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Homo- and heteropolymetallic 3-(2-pyridyl)-
pyrazolate manganese and rhenium complexesQ1 †

Marta Arroyo,a Patricia Gómez-Iglesias,a Noelia Antón,a Raúl García-Rodríguez,a

Elisabete C. B. A. Alegria,b,c Armando J. L. Pombeiro,b Daniel Miguela and
Fernando VillafañeQ2 *a

fac-[MBr(CO)3(pypzH)] (M = Mn, Re; pypzH = (3-(2-pyridyl)pyrazole) complexes are prepared from fac-

[MBr(CO)3(NCMe)2] and pypzH. The result of their deprotonation depends on the metallic substrate: the

rhenium complex affords cleanly the bimetallic compound [fac-{Re(CO)3(µ
2-pypz)}]2 (µ

2-pypz = µ2-3-(2-

pyridyl-κ1N)pyrazolate-2κ1N), which was crystallographically characterized, whereas a similar manganese

complex was not detected. When two equivalents of pyridylpyrazolate are used, polymetallic species

[fac-M(CO)3(µ
2-pypz)(µ3-pypz)M’] (µ3-pypz = µ3-3-(2-pyridyl-κ1N)pyrazolate-1κ2N,N:2κ1N:; M = Mn, M’ =

Li, Na, K; M = Re, M’ = Na) are obtained. The crystal structures of the manganese carbonylate complexes

were determined. The lithium complex is a monomer containing one manganese and one lithium atom,

whereas the sodium and potassium complexes are dimers and reveal an unprecedented coordination

mode for the bridging 3-(2-pyridyl)pyrazolate ligand, where the nitrogen of the pyridyl fragment and

the nitrogen-1 of pyrazolate are chelated to manganese atoms, and each nitrogen-2 of pyrazolate is

coordinated to two alkaline atoms. The polymetallic carbonylate complexes are unstable in solution

and evolve spontaneously to [fac-{Re(CO)3(µ
2-pypz)}]2 or to the trimetallic paramagnetic species

[MnII(µ2-pypz)2{fac-{MnI(CO)3(µ
2-pypz)}2}]. The related complex cis-[MnCl2(pypzH)2] was also syn-

thesized and structurally characterized. The electrochemical behavior of the new homo- and heteropoly-

metallic 3-(2-pyridyl)pyrazolate complexes has been studied and details of their redox properties are

reported.

Introduction

The 3-(2-pyridyl)pyrazole (pypzH) ligand has been extensively
used as a bidentate ligand similar to 2,2′-bipyridyl (Fig. 1a),
and its complexes have found a wide variety of applications,
from catalysis1 to photophysical properties,2 information pro-
cessing or host–guest chemistry.3 The first complex containing
bridging 3-(2-pyridyl)pyrazolate after deprotonation and
coordination to a second metallic center (Fig. 1b) was obtained
in 1996,4 and since then a broad diversity of examples of this
type of homopolymetallic complexes have been described.3–5

In contrast, there seems to be only a couple of examples of
heterobimetallic complexes (Fig. 1c), although they present

promising features, such as the self-assembly of supramole-
cules with helical structures or the design of “light-controlled
ion switches”.6

As part of our studies on the chemistry of group 7 pyrazolyl-
amidino complexes,7 we decided to explore the coordination
of the 3-(2-pyridyl)pyrazole ligand to these metals. A similar
study on group 6 metals has given rise to new bimetallic allyl-
dicarbonylmolybdenum(II) complexes with a marked connec-
tion between both metallic centres through the bridging
pyridylpyrazolates.8 Herein we study their synthesis and reac-
tivity towards bases, which has allowed us to obtain new
polymetallic homo- and heteronuclear 3-(2-pyridyl)pyrazolate
complexes. Polynuclear manganese complexes in various oxi-
dation states are gaining interest due to their novel magnetic

Fig. 1 3-(2-Pyridyl)pyrazole and 3-(2-pyridyl)pyrazolate coordination
modes.
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properties, related to the single-molecule-magnetic behavior
and associated quantum properties.9

Results and discussion
Synthesis and characterization of the Mn(I) and Re(I)
complexes

The complexes fac-[MBr(CO)3(pypzH)], M = Mn (1a), Re (1b),
were prepared in high yield from the reactions of fac-[MBr-
(CO)3(NCMe)2] with pypzH in a 1 : 1 ratio, and were analytically
and spectroscopically characterized (see the Experimental
section).

As indicated above, the deprotonation of a pypzH ligand
may lead to obtainment of polymetallic complexes; therefore
1a and 1b were treated with a MeOH solution of NaOMe.

When using the manganese complex 1a, the expected
bimetallic complex, coming from the deprotonation of pypzH
and elimination of the bromido ligand, giving a bridging 3-(2-
pyridyl)pyrazolate, could not be detected in solution. This is
the expected result of this process, and in fact it is produced
when the rhenium complex 1b is used as the starting material
(vide infra). However, for manganese the reaction mixture
evolves to the tetrametallic complex [{fac-Mn(CO)3(µ

2-pypz)-
(µ3-pypz)Na}2], Na-3a (Scheme 1), which could be crystallogra-
phically characterized (Fig. 2 and Table 1). Although the
Mn/pypzH ratio used is 1/1, in Na-3a the Mn/pypzH ratio is
1/2; therefore it is a decomposition product. Thus, Na-3a was
synthesized selectively by treating fac-[MnBr(CO)3(NCMe)2]
with two equivalents of sodium pyridylpyrazolate, which
afforded Na-3a in a 73% yield (Scheme 1).

The crystal structure of Na-3a was shown to be a dimer of
the monomer “fac-MnI(CO)3(µ

2-pypz)(µ3-pypz)Na”. There are
two different types of bridging pyridylpyrazolate: one is chelat-
ing sodium and the second is chelating manganese. The first
one adopts the expected heterobimetallic bridging coordi-
nation mode, that is, that shown in Fig. 1c. Surprisingly, in the
bridging pyridylpyrazolate chelating manganese, the nitrogen
previously protonated is not coordinated to one metal center,
as usual, but to two metallic atoms, two sodiums in this case
(IV in Fig. 3). We have not been able to find any precedent of
this type of coordination where a pyridylpyrazolate is bridging
to three metals, which contrasts with that usually found, bridg-
ing to two metals (III in Fig. 3). Similar bridging of pyrazolate
to three metals (II in Fig. 3) has already been described.10 It
should be noted that this type of bridging is indicative of some
type of electronic deficiency. Sodiums are bonded to a chelat-
ing pyridylpyrazolate ligand, and to two pyrazolyl moieties,
whereas a non-bonding interaction with the nearby oxygen
atom of one carbonyl completes the 5-coordinated environ-
ment. The coordination of sodium to a pyridylpyrazolate is
also unprecedented. There is a report on bridging pyrazolates
in a manganese–sodium polymetallic complex, where the
Na–N distances are similar to those found in Na-3a.11 The
aromatic rings in the pyridylpyrazolate are not coplanar, the
dihedral angles being 6° for those chelating manganese and
13° for those chelating sodium.

The formation of Na-3a leads us to consider whether this
unexpected tetranuclear structure is the result of a sodium
template effect, and therefore to determine whether similar
results might be obtained by using (a) other alkali metal ions
and (b) rhenium instead of manganese.

