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ABSTRACT: Chemical model systems possessing the reac-

tivity aspects of both tyrosinase and catechol oxidase are o
presented. Using two m-xylyl-based ligands providing
bidentate alkylamine terminal coordination, 1,3-bis[(IN,N-
dimethylaminoethyl)aminomethyl]benzene (L") and 1,3-
bis[ (N,N,N’-trimethylaminoethyl)aminomethyl]benzene Catecholase
(LMeMe) - four new dicopper(I) complexes, [Cu',(L™M)-
(MeCN),][ClO,], (1), [Cu,(L™H)(PPh;),(MeCN),]-

[CIO,], (2), [Cul,(LM*M¢)(MeCN),][CIO,], (3), and [Cu'y-

(LMeMe)(PPh,),][ClO,], (4), have been synthesized and

characterized. Complex 2 has been structurally characterized.

Reaction of the dicopper(I) complex 3*" with dioxygen at 183 K generates putative bis(s—oxo)dicopper(IIl) intermediate
(absorption spectroscopy). Oxygenation of 1 and 3 brings about m-xylyl-ring hydroxylation (monooxygenase-like activity), with a
noticeable color change from pale-yellow to dark green. The presence of phenoxo- and hydroxo-bridges in the end products
[Cu'L,(L"H—-0)(OH)(MeCN),][ClO,], (5) and [Cu®,(ILM*M—0)(OH)(OCIO;)][ClO,]-MeCN(6) has been authenticated
by structural characterization. Oxygenation of 3 afforded not only the green complex 6 isolation but also a blue complex
[Cu",(LM*M)(OH),][ClO,], (7). Variable temperature magnetic susceptibility measurements on 5 and 6 establish that the Cu"
centers are strongly antiferromagnetically coupled [singlet—triplet energy gap (J) = —528 cm™ (5) and —50S cm™ (6)]. The
abilities of phenoxo- and hydroxo-bridged dicopper(II) complexes 5 and 6, the previously reported complex [Cu',(L'—
0)(OH)(0Cl0,),]-1.5H,0 (8) (L'=OH = 1,3-bis[(2-dimethylaminoethyl)iminomethyl]phenol), and [Cu",(L*~0)(OH)-
(0Cl0,)][ClO,] (9) (L*-—OH = 1,3-[(2-dimethylaminoethyl)iminomethyl] [ (N,N,N’-trimethyl Jaminoethyl]-4-methylphenol)
have been examined to catalyze the oxidation of catechol to quinone (catecholase activity of tyrosinase and catechol oxidase-like
activity) by employing the model substrate 3,5-di-tert-butylcatechol. Saturation kinetic studies have been performed on these

systems to arrive at the following reactivity order [
> 90 (8).

B INTRODUCTION

Despite the structural similarity (three histidines bound to each
copper center in bimetallic active sites), the three Type 3
copper proteins exhibit different reactivity."” Hemocyanin is a
dioxygen carrier. Tyrosinase acts as a monooxygenase, binding
of O, is followed by activation to further process it, and
catechol oxidase acts as a simple oxidase. Tyrosinase is a
particularly interesting enzyme to catalyze the initial step in the
formation of the pigment melanin from tyrosine. It catalyzes
the aerial oxidation of monophenols like tyrosine to o-
diphenols (ortho-hydroxylation of phenols, monophenolase
activity) and the oxidation of o-diphenols (catechols) like
DOPA to o-quinones (catecholase activity).' > The ubiquitous
plant enzyme catechol oxidase, in contrast to tyrosinase,
catalyzes exclusively the oxidation of catechols to the
corresponding o- qulnones by molecular oxygen, without acting
on monophenols. 1624 Extensive work has been done to unravel
the reaction mechanism of tyrosinase.””’ The generally
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ke.o/ Ky (catalytic efficiency) x 107> (M~ h™")]: 470 (6) > 367 (5) > 128 (9)

accepted mechanism proposes that a (u—n%n*-peroxo)-
dicopper(II) P species is responsible for the hydroxylation
step via an electrophilic attack on the aromatic ring. The
observation that the P core can exist in equilibrium with its
bis(u-oxo)dicopper(IlI) O isomer,® is suggestive of the
proposal that the O species may also be responsible for the
arene hydroxylation step. In fact, evidence has been provided
that the O species can effect intramolecular arene-ring
hydroxylation,” as well as ortho-hydroxylation of externally
added phenolate to the corresponding catechol.'®™"> Notably,
for the m-xylyl-based system, analysis of the ligand after thermal
decay of the O intermediate did not show any evidence for
intramolecular xylyl-ring hydroxylation."'A recent study has
demonstrated that an end-on trans-peroxide dicopper(1l)
species, supported by the m-xylyl-based system, also exhibits
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monooxygenase activity.'> Although not explicitly stated, it is
implied that this system did not show any evidence for
intramolecular xylyl-ring hydroxylation. Thus, the understand-
ing of the reaction of molecular O, with Cu' complexes,
supported by various terminal ligands, and the isolation and
structural characterization of side-on-peroxo-dicopper(Il) or
bis-oxo-dicopper(IIT) complexes is one of the key issues."**®

As a part of our own interest in the investigations of the
reactions of Cu' complexes with molecular oxygen,"”™' to
demonstrate (i) ring hydroxylation reactions’> >* using m-
xylyl-based ligands with two nitrogen donor terminal sites and
(ii) the formation (low-temperature absorption spectroscopy)
and reactivity aspects of the O intermediate,” we directed our
attention to a group of m-xylyl-based ligands, providing
terminal bidentate alkylamine coordination (Figure 1). Herein,

N
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R = Me; LMeMe
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h

Figure 1. The ligands chosen in this work.

'i‘/

we describe the syntheses and characterization of dinuclear
copper(I) complexes, [Cu',(L™")(MeCN),][ClO,], (1),
[Cu', (L) (PPh,),(MeCN),][ClO,], (2), [Cu',(LM*M)-
(MeCN),][ClO,], (3), and [Cu',(LM*M*)(PPhs),][ClO,],
(4), and copper(Il) complexes, [Cu",(L"H-0)(OH)-
(MeCN),][CIO,], (8), [Cu,(LY™—0)(OH)(OCIO,)]-
[ClO,]'MeCN (6), and [Cu™,(LM*™¢)(OH),][ClO,], (7).
Structural characterizations of 2, 5, and 6 have been achieved.
Reaction of dicopper(I) complex of LM*M¢ 32* with dioxygen at
183 K generates putative O intermediate (absorption spectra).
Significantly, O intermediate decays with concomitant intra-
molecular xylyl-ring hydroxylation (monooxygenase-like activ-
ity). Using a m-xylyl-based ligand, this is a result observed for
the first time. In fact, intramolecular ligand hydroxylation has
been observed with both the ligands, L™ and LMMe,

The phenoxo- and hydroxo-bridged dicopper(II) complexes
s, 6, [Cu',(L'=0)(OH)(0CIO,),]-1.5H,0 (8),*® and [Cu',-
(L*~0)(OH)(0CI0,)][ClO,] (9)*>*' have been shown to
catalyze the aerobic oxidation of catechol to quinone by
employing 3,5-di-tert-butylcatechol (3,5-DTBC).**™* To
throw light on the mechanistic aspects, saturation kinetic
studies (excess substrate) have also been done on 5, 6, 8, and 9.
The comparative analysis pinpoints the subtle effect of the
nature of the donor atom type on the binding of the substrate
at the dicopper(Il) site and subsequent catalytic potential to
exhibit catechol oxidase-like activity.

B EXPERIMENTAL SECTION

Reagents and Materials. All chemicals were obtained from
commercial sources and used as received. Solvents were dried as

reported previously.'”***? All air-sensitive reactions were performed
either in an inert-atmosphere glovebox (MBraun, Germany) under a
N, atmosphere or by using standard Schlenk- and vacuum-line
techniques. [Cu'(MeCN),][ClO,],** [Cu'(MeCN),][CF,S0;],*"
and [Cu'(MeCN),][PF4]**“were prepared following literature reports.
The sodium salt of 2,4-di-tert-butylphenolate was synthesized
following a similar procedure as reported for sodium p-chloropheno-
late in the literature.'" Isolation and handling of dicopper(l)
complexes were carried out inside the glovebox. The complexes
[Cu',(L'-0)(OH)(0CIO;),]-1.5H,0 (8)** and [Cu',(L2-0)-
(OH)(0CI0,)][ClO,] (9)***! were prepared following the reported
procedures.

Syntheses of Ligands. 1,3-Bis[(N,N-dimethylaminoethyl)-
aminomethyl]lbenzene (LHH). The synthetic strategy comprises
the following two steps.

