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ABSTRACT: We report on the synthesis and structural character-
ization of the cobalt pentanuclear helicate complex from the rigid
tetradentate bis(2-pyridyl)-3,5-pyrazolate ligand bpp−, namely,
[{CoII(μ-bpp)3}2CoII3(μ3-OH)]3+ (13+), in which a trinuclear
{CoII3(μ3-OH)} core is wrapped by two {CoII(μ-bpp)3} units. The
cyclic voltammogram of 13+ in CH3CN revealed seven successive
reversible one-electron waves, in the 0 and −3.0 V potential range,
highlighting the remarkable stability of such architecture in several
redox states. Two mixed-valent states of this complex, the two-
electron-oxidized CoII3Co

III
2 (15+) and the one-electron-reduced

species CoICoII4 (12+), were generated by bulk electrolyses and
successfully characterized by single-crystal X-ray diffraction among
the eight redox levels between CoI5 and CoII3CoIII2 that can be
accessed under electrochemical conditions. Because of the crystallographic characterization of 15+ and 12+, the five reduction
processes located at E1/2 values of −1.63 (13+/2+), −1.88 (12+/+), −2.14 (1+/0), −2.40 (10/−), and −2.60 V (1−/2−) versus Ag/
AgNO3 were unambiguously assigned to the successive reduction of each of the five Co(II) ions to Co(I), starting with the three
ions located in the central core followed by the two apical ions. The two other redox events at E1/2 values of −0.21 (14+/3+) and
−0.11 V (15+/4+) are assigned to the successive oxidation of the apical Co(II) ions to Co(III). The Co(I) complexes are rare, and the
stabilization of a Co(I) within a trinuclear μ-hydroxo core in the reduced species, 12+, 1+, 10, 1−, and 12−, is probably the result of the
particular structure of this complex in the presence of the two apical sites that maintain the trinuclear core through the six bridging
bpp− ligands. The spectroscopic characteristics of 12+, 13+, and 15+ (ultraviolet−visible and X-band electron paramagnetic resonance)
are also described as well as their magnetic properties in the solid state.

■ INTRODUCTION
The self-assembly of polynuclear coordination complexes has
attracted considerable attention over the past few decades.1−3

It is now possible to direct synthesis toward structures with
well-defined nuclearity and geometry by altering the ligand
properties (rigidity, number and orientation of coordination
sites, and nature of donor atoms) and the nature of the metal
ions.4 Among bridging ligands, heterocycles with two adjacent
nitrogen donors such as pyrazolates, pyridazines, triazoles, and
derivatives have been extensively used to design polynuclear
complexes. Beyond their ability to maintain two metal ions in
the proximity of each other, they indeed allow an electronic
communication between these centers providing peculiar
electronic properties and reactivities.5−8 More particularly,
the rigid tetradentate 3,5-bis(pyridyn-2-yl)-pyrazole (Hbpp)
ligand9 can form, by self-assembly with various first-row
transition metal ions at high temperatures, remarkable

bis(triple) helicate pentanuclear architectures of the type
[{M(μ-bpp)3}2M3(μ3-X)]n+ (M = Mn or Fe with X = O, and
M = Ni or Zn with X = OH).10−13 The five metal ions are
arranged in a trigonal bipyramidal topology with two axial
{MII(μ-bpp)3} units connecting a central μ3-oxo or hydroxo
trinuclear core {M3(μ3-X)} through the bridging bpp− ligands.
Interesting structure-specific physicochemical properties have
been observed for this family of complexes, such as spin
frustration for the copper complex,11 while for the iron
derivative, it has been shown that the spin states of the two
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apical Fe(II) ions can be tuned through the choice of the
counteranions.14−16 For the manganese and iron derivatives,
we also demonstrated that the electronically coupled five metal
atoms give to the architecture a multiredox behavior with the
detection of five successive reversible metal-centered MII/III

processes.12,17,18 The group of Masaoka also recently reported
that the iron complex can serve as an active catalyst for the
electrocatalytic water oxidation because of its ability to
accumulate four oxidative equivalents, the four-electron
oxidized species, FeIII5, being reactive with H2O to generate
O2.

19−21 From the bpp− ligand, a few homo- and
heterobimetallic di- and trinuclear cobalt complexes have
also been isolated, presenting, for some of them, interesting
catalytic properties for water oxidation and oxygen or proton
reduction.7,22−25 Because of its electronic configuration that
gives access to the three potentially stable oxidation states, +I,
+II, and +III, cobalt could be an intriguing metal ion in the
{M(μ-bpp)3}2M3(μ3-X)}n+ architecture. Along this line, we
herein report on the synthesis and X-ray characterization of the
[{CoII(μ-bpp)3}2CoII3(μ3-OH)]3+ (13+) complex and on its
redox properties in CH3CN. This complex presents a
remarkable stability in several redox states with up to seven
reversible waves detected by cyclic voltammetry assigned to
CoII/I and CoIII/II processes. This excellent stability in several
redox states allowed us to generate quantitatively by
preparative electrolyses and crystallize two other redox states,
the two-electron-oxidized form, [{CoIII(μ-bpp)3}2CoII3(μ3-
OH)]5+ (15+), and the one-electron-reduced form, [{CoII(μ-
bpp)3}2CoICoII2(μ3-OH)]2+ (12+). During the preparation of

this Article, Masaoka and co-workers26 published the isolation
and X-ray structural characterization of the 13+ complex. In this
recent article, they also showed that this complex, upon
reduction, can act as a catalyst for the reduction of CO2 to CO
under photoirradiation in the presence of a photosensitizer and
a sacrificial electron donor. Only five reversible waves were
detected by cyclic voltammetry, and this complex was not
further characterized by spectroscopy, magnetism, or elec-
trolysis. In this Article, in addition to the X-ray structural
characterization of the 12+, 13+, and 15+ complexes, we also
describe their spectroscopic characteristics by ultraviolet−
visible (UV−vis) and X-band electron paramagnetic resonance
(EPR) spectroscopies as well as their magnetic properties.

■ RESULTS AND DISCUSSION
Synthesis and Crystal Structures of the Complexes.

13+ was synthesized in 90% yield by thermal treatment at 170
°C for 3 days of an acetonitrile mixture of Hbpp and
Co(BF4)2·4H2O (6:5 molar ratio) in the presence of an excess
of the Et3N base, under aerobic conditions. This procedure is
similar to the one we previously employed to isolate the
analogous manganese and iron derivatives, [{MII(μ-
bpp)3}2MII

2MIII(μ3-O)]3+ complexes (M = Mn or Fe).12,17

The group of Masaoka26 employed a different procedure that
consists of reacting cobalt acetate with the ligand in methanol
at 40 °C in the presence of NaOH and then adding NaBF4 to
induce the precipitation of the complex. In addition to 13+, we
also succeeded in generating and isolating the two-electron-
oxidized form of the complex and its one-electron-reduced

Figure 1. ORTEP representations with 50% probability thermal ellipsoids of the molecular structures of (A) the [{CoII(μ-bpp)3}2CoII3(μ3-OH)]3+

cation (13+), (B) the [{CoIII(μ-bpp)3}2Co
II
3(μ3-OH)]

5+ cation (15+), (C) the [{CoII(μ-bpp)3}2Co
ICoII2(μ3-OH)]

2+ cation (12+), (D) the neutral
[CoIII(bpp)3] complex (2), and (E) the Hbpp ligand. The hydrogen atoms have been omitted for the sake of clarity. On the right side of panels A−
C, the corresponding metallic cores including the first coordination spheres of the metal ions are shown.
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form, 15+ and 12+, respectively, from preparative electrolyses
(see below and Experimental Section). Single crystals of
1(BF4)3·3.75CH3CN·0.33H2O, 1(ClO4)5·6CH3CN, and
1(ClO4)2·2CH3CN suitable for X-ray crystallography were
obtained by diffusion of diisopropyl ether into acetonitrile
solutions of the respective complex (Figure 1A−C, Figure S1,
and Tables S1−S4). The structure of 1(BF4)3·3.75CH3CN·
0.33H2O is very similar to that obtained by the group of
Masaoka, which crystallizes as 1(BF4)3·CH3CN·H2O·2-
((C2H5)2O) in the same monoclinic P21/n space group.
1(ClO4)5·6CH3CN and 1(ClO4)2·2CH3CN crystallize in the
monoclinic Cc and C2/c space groups, respectively. On the
basis of the charge of the cations, together with the presence of
a μ3-hydroxo bridge, the Co oxidation states for 12+, 13+, and
15+ were assigned as follows: CoICoII4, CoII5, and CoII3CoIII2,
respectively. This description of the redox isomers is fully
confirmed by the single-crystal X-ray structure analysis (see
below).
Similarly to the analogous [{MII(μ-bpp)3}2MII

