
 

©

 

 

 

2002 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 

 

75

 

, 1657–1679 (2002)

 

1657

 

[BULLETIN 2002/07/23 09:56] A1323

 

ceed 180°.
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  On the other hand, the electronic environment at
the metal center can be adjusted by introduction of electron-re-
leasing or -withdrawing groups at the 4- and/or 5-positions
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Our recent research on transition metal complexes containing hydrotris(pyrazolyl)borato ligands (Tp

 

R

 

), which
ranges from bioinorganic chemistry of dioxygen complexes to organometallic systems, is reviewed.  The Tp

 

R

 

 ligand
turns out to be versatile in a wide variety of inorganic studies, because the coordination properties (both steric and elec-
tronic) can be finely tuned in a systematic manner by choosing appropriate substituents on the pyrazolyl rings to serve
the purpose of the study (e.g. stabilization, activation, functionalization).  For first row transition metal complexes, Tp

 

R

 

serves as a tetrahedral enforcer to form a coordinatively unsaturated tetrahedral species, which is interconverted with
five- and six-coordinate structures via coordination/dissociation of donor(s).  In addition to the traditional view of Tp

 

R

 

 as
a ligand system isoelectronic with cyclopentadienyls (

 

η

 

5

 

-C

 

5

 

R

 

5

 

), the Tp

 

R

 

 ligand is now recognized as a unique ancillary
ligand suitable for bioinorganic studies, because the tripodal ligand can mimic the coordination environment created by
three imidazolyl groups from histidine residues, which is frequently found in the active sites of metalloenzymes.
Through extension of the metal in Tp

 

R

 

M-O

 

2

 

 adducts to those not related to biological systems we have unveiled the fol-
lowing new aspects of the chemistry of transition metal dioxygen complexes: (1) formation of higher valent bis(

 

µ

 

-oxo)
species, Tp

 

R

 

M(

 

µ

 

-O)

 

2

 

MTp

 

R

 

 (M 

 

=

 

 Co, Ni), via O–O cleavage of Tp

 

R

 

M(

 

µ

 

-

 

η

 

2

 

:

 

η

 

2

 

-O

 

2

 

)MTp

 

R

 

 intermediates and their rele-
vance to the active intermediate of 

 

methane monooxygenase

 

, (2) formation and full characterization of a variety of per-
oxo, hydroperoxo (Pd, Rh) and alkylperoxo species (Mn, Co, Ni, Pd), (3) structural evidence for conversion of molecular
oxygen into hydroperoxide via protonation of the 

 

η

 

2

 

-peroxo intermediate (Rh), and (4) formation of an active species
which undergoes oxidative C–C cleavage reaction (Ru).  The property of the Tp

 

R

 

 ligand as a tetrahedral enforcer is best
demonstrated in organometallic systems.  The hydrocarbyl complexes, Tp

 

R

 

M-R

 

′

 

 (M

 

=

 

 Fe, Co), are stable with respect to
thermal decomposition processes involving 

 

β

 

-hydrogen elimination despite their highly coordinatively unsaturated elec-
tronic structure [Fe(14e), Co(15e)], when they are kept under inert atmosphere.  The stability has been ascribed to a high
spin configuration caused by the tetrahedral geometry.  All frontier orbitals are occupied by unpaired electrons or elec-
tron pairs and no vacant frontier orbital is left for interaction with the electron pairs of a donor.  Dinuclear xenophilic
complexes, Tp

 

R

 

M–M

 

′

 

L

 

n

 

, with a polar metal–metal bond which bridges a Werner complex type hard open-shell metal
center and a coordinatively saturated metal carbonyl fragment are also synthesized and fully characterized. 

 

Hydrotris(pyrazolyl)borates (Tp

 

R

 

; Scheme 1) were first syn-
thesized and reported by Trofimenko in 1966.

 

1,2

 

  They are a
versatile class of auxiliary ligands for study of inorganic chem-
istry of transition metals and main group elements.

 

3,4

 

  Al-
though the Tp

 

R

 

 ligand can be coordinated to a metal center in

 

κ

 

3

 

- to 

 

κ

 

0

 

-fashion,

 

5

 

 it has been mainly used to create a 

 

κ

 

3

 

-coor-
dination environment and is therefore nicknamed “scorpi-
onate”; the 

 

κ

 

3

 

-binding mode resembles the shape of a hunting
scorpion (with the two claws and the tail).

 

6

 

The features of the Tp

 

R

 

 ligand revealed by the previous stud-
ies can be summarized as follows.  (1) Despite the apparently
complicated structure the Tp

 

R

 

 ligand can be readily prepared

by thermal dehydrogenative condensation between a BH

 

4

 

- salt
and pyrazole,

 

1b

 

 which is also readily obtained by condensation
of 1,3-diketone with hydrazine hydrate.  (2) The coordination
behavior of the Tp

 

R

 

 ligand can be finely tuned in a systematic
manner by introduction of appropriate substituents (R

 

3–5

 

) onto
the pyrazolyl rings.  Because, at the stage of the synthesis of
the Tp

 

R

 

 salt (M

 

′

 

Tp

 

R

 

), the more bulky substituent of the R

 

3

 

 and
R

 

5

 

 groups of the pyrazole occupies the R

 

3

 

 position to relieve
the steric repulsion among the substituents at the R

 

5

 

 positions,
the 3-substituents (R

 

3

 

) proximal to the metal center in the re-
sulting Tp

 

R

 

ML

 

n

 

 complexes control the steric environment
around the metal center, and the cone angles of Tp

 

R

 

 ligands ex-
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(R

 

4,5

 

).  The R

 

5

 

 groups also control the coordination property of
the nitrogen atoms (N–M–N bite angles); i.e. steric repulsion
among bulky R

 

5

 

 substituents would bring the coordinating ni-
trogen atoms (N

 

2

 

) close together to tightly bind the metal cen-
ter.  (3) The Tp

 

R

 

 ligand has been recognized as a “tetrahedral
enforcer” of first row transition metal species and leads to low-
coordinate, coordinatively unsaturated species [in particular,
tetrahedral species (

 

κ

 

3

 

-Tp

 

R

 

)M–L], which usually have a high
spin electronic configuration.  Steric protection of the metal
center by bulky R

 

3

 

 groups should also contribute to kinetic sta-
bilization of low-coordinate species.

Despite these advantageous features the Tp

 

R

 

 ligand also has
a couple of drawbacks.  The simple synthetic procedure ham-
pers selective synthesis of an unsymmetrically substituted de-
rivative, HB(pz

 

R

 

pz

 

R

 

′

 

pz

 

R

 

�

 

), including a chiral one.  In principle,
different pz

 

R

 

 groups could be introduced in a stepwise manner,
but the thermal condensation at the final stage (

 

>

 

 150 °C)
causes redistribution of the pz

 

R

 

 groups to give a mixture of
products, separation of which is difficult due to the ionic and
hydrolysable nature of Tp

 

R

 

.  In some cases, chromatographic
separation may be applicable after conversion to stable deriva-
tives (e.g. Tp

 

R

 

Tl).  In addition, synthesis of half-sandwich
complexes (Tp

 

R

 

L

 

n

 

M-X) containing a functionalizable group
(X) is not always facile, because reactions of MX

 

2

 

L

 

n

 

 with Tp

 

R

 

anion may lead to the formation of the kinetically inert fer-
rocene-like sandwich complexes (Tp

 

R

 

)

 

2

 

M.  But this problem
can be overcome in some cases by using a bulky Tp

 

R

 

 ligand or
a bidentate anion (

 

κ

 

2

 

-X).

 

8

 

The 

 

κ

 

3

 

-Tp

 

R

 

 ligand, a mononegative 6e-donor, is isoelectron-
ic with 

 

η

 

5

 

-cyclopentadienyl ligands (

 

η

 

5

 

-C

 

5

 

R

 

5

 

), which have
been widely used as auxiliary ligands of organometallic com-
pounds, and therefore many comparative studies of the related
Tp

 

R

 

ML

 

n

 

 and (

 

η

 

5

 

-C

 

5

 

R

 

5

 

)ML

 

n

 

 systems have been carried out.
The previous studies have revealed that (1) Tp

 

R

 

 renders the
metal center harder than 

 

η

 

5

 

-C

 

5

 

R

 

5

 

 does, (2) Tp

 

R

 

 causes smaller
ligand field splitting [cf. Fe(Tp

 

H

 

)

 

2

 

: paramagnetic vs Fe(

 

η

 

5

 

-
C

 

5

 

H

 

5

 

)

 

2

 

: diamagnetic],

 

9

 

 and (3) Tp

 

R

 

 is a better 

 

π

 

-donor [cf. 

 

ν

 

CO

 

for Tp

 

R

 

M(WCR′)(CO)2 and (η5-C5R5)M(WCR′)(CO)2 (M =
Mo, W)].10  These properties, in principle, should result from
the different energy levels of the atomic orbitals of the coordi-
nating atoms, i.e. the AOs of N are lower in energy than those
of C and the AOs of C are closer to those of metal d orbitals so
as to form interactions with more covalent character.

In contrast to these traditional views of the TpR ligand, the
TpR ligand system is anticipated to mimic the coordination en-
vironment created by the facially arranged three imidazolyl
groups which are involved in the histidine residues, and such a
structural motif is frequently found in the active sites in metal-
loproteins (Scheme 1).  Kitajima and Moro-oka first recog-
nized this feature when they attained a new phase of bioinor-
ganic chemistry based on the TpRM systems as typically exem-
plified by the significant contribution of the study on the
TpRCu-O2 adducts to elucidation of the O2-coordination mode
in oxyhemocyanin.11  It had been known that hemocyanin (the
O2-transport copper protein of mollusks, arthropods and inver-
tebrates) contained a dicopper O2-binding site and that each
metal center was located exactly in the above-mentioned coor-
dination environment with the facially arranged three imida-
zolyl groups but the O2-coordination mode in oxyhemocyanin
(the O2-adduct of hemocyanin) had remained a matter of con-
troversy.  A number of model compounds for oxyhemocyanin
had been prepared but none of them could reproduce its spec-
troscopic features satisfactorily (in particular, the low νO-O vi-
bration appearing around 750 cm−1).  The dicopper complex
TpiPr

2Cu(µ-η2:η2-O2)CuTpiPr
2 1aCu (Chart 1)12,13 prepared in

the laboratory of Kitajima and Moro-oka exhibited the spectro-
scopic features closely resembling to those of oxyhemocyanin
and, on the basis of its X-ray structure, they predicted the µ-

Scheme 1.   

