P) or 2-quinolyl (Q)
SCHEME 2
Synthesis of the ligands.
A A
LI 1 :J 1
Sz (solvent),, S
N o, Cu(ClOy), OUtii, o
" hl : '»,,:,,,/ ’n,,l“ Iee
.~. N v CoHs0H PN N N
Y NORONTH or CHyOH 1
N N N N - (ClO4)2
NH,PFe \ or
CHsCN B _| (PFg)2
R-TArPHEN (L1-L4) R-TArPHEN-Cu" (L1-L4-Cu")
R = Me or Bn 39-93%

Ar = 2-pyridyl (P) or 2-quinolyl (Q)

SCHEME 3
Synthesis of the copper(ll) complexes.

supporting electrolyte. The redox potentials were corrected against
the FcH/FcH™ couple measured under each experimental condition.

2.6 Oxidation of benzyl alcohol

A stock solution of the CuBr/L catalyst (L = Me-TPPHEN or Bn-
TQPHEN) was prepared by stirring CuBr (7.2 mg, 0.050 mmol) and L
(0.050 mmol) in 5 mL of CH3CN at room temperature for 15 min.
The resulting solution was filtered and then diluted with CH;CN to a
total volume of 10.0 mL. For the typical catalytic reaction shown in
Scheme 1, benzyl alcohol (0.11 g, 1.0 mmol) was dissolved in 5.0 mL of
the 1:1 CuBr/L stock solution, followed by addition of TEMPO
(79 mg, 0.050 mmol), N-methylimidazole (NML 8.0 mL,
0.10 mmol), and anisole (10.9 mL, 0.010 mmol). The reaction
solution was stirred at room temperature with or without
ultraviolet irradiation (PHILIPS® model 41-6782 HI5.A,
300-600 V; wavelength: 315-380 nm). After a specified amount of
time, the reaction solution was filtered through a short silica gel
column using ethyl acetate as the eluent. The conversion percentages
were determined by gas chromatography mass spectrometry (GC-MS;
column ZB-5MS: 30 m x 0.25 mm X 0.25 mm) using anisole as an
internal standard.
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3 Results and discussion
3.1 Synthesis and characterization of ligands

Three new ligands (L2-L4) and the known compound Me-
TPPHEN (L1) (Basu et al., 2015) shown in Figure 2 were synthesized
as shown in Scheme 2. Refluxing N-methyl- or N-benzyl-1,2-
with the of 2-
chloromethylpyridine or 2-chloromethylquinoline in the presence

phenylenediamine thrice equivalent
of potassium carbonate and potassium iodide in acetonitrile under a
nitrogen atmosphere in the dark yielded the desired compounds in
97%). The structures of the
ligands were characterized by 'H/C NMR spectroscopy and
analyses. The L1

determined by X-ray crystallography (Supplementary Table S1;

moderate to good amounts (38%-

elemental solid-state structure for was

Supplementary Figure S1).

3.2 Synthesis and X-ray crystal structures of
the copper(ll) complexes

The mononuclear copper(II) complexes ligated with L1-L4 were
prepared from equimolar amounts of Cu(ClO,),-6H,0 in ethanol or
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FIGURE 3
Perspective views of (a) L1-Cu" (refcode: VAYDIL (Ekanayake et al., 2017)); (b) L2-Cu"; (c) L3-Cu"; (d) L4-Cu" at 50% probability. The non-

coordinating solvents, counter anions, and hydrogen atoms are omitted for clarity.

TABLE 1 Interatomic distances (A) of the copper(ll) complexes.

