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Aerobic oxidation of 2-aminophenol catalysed
by a series of mononuclear copper(i) complexes:
phenoxazinone synthase-like activity and
mechanistic study
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Three mononuclear copper(i) complexes of types [Cu(LY)(CD,]-MeOH (1-MeOH), [Cu(L?)(Cl),]-H,O (2-H,0)
and [Cu(L®)(Cl),] (3) have been synthesized from three reduced Schiff base tridentate N3 ligands, namely
N-(pyridin-2-ylmethyl)quinolin-8-amine ([H.ILY), N-(1-methylbenzimidazol-2-ylmethyl)quinolin-8-amine
(HoL?), and N-(1-methylimidazol-2-ylmethyl)quinolin-8-amine ([H,]L®), respectively, having variable
donor moieties. During metalation all three reduced Schiff base ligands undergo oxidative dehydro-
genation in situ under aerobic conditions to yield the corresponding Schiff base ligated mononuclear
copper(i) complexes. All complexes have been characterized using various spectroscopic techniques
such as IR, HRMS-ESI, UV-vis, and EPR. Structural characterization of each complex by single crystal
X-ray diffraction reveals that the coordination environment around the copper ion is distorted square
pyramidal. The three complexes effectively catalyse the aerial oxidation of 2-aminophenol (H,AP) to
2-amino-phenoxazine-3-one (APX), thus mimicking the catalytic function of the enzyme phenoxazinone
synthase. Kinetic studies have been done to arrive at the following catalytic efficiency order: 3 » 2-H,0O
> 1.MeOH. The observed trend can be explained by considering the structure—function relation of the
catalytic activity. Intramolecular charge distribution (valence tautomerism) within a complex—substrate
adduct leads to the generation of a “Cu'—(substrate radical)” tautomer. This phenomenon has been
established by EPR spectroscopy, particularly using 2-anilino-4,6-di-tert-butylphenol (H,AP?MBY 3

Received 20th May 2020, structural analogue of H,AP) as a substrate. Such a “Cu'-(substrate radical)” species is believed to

Accepted 30th June 2020 promote dioxygen activation. The effects of temperature and pH on the reaction rates have been
studied. Activation parameters (E,, AH*, and AS') have been evaluated from temperature-dependent
kinetic measurements. A plausible reaction pathway has been proposed on the basis of stoichiometry

determination, spectroscopic data and kinetic analysis.
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and oxidases.®® One such oxidative bioprocess of our interest
is the oxidase activity of phenoxazinone synthase (PHS).°™?

Introduction

Transition metal complex mediated catalytic oxidations of
organic substrates with molecular dioxygen have attracted
much attention of researchers during the past few decades."™
These oxidative transformation reactions find applications in
chemical industries. Moreover, such reactions mimic the bio
functions of certain metalloenzymes that activate dioxygen. In
this respect copper-containing enzymes should be particularly
mentioned, since they are known to play a crucial role in activa-
ting dioxygen and function as monooxygenases, dioxygenases,
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PHS is a multicopper enzyme that catalyses the oxidative con-
densation of two molecules of 3-hydroxy-4-methylanthranilic
acid pentapeptide lactone in the presence of dioxygen to form
the phenoxazinone chromophore (Fig. 1). This is an important
and last step for the biosynthesis of the powerful antineoplastic
agent actinomycin D, which is clinically used for the treatment
of Wilm’s tumors, gestational choriocarcinoma, and other
tumor cells.”® This oxidative condensation reaction of the
two substituted 2-aminophenol to phenoxazinone involves
six-electron oxidation, which is believed to occur in three
consecutive two-electron transfer processes as demonstrated
by Begley et al.*®

The crystal structure of PHS from Streptomyces antibioticus
reveals that the enzyme exists in two oligomeric forms, the
dimer and hexamer.'” The hexameric form shows higher activity
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Fig. 1 Phenoxazinone synthase (PHS) reaction; the last step of the bio-
synthesis of actinomycin D.

than the dimeric form. Each subunit of the hexamer contains five
copper atoms with the presence of all three types of copper-
binding motifs: one type-1 (blue), two type-2 (normal) and one
binuclear type-3 centres. The schematic diagram of the tetra-
copper unit consisting of one type-1, one type-2 and one type-3
is shown in Fig. 2. The fifth copper centre (not shown in the
diagram) is located at a distance of ~25 A from the blue copper
and the other normal type-2 copper. On the basis of the coordina-
tion environment the fifth copper is assigned as a type-2 centre.
This copper centre appears to play an important role to achieve
the maximum reactivity of the penta-copper unit by stabilizing the
hexameric structure through its interaction between two domains
of the enzyme.

With this existing literature knowledge about the structural
and functional aspects of PHS, various bioinspired model
studies’® ' have been attempted in past years. The catalytic
aerial oxidation of 2-aminophenol (H,AP) to 2-amino-phen-
oxazine-3-one (APX) was commonly used as a model reaction
to mimic the enzymatic reaction as shown in Fig. 3. However, it
is quite challenging to develop a synthetic model complex
mimicking all different types of copper sites in one motif.
Chaudhuri et al first reported a tetranuclear cubane-like
copper(u) core, supported with a redox non-innocent ligand,
that could catalyse the aerial oxidation of H,AP to APX without
formation of any non-enzymatic by-product.’* Afterward a few
more tetranuclear cores were developed as PHS mimics."”
Several heterometallic Cu-Mn cluster compounds were used
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Fig. 2 Schematic diagram of the tetracopper unit and the surrounding
ligands of PHS (reproduced from reference 12). X represents an unidenti-
fied bridging ligand (supposed to be OH™). The nonbonding distances
between the copper atoms are in units of A.
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Fig. 3 Model reaction for phenoxazinone synthase: aerial oxidation of 2-
amiophenol to 2-amino-phenoxazine-3-one (X represents reduced oxy-
gen species, such as H,O and/or H,O5).

as functional PHS models.'® It has been found that dimeric
copper(r) complexes could also effectively catalyse the oxida-
tion of H,AP to APX under aerial conditions.'” It should be
noted that although nature has designed a multi copper active
site, conversion of H,AP to APX can be achieved even by
mononuclear metal complexes. In this respect, mononuclear
copper'® and other metal (e.g. Mn,"® Fe,?® and Co*') complexes
have been developed as model systems for PHS-like activity.
Despite these several literature reports, questions regarding the
structure-function relation, mechanism of dioxygen activation
and factors affecting the PHS activity remain subjects of
interest and require further investigation.

In this endeavour, herein we report the synthesis, charac-
terization and phenoxazinone synthase-like activity of three
mononuclear copper(i) complexes of types [Cu(L')(Cl),]- MeOH
(1-MeOH), [Cu(L?)(Cl),]' H,O (2-H,0) and [Cu(L?)(Cl),] (3)
{{H,JL' = N-(pyridin-2-ylmethyl)quinolin-8-amine; [H,]L* =
N-(1-methylbenzimidazol-2-ylmethyl)quinolin-8-amine; [H,]L’ =
N-(1-methylimidazol-2-ylmethyl)quinolin-8-amine}, having Ns-donor
ligands with variable donor moieties (Fig. 4). The catalytic
activities of the three complexes towards the oxidative coupling
of H,AP to APX have been investigated. To throw light on the
mechanistic aspects spectroscopic and kinetic analyses have
been performed. The comparative kinetic analysis reveals a

HN \N / a ——
A<
N N\ s
\ A i P
¥z
[HL' [Cu(L")(C)2] (1)
\
N
/_<\:© c \
sl AT
N N
N —  >cal
b N ci
=
[H]L? [Cu(L?)(C)] (2)
\
N
] N
HN N — \:Nj
N — N\Cu/
N O
¥
[HIL? [Cu(L)(C2] (3)

Fig. 4 Ligands and copper(i) complexes considered in this work.
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structure-function relation of the catalytic performances (kea/Ku)
of the complexes. In the mechanistic interpretation, valence
tautomerization in a complex-substrate adduct leading to equili-
bration between two redox isomers of types “Cu”(2-amido-
phenolato)” and “Cu’-(2-iminosemiquinonato) radical anion”
has been proposed to be an important step in the overall catalytic
cycle. Such a “Cu’~(substrate radical)” intermediate is considered
to be responsible for activation of molecular dioxygen. This
phenomenon of valence tautomerism in the complex-substrate
adduct was validated by EPR spectroscopy employing 2-anilino-
4,6-di-tert-butylphenol (H,AP*™® an analogue of H,AP) in
particular as a substrate (vide infra). Therefore, the present work
provides valuable insights towards the mechanistic aspects of
phenoxazinone synthase.

