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a b s t r a c t

Indole is an electron-rich aromatic compound with characteristic properties and is widely distributed
in natural products and in proteins as the important constituent of essential amino acid tryptophan. It
is known to form a hydrophobic environment in proteins and to be involved in enzymatic reactions. In
addition to the redox activities and various weak interactions, it shows versatile metal binding abilities
through the nitrogen and carbon atoms. This review focuses on the properties of the indole ring in and
around the coordination sphere and the structures and bonding modes of Cu(I), Cu(II), Pd(II), and Pt(II)
complexes of indole-containing ligands. Reactivities of indole-containing Cu(I) complexes with dioxygen,
indole-radical formation by oxidation of Pd(II) and Pt(II) complexes, and the effects of the proximal indole
ring on the reactivity of the Cu(I) center are also reviewed.
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�-Bonding
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. Introduction

Indole is an electron-rich aromatic compound with character-
stic properties due to the presence of an electron-rich pyrrole

oiety. It is widely distributed in biological systems as an impor-
ant constituent of biomolecules and natural products such as an
ssential amino acid, tryptophan (Trp), and ergot alkaloids [1]. As a
onstituent of proteins, Trp has the highest hydrophobicity among
he amino acids [2] and forms a hydrophobic environment, stabiliz-
ng the protein structure [3]. The indole ring of the Trp residue near
he active site of metalloenzymes has been reported to be involved
n the electron-transfer pathways as in cytochrome c peroxidase
CcP) [4]. The Trp residue near the active site of galactose oxidase
GO), which is a type II copper protein having an equatorially bound
yrosine phenolate oxygen, is stacked with this phenolate ring and
s considered to stabilize the phenoxyl radical formed in the course
f the catalytic cycle among other functions [5,6]. Thus, Trp residues
n proteins not only provide a hydrophobic environment but also
ake part in enzymatic reactions, showing that the indole ring can
e an active component of reactions. Until very recently no evi-
ence was reported for its metal binding and related functions in
iological systems, while it is well established for chemical sys-
ems that the indole ring exhibits its ability to coordinate to certain

etal ions [7,8]. On the other hand, the indole ring of Trp in planar
ernary Cu(II) complexes containing an aromatic diimine (DA) such
s 1,10-phenanthroline (phen), M(DA)(Trp) (M = Cu(II)), undergoes
ntramolecular aromatic ring stacking with DA [7–10], and the Trp
esidue in some peptides is known to stack with nucleotides and
ntercalate into DNA base pairs through �–� interactions [11].

This review is intended to focus on the metal binding properties,
tructures, and reactivities of the indole ring as observed for the
etal complexes with various ligands including 3N-, 2N1O-, and

N-tripod-like ligands containing one or two proximal indole rings
Fig. 1). We will first overview the metal binding modes and weak
nteractions of indoles and then describe some properties of the
ndole ring in the metal coordination sphere mainly on the basis of
ur recent studies.

. Metal binding properties and noncovalent interactions
f the indole ring

The indole ring exists in two tautomeric forms, 1H- and 3H-
ndoles:

1H-Indole has a pyrrole NH moiety, which is very weakly acidic
ith the pKa value of 16.82 for Trp (25 ◦C) [12] and is known to bind
ith alkali metal ions and Grignard reagents to form their salts

y deprotonation [13,14]. In 3H-indole the nitrogen atom (N(1))
s regarded as an imine nitrogen, and the carbon(3) atom (C(3))
ecomes an sp3 carbon, so that the behavior of 3H-indole toward
etal ions may be different from that of 1H-indole due to the coor-
inating ability of the imine nitrogen. Pd(II) binds with N(1) in the
H-indole form, shifting the NH proton to C(3) to convert it to an
p3 carbon [15]. The indole ring is capable of various noncovalent
nteractions with other molecules by hydrogen bonding through
he NH moiety and by �–� stacking, cation–� interactions, etc.,
hrough the aromatic moiety.

b
p
b
r
b
a

ig. 1. Structures of ligands. H in Hiepp, etc., denotes a phenol proton which disso-
iates upon coordination.

.1. Metal–indole �-bonding

Indole and 3-methylindole were concluded by 1H NMR spec-
ra to form dimeric Pd(II) complexes by bridging two Pd(II) ions
hrough the N(1) and C(2) atoms in the 3H-indole form [16]. Reac-
ions of Na2PdCl4 with 2-methylindole (MI) and 2,5-dimethylindole
DMI) in methanol gave the corresponding complexes, [Pd(MI)2Cl2]
1) and [Pd(DMI)2Cl2], respectively, where Pd(II) binds with two
ndole rings through the N(1) atoms in a square-planar geome-
ry with two chloride ions in a trans configuration (Fig. 2(A)) [15].
he C(2)–C(3) bond distances (1.52–1.57 Å) were close to the value
or a single bond, and in line with this the 13C NMR signal for
(3) (ca. 47 ppm vs. TMS) corresponded with the sp3 carbon sig-
al. Considering that Pd(II) has a high affinity for N donors, similar
odes of binding may be expected for metal ions such as Pt(II). The

ndole ring attached close to the metal binding site may interact
ith the metal ion under suitable conditions. Thus, while Trp is

n efficient glycine-like bidentate ligand and indole-3-acetate (IA)
an normally bind with a metal ion by the carboxylate oxygen, the
ndole ring could also take part in metal binding. It is well known
hat Pd(II) undergoes cyclopalladation reactions to give a Pd–C
ond. IA reacted with Na2PdCl4 in methanol to give a complex with
he composition Na[Pd(IAH−1)Cl] (IAH−1 = deprotonated IA), which
as converted to [Pd2(IAH−1)2(py)2] (2) upon addition of pyridine

py) [17] (Fig. 2(B)). Complex 2 has a dimeric structure, where Pd(II)
inds with the carboxylate oxygen and N(1) of a neighboring com-
lex molecule in a square-planar geometry and further with C(3)

y cyclopalladation to form a spiro-ring composed of the indole
ing and the C,O-donor chelate ring, resulting in the N(1),C(3)-
ridging of two Pd(II) ions [17]. This indicates that Na[Pd(IAH−1)Cl]
lso has a dimeric structure with coordinated chloride ions in
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signal of the ligand due to the ring current effect. In the syn isomer
ig. 2. Structures of indole-binding Pd(II) complexes: (A) [Pd(MI)2Cl2] (1) [15]; (B)
Pd2(IAH−1)2(py)2] (2) [17].

