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Ligand effects on the structures and redox reactivities of copper complexes have been examined using (2-pyridyl)-
alkylamine derivatives as the supporting ligands, where particular attention has been focused on the effects of the
alkyl linker chain length connecting the tertiary amine nitrogen atom and the pyridine nucleus: N−CH2−Py (Pym)
vs N−CH2CH2−Py (Pye). X-ray crystallographic analysis of the copper(I) complex of tridentate ligand PheLPym2 [N,N-
di(2-pyridylmethyl)-2-phenylethylamine] (complex 1) has demonstrated that it possesses a trigonal pyramidal geometry
in which a d−π interaction with an η1-binding mode exists between the metal ion and one of the ortho carbons of
the phenyl ring of the ligand side arm (phenethyl). The result shows sharp contrast to the d−π interaction with an
η2-binding mode existing in the copper(I) complex of PheLPye2 {N,N-di[2-(2-pyridyl)ethyl]-2-phenethylamine} (complex
2). Such a d−π interaction has been shown to affect the stability of the copper(I) complex in CH2Cl2. Oxygenation
of copper(I) complex 1 supported by PheLPym2 produces a bis(µ-oxo)dicopper(III) complex, also being in sharp
contrast to the case of the copper(I) complex 2 with ligand PheLPye2, which preferentially affords a (µ-η2:η2-peroxo)-
dicopper(II) complex in the reaction with O2. Such an effect of the alkyl linker chain length of the metal binding site
has also been found to operate in the RSSR (disulfide)/2RS- (thiolate) redox system. Namely, ligand S2,RLPym1

(di{2-[(alkyl)(2-pyridinylmethyl)amino]ethyl} disulfide) with the methylene linker group (Pym) induced the reductive
disulfide bond cleavage in the reaction with copper(I) ion to give a bis(µ-thiolato)dicopper(II) complex, while the
ligand with the ethylene linker group (Pye), S2,BnLPye1 (di{2-[(benzyl)(2-(2-pyridinyl)ethyl)amino]ethyl} disulfide), gave
a disulfide−dicopper(I) complex. These ligand effects in the Cu2−O2 and Cu2−S2 systems have been discussed by
taking into account the difference in electron-donor ability of the pyridine nucleus between the Pym and Pye ligand
systems.

Introduction

Copper complexes with a wide variety of supporting
ligands have so far been developed in the bioinorganic model
chemistry area to replicate the active site structures and
functions of copper proteins (enzymes).1 Particular attention
has recently been focused on copper-dioxygen chemistry
not only in bioinorganic chemistry but also in the field of
catalytic oxidation reactions.2-8 So far, several types of

mononuclear,9-11 dinuclear,12-22 trinuclear,23 and tetra-
nuclear24,25copper-dioxygen complexes have been structur-
ally characterized, and their physicochemical properties and
reactivities have been explored in detail, providing profound
insights into the dioxygen activation mechanism by copper
complexes.1-8 Recently, a great deal of effort has also been
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made to clarify the ligand effects on the structure and
reactivity of the copper-dioxygen intermediates to demon-
strate that the nitrogen donor ability and denticity (didentate
vs tridentate vs tetradentate) as well as the steric and/or
electronic effects of the ligand substituents are crucial.26-33

The (2-pyridyl)alkylamine ligands have been playing very
important roles in copper-dioxygen model chemistry.4,6,8A
series of tetradentate, tridentate, and didentate ligands have
been developed by connecting the 2-pyridylmethyl (PyCH2-,
Pym) and 2-(2-pyridyl)ethyl (PyCH2CH2-, Pye) groups to
the nitrogen atom(s) of ammonia (NH3) and alkylamine
derivatives RNH2 and RR′NH. One of the most widely
utilized tetradentateligands is TMPA [tris(2-pyridylmethyl)-
amine] (generally called TPA), which was applied for the
synthesis of (trans-µ-1,2-peroxo)dicopper(II) complex (A)
(Chart 1), the first structurally characterized Cu2-O2 com-
plex.12 Modification of TMPA by replacing one or two Pym
moieties with Pye has been shown to cause large effects on
the copper(I)-dioxygen reactivity, and the copper(I) complex
of TEPA (tris[2-(2-pyridyl)ethyl]amine, consisting of three
Pye groups) has been reported to exhibit no reactivity toward
molecular oxygen.34

The bis[2-(2-pyridyl)ethyl]aminetridentateligandsRLPye2

(see Chart 3) were first introduced to copper(I)-dioxygen
chemistry by Karlin and co-workers in the late 1970s.4 In
contrast to the case of the TMPA tetradentate ligand system,
bis[2-(2-pyridyl)ethyl]amine tridentate ligands predominantly
provide a side-on peroxodicopper(II) complex (B) in the
reaction of the corresponding copper(I) complexes and
dioxygen.6,35-39 In addition, we have recently developed a
series of [2-(2-pyridyl)ethyl]aminedidentateligandsR,R′LPye1

that allowed us to assess the chemistry not only of the side-
on peroxodicopper(II) complex but also of the bis(µ-oxo)-
dicopper(III) complex (C) and a mixed-valent bis(µ3-oxo)
trinuclear copper(II,II,III) complex (D).28,40-42 However, the
effects of the alkyl linker chain length, Pym vs Pye, have
yet to be addressed in detail in the tridentate and didentate
ligand systems.43,44

Interconversion between disulfides RSSR and the corre-
sponding thiolates 2RS- is also a very important redox
process (Scheme 1), involved in a wide variety of man-made
functional materials and many biological systems.45,46 The
process is reminiscent of the isomerization between the (µ-
peroxo)dicopper(II) complex and the bis(µ-oxo)dicopper(III)
complex discovered by Tolman et al.3,26 Thus, the ligand
effects of the (2-pyridyl)alkylamine ligands on the redox
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chemistry of the dicopper-disulfide system will also merit
considerable interest in relation to the development of novel
functional materials and to understand the factors that control
the biological RSSR/2RS- interconversion.

In this context, we have recently demonstrated that the
disulfide-dicopper(I) complex (E) and bis(µ-thiolato)dicop-
per(II) complex (F) can be selectively generated by the
treatment of 2 equiv of copper(I) ion with the disulfide-
bridged tridentate ligandsS2LPye2 and S2LPym2, respectively
(see Charts 2 and 3).47 The results clearly indicated that the
disulfide bond cleavage in the dicopper-disulfide complexes
is also regulated by the supporting ligands as in the case of
dicopper-dioxygen systems.

In this study, we have investigated ligand effects on
copper(I)-dioxygen chemistry as well as the redox interac-
tion between copper(I) ion and the disulfide bond using the
bis(2-pyridylmethyl)amine tridentate ligandRLPym2 and the
disulfide-containing didentate ligandsS2,RLPym1andS2,RLPye1,
respectively (in Chart 3, the ligands employed in this study
are framed). Comparison of copper(I)-dioxygen reactivity
between theRLPym2 and RLPye2 ligand systems has clearly
demonstrated that the alkyl linker chain length of the
tridentate metal binding moiety significantly affected the
structure and dioxygen reactivity of the copper(I) complexes.
Namely, ligandRLPym2 with methylene linker groups (Pym)
provided a bis(µ-oxo)dicopper(III) complex (C), while ligand
RLPye2 with ethylene linker groups (Pye) afforded a (µ-η2:
η2-peroxo)dicopper(II) complex (B).37 Similarly, ligand
S2,RLPym1 with the methylene linker (Pym) group induced
reductive disulfide bond cleavage in the reaction with copper-
(I) ion to give a bis(µ-thiolato)dicopper(II) complex (F),

while the ligand with the ethylene linker group (Pye),
S2,RLPye1, gave a disulfide-dicopper(I) complex (E). These
ligand effects in the Cu2-O2 and Cu2-S2 systems are
discussed by taking into account the difference in electron-
donor ability of the pyridine nucleus in the respective ligand
systems.