3(μ3-OH)]3+

and [{MII(μ-bpp)3}2MII
3(μ3-O)]4+ complexes,10−14 each cati-

on, 12+, 13+, or 15+, features a bis(triple-stranded helicate)
configuration, with a pair of enantiomers present in each
crystal. The coordination environment of the three Co ions
located in the central core consists of a distorted N4O trigonal
bipyramid, with one oxygen of the hydroxo ion and four

nitrogen atoms from two bpp− ligands. The two apical Co ions
are coordinated to six nitrogen atoms from three bpp− ligands,
in a distorted octahedral geometry. Each tetradentate bpp−

ligand is thus coordinated to one apical and one equatorial Co
ion through one N-pyridine and one N-pyrazolyl. In contrast
to 13+ and 15+, the 12+ cation adopts a 2-fold symmetric
structure with a C2 axis passing through one Co of the central
core, namely Co(3), and the μ3-OH ion. The apical metal−
ligand bond distances [Coap−N (Figure 1A)] for complexes
12+ and 13+ are very similar [Co(1), average of 2.15(5) Å for
12+; Co(4), average of 2.15(5) Å, and Co(5), average of
2.15(5) Å for 13+] and consistent with two high-spin Co(II)
ions (S = 3/2) (Table 1).27 These distances are significantly
shorter in 15+ [Co(1), average of 1.94(3) Å, and Co(5),
average of 1.95(3) Å (Table 1)], suggesting two low-spin
Co(III) metal ions (S = 0). To confirm this, we have
crystallized the neutral mononuclear [CoIII(bpp)3] (2)
compound, a structural model of the apical {Co(bpp)3}x+

units in 15+ (Figure 1D and Tables S5 and S6). In this
complex, the average Co(III)−N bond distance is 1.92(3) Å,
i.e., very similar to those found in 15+ for the apical Co sites
(Table 1). With regard to the trinuclear central core, the
average of the Coeq−N,O bond distances in 13+ and 15+ is in
the range of 2.054−2.06 Å, while the average of the Co−μ-OH
bond distances is in the range of 2.022−2.051 Å (Table 1),

Table 1. Comparison of Selected Co Ligand Bond Lengths (angstroms) and Co−μ(OH)−Co Angles (degrees) for [{CoII(μ-
bpp)3}2CoICoII2(μ3-OH)](ClO4)2·2CH3CN (12+), [{CoII(μ-bpp)3}2CoII3(μ3-OH)](BF4)3·3.75CH3CN·0.33H2O (13+),
[{CoIII(μ-bpp)3}2CoII3(μ3-OH)](ClO4)5·6CH3CN (15+), and [CoIII(bpp)3]·0.5CH3CN·(CH3)2CO·0.5((CH3)2CH)2O (2)
(apical, ap; equatorial, eq)

12+ 13+ 15+ 2

Average of Coap−N Distances in the Apical Position
Co(1) 2.15(5) Co(4) 2.15(5) Co(1) 1.94(3) Co(1) 1.92(3)

Co(5) 2.15(5) Co(5) 1.95(3)
Average of Coeq−N,O Distances in the Equatorial Position (core)

Co(2) 2.07(2) Co(1) 2.06(2) Co(2) 2.060(6)
Co(3) 2.04(4) Co(2) 2.06(1) Co(3) 2.06(1)

Co(3) 2.06(2) Co(4) 2.054(9)
Coeq−O Distances

Co(2) 1.958(3) Co(1) 2.0399(14) Co(2) 2.039(5)
Co(3) 2.056(6) Co(2) 2.0277(14) Co(3) 2.027(5)

Co(3) 2.0224(14) Co(4) 2.051(5)
Coeq−O−Coeq Angles

Co(2), Co(3) 116.87(17) Co(2), Co(1) 118.11(7) Co(2), Co(3) 120.6(2)
Co(2″), Co(3) 116.86(17) Co(3), Co(1) 120.35(7) Co(2), Co(4) 118.1(2)
Co(2″), Co(2) 126.3(3) Co(3), Co(2) 121.50(7) Co(3), Co(4) 121.1(2)

Table 2. Comparison of Co···Co Bond Lengths (angstroms) for [{CoII(μ-bpp)3}2CoICoII2(μ3-OH)](ClO4)2·2CH3CN (12+),
[{CoII(μ-bpp)3}2CoII3(μ3-OH)](BF4)3·3.75CH3CN·0.33H2O (13+), and [{CoIII(μ-bpp)3}2CoII3(μ3-OH)](ClO4)5·6CH3CN
(15+) (apical, ap; equatorial, eq)

12+ 13+ 15+

Coap···Coeq Co(1)···Co(2) 4.3060(4) Co(4)···Co(1) 4.3611(2) Co(1)···Co(2) 4.26719(13)
Co(1)···Co(2″) 4.4199(4) Co(4)···Co(2) 4.3322(3) Co(1)···Co(3) 4.2879(2)
Co(1)···Co(3) 4.2832(3) Co(4)···Co(3) 4.3760(3) Co(1)···Co(4) 4.2537(2)

Co(5)···Co(1) 4.3342(3) Co(5)···Co(2) 4.2965(3)
Co(5)···Co(2) 4.3650(3) Co(5)···Co(3) 4.3055(2)
Co(5)···Co(3) 4.3295(2) Co(5)···Co(4) 4.30583(8)

Coeq···Coeq Co(2)···Co(3) 3.4208(2) Co(1)···Co(2) 3.4887(2) Co(2)···Co(3) 3.5307(6)
Co(2″)···Co(3) 3.4208(2) Co(2)···Co(3) 3.5337(2) Co(3)···Co(4) 3.55085(15)
Co(2)···Co(2″) 3.4942(2) Co(1)···Co(3) 3.52419(18) Co(4)···Co(2) 3.50779(17)

Coap···Coap Co(1)···Co(1″) 7.7052(6) Co(4)···Co(5) 7.6942(5) Co(1)···Co(5) 7.5412(3)
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consistent with a high-spin Co(II) within the CoII3(μ-OH)
core.28 Although the average of the Coeq−N,O distances is
quite similar in 12+ (2.04−2.07 Å), the Co−μ-OH bond
distances (1.958−2.056 Å) and Co−(μ-OH)−Co angles are
more dispersed, leading to a larger distortion of the triangular
Co3(μ3-OH) core in 12+ compared to those of 13+ and 15+

(Table 1). These structural changes along with the presence of
Co(II) ions in apical positions in 12+ strongly suggest that the
reduction of a Co(II) ion to a Co(I) ion occurs in the central
core. In addition, the similarity of average bond distances for
each Co of the central core of 12+ could be an indication of a
fully delocalized Co2IICoI system (Table 2). The intermetallic
Co···Co distances also reveal an elongation of the structure
that is accompanied by a compression of the core in the
reduced form, 12+, compared to 13+. The opposite behavior is
observed for the oxidized species 15+. A large number of
polynuclear cobalt complexes with various ligands and
nuclearities have been reported7,29,30 and, among them,
many with trinuclear CoIII3(μ3-O)31−33 and CoII3(μ3-
OH)28,34−36 cores. However, to the best of our knowledge,
all of these μ3-oxo and μ3-hydroxo-centered trinuclear
complexes incorporate hexacoordinated Co ions. The 13+

and 15+ cations are thus the first example of compounds
featuring a Co3II(μ3-OH) core with five-coordinated metal
ions. In addition, 12+ is the first illustration of a hydroxo-
centered {CoICo2II(μ3-OH)}4+ trinuclear unit with one Co at
the +I oxidation state. Isolated Co(I) complexes are rare,37−39

and the stabilization of a Co(I) within a trinuclear μ-hydroxo
core is probably the result of the particular structure of this
pentanuclear complex in the presence of the two apical sites
that maintain the trinuclear core through the six bridging bpp−

ligands.
Electrochemical Properties of 13+ in CH3CN and

Spectroscopic Characterizations by UV−Vis and EPR
of 13+, 15+, and 12+. The cyclic voltammogram of 13+

investigated in CH3CN under an argon atmosphere revealed
the high stability of the complex in several redox states with up
to seven reversible one-electron processes (Figure 2 and Figure
S2). On the basis of the X-ray structure analysis of doubly
oxidized complex 15+, the two oxidation waves at E1/2 values of
−0.21 (ΔEp = 60 mV) (13+/4+) and −0.11 V (ΔEp = 60 mV)