Complex Cu-N1(phen) Cu-N2(phen) Cu-N3(Ar) Cu-N4(Ar) Cu-N5(Ar) Cu-Ol(methanol) Average Cu-N

L1-Cu™ 2.03 2.01 2.20 1.99 2.00 - 2.05
L2-Cu™ 2.10 2.02 2.25 2.71 2.05 1.98 222
L3-Cu™ 2.01 2.10 2.11 2.03 1.98 - 2.05
L4-Cu" 2.02 2.03 2.05 241 2.04 - 2.09

“Ekanayake et al. (2017).
" Average values for two crystallographically independent complexes.
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(b)
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Cyclic voltammograms of (a) Me-TPPHEN-Cu" (L1-Cu"); (b) Me-TQPHEN-Cu" (L2-Cu"); (c) Bn-TPPHEN-Cu" (L3-Cu"); (d) Bn-TQPHEN-Cu" (L4-

Cu'") in acetonitrile (1 mM, scan rate: 100 mV/s).

methanol at  room  temperature  (Scheme 3). The
hexafluorophosphate salt of the L1-Cu" complex has been
prepared previously and characterized by X-ray crystallography
(Ekanayake et al,, 2017). For L2 and L4, the complexation with
copper(Il) perchlorate in methanol directly yielded single crystals
suitable for X-ray crystallography. For the pyridine-based ligand L3,
crystallization of the copper(II) complex was achieved as a
hexafluorophosphate salt from acetonitrile solution. The new
copper(Il) complexes were then characterized by elemental
analyses and X-ray crystallography. Supplementary Tables S1, S2
list the crystallographic parameters and diffraction conditions of
these complexes. The interatomic distances and angles around the
copper centers are listed in Supplementary Tables S3-S6. Figure 3
shows the solid-state structures of the copper(II) complexes with

L1-L4, including the previously reported L1-Cu" (Ekanayake et al.,

Frontiers in Chemical Biology

2017) as the reference. Figure 3 also displays the 15 values (Addison
et al, 1984; Blackman et al, 2020) for convenient geometric
assessments of the five-coordinate metal centers for
pentacoordinate complexes. Briefly, the 15 value is calculated as
follows: {(largest L-M-L angle, ) - (second largest L-M-L angle, a)}/
60. The ideal square pyramid exhibits 15 = 0 (a = p = 180°), whereas
the ideal trigonal bipyramid exhibits s = 1 (a = 120° and = 180°).
The coordination distances are summarized in Table 1.

The L2-Cu" complex exhibits octahedral geometry with five
nitrogen atoms from the ligand and one oxygen atom from
methanol. Our previous studies on copper(I) complexes with
related pentacoordinate ligands revealed that the quinoline
nitrogen atom at the N5 position binds strongly with the metal
center because the steric hindrance of the peri hydrogen (H-8) of the

quinoline ring prevents coordination of the counter anion (mostly
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TABLE 2 Cu(ll)/Cul(l) redox potentials (Ey/, (V) vs. FcH/FcH?) for the four copper complexes®®.

R R
|I 1 |I 1
N
(solvent),, (solvent),,
“Cu2+. “Cu2+.
T, N T, N PIARN
), % r h
Y g ‘, ", | I
o N, o N A M
2 | X R [ | X N™, R N~ |
I I ‘.,
NP (CIO,), oAl WUN (CIO)s
or
N _| (PFe)2
R-TArPHEN-Cu" (L1-L4-Cu') R-TArEN-Cu"
R Ar=P Ar =Q
R-TArPHEN-CU"
Me —0.46 (0.10) —0.13 (0.45)
Bn -0.43 (0.09) -0.09 (0.29)
R-TAFEN-Cu'®
Me -0.61 (0.07) -0.20 (0.12)
Bn -0.53 (0.07) -0.13 (0.14)

“Measured in 1 mM solution in acetonitrile.

Values in parentheses indicate the peak-to-peak separation (AE). The AE for ferrocene is at approximately 0.08 V.

“Mikata et al. (2024).

perchlorate), yielding a pentacoordinate copper center (Mikata et al,
2023; Mikata et al,, 2024). For L2-Cu", the electron deficiency of the
copper center due to the weak electron-donating abilities of
phenylenediamine and the quinoline nitrogen atoms allows
coordination from a sixth binding site even for the N5-quinoline
complex. The less-bulky structure of methanol compared to
perchlorate results in the formation of the [Cu(L2)(CH;OH)]*
complex. The Cu-N5 distance (2.05 A) is short enough for
quinoline coordination even in the hexacoordinate structure. The
copper(Il) center of L2-Cu" exhibits typical Jahn-Teller distorted
geometry with elongated Cu-N3 (2.25 A)and Cu-N4 (2.71 A) distances.