Chart 1.   
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η2:η2-coordination of the dioxygen molecule, which was later
verified by the crystallographic study of the oxyhemocyanin
isolated from Limulus polyphemus.14  This work has also been
regarded as a successful example of bioinorganic study using a
well-characterized low-molecular weight model compound.15

The present research has been carried out as an extension of
the above-mentioned bioinorganic study of TpRM-dioxygen
complexes to more general inorganic chemistry.  If we could
prepare a series of TpRM(µ-“O2”)MTpR- and TpRM(“O2”)-
type transition metal-dioxygen complexes, where the TpRM
moiety has the similar structural features but is different in the
number of d-electrons and the energy levels of d-orbitals, we
would be able to directly evaluate the electronic effect of the
central metal on the structure and reactivity of the resultant
“dioxygen” complexes.16  Metal-coordinated dioxygen species
have been regarded as key intermediates of catalytic O2-oxy-
genation reactions,16 which attract much attention from not
only the biological but also the synthetic viewpoints.  Our
work employing some central metals irrelevant to the biologi-
cal systems has led to the discovery of new types of “dioxy-
gen” complexes including the high-valent bis(µ-oxo) complex-
es [TpRM(µ-O)2MTpR], although such an attempt has not been
always successful.  In this Account we will describe the results
obtained in our laboratory on (1) a series of first- and second-
row transition metal dioxygen complexes and related M-OOR
complexes and (2) unusual organometallic systems arising
from the unique properties of the TpR ligand featured as “tetra-
hedral enforcer”.

1. First Row Transition Metal Dioxygen Complexes

1.1. Dinuclear Bis(µµµµ-oxo) Complexes of Cobalt and
Nickel.17    Dinuclear dioxygen complexes including the di-
copper(Ⅱ)-dioxygen complex 1Cu (Chart 1) can be accessible
via two synthetic routes, i.e. (i) oxidative addition of an O2

molecule to two molecules of a low valent precursor and (ii)
dehydrative condensation between a hydroxo complex and
H2O2 (Scheme 2).11  The second method developed in our lab-
oratory is complementary to the classical oxidative addition
method (i) and has the advantages that (1) dioxygen complexes
can be obtained for the metal systems where low valent precur-
sors are not available and (2) the method can be applied to the
synthesis of mononuclear alkyl- and hydroperoxo complexes,
M-OOR (R = alkyl, H), by condensation with the correspond-
ing ROOH reagents (see sections 1.2. and 2.).  Fortunately, for
the TpRM systems, we could obtain a series of dinuclear diva-
lent di(µ-hydroxo) complexes of first row transition metals,
TpRMⅡ(µ-OH)2MⅡTpR 2 (M = Cr, Mn, Fe, Co, Ni, Cu),18 each
of which was subjected to the dehydrative condensation with

H2O2.  As a result, new type dioxygen complexes were ob-
tained for the Co and Ni systems, whereas the reactions of the
Cr, Mn and Fe complexes resulted in oxidation of the central
metals to give MⅢ species.19

1.1.1. Synthesis and Characterization.2     Treatment of
the hydroxo complexes of cobalt (2Co) and nickel (2Ni) with an
equimolar amount of H2O2 (30% aqueous solution) at −78 °C
afforded thermally unstable dark brown species 3Co and 3Ni

(Scheme 3).
The thermal stability of 3Co and 3Ni was found to be depen-

dent on the substituent R3 proximal to the metal center.  The
isopropyl derivatives 3aCo and 3aNi studied first were too unsta-
ble even at −78 °C to be characterized satisfactorily but later
study employing the methyl-substituted ligands (TpMe

2
,X) re-

vealed that the obtained products were not the µ-η2:η2-O2 spe-
cies 1 analogous to the copper complex 1Cu 20 but a new type of
“dioxygen complex”, i.e. higher-valent dinuclear bis(µ-oxo)
complexes 3 resulting from O–O bond cleavage.17  The unsta-
ble isopropyl derivatives 3aCo and 3aNi, however, provided us
with useful information on the reactivity of the M2(µ-O)2 core
by analyzing their decomposition products.21

The new “dioxygen species” have been characterized by
various spectroscopic methods as described below and definite
structural evidence has been obtained by X-ray crystallogra-
phy of the TpMe

3 (3bCo and 3bNi) and TpMe
2 complexes (3cCo)

(Fig. 1).  Each metal center adopts square-pyramidal geometry
with one of the pyrazolyl groups occupying the axial position.
The most significant structural feature is the O≥O separations
[2.32 Å (3bNi), 2.33 Å (3bCo), 2.27 Å (3cCo)] which exceed the
distance of bonding interaction (cf. O–O single bond length:
1.48 Å).  On the basis of this feature the new complexes 3Co

and 3Ni are characterized as dinuclear bis(µ-oxo) species aris-
ing from O–O bond cleavage and, accordingly, the oxidation
state of the metal centers is determined to be +3, which is
higher than that (+2) of the starting complex 2 and the µ-
η2:η2-O2 species 1.  When the core structure of 3Co and 3Ni is
compared with that of the starting complex 2 having the same
four-membered M2O2 cyclic linkage, shrinking of the M2O2

core is notable [cf. Ni–O: 1.843(5), 1.857(4) (3Me
3Ni);

1.973(2), 1.979(3) Å (2Me
3Ni)] indicating increased electrostat-

ic interaction between the more charged components, the oxo
ligand(−Ⅱ) and the M(+Ⅲ) center [cf. in 2: hydroxo ligand-
(−Ⅰ)/M(+Ⅱ)].  This change is associated with the inversion of
the relationship of the M–Neq and M–Nax distances (3Ni: Ni–
Neq < Ni–Nax; 2Ni: Ni–Neq > Ni–Nax).

Oxidative dehydrogenation of the M2(µ-OH)2 complex 2 is
an alternative formation mechanism of the M2(µ-O)2 core but
this possibility has been eliminated by the failure of formationScheme 2.   

Scheme 3.   
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of 3 upon treatment of 2 with oxidizing agents such as O2,
MCPBA (m-chloroperbenzoic acid), t-BuOOH, and KMnO4.
It is therefore concluded that 3 should be formed via homolytic
O–O cleavage of the µ-η2:η2-O2 intermediate 1 (Scheme 3).
We also examined a labeling experiment using H2

18O2 but very
fast exchange of the bridging oxo ligands in 3 with external
water molecules hampered definite confirmation of the O–O
cleavage process.

Complexes 3Co and 3Ni were the first examples of dinuclear
higher-valent bis(µ-oxo) species of cobalt and nickel, which
were followed by the studies of the nickel complexes by Suzu-
ki, Itoh, and Riordan.22  Analogous higher-valent bis(µ-oxo)
species were already reported by Tolman for the copper-
TACNR systems (4; TACN: 1,4,7-triazacyclononane), which
were obtained by O2-oxidative addition (Scheme 4).23  It was
also revealed that, depending on the solvent, the bis(µ-oxo) (4)
and µ-η2:η2-O2 structures (4′) were interconverted with each
other via a reversible O-O cleavage process, but such a phe-
nomenon was not observed for the cobalt and nickel systems.

The bis(µ-oxo) complexes 3Co and 3Ni are also characterized
spectroscopically.  The nickel complex 3Ni shows two intense
UV-vis absorptions around 300 and 400 nm (see also Fig. 2),
which are similar to those of the copper complex 4 and are as-
cribed to O→M LMCT transitions as analyzed for a related

copper system by Solomon.24  The apparent diamagnetism of
3Ni suggested by the 1H-NMR signals appearing in the normal
region and the lack of ESR signal should be a result of strong
antiferromagnetic coupling of the two low-spin NiⅢ centers
(d7, S = 1/2).  The 1H-NMR spectrum observed at a low tem-
perature contained only one set of the pyrazolyl signals indi-
cating occurrence of fast exchange of the axial and equatorial
pyrazolyl groups via pseudo-rotation.  Because similar features
have been observed for the recently reported NiⅢ2(µ-O)2 spe-
cies, these features turn out to be common for the MⅢ

2(µ-O)2

core (M = Cu, Ni).22,23

The cobalt complex 3Co belongs to a rare class of five-coor-
dinate CoⅢ species.25  CoⅢ species usually adopt a coordina-
tively saturated, six-coordinate structure, which is too kineti-
cally as well as thermodynamically inert to exhibit any notable
reactivity, especially, in oxygenation reaction.  In contrast to
the usual diamagnetic six-coordinate CoⅢ complexes the five-
coordinate coordinatively unsaturated bis(µ-oxo) complex 3Co

gives an isotropically shifted 1H-NMR spectrum spreading
over the range between 27 to −35 ppm and a single intense
UV-vis band around 350 nm.  The unique spectroscopic fea-
tures and remarkable reactivity of 3Co could be ascribed to the
above-mentioned unusual structure; these features are also
considerably different from those of the copper and nickel
complexes discussed above.

These spectroscopic features can be interpreted in terms of
the simplified d-electron configurations of each metal center
shown in Chart 2.  The strong interaction of the highly nega-
tively charged oxo ligand(−Ⅱ) with the metal d orbitals leads
not only to the structural deformation (M–Nax > M–Neq) but
also to the coordination environment similar to that given by a
square-planar N2O2 donor set with a substantial energy gap be-
tween dx2-y2 and the next orbital (dz2 or dxy).  Accordingly, the
five-coordinate square-pyramidal and four-coordinate square-
planar bis(µ-oxo) species of copper show very similar spectro-
scopic features.24  In the case of the nickel system 3Ni, the large
energy gap causes a low-spin electronic configuration, and an-
tiferromagnetic spin coupling of the unpaired electrons should
lead to the apparent diamagnetism, whereas the cobalt com-
plex 3Co with the small energy gap between the dxy and dz2

leads to a medium spin configuration with two unpaired elec-
trons (S = 1), which gives rise to the isotropically shifted 1H-
NMR spectrum.

The results hitherto described raise the question “Why do
the dinuclear “dioxygen” complexes of the same composition
TpRM(µ-“O2”)MTpR adopt two different structures, the µ-
η2:η2-O2 (1) and bis(µ-oxo) structures (3), depending on the
central metals?”.  The difference could be explained in terms
of the energy levels of metal d-orbitals.  The dioxygen com-
plexes are formed by cooperative forward and backward dona-
tion between the metal centers and the O2 ligand.  A schematic
presentation for the two types of back-donation from the two
metal centers to the O2 ligand in 1-type complex is shown in
Chart 3.  The back-donation from the two filled metal d-orbit-
als to the O2 π*-orbital is so effective that the O–O vibration
appears in the region as low as ~750 cm−1, while similar inter-
action is also operative for mononuclear complexes to a lesser
extent.26  In addition to this type of interaction, the O2 σ*-or-
bital in 1 is arranged so as to effectively overlap with the d-or-

Fig. 1.   Molecular structures of bis(µ-oxo) complexes.

