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Abstract: By means of a multistep syn-
thetic procedure a dimanganese com-
plex has been prepared, in which a N,N�-
bridging pyrazolate ligand spans two
CpMn(CO)2 subunits in a highly preor-
ganized chelate arrangement. The X-ray
crystallographic analyses of the MnIMnI

complex K�1� and of its non-chelate
precursor complex elucidate details of
the molecular structure, in particular an
unusual pyrazolate binding mode in the
solid state and intertwining of the CO
ligands in the crowded bimetallic array
1�. The MnIMnI compound (1�), the
mixed-valent MnIMnII (1), and the oxi-
dized MnIIMnII form (1�) have been
characterized by various analytical and
spectrosopic methods, such as electro-
chemistry, variable-temperature EPR

spectroscopy, IR spectroelectrochemis-
try, and UV/Vis/NIR spectroelectro-
chemistry as well as by DFT and TD-
DFT calculations. Strong electronic cou-
pling in the mixed-valent complex is
observed, but time- (and temperature-)
dependent valence detrapping occurs,
thus placing 1 in class II according to the
Robin and Day assignment, close to the
class II/III transition. From variable-
temperature EPR spectroscopy a rough
estimate of the activation energy and
rate for thermal electron transfer can be

deduced, with Eth
�� 13.6 kJmol�1 and

kth� 2.6� 1010 s�1 at 298 K. Unexpected-
ly, no intervalence CT transition for 1 is
detected in solution, but one appears in
the optical spectrum of solid 1. The
conclusions drawn from experiments are
fully supported by DFT calculations that
were carried out for all three forms of
the dimanganese complex. A broken
symmetry treatment for mixed-valent 1
reveals almost perfect localization of
both spin and charge on one Mn center.
According to TD-DFT the first excited
states of 1 give rise to the IT processes in
the NIR-energy region, as observed in
the solid-state spectrum. The HOMOs
are located at the Mn ions and are
favorably arranged for � interactions
with the bridging pyrazolate.
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Introduction

Cooperative phenomena between two or more proximate
metal ions are attracting enormous attention in current

chemical research. The major focus lies on the quest for
cooperative reactivity,[1, 2] in particular for bimetallic reactiv-
ity patterns reminiscent of metalloenzyme activity, and on
magnetic exchange interactions.[3] Also, there is continuing
interest in understanding and tuning the electronic interaction
between metal centers through or across bridging ligands,
which is of fundamental relevance to, inter alia, electron
transfer reactions in biology and electronic properties of
materials.[4, 5] For the experimental study of electron transfer
(ET) processes in mixed-valent dimetal compounds, systems
with a formal low-spin d5d6 electronic configuration have
received particular attention. The vast majority of such d5d6

mixed-valent complexes are based on ruthenium ammine
fragments, since these exhibit favorable kinetic stability in
both ruthenium � ��� and � �� oxidation states.[6] A comple-
mentary organometallic species that fulfils the requirements
of i) two neighboring oxidation states with d5/d6 electronic
configuration in a useful potential region, ii) kinetic stability
in these different oxidation states, and iii) the potential for
efficient � backbonding with a bridging ligand, is the
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CpMn(CO)2 fragment.[7, 8] This fragment has been extensively
used as a stabilizing scaffold for unusual molecules[9] and as a
redox center in mixed-valent compounds.[8, 10, 11, 12, 13] How-
ever, while the CpMn(CO)2 fragment itself is very inert,
[CpMn(CO)2L] complexes with classical �inorganic� ligands L
(e.g. first-row-element O and N donor ligands) exhibit
notorious dissociative lability in their oxidized MnII forms,
which has often hampered the isolation and detailed charac-
terization of such species.[11]

We have recently reported a novel type of dinuclear
[{CpMn(CO)2}2L] array, where L is a N,N�-bridging pyrazolate
that is covalently linked to the Cp spectator ligands at the
manganese and spans the two Mn ions, thus giving a highly

preorganized chelate arrange-
ment in 1�.[14] This system is
closely related to the heavily
studied type A complexes of
cyclopentadienyl (Cp) ligands
with functional amino or ami-
do side chains,[15] since it can be
described as a bimetallic ver-

sion B in which the donor substituent tethered to the Cp
moiety additionally serves a bridge function.[16] Such a
strategy of formal coupling of two N-containing ligand
compartments through a functionalized pyrazolate to con-
stitute a highly preorganized dinuclear array has already been
employed for mimicking cooperative effects in biomimetic
coordination compounds.[17] Accordingly, type B systems are
expected to give rise to cooperative phenomena in organo-
metallic chemistry with the adjacent metal ions working in
concert.

In the present context, the rigid chelate arrangement in 1�

was anticipated to preclude dissociation of its CpMn(CO)2L
moieties, thus allowing a detailed investigation by various
analytical methods of the electronic structure of the dimanga-
nese system in its different oxidation states. Some aspects of
the structural and electronic properties of 1� have already
been communicated.[14]

Results and Discussion

Synthesis and structural characterization : With the aim of
preparing the sought-after ligand scaffolds for type B
complexes, we initially treated the dichloro derivative of 2
with various Cp anion equivalents. However, while indenyl
and fluorenyl side arms could readily be attached,[16] it proved
difficult to introduce parent Cp by this route. [CpMn(CO)3]
was thus employed as a �protected� source of parent Cp. Still,
in this case a palladium-catalyzed cross-coupling protocol[18]

was required to achieve any reaction at all, and only
monosubstitution was observed when starting from the
dichloro derivative of 2 (Scheme 1).[19] Attachment of two
CpMn(CO)3 side arms to the pyrazole nucleus was finally
accomplished by using the more reactive dibromo compound
2,[20] in which the pyrazole-NH group is protected by a
tetrahydropyranyl (thp) group. The procedure involves trans-
metalation of the lithiated CpMn(CO)3 with ZnCl2 and a
subsequent Pd(PPh3)2-catalyzed cross-coupling reaction[18, 19]

to form 3 in good yield according to Scheme 1. The product
was purified by column chromatography, and the thp protect-
ing group was then conveniently removed by treatment with
acid to give 4.

Scheme 1. Synthesis of K�1�.

Compound 4 can be obtained as yellowish crystals from a
CH2Cl2/light petroleum solution, and a single-crystal structure
analysis was performed. The molecular structure of 4 is
depicted in Figure 1, along with selected interatomic distances
and bond angles. It confirms that 4 contains a protonated
(noncoordinating) pyrazole group with two pendant
CpMn(CO)3 moieties. While the latter are still directed away
from the pyrazole-N group in 4, simple rotation around the
spacer C�C bonds would bring the metal carbonyl fragments
in a suitable arrangement to potentially interact with the
pyrazole-N atoms. It should be noted that two different
polymorphs of 4 could be crystallized from the CH2Cl2/light
petroleum solution, which differ by the relative position of the
pyrazole and CpMn(CO)3 moieties due to distinct hydrogen-
bonding patterns. In both cases, however, two pyrazole groups
are arranged as dimers through N ¥¥¥H ¥¥ ¥ N interactions.
Characteristic features of the different polymorphs will be
analyzed in more detail elsewhere.[21]
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Figure 1. Molecular structure of 4 (40% probability ellipsoids). Selected
interatomic distances [ä] and range of selected bond angles [�]: N1�N2
1.360(3), Mn1�C1 1.789(3), Mn1�C2 1.796(2), Mn1�C3 1.790(2), Mn2�C4
1.779(3), Mn2�C5 1.790(3), Mn2�C6 1.782(2), C1�O1 1.156(3), C2�O2
1.146(3), C3�O3 1.146(3), C4�O4 1.150(3), C5�O5 1.148(3), C6�O6
1.152(3); CC�O-Mn-CC�O 90.5(2) ± 93.9(2).