(14+/5+) versus Ag/AgNO3 have been unambiguously assigned
to the successive oxidation of the two apical Co(II) ions to
Co(III). As previously observed for [{Mn(μ-bpp)3}2Mn3(μ3-
O)]2+,12 the presence of two one-electron waves, close in
potential (ΔE1/2 = 100 mV), instead of a single two-electron
wave, agrees with a weak electronic coupling between the two
electroactive apical M(II) centers, which can communicate
through the conjugation of the bridging bpp− ligand and the
central core. It is noteworthy that none of the oxidation
processes of the Co(II) ions located in the central core can be
experimentally accessed in the solvent electroactivity domain
[no signal up to +1.6 V (Figure S3A)]. This result is consistent
with the protonation of the central oxygen (μ3-OH), which
renders the oxidation of the metal ions more difficult than for
the Mn and Fe pentanuclear analogues featuring a μ3-oxo-
centered core for which the five MII/MIII processes are
observed (see below).12,17

Interestingly, for this Co complex, five successive reversible
reduction waves are observed, at E1/2 values of −1.63, −1.88,
−2.14, −2.40, and −2.60 V (ΔEp = 50−60 mV for each of
them) (Table 3). Because the scan was restricted to −2.4 V
versus Fc/Fc+, only the first three reversible reduction waves
were detected by the group of Masaoka.26 According to the X-
ray structural characterization of 12+ and UV−vis spectroscopy
(see below), the first reduction process can be unambiguously
attributed to the reduction of one Co(II) to Co(I) in the
central core [E1/2 = −1.63 V (13+/12+)]. Hence, the further
processes can be reasonably assigned to the reduction of the
two last Co(II) ions of the central core [E1/2 = −1.88 V (12+/+)
and −2.14 V (1+/0)] and, at a more negative potential, to the
reduction of the two apical Co(II) ions [E1/2 = −2.40 V (10/−)
and −2.60 V (1−/2−)]. If such multiredox reversible behavior
was also previously observed for the Mn and Fe pentanuclear
analogues,12,17 it must be stressed that only five reversible
metal-centered MIII/MII processes were detected, all being
located in a more positive potential range (between −0.58 and
1.33 V vs Ag/AgNO3) (Figure 3 and Table 3).
More precisely, for the Mn derivative, the first three

processes, well-separated (ΔE1/2 in the range of 0.48−0.70
V), are related to MnIII/MnII processes within the central core,
while the last two oxidation processes, close in potential (ΔE1/2
of 0.12 V), are related to the oxidation of the two apical MnII

ions (Figure 3A). For the iron derivative, all oxidations occur
in the core except for the second oxidation process, FeII3FeIII2
to FeII2FeIII3, that presents a striking electronic switch, with
both metal ions in apical position being oxidized while the core
is reduced to [FeIIIFeII2(μ3-O)]5+ (Figure 3B). Unfortunately,
the electrochemical behavior of the analogous nickel complex,
[{NiII(μ-bpp)3}2NiII3(μ3-OH)]3+,

13 is still unknown and thus
cannot be compared to that of 13+. With regard to the zinc
derivative, because Zn2+ is a redox-inactive metal, the [{ZnII(μ-
bpp)3}2ZnII3(μ3-OH)]3+ complex does not exhibit any redox
systems in the potential range of 1.2 to −2.3 V (Table 3).26

The other complexes of cobalt isolated with the bpp− ligand
and for which the redox properties have been studied are
limited, to the best of our knowledge, to the dinuclear
[CoIII2(μ-bpp)(terpy)2(OH2)(OH)]4+

23 and [CoIII2(μ-bpp)-
(terpy)2(μ-1,2-O2)]3+

22 complexes isolated with terpyridine as
a co-chelating ligand. While the bis-aquo complex displays four
metal-centered process in the potential range of −1.46 to 0.0 V
versus Ag/AgNO3, involving the same redox states CoI/CoII/
CoIII, interestingly, the μ-1,2-peroxo derivative exhibits three
redox systems based on the CoII/CoIII/CoIV redox states in a

Figure 2. Cyclic voltammograms in CH3CN and 0.05 M [Bu4N]ClO4
of a 0.5 mM solution of 13+ at a platinum electrode (diameter of 3
mm) for a scan range between −0.82 and 0.5 V and at a vitreous
carbon electrode (diameter of 3 mm) for the scan range from −0.5 to
−3 V with a scan rate of 100 mV s−1.
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more positive potential range of −0.68 to 1.17 V versus Ag/
AgNO3 (Table 3). The two reduction processes of the bis-
aquo complex are quasi-reversible highlighting the poor
stability of the complex when reduced to Co(I), in sharp
contrast with the electrochemical behavior of 13+. The other
structurally characterized complexes of bpp− with a first-row
transition metal (without an additional chelating ligand)
mainly rely on dinuclear complexes with two coplanar bpp−

ligands bridging the metal centers and two or four axially
coordinated ligands (Table 4). If their magnetic properties
have been explored showing generally strongly antiferromagn-
tic coupling constants and, in the case of iron derivatives, a

spin crossover behavior, the electrochemical properties of these
complexes have never been investigated.
Species 15+ and 12+ were quantitatively generated by

exhaustive electrolyses of a 13+ solution at 0.25 and −1.75 V,
respectively (two- and one-electron-exchanged), as illustrated
by the resulting cyclic voltammograms (Figures S3 and S4),
confirming the high stability of such triple-helicate pentanu-

Table 3. Electrochemical Properties of the Triple-Helicate Pentanuclear Complexes [{M(μ-bpp)3}2M3(μ3-X)]n+ [M = Fe and
Mn (X = O) or Co (X = OH)] in CH3CN and Related Cobalt Complexes with bpp− Ligand

E1/2 (V) vs Ag/0.01 M AgNO3

complex CoII/I CoIII/II ref

[{CoII(μ-bpp)3}2CoII3(μ3-OH)]3+ −2.60,b −240,b −2.14,a −1.88,a −1.63a −0.21,b 0.11b this work
MIII/II

[{FeII(μ-bpp)3}2FeII2FeIII(μ3-O)]3+ −0.46,a 0.21,a 0.39,d 0.79,a 1.19a 17
[{MnII(μ-bpp)3}2MnII2MnIII(μ3-O)]

3+ −0.58,a 0.13,a 0.61,a 1.21,b 1.33b 12
[{NiII(μ-bpp)3}2Ni

II
3(μ3-OH)]

3+ not determined 13
[{ZnII(μ-bpp)3}2Zn

II
3(μ3-OH)]

3+ no redox systems in the potential range from 1.2 to −2.3 V 13, 26
E1/2 (V) vs SCE

c

complex Co2II,I/I,I Co2II,II/II,I Co2III,II/II,II Co2III,III/III,II Co2IV,III/III,III ref

[CoIII2(terpy)2(μ-bpp)(OH2)(OH)]
4+ −1.16qrev −1.08qrev −0.04 0.31 − 23

[CoIII2(terpy)2(μ-bpp)(μ-1,2-O2)]
3+ − − −0.38qrev −0.27qrev 1.47 22

aM in the equatorial position. bM in the axial position. cAll potentials referenced to SCE can be converted to Ag/0.01 M AgNO3 by subtracting 298
mV. dFor this redox process, the oxidation occurring in the μ3-O central core induces a striking electronic intramolecular rearrangement, both
metals in the axial position being oxidized while the core is reduced to the [FeIIIFeII(μ3-O)]5+ oxidation level. eFor the quasi-reversible (qrev), the
cathodic peak (Ec) and anodic peak (Ea) are given.

