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Transition metal ± dioxygen species are key intermediates
in catalytic oxygenation reactions such as synthetic and
metabolic transformations.[1] Since the oxygen atoms of cyclic

resolved band splitting of 9 cmÿ1 for the mixed-valent system
does not signify valence localization but occurs similarly for
the mononuclear iron(ii) complex 5 (Table 1). Most impor-
tantly, there is no specific aromatic ring vibration band visible
in the IR spectrum between 1500 and 1700 cmÿ1 for the
mixed-valent state. This would indicate loss of inversion
symmetry (nonzero dipole moment) and thus (partial)
valence localization, as has been observed for pyrazine-
bridged analogues.[5, 12]

The g factor component pattern of (NEt4)5(4) in the EPR
spectrum at g� 2.531, 2.422, and 1.794 is similar to the results
observed for other FeII(L)FeIII systems.[5, 10, 13] This supports
the formulation of a mixed-valent diiron complex with little
direct participation of the ligands in the spin distribution.

By using 1,2,4,5-tetrazine as a superior p-acceptor bridging
ligand, we have been able to obtain an unprecedentedly stable
new cyanodiiron(2.5) coordination compound with an extra-
ordinary solvent dependence[14]Ða link between the numer-
ous well-known ammineruthenium complexes[11b] and Prus-
sian Blue.[1]
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h2-peroxo intermediates, which are formed by the oxidative
addition of a dioxygen molecule to a low valent metal species
(step 1 in Scheme 1), are normally nucleophilic, such inter-
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Scheme 1. Activation of molecular oxygen by a transition metal species.

mediates do not show remarkable oxygenation activity.
Therefore the h2-peroxo intermediates need to be activated
in some way prior to oxygenation. In the well-studied
cytochrome P-450 system it is proposed that protonation of
the h2-peroxo intermediate gives the h1-hydroperoxo species
(step 2), which is further converted into the high valent, highly
electrophilic oxo intermediate by protonation followed by the
elimination of water (step 3).[2] However, no concrete struc-
tural evidence for these steps has been reported so far.[3]

During the course of the systematic synthetic study on
dioxygen complexes based on the TpR systems[4,5] we have
found that molecular oxygen can be converted into a hydro-
peroxo species, that is: 1) oxygenation of a RhI precursor
affords the RhIII-peroxo and -hydroperoxo species, and 2) the
formation of the latter species involves a ring-opening
protonation of the former h2-peroxo intermediate, which
corresponds to step 2.

Stirring an ethereal solution of the square-planar RhI-dppe
complex [(TpiPr)Rh(dppe)] (1)[5, 6] under an O2 atmosphere
afforded a mixture of products, from which the O2 adduct 2
was isolated as yellow crystals in a low yield (1.4 %) together
with dppe dioxide and the cyclometalated hydride complex 3
(52 %; Scheme 2). Complex 2 contained the 3,5-di-2-propyl-
pyrazole (pziPrH) ligand from the partial decomposition of the
TpiPr ligand, and oxygenation of 1 in the presence of pziPrH
improved the yield of 2 up to 23 %, while that of 3 remained
virtually unaffected (51 %).

Scheme 2. Oxygenation of [(TpiPr)Rh(dppe)] (1) to give h2-peroxo and
hydroperoxo complexes (2 and 4, respectively).

Coordination of an O2 molecule in 2 is evidenced by the
O-O vibration observed at 848 cmÿ1 in the IR spectrum and
the FD-MS data (m/z� 752 [M�� 1�O2�pziPrHÿ dppe])
(FD� field desorption). The 1H NMR spectrum of 2 contains
three sets of pyrazolyl signals in a 1:1:2 ratio, which suggests a
structure with mirror symmetry as well as the incorporation of
one molecule of pziPrH. The BÿH vibration appearing at
2540 cmÿ1 in the IR spectrum indicates a k3-coordination of
the TpiPr ligand.[7] The octahedral hexacoordinated structure
suggested by the spectral data has been confirmed by X-ray
crystallographic analysis (Figure 1 a).[8] The OÿO (1.467(5) �)

Figure 1. Molecular structures of 2 a) and 4 b) drawn at the 30 % proba-
bility level.

and RhÿO bond lengths (2.013(3) and 2.001(4) �) are
comparable to those of the previously reported octahedral
[Rh(h2-O2)] complexes[9] and clearly indicate that the coordi-
nated O2 is present as a peroxo ligand (O2