lace of the py molecules in 2. Kostić and co-workers stud-
ed the Pd(II) and Pt(II) complexes of indole-3-acetamide [18,19]
nd N-acetyltryptophanamide [20] and concluded by molecular
echanics simulations that the indole ring binds with the metal

ons through the C(3) atom (3) and substantiated the conclu-
ion by the NMR spectra (Fig. 3(A)). They developed Pd(II) and
t(II) complexes as artificial peptidases, which recognize the indole
oiety of the Trp residues in peptides by binding at the C(3)

tom and specifically cleave the C-terminal amide or peptide bond
20,21]. Pd(II) was found to form a chelate ring as shown in 4
y binding with 1-(2′-pyridyl)indole and 1-(2′-pyrimidyl)indole
t the side-chain N and the indole C(2) atom by cyclopalladation
Fig. 3(B)), and Rh(III) gave the octahedral complexes having the
ame chelate ring [22]. 1-Dimethylaminomethylindole [23] and
-dimethylaminomethylindole (gramine) [24] react with Li2PdCl4
imilarly at the side-chain N and C(2) atoms to form chloride-
ridged dimers such as 5 (Fig. 3(C)) [24]. The halide-bridged dimeric
d(II) complex of 1-(2′-pyridyl)indole reacted with monodentate
itrogen and phosphorus ligands to form a neutral, monomeric
omplex similar to 4, which exhibited growth inhibitory activity
gainst the mouse lymphoid leukemia cell line L1210 [25]. The Pt(II)
omplexes of gramine, tryptamine, and Trp methyl ester (6) were
lso formed by cyclometalation at C(2) (Fig. 3(D)) [26]. Pd(II) and
t(II) bind with 2-(2′-pyridyl)indole at the indole N(1) and pyridine
atoms, and the M(II)–C(3) bond was formed when the indole ring

ad an N(1)-substituent [27]. Cyclometalation involving the C(4)
tom of indole was revealed for the Pd(II) complex of a hydrazone
f indole-3-carboxaldehyde (7) (Fig. 3(E)) [28], while its thiosemi-

arbazone was found to bind with Pd(II) through the side-chain

and S atoms without Pd(II)–indole binding [29]. Metal–indole
inding is often implicated in the synthesis of indole derivatives
atalyzed by palladium and other metal complexes; for example,

8
f
t
s

ig. 3. Examples of indole-binding M(II) complexes (M = Pd, Pt): (A) complex 3 [20];
B) complex 4 [22]; (C) complex 5 [24]; (D) complex 6 [26]; (E) complex 7 [28].

d(II)-catalyzed C(2)- and C(3)-arylation of indoles [30–32] and C-
rylation of 1H-indole and pyrrole by Rh(III) complexes [33] are
onsidered to take place through metal–indole intermediates.

.2. Stereochemistry and metal binding modes of the sp3 C(3)
tom

Pd(II) binding at N(1) causes the shift of the N(1) proton to C(3)
o form 3H-indole [15]. Ligands with a metal binding substituent
t C(3) may undergo cyclopalladation, as seen for 2, and the metal
inding at C(3) of 3H-indole gives rise to stereoisomers depend-

ng on the stereochemistry of the attack by the metal ion. Such
somers were isolated for the complex of IEP which is the conden-
ation product of tryptamine with acetylacetone, [Pd2(IEPH−2)2]
8) (IEPH−2 = doubly deprotonated IEP), by silica gel column chro-

atography [34]. They were structurally characterized to be a syn
orm (8a) and an anti form (8b) as shown in Fig. 4. In both complexes
he C(3) atoms of the two indole moieties are at the centers of the
piro-rings and have the same chirality in 8a but are enantiomeric
n 8b, resulting in pseudo-C2 and Ci symmetry, respectively. The

olecular structures (Fig. 4) show that only the five-membered
yrrole moieties are involved in stacking in the anti isomer 8b, and
he C(2) proton of one pyrrole moiety is located close to the other,
xhibiting a 0.56 ppm upfield shift of the NMR signal relative to the
a, on the other hand, the two indole rings are juxtaposed to be in
ace-to-face stacking interaction, so that the C(5), C(6), and C(7) pro-
on signals shifted upfield by 0.22–0.59 ppm while the C(2) proton
ignals shifted downfield by 1.04 ppm. These NMR spectral changes
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2-pyridylmethylamine (ampy), and histamine (hista) and AA = Trp,
5-hydroxytryptophanate (Htrp), tyrosinate (Tyr), phenylalaninate
(Phe), etc. [7,8,49,50,52]. The stability was found to depend on the
sizes of DA and AA and the properties of the ring substituents; for

1 The stability enhancement due to stacking was evaluated by the following hypo-
thetical equation (charges are omitted for simplicity) [49]:

Cu(en)(AA) + Cu(DA)(Ala)
K
�Cu(DA)(AA) + Cu(en)(Ala) (1)

where stacking is possible only in Cu(DA)(AA) while Cu(en)(Ala)
(en = ethylenediamine; Ala = alaninate) without any interacting group serves
as standard. The equilibrium constant log K given by Eq. (2) is considered as a
ig. 4. Structures of ligand IEP and [Pd(IEPH−2)]2 (8): (A) syn form (8a); (B) anti form
8b) [34].

s well as the mass spectra showed that the indole-bridged dipal-
adium structures and the syn and anti forms of 8 are maintained
n CHCl3 [34]. A chiral ligand, IEU, derived from tryptamine and
-usnic acid from lichens (Fig. 5), which has �-diketone moieties
omparable with acetylacetone and is widely known as a biomon-
tor of environmental pollution for its metal binding ability [35,36]
s well as antibiotic activities [37,38], etc., also reacted with Pd(II) to
ive two isomeric complexes, [Pd(IEUH−2)]2 (9) (IEUH−2 = doubly
eprotonated IEU), whose NMR spectral behavior was very similar
o that of 8a [34]. The isomers of 9, which exhibited CD spectra with
pposite signs, were concluded to be the enantiomers of the syn
somers as shown in Fig. 5(A) due to the presence of another asym-

etric atom C(9b). Two diastereomeric complexes corresponding
o the anti isomer, one of which is shown in Fig. 5(B), were not
solated but detected by the NMR spectra. These results clearly illus-
rate the stereochemistry of the metal binding at the tetrahedral
(3) atom of 3H-indole by deprotonation.

Pd–C(3) bonds of the 3H-indole complexes in 2, 8a, and
b (2.122–2.157 Å) [17,34] are longer than the Pd–C(2) bonds
f cyclopalladated indoles (1.942–1.983 Å) [22,39]. The C(2)–C(3)
onds of C(3)-bound Pd(II) complexes of 3H-indole (1.426–1.448 Å)
34] are also longer than those of C(2)-bound Pd(II) complexes
1.362–1.379 Å) [22,39]. Pd–C(2) bond formation was observed also
or the other Pd(II)–2N1O-donor ligand systems [40].

.3. Weak interactions involving the indole ring

The side-chain groups of amino acid residues are involved
n noncovalent or weak interactions, which are essential for the
tructures and functions of proteins [3,41,42]. The molecular envi-
onment of the metalloprotein active site and weak interactions
ith the surrounding groups may modulate the properties of

he metal center. For example, the coordinated imidazole ring is
ydrogen-bonded to a neighboring aspartic acid residue in CcP [4]
nd undergoes �–� stacking with a phenylalanine residue in plas-
ocyanin from fern [43,44], and both interactions are considered
o affect the redox potential of the metal center. The indole ring

s known to undergo intra- and intermolecular �–� stacking and
ation–� interactions [45–47], and its NH moiety may be involved
n hydrogen bonding as seen for Trp191 in CcP [4].

Intramolecular aromatic ring stacking interactions have been
tudied for ternary Cu(II), Pd(II), and other metal complexes involv-

m

l

w
b

ig. 5. Structures of d-usnic acid, IEU, and possible isomers of [Pd(IEUH−2)]2 (9)
34].

ng aromatic diimine ligands (DA) and various aromatic amino acids
AA) [7,8,48]. For low-molecular-weight ternary Cu(II) complexes,
u(DA)(AA), the effect of intramolecular stacking may be evaluated
y various methods [48–51]. Evaluation of the stability enhance-
ent by the log K values,1 which become positive when complex

pecies Cu(DA)(AA) such as Cu(phen)(Trp) is stabilized by stacking,
as made for ternary systems with DA = phen, 2,2′-bipyridine (bpy),
easure of stability enhancement essentially due to stacking:

og K = log ˇCu(DA)(AA) + log ˇCu(en)(Ala) − log ˇCu(DA)(Ala) − log ˇCu(en)(AA) (2)

here log ˇ refers to the overall stability constant of the complex species indicated
y the suffix.
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having a coordinated 2,4-di(tert-butyl)phenolate moiety in place
Fig. 6. Structure of [Cu(phen)(Trp)]+ [9,52].