Scheme 4.   
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bital of different symmetry.  The additional interaction should
further weaken the O–O bond and may finally cleave it, if it
works sufficiently.  On the periodic table, the closer an element
is located to the left end of the row, the higher the orbital ener-
gies become (Cu: −10.70 eV; Ni: −10.00 eV; Co: −9.00 eV;
taken from CAChe ver. 4.0).  The energy levels of the cobalt
and nickel systems should be high enough for the effective
back donation to the O2 σ*-orbital, which brings about the O–
O bond cleavage to give the bis(µ-oxo) structure (3).  In accord
with this consideration, the copper complex coordinated by the
more electron-donating sp3-nitrogen atoms (e.g. TACNR in 4)
undergoes O–O cleavage,23 whereas 1Cu coordinated by the
less electron-donating sp2-nitrogen atoms retains the O–O
linkage.11

1.1.2. Reactivity and Reaction Mechanisms.21     The
bis(µ-oxo) complexes 3Co and 3Ni were thermally unstable;
through analysis of the decomposed products information con-
cerning the reactivity of the M2(µ-O)2 core was obtained.  The
isopropyl derivatives 3aCo and 3aNi were much less stable than
the methyl derivatives 3b–d as mentioned above and under-

went spontaneous decomposition even at a low temperature.
The results are summarized in Scheme 5.

Thermal decomposition of the cobalt complex 3aCo afforded
the red product 5, where, of the twelve isopropyl-methine
groups, one proximal to the metal center was oxidized to give
the tertiary alkoxy functional group bridging the two metal
centers, as determined by X-ray crystallography.  When the de-
composition was carried out in the presence of an excess
amount of H2O2, two new products 6 and 7 were isolated from
the reaction mixture.  The blue product 6 proved to be the di-
nuclear species, where the alkoxy-side mononuclear structure
in 5 was dimerized through the two alkoxy bridges, and thus
resulted from oxygenation of two isopropyl-methine groups in
3aCo.  The other brown product 7 was determined to be the
mononuclear species, where all the three R3-isopropyl-methine
groups were oxygenated.  Let us note that treatment of isolated
samples of 5 and 6 with H2O2 produced 6 and 7, respectively,
suggesting that the three oxygenated complexes 5, 6 and 7
were formed by sequential oxygenation reactions of 3aCo.
Complex 6 was also obtained by thermolysis of the alkylper-
oxo complex as will be described below.21

The trimethyl derivative 3bCo also underwent spontaneous
thermal decomposition to give the ligand-oxygenated product
10bCo (Chart 4) analogous to 5.17

It is remarkable that the bis(µ-oxo) species 3Co can oxidize
the hydrocarbyl moiety of the TpR ligand.  The specific oxy-
genation of the isopropyl-methine moieties proximal to the
metal center (R3) in the thermolysis products verifies that the
active species is generated on the metal center.  It is obvious
that the formation mechanism of the oxygenated products in-
volves C–H bond cleavage and C–O bond formation processes.
In addition, the instability (high reactivity) of the isopropyl
complex 3a compared to the methyl complexes 3b–d shows
that the intermediates should be radical or carbocationic spe-
cies generated by H-abstraction, because such species are sta-
bilized by more substitution (a tertiary alkyl species from the
isopropyl group vs. a primary alkyl species from the methyl
group).

Fig. 2.   Spontaneous thermal decomposition of 3bNi and 3bCo followed by UV-vis spectroscopy.

Chart 2.   

Chart 3.   
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Similar thermolysis processes were observed for the nickel
complexes 3Ni.  The green product 8 obtained from the isopro-
pyl complex 3aNi was identified as the dinickel di(µ-hydroxo)
complex bearing the hydroxylated substituent (R3), which cor-
responded to the hydrated form of the cobalt complex 5
(Scheme 5).  In this case, too, decomposition in the presence of
an excess amount of H2O2 gave another product, the enolato

complex 9 resulting from a combination of dehydrogenation
and oxygenation.  Thermolysis of the trimethyl complex 3bNi

in the absence and presence of an excess amount of H2O2 af-
forded 10bNi (the nickel derivative of 10bCo) and 11, respec-
tively (Scheme 6).17,27  The carboxylato complex 11 resulted
from multiple oxidation of the proximal methyl group (R3) in
the TpMe

3 ligand.
In contrast to the isopropyl complexes 3aCo and 3aNi which

slowly decomposed even below −50 °C, the methyl complex-
es 3b–dCo and 3b–dNi turned out to be stable enough to be han-
dled even at ambient temperature for a moment and then were
subjected to kinetic analyses of the decomposition processes,
which were followed by monitoring UV-vis absorptions.  Fig-
ure 2 shows changes of the UV absorptions of the trimethyl de-
rivatives observed at 13 °C (3bNi) and 60 °C (3bCo).  The decay
processes indicated as H follows first order kinetics with re-
spect to 3 obeying the equation, d[3]/dt = −k[3], and the acti-
vation parameters ∆H‡, ∆S‡ and Ea derived from the Eyring
plots are summarized in Table 1.  The kinetic parameters for
3bCo and 3bNi are comparable to the related copper-TACNR

complexes 4 as shown in Table 2.
First of all, the activation enthalpy values of the nickel com-

plexes 3b–dNi are smaller than those of the corresponding co-
balt complexes 3b–dCo by several kcal mol−1.  In fact, the de-
cay rate of the nickel complex 3bNi is ca. 103 times greater than
that of the Co analogue 3bCo at 289 K [3bNi (measured): 1.0 ×
10−3 s−1, 3bCo (extrapolated using the Eyring plot): 8.0 × 10−7

Scheme 5.   

Chart 4.   

Scheme 6.   
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s−1].  The plots D in Fig. 2 are for 3bCo-d36 and 3bNi-d36 in
which the methyl groups at the R3 and R5 positions are deuter-
ated.  As is evident from the plots, the decay rate constants de-
crease to ca. 1/10 of those of the H-compounds 3bCo and 3bNi

clearly indicating that the H-abstraction from the methyl sub-
stituent (R3) is the rate-determining step of the present sponta-
neous thermal decomposition.  This result is consistent with
the above-mentioned qualitative interpretation of the stability,
i.e. the stability of the bis(µ-oxo) complexes 3Co and 3Ni is cor-
related with the stability of the radical or carbocationic species
generated by H-abstraction.  When the molecular structures
determined by X-ray crystallography (Fig. 1) are closed up in
detail, close contacts (2.18–2.68 Å) are found between the me-
thyl hydrogen atom and the µ-oxo ligand, suggesting that the
methyl hydrogen atoms could approach the reactive µ-oxo ox-
ygen atom.

As described in the introductory part, the TpR-substituent R4

doesn’t affect the steric coordination property but does effect
the electronic property through the pyrazolyl ring’s π-system.
In order to examine the electronic effect of the R4 substituent,
the three derivatives 3b–dCo and 3b–dNi containing H (TpMe

2),
the electron-releasing group (Me; TpMe

3) and the electron-
withdrawing group (Br; TpMe

2
,Br) were prepared and subjected

to the kinetic analysis.  Although we expected that an electron-
withdrawing group should increase the electrophilicity of the
µ-oxo group (k: Br > H > Me), the results were not as we ex-
pected.  Furthermore, different tendencies were observed for
the cobalt and nickel series [k: Me > H > Br (Ni); H > Br >
Me (Co)].  The lack of apparent relationship between the decay

rates and the electronic property of R4 indicates that not only
the electronic structure of the µ-oxo ligand but also the relative
orientation of the methyl-hydrogen atom to be abstracted with
respect to the µ-oxo ligand affects the reaction rates.

On the basis of the above-mentioned results we propose the
reaction mechanisms summarized in Scheme 7 for the sponta-
neous thermal decomposition of the bis(µ-oxo) complexes of
cobalt 3Co.

The µ-oxo ligand in the higher-valent species 3 should be
electrophilic enough to abstract a hydrogen atom at R3 to give
the diradical intermediate A (route a).  This process can be al-
ternatively regarded as follows.  The dinuclear trivalent bis(µ-
oxo) species 3 can be viewed as the dinuclear divalent bis(µ-
oxyl radical) species 3′, because the TpR ligand tends to stabi-
lize lower valent species;4 while many TpRCoⅡ and several
TpRCoⅠ species (e.g. CO and N2 complexes) are known, to the
best of our knowledge only one type of TpRCoⅢ complexes
[TpHCoⅢ(κ3-L)]n+ (κ3-L/n = TpH/1, diethylenetriamine/2,
TACNH3/2) has been reported so far.30  Thus electron transfer
from the µ-oxo ligand to the CoⅢ center in 3 would give rise to
the CoⅡ resonance contributor 3′, the oxyl radical center in
which would abstract a hydrogen atom in R3 (route b).  The
radical coupling in A should produce the mono-oxygenated
product 5 and 10bCo.  The decomposition in the absence of an
excess amount of H2O2 is terminated at this stage.  In the pres-
ence of an excess amount of H2O2, however, the (µ-hydroxo)-
(µ-alkoxo) functional group in 5 should also be susceptible to
dehydrative condensation with H2O2 like 2 to form the hydrox-
ylated bis(µ-oxo) intermediate B.  The intramolecular oxygen-

Table 1.   Kinetic Parameters for the Spontaneous Thermal Decomposition Reactions of the Bis(µ-oxo) 
Complexes, (TpMe

2
,X)M2(µ-O)2 3b-da)

k/s−1 ∆H‡/kcal mol−1 ∆S‡/e.u. Ea/kcal mol−1 ln A

Nickel complexes (283 K)
3bNi (X = Me) 5.1(2) × 10−4 18.3(1) −8.8(5) 18.9(1) 26.0(3)
3bNi-d36 5.6(2) × 10−5 18.7(2) −11.7(8) 19.3(2) 24.5(4)
3cNi (X = H) 3.9(1) × 10−4 19.0(2) −6.8(8) 19.6(2) 27.0(4)
3dNi (X = Br) 3.2(1) × 10−4 17.6(4) −12.1(15) 18.1(4) 24.3(8)

Cobalt complexes (333 K)
3bCo (X = Me) 2.2(1) × 10−4 24.0(3) −3.4(9) 24.6(3) 28.9(5)
3bCo-d36 2.2(1) × 10−5 25.7(6) −2.7(17) 26.4(6) 29.2(9)
3cCo (X = H) 4.4(1) × 10−4 21.5(3) −9.6(10) 22.1(3) 25.7(5)
3dCo (X = Br) 3.1(1) × 10−4 22.7(2) −7.1(5) 23.3(2) 27.0(2)

a) Solvent: THF (3b and 3c), toluene (3d).  3b-d36 = [Tp3,5-(CD
3
)
2
,4-CH

3M]2(µ-O)2.  3bNi and 3bCo: the
averaged value for 9 experiments; the others: the averaged value for 3 experiments.