1,3-Bis[(2-dimethylaminoethyl)iminomethyllbenzene (L").
This was synthesized from isophthalaldehyde and N,N-dimethylethy-
lenediamine as described previously.”®

1,3-Bis[(N,N-dimethylaminoethyl)aminomethyl]benzene
(L*H). The ligand L' (2.00 g, 7.29 mmol) was dissolved in dry MeOH
(15 mL) and heated on a steam bath. To it, excess NaBH, (1.66 g,
43.92 mmol) was added in small portions. After each addition, the
mixture was thoroughly shaken. After cooling, a saturated brine
solution (25 mL) was added and the reduced product was extracted
with Et,O (S X 10 mL). The organic layer was collected and kept with
anhydrous K,CO;. On evaporation of the solvent, the desired product
was obtained as yellow oil. Yield: 1.95 g, 96%. Anal. Calcd (%) for
CHyN,-3H,0: C, 57.80; H, 10.91; N, 16.85. Found: C, 57.92; H,
10.35; N, 16.73."H NMR (400 MHz, CD,CN): § 1.93 (br, 2H, NH),
2.16 (12H, s, —N(CHj,),), 2.36 [4H, t, ] = 6 Hz, —HNCH,CH,N-
(CH,),], 2.62 [4H, t, ] = 6 Hz, -HNCH,CH,N(CH,),], 3.75 (4H, s,
m-xylyl-CH,NH—-), 7.17—7.38 (4H, m, aromatic protons). *C NMR
(400 MHz, CD,CN): 6 44.82 [-N(CH,),], 46.56 [-HNCH,CH,N-
(CH,),], 53.47 (m-xylyl-CH,NH-), 59.30 [-HNCH,CH,N(CH,),],
12645, 127.63, 128.01 (Cyomaic)y 142.09 (Cyaromatic)-

1,3-Bis[(N,N,N’-trimethylaminoethyl)aminomethyl]benzene
(LMeMe)  The ligand LB (0.75 g 2.69 mmol) was mixed with 37%
formaldehyde (3.80 mL) and formic acid (4.50 mL), and the resulting
mixture was refluxed at 90 °C for 24 h. It was then cooled in an ice
bath. A saturated solution of NaOH was added to it with stirring, until
the pH of the solution turned 12. The desired product was extracted
with CHCl; (3 X 10 mL). The organic fractions were combined and
dried over anhydrous Na,SO,. Removal of solvent under reduced
pressure afforded yellowish brown oil. Yield: 0.780 g, 93%. Anal. Calcd
(%) for C,H,N,-0.1SH,0: C, 69.92; H, 11.18; N, 18.12. Found: C,
69.98; H, 10.92; N, 18.02."H NMR (400 MHz, CD,CN): § 2.13 [12H,
s, —N(CH;),], 2.15 (6H, s, —NCH,), 2.33—2.48 (8H, m,
—NCH,CH,N-), 3.46 (4H, s, mxylyl-CH,N—), 7.15—7.26 (4H, m,
aromatic protons). 13C NMR (400 MHz, CD,CN): & 41.89
(-NCH,), 45.13 (=N(CHj,),), 55.24 [-NCH,CH,N(CH,),], 57.44
(~NCH,CH,N(CH,),), 6232 (m=xylyl-CH,N-), 127.43, 127.86,
129.41 (Cammatic)! 139.56 (Cq,ammatic)'

Syntheses of Copper(l) Complexes. [Cul,(L"H)(MeCN),]-
[CIO,]; (1). To a solution of [Cu'(MeCN),][ClO,] (0.235 g 0.720
mmol) in MeCN (3 mL) was added a solution of L** (0.100 g, 0.360
mmol) in MeCN (2 mL), under anaerobic conditions. The resulting
yellowish brown solution was stirred for 15 min and filtered. The
volume of the reaction mixture was reduced to ~2 mL and degassed
Et,0 (30 mL) was added to it with vigorous stirring. This procedure
resulted in the separation of an oily mass which was washed several
times with Et,O and dried under a high vacuum to yield an off-white
solid. Yield: 0.160 g, 65%. Anal. Calcd (%) for C,,H,,CL,Cu,NgOg: C,
37.50; H, 5.51; N, 14.58. Found: C, 37.83; H, 5.30; N, 14.78. IR (KBr,
cm™!, selected bands): 3254 [v(NH)]; 2273 [v(C=N)]; 1097, 623
[v(ClO,7)]. '"H NMR (400 MHz, CD,CN): & 245 [12H, s
—N(CHy),], 2.55 [4H, br, —HNCH,CH,N(CH,),], 2.75 [4H, br,
—HNCH,CH,N(CH,),], 3.81 (4H, s, m-xylyl-CH,N—), 7.32—7.46
(4H, m, aromatic protons).

[Cu'2(L”'H)(PPh3)2(MeCN)2][CIO4]2 (2). To a suspension of
[Cu'(MeCN),][ClO,] (0235 g 0.720 mmol) in CH,Cl, (3 mL)
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was added a solution of L™ (0.100 g, 0.360 mmol) in CH,Cl, (3
mL), under anaerobic conditions. After stirring the mixture for 10 min,
triphenylphosphine (0.190 g, 0.720 mmol) was added, and stirring was
continued for a further 30 min. After filtration (removal of some
insoluble material), the volume of the yellowish-brown filtrate was
reduced to ~2 mL and degassed Et,O (30 mL) was added to it, under
vigorous magnetic stirring. It resulted in the precipitation of an off-
white solid, which was isolated by filtration, washed with Et,O, and
dried in vacuo. Single crystals suitable for X-ray diffraction studies were
grown by layering n-hexane over a CH,CI, solution of the off-white
product. Yield: 0.290 g, 66%. Anal. Calcd (%) for
Cs6HesClL,Cu,NOgP,: C, 55.54; H, 5.49; N, 6.94. Found: C, 55.60;
H, 5.54; N, 6.90. IR (KBr, cm™, selected bands): 3258 [v(NH)]; 2268
[v(C=N)]; 1095, 621 [v(ClO,7)]. *H NMR (400 MHz, CD;CN): §
224 (12H, s, —N(CH;),), 2.50 [4H, br, —HNCH,CH,N(CHj,),],
2.75 (4H, br, -HNCH,CH,—), 3.55 (4H, s, m-xylyl- CH,NH-), 7.05—
7.49 (34H, m, aromatic protons).

[Cu',(LMeMe)(MeCN),][ClO,], (3). This complex was synthesized
by following a procedure as described for 1; however, using LM*Me
instead of L™ as the ligand. Yield: 0.14S g, 62%. Anal. Calcd (%) for
C,,H,0CLCu,N¢Og: C, 36.98; H, 5.64; N, 11.76. Found: C, 37.05; H,
5.70; N, 11.70. IR (KBr, cm™, selected bands): 2274 [v(C=N)];
1093, 624 [1(C10,7)]. "H NMR (400 MHz; CD,CN): & 2.20 (6H, s,
—NCH,), 2.40 (12H, s, —=N(CHs),), 2.56 (8H, br, —-NCH,CH,N—),
3.79 (4H, s, m-xylyl-CH,N—), 7.35—7.46 (4H, m, aromatic protons).
The PF4 analogue, 3-(PF¢), was synthesized following a similar
procedure using LM*M¢ and [Cu'(MeCN),][PF¢] in an inert
atmosphere.

[Cu'z(Lme'Me)(PPh3)2][C|04]2 (4). This complex was synthesized by
following a procedure as described for 2; however, using LMeMe jhstead
of L*! as a ligand. Yield: 0230 g 61%. Anal. Caled (%) for
Cs,Hg,CL,Cu,N,O4P,: C, 56.05; H, 5.58; N, 4.84. Found: C, 56.60; H,
5.64; N, 4.98. IR (KBr, cm™, selected bands): 1094, 623 [v(ClO,”)].
'H NMR (400 MHz; CD,CN): 5 2.17 (6H, s, -NCHj), 2.34 [12H, 5,
—N(CH,),], 2.54 (8H, br, -NCH,CH,N-), 3.75 (4H, s, m-xylyl-
CH,N-), 6 7.12—7.48 (34H, m, aromatic protons).

Syntheses of Copper(ll) Comglexes. [Cu",(LM"H—0)(OH)-
(MeCN),][CIO,], (5). The ligand L™ (0.100 g, 0.360 mmol) was
dissolved in dinitrogen-flushed MeCN (10 mL). To it, solid
[Cu'(MeCN),][ClO,] (0235 g 0.720 mmol) was added, under
positive dinitrogen pressure. The resulting yellowish-brown solution
was stirred for 15 min, and then it was exposed to dry dioxygen,
resulting in a color change from initial green to bluish green. After 2 h
of stirring, slow diffusion of EtOAc to the solution resulted in the
formation of a green crystalline solid. The green solid was collected by
filtration, washed with a mixture of MeCN-EtOAc (1:5, v/v), and
dried in vacuo. Yield: 0.210 g, 81%. Single crystals suitable for X-ray
analysis were obtained by diffusion of EtOAc into a MeCN solution of
the complex. Anal. Caled (%) for C,oH3sCLCu,N¢O,o: C, 33.43; H,
5.05; N, 11.70. Found: C, 33.21; H, 5.19; N, 11.25. Conductivity
(MeCN, 1073 M solution at 298 K): Ay = 290 Q' cm? mol™!
(expected range* for 1:2 electrolyte: 220—300 Q™' cm® mol™"). IR
(KBr, cm™, selected bands): 3420 [v(OH)], 3262 [v(NH)], 1309
[v(Ph—0)], 108S, 623 [v(ClO,7)]. Electronic spectrum [4,,,, nm (g,
M'em™)] (in MeCN): 600 (180), 360 (2220), 335 (2200), 245
(11550).

Reaction of LM*Me with Copper(l) and Subsequent Oxygen-
ation. Synthesis of [Cu',(LM*Me_Q)(OH)(0CIO,)I[CIO,]-MeCN
(6). The reactions were carried out in three different solvents
(MeCN, MeOH, and CH,Cl,) by using the same amount of ligand
LMeMe and [Cu'(MeCN),][ClO,] and by following a similar
procedure. The case in CH,Cl, is described below.