Experimental section
Materials and reagents

All reagents were obtained from commercial sources (Sigma
Aldrich, Alfa Aesar, TCI Chemicals and Sisco Research Labora-
tories Pvt. Ltd India) and used as received. Organic solvents
were dried/purified prior to use. Milli-Q water (18.2 MQ) was
used to prepare the buffer solutions. 2-(Chloromethyl)-1-methyl-
1H-benzimidazole®** and 2-anilino-4,6-di-tert-butylphenol**” were
prepared following literature procedures.

General instrumentation

C, H, and N analyses were performed using a PerkinElmer
Elemental Analyzer (Model No 2400SERIESII). UV-vis spectra
were recorded on an Agilent 8454 diode-array spectrophoto-
meter. Infrared (IR) spectra were measured using a PerkinEl-
mer spectrum two FT-IR spectrometer in the 4000-400 cm *
range. High resolution mass spectra (HRMS) were recorded on
an Agilent 6545XT AdvanceBio LC/Q-TOF spectrometer.
"H NMR spectra were measured at room temperature on a
Bruker 400 Ultrashield (400 MHz) NMR spectrometer; the
chemical shifts were reported in ppm referenced to the solvent
residual peak. X-Band EPR spectra were measured on a Bruker
ELEXSYS 580 spectrometer. The EasySpin®® software package
(version 5.2.28) was used to simulate the EPR spectrum.
Purification of water (18.2 MQ) was done with a Milli-Q system
(Millipore, Direct-Q 3 UV). pH was measured by using a Eutech
PpH tutor. GC-MS analysis was carried out on a Thermo Scien-
tific Trace 1300 gas chromatograph connected to an ISQ single
quadrupole MS. The electrochemical analyses of the complexes
were performed by using a CH Instruments Electrochemical
Analyzer/Workstation Model 660E Series, employing a standard
three-electrode cell with a glassy carbon (diameter: 3 mm)
working electrode, a platinum-wire auxiliary electrode, and a
saturated calomel electrode (SCE) as a reference.

Syntheses of ligands

N-(Pyridin-2-ylmethyl)quinolin-8-amine ([H,]JL"). This ligand
was synthesized by slight modification of a published
procedure.”® 8-Aminoquinoline (0.721 g, 5 mmol) was taken
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in a 100 mL round-bottom flask and dissolved in dry ethanol
(30 mL). To it a solution of 2-pyridinecarboxaldehyde (0.536 g,
5 mmol) in ethanol (5 mL) was added dropwise. The resulting
reaction mixture was magnetically stirred for 12 hours at room
temperature. After that the solvent was removed completely
under reduced pressure. The resulting yellow oil residue was
dissolved in MeOH (20 mL) and warmed in an oil bath at 45 °C.
To it, excess NaBH, (0.757 g, 20 mmol) was added in small
portions over a period of one hour, and then the reaction
mixture was stirred for another 12 hours under warm conditions.
After evaporation of the solvent completely, the residue was
treated with brine solution and the organic components were
extracted with 3 x 50 mL of CH,Cl,. The combined organic layers
were dried over anhydrous MgSO,. Filtration and evaporation of
the solvent yielded the crude product as a brown oil. Purification
was achieved by column chromatography on silica using a
CH,Cl,:MeOH (99:1, v/v) mixture to afford 0.825 g of ligand
as a reddish-brown thick oil (yield: 70%). "H NMR (400 MHz,
CDCl;, 300 K): 6 8.77 (d, 1H), 8.63 (d, 1H), 8.07 (d, 1H), 7.62 (t, 1H),
7.42-7.37 (m, 2H), 7.32 (t, 1H), 7.18 (t, 1H), 7.07 (d, 1H), 6.99
(br. s, 1H, N-H), 6.61 (d, 1H), 4.72 (d, 2H, -CH,-).

N-(1-Methylbenzimidazol-2-ylmethyl)quinolin-8-amine ([H,]L?).
A mixture of 8-aminoquinoline (0.721 g, 5 mmol), K,CO; (3.45 g,
25 mmol) and a catalytic amount of KI in MeCN (15 mL) was stirred
in a dinitrogen atmosphere. To this a solution of 2-(chloromethyl)-
1-methyl-1H-benzimidazole (0.903 g, 5 mmol) in MeCN (15 mL)
was added dropwise. The reaction mixture was then heated to
reflux under a dinitrogen atmosphere for 48 hours. After cooling to
room temperature the reaction mixture was filtered through Celite
to separate out the solid particles. On evaporation of the solvent to
dryness, the crude ligand was obtained as a brown oil. It was then
purified by column chromatography on silica using CH,Cl, : MeOH
(99:1, v/v) as an eluent to afford 0.935 g of ligand as a yellow semi-
solid (yield: 65%). "H NMR (400 MHz, CDClj, 300 K): d 8.73 (d, 1H),
8.06 (d, 1H), 7.81 (d, 1H), 7.39-7.25 (m, 5H), 7.12 (d, 1H), 6.94
(d, 1H), 6.78 (br. s, N-H), 4.83 (s, 2H, ~CH,-), 3.87 (s, 3H, ~CH,).

N-(1-Methylimidazol-2-ylmethyl)quinolin-8-amine ([H,]JL?).
This ligand was synthesized by a procedure similar to that
described for [H,]L', but adding 1-methyl-2-imidazolecarbox-
aldehyde (0.551 g, 5 mmol) instead of 2-pyridinecarbox-
aldehyde to the reaction mixture. Purification was achieved
by a similar method to afford 0.715 g of ligand as a reddish-
brown oil (yield: 60%). '"H NMR (400 MHz, CDCl;, 300 K):
9 8.72 (dd, 1H), 8.07 (dd, 1H), 7.41-7.35 (m, 2H), 7.10 (d, 1H),
7.01 (s, 1H), 6.88 (d, 1H), 6.86 (s, 1H), 6.57 (br. s, N-H), 4.60
(d, 2H, -CH,-), 3.70 (s, 3H, -CHj3).

General synthetic procedure of copper(u) complexes

To a magnetically stirred solution of the respective ligand
([Hy]L" or [H,]L?* or [H,]L?, 0.425 mmol) in methanol (10 mL)
was added a methanolic solution (5 mL) of CuCl,2H,0
(0.425 mmol), resulting in either a green (for the [H,]L' and
[H,]L? ligands) or yellowish-green (for the [H,JL® ligand)
solution. After 6 hours of stirring under air at room tempera-
ture the respective solution was filtered, and addition of diethyl
ether to each filtrate initiated the precipitation of solid
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products. The individual product was collected by filtration, air
dried and dissolved in methanol. Slow diffusion of diethyl ether
into the methanol solution of each product yielded the respec-
tive complex as a micro-crystalline solid. Single crystals for
X-ray diffraction of all three complexes were also obtained by
this method. The yields and other physicochemical charac-
terizations of all three complexes are given below.