The L3-Cu" complex exhibits trigonal-bipyramid-like geometry
(15 = 0.63) with short Cu-N1 (2.01 A) and Cu-N5 (1.98 A) distances,
which contrast with the square-pyramid-like geometry of L1-Cu"
(ts = 0.20). The steric hindrance of the benzyl substituent in
L3 increases the N2-Cu distance (2.10 A), resulting in shortening
of the Cu-N3 distance (2.11 A) compared to the apical bond of L1-
Cu" (Cu-N3 = 2.20 A) and widening of the N3-Cu-N4 angle (123"
for L3-Cu" vs. 93° for L1-Cu"). Such differences between the methyl
and benzyl substituents were not observed in the previous
investigation (Mikata et al, 2024), indicating that there is
flexibility in the coordination structures of phenylenediamine

a result, there is significant widening of the N2-Cu-N3 angle (152°)
and elongation of the Cu-N4 distance (2.41 A) in the typical square-
pyramid-like structure of the L4-Cu" complex (ts = 0.19). The
average Cu-N coordination distance of L4-Cu' (2.09 A) is larger
than those of pyridine complexes (2.05 A) and comparable to those
of related copper(Il) complexes with N-alkylethylenediamine
ligands having three quinoline binding sites (2.09 A) (Mikata
et al, 2024). Although the phenylenediamine effect was not
observed for the overall coordination distances in the copper(II)
complexes herein, the redox property may be affected.

3.3 Redox potentials of copper(ll) complexes

The redox potentials of all four copper(Il) complexes were
measured by CV in acetonitrile solution, where reversible or
quasi-reversible one-electron redox couples were observed in all
complexes (Figure 4). The redox potentials of the Cu(II)/Cu(I)
couple (Eyj, (V) vs. FcH/FcH") are summarized in Table 2, and
the corresponding values of the ethylenediamine complexes are
shown for comparison.

In general, the quinoline complexes exhibit higher redox

complexes for efficient accommodation of cationic metal centers  potentials than the pyridine complexes, and the benzyl
by weak electron-donating sites. This difference in geometry was  substituent tends to increase the redox potentials from the
also confirmed in the solution state (vide infra). methyl derivatives. Both effects were smaller for the

As discussed above, the quinoline nitrogen atom at the  phenylenediamine complexes than  previously  reported
N5 position coordinates strongly with the metal center. ethylenediamine complexes. Because the phenylenediamine
Concomitantly, this movement shortens the N2-Cu distance, skeleton already increases the potentials from the

which in turn increases the steric clash between the benzyl
substituent and quinoline ring at the N3 position in L4-Cu". As
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ethylenediamine derivatives (0.10-0.15 V for pyridine and
0.04-0.07 V for quinoline complexes), there is gradual leveling of

frontiersin.org


https://www.frontiersin.org/journals/chemical-biology
https://www.frontiersin.org
https://doi.org/10.3389/fchbi.2025.1688400

Mikata et al.

10.3389/fchbi.2025.1688400

TABLE 3 Cu(ll)/Cu(l) reduction and oxidation peak potentials (E,.q and E.y (V) vs. FcH/FcH") for the copper complexes®.