The second point is discussed below. In order to answer the
first of these points, similar reactions were carried out treatingScheme 1

Fig. 2 Perspective view of [{fac-Mn(CO)3(µ
2-pypz)(µ3-pypz)Na}2], Na-

3a, showing the atom numbering. Ellipsoids are drawn at 30%
probability.
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1a with LiOMe or KOMe, which afforded Li-3a and K-3a in
70% and 76% yields respectively (Scheme 1). Both could be
crystallographically characterized (Fig. 4 and Table 1).12 The
structure of K-3a is discussed first, given its analogy with that
of Na-3a.

The crystal structure of K-3a (Fig. 4, bottom) is also a dimer
of the monomer “fac-MnI(CO)3(µ

2-pypz)(µ3-pypz)K”, and again
two different types of bridging pyridylpyrazolate (chelating
sodium and chelating manganese) are found. As for Na-3a, the
nitrogen previously protonated of the second is coordinated to
two potassiums (IV in Fig. 3). Opposite to Na-3a where the
fifth coordination position of sodium was occupied by an
oxygen atom of one of the carbonyls, in K-3a an oxygen atom
of a THF molecule is coordinated to potassium, whereas the
oxygen of the nearest carbonyl is at 3.249(9) Å, too far to con-
sider any interaction. As expected, the distances and angles of
the manganese fragment are quite similar in both structures,
whereas those where the alkali atom is involved are larger for
K-3a (Table 1). The dihedral angles of the aromatic rings in the

Table 1 Selected distances (Å) and angles (°) for [fac-Mn(CO)3(pypz)-
(µ2-pypz)Li(OH2)(THF)], Li-3a, [{fac-Mn(CO)3(µ

2-pypz)(µ3-pypz)Na}2],
Na-3a, and [{fac-Mn(CO)3(µ

2-pypz)(µ3-pypz)K(THF)}2], K-3a

Li-3a Na-3a K-3a

Mn(1)–C(1) 1.795(4) 1.774(3) 1.807(12)
Mn(1)–C(2) 1.805(4) 1.811(3) 1.782(10)
Mn(1)–C(3) 1.788(4) 1.793(3) 1.766(13)
Mn(1)–N(1) 2.082(3) 2.075(2) 2.059(8)
Mn(1)–N(2) 2.002(3) 2.010(2) 2.009(7)
Mn(1)–N(6) 2.051(3) 2.038(2) 2.037(8)
C(1)–O(1) 1.141(4) 1.157(3) 1.141(11)
C(2)–O(2) 1.133(4) 1.141(3) 1.163(10)
C(3)–O(3) 1.140(4) 1.140(3) 1.138(11)
N(3)–M′ 2.657(2) 2.857(8)
N(3A)–M′ 2.439(2) 2.823(9)
N(4)–M′ 2.090(7) 2.461(2) 2.789(10)
N(5)–M′ 2.030(7) 2.329(2) 2.709(8)
M′–O(1A) 2.890(3) 3.249(9)
Li–O(50) 1.864(8)
M′–O(40) 1.982(8) 2.789(9)
C(1)–Mn(1)–C(2) 91.78(16) 91.22(12) 90.0(4)
C(1)–Mn(1)–C(3) 88.90(17) 86.66(13) 89.9(5)
C(2)–Mn(1)–C(3) 88.26(19) 92.96(13) 90.2(5)
C(1)–Mn(1)–N(1) 171.81(15) 172.32(10) 170.3(3)
C(2)–Mn(1)–N(1) 95.01(15) 96.21(11) 98.1(4)
C(3)–Mn(1)–N(1) 95.88(14) 91.03(13) 95.4(4)
C(1)–Mn(1)–N(2) 95.08(14) 94.06(10) 94.5(4)
C(2)–Mn(1)–N(2) 173.11(14) 174.65(11) 175.5(4)
C(3)–Mn(1)–N(2) 91.26(16) 88.16(11) 89.0(4)
C(1)–Mn(1)–N(6) 89.64(13) 94.55(10) 94.5(4)
C(2)–Mn(1)–N(6) 91.35(14) 91.61(10) 90.5(4)
C(3)–Mn(1)–N(6) 178.48(14) 175.25(12) 178.9(4)
N(1)–Mn(1)–N(2) 78.20(12) 78.53(8) 77.5(3)
N(1)–Mn(1)–N(6) 85.62(10) 87.18(8) 85.3(3)
N(6)–Mn(1)–N(2) 89.30(11) 87.17(8) 90.4(3)
N(4)–M′–N(3) 156.54(8) 146.1(3)
N(5)–M′–N(4) 82.4(3) 71.17(7) 63.0(3)
N(5)–M′–N(3A) 119.20(8) 106.6(2)
N(3A)–M′–N(4) 103.43(8) 96.6(3)
N(5)–M′–N(3) 91.52(7) 83.8(2)
N(3)–M′–N(3A) 98.80(7) 85.7(2)
M′–N(3)–M′(A) 81.20(7) 94.3(2)
N(4)–Li–O(40) 98.6(3)
N(4)–Li–O(50) 120.9(4)
N(5)–Li–O(40) 118.1(4)
N(5)–Li–O(50) 118.1(4)

Fig. 3 Pyrazolate and 3-(2-pyridyl)pyrazolate coordination modes.

Fig. 4 Perspective views of [fac-Mn(CO)3(pypz)(µ
2-pypz)Li(OH2)(THF)],

Li-3a, and [{fac-Mn(CO)3(µ
2-pypz)(µ3-pypz)K(THF)}2], K-3a, showing the

atom numbering. Ellipsoids are drawn at 30% probability. Only the
oxygen donor atoms of the coordinated THF molecules are shown
(O40); their hydrocarbon chains have been omitted for clarity.
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pyridylpyrazolate (5° for those chelating manganese and 12°
for those chelating sodium) are also very similar to those
found for Na-3a.

The crystal structure of Li-3a (Fig. 4, up) is a monomer,
where the pyridylpyrazolate chelating manganese is only co-
ordinated to manganese and therefore is not a bridging
ligand. This is very surprising for a chelating pyridylpyrazolate,
as we have found only one precedent in the literature of this
type of coordination.13 The pyridylpyrazolate chelating to
lithium is a “typical” bridging pyridylpyrazolate (III in Fig. 3).
The lithium coordination is a distorted tetrahedron where the
other two coordination positions are occupied by the oxygen
atoms of a molecule of THF and of a molecule of water.14

Again the distances and angles of the manganese fragment are
quite similar to those found in the other structures above,
whereas those where the alkali atom is involved are shorter for
Li-3a (Table 1). Again the aromatic rings in the pyridylpyrazo-
late are not coplanar; in this case both dihedral angles are
similar (5° for that chelating manganese and 6° for that chelat-
ing lithium). The higher coplanarity of the rings in the bridg-
ing pyridylpyrazolate chelating lithium might be related to the
lower steric requirements of the molecule.