Table 2.   Comparison of the Activation Parameters for the Spontaneous Thermal Decomposition 
Reactions of Various Bis(µ-oxo) Complexesa)

kH/kD(temp/K) ∆∆H‡/kcal mol−1 ∆∆S‡/e.u. AH/AD

[TpMe
3NiⅢ]2(µ-O)2 (3bNi) 9 (1) (283) 0 (1) −3 (1) 4.2(1)

[TpMe
3CoⅢ]2(µ-O)2 (3bCo) 10 (1) (343) 2 (1) 1 (2) 0.7(1)

[TpiPr,MeCoⅢ]2(µ-O)2
28 22 (1) (281) 2.5 4 0.13

[TACNBn
3CuⅢ]2(µ-O)2 (4a)b),23 14 (1) (293) 2.5 3 0.20(5)

[TACNiPr
3CuⅢ]2(µ-O)2 (4b)b),23 12 (1) (293) 1.8 2 0.49(5)

[TACNiPr
3CuⅡ]2(µ-η2:η2-O2)23,29 18 (1) (298) ~0 −4 ~6

a) ∆∆H‡ = ∆H‡
D − ∆H‡

H; ∆∆S‡ = ∆S‡
D − ∆S‡

H.  b) See Scheme 4.
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ation of B similar to that observed for 3 furnishes the dioxy-
genated product 6.  Dissociation to give C followed by con-
densation with H2O2 should form the hydroperoxo intermedi-
ate D, which causes oxygenation of the remaining R3 group to
give the fully oxygenated product 7.  This mechanism can ex-
plain the higher reactivity of the isopropyl complex 3aCo com-
pared to the methyl complexes 3b–dCo, because the tertiary
radical intermediates formed by H-abstraction from the isopro-
pyl group (R3) are much more stable than the primary radical
species generated from the methyl substituent.

The mechanism for the initial ligand oxidation process of
the nickel system should be similar to Scheme 7.  As for the in-
stability of 3Ni compared to 3Co, because (1) the d-orbital ener-
gy levels of nickel are lower than those of cobalt and (2) Ni fa-
vors the +Ⅱ oxidation state more strongly than Co does (i.e.
increased contribution of the NiⅡ

2-bis(µ-oxyl radical) reso-
nance form 3′Ni), the nickel center should be more electrophilic
than the cobalt center.  In the presence of an excess amount of
H2O2, the ligand-oxidation pattern of the nickel system was
clearly different from that observed for the TpiPr

2Co system
(Scheme 7).  The selective transformation of two of the six
alkyl groups proximal to the metal center into the enolato
groups should also be mediated by the highly reactive NiⅢ

2(µ-
O)2 species, although details of the mechanisms have remained

to be studied.  Mechanisms analogous to Scheme 7 have been
proposed for the related copper (4) and nickel systems.31

We also examined oxygenation of external substrates; some
typical results for 3bCo and 3bNi are shown in Table 3.  Phenols
were converted to diphenoquinones via dehydrogenative
dimerization, and PPh3 and CO were oxidized to the corre-
sponding oxides via oxo-transfer.  Although the yields of the
cobalt system are higher than those of the nickel system, this
does not always mean that the cobalt complex 3bCo is more re-
active than the nickel complex 3bNi.  For the nickel complex
3bNi undergoes the rapid spontaneous decomposition even in
the absence of a substrate.  The present oxo transfer reaction is
remarkable, because most reactions of the related bis(µ-oxo)
species reported by other researchers are initiated by H-ab-
straction as in the formation of diphenoquinone.31

Through an extension of the bioinorganic study of the
TpRM-O2 system to some metal systems which are irrelevant
to biological systems we have had an opportunity to tackle a
new activated form of dioxygen species, dinuclear higher-va-
lent bis(µ-oxo) complexes 3Co and 3Ni.  Recently, this type of
species has been proposed as the key intermediate in the O2-
activation by methane monooxygenase, which catalyzes selec-
tive conversion of methane (an extremely inactive hydrocar-
bon) into methanol at ambient temperature and pressure.  O2

molecule is usually incorporated into metalloprotein as a per-
oxide (O2

2−).  Such fixation is essential to pick up gaseous O2

molecules present at a low concentration into the coordination
sphere of the active site in metalloprotein.  But from the view-
point of oxygenation such reductive activation of O2 is not fa-
vorable, because “oxygenation” is a process, where electron(s)
in a substrate is transferred to the catalytic species or oxidizing
agent.  In order to perform an effective oxygenation reaction,
therefore, it is crucial to convert the reductively activated, elec-
tron-rich O2

2− species into an electrophilic species, which is
reactive enough to interact with electrons in a substrate.  The
conversion of the µ-η2:η2-peroxo species into the higher-va-
lent bis(µ-oxo) species via O–O bond cleavage (intermediate P
→ Q) is now recognized as one plausible O2 activation mecha-
nism operating for methane monooxygenase (Scheme 8).32  It
should be noted that this proposal does not result from the
studies of metalloproteins but from the bioinorganic studies33

including our TpRM system.  Hence the bioinorganic studies

Scheme 7.   

Table 3.   Oxidation of External Substrates by the Bis(µ-oxo)
Complexes 3bCo and 3bNi

Substrate Product Conditions
Yields of products

3bNi 3bCo

r.t., 1 h 36 66

r.t., 1 h 6 66

PPh3 O=PPh3 r.t., 48 h 0 19
CO [TpMe

3MⅡ]2(µ-CO3) 0 °C, 1 h 0 100

 O2,CO2: no reaction
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using well-characterized low-molecular weight complexes turn
out to serve as very powerful tools for elucidation of reaction
mechanisms of biological processes.

1.2. Alkylperoxo Complexes.34    Together with the metal-
O2 adducts discussed above, alkylperoxometal species
(M-OOR′) have been regarded as key intermediates of metal-
catalyzed autoxidation reactions and oxygenation reactions us-
ing R′OOH as the stoichiometric oxidant35 (e.g. Sharpless
asymmetric oxidation)36 and a considerable number of reports
on isolation and characterization of M-OOR′ species have
appeared.37  But the previous studies have focused on the early
transition metal complexes (e.g. V, Ti), the FeⅢ species studied
as models for non-heme iron enzymes, and the CoⅢ species
related to autoxidation and the stable group 10 metal complex-
es (Pt).  No systematic study using a common ligand system
has been reported so far and little is known about the chemistry
of alkylperoxo complexes of lower valent metals.

The “dehydrative condensation” with the hydroxo complex-
es 2 is effective for the synthesis of not only the “dioxygen”
complexes described above but also a series of alkylperoxo
complexes, TpRM-OOR′ 12 (M = Mn, Co, Ni, Cu, Pd)
(Scheme 2).  For the manganese and cobalt complexes, kinetic
stabilization by the bulky TptBu,iPr ligand was essential for their
isolation34a,d and an analogous reaction of the iron complex 2Fe

resulted in condensation as well as oxidation of the metal cen-
ter to give [TptBu,iPrFeⅢ-OOBut]+ 12′Fe characterized by a com-
bination of resonance Raman, UV-vis and ESR spectrosco-
py.34b  The palladium complex 16 will be discussed in the next
section.  The isolated alkylperoxo complexes 12 have been
characterized by crystallographic and spectroscopic methods;
the molecular structure of the nickel complex 12Ni 34c and the
structural parameters associated with the M-OOR moiety are
shown in Fig. 3.  The M–O and O–O lengths fall in the typical
ranges of the single bond lengths but significant bending of the
M–O–O linkage is noted for 12Ni and 12Mn (when the bulki-
ness of the TptBu,iPr ligand is taken into account), while the an-
gles for the other complexes are comparable to that for an sp3-
hybridized atom.  The bending is associated with the distortion

of the coordination geometry from a tetrahedral C3v structure
to a trigonal-bipyramidal Cs structure resulting from weak in-
teraction of the distal oxygen atom (O2) with the coordinative-
ly unsaturated metal center.

Interestingly, the relative stability of the Ni and Co alkylper-
oxo complexes 12Co and 12Ni is reversed when compared with
the bis(µ-oxo) complexes 3Co and 3Ni.  The reactive (unstable)
cobalt complex bearing the TpiPr

2 ligand 12′Co decomposed
even at −78 °C to give the dinuclear complex 6Co, the same
product that had been obtained from 3 in the presence of an ex-
cess amount of H2O2 (Schemes 5 and 9).  On the other hand,
thermal decomposition of the nickel complex 12Ni proceeded
over the course of 1 day at ambient temperature and oxygen-
ation occurring at the isopropyl-methine moiety was confirmed
after conversion to the dimethylaminopyridine adduct 13.34c

Preliminary experiments revealed that reaction of the nickel
complex 13 with benzaldehyde derivatives afforded the corre-
sponding benzoato complexes 14 and the dependence of the
oxidation reaction rates on the p-substituents of Ar-CHO sug-
gested that the OOR moiety showed a nucleophilic character
like that found in early transition metal complexes.37

Thus the alkylperoxo-cobalt and -nickel complexes 12Co and
12Ni exhibit the unique oxygenation activity toward an aliphat-
ic C–H bond.  The reaction mechanism should involve radical
intermediates but the reaction features are considerably differ-
ent from those of the conventional free radical mechanisms
(e.g. Haber–Weiss mechanism), in which transition metal ions
mainly control generation of free radical intermediates (e.g.
·OH, ·OOH) and termination of radical processes.  The results
of the present study, though not completed yet, reveal that the
reactivity of the LnM-OOR species can be controlled by an
appropriate combination of M and L and can contribute to de-
velopment of novel oxygenation reactions involving M-OOR
intermediates.

Some other mononuclear TpR complexes relevant to cate-
chol dioxygenase (Fe),38 α-keto acid dependent enzyme (Fe),39

haloperoxidase(Ⅴ)40 and manganese enzymes41 were also stud-

Scheme 8.   

Fig. 3.   Structures of TpRM-OOR′ complexes 12.
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ied.

2. Second Row Transition Metal Dioxygen Complexes

In order to obtain more detailed insight into the structure
and reactivity of the transition metal-O2 adducts, a comparative
study of second row transition metal complexes has been car-
ried out.  In contrast to the rather unstable first row transition
metal complexes described above, the second row transition
metal complexes prove to be so thermally stable as to provide
valuable information concerning the structural aspects of ac-
tive dioxygen species.