(solvent)

‘Y,

(ClOy)
or

_| (PFe)2

(solvent) A

‘Y,

(ClOy),

R-TArPHEN-Cu"

Me —-0.51 -0.35 0.16
—-0.41 0.10 0.51

Bn —0.48 -0.24 0.24
-0.39 0.05 0.44

R-TArEN-Cu'"™

Me -0.65 -0.26 0.39
-0.58 —-0.14 0.44

Bn -0.57 -0.19 0.38
-0.50 -0.06 0.44

PHEN-EN (Me) 0.14 0.17 -0.09 0.24

PHEN-EN (Bn) 0.09 0.11 -0.05 0.11

“Measured in 1 mM solution in acetonitrile.
*Mikata et al. (2024).

all shifts toward positive potentials. Another important observation on
the electrochemical measurements of copper complexes is that the
peak-to-peak separation (AE, shown in parentheses in Table 2)
increases as the redox potential shifts in the positive direction. This
is also valid for the entire family of ethylenediamine/phenylenediamine
complexes (Mikata et al., 2024); however, the L2-Cu" complex exhibits
an extremely large value (AE = 0.45 V) compared to the other quinoline
complexes (AE = 0.29 V for L4-Cu", 0.12 V for Me-TQEN-Cu", and
0.14 V for Bn-TQEN-Cu"), while the quinoxaline (Qx) complexes with
extremely high redox potentials exhibit comparable AE values of 0.12 V
for Me-TQXEN-Cu" (E,;, = —0.05 V) and 0.49 V for Bn-TQxEN-Cu"
(Eyjp = +0.05 V).

The possible reason for the large AE value of L2-Cu", which
indicates a lack of full thermodynamic reversibility, could be the rigid
skeletons of the phenylenediamine-quinoline complexes that require
significant rearrangement of the coordination geometry around the
copper center for one-electron redox processes. As shown in Table 3,
the reduction peak potential (E,.q) values for Me-TQPHEN-Cu"
(=035 V) and Bn-TQPHEN-Cu" (-0.24 V) are more negative
than those of the corresponding ethylenediamine complexes
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(=026 V for Me-TQEN-Cu" and —0.19 V for Bn-TQEN-Cu),
breaking the general trend of the EN/PHEN skeleton effect.
Moreover, the oxidation peak potential (E,,) of Me-TQPHEN-Cu"
(0.10 V) is more positive than that of its benzyl counterpart Bn-
TQPHEN-Cu" (0.05 V), deviating from the general trend of the Me/
Bn substituent effect. Such deviations were clearly observed in the
peak potential differences between the pyridine and quinoline
complexes (E(Q) - E(P), last column in Table 3) as well as
between the phenylenediamine and ethylenediamine complexes (E
(PHEN) - E (EN), bottom two rows in Table 3). The former values are
at approximately 0.4 V for all ethylenediamine complexes, including
pyridine and quinoline, but significant deviations were observed for
Me-TArPHEN-Cu" for both E,.4 (0.16 V) and E, (0.51 V). The latter
values are negative for only E,4 for the quinoline complexes (—0.09 for
Me and —0.05 for Bn). Thus, the redox potentials (E; ) of the present
phenylenediamine complexes follow the expected coordination
abilities of the ligand structures, but the E.4 value for the
quinoline complex with the phenylenediamine skeleton exhibits a
negative shift than the ethylenediamine complexes, resulting in large
AE values, especially for Me-TQPHEN-Cu".
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in acetonitrile (1 mM).

3.4 UV-vis absorption properties of the
copper(ll) complexes

The UV-vis absorption spectra of all the copper(II) complexes

were measured in acetonitrile (Figure 5) and methanol
(Supplementary Figure S2). All copper(I) complexes exhibited
characteristic  d-d  transition bands at  approximately

600-1000 nm, reflecting the coordination environment of the
metal center in the solution state. The maximum absorption
wavelengths in both solvents are summarized in Table 4, and the
data indicate that negligible solvent effects were observed in the
present copper complexes.