[Cu(LY)(CI),] MeOH (1-MeOH). Yield: 0.110 g (65%). Colour:
green. Anal. caled for C,;6H;5Cl,CuN;O: C 48.07, H 3.78, N
10.51. Found: C 48.12, H 3.65, N 10.56. HRMS-ESI (in MeOH
with a trace quantity of HCOOH): m/z 296.0251 (calc. 296.0249)
{[L'Cu]"}; 330.9933 (calc. 330.9938) {[L'CuClI]'}; 341.0225 (calc.
341.0226) {[L'Cu(HCOO)]'}. UV-vis [/maw nm (¢, M~' ecm™ )]
(in MeOH) 655 (180), 440 (2000), 392 (sh) (3680), 368 (5200), 352
(5420), 300 (8200), 280 (sh) (14930), 258 (sh) (21950), 230
(33800). IR (cm™*, selected bands): 3526 (broad), »(O-H of
methanol); 1606 (medium), ©(C—=N).

[Cu(L?)(C1),] H,O (2-H,0). Yield: 0.112 g (60%). Colour:
green. Anal. caled for C,3H;¢Cl,CuN,O: C 49.27, H 3.68, N
12.77. Found: C 49.21, H 3.56, N 12.71. HRMS-ESI (in MeOH
with a trace quantity of HCOOH): m/z 349.0509 (calc. 349.0514)
{[L*Cu]}; 384.0195 (calc. 384.0203) {[L>CuCl]"}; 394.0489 (calc.
394.0491) {[L>*Cu(HCOO)]'}. UV-vis [maow nm (¢, M~' ecm™ )]
(in MeOH) 664 (142), 490 (sh) (775), 435 (sh) (2515), 410 (2990),
370 (sh) (2445), 314 (2725), 280 (11166), 272 (11750), 232
(20406), 206 (44903). IR (cm ', selected bands): 3376 (broad),
1(O-H of water); 1615 (medium), »(C=N).

[Cu(L?)(C),] (3). Yield: 0.090 g (57%). Colour: green. Anal.
caled for C,,H;,Cl,CuN,: C 45.36, H 3.26, N 15.11. Found:
C 45.42, H 3.18, N 15.16. HRMS-ESI (in MeOH with a trace
quantity of HCOOH): m/z 299.0356 (calc. 299.0358) {[L*Cu]’};
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334.0041 (calc. 334.0047) {[L*CuCl]'}; 344.0332 (calc. 344.0335)
{[L*Cu(HCOO)]*}. UV-vis [Amax, nm (¢, M~* cm™")]: (in MeOH)
652 (125), 475 (2880), 364 (2230), 310 (sh) (760), 285 (sh)
(10100), 263 (16 040), 210 (25600). IR (cm *, selected band):
1604 (medium), »(C=N).

X-ray crystallography

Single-crystal X-ray diffraction data were collected on a Bruker
SMART APEXII CCD diffractometer with graphite-monochromated
Mo-Ka (4 =0.71073 A) radiation. The data for complexes 1-MeOH
and 3 were collected at 120(2) K, whereas the data for complex
2-H,0 were collected at 296(2) K. Data reduction was performed
by using the “Bruker Saint Plus” program. Corrections for
Lorentz and polarization effects were made. An empirical
absorption correction (SADABS v.2.10) was applied. Structures
were solved by SIR-2014 and refined by full-matrix least squares
methods based on F* using SHELXL-2014/7, incorporated in the
WinGX 2014.1 crystallographic collective package.”> All non-
hydrogen atoms for both the complexes were refined aniso-
tropically. The positions of the imine -N—CH- hydrogen atom
for all three complexes and the solvent methanol O-H hydrogen
atom for 1-MeOH were located from difference Fourier maps.
The hydrogen atoms of the solvent water molecule for 2-H,O
could not be located; therefore, the refinement of the oxygen
atom was done without hydrogen atoms joined to it. The
positions of the remaining hydrogen atoms for all three com-
plexes were calculated assuming ideal geometries. The quality of
the crystal data for 2-H,O and 3 was poor and a few residual
Q-peaks could not be modelled for both the crystals. A summary
of pertinent crystallographic parameters of complexes 1-MeOH,
2-H,0 and 3 is presented in Table 1.

Table 1 Data collection and structure refinement parameters for 1-MeOH, 2-H,0 and 3

1-MeOH 2-H,0 3
CCDC 2001075 2001076 2001077
Chemical formula C;6H15Cl,CuN;O C,gH;6Cl,CuN,O C14H,Cl,CuN,
Formula weight 399.75 438.80 370.72
Crystal colour Green Green Green
Temperature (K) 120(2) 296(2) 120(2)
Crystal system Monoclinic Triclinic Monoclinic
Space group P21/c (no. 14) P1 (no. 2) P21/c (no. 14)
a (A) 9.575(5) 8.706(6) 6.7255(19)
b (A) 8.789(5) 9.442(8) 23.788(7)
c(A) 19.045(5) 11.725(9) 9.162(3)
« () 90 94.12(5) 90
B 96.140(5) 98.00(4) 102.396(10)
y(° 90 109.84(5) 90
VI(A%) 1593.5(13) 890.5(12) 1431.6(7)
Z 4 2 4
D, (g em™?) 1.666 1.629 1.720
u (mm™1) 1.712 1.541 1.895
Reflections measured 18945 7704 16 657
Unique reflections [Rin] 3246 [0.0904] 3127 [0.0408] 2890 [0.1366]
Number of reflections used [I > 20(I)] 2163 2333 1908
Number of parameters 217 240 195

Final R indices

R indices (all data)

Goodness-of-fit on F*

Largest residual peak and hole (e A™)

“ Ry = 2(|Fo| = |Fl)/S|Fol. * WRy = {SZ[W(IFo|* — |Fe|*)VS2[W(IFo YT}
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R, = 0.0503;° WR, = 0.1189”
R, = 0.0884;% wR, = 0.1351°

1.009
0.784 and —0.625

R, = 0.0777;% WR, = 0.2084°
R, = 0.1000;* WR, = 0.2289”

1.041
1.211 and —0.691

R, = 0.0661;° WR, = 0.1539”
Ry = 0.1064;% wR, = 0.1730”

1.000
1.339 and —1.093
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Kinetic experiments

The phenoxazinone synthase-like activities of complexes 1-MeOH,
2-H,0, and 3 were studied using 2-aminophenol (H,AP) as a
model substrate. The oxidation of H,AP was performed under
aerobic conditions in the presence of the respective complex in a
water-methanol (H,O:MeOH = 67:33, v/v) solvent mixture. The
solution was buffered using HEPES (for pH 7.00-8.00) or CHES
(for pH 8.50-10.00). In all cases the buffer strength was main-
tained at 100 mM. A correction of 0.051 pH units was subtracted
from the measured pH reading to compensate the methanol-
water liquid junction potential.>® The kinetic experiments for the
oxidation of H,AP were carried out spectrophotometrically using
an Agilent 8454 diode array UV-vis spectrophotometer, equipped
with a thermostatic water circulator (Julabo, Model: Corio
CD-200F). The progress of the reaction was monitored by
following the increase of the characteristic absorption band
of the product 2-amino-phenoxazine-3-one (APX) at 440 nm
(e =18300 M~ ' em™")*” as a function of time. Experiments to
determine the dependence of the rate on the substrate con-
centrations and various kinetic parameters were carried out at
30 °C at pH 8.6, [complex], = 2.5 x 10> M, [HAP], = 1.25 x
10~ to 12.5 x 10* M, for all three complexes. The initial rate
method was used to analyse the kinetic data. In order to study
the effect of catalyst concentration on the reaction rate, kinetic
experiments were performed at 30 °C at pH 8.6 keeping the
HLAP concentration (3.75 x 10~® M) fixed and varying the
complex concentrations from 2.5 x 107°-7.5 x 107> M.
To determine the activation parameters the catalytic reactions
for all three complexes were performed in a temperature
range from 298 K to 313 K at pH 8.6 with [complex], = 2.5 X
10~ M and [H,AP], = 12.5 x 10~* M. The first order rate
constants at different temperatures were calculated by dividing
the initial rates by the concentration of catalyst used.
To examine the effect of pH on the catalytic reaction, kinetic
experiments were performed at various pH from 7.5 to 9.6 at
30 °C with [complex], = 2.5 x 10> M and [H,AP], = 12.5 X
10"* M. In all of these experiments, blank studies for auto
aerial oxidation of the substrate without addition of the catalyst
were performed. The rate of auto-oxidation was found to be
negligible in all cases, and therefore was ignored.