For the preparation of mononuclear type A complexes in
which MX2 equals Mn(CO)2, it has been reported that ring
closure upon CO dissociation is very rapid if a favorable
conformation brings the pendant side chain donor in close
proximity to the metal center.[22] Extrusion of CO ligands by
irradiation of 4 in THF and subsequent deprotonation using
KOtBu gave the first example of a type B bimetallic complex,
K�1�, as evidenced by the characteristic changes of the CO
stretching frequencies (see below). Single crystals of K�1� ¥
0.9 THF obtained from THF/light petroleum were analyzed
by X-ray crystallography. As discussed previously,[14] the
crystals contain four independent (but similar) dimangane-
se(�) units of the anticipated constitution per asymmetric
unit–one of them is depicted in Figure 2.

Figure 2. Molecular structure of 1� (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)], Mn�CC�O 1.748(5) ± 1.791(6)
[1.747(5) ± 1.772(5), 1.746(5) ± 1.780(5), 1.748(5) ± 1.766(5)], CC�O�O
1.149(6) ± 1.177(6) [1.166(5) ± 1.174(5), 1.164(5) ± 1.177(5), 1.174(5) ±
1.175(5)]; 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)].

In accordance with expectations, upon going from 4 to 1�

the mean value for Mn�CC�O decreases (1.788 ä in 4 versus
1.761 ä in 1�), while the mean C�O bond length of the
carbonyl ligands increases (1.150 ä in 4 versus 1.170 ä in 1�).
This expresses the larger extent of Mn�CO �-backbonding
in the CpMn(CO)2L moiety upon replacement of a third CO
ligand by the pyrazolate group.

Several other features of the solid-state structure of K�1� ¥
0.9 THF are worth mentioning: i) The dimanganese entities
are connected through the potassium countercations to form a
three-dimensional coordination polymer in which the K� ion
exhibits unusual �5 � interactions with the pyrazolate hetero-
cycle. �5 coordination to a pyrazolate group is rare and has
only been reported in a few cases,[23] while the �1:�1:�5 binding
mode observed in K�4� is unprecedented.[24] ii) The coordi-
nation sphere of two of the four crystallographically distinct
K� ions is completed by three O atoms of Mn-bound CO and
by one THF solvent molecule, while the other two K� ions are
O-coordinated by four CO ligands. Those latter K� ions
display a remarkably short additional side-on � interaction
with one CO ligand that is already end-on bound to a second
K� ion. According to a CSD[26] search these are among the
shortest side-on K� ¥ ¥ ¥ CO contacts detected thus far.[25]

In the present context, some molecular features of 4�

deserve particular attention: the angles N-Mn-CC�O are rather
large (mean value 101.9�) compared to other [CpMn(CO)2L]
complexes (L�N donor ligand; 92.6 ± 98.1� according to a
CSD search) and the CH2 spacer groups that link the Cp and
the pyrazolate groups are bent by about 10� out of the Cp
plane toward the Mn ions, indicating a somewhat strained
chelate situation. In addition, both metal ions are displaced
out of the plane of the pyrazolate heterocycle, while at the
same time the two Mn(CO)2 moieties are slightly twisted with
respect to each other. This appears to result from steric
congestion within the bimetallic pocket and concomitant
intertwining of the CO ligands
according to the situation in I.
Similarly, steric hindrance be-
tween the Mn-bound CO li-
gands and a Zn-bound Cl atom
has been considered to explain
structural features of the relat-
ed heterobimetallic MnZn complex 5.[19] Finally, the � plane
of the bridging pyrazolate in 1� roughly coincides with the
mirror plane of the MnII(CO)2 fragments, which is a
favourable situation for stabilizing electronic � interac-
tions.[7, 8]

Discussion of electrochemical and spectroscopic results: The
MnIMnI compound 1� is easily oxidized, for example by air.
Its cyclic voltammogram in THF reveals two well-separated
reversible redox waves at E1/2��0.37 V and E1/2��0.14 V
(Figure 3),[27] corresponding to the formation of the MnIMnII

(d5/d6) and the fully 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 1,
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Figure 3. Cyclic voltammogram of 1� recorded on a platinum electrode in
THF containing 0.1� NnBu4

�PF6
� ; scan speed 200 mVs�1.[27]

and a comproportionation constant Kcomp� 4.1� 108 for the
equilibrium given in Equation (1) can be calculated by using
the expression in Equation (2).[28]

1�� 1� � �
Kcomp

21 (1)

�E1/2� (RT/nF)ln(Kcomp) (2)

Compound 1 can be prepared on a preparative scale by
oxidation of 1� with AgBF4 and was isolated as a red powder.
It is a rare example of a neutral d5/d6 mixed-valent complex,
which is of particular interest because the absence of charge
trapping in nonpolar solvents is expected to favor a high
degree of delocalization. To gain insight into the electronic
structure of mixed-valent 1, a detailed investigation by EPR,
UV/vis/NIR, and IR spectroscopy was performed.

The EPR spectrum of 1 in 2-methyltetrahydrofuran at
293 K shows an 11-line pattern (giso� 2.029; a(55Mn)iso�
2.83 mT; Figure 4), confirming equivalence of the two metal
centers on the EPR time scale. A spectrum in frozen solution
(123 K), however, indicates localized valency, since the
spectrum is typical for [CpMnII(CO)2L] compounds with
approximate axial symmetry of the g tensor, that is with
anisotropic hyperfine coupling to a single 55Mn nucleus.[29] To
locate the conversion between EPR-localized and -delocal-
ized states, variable-temperature EPR spectra were measured
(Figure 4). Transition between the isotropic 11-line pattern
and a 6-line profile occurs at about 185 K, where the solution
(2-methyltetrahydrofuran/3-methylcyclopentane 1:4) is still
fluid. If one assumes that sufficiently slow intramolecular
electron transfer at low temperature is the reason for the
�coalescence phenomenon�, a rough estimate of the activation
energy Eth

� and the thermal electron transfer rate kth can be
derived from Gagne¬×s approximation [Eq. (3)],[30] giving
Eth

�� 13.6 kJmol�1 and kth� 2.6� 1010 s�1 at 298 K.

kth� (kT/h)e(�Eth
�/RT) (3)

Further oxidation does not proceed readily when using
AgBF4 as the oxidant, but is achieved by stirring a solution of
1� in THF under an atmosphere of oxygen for 1 h. IR

Figure 4. EPR spectra of the mixed-valent complex 1 in 2-methyltetra-
hydrofuran/3-methylcyclopentane (1:4) at selected temperatures.

spectroscopy confirms that the CpMn(CO)2 fragments are
still intact in the oxidized product, although the anticipated
product 1� could not be isolated in pure form. A solution EPR
spectrum at 198 K reveals a sextet of lines with giso centered
around 2.023 and an isotropic coupling constant a(55Mn)iso�
5.82 mT (Figure 5). The latter value is roughly twice as large
as the coupling observed for the mixed-valent species 1, in

Figure 5. EPR spectra of the dimanganese(��) complex 1� in 2-methyl-
tetrahyrofuran at 298 K and 77 K.

accordance with expectations. The EPR spectrum of the fully
oxidized isovalent species 1� in frozen solution is very similar
to the low-temperature spectrum of 1. It should be empha-
sized though, that a pyrazolate-bridged structure (i.e. a
constitution similar to that of 1�) is not proven for the O2-
oxidized product, and the absence of any dipolar coupling
which might be expected for the EPR spectra of two closely
spaced MnII (S� 1³2) ions is to be noted.[31]

Neither for 1 nor for 1� coupling to the pyrazole nitrogen
atoms is detected by EPR spectroscopy which points to the
SOMO being localized on the CpMn(CO)2 moieties with at
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best little contribution of the bridging ligand, in accordance
with the electronic structure calculations described below.