Before discussion of the result for the second row transition
metal complexes let us consider the coordination behavior of
the TpR ligand.  Because the TpR ligand has been mainly used
to create a κ3-coordination environment as described in the in-
troductory part, little attention has been paid to the κ2-coordi-
nation mode, which plays pivotal roles in the chemistry of d8

metal complexes, in particular, second row transition metal
complexes (e.g. PdⅡ and RhⅠ).  In the case of the TpRM(X)(Y)-
type d8 metal complexes, the TpR ligand is coordinated to the
metal center either in a κ2- or κ3-fashion to give 16e or 18e
species, respectively.  Such κ3-coordination is found for Lewis
acidic metal species with electron-withdrawing ligands (e.g.
O-ligand) but steric repulsion also causes the hapticity change.
The two rhodium-diene complexes TpiPr

2Rh(diene) [diene =
1,5-cyclooctadiene (cod), norbornadiene (nbd)] studied in our
laboratory can be raised as typical examples.42  While the cod
complex adopts the square-planar (spl) geometry, the nbd com-
plex comprises a mixture of the spl and trigonal-bipyramidal
(tbp) species with the κ2- and κ3-TpiPr

2 ligand, respectively,
both in solution and solid as verified by spectroscopic study
combined with X-ray crystallography.  The difference of the
structures has been attributed to the bite angle of the diene
ligand.  The bite angle of the cod ligand may be too large to
span the axial and equatorial sites in a tbp structure.  Let us
point out that discrimination of the hapticity of the TpR ligand
(κ2 vs κ3) in TpRM(X)(Y)-type d8 metal complexes by NMR is
not always facile, because the two structures frequently inter-
convert with each other at a rate faster than the NMR-coales-
cence time scale and the slow exchange limit can not be always
attained even at low temperatures.  In addition, direct informa-
tion concerning the presence/absence of coordination of the

pendant pzR group can not be obtained by the conventional 1H
and 13C NMR.  On the basis of the results of the rhodium-diene
complexes we reveal that the B–H vibration of the TpR ligand
(2400–2600 cm−1), which does not overlap with vibrations of
organic functional groups, is a good indicator of its hapticity.
In the case of TpiPr

2M complexes, the νB-H vibration of a κ2-co-
ordinated ligand appears below 2500 cm−1, whereas that of a
κ3-coordinated ligand appears above 2500 cm−1 (Scheme 10).
This method is very convenient compared to X-ray crystallog-
raphy and NMR spectroscopy and is complementary to these
methods.  Recently it was reported that 11B- and 15N-NMR
were also useful tools for discrimination of the TpR-hapticity.43

2.1. Palladium System: Formation of a Variety of Dioxy-
gen Complexes.44    The first attempt that we made was syn-
thesis of TpRPd(µ-“O2”)PdTpR analogous to 1 and 3 by the de-
hydrative condensation.  The dinuclear di(µ-hydroxo) complex
2Pd was obtained but it apparently did not undergo the conden-
sation with H2O2, although condensation with more acidic sub-
strates such as acetic acid was observed.44c  Because PdⅡ is a
typical d8 species, in the next attempt another ancillary ligand
(py) was introduced to form a square-planar species.  As a re-
sult, (κ2-TpR)(py)Pd-OH 15 turned out to be a versatile precur-
sor for peroxo complexes (Scheme 11).  Dehydrative conden-
sation between 15 and ROOH afforded the corresponding t-bu-
tylperoxo complex (16) and hydroperoxo complex (17),44a and
the latter was further converted to the PPh3 derivative 17′ by
ligand replacement with PPh3.44b  Both of the complexes were
spl complexes with the κ2-TpiPr

2 ligand as revealed by NMR
(non-fluxional), IR (νB-H) and X-ray crystallography (for 16
and 17′).  Further dehydrative condensation of the hydroper-
oxo complex 17 with 15 afforded the dipalladium µ-η1:η1-per-
oxo complex 18 in a selective manner, while the direct 2:1 con-
densation between 15 and H2O2 gave a mixture of products,
from which 18, the µ-η1:η2-peroxo complex 1945 and the zwit-
terionic cyclic µ-η1:η1-peroxo complex 2045 were isolated and

Scheme 9.   

Scheme 10.   
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characterized by X-ray crystallography.46  The O–O lengths of
16–20 fall in the range of O–O single bonds indicating that
they are peroxo complexes.  The TpiPr

2(py)Pd moieties in 16–
18 adopt a typical spl geometry with the non-coordinated pen-
dant pzR group.  It is notable that 17′ belongs to a rare class of
structurally characterized hydroperoxo complexes and con-
tains hydrogen-bonding interaction between the OOH hydro-
gen atom and the nitrogen atom of the pendant uncoordinated
pzR group.  Such a hydrogen-bonding interaction is a common
structural feature of structurally characterized MOOH species
as will be discussed in the next section.  The palladium com-
plexes are stable even at ambient temperature and their oxidiz-
ing ability was sluggish as typically exemplified by the interac-
tion of 17 with PPh3 (for 2–3 hrs at r. t.), which resulted in the
ligand replacement in preference to oxidation of the PPh3

ligand.  Only a small amount of the oxidized product
(OwPPh3) was formed, when the reaction was carried out at 0
°C.  The peroxo ligand was essentially nucleophilic, because it
formed a cyclic adduct with, for example, acetonitrile.47  But it
was also shown that the peroxo complexes converted vinyl
ether (CH2wCHOR) into acetate ester (CH3COOR), although
the reaction mechanism is not clear.44a

The study of the TpRPd(L)-O2 adducts reveals (1) the effec-
tiveness of dehydrative condensation for the synthesis of diox-
ygen complexes and (2) a variety of O2-coordination modes
(µ-η1:η1, µ-η1:η2, and cyclic µ-η1:η1).  In addition, (3) a se-
ries of M-OOR species including the rare hydroperoxo com-
plex 17′ has been isolated and fully characterized.

2.2. Rhodium System: Conversion of Molecular Oxygen
into a Hydroperoxo Species.48    Despite many attempts a
TpRRhⅢ-hydroxo complex could not be obtained.  We thus ex-
amined O2-oxidative addition to a RhⅠ species.  Of several
TpiPr

2RhⅠ(L2) complexes [L2 = cod, nbd, (CO)2, Ph2P(CH2)n-
PPh2 (n = 1–3), Ph2P–CHwCH–PPh2] prepared in our labora-
tory,49 only diphosphine complexes reacted with O2 and the
others remained unaffected.

Oxygenation of the 1,2-bis(diphenylphosphino)ethane
(dppe) complex 21 afforded a mixture of products accompany-
ing precipitation of dppe-dioxide, Ph2P(wO)CH2CH2P(wO)-
Ph2.  Two products 22 and 23 were isolated after silica gel
chromatographic separation (Scheme 12).  As for the minor
product 22, its 1H NMR spectrum reveals inclusion of a 3,5-
diisopropylpyrazole (pziPr

2-H) molecule, and coordination of
an O2 molecule is suggested by the O–O vibration at 848 cm−1

(IR) and by the FD-MS data (m/z = 752: 21 + O2 + pziPr
2-H

− dppe).  X-ray crystallography of 22 confirms that it is a six-
coordinate RhⅢ side-on (η2) peroxo complex containing the
κ3-TpiPr

2 (νB-H = 2540 cm−1) and additional pziPr
2-H ligands.

The Rh-O2 moiety is typical for a RhⅢ-peroxo complex, if one
judges from the O–O [1.467(5) Å] and Rh–O lengths
[2.001(4), 2.013(3) Å].  The N41≥O2 distances [2.681(6),
2.733(6) Å] and the orientation of the additional pziPr

2 ring sug-
gest the presence of hydrogen-bonding interactions, which is
also supported by the spectroscopic data, i.e. the deshielded
NH signal (δH 12.42) and the obscured N–H vibration.  The
hydrogen-bonding interaction verifies the nucleophilic (basic)

Scheme 11.   
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character of the peroxide ligand.  Oxygenation of 21 in the
presence of an equimolar amount of pziPr

2-H improved the
yield of 22 to 23%.  The other product 23 is a metallacyclic
complex resulting from orthometalation of dppe-dioxide, as
characterized by IR (νBH: 2534; νRhH: 2082 cm−1), NMR
[δH(RhH) −16.86 (d, J = 17.5 Hz); δP 57.5, 31.8 (d × 2, J =
48 Hz)] and X-ray crystallography.  The structure of 23 indi-
cates that 22 and 23 should be formed via oxidative addition of
O2 and the ortho C–H bond in dppe-dioxide, respectively, to

the common RhⅠ precursor, TpiPr
2RhⅠ(dppe-dioxide) (See struc-

ture F in Scheme 13).
In order to examine the effect of the added pyrazole the oxy-

genation was carried out in the presence of the non-substituted
pyrazole (pzH-H).  The yellow product 24 obtained together
with 23 is suggested by the result of its FD-MS [m/z = 736:
TpiPr

2Rh(O2)(pzH-H)2] to be a η2-peroxo complex coordinated
by two molecules of pzH-H, but X-ray crystallography reveals
that it is a hydroperoxo complex formulated as TpiPr

2Rh(η1-
OOH)(pzH)(pzH-H), where the β-oxygen atom and the non-co-
ordinated nitrogen atoms of the pzH rings are held together by
a hydrogen-bonding network.  The O–O [1.413(8) Å] and Rh–
O lengths [1.994(4) Å] are comparable to those found in 22,
and the hydrogen bonding interaction is evidenced by the
N≥O separation (2.78–2.85 Å), the orientation of the pz rings
and the broad 1H NMR signal at δ 12.03 (2H).  To the best of
our knowledge, only eight examples of structurally character-
ized hydroperoxo complexes have been reported so far.50  (Two
of them were reported by us; 17′ and 24.)  Furthermore hydro-
gen bonding interaction at the α- or β-oxygen atom supporting
the hydroperoxo ligand is found as a common structural fea-
ture and, actually, five examples contain such an interaction.
Surprisingly, the hydrogen bonding interaction in 22 and 24
makes them robust enough to survive chromatographic separa-
tion.  Although hydroperoxo species have been recognized as
key intermediates of biological transformations,51 little infor-
mation on their chemical properties, in particular, structural in-
formation, has been accumulated due to their extreme thermal
instability.

Plausible reaction mechanisms of the rhodium system are
summarized in Scheme 13.  Initial O2-oxidative addition to 21
should give the RhⅢ(η2-peroxo) species E, which is reduced to
the RhⅠ(dppe-dioxide) complex F via intramolecular O-trans-
fer.  Orthometalation of the dppe-dioxide ligand furnishes 23,

Scheme 12.   

Scheme 13.   
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whereas the η2-peroxo complex 22 is formed via further O2-
oxidative addition (G) associated with dissociation of dppe-di-
oxide and coordination of a pziPr

2-H molecule, which should be
formed by partial decomposition of a TpiPr

2Rh species.  The re-
action in the presence of a bulky pzR-H such as pziPr

2-H is ter-
minated at this stage.  For 22 an alternative canonical structure
22′ with a vacant coordination site can be depicted.  A small
pzR-H molecule such as pz-H can be coordinated to the vacant
site in 22′ and subsequent reorganization of the hydrogen
bonding interaction affords the hydroperoxo complex 24.  The
hydrogen atom of the second pyrazole is transferred to the O2

ligand as a proton to furnish the hydroperoxo species.
Let us point out that, in the present system, an O2 molecule

is converted to a hydroperoxometal species via protonation of
a cyclic η2-peroxometal intermediate.52  A similar process is
proposed for the O2-activation process of cytochrome P-450
containing the heme center (Scheme 13)53,52c–g but the process
has been supported only by spectroscopic characterization of
the proposed intermediates.  The present system thus provides
structural evidence for the well-documented O2-activation pro-
cess and hydrogen bonding interaction plays key roles in the
formation and stabilization of the activated dioxygen species.

