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Synthesis, Crystal Structures, and Catalytic Activity of Dicopper(ll) Complexes with
Dinucleating Tetraimidazole Ligands [Cu(RO)(mbipD)](CIO 4)2 (R = Me, Et, 2-Pr; Hmbipl
= 1,5-Bis[bis[(1-methyl-4-imidazolyl)methyl]amino]-3-pentanol) and
[Cu2(MeO)(pbip)](CIO 4)2 (Hpbipl =
1,5-Bis[bis[(1-isopropyl-4-imidazolyl)methyl]amino]-3-pentanol)

Introduction

Oxidation catalyzed by copper complexes is of current
interestl2 In biological systems, phenols are oxidized to
o-quinones by tyrosinasewhich is a monooxygenase having
a dinuclear copper center as an active site similar to that of
hemocyanirf:> The dicopper center is coordinated by six
histidyl imidazoles and binds dioxygen reversibly as a peroxide
form. Although tyrosinase is the first discovered monooxyge-
nase? details of the dioxygen activation mechanism have not
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Synthesis, crystal structures, and catalytic activity are reported for dinuclear copper(ll) complexes of new
dinucleating tetraimidazole ligands, 1,5-bis[bis[(1-methyl-4-imidazolyl)methylJamino]-3-pentanol (Hmbipl) and
1,5-bis[bis[(1-isopropyl-4-imidazolyl)methylJamino]-3-pentanol (Hpbipl). These ligands have been prepared by
a reductive coupling of 1,5-diamino-3-pentanol with 4 equiv of 1-alkyl-4-formylimidazole (stkyhethyl and
isopropyl) by using sodium cyanoborohydride in quantitative yields. The ligand Hmbipl formgNIED)-
(mbip)](ClOy)2 (1) in MeOH. The methoxide bridge df is easily exchanged with EtOH and 2-PrOH during
recrystallization from such solvents, yielding ethoxide- and 2-propoxide-bridged complexg€R@D(mbipl)]-

(ClOy)2 (R =Et, 2; R=2-Pr,3). The ligand Hpbipl forms [C{MeO)(pbipl)](CIOy)2 (4) in MeOH. Compounds

1-4 have been characterized by elemental analyses, FAB mass, electronic absorption, and IR spectra, magnetic
susceptibilities, and cyclic voltammograms. Crystal structurés2ieCN and3-CH,Cl, have been determined

by X-ray analyses, showing that the coordination geometry about each copperZziamd3 is distorted trigonal
bipyramidal. Compound$—4 catalyze the quantitative oxidation of 2,41ér-butylphenol (DBP) to 3,35,5-
tetratert-butyl-2,2-dihydroxybiphenyl with HO,. A hydroperoxodicopper(ll) comple® which is generated

from 4 as an active intermediate is detected by-tNs spectroscopy. Compourdshows the highest activity
among the present complexes because of its high reaction rate and high durability. Kinetic studies show that the
reaction is first order with respect to both DBP and the catalyst. The second-order rate cémsta®t,3 M

s L. It seems that the bulkiX-isopropyl groups enhance the catalytic activity4of

Biomimetic copper complexes are useful to deduce the
mechanism of @activation and the subsequent oxidation of
substrates by tyrosinage.Karlin et al. have synthesized
peroxodicopper(ll) complexes of tetrapyridyl hexa- and hepta-
dentate ligandsand tripodal tetradentate ligant’s They have
found that the peroxo complexes of the tetrapyridyl ligands
oxidize 2,4-ditert-butylphenol (DBP) to 3,35,5-tetratert-
butyl-2,2-dihydroxybiphenyd® and also found that a hydro-
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peroxodicopper(ll) complex is generated by protonation of the
peroxo complex and oxidizes triphenylphosphine quantitatifely.
Itoh et al. found an interesting ligand hydroxylatieia a
peroxodicopper(ll) complex with a tridentate ligadN-bis-
[2-(2-pyridyl)ethyl]-2-phenylethylamin&! Valentine et al. re-
ported catalytic epoxidations of olefines with iodosobenzene

as an oxidant and suggested that a high-valent oxocopper specie

might be involved? Kitajima et al. have prepared thermally
stable u-n2%n?-peroxodicopper(ll) complexes with sterically
hindered tris(pyrazolyl)borate ligané%.Some of these peroxo
complexes oxidize phenols to coupling produéts A similar
peroxodicopper(ll) complex ofN,N,N-triisopropyltriazacy-
clononane has been prepared by Tolman &t alhey observed
H—D exchange at the methine groups of the ligand in deuterium
solvent and proposed a new mechanism of the dioxygen
activationvia a homolytic scission of the ©O bond in the
peroxo complex?

In spite of the biological importance of imidazole ligands in
the copper proteins, only few dicopper complexes of polyimi-
dazole ligands have been knowh.We have prepared new
tetraimidazolyl heptadentate ligands, 1,5-bis[bis[(1-methyl-4-
imidazolyl)methyllamino]-3-pentanol (Hmbipl) and 1,5-bis[bis-
[(2-isopropyl-4-imidazolyl)methyl]Jamino]-3-pentanol (Hpbipl),
to prepare functional models of tyrosinase. The dicopper(ll)
complexes of these ligands catalyze the oxidation of phenol
efficiently. The dicopper complex of HpbipH, shows the
highest activity, though bulky alkyl groups are known to

Kodera et al.

CH.CI, were dried over FOs and distiled. DMF was dried over
anhydrous barium oxide in the dark and then distillated under reduced
pressure.

Measurements. Elemental analyses (C, H, N) were carried out at
the Elemental Analysis Service Center of Kyoto University. The
amounts of copper were determined on a Shimazu AA-610 atomic
absorption/flame emission spectrophotomet¢t.and*C NMR spectra
n CDCl; and DO were recorded on a JEOL JMN-A 400 spectrometer
using MaSi and sodium (trimethylsilyl)propionati-(TSP) as internal
standards. Assignment of aifC signals was ascertained by-@
COSY spectra. Infrared (IR) spectra were taken on a Shimadzu IR-
400 spectrometer with KBr disks. UWis absorption spectra were
recorded on a Hitachi U-3210 spectrophotometer and on a Shimadzu
UV-3100 spectrophotometer in MeOH for the ligands Hmbipl and
Hpbipl and in MeCN for compound$—4. Fast atom bombardment
(FAB) mass spectra were obtained on a JEOL JMS-DX 300 spectrom-
eter using m-nitrobenzyl alcohol (NBA) as a matrix. Magnetic
susceptibilities were measured in the range-800 K on a Faraday
balance. The apparatus was calibrated with [N{§B)O3].2” The data
for the diamagnetism of the constituent atoms were corrected by the
use of Pascal’s constarifs Cyclic voltammograms (CV) were recorded
on a BAS CV-50W voltammetric analyzer. The CV measurements
were carried out in MeCN (ca. £ 1072 mol dm3) using (BuN)CIO,
(TBAP) as a supporting electrolyte. A three-electrode cell composed
of a glassy-carbon working electrode, a platinum-wire auxiliary
electrode, and a referencial electrode, AgfAGBAP/MeCN), was
used. GLC analysis of the oxidized products was carried out by using
a Shimadzu GC-8A gas chromatograph using a thermon-#06Q3-

PO, column (3 mm diametex 0.8 m, at gradient temperature -80
240 °C for 20 min, He carrier 0.5 kg/cth

stabilize reactive intermediates and metal dioxygen complexes preparations. 1-Methyl-4-formylimidazole. In 300 mL of a two

by lowering the reactivities3®2” The effect of the isopropyl
groups on the catalytic activity id will be discussed.