Figure 3. Cyclic voltammograms in CH3CN and 0.05 M [Bu4N]ClO4
of (A) a 0.7 mM solution of [{MnII (μ-bpp)3}2MnII2MnIII(μ3-O)]3+ at
a Pt electrode (diameter of 5 mm), (B) a 0.5 mM solution of
[{FeII(μ-bpp)3}2Fe

II
2Fe

III(μ3-O)]
3+ at a Pt electrode (diameter of 5

mm), and (C) a solution of [{CoII(μ-bpp)3}2CoII3(μ3-OH)]3+ (13+)
at a Pt electrode (diameter of 3 mm) with a scan rate of 100 mV s−1.

Table 4. Magnetic Properties of Structurally Characterized
First-Row Transition Metal Complexes with the bpp−

Liganda

complex

magnetic coupling
constant J (cm−1)/

observed spin
crossover (SCO)
phenomenon ref

[NiII2(μ-bpp)2(H2O)(MeOH)4]2+ −/− 40
[NiII2(μ-bpp)2(N3)2(MeOH)2] −22.6 cm−1 41
cis-[CuII2(μ-bpp)2(H2O)2]2+ −368.3 cm−1 42
{cis[CuII2(μ-bpp)2(H2O)2](NO3)2·2H2O}2 −180 cm−1 43
{trans-[CuII2(μ-bpp)2(ClO4)2]}2 −/− 44
trans-[FeII2(μ-bpp)2(NCS)2(3Brpy)2] SCO 45
trans-[FeII2(μ-bpp)2(NCS)2(DMSO)2] −3.5 cm−1 46
trans-[FeII2(μ-bpp)2(NCBH3)2(py)2] SCO 46
trans-[FeII2(μ-bpp)2(NCBH3)2(4-Phpy)2] SCO 47
trans-[FeII2(μ-bpp)2(NCSe)2(py)2] SCO 48
trans-[FeII2(μ-bpp)2(NCS)2(py)2] SCO as powder 45,

48
trans-[CoII2(μ-bpp)2(NCS)2(4-Phpy)2] −8.78 cm−1 49
[FeII2(μ-bpp)2(NCBH3)2(4-Phpy)2] SCO 49
(trans-[FeII2(μ-bpp)2(NCS)2(μ-4,4′-bpy)2])∞ SCO 50
[FeII2(μ-bpp)2(TCNQ)2](TCNQ)2 SCO 51
[Cu4(μ-bpp)4(TCVA)2] −217.7 cm−1 52
syn-[Cu2(μ-bpp)2(DCNM)2] −210.3 cm−1 52
anti-[Cu2(μ-bpp)2(DCNE)] −188.5 cm−1 52
[Cu2(μ-bpp)2Br1.25(H2O)0.75]Br0.75 −390 cm−1 53
[Zn2(μ-bpp)2(N(SiMe3)2)2] −/− 53
[Zn2(μ-bpp)2(CH(SiMe3)2)2] −/− 53

aAbbreviations: 3Brpy, 3-bromo-pyridine; py, pyridine; 4Phpy, 4-
phenylpyridine; bpy, bipyridine; TCNQ, 7,7′,8,8′-tetracyano-p-
quinodimethane; TCVA, 1,2,2-tricyanoethenolate; DCNM, 2,2-
dicyano-1-methoxyethenolate; DCNE, 2,2-dicyano-1-ethoxyetheno-
late.
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clear structures in several oxidation states. A further electrolysis
at −2.05 V generates the two-electron-reduced species 1+ that
fully precipitated at the end of the electrolysis.
The electrogenerated solutions of 13+, 15+, and 12+ have

distinct UV−vis and EPR signatures (Figure 4A and Figure

S5). Spectroscopic characterizations of solutions of 1+ were
prevented by its insolubility (Figure S5C). Upon oxidation of
13+ to 15+, an increase in the absorbance within the 450−600
nm domain is observed, consistent with the conversion of
Co(II) to Co(III) (Figure S5A). Upon reduction of 13+ to 12+,
a broad band grows in the 700−900 nm region, in agreement
with the generation of a Co(I) species (Figure S5B).37,38,54

The X-band EPR spectra of complexes 12+, 13+, and 15+ in a
frozen CH3CN solution are depicted in Figure 4B. We will first
comment on the spectrum of 15+, because it features only the
contribution of the paramagnetic trinuclear core {CoII3(μ3-
OH)}5+ as the two remaining apical Co(III) ions are
diamagnetic. The spectrum shows a broad resonance at an
approximate g effective value of 4. It falls in the range of high-
spin Co(II) (S = 3/2) complexes,38,55 further confirming the
high-spin electronic configuration of the cobalt ions within the
CoII3 core. Unfortunately, it was not possible to gain further
information about the magnetic coupling in the CoII3 core by
EPR spectroscopy due to the significant line width and large
zero-field splitting (ZFS) parameters. Complex 13+ differs from
15+ in the presence of two high-spin apical paramagnetic
Co(II) centers, which are expected to be only very weakly
magnetically coupled with the trinuclear CoII3 core.28 Its

spectrum is characterized by a main resonance at g = 4,
together with a shoulder at g = 6.28 The increase in the
intensity of the signal (∼3/2 more intense in comparison to
complex 15+) is consistent with an increased paramagnetism
due to the presence of the two weakly coupled apical Co(II)
centers in 13+. It is worth noting that the shape of the spectrum
differs between 13+ and 15+. This may be interpreted by the
existence of weak dipolar interactions between the CoII3 core
and the apical Co(II) centers in 13+ and/or more simply by the
fact that oxidations of both apical positions affect the geometry
of the core. The EPR spectrum of 12+ mainly revealed a
quenching of the line when compared to 13+. As the core has
been one-electron-reduced in 12+, it can be described as a
cobalt-based integer spin system, which is in general difficult to
detect by X-band EPR spectroscopy.

Magnetic Properties of 1(ClO4)2·2CH3CN, 1(BF4)3·
3.75CH3CN·0.33H2O, and 1(ClO4)5·6CH3CN. The solid-
state magnetic properties of 1(ClO4)2·2CH3CN, 1(BF4)3·
3.75CH3CN·0.33H2O, and 1(ClO4)5·6CH3CN have been
investigated using dc susceptibility (χ) measurements from
300 to 1.85 K and with applied magnetic fields of ≤7 T (Figure
5 and Figures S6−S8). The susceptibility data reported in

Figure 5 are shown as a χT versus T plot. At room
temperature, the χT products are 11.1, 13.8, and 7.8 cm3 K
mol−1 for 1(ClO4)2·2CH3CN, 1(BF4)3·3.75CH3CN·0.33H2O,
and 1(ClO4)5·6CH3CN, respectively. When the temperature is
decreased, the χT products decrease continuously to 1.85 K to
reach 2.8, 1.8, and 0.81 cm3 K mol−1, respectively. This
thermal behavior is expected as the combined effects of
antiferromagnetic interactions between Co(II) magnetic
centers in the Co5 complex cores and the intrinsic thermal
depopulation of the high-spin Co(II) excited states resulting
from the splitting of the energy ground level. The absence of a
high-temperature plateau in the χT products reveals that the
paramagnetic properties of these complexes never fall in the
Curie limit even at 300 K. Therefore, Curie constants of 13.2,
16.4, and 9.6 cm3 K mol−1 for 1(ClO4)2·2CH3CN, 1(BF4)3·
3.75CH3CN·0.33H2O, and 1(ClO4)5·6CH3CN, respectively,
were estimated from Curie−Weiss fits of the experimental data
above 100 K (see Figures S6a, S7a, and S8a). These Curie
constants agree perfectly well with the presence of four, five,
and three high-spin Co(II) centers in the 12+, 13+, and 15+

cations, respectively [C = 3.3(1) cm3 K mol−1 per Co(II) site].
This Curie constant of 3.3 cm3 K mol−1 per Co(II) site implies

Figure 4. (A) Visible absorption (l = 1 mm) and (B) X-band EPR
spectra of (a) a 0.5 mM solution of 13+ in CH3CN and 0.05 M
[Bu4N]ClO4, (b) after oxidation at 0.25 V vs Ag/AgNO3 (formation
of 15+), and (c) after reduction at −1.75 V of 13+ (formation of 12+).
EPR conditions: microwave frequency, 9.63 GHz; power, 6.5 mW;
modulation amplitude, 0.4 mT; frequency, 100 kHz; T = 8 K.