To a dinitrogen-flushed solution of LM*™¢ (0.100 g, 0.327 mmol) in
CH,CI, (10 mL), solid [Cu'(MeCN),][ClO,] (0.213 g, 0.654 mmol)
was added, under positive dinitrogen pressure at 298 K. The resulting
yellow suspension of an extremely air-sensitive dicopper(I) complex
was stirred for 10 min, under a dinitrogen atmosphere, and finally
exposed to dioxygen. After stirring for ~24 h, a blue solid precipitated
out from the green solution. The blue solid was collected by filtration,
washed several times by CH,Cl,, and vacuum-dried. Yield: 0.160 g

{74%, based on the composition [Cu",(LM*™*)(OH),][ClO,], (7)}.
Solvent was removed from the green filtrate, and the solid thus
obtained was dissolved in MeCN. Slow diffusion of EtOAc to such a
solution resulted in the formation of a green crystalline complex.
Single crystals thus obtained were found to be suitable for X-ray
structural studies. Yield: 0.050 g {22%, based on the composition
[Cu",(LM=Me—Q)(OH)(OClO,)][ClO,]-MeCN (6)}. The yields of
the green solid in various solvents are as follows: MeCN, 0.190 g
(82%); MeOH, 0.140 g (60%).

Characterization of Dicopper(ll) Complexes. Green Solid.
Anal. Caled (%) for [Cu',(LM*Me—0)(OH)(0OClO;)][ClO,]-MeCN
(6), CyH3,CLCu,N.O,y: C, 34.05; H, 5.29; N, 9.93. Found: C, 34.39;
H, 5.45; N, 10.05. Conductivity (MeCN, 10~ M solution at 298 K):
Ay = 300 Q7' cm? mol™’. IR (KBr, cm™; selected bands): 3437
[v(OH)], 1315 [v(Ph—0)], 1095, and 623 [v(ClO,)]. Electronic
spectrum [4,., nm (&, M™" em™)] (in MeCN): 607 (190), 372
(2350), 330 sh (2060), 264 (13 450).

Blue Solid. Anal. Calcd (%) for [Cu™,(LM*M¢)(OH),][ClO,], (7),
CsHCLCu,N,O,o: C, 32.43; H, 5.41; N, 8.41. Found: C, 32.46; H,
5.81; N, 8.07. Conductivity (MeCN, 10~ M solution at 298 K): Ay =
280 Q7! cm® mol™. IR (KBr, cm™’; selected bands): 3578 [v(OH)],
1093, and 624 [1(ClO,7)]. Electronic spectrum [4,,, nm (g
M'em™)] (in MeCN): 615 (235), 370 weak sh (500), 270
(8150). MALDI {2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile as matrix, in MeCN}: m/z 563.1
({[Cu’,(LMM)(OH),][CIO,]} — 2H" — 2e7)".

Physical Measurements. Elemental analyses (C, H, N) were
obtained using Thermo Quest EA 1110 CHNS-O. Conductivity
measurements were done with an Elico type CM-82T conductivity
bridge (Hyderabad, India). Spectroscopic measurements were made
using the following spectrometers: Bruker Vector 22 (IR: KBr, 4000—
500 cm™'), Agilent 8453 diode-array (UV—vis), Waters-HAB213
spectrometer (ESI-MS), Bruker Autoflex (MALDI) (ICIQ, Tarragona,
Spain). 'H and C NMR spectra were obtained on JEOL JNM LA
400 (400 MHz) NMR spectrometer. Chemical shifts are reported in
parts per million referenced to TMS. Low-temperature absorption
spectra at a high concentration of complex {[3-(CF;S0;),] ~ 1 mM}
were recorded by a dip-probe technique [Ocean Optics, TP300-UV—
vis Transmission Dip Probe; path length was adjusted to 2 mm by
using RTP-2-10 (adjustable 2-10 mm) transmission tip] at 193 K, in
tetrahydrofuran (THF). The 193 K temperature was attained by
mixing liquid dinitrogen into MeOH in a dewar flask. The spectra at a
low concentration of the complex {[3:(X),] ~ 0.1 mM; X = CF;S0,,
PF¢} were recorded by an Agilent 8453 diode-array UV-—vis
spectrometer, equipped with an Unisoku Unispeks cryostat using 1
cm quartz cuvette at 183 K in THF and acetone.

Variable-temperature magnetic susceptibility measurements in the
solid state of 5 and 6 were performed in the temperature range of 50—
300 K, with a Quantum Design SQUID magnetometer (Valéncia,
Spain). Susceptibilities were corrected for diamagnetic contributions.
Effective magnetic moments were calculated using p.g = 2.828-
LT, where yy is the corrected*® molar susceptibility. Solution-
state magnetic susceptibilites on $ and 6 were obtained by the NMR
technique of Evans*” in MeCN with a JEOL JNM LA 400 (400 MHz)
NMR spectrometer and made use of the paramagnetic shift of the
methyl protons of the MeCN reference as the measured NMR
parameter.

Cyclic voltammetric measurements were performed using CH
Instruments Electrochemical Analyzer/Workstation Model 600B
Series. A standard three-electrode cell was employed with a Beckman
(M-39273) platinum-inlay working electrode, a platinum-wire auxiliary
electrode, and a saturated calomel electrode (SCE) as a reference; no
correction was made for the junction potential. Potentials were
recorded at 25 °C. The concentrations of solute and ["Bu,N][CIO,]
were ~1.0 mM and 0.1 M, respectively.

Crystal Structure Determination. X-ray data were collected on a
Bruker SMART APEX CCD diffractometer, with graphite-mono-
chromated Mo—Ka (4 = 0.71073 A) radiation. The data for complex 2
were collected at 293(2) K, whereas for complexes § and 6, the data
were collected at 100(2) K. For data reduction a “Bruker Saint Plus”
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Table 1. Data Collection and Structure Refinement Parameters for [Cu’,(L™")(PPh;),(MeCN),][ClO,], (2), [Cu™,(L*"-
0)(OH)(MeCN),][Cl0,], (5), and [Cu™,(LM***—0)(OH)(0ClO,)][Cl0,]-MeCN (6)

2
chemical formula Cs6Hg, CL,Cu,NOgP,
formula weight 1209.05
crystal color, habit white, block
temperature (K) 293(2)

2 (A) Mo Ka (0.71073)
crystal system monoclinic
crystal size/ (mm X mm X mm) 0.2 X 02 X 0.2
space group Pn (no. 7)

a (A) 16.701(5)

b (A) 9.905(5)

c (A) 18.435(5)

a(®) 90.0

B 107.712(5)
y(®) 90.0

V/(A3) 2905.0(19)

V4 2

D, (g em™) 1.382

u (mm™) 0.936
reflections measured 18885

unique reflections (R;,)

No. of reflections used [I > 26(I)] 5688

No. of parameters 687

final R indices “R, = 0.0834
“WR, = 0.1624

R indices (all data) “R, = 0.1712
bWR, = 0.1979

goodnes-of-fit on F* 0.922

R, = £(IF,| — IE))/ZIF,.. *wR, = {E[w(IE,? — IE)*]/Z[w(IE, )]}

11466 (R, = 0.0837)

S 6
CaoH36CLCU,NgOyg CyH3,CLCu,N;O0
718.53 705.53
green, block green, block
100(2) 100(2)

Mo Ka (0.71073) Mo Ka (0.71073)
monoclinic monoclinic
02X 02 x0.2 02 X 02 %02
P2, (no. 4) P2,/n (no. 14)
7.485(5) 9.349(5)
14.760(5) 16.584(5)
13.570(5) 18.245(5)

90.0 90.0
104.648(5) 90.672(5)

90.0 90.0
1450.5(12) 2828.6(19)

2 4

1.645 1.657

1.711 1.752

9720 18531

5728 (R, = 0.0254) 6973 (R, = 0.0540)
5384 4799

375 357

R, = 0.0335 R, = 0.0609
bWwR,= 0.0723 bWR,= 0.1324
R, = 0.0361 R, = 0.0928
bwR,= 0.0734 byR,= 0.1463
1.005 0.974