Experimental Section

necked flask was placed 2.08 g (52.1 mmol) of NaH (60% oil
dispersion), which was washed withhexane (3x 20 mL) and dried

in vacua To the flask was added 70 mL of dry DMF, which was

degassed by three cycles of evacuation and refilling with Ar. After
the mixture was cooled to TC, 5 g (52.1 mmol) of 4-formylimidazole

All ordinary reagents and solvents were purchased and used aswas added. At that time, Hyas was vigorously evolved. After the

received unless otherwise noted. 4-Formylimidazole and 1,5-diamino-
3-pentanol were prepared according to the previous Warlkbsolute
MeOH and EtOH were obtained by distillation over Mg. MeCN and
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(d) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto,
S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, A. Am.
Chem. Soc1992 114 1277.

(14) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Que, L., Jr.; Tolman,
W. B. J. Am. Chem. S0d.994 116, 9785.

(15) Halfen, J. A.; Mahapatra, S.; Wilkinson, E. C.; Kaderli, S.; Young,
V. J.,, Jr.; Que, L., Jr.; Zubetrbler, A. D.; Tolman, W. B.Science
1996 271, 1397.

(16) (a) Kodera, M.; Koura, N.; Hosohara, S.; Nishimura, M.; Ohba, M.;
Okawa, H.; Kida, SInorg. Chim. Actal993 214 97. (b) Sorrell, T.
N.; Borovik, A. S.J. Am. Chem. S0d.987 109, 4255. (c) Sorrell, T.
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gas evolution was completed, 8.3 g (58.5 mmol) of methyl iodide was
added to the mixture under Ar at®@. The mixture was stirred at
room temperature for 3 h. The reaction was monitored by TLC. After
the reaction was completed, the reaction mixture was concentrated under
reduced pressure. The residue was dissolved in 100 mL of £&hdl
washed with 50 mL of distilled water. The aqueous layer was extracted
with CHCl; (2 x 100 mL). The CHJ layer and the extracts were
combined and dried over anhydrous,;8@&;. The CHC} solution was
concentrated to dryness. The residue was purified by a silica gel column
chromatography (CHG+MeOH, 10:1, v/v), giving 1-methyl-4-
formylimidazole (1.72 g, 30%): Mp 3537 °C. Anal. Calcd for
CsHeN2O: C, 54.54; H, 5.49; N, 25.44. Found: C, 54.51; H, 5.48; N,
25.73. IR (KBr disk) ¢mafcm™): 3100 and 3080 (aromatic CH), 2970
(aliphatic CH), 2800 (aldehyde CH), and 1665 (carbonyl CO). NMR
(in CDCl): *H, 6 3.96 (3H, s, CH), 7.63 (1H, s, 5-H of imidazole),
7.77 (1H, s, 2-H of imidazole), and 9.76 (1H, s, CH of aldehyéfg);
0 34.0 (CHy), 125.64 (5-C of imidazole ring), 139.5 (2-C of imidazole
ring), 142.5 (4-C of imidazole ring), and 186.1<€O of aldehyde).
The 3-methylated isomer was separated by the column chromatography
(1.55 g, 27%).

1-Isopropyl-4-formylimidazole. This compound was prepared by
the same method as above except for using isopropyl iodide in place
of methyl iodide (5.2 g, 72%): Mp 5254 °C. Anal. Calcd for
C;H10N2O: C, 60.85; H, 7.30; N, 20.27. Found: C, 60.62; H, 7.31;
N, 20.07. IR (KBr disk) ¢ma/cm™): 3100 and 3080 (aromatic CH),
2970 and 2930 (aliphatic CH), 2800 (aldehyde CH), and 1665 (carbonyl
C=0). NMR (in CDCE): 'H, 6 1.54 (6H, s, CH), 4.45(1H, septet,
CH of isopropyl), 7.34 (1H, s, 5-H of imidazole), 7.71 (1H, s, 2-H of
imidazole), and 9.87 (1H, s, CH of aldehydé)C, 6 23.65 (CH of
isopropyl), 50.15 (CH of isopropyl), 122.2 (5-C of imidazole ring),
137.1 (2-C of imidazole ring), 142.4 (4-C of imidazole ring), and 186.4
(C=0 of aldehyde).

(17) Curtis, N. FJ. Chem. Socl961, 3147.
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Wiley: New York, 1976; p 491.



[Cux(RO)(mbiph)](CIOy).

1,5-Bis[bis[(1-methyl-4-imidazolyl)methylJamino]-3-pentanot-6-
Hydrogen Chloride—4-Water (Hmbipl -:6HCI-4H,0). 1-Methyl-4-
formylimidazole (1.48 g; 13.45 mmol) and 0.642 g (3.36 mmol) of
1,5-diamino-3-pentanol dihydrochloride were dissolved in 25 mL of
absolute MeOH. The solution was cooled t6® and degassed by
three cycles of evacuation and refilling with Ar. Then 1.0 g (15.87
mmol) of sodium cyanoborohydride was added to this solution°& 0
under Ar. The mixture was stirred at°C for 2 h and then at room
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[Cux(EtO)(Mmbipl)](CIO 4)2 (2). The recystallization ofl (60 mg)
from MeCN-EtOH gave green crystals & (50 mg, 82%). Anal.
Calcd for G7H42Clo,CwN;1¢00410: C, 37.50; H, 4.90; N, 16.20; Cu, 14.70.
Found: C, 37.40; H, 4.93; N, 16.52; Cu, 14.26. YVis absorption
data (MeCN) Lmadnm (ema/dm?® mol~t cm™1)]: 268 (5930), 375 (sh),
and 876 (225). IR (KBr disk)yna/cm™): 3120 (aromatic CH), 2920
and 2850 (aliphatic CH), 1518, 1450, and 1420 (imidazole ring), and
1165, 1145, and 1100 (perchlorate ion). FAB mass dat@870 [M

temperature for 12 h. The white solid generated during the reaction — C,HsO — ClO; + NBA — H]*, 771 [M — C;HsO — 2CIO, + NBA

was filtered off. To the filtrate was added 2 mL of concentrated HCI

— H]*, 719 [M — CoHsO — ClO4 + H]*, 619 [M — C,HsO — 2CIOy*,

to decompose the remaining cyanoborohydride. The resultant acidicand 557 [M— C,HsO — Cu — 2CIO, + H]*.
solution was concentrated to dryness. To the residue was added 20 [Cuy(2-PrO)(mbip))](CIO 4)2 (3). The recrystallization of (60 mg)

mL of absolute MeOH, and insoluble materials were removed by
filtration. To the filtrate was added 0.5 mL of concentrated HCI. This

from MeCN—-CH,Cl,—2-PrOH gave green crystals 8{55 mg, 89%).
Anal. Calcd for GiHs:Cl,CwN1¢011: C, 39.66; H, 5.58; N, 14.92;

cycle was repeated until no more insoluble solids were generated. AfterCu, 13.57. Found: C, 39.41; H, 5.57; N, 15.13; Cu, 13.80. -Wi¢