To gain further information on the electronic structure of
the individual species, stepwise oxidation of 1� in dichloro-
ethane was monitored by IR and UV/Vis/NIR spectroscopy in
an OTTLE cell. Figure 6 displays the changes of the IR bands

Figure 6. IR spectroscopic changes during gradual oxidation 1�� 1 (top)
and 1� 1� (bottom) in an OTTLE cell.

in the CO stretching region that occur upon gradual
electrolysis of 1� to form 1 (upper), and upon continued
electrolysis to give the doubly oxidized product 1� (lower).
The presence of several isosbestic points confirms clean
conversion between the different species. Furthermore, these
processes are fully reversible since the spectrum of the
starting material is restored upon re-reduction. The resulting
IR spectra of 1�, 1, and 1� are compared in Figure 7, together
with the spectra of their precursor complexes.

The prominent pair of CO stretching bands characteristic
for the CpMn(CO)3 fragments in 4 (2015 and 1927 cm�1;
Figure 7a)[32] is shifted to lower energy upon irradiation (1916
and 1843 cm�1; Figure 7 b ), indicating the anticipated loss of
CO. Subsequent addition of KOtBu to formK�1� causes these
resulting bands to change only slightly, but two additional
small features are now discernible (this is discussed in more
detail below). The overall band pattern of the CO stretches
for 1� (Figure 7c) is retained after full oxidation to give 1�, but
all bands are shifted to higher energy by around 120 cm�1

(Figure 7e), in accordance with expectations for a full unit
increase in metal oxidation state.[33] These findings are
consistent with the presence of two equivalent MnI centers
in 4 and 1�, and two equivalent MnII centers in the cation 1�.
In contrast, four strong CO absorptions are observed for the
neutral mixed-valent MnIMnII compound 1 (2028, 1958, 1912,

Figure 7. IR spectra in the CO stretching region for complex 4 before (a)
and after (b) irradiation in THF, following addition of KOtBu to give 1� (c)
and upon gradual oxidation to 1 (d) and 1� (e).

and 1843 cm�1), thus confirming that 1 is a valence-trapped
species on the short vibrational time scale (�10�13 ± 10�14 s).[34]

Some comment should be made on the two low-intensity
bands discernible in the spectra of both 1� and 1�. Several
control experiments established unambiguously that these
features do not arise from impurities. This is further supported
by the clean isosbestic points observed in Figure 6a and b,
where the small bands and the more intense main bands rise
and decrease simultaneously during the spectroelectrochem-
ical experiment. Also, the IR spectrum of powdered single
crystals of K�1� in KBr gives an identical band pattern.
Interestingly, similar small features have previously been
observed for some other complexes bearing two
CpMn(CO)2L groups in close proximity.[12] These additional
bands are assumed to result from vibrational coupling of the
adjacent metal dicarbonyl fragments. In the case of 1� and 1�,
intertwining of the CO ligands within the bimetallic pocket
(compare I) leads to an apparent C2 symmetry of the
bimetallic scaffold, which should give rise to each two IR-
active CO stretching vibrations of the A and B representa-
tions.

Evidently, in 1� and 1� the CO stretches of the two metal
dicarbonyl fragments cannot be regarded as vibrationally
independent. This interpretation is fully supported by the
DFT calculations described below. It is also corroborated by
considering the IR spectrum of the irradiated starting
material 4 (Figure 7b): prior to addition of KOtBu, the



Pyrazolate-Bridged Bimetallic Complexes 2636±2648

Chem. Eur. J. 2003, 9, 2636 ± 2648 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2641

pyrazole heterocycle is still protonated and cannot function as
a bridging moiety. The spectrum depicted in Figure 7b is thus
assigned to either a species with two dangling
CpMn(CO)2(THF) moieties or to a species with only one of
the CpMn(CO)2 fragments already bound to the single
accessible N atom of the pyrazole (with the two expected
sets of IR bands accidentally coinciding in the latter case; note
that only a minor shift occurs upon coordination of the second
pyrazole-N atom). It is not until the addition of KOtBu that
the bridging mode of the pyrazolate is induced, which forces
the two CpMn(CO)2 fragments into close proximity and
thereby causes vibrational coupling of their CO stretches
(Figure 7c).

The results obtained for 1�/0/� can be compared to the
experimental findings for the related complex 5,[19] which
features only a single CpMn(CO)2 moiety linked to a second
redox-inactive zinc ion through a pyrazolate bridge. Complex
5 gives a good estimate of the redox properties and spectro-
scopic characteristics of an electronically isolated
CpMn(CO)2 unit in that particular coordination environment.
It displays a single reversible oxidation at�0.20 V versus SCE
in CH2Cl2,[19] that is intermediate between the two sequential
oxidation potentials observed for 1�.[35] The CO stretches of 5
are found at 1910 and 1835 cm�1 in dichloroethane, while
those for its oxidized MnII form appear at 2041 and 1964 cm�1.
Both data pairs are in good agreement with the values
obtained for 1� and 1�, respectively.

Vibrational coupling of the CO stretches for 1� and 1� and
the resulting IR spectrum of higher order hampers any more
detailed analysis of the spectral shifts for deducing a
quantitative estimate of the charge distribution between the
two metal centers in the mixed-valent complex 1.[13, 36]

However, from Figure 7 it is clear that the higher and lower
energy pair of bands for 1, which are assigned to the valence-
trapped MnII and MnI sites, are barely shifted from the
energies for the fully oxidized MnIIMnII (1�) and the fully
reducedMnIMnI (1�) forms, respectively. Since carbonyl shifts
are considered to track the charges on the metal ions, these
experimental findings point to a pronounced charge local-
ization in the mixed-valent compound 1.

Taken together, the EPR- and IR-spectroscopic results
place 1 into class II of mixed-valent compounds according to
the assignment by Robin and Day. The phenomenon of time-
(and temperature-)dependent valence detrapping as observed
in EPR spectroscopy indicates its proximity to the class II/III
transition,[37] while the large �E1/2 value is more characteristic
of a genuine class III species.[38]

UV/Vis/NIR spectroelectrochemistry in dichloroethane is
shown in Figure 8 for the 1�� 1 (top) and the 1� 1�

conversions (bottom). Again, both processes are fully rever-
sible. The absorption at 400 nm for 1� is assigned to a MnI

��*(pyrazolate) MLCT transition,[39] whereas the band at
468 nm that develops concomitant with oxidation to 1 is
attributed to the �(pyrazolate)�MnII LMCT transition.
These assignments are in full accordance with the results of
time-dependent DFT calculations (vide infra). As expected,
the latter band increases in intensity upon oxidation of the
second metal due to the presence of two chromophores, but
shifts to higher energy (400 nm). Contrary to expectation,

Figure 8. UV/Vis/NIR spectroscopic changes during gradual oxidation
1�� 1 (top) and 1� 1� (bottom) in dichloroethane in an OTTLE cell.

however, no intense long-wavelength intervalence transition
(IT) is detectable in the optical spectrum of 1 in dichoro-
ethane or THF measured to wavelengths as high as 3000 nm.
It has been reported that IT transitions can be very weak in
some cases,[40] but interestingly the optical spectrum of 1 in the
solid state (diffuse reflectance) shows an intense double-
humped band in the near-IR range which is absent in the
optical reflectance spectrum of the reduced dimanganese(�)
complex K�1� (Figure 9). While the physical state of a sample