program was used. Data were corrected for Lorentz and polarization
effects; an empirical absorption correction (SADABS) was applied.
Structures were solved by SIR-97 and refined by full-matrix least-
squares methods based on F* using SHELXL-97, incorporated in a
WinGX 1.64 crystallographic collective package.48 For 2, §, and 6, all
non-hydrogen atoms were refined anisotropically. For §, three
hydrogen atoms and for 6, one hydrogen atom was located from
difference in the Fourier map; the positions of all other hydrogen
atoms for 2, 5, and 6 were calculated assuming ideal geometries.
During refinement, bond restraints were applied to the bonds N(2)—
H(21) and O(2)—H(23) of complex § to obtain reasonable bond
lengths. For 6, an unassigned peak (1.861 A%) was found near the
Cu(2) atom at a distance of 0.862 A, which may be due to the poor
quality of crystal chosen for data collection. Pertinent crystallographic
parameters of complexes 2, S, and 6 are summarized in Table 1.
Kinetic Experiments. The kinetic studies related to the bis(u—
oxo)dicopper(II) intermediate species (its formation, thermal decay,
and reactivity with 2,4-di-tert-butylphenolate) were monitored
spectrophotometrically using an Agilent 8453 diode-array UV—vis
spectrometer, equipped with an Unisoku Unispeks cryostat using a 1
cm quartz cuvette at 183 K in THF with [3-(PFg),] ~ 0.1 mM.
Catechol oxidase activities of complexes 5, 6, [Cu",(L'-0)(OH)-
(0Cl10;),]-1.5H,0 (8),”® and [Cu",(L>-0)(OH)(0CIO;)][ClO,]
(9)°**" were studied in dioxygen-saturated MeOH at 303 K by
reaction of the complexes with 3,5-di-fert-butylcatechol (3,5-DTBC).
Kinetic experiments for the oxidation of 3,5-DTBC were monitored
spectrophotometrically using an Agilent 8453 diode-array spectropho-
tometer, equipped with a 89090A temperature-controller. Increase of
the characteristic absorption band of the product 3,5-di-tert-butyl-o-
benzoquinone (3,5-DTBQ) at ~400 nm was monitored as a function
of time. In a typical experiment, 2.5 mL of a complex solution in
dioxygen-saturated MeOH ([Complex];= 2.60 X 10~°> M) was taken in
a 1 cm quartz cell, and the reaction was initiated by the addition of 0.1
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mL of catechol solution ([3,5-DTBC]; = 1.625 X 107 to 3.250 X 107>
M). In a separate set of experiments, the kinetic determinations were
performed without the catalyst. Initial rates were determined from the
slope of the tangent to the absorbance versus the time curve at ¢t = 0.
The conversion of the reaction rate was done using € = 1900 M™"
em™ for 3,5-DTBQ in MeOH.** A kinetic treatment on the basis of
the Michaelis—Menten approach was applied, and the results were
evaluated from the Lineweaver—Burk double-reciprocal plots. Experi-
ments to determine the dependence of the reaction rate on the
complex concentration were carried out at 303 K: [3,5-DTBC]; = 1.25
x 107 M, [complex]; = 2.50 X 107 to 12.50 X 10> M.

Detection of Hydrogen Peroxide in the Catalytic Reactions.
The formation of H,0, during the catalytic reaction was detected by
following the development of the characteristic band for Iy~
spectrophotometrically (1., = 353 nm; € = 26000 M™' cm™),
upon reaction with I~.>**’ The oxidation reactions of 3,5-DTBC in the
presence of different catalysts were carried out as in the kinetic
experiments ([Complex]; = 2.5 X 10™° M; [3,5-DTBC]J; = 50 X 1075
M), and after 1 h, the reaction was quenched by adding an equal
volume of H,SO, (20 X 107> M). The quinone formed was extracted
three times with CH,Cl,. One milliliter of 10% aqueous KI solution
was added to the aqueous layer. In order to accelerate the formation of
I;” in the presence of H,0,, ammonium molybdate (3%) solution was
added in a catalytic amount.>*® In the presence of H,0,, a band due to
the formation of I;” developed. Since atmospheric dioxygen can
oxidize I~, blank experiments (without catalyst or without 3,5-DTBC)
were also performed. For the catalytic reactions performed in the
presence of S, 6, 8, and 9, an appreciable H,0, formation was found.
However, only minor formation of the I;~ band was observed during
the blank test.

Oxidation of 2,4-Di-tert-butylphenolate by Bis(u-oxo)-
dicopper(lll) Species of LM*Me, The O species (2 mM, S mL)
was generated by injecting 3-(PFy), into an oxygen-saturated THF at
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183 K. The yellow-green species was allowed to fully form over 10
min, and then excess dioxygen was removed prior to addition of the
substrate by bubbling N, for 10 min. The reaction with 2,4-di-tert-
butylphenolate was performed at 183 K. Addition of 2 equiv of the
substrate brought about a change in color from yellow-green to green.
After 2 h, the reaction mixture was quenched with H,SO, (1M, 2 mL).
After solvent removal, the residue was extracted with CH,Cl,, and the
products were analyzed and quantified by '"H NMR.

B RESULTS AND DISCUSSION

Syntheses of Ligands and Dicopper(l) Complexes.
Considerable progress has been made in the chemical modeling
of tyrosinase'® 2"?**"23728 4nd the use of phenoxo- and
hydroxo-bridged dicopper(I) complexes as models for the met
form of catechol oxidase.***¥**334%%3 Gty dies of the reactivity
of molecular oxygen with dicopper(I) complexes of designed
ligands that model tyrosinase-like monooxygenase activity
(intramolecular aromatic ring hydroxylation) have used m-
xylyl-based dinucleating li%ands, providing di/trinitrogen
terminal coordination.'®2"***272% Karlin and co-workers
reported the first model”®*” to demonstrate the binding and
activation of molecular oxygen to chemically model aromatic
ring hydroxylation reaction of pertinence to tyrosinase, and
there is good evidence for a (u—1n*:n*-peroxo)dicopper(Il)
(side-on peroxo) intermediate to bring about xylyl-ring
hydroxylation.”** The influence of ligand topology in the
modeling of such reactions is of great importance in order to
elucidate the detailed pathways that can lead to the activation of
the molecular oxygen by copper(I) complexes toward the
oxidation of C—H bonds, and therefore has implications in the
understanding of metalloenzymes and other catalysts." 44

The ligands L™ and LM*M® (Figure 1) were considered
primarily to investigate the formation and stability of the
intermediate species, as copper(I) complexes of peralkylated
aliphatic amines are known to stabilize both O and P isomers
when reacted with dioxygen at low temperatures.'**'>* We
reasoned that if an O or P intermediate is formed whether or
not xylyl-ring hydroxylation reaction would take place.

m-Xylyl-based binucleating ligand, L™, is synthesized by
Schiff base condensation between isoghthalaldehyde and N,N-
dimethylethylenediamine in EtOH,*® followed by reduction
with NaBH, in MeOH.'**?® Subsequent N-methylation of L
by HCHO/HCO,H" affords LMeMe, Both L™ and LMeMe
have been characterized by 'H and '*C NMR spectra (Figures
S1—S4 of the Supporting Information) and elemental analyses.
Treatment of L™ and LM*M® with two equiv of
[Cu'(MeCN),][ClO,] in MeCN, under anaerobic conditions,
led to the isolation of air-sensitive binuclear copper(I)
complexes [Cu',(L"")(MeCN),][ClO,], (1) and [Cul;-
(LMeMe)(MeCN),][ClO,], (3), respectively. The presence of
coordinated MeCN was confirmed from their IR spectra [a
weak absorption at ~2270 cm™" due to the #(C=N) stretching
vibration]. IR spectra also displayed the presence of an
uncoordinated perchlorate counterion. In spite our repeated
attempts, unfortunately we could not grow single crystals of 1
and 3 for structural analysis. Because of its 7-acceptor property,
PPh; stabilizes the lower oxidation state of metal ions, and
therefore attempts were made to synthesize and grow single
crystals of the corresponding copper(I)—phosphine complexes,
for structural analysis. Thus, treatment of L™ and LM*™¢ with
[Cu'(MeCN),][ClO,] and PPh, afforded the complexes
[Cu',(L™)(PPh;),(MeCN),][ClO,], (2) and [Cu',(LMY)-
(PPh,),][ClO,], (4), respectively. IR spectra confirmed the
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presence of both MeCN and perchlorate counterion in 2 and
only perchlorate counterion in 4. Although we were successful
in growing single crystals of 2 for its structural characterization,
we have been unsuccessful thus far in the case of 4. Since
copper(I) has d'° electronic configuration, the Cu' complexes
1—4 are diamagnetic, as indicated by their "H NMR spectra in
CD;CN (Figures S5—S8 of the Supporting Information). On
the basis of comparisons with free ligands, the observed
resonances have been assigned. As is found for similar cases, the
predominating tendency is for a downfield shift of 'H
resonances upon coordination to the positively charged metal
ion (coordination-induced shift).’® Elemental analyses, IR, and
"H NMR spectral data are in good agreement with the above
formulations for all the copper(I) complexes.

Reactivity of 1 and 3 with Dioxygen at Room
Temperature and Product Identification. Exposure of
“solution-generated” dicopper(I) complexes 1 and 3 with
molecular oxygen in MeCN at room temperature (298 K)
brings about a noticeable color change from pale yellow to
green. In the framework of our research work dealing with
isolation and characterization of products due to the reaction
between copper(I) complexes and dioxygen,'® during workup
of green MeCN solutions in air we isolated two dicopper(II)
complexes of composition [Cu",(L""—0)(OH)(MeCN),]-
[C10,],(5) and [Cu",(LM*M*—0)(0OH)(0OCIO;)]-
[Cl0,]-MeCN(6). The phenoxo- and hydroxo-bridged
dicopper(II) complexes § and 6 have been structurally
characterized (see below), demonstrating that the tailor-made
ligands, L™ and LM*M¢, support the xylyl-ring hydroxylation
reaction.

Notably, while the works of Karlin, Tolman,” and
others™ have clearly established the intermediacy of P species
in carrying out m-xylyl-ring hydroxylation, the association of an
O intermediate with an aromatic ring hydroxylation is much
more limited.’ To the best of our knowledge, it has not been
documented for any arene self-hydroxylating m-xylyl system.
From this perspective, the low-temperature absorption
spectroscopic detection of the O species with m-xylyl-based
ligand, LM*M¢, and decay of the putative intermediate with
subsequent xylyl-ring hydroxylation is a noteworthy result.