As discussed previously (Mikata et al., 2023; Mikata et al., 2024),
the maximum absorption wavelength in the d-d transition region is
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a potential indicator of the coordination geometry of the copper(II)
center. The absorption spectrum of the L1-Cu" complex shows three
distinct maximum wavelengths at approximately 640, 770, and
930 5A). The highest
corresponding to the square pyramidal and/or octahedral
structure is slightly dominant for L1-Cu" in acetonitrile, as

nm (Figure energy absorption

emphasized in the methanol solution given the increased polarity
and possible coordination of the solvent molecule or counter anion
to the metal center (Supplementary Figure S2a). In contrast, the L3-
Cu" complex shows an absorption maximum at approximately
800 nm while maintaining the other two absorption components
(640 and 930 nm) with weak intensities. The >800 nm absorption
band and increased molar extinction coefficient at this wavelength
(e = 240 in acetonitrile) is indicative of the trigonal bipyramidal
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TABLE 4 Maximum absorption wavelengths (nm) for Copper (Il) complexes?.

Complex In CHsCN In CHsOH Coordination geometry®
L1-Cu" (Me-TPPHEN-Cu") 644 (1.6 x 10%) 642 (1.7 x 10%) T =0.20°

L2-Cu" (Me-TQPHEN-Cu") 662 (1.3 x 10%) 685 (1.0 x 10%) octahedral

13-Cu" (Bn-TPPHEN-Cu") 804 (2.4 x 10?) 803 (22 x 10?) =063

L4-Cu" (Bn-TQPHEN-Cu") 675 (2.2 x 10%) 674 (1.9 x 10?) =019

“Measured in 1 mM solution. The molar extinction coefficients are shown within parentheses.
PElucidated from X-ray crystallography (see Figure 1).
“Ekanayake et al. (2017).

TABLE 5 Catalytic activities toward aerobic benzyl alcohol oxidation using Me-TPPHEN (L1) and Bn-TQPHEN (L4).

Ultraviolet irradiation % Conversion®
1 Me-TPPHEN (L1) x 8 16
2 Me-TPPHEN (L1) X 24 25
3 Me-TPPHEN (L1) v 8 30
4 Bn-TQPHEN (L4) x 8 32
5 Bn-TQPHEN (L4) x 24 97
6 Bn-TQPHEN (L4) v 8 51

“Reaction conditions: benzyl alcohol (1.0 mmol), CuBr (0.025 mmol), L (0.025 or 0.0125 mmol), TEMPO (0.050 mmol), NMI (0.10 mmol) in CH;CN (5 mL) under aerobic conditions and room
temperature with 0.010 mmol of anisole as the internal standard.
9% conversion was determined by gas chromatography mass spectrometry and averaged from at least two runs.

copper(Il) center for this complex. These assessments of the solution ~ biological systems, and TEMPO/Cu'-mediated aerobic catalytic
structures of the complexes from the absorption spectra of L1-Cu"  oxidation of alcohol has recently shown some potential (Hoover
and L3-Cu" are in good agreement with the solid-state structures  and Stahl, 2011; Varala and Seema, 2023). This system is relevant to
elucidated by X-ray crystallography (Figure 3; Table 4). The three  the galactose oxidase active site that contains copper and the
component absorption spectra and rather half-way t values for the ~ phenolate radical from tyrosine residue (Whittaker, 2003; Oshita
phenylenediamine-pyridine complexes clearly indicate that their =~ and Shimazaki, 2020). Mimicking the enzymatic systems that allow
structures are highly flexible as well as in-between those of the  conversion of broadly available alcohols into useful carbonyl
trigonal bipyramid and square pyramid/octahedron. compounds has great importance. We chose L1 and L4 for
The quinoline complexes 12-Cu" and L4-Cu" exhibit short  preliminary assessments in the alcohol oxidation reaction in the
absorption wavelength maxima corresponding to the square  presence of CuBr, TEMPO, and NMI in acetonitrile solution
pyramidal or octahedral geometry, with no other absorption  (Scheme 2; Table 5; Supplementary Figures S3-S8). The CuBr/
bands being observed in the 600-1100 nm range. The slightly = L4 catalyst exhibited superior activity for aerobic oxidation of
red-shifted absorption maxima compared to the pyridine benzyl alcohol to benzaldehyde, achieving 97% conversion in
complex L1-Cu" are attributable to the weak coordination of —CH;CN at room temperature after 24 h compared to the 25%
quinolines at the equatorial position, as reported previously  conversion obtained for CuBr/L1 under identical conditions
(Mikata et al., 2023). From these analyses of the absorption  (entries 2 and 5 in Table 5). Ultraviolet irradiation provided
spectra, the rigid structures of quinoline complexes were  moderate performance improvements for both CuBr/L catalysts,
elucidated and shown to support the large AE values observed in  resulting in 51% and 30% conversions after 8 h (entries 3 and 6,
the electrochemical measurements (Table 2). respectively). The oxidation activity profiles of both catalysts with
and without ultraviolet irradiation are depicted in Figure 6.
The higher catalytic performance of CuBr/L4 is ascribed to its