The size of the alkali metal atoms allows an immediate
interpretation of the crystal structures of the Li, Na and K salts
of 3a. Thus, the smaller lithium is tetracoordinated by both
nitrogen atoms of a chelating pyridylpyrazolate and by two
oxygen atoms of THF and water. However, sodium and potass-
ium require a fifth donor atom to achieve pentacoordination.
For sodium, a short contact with an oxygen atom of one of the
carbonyls of the molecule seems to be enough to stabilize the
structure, whereas the larger potassium requires the coordi-
nation of a more steric demanding molecule of THF. We have
found very scarce reports on comparative structural studies of
alkali metal compounds.15

For rhenium, the result of the deprotonation of the pypzH
complex 1b when treated with a MeOH solution of NaOMe is
straightforward. In this case the product was the binuclear
complex [fac-{Re(CO)3(µ

2-pypz)}]2, 2b (Scheme 2), as a result of

the deprotonation of pypzH, which occurs with elimination of
the bromido ligand, so the 3-(2-pyridyl)pyrazolate coordinates
as a bridging ligand. Compound 2b could be crystallographi-
cally characterized (Fig. 5 and Table 2).

The molecule is centrosymmetric and contains two “fac-
[Re(CO)3(pypz)]” moieties, where the “sixth” coordination posi-
tion is occupied by the deprotonated nitrogen of the pyrazole,
which chelates to the other rhenium atom. The octahedral
geometry around the metal centers is clearly distorted, as
shown by the trans [C(1)–Re(1)–N(1) 176.1(5); C(2)–Re(1)–N(2)
165.3(4); C(3)–Re(1)–N(3A) 172.2(5)] and cis OC–Re–N (from
72.4(3)° to 111.5(4)°) angles. The pyrazolate and pyridyl rings
are not coplanar, their dihedral angle being 20°. The distancesScheme 2

Fig. 5 Perspective view of [fac-{Re(CO)3(µ
2-pypz)}]2, 2b, showing the

atom numbering. Ellipsoids are drawn at 30% probability.

Table 2 Selected distances (Å) and angles (°) for [fac-{Re(CO)3-
(µ2-pypz)}]2, 2b

Re(1)–C(1) 1.931(13)
Re(1)–C(2) 1.87(2)
Re(1)–C(3) 1.917(12)
Re(1)–N(1) 2.227(9)
Re(1)–N(2) 2.217(9)
Re(1)–N(3A) 2.149(8)
C(1)–O(1) 1.147(13)
C(2)–O(2) 1.198(18)
C(3)–O(3) 1.143(13)
C(1)–Re(1)–C(2) 82.1(5)
C(1)–Re(1)–C(3) 91.4(5)
C(2)–Re(1)–C(3) 88.5(6)
C(1)–Re(1)–N(1) 176.1(5)
C(2)–Re(1)–N(1) 94.1(5)
C(3)–Re(1)–N(1) 87.9(4)
C(1)–Re(1)–N(2) 111.5(4)
C(2)–Re(1)–N(2) 165.3(4)
C(3)–Re(1)–N(2) 96.4(4)
C(1)–Re(1)–N(3A) 86.9(4)
C(2)–Re(1)–N(3A) 98.8(5)
C(3)–Re(1)–N(3A) 172.2(5)
N(2)–Re(1)–N(3A) 77.2(3)
N(1)–Re(1)–N(2) 72.4(3)
N(1)–Re(1)–N(3A) 94.3(3)
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and angles are similar to those found in the bimetallic
rhenium complex [{(Re(CO)3}2TPP] where TPP = meso-tetra-
phenilporphyrine.16 The distance between both rhenium
atoms (3.977 Å) is too long to consider any interaction between
them. An electrochemical study was carried out on 2b (vide
infra) in order to determine whether both metallic atoms may
be connected by any electronic interaction.

As indicated above, the second point to consider after the
formation of the sodium–manganese heterometallic com-
pound Na-3a was whether rhenium could afford similar
species. The deprotonation of the rhenium complex 1b led
cleanly to the expected dinuclear complex 2b, whereas the
similar reaction with manganese did not afford the corres-
ponding bimetallic complex, which was not detected, but the
heteronuclear complexes 3a, where the Mn/pypz ratio is 1/2.17

This led us to explore the behavior of the [fac-Re(CO)3]
+ moiety

when treated with two equivalents of Napypz. This reaction
afforded a complex similar to 3a, which is tentatively formu-
lated as [{fac-Re(CO)3(µ

2-pypz)(µ-pypz)Na}n], 3b (Scheme 2),
since we were unable to obtain suitable monocrystals to
perform an X-ray diffraction study. However, all the spectro-
scopic data are very similar to those of complexes 3a, and
analytical data (see the Experimental section) also support this
proposal.

Synthesis and characterization of the Mn(II) complexes

The attempts to obtain crystals from the solutions of 3b were
complicated by its tendency to afford again 2b, by the loss of
one equivalent of Napypz (Scheme 2). Instead, the solutions of
Na-3a evolve into the trimetallic complex [MnII(µ2-pypz)2{fac-
{MnI(CO)3(µ

2-pypz)}2}], 4a, probably due to the presence of
traces of oxygen, as one of the manganese atoms in this mole-
cule is formally Mn(II) (Scheme 1). A selective synthesis of 4a
was attempted by treating Na-3a with different sources of
Mn(II) such as Mn(BF4)2 or MnCl2, but these reactions afforded
complex mixtures which could not be characterized. The
paramagnetism of 4a precluded its characterization by NMR.
Fortunately it crystallized as yellow needles and an X-ray deter-
mination could be carried out (Fig. 6, Table 3).18

Compound 4a is a trimetallic molecule formed by a central
“MnII(µ2-pypz)2” core, surrounded by two terminal “fac-
{MnI(CO)3(µ

2-pypz)}” moieties. The sixth coordination position
of each terminal unit is occupied by a nitrogen atom of a brid-
ging pyridylpyrazolate, which chelates the central manganese.
Two chelated pyridylpyrazolates are coordinated to this central
manganese, the other two positions being occupied by two
nitrogen atoms, from each pyridylpyrazolate which chelates
the terminal manganese atoms. Therefore, the structure allows
to label the terminal manganese atoms as manganese(I), and
the central metal atom as manganese(II).

The octahedral geometry of the terminal moieties is only
slightly distorted, and their distances and angles are very
similar. However, the octahedral geometry of the central
manganese is severely distorted, as deduced from the trans
N–Mn–N angles: N(3)–Mn(3)–N(7) 163.52(11)°, N(6)–Mn(3)–
N(10) 163.16(11)°, and N(8)–Mn(3)–N(11) 152.43(11)°. The cis
N–Mn–N angles are in the range 72.66(10)°–107.52(11)°. The
dihedral angles of the pyridylpyrazolate chelating the central
manganese (17° and 13°) are also larger than those found in
those chelating the terminal units (6° and 7°).

A wide variety of cis-[Mn(N–N)2X2] (N–N: chelating N-donor
ligand, X: halogen or pseudohalogen) have been described.19

If the two nitrogen atoms coordinated to the central
Fig. 6 Perspective view of [Mn(µ2-pypz)2{fac-{Mn(CO)3(µ

2-pypz)}2}], 4a,
showing the atom numbering. Ellipsoids are drawn at 30% probability.