Figure 9. Optical spectra of solid K�1� and 1 (diffuse reflectance).

can influence the electron transfer rate, for example by
coupling the electronic structure to the lattice or trapping of
an asymmetry in the solid state,[41] it is temptimg to assign this
NIR absorption of solid 1 to an IT transition. It is important to
mention, however, that broad low-energy (near- to mid-IR)
electronic absorptions which are ligand-field in origin have
been detected for 17-electron [CpMn(CO)2L] complexes.[42]

These absorptions arise from the splitting of the degenerate
e-type orbital pair (in C3v-symmetric [CpMn(CO)3]; resulting
from the putative t2g set) into a� and a�� orbitals due to
symmetry lowering in Cs-symmetric [CpMn(CO)2L]. While
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the possible presence of such d-d transitions in the energy
range where the IT bands are expected and where the near-IR
bands are observed for solid 1 introduces some ambiguity into
any band assignments, we note that the high intensity of these
two bands argues against a (dominant) contribution of d ± d
transitions.

Spectral deconvolution of the overlapping NIR features of
solid 1 by modeling the band envelope with two Gaussian
curves gives ��max(1)� 8703 cm�1 (���1/2� 3440 cm�1) and
��max(2)� 6083 cm�1 (���1/2� 1760 cm�1) (see Figure S1 in the
Supporting Information). A commonly used criterion for
analyzing mixed-valency in solution is a comparison of the
experimental bandwidth (���1/2) with that predicted by Hush
for class II systems according to ���1/2(calcd)� (2310 ��max)1/
2 cm�1. Experimental bandwidths less than the predicted ones
are usually considered diagnostic for intrinsically delocalized
class III systems. When the above relation is applied to the
reflectance band of solid 1 at 8703 cm�1, the experimental
bandwidth (3440 cm�1) is considerably narrower than calcu-
lated (4480 cm�1), and this is even more valid for the band
peaking at 6083 cm�1. IT transition energies for class II mixed-
valent systems are known to be quite sensitive to molecular
environment,[41] and the appearance of multiple intervalence
transitions has been reported for several cases.[43] Those
findings have been interpreted in terms of multiple ground
state or excited state forms due to, inter alia, large spin-orbit
coupling effects (which are not expected in the present case)
or symmetry reduction that arises from selective solvation or
ion pairing. If one assumes that the NIR bands in the
reflectance spectrum of 1 originate from IT transitions (which
is corroborated by TD-DFT calculations, vide infra), an
environmental effect also seems most plausible for the
double-humped band shape in the present case. It should be
noted though, that the optical transitions at 6083 and
8703 cm�1 correspond to energies Eop� 73 and 104 kJmol�1,
respectively. This is considerably higher than expected for a
Robin and Day class II system, since the relation Eop� 4Eth�
HAB (HAB is the electronic coupling) predicts a value well
below 55 kJmol�1 in the case of Eth� 13.6 kJmol�1 (as
deduced from the EPR spectra, vide supra). Again, discrep-
ances may be attributed to the different physical state, that is
solution versus solid state.

At present, we have no conclusive explanation for the
absence of IT absorptions for 1 in solution, but a scenario
should be discussed which takes into account the notorious
lability of (low-spin d5) [CpMnII(CO)2L]� species. It assumes
that the pyrazolate-bridged species 1 is only present as a
minor component in equilibrium with the solvent-stabilized
open form 1� (Scheme 2). Spectroscopic methods that are fast

Scheme 2. Possible equilibrium between the chelate form 1 and the
solvent-stabilized open form 1�, which is assumed to not be of any
relevance.

with respect to the rate of the chemical equilibrium would
solely detect the dominant species 1�, for example four
carbonyl IR bands (where the MnI site receives full negative
charge of the pyrazolate) and the absence of any optical IT
absorption. Methods with a time scale slower than the
chemical process should reveal the signature of a strongly
coupled (delocalized) system due to very fast electron transfer
via the minor species 1. According to this situation, fast
intramolecular electron transfer in 1 would be gated by the
rate of intramolecular dissociation of the hemilabile pyrazo-
late bridge (i.e. by the rate of an intramolecular chemical
preequilibrium process), which could be of the order of the
EPR time scale. Second-order rate constants in the order of
104��1s�1 have been determined for the ligand exchange
reaction in Equation (4),[44] and such reactions might still be
much faster in the case of ring closure and ring opening by a
pendant chelate arm.[22] However, we consider this scenario
unlikely due to the following reasons: i) addition of pyridine
to the dichloroethane or thf solution in the spectroelectro-
chemical experiments did not lead to any noticable changes
in the CO stretching vibrations of 1 (and 1�), as would
be expected for pyridine coordination to the dangling
CpMnII(CO)2 fragment in 1�, and ii) the solution IR spectrum
of the dimanganese(��) species 1� (Figure 6 and Figure 7)
exhibits the typical pattern which we assume to arise from the
intertwining of the CO ligands according to the situation
depicted in I, indicating integrity of the pyrazolate-bridged
bimetallic arrangement upon oxidation to the MnII state.

[CpMn(CO)2L]�L�� [CpMn(CO)2L�]�L (4)

Theoretical Investigations : To describe the electronic
structures of the complexes 1�/0/� and to gain deeper insight
into the extent of spin and charge delocalization in the mixed-
valence form 1, we have carried out DFT calculations on the
C2-symmetric singlet, doublet, and triplet electronic states of
1�, 1, and 1�, respectively, and we have performed a broken-
symmetry treatment for the mixed-valent complex 1. We
started our investigations with geometry optimizations in the
C2 symmetry point group for the ground-state molecular
structures 1A(1�;C2), 2A(1;C2), and 3B(1�;C2). These calcula-
tions were followed by geometry optimizations without any
symmetry constraints for the doublet state of 1, 21(C1). Some
selected optimized parameters are collected in Table 1.
According to the vibrational analyses there are no imaginary
modes, and consequently all optimized structures represent
minima on the potential energy surfaces.

The DFT-optimized parameters corresponding to the gas-
phase structure of 1� are in good agreement with the values
determined experimentally for solid K�1� (Table 1), and
hence we assume the DFT metric parameters for the oxidized
species also represent well the structural characteristics of the
MnIMnII and MnIIMnII complexes. Since it was not possible to
characterize 1 and 1� by X-ray measurements, a closer
comparison of the data from Table 1 is instructive for an
understanding of the oxidized species. For the C2-symmetric
species, an increase of the Mn�CC�O and a decrease of the
C�O bond lengths is discernible upon going from 1� to 1 and
further to 1�. These changes are consistent with the lower
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extent of �-backbonding in the oxidized compounds and
explain the observed shifts of the CO stretching vibrations.
The distances Mn�C(Cp) and the bond angles N-Mn-CC�O
and N-N-Mn are not influenced significantly by oxidation.
However, the dihedral angle Mn-N-N-Mn becomes slightly
larger in the oxidized forms. In the case of 21(C1) the Mn1 part
of the molecule shows almost the same geometric features as
theMnI ions in the singlet state 1A of 1�, whereas theMn2 part
adopts those of the MnII ions in the triplet state 3B of 1�

(Table 1).
According to the DFT wave function, the six highest

occupied MOs of 1� are symmetry-adapted linear combina-
tions of atomic orbitals with predominant Mn1 and Mn2 3d
character ([Eq. (5)] with i� x2� y2, z2, xy).