this cycle, the oily residue was dissolved in 5 mL of absolute EtOH.
To the solution was added 20 mL of acetone to precipitate the HCI
salt of Hmbipl as a white solid, which was collected by filtration,
washed with acetone, and drigdvacuo(2.50 g, 95%). The product
is hygroscopic: Mp 128C (dec). Anal. Calcd for &Hs;ClgN1Os:
C, 38.23; H, 6.67; N, 17.83; ClI, 27.08. Found: C, 38.40; H, 6.75; N,
17.86; Cl, 27.83. UV+vis absorption data (in MeOH}La/nm (emad
dm® mol~* cm1)]: 210 (21 300). IR (KBr disk) ¥ma/cm™1): 3400
(OH), 3100 (aromatic CH), 2970 (aliphatic CH), and 1615 (imidazole
ring). NMR (D;O): 'H, 6 1.93-2.18 (4H, m, 2,4-CHof alkyl chain),
3.24-3.40 (4H, m, 1,5-Chlof alkyl chain), 3.75-3.86 (1H, m, 3-CH
of alkyl chain), 3.96 (12H, s, C¥), 4.57 (8H, s, CH), 7.83 (4H, s,
5-H of imidazole), and 8.84 (4H, s, 2-H of imidazolé¥C, 6 31.48
(2,4-CH, of alkyl chain), 36.65 (Ch), 46.97 (CH), 50.71 (1,5-CHof
alkyl chain), 67.40 (3-CH of alkyl chain), 122.98 (4-C of imidazole
ring), 126.65 (5-C of imidazole ring), and 138.03 (2-C of imidazole
ring). FAB mass datanyz 495 [M — 6HCI + H]".
1,5-Bis[bis[(1-isopropyl-4-imidazolyl)methyl]amino]-3-pentanot-
6-Hydrogen Chloride—5-Water (Hpbipl -6HCI-5H,0). 1,5-Diamino-
3-pentanol dihydrochloride (307 mg,1.61 mmol) and 950 mg (6.88
mmol) of 1-isopropyl-4-formylimidazole were dissolved in 20 mL of

absorption data (MeCNRfa/nM (ema/dm® mol~t cm™1)]: 268 (6200),
375 (sh), and 875 (208). IR (KBr diskyfa/cm™): 3100 (aromatic
CH), 2900 and 2840 (aliphatic CH), 1510, 1445, and 1415 (imidazole
ring), and 1160 and 1100 (perchlorate ion). FAB mass data:870
[M — CgH;0 — CIOs + NBA — H]*, 771 [M — C3H,0 — 2CIO, +
NBA — H]*, 719 [M — C3H;,0 — CIO4 + H]*, 619 [M — C3H,0 —
2CIlO4)*, and 557 [M— C3H;O — Cu — 2CIO, + H]*.
[Cux(MeO)(pbipl)](CIO )2 (4). Hpbipl-6HCI-5H,0 (230 mg, 0.25
mmol) was dissolved in 5 mL of absolute MeOH, and 200 mg (0.54
mmol) of Cu(CIlQ),:6H,0 was added to the solution. When the
solution was neutralized by NaOH, the color of the solution turned
green. The green solid was precipitated gradually. The solid was
collected by filtration and washed with MeOH. The solid was
recrystallized from ChCl,—MeOH—dioxane to give green crystals (125
mg, 52%). Anal. Calcd for GHseCl,.CWN10010: C, 42.41; H, 5.86;
N, 14.55; Cu, 13.20. Found: C, 41.85; H, 5.86; N, 14.61; Cu, 12.80.
UV —vis absorption data (MeCNJfa/nm (emad/dm® mol~t cm™Y)]: 267
(6370), 370 (sh), and 862 (228). IR (KBr disk)f/cm™): 3100
(aromatic CH), 2950, 2900, and 2850 (aliphatic CH), 1500, 1450, and
1415 (imidazole ring), and 1175, 1145, and 1100 (perchlorate ion).
FAB mass data:m/z 1083 [M — CH:O + NBA + H]*, 982 [M —

absolute MeOH, and the solution was deaerated as mentioned aboveCHz;O — CIO, + NBA — H]*, 883 [M — CH3O — 2CIO, + NBA —

To the solution was added 455 mg (7.22 mmol) of sodium cyanoboro-
hydride under Ar. The mixture was stirred at room temperature for
20 h. After the reaction mixture was worked up as mentioned above,
the product was isolated as white solid (1.1 g, 81%). The product is
hygroscopic: Mp 154C (dec). Anal. Calcd for &H7oCleN1¢Os: C,
43.29; H, 7.71; N, 16.29; Cl, 23.23. Found: C, 43.51; H, 7.77; N,
15.35; Cl, 24.01. UVvis absorption data (MeOHWha/nM (€mad

dm® mol~* cm1)]: 210 (21 500). IR (KBr disk) ¥ma/cm™): 3350
(OH), 3100 (aromatic CH), 2970 (aliphatic CH), and 1615 (imidazole
ring). NMR (D;O): H, ¢ 1.38 (24H, d, CH of isopropyl), 1.77

2.00 (4H, broad, 2,4-CHof alkyl chain), 3.15-3.20 (4H, broad, 1,5-
CH; of alkyl chain), 3.59-3.63 (1H, broad, 3-CH of alkyl chain), 4.46
(8H, s, CH), 4.54 (4H, septet, CH of isopropyl), 7.85 (4H, &b of
imidazole), and 8.78 (4H, s,-H of imidazole);'*C, 6 22.67 (CH of
isopropyl), 31.69 (2,4-CHof alkyl chain), 47.24 (Ch), 50.69 (1,5-
CH; of alkyl chain), 54.27 (CH of isopropyl), 67.40 (3-CH of alkyl
chain), 123.51 (5-C of imidazole ring), 123.80 (4-C of imidazole ring),
and 135.91 (2-C of imidazole ring). FAB mass datalz 607 [M —
6HCI + H]*.

[Cu2(MeO)(mbipl)](CIO )2 (1). Hmbipl6HCI-4H,0 (350 mg, 0.45
mmol) was dissolved in 10 mL of absolute MeOH, and 370 mg (1.00
mmol) of Cu(CIQ).-6H,0 was added to the solution, yielding the dark
blue solution. The solution was neutralized by NaOH, to afford the
green precipitates. The solid was collected by filtration, washed with
a small amount of MeOH, and driéd vacua The green solid was
recrystallized from EO—MeCN to give greenish prismatic crystals
(270 mg, 70%). Anal. Calcd for H42Cl.CWN10011: C, 35.95; H,
4.87; N, 16.12; Cu, 14.63. Found: C, 35.86; H, 4.66; N, 16.48; Cu,
14.95. UV~vis absorption data (in MECNRfa/nM (ema/dm® mol~t
cmY)]: 269 (6770), 375 (sh), and 878 (226). IR (KBr disking/
cmY): 3120 (aromatic CH), 2920 and 2850 (aliphatic CH), 1518, 1450,

and 1420 (imidazole ring), and 1165, 1145, and 1100 (perchlorate ion).

FAB mass datanmyz 870 [M — CH;O — CIO, + NBA — H]*, 771 [M
— CH;O — 2CIOs + NBA — H]*, 719 [M — CH30 — CIO4 + H]T,
619 [M — CH3O — 2CIO4]*, and 557 [M— CHzO — Cu — 2CIO, +
H]*.

H]*, 831 [M — CH;O — CIO, + H]*, 731 [M — CH3O — 2CIO4]*,
and 669 [M— CH;O — Cu — 2CIO, + H]*.