Table 3 Selected distances (Å) and angles (°) for [Mn(µ2-pypz)2{fac-{Mn
(CO)3(µ

2-pypz)}2}], 4a
17

Mn(1)–C(1) 1.800(5)
Mn(1)–C(2) 1.800(4)
Mn(1)–C(3) 1.813(5)
Mn(1)–N(1) 2.087(3)
Mn(1)–N(2) 2.027(3)
Mn(1)–N(9) 2.051(3)
C(1)–O(1) 1.146(4)
C(2)–O(2) 1.147(4)
C(3)–O(3) 1.147(4)
Mn(3)–N(3) 2.257(3)
Mn(3)–N(8) 2.214(3)
Mn(3)–N(10) 2.331(3)
Mn(3)–N(11) 2.217(3)
C(1)–Mn(1)–C(2) 89.25(18)
C(1)–Mn(1)–C(3) 87.72(17)
C(2)–Mn(1)–C(3) 87.65(18)
C(1)–Mn(1)–N(1) 172.90(15)
C(2)–Mn(1)–N(1) 97.17(16)
C(3)–Mn(1)–N(1) 89.52(15)
C(1)–Mn(1)–N(2) 96.05(15)
C(2)–Mn(1)–N(2) 173.18(16)
C(3)–Mn(1)–N(2) 96.83(14)
C(1)–Mn(1)–N(9) 91.64(15)
C(2)–Mn(1)–N(9) 89.74(15)
C(3)–Mn(1)–N(9) 177.31(15)
N(2)–Mn(1)–N(9) 85.83(11)
N(1)–Mn(1)–N(2) 77.79(12)
N(1)–Mn(1)–N(9) 91.42(11)
N(8)–Mn(3)–N(11) 152.43(11)
N(8)–Mn(3)–N(3) 94.59(11)
N(11)–Mn(3)–N(3) 103.51(11)
N(8)–Mn(3)–N(6) 99.32(11)
N(11)–Mn(3)–N(6) 94.89(11)
N(3)–Mn(3)–N(6) 107.52(11)
N(8)–Mn(3)–N(10) 87.28(11)
N(11)–Mn(3)–N(10) 73.23(11)
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manganese, which belong to the pyridylpyrazolate chelated to
the terminal moieties in 4a, were substituted by two halides or
pseudohalides, a similar complex cis-[Mn(pypzH)2X2] would be
obtained. Therefore, we decided to synthesize this complex
which, on the other hand, could be also an appropriate pre-
cursor to design a logical synthesis for the trimetallic complex
4a (see below). Thus, the reaction of MnCl2·4H2O with two
equivalents of pypzH in refluxing methanol led to cis-
[MnCl2(pypzH)2], 5a, as a white solid. The crystal structure of
5a is depicted in Fig. 7, and Table 4 presents relevant distances
and angles.

The geometry of 5a shows distances and angles quite
similar to those found in the central manganese of the tri-
metallic complex 4a. Only the Cl–Mn–Cl angle (Cl(1)–Mn(1)–Cl(2)
98.22(4)°) in 5a slightly differs from the corresponding N–Mn–
N in 4a (N(3)–Mn(3)–N(6) 107.52(11)°). The dihedral angles of
the pyridylpyrazole in 5a are also smaller (5° and 3°) than
those found for the bridging pyridylpyrazolate in 4a (17° and 13°).
This is a well known feature also found when comparing

chelating pyridylpyrazole and bridging pyridylpyrazolate.8 The
geometry of 5a is also similar to those found for cis-[Mn(N–
N)2X2] complexes.19

As indicated above, 5a could be a precursor for the trimetal-
lic species 4a, if the chloride ligands were substituted by
anionic “fac-{Mn(CO)3(µ

2-pypz)}” fragments, after deprotonat-
ing also the pyridylpyrazole ligands. However, all the attempts
made in this direction were unsuccessful.

Electrochemical behavior

The mononuclear ReI fac-[ReBr(CO)3(pypzH)] (1b), binuclear
[fac-{Re(CO)3(µ

2-pypz)}]2 (2b) and heterometallic [{fac-Re-
(CO)3(μ2-pypz)(μ-pypz)Na}n] (3b) complexes exhibit, by cyclic
voltammetry (CV) (at 200 mV s−1) at a platinum electrode and
in 0.2 M [nBu4N][BF4]–THF, a first single-electron (for 1b) or
two-electron (CPE) (for 2b and 3b, i.e. one-electron/Re) irrevers-
ible (in the 0.05–4 V s−1 scan rate range tested) oxidation wave
(wave Iox) at IEoxp = 1.61, 1.12 or 0.97 V vs. SCE, for 1b–3b,
respectively, assigned to the ReI → ReII oxidation process (in
the cases of 2b and 3b, of the two ReI centres) (Fig. 8, for 3b).

A second irreversible oxidation process (wave IIox) is
observed for 2b and 3b at a higher potential value (IIEoxp = 1.49
or 1.30 V vs. SCE, for 2b and 3b, respectively), conceivably due
to the ReII → ReIII oxidation. The irreversibility of these oxi-
dation waves (Iox and IIox) indicates the instability of the result-
ing cationic Re complexes. Moreover, for all three ReI

complexes 1b–3b, an irreversible cathodic process is observed
(wave Ired) at −1.74, −0.91 or −1.03 V vs. SCE, respectively.

The observation of a single oxidation wave, for the ReI →
ReII process, in 2b (instead of two distinct waves) is indicative
of no significant electronic communication between the two
ReI metal centres, through the two bridging pyridylpyrazolates.

According to the literature data for other ReI tricarbonyls
with N-heterocyclic ligands, the first oxidation potential of 1b
(IEoxp = 1.61 V vs. SCE in THF) is only slightly higher than those
reported, for the same anodic process (ReI → ReII), for [ReX-
(CO)3L] (X = halide; L = unsymmetrical bidentate iminopyri-
dine ligand),20 for the series fac-[ReCl(CO)3(pytri-R)] [pytri-R =

Table 4 Selected distances (Å) and angles (°) for cis-[MnCl2(pypzH)2],
5a

Mn(1)–N(1) 2.347(3)
Mn(1)–N(2) 2.245(3)
Mn(1)–N(4) 2.324(3)
Mn(1)–N(5) 2.231(3)
Mn(1)–Cl(1) 2.4634(12)
Mn(1)–Cl(2) 2.4640(12)
N(5)–Mn(1)–N(2) 163.16(12)
N(5)–Mn(1)–N(4) 70.57(12)
N(2)–Mn(1)–N(4) 98.44(12)
N(5)–Mn(1)–N(1) 95.78(12)
N(2)–Mn(1)–N(1) 70.33(11)
N(4)–Mn(1)–N(1) 86.91(12)
N(5)–Mn(1)–Cl(1) 104.09(9)
N(2)–Mn(1)–Cl(1) 89.12(8)
N(4)–Mn(1)–Cl(1) 94.34(9)
N(1)–Mn(1)–Cl(1) 159.34(8)
N(5)–Mn(1)–Cl(2) 87.27(9)
N(2)–Mn(1)–Cl(2) 101.33(9)
N(4)–Mn(1)–Cl(2) 156.67(9)
N(1)–Mn(1)–Cl(2) 88.21(9)
Cl(1)–Mn(1)–Cl(2) 98.19(4)

Fig. 7 Perspective view of cis-[MnCl2(pypzH)2], 5a, showing the atom
numbering. Ellipsoids are drawn at 30% probability.