���N�(3di1� 3di2) and ���N�(3di1� 3di2) (5)

The same combinations are found in the wave functions of
the C2-symmetric oxidized forms. As an example the HO-
MO(3a) and HOMO-1(3b) of 1� together with their occupa-
tions in the particular states are shown in Figure 10. It is
apparent that both MOs have antibonding admixtures from
the �-pyrazolate system.

Removal of an electron from the 1A ground state of the
MnIMnI compound 1� requires 57.02 kcalmol�1, but removal
of a second electron from the 2A ground state of the MnIIMnI

complex 1 is much more demanding and requires
119.7 kcalmol�1 (Table 2). These values are in accord with
the large separation of the two reversible one-electron redox
waves in the cyclic voltammetry experiment (Figure 3), and
they confirm the relative stabilization of the mixed-valent
form 1 toward disproportionation. Furthermore, the 2B(��)
electronic state of 1 is only 0.5 kcalmol�1 less stable than the
2A(��) ground state, suggesting that the release of symmetry
constraints on the wave function may lead to a significant
mixing and, as a result, to localized states [Eq. (6)].

�� c1��	 c2�� (6)

There are many cases known in the literature, especially for
deep core and metal electron ionizations, where the wave

function of the lowest energy
solution exhibits a lower sym-
metry than the full Hamiltoni-
an.[36, 45]

Calculated charge and spin
distributions in the investigated
compounds are collected in Ta-
ble 2. These data clearly show
that upon removal of an elec-
tron from a Mn center, the
electron density flows from the
surrounding ligands toward the
metals to compensate for the
loss of electron density at the
Mn centers. Such reorganiza-
tion of electron density is well
documented, especially in the

Figure 10. MO shapes and occupation patterns of the valence MOs
derived from the B3LYP C2-symmetric wave functions of 1�/0/� (top) and
for the broken-symmetry solution of 1 (bottom).

case of electron-rich 3d transition metals.[36, 46] Naturally, in
the case of symmetrical wave functions (C2 symmetry) the
charge and spin is equally distributed over symmetry equiv-
alent sites. However, the broken symmetry solution for 1,
21(bs), leads to a strongly localized ground state wave function
(Figure 10 (bottom), Table 2). Contrary to the symmetric
wave function, the open shell orbital from the broken
symmetry solution displays bonding admixture of the pyr-
azolate �MOwhich in turn may facilitate the communication
with the other half of the bimetallic molecule. The localization

Table 1. Selected metric parameters of 1�, 1, and 1� ; experimental values (for K�1�) and DFToptimized values in
C2 symmetry point group for the singlet (1A), doublet (2A) and triplet (3B) ground states, respectively, and for the
doublet state of 1 without symmetry constraints, 21(C1). Distances are given in ä, angles in degrees.

exp (K�1�)[a] 1A(1� ;C2) 2A(1 ;C2) 21(C1)[b] 3B(1� ;C2)

Mn�N 2.047 2.078 2.023 2.078(1.957) 1.993
Mn�CC�O(1) 1.770 1.782 1.812 1.775(1.854) 1.856
Mn�CC�O(2) 1.751 1.780 1.808 1.783(1.851) 1.849
Mn�C(Cp)av 2.136 2.173 2.168 1.937(2.174) 2.169
CC�O�O(1) 1.174 1.160 1.149 1.160(1.138) 1.137
CC�O�O(2) 1.166 1.159 1.149 1.158(1.139) 1.139
N1�N2 1.380 1.362 1.353 1.369 1.378
� CC�O(1)-Mn-N 100.5 96.2 96.8 95.6(96.3) 96.4
� CC�O(2)-Mn-N 103.3 101.6 102.9 102.2(103.2) 103.6
� Mn-N1-N2 133.8 134.4 134.4 134.1(133.7) 134.9
� Mn1-N1-N2-Mn2 23.7 24.4 26.1 29.7 33.7

[a] Average values. [b] The first values refer to the Mn1 part and values in parentheses refer to the Mn2-part of 1.
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is not an energy consuming process: 21(bs) is only by
0.35 kcalmol�1 more stable than 2A(1;C2). In 21(bs), the spin
is almost perfectly localized on Mn2 (�Mn2� 0.975, �Mn1�
0.015), in excellent agreement with the temperature-depend-
ent EPR results for 1 in solution. Although the positive
charges at Mn2 and Mn1 in 21(bs) do not differ much, taking
into account the above-mentioned reorganization of electron
density as well as comparing the data from Table 2 leads to the
conclusion that not only the spin but also the charge is
localized at the Mn2 center: close inspection reveals that the
charge of the Mn2 atom in 21(bs) (�1.010) is nearly the same
as in the MnIIMnII compound 1� (�1.022), while that of Mn1
(�0.972) is almost identical to the charge in the MnIMnI

complex 1� (�0.969). Thus, both the charge and spin
distributions from the broken symmetry solution support a
localized MnIMnII ground state electronic structure of com-
plex 1. The same is valid for the optimized structure 21(C1)
(calculated without symmetry constraints) which is
3.78 kcalmol�1 more stable than the broken symmetry
solution 21(bs).

These results from DFT calculations are fully in line with
the experimental IR and EPR spectroscopic findings dis-
cussed above. In accordance with the lack of any 55Mn ± 14N
hyperfine coupling in the EPR experiments, the spin density
on the pyrazolate-N atom is found to be negligible (Table 2).
Finally, the calculated gas-phase CO stretching frequencies
for geometry-optimized C2-symmetric (isovalent) 1� and 1�

reproduce well the experimental IR observations in solution,
not only with respect to energies, but also with respect to band
intensities (compare Table 3 and Figure 7). This once more
corroborates our interpretation that the additional (low
intensity) features in the IR spectra of 1� and 1� (Figure 7)
arise from vibrational coupling of the adjacent metal dicar-

bonyl fragments. Likewise, the frequencies and band inten-
sities calculated for mixed-valent 1(C1) are in excellent
agreement with experimental findings. Interestingly, the
calculated IR spectrum for the 2A ground state of 1(C2) does
not agree with the experimental findings.

To interpret the optical spectra of 1� and mixed-valent 1
and to rationalize the lack of any observable IT transition for
1 in solution, we have finally studied the vertical excitation
energies for the 12 and 20 lowest excited states of 1�(C2) and
1(C1), respectively, by using the time-dependent DFT method
(TD-DFT). These excited states predict electronic transitions
in the energy regions 18921 ± 28752 cm�1 for 1�(C2) and
6129 ± 22676 cm�1 for 1(C1). The character of the particular
electronic transitions is analyzed in terms of contributing
orbital excitations. Comparison of experimental band maxima
with calculated energies of transitions that possess significant
oscillator strength substantiates the spectral assignment.
However, the oscillator strengths should only be used rather
qualitatively to distinguish between very weak transitions that
may also occur in the relevant energy region. The calculated
energies of the transitions together with the oscillator
strengths and the percentages of leading one-electron excita-
tions are collected in Table 4.

For 1�(C2) only one transition is listed, that is from the
ground state 1A to the fifth excited state 31B. The oscillator
strength of all other 11 transitions is either equal zero or lower
than 0.0002. The calculated excitation energy to the 31B state
of 24710 cm�1 is in excellent agreement with the experimantal
band at 400 nm (25000 cm�1). Although this absorption
apparently has multiconfigurational character (compare Ta-
ble 4), its assignment as a MnI��*(pyrazolate) MLCT
transition (vide supra) is basically correct.