A the order was phen > bpy > ampy ≈ hista. The highest stability
nhancement due to AA was observed for Htrp and Trp both con-
aining a side-chain indole, the order of aromatic rings being as
ollows:

The existence of intramolecular stacking has been substanti-
ted by the X-ray analyses of [Cu(phen)(Trp)]+ (Fig. 6) [9,53] and
Cu(bpy)(Trp)]+ [10] and a number of other ternary Cu(II) com-
lexes [7,8]. Aromatic ring stacking interaction in aqueous solution

s considered to involve various forces such as van der Waals forces,
lectrostatic interactions, hydrophobic interactions, and interac-
ions between �-electrons [54–58]. Studies on Cu(DA)(AA) with
A = 4,4′-disubstituted bpy and AA = para-substituted Phe revealed

hat the stabilization due to stacking becomes greater with the
ncrease of the electron density difference between DA and the
romatic ring of AA [59]. The results indicate that the electron-
ich indole ring stacks with electron-deficient DA more effectively,
lthough electron-withdrawing p-halo and p-nitro substituents in
he aromatic ring of Phe also caused stabilization [59,60].

In the absence of aromatic N-donor ligands, the aromatic side
hain of AA in binary Cu(II) and Pd(II) complexes often occupies
he space above the coordination plane with a metal–aromatic
ing distance of ca. 3.0–3.3 Å, which is less than van der Waals
istance, as seen from the structures of Cu(Tyr)2 [61], Pd(Tyr)2
62], and Cu(Gly-Trp) (Gly-Trp = deprotonated glycyltryptophanate)
63]. Stacking between indole rings was concluded for Cu(Trp)2
64]. Martin pointed out that the log K2/K1 values for binary Cu(II)
omplexes of aromatic amino acids are larger than those for the
omplexes of aliphatic amino acids [65] and determined from the
H NMR spectra the contribution to the stability by Pd(II)–aromatic
ing contact, aromatic ring stacking, and other interactions in
he Pd(Gly-Tyr) complex containing a monodentate amine [66].
ur preliminary DFT calculations indicated that in [Cu(bpy)(Trp)]+

here are formed bonding orbitals between Cu2+ and the indole ring
67]. In line with the observation of the interaction between the Trp
esidue of peptides and nucleotides and DNA [11], 9-ethylguanine
n [Pt(dien)(9-ethylguanine)]2+ (dien = diethylenetriamine) was

hown to stack with Trp by fluorescence quenching experiments
68]. Ternary Pt(II) complexes containing A (=Phe, Trp, or Gly)
nd cyclometalated 2-(2′-thienyl)pyridine coordinated through the
hienyl C(3′) and pyridine N atoms exhibited a high binding affin-
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ty depending on the side-chain group of A towards human serum
lbumin (HSA) with enhancement of photoluminescence and cyto-
oxicities against human carcinoma cell lines, which were in the
rder Phe > Trp > Gly and corresponded with the HSA binding affin-
ty [69].

.4. Conformations of the indole-containing side chains in
omplexes

As seen in the preceding section, the indole-containing side
hain is often bent over the coordination plane to be involved in
tacking with coordinated pyridine and other aromatic ligands or
n the interaction with the metal center. Studies on the behavior
f the pendent indole ring in the Pd(II) complexes of 2N1O-donor
igands involving a phenol, a pyridine, and a tertiary amine as metal
inding sites [39,40] revealed that the indole ring stacks with the
oordinated pyridine ring in preference to the phenolate ring prob-
bly due to a larger electron density difference between the indole

nd coordinated pyridine rings than between the indole and
oordinated phenolate rings [39]. Indole-containing tripod-like lig-
nds with two pyridine rings or one pyridine and one phenol
ing formed square-planar complexes with Cu(II) and Pd(II) ions.
Cu2(impp)2](ClO4)2 (10) [70] and [Cu2(iepp)2](ClO4)2 (11) [71],
hich have the same structure except the side-chain conforma-

ion, are dinuclear Cu(II) complexes with each Cu(II) ion situated in
square-planar geometry formed by two bridging phenolate oxy-
ens, a pyridine nitrogen, and a tertiary amine nitrogen (Fig. 7). Each
ide-chain indole ring of 10 is approximately parallel with the coor-
ination plane to be involved in the intramolecular stacking with
he coordinated pyridine ring and is simultaneously in close contact
ith the Cu(II) center with the shortest Cu(II)–carbon atom dis-

ance of 2.98 Å. In contrast to this, complex 11 has no intramolecular
nteraction with the indole ring. The difference in the side-chain
onformation is probably ascribed to the length of the side chain
onnecting the indole and the tertiary amine nitrogen.

Correspondingly, [Pd(impp)Cl] (12) and [Pd(impep)Cl] (13) have
mononuclear square-planar structure with a coordination geom-
try similar to that of the Cu(II) complexes (Fig. 8) [39,70]. Complex
2 has a five-membered chelate ring involving the pyridylmethyl
oiety, and the pyridine ring is almost co-planar with the coordina-

ion plane, while complex 13 has a six-membered chelate resulting
rom the pyridylethyl moiety, so that the pyridine ring is tilted
rom the coordination plane with the angle of 48.9◦. The side-chain
ndole ring is located above the pyridine ring to be involved in the
ntramolecular �–� stacking in both 12 and 13. The indole ring in
hese Pd(II) complexes is positioned above the pyridine ring, but
he contact between the indole ring and Pd(II) was negligible in
he crystal structure. On the other hand, the complex of tbu-iepp
f the phenolate moiety of iepp showed no intramolecular stack-
ng with the indole ring (vide infra). From the structures of these
d(II) complexes, the observed structural difference is considered
o be a consequence of the steric requirements for the side-chain
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Fig. 7. Structures of (A) [Cu2(impp)2](ClO4)2 (10) [70] and (B) [Cu

ndole ring to approach the pyridine ring, which is in agreement
ith the observation about the Cu(II) complexes.

The side-chain conformations in solution are best pursued by 1H
MR for the Pd(II) complexes. The crystal structures and 1H NMR

pectra demonstrate that the Pd(II) complexes have nearly the same
ide-chain conformation in solution as in the solid state [39,40,70].
ost of the py protons for the impp and impep complexes hav-

ng a pendent indole ring showed upfield shifts, reflecting the ring
urrent effect [72] of the side-chain indole ring. The chemical shift
ifferences, �ıpy = −(ı − ıalkyl), where ı and ıalkyl refer to the py
roton chemical shifts for the indole-containing complexes 12 and
3 and for [Pd(etpp)Cl] with an ethyl group in place of the indole
ing, respectively, clearly show that the py proton signals for the
d(II) complexes are shifted upfield by as large as 0.5 ppm, which
trongly supports that the pyridine ring is stacked with the indole
ing in solution [70]. The largest upfield shift of the py proton sig-
als in 12 was observed for py3 (�ıpy = 0.67 ppm) (Fig. 9(A)). This is
onsistent with the result of the X-ray crystal structure determina-
ion, which indicates that py3 is located above the pyrrole moiety of
he indole ring with the distance of 3.49 Å, while the other protons
re slightly displaced from the indole ring. Similarly the py pro-
ons in 13 showed upfield shifts, the largest shift being observed
or py6 (Fig. 9(B)). The in4 signals of 12 and 13 (ı) shifted consid-
rably downfield as compared with those for the ligands (ıligand)
ith �ıindole = ı − ıligand = 0.70 and 0.64 ppm, respectively, indicat-

ng that they are deshielded by the Pd(II) ion.
The Cu(II) complexes also showed a similar tendency. While
omplex 11 lacking the indole–coordinated pyridine stacking in
he solid state exhibited a normal X-band ESR spectrum which
s similar to that of the Cu(II)–etpp system, complex 10 showing
he intramolecular stacking in the solid state gave a spectrum with
ifferent |A//| values, which suggests a greater structural perturba-

[
o
c
c
[

p)2](ClO4)2 (11) [71]: (a) Full view; (b) view of the complex unit.

ion in 10 due to the close contact between the indole ring and the
oordination plane [70].