2.3. Ruthenium System: Oxidative C–C Bond Cleav-
age.54    Ruthenium is rather flexible with respect to the redox
properties, and one electron redox process of Ru(Ⅱ) species is
expected to form a dioxygen species different from peroxide.
In contrast to the rich chemistry of the TpHRu and TpMe

2Ru
systems, the chemistry of the TpRRu system with bulky R
groups has been extremely limited and we met difficulty even
in the synthesis of starting compounds.  After some struggle
we succeeded in synthesis of the versatile, labile aquo complex
26; obtained by protonolysis of the pentahydride complex,
TpiPr

2RuH5 25 (Scheme 14).55  Although a series of diphos-
phine-hydroxo complexes 2856 was obtained by treatment of
26 with diphosphine followed by deprotonation of the resultant

aquo complex 27, the neutral octahedral species 28 was kineti-
cally inert and no condensation was observed with ROOH.
The aquo ligand in 27, however, was so labile as to be convert-
ed, via dehydration, to the coordinatively unsaturated species
29 stabilized by the agostic interaction with one of the C–H
bonds of the isopropyl-methyl groups.57  Complex 29 was
characterized spectroscopically and crystallographically.  In-
teraction of 29 with O2 (in MeOH) did not result in oxidative
addition as observed for the η5-C5R5-derivatives, [(η5-C5R5)-
Ru(diphosphine)(OH2)]+,58 but oxygenation, the pattern of
which depended on the diphosphine ligand.54,59  The dppene
complex 29 (X: CHwCH) underwent oxidative C–C bond
cleavage of the isopropyl group close to the metal center to
give the ketone complex 30.  The ketone oxygen atom originat-
ed from an O2 molecule as confirmed by the labeling study us-
ing 18O2 but the reaction mechanism presumably involving a
superoxo intermediate (RuⅢ-O2

−) has remained to be studied.
Oxygenation of the corresponding dppm and dppe complexes
resulted in P-oxygenation to give a phosphine oxide coordinat-
ed complex, [TpiPr

2RuⅢ(Ph2PCH2P(wO)Ph2)(OMe)]+, and oxi-
dation of the Ru center to give a hydroxo-RuⅢ species,
[TpiPr

2RuⅢ(Ph2PCH2CH2PPh2)(OH)]+, respectively.  It is re-
markable that simple exposure of the RuⅡ species 29 to O2 pro-
duces a highly active oxidizing species that can cleave a C–C
bond.

3. Organometallic Systems2

3.1. Highly Coordinatively Unsaturated Hydrocarbyl
Complex.60    The intriguing property of the TpR ligand as a
“tetrahedral enforcer” for first row transition metal complexes
prompted us to introduce a hydrocarbyl group (R′) as the σ-
ligand, because the resulting complex TpRM-R′ is highly coor-
dinatively unsaturated organometallic species with 14 (Fe), 15
(Co) and 16 (Ni) valence electrons, which are quite short of va-
lence electrons compared to the coordinatively saturated elec-

Scheme 14.   
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tronic configuration (18e) (Scheme 15).  Coordinatively unsat-
urated species have been recognized as key intermediates of
stoichiometric and catalytic transformations mediated by orga-
nometallic species but their chemistry has remained far less
developed, because very few thermally stable species have
been isolated so far.61  It should also be noted that most of the
previous coordinatively unsaturated species are kinetically sta-
bilized by bulky hydrocarbyl groups or ancillary ligands to
prevent decomposition processes such as β-hydrogen elimina-
tion reaction.62  If the TpR ligand works as a tetrahedral enforc-
er for TpRM-R′-type organometallic systems, we could have an
opportunity to study the chemistry of highly coordinatively un-
saturated hydrocarbyl complexes which are not stabilized ki-
netically.

We first attempted synthesis of allyl complexes, because al-
lyl ligand may stabilize coordinatively unsaturated metal cen-
ters through η3-coordination.60a,c  Treatment of the chloro com-
plex containing the TpiPr

2 ligand 31a with allyl-MgCl in THF
afforded yellow (32aFe), dark orange (32aCo) and deep red
products (32aNi) in moderate yields after extraction with pen-
tane and crystallization at a low temperature (Scheme 16).  The
nickel complex 32aNi is the only diamagnetic and air- and
moisture-stable species of the hydrocarbyl complexes obtained
in the present study and was characterized as a η3-allyl com-
plex by NMR analyses.  The non-substituted analogue TpH-
Ni(η3-allyl) was already reported by Lehmkuhl.63  X-ray crys-
tallography of the three allyl complexes including paramagnet-
ic iron and cobalt complexes 32aFe and 32aCo verifies that the
square-pyramidal cobalt and nickel complexes 32aNi and 32aCo

contain the η3-allyl ligand, whereas the iron complex 32aFe

adopts a tetrahedral structure with the η1-allyl ligand.  We wish
to point out that, although the iron atom (FeⅡ: d6) contains a
smaller number of d-electrons than the other two counterparts
(CoⅡ: d7; NiⅡ: d8), the resulting allyl complex 32aFe adopts a
η1-structure with 14 valence electrons rather than a η3-struc-
ture with 16 valence electrons closer to the coordinatively satu-
rated electronic configuration (18e) as observed for 32aCo and
32aNi (Chart 5).  The formation of the η1-hydrocarbyl complex
32aFe prompted us to extend our synthetic efforts to other types
of hydrocarbyl complex including benzyl (33) and ethyl com-
plexes (34) without and with β-hydrogen atoms, respective-
ly.60b,c  As for the TpiPr

2 derivatives the expected products 33a
and 34a were obtained for the iron and cobalt systems by alky-
lation of the chloro complexes 31a with appropriate Grignard
reagents (Scheme 16).  In the case of the less hindered TpMe

3

derivatives, because the corresponding chloro complexes 31b
were not obtained,8 the nitrato (31′bCo) or acetato complexes
(31′bFe) were used instead and were converted to the corre-
sponding highly air- and moisture-sensitive alkyl complexes
33b and 34b, which, in a few cases, could not be obtained in

analytically pure forms but could be characterized by a combi-
nation of spectroscopic analyses and chemical reactions (see
below).  Molecular structures of 33bCo and 34aCo are shown in
Fig. 4.  In contrast to the iron and cobalt complexes, a similar
reaction of the nickel derivative 31aNi resulted in decomposi-

Scheme 15.   

Scheme 16.   

Chart 5.   

Fig. 4.   Molecular structure of the alkyl complexes, 34aCo

and 33bFe.
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tion to give a mixture of products, from which no characteriza-
ble component could be isolated, but carbonylation reaction
confirmed formation of an analogous thermally unstable alkyl
complex (see below).64

To our surprise the ethyl complexes 34 with 14(Fe) and
15(Co) valence electrons are very thermally stable despite the
presence of β-hydrogen atoms,61 when they are kept under an
inert atmosphere.  In the case of the TpiPr

2 derivatives, the rath-
er bulky isopropyl groups might contribute to kinetic stabiliza-
tion of the coordinatively unsaturated species.  Because, how-
ever, the thermal stability of the less hindered TpMe

3 derivatives
34b is comparable to that of the TpiPr

2 derivatives 34a, such a
contribution was negligible but, as mentioned above, the
former is much more sensitive to the air and moisture than the
latter.  Thus the stability of the TpRM-R′-type organometallic
species should not originate from steric protection of the metal
center but from their unique electronic structure, as will be dis-
cussed below.

The obtained tetrahedral alkyl complexes have been charac-
terized by spectroscopic methods as well as by X-ray crystal-
lography.  All η1-hydrocarbyl complexes are paramagnetic to
give isotropically shifted 1H NMR spectra, from which little
structural information concerning the M-R moiety can be ob-
tained.65  One of the notable features of the η1-alkylcobalt
complexes 34Co is their blue color, which is distinct from the
orange color of the η3-allyl complex 32aCo.  The different col-
ors should be ascribed to the coordination geometry of the cen-
tral metal, i.e. the tetrahedral structure of a high-spin configu-
ration in 34Co and the square-pyramidal structure with a low-
spin configuration in 32aCo.  The differences are demonstrated
by UV-vis spectrum and magnetic susceptibility [e.g. λmax/nm
(ε/cm−1 M−1) 647 (40) (32aCo), 388 (1030), 580 (180), 610
(210), 690 (810) (34aCo); µeff/µBM = 1.8 (32aCo), 4.2
(34aCo)].66  The alkyliron complexes 32Fe, 33Fe and 34Fe are
featureless compared to the cobalt complexes but their magnet-
ic moments also reveal their high-spin configuration.  The tet-
rahedral η1-alkyl complexes 33 and 34 have been definitely
verified by X-ray crystallography (Fig. 4).  It should be noted
that the core part of the ethylcobalt complex 34aCo is tetrahe-
dral with essentially the C3 symmetry without any additional
interaction such as α- and β-agostic C–H interaction with the
cobalt center, although slight distortion from a C3-structure is
observed for the benzyl-type complexes 33 as indicated by the
N–M–Cα angles distributing in the range of 113–136° (cf. the
corresponding angles for 34CoiPr

2: 123.1–125.2°).  The distor-
tion is due to a weak interaction of the electrons of the Cα–Cβ
bond with the metal center.  Thus the TpR ligand works as a tet-
rahedral enforcer to give the highly coordinatively unsaturated
organometallic species without kinetic stabilization.  Our re-
port has been followed by papers which described the related
organometallic complexes supported by tripodal ligands 35–37
and similar structural features were noted (Chart 6).67

The chemical properties of the M–C bond in the hydrocar-
byl complexes have been examined with two different aims.
One is to confirm the presence of a M–C bond in the air- and
moisture-sensitive hydrocarbyl complexes, single crystals of
which suitable for X-ray crystallography are not always ob-
tained, and the other is to characterize the chemical reactivity
of the rare coordinatively unsaturated hydrocarbyl complexes

(Scheme 17).
First of all, the thermal stability of the ethyl complexes 34

was examined.  When heptane solutions of 34aFe and 34aCo

were heated for 5 hrs at 110 °C, formation of a trace amount
(< 1%) of ethene (the product of β-hydride elimination)61 to-
gether with a small amount (ca. 10%) of ethane (the hydrolysis
product by adventitious moisture in the reaction mixture) was
detected by GLC analysis of the gas phase.  Similar stability
was noted for 36.67  Monitoring the thermolysis of 34a in tolu-
ene-d8 by 1H-NMR revealed that both of the iron and cobalt
complexes were stable at 60 °C.  Further heating the cobalt
complex 34aCo for 11 hrs at 120 °C resulted in complete con-
version into an unidentified product but, for the iron complex
34aFe, no apparent decomposition was observed even under the
same conditions.  It is remarkable that despite their highly
electron-deficient nature the ethyl complexes 34a were resis-
tant to β-hydrogen elimination, a typical thermal decomposi-
tion pathway for coordinatively unsaturated alkyl species.61

Thermolysis of the cobalt complex 34aCo at 120 °C followed a
decomposition pathway which did not produce ethene as a
byproduct.