Fig. 8 Cyclic voltammogram of [{fac-Re(CO)3(μ2-pypz)(μ-pypz)Na}n]
(3b) (1.3 mM) (starting with the anodic scan), at a Pt electrode, in 0.2 M
[nBu4N][BF4]–THF solution (v = 0.2 V s−1).
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2-(1-R-1H-1,2,3-triazol-4-yl)pyridine], or for fac-[ReCl(CO)3-
(py(CH2)tri-R)][py(CH2)tri-R = {(4-R-1H-1,2,3-triazol-1-yl)methyl}-
pyridine].21 It is significantly higher than those for fac-[ReX-
(CO)3L] (X = halide; L = diimine),22 fac-[ReX(CO)3(L

1/L2)] (X = Cl
or Br; L1/L2 = 1-alkyl-2-((o-thiomethyl)phenylazo)imidazole,23

or fac-[ReBr(CO)3{H(pzAnMe)}] [H(pzAnMe) = 2-(pyrazolyl)-
4-toluidine].24 The potential values reflect the electron-donor
abilities of these N,N-ligands,25 which thus can be ordered as
follows: 1-alkyl-2-((o-thiomethyl)phenylazo)imidazole23 >
2-(pyrazolyl)-4-toluidine24 > diimine22 > 2-(1-R-1H-1,2,3-triazol-
4-yl)pyridine and {(4-R-1H-1,2,3-triazol-1-yl)methyl}pyridine21 >
(3-(2-pyridyl)pyrazole) [our work].

The lower oxidation potential of the binuclear complex [fac-
{Re(CO)3(μ2-pypz)}]2 (2b) or the bimetallic [{fac-Re(CO)3-
(μ2-pypz)(μ-pypz)Na}n] (3b) (1.12 or 0.97 V vs. SCE, in THF, for
2b and 3b, respectively) in comparison with that of the parent
mononuclear fac-[ReBr(CO)3(pypzH)] (1b) (1.61 V vs. SCE, in
THF), reflects the stronger electron-donor character of the
ligands in 2b or 3b (two µ2-pypz), for each metal center, rela-
tive to those in 1b (Br− + pypzH). In terms of the electrochemi-
cal Lever EL parameter24 (the lower this value, the stronger is
the ligand electron-donor character) one can conclude that the
sums of EL values for the two µ2-pypz ligands (in 2b and 3b)
are lower than those of Br− + bidentade pypzH (in 1b).

The monomeric manganese(I) fac-[MnBr(CO)3(pypzH)] 1a
exhibits two irreversible oxidation waves (Iox and IIox) at 1.22
and 1.52 V vs. SCE (at 200 mV s−1) assigned to the MnI → MnII

and MnII → MnIII oxidations, similarly to the case of the ana-
logous ReI complex 1b.

Complex 1a also shows a reduction wave at Eredp = −1.56 V
vs. SCE (Ired, Fig. 9). Moreover, upon scan reversal after the
reduction wave, a new irreversible oxidation process is detected
at Eoxp of ca. 0.8 V vs. SCE (Fig. 9). This new wave conceivably
concerns the oxidation of the bromide ion liberated upon

reduction. The involvement of the bromide ion is supported
by the independently measured values (IEoxp = 0.9 and IIEoxp =
1.3 V vs. SCE) of the irreversible oxidation waves of tetrabutyl-
ammonium bromide under the same experimental conditions
(the second wave is buried under the oxidation wave of the
complex). Moreover, this is confirmed by the increase of the
current intensity of this new wave and of the oxidation wave of
1a (which overlaps with the second oxidation wave of Br−),
upon addition of [nBu4N]Br to the CV solution.

The complexes [{fac-Mn(CO)3(μ2-pypz)(μ3-pypz)M′}n] [M′ =
Li, Li-3a, n = 1; Na, Na-3a, n = 2, and K, K-3a, n = 2] exhibit, by
CV, two single-electron irreversible oxidation waves, the first
one (wave Iox) at potential values in the range of 0.62–0.8 V vs.
SCE (Table 5), followed by the second one (wave IIox) at higher
potential values (1.02–1.4 V vs. SCE) (Table 5). Moreover, for
complexes Na-3a and K-3a a third irreversible oxidation wave is
observed at IIIEoxp = 1.47 and 1.39 V vs. SCE, respectively. No
clear reduction waves were detected for these Mn complexes.

The above manganese(I) complexes 1a and Na-3a are oxi-
dized at lower potentials (by ca. 0.35–0.4 V) than the analogous
rhenium(I) complexes (1b and 3b, respectively). This is in
accordance with the relative behavior reported for other
rhenium(I) and manganese(I) complexes, namely fac-[MBr-
(CO)3{H(pzAnMe)}] [M = Mn, Re; H(pzAnMe) = 2-(pyrazolyl)-
4-toluidine].24

The paramagnetic mixed-valence MnI/MnII complex 4a exhi-
bits by CV a first reversible two-electron oxidation (wave Iox)
at IEox1/2 = 0.90 V vs. SCE, attributed to the MnI → MnII oxidation
processes of both MnI metal centres, followed, at a higher
potential value, by a second irreversible oxidation (wave IIox) at
IIEoxp = 1.36 V vs. SCE, conceivable due to MnII → MnIII oxi-
dation. The paramagnetic mononuclear MnII dichlorocomplex
5a shows a single-electron reversible oxidation process
(wave Iox) at IEox1/2 = 0.96 V vs. SCE.

Although compound 4a has been synthesised starting from
compound 3a, controlled potential electrolysis at the first oxi-
dation wave of the latter has not led to the former.

Fig. 9 Cyclic voltammograms of fac-[Mn(CO)3Br(pypzH)] (1a) (6.2 mM)
(anodic scan), at a Pt electrode, in 0.2 M [nBu4N][BF4]–THF solution (v =
200 mV s−1). Full line: initiated with the anodic scan. Dotted line:
initiated with the cathodic scan. Inset: extended anodic sweep beyond
the second oxidation wave.

Table 5 Cyclic voltammetric dataa for fac-[MnBr(CO)3(pypzH)] (1a),
[{fac-Mn(CO)3(μ2-pypz)(μ3-pypz)M’}n] [M’ = Li, Li-3a, n = 1; Na, Na-3a,
n = 2, and K, K-3a, n = 2], [{fac-Mn(µ2-pypz)2( fac-{Mn(CO)3(µ

2-pypz)}2}]
(4a), cis-[MnCl2(pypzH)2] (5a), fac-[ReBr(CO)3(pypzH)] (1b), [fac-{Re-
(CO)3(µ

2-pypz)}]2 (2b) [{fac-Re(CO)3(μ2-pypz)(μ-pypz)Na}n] (3b)

Complex IEoxp (IEox1/2)
IIEoxp

IEredp

1b 1.62 — −1.06
2b 1.12 1.49 −0.91
3b 0.97 1.30 −1.03
1a 1.22 1.52 −1.56
Li-3a 0.80 1.40 —
Na-3a 0.62 1.02 —
K-3a 0.62 1.05 —
4a (0.90) 1.36 —
5a (0.96) — —

a Values in V ± 0.02 relative to SCE (see the Experimental section); scan
rate of 200 mV s−1. Values for reversible waves are given in
parentheses.
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Conclusions

The deprotonation of pyridylpyrazole coordinated to bromido-
tricarbonylrhenium is straightforward and gives the corres-
ponding bimetallic complex with a bridging pyridylpyrazolate.
However, the same process with the manganese complex
affords heteropolymetallic complexes where pyridylpyrazolate
bridges manganese and the alkali metal atom. Those with
sodium and potassium are tetrametallic complexes containing
two manganese and two alkali metal atoms and a bridging pyr-
idylpyrazolate ligand with an unprecedented coordination
mode: the nitrogen of the pyridyl fragment and the nitrogen-1
of pyrazolate are chelated to manganese atoms, whereas each
nitrogen-2 of pyrazolate is coordinated to two alkali metal
atoms. On the other hand, the lithium complex is heterobi-
metallic and contains a very uncommon chelating pyridylpyrazo-
late. Hence, the size of the alkali metal atoms determines the
final structure of the heterometallic complexes: lithium is tetra-
coordinated whereas sodium and potassium are pentacoor-
dinated; the larger the metal, the bulkier the ligands
surrounding them. The coordination of transition metals
instead of these alkali metals is currently under investigation.
The heteropolymetallic complexes evolve spontaneously to the
parent homobimetallic pyridylpyrazolate bridging complex in
the case of rhenium, and to a trimanganese paramagnetic
complex (MnIMnIIMnI).