It is remarkable that the pendent indole ring in the Cu(II) and
d(II) complexes never approaches the coordinated phenolate moi-
ty, which is present in the same coordination plane, both in the
olid sate and in solution. This is most probably due to the higher
lectron density of the phenolate ring as compared with the pyri-
ine ring. Coordination to a metal ion makes the pyridine ring more
lectron-deficient, strengthening the stacking with the indole ring
39,70].

. Structures and reactivities of Cu(I) complexes containing
ndole rings

.1. Cu(I)–indole �-bonding

In contrast to the indole-binding ability of Pd(II), Cu(II) does
ot give indole-binding complexes under the conditions used for
he Pd(II) complexes, although the indole ring comes close above
he Cu(II) coordination plane as a result of stacking with the coor-
inated pyridine ring. This may reflect the reactivity difference
etween Cu(II) and Pd(II), the latter of which performs cyclopal-

adation reactions with various aromatic rings. On the other hand,
u(I) was revealed to react with a ligand having a pendent indole
ing to form a Cu–indole �2-bond [73]. Since Cu(I) complexes
ave been extensively studied for their reactivities with dioxygen

74–82], such a Cu(I)–indole �-bonding species is expected to show
xygenation and/or decomposition reactions with dioxygen. In this
onnection Itoh and co-workers reported d–� interactions in Cu(I)
omplexes and the reactivities of the complexes toward dioxygen
83,84].
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Fig. 8. Structures of (A) [Pd(impp)Cl] (12) and (B) [Pd(impep)Cl] (

.1.1. Structures of Cu(I) complexes
A tripodal ligand containing an indole ring in place of one of the

yridine rings, Me2-IEP, reacted with Cu(I) to give [Cu(Me2-IEP)]+
14), which was disclosed to have a structure with the Cu(I) ion
inding with the C(2)–C(3) moiety of the indole ring through an
2-type bond with the Cu–C distances of 2.228(5) and 2.270(5) Å

Fig. 10(A)) [73]. In this connection a Cu(I)–naphthyl ring �-bond

ig. 9. Schematic views of the stacked structures of (A) complex 12 and (B) complex
3 with the 1H NMR upfield shift values and the indole–pyridine proton distances
70].
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9]: (a) full view and (b) side view shown in a space-filling model.

as reported for a Cu(I)–macrocyclic NS2-donor ligand complex
85,86]. The observed Cu(I)–indole interaction is very different from
he Cu(II)–indole weak interaction and Pd(II)–C �-bonds. The X-
ay crystal structure analyses of 14 and [Cu(Me2-IMP)(CH3CN)]+

15) (Fig. 10(B)), both isolated as hexafluorophosphates 14·PF6 and
5·PF6, respectively, showed that they have structures with dif-
erent conformations of the indole side chain depending on the
ength of the 3-indolylalkyl chain [73]. The Cu(I) ion in 14·PF6 has

distorted tetrahedral geometry with three nitrogen atoms and
he �-bonded C(2)–C(3) moiety of the indole ring. On the other
and, the tetrahedral geometry around the Cu(I) ion of 15·PF6 is

ormed by two pyridine nitrogen atoms, a tertiary nitrogen atom,
nd an acetonitrile nitrogen atom, and the side-chain indole ring
s uncoordinated and not involved in stacking or Cu–aromatic ring
nteractions. The C(2)–C(3) bond length in 14·PF6 (1.379(7) Å) is
nly slightly longer than that of the uncoordinated indole ring in
5·PF6 (1.365(9) Å), which is in line with the observation that the
–C bond length of coordinated ethylene (1.329–1.360 Å) in several
u(I)–alkene complexes [87–89] is virtually unchanged from that
f free ethylene (1.337 Å) [90,91]. We see from the structures of 14
nd 15 that the observed structural difference may be considered as
consequence of the steric requirements for the side-chain indole

ing to approach the Cu(I) center and coordination by the solvent
olecule.
Very recently a periplasmic protein, CusF, which is thought

o serve as copper chaperone or regulator, has been revealed to

ind Cu(I) by two methionine sulfur atoms, an imidazole nitro-
en atom, and in addition the C(4)–C(5) moiety of the indole ring
rom a proximal Trp residue with the Cu(I)–C distances of 2.67 and
.86 Å [92], which are longer than those observed between the Cu(I)
nd C(2)–C(3) bond in 14·PF6. The interaction was described as a
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and 561 nm (Fig. 11; the 350-nm peak not shown), which are char-
acteristic of a (�-�2:�2-peroxo)dicopper(II) species [74,102–108].
Upon O2-binding in THF at −90 ◦C the Cu(I)–Me-IMP system,
which is an analog of the Cu(I)–Me2-IMP system, gave absorp-
tion bands at 379 and 510 nm [109], which are assigned to the
ig. 10. Structures of (A) [Cu(Me2-IEP)]+ (14) and (B) [Cu(Me2-IMP)(CH3CN)]+ (15)
73].

ation–� interaction because of the rather long Cu–C distances and
ack of spectroscopic information, but it may be taken as an inter-
ction lying somewhere in the continuum between an �2-bond
s seen for 14 and an electrostatic cation–� interaction [93]. This
s the first observation of transition metal–indole interactions in
iological systems.

.1.2. Characterization of Cu(I)–indole bonding
The absorption spectrum of 14 in CH2Cl2 exhibited a character-

stic band centered at 308 nm (ε = 18,000), which is assigned to the
etal-to-ligand charge transfer (MLCT) [73]. The Cu(I)–Me-IEP sys-

em in CH2Cl2 also gave the MLCT band centered at 305 nm. This
and disappeared when 14 was dissolved in CH3CN, and the result-

ng spectrum was similar to that of 15 which has no Cu(I)–indole
onding. The MLCT band disappeared upon addition of one equiv-
lent of iodide ion to 14·PF6 in CH2Cl2, and a complex, 14·I, was
solated (Scheme 1). These results indicate that the indole ring in
4·PF6 is weakly bound to Cu(I) and easily replaced by exogenous
igands such as I−. The difference between the 1H NMR chemical
hifts of the indole ring in 14·PF6 and those in 14·I was found
o be rather small, which is in contrast with the finding that
u(I)–coordinated styrene exhibited upfield shifts of 0.1–0.5 ppm
s a result of � back donation [87–89]. On the other hand, while
he spectrum of 14·I in CD2Cl2 showed the signals of the bridg-
ng ethylene group (–CH2CH2–) at ı = 3.15 as a singlet, they were
bserved for 14·PF6 as two separate triplets at ı = 3.03 and 3.17 ppm,
hich demonstrates that the two methylene groups of –CH CH –
2 2

n 14·PF6 are not equivalent as a result of the coordination of the
ndole ring. 1H NMR spectra of the Cu(I) complexes containing a
aphthylmethyl, a benzyl, or an indolylmethyl side chain did not
xhibit the splitting of the methylene proton signals in CH2Cl2,

F
I

cheme 1. Reaction of complex [Cu(Me2-IEP)]PF6 (14·PF6) with iodide anion [73].

uggesting that the aromatic side chain in these complexes does
ot undergo noncovalent interactions with the Cu(I)–coordinated

igands in CH2Cl2.