Figure 5. Temperature dependence of the χT product (where χ is the
molar magnetic susceptibility that equals M/H per complex) collected
in an applied dc magnetic field of 0.1 T for 1(ClO4)2·2CH3CN (red),
1(BF4)3·3.75CH3CN·0.33H2O (blue), and 1(ClO4)5·6CH3CN
(green) as indicated in the figure.
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an average gCo value of 2.7, which is also consistent with typical
values found for high-spin Co(II) metal ions.56,57 Moreover,
these results also confirm the expected diamagnetism of the d8

Co(I) and d6 Co(III) metal ions present in 12+ and 15+. In
Figures S6−S8, the field dependence of the magnetization
below 8 K and ≤7 T provides more information about the
magnetic properties of these complexes. None of the
magnetization data shows a saturation of the M versus H
data [which reach only 5.5, 6.4, and 2.0 μB for 1(ClO4)2·
2CH3CN, 1(BF4)3·3.75CH3CN·0.33H2O, and 1(ClO4)5·
6CH3CN, respectively, at 1.85 K and 7 T] or a superposition
of the plots of M versus H/T. These observations support the
presence of a significant magnetic anisotropy as expected for
high-spin Co(II) metal ions as well as the relevance of low-
lying excited states induced by weak antiferromagnetic
interactions within the complexes. The low magnetization
value of 2.0 μB (at 1.85 K and 7 T) for 1(ClO4)5·6CH3CN
highlights the significant antiferromagnetic interactions in the
{CoII3(μ3-OH)} central core, while the apical Co(III) atoms
are magnetically silent. In comparison, the increase in
magnetization to 6.4 μB for 1(BF4)3·3.75CH3CN·0.33H2O is
due to the additional paramagnetic contributions of the two
apical high-spin Co(II) metal ions. For 1(ClO4)2·2CH3CN,
the reduction of the {CoII3(μ3-OH)} core to {CoII2CoI(μ3-
OH)} leads as expected to a reduction of the magnetization
from 6.4 to 5.5 μB.

■ CONCLUSION
The [{Co(μ-bpp)3}2Co3(μ3-OH)]n+ pentanuclear complex
featuring a trinuclear Co3(μ3-OH) core wrapped by two
{Co(μ-bpp)3} units has been crystallized and characterized in
three distinct redox states, CoICoII4 (12+), CoII5 (13+), and
CoII3CoIII2 (15+). Notably, this complex exhibits up to seven
successive reversible metal-centered redox processes by cyclic
voltammetry and hence is capable of stabilizing eight
consecutive redox states from CoI5 to CoII3CoIII2. The
crystallographic characterization of the mixed-valent CoICoII4
and CoII3CoIII2 states has allowed the identification of the
redox state of the Co sites in agreement with their
spectroscopic and magnetic properties. The five processes
located between −1.6 and −2.6 V are related to the successive
reduction of the five Co(II) ion of the complex to Co(I),
starting by the central ions, highlighting the remarkable
robustness of such architecture, especially in the low-valent
Co(I) redox state. The two other redox systems between −0.2
and −0.1 V are assigned to the successive oxidation of the
apical Co(II) ions to Co(III). This redox behavior strongly
differs from that of the Mn and Fe analogues featuring a μ3-oxo
core that revealed five reversible metal-centered MIII/MII

processes, all being located in a more positive potential
range (between −0.58 and 1.33 V vs Ag/AgNO3). Finally,
spectroscopic and magnetic measurements agree with the
presence of four, five, and three high-spin Co(II) centers in the
CoICoII4 (12+), CoII5 (13+), and CoII3CoIII2 (15+) cations,
respectively, and also confirm the expected diamagnetism of
the d8 Co(I) and d6 Co(III) metal ions present in 12+ and 15+.
Future efforts will be devoted to the investigation of the
deprotonation of the (μ3-OH) core of 13+ that should lead to a
completely different electrochemical behavior. In addition, we
will study in more detail the ability of this complex to act as a
catalyst for CO2 reduction.

■ EXPERIMENTAL SECTION
Caution! Perchlorate salts of compounds containing organic ligands are
potentially explosive. Although we have encountered no such problems,
only small quantities of these compounds should be prepared and handled
with care.

Synthesis of [{CoII(μ-bpp)3}2CoII
3(μ3-OH)](BF4)3 (13+). A

solution of Co(BF4)2·6H2O (126 mg, 0.37 mmol) in acetonitrile (6
mL) was added to a stirred acetonitrile (16 mL) solution of Hbpp
(98.5 mg, 0.44 mmol) and Et3N (155 μL, 1.11 mmol) in a 100 mL
glass tube sealed with a Teflon cap leading to a reddish solution with a
solid in suspension. The reaction mixture was heated at 170 °C for 3
days leading to a brownish solution with a small amount of a brownish
precipitate. The resulting mixture was then cooled to room
temperature and filtered to remove some insoluble white/brown
solid. The resulting brown filtrate was concentrated under vacuum,
and low vapor diffusion of diisopropyl ether into this solution afforded
large dark orange single crystals of 1(BF4)3·3.75CH3CN·0.33H2O
(yield of 107 mg, 91%): IR (cm−1) 1603 (s), 1565 (w), 1535 (w),
1460 (m), 1436 (s), 1335 (m), 1270 (w), 1257 (w), 1162 (w), 1047
(vs), 1023 (w), 967 (w), 776 (s), 737 (w). Elemental analysis calcd
(%) for C78H55B3Co5F12N24O1·3H2O (1971.57 g mol−1): C, 47.96;
H, 3.15; N, 17.21. Found: C, 47.90; H, 3.03; N, 17.25.

Electrochemical Synthesis of [{CoIII(μ-bpp)3}2CoII
3(μ3-OH)]-

(ClO4)5 (15+), [{CoII(μ-bpp)3}2CoII
2CoI(μ3-OH)](ClO4)2 (12+), and

[{CoII(μ-bpp)3}2CoIICoI
2(μ3-OH)](ClO4) (1+). A solution of 1(BF4)3

(40 mg) in acetonitrile (10 mL) containing 0.05 M [Bu4N]ClO4 was
oxidized at 0.3 V versus Ag/AgNO3 on a reticulated vitreous carbon
electrode in a glovebox under an argon atmosphere. After exhaustive
electrolysis (two electrons exchanged per molecule of the initial
complex), the formation of [{CoIII(μ-bpp)3}2Co

II
3(μ-OH)]

5+ (15+) is
controlled by cyclic voltammetry and UV−vis spectroscopy. The
orange solution is then filtered to remove the carbon residue. Single
crystals of 1(ClO4)5·6CH3CN were obtained by slow vapor diffusion
of diisopropyl ether into the electrogenerated solution (yield of 32
mg, 74%). A similar electrochemical procedure has been used for the
isolation of 12+ and 1+ at the exception of the electrolysis potential,
which was set at −1.75 and −2.05 V versus Ag/AgNO3, respectively.
Dark blue single crystals of 1(ClO4)2·2CH3CN were obtained by slow
vapor diffusion of the electrogenerated solution (yield of 33 mg,
90%), while for 1+, 1(ClO4) precipitates as a dark blue powder in the
course of the electrolysis: IR (cm−1) for 1(ClO4)5·3H2O 1608 (s),
1569 (w), 1535 (w), 1460 (m), 1439 (m), 1335 (m), 1274 (w), 1261
(w), 1165 (w), 1067 (vs), 1023 (w), 967 (w), 773 (s), 740 (w).
E l emen t a l an a l y s i s c a l c d (%) fo r 1 (C lO 4 ) 5 ·3H2O
[C78H55Co5Cl5N24O21·3H2O (2190.394 g mol−1)]: C, 42.77; H,
2.81; N, 15.35. Found: C, 42.76; H, 3.06; N, 15.43.