Experimental Section

General Procedures.Reagents and solvents used in this study,
except the ligands and the copper complexes, were commercial
products of the highest available purity and were further purified
by the standard methods, if necessary.48 FT-IR spectra were
recorded on a Shimadzu FTIR-8200PC, and UV-vis spectra were
taken on a Hewlett-Packard 8453 photodiode array spectropho-
tometer equipped with a Unisoku thermostated cell holder designed
for low-temperature measurements (USP-203).1H NMR spectra
were recorded on a JEOL FT-NMR Lambda 300WB or a JEOL
FT-NMR GX-400 spectrometer. ESR spectra were recorded on a
JEOL JES-FE2XG spectrometer at-150 °C. Mass spectra were
recorded on a JEOL JMS-700T Tandem MS-station mass spec-
trometer. ESI-MS (electrospray ionization mass spectra) measure-
ments were performed on a PE SCIEX API 150EX. The cyclic
voltammetry measurements were performed on an ALS 630
electrochemical analyzer in deaerated CH2Cl2 containing 0.10 M
NBu4ClO4 as supporting electrolyte. The Pt working electrodes
(BAS) were polished with BAS polishing alumina suspension and
rinsed with CH2Cl2 before use. The counter electrode was a
platinum wire. A silver pseudoreference electrode was used, and
the potentials were determined using the ferrocene/ferricenium (Fc/
Fc+) couple as a reference. All electrochemical measurements were
carried out at 25°C under an atmospheric pressure of Ar in a
glovebox (DBO-1KP, Miwa Co. Ltd.).

Ligand Synthesis. A.N,N-Di(2-pyridylmethyl)-2-phenyleth-
ylamine (PheLPym2). To a methanol solution (200 mL) containing
2-phenylethylamine (1.21 g, 10 mmol) and 2-pyridinecarboxalde-
hyde (2.42 g, 20 mmol) was added acetic acid (1.20 g, 20 mmol)
with stirring. After the solution was stirred for 1 h at room
temperature, NaBH3CN (1.26 g, 20 mmol) was added slowly, and
the mixture was stirred for 3 days at room temperature. The mixture
was acidified to pH 1 by adding concentrated HCl with cooling by
an ice bath, and the solvent was removed by evaporation. To the
resulting material was added 15% NaOH aqueous solution (100
mL), and organic products were extracted by CHCl3 (50 mL × 3).
After the products were dried over anhydrous K2CO3, evaporation
of the solvent gave a brown material, from whichPheLPym2 was
isolated in 70% yield (2.1 g) as a yellow oily material by silica gel
column chromatography (eluent CHCl3): 1H NMR (400 Hz, CDCl3)
δ 2.78-2.88 (4 H, m, NCH2CH2Ph), 3.89 (4 H, s, NCH2Py), 7.08-
7.24 (2 H, m, Ph and PyH-5), 7.38 (2 H, d,J ) 7.7 Hz, PyH-3),
7.59 (2 H, dt,J ) 1.8 and 7.7 Hz, PyH-4), 8.52 (2 H, d,J ) 4.0
Hz, PyH-6); HRMS (FAB+) m/z ) 304.1813, calcd for C20H22N3

304.1814.
B. Di[2-(benzylamino)ethyl] Disulfide (a). Cystamine dihy-

drochloride (5.01 g, 22.2 mmol) was treated with a slightly excess
amount of NaOH in methanol (150 mL). Benzaldehyde (5.11 g,
48.1 mmol) was then added to the solution, and the mixture was
stirred for 1 h. NaBH4 (1.70 g, 45.0 mmol) was slowly added to
the solution, and the mixture was further stirred for 72 h at room
temperature. The resulting mixture was acidified to pH 2 by adding
concentrated HCl with cooling by an ice bath. Removal of the
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solvent by evaporation gave an oily material, which was dissolved
in a NaOH aqueous solution (100 mL). The aqueous mixture was
extracted with CHCl3 several times, and the combined organic layer
was dried over Na2SO4. After removal of Na2SO4 by filtration,
evaporation of the solvent gave a brown oily material, which was
further purified by silica gel column chromatography (eluent
CHCl3-AcOEt) to give compounda in 52% yield: 1H NMR (300
MHz, CDCl3) δ 1.63 (2 H, br, NH), 2.81 (4 H, t,J ) 6.0 Hz,
-CH2CH2-), 2.93 (4 H, t,J ) 6.0 Hz,-CH2CH2-), 3.80 (4 H,
s, -NCH2Ph), 7.22-7.38 (10 H, m, Ph); HRMS (FAB+) m/z )
333.1482, calcd for C18H25N2S2 333.1459.

C. Di{2-[(benzyl)(2-(2-pyridyl)ethyl)amino]ethyl} Disulfide
(S2,BnLPye1). A CH3OH solution (20 mL) containing disulfide
derivative a (0.84 g, 2.6 mmol), 2-vinylpyridine (1.11 g, 10.5
mmol), and AcOH (0.58 g, 9.7 mmol) was refluxed for 88 h. After
the reaction, removal of the solvent by evaporation gave an oily
material, which was passed through a short silica gel column using
AcOEt as an eluent. Concentration of the solvent of the collected
fractions gave an oily material, which was neutralized by adding a
NaOH aqueous solution. Then the aqueous solution was extracted
with CHCl3 several times, and the combined organic layer was dried
over Na2SO4. After removal of Na2SO4 by filtration, evaporation
of the solvent gaveS2,BnLPye1as a pale yellow oil in 75% yield:1H
NMR (400 MHz, CDCl3) δ 2.67-2.71 (4 H, m,-CH2CH2-),
2.79-2.83 (4 H, m,-CH2CH2-), 2.86-2.98 (8 H, m,-CH2CH2-
), 3.66 (4 H, s,-NCH2Ph), 7.06-7.12 (4 H, m, PyH-3,5), 7.18-
7.26 (10 H, m, Ph), 7.55 (2 H, td,J ) 7.6 and 2.0 Hz, PyH-4), 8.48
(2 H, d,J ) 5.2 Hz, PyH-6); HRMS (FAB+) m/z) 543.2621, calcd
for C32H39N4S2 543.2616.

D. Di{2-[(2-pyridylmethyl)amino]ethyl } Disulfide (b). Cys-
tamine dihydrochloride (1.0 g, 4.4 mmol) was treated with a slightly
excess amount of NaOH in CH3OH (30 mL). 2-Pyridinecarboxal-
dehyde (0.96 g, 8.96 mmol) in CH3OH (10 mL) was then added to
the solution. NaBH4 (0.17 g, 4.5 mmol) was slowly added to the
solution with cooling by a water bath, and the resulting mixture
was stirred for 5 h at room temperature. After the reaction, the
mixture was acidified to pH 4 by adding concentrated HCl with
cooling by an ice bath. Removal of the solvent by evaporation gave
an oily material, which was dissolved in a Na2CO3 aqueous solution
(pH 9). The aqueous solution was extracted with CHCl3 (40 mL×
5), and the combined organic layer was dried over Na2SO4. After
removal of Na2SO4 by filtration, evaporation of the solvent gave a
yellow oily material, which was slowly added to 60% HClO4 (10
mL) with cooling. The mixture was then poured into ethanol (300
mL), and the resulting mixture was further stirred for 24 h at room
temperature. The resulting perchloric acid salt of the product was
isolated by decantation, and the isolated white solids were converted
into the free base by treating them with a Na2CO3 aqueous solution.
The resulting organic material was extracted with CHCl3 (40 mL
× 5), and the combined organic layer was dried over Na2SO4. After
removal of Na2SO4 by filtration, the organic layer was concentrated
to give a yellow oily material ofb in 80% yield: 1H NMR (300
MHz, CDCl3) δ 1.94 (2 H, br, NH), 2.83 (4 H, t,J ) 6.4 Hz,
-CH2CH2-), 2.98 (4 H, t,J ) 6.4 Hz,-CH2CH2-), 3.93 (4 H,
s, -NCH2Py), 7.15 (2 H, t,J ) 4.8 Hz, PyH-5), 7.31 (2 H, d,J )
7.7 Hz, PyH-3), 7.64 (2 H, t,J ) 7.7 Hz, PyH-4), 8.56 (2 H, d,J )
4.8 Hz, PyH-6); HRMS (FAB+) m/z ) 335.1390, calcd for
C16H23N4S2 335.1364.