Structure Determinations of Single Crystals. The structure of
was determined on a Rigaku AFC5R diffractometer with graphite-
monochromated Cu & radiation and a 12 kW rotating anode generator
at 298+ 1 K. The structure o8 was ascertained on a Rigaku AFC7R
diffractometer with graphite monochromated MatKadiation and a
12 kW rotating anode generator at 2331 K. Total numbers of
reflections 6733 and 10 099 were collected 2oand 3, respectively.
The intensities of three representative reflections were measured after
every 150 reflections. All three structures were solved by direct
methods (SHELEXS 86)and expanded using Fourier techniques. The
function minimized wasyw(|Fo| — |Fc[)? with w = 1/0%(F,). The
neutral atom scattering factors were taken from Cromer and Waber.
Anomalous dispersion effects were includedrigt* the values forAf’
and Af " being taken from ref 22 and those for the mass-attenuation
coefficients from ref 23. All calculations were performed using the
teXsan crystallographic software pak&jeKey facets of the three
structure determinations are given in Table 1. The positional parameters
of non-hydrogen atoms 08-CH.Cl, are given in Table 2. The
experimental details of the X-ray analyses are given in the Supporting
Information.

Oxidation of 2,4-Di-tert-butylphenol (DBP). To a 30 mL pear-
shaped flask was added an Me€NH,Cl, (0.2 mL/3 mL) solution
containing 0.005 mmol of the dicopper complex, 0.25 mmol of DBP,
and 60uL of nitrobenzene as an internal standard for GLC analysis.

(19) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467.

(20) Cromer, D. T.; Waber, J. Taternational Tables for X-Ray Crystal-
lography, Kynoch Press: Birmingham, U.K., 1974; Vol. 4.

(21) Ibers, J. A.; Hamilton, W. CActa Crystllogr.1964 17, 781.

(22) Creagh, D. C.; McAuley, W. Jinternational Tables for X-Ray
Crystallography Kluwer: Boston, MA 1992; p 219.

(23) Creagh, D. C.; Hubbell, H. Hinternational Tables for X-Ray
Crystallography Kluwer: Boston, MA, 1992; p 200.

(24) Single crystal structure analysis software, version 1.6, Molecular
Structure Corp., The Woodlands, TX 77381, 1993.
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Table 1. Crystallographic Data foR-2MeCN and3-CH.Cl. Table 2. Positional and Thermal @ Parameters fo8:CH,Cl,
2:2MeCN 3-CH,Cl,. atom X y z Bf
formula Gs1HasCl,.CUN12010 CaeH46ClaCUN1010 Cu(1) 0.18070(4)  0.7739(1) 0.16077(4)  3.49(3)
fw 943.77 963.65 cu(2) 0.12638(4)  0.7785(1) 0.06196(4)  3.56(3)
cryst system monoclinic monoclinic Cl(1) 0.0236(1) 0.2129(4) 0.1604(1) 6.12(9)
space group  P2i/n (No. 14) C2/c (No. 15) CI(2) 0.3138(2) 0.1859(4) 0.0772(2) 8.5(1)
alA 10.689(1) 27.619(8) CI(3) 0.4716(4)  0.113(1) 0.1199(5)  29.9(6)
b/A 24.456(3) 10.467(8) Cl(4) 0.5323(4)  0.198(1) 0.1933(4)  27.3(5)
c/A 16.228(2) 28.971(4) 0o(1) 0.1589(2)  0.6491(6) 0.1096(2) 3.7(2)
Bldeg 90.54(1) 102.68(2) 0(2) 0.1511(2)  0.8957(6) 0.1130(2) 3.6(2)
VIA3 4243.3(8) 8170(6) 0(3) 0.0336(5)  0.237(2) 0.1174(4)  15.3(5)
z 4 8 O(4)  —0.0200(5)  0.261(2) 0.1597(7)  19.5(7)
T/°C 25 20 0(5) 0.0570(6)  0.261(2) 0.1954(5)  18.1(6)
DJg cnm3 1.477 1.567 0(6) 0.01835(3)  0.079(1) 0.1657(4) 11.0(4)
radiation/A CuKx(A=1.54178) Mo Kt (1= 0.710 69) o(7) 0.2905(8)  0.092(2) 0.0532(7)  22.7(9)
ulemt 29.56 13.66 0(8) 0.3340(7)  0.267(2) 0.061(1) 31(1)
R R 0.073,0.081 0.065, 0.089 0(9) 0.2836(8)  0.229(2) 0.1030(9)  24(1)
GOF index 3.06 2.73 0(10) 0.3543(9)  0.128(3) 0.1088(7)  25(1)
N(1 0.2061(3 0.6307(8 0.2106(3 4.3(2
""R=ZZ||F0| — |Fell/Z|Fol. R = [XW(IFo| — |Fel)?YW(Fo)?*2 where NEZ; 0.1530§3g O.8492§8§ 0.2146%3; 4,0%23
w = 1/o*(Fo). N(3) 0.1089(4)  0.9134(9) 0.2644(3) 5.3(3)
N(4) 0.2620(3) 0.8046(8) 0.1702(3) 4.0(2)
The reaction started upon addition of 80 of aqueous HO, (30%). N(5) 0.3423(3) 0.8502(10) 0.1898(3) 4.6(2)
From the reaction mixture, 0.05 mL aliquots were taken every 1 min  N(6) 0.0935(4) 0.6409(8) 0.0118(3) 4.7(2)
and immediately added to £ (2 mL) to terminate the reaction by N(7) 0.1675(3)  0.8151(8) 0.0104(3) 4.5(2)
dilution. The E3O solution was analyzed by GLC. DBP and the  N(8) 0.2077(4) ~ 0.866(1)  —0.0442(3) 5.5(3)
coupling product, 3/35,5-tetratert-butyl-2,2-dihydroxybipheny! (re- N(9) 0.0556(3)  0.8438(8) 0.0479(3) 4.2(2)
tention times of these compounds were 13.3 and 18.1 min, respectively; N(10)  —0.0208(3) 0.8936(9) 0.0465(3) 5.1(3)
GLC conditions as described above), were determined quantitatively (1) 0.1718(5) 0.520(1) 0.2053(4) 53(3)
on the basis of added nitrobenzene standard @) 0.1585(4) 0.460(1) 0.1573(4) 5.1(3)
» , o c@d) 0.1298(4)  0.5415(10) 0.1178(4) 4.5(3)
The decomposition of the dicopper complex during treatment was C(4) 0.1137(5) 0.4624(10) 0.0731(4) 5.6(3)
monitored by electronic absorption spectrophotometry. c(5) 0.0770(4) 0.5255(10) 0.0335(4) 5.0(3)
. . c(6) 0.2103(4)  0.693(1) 0.2580(4) 4.9(3)
Results and Discussion C(7) 0.1689(4) 0.785(1) 0.2565(4) 4.6(3)
. . . C(8) 0.1405(5)  0.825(1) 0.2872(4) 5.6(3)
Synthesis of Ligands. In a previous work, we showed that  ¢(g) 0.1165(4) 0.925(1) 0.2207(4) 4.5(3)
tetraimidazole heptadentate ligand 1,5-bis[bis[imidazolylmethyl]- C(10) 0.0710(5) 0.978(1) 0.2842(5) 7.0(4)
amino]-3-pentanol (Hbipl) is obtained by one-pot reaction of C(11) 0.2576(4) 0.593(1) 0.2058(4) 5.2(3)
1,5-diamino-3-pentanol with 4-formylimidazole in the presence  €(12) ~ 0.2874(4)  0.706(1) 0.1975(4)  4.3(3)
of sodium cyanoborohydride and that Hbipl forms dicopper(ll) g(ls) 0.3361(4) 0.735(1) 0.2100(4) 5.6(3)
" \ (14) 0.2970(4)  0.888(1) 0.1665(4) 4.1(3)
and diiron(ll) complexed% These complexes, however, did c(15) 0.3894(4) 0.918(1) 0.1927(5) 6.8(4)