2ÿ). The N ´´´ O
distances (O1 ´´´ N42: 2.681(6) �, O2 ´´ ´ N42: 2.733(6) �) and
the orientation of the pyrazole ring lead to the conclusion that
a hydrogen-bonding interaction is present between the peroxo
oxygen atoms and the pyrazole nitrogen atom (N42). The NH
hydrogen atom, which was refined isotropically, is actually
located in the middle of the three atoms (O1, O2, and N42).
The deshielded NH signal (d� 12.42) in the 1H NMR
spectrum and the obscured NH vibration in the IR spectrum
are in accord with this structural description. In the isostruc-
tural Mn complex [(TpiPr)Mn(pziPrH)(O2)] (5, OÿO: 1.43(1),
MnÿO: 1.841(9), 1.878(8), N ´´´ O: 2.82(2), 2.99(2) �),[10]

however, the hydrogen-bonding interaction is unsymmetrical
and weaker than that in 2. The pziPrH moiety in the Mn
complex 5 becomes dissociated from the metal center upon
dissolution, whereas the Rh complex 2 retains the structure in
solution. The strong interaction in 2 is probably a result of the
highly basic O2 ligand, which arises from the effective back-
donation from the Rh center.

The cyclometalated complex 3 was characterized by the
d(RhÿH) and n(RhÿH) absorptions in the NMR and IR
spectra, respectively, and X-ray crystallographic analysis.[8]

Formation of 3 suggests that another RhI intermediate,
namely [(TpiPr)Rh{dppe(O)2}] (B in Scheme 3), is the direct
precursor to 2.

Since an external pziPrH molecule was incorporated into the
O2 complex 2 (Scheme 2), the additive effect of another donor
was examined. Oxygenation of 1 in the presence of the
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unsubstituted pyrazole afforded yellow crystals of 4 (17 %
yield) and the metallacycle 3 (Scheme 2). The FD-MS data
(m/z� 736) of 4 suggested another peroxo complex that was
formulated as [(TpiPr)Rh(pzH)2(O2)]. However, X-ray crys-
tallographic analysis (Figure 1 b) revealed the structure was
actually the hydroperoxo complex [(TpiPr)Rh(OOH)(pz)-
(pzH)].[8] Examples of structurally characterized hydro-
peroxo complexes are still very rare,[11] and complex 4 is only
the second hydroperoxorhodium complex following the mixed
metal IrÿRh complex [(h5-C5Me5)Ir(m-pz)3Rh(OOH)(dppe)]
(6, RhÿO: 2.021(5), OÿO: 1.432(8) �).[11a] The OÿO distance
in 4 (1.413(8) �) falls in the typical range of those reported for
peroxo and hydroperoxo complexes including 2 and 6,[1, 11]

though the RhÿO bond (1.994(4) �) is slightly shorter than
that in 2 and 6. In this case, too, the N ´´´ O and N ´´´ N
distances (O2ÿN42: 2.85(1) �; O2ÿN52: 2.857(8) �;
N42ÿN52: 2.78(1) �) and the orientation of the O2 and pz
groups indicate the presence of hydrogen-bonding interac-
tions between the O2, N42, and N52 atoms. Although the
positions of the hydrogen atoms cannot be determined by
X-ray crystallography,[12] they should be located between the
O2 and N42 atoms and between the O2 and N52 atoms as
suggested by their 1H NMR data and the obscured OÿH and
NÿH vibrations. The 1H NMR chemical shift (d� 12.03 (2H))
is comparable to the d(NH) value for 2 with the NH ´´´ O
hydrogen bond, and the two hydrogen atoms remain equiv-
alent even at ÿ90 8C. The symmetry observed in the NMR
spectrum and crystallographic features suggest the contribu-
tion of the two canonical structures F and F'' (Scheme 3) to
both the solution and solid-state structures.

The results reported in this communication can be inter-
preted in terms of the mechanism summarized in Scheme 3.
Oxygenation of 1 should initially produce the simple O2

adduct [(TpiPr)Rh(h2-O2)(dppe)] (A), which is readily con-
verted into B by oxygenation of the coordinated dppe ligand.
In contrast to other [(TpiPr)Rh(L2)]-type complexes (L2�
diene, (olefin)2, (CO)2), which are inert toward O2,[6, 7]

complex 1 with the electron-donating dppe ligand is readily

susceptible to O2 oxidative addition.
Subsequent orthometalation of the
phosphane oxide ligand in B gives 3,[13]

while some of B further reacts with an
O2 molecule (!C) to furnish the isolable
O2 adduct D (2) after elimination of
dppe(O)2 and coordination of pziPrH. In
the case of the 3,5-di-2-propyl derivative
(R�iPr), only one pziPrH molecule can
be coordinated to the Rh center as a
consequence of the steric hindrance of
the bulky 2-propyl substituents and,
therefore, the reaction is terminated at
this stage. The coordinatively unsaturat-
ed resonance structure D'' should con-
tribute to the final structure. A less
bulky substrate such as pyrazole (R�
H) can be further coordinated to the
vacant site in D'' to give the bis-pz adduct
E, which is converted into the final
product F(4) after reorganization of the

hydrogen-bonding interactions. Since the octahedral
[(TpiPr)Rh] complexes are usually inert with respect to the
ligand displacement,[6] the hydrogen-bonding interaction must
assist the incorporation of the second pzRH molecule.