Reaction product analysis

GC-MS. The oxidation reactions of 2-aminophenol ([H,AP], =
2.5 x 107 M) in the presence of 1-MeOH, 2-H,0, and 3
([complex], = 2.5 x 10~* M) were carried out in a methanol-
water buffer mixture (pH 8.6) at room temperature. After 2 h,
the solvent was removed completely from each catalytic reaction.
The organic substances were extracted with CH,Cl,. Evaporation
of the solvent yielded a reddish-brown residue which was sub-
jected to GC-MS analysis using methanol as an eluent and He as a
carrier gas. 2-Amino-phenoxazine-3-one (APX) was found to be a
major product in all three catalytic reactions.

"H NMR. The formation of 2-amino-phenoxazine-3-one
(APX) during the catalytic reaction was also identified by
"H NMR spectroscopy. The oxidation reactions of 2-aminophenol
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([H,AP], = 2.5 x 10~ > M) in the presence of three different catalysts
([complex], = 2.5 x 10~* M) were carried out in a methanol-water
buffer mixture (pH 8.6) at room temperature. After 5 hours, the
organic products were extracted with 3 x 10 mL of CH,Cl,. The
combined CH,Cl, layers were washed with saturated brine
solution and dried over anhydrous Na,SO,. Filtration followed by
removal of the solvent yielded a brown residue, which was
identified by "H NMR. '"H NMR data for 2-amino-phenoxazine-3-
one (APX), (400 MHz, CDCl3, 300 K): ¢ 7.77-7.75 (m, 1H), 7.44-7.37
(m, 3H), 6.48 (s, 1H), 6.42 (s, 1H), 5.13 (br. s, 2H).

Detection and quantification of hydrogen peroxide in the
catalytic reactions

The detection and quantification of hydrogen peroxide during
the catalytic reactions in the presence of 1-MeOH, 2-H,0, and 3
was done by iodide titration. Since H,0, decomposes readily in
basic medium, to detect the presence of H,0, in the catalytic
solutions experiments were carried out in a non-buffered 33%
MeOH-H,0 solvent mixture with [complex], = 2.5 x 10> M
and [H,AP], = 7.5 x 10~* M. The progress of the reaction was
followed spectrophotometrically for 1 h. The amount of
oxidised product (2-amino-phenoxazine-3-one, APX) formed in
each catalytic reaction was quantified by the absorption spectra
(A =440 nm, ¢ = 18300 M " cm™').>” After that, each solution
was acidified by adding H,SO, to pH =~ 2 to stop further
oxidation, and the solution was treated with excess KI and a
catalytic amount of ammonium molybdate. The concentration
of hydrogen peroxide was measured by determining the
amount of I;~ ions formed (as per the reactions H,O, + 21" +
2H" — 2H,0 + I Iyag) * I = I3aq) ) using the absorption
spectrum (Amax of I3~ = 353 nm; & = 26000 M~ " cm™*).”® The
concentration of H,0, corresponds to the amount of APX
generated at the end of the reaction for each catalytic reaction.
A controlled blank study (without catalyst) was also performed.
No significant I;~ band was observed during the blank test.

Results and discussion
Design, synthesis and characterization

In order to elucidate the structure-function relation of the
reactivity, it is necessary to design ligands with variation of
the donor moieties in a systematic fashion. Towards this goal,
three tridentate N; donor ligands [H,]L', [H,]L* and [H,]L?
bearing a common 8-aminoquinoline moiety but varying the
third donor moiety from pyridyl to benzimidazole to imidazole,
respectively, have been designed. It is anticipated that all three
ligands would adopt a similar binding motif with the metal
centre (same geometry), but they would create variable stereo-
chemical properties by virtue of the diverse donor ability and
steric influence.

The ligands [H,]L' and [H,]L*® were synthesized following
similar methodology. In a typical reaction 1:1 condensation of
8-aminoquinoline with 2-pyridinecarboxaldehyde or 1-methyl-
2-imidazolecarboxaldehyde produced the respective Schiff base
products as a mixture of E and Z isomers, which upon further
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reduction with NaBH, in methanol afforded the corresponding
reduced Schiff base products [H,]L' and [H,]L’. The ligand
[H,]L? was synthesized in one-pot by reacting 8-aminoquinoline
with 2-(chloromethyl)-1-methyl-1H-benzimidazole in the presence
of K,CO; as a base and a catalytic amount of KI under reflux
conditions in MeCN. After purification all three ligands were
obtained in moderately good yield. The ligands were characterized
by "H NMR spectroscopy (see Fig. S1-S3 in the ESIt). The reaction
of CuCl,-2H,0 with the reduced Schiff base ligands [H,]L", [H,]L>
and [H,]L? in a 1:1 molar ratio in methanol promoted metal-
mediated oxidative dehydrogenation® of the ligands under aero-
bic conditions to form the corresponding Schiff base ligated
mononuclear copper(u) complexes, [Cu(L")(Cl),]-MeOH (1-MeOH),
[Cu(L?)(Cl),]- H,0 (2-H,0) and [Cu(L?)(Cl),] (3). Elemental analysis
(C, H, and N) data show good agreement with the above formula-
tions for all three complexes. The complexes were characterized
by various spectroscopic techniques (viz. IR, HRMS, UV-vis, and
EPR) along with structural analyses.

Description of structures

Single crystal X-ray diffraction analyses reveal that 1-MeOH,
2-H,0 and 3 are monomeric compounds with similar structural
features. The ORTEP diagrams of the monomeric units are
presented in Fig. 5. Selected bond lengths and the bond angles
are listed in Table 2. The penta-coordination polyhedron
around the Cu(u) ion in each complex can be best described
as square pyramidal with 7 values 0.07 (1:MeOH), 0.05 (2-H,0)
and 0.16 (3) [t = 0 for an ideal square pyramid, and 1 for an
ideal trigonalbipyramid, as defined by Addison®® et al]. In all
complexes, the three equatorial positions are occupied by
nitrogen donor groups of the respective tridentate ligand,
whereas the fourth equatorial and the axial positions are
occupied by two chloride ions. In each complex the Cu(u) ion
is found to deviate from the equatorial plane. The displacement
(Ad) from the least-squares plane of the equatorial atoms N(1),
N(2), N(3), and Cl(2) is measured to be 0.3474(3) A (1-MeOH),
0.3328(8) A (2-H,0) and 0.2669(1) A (3). In each complex all the
three Cu-N distances are nearly comparable; however, the
equatorial Cu(1)-Cl(2) is slightly longer than the other three
Cu-N bonds. This is in accordance with the higher van der Waals
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Fig. 5 ORTEP (30%) view of complexes (a) [Cu(L})(Cl),]-MeOH (1-MeOH),
(b) [Cu(L)(CD,]-H,O (2-H20) and (c) [Cu(L®)(Cly] (3). The solvent water
molecule is not shown for 2-H,0. The small circles represent the hydrogen
atoms (not labelled).
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Table 2 Selected bond lengths (A) and bond angles (°) of 1-MeOH, 2-H,O
and 3