.2. Reactions of Cu(I) complexes with O2

Indoles are redox active compounds [94], and recent reports
how that the Trp residue in the Cu(II) complex of the model pep-
ide of the octarepeat region of prion proteins is hydrogen-bonded
o the axially coordinated water molecule [95–99] and that it is
ssential for the reduction of Cu(II) to Cu(I) [100,101].

.2.1. Reaction intermediates
The cyclic voltammograms of 14 and 15 recorded in CH2Cl2

ave a quasi-reversible redox wave with E1/2 = 0.01 and −0.06 V
vs. Fc/Fc+), respectively. The finding that 14 has a higher redox
otential than that of 15 may be interpreted as a result of �
ack donation from the Cu(I) ion to the coordinated indole ring
73]. The reaction of 15 with O2 in THF at −90 ◦C caused a color
hange from yellow to dark blue, giving an ESR-inactive species
71]. This species exhibited new absorption bands centered at 350
ig. 11. Decay of the reaction intermediate of [Cu(Me2-IMP)(CH3CN)]+ (15) with O2.
nset: Plot of ln (A561) vs. time.
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is(�-oxo)dicopper(III) species by comparison with the system
ontaining a pyridylmethyl side chain in place of an indolylmethyl
oiety [105]. However, no intermediate was observed for the reac-

ion of complex 14 with O2 at temperatures below−80 ◦C. The decay
onstant, kobs, of the O2-adduct of 15 is 6.14 × 10−5 s−1 at −40 ◦C

n THF [71], which is longer than the values for the Cu(I)–pyphe
omplex containing a phenylethyl moiety (pyphe = N,N-bis[2-
2-pyridyl)ethyl]-2-phenylethylamine) [106–108]. Although the
is(�-oxo)dicopper(III) species from the Cu(I)–Me-IMP system

ig. 12. Structures of the decay products of 15–O2 intermediate: (A) [Cu2(Me2-
EP)2(�-OMe)2](ClO4)2 (16); (B) [Cu(Me2-IEP)(�-Me2-IEP-ox)(�-OH)2](ClO4)2 (17);
C) indole coupling species (18) [109].
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s relatively unstable with kobs = 1.5 × 10−3 s−1 at −80 ◦C in THF,
ormation of this intermediate species could not be observed
or the complexes of the same 3N-donor ligands containing a
henyl or a naphthyl moiety in place of the indole ring [109].
hese observations indicate that the non-coordinating pendent
ndole ring stabilizes the (�-�2:�2-peroxo)dicopper(II) and bis(�-
xo)dicopper(III) intermediates.

The reaction of 14 with O2 led to ligand oxygenation (vide infra),
hose the reaction intermediate is inferred to be a (�-�2:�2-
eroxo)dicopper(II) species, although it was not detected. The
4–O2 intermediate may have a structure similar to that of bis(�-
CH3)dicopper(II) species, [Cu2(Me2-IEP)2(�-OMe)2](ClO4)2 (16),
ithout indole ring–copper ion interactions (Fig. 12(A)). Stabiliza-

ion of the O2 adduct of the complexes containing an indole moiety
ay suggest the presence of the indole–copper center interaction,
hich protects the intermediate species depending on the side-

hain length of the alkyl group connecting the indole ring.

.2.2. Decay products
The reaction of complex 14 with O2 in THF at low temperature

ave a new complex, [Cu(Me2-IEP)(�-OH)2](ClO4)2 (17) with Me2-
EP oxygenated at the �-carbon of the tryptamine moiety without
ecomposition of the indole ring (Fig. 12(B) and Scheme 2). The

igand oxygenation was not specific for a ligand containing an
ndole ring, since such reactions have been known for complexes
nvolving a side-chain phenyl group [74,102–104]. Decomposi-
ion of the relatively stable (�-�2:�2-peroxo)dicopper(II) and
is(�-oxo)dicopper(III) species described above gave indole-3-
arboxaldehyde and a secondary amine in same yields (20%),
espectively (Scheme 3) [109]. On the other hand, the Cu(I)–BIP
ystem containing two indole moieties reacted with O2 in THF to
ive a unique bis(indolyl) species (18) in 20% yield, which probably
esulted from intramolecular radical coupling between two indole
ings (Fig. 12(C) and Scheme 4) [109]. A bis(�-oxo)dicopper(III)
pecies was detected as an intermediate in the course of the reac-

ion, the C–C bond being formed between the C(2) position of one
ndole ring and the C(3) position of the other. Isolation of the indole
oupling species 18 revealed that the indole rings were in close
roximity to the bis(�-oxo)dicopper(III) site which would abstract

Scheme 2. Reaction scheme of [Cu(Me2-IEP)]PF6 (14·PF6) with O2.
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Scheme 3. Reaction scheme of Cu(I)–Me-IMP system with O2 [109].
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Scheme 4. Reaction scheme of Cu(I)–BIP system with O2 [109].

hydrogen atom from the proximal C–H bond, but in this case the
–H bond scission at the C(2) position of the proximal indole ring
ay have caused an indole radical formation, giving a spiro-ring

omposed of two indole rings [109]. Although one of the indole
ings was oxidized to a ketone at the C(2) position, this oxygen atom
as found to originate from the water molecule in aqueous ammo-
ia solution by an isotope experiment. This position of indole was
eported to be easily oxidized to a ketone under basic conditions
y hydrolytic reactions [110].

. Reactivities of Pd(II) and Pt(II) complexes containing
ndole rings

.1. Intramolecular phenol–indole ligand exchange reactions

.1.1. Structures of indole-binding mononuclear Pd(II) and Pt(II)
omplexes

Reaction of PdCl2 with Htbu-iepp and triethylamine in
H2Cl2/CH3CN at room temperature gave a phenolate-binding

range complex, [Pd(tbu-iepp-O)Cl] (19), where the indolylethyl
ide chain assumes a stretched conformation and does not show
he stacking interaction with the coordinated pyridine (Fig. 13(A))
39] (see Section 2.4). However, when the reaction was carried out

[
p
c
c

ig. 13. Structures of (A) phenolate-binding complex [Pd(tbu-iepp-O)Cl] (19) and
B) indole-binding complex [Pd(tbu-iepp-C)Cl] (20) [39].