E. Di{2-[(benzyl)(2-pyridylmethyl)amino]ethyl} Disulfide
(S2,BnLPym1). To a dry CH3CN solution (60 mL) containing disulfide
derivativeb (1.39 g, 4.16 mmol) and K2CO3 (5.75 g, 41.6 mmol)
was added benzyl bromide (1.50 g, 8.77 mmol) under N2, and the
resulting mixture was stirred for 40 h at room temperature. After

removal of K2CO3 by filtration, evaporation of the solvent gave a
brown oily material, which was passed through a short alumina
column using CHCl3 as an eluent. After removal of the solvent of
the collected fractions by evaporation, the resulting oily material
was further purified by silica gel column chromatography (the eluent
was changed from CHCl3:AcOEt ) 1:1 to AcOEt) to provide
S2,BnLPym1 in 61% yield: 1H NMR (400 MHz, CDCl3) δ 2.71-
2.81 (8 H, m,-CH2CH2-), 3.64 (4 H, s,-NCH2Ph), 3.75 (4 H,
s, -NCH2Py), 7.12 (2 H, t,J ) 5.5 Hz, PyH-5), 7.20-7.38 (10 H,
m, Ph), 7.54 (2 H, d,J ) 7.8 Hz, PyH-3), 7.63 (2 H, td,J ) 1.7
and 7.8 Hz, PyH-4), 8.49 (2 H, d,J ) 4.8 Hz, PyH-6); HRMS
(FAB+) m/z ) 515.2296, calcd for C30H35N4S2 515.2303.

F. Di{2-[(m-xylyl)(2-pyridylmethyl)amino]ethyl } Disulfide
(S2,XylLPym1). This compound was prepared in 63% yield by the same
procedure as for the synthesis ofS2,BnLPym1by usingm-xylyl bromide
(0.62 g, 3.35 mmol) instead of benzyl bromide:1H NMR (300
MHz, CDCl3) δ 2.33 (6 H, s,-CH3), 2.77 (8 H, m,-CH2CH2-),
3.60 (4 H, s,-NCH2Ph), 3.75 (4 H, s,-NCH2Py), 7.03 (2 H, d,
J ) 5.4 Hz, PyH-5), 7.54 (2 H, d,J ) 6.0 Hz, PyH-3), 7.63 (2 H,
td, J ) 1.5 and 6.0 Hz, PyH-4), 8.48 (2 H, d,J ) 4.0 Hz, PyH-6);
HRMS (FAB+) m/z ) 543.2626, calcd for C32H39N4S2 543.2616.

G. Di{2-[(isopropyl)(2-pyridylmethyl)amino]ethyl } Disulfide
(S2,iPrLPym1). To a dry CH3CN solution (20 mL) containing disulfide
derivativeb (0.62 g, 1.9 mmol) and Na2CO3 (0.91 g, 8.6 mmol)
were added Bu4NBr (36.7 mg, 0.114 mmol), 2-bromopropane (7.1
mL, 82.2 mmol), and Na2CO3 (0.55 g, 5.2 mmol) in several portions
during reflux for 97 h. After removal of Na2CO3 by filtration,
evaporation of the solvent gave an oily material, which was purified
by silica gel column chromatography (eluent CHCl3:AcOEt ) 1:1
to AcOEt). After removal of the solvents of the collected fractions,
the resulting yellow oil was slowly added to 60% HClO4 (3.5 mL)
with cooling. The mixture was then poured into ether (30 mL),
and the resulting mixture was stirred for several minutes at room
temperature. The resulting perchloric acid salt of the product was
isolated by decantation, and the isolated white solids were converted
into the free base form by treating them with 1.6 M Na2CO3(aq)
(100 mL). Removal of the solvent by evaporation gave a yellow
oily material of S2,iPrLPym1 in 60% yield: 1H NMR (300 MHz,
CDCl3) δ 1.04 (12 H, d,J ) 6.6 Hz,-NCH(CH3)2), 2.65 (8 H, t,
J ) 7.9 Hz,-CH2CH2-), 2.76 (8 H, t,J ) 7.9 Hz,-CH2CH2-),
2.92 (2 H, sept,J ) 6.6 Hz,-NCH(CH3)2), 3.75 (4 H, s,-NCH2-
Py), 7.09 (2 H, t,J ) 5.7 Hz, PyH-5), 7.55-7.66 (4 H, m, PyH-3,4),
8.48 (2 H, d,J ) 4.0 Hz, PyH-6); HRMS (FAB+) m/z ) 419.2326,
calcd for C22H35N4S2 419.2303.

Synthesis of Copper Complexes. Caution! The perchlorate salts
in this study are all potentially explosiVe and should be handled
with care.

A. [Cu I(PheLPym2)]ClO4 (1). LigandPheLPym2(91.0 mg, 0.3 mmol)
was treated with [CuI(CH3CN)4]ClO4 (96.0 mg, 0.3 mmol) in
acetone (5 mL) under an Ar atmosphere in a glovebox. After the
mixture was stirred for 5 min at room temperature, insoluble
material was removed by filtration. Addition of ether (100 mL) to
the filtrate gave a pale brown powder that was precipitated by
allowing the mixture to stand for several minutes. The supernatant
was then removed by decantation, and the remaining pale brown
solid was washed with ether three times and dried to give complex
1 in 90% yield. A single crystal of1 suitable for X-ray analysis
was obtained by vapor diffusion of ether into an acetone solution
of 1: FT-IR (KBr) 1107, 1090, and 625 cm-1 (ClO4

-); ESI-MS
(pos) m/z ) 366.3 (M+). Anal. Calcd for C20H21O4N3CuCl: C,
51.51; H, 4.54; N, 9.01. Found: C, 51.29; H, 4.49; N, 8.94.

B. [CuI
2(S2,BnLPye1)(CH3CN)2](PF6)2 (4). This complex was

prepared by treating ligandS2,BnLPye1 (74 mg, 0.14 mmol) with 2
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equiv of [CuI(CH3CN)4]PF6 (102 mg, 0.274 mmol) in acetone (2.4
mL) under anaerobic conditions (in a glovebox). The suspended
mixture became a clean solution as the reaction proceeded. After
removal of insoluble material by filtration, addition of the filtrate
to ether (80 mL) gave a white powder, which was isolated by
decantation in 93% yield. A single crystal of4 suitable for X-ray
analysis was obtained by vapor diffusion of ether into a CH3CN
solution of the complex: FT-IR (KBr) 838 cm-1 (PF6

-); ESI-MS
(pos) m/z ) 813 ([M - PF6]+). Anal. Calcd for C36H44N6S2-
Cu2P2F12: C, 41.50; H, 4.26; N, 8.07. Found: C, 41.28; H, 4.29;
N, 7.91.

C. [CuII
2(S2,BnLPym1)2](ClO4)2 (5). This complex was prepared

in a manner similar to that described for the synthesis of4 by using
S2,BnLPym1 (105 mg, 0.204 mmol) and 2 equiv of [CuI(CH3CN)4]-
ClO4 as a brown powder in 82% yield. Microcrystals of5 were
obtained by liquid-liquid-phase diffusion ofn-hexane into an
acetone solution of the complex: FT-IR (KBr) 1095 cm-1 (ClO4

-);
ESI-MS (pos) m/z ) 739 ([M - ClO4]+). Anal. Calcd for
C30H34N4S2Cu2Cl2O8: C, 42.86; H, 4.08; N 6.66. Found: C, 42.89;
H, 3.91; N, 6.67.

D. [CuII
2(S2,XylLPym1)′2](ClO4)2 (6). This complex was prepared

in a manner similar to that described for the synthesis of4 by using
S2,XylLPym1 (274 mg, 0.51 mmol) and 2 equiv of [CuI(CH3CN)4]-
ClO4 as a brown powder in 95% yield. A single crystal of6 was
obtained by liquid-liquid-phase diffusion ofn-hexane into an
acetone solution of the complex: FT-IR (KBr) 1097 cm-1 (ClO4

-);
ESI-MS (pos) m/z ) 767 ([M - ClO4]+). Anal. Calcd for
C32H38N4S2Cu2Cl2O8: C, 44.24; H, 4.41; N, 6.45. Found: C, 44.16;
H, 4.45; N, 6.41.