1.-MeOH 2-H,0 3
Cu(1)-N(1) 2.021(3) 2.085(8) 2.046(5)
Cu(1)-N(2) 1.993(3) 2.078(7) 2.005(4)
Cu(1)-N(3) 2.037(4) 1.980(7) 2.022(5)
Cu(1)-Cl(2) 2.2505(13) 2.243(2) 2.2467(16)
Cu(1)-CI(1) 2.5164(16) 2.499(3) 2.5313(16)
C(10)-N(2) 1.287(5) 1.211(10) 1.305(7)
N(1)-Cu(1)-N(2) 80.67(14) 76.2(3) 79.77(19)
N(1)-Cu(1)-N(3) 158.50(14) 154.6(3) 156.08(17)
N(2)-Cu(1)-N(3) 79.56(14) 80.4(3) 80.04(19)
N(1)-Cu(1)-CI(1) 97.73(11) 95.6(2) 93.35(13)
N(1)-Cu(1)-CI(2) 96.78(10) 96.5(2) 98.91(14)
N(2)-Cu(1)-CI(1) 97.09(11) 98.51(19) 90.11(13)
N(2)-Cu(1)-CI(2) 154.45(11) 157.5(2) 165.67(13)
N(3)-Cu(1)-CI(1) 93.01(11) 97.5(2) 99.39(13)
N(3)-Cu(1)-CI(2) 97.40(10) 101.4(2) 97.48(14)
Cl(1)-Cu(1)-CI(2) 108.43(5) 103.45(9) 104.21(6)

radii of the chloride ion. The axial Cu(1)-Cl(1) bond is relatively
longer compared to the equatorial bonds for each complex.
This axial elongation is a consequence of the Jahn-Teller
distortion expected for d° Cu(n) ions. The angles around Cu(n)
centres in all complexes deviate from the ideal square pyramidal
angles, implying that the coordination spheres about Cu(u) ions
are distorted in all cases (Table 2). The C(10)-N(2) bond
distances for all three complexes [1.287(5) for 1-MeOH;
1.211(10) for 2-H,0 and 1.305(7) for 3] are typical of a carbon-
nitrogen double bond, affirming the formation of an imine
(C=N) bond.

Spectroscopic characterization

The IR spectra of all three complexes are depicted in Fig. S4-S6
(ESIt). A moderately strong band at 1606 cm™ " (for 1-MeOH),
1615 cm ™' (for 2-H,0) and 1604 cm ™" (for 3) due to the 1(C=N)
stretching vibration of the coordinated ligand was observed.
The observed trend of the stretching frequency values 2-H,O >
1-MeOH > 3 can be rationalized based on the relative bond
strength of the imine moiety of the complexes as determined
from the X-ray analysis. In fact, we have found a good correla-
tion between the ©(C—=N) stretching frequency values and the
C=N bond lengths of the complexes as shown in Fig. S7 (ESIf).
In the spectrum of 1-MeOH, a broad band at 3526 cm™*
corresponding to »(OH) of the solvated methanol was also
observed. This band appears at lower frequency compared to
the free methanol. Such lowering could be explained by the
participation of the O-H group of methanol in the formation of
a strong inter-molecular hydrogen bond with the chloride ion,
as depicted in Fig. 5a. For 2-H,O a broad band due to the ©(OH)
stretching vibration of the solvated water molecule was found
at 3376 cm ™.

The HRMS spectra of all complexes in methanol show
similar patterns. The spectral data authenticate the formation
of a 1:1 metal-ligand complex in all cases. As shown in Fig. S8,
S9 and S10 (ESIt) the major peaks found correspond to the
species [LCu]", [LCuCl]", and [LCu(HCOO)]" (where L = L' or
L? or L? for complexes 1-MeOH or 2-H,O or 3, respectively).
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The calculated m/z values of all species are in good agreement
with the experimentally observed m/z values (see the Experi-
mental section).

The electronic spectra of the complexes in methanol are
displayed in Fig. S11-S13 (ESIt). In the visible region a low
intensity band at 655 nm for 1-MeOH, 664 nm for 2-H,0, and
652 nm for 3 due to d-d transitions was observed. This spectral
feature is consistent with a five-coordinate square pyramidal
geometry for the Cu(u) ion.>'” For all three complexes the lower
wavelength region is dominated by several charge transfer
bands. The CI~ — Cu(u) charge transfer bands were observed
in a range of 350-490 nm, whereas the intra-ligand charge
transfer bands (1 — n*, n — 7* etc.) were found in a range of
205-310 nm for all complexes.

The X-band EPR spectra of the copper(n) complexes
1-MeOH, 2-H,0 and 3 in methanol were recorded at 298 K
and 77 K. All three complexes show almost similar spectral
features at both temperatures. Representative experimental and
simulated spectra for 1-MeOH are shown in Fig. S14 (ESIT).
At 298 K the methanol solution of copper(i1) complexes showed
an isotropic signal with four well resolved copper hyperfine
resonances (giso = 2.127, Ajso = 72.8 G). At 77 K the spectra of
the methanolic solution of all three complexes are axial type
(gy > g1 > 2) where hyperfine splitting was observed with g
signal (g, =2.23,g, =2.083,4, =181 G, A, =16.5 G). This axial
pattern is characteristic of a square pyramidal mononuclear
Cu(u) compound having an unpaired electron in the d._y
orbital.**?

Electrochemical study

In order to know the donor effect of the ligand the electro-
chemical properties of complexes 1-MeOH, 2-H,O and 3 were
measured by cyclic voltammetry in methanol. As shown in
Fig. S15 (ESIt) all three complexes show irreversible cathodic
reduction peaks, which are tentatively assigned as the Cu"/Cu'
redox potential. The irreversible nature of the cyclic voltammo-
gram is probably due to the large structural change (from
square pyramidal to distorted tetrahedral) upon the reduction
of copper(u) to copper(1). The Ep. values were measured to be
—0.12V, —0.06 V and —0.10 V vs. SCE for 1-MeOH, 2-H,0 and 3,
respectively. The closely similar Ep. values imply that all three
ligands possess analogous donor properties.

Phenoxazinone synthase-like activities and kinetic studies

The phenoxazinone synthase-like activities of 1-MeOH, 2-H,O
and 3 were examined by following the oxidative dimerization
reaction of 2-aminophenol (H,AP) to 2-amino-phenoxazine-3-
one (APX) under aerobic conditions at 30 °C. A methanol-water
solvent mixture (33%, v/v; pH 8.6) was chosen as the reaction
medium to resemble physiological conditions. The catalytic
reactions were assessed by monitoring the increase in the
characteristic absorption band of the phenoxazinone chromo-
phore at 440 nm (¢ = 18300 M~ ' em™!)*’ as a function of time.
Representative spectral growth over time for complex 3 is
shown in Fig. 6. It should be noted that no significant growth
of the 440 nm band was observed under anaerobic conditions,
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Fig. 6 Formation of the phenoxazinone chromophore band at 440 nm
due to aerobic oxidation of H,AP in the presence of complex 3
(conditions: [3lo = 2.5 x 107> M and [HAPly = 12.5 x 107* M) in air-
saturated MeOH-H,O (33%, v/v; pH 8.6, 30 °C). Inset plot: Growth of the
440 nm band over time.

implying that molecular dioxygen is necessary to bring about
the oxidative transformation reaction. The GC-MS and '"H NMR
(Fig. S16 and S17, respectively, ESIt) analyses indicated the
formation of APX as a major product in all three cases. It has
been found that all three complexes are active catalysts for the
aerial oxidation of H,AP to APX.