not yield single crystals suitable for X-ray structure analysis. C(16) 0.1310(5) 0.607(1)  —0.0155(4) 5.4(3)
This is due to low solubility of the complex in organic solvents  C(17) 0.1605(4) 0.720(1)  —0.0232(3) 4.8(3)
as well as the problem of a dissociable NH hydrogen of the C(18) 0.1847(5) ~ 0.752(1) ~ —0.0566(4) 6.0(4)
pendant imidazole ring in Hbipl. ThBl-anion generated by C(19) 0.1954(4) 0.902(1)  —0.0033(4) 4.6(3)

deprotonation can be bound to another metal ion, resulting in gg% 83212% 8%58; :8:8‘1332% gggg

the formation of insoluble polymer complexes. In order to solve c(22) 0.0251(4) 0.784(1) 0.0103(4) 4.5(3)
these problems, we have tried to block the free NH group by C(23) —0.0212(4) 0.815(1) 0.0093(4) 5.1(3)
N-alkylation. C(24) 0.0255(4) 0.908(2) 0.0692(4) 4.4(3)
The synthetic route of thH-alkyl-substituted tetraimidazole ggg; 7%01672297((44)) 01'%4182(71()10) 0601600602((5??) 62%(8)
dinucleating ligands, Hmbipl and Hpbipl, is shown in Scheme c(27) 0:1868(5) 1:087(1) 0.'1513(4) 5_'5(3)
1. 4-Formylimidazole was treated with 1 equiv of NaH, and  c(28) 0.1408(4) 1.094(1) 0.0683(4) 4.9(3)
the resultantN-anion was reacted with alkyl halide. The  C(29) 0.501(1) 0.077(3) 0.183(1) 22(1)

N-al_ky_lation is _expected to occur at the 1-_and 3-nitrogens of 2 Bog = 8723(Un(@d)? + Un(bb¥)? + Usscet)? + 2Uaabb*

the imidazole ring. In the case of methylation, both the 1- and ¢osy 4 2U3a cc cos B + 2Uxdbb*cct cos ).

3-methyl isomers were obtained in a 1:1 ratio. This causes the

low yield of 1-methyl-4-formylimidazole (ca. 30%). On the Hmbipl. This may be due to a steric effect of the bulky
other handN-isopropylation by the same method occurred at N-isopropy! groups in Hpbipl. Interestingly the 4-carbon atom
the sterically less hindered site to give the 1-isopropyl isomer does not show such a shift in th&C NMR spectra. Thé3C
predominantly, leading to the relatively high yield (ca. 70%) and'H NMR signals of the spacer group which connects the
of 1-isopropyl-4-formylimidazole. The dinucleating ligands two tridentate sites of the ligand are almost identical between
Hmbipl and Hpbipl have been prepared quantitatively a the three ligands, Hbipl, Hmbipl, and Hpbipl, indicating that
reductive condensation of 1,5-diamino-3-pentanol with 4 equiv N-alkylation does not impart significant electronic and steric
of 1-alkyl-4-formylimidazole (alkyl= methyl and isopropyl), effects to the spacer group.

respectively. These imidazole compounds and the ligands were Synthesis of Dicopper Complexes.The copper(ll) com-
characterized by means of NMR spectroscopy. TeNMR plexes [Cu(MeO)(mbipl)](ClOy)2 (1) and [Cy(MeO)(pbipl)]-
chemical shifts of the imidazole ring carbon atoms of Hmbipl (ClOy), (4) were prepared from a ligand (HmbifHCI or

are similar to those of Hbipl. This suggests thamethylation Hpbipl-6HCI) and Cu(CIlQ)2:6H,0 in MeOH. Polymer forma-
gives only weak electronic effect on the imidazole ring. The tion was not observed using the present ligands even at high
13C NMR signals of the 2- and 5-carbon atoms in Hpbipl shift pH.

to higher magnetic fields by ca. 3 ppm compared with those in  The methoxide bridge df is easily exchanged by the other
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Table 3. Selected Bond Distances (&) and Angles (deg) for
[Cuz(2-PrO)(mbipl)](CIQ)2rCH.CI, (3-:CH,Cly)

Bond Distances

Cu--Cu 2.926(2)
Cu(1}-0O(1) 1.969(6) Cu(1yO(2) 1.928(6) Cu(LyN(1) 2.092(8)
Cu(1)}-N(2) 2.039(8) Cu(1}N(4) 2.225(8) Cu(2)yO(1) 2.000(6)
Cu(2-0(2) 1.927(6) Cu(2yN(6) 2.105(8) Cu(2yN(7) 2.101(9)
Cu(2)y-N(9) 2.026(9)

Bond Angles
Cu(1)-O(1)-Cu(2) 95.0(3) Cu(LyO(2)—-Cu(2) 98.8(3)
O(1)—Cu(1)-0(2) 83.5(2) O(1)yCu(1)-N(1) 92.6(3)
O(1)-Cu(1)-N(2) 136.8(3) O(1)Cu(1)-N(4) 108.8(3)
O(2-Cu(1)}-N(1)  174.1(3) O(2}Cu(1)}-N(2) 97.0(3)
O(2)—Cu(1)-N(4) 104.5(3) N(1)Cu(1)-N(2) 82.8(3)
N(1)—Cu(1)-N(4) 80.9(3) N(2yCu(1)-N(4) 112.8(3)
O(1)—Cu(2)-0(2) 82.7(2) O(1)Cu(2)-N(6) 94.2(3)
O(1)—Cu(2)-N(7) 112.5(3)  O(1)Cu(2)-N(9) 129.4(3)
O(2)—Cu(2)-N(6) 172.6(3) O(2)Cu(2)-N(7) 105.8(3)
0O(2)—Cu(2)-N(9) 95.9(3)  N(6)-Cu(2)-N(7) 81.5(3)
N(6)—Cu(2)—N(9) 80.8(4)  N(7)-Cu(2)-N(9) 116.3(3)

Figure 1. ORTEP view of the cation 08:-CH,Cl, with the atom-
numbering scheme. The 50% probability thermal ellipsoids are shown.
Hydrogen atoms have been omitted.