Experimental
General procedures

All manipulations were performed under a N2 atmosphere fol-
lowing conventional Schlenk techniques. Filtrations were
carried out on dry Celite without exclusion of air. Solvents
were purified according to standard procedures.26 fac-[MnBr-
(CO)3(NCMe)2],

7a fac-[ReBr(CO)3(NCMe)2],
27 and 3-(2-pyridyl)

pyrazole28 were obtained as previously described. All other
reagents were obtained from the usual commercial suppliers,
and used as received. Infrared spectra were recorded in a
Perkin-Elmer RX I FT-IR apparatus using 0.2 mm CaF2 cells for
solutions or on KBr pellets for solid samples. NMR spectra
were recorded in Bruker AC-300, ARX-300, or AV-400 in Me2CO-d6
at room temperature (r.t.) unless otherwise stated. NMR
spectra are referred to the internal residual solvent peak for 1H
and 13C{1H} NMR. Assignment of the 1H NMR spectra was sup-
ported by COSY experiments and assignment of 13C{1H} NMR
data was supported by DEPT experiments and relative intensi-
ties of the resonance signals or HSQAD experiments. Elemen-
tal analyses were performed on a Perkin-Elmer 2400B
microanalyzer (Fig. 10Q6 ).

fac-[MnBr(CO)3(pypzH)], 1a. To a recently prepared solution
of fac-[MnBr(CO)3(NCMe)2] (obtained from 0.274 g of [MnBr-
(CO)5], 1 mmol) in CH2Cl2 (30 mL), 3-(2-pyridyl)pyrazole
(0.145 g, 1 mmol) was added. The solution was stirred at r.t.
for 1 h. The yellow solid which precipitated during this time
was decanted, washed with hexane (3 × 5 mL) and dried
in vacuo, yielding 0.322 g (88%). IR (THF, cm−1): 2024 vs, 1935
vs, 1913 vs. IR (KBr, cm−1): 3145 w, 2028 vs, 1933 vs, 1910 vs,
1615 w, 1458 w, 1376 w, 1090 w, 767 m, 685 w, 630 w. 1H NMR:
7.24 (br s, H4 pzH, 1 H), 7.58 (m, H5 py, 1 H), 8.16 (m, H3 py,
H4 py, and H5 pzH, 3 H), 9.17 (d, J = 4.5 Hz, H6 py, 1 H), 13.75
(br s, NH pzH, 1 H). 13C{1H} NMR: 105.0 (s, C4 pzH), 122.6
(s, C3 py), 125.5 (s, C5 py), 135.4 (s, C5 pzH), 139.7 (s, C4 py), 152.4
(s, C3 pzH or C2 py), 152.6 (s, C3 pzH or C2 py), 154.4 (s, C6 py),
212.6 (s, CO), 223.3 (s, CO), 223.7 (s, CO). Anal. calcd for
C11H7BrMnN3O3: C, 36.29; H, 1.94; N, 11.54. Found: C, 36.58;
H, 1.97; N, 11.54.

fac-[ReBr(CO)3(pypzH)], 1b. 3-(2-Pyridyl)pyrazole (0.029 g,
0.2 mmol) was added to a solution of fac-[ReBr(CO)3(NCMe)2]
(0.086 g, 0.2 mmol) in CH2Cl2 (10 mL). The solution was
stirred at r.t. for 1 h. The pale yellow which precipitated during
this time was decanted, washed with hexane (3 × 3 mL) and
dried in vacuo, yielding 0.081 g (82%). IR (THF, cm−1): 2024 vs,
1935 vs, 1893 vs. IR (KBr, cm–−1): 3146 w, 2022 vs, 1920 vs,
1879 vs, 1613 w, 1432 w, 1373 w, 112 w, 1091 m, 767 m, 644
w. 1H NMR: 7.30 (dd, J = 3, and 2 Hz, H4 pzH, 1 H), 7.62 (ddd,
J = 7.5, 5.5, and 1 Hz, H5 py, 1 H), 8.17 (dd, J = 3, and 1 Hz, H5

pzH, 1 H), 8.21 (ddd, J = 9.5, 7.5, and 1.5 Hz, H4 py, 1 H), 8.29
(dd, J = 9.5, and 1 Hz, H3 py, 1 H), 9.03 (dd, J = 5.5, and 1.5 Hz,
H6 py, 1 H), 13.97 (br s, NH pzH, 1 H). 13C{1H} NMR: 105.7
(s, C4 pzH), 123.4 (s, C3 py), 126.6 (s, C5 py), 134.7 (s, C5 pzH),
140.7 (s, C4 py), 152.2 (s, C3 pzH or C2 py), 153.8 (s, C3 pzH or
C2 py), 153.9 (s, C6 py), 189.4 (s, CO), 196.7 (s, CO), 198.1
(s, CO). Anal. calcd for C11H7BrN3O3Re: C, 26.67; H, 1.42; N,
8.48. Found: C, 26.93; H, 1.46; N, 8.41.

[fac-{Re(CO)3(µ
2-pypz)}]2, 2b. A 1 M solution of NaOMe in

MeOH (0.3 mmol) was added dropwise to a solution of 1b
(0.148 g, 0.3 mmol) in THF (10 mL) and the mixture was
stirred at r.t. for 15 min. Then the solution was filtered and
concentrated in vacuo. Addition of hexane (ca. 10 mL) and
cooling to −20 °C yielded yellow crystals which were decanted,
washed with hexane (3 × 3 mL), and dried in vacuo, yielding
0.042 g (34%). IR (THF, cm−1): 2030 vs, 1917 vs, 1894 vs. IR
(KBr, cm−1): 2026 vs, 2010 vs, 1884 vs, 1611 m, 1456 w, 1359 w,
1098 w, 763 m. 1H NMR: 6.57 (d, J = 2.5 Hz, H4 pz, 1 H), 7.49
(td, J = 5.5, and 1 Hz, H5 py, 1 H), 7.69 (d, J = 2 Hz, H4 py, 1 H),
7.86 (d, J = 7.5 Hz, H5 pz, 1 H), 8.05 (dt, J = 8, and 2 Hz, H3 py,
1 H), 9.18 (d, J = 5.5 Hz, H6 py, 1 H). 13C{1H} NMR: 106.0 (s, C4

pz), 121.5 (s, C3 py), 124.9 (s, C5 py), 140.7 (s, C5 pz), 144.5 (s,
C4 py), 153.1 (s, C6 py), 154.6 (s, C3 pz or C2 py), 154.8 (s, C3 pz
or C2 py), 198.1 (s, CO), 197.0 (s, CO), 198.3 (s, CO). Anal. calcd
for C22H12N6O6Re2: C, 31.88; H, 1.46; N, 10.14. Found: C,
31.60; H, 1.27; N, 10.39.