For 1(C1) we have omitted from Table 4 all transitions with
oscillator strength lower than 0.0005, with the exception of the
NIR energy region below 13000 cm�1, where overlapping
transitions are discernible in the experimental solid state
spectrum. The one-electron transitions from the doublet
ground state 21(C1) were calculated whithin the UHF scheme
and are labeled by their consecutive numbers. It is seen from
Table 4 that most excited states that give rise to electronic
transitions in the visible and near UV energy region (tran-
sitions to excited states 9, 13, 18, and 19) have strong
multiconfigurational character. According to the TD-DFT
results they can be characterized as mixed d ± d/MLCT or d ±
d/LMCT transitions. The mixed nature of these transitions

Table 2. Relative energies (kcalmol�1), �S2� values, atomic spin densities (�), and Mulliken charges (q) of the Mn atoms and ligands for the singlet,
doublet, and triplet states of the complexes 1�/0/�.

1A(1� ;C2) 2A(1 ;C2) 2B(1 ;C2) 21(bs)[a] 21(C1)[b] 3B(1� ;C2)

Erel 0.00 � 57.02 � 57.52 � 56.67 � 52.89 � 176.72
� S2� 0.000 0.753 0.752 0.750 0.750 2.001
� Mn2/Mn1 0.000 0.569 0.599 0.957/0.015 0.989/� 0.003 1.025
� N2/N1 0.000 � 0.031 0.032 � 0.029/0.012 � 0.019/0.019 � 0.013
q Mn2/Mn1 � 0.969 � 0.990 � 0.993 � 1.010/� 0.972 � 1.023/� 0.963 � 1.022
q L[c] � 0.718 � 0.520 � 0.570 � 0.537 � 0.538 � 0.398
q Cp2/Cp1 � 0.501 � 0.296 � 0.288 � 0.195/� 0.390 � 0.221/� 0.374 � 0.088
q CO(20)/CO(10) � 0.301 � 0.207 � 0.196 � 0.114/� 0.292 � 0.102/� 0.299 � 0.100
q CO(21)/CO(11) � 0.308 � 0.227 � 0.224 � 0.128/� 0.326 � 0.114/� 0.338 � 0.135

[a] Values from broken symmetry solution. [b] Values for the structure optimized without symmetry constraints. [c] L� bridging pyrazolate.

Table 3. Frequencies [cm�1] for the CO stretches of 1�, 1 and 1� obtained
experimentally, and calculated frequencies (B3LYP/6 ± 311G*) (a scaling factor
of 0.95 was applied); relative intensities are given in parentheses.

Symme-
try[a]

1� (exp) 1� (calcd, C2) 1 (exp) 1 (calcd, C1) 1� (exp) 1� (calcd, C2)

A 1816 1849 (0.09) 1843 1862 (0.94) 1941 1977 (0.19)
B 1848 1875 (1.00) 1912 1915 (0.67) 1964 1992 (1.00)
B 1896 1903 (0.38) 1958 1987 (1.00) 2021 2022 (0.73)
A 1919 1926 (0.66) 2028 2027 (0.86) 2041 2040 (0.93)

[a] The notation only applies to 1� and 1�, which were geometry optimized in C2

symmetry.



Pyrazolate-Bridged Bimetallic Complexes 2636±2648

Chem. Eur. J. 2003, 9, 2636 ± 2648 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2645

might in part be due to the character of the involved MOs,
which is determined by the particular calculational method
used here. It has been discussed in the literature[47] that with
respect to multiconfigurational approaches such as CASSCF/
CASPT2, the Kohn ± Sham orbitals are generally more
delocalized over the metal centers and ligands to compensate
for the monodeterminantal nature, and as a result the
transitions calculated by TD-DFT may be expanded over
many states.[47] Nevertheless, the calculated electronic tran-
sition to the 31B excited stated of 1� (24710 cm�1)–which
according to TD-DFT includes mixed d ± d/MLCT charac-
ter–is in excellent agreement with and only slightly lower
than the experimental band maximum at 25000 cm�1, as has
been pointed out above.

In the case of mixed-valent 1, five excited states (9, 13, 18,
19, and 20) predict transition energies close to the exper-
imental value of 21368 cm�1 (Table 4). Two of the transitions
(9 and 13) have mixed d ± d/MLCT character, while the other
three (18, 19, and 20) possess d ± d/LMCT character.

Thus, no unequivocal assignment of the visible part in the
absorption spectrum of 1 is possible based on the TD-DFT
results. Unfortunately, the use of multiconfigurational ap-
proaches for the large system studied here is out of the present
computational possibilities.

In contrast to the UV/Vis part, the lowest excited states of 1
(which are found in the NIR region) do not show any
pronounced multiconfigurational character. In particular, the

first excited state of 1 is purely
monoconfigurational and the
TD-DFT energy for the elec-
tronic transition (6129 cm�1)
reproduces almost exactly the
energy of the NIR band ob-
served in the optical spectrum
of solid 1 (6083 cm�1). The
shapes of the Kohn ± Sham
MOs involved in the NIR tran-
sitions of 1 are shown in Fig-
ure 11.

From Figure 11 and Table 4
it is evident that the electronic
transitions calculated at
6129 cm�1, 9796 cm�1, and
12870 cm�1 (transitions to ex-
cited states 1, 3, and 6) repre-
sent 3d electron transfer from
Mn1 to Mn2, that is they are
true intervalence transitions
(IT) of the mixed valence
MnIIMnI complex 1. The tran-
sition at 12870 cm�1 cannot be
clearly identified in the exper-
imental spectrum, but its oscil-
lator strength is apparently
quite low and the value of
9796 cm�1 is only slightly high-
er in energy than the broad
experimental absorption cen-
tered at 8703 cm�1.

Figure 11. Shapes of the Kohn ± Sham MOs involved in the lowest
electronic transitions in 1.

As has already been observed for 17-valence-electron
[CpMn(CO)2L] complexes,[42] there is a low-energy NIR
transition that has predominant ligand-field character. In
the case of 1, this transition (to excited state 2) is calculated to
occur at 8273 cm�1. It should be noted, however, that the 3d ±
3d electronic transition on Mn2 contributes only 70%, while

Table 4. Comparison of TD-DFT calculated excitation energies with experimental absorption maxima and
assignment of low-lying electronic transition of 1� and 1.[a,b]

Experimental Calculated energies [cm�1] Excited Contributing orbital excitations
energies [cm�1] (oscillator strength) state

1�(C2) 25000 24710 (0.0011) 31B 20% 55b(3dMn)� 59a(3dMn, �*L, �*CO)
30% 57a(3dMn)� 57b(3dMn, �*L, �*CO)
6% 55b(3dMn)� 60a(�*L, �*CO, 3dMn)

1(C1) 6083 6129 (0.0003) 1 100% 111�(3dMn1)� 112�(3dMn2)

8273 (0.0007) 2 70% 108�(3dMn2, �L)� 112�(3dMn2)
12% 110�(3dMn1)� 112�(3dMn2)

8703 9796 (0.0004) 3 80% 110�(3dMn1)� 112�(3dMn2)
11% 108�(3dMn2, �L)� 112�(3dMn2)

12870 (0.0008) 6 92% 109�(3dMn1)� 112�(3dMn2)

18238 (0.0012) 9 37% 112�(3dMn1)� 113�(3dMn2)
16% 111�(3dMn1)� 119�(3dMn1, �*L)
9% 112�(3dMn1)� 119�(3dMn1, �*L)

20517 (0.0005) 13 14% 111�(3dMn1)� 113�(3dMn2)
14% 111�(3dMn1)� 119�(3dMn1, �*L)
7% 109�(3dMn1)� 119�(3dMn1, �*L)
5% 111�(3dMn1)� 120�(�*L)