Synthesis of [CoIII(bpp)3] (2). Na3[CoIII(NO2)6] (35.8 mg,
0.0886 mmol) is solubilized in a 3:1 acetonitrile/H2O mixture (8
mL), leading to an orange solution. This solution was then slowly
added to a stirred solution of Hbpp (60 mg, 0.27 mmol) in
acetonitrile (30 mL), leading to the formation of an orange
suspension. Upon addition of Bu4NOH (440 μL, 0.444 mmol), the
resulting dark brown mixture containing insoluble material was stirred
at room temperature for 4 h. The brownish precipitate was then
filtered off. The resulting solution was concentrated under reduced
pressure until ∼5 mL, resulting in precipitation of a white solid, which
was removed by filtration. Slow vapor diffusion of diisopropyl ether/
acetone into the resulting orange filtrate afforded X-ray quality crystals
of 2·0.5CH3CN·(CH3)2CO·0.5((CH3)2CH)2O (yield of 34 mg,
53%): IR (cm−1) 1613 (s), 1587 (s), 1560 (m), 1545 (m), 1508
(m), 1447 (m), 1409 (w), 1373 (w), 1281 (w), 1254 (w), 1236 (w),
1153 (w), 1142 (w), 1104 (w), 1090 (w), 1070 (w), 1056 (w), 1026
(w), 992 (m), 958 (m), 767 (m), 734 (w). Elemental analysis calcd
(%) for 2 [C39H27CoN12 (722.66 g mol−1)]: C, 64.82; H, 3.77; N,
23.26. Found: C, 65.23; H, 3.74; N, 23.50.
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Materials 
All solvents and reagents were laboratory reagent grade or better and used as received. Acetonitrile 
(CH3CN, Fisher, HPLC grade), and tetra-n-butyl-ammonium perchlorate ([Bu4N]ClO4, Fluka) for 
electrochemical measurements were stored under an argon atmosphere in a dry-glove box. The 
triethylamine (Et3N; 99.5 %, Alfa Aesar), tetra-n-butylammonium hydroxide [Bu4N]OH (1 M in 
methanol), Alfa Aesar) and the ligand 3,5-bis(pyridin-2-yl)-pyrazole (Hbpp) (98%, TCI) were used as 
received.  
 
General methods  
X-ray structure determination. Single-crystal X-ray diffraction data were taken using an Oxford-
Diffraction Xcalibur S kappa geometry diffractometer (Mo-Kα radiation, graphite monochromator, λ = 
0.71073 Å). To prevent evaporation of co-crystallized solvent molecules the crystals were coated with 
light hydrocarbon oil and the data were collected at 150 K. The cell parameters were obtained with 
intensities detected on three batches of 5 frames. The crystal-detector distance was 4.5 cm. The number 
of settings and frames has been established taking in consideration the Laue symmetry of the cell by 
CrysAlisPro Oxford-diffraction software. Unique intensities detected on all frames using the Oxford-
diffraction Red program were used to refine the values of the cell parameters. The substantial 
redundancy in data allows empirical absorption corrections to be applied using with the ABSPACK 
Oxford-diffraction program. Space groups were determined from systematic absences, and they were 
confirmed by the successful solution of the structure. The structures were solved by direct methods using 
the SHELXT in Olex2 software environment. All non-hydrogen atoms were found by difference Fourier 
syntheses and refined on F2 using ShelXL. All hydrogen atoms were fixed in ideal position and refine 
with a riding model. Full crystallographic details are given in Tables S1 and S5. 

The elemental analyses were performed with the ICMG Chemistry Nanobio Platform, Grenoble.  

Electrochemical measurements were made at room temperature under an argon atmosphere in a dry-
glovebox. Cyclic voltammetry and controlled potential electrolysis experiments were performed by 
using an EG&G model 173 potentiostat/galvanostat equipped with a PAR model universal programmer 
and a PAR model 179 digital coulometer. A standard three-electrode electrochemical cell was used. 
Potentials were referred to an Ag/0.01 M AgNO3 reference electrode in CH3CN + 0.1M [Bu4N]ClO4. 
With this reference electrode, the ferrocene/ferrocenium reversible wave is located at E1/2 = 100 mV. 
The working electrodes, polished with 2-μm diamond paste (Mecaprex Presi), were a platinum disk (3 
or 5 mm in diameter) and vitreous carbon disk (3 mm in diameter) for cyclic voltammetry (Epa, anodic 
peak potential; Epc, cathodic peak potential; E1/2 = (Epa + Epc)/2; ΔEp = Epa - Epc). For rotating disk 
electrode (RDE) experiments, a carbon disk (2 mm in diameter) was used. Exhaustive electrolyses were 
carried out on reticulated vitreous carbon electrode 45 PPI (the electrosynthesis Co. Inc.; 1 cm3). The 
auxiliary electrode was a Pt wire in CH3CN + 0.1 M [Bu4N]ClO4. Progress of the electrolysis was 
followed by the change in UV-Vis spectra with a MCS 501 UV-NIR (Carl Zeiss) spectrophotometer 
equipped with an automatic shutter. The light sources are halogen (CLH 500 20 W) and deuterium lamps 
(CLD 500) with optic fibers (041.002–UV SN 012105), and a 1 mm path-length cell. 

X-band Electron Paramagnetic Resonance (EPR) spectra were recorded on a Bruker EMX, equipped 
with the Bruker ER-4102 ST cavity at 100K and a Bruker ER-4116 DM cavity at 13K.  

Infra-Red spectra (IR) were recorded on were recorded neat on Thermo Scientific Nicolet iS10 FT-IR 
spectrometer using an ATR (Attenuated Total Reflexion) module. 

Magnetic susceptibility measurements were performed on a Quantum Design SQUID MPMS-XL 
magnetometer housed at the Centre de Recherche Paul Pascal at temperatures between 1.8 and 400 K 
and dc magnetic fields ranging from -7 to +7 T. The measurements were carried out on polycrystalline 



 
 

S3 
 

samples (15.50, 13.87 and 14.30 mg for 1(ClO4)2•2CH3CN, 1(BF4)3•3.75CH3CN•0.33H2O and 
1(ClO4)5•6CH3CN respectively) suspended in mineral oil (typically 5-12 mg) and introduced in a sealed 
polyethylene bag (typically 3 �u 0.5 u 0.02 cm and 20-40 mg). Prior to the experiments, the field-
dependent magnetization was measured at 100 K on each sample in order to detect the presence of any 
bulk ferromagnetic impurities. In fact, paramagnetic or diamagnetic materials should exhibit a perfectly 
linear dependence of the magnetization that extrapolates to zero at zero dc field; the samples appeared 
to be free of any ferromagnetic impurities. The magnetic susceptibilities were corrected for the sample 
holder, the mineral oil and the intrinsic diamagnetic contributions. The ac magnetic susceptibility 
measurements were performed in an oscillating ac field of 3 Oe with frequencies between 1 and 1500 
Hz in zero dc-field. The ac measurements revealed the absence of an imaginary component of the ac 
susceptibility and thus the absence of Single-Molecule Magnet properties. 

 
Crystallographic data of the complexes 

 Table S1. Crystallographic refinement data for the structure of [{CoII(P-bpp)3}2CoII
3(P3-

OH)](BF4)3•3.75CH3CN•0.33H2O (1(BF4)3•3.75CH3CN•0.33H2O), [{CoIII(P-bpp)3}2CoII
3(P3-

OH)](ClO4)5•6CH3CN (1(ClO4)5•6CH3CN) and [{CoII(P-bpp)3}2CoICoII
2(P-OH)](ClO4)2•2CH3CN 

(1(ClO4)2•2CH3CN). 