IR spectra of § and 6 display absorptions due to v(O—H) at
~3430 cm™' and »(ClO,”) at ~1100 and ~620 cm™'.
Complexes § and 6 display an additional strong absorption at
~1300 cm™’, typical for (C—O) vibration of the coordinated
phenolate.'” This is absent in the corresponding dicopper(I)
complexes 1 and 3, as expected. An easy means of identifying
the complexes is their electronic spectral features. The
electronic spectra of § and 6 in MeCN are displayed in Figures
S9 and S10 of the Supporting Information, respectively.
Crystal-field transitions at 600 nm (& = 180 M™! cm™) for §
and 607 nm (¢ = 190 M~ cm™) for 6 are observed. Intense
ligand-to-metal charge-transfer (LMCT) bands due to PhO™—
Cu" and/or OH™— Cu" are also observed: at 360 nm (& =
2220 M~ cm™!) and 335 nm (e = 2200 M~ cm™!) for § and at
372 nm (& = 2350 M~ cm™"), along with a shoulder at 330 nm
(e = 2060 M™' ecm™), for 6. Similar spectral features are
zgz;i;zss'tllgd,gg}?&lgggxo and hydroxo-bridged dicopper(II)

Notably, exposure of “solution-generated” dicopper(I)
complex 3 in CH,Cl, at room temperature with molecular
oxygen afforded a green solution along with a blue precipitate.
It should be noted, however, that no blue solid was observed
when the experiment was done in MeCN. The formation of

14d,22¢ 23
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Figure 2. (a) UV—vis spectra of the formation of bis(y-oxo)dicopper(IIl) species in the reaction of 3-(PF), (~ 0.1 mM) with O, in THF at 183 K.

(b) Time trace of absorbance at 400 nm.
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Figure 3. (a) Spectral change due to the thermal decay of the bis(u-oxo)dicopper(IIl) species of LM*™* at 203 K in THF during a 3 h period. (b)

Time trace of absorbance at 400 nm; inset: rate plot.

this blue solid [unhydroxylated oxidation product [Cu'-
(LMeMe)(OH),][ClO,], (7), see below] could be explained
by competition for the inter- rather than the intramolecular O,-
binding processes when dicopper(I) complex 3 reacts with O,,
apparently favored in nonpolar CH,Cl, compared to a polar
MeCN medium. Similar observations were noticed before.”**"
IR spectrum of the blue solid displays a broad band at ~3600
cm™" due to the coordinated water and/or hydroxo group. The
presence of an ionic perchlorate is confirmed from absorptions
observed at ~1100 and ~620 cm™". It is to be noted that for
this blue solid, no IR absorption due to v(C—0) is observed,
implying that it is not a xylyl ring-hydroxylated product (Figure
S11 of the Supporting Information). Crystal-field transition at
615 nm (& = 235 M™! cm™) is observed. A ligand-to-metal
charge-transfer (LMCT) band due to OH™— Cu" is observed
as a weak shoulder at 370 nm (¢ = 500 M™' cm™). Similar
spectral features are characteristic of dihydroxo-bridged
dicopper(II) complexes.'”**'H NMR spectral analysis of
copper(Il)-removed organic compound from blue complex
(see below) confirms that the organic ligand, LM*™¢, remains
intact during the oxygenation experiment.

Taken together, in the above results and physicochemical
data [elemental analysis and solution electrical conductivity
(1:2 electrolyte)], we identify the blue product as the bis(u-
hydroxo)dicopper(I1) complex [Cu",(LM*M)(OH),][ClO,],
(7). MALDI-MS spectrum of complex 7 (an intense peak
was observed at m/z value of 563.1 corresponding to the
species ({[Cu',(LM*™*)(OH),][ClO,]} — 2H" — 2e7}') is
displayed in Figure S12 of the Supporting Information. The
effective magnetic moment (y.q/Cu) value of 7 in the solid
state at 27 °C was determined to be 1.44 pg, indicative of the

presence of antiferromagnetically coupled dicopper(II) center-
s./%% The observed p./Cu value is typical for dihydroxy-
bridged dicopper(II) complexes."**® Unfortunately, all our
attempts to grow single crystals of 7 suitable for structural
analysis have so far been unsuccessful.

Reactivity of the Dicopper(l) Complex of LMeMe
Toward Dioxygen at Low Temperature. To investigate
the possibility of the formation of a “Cu,O,” intermediate, the
reactivity study of the dicopper(I) complex of LM*Me with
dioxygen was performed at low temperature. The Cu,0,
intermediate was generated by injecting THF solution of
[Cu'(MeCN),][CF;SO;] into a dioxygen-saturated THF
solution of LM, equilibrated at 193 K, in a 2:1 ratio with a
final concentration of ~1 mM. A yellowish-green species
generated within a minute. To throw light on the nature of the
intermediate formed (see below) low-temperature UV—vis
spectral studies were performed, as authentic copper—oxygen
species have characteristic absorption spectroscopic signa-
tures.>™'® The spectrum is displayed in Figure S13 of the
Supporting Information. Two absorption bands at 315 nm (e
~6500 M™' cm™) and at 400 nm (¢ ~ 8500 M™' cm™)
developed. The spectral feature of this intermediate species
formed is quite similar to those of the reported bis(u—
oxo)dicopper(III) intermediate.'*'>**** The formation of the
O species was also examined at a low concentration of the
complex (~0.1 mM) by injecting 3-(X), (X = CF;SO;™, PF")
into an oxygen-saturated THF and acetone at 183 K. The
intermediate formation is invariant of the counteranion used.
The UV—vis spectra for the PF¢~ counteranion in THF and in
acetone are displayed in Figure S14 of the Supporting
Information.
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Scheme 1. Product Analysis Due to Reaction between the Bis(u-oxo)dicopper(IIl) Intermediate of L¥*™® and 2,4-Di-tert-

butylphenolate in THF at 183 K

bis(oxo)dicopper(IIT) OH O
- + +
HO O
Og OH OH 6]

42 %

38% 8 %

UV—vis spectra of the formation of the O species due to the
reaction of 3-(PFg), (~0.1 mM) with O, in THF at 183 K and
the time trace of absorbance at 400 nm are displayed in Figure
2. The first-order formation constant, k = 8.01 X 1073 s7%, is
estimated. UV—vis spectra of 3-(PFy),, bis(u-oxo)dicopper(I1I)
species of LM*™¢ at 183 K, and the decay product at room
temperature in THF are displayed in Figure S15 of the
Supporting Information.

The kinetics of thermal decomposition of the bis(u-
oxo)dicopper(III) species was studied by monitoring the
decay of the 400 nm band at various temperatures (203—233
K) in THF. The O species was first generated at 183 K, and
after its full formation, the temperature was raised by a
temperature controller to the desired value. Data collection for
the decay started only after the solution had attained the
desired temperature (~2—3 min was required to attain thermal
equilibrium). Spectral changes due to thermal decay of the O
species at 203 K in THF during the 3 h period and a time trace
of the absorbance of 400 nm are displayed in Figure 3. The
values of k were determined at different temperatures and
activation parameters; AH" and AS* were obtained from the
Eyring plot, Figure S16 of the Supporting Information. The
following values were obtained: AH" = 23.42 kJ mol™}; AS* =
—190 J K' mol™". The activation parameters obtained are
comparable to that obtained by others.'>**

Reactivity of Bis(z-oxo)dicopper(lll) Species of
with Externally Added Phenolate. To investigate whether
or not the O species of LM*™* has the potential to hydroxylate
an externally added substrate, we examined its reactivity with
2,4-di-tert-butylphenolate. UV—vis spectra of the O species (0.1
mM) after addition of 2 equiv of 2,4-di-fert-butylphenolate (0.2
mM), the spectra after 1 h, and the decay profile of O species
due to reaction with 2,4-di-tert-butylphenolate in THF at 183 K
are displayed in Figure S17 of the Supporting Information. The
products have been identified by '"H NMR spectral analysis
(Figure S18 of the Supporting Information). Notably, three
products could be identified (Scheme 1): C—C-coupled dimer
(42%), 3,5-di-tert-butylcatechol (38%), and 3,5-di-tert-butyl-o-
benzoquinone (8%). The ESI-MS data also confirms the
formation of the three products. Among other products,
hydroxylation of phenolate occurs (however, no intramolecular
ligand hydroxylation was observed in the THF solvent). The
result presented here is of significance given the fact that the
ligand LM*M¢ not only stabilizes the bis(u-oxo)dicopper(III)
core but also exhibits both intramolecular xylyl-ring hydrox-
ylation (see below) and hydroxylation of the externally added
substrate, 2,4-di-tert-butylphenolate, generating the catechol
and quinone of pertinence to tyrosinase-like activity.

Notably, while the works of Karlin,"**?** Tolman,?® and
others™ have clearly established the intermediacy of P species
in carrying out m-xylyl-ring hydroxylation, association of the O

LMe,Me
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intermediate with aromatic ring hydroxylation is much more
limited.” To the best of our knowledge, it has not been
documented for any arene self-hydroxylating m-xylyl system.
From this perspective, the low-temperature absorption
spectroscopic detection of the O species with m-xylyl-based
ligand, LM*M¢, and decay of the putative intermediate with
subsequent xylyl-ring hydroxylation is a noteworthy result.

