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Complexes of cyclopentadienyl (Cp) ligands with func-
tional amino or amido side chains are currently receiving
enormous attention in organometallic chemistry.[1, 2] While the
donor substituent tethered to the Cp moiety usually serves a
hemilabile chelate function in generic type A complexes, we
recently put forward a novel approach in which a pyrazolate
group in complexes of type B links two Cp units and acts both
as an intramolecular N donor and as a bridging group
spanning two metal ions .[3] Such a strategy, that is the formal

coupling of two N-containing ligand compartments through a
functionalized pyrazolate bridge to constitute a preorganized
dinuclear scaffold, has successfully been employed for mim-
icking cooperative effects in biomimetic coordination com-
pounds.[4] Accordingly, type B systems are now expected to
give rise to novel organometallic chemistry in which two
adjacent metal ions might work in concert. Here we report the
first transition metal complex of type B, its unusual structural
features in the solid state, and characteristics of the metal ±
metal interaction in the mixed-valent form.

It proved difficult to introduce the parent Cp into the side
arms of functionalized pyrazole derivatives such as 1,[5] and
thus we employed a ™protected∫ form of Cp: attachment of
[CpMn(CO)3] to the pyrazole nucleus was achieved in a
[Pd(PPh3)2]/ZnCl2-catalyzed cross-coupling reaction[6] yield-
ing 2 (Scheme 1).

A single-crystal structure analysis[7] showed that 2 contains
a protonated (noncoordinating) 1H-pyrazole heterocycle
suitably arranged to potentially interact with the pendant

Scheme 1. Synthesis of the complex K�3�.

metal carbonyl fragments. Photolytic decarbonylation of 2
and deprotonation using KOtBu gave K�3�, the first bimet-
allic complex of type B. Its formation can be monitored by IR
spectroscopy through the characteristic changes of the
CO stretching frequencies (2015/1927 cm�1 for 2 versus
1919(1896)/1848(1816) cm�1 for 3�).[8]

Single crystals of K�3� ¥ 0.9THF obtained from THF/light
petroleum were analyzed by X-ray crystallography.[9] The
asymmetric unit contains four (very similar) dimanganese(�)
units of the anticipated constitution–one of which is depicted
in Figure 1. The N-Mn-CC�O angles in 3� are rather large
(mean value 101.9�) compared to those in other
[CpMn(CO)2L] complexes (L�N-donor ligand; 92.6 ± 98.1�
according to a CSD search), indicating a somewhat strained
situation in the chelate complex 3�.

Figure 1. Molecular structure of 3� (30% probability ellipsoids). Selected
interatomic distances [ä] and range of selected bond angles and dihedral
angles [�]; values for the other three independent molecules in square
brackets: Mn1-N1 2.034(4) [2.032(4), 2.066(3), 2.047(4)], Mn2-N2 2.053(4)
[2.060(4), 2.053(4), 2.033(4)]; CC�O-Mn-N 98.6(2)-102.9(2) [100.0(2)-
103.8(2), 102.3(2)-104.7(2), 96.3(2)-102.8(2)], Mn1-N1-N2-Mn2 27.9(1)
[22.3(1), 10.3(1), 34.3(1)].
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The bimetallic entities are connected through potassium
ions to form a three-dimensional coordination polymer in the
solid state. All K� ions are involved in unusual �5 �

interactions with the pyrazolate heterocycle (Figure 2;
d(K�N) 2.83 ± 3.07, d(K�C) 3.14 ± 3.52 ä).[10] Such �5 coordi-
nation to a pyrazolate group is very rare and has only recently
been reported in a few cases,[11] while to the best of our
knowledge the �1:�1:�5 pyrazolate binding mode observed in 3
is unprecedented.[12]

Figure 2. Part of the solid-state structure of (K�3�) ¥ 0.9THF.

The coordination sphere of two of the four crystallograph-
ically distinct K� ions is completed by three O atoms of
CpMn-bound CO groups and by one THF solvent molecule,
while the other two K� ions are coordinated to four
neighboring carbonyl-O atoms. These latter K� ions display
a further open coordination site and exhibit a remarkably
short additional side-on � contact with one CO ligand that is
already end-on-bound to a second K� ion (see Figure 2:
d(K1 ¥¥ ¥ C20/O20) 3.07/3.14, d(K2 ¥¥¥ C310/O310) 3.02/2.95 ä).
According to a CSD search these are among the shortest side-
on K� ¥ ¥ ¥ CO contacts detected thus far.[13]

The MnIMnI compound 3� is easily oxidized, for example,
by air. The cyclic voltamogram of 3� in THF reveals two well-
separated reversible redox waves at E1/2��0.37 and E1/2�
�0.14 V (Figure 3),[14] corresponding to the formation of the

Figure 3. Cyclic voltammogram of 3� (Pt electrode, solvent THF, electro-
lyte 0.1� NnBu4

�PF6
� ; scan speed 200 mVs�1).[14]

MnIMnII (d5/d6) and the oxidized MnIIMnII (d5/d5) species. The
rather large separation of these single-electron processes
(�E1/2� 509 mV) suggests strong electronic coupling and
significant stabilization of the mixed-valent compound 3
(Kcomp� 3.8� 108). A related MnIZnII complex with only one
redox-active Mn ion gave a single wave at E1/2��0.20 V in
CH2Cl2.[6c]