[fac-Mn(CO)3(µ
2-pypz)(µ2-pypz)Li(OH2)(THF)], Li-3a. A

LiOMe 1 M solution in MeOH (1 mL, 1 mmol) was added to a
solution of 1a (0.182 g, 0.5 mmol) and pypzH (0.073 g,Fig. 10 Numbering of pypzH for NMR assignment.
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0.5 mmol) in THF (20 mL). The mixture was stirred at r.t. for
15 min. Then the solution was filtered and concentrated
in vacuo. Addition of hexane (ca. 10 mL) and cooling to −20 °C
yielded yellow crystals which were decanted, washed with
hexane (3 × 3 mL), and dried in vacuo, yielding 0.183 g (70%).
IR (THF, cm−1): 2019 vs, 1922 vs, 1905 vs. IR (cm−1): 2014 vs,
1913 vs, 1891 vs, 1596 m, 1450 m, 1429 m, 1354 w, 1050 m,
756 s, 633 w. 1H NMR: 6.36 (s, H4 pzMn, 1 H), 6.62 (s, H4 pzLi,
1 H), 6.85 (s, H5 pzMn, 1 H), 7.10 (t, J = 3 Hz, H5 pyMn, 1 H),
7.32 (t, J = 5 Hz, H5 pyLi, 1 H), 7.48 (d, J = 8 Hz, H3 pyMn, 1 H),
7.55 (s, H5 pzLi, 1 H), 7.64 (d, J = 8 Hz, H3 pyLi, 1 H), 7.72 (t,
J = 8 Hz, H4 pyMn, 1 H), 7.88 (t, J = 8 Hz, H4 pyLi, 1 H), 8.34 (d,
J = 3 Hz, H6 pyMn, 1 H), 9.13 (d, J = 5 Hz, H6 pyLi, 1 H).
13C{1H} NMR: 101.8 (s, C4 pzMn), 102.0 (s, C4 pzLi), 118.7 (s,
C3 pyMn), 119.0 (s, C3 pyLi), 120.7 (s, C5 pyMn), 121.5 (s, C5

pyLi), 137.7 (s, C4 pyMn), 138.2 (s, C4 pyLi), 140.0 (s, C5 pzMn),
141.4 (s, C5 pzLi), 148.3 (s, C6 pyMn), 152.4 (s, C6 pyLi), 220.1
(s, CO), 221.2 (s, CO), 223.0 (s, CO). Anal. calcd for
C23H22LiMnN6O5: C, 52.68; H, 4.23; N, 16.03. Found: C, 51.46;
H, 4.45; N, 15.65.

[{fac-Mn(CO)3(µ
2-pypz)(µ3-pypz)Na}2], Na-3a. A solution of

Napypz previously prepared from the addition of a 1 M NaOMe
solution in MeOH (0.6 mL, 0.6 mmol) to 3-(2-pyridyl)pyrazole
(0.087 g, 0.6 mmol) in THF (10 mL) was added to a recently
prepared solution of fac-[MnBr(CO)3(NCMe)2] (obtained from
0.083 g of [MnBr(CO)5], 0.3 mmol), in THF (10 mL). The
mixture was stirred at r.t. for 5 min. Then the solution was fil-
tered and concentrated in vacuo. Addition of hexane (ca.
10 mL) and cooling to −20 °C yielded orange crystals which
were decanted, washed with hexane (3 × 3 mL), and dried in
vacuo, yielding 0.114 g (73%). IR (THF, cm−1): 2016 vs, 1919 vs,
1900 vs. IR (KBr, cm−1): 2017 vs, 1932 vs, 1880 vs, 1871 vs,
1610 w, 1592 w, 1353 w, 1120 w, 760 m, 636 w. 1H NMR: 6.37
(d, J = 2 Hz, H4 pzMn, 1 H), 6.59 (d, J = 2.5 Hz, H4 pzNa, 1 H),
7.00 (td, J = 5.5, and 1 Hz, H5 pyMn, 1 H), 7.21 (d, J = 2 Hz, H5

pzMn, 1 H), 7.31 (td, J = 5.5 Hz, and 1 Hz, H5 pyNa, 1 H), 7.45
(d, J = 8 Hz, H3 pyMn, 1 H), 7.52 (d, J = 2 Hz, H5 pzNa, 1 H),
7.62 (m, H4 pyMn, and H3 pyNa, 2 H), 7.85 (td, J = 8, and 2 Hz,
H4 pyNa, 1 H), 8.28 (d, J = 4.5 Hz, H6 pyMn, 1 H), 9.15 (d, J =
5.5 Hz, H6 pyNa, 1 H). 13C{1H} NMR: 101.7 (s, C4 pzMn), 102.0
(s, C4 pzNa), 118.8 (s, C3 pyMn), 119.0 (s, C3 pyNa), 120.1 (s, C5

pyMn), 121.3 (s, C5 pyNa), 136.8 (s, C4 pyMn), 138.0 (s, C4

pyNa), 140.1 (s, C5 pzMn), 142.2 (s, C5 pzNa), 148.76 (s, C6

pyMn), 152.2 (s, C6 pyNa), CO not observed. Anal. calcd for
C38H24Mn2N12Na2O6: C, 50.68; H, 2.69; N, 18.66. Found: C,
50.69; H, 2.35; N, 18.75.

[{fac-Mn(CO)3(µ
2-pypz)(µ3-pypz)K(THF)}2], K-3a. A 1 M

KOMe solution in MeOH (1 mL, 1 mmol) was added to a solu-
tion of 1a (0.182 g, 0.5 mmol) and pypzH (0.073 g, 0.5 mmol)
in THF (20 mL). The mixture was stirred at r.t. for 15 min.
Then the solution was filtered and concentrated in vacuo.
Addition of hexane (ca. 10 mL) and cooling to −20 °C
yielded yellow crystals which were decanted, washed with
hexane (3 × 3 mL), and dried in vacuo, yielding 0.192 g (76%).
IR (THF, cm−1): 2015 vs, 1910 vs, 1904 vs. IR (cm−1): 2009 vs,
1889 vs br, 1596 m, 1450 m, 1426 m, 1350 w, 1054 m, 754 s,

634 m, 536 w, 393 w. 1H NMR: 6.34 (s, H4 pzMn, 1 H), 6.59 (s,
H4 pzK, 1 H), 6.91 (s, H5 pzMn, 1 H), 6.96 (t, J = 2 Hz, H5 pyMn,
1 H), 7.27 (t, J = 2 Hz, H5 pyLi, 1 H), 7.51 (s, H5 pzK, 1 H), 7.55
(m, H3 pyMn, H3 pyK, and H4 pyMn, 3 H), 7.83 (t, J = 2 Hz, H4

pyK, 1 H), 8.35 (d, J = 2 Hz, H6 pyMn, 1 H), 9.13 (d, J = 5 Hz, H6

pyK, 1 H). 13C{1H} NMR: 101.6 (s, C4 pzMn), 102.1 (s, C4 pzK),
118.6 (s, C3 pyMn), 119.1 (s, C3 pyK), 119.6 (s, C5 pyMn), 120.9
(s, C5 pyK), 136.1 (s, C4 pyMn), 137.8 (s, C4 pyK), 139.1 (s, C5

pzMn), 141.0 (s, C5 pzK), 148.6 (s, C6 pyMn), 152.3 (s, C6 pyK),
CO not observed. Anal. calcd for C47H44K2Mn2N12O9

(K-3a·MeOH): C, 50.90; H, 4.00; N, 12.98. Found: C, 50.74; H,
4.01; N, 13.18.