In accord with this mechanism, heating a [D6]benzene
solution of 2 with an excess of pyrazole at 60 8C resulted in the
quantitative formation of 4 (Scheme 2); the bulky pziPrH
ligand in 2 is replaced by pzH, and 4 should be formed through
incorporation of a second pzH molecule followed by a
reorganization. The replacement of the pziPrH ligand reveals
that the incorporation of pzRH is a reversible process. It is
remarkable that, as a result of the hydrogen-bonding inter-
action, both of the complexes 2 and 4 presented herein are
sufficiently stable to survive chromatographic purification on
silica gel.

In conclusion, we reveal that 1) oxygenation of the RhI

precursor 1 produces the RhIII-peroxo and -hydroperoxo
complexes 2 and 4, respectively, and 2) the OOH functional
group in 4 results from ring-opening protonation of the O2

ligand in 2. These transformations can be viewed as the first
structural evidence for the key steps of the O2 activation by a
transition metal species and conversion of molecular oxygen
into a hydroperoxo species (steps 1 and 2 in Scheme 1). It
should also be noted that the hydrogen-bonding interactions
play pivotal roles in the formation and stabilization of 2 and 4
and similar assistance may be viable in the O2 activation by
metalloproteins.

Experimental Section

2 and 3 : A solution of 1 ´ 0.5Et2O (458 mg, 0.456 mmol) and 3,5-di-2-
propylpyrazole (66 mg, 0.434 mmol) in diethyl ether (20 mL) was stirred
under an O2 atmosphere (1 atm) for 18 h. After removal of the precipitated
colorless solid (dppe dioxide) by filtration through a celite pad the volatiles
were removed under reduced pressure. The resulting residue was subjected
to chromatography on silica gel. Elution with diethyl ether gave 3 (80 mg,
23%) as a pale yellow solid and subsequent elution with THF gave 2
(232 mg, 51%) as a yellow solid. 2 : 1H NMR (selected data, 200 MHz,
CDCl3, 25 8C): d� 12.42 (br s, 1 H; NH), 5.88 (s, 2H; 4-pziPr in TpiPr), 5.75 (d,
3J(H,H)� 2.4 Hz, 1H; 4-pziPr in additional pziPrH), 5.66 (s, 1H; 4-pziPr in

Scheme 3. Plausible mechanism for the formation of 2 and 4.
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TpiPr); IR (KBr): nÄ � 2540 (BH), 848 cmÿ1 (OO); FD-MS: m/z : 752 [M�]. 3 :
1H NMR d� 5.70, 5.68, 5.67 (s� 3, 1 H� 3; 4-pziPr in TpiPr), ÿ16.86 (d,
1J(Rh,H)� 17.5 Hz, 1H; RhH); 31P NMR (162 MHz, CDCl3, 25 8C): d�
57.5, 31.8 (d� 2, 3J(P,P)� 48 Hz). IR nÄ � 2534 (BH), 2082 cmÿ1 (RhH); FD-
MS: m/z : 998 [M�].

4 : A solution of 1 ´ 0.5 Et2O (490 mg, 0.485 mmol) and pyrazole (67 mg,
0.984 mmol) in diethyl ether (15 mL) was stirred under an O2 atmosphere
(1 atm) for 17 h. After removal of the precipitated colorless solid (dppe
dioxide) by filtration through a celite pad the volatiles were removed under
reduced pressure and the residue was separated by column chromatog-
raphy on silica gel. Elution with diethyl ether and THF gave 4 as a yellow
solid (62 mg, 17 %) and 3 (291 mg, 60 %), respectively. 4 : 1H NMR: d�
12.03 (br s, 2H; N-H-O), 7.77, 6.89 (d� 2, 3J(H,H)� 2.0 Hz, 2 H� 2; 3,5-pz),
6.20 (t, 2H, 3J(H,H)� 2.0 Hz; 4-pz), 5.88 (s, 2H; 4-pziPr), 5.79 (s, 1H;
4-pziPr); IR (KBr): nÄ � 2539 cmÿ1 (BH); FAB-MS: m/z : 736 [M�].
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