21368 22237 (0.0011) 18 21% 105�(3dMn2)� 113�(3dMn2)
17% 108�(3dMn2)� 113�(3dMn2)
11% 109�(�L)� 114�(3dMn2)
5% 104�(3dMn2)� 113�(3dMn2)

22502 (0.0008) 19 30% 104�(3dMn2)� 113�(3dMn2)
17% 104�(3dMn2, �L)� 113�(3dMn2)
16% 105�(�L)� 113�(3dMn2)
15% 105�(3dMn2)� 113� (3dMn2)

22676 (0.0017) 20 35% 112�(3dMn1)� 115�(�*CO)
6% 103�(�L)� 112�(3dMn2)
5% 111�(3dMn1)� 113�(3dMn2)

[a] Energies incm�1. Calculated oscillator strengths are given in parentheses. Electronic transitions from the
ground state 1A of 1�(C2) and 21(C1) are described by leading orbital excitations with contributions greater than
5%. [b] The excited states of 1 are labeled by the consecutive numbers according to increasing energies.
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12% are again due to an IT process. Considering the general
agreement between the calculated energies for the IT
transitions and the experimental NIR absorptions observed
for 1 in the solid state, it seems reasonable to assign the latter
(in particular the lowest energy band at �6100 cm�1) to IT
processes. The absence of these IT absorptions in the solution
optical spectra of 1 remains unexplained, but according to the
TD-DFT calculations their oscillator strengths are apparently
quite low, and hence the larger IT bandwidth expected for a
class II system (according to the Hush theory, vide infra) as
well as any further line-broadening effects may lead to their
non-observability in solution.

Conclusion

Herein we report an in-depths analysis of the spectroscopic
properties and electronic structure of an intriguing dimanga-
nese complex in its MnIMnI (1�), mixed-valent MnIMnII (1)
and oxidized MnIIMnII (1�) forms. Due to the rigid chelate
arrangement of the suitably designed ligand scaffold, disso-
ciation of the pyrazolate-bridged CpMn(CO)2 subunits is
prevented, and experimental findings indicate integrity of the
bimetallic array in all three oxidation states. Strong electronic
coupling in the mixed-valent complex has been corroborated
by means of electrochemistry, variable-temperature EPR
spectroscopy, IR spectroelectrochemistry, and UV/Vis/NIR
spectroelectrochemistry, but time- (and temperature-)de-
pendent valence detrapping is observed, which places 1 in
class II according to the Robin and Day assignment, close to
the class II/III transition. From variable-temperature EPR
spectroscopy a rough estimate of the activation energy and
the rate for thermal electron transfer can be deduced, with
Eth

�� 13.6 kJmol�1 and kth� 2.6� 1010 s�1 at 298 K. While the
lack of any intervalence charge transfer (IT) transition for 1 in
solution is quite unusual, the conclusions drawn from experi-
ments are fully supported by DFT calculations that were
carried out for all three forms of the dimanganese complex. A
broken-symmetry treatment for mixed-valent 1 reveals almost
perfect localization of both spin and charge on oneMn center,
but only little energy gain with respect to the delocalized (C2-
symmetric) wave function. The structure of 1 that has been
optimized without symmetry constraints, however, is
17.3 kJmol�1 more stable than the C2-symmetric one. The
highest occupied MOs are located at the Mn ions and are
favorably arranged for � interactions with the bridging
pyrazolate ligand. IR absorptions of 1�, 1, and 1� as well as
the UV/Vis absorption of 1� (which is mainly a MLCT
transition) are well reproduced by the DFT and TD-DFT
calculations, respectively. Most UV/Vis transitions of mixed-
valent 1 have pronounced multiconfigurational character. The
first excited state of 1, however, is purely monoconfigura-
tional and gives rise to an IT transitions in the NIR-energy
region. The TD-DFT energies for the IT processes are in
excellent agreement with the bands observed in the NIR
region of the optical spectrum of solid 1, but oscillator
strengths for the IT transitions are calculated to be low, which
in the presence of additional line-broadening effects might
explain why these transitions are not observed in solution.

Experimental Section

General procedures and methods : All manipulations were carried out
under an atmosphere of dry argon by employing standard Schlenk
techniques. Complex 2 was prepared as reported in reference [20]. Solvents
were dried according to established procedures, all other chemicals were
used as purchased. Microanalyses: Mikroanalytische Laboratorien des
Organisch-Chemischen Instituts der Universit‰t Heidelberg. NMR spec-
tra: Bruker AC 200 at 200.13 (1H) and 50.32 (13C) MHz; solvent signal as
chemical shift reference (CDCl3 �H� 7.27, �C� 77.0 ppm). Cyclic voltam-
metry: PAR equipment, (potentiostat/galvanostat 273), in 0.1� NBu4PF6/
CH2Cl2. Potentials in V on glassy carbon electrode, referenced to SCE at
ambient temperature. IR spectra: Perkin-Elmer 983G; recorded as KBr
pellets. FAB-MS spectra: Finnigan MAT 8230. UV/Vis spectra: Perkin-
Elmer Lambda 19. EPR spectra: Bruker ELEXSYS E500, magnet B-E25.
Spectroelectrochemistry: Self-constructed OTTLE cell comprising a Pt-
mesh working and counter electrode and a silver wire as pseudeo-reference
electrode sandwiched in between the CaF2 windows of a conventional
liquid IR cell. The working electrode is positioned in the center of the
spectrometer beam with all other parts of the cell made non-transparent to
the incident beam by means of an absorbing tape.[48]

Compound 3 : [CpMn(CO)3] (2.50 g, 12.20 mmol) was dissolved in THF
(50 mL), and nBuLi (4.80 mL of a 2.5� solution in hexane) was added at
�78 �C by means of a syringe. After the mixture had been stirred for 1 h at
low temperature, ZnCl2 (1.70 g, 12.20 mmol) in THF (20 mL) was added
and stirring was continued for 1 h. In a separate flask, a solution of the Pd0

catalyst [Pd(PPh3)2] was prepared by reducing a suspension of
[PdCl2(PPh3)2] (0.14 g, 0.20 mmol) in THF (10 mL) with diisobutylalumi-
num hydride (DIBAH; 0.40 mL of a 1.0� solution in hexane). This catalyst
solution was transferred to the reaction mixture by using a canula, and a
solution of 3,5-bis(bromomethyl)-1-tetrahydropyran-2-yl pyrazole (2 ;
1.70 g, 5 mmol) in THF (20 mL) was then added. Stirring was continued
for 1 h at �78 �C and finally for 72 h at room temperature under exclusion
of light. The reaction mixture was hydrolyzed with brine, and the organic
phase separated and dried with MgSO4. After evaporation of all volatile
material under reduced pressure, the crude product was purified by column
chromatography (silica, CH2Cl2/light petroleum 1:1, Rf (Et2O/light petro-
leum)� 0.33). The product 3 was obtained as a light brown oil (1.30 g,
2.22 mmol, 44%). 1H NMR (CDCl3): �� 1.67 ± 1.72 (br, kb, 3H; CH2

thp,4/5),
1,96 ± 2.14 (br, kb, 2H; CH2

thp, 3/4), 2.45 (br, m, 1H; CH2
thp, 3), 3.59 (br, d,

3J� 4.0 Hz, 1H; CH2
thp, 6), 3.69 (br, s, 4H; CH2), 4.08 (br, d, 3J� 10.8 Hz,

1H; CH2
thp, 6), 4.63 ± 4.75 (br, kb, 8H; CHCp), 5.25 ± 5.33 (br, m, 1H;