Protonolysis and hydrogenolysis of 33 and 34 afforded the
corresponding alkane (R-H) in good yields and carbonylation
produced carbonyl-acyl complexes 38 and 39 (Scheme 17).
The diamagnetic iron complex 3868 was readily characterized
on the basis of the IR and 13C-NMR signals for the >CwO and
CO functional groups.  The paramagnetic cobalt complex 39
showed similar IR features but were less stable depending on
the R′ group.  IR data of the products obtained from 32aCo and
33aCo suggested formation of a TpRCoⅠ-CO species and reduc-
tion to monovalent species upon carbonylation was reported
for 35–37 coordinated by the ligands bearing bulky t-butyl
groups.67,69

The above three reactions are useful to detect an M–C bond
in the TpRM-R′-type complexes.  Then we tried to trap the
thermally unstable ethylnickel complex 34aNi by carbonylation
(Scheme 18).  Treatment of 31aNi with EtMgBr at −78 °C
gave a green solution, which turned into orange when the mix-
ture was warmed to room temperature.  GLC analysis of the
gas phase revealed that the warming caused quantitative for-
mation of ethene, while no characterizable TpiPr

2Ni complex
was isolated from the solution as mentioned above.  In order to
trap the putative ethylnickel intermediate 34aNi the green solu-
tion was carbonylated at −78 °C and the thermally stable or-
ange diamagnetic product 42 was obtained as a sole organome-
tallic species.  The IR [ν(CwO), ν(CO)] and 13C-NMR features
[δC(CwO), δC(CO)] which were similar to those of 39 and 38,
respectively, led to the assignment as the propanoyl complex
42, TpiPr

2(CO)Ni–C(wO)–CH2CH3, which was also confirmed
by X-ray crystallography.  These results confirm that ethyla-
tion of 31aNi produces the thermally unstable ethyl complex

Chart 6.   
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34aNi, which, upon warming, undergoes β-hydride elimination
never observed for the iron and cobalt systems.  The tetrahe-
dral intermediate 34aNi containing the d8 metal center may be
converted to the more stable square-planar species,
TpiPr

2Ni(H)(CH2wCH2), via β-hydride elimination at a higher
temperature.

Oxygenation of the allyl (32a) and p-methylbenzyl com-
plexes (33) afforded acrolein and p-tolualdehyde, respectively,
in good yields, while the ethyl complexes 34 produced a mix-
ture of oxygenated compounds, i.e. ethanol, acetaldehyde and
acetic acid (Scheme 17).  When the oxygenation of the η3-al-
lylcobalt complex 32aCo was monitored at −78 °C by UV-vis
spectroscopy, a dramatic color change from orange to pale blue
was observed upon exposure to O2.  The UV-vis feature of the

mixture (λmax 634, 575 nm) similar to those of TpiPr
2Co-OO-

cumyl 12Co (λmax 638, 582 nm)21 suggested conversion of the
square-pyramidal species 32aCo into a tetrahedral η1-alkylper-
oxo intermediate, TpiPr

2Co-OO-allyl, through O2-insertion into
the Co–C bond in 32aCo.

Reactivity of coordinatively unsaturated organometallic
complexes has attracted much attention, because they could be
key intermediates of catalytic C–C bond formation.  In particu-
lar, the recent, independent reports by Brookhart and Gibson70

on the polymerization catalysts containing PBI [pyridineb-
is(imine)] ligands with bulky substituents recalled our interest
in development of novel catalyst systems based on N-coordi-
nated precursors.  Both PBI and TpR are κ3-N-coordinated
ligands but with different coordination geometry, i.e. meridi-
onal (PBI) vs facial (TpR).  In addition, the former ligands are
neutral, whereas the latter ligands are monoanionic species.  It
is therefore interesting to compare their catalytic activity to-
ward olefin polymerization.  The results described below, how-
ever, show that the TpRM complexes are sluggish with respect
to C–C bond formation with unsaturated organic compounds
including olefin and acetylene.

Toluene solutions containing the ethyl complexes 34a were
heated for 1 hr at 70 °C in the presence of various unsaturated
organic compounds.  Of the examined organic compounds
(ethene, 1-butene, ethyl acrylate, styrene; phenylacetylene,
diphenylacetylene; diethylketone; benzonitrile) only pheny-
lacetylene showed indication of some reaction and the other
substrates left 34a unaffected (Scheme 17).  The reaction of

Scheme 17.   

Scheme 18.   
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the cobalt complex 34aCo gave an isomeric mixture of cis- and
trans-1-phenyl-1-butene in 68% yield after hydrolysis, indicat-
ing formation of the alkenyl complex 40, which should arise
from insertion of the CWC bond into the Co-Et bond.  Reaction
of the iron derivative 34aFe contrasted with the result of 34aCo;
treatment with phenylacetylene followed by carbonylation
gave the diamagnetic product 41, which was characterized as
an acetylide-dicarbonyl complex on the basis of the NMR and
IR data.  Thus the reaction of 34aFe with PhCWCH should re-
sult in protonolysis of the Fe–Et bond by the action of the acid-
ic acetylenic proton followed by coordination of the resulting
conjugated base (acetylide ligand) to the metal center to give
the acetylide complex, TpiPr

2Fe–CWC–Ph.
Preliminary experiments on catalytic ethene polymerization

were also carried out using the chloro (31aFe and 31aCo) and
ethyl complexes (34aFe and 34aCo).  Addition of MAO (100
equivalents) caused production of polyethylene but the activi-
ties were much smaller (< 10−4) than those reported for the
PBI catalyst.70  No evidence for attractive interaction between
34aCo and ethene was obtained as monitored by 1H NMR (at
r.t. and 50 °C).  The contrasted catalytic activity for ethene po-
lymerization by the PBI and TpR′ systems suggests that facially
coordinated N3-ligands may not be suitable ancillary ligands
for a polymerization catalyst, although some additional experi-
ments are needed to obtain a conclusion.

In order to consider the stability of the hydrocarbyl com-
plexes we performed EHMO calculations for the idealized C3v-
symmetrical model methyl complexes, TpHM-Me H (M = Fe,
Co).  A molecular orbital diagram of H-Fe resulting from in-
teraction between the TpHFe and Me fragments is shown in
Fig. 5.  A very similar diagram is obtained for the cobalt com-
plex H-Co, and the diagram is essentially the same as those re-
ported for the TpHCoⅠ species by Theopold et al.69

At first glance the diagram is very simple, because the
TpHM fragments have only one σ-type orbital that can interact

with the methyl σ-orbital.  This situation is in sharp contrast to
that of normal organometallic species such as Me-Co(CO)4,
where a couple of metal-d-orbital-based orbitals take part in
the M–C interaction to form a strong σ bond.  As a result, the
very small mixing of the orbitals of σ-symmetry in the TpHM
systems renders the bond less covalent.  In other words, the M–
C bond in H is ionic, and this result is in accord with the high
sensitivity of TpRM-R′ toward moisture.

The very small energy separation between frontier orbitals
would lead to a high spin configuration as usually observed for
tetrahedral metal species.66  When 6 (Fe) and 7 electrons (Co)
are accommodated in the five frontier orbitals, 4 (Fe) and 3 un-
paired electrons (Co) will remain in the orbitals 46–49 of high-
er energies.  These pictures of electron configurations are in
good agreement with the results of measurements of magnetic
moment; the µeff values [~5.0 µB (Fe), ~4.2 µB (Co)] are typi-
cal for S = 2 (Fe) and 3/2 (Co).

The electronic configuration displayed in Fig. 5 can also ex-
plain the stability of the tetrahedral, “coordinatively unsaturat-
ed” species.  When the “18e rule”61 is taken into account, the
14e (H-Fe) and 15e species (H-Co) are short of valence elec-
trons by 4 and 3 electrons, respectively.  But in species H all
frontier orbitals are occupied either by electron pairs or by un-
paired electrons, leaving no vacant frontier (d) orbital for coor-
dination of an additional ligand.  The lack of any vacant coor-
dination sites is concluded to be the origin of the stability of
the highly “coordinatively unsaturated” organometallic spe-
cies.  It may be impossible for unsaturated hydrocarbons to be
coordinated to the metal centers without changing the electron-
ic structure.  The electronic structures, however, are not so rig-
id, because CO, H2 and O2 react with these species.  Substrates
which can perturb the electronic structure of the TpR′M-R com-
plexes may have a chance to show some new reactivity.

It has been known that carbon ligands cause ligand-field
splitting much larger than N-, O- and halo-ligands, which are

Fig. 5.   An MO diagram for TpHM-Me H resulting from the interaction between Me and TpHM fragments.
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typical ligands for coordination compounds.66  The present
study reveals that the σ-bonding interaction of carbon ligands
is not enough to cause a low-spin configuration with vacant
frontier orbitals by lifting up the M-C anti-bonding orbital.

The TpR ligand serves as a tetrahedral enforcer in the orga-
nometallic system, too, to give the unique highly coordinative-
ly unsaturated hydrocarbyl complexes TpRM-R′ without any
additional stabilizing interaction.  The stability has been attrib-
uted to the high spin configuration without a vacant frontier or-
bital resulting from the small ligand field splitting due to the
tetrahedral coordination geometry.  From the viewpoint of the
formal electron-counting, the TpRM-R′ species are highly co-
ordinatively unsaturated [Fe(14e), Co(15e) << 18e],61 where-
as from the viewpoint of electronic configuration they are co-
ordinatively “saturated” species with no vacant frontier orbital.

3.2. Dinuclear Xenophilic Complex with a Polar Metal–
Metal Bond.71    The successful synthesis of the TpiPr

2M-R′-
type complexes drove us to introduce a metal fragment in place
of the hydrocarbyl group (R′).  Although a considerable num-
ber of polymetallic complexes containing a TpR ligand have
been reported so far (e.g. TpR derivatives of η5-C5R5-contain-
ing cluster complexes), in the previous polymetallic TpRM
complexes3 the metal-metal bond is supported by bridging
ligands (e.g. µ-CO) or the TpRM moiety is coordinatively satu-
rated due to coordination of other auxiliaries (e.g. η1-CO).  To
our knowledge no example of well-characterized TpRM-M′Ln-
type complexes containing an unsupported M–M′ bond (M, M′
= transition metal), which could be polar, had been pre-
pared.72–74  The chemistry of polar metal–metal bonds has at-
tracted increasing attention,75 because they are expected to dis-
play structural and reaction features based on the cooperativity
of the two metal centers with different properties.  In particu-
lar, so-called “xenophilic” species76 having a polar bond be-
tween a Werner complex type hard open-shell metal center and
a metal carbonyl fragment are now recognized as a new class
of polymetallic complexes but they are still rare.