Solvent Dependence of Aromatic Ring Hydroxylation.
The role of the solvent is expected to be of significance, since
the availability of the open-coordination site is dependent on
the coordinating ability of the solvent. Moreover, the stability of
the dioxygen adduct is expected to be influenced by the
interaction between the dioxygen adduct and the solvent.'”
The extent of the aromatic-ring hydroxylation product in the
reaction of copper(I) complexes of LM*M® with dioxygen
depends on the nature of the medium in which the synthetic
reactions have been performed. The formation of the phenoxo-
and hydroxo-bridged dicopper(Il) complex, the aromatic ring-
hydroxylated product, varied with the polarity of the solvent.
The reaction resembles a simple electrophilic aromatic
substitution and might be expected to proceed via a cationic
intermediate akin to a “c complex” that would be preferentially
stabilized in a polar solvent."”® In polar solvents like MeCN
(dielectric constant, € = 37.5), the extent of hydroxylation was
almost quantitative, which decreased in a comparatively less
polar MeOH (& = 32.6) and was considerably less in a nonpolar
solvent like CH,Cl, (¢ = 9.1). A similar trend was observed
before from this laboratory.'?**®

Description of Structures. (a)[Cu',(L"")-
(PPh3),(MeCN),1[CIO,]; (2). A perspective view of the cationic
part of 2 is shown in Figure 4. Selected bond lengths and bond
angles are collected in Table 2. The structure of the ligand L™",
its bis-bidentate mode of coordination, and the binding of PPh;
and MeCN in 2 are confirmed. The four coordination of each
copper(I) center is satisfied by three nitrogen donor atoms
(two of which originate from the N,N-dimethylethylenediamine
moiety of L™ and one from acetonitrile) and PPh,.

Figure 4. Perspective view of the metal coordination environment in
the crystal of [Cu',(L™")(PPh;),(MeCN),][CIO,], (2). Only donor
atoms are labeled. Hydrogen atoms are omitted for clarity.
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Table 2. Selected Bond Distances (A) and Bond Angles (°) in the Cationic Part of [Cu',(L™")(PPh;),(MeCN),][ClO,], (2),
[Cu",(L*®-0)(0OH)(MeCN),][Cl10,], (5), and [Cu™,(LM*™°—0)(OH)(0CIl0;)][ClO,]"MeCN (6)

S

2
Cu(1)-N(1) 2.128(7) Cu(1)-N(1)
Cu(1)-N(2) 2.122(8) Cu(1)-N(2)
Cu(1)-N(5) 2.034(9) Cu(1)-N(5)
Cu(1)-P(1) 2.178(3) Cu(1)-0(1)
Cu(2)-N(3) 2.136(9) Cu(1)-0(2)
Cu(2)-N(4) 2.130(9) Cu(2)-N(3)
Cu(2)-N(6) 1.972(9) Cu(2)-N(4)
Cu(2)-P(2) 2.178(3) Cu(2)-N(6)
Cu(1)~Cu(2) 8.507(3) Cu(2)-0(1)
Cu(2)-0(2)
Cu(1)~Cu(2)
N(1)—Cu(1)-N(2) 86.2(3) N(1)—Cu(1)-N(2)
N(1)—Cu(1)-N(5) 103.7(4) N(1)—Cu(1)-N(5)
N(1)—Cu(1)-P(1) 127.2(2) N(1)—Cu(1)-0(1)
N(2)—Cu(1)-N(5) 105.5(3) N(1)-Cu(1)-0(2)
N(2)—Cu(1)-P(1) 119.1(2) N(2)—Cu(1)-N(5)
N(5)—Cu(1)-P(1) 111.3(3) N(2)—Cu(1)—-0(1)
N(3)—Cu(2)-N(4) 84.5(3) N(2)—-Cu(1)-0(2)
N(3)—Cu(2)-N(6) 114.9(4) N(5)—Cu(1)—-0(1)
N(3)—Cu(2)-P(2) 112.3(3) N(5)—Cu(1)-0(2)
N(4)—Cu(2)-N(6) 103.6(4) 0O(1)—Cu(1)-0(2)
N(4)-Cu(2)-P(2) 121.4(4) N(3)—Cu(2)-N(4)
N(6)—Cu(2)-P(2) 116.3(3) N(3)—Cu(2)—-N(6)

N(3)—Cu(2)-0(1)
N(3)-Cu(2)-0(2)
N(4)—Cu(2)-N(6)
N(4)—Cu(2)-0(1)
N(4)-Cu(2)-0(2)
N(6)—Cu(2)—0(1)
N(6)—Cu(2)—-0(2)
0(1)—Cu(2)—0(2)
Cu(1)—0(1)—Cu(2)
Cu(1)—0(2)—Cu(2)
N(1)—Cu(1)-N(2)

6
2.015(3) Cu(1)-N(1) 2.012(4)
1.996(3) Cu(1)-N(2) 1.993(4)
2.432(3) Cu(1)-0(1) 1.932(3)
1.944(2) Cu(1)-0(2) 1.896(3)
1.933(2) Cu(2)-N(3) 1.998(4)
1.993(3) Cu(2)—-N(4) 2.007(4)
2.026(3) Cu(2)-0(1) 1.934(3)
2.336(3) Cu(2)-0(2) 1.897(3)
1.963(2) Cu(2)—0(4) 2.645(3)
1.932(2) Cu(1)"Cu(2) 2.9631(12)
3.0081(9)
87.60(12) N(1)—Cu(1)-N(2) 87.90(16)
93.25(11) N(1)—Cu(1)-0(1) 177.48(14)
170.39(10) N(1)—Cu(1)-0(2) 100.18(15)
100.65(10) N(2)—Cu(1)-0(1) 93.20(14)
87.74(11) N(2)-Cu(1)-0(2) 171.35(15)
91.77(10) 0(1)—Cu(1)-0(2) 78.61(13)
166.59(10) N(3)—Cu(2)—-N(4) 88.73(18)
96.31(10) N(3)—Cu(2)-0(1) 93.28(16)
102.18(11) N(3)-Cu(2)-0(2) 170.79(15)
78.32(9) N(4)—Cu(2)-0(1) 174.69(14)
87.31(11) N(4)—Cu(2)-0(2) 99.08(16)
94.41(12) 0(2)-Cu(2)-0(1) 78.52(12)
90.99(10) Cu(1)-0(1)—Cu(2) 100.07(13)
161.14(10) Cu(1)-0(2)—Cu(2) 102.75(15)
93.17(11)
169.83(10)
100.96(10)
96.96(11)
101.95(11)
77.87(9)
100.66(10)
102.20(11)
87.60(12)

Considering all metal—ligand coordination angles, a distorted
tetrahedral geometry around each copper(I) is implicated
(Table 2). The Cu=NCMe bond distances*** are shorter than
the Cu—N(amine) bond distances (Table 2).**°°* This
shortening of Cu—NCMe bond length is expected, given the
m-accepting property of MeCN. The Cu—PPh; bond length is
the longest 2.178(3) A, as expected.*®

(b) [Cu",(L"H—0)(OH)(MeCN),][CIO ], (5) and [Cu',-
(LMeMe_Q)(OH)(0CIO;)I[ClO,]*MeCN (6). Perspective views
of the cationic part of 5 and 6 are displayed in Figure S19 of the
Supporting Information and Figure 5, respectively. Selected
bond lengths and bond angles are shown in Table 2. A MeCN
molecule is present as a solvent of crystallization in the crystal
of 6. X-ray analysis revealed the incorporation of two O atoms
into the complex: one into the aryl C—H bond and the other
into the hydroxo bridge.

The molecular structure of the dinuclear cation in § reveals
two five-coordinate copper(II) ions, which are bridged by a
phenolate oxygen O(1) and by O(2) of a hydroxide ion.
Bridging atoms occupy equatorial positions in the coordination
sphere of the copper(Il) ions. The equatorial coordination of
each Cu" center is completed by bis-methylated alkyl nitrogen
donor atoms [N(1) for Cu(1) and N(4) for Cu(2)] and a
secondary aliphatic amine nitrogen atom [N(2) for Cu(1) and

13155

Figure S. Perspective view of the metal coordination environment in
the crystal of [Cu",(LM*™*—0)(OH)(0OCIO,)][ClO,]-MeCN (6).
Hydrogen atoms are omitted for clarity.

N(3) for Cu(2)] from the terminals of the dinucleating ligand,
L*H—0O(=). The apical position of each copper(Il) center is
occupied by a MeCN molecule. The geometry around each
copper(1l) is a distorted square pyramidal [z = 0.063 for Cu(1)
and 0.145 for Cu(2)]** In 6, the two copper(Il) ions are
essentially in a square-planar coordination environment. The
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coordination about each Cu" center is completed with two
amine nitrogens from the terminals of the dinucleating ligand,
LMeMe_Q (=), two oxygen atoms from the bridging phenolate
O(1), and hydroxide O(2). The axial site of Cu(2) is, however,
occupied by a distant oxygen atom of ClO,”, completing a
square-pyramidal geometry around the Cu(2) center. The
distance between Cu(2) and the perchlorate oxygen atom,
0(4), is 2.645(3) A, implying weak coordination.*®

Average Cu—O(phenoxide) distance [1.9535(2) A for 5 and
1.933(3) A for 6] is slightly longer than the average Cu—O(H)
distance [1.9325(2) A for 5 and 1.8965(3) A for 6]. For 5, the
average Cu—N (secondary aliphatic amine nitrogen) distance
[1.9945(3) A] is slightly shorter than the Cu—N(bis-
methylated alkyl nitrogen) distance [2.0205(3) A]. This trend
can be explained given the steric effect associated with bis-
methylated alkyl nitrogen. For 6, the average Cu—N(amine)
distance is 1.996(4) A and the average Cu—N(bis-methylated
alkyl nitrogen) distance is 2.010(4) A. The Cu—O(Ph/H)—Cu
bond angles of the phenolate or hydroxide are normal [S:
100.66(10)° and 102.20(11)°, respectively; 6: 100.07(13)° and
102.75(15)°, respectively]. The Cu~Cu separations are
3.0081(9) A for § and 2.9631(12) A for 6. The Cu(1) and
Cu(2) atoms are displaced from the mean N,O, plane by
0.1670 A and 0.2222 A, respectively, for § toward the apical N
of MeCN. For 6, the Cu atoms lie more or less in the plane
(0.044 A and 0.0802 A). The mean deviations of Cu(1)N(1)-
N(2)O(1)O(2) and Cu(2)N(3)N(4)O(2)O(1) with regard to
the mean planes are only 0.0427 A and 0.0754 A, respectively,
for 5 and 0.0154 A and 0.0286 A, respectively, for 6. Notably,
these planes make a dihedral angle of 7.684(7)° with each other
in 5 and 0.773(6)° in 6.

