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Abstract

A disulfide-bridged dicopper(I) complex [Cu2(Py2SSPy2)](ClO4)2 (1), synthesized by the redox reaction
of a Cu(II) salt with a thiol-containing N3S-donor ligand, N,N-bis[2-(2-pyridyl)ethyl]-2-mercapto-2-
methylpropylamine (Py2SH), is demonstrated to catalyze epoxidation and hydroxylation with H2O2 as an
oxidant. © 2000 Elsevier Science Ltd. All rights reserved.
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The activation of dioxygen and a C–H bond performed by copper-containing enzymes is attracting
much current interest from chemical and biochemical points of view. Dopamine�-monooxygenase
(D�M)1 catalyzes the hydroxylation of dopamine at the benzylic positions to norepinephrine and pepti-
dylglycine�-hydroxylating monooxygenase (PHM)2 which mediates the stereospecific hydroxylation of
the glycine�-carbon of peptidylglycine substrates, and is a new class of copper monooxygenase in that
dioxygen binding and substrate hydroxylation are carried out on mononuclear copper sites, called CuB,
of the dicopper active sites. A recent X-ray analysis2 showed that the CuB site of PHM is coordinated
by methionine (MetS), and a preparation and characterization of half-apo reduced D�M3 demonstrated
the coordination of an S-donor, presumably MetS, to the CuB center. Therefore, to elucidate the still
unclear mechanism for the activation of dioxygen and a C–H bond performed by these copper enzymes,
it is important to investigate oxidation reactions of a copper model complex that involves an S-donor
ligand.4,5

In this paper we present that a combination of hydrogen peroxide (H2O2) with a new disulfide-bridged
dicopper(I) complex (1), synthesized by the redox reaction of a Cu(II) salt with a thiol-containing N3S-
type ligand Py2SH (Fig. 1), can mimic the biological C–H bond activation. The Py2SH ligand was
synthesized by the ring-opening reaction of isobutylene sulfide6 with bis[2-(2-pyridyl)ethyl]amine7 at
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60°C for 24 h.† Complex1 was obtained by the redox reaction8 of Py2SH with Cu(ClO4)2�6H2O in
MeOH solution (82% yield based on Py2SH).‡ We carried out single-crystal structure analyses of1 and
found two independent structures (1a,1b), which mainly differ in the S–S bond distance and the C–S–S–C
dihedral angle, as shown in Fig. 2.§

Fig. 1. Schematic drawing of a thiol-containing N3S-donor ligand Py2SH

Fig. 2. Structure of a dication of1a(1b) (ORTEP plot) showing 30% probability ellipsoids. Numbers in the parentheses are
atom numbering for1b; hydrogen atoms have been omitted for clarity. Bond distances are in Å and bond angles are in deg:
for 1a, Cu1���Cu4 4.035(3), Cu1–S1 2.228(6), Cu2–S4 2.242(6), S1–S2 2.088(7), and C15–S1–S2–C16 109.5(10); for1b,
Cu2���Cu3 4.081(3), Cu2–S4 2.242(6), Cu3–S3 2.246(6), S3–S4 2.070(7), and C31–S4–S3–C54 103(1)

Although disulfide-dicopper(I) complexes are well-known, this is the first structurally characterized
example obtained by the redox reaction8 of a Cu(II) salt with a thiol-containing ligand. The two Cu(I)
ions, which are separated by 4.035(3) Å for1aand 4.081(3) Å for1b, are bridged by the disulfide moiety
of a resultant ligand, Py2SSPy2. The disulfide S–S distances of 2.088(7) Å for1a and 2.070(7) Å for1b
are longer than the value of 2.04 Å which is frequently observed in aliphatic disulfides.9 The C–S–S–C

† Py2SH (N,N-bis[2-(2-pyridyl)ethyl]-2-mercapto-2-methylpropylamine): elemental analysis: calcd for C18H25N3S: C,
68.53%; H, 7.99%; N, 13.32%; S, 10.16%. Found: C, 68.37%; H, 7.98%; N, 13.06%; S, 10.15%.1H NMR data: (�/ppm
vs TMS) in CDCl3: 8.52 (d,J=4.9 Hz, 2H), 7.58 (t,J=6.8 Hz, 2H), 7.16 (d,J=7.8 Hz, 2H), 7.10 (d,J=6.3 Hz, 2H), 3.13–2.97
(m, 8H), 2.63 (s, 2H), 1.23 (s, 6H).
‡ Caution: The perchlorate salt is potentially explosive and should be handled with care. Elemental analysis: calcd for
Cu2C36H48N6S2Cl2O8: C, 45.28%; H, 5.06%; N, 8.80%; Cl, 7.43%. Found: C, 45.08%; H, 5.07%; N, 9.30%; Cl, 7.34%.
Mass(FAB) analysis:m/zcalcd for Cu2C36H48N6S2ClO4: 855. Found: 855 (M+).
§ X-Ray crystal data for1: intensity data were collected on a Rigaku AFC-7R diffractometer with graphite-monochromated
Mo–K� radiation (�=0.71069 Å) at 296 K, using the!–2� scan technique to a maximum 2� value of 55°.
C72H49Cl4Cu4N12S4O16 (1)2: triclinic space groupP1 (No. 2),a=15.165 (3) Å,b=22.185 (4) Å,c=14.989 (3) Å,�=105.76°,
�=90.82°,
=75.23°,V=4684 (1) Å3, Z=2,dcalcd=1.354 g/cm3, R [I>2�(I)]=0.095 for 7373 independent reflections of the 21502
collected.R (all data)=0.125. The structure was solved by direct method (SHELX-86).
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dihedral angles of 109.5°(10) for1a and 103°(1) for1b are different from those of aliphatic disulfides
which are in most cases close to 90°.9 These structural features of the elongated S–S bond, the short Cu–S
bond and the C–S–S–C dihedral angle alteration from 90° would be a consequence of electron density
delocalization from the Cu(I) ions to the sulfur 3d or 3p orbitals. Therefore, we can view complex1
as an intermediate structure in the disulfide S–S bond formation by the catalytic oxidation of a thiol by
a Cu(II) salt. Complex1 in CH3CN solution exhibits a UV–vis spectrum with an intense band at 300
nm ("=10810 M�1 cm�1), which would be ascribed to a charge transfer between the Cu(I) ions and the
disulfide moiety or to a disulfide absorption that is significantly red-shifted due to complexation or the
C–S–S–C dihedral angle alteration from 90°.9