Scheme 1
o 0 The copper coordination structuresfnd3 are similar to
/=(KH 1) NaH /=(KH each other. Each cupric ion is pentacoordinate and is bound to
two imidazole nitrogen atoms, a tertiary amine nitrogen atom,
HN_ N NN A .
S 2)RI N an endogenous bridging alkoxide oxygen atom, and an exog-
enous bridging alkoxide oxygen atom. The geometry around
m M each Cu(ll) ion can be described as a distorted trigonal
NH, OH NH /=(\N OH N/>=\ bipyramid with the exogenous bridging alkoxide oxygen atom
2-2HCI ’ RN N «6HCI NNR and the ter.tiay amine nitrogen atom occupying the a?dal ppsitipn
- < }\1 N of each trigonal bipyramid. The degree of the distortion is
NaBH;3(CN) RN—/ L NR estimated with the deviation from the expected°li®the bond

angles of O(2)-Cu(1)-N(1) and O(2}-Cu(2)—N(6) which are
along the axis of the trigonal bipyramid. The deviations for
the O(2)-Cu(1)-N(1) and O(2)-Cu(2)-N(6) angles are 6.4-
alcohols. The recystallization dffrom EtOH—MeCN resulted (3) and 5.9(3) in 2 and 5.9(3) and 7.4(3)in 3, respectively.
in the isolation of [Cy(EtO)(mbipl)](ClOy)2 (2). The ligand The degree of the distortion is also estimated with the deviation
exchange ofl. with 2-PrOH gave [Cp(2-PrO)(mbipl)](CIQ), in the equatorial plane of the trigonal bipyramid. The largest
(3). The easy exchange of the exogenous alkoxide bridge wasdeviations from the expected 128re observed for the O(%)
also observed in the FAB mass spectra of the present complexesCu(1)-N(2) and O(1>Cu(2)-N(9) angles, and these values
The bridging alkoxide was exchanged with the matrix alcohol, are 13.4(3) and 13.8(3)in 2 and 16.8(3) and 9.4(3)in 3,
m-nitrobenzyl alcohol (NBA). All fragment peaks as well as respectively. The degree of the distortion is estimated by the
the parent peaks of the FAB mass spectrd-o8 in the NBA differences between two angles, (G£8u(1)-N(1)) — (O(1)—
matrix appear at identical positions while the intensities of these Cu(1)-N(2)) = 40.2 and (O(2)-Cu(2-N(6)) — (O(1)—
peaks are different each other. The parent peak$-f& (nv/z Cu(2)-N(9)) = 40.3 for 2 and 37.3 and 43%2for 3,
870) and4 (m/z 982) are assigned to [M ClO; — (exogenous  respectively. These values vary froth r an idealized square
alkoxide)+ NBA]*. No peak assignable to complex cations pyramid, to 60, for an idealized trigonal bipyramitf. These
having methoxide, ethoxide, or 2-propoxide bridge is observed. data indicate that the copper coordination geometrg &md3
These results clearly demonstrate that the exogenous alkoxideconsists of distorted trigonal bipyramids. Preliminary X-ray
bridges of the present complexes are exchanged with NBA underanalysis o4 shows that the copper coordination geometrst in
the FAB mass conditions. Itis noteworthy that the intensity of is almost intermediate between a trigonal bipyramid and a square
the mass signals increases in the ortied < 2 < 3. This pyramid. Thus, the coordination geometry 4nis the most
order seems to be the order of the easiness of the exchange oflistorted in2—4.
the exogenous alkoxide bridge. The dicopper complexes of The Cu-O and Cu-N bond distances i and3 are typical
Hmbipl and Hpbipl are more soluble in organic solvents than of other copper(ll) complexes. The distances for the-Cu
that of Hbipl. This is an advantage of the present complexes (exogenous alkoxide) bonds are shorter than those for theOCu
for acting as functional models of tyrosinase. The solubilities (endogenous alkoxide) bonds. This is reasonable because the
of the present complexes are different from each othes distance for a CttO (secondary alkoxide) bond is usually longer
soluble in CHCIy, but1 needs the aid of MeCN to dissolve in  than that for a CuO (primary alkoxide) bond. The GtO
CHxClp. This indicates that thé-isopropyl groups increase  (exogenous alkoxide) bond distances2oénd 3 are different
the lipophilicity of4. These characteristics such as easy ligand from each other. The value depends on the difference in the
exchange and high solubility in organic solvents are advanta- pulkiness of the exogenous alkoxide bridge. The distances for
geous for modeling the function of tyrosinase. the Cu-O (exogenous alkoxide) bonds are 1.903(3) and
Crystal Structures. The crystals oR-2MeCN and3-CH,- 1.910(6) A for2 (ethoxide) and 1.927(6) and 1.928(6) A @r
Cl consist of a discrete dinuclear complex cation, two per- (2-propoxide). This order corresponds to the ease of ligand
chlorate ions, and crystal solvents. The ORTEP diagra® of exchange. The reverse tendency is observed in the €u(1)
is shown in Figure 1. The selected interatomic distances andO(2)—Cu(2) bond angles, which are 99.6(3) and 98.8{8) 2
the angles with their estimated standard deviatiorgase given and3, respectively.
in Table 3. ORTEP diagrams @fare entered in the Supporting
Information. (25) Addison, A. W.; Rao, T. NJ. Chem. Soc., Dalton Tran£984 1349.

R= CH3-, (CH3)2CH-
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2000 2.0 to a dz ground state. The major lobes of the drbitals
(magnetic orbitals) are oriented along the axial direction of the
trigonal bipyramid toward the bridging exogenous alkoxide
ligand. The two magnetic orbitals interact each othier a
superexchange interaction thrdug p orbital of the exogenous
alkoxide oxygen. The strength of the exchange interaction
depends on the overlap of the three orbitals. Thus, the shorter
Cu—0O(2) bond and larger Cu(1)O(2)—Cu(2) angle provide a
better pathway for the antiferromagnetic interaction. In this
study, the order of the strength of the exchange interactidn is
> 2> 3, which is consistently explained by the €0(2) bond
0 . , , , T Iengths and the Cu(1)O(2)—Cu(2) angles o and_3 (see the _
100 200 300 description of the crystal structures). The antiferromagnetic
interactions in2—4 are stronger than thaf & —47 cnT?) in
T/K the endogenous phenoxide- and exogenous methoxide-bridged
Figure 2. Temperature dependences pf (O) and per (0) of dicopper compleXs. The relatively strong antiferromagnetic
2:2MeCN. Solid curves are based on eq 1, uslng —77.05 e, g interactions in2—4 may be due to their shorter €Cu
= 2.06, andNa. = 60. . f S
separation compared with (see the description of the crystal

10001 411.0

xa X 108/ cm®*mol™
Weg /He

Table 4. Magnetic Susceptibility Parameters structures).
compd Jemt g N P/% Physicochemical Properties. The electronic absorption
>.9MeCN 7705 > 06 60 0 spectra of compound$—4 in MeCN show distinct maxima
3-CH,Cl, ~73.90 2.04 60 0 between 200 and 900 nm. The liganez* transitions occur
4:-MeOH:-CH,Cl, —117.40 2.04 60 4 around 210 nm for both Hmbipl and Hpbipl. The bands around

) 270 and 375 (sh) nm are assigned to the alcohelatgll)
The Cu(1)-Cu(2) separations & and3 are 2.912(2) and  Jigand-to-metal charge transfer (LMCT) transitions. The ab-
2.926(2) A, respectively. These distances are approximately sorption coefficients of the LMCT bands at about 270 nm for
0.1 A shorter than the length reported for thenjethoxo)- the methoxodicopper complex&é¢6770 M-t cm~1) and4 (6370
dicopper(ll) complex of 2,6-bis[(bis((1-methylimidazol-2-yl)-  \-1 cm1) are larger than those for the ethoxo- and 2-pro-
methyl)amino)methyl]-4-methylphen(.)l6)(.16f The Cu(l)} poxodicopper complexe& (5930 M1 cm~1) and3 (6190 M1
O(1)—Cu(2) bond angles (93:35.0°) in 2 and3 are smaller  ¢y-1), suggesting that the overlap between the p-orbital of the
than the corresponding bond angle (98.ih the phenoxide- exogenous alkoxide oxygen atom and the atbitals of the
bridggd compleXs. This is rgasonably explained by the fact copper atom irl and4 is larger than that i2 and3. In the
that six-membered chelate rings and 3 are composed of  ¢ase ofl—3, the d-d transitions appear as broad bands at almost
sp-carbon atoms but those in the endogenous phenoxide-bridgedhe same position, the data fagadnm (/M1 cm1) being 878
complex6 contain two sp-carbon atoms. The small G- (226), 876 (225), and 875 (208) fdy 2, and3, respectively.