n CH3CN at 80 ◦C or when the orange complex 19 was refluxed
n CH3CN for 12 h, [Pd(tbu-iepp-C)Cl] (20), which has the same

olecular formula as that of 19, was obtained as yellow crys-
als. Complex 20 was revealed to have a structure with Pd(II)
ound in a square-planar geometry to two nitrogen atoms, a
hloride anion, and the C(2) atom of the indole ring (Fig. 13(B))
39,40]. As compared with 19, 20 has a longer Pd–N(py) dis-
ance, which may be ascribed to the trans effect of the Pd–C(2)
ond. The C(2)–C(3) bond length (1.379(3) Å) is the same as that
f �2-coordinated indole in Cu(I) complex 14·PF6 (1.379(7) Å)
73] and that of the uncoordinated indole ring [27,40,70,73,109].
he Pd(II)–indole-C(2) bond (1.973(2) Å) in 20 is much shorter
han that of the other metal–indole complexes [17,27,73] but is
ithin the normal range reported for other cyclopalladated com-
lexes [111–117]. The side-chain phenol ring of 20 is located
bove the pyridine ring and involved in intramolecular �–�
tacking. On the other hand, [Pd(tbu-impp)Cl] was not converted
o the indole-binding complex by refluxing in CH3CN for 12 h,
hich indicates that formation of the indole-binding complex
epends on the side-chain length [39]. A six-membered chelate
ing may be favorable for this cyclopalladation, since the precur-
or phenolate complex also has a six-membered ring involving
he aminomethylphenolate moiety. In this connection, reaction of
2PtCl4 with Htbu-iepp gave the indole-C(2)-binding Pt(II) com-
lex, [Pt(tbu-iepp-C)Cl], as pale yellow crystals [118]. This complex
as a structure very similar to that of 20 with the Pt–C(2) bond

ength of 1.981(3) Å, which is comparable with the Pd(II)–C(2) dis-
ances for the indole-binding Pd(II) complexes of the ligand series

39] and the Pt(II)–C(2) distances for the indole-binding Pt(II) com-
lexes [27]. However, the corresponding Pt(II)-phenolate complex
ould not be isolated under the conditions employed for the Pd(II)
omplex 19 [118].
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0.68 and 0.80 V are assigned to the coordinated indole ring and the
free phenol ring, respectively, because the latter peak agrees well
with that of a weakly coordinated phenol ring in a Cu(II) complex
[128]. Formation of indolyl radicals is known in the catalytic cycle
cheme 5. Interconversion between [Pd(tbu-iepp)Cl] isomers 19 and 20 and indole

.1.2. Spectral and mechanistic characterization of conversion
etween the phenolate- and indole-binding Pd(II) complexes

The absorption spectrum of 20 in DMF in the range
50–1000 nm exhibited a strong peak at 290 nm (ε = 14,000),
hereas 19 exhibited peaks at 340 (sh, 4100) and 450 nm (sh, 940).

he spectral feature of 19 is similar to that of [Pd(tbu-impp)Cl],
hich has bands at 340 (sh, 900) and 450 nm (3900) [39]. Lack of

he 450-nm peak assigned to the phenolate-to-Pd(II) LMCT shows
hat 20 is not a phenolate complex.

Formation of 19 and interconversion between 19 and 20 are
ependent on both the solvent and the temperature (Scheme 5).
onversion of 20-dphenol containing the deuterated phenol OH
roup to 19 at 50 ◦C in DMSO-d6 resulted in >85% deuterium incor-
oration into the indole C(2) position of 19, which was not attained
y using non-deuterated 20 under the same conditions. On the
ther hand, the reaction of 19 in 2:1 (v/v) CD3CN–D2O gave non-
euterated 20. These results indicate that the OH group of the
henol moiety takes part in the conversion between 19 and 20. It is
enerally agreed that cyclopalladation reactions of aryl compounds
roceed by an electrophilic substitution mechanism [119–121].
he rate-determining step in such processes is usually the C–H
ond scission, which is regarded as an irreversible process. In the
eversible cyclopalladation reactions of aromatic ligands, the kinet-
cally controlled isomers are different from the thermodynamically
ontrolled ones [122,123]. For the present complex formation, the
henolate complex 19 is kinetically controlled, while the cyclopal-

adated complex 20 is thermodynamically more stable. The energy
ap �E between them was estimated to be 15 kJ/mol in DMSO from
he van’t Hoff plot of the 1H NMR data [39], which is in contrast
ith the rather small enthalpy of formation of Pd(II)–C bonds in

yclopalladation reactions [119,121,124].
The interconversion between 19 and 20 was found to depend

n the donor ability of the phenolate oxygen in the complexes [40].
he plot of the activation energy E vs. pKa value of the ligand OH
roup [125,126] clearly indicated that the energy barrier of the con-
ersion is correlated with the oxygen donor ability and hence with

he Pd(II)–O bond strength, the order being MeO-phenolate > NO2-
henolate > COO− (Fig. 14). These conversion properties appear to
e peculiar to Pd(II) complexes, since [Pt(tbu-iepp-C)Cl] showed
o conversion from the indole-C(2)-binding Pt(II) complex to the
t(II)–phenolate species under the conditions employed for the

F
[

euteration (tert-butyl groups are omitted for clarity in the complexes) [39].

d(II) complexes [118]. The difference in behavior in solution may
e in line with the general properties of the Pd(II) and Pt(II) com-
lexes in ligand exchange reactions [127].

.2. Pd(II)–indole-�-cation and Pt(II)–indole-�-cation radical
omplexes

The cyclic voltammogram of 19 gave two irreversible oxidation
eaks at 0.97 and 1.08 V (vs. Ag/AgCl), which are assigned to the
xidation of the Pd(II)-bound phenolate moiety and the indole ring,
espectively [39]. On the other hand, the oxidation peaks of 20 at
ig. 14. Activation energies as a function of the pKa values of the ligand OH groups
40].
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ig. 15. Absorption and ESR spectra of one-electron oxidized [Pd(tbu-iepp-C)Cl]
20): Dotted line, 20; solid line, one-electron oxidized 20. Inset: ESR spectrum of
ne-electron oxidized 20 [39].

f CcP and other biological systems [129]. In chemical systems, they
ere generated by pulse radiolysis; the indole radicals from trypto-
han and N-methylindole were reported to give an absorption band
t 510–560 nm, where the �-cation radical and the neutral radical
ave a band centered at 560 and 510 nm, respectively [129–131].
xidation of 20 by one equivalent of Ce(IV) in DMF at −60 ◦C caused
color change from yellow to green, giving a new peak at 550 nm in

he absorption spectrum (Fig. 15) and a new sharp signal at g = 2.00
n the ESR spectrum, where the amount of unpaired electron was
alculated to be more than 0.90 from the integrated spectrum
Fig. 15, inset) [39]. From the spectral properties, the oxidized
pecies was concluded to be the indole-�-cation radical complex
f Pd(II), whose unpaired electron was considered to be localized
n the indole ring [39], and the oxidized species of indole-C(2)-
inding Pt(II) complex, [Pt(tbu-iepp-C)Cl] showing very similar
pectral properties, was also assigned as a Pt(II)–indole-�-cation
adical species [118]. The stability of the phenoxyl radical–metal
omplexes is dependent on phenol ring substituents, the di(tert-
utyl)phenoxyl radical species being expected to have a longer
alf-life than that for the phenoxyl radical without protecting
roups [132]. While the half-life, t1/2, of oxidized 20 was calcu-
ated to be 20 s (kobs = 3.5 × 10−2 s−1), the Pt(II)–indole-�-cation
adical species was slightly more stable than that of 20 with the
1/2 value estimated to be 43 s (kobs = 1.6 × 10−2 s−1) [118], which is
robably due to the inertness of Pt(II) in ligand exchange [127].
he relatively short half-life indicates that the Pd(II)–indole-�-
ation and Pt(II)–indole-�-cation radical species are less stable
han the metal–phenoxyl and other metal–organic radical species
128,133–135].