E. [CuII
2(S2,iPrLPym1)′2](PF6)2 (7). This complex was prepared in

a manner similar to that described for the synthesis of4 by using
S2,iPrLPym1 (43 mg, 0.10 mmol) instead ofS2,BnLPye1as a dark green
powder in 78% yield: FT-IR (KBr) 839 cm-1 (PF6

-); ESI-MS (pos)
m/z ) 689 ([M - PF6]+). Anal. Calcd for C22H34N4S2Cu2P2F12:
C, 31.62; H, 4.10; N 6.76. Found: C, 31.27; H, 4.10; N, 7.14.

Product Analysis. A. Degradation of Copper(I) Complex 1
in CH2Cl2. LigandPheLPym2 (91.0 mg, 0.3 mmol) was treated with
[CuI(CH3CN)4]ClO4 (96.0 mg, 0.3 mmol) in CH2Cl2 (5 mL) under
anaerobic conditions (Ar), and the mixture was stirred for 3 days
at room temperature in a glovebox. In the course of the reaction,
the color of the solution gradually changed from pale yellow to
dark blue, and insoluble materials gradually precipitated. After
removal of the insoluble material by filtration, addition of ether
(100 mL) to the filtrate gave a blue powder material that was
precipitated by allowing the mixture to stand for several minutes.
The supernatant was then removed by decantation, and the
remaining blue solid was washed with ether three times and dried
under air to give [CuII(PheLPym2)(Cl)]ClO4 (3) in 88% yield. A single
crystal of 3 suitable for X-ray analysis was obtained by vapor
diffusion of ether into an acetonitrile solution of the complex: FT-
IR (KBr) 1092 and 621 cm-1 (ClO4

-); FAB-MS (pos)m/z ) 401.1
([M - Cl]+). Anal. Calcd for C20H21O4N3CuCl2: C, 47.87; H, 4.22;
N, 8.37. Found: C, 47.86; H, 4.16; N, 8.30.

B. Ligand Hydroxylation of Copper(I) Complex 1 with O 2.
[CuI(PheLPym2)]ClO4 (18.6 mg, 0.04 mmol) was dissolved in
deaerated CH2Cl2 (5 mL) under anaerobic conditions, and the
solution was then exposed to O2 gas and stirred for 2 h at-80 °C.
A mixture of organic materials was obtained after an ordinary
workup treatment of the reaction mixture with NH4OH(aq) and
following extraction by CH2Cl2. The yield of the hydroxylation
product was determined as 18% on the basis of the copper(I) starting
material by using an integral ratio in the1H NMR spectrum between
the methine proton (-CHOH-) at δ 4.82 of the hydroxylation

product and the pyridine protons at the 6-position (PyH-6, δ 8.56)
from bothPheLPym2-OH andPheLPym2 (PyH-6 of PheLPym2-OH and
that of PheLPym2 are overlapping) (-CHOH-:PyH-6 ) 0.18:2.00).
The hydroxylated productPheLPym2-OH was isolated by an alumina
column chromatographic treatment on the mixture of organic
material (eluent hexanes-Et2O): 1H NMR (300 Hz, CDCl3) δ 2.79
(1H, dd,J ) 13.5 and 10.0 Hz, NCH2CH(OH)Ph), 2.98 (1H, dd,
J ) 13.5 and 2.7 Hz, NCH2CH(OH)Ph), 3.95 (2H, d,J ) 15.0 Hz,
2 NCHHPy), 4.09 (2H, d,J ) 15.0 Hz, 2 NCHHPy), 4.82 (1H,
dd, J ) 10.0 and 2.7 Hz, NCH2CH(OH)Ph), 7.15-7.35 (9H, m,
Ph, PyH-3, PyH-5), 7.61 (2H, td,J ) 7.7 and 1.8 Hz, PyH-4), 8.58
(2 H, ddd,J ) 4.8, 1.8 and 0.9 Hz, PyH-6); ESI-MS (pos)m/z )
320.3 (M + 1).

X-ray Structure Determination. The single crystal was mounted
onto a CryoLoop (Hamptom Research Co.) or a glass fiber. The
data from X-ray diffraction were collected by a Rigaku RAXIS-
RAPID imaging plate two-dimensional area detector using graphite-
monochromated Mo KR radiation (λ ) 0.71069 Å) to a 2θmax of
55°. All the crystallographic calculations were performed by using
the Crystal Structure software package of the Molecular Structure
Corp. [Crystal Structure: Crystal Structure Analysis Package,
version 3.0, Molecular Structure Corp. and Rigaku Corp. (2001)].
The crystal structures were solved by direct methods and refined
by full-matrix least squares using SAPI91, SIR92, and/or SHELX97.
All non-hydrogen atoms and hydrogen atoms were refined aniso-
tropically and isotropically, respectively. Atomic coordinates,
thermal parameters, and intramolecular bond distances and angles
are deposited as Supporting Information (CIF file format).

Kinetic Measurements.Kinetic measurements for the oxygen-
ation reaction of the copper(I) complex ofPheLPym2were performed
using a multiscan stopped-flow spectrophotometer (RSP-1000,
Unisoku Co., Ltd.) in acetone at-94 °C. The decomposition
process of the oxygenated intermediate was followed separately
by using a Hewlett-Packard 8453 photodiode array spectropho-
tometer with a Unisoku thermostated cell holder designed for low-
temperature measurements (USP-203; a desired temperature can
be fixed within(0.5 °C) as previously reported.37

Manometory. The O2 uptake measurement was carried out on
the reaction of [CuI(PheLPym2)]ClO4 (20.9 mg. 0.05 mmol) in CH2-
Cl2 (5 mL) at -80 °C. The volume of O2 consumed during the
oxygenation reaction of the copper(I) complex was determined to
be 0.7 mL as a difference of the O2 consumption between Cu-O2

intermediate formation and a blank solution without the reactants
under exactly the same conditions using a manometer designed for
the small-scale reaction. Thus, the stoichiometry of Cu-O2 was
calculated to be 2:1 ((0.03).

Results and Discussion

Synthesis.The synthetic procedures of the ligands are
summarized in Scheme 2. The tridentate ligandPheLPym2was
prepared by the reductive coupling between 2-phenylethy-
lamine and 2 equiv of 2-pyridinecarboxaldehyde in the
presence of NaBH3CN as the reductant in methanol. The
disulfide ligand S2,BnLPye1 was prepared by the reductive
coupling between cystamine and benzaldehyde using NaBH4

as the reductant followed by Michael addition of the resulting
diamine a to 2-vinylpyridine under acidic conditions in
refluxing methanol. The other disulfide ligands were obtained
by the reactions of the corresponding alkyl bromides (RBr;
R ) benzyl,m-xylyl, and isopropyl) with secondary diamine
derivativeb, which was prepared by the reductive coupling
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between cystamine and 2-pyridinecarboaldehyde using NaBH4

as the reductant.
Treatment of the ligands with 1 or 2 equiv of [CuI(CH3-

CN)4]X (X ) ClO4
- or PF6

-) in acetone under anaerobic
conditions gave the corresponding mononuclear and di-
nuclear copper complexes1 and4-7.