 1(BF4)3•3.75CH3CN•0.33H2 1(ClO4)5•6CH3CN 1(ClO4)2•2CH3CN 
CDCD reference 1956211 1956212 1956213 
Empirical formula 
 

C85.50H66.92B3Co5F12N27.75O1.33 
 

C90H73Cl5Co5N30O21 C82H61Cl2Co5N26O9 
Formula weight 2059.49 2382.68 1920.11 
Colour, shape brown, block brown, block green, block 
Crystal size, mm 0.929 �u 0.421 u 0.282 0.497 u 0.193 u 0.146 0.141 u 0.134�u 0.090 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P 21/n C c C 2/c 
a, Å 15.2684(11) 29.5763(19) 19.113(2) 
b, Å 22.4500(13) 15.6790(4) 24.8187(19) 
c, Å 26.7450(19) 29.230(2) 16.8047(14) 
D, deg. 90 90 90 
E, deg. 102.609(7) 130.768(11) 99.162(10) 
J, deg. 90 90 90 
V, Å3 8946.4(11) 10265.9(16) 7869.6(13) 
Z 4 4 4 
T, K 150(2) 150(2) 150(2) 
U (calc), Mg/m3 1.529 1.542 1.621 
E mm-1 0.997 1.005 1.179 
T  range, deg. 2.979 to 30.508 3.013 to 26.372 2.049 to 26.366 
rflcn coll/obsv (Rint) 55465/27049 (0.0327) 45662/20130 (0.0402) 16215/8015 (0.0977) 
GooF 1.026 1.060 1.052 
R1 0.0566 0.0528 0.0820 
wR2 0.1380 0.1398 0.1534 
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Table S2. Selected bond lengths (Å) and angles (deg) in [{CoII(P-bpp)3}2CoII
3(P-OH)](BF4)3•3.75 

CH3CN•0.33 H2O (1(BF4)3•3.75 CH3CN•0.33 H2O) (apical, ap; equatorial, eq). 

Coap-N distances       
Co(4)-N(42) 2.088(2) Co(5)-N(82) 2.097(2)    
Co(4)-N(3) 2.0948(19) Co(5)-N(102) 2.103(2)    
Co(4)-N(22) 2.1026(19) Co(5)-N(62) 2.104(2)    
Co(4)-N(21) 2.199(2) Co(5)-N(61) 2.199(2)    
Co(4)-N(2) 2.2028(19) Co(5)-N(101) 2.201(2)    
Co(4)-N(41) 2.213(2) Co(5)-N(81) 2.205(2)    
Coeq-N,O distances 
Co(1)-N(4) 2.0299(18) Co(2)-O(1) 2.0277(14) Co(3)-O(1) 2.0224(14)  
Co(1)-N(63) 2.0377(19) Co(2)-N(103) 2.042(2) Co(3)-N(83) 2.040(2)  
Co(1)-O(1) 2.0399(14) Co(2)-N(43) 2.048(2) Co(3)-N(23) 2.040(2)  
Co(1)-N(64) 2.075(2) Co(2)-N(44) 2.066(2) Co(3)-N(84) 2.081(2)  
Co(1)-N(5) 2.0850(19) Co(2)-N(104) 2.074(2) Co(3)-N(24) 2.082(2)  
N-Coap-N angles Coeq-O(H)-Coeq angles  
N(42)-Co(4)-N(3) 97.15(8) N(82)-Co(5)-N(102) 98.17(8) Co(3)-O(1)-Co(2) 121.50(7) 
N(42)-Co(4)-N(22) 96.07(7) N(82)-Co(5)-N(62) 96.81(8) Co(3)-O(1)-Co(1) 120.35(7) 
N(3)-Co(4)-N(22) 95.80(7) N(102)-Co(5)-N(62) 97.10(8) Co(2)-O(1)-Co(1) 118.11(7) 
N(42)-Co(4)-N(21) 164.88(7) N(82)-Co(5)-N(61) 96.68(8)   
N(3)-Co(4)-N(21) 96.81(8) N(102)-Co(5)-N(61) 164.27(8) Coeq-O-H angles  
N(22)-Co(4)-N(21) 76.72(8) N(62)-Co(5)-N(61) 75.96(8) Co(3)-O(1)-H(1) 90.7 
N(42)-Co(4)-N(2) 98.10(7) N(82)-Co(5)-N(101) 165.03(8) Co(2)-O(1)-H(1) 90.7 
N(3)-Co(4)-N(2) 76.78(7) N(102)-Co(5)-N(101) 76.26(8) Co(4)-O(1)-H(1) 90.7 
N(22)-Co(4)-N(2) 164.70(8) N(62)-Co(5)-N(101) 97.67(8)   
N(21)-Co(4)-N(2) 90.74(8) N(61)-Co(5)-N(101) 90.53(9)   
N(42)-Co(4)-N(41) 76.27(8) N(82)-Co(5)-N(81) 76.14(8)   
N(3)-Co(4)-N(41) 164.70(7) N(102)-Co(5)-N(81) 97.35(8)   
N(22)-Co(4)-N(41) 98.61(7) N(62)-Co(5)-N(81) 164.69(8)   
N(21)-Co(4)-N(41) 91.51(8) N(61)-Co(5)-N(81) 91.21(9)   
N(2)-Co(4)-N(41) 90.34(7) N(101)-Co(5)-N(81) 90.65(9)   
N-Coeq-N,O angles   
N(4)-Co(1)-N(63) 176.46(8) O(1)-Co(2)-N(103) 87.97(7) O(1)-Co(3)-N(83) 88.98(7) 
N(4)-Co(1)-O(1) 88.53(7) O(1)-Co(2)-N(43) 88.59(7) O(1)-Co(3)-N(23) 88.41(7) 
N(63)-Co(1)-O(1) 87.94(7) N(103)-Co(2)-N(43) 176.49(8) N(83)-Co(3)-N(23) 177.38(8) 
N(4)-Co(1)-N(64) 102.48(8) O(1)-Co(2)-N(44) 126.17(7) O(1)-Co(3)-N(84) 128.26(7) 
N(63)-Co(1)-N(64) 79.58(8) N(103)-Co(2)-N(44) 101.81(8) N(83)-Co(3)-N(84) 79.22(8) 
O(1)-Co(1)-N(64) 128.70(7) N(43)-Co(2)-N(44) 79.72(8) N(23)-Co(3)-N(84) 102.61(8) 
N(4)-Co(1)-N(5) 79.65(7) O(1)-Co(2)-N(104) 130.63(7) O(1)-Co(3)-N(24) 130.00(7) 
N(63)-Co(1)-N(5) 102.82(8) N(103)-Co(2)-N(104) 79.41(8) N(83)-Co(3)-N(24) 101.99(8) 
O(1)-Co(1)-N(5) 128.98(7) N(43)-Co(2)-N(104) 103.38(8) N(23)-Co(3)-N(24) 79.54(8) 
N(64)-Co(1)-N(5) 102.32(8) N(44)-Co(2)-N(104) 103.16(8) N(84)-Co(3)-N(24) 101.74(8) 
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Table S3. Selected bond lengths (Å) and angles (deg) in [{CoIII(P-bpp)3}2CoII

3(P3-
OH)](ClO4)5•6CH3CN (1(ClO4)5•6CH3CN) (apical, ap; equatorial, eq). 