. Conclusion

The indole-containing essential amino acid, Trp, has unique
roperties, serving as a hydrophobic residue in proteins, an
lectron-transfer pathway, and a possible Cu(II) reductant in the
u(II)-bound octarepeat region of the prion protein. The indole ring
hows a versatile metal binding ability by the �-bond with the
itrogen and carbon atoms and the �2-bond with the C(2) = C(3)

ond. The Pd(II) complex of a ligand with a pendent indole ring,

mpp, was revealed to have a square-planar coordination structure,
here the indole ring is stacked with the coordinated pyridine ring

ut is not in close contact with the Pd(II) ion. On the other hand, the
try Reviews 253 (2009) 479–492

olecular structure of the Cu(II) complex of the same ligand indi-
ated that the indole ring is close not only to the pyridine ring but
lso to the Cu(II) center. These structures also demonstrated that
he indole ring stacks preferentially with the coordinated pyridine
ing and not with the coordinated phenolate moiety. The metal-
ound indole ring is relatively easily displaced by other ligands;
n acetonitrile molecule replaced the �2-bonded indole in a Cu(I)
omplex upon dissolution in acetonitrile, and a Pd(II) complex hav-
ng both a phenol and an indole ring showed the interconversion
etween the phenolate- and indole-binding species.

A point of interest in this review is that the close con-
act of the indole moiety with the metal center stabilizes the
�-�2:�2-peroxo)dicopper(II) and bis(�-oxo)dicopper(III) inter-

ediate species. The reaction of a Cu(I) complex having two indole
oieties with O2 gave an unsymmetrical indole–indole coupling

pecies via indole C–H activation, which may support that both
ndoles could have been in close proximity to the reaction cen-
er. In this connection, the Trp indole ring is often seen to occupy a
osition neighboring the active site of metalloenzymes such as GO,
hich is probably necessary for subtle control of their activity [6].

hese observations may indicate a molecular environmental effect
f the indole ring, which could be described as an “aromatic field
ffect.” Although the indole radical formation has not been detected
n Cu–indole systems, oxidation of the indole-binding Pd(II) com-
lex gave a relatively stable indole-�-cation radical species.

Indoles often form cyclometalated compounds such as pal-
adacycles which are important in organic and organometallic
yntheses and homogeneous catalysis [136–139], for which the
ehavior of metal–indole complexes as seen in this review may
rovide useful information. Although the information on the
etal–indole complexes is still limited, versatile metal binding

roperties as well as the redox activities of the indole ring suggest
hat it is a useful reactant in organic synthesis and that the trypto-
hyl residue can be a functional unit at or near the metal sites in
iological systems. It should be mentioned in this connection that
he recent finding on the unique Cu(I)–indole interaction in copper
rotein CusF [92] points to very interesting possibilities of tran-
ition metal–indole interactions and their functions in biological
ystems.
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helmsdóttir, Eur. J. Pharm. Sci. 6 (1998) 141.
[39] T. Motoyama, Y. Shimazaki, T. Yajima, Y. Nakabayashi, Y. Naruta, O. Yamauchi,

J. Am. Chem. Soc. 126 (2004) 7378.
[40] Y. Shimazaki, M. Tashiro, T. Motoyama, S. Iwatsuki, T. Yajima, Y. Nakabayashi,

Y. Naruta, O. Yamauchi, Inorg. Chem. 44 (2005) 6044.
[41] D. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, J.D. Watson, Molecular Biology

of the Cell, 3rd Ed., Garland Publishing, New York, 1994 (Chapter 3).
[42] S.K. Burley, G.A. Petsko, Adv. Protein Chem. 39 (1988) 125.
[43] T. Kohzuma, T. Inoue, F. Yoshizaki, Y. Sasakawa, K. Onodera, S. Nagatomo, T.

Kitagawa, S. Uzawa, Y. Isobe, Y. Sugimura, M. Gotowda, Y. Kai, J. Biol. Chem.
274 (1999) 11817.

[44] R.F. Abdelhamid, Y. Obara, Y. Uchida, T. Kohzuma, D.M. Dooley, D.E. Brown, H.
Hori, J. Biol. Inorg. Chem. 12 (2007) 165.

[45] D.A. Dougherty, Science 271 (1996) 163.
[46] J.C. Ma, D.A. Dougherty, Chem. Rev. 97 (1997) 1303.
[47] J.P. Gallivan, D.A. Dougherty, Proc. Natl. Acad. Sci. U.S.A. 96 (1999) 9459.
[48] B.E. Fischer, H. Sigel, J. Am. Chem. Soc. 102 (1980) 2998.
[49] O. Yamauchi, A. Odani, J. Am. Chem. Soc. 107 (1985) 5938.
[50] O. Yamauchi, A. Odani, Inorg. Chim. Acta 100 (1985) 165.
[51] H. Sigel, R. Tribolet, O. Yamauchi, Comments Inorg. Chem. 9 (1990) 305.
[52] A. Odani, O. Yamauchi, Nippon Kagaku Kaishi (1987) 336.
[53] H. Masuda, O. Matsumoto, A. Odani, O. Yamauchi, Nippon Kagaku Kaishi

(1988) 783.
[54] C.A. Hunter, J.K.M. Sanders, J. Am. Chem. Soc. 112 (1990) 5525.
[55] F. Cozzi, J.S. Siegel, Pure Appl. Chem. 67 (1995) 683.
[56] C. Janiak, J. Chem. Soc., Dalton Trans. (2000) 3885.
[57] E.A. Meyer, R.K. Castellano, F. Diederich, Angew. Chem. Int. Ed. 42 (2000) 1210.
[58] M.O. Sinnokrot, C.D. Sherill, J. Am. Chem. Soc. 126 (2004) 7690.
[59] T. Yajima, R. Takamido, Y. Shimazaki, A. Odani, Y. Nakabayashi, O. Yamauchi,

Dalton Trans. (2007) 299.
[60] T. Sugimori, H. Masuda, N. Ohata, K. Koiwai, A. Odani, O. Yamauchi, Inorg.

Chem. 36 (1997) 576.
[61] D. van der Helm, C.E. Tatsch, Acta Crystallogr. Sect. B 28 (1972) 2307.
[62] M. Sabat, M. Jezowska, H. Kozlowski, Inorg. Chim. Acta 37 (1979) 511.
[63] M.B. Hursthouse, S.A.A. Jayaweera, H. Milburn, A. Quick, J. Chem. Soc., Dalton

Trans. (1975) 2569.
[64] G. Liang, H. Sigel, Z. Naturforsch. B 44 (1989) 555.
[65] R.B. Martin, Met. Ions Biol. Syst. 9 (1979) 1.
[66] S.-H. Kim, R.B. Martin, J. Am. Chem. Soc. 106 (1984) 1707.
[67] H. Masuda, N. Fukushima, T. Sugimori, O. Yamauchi, J. Inorg. Biochem. 5 (1993)
158.
[68] H. Kawai, M. Tarui, M. Doi, T. Ishida, FEBS Lett. 370 (1995) 193.
[69] P.K-.M Siu, D.-L. Ma, C.-M. Che, Chem. Commun. (2005) 1025.
[70] T. Yajima, Y. Shimazaki, N. Ishigami, A. Odani, O. Yamauchi, Inorg. Chim. Acta

337 (2002) 193.
[71] Unpublished result.

[

[

try Reviews 253 (2009) 479–492 491

[72] F.A. Bovey, Nuclear Magnetic Resonance Spectroscopy, Academic Press, New
York, 1969.