Characterization of the Copper(I) Complex ofPheLPym2.
In contrast to a large number of studies on the structure and
reactivity of the copper(I) complexes supported by a series
of bis[2-(2-pyridyl)ethyl]amine (Pye2) tridentate ligands
(RLPye2; Chart 3),4,6 little is known about the chemistry of
copper(I) complexes of the (2-pyridylmethyl)amine (Pym2)
tridentate ligandsRLPym2 (Chart 3). This may be due in part
to the instability of the copper(I) complexes ofRLPym2 in
solution. In fact, treatment of ligandBnLPym2[R ) Bn (benzyl,
-CD2Ph)] with [CuI(CH3CN)4]X (X ) ClO4

-, PF6
-) in CH2-

Cl2 readily resulted in a color change of the solution from
pale yellow to dark blue (within a couple of minutes) even
under anaerobic conditions, and a copper(II) complex, [CuII-
(BzLPym2)(Cl)]X, was obtained from the final reaction mix-
ture.49,50 Such an instability of the copper(I) complex of
BnLPym2was significantly suppressed when the ligand side arm

R was changed from Bn to phenethyl (Phe,-CH2CH2Ph).
This has been attributed to the existence of a copper(I)-
arene interaction in thePheLPym2complex as described below.

The crystal structure of the copper(I) complex ofPheLPym2

(1) is shown in Figure 1, and the crystallographic data and
the selected bond distances and angles are summarized in
Tables 1 and 2, respectively. There are two crystallographi-
cally independent molecules (designated as molecules 1 and
2 in Table 2) in the unit cell of complex1. As clearly seen
in Figure 1, compound1 exhibits a distinct d-π interaction
between the cuprous ion and the phenyl ring of the ligand
side arm (R) Phe). The copper center has a trigonal
pyramidal geometry consisting of the two pyridine nitrogen
atoms (NPy) and one of the carbon atoms at the ortho position
(Cortho) of the phenyl ring occupying the trigonal basal plane
and the tertiary amine nitrogen atom (Nam) as the axial ligand.
Deviation of the copper(I) ion from the basal plane is only
0.1021 Å in molecule 1 and 0.1037 Å in molecule 2. The
distance between Cu and Cortho (2.186 and 2.163 Å for
molecules 1 and 2, respectively) is much shorter than that
between Cu and Nam (2.242 and 2.229 Å), and the Cu-Cortho

distance is also much shorter than those of Cu-Csub [Cu-
(1)-C(15)) 2.63 Å in molecule 1 and Cu(2)-C(35)) 2.60
Å in molecule 2] and Cu-Cmeta [Cu(1)-C(17)) 2.50 Å in
molecule 1 and Cu(2)-C(37)) 2.53 Å in molecule 2]. Thus,
the copper(I)-arene interaction in1 can be described asη1-
binding. Although several examples of the copper(I)-arene
interaction inη2-binding mode have been reported so far,51-60

this is the first example of the copper(I)-arene interaction
in η1-binding mode. It should be noted that the binding mode
of the d-π interaction changes fromη2 to η1 by changing
the alkyl linker chain length from ethylene to methylene in

(49) E.g., [CuII(BzLPym2)(Cl)]PF6: 63% isolated yield; FT-IR (KBr) 850
cm-1 (PF6

-); FAB-MS (pos)m/z ) 389.0 ([M- PF6]+). Anal. Calcd
for C19H17D2N3CuClPF6: C, 42.63; H+D, 3.95; N, 7.85. Found: C,
42.48; H+D, 3.85; N, 7.72.

(50) Formation of the copper(II)-chloride complex in CH2Cl2 can be
attributed to a reductive dehalogenation reaction of the solvent by the
copper(I) complex (cf. Jacobson, R. R.; Tyekla´r, Z.; Karlin, K. F.Inorg.
Chim. Acta. 1991, 181, 111-118). However, the disproportionation
reaction of [CuI(BzLPym2)]PF6 also took place to give a mixture of
copper(II) and copper(0) materials in the case of a nonhalogenated
solvent such as acetone.

(51) Turner, R. W.; Amma, E. L.J. Am. Chem. Soc. 1966, 88, 1877-
1882.

(52) Dines, M. B.; Bird, P. H.J. Chem. Soc., Chem. Commun. 1973, 12.
(53) Rodesiler, P. F.; Amma, E. L.J. Chem. Soc., Chem. Commun. 1974,

599-600.
(54) Pasquali, M.; Floriani, C.; Gaetani-Manfredotti, A.Inorg. Chem. 1980,

19, 1191-1197.
(55) Schmidbaur, H.; Bublak, W.; Huber, B.; Reber, G.; Mu¨ller, G.Angew.

Chem., Int. Ed. Engl. 1986, 25, 1089-1090.
(56) Niemeyer, M.Organometallics1998, 17, 4649-4656.
(57) (a) Striejewske, W. S.; Conry, R. R.Chem. Commun. 1998, 555-

556. (b) Conry, R. R.; Striejewske, W. S.; Tipton, A. A.Inorg. Chem.
1999, 38, 2833-2843.

Scheme 2

Figure 1. ORTEP drawing of1 (molecule 1) showing the 50% probability
thermal ellipsoid. The counteranion and hydrogen atoms are omitted for
clarity.
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the (2-pyridyl)alkylamine tridentate ligand system. Namely,
the copper(I) complex supported by the 2-[(2-pyridyl)ethyl]-
amine tridentate ligandPheLPye2 (complex2) showed anη2-
binding interaction between the metal ion and the aromatic
group of the ligand side arm (Scheme 3),60 while PheLPym2

complex1 exhibited theη1-binding interaction as shown in

Figure 1 and Scheme 4. The difference in the binding mode
(η1 vs η2) between these two systems could be attributed in
part to the difference in the electron-donor ability of pyridine
as discussed below.

(58) Shimazaki, Y.; Yokoyama, H.; Yamauchi, O.Angew. Chem., Int. Ed.
1999, 38, 2401-2403.

Table 1. Summary of the X-ray Crystallographic Data for Complexes1, 3, and4

1 3 4

empirical formula C20H21N3CuClO4 C20H21N3CuCl2O4 C36H44N6S2Cu2P2F12

fw 466.40 501.86 1041.92
cryst syst triclinic monoclinic monoclinic
space group P1h (No. 2) P21/n (No. 14) P21/c (No. 14)
a, Å 7.287(8) 9.8824(2) 9.400(1)
b, Å 11.54(1) 15.2501(4) 36.605(4)
c, Å 23.58(2) 14.1688(2) 12.980(2)
R, deg 90.48(5) 90 90
â, deg 92.01(4) 91.298(1) 100.077(4)
ø, deg 92.12(3) 90 90
V, Å3 1980.2(3) 2134.80(8) 4397.4(8)
Z 4 4 4
F(000) 960.00 1028.00 2120.00
Dcalcd, g/cm-3 1.564 1.561 1.574
T, K 153 153 159
cryst size, mm 0.40× 0.40× 0.10 0.20× 0.20× 0.20 0.15× 0.24× 0.15
µ(Mo KR), cm-1 12.70 13.05 12.21
2θmax, deg 55.0 54.7 55.0
no. of reflns measd 12173 20143 42831
no. of reflns obsd 6196 ([I > 0.01σ(I)]) 3345 ([I > 3.00σ(I)]) 6424 ([I > 1.00σ(I)])
no. of variables 566 292 586
Ra 0.093 0.033 0.078
Rw

b 0.095 0.041 0.077
GOF 0.98 0.90 0.95

a R ) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) [∑w(|Fo| - |Fc|)2/∑wFo
2]1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg) of Complexes1, 3, and4

Complex1
molecule 1 molecule 2
Cu(1)-N(1) 2.242(5) Cu(2)-N(4) 2.229(5)
Cu(1)-N(2) 2.009(5) Cu(2)-N(5) 1.994(5)
Cu(1)-N(3) 2.017(5) Cu(2)-N(6) 2.073(5)
Cu(1)-C(16) 2.186(6) Cu(2)-C(36) 2.163(6)

N(1)-Cu(1)-N(2) 83.7(2) N(4)-Cu(2)-N(5) 81.1(2)
N(1)-Cu(1)-N(3) 81.8(2) N(4)-Cu(2)-N(6) 82.2(2)
N(2)-Cu(1)-N(3) 122.2(2) N(5)-Cu(2)-N(6) 123.5(2)
N(1)-Cu(1)-C(16) 96.5(2) N(4)-Cu(2)-C(36) 98.9(2)
N(2)-Cu(1)-C(16) 111.6(3) N(5)-Cu(2)-C(36) 122.9(2)
N(3)-Cu(1)-C(16) 125.5(2) N(6)-Cu(2)-C(36) 112.9(2)