CH2
thp, 2), 5.97 ppm (br, s, 1H; CHpz); 13C NMR (CDCl3): �� 22.4

(CH2
thp, 4), 24.1, 24.6 (CH2), 26.9 (CH2

thp, 5), 29.3 (CH2
thp, 3), 67.5 (CH2

thp, 6),
80.9, 81.3, 81.5, 81.7, 83.1, 83.5 (CHCp), 84.5 (CH2

thp, 2) 105.6 (CHpz), 141.5,
149.4 (C), 224.6 ppm (CO); IR (film): �� � 3103 w, 2936 m, 2849 m, 2011 vs,
1911 vs, 1546 m, 1462 m, 1427 m, 1259 m, 1203 m, 1081 s, 1058 m, 1040 s,
1003 m, 918 w, 846 m, 667 s, 634 vs cm�1; MS (FAB, nibeol): m/z (%): 585
(5) [M� � H�], 556 (5) [M��CO], 500 (100) [M��DHP], 416 (40) [M��
3CO�DHP]; elemental analysis calcd (%) for C26H22Mn2N2O7 (584.34): C
53.44, H 3.79, N 4.79; found: C 53.92, H 4.08, N 5.02.

Compound 4 : Compound 3 (1.30 g, 2.22 mmol) was dissolved in ethanol
(50 mL), and a saturated solution of HCl in ethanol (10 mL) was added.
After the mixture had been stirred overnight, the volume of the reaction
mixture was reduced to about 10 mL under reduced pressure and diethyl
ether (50 mL) was added to precipitate the hydrochloride salt 2 ¥ HCl. This
was separated by filtration and treated with aqueous ammonia and CH2Cl2
(50 mL). The organic phase was dried with MgSO4 and the solvent
evaporated under vacuum. Diffusion of light petroleum into a solution of
the product in a small amount of CH2Cl2 gave light yellow crystals of
compound 4 (0.73 g, 1.46 mmol, 66%). 1H NMR (CDCl3, 233 K): �� 3.55
(br, s, 4H; CH2), 4.63 (br, s, 8H; CHCp), 6.01 ppm (br, s, 1H; CHpz);
13C NMR (CD2Cl2, 233 K): �� 25.1, 27.7 (CH2), 83.3 (CHCp), 104.0 (CHpz),
141.9, 151.4 (C), 225.9 ppm (CO); IR (KBr): �� � 2632 w, 2025 vs, 2005 vs,
1999 vs, 1965 vs, 1910 vs, 1597 w, 1258 w, 1161 w, 1030 w, 845 w, 663 m, 663
m cm�1; UV/Vis (THF): 	 (
)� 326 (2477); MS (EI): m/z (%): 499.9 (100)
[M�], 416 (90) [M�� 3CO]; elemental analysis calcd (%) for
C21H14Mn2N2O6 (500.22): C 50.42, H 2.82, N 5.60; found: C 50.29, H 2.93,
N 5.64.

Compound K�1�: A solution of 4 (0.29 g, 0.58 mmol) in THF (200 mL) was
irradiated by means of a high-pressure mercury lamp in a quartz apparatus
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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 irradi-
ation). After the mixture had been warmed to room temperature, KOtBu
(0.65 g, 0.58 mmol) was added and the reaction mixture was left stirring for
1 h. All volatile material was then removed under vacuum and the red
residue was 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�1� ¥ 0.9THF (yield: 0.18 g, 0.37 mmol, 63.7%). IR (KBr): �� �
1911 vs, 1885 m, 1844 vs cm�1; IR (THF): �� � 1916 vs, 1891 m, 1849 vs cm�1;
UV/Vis (THF): 	max(
)� 400 nm (460); MS (FAB) m/z (%): 482 (10) [M�],
443 (20) [M��K], 387 (45) [M��K� 2CO], 345; 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.

Compound 1: A solution of 4 (0.22 g, 0.43 mmol) was irradiated as
described above. After the mixture had been warmed to room temperature,
KOtBu (0.05 g, 0.43 mmol) was added and the reaction mixture stirred for
1 h. All volatile material was evaporated under reduced pressure and the
residue washed with light petroleum and then taken up in THF (50 mL).
AgBF4 (0.08 g, 0.40 mmol) was added in one portion. After 1 h, all solid
material was filtered off and the solvent was removed under vacuum. The
remaining red solid was redissolved in CH2Cl2 and filtered again to remove
any KBF4. Finally, the solvent was evaporated to yield the product 1. IR
(KBr): �� � 2025 s, 1954 vs, 1896 s, 1821 vs cm�1; IR (THF): �� � 2027 vs, 1952
vs, 1899 s, 1827 vs cm�1; UV/Vis (THF): 	max(
): 288 (7298), 412 (1864),
468 nm (2236).

Calculation details : The DFT calculations were carried out with the B3LYP
method[49] by using a single extended all-electron basis set. For Mn we
chose Wachters (14s, 9p, 5d) basis[50] augmented with one 4f polarization
function. The standard 6 ± 311G* basis was used for the remaining atoms.[51]

The doublet and triplet states were calculated with the UHF procedure.
Geometry optimization was carried out by using analytical gradient
procedures. The presented structures correspond to fully converged
geometries with gradients and displacements below the thresholds
implemented in Gaussian 98. Vibrational frequencies were obtained from
analytic calculation of the Hessian matrices. The calculated frequencies
were scaled by a factor 0.95. Vertical excitation energies were studied by
using the TD-DFT method with the same functionals and basis sets as
described above. The calculations have been carried out with the Gaussian
98 program.[52] For graphical displays we have used the MOLEK 9000[53]

and MOLDEN[54] programs.

X-ray crystallography : Crystal structure of 4 (C21H14Mn2N2O6,Mr� 500.2):
triclinic, P1≈, a� 7.537(2), b� 11.919(2), c� 12.383(3) ä, �� 72.59(3), ��
72.49(3), �� 82.75(3), V� 1012(2) ä3, Z� 2, �calcd� 1.642 gcm�3,
�(MoK�)� 1.29mm�1, 2max� 55.0�, 4574 independent reflections (Rint�
0.023), 3583 observed [I� 2�(I)], 336 parameters; final R1 [I� 2�(I)]�
0.036, wR2 (all data)� 0.087, goodness of fit on F 2� 1.028, largest
difference peak �0.31/� 0.52 eA√  �3. Crystal structure of [K�1�]4 ¥ 3.6THF
(C76H52K4Mn8N8O16 ¥ 3.6THF, Mr� 2188.8): monoclinic, P21/c, a�
23.071(5), b� 25.404(5), c� 15.501(3) ä, �� 91.14(3), V� 9083(3) ä3,
Z� 4, �calcd� 1.601 gcm�3, �(MoK�)� 1.33mm�1, 2max� 55.0�, 20751 inde-
pendent reflections (Rint� 0.093), 12009 observed [I� 2�(I)], 1192 param-
eters; final R1[I� 2�(I)]� 0.076, wR2 (all data)� 0.127, goodness of fit on
F 2� 1.020, largest difference peak �0.73/� 0.48 eä�3. Data were collected
on a Nonius Kappa CCD diffractometer at 200 K by using MoK� radiation
(	� 0.71073 ä). Non-hydrogen atoms were refined in anisotropic models.
Hydrogen atoms were placed at calculated positions and allowed to ride on
the atoms they are attached to. The structure was solved by direct methods
with the SHELXS-97 and refined with the SHELXL-97 programs.[55]

CCDC-162376 (4) and CCDC-162374 ([K�1�]4) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44) 1223-336-033; or deposit@ccdc.cam. uk).
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