To evaluate the extent of the catalytic efficiency of the
complexes kinetic experiments were performed under excess
substrate conditions. For a particular catalyst concentration,
the plots of initial rates (v,) versus concentration of substrate
[Slo show saturation behaviour for all three complexes as
presented in Fig. 7. These saturation kinetics indicate that
an intermediate complex-substrate adduct forms in a pre-
equilibrium process before the irreversible rate-determining
product release step. Primarily, we analysed the data using
Michaelis-Menten hyperbolic eqn (1), which has been regularly
used for modelling enzymatic saturation kinetics.**

_ Vinax[S]
Vo = KMT[S(])() (1)

6.0x10°
5.0x10° -
~ 4.0x10°
»
£ s
o 3.0x10° 1

2.0x10° 4

1.0x10° 4

0.04

3

T T T
6.0x10*  9.0x10®  1.2x10

[HAP]_ (M)

T
0.0 3.0x10*

Fig. 7 Dependence of the initial rate on the concentration of H,AP for the
oxidation reaction catalysed by 1-MeOH (black blocks), 2-H,O (blue
triangles) and 3 (magenta circles). Conditions: [complex]lp = 2.5 x
107> M, [H2APlp = 2.5 x 107* to 12.5 x 107* M, in air-saturated MeOH-
H,O (33%, v/v; pH 8.6, 30 °C). Symbols and solid lines represent the
experimental data and theoretical fit (eqn (1)), respectively.

New J. Chem., 2020, 44,12793-12805 | 12799



Paper

NJC

Table 3 Kinetic parameters (obtained from Michaelis—Menten eqgn (1)) for the oxidation of H,AP catalysed by copper(i) complexes at 30 °C in 33%

MeOH-H,O (pH 8.6)

Complex Vinax M s71) Ky (M) Kass M) kear (579 keadKpg M1 s7H)
1-MeOH 4.35 x 1078 14.60 x 107° 6.85 x 10° 174 x 107° 12
2-H,0 5.33 x 1078 13.21 x 10°° 7.57 x 10° 213 x 107° 16
3 5.85 x 107° 5.33 x 107° 18.76 x 10° 234 x 107° 44

The values of the maximum rate of reaction (Vi,.) and 3.0x10" : 50
Michaelis binding constant (Ky;) were determined by a non- \ »
. . o e . 2.5x10" 4 -
linear fit computer program (Origin 8.5) using eqn (1). The R ~-0.99843
catalytic turnovers (k.,;) were calculated by dividing V,,.x by the g 20110 30 :j;
concentration of the complex used. The catalytic efficiencies T3 &
. . X < L20 X,
i.e. second order rate constants were obtained from the 1.6¢10 & D3RS 2 <&
keat/Ky ratio. The kinetic parameters of complexes 1-MeOH, —1 L 10
2-H,0 and 3 are summarized in Table 3. To determine the

5.0x10° 0

order of reaction with respect to the catalyst concentration,
kinetic studies were performed by varying the concentration of
the complexes and keeping the substrate concentration
fixed. A linear dependency between the initial rates and the
complex concentrations was observed for each complex. From
the slope of the straight lines in Fig. S18 (ESIt) the rate
constants were determined to be 166 x 107> s™' (1.-MeOH),
197 x 107° s7' (2-H,0) and 226 x 107> s ' (3). The first-
order dependence of the rate with respect to the catalyst
confirms that a single copper(u) complex is involved in each
catalytic reaction.

The catalytic efficiencies for the oxidation of H,AP follow
the order 3 » 2-H,O > 1:-MeOH (Table 3). The catalytic
performances of the three complexes are comparable with the
previously reported copper(un) complexes."***'7'® In an
oxidase-type enzymatic reaction, complex-substrate adduct for-
mation and activation of molecular dioxygen are considered to
be crucial steps in the catalytic process. During oxidation of
H,AP, the copper(u) centre undergoes reduction to the copper(i)
state via intramolecular electron transfer from the bound
substrate to the copper(u) centre; molecular dioxygen then
reacts with the reduced copper(1) to regenerate the copper(u)
state, which again is involved in the catalytic cycle (vide infra).
Therefore, it is understandable that the catalytic reactivity
would depend on two factors: (i) the extent of complex-sub-
strate adduct formation and (ii) the ease of dioxygen activation.
Since the Cu"/Cu' redox potentials of the present three com-
plexes are very similar, the observed difference in reactivity may
not be due to the reactivity difference of copper(i) species with
dioxygen; rather it is mostly because of the difference in
complex-substrate binding affinity. The complex-substrate
binding constant (K,ss) can be determined from the reciprocal
of the Michaelis constant, Ky (Kuss = 1/Ky) — the higher the
value of K, the greater is the binding affinity. From Table 3 it
is found that the binding affinities of the complexes with the
substrate follow the order 3 » 2-H,O > 1-MeOH. Several
factors need to be considered to assess the order of the binding
affinity of the three complexes with the substrate, such as
the stereochemical properties, exogenous donor’s property
and steric match. We found a good correlation between the

12800 | New J. Chem., 2020, 44,12793-12805

T T T T
0.26 0.28 0.30 0.32 0.34 0.36

Ad (A)

Fig. 8 Correlation between the deviation of the copper(n) ion (Ad)
from the mean equatorial plane and the binding constant, Kass (or
catalytic efficiency, kca/Km), for the copper(l) complexes 1-MeOH,
2-H,0 and 3.

deviation of the copper(u) ion (Ad) from the mean equatorial
plane and the binding constant, K,s (or catalytic efficiency,
keat/Ky)- As shown in Fig. 8 the K, value (and consequently
kea/Ky) increases with a decrease in the deviation of the
copper(u) ion from the mean equatorial plane. Smaller devia-
tion of the copper centre from the equatorial plane leads to a
better overlap between metal orbitals and ligand (substrate)
orbitals, which would favour the formation of a stable complex-
substrate adduct. Therefore, the observed trend of catalytic
performances 3 » 2-H,O > 1-MeOH is accountable by consi-
dering the structure-function relation of the reactivity.

Stoichiometry and fate of dioxygen

The dimerization of 2-aminophenol (H,AP) to 2-amino-
phenoxazine-3-one (APX) involves a six-electron oxidation pro-
cess, where dioxygen acts as a terminal electron acceptor.
In this process dioxygen could be reduced either to water
(four-electron reduced enzymatic by-product) or H,O, (two-
electron reduced non-enzymatic by-product) or both. The for-
mation of H,0, could be identified by iodide titration. In the
present studies an appreciable amount of H,0, accumulation
was found for all catalytic reactions performed by the copper(u)
complexes. The concentration of H,0, was determined spectro-
photometrically by measuring the amount of I;” ions generated
(A =353 nm; ¢ = 26000 M~ " cm ™', Fig. $19, ESI{).>® For each
catalytic reaction equal amounts of H,0, and APX were found
to be generated. Therefore to accomplish the six-electron
oxidation process, two dioxygen molecules are required. Under-
standably, out of two dioxygen molecules, if one is reduced to
H,0,, then the other must be converted to two molecules
of water. Hence the stoichiometry of the reaction can be
represented by the equation as shown in Fig. 9.
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Fig. 9 Stoichiometric equation of aerial oxidation of 2-amiophenol to
2-amino-phenoxazine-3-one catalysed by the copper(i) complexes.

Valence tautomerism in the complex-substrate adduct and EPR
studies

2-Amidophenoxide, being a prototype redox non-innocent
ligand, is known to exhibit charge distribution with redox
active transition metal ions, leading to formation of valence
tautomers.>® To shed light on this aspect for the present
studies, all copper(n) complexes were treated with five equiva-
lents of 2-aminophenol under anaerobic conditions in methanol
and the reaction solutions were analysed by EPR spectroscopy at
298 K. Exclusion of dioxygen from the reaction conditions allows
us to focus only on the initial binding step of the complex and
substrate to elucidate the electronic structure of the complex-
substrate adduct. In each case, we observed a reduction of Cu(u)
signal (giso > 2) intensities after addition of 2-aminophenol. The
normalized EPR spectra of 1-MeOH and after treating with
2-aminophenol are shown in Fig. S20 (ESIt) for illustration.
This finding implies that a certain portion of Cu(u) was reduced
to the Cu(1) state by the substrate. Since both copper(u) and
2-amidophenoxide (AP*7) are redox non-innocent in nature, a
strong redox interaction among them can be envisioned in the
complex-substrate adduct, Cu"~(2-amidophenolato) {Cu"-(AP)*"}.
Thus facile intramolecular electron transfer from AP>~ to the
Cu(n)-centre can be anticipated to generate a Cu'-(2-imino-
semiquinonato) radical anion {Cu"~(ISQ)* "} by valence tautomerism.
Therefore, in the present studies, a decrease of the Cu(n) signal
intensities can be realized by considering an equilibrium between
two valence tautomers: {Cu"~(AP)*"} and {Cu'~(I1SQ)* "}. However,
the signal for the radical anion species expected at g < 2 was not
detected, probably due to rapid quenching of the radical character
because of instability.