Complex3
Cu(1)-Cl(1) 2.276(1) Cu(1)-N(1) 2.068(2)
Cu(1)-N(2) 1.982(2) Cu(1)-N(3) 1.996(2)
Cu(1)-O(3) 2.7495(9)

Cl(1)-Cu(1)-N(1) 178.46(7) Cl(1)-Cu(1)-N(2) 97.67(7)
N(1)-Cu(1)-N(2) 82.76(9) Cl(1)-Cu(1)-N(3) 98.08(7)
N(1)-Cu(1)-N(3) 81.47(9) N(2)-Cu(1)-N(3) 164.22(9)

Complex4
Cu(1)-S(1) 2.267(2) Cu(1)-N(1) 2.165(6)
Cu(1)-N(2) 2.039(7) Cu(1)-N(5) 1.919(6)
Cu(2)-N(3) 2.150(5) Cu(2)-N(4) 2.020(7)
Cu(2)-N(6) 1.967(7) Cu(2)-S(2)* 2.300(2)
S(1)-S(2) 2.074(2) Cu(1)-Cu(2) 4.268(1)

S(1)-Cu(1)-N(1) 90.3(1) S(1)-Cu(1)-N(2) 103.3(2)
S(1)-Cu(1)-N(5) 132.4(2) Cu(1)-S(1)-S(2) 109.94(9)
N(1)-Cu(1)-N(2) 100.6(3) N(1)-Cu(1)-N(5) 107.3(2)
N(2)-Cu(1)-N(5) 115.7(2) S(2)*-Cu(2)-N(3) 89.8
S(2)*-Cu(2)-N(4) 126.4 S(2)*-Cu(2)-N(6) 101.3
Cu(2)-S(2)-S(1) 103.10(4) N(3)-Cu(2)-N(4) 100.3(3)
N(3)-Cu(2)-N(6) 123.6(3) N(4)-Cu(2)-N(6) 115.0(3)

Copper Complexes of (2-Pyridyl)alkylamine Ligands

Inorganic Chemistry, Vol. 42, No. 24, 2003 8093



In CH2Cl2, copper(I) complex1 exhibits an absorption
band around 290 nm (shoulder), which can be assigned to
the metal-to-ligand charge-transfer transition (MLCT) in the
d-π interaction as previously reported for the other copper-
(I)-arene complexes.58-60 When CH3CN was added to the
CH2Cl2 solution of complex1, the shoulder band around 290
nm gradually disappeared (Figure S1 in the Supporting
Information). This may be due to the ligand exchange
reaction between the aromatic ring of the ligand side arm
and the added CH3CN as illustrated in Scheme 4. The
constant for association of CH3CN with the copper(I)
complex,Kas ) [CuIL‚CH3CN]/[CuIL][CH3CN], was then
determined as 3360( 17 M-1 at -20 °C in CH2Cl2 by
analyzing the spectral change of the titration (the inset of
Figure S1). TheKasvalue of complex1 is significantly larger
than that of copper(I) complex2 (6.4 M-1).60 Thus, the
acetonitrile binding is much stronger in1 than in 2. This,
on the other hand, indicates that theη1-binding interaction
in 1 (Scheme 4) is much weaker than theη2-binding
interaction in2 (Scheme 3).60,61

In the cyclic voltametric measurement in CH2Cl2, complex
1 exhibits a quasi-reversible redox couple atE1/2 ) -0.20
V vs Fc/Fc+ due to the one-electron redox reaction of the
copper center (Figure S2 in the Supporting Information).62

This value is lower than the redox potential of copper(I)
complex 2 (0.08 V).60 The negative shift ofE1/2 in the
2-pyridylmethylamine ligand systemPheLPym2 as compared
to the 2-(2-pyridyl)ethylamine ligandPheLPye2clearly indicates
that the pyridine donor ability of the former ligand (PheLPym2)
is higher than that of the latter one (PheLPye2). The higher

donor ability of the 2-pyridylmethylamine (Pym) ligand can
be simply attributed to the chelate ring size effect, which is
normally in the order of five-membered ring> six-membered
ring.63 Thus, it can be said that the tridentate ligand with
stronger donor ability (PheLPym2) affords the weaker d-π
interaction in η1-binding mode (Scheme 4), while the
tridentate ligands with weaker donor ability (PheLPye2) tend
to provide the stronger d-π interaction inη2-binding mode
(Scheme 3). Steric effects induced by the different chelate
ring sizes betweenPheLPym2(five-membered ring) andPheLPye2

(six-membered ring) might also be an important factor
controlling the binding mode of the d-π interaction (η1 vs
η2) though.

As described above, the stability of the copper(I) com-
plexes ofRLPym2 was significantly enhanced when the alkyl
substituent R was changed from Bn to Phe. Nonetheless,
complex 1 decomposed very slowly to give a copper(II)
complex, [CuII(PheLPym2)(Cl)]ClO4 (3), in 88% yield.50 The
crystal structure of complex3 is shown in Figure 2, and the
crystallographic data and the selected bond distances and
angles are presented in Tables 1 and 2, respectively. The
copper(II) ion has a square planar geometry consisting of
the N3Cl donor set, where there is no d-π interaction
between the cupric ion and the phenyl ring of Phe, but the
perchlorate anion weakly coordinates to the copper(II) ion
from the axial direction [Cu(1)-O(3) ) 2.75 Å]. Deviation
of the copper ion from the least-squares plane consisting of
the N3Cl donor set is only 0.0219 Å.

Copper(I)-Dioxygen Reactivity of Complex 1.Reaction
of [CuI(PheLPym2)]ClO4 (1) and dioxygen at-94°C in acetone
gave an unstable intermediate exhibiting an absorption band
at 385 nm (ε ) ∼8000 M-1 cm-1) (Figure 3). The time
course of the absorption change can be fitted by second-
order kinetics, and the second-order rate constant (kobs) was
obtained from the slope of the linear line of the second-
order plot shown in the inset of Figure 3. The second-order
dependence on the intermediate has also been confirmed by
the result that the second-order rate constants (kobs) obtained

(59) Osako, T.; Tachi, Y.; Taki, M.; Fukuzumi, S.; Itoh, S.Inorg. Chem.
2001, 40, 6604-6609.

(60) Osako, T.; Tachi, Y.; Doe, M.; Shiro, M.; Ohkubo, K.; Fukuzumi, S.;
Itoh, S. Submitted for publication.

(61) Details about the solution structure of the (η2-arene)copper(I) complex
of PheLPye2 have been explored by 2D NMR techniques (COSY,
NOESY, HMQC, and HMBC).60 The instability of complex1 in CH2-
Cl2 (gradual formation of the copper(II)-chloride complex 3),
however, precluded the detailed NMR studies on the (η1-arene)copper-
(I) complex ofPheLPym2.

(62) The redox potential of [CuI(BnLPym2)]ClO4 (-0.22 V vs Fc/Fc+) is
nearly the same as that of [CuI(PheLPym2)]ClO4 (complex1; -0.20 V).
Thus, the different stabilities of the copper(I) complexes supported
by RLPym2 (R ) Bn and Phe) may not be attributed to differences in
the redox potential. (63) Karlin, K. D.; Sherman, S. E.Inorg. Chim. Acta1982, 65, L39-L40.

Scheme 3

Scheme 4

Figure 2. ORTEP drawing of3 showing the 50% probability thermal
ellipsoid. The hydrogen atoms are omitted for clarity.
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at various initial concentrations of1 were inversely propor-
tional to the initial concentration of1 as expected from the
equation of the second-order plot: (A0 - A)/{(A - A∞)[1]0}
) kobst. The second-order kinetics clearly indicates that two
molecules of the copper complex are involved in the rate-
determining step (rds) of the intermediate formation process.
We presume that the bimolecular reaction between a mono-
nuclear superoxocopper(II) complex, generated by the reac-
tion of 1 and O2, and another molecule of copper(I) complex
1 is the rate-determining step as indicated in Scheme 5. Thus,
the 385 nm intermediate of the oxygenation reaction is a
dicopper complex involving an oxygen atom bridge(s). In
fact, the stoichiometry of the reaction was Cu:O2 ) 2:1
((0.03) (determined by manometry), and the solution of the
oxygenated intermediate was ESR-silent.