Magnetism. The magnetic susceptibility measurements on
powdered samples of phenoxo- and hydroxo-bridged dicopper-
(II) complexes 5 and 6 were carried out in the temperature
range of 50—300 K. The value of y.¢/Cu at 300 K is found to
be 0.93 pip for S and 0.97 py for 6. Overlay plots of y T versus
T for § and 6 are displayed in Figure 6. The behavior is typical
of an antiferromagnetically coupled system. The data were
fitted to the modified Bleany—Bowers expression (eq 1)*>*° for
two interacting S = 1/2 centers developed under the usual
isotropic (Heisenberg) exchange Hamiltonian, H=-JS5S,

025
020
0.15]

0.10]

2,/ em’ mol™* K

0.05]

50 100 150 200 250 300
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Figure 6. Plots of y T versus T for powdered samples of [ Cu',(L*"—
0)(OH)(MeCN),][ClO,], (5) and [Cu",(LM*Me—Q)(OH)-
(0ClIO;)][ClO,]-MeCN (6). The solid lines represent the best
theoretical fit using the equations described in the text.

oy = 2Ng*B7/3KT[1 + 1/3 exp(—J/kT)]™'(1 = p)
+ (Ng*B*/2kT)p )

Inclusion of a term for possible sample contamination of a
monomeric copper(Il) impurity exhibiting Curie behavior
yielded the appropriate equation (eq I). In this expression, N,
g B, and k have their usual meaning. yy is the molar
susceptibility per dimer, p is the fraction of monomeric
impurity; J corresponds to the energy difference between the
singlet and triplet states. Nonlinear regression analysis was
carried out with J, g, and p as floating parameters in the case of
S and J and g for 6. The best-fit parameters obtained are ] =
—528 cm ™!, g = 2.09, and p = 0.01 (1%) for 5 and ] = —505(5)
cm™' and g = 2.11(1) for 6. It is worth mentioning here that the
phenoxo- and hydroxo-bridged dicopper(II) complex with
—N(Me)CH,CH,(2—CsH,N), in spite of the —N(Me)-
CH,CH,N(Me), terminal coordination as in § and 6, exhibited
a J value of —440 cm™..'%4

It is worth mentioning here that for the dihydroxo-/
diphenoxo-bridged dicopper(Il) systems, a number of magne-
tostructural correlations have been attempted.’”*® As a
consequence, very useful linear correlations do exist.>® The
difference in the extent of antiferromagnetic exchange coupling
between § and 6 could be rationalized if we consider Cu---Cu
separations.

The p.q/Cu values at 300 K for § and 6 in MeCN solution
were determined by the NMR method. At room temperature,
the solution-state y.;/Cu values are 1.10 pg for S and 1.21 pg
for 6. Thus, the solid-state structure is retained in solution, but
with a relaxed geometry.

Catechol Oxidase Activity. In this work, we have
considered four phenoxo- and hydroxo-bridged dicopper(II)

complexes (Figure 7) for the catechol oxidase model

[Clodz [CIO4]'MeCN
Q 00|03

\u/\/j [\/\/j
/I\/\ /\/\
/NH

L = Me! CN
(5} {6)

j 1.5H,0

®)

Figure 7. Schematic view of the phenoxo- and hydroxo-bridged
dicopper(II) complexes considered in the catechol oxidase study.

study.**™*" To authenticate the identity of complex 9, ESI-

MS spectrum of 9 along with its simulated spectrum is
displayed in Figure S20 of the Supporting Information. Our aim
is to pinpoint the effect of fine-tuning the electronic properties
and stereochemical flexibility/rigidity of the dicopper(Il) site
on the catechol oxidase activity, as assessed by monitoring the
increase in the characteristic absorption band of quinone (3,5-
DTBQ) formation at 400 nm as a function of time. The
formation of 3,5-DTBQ was further authenticated by '"H NMR
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(Figure S21 of the Supporting Information). For all the
complexes, saturation kinetics were found for the initial rates
versus the 3,5-DTBC concentration. Representative results are
displayed in Figure 8, Figure 9, and Figures S22—S24 of the
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Figure 8. Formation of 3,5-DTBQ_due to aerobic oxidation of 3,5-
DTBC in the presence of complex 6 (Conditions: [6]; = 2.5 X 107> M
and [3,5-DTBCJ; = 1.00 X 10 M in dioxygen-saturated MeOH at
303 K). Inset plot: Growth of 400 nm band over time (1000 s).
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Figure 9. Lineweaver—Burk plot for aerobic oxidation of 3,5-DTBC by
complexes: (o) 5; (M) 6; and (A) 8.

Table 3. Kinetic Parameters for the Oxidation of 3,5-DTBC
Catalyzed by Dicopper(II) Complexes

Vi X 10° Ky Ko x107  ky  ko/Ky X 1073

complex (Mmin) (mM) (M) G (MR
5 23 0.15 6.66 55 367
6 235 1.20 0.83 564 470
8 15 0.40 2.50 36 90
9 23 0.43 2.33 55 128

Supporting Information, and in Table 3. For a fixed 3,5-DTBC
concentration, the effect of variation of catalyst concentration
was also investigated. In each case, a linear relationship between
the initial rates and the complex concentration was obtained,
indicating a first-order dependence of the rate on the catalyst
concentration. A representative case for 6 is displayed in Figure
S24 of the Supporting Information.

The kinetic values (Table 3) for §, 6, 8, and 9 obtained here
are in accordance with our previous observation.® The
observed k., values range from 36 to 564 h™'. The best

catalyst in this series (complex 6) shows better activity than the
reported ones with similar structures;322"’3393"“”38d however, it
shows moderate activity compared to the most efficient model
catalyst reported to date (k. = 3.24 x 10*
h™!).*'Understandably, the individual factors of the ratio k,/
Kyt give more insight. For instance, complex 6 exhibits, by far,
the largest k,, but its efficiency is limited by the large Ky value.
This is likely due to the N-methyl groups on the xylyl-amine
nitrogens of the ligand LM*™ that probably hinder substrate
association with the dicopper(II) sites of the complex,
producing a 10-fold increase in Ky. Using less sterically
hindered catechols than the present 3,5-DTBC may thus show
a different trend in the activity of the complexes. We plan to do
such studies in the near future.

The observed trend 6 > § > 9 > 8 (Table 3) can be
rationalized based on the proposed mechanistic steps of
catechol oxidase activity.*”*®>” It has been proposed that the
reactions occur in two phases.4b’36 The native met y-hydroxo-
dicopper(II) form reacts with one equiv of the substrate,
generating the corresponding quinone and the dicopper(I)
form. The latter binds dioxygen in a y—n*#n* mode, resulting in
the formation of the peroxo-dicopper(II) form, which then
oxidizes one more equiv of catechol to quinone with restoration
of the original met form of the enzyme. Casella and co-workers
demonstrated a fast initial phase followed by a slower second
phase of reaction.*® If a dicopper(Il) system fails to do the
second phase, only stoichiometric or very low catalytic
efficiency is expected to occur. In fact, for the present
complexes, only one mole of 3,5-DTBQ_is formed per mole
of the complex, in the absence of dioxygen. The catalytic
turnover for all of the four complexes was achieved only when
the experiments were conducted in the presence of dioxygen.
The dioxygen is responsible for the reoxidation of the
dicopper(I) form to the oxydicopper(Il) form and concomitant
formation of hydrogen peroxide.”” The H,O, formed could be
identified by reacting with iodide to give triiodide
(Is_).3’6’37’38b’59 We have studied the formation of H,0O, in
the course of the catalytic reaction. In fact, for all the catalytic
reactions performed by the present complexes, an appreciable
amount of H,0, accumulation was found (Figure S25 of the
Supporting Information).