3.5 Catalytic activity in Cu'/TEMPO- more positive half-cell potential (E;/, (Cu'/Cu") = —0.09 V) relative
mediated aerobic oxidation of benzyl to that of CuBr/L1 (-0.46 V) in acetonitrile (Table 2). This more-
alcohol in the presence of L1 and L4 positive potential indicates greater reducibility (i.e., stronger

oxidization capability) of the Cu" species in the presence of L4,

To demonstrate the practical applications of the present ligand/  which facilitates the substrate oxidation step in the catalytic cycle as
complex library, we investigated the aerobic alcohol oxidation  the possible rate-controlling step (Hoover et al., 2013). Although the
reaction. The oxidation of alcohols to carbonyl compounds is  relative catalytic activity of CuBr/L4 does not match those of leading
one of the most important molecular transformations in  catalyst systems (Hoover and Stahl, 2011; Al-Hunaiti et al., 2022),
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Oxidation profiles of the in situ generated CuBr/L (L = Me-
TPPHEN and Bn-TQPHEN).

our catalytic study demonstrates the effect of ligand tuning on the
Cu'/Cu" redox potential, which enhances the catalytic oxidation
activity of CuBr/L4 by promoting efficient oxygen activation and
the
phenylenediamine ligand, especially Bn-TQPHEN, could be

subsequent  alcohol  dehydrogenation.  Accordingly,
considered a competent pentadentate ligand platform for Cu-
catalyzed aerobic alcohol oxidation. In addition to the redox
the the rigidity of the

coordination geometry of the complex and its catalytic reactivity

potential, relationship  between
will be studied further to reproduce the observed flexibility of the
coordination environment at the metalloenzyme active sites.

4 Conclusion

The o-phenylenediamine skeleton of the ligand library presented
herein effectively enhances the electron abstracting ability of
copper(Il) complexes compared to the ethylenediamine ligands.
In addition to the quinoline binding sites, alteration of the non-
coordinating alkyl substituents largely perturbed the structures of
the copper(II) complexes. The diverse feature in the absorption
spectra of these copper(II) complexes in the d-d transition region
(600-1100 nm) reflect the metal coordination environments and
plausible structural flexibilities of the complexes in their solution
states. The redox potential is independent of the structural diversity
in the square pyramidal or trigonal bipyramidal geometry because
the Cu(II)/Cu(I) redox potentials of the copper complexes depend
solely on the ligand structures; this was shown through the positive
shifts of 0.33-0.34 V and 0.03-0.04 V obtained by replacing the
pyridine and methyl groups with quinoline and benzyl substituents,
respectively. The poorly electron-donating ligand Bn-TQPHEN (L4)
was found to be an efficient supporting ligand in the aerobic
oxidation reaction of alcohol to aldehyde when catalyzed by the
CuBr/TEMPO/NMI system as it facilitated electron abstraction of
the copper(II) the metal-bound alkoxide

complexes from

intermediates. The present investigation provides an important
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case study in controlling the structural and redox properties of
copper(Il) complexes through rational design of the ligand
structures. The extension of the present pentacoordinate ligand
library is expected to enable the preparation of a wide variety of
artificial metal complexes with diverse structural, electrochemical,
and catalytic properties that could exceed those of natural copper-
containing metalloenzymes in the formation of reactive aldehydes.
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