[{fac-Re(CO)3(µ
2-pypz)(µ-pypz)Na}n], 3b. A solution of

Napypz previously prepared from the addition of a 1 M NaOMe
solution in MeOH (0.6 mL, 0.6 mmol) to 3-(2-pyridyl)pyrazole
(0.087 g, 0.6 mmol) in THF (10 mL) was added to a solution of
fac-[Re(CO)3Br(NCMe)2] (0.149 g, 0.3 mmol) in THF (10 mL).
The solution was stirred at r.t. for 10 min. Then the
solution was filtered and concentrated in vacuo. Addition of
hexane (ca. 10 mL) and cooling to −20 °C yielded orange
crystals which were decanted, washed with hexane (3 × 3 mL),
and dried in vacuo, yielding 0.127 g (65%). IR (THF, cm−1):
2008 vs, 1883 vs br. IR (cm−1): 2003 vs, 1857 vs br, 1612 m,
1595 m, 1566 w, 1537 w, 1515 w, 1454 m, 1428 m, 1352 m,
1130 w, 1096 w, 1053 m, 882 w, 759 s, 709 w, 627 w. 1H
NMR: 6.36 (s, H4 pzRe, 1 H), 6.61 (s, H4 pzNa, 1 H), 7.06 (t, J =
5 Hz, H5 pyRe, 1 H), 7.27 (s, H5 pzRe, 1 H), 7.34 (t, J = 5 Hz,
H5 pyNa, 1 H), 7.48 (s, H5 pzNa, 1 H), 7.49 (d, J = 2 Hz, H3

pyRe, 1 H), 7.66 (t, J = 7 Hz, H4 pyRe, 1 H), 7.72 (d, J = 10 Hz,
H3 pyNa, 1 H), 7.95 (t, J = 7 Hz, H4 pyNa, 1 H), 8.30 (d, J = 5 Hz,
H6 pyRe, 1 H), 9.08 (d, J = 5 Hz, H6 pyNa, 1 H). 13C{1H}
NMR: 101.8 (s, C4 pzRe), 102.7 (s, C4 pzNa), 119.3 (s, C3 pyRe),
119.7 (s, C3 pyNa), 122.3 (s, C5 pyRe), 124.0 (s, C5 pyNa), 136.9
(s, C4 pyRe), 139.0 (s, C4 pyNa), 140.0 (s, C5 pzRe), 141.7 (s, C5

pzNa), 148.9 (s, C6 pyRe), 151.9 (s, C6 pyNa), 195.9 (s, CO),
198.7 (s, CO), 199.8 (s, CO). Anal. calcd for
C38H24N12Na2O6Re2: C, 39.24; H, 2.08; N, 14.45. Found: C,
39.29; H, 2.47; N, 14.19.

[Mn(µ2-pypz)2{fac-{Mn(CO)3(µ
2-pypz)}2}], 4a. Precipitated as

yellow needles from solutions of 3a after several days. IR (THF,
cm−1): 2026 vs, 1935 vs, 1907 vs. IR (KBr, cm−1): 2023 vs, 1929
vs, 1901 vs, 1773 w, 1599 m, 1451 m, 1429 w, 1354 w, 1153 w,
1116 w, 1093 w, 1064 w, 758 m. Anal. calcd for
C38H24Mn3N12O6: C, 50.18; H, 2.66; N, 18.48. Found: C, 50.02;
H, 2.44; N, 18.71.

cis-[MnCl2(pypzH)2], 5a. 3-(2-Pyridyl)pyrazole (0.145 g,
1 mmol) was added to a solution of MnCl2·4H2O
(0.063 g, 0.5 mmol) in MeOH (10 mL) and the solution
was refluxed for 2 h. Then the solution was concentrated
in vacuo, and cooled to −20 °C. The colorless crystals
obtained were decanted, washed with hexane (3 × 3 mL),
and dried in vacuo, yielding 0.165 g (80%). IR
(KBr, cm−1): 3200 s, 2958 m, 1603 s, 1457 s, 1431 s,
1363 m, 1093 m, 969 m, 780 s, 634 w. Anal. calcd for
C16H14Cl2MnN6: C, 46.18; H, 3.39; N, 20.19. Found: C, 45.89;
H, 3.37; N, 19.95.
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Crystal structure determination for compounds 2b, Li-3a,
Na-3a, K-3a, 4a, and 5a

Crystals were grown in MeOH (for 5a) or by slow diffusion of
hexane into concentrated solutions of the complexes in THF
(for 2b, 3a, and 4a) at −20 °C. Relevant crystallographic details
are given in Table 5.Q7 A crystal was attached to a glass fiber and
transferred to a Bruker AXS SMART 1000 diffractometer with
graphite monochromatized Mo Kα X-radiation and a CCD area
detector. Raw frame data were integrated with the SAINT
program.29 The structure was solved by direct methods with
SHELXTL.30 A semi-empirical absorption correction was
applied with the program SADABS.31 All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were set in calcu-
lated positions and refined as riding atoms, with a common
thermal parameter. All calculations and graphics were made
with SHELXTL. Distances and angles of hydrogen bonds were
calculated with PARST32 (normalized values).33 CCDC 873520
(2b), 974910 (Li-3a), 873521 (Na-3a), 974911 (K-3a), 873522
(4a), and 873523 (5a) contain the detailed crystallographic data
for this publication.

Electrochemical studies

The electrochemical experiments were performed on an EG&G
PAR 273A potentiostat/galvanostat connected to a personal
computer through a GPIB interface. Cyclic voltammetry (CV)
studies were undertaken in 0.2 M [nBu4N][BF4]–THF, at a plati-
num disc working electrode (d = 0.5 mm) and at room temp-
erature. Controlled-potential electrolyses (CPE) were carried
out in electrolyte solutions with the above-mentioned compo-
sition, in a three-electrode H-type cell. The compartments were
separated by a sintered glass frit and equipped with platinum
gauze working and counter-electrodes. For both CV and CPE
experiments, a Luggin capillary connected to a silver wire
pseudo-reference electrode was used to control the working
electrode potential. A Pt wire was employed as the counter-
electrode for the CV cell. The CPE experiments were monitored
regularly by cyclic voltammetry, thus ensuring that no signi-
ficant potential drift occurred along the electrolyses. The solu-
tions were saturated with N2 by bubbling this gas before each
run, and the redox potentials of the complexes were measured
by CV in the presence of ferrocene as the internal standard,
and their values are quoted relative to the SCE by using the
[Fe(η5-C5H5)2]

0/+ redox couple (E = 0.545 V vs. SCE).34
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