Results of catalytic oxidation of hydrocarbons by the1/H2O2 combination are listed in Table 1. Due to
self-oxidation of the complex the yield is not so high. Interestingly, the selective oxidation of cyclohexane
to cyclohexanol with an alcohol/ketone ratio of 2 was achieved. A combination of a metal complex
with a peroxide is often considered to generate a hydroxyl or an alkoxyl radical that can initiate radical
chain autoxidation reactions,10 and in this reaction alkane is oxidized with an alcohol/ketone ratio of
about 1. We thus think that a metal-based oxidant may be formed by the1/H2O2 combination. On
the other hand, the1/tBuOOH combination oxidized cyclohexane to cyclohexanol (12% yield) and to
cyclohexanone (14% yield) with an alcohol/ketone ratio of 1. The formation of a metal-based oxidant
in 1/H2O2 is further supported by the results of the oxidation of cyclohexene to its epoxide, while the
1/tBuOOH combination was unable to catalyze the epoxidation. The observed oxidation selectivity for
the epoxidation (E) versus the allylic oxidation (A) with an E/A ratio of 0.18 is much higher than 0.03 of
E/A shown by Kitajima’s�-peroxo dicopper(II) complex.11 D�M also catalyzes olefin epoxidations,1b

and thus the oxidation reaction of1/H2O2 may be analogous to the oxygenation by D�M.
Table 1

Oxygenation of substrates by the1/H2O2 systema

Preliminary UV–vis, EPR, and resonance Raman (RR) studies have shown that a transient dark-green
species is formed in the early stage of the reaction of1 with H2O2. Intermediate2 is fairly stable below
0°C, and shows absorption maxima at 295 nm ("=7700 M�1 cm�1) and 325 nm (sh) ("=6414 M�1 cm�1)
and a very weak, broad d–d transition band at 670 nm ("=30 M�1 cm�1) (Fig. 3). This change in the
absorption spectrum is indicative of a coordination of an anionic donor such as a deprotonated hydrogen
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peroxide anion to a copper center.12,13An EPR spectrum of a CH3CN solution of2 at 77 K exhibits axial
signals atgjj=2.21 (Ajj=170 G) andg?=2.01 and isotropic weak broad signals atg=1.66, 2.94, and 5.55.
The signal ofg=5.55 (Fig. 3 inset) indicates that a half-field transition of�Ms=�2 occurs within the
dipolar interacting Cu(II) ions of the dimer site.14 After the decomposition of2, the half-field transition
faded away and only theg=2 signals were observed. Therefore a dinuclear copper(II) structure should be
involved in2. Similar observations of the co-existence of dinuclear and mononuclear copper(II) species
in the formation of dicopper–dioxygen complexes were reported.7,14 We obtained elemental analysis
data of the crystal of the decomposed complex,15 which indicate the occurrence of ligand sulfoxidation,
as observed by Champloy and co-workers.5 The elemental composition suggests that a cuprous center
should be included in the decomposed complex, which is innocent of theg=2 signal.

Fig. 3. Electronic absorption spectra of1 (dashed line) and2 (solid line) in CH3CN at 0°C. Inset: EPR spectrum of2 in the
half-field transition region; 77 K, microwave frequency 9.09 GHz, modulation 0.63 mT, microwave power 0.4 mW

The preliminary RR studies16 of 2 in a CH3CN solution measured at�25°C (laser excitation
wavelength 325 nm) revealed resonance-enhanced Raman features in the region of 800–850 cm�1

which were fitted by two Gaussian functions, revealing the two peaks at 822 and 836 cm�1. The
two peaks shift to the lower frequencies upon introduction of H2

18O2 with peak features at 781 and
791 cm�1. These vibrational features are in the range characteristic for the�(O–O) band of peroxide
species. The electrospray ionization (ESI) mass spectroscopy is a powerful tool for characterizing such
an intermediate, so that we will apply the method to2 in future work in order to gain more accurate
information about the structure of the peroxide species. Further studies on the vibrational and reaction
aspects of2 are now in progress and will be reported in due course.16
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