To get support for the above proposition of valence tauto-
merism we choose 2-anilino-4,6-di-tert-butylphenol (H,AP*™* ") -
an analogue of H,AP - as a substrate, since it can produce
relatively stable radical species. In contrast with substrate
H,AP, the EPR spectra of copper(n) complexes treated with
H,AP™®" in methanol anaerobically at 298 K show a sharp
isotropic signal at g = 2.0043 along with signals for the Cu(u)
component. An illustrative spectrum for the case of complex
1-MeOH is presented in Fig. 10. This isotropic signal at g = 2.0043
undoubtedly proves the generation of the radical intermediate.
Further, the signal intensity of the radical species depends on the
temperature and the radical signal at g = 2.0043 completely
disappeared at 77 K (Fig. S21, ESIT). This characteristic probably
leads to the valence tautomerization between {Cu"-(AP"™"")>"1
and {Cu’-(ISQ"™®")* "} as shown in Fig. 11. Such thermally
induced valence tautomerism has been reported for catecholate
and 2-amidophenoxide based metal complexes in the literature.*®
Therefore, these results indicate that the complex-substrate
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Fig. 10 X-Band EPR spectra of complex 1-MeOH (1 mM; black line) and
after treating with 2-anilino-4,6-di-tert-butylphenol (10 mM; red line) at
298 K in methanol. Microwave frequency = 9.60542 GHz, microwave
power = 15 mW, modulation frequency = 5 kHz, modulation amplitude =
3G
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Fig. 11 Substrate—complex adduct formation in the reaction of the
copper(i) complexes with 2-anilino-4,6-di-tert-butylphenol (H,APP™-BY)
and valence tautomerism. N—N—N represents tridentate ligand L* or L2 or
L3 for complexes 1-MeOH or 2-H,0 or 3, respectively. The four coordina-
tion sites as shown in copper() species are tentatively assigned.

adduct exists in two electronic states viz “Cu"-2-amido-
phenolato” and “Cu’-2-iminosemiquinonato radical anion” by
valence tautomerism. Such a “Cu'-(substrate radical)” inter-
mediate is believed to be responsible for activating molecular
dioxygen.

Effects of temperature and pH on the reaction rates

As demonstrated above with H,APP™PU it is clear that the
extent of valence tautomerism in the complex-substrate adduct
depends on temperature. At higher temperature the equilibrium
shifts towards the reactive “Cu’~(substrate radical)” tautomeric
form, which presumably activates dioxygen. Since both substrates
H,AP and H,AP"™®" consist of a common chromophore group,
it is reasonable to assume that a similar situation would prevail
for H,AP as well. Therefore, a temperature dependence of the rate
of reaction is likely to be expected. In order to see the thermal
effect on the rate of aerial oxidation of H,AP, kinetic experiments
were performed with all the complexes at various temperatures
(298-313 K), under the experimental conditions employed in the
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Table 4 Activation parameters for the aerial oxidation of H,AP by
copper(i) complexes

Complex E, (k] mol™) AH* (k] mol ™) AS* (J mol™* K™Y)
1-MeOH 46.18 44.20 —152
2-H,0 43.54 40.45 —164
3 36.68 33.58 —185

kinetic experiments. As observed, the reaction rate increases with
an increase in temperature in all three catalytic reactions, vali-
dating our assumption. The activation parameters E,, AH', and
AS® (Table 4) were obtained from Arrhenius (Fig. S22, ESIt) and
Eyring (Fig. S23, ESIt) plots. The activation energies for the
catalytic reactions performed by 1-MeOH, 2-H,O and 3 are in
accordance with the observed trend of the reaction rates. Notably,
in all three cases AS® is negative, indicating that substrate-
complex association occurs at the transition state.

The pH dependence of the catalytic activities was investi-
gated in the pH range 7.5-9.6. Since the aerial oxidation of
H,AP to APX also involves release of protons, the rate of
reaction is highly influenced by the pH of the medium for all
three catalytic reactions. As shown in Fig. S24 (ESIt), the
reaction rate increases with an increase in pH, giving rise to a
sigmoid shape curve.**

Mass spectrometry measurements of reaction intermediates

HRMS-ESI spectroscopy was employed to identify the reaction
intermediates during the course of catalytic oxidation. In a
typical experiment, one equivalent of copper(n) complex and
ten equivalents of H,AP were mixed together in methanol-
water and the reaction solution was injected (within 5 minutes)
into the mass spectrometer. The spectra are displayed in
Fig. S25-S27 (ESIt). The ESI spectrum of the reaction solution
for 1-MeOH exhibited peaks at m/z 404.0691, 459.0867
and 493.0959, corresponding to ions [Cu(L')(HAP)]" (calc.
m/z 404.0698), {[Cu(L")(HAP)]" + CH;0H + Na" + e} (calc.
m/z 459.0858) and {[Cu(L")(HAP)(Cl)] + CH;OH + Na'}"
(cale. m/z 493.0547), respectively. These observations clearly
establish the formation of a complex-substrate adduct at the
initial step of the catalytic reaction. In addition to that a peak at
m/z 564.9997 was observed. This peak can be attributed to the
{[Cu(LY)(AP")] + CH30H + Na*}* (calc. m/z 565.1151) ion where
H,AP’ corresponds to the protonated form of a reactive inter-
mediate generated via coupling between 2-benzoquinone
monoamine (BQMI) and H,AP during the course of the catalytic
reaction (vide infra). This finding clearly shows that H,AP’ may
further bind to the copper centre as a substrate in subsequent
steps of the oxidation process. In the reaction solution of
complex 2-H,0 a peak was observed at m/z 252.1130 that can
be assigned as a water cluster of free H,AP', {H,AP'(H,0), — e}
(calc. m/z 252.1110). Other peaks related to an AP-bound adduct
were observed at m/z 506.1270, 565.1394 and 601.1645, which
can be assigned as {{Cu(L*)(AP)] + CH;0H + H,0 — e} (calc. m/z
506.1253), {[Cu(L*)(HAP),] — e} (calc. m/z 565.1413), and
{[Cu(L*)(HAP),] + 2H,0 — e }" (calc. m/z 601.1625), respectively.
It should be noted here that the assignment of the latter two
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peaks (m/z 565.1394 and 601.1645) is not straightforward as these
two peaks can also be assigned as an AP’-bound adduct
such as {[Cu(L*)(HAP)]" + H® + e }" (cale. m/z 565.1413),
and {[Cu(L*)(HAP')]" + 2H,0 + H' + e™}' (calc. m/z 601.1625),
respectively. Considering the plausible formation of H,AP’ in situ
during the reaction as well as its detection in ESI-MS, the
assignment of those two signals as an AP’-bound adduct cannot
be ruled out. In the spectrum for complex 3, the signal for H,AP’
was also observed as a sodium aggregate {H,AP' + Na'}" at m/z
239.1292 (calc. 239.0796). The peak observed at m/z 538.1650 can
also be assigned to a complex-substrate adduct of either type
{[Cu(L*)(HAP),] + Na'}* or {[Cu(L’)(HAP')]" + H" + Na* + 2¢7}"
(calc. m/z 538.1154).