Judging from the accumulated experimental data in copper-
(I)-dioxygen chemistry,2-6 the above results strongly indi-
cate that the dicopper complex shown in Scheme 5 is a bis(µ-
oxo)dicopper(III) complex (C; see Chart 1). Theλmax value
(385 nm) of the dicopper complex is very close to that of
Suzuki’s bis(µ-oxo)dicopper(III) complex supported by the
Me2TPA ligand [bis(6-methyl-2-pyridylmethyl)(2-pyridyl-
methyl)amine] (λmax ) 378 nm),21 but is different from that
of the (µ-η2:η2-peroxo)dicopper(II) complex (B) generated
from copper(I) complex2 (λmax ) 362 nm).38 Moreover, the
oxygenated dicopper complex exhibits no distinct LMCT
band around 530 nm that should appear if the dicopper
complex were a (µ-η2:η2-peroxo)dicopper(II) complex (B).64

Unfortunately, however, the instability of the oxygenated
intermediate has precluded us to obtain the resonance Raman
data.

Consequently, changing the ethylene linker (-CH2CH2-)
of PheLPye2 to a methylene linker (-CH2-) to give PheLPym2

resulted in a drastic change in the structure of the oxygenated
dicopper intermediate, a (µ-η2:η2-peroxo)dicopper(II) com-
plex (B) vs a bis(µ-oxo)dicopper(III) complex (C). In other
words, thePheLPym2 ligand induces the O-O bond cleavage
of a (µ-peroxo)dicopper(II) complex to give the bis(µ-oxo)-
dicopper(III) complex (C) as the oxygenation product.
Furthermore, the formation rate constant (kobs ) 5.9 × 104

M-1 s-1 at -94 °C in acetone) of the bis(µ-oxo)dicopper-
(III) complex of PheLPym2 is significantly larger than that of
the (µ-η2:η2-peroxo)dicopper(II) complex ofPheLPye2 (1.21
M-1 s-1) under the same experimental conditions. These
results can be explained by taking into account the difference
in electron-donor ability of the pyridine nitrogen in the
tridentate ligand systems as discussed above. Namely, the
PheLPym2 ligand with the stronger donor ability can support
the higher oxidation state of copper(III) of the bis(µ-oxo)
complex (C), but thePheLPye2 with the lower donor ability
can only support the (µ-η2:η2-peroxo)dicopper(II) complex
(B). This conclusion is consistent with the lower oxidation
potential of the copper(I) complex ofPheLPym2 (-0.20 V vs
Fc/Fc+) as compared to that of the copper(I) complex of
PheLPye2 (0.08 V) (vide ante).

The bis(µ-oxo)dicopper(III) complex supported byPheLPym2

was not stable and decomposed even at low temperature to
cause aliphatic ligand hydroxylation at the benzylic position
of the phenethyl side arm (∼18% yield based on the copper-
(I) starting material; the maximum yield is 50%).65 The
decomposition rates were determined from the decay of the
absorption band at 385 nm due to the bis(µ-oxo) complex at
various temperatures. The decomposition reaction obeys first-
order kinetics, and ln(kobs/T) is plotted againstT-1 to give
an Eyring plot (Figure S3 in the Supporting Information),
from which the activation parameters have been determined
as∆Hq ) 6.3( 0.3 kcal mol-1 and∆Sq ) -34.0( 1.5 cal
K-1 mol-1. The∆Hq value is relatively similar to that of the
aliphatic ligand hydroxylation in the bis(µ-oxo)dicopper(III)
complex supported by the didentate ligandPhe,EtLPye1 [R )
Phe; R′ ) -CH2CH3 (Et); see Chart 3] (∆Hq ) 9.3 ( 0.1
kcal mol-1), while the∆Sq value is negatively larger than
that of thePhe,EtLPye1 system (∆Sq ) -17.3 ( 0.4 cal K-1

mol-1),40 suggesting that the transition state is more highly
ordered in the present reaction system as compared to that
in the didentate ligand system.

Disulfide-Dicopper(I) Complex. It has been demon-
strated that the disulfide ligands carrying the bis[2-(2-
pyridyl)ethyl]amine N3-metal binding units (Pye2) such as
S2LPye2(Chart 3) gave a disulfide-dicopper(I) complex (type
E in Chart 2) when the ligand was treated with 2 equiv of
copper(I) salt.47 The disulfide ligandS2,BnLPye1 having the
N-benzyl-2-[(2-pyridyl)ethyl]amine N2-metal binding units

(64) The lowerε value (∼8000 M-1 cm-1 at 385 nm) of the oxygenated
intermediate is due to the instability of the copper(I) starting material
in solution. Namely, the copper(I) complex was gradually converted
into the copper(II) complex3 during the preparation of a copper(I)
solution for the kinetic measurements.

(65) The low yield of ligand hydroxylation could also be attributed to the
instability of the copper(I) starting material.

Figure 3. Spectral change observed upon introduction of O2 gas into an
acetone solution of1 (2.0 × 10-4 M) at -94 °C. Inset: second-order plot
based on the absorption change at 385 nm.

Scheme 5
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(Pye1) also afforded a similar disulfide-dicopper(I) complex
(4) by treatment with 2 equiv of [CuI(CH3CN)4]ClO4. The
crystal structure of complex4 is shown in Figure 4, and the
crystallographic data and the selected bond distances and
angles are presented in Tables 1 and 2, respectively.

The overall structure of the N3Cu-S-S-CuN3 moiety is
fairly close to that of the dicopper(I)-disulfide complex
supported byS2LPye2, although one of the three nitrogen atoms
of each copper site in complex4 is provided by the bound
acetonitrile instead of the pyridine nitrogen in theS2LPye2

complex.47 The cuprous ions in4 have a distorted tetrahedral
geometry with an N3S donor set, and the S-S distance of
2.074(2) Å and the Cu-S bond lengths of 2.267(2) and
2.300(2) Å are nearly the same as those of the dicopper-
(I)-disulfide complex ofS2LPye2 (dS-S ) 2.068(2),dCu-S )
2.253(1) and 2.273(1) Å, respectively).47 The dihedral angle
of C-S-S-C is 96.799°, which is larger than that of the
S2LPye2 complex (82.179°).47 This may be due to the steric
effect of the Bn groups of4 in the crystal packing, since the
Bn groups in 4 are directed toward the outside of the
coordination sphere of the Cu-S-S-Cu core (Figure 4).

The electrospray ionization mass spectrum of an acetone
solution of complex4 provided positive ions with prominent
peaks at the expected mass numbers with the isotope
distribution patterns of the corresponding dicopper complexes
(Figure S4 in the Supporting Information), indicating that
the solid structure is retained in solution. The disulfide-
dicopper(I) complex4 exhibits a featureless spectrum in the
visible region (above 400 nm) as in the case of the disulfide-
dicopper(I) complex ofS2LPye2.47

These results unambiguously demonstrated that the dis-
ulfide ligands carrying the metal binding moiety consisting
of 2-[(2-pyridyl)ethyl]amine (Pye) afford the disulfide-
dicopper(I) complex regardless of the denticity of the metal
binding sites, didentate (N2 in S2,BnLPye1) and tridentate (N3
in S2LPye2). This is quite different from the ligand effects in
the copper(I)-dioxygen system, where the tridentate (N3)
2-[(2-pyridyl)ethyl]amine ligandRLPye2 afforded the (µ-η2:
η2-peroxo)dicopper(II) complex whereas the didentate (N2)
2-[(2-pyridyl)ethyl]amine ligandR,R′LPye1 produced the bis-
(µ-oxo)dicopper(III) complex.6

Bis(µ-thiolato)dicopper(II) Complexes.Air-sensitive dark
brown color complexes5-7 exhibiting the bis(µ-thiolato)-

dicopper(II) core structure (typeF in Chart 2) were obtained
in the reaction of the disulfide ligands consisting ofN-alkyl-
(2-pyridylmethyl)amine N2-metal binding units (S2,RLPym1,
Chart 3). The crystal structure of bis(µ-thiolato)dicopper(II)
complex6 has been reported in our previous paper.66 Thus,
the disulfide bond of the ligands is reductively cleaved by
the reaction with two cuprous ions to generate the bis(µ-
thiolato)dicopper(II) core.