Cu bond angle reduces the €CGu separation. The CtCu These broad and relatively low-energyd bands suggest that
separation o8 is slightly larger than that a2 The bulkiness the trigonal bipyramidal geometry is kept in solution. In the

of 2-propoxide in3 may expand the pocket surrounded by the 556 of4, the absorption peak of the-dl transition bands is
four imidazole groups, increasing the €Gu separation. shifted to 862 nmd = 228 M~ cm2). The blue-shift by ca.
There is no interaction among any components in the cystal 15 nm suggests that the copper coordination geometdyisn

packing of2 and3. _ o slightly different from those ii—3 and more distorted toward
Magnetic Properties of 2-4. Magnetic susceptibility mea-  hq square pyramidal one.

surements 02—4 were made on the crystals in the temperature The cvclic voltammoarams (CV) &—4 in MeCN are similar
range 86-300 K. The temperature dependence of the magnetic each otr>1ler (see Su cg)’rtin Ign‘ r)m tion Teh Cavzegh Wa
susceptibility g») and effective magnetic momemae) per irreversible waves %p - _go 190an3—8 322 anc?E o OolOS
. . . . pc_ . . pa_ —VU.
Cu for2is shown in Figure 2. This shows a moderately strong V vs Ag/Ag* leading to the CICU' and CUCU species,

antiferromagnetic exchange interaction between a pair of - . ;

Cu(ll) ions. The cryomagnetic properties®&nd4 are almost _respect_lvely. The Cy o8 is almost the same as thatZ)fThls

the same as that o2 (see Supporting Information). The is consistently explained by the structural similarity betw2en

temperature dependence gf for 2—4 is simulated by the and3, which is demonstrated by X-ray analyses and electronic

modified Bleaney-Bowers equation including a correction term absorption spectra. In the casedotwo cathodlc_waves and a
broad anodic wave are observed. The cathodic peaksaoé

for paramagnetic impurities: shifted to—0.15 and—0.27 V vs Ag/Ad", and the anodic peak

= (NPBYKTI3 + exp(=23/kD1~ (1 — P)(0.45°/T) + appears at the same potential as tha2 ahd3. The positive
= gzﬁ Nl e DA X -II\-I) 1 shifts by 46-50 mV indicate tha#l is a better electron acceptor
o (1) compared witl2 and3. This may be due to the relatively large

Here P is the fraction of the monomeric copper(ll) impurity ~distortion of the copper coordination geometry4in
and the other symbols have the usual meanings. An excellent Catalytic Activity of Dicopper Complexes in the Oxidation
fit of the ya—T data to the simulation was obtained wher of DBP. When an excess amount of DBP was added to a
—77.05 cnl, g = 2.06,No. = 60, andP = 0 were assumed  solution of1—4 in MeCN, the green solution immediately turned
for 2. This simulation supports the X-ray analysisxhfwvhere yellow. The yellow solutions obtained froh—3 show new
two MeCN molecules are included as crystal solvents. Simi- absorption bands at about 325 nm (sh) and 425 ar Ca.
larly, good simulations have been attained Soand4. The 2000 Mt cm™1) and d-d transition bands at 710 nra € ca.
best-fitting parameters obtained for these compounds are200 M~1cm™). The color change is due to the appearance of
summarized in Table 4. the large absorption bands at about 325 and 425 nm, which are
The coordination geometry about each copper ion in the three assignable to phenolat€u(ll) LMCT bands, indicating an
compounds is approximately trigonal bipyramidal, which leads exchange of the exogenous alkoxide with phenoxide. The
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Figure 3. Electronic absorption spectra of (4)and (B) a dicopper 0 1 2 3 4 5
hydroperoxo comple)s in CH,Cl, containing less than 10% (v/v) Time / min.
MeCN at—30 °C.

1 ! 1

100
intensity of the band at 425 nm increased with increasing

concentration of DBP. At a low concentration of DBP, the

compound for which exchange of the exogenous ligand is most .
facile gives the largest intensity band at 425 nm. The order of
the intensity isl < 2 < 3. At a high concentration of DBP,
the extinction coefficients at 425 nm (LMCT bands) are 50 ¢
saturated at ca. 2000 cm2. In the case ofl, the apparent -
extinction coefficient at 417 nm (LMCT band) is saturated to v
show 1330 M cm™! by the addition of a 50-times excess * "
amount of DBP. These data suggest that the exchange of the
methoxide bridge i@ is incomplete even at high concentration

of DBP or that the LMCT band of the DBP complex generated
from 4 is inherently weaker than that of the DBP complex Time / min.

generated froanS. .It seems that '.[he bulw-lsopropyl groups Figure 4. (a) Time course of decrease of DBP in the reaction catalyzed
in 4 make coordination of the sterically hindered DBP difficult. by 1-3: 1 (®): 2 (a); and3 (m). (b) Time course of decreas®) of

The role of the bulkyN-alkyl groups is interesting from the  pBP and increasew) of product, 3,35,5-tetratert-butyl-2,2-dihy-
mechanistic viewpoint and will be discussed later. The DBP droxybiphenyl, in the reaction catalyzed By
complexes generated froln-4 are quite stable under air at room

Mole / %

temperature. detectable product was 3,3 5-tetratert-butyl-2,2-dihydroxy-
The yellow solution of the DBP complex in MeCN im-  biphenyl. The time courses for the decrease of DBP in the
mediately turned green upon addition of aqueoy®H30%). reactions catalyzed by—3 are shown in Figure 4a. The

This color change is due to the disappearance of the phenolate decrease of DBP and the increase of the product in the reaction
Cu(ll) LMCT bands, indicating that DBP is replaced by®4 catalyzed by4 are shown in Figure 4b. In the absence of the
or water. The color change was observed in a mixed-solvent catalyst, the oxidation of DBP with aqueous®i is very slow,
system (MeCN/CHELCI) as well as in MeCN when the aqueous  the consumption of DBP being less than 5% after 1 day. It is
H,0, was added, but it was not observed in the mixed-solvent certain, therefore, that—4 catalyze the oxidation of DBP
system when water was added in place of the aquee@,H efficiently.