Discussion on a plausible mechanism

The experimental results discussed above point toward the
conclusion that the aerial oxidation of H,AP to APX performed
by complexes 1-MeOH, 2-H,0 and 3 occurs through a common
mechanistic pathway. Fig. 12 shows the oxidative cascade
mediated by the copper(un) complexes. The overall six-electron
oxidation is proposed to occur in a series of three consecutive
two-electron transfer processes. From stoichiometry determina-
tion it is obvious that two molecules of dioxygen are required as
a terminal oxidant for formation of one molecule of APX. Based
on the kinetics and other experimental findings these three
oxidative steps may be described as stated below.

Step I. In the very first step H,AP coordinates with
the copper(n) centre by replacing the labile chloride ions as
evidenced from mass spectroscopy. The deprotonated form
of H,AP (coordination induced deprotonation) forms a stable
complex-substrate adduct, since the rate of reaction is highly
dependent on the pH of the medium. Coordination of AP*~
to the copper(u) centre may be monodentate or bidentate;
however, considering the chelate effect the bidentate mode
is preferred. The saturation kinetics implies that the complex-
substrate adduct exists in equilibrium with its constituent
reactants. The reactive {Cu'~(ISQ)* "} tautomer can be generated
from {Cu"-(AP)>"} by valence tautomerism. These two redox
isomers may also exist in equilibrium as demonstrated by EPR
spectroscopy. In a successive step dioxygen irreversibly oxidises
{Cu'-(1SQ)* "} species to produce 2e oxidised product BQML.
This oxidation process might have propagated via generation of
a superoxide intermediate that finally produces H,0, with
concomitant regeneration of the catalyst in the copper(u) state
(Fig. S28, ESIt). The highly electrophilic BQMI then rapidly
couples with another molecule of H,AP to form H,AP’. The
detection of signals for H,AP’ in mass spectrometry supports its
formation during the catalytic process.

Step II. In a follow up step H,AP’ binds with the copper(u)
centre (tentatively in a similar fashion to that of H,AP) to
produce a new complex-substrate intermediate, as supported
by mass spectral studies. Following a similar reaction sequence
to that shown in step I, the {Cu'-(ISQ’)*"} species would
be generated from the new complex-substrate intermediate
{Cu"-(AP')*"} by valence tautomerism. This reactive {Cu'-(ISQ')* "}
species then undergoes irreversible 2e” oxidation in the presence
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Fig. 12 Plausible reaction pathway of formation of 2-amino-phenoxazine-3-one (APX) from 2-aminophenol (H,AP) catalysed by copper(i) complexes.
N-N-N represents tridentate ligand L or L2 or L® for complexes 1-MeOH or 2-H,0 or 3, respectively. The four coordination sites as shown in copper(i)
species are tentatively assigned. S represents Cl™/water/methanol and n varies from 0 to 2 depending on the types of ligand, S.

of molecular dioxygen to produce reactive intermediate BQMI'.
Successively, BQMI' rapidly transforms to cyclic product H,APX via
facile tautomerization. In this course of the reaction H,0, is likely
to be generated and the catalyst comes back to the copper(u) state.

Step III. In the final step the four-electron oxidised product
H,APX probably leaves the catalyst and being an activated
compound it can be easily oxidised by H,O, to the final product
2-amino-phenoxazine-3-one (APX). Thus the final two-electron
oxidation may take place without involvement of the catalyst.
A similar proposition for the final two-electron transfer process
was also made for the enzyme system as demonstrated by
Begley et al.'® Therefore, in a single catalytic cycle one mole
of H,0, would be formed as a by-product per mole of APX
formation. Iodometric titrations confirmed the formation of
H,0, in an equal amount to APX, supporting our proposed
reaction pathways.

From the above discussion it is obvious that step III cannot
be a rate determining step since the formation of APX shows
first order dependence with respect to the catalyst concen-
tration. Therefore, the irreversible oxidation of complex-
substrate adducts by dioxygen in either step I or step II might
be the rate determining step. H,AP’, being more electron-rich
in nature, is likely to be more easily oxidised than H,AP. So we
believe that the formation of BQMI via irreversible oxidation
of {Cu’~(1SQ)* "} by dioxygen in step I is the slowest step in
the overall catalytic cycle, wherein complex-substrate adduct
formation, valence tautomerism and dioxygen activation are
three important aspects of the reaction. In previous reports also
the initial activation of the H,AP molecule to form the radical
species or iminobenzoquinone (BQMI) has been proposed as
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the rate limiting step.’>'*“?¥ So, the kinetic pattern shown in
step I can be described by the rate law in eqn (2) (see the ESIf):

_ kKqqKyr[catalyst],[H>AP], )
1+ Keq [HQAP]0+KquVT [HQAP]O

Vo

where k is the rate constant, which includes all other pseudo
stationary parameters, such as [O,] etc.; K.q and Kyr are the
equilibrium constants to produce the complex-substrate
adduct and valence tautomers, respectively; and [catalyst],
and [H,AP], are the initial concentrations of the added
copper(un) complex and 2-aminophenol, respectively. It is
assumed that the decrease of the initial concentration of
H,AP is negligible at the early stage of the reaction. The rate
constant k and equilibrium constants K.q and Kyt have been
determined by nonlinear least squares fitting of eqn (2) to the
plots of v, vs. [H,AP], for all three catalytic reactions (see
Fig. S29, ESI,¥ and Table 5). The rate constant (k) values
calculated from eqn (2) for all three reactions are in good
agreement with the values obtained from the slope of straight
lines of v, vs. [complex], plots, providing additional support for
kinetic eqn (2) and the proposed reaction pathway.

Table 5 Rate and equilibrium constants determined from the fitting of
egn (2) to the plots of vq vs. [H2AP]g

Complex Keqg M) Kyr k(s

1-MeOH 867 6.90 166 x 107°
2-H,0 932 7.10 203 x 107°
3 2296 7.20 222 x 107°
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Lastly, it should be noted that H,AP may compete with
H,AP' towards binding with the copper(u) centre in step II.
If H,AP’ cannot bind effectively suppression of catalysis may
be anticipated. In fact a lower degree of APX formation
was observed at a very high concentration of the substrate
([H,AP]o/[complex], > 100), supporting the hypothesis. Such a
kind of inhibition effect of H,AP may be avoided by designing
a multi-metallic catalyst where cooperativity among metal centres
may facilitate the binding of various substrates. So, nature’s
strategy of designing a multi-copper active site for efficient PHS
activity may be realized.

Summary and conclusions

In the present work, we report the synthesis and characteriza-
tions of three mononuclear copper(n) complexes 1-MeOH,
2-H,0 and 3 supported with Schiff base N; donor ligands with
variable donor moieties. The respective Schiff base ligands were
derived in situ via oxidative dehydrogenation during metalation
from their reduced Schiff base derivatives. The phenoxazinone
synthase-like activities of all three complexes were investigated
following the aerial oxidation of 2-aminophenol (H,AP) to
2-amino-phenoxazine-3-one (APX) in methanol-water (pH 8.6)
solvent. The present study reveals a structure-function relation
of the catalytic reactivity. In the mechanistic interpretation the
finding of valence tautomerism in a complex-substrate adduct
(as demonstrated by EPR spectroscopy especially with
2-anilino-4,6-di-tert-butylphenol as a substrate) and thereby
generation of a reactive “Cu'-(substrate radical)” intermediate
responsible for activating molecular dioxygen is a noteworthy
result. Based on ESI-MS data, kinetic analysis and the stoichio-
metry of the reaction a plausible reaction pathway has been
proposed, where the overall six-electron transfer occurs in a
series of three consecutive two-electron transfer pathways.
Thus, the results presented here are of significance in under-
standing phenoxazinone synthase-like activity.
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