[73] Y. Shimazaki, H. Yokoyama, O. Yamauchi, Angew. Chem. Int. Ed. 38 (1999) 2401.
[74] K.D. Karlin, Science 261 (1993) 701.
[75] N. Kitajima, Y. Moro-Oka, Chem. Rev. 94 (1994) 737.
[76] K.D. Karlin, S. Kaderli, A.D. Zuberbühler, Acc. Chem. Res. 30 (1997) 139.
[77] E.I. Solomon, P. Chen, M. Metz, S.-K. Lee, A.E. Palmer, Angew. Chem. Int. Ed. 40

(2001) 4570.
[78] L. Que Jr., W.B. Tolman, Angew. Chem. Int. Ed. 41 (2002) 1114.
[79] T.D.P. Stack, Dalton Trans. (2003) 1881.
[80] L.M. Mirica, X. Ottenwaelder, T.D.P. Stack, Chem. Rev. 104 (2004) 1013.
[81] E.A. Lewis, W.B. Tolman, Chem. Rev. 104 (2004) 1047.
[82] W. Nam (Ed.), Acc. Chem. Res. 40 (7) (2007) 465 (Special issue on “Dioxygen

Activation Chemistry”).
[83] T. Osato, Y. Tachi, M. Doe, M. Shiro, K. Ohkubo, S. Fukuzumi, S. Itoh, Chem. Eur.

J. 10 (2004) 237.
[84] S. Itoh, Y. Tachi, Dalton Trans. (2006) 4531.
[85] W.S. Striejewske, R.R. Conry, Chem. Commun. (1998) 555.
[86] R.R. Conry, W.S. Striejewske, A.A. Tipson, Inorg. Chem. 38 (1999) 2833.
[87] J.S. Thompson, R.L. Harlow, J.F. Whitney, J. Am. Chem. Soc. 105 (1983) 3522.
[88] J.S. Thompson, J.F. Whitney, Inorg. Chem. 23 (1984) 2813.
[89] H. Masuda, N. Yamamoto, T. Taga, K. Machida, S. Kitagawa, M. Munakata, J.

Organomet. Chem. 322 (1987) 121.
[90] L.S. Bartell, E.A. Roth, C.D. Hollowell, K. Kuchitsu, J.E. Young Jr., J. Chem. Phys.

42 (1963) 2683.
[91] D.M.P. Mingos, in: G. Wilkinson, F.G.A. Stone, E.W. Abel (Eds.), Comprehensive

Organometallic Chemistry, vol. 3, Pergamon, New York, 1982, p. 1.
[92] Y. Xue, A.V. Davis, G. Balakrishnan, J.P. Stasser, B.M. Staehlin, P. Focia, T.G. Spiro,

J.E. Penner-Hahn, T.V. O’Halloran, Nat. Chem. Biol. 4 (2008) 107.
[93] K.J. Franz, Nat. Chem. Biol. 4 (2008) 85.
[94] G. Dryhurst, Chem. Rev. 90 (1990) 795.
[95] G.L. Millhauser, Acc. Chem. Res. 37 (2004) 79.
[96] D.R. Brown, H. Kozlowski, Dalton Trans. (2004) 1907.
[97] E. Gaggelli, H. Kozlowski, D. Valensin, G. Valensin, Chem. Rev. 106 (2006) 1995.
[98] R.P. Bonomo, D.L. Mendola, G. Pappalardo, E. Rizzarelli, I. Sovago, in: M. Saviano

(Ed.), Recent Development in Bioinorganic Chemistry: Metal Complexes of
Bioactive Molecules, Transworld Research Network, Kerala, 2006, p. 133.

[99] T. Marino, N. Russo, M. Toscano, J. Phys. Chem. B 111 (2007) 635.
100] F.H. Ruiz, E. Silva, N.C. Inestrosa, Biochem. Biophys. Chem. Commun. 269

(2000) 491.
[101] T. Miura, S. Sasaki, A. Toyama, H. Takeuchi, Biochemistry 44 (2005) 8712.
102] N. Kitajima, K. Fujisawa, Y. Moro-oka, J. Am. Chem. Soc. 111 (1989) 8975.
103] N. Kitajima, K. Fujisawa, C. Fujimoto, Y. Moro-oka, S. Hashimoto, T. Kitagawa,

K. Toriumi, K. Tatsumi, A. Nakamura, J. Am. Chem. Soc. 114 (1992) 1277.
104] P. Holland, W.B. Tolman, Coord. Chem. Rev. 190–192 (2000) 855.
105] H. Hayashi, S. Fujinami, S. Nagatomo, S. Ogo, M. Suzuki, A. Uehara, Y. Watanabe,

T. Kitagawa, J. Am. Chem. Soc. 122 (2000) 2124.
106] S. Itoh, T. Kondo, M. Komatsu, Y. Ohshiro, C. Li, N. Kanehisa, Y. Kai, S. Fukuzumi,

J. Am. Chem. Soc. 117 (1995) 4714.
107] S. Itoh, H. Nakao, L.M. Berreau, T. Kondo, M. Komatsu, S. Fukuzumi, J. Am.

Chem. Soc. 120 (1998) 2890.
108] S. Itoh, Y. Hashimoto, S. Fukuzumi, Appl. Catal. A 194–195 (2000) 453.
109] Y. Shimazaki, T. Nogami, F. Tani, A. Odani, O. Yamauchi, Angew. Chem. Int. Ed.

40 (2001) 3859.
[110] J. Tsuji, H. Kenzuka, H. Takayanagi, K. Yamamoto, Bull. Chem. Soc. Jpn. 54

(1981) 2369.
[111] G.R. Newkome, W.E. Puckett, V.K. Gupta, G.E. Kiefer, Chem. Rev. 86 (1986) 451.
[112] A. Yoneda, T. Hakushi, G.R. Newkome, Y. Morimoto, N. Yasuoka, Chem. Lett.

(1994) 175.
[113] A.G. Orpen, L. Brammer, F.H. Allen, O. Kennard, D.G. Watson, R. Taylor, J. Chem.

Soc., Dalton Trans. (1989) S1.
[114] G.R. Newkome, W.E. Puckett, G.E. Kiefer, V.K. Gupta, F.R. Fronczek, D.C. Panta-

leo, G.L. McClure, J.B. Simpson, W.A. Deutsch, Inorg. Chem. 24 (1985) 811.
[115] I. Omae, Organometallic Intramolecular-Coordination Compounds, Elsevier

Science Publishers, Amsterdam, New York, 1986.
[116] R.H. Crabtree, Chem. Rev. 85 (1985) 245.
[117] P.L. Alsters, P.F. Engel, M.P. Hogerheide, M. Copijn, A.L. Speck, G. van Koten,

Organometallics 12 (1993) 1831.
[118] Y. Shimazaki, T. Yajima, Y. Nakabayashi, Y. Naruta, O. Yamauchi, Inorg. Chim.

Acta, in press.
[119] G.W. Parshall, Acc. Chem. Res. 3 (1970) 139.
120] A.D. Ryabov, Chem. Rev. 90 (1990) 403.

[121] M. Beller, T.H. Riermeier, S. Haber, H.-J. Kleiner, W.A. Herrmann, Chem. Ber.
129 (1996) 1259.

122] B.J. O’Keefe, P.J. Steel, Inorg. Chem. Commun. 2 (1999) 10.
123] B.J. O’Keefe, P.J. Steel, Organometallics 22 (2003) 1281.
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