Complex 3 can be prepared on a preparative scale by
stoichiometric oxidation of 3� with AgBF4 and was isolated as
a red powder. It should be noted that 3 is a rare example of a
neutral d5/d6 mixed-valent
complex, which is of particu-
lar interest because the ab-
sence of charge trapping in
nonpolar solvents is expected
to favour a high degree of
delocalization. The EPR
spectrum of 3 in 2-methyltet-
rahydrofuran at 293 K shows
an 11-line pattern (giso�
2.028; a(55Mn)iso� 28.3�
10�4 cm�1; Figure 4), confirm-
ing the equivalence of the two
metal centers on the EPR
time scale. A spectrum in
frozen solution (123 K), how-
ever, indicates localized va-
lency with electron coupling
to only one 55Mn nucleus.
Variable-temperature EPR
spectra were measured to lo-
cate the coalescence temper-
ature, that is the transition
between EPR-localized and -
delocalized states (Figure 4).
Transition between the iso-
tropic 11-line pattern and a
6-line profile occurs around 185 K, where the solution (2-
methyltetrahydrofuran/3-methylcyclopentane 1:4) still retains
its fluidity. If one assumes sufficiently slow intramolecular
electron transfer at low temperature as the reason, a rough
estimate of the activation energy E�

th and the thermal electron
transfer rate kth can be derived from Gagne¬ ×s approximation
[Eq. (1)]:[15] E�

th � 13.6 kJmol�1 and kth� 2.5� 1010 s�1 at
298 K.

kth� (kT/h)exp(�E�
th /RT) (1)

Based on these initial results, a Robin ±Day class II assign-
ment may be proposed for 3. Accordingly, four CO absorp-
tions are observed for the neutral mixed-valent MnIMnII

compound 3 (2027, 1952, 1899, and 1827 cm�1), confirming
that 3 is a valence-trapped species on the short vibrational
time scale (ca. 10�12 s).

While the kinetically inert CpMn(CO)2 fragment has
frequently been used for the stabilization of unusual mole-
cules[16] and for the construction of d5/d6 mixed-valent
systems,[17] the notorious lability of [CpMn(CO)2(L)] com-
plexes has generally hampered the isolation and detailed

Figure 4. EPR spectra of the
mixed-valent complex 3 in
2-methyltetrahyrofuran/3-meth-
ylcyclopentane (1:4) at selected
temperatures.
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characterization of systems with ™inorganic∫ ligands L, in
particular in the oxidized MnII forms. In 3, the rigid chelate
arrangement now precludes dissociation, and the � plane of
the bridging pyrazolate roughly coincides with the mirror
plane of the MnII(CO)2 fragment, which is a favorable
situation for stabilizing electronic � interactions. A more
detailed study of the electronic properties of 3�/0/� will be
reported in due course.

Experimental Section

2 : [CpMn(CO)3] was dissolved in THF and deprotonated with nBuLi at
�78 �C. The solution was sequentially treated with ZnCl2, [Pd(PPh3)2]
(prepared by the reduction of [PdCl2(PPh3)2] with diisobutylaluminum
hydride (DIBAH)) and 1, and stirred for 1 h at �78 �C and at room
temperature under exclusion of light for a further 72 h. Following
hydrolysis with brine, the tetrahydropyran(THP)-protected product was
purified by column chromatography (diethyl ether/light petroleum 1:1,
Rf� 0.33, yield 44%). The THP protecting group was cleaved with
ethanolic HCl, and the product 2 obtained as yellowish crystals from
CH2Cl2/light petroleum (yield 66% for the second step). Details of the
synthetic procedures and full characterization of the compounds will be
reported elsewhere.[7]

K�3� : A solution of 2 (0.29 g, 0.58 mmol) in THF (200 mL) was irradiated
with a high-pressure mercury lamp in a quartz apparatus for 15 min at
�40 �C, which caused the reaction mixture to turn deep red. The progress
of the reaction was monitored by IR spectroscopy in the CO stretching
region (2015, 1927 before irradiation; 1916, 1843 after irradiation). After
the mixture had been warmed to room temperature, KOtBu (0.65 g,
0.58 mmol) was added and the reaction mixture was left to stir for 1 h. All
volatile material was then removed under vacuum and the red residue
washed with light petroleum and dissolved in a small amount of THF. Slow
diffusion of light petroleum into the solution deposited red crystals of
K�3� ¥ 0.9THF (yield: 0.18 g, 0.37 mmol, 64%). IR (KBr): �� � 1911vs,
1885m, 1844vs, 1804m cm�1; IR (THF): �� � 1919vs, 1896m, 1848vs,
1816m cm�1; UV/Vis (THF): �max(�)� 400 nm (460m�1 cm�1); MS
(FAB): m/z (%): 482 (10) [M�], 443 (20) [M��K], 387 (45) [M��K�
2CO]; elemental analysis: calcd (%) for C19H13KMn2N2O4 (482.29): C
49.82, H 3.81, N 5.05; found: C 49.24, H 3.81, N 5.04.
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