indicating that DBP is replaced by.B; in the mixed-solvent The pseudo-first-order plots for the decrease of DBP in the
system to generate a hydroperoxodicopper(ll) comflex oxidation catalyzed byl—3 showed straight lines within the
Compounds is quite stable at temperatures belewO °C, initial reaction (ca. 30% consumption of DBP) and provided

but it gradually decomposes to a structurally unkown blue zimost the same rate constarkg,s = ca. 4x 103s 1 The
complex at higher temperatures. Compo6rsthows absorption  yeaction catalyzed by—3 was stopped at the stage of-40
maxima at 2904 = 7520 M~* cm™) and 642 nm{ = ca. 250 09, consumption of DBP (see Figure 4a). This may be due
M~ cm™) (see Figure 3). These data are different from the t the decomposition of the catalyst. After the reaction, an
absorption maxima reported for a hydroperoxodicopper(ll) aqueous blue-green solution was separated from the reaction
complex of 2,6-bis[bis((2-pyridylethyl)amino)methyllphenoxide, mixture and was concentrated to give a blue-green solid which
395 nm € = 8000 M* cm™) and 620 nm { = 450 M™! is insoluble in CHCl,. The FAB mass spectrum of the solid
cm1).%226 This may be due to the difference in the endogenous ghows a parent peak &tz 715 which is assignable td Cu-
bridging ligands, the alkoxide in this study and the phenoxide (bipl)} + NBA — H]*. The solid was treated with agueous
in the reported on&?® Similarly, hydroperoxodicopper(ll)  Hc] to give an HCI salt of the ligand. TH&l NMR spectrum
complexes were generated frdm 3 in the same manner. of the isolated ligand did not show methyl signal. These results
.Since compound$—3 are sparingly soluble iq Ci€ly, the demonstrate thal—3 are decomposed to [G@OR)(bipl)Z+
mixed-solvent system (MeCN/GRI,; see Experimental Sec-  during the reactionia an oxidative demethylation of mbipl.
tion) was used in the catalytic oxidation of DBP. The green sjnce the complex [GOR)(bipl)]2* thus formed is soluble in
solution of the hydroperoxodicopper(l) complex turned brown ater, it transfers to an aqueous layer in the reaction mixture,
in a few minutes in the presence of DBP at room temperature. yesylting in the separation from DBP in organic layer. This
The resultant reaction mixture was analyzed by GLC. The sole may be the reason for the incomplete consumption of DBP in

- the reactions catalyzed Hy-3.
(26) Karlin, K. D.; Ghosh, P.; Cruse, R. W.; Farooq, A.; Gultneh, Y.;
Jacobson, R. R.; Blackburn, N. J.; Strange, R. W.; Zubieta, Am. On the other hand, DBP was consumed completely when

Chem. Soc1988§ 110, 6769. was used as a catalyst (see Figure 4b). This indicated tlsat




3868 Inorganic Chemistry, Vol. 36, No. 18, 1997 Kodera et al.

8 heme 2
(a) 10 Scheme
O ’* é’::& 2
.8 RN_ﬁy'f 9{]3_\% AN N\ \5\)‘“
o RS SN G| T @ |
green
% (R =Me or iPr, R' = Me, Et, 2-Pr) - yellow
< H
><§ 051 w §& NHzoz
H /<
a I
iy T Yos a8 #L w2 LM )VNH
(/_}1 H \—N rate determining step
AN R \
green H202 decomposiﬂon
. L | (dealkylation)
0 1.0 2.0 3.0 blue-green complex

[DBP]x10/M ) ) )
From this equation, the second-order rate constint,is

(b) 45 calculated to be 5.3 M s,

/ A possible reaction mechanism deduced from the spectral
and kinetic studies is shown in Scheme 2. Kinetic studies show
// that the transition state of the rate-determining step involves
1.0 1 % each one molecule of DBP and the catalyst. Since the DBP
oxidation occurs after the formation of the hydroperoxodicopper
/ complex, the rate-determining step might be the reaction of DBP
/ with the hydroperoxodicopper complex.

Kops X 10%/ sec™
o

Conclusion

Dicopper complexes with new tetraimidazole heptadentate
ligands Hmbipl and Hpbipl have been synthesized and structur-
ally characterized. The pendant imidazole nitrogens of the

[4]X10°/M ligands are substituted by alkyl groups (methyl and isopropyl).
) ) Compoundsl—4 catalyze the oxidative coupling of DBP with
Figure 5. (a) Dependence of pseudo-first-order rate constants for the H,O,. In the catalytic cycle, the hydroperoxodicopper(ll)

decrease of DBP on the concentration of DBP. [DBP{0.78-2.34) . S -
x 101 M, [4] = 1.56 x 102 M, H,0, = 0.05 mL (30% in aqueous ~ COMPlex is formed as an active intermediate an exchange

solution), and CHCI/MeCN = 3 mL/0.2 mL, under air, at 25 1 °C. of the exogenous bridging ligand with,8,. The catalytic
(b) Dependence of pseudo-first-order rate constants for the decreaseactivity of 4 is enhanced by the bulky-isopropyl groups around
of DBP on the concentration @ [4] = (0—2.34) x 1073 M, [DBP] the active site. In general, bulky substituents are used to

= 1.56 x 101£/|, H20, = 0.05 mL (30% in aqueous solution), and  stabilize thermally unstable compounds by lowering the reac-
CH.Cl/MeCN = 3 mL/0.2 mL, under air, at 2% 1 °C. tivities2” In this study, however, the bulky-isopropyl groups
of Hpbipl rather enhance the catalytic activity of its dicopper

tabl inst th idation thkn3. The N-i |
more stable against the oxidation e N-isopropy complexa.

groups on the imidazole rings may prevent the decomposition
of 4. The pseudo-first-order rate constantc803s™, in the Acknowledgment. We are grateful to Professor M. Mikuriya
DBP oxidation catalyzed b¥ s two times larger than those by  at Kwansei Gakuin University for kindly allowing us to use a
1-3 under the same conditions. The DBP oxidation may be Shimadzu UV-3100 spectrophotometer.

accelerated by the relatively large distortion of the copper

coordination geometry id. Another reason for the acceleration _ Supporting Information Available: = Text giving details of the

by 4 is that the steric hindrance of the isopropyl groupstin X-ray structqral anal_yses ar_1d tablt_es Ilstlng_crystal. structure refinement
details, atomic coordinates, isotropic and anisotropic thermal parameters,

preven_ts the formation Qf DBP complex and thus the hydrop- bond distances and angles, and dihedral angles between planes of the
eroxodicopper complex is formed more easily fréithan from trigonal bipyramid for the X-ray structure analyses2@2MeCN and
1-3. Therefore, it is concluded that the bulky-isopropyl 3-CH,Cl,, stereoviews and full cell diagrams, an ORTEP diagram of
groups enhance the catalytic activity 4fthrough both ac- 2, figures showing temperature dependences of the magnetic suscep-
celerating the DBP oxidation and preventing the decomposition tibilities and the effective magnetic moments fand4, and cyclic
of 4. voltammograms foR2—4 (82 pages). X-ray crystallographic files, in

In order to C|arify the reaction mechanism of the DBP CIF format, for compound2~2MeCN and3-CH,CI, are available on
oxidation, further kinetic studies have been carried out With the Internet only. Access and ordering information is given on any
The dependence of the pseudo-first-order rate constants on th§urrent masthead page.
concentrations of both and DBP is shown in Figure 5. These 1C961267V
data show that the DBP oxidation is first order with respect to

both DBP and4. Thus, the rate equation of the reaction can (27) (a) Collman, J. P.; Gagne, R. R.; Reed, C. A; Halbert, T. R.; Lang.
ri follows: G.; Robinson, W. TJ. Am. Chem. S0d.975 97, 1427. (b) Harata,
be described as follows M.; Jitsukawa, K.; Masuda, H.; Einaga, Bl. Am. Chem. S0d.994

116, 10817. (c) Cook, B. R.; Reinert, J.; Suslick, K.3Am. Chem.
—d[DBP)/ct = k,[DBP][4] ) So6.1086 108 7281 ! .