The different possible catalytic cycles for oxidation of 3,5-di-
tert-butylcatechol were summarized in Scheme 2. The H,0,
and 3,5-DTBQ can be generated in two possible pathways:

The difference between Path A and B is the reactivity of the
oxy form, since it can react with protons or with catechol. In
Path B, 3,5-DTBQ will be formed in two steps (eq 1 and 4),
thereby, a biphasic reaction is expected. Depending on the rate
of the reaction between these steps, either a fast initial phase
and slow second phase reaction or a slow initial phase and fast
second phase reaction will be expected. Casella and co-workers
described a fast initial phase and slow second phase catechol
oxidase activity with dinuclear copper(II) complex derived from
m-xylyl tetrabenzimidazole Iigands.36 In contrast, the oxidation
of 3,5-DTBC catalyzed by present complexes occurred in a
single phase. A first-order exponential growth of 3,5-DTBQ
over time (Figure 8) implies a monophasic reaction. So, we
tentatively rule out Path B, assuming that the oxy form does not
react with catechol to produce quinone. However, it reacts with
protons to generate H,0,.
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Scheme 2. Different Possible Catalytic Cycle for Oxidation
of 3,5-DTBC in Presence of Dicopper(II) Complexes
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Since the structural parameters (the Cu~Cu separation,*
square-based geometry at the Cu' center(s); the type and
nature of donor atoms; and chelate-ring size) of the three
complexes are similar, the differences in catalytic activity must
then depend on the electronic properties of the complexes,
accompanied by stereochemical flexibility modulated by the
imine/amine and secondary/tertiary N atom attached to the m-
xylyl ring. The presence of the 7-accepting imine group in L'—
O~ (complex 8) is expected to stabilize the Cu' state more
compared to L""—0~ (complex §) and LM*™*—O~ (complex
6). Understandably, the situation for L*~O~ (complex 9) is
expected to be in between 8, on one hand, and S and 6, on the
other. So, it is reasonable to assume that the second phase of
the reaction during catecholase activity, eq 2 of Path A/Path B,
would take place at a slower rate in the case of 8 compared to §,
6, and 9. This accounts for the lower catalytic efficiency (k,/
Ky) of 8 compared to S, 6, and 9. However, because of the

more flexible nature, the ligands LPHE_O~ and LM*M—0O~ are
better suited to facilitate initial binding of the substrate, as well
as subsequent release of the product. The variation in activity
between 5 and 6 may be attributed to the difference in the
electron-releasing effect between the —NCH,;— (LM*M—0"~)
and —NH— (L™"—07) groups. Vittal et al. demonstrated that
the presence of electron-withdrawing groups decreased the
activity while electron-donating groups enhanced the activity of
the complexes,®* justifying our contention.

It is understandable that the redox potential value of the
Cu"/Cu" process should act as a predictor to the efficacy of
molecular oxygen to reoxidize the reduced copper(I) centers to
the copper(Il) centers to bring the chemical reactions on a
catalytic mode.>® The reduction potentials for the complexes
S, 6, 8, and 9 were thus measured by cyclic voltammetry (CV)
in MeCN. The data are summarized in Table 4. All four
complexes show irreversible cathodic reduction peaks (Figures
$26—S29 of the Supporting Information), which are tentatively
assigned to processes Cu'Cu” — Cu"Cu' (cathodic peak
potential, EPC(I)) and Cu"Cu' — Cu'Cu' (cathodic peak
potential, EPC(Z)). From Table 4, it is obvious that the 2e”
reduced species Cu'Cu' of 6 (LM*™*—O7) is the strongest
reducing agent, whereas the 2e” reduced species of 8 (L'—
07)/9 (L>*~0") [the difference in the EPC(Z) (cathodic potential
for the most cathodic response) values between 8 and 9 is
within experimental error] are the weakest among four
complexes. So, we believe that the second phase of reaction
in the catechol oxidase activity (i, the reaction rate of
dioxygen with dicopper(I) species) will follow the order 6 > §
> 8/9. This accounts for the observed catalytic activity: 6 > § >
9 > 8. Interestingly, we have found a reasonably good
correlation between the EPC(Z) values and the catalytic efficiency
(ket/Kyp) (Figure 10). Notably, the redox potential values of

4504  (g)

k JK,x 107 (M"h")

T T T T T
-1.52 -1.48 -1.44 -1.40 -1.36 -1.32 -1.28
E“'z' (V versus SCE)

Figure 10. Correlation between Epcm and catalytic efficiency (k.,/Ky)
for the dicopper(II) complexes S, 6, 8, and 9.

the Cqu/ Cu'Cyd! and Cu"CuY/ Culz couples for the present
complexes are too low for an efficient catalysis (Table 4). In the
case of the oxy form, the potential value(s) is expected to be

Table 4. Electrochemical Data (in MeCN) of Dicopper(II) Complexes

complex
qu(LH’H—O) (OH)(MeCN),][ClO,], (5)
ul,(LMeMe—(0)(OH)(0ClO;)][ClO,]-MeCN (6)
Cu",(L'-0)(0H)(0CI0;),]1.5H,0 (8)
Cu',(L*~0)(0H)(0Cl0,)][ClO,] (9)

(C
[C
(
(

Epc(l) Cu™,/Cu™, (V vs SCE)

EPC(Z) Cu™,/Cu", (V vs SCE)

—0.85 —1.44
—0.64 —1.50
—0.58 —1.34
—0.55 —1.33
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even lower, as the greater o-donating property of the peroxide
group is expected to reduce the stability of the reduced state.
Hence, it is expected that the oxy form will act as a poor
oxidizing agent. On the other hand, it is expected that it will act
as a base accepting protons, thus favoring Path A.

B SUMMARY AND CONCLUDING REMARKS

In the present investigation, chemical model systems exhibiting
tyrosinase-like activity and catechol oxidase-like activity have
been provided. With the use of two m-xylyl-based dinucleating
ligands, L™ and LM*™¢, providing terminal bidentate aliphatic
donor nitrogens, the evidence have been obtained. Dicopper(I)
complexes of L™ and LM*M¢ upon oxygenation resulted in
xylyl-ring hydroxylated phenoxo- and hydroxo-bridged
dicopper(I) products. A representative dicopper(I) complex,
with additional PPh; coordination, has been structurally
characterized. Structural analyses have been performed on
both the xylyl-ring hydroxylated products. Reaction of the
dicopper(I) complex of the ligand LM*™® and dioxygen at 183
K/193 K afforded the formation of putative a bis(u—
oxo)dicopper(Ill) intermediate (UV—vis spectra). The low-
temperature absorption spectroscopic detection of O species
with the m-xylyl-based ligand, LM*™¢, and decay of the putative
intermediate with subsequent xylyl-ring hydroxylation is a
noteworthy result. Moreover, the putative O species hydrox-
ylates externally added phenolate as well. Thus, the results
presented here are of significance in copper-dioxygen chemistry
with m-xylyl-based ligands. In the case of LM*™® during the
oxygenation reaction at 298 K, an unhydroxylated dihydroxo-
bridged dicopper(II) complex is also formed. Variable-temper-
ature magnetic susceptibility measurements of phenoxo- and
hydroxo-bridged complexes reveal that the two copper(Il)
centers, in both the complexes, are strongly antiferromagneti-
cally coupled. The phenoxo- and hydroxo-bridged dicopper(1I)
complexes synthesized in this study and the two reported
complexes of similar ligands have been used as models for
catechol oxidase-like activity. The effect of systematic variation
in the electronic properties of the dicopper(Il) complexes on
the catechol oxidase-like activity has been systematically
investigated. In this study, it has been observed that the
dicopper(II) complex derived from a flexible ligand having an
electron-donating group acts as an efficient model of catechol
oxidase-like activity.

B ASSOCIATED CONTENT

© Supporting Information

'H and "*C NMR spectra of L" and LM*M¢ (Figures S1—-S4);
"H NMR spectra of 1—4 (Figures S5—S8); UV—vis spectra of §
and 6 (Figures $9—S10); IR spectra of 6 and 7 (Figure S11);
MALDI-MS spectrum of 7 (Figure S12); UV—vis spectrum (in
THF) of the reaction between the dicopper(I) complex of
LMeMe and the dioxygen at 193 K (Figure S13); Comparative
UV—vis spectra of the reaction between the dicopper(I)
complex of LM*™¢ and dioxygen in THF and in acetone at 183
K (Figure S14); UV—vis spectra of 3-(PFg),, bis(u-oxo)-
dicopper(III) species at 183 K, and decay product at room
temperature (Figure S15); Eyring plot for thermal decay of
bis(u-oxo)dicopper(IIl) species of LM*™® (Figure S16); UV—
vis spectra of bis(u-oxo)dicopper(IIl) species of LM, after
addition of 2 equiv 2,4-di-tert-butylphenolate, spectra after 1 h
and decay profile of bis(u-oxo)dicopper(II) species due to the
reaction with 2,4-di-tert-butylphenolate (Figure S17); "H NMR

spectra of the oxidation products of 2,4-di-tert-butylphenolate
in CDCl; (Figure S18); perspective view of the metal
coordination environment in the crystal of § (Figure S19);
ESI-MS spectrum of 9 in MeCN, along with experimental and
simulated mass distribution for {{Cu",(L*-0)(OH)][ClO,]}*
species (Figure $20); '"H NMR of 3,5-DTBC and 3,5-DTBQ in
CDCl; (Figure S21); dependence of the reaction rates on the
3,5-DTBC concentrations for the oxidation reaction catalyzed
by S, 6, and 8. (Figure $22); Lineweaver—Burk plot for aerobic
oxidation of 3,5-DTBC by 9 (Figure $23); dependence of the
reaction rate on the concentration of 6 for the aerobic oxidation
of 3,5-DTBC (Figure S24); electronic spectra of the formation
of the I;™ ion in the presence of H,O, in the case of §, 6, 8, and
9 (Figure S25); cyclic voltammograms (Pt electrode; scan rate
100 mV/s) of 5, 6, 8, and 9 in MeCN (Figures S26—S29);
crystallographic data in CIF format. This material is available
free of charge via the Internet at http://pubs.acs.org.
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