Treatment of the labile cationic solvated complexes,
[TpiPr

2M(NCMe)3]+ 43+, with PPN[Co(CO)4] afforded the di-
nuclear complexes TpiPr

2M-Co(CO)4 44, in moderate yields
(Scheme 19).  Attempted preparation from the chloro complex-
es 31a resulted in the formation of cationic aquo or carbonato
complexes containing [Co(CO)4]− as the counteranion77 after a
prolonged reaction period as a result of interaction with adven-
titious moisture or carbon dioxide in the basic reaction media.
The reaction of the bromo complex 45, bearing the less bulky
methyl-substituted ligand, however, produced the correspond-
ing dinuclear complex 43dNi in contrast to the sluggishness of
31aNi, which could be ascribed to the bulkiness and the elec-
tron-donating property of the TpiPr

2 ligand.  Although complex-
es 44a and 44dNi are air- and moisture-sensitive, no significant
difference has been observed for their thermal stabilities.
Therefore, kinetic stabilization is not essential for the metal-
metal bond formation in TpRM-Co(CO)4 as in the case of the
hydrocarbyl complexes mentioned above.

The dinuclear complexes 44a and 44dNi were characterized
by IR [νCO pattern peculiar to C3v-symmetrical X-Co(CO)4

species and νBH (2530 cm−1) indicative of κ3-TpiPr
2 coordina-

tion]42 and  X-ray crystallography (Scheme 19).  The five com-
plexes prove to be isostructural, and ORTEP views of 44aNi

and 44dNi show the virtually C3-symmetrical structures with
the staggered conformation of the three pzR rings and the three
equatorial CO ligands.  It should be noted that the Co–Co dis-
tance in 44aCo [2.4969(8) Å] is comparable to the covalent Co–
Co bond length found in Co2(CO)8 with two µ-CO ligands
(2.522 Å)78 and the other M–Co distances also fall in the range
of single bond lengths [2.4640(8) (44aNi), 2.504(1) (44aFe),
2.581(1) (44aMn), 2.4190(9) Å (44dNi)].  In the series of the
44a-type complexes the increase of the M–Co and M–N dis-
tances is associated with that of the atomic radius of M but no
apparent systematic change is observed for other structural pa-
rameters.  Although the equatorial CO ligands are tilted toward
the nickel center, the linear Co–C–O linkage (175.7–178.3°)
and the Ni≥CO distances longer than 2.6 Å reveal that the CO
ligands are η1-bonded to Co1 without any bonding interaction
with M, leaving the TpRM moiety electron-deficient as in the
alkyl complexes.  Thus the dinuclear complexes 44 turn out to
be xenophilic complexes with 29 (Mn), 30 (Fe), 31 (Co) and
32 (Ni) valence electrons (cf. 34e for coordinatively saturated
dinuclear species) consisting of the electron-deficient TpRM
moiety and the coordinatively saturated Co(CO)4 moiety.

Previous examples of xenophilic complexes resulted from a
series of complicated redox disproportionations of metal car-
bonyls and no rational systematic synthetic method has been
developed.  Our study on 44 reveals that the TpR ligand recog-
nized as a tetrahedral enforcer is a versatile ancillary ligand for
the “hard” part in heterometallic xenophilic complexes.  The
homometallic complex 44aCo is isoelectronic with the cationic
part of [(py)3Co-Co(CO)4]+[Co(CO)4]− reported by Fachinet-
ti,76a which is regarded as the first example of a xenophilic
complex.76b

The M–M bonds in 44 are polar as indicated by their CO vi-
brations and Co–CO distances, which are intermediate be-
tween those for R-CoⅠ(CO)4 with a covalent Co–C bond [R =
phthalimidoylmethyl; 2107, 2040, 2029, 2020 cm−1;79a 1.818
(axial), 1.802 Å (equatorial)79b]79a and the ionic species,
[Co−Ⅰ(CO)4]− [1880 cm−1;79c 1.756 Å79b].79d  The polar nature

Scheme 19.   
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of the M–M bond, which is interpreted in terms of contribution
of the ionic form 44A (Scheme 20), is also verified by a chem-
ical reaction.  Dissolution of 44 in MeCN reversed the metal-
metal bond formation to give the ion pair [TpiPr

2M-
(NCMe)3]+[Co(CO)4]−, UV-vis and IR features of which were
identical with those of the starting compounds, 43+ (UV-vis)
and PPN[Co(CO)4] (IR; νCO), confirming the presence of the
corresponding metallic components in the solution (Scheme
20).  Removal of the volatiles under reduced pressure regener-
ated 44, although partial decomposition was evident.  The
bond heterolysis should be promoted by nucleophilic attack of
MeCN at the positively charged TpiPr

2M moiety in 44 and ionic
cleavage of a metal–metal bond has several precedents.80  Con-
trastingly, addition of PPh3 to 44 resulted in selective CO-dis-
placement at the Co(CO)4 moiety to give the substituted prod-
ucts 46.  These results reveal the ambident character of 1; hard
and soft nucleophiles attack the hard open-shell TpRM moiety
and the metal carbonyl fragment, respectively, in a specific
manner.  The core part of the phosphine-substituted heterome-
tallic complex 46a characterized crystallographically is isos-
tructural with that of 44a, while the Ni–Co distance in 46aNi

[2.4138(9) Å] is shorter than that in 44aNi due to an increase of
electron density at the Co(CO)3L moiety causing an increase
of the Co-to-M donation, i.e. the covalent character of the Co–
M bond.  The M–Co bond in 46a, however, was also cleaved in
a CH3CN-containing solvent system.

The successful synthesis of the unique dinuclear xenophilic
complexes 44 is realized by the use of the tetrahedral enforcer
TpR.  Further study on the reactivity of the obtained xenophilic
species is now under way.

4. Concluding Remarks

The results of our recent research on the inorganic chemis-
try of the TpRM complexes are summarized.  The TpR ligand
proves to be so versatile as to be used for a wide range of the
studies extending from bioinorganic chemistry to organometal-
lic chemistry, which have revealed the following new aspects
in addition to the features discussed in the introductory part.

1. The most significant feature of the facial TpR ligand sys-
tem is that, for first row transition metal complexes, TpR serves
as “a tetrahedral enforcer” to form a coordinatively unsaturated
tetrahedral species; such a property is best demonstrated in or-
ganometallic systems.  In the case of TpRM-X complexes,
where X (NR′2, OR′, halide) has lone pair electrons, the coor-

dinatively unsaturated metal center may be stabilized by π-
donation of the electron pair of X to the metal center or by for-
mation of an oligomeric structure with X-bridge(s) (as in 2).
In contrast to these complexes, such stabilization is not work-
ing for the hydrocarbyl complexes, in particular, the ethyl
complex, but still such species are thermally stable even in the
absence of kinetic stabilization by a bulky TpR ligand.  This is
the definite evidence for the property of TpR as a tetrahedral
enforcer.

2. The tetrahedral structure is readily interconverted with the
five- or six-coordinate structure through addition/dissociation
of donor(s).  Structural flexibility (lability) is the key feature of
first row transition metal TpR complexes and the structural
change should be associated with variation of the physico-
chemical properties (e.g. redox property) and chemical reactiv-
ities.  These features should play significant roles in control-
ling functions of first row transition metal complexes.  Func-
tions of metalloenzymes containing first row transition metals
should be presumably controlled by similar principles.

3. In contrast to the first row transition metal species, second
row transition metal complexes obey the “18-electron (or
EAN) rule” and don’t form a tetrahedral structure.  d8 Metals
(e.g. PdⅡ, RhⅢ) form a 16e square-planar species with a κ2-TpR

ligand and such a coordinatively unsaturated species can be an
active species of stoichiometric and catalytic transformations.
Actually the Rh-O2 complex was obtained by oxidative addi-
tion to a 16e species.  The κ2- and κ3-forms readily intercon-
vert with each other through coordination/dissociation of the
axial pzR group and can be readily discriminated by the ν(B-H)
value.

4. Extension of the central metal in the dinuclear µ-O2 com-
plex, TpRM(µ-O2)MTpR, to those irrelevant to the biological
system leads to the discovery of the higher valent dinuclear
bis(µ-oxo) species, TpR(µ-O)2MTpR, resulting from O–O scis-
sion of the µ-η2:η2-peroxo intermediate.  The unique structur-
al and spectral features of the bis(µ-oxo) species are fully char-
acterized, and product and kinetic analyses of the thermal de-
composition processes reveal that the oxygenation is initiated
by H-abstraction of a C–H bond of the R3 substituent by the
bridging O-group with oxyl radical character.  The analogous
intermediate Q is proposed as the key intermediate of the oxy-
genation mediated by methane monooxygenase.

5. Synthetic study of second row transition metal-dioxygen
complexes shows that they are much more thermally stable
than the first row transition metal complexes and such study
provides us with structural information concerning the peroxo
species.  A variety of peroxo [η2-O2 (Rh), µ-η1:η1-O2, µ-η1:η2-
O2 (Pd2)], alkylperoxo (Pd) and hydroperoxo complexes (Pd,
Rh) have been prepared and fully characterized.  Although the
M-OOH species are proposed as intermediates of oxygenation
reactions, only a limited number of fully characterized exam-
ples have been reported so far.  The Rh-OOH complex is
formed by O2-oxidative addition to a low valent metal species
followed by ring-opening protonation of the resultant cyclic
η2-peroxo intermediate.  This result provides the first structural
support for the activation mechanism of cyctochrome P-450,
which has been supported by spectroscopic characterization of
the intermediates.  

6. Introduction of hydrocarbyl ligand into the C3v-symmetri-

Scheme 20.   
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cal TpRM system furnishes the tetrahedral, highly electron-
deficient hydrocarbyl complexes, TpRM-R′, with 14 (Fe) and
15 (Co) valence electrons.  Despite the electron-deficient na-
ture of the organometallic species they are thermally stable
with respect to β-hydrogen elimination but their reactivity to-
ward organic substrates including alkene and alkyne turns out
to be sluggish.  These chemical properties have been ascribed
to the high spin electron configuration without any vacant
frontier orbital; such an electronic configuration results from
the small ligand field splitting caused by the tetrahedral struc-
ture.  Analogous dinuclear complexes, TpRM–M′Ln with a po-
lar metal–metal bond, so-called xenophilic complexes, have
also been successfully isolated and fully characterized.

These results clearly indicate that the unique features of the
TpR ligand mentioned above lead to the successful formation
and intriguing properties of the bioinorganic and organometal-
lic complexes.
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