The dicopper(II) complexes5-7 were all ESR-inactive.
The diamagnetism of the bis(µ-thiolato)copper(II) complex
is consistent with an expected strong antiferomagnetic
interaction between the two cupric ions in the bis(µ-thiolato)-
dicopper(II) core. The electrospray ionization mass spectra
of the acetone solutions of all the bis(µ-thiolato) complexes
provided positive ions with prominent peaks at the expected
mass numbers with the isotope distribution patterns of the
corresponding dicopper complexes (Figure S4), indicating
that the solid structures are retained in solution.

The UV-vis spectra of complexes5-7 in CH2Cl2 are
shown in Figure 5. Each complex exhibits a strong absorption
band around 350 nm together with two broad bands at around
500 and 810-820 nm [for 5, λmax ) 353 nm (ε ) 11500
M-1 cm-1), 501 nm (1200 M-1 cm-1), 816 nm (2000 M-1

cm-1); for 6, λmax ) 351 nm (ε ) 12300 M-1 cm-1), 516
nm (1200 M-1 cm-1), 813 (2400 M-1 cm-1); for 7, λmax )
351 nm (ε ) 8400 M-1 cm-1), λmax ) 489 nm (ε ) 1100
M-1 cm-1), λmax ) 824 nm (ε ) 1500 M-1 cm-1)]. The
similarity of the UV-vis spectral features confirms that all
three complexes possess the same bis(µ-thiolato)dicopper-
(II) core structure in solution. The spectral features especially
at the visible region of5-7 are, however, somewhat different
from that of the bis(µ-thiolato)dicopper(II) complex gener-
ated by usingS2LPym2[λmax ) 366 nm (ε ) 7700 M-1 cm-1),
λmax ) 556 nm (ε ) 460 M-1 cm-1), λmax ) 884 nm (ε )
1200 M-1 cm-1)].47 Although the assignment of these
absorption bands has yet to be elucidated, the broad low-
energy absorption band above 800 nm can be attributed to a
thiolate-to-copper(II) charge-transfer transition.67 The higher

(66) Ueno, Y.; Tachi. Y.; Itoh, S.J. Am. Chem. Soc. 2002, 124, 12428-
12429.

(67) Holland, P. L.; Tolman, W. B.J. Am. Chem. Soc. 1999, 121, 7270-
7271.

Figure 4. ORTEP drawing of dicopper(I)-disulfide complex4 showing
the 50% probability thermal ellipsoid. The counteranions and hydrogen
atoms are omitted for clarity.

Figure 5. UV-vis spectra of complexes5-7 (1.0× 10-4 M) in CH2Cl2.
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energy of this band of complexes5-7 (813-824 nm) as
compared to the previous one generated by usingS2LPym2

(884 nm) suggests that the coordinative interaction between
the copper(II) ion and the thiolate is stronger in5-7 with
the N2 capping ligand than that in the previous complex with
the N3 capping ligand.

Summary and Concluding Remarks

Copper(I) complexes of the bis(2-pyridylmethyl)amine
tridentate ligandsRLPym2 with a weakly coordinative or
noncoordinative counteranion such as ClO4

- or PF6
- are

readily converted into a copper(II)-chloride complex such
as 3 in CH2Cl2. The copper(I) complex ofBnLPym2 also
gradually decomposes to give a mixture of copper(II) and
copper(0) materials (disproportionation reaction) even in a
nonhalogenated solvent such as acetone under anaerobic
conditions.50 Here we have found that such reactions (reduc-
tive dehalogenation and disproportionation) of the copper-
(I) complex are significantly suppressed when a Phe group
is adopted as the ligand side arm (R). The crystallographic
analysis as well as the spectroscopic studies have clearly
indicated that the copper(I) complex ofPheLPym2 (1) exhibits
a distinct d-π interaction with anη1-binding mode between
the cuprous ion and the phenyl ring of the ligand side arm
(Figure 1). This interaction may stabilize the copper(I)
complex by preventing the above reactions in solution. It
has also been found that the binding mode of the d-π
interaction (η1 vs η2) is altered by changing the alkyl linker
chain length connecting the tertiary amine nitrogen and the
pyridine nucleus (Pym2 vs Pye2).

Oxygenation of copper(I) complex1 at low temperature
provided a bis(µ-oxo)dicopper(III) complex (C). This is in
sharp contrast to the case of the oxygenation reaction of
copper(I) complexes ofRLPye2(complex2), which predomi-
nantly produced the (µ-η2:η2-peroxo)dicopper(II) complexes
(B).37 The stronger electron-donor ability of the pyridine
nuclei of PheLPym2 may induce O-O bond cleavage of the
peroxo intermediate and stabilize the higher oxidation state
of copper(III). A similar ligand effect has been found to exist
in the Cu2-S2 system. Namely, the dicopper(I)-disulfide
complexes were obtained when the disulfide derivatives with
the 2-[(2-pyridyl)ethyl]amine capping ligands were employed
regardless of whether the metal binding unit was didentate
(S2,RLPye1) or tridentate (S2LPye2). On the other hand, the bis-
(µ-thiolate)dicopper(II) complexes were selectively produced
when the disulfide derivatives with the (2-pyridylmethyl)-
amine capping ligands were employed.47,66 In this case,
electron transfer occurs from the copper(I) ions to the
disulfide bond to induce the reductive cleavage of the
disulfide bond of the ligand. This is an isoelectronic process

of the conversion of the (µ-η2:η2-peroxo)dicopper(II) com-
plex to the bis(µ-oxo)dicopper(III) complex, although the
oxidation states of the copper ions are different [Cu(I) to
Cu(II) in the Cu2-S2 system and Cu(II) to Cu(III) in the
Cu2-O2 system]. Thus, it is apparent that the Pym2 ligands
can stabilize the higher oxidation state of the metal center
as compared to the Pye2 ligands.

Tolman and co-workers reported a bis(µ-thiolato)dicopper-
(II) complex (8) supported by the triazacyclononane tridentate
ligand with bulky alkyl substituents as shown in Scheme 6.68

The overall structure of our bis(µ-thiolato)dicopper(II)
complex6 is similar to that of compound8 with respect to
the distinct butterfly-shaped structure of the bis(µ-thiolato)-
dicopper core, the cis disposition of the axial N donors, and
the distorted square pyramidal geometry of the copper
centers.47,68 Tolman and co-workers have further developed
a mix-valent bis(µ-thiolato)dicopper(I,II) complex (9) by
adopting the N2S ligand supported by a diazacyclooctane
framework (Scheme 6).69 This complex has a flat Cu2S2 core
instead of the significantly bent Cu2S2 core found in complex
8. Thus, changing the donor set of N3S2 in 8 to N2S2 in 9
makes it possible to isolate the mix-valent bis(µ-thiolato)-
dicopper(I,II) complex9, which can be regarded as a real
model compound for the CuA site of cytochromec oxidase
(CcO) and nitrous oxide reductase (NOR).70 We thought that
the removal of one of the pyridine side arms of ligandS2LPym2

to make ligandS2,RLPym1 could also allow us to access the
mixed-valent bis(µ-thiolato)dicopper(I,II) complex as in the
case of complex9. Unfortunately, however, ourS2,RLPym1

ligand only gave the bis(µ-thiolato)dicopper(II) complexes
5-7 with the butterfly-shaped Cu2S2 core. The six-membered
chelate ring consisting of Cu-N-C-C-C-N- in 9 may
be important to support such a flat Cu2S2 core, while the
five-membered chelate ring of Cu-N-C-C-N- in 5-7
can only support the distorted Cu2S2 core.
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