Coap-N distances 
Co(1)-N(42) 1.902(6) Co(5)-N(102) 1.910(6)  
Co(1)-N(2) 1.913(6) Co(5)-N(62) 1.922(6)  
Co(1)-N(22) 1.914(6) Co(5)-N(82) 1.923(6)  
Co(1)-N(1) 1.959(7) Co(5)-N(101) 1.972(6)  
Co(1)-N(41) 1.960(6) Co(5)-N(81) 1.982(6)  
Co(1)-N(21) 1.974(7) Co(5)-N(61) 1.989(6)  
Coeq-N,O distances 
Co(2)-O(1CO) 2.039(5) Co(3)-O(1CO) 2.027(5) Co(4)-N(104) 2.036(6) 
Co(2)-N(64) 2.051(6) Co(3)-N(84) 2.039(7) Co(4)-O(1CO) 2.051(5) 
Co(2)-N(3) 2.058(6) Co(3)-N(24) 2.053(7) Co(4)-N(44) 2.054(6) 
Co(2)-N(4) 2.059(6) Co(3)-N(23) 2.071(6) Co(4)-N(43) 2.059(6) 
Co(2)-N(63) 2.071(6) Co(3)-N(83) 2.078(6) Co(4)-N(103) 2.067(6) 
N-Coap-N angles Coeq-O(H)-Coeq angles 
N(42)-Co(1)-N(2) 95.7(3) N(102)-Co(5)-N(62) 95.7(3) Co(3)-O(1CO)-Co(2) 120.6(2) 
N(42)-Co(1)-N(22) 95.2(3) N(102)-Co(5)-N(82) 96.0(3) Co(3)-O(1CO)-Co(4) 121.1(2) 
N(2)-Co(1)-N(22) 95.7(3) N(62)-Co(5)-N(82) 95.6(3) Co(2)-O(1CO)-Co(4) 118.1(2) 
N(42)-Co(1)-N(1) 89.8(3) N(102)-Co(5)-N(101) 81.6(3)  
N(2)-Co(1)-N(1) 81.5(3) N(62)-Co(5)-N(101) 90.0(3) Coeq-O-H angles 
N(22)-Co(1)-N(1) 174.4(3) N(82)-Co(5)-N(101) 174.2(3) Co(3)-O(1CO)-H(1CO) 91.6 
N(42)-Co(1)-N(41) 81.9(3) N(102)-Co(5)-N(81) 88.8(3) Co(2)-O(1CO)-H(1CO) 91.6 
N(2)-Co(1)-N(41) 174.4(3) N(62)-Co(5)-N(81) 175.3(3) Co(4)-O(1CO)-H(1CO) 91.6 
N(22)-Co(1)-N(41) 89.6(3) N(82)-Co(5)-N(81) 82.7(3)   
N(1)-Co(1)-N(41) 93.3(3) N(101)-Co(5)-N(81) 91.9(3)   
N(42)-Co(1)-N(21) 174.6(3) N(102)-Co(5)-N(61) 174.2(3)   
N(2)-Co(1)-N(21) 89.3(3) N(62)-Co(5)-N(61) 81.6(3)   
N(22)-Co(1)-N(21) 82.0(3) N(82)-Co(5)-N(61) 89.4(3)   
N(1)-Co(1)-N(21) 93.1(3) N(101)-Co(5)-N(61) 93.2(3)   
N(41)-Co(1)-N(21) 93.4(3) N(81)-Co(5)-N(61) 94.0(3)   
N-Coeq-N,O angles 
O(1CO)-Co(2)-N(64) 131.1(2) O(1CO)-Co(3)-N(84) 132.0(2) N(104)-Co(4)-O(1CO) 132.8(2) 
O(1CO)-Co(2)-N(3) 87.3(2) O(1CO)-Co(3)-N(24) 129.7(2) N(104)-Co(4)-N(44) 98.9(2) 
N(64)-Co(2)-N(3) 106.5(3) N(84)-Co(3)-N(24) 98.2(3) O(1CO)-Co(4)-N(44) 128.2(2) 
O(1CO)-Co(2)-N(4) 129.8(2) O(1CO)-Co(3)-N(23) 86.7(2) N(104)-Co(4)-N(43) 108.0(2) 
N(64)-Co(2)-N(4) 99.1(2) N(84)-Co(3)-N(23) 106.0(3) O(1CO)-Co(4)-N(43) 85.7(2) 
N(3)-Co(2)-N(4) 79.9(2) N(24)-Co(3)-N(23) 80.1(3) N(44)-Co(4)-N(43) 79.8(2) 
O(1CO)-Co(2)-N(63) 85.5(2) O(1CO)-Co(3)-N(83) 85.4(2) N(104)-Co(4)-N(103) 79.2(2) 
N(64)-Co(2)-N(63) 79.6(2) N(84)-Co(3)-N(83) 79.3(3) O(1CO)-Co(4)-N(103) 85.4(2) 
N(3)-Co(2)-N(63) 172.6(2) N(24)-Co(3)-N(83) 105.2(3) N(44)-Co(4)-N(103) 104.9(2) 
N(4)-Co(2)-N(63) 103.6(2) N(23)-Co(3)-N(83) 172.1(2) N(43)-Co(4)-N(103) 171.0(2) 
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Table S4. Selected Bond Lengths (Å) and Angles (deg) in [{CoII(P-bpp)3}2CoICoII
2(P3-

OH)](ClO4)2•2CH3CN (1(ClO4)2•2CH3CN) (apical, ap; equatorial, eq). 

Coap-N distances Coeq-N,O distances 
Co(1)-N(22) 2.080(6) Co(2)-O(1M) 1.958(3) Co(3)-N(23”) 2.000(6) 
Co(1)-N(2) 2.090(5) Co(2)-N(43”) 2.052(6) Co(3)-N(23) 2.000(6) 
Co(1)-N(42) 2.124(6) Co(2)-N(3) 2.054(5) Co(3)-O(1M) 2.056(6) 
Co(1)-N(21) 2.188(6) Co(2)-N(4) 2.081(5) Co(3)-N(24) 2.069(7) 
Co(1)-N(1) 2.208(5) Co(2)-N(44”) 2.108(6) Co(3)-N(24”) 2.069(7) 
Co(1)-N(41) 2.217(6)     
O-H distances 
O(1M)-H(1M) 0.816(10) 
N-Coap-N angles Coeq-O(H)-Coeq angles 
N(22)-Co(1)-N(2) 97.4(2) Co(2”)-O(1M)-Co(2) 126.3(3) 
N(22)-Co(1)-N(42) 101.5(2) Co(2”)-O(1M)-Co(3) 116.86(17) 
N(2)-Co(1)-N(42) 98.1(2) Co(2)-O(1M)-Co(3) 116.87(17) 
N(22)-Co(1)-N(21) 76.4(2) Coeq-O-H angles 
N(2)-Co(1)-N(21) 96.7(2) Co(2”)-O(1M)-H(1M) 83(5) 
N(42)-Co(1)-N(21) 165.1(2) Co(2)-O(1M)-H(1M) 95(4) 
N(22)-Co(1)-N(1) 164.0(2) Co(3)-O(1M)-H(1M) 92(9) 
N(2)-Co(1)-N(1) 76.2(2)   
N(42)-Co(1)-N(1) 94.0(2)   
N(21)-Co(1)-N(1) 89.67(19)   
N(22)-Co(1)-N(41) 98.5(2)   
N(2)-Co(1)-N(41) 163.8(2)   
N(42)-Co(1)-N(41) 76.3(2)   
N(21)-Co(1)-N(41) 89.4(2)   
N(1)-Co(1)-N(41) 89.0(2)   
N-Coeq-N,O angles 
O(1M)-Co(2)-N(43”) 91.8(2) N(23”)-Co(3)-N(23) 179.4(3) 
O(1M)-Co(2)-N(3) 91.22(18) N(23”)-Co(3)-O(1M) 89.69(16) 
N(43”)-Co(2)-N(3) 177.0(2) N(23)-Co(3)-O(1M) 89.70(16) 
O(1M)-Co(2)-N(4) 121.3(2) N(23”)-Co(3)-N(24) 101.0(3) 
N(43”)-Co(2)-N(4) 99.6(2) N(23)-Co(3)-N(24) 79.3(3) 
N(3)-Co(2)-N(4) 78.6(2) O(1M)-Co(3)-N(24) 127.03(18) 
O(1M)-Co(2)-N(44”) 133.3(2) N(23”)-Co(3)-N(24”) 79.3(3) 
N(43”)-Co(2)-N(44”) 79.8(2) N(23)-Co(3)-N(24”) 101.0(3) 
N(3)-Co(2)-N(44”) 98.3(2) O(1M)-Co(3)-N(24”) 127.04(18) 
N(4)-Co(2)-N(44”) 105.4(2) N(24)-Co(3)-N(24”) 105.9(4) 
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Table S5. Crystallographic refinement data for the structure of 
[CoIII(bpp)3]•0.5CH3CN•(CH3)2CO•0.5((CH3)2CH)2O (2•0.5CH3CN•(CH3)2CO•0.5((CH3)2CH)2O).  

 2•0.5CH3CN•(CH3)2CO•0.5((CH3)2CH)2O 
CCDC reference 1956214 
Empirical formula C46H41.50CoN12.50O1.50 
Formula weight 852.34 
Colour, shape red, block 
Crystal size, mm 0.296 x 0.234 x 0.135 
Crystal system Orthorhombic 
Space group P b c n 
a, Å 17.3087(4) 
b, Å 16.6078(4) 
c, Å 28.5274(10) 
D, deg. 90 
E, deg. 90 
J, deg. 90 
V, Å3 8200.4(4) 
Z 8 
T, K 150(2) 
O (calc), Mg/m3 1.381 
E  , mm-1 0.474 
T range, deg. 2.220 to 26.371 
rflcn coll/obsv (Rint) 44448/8230 (0.0872) 
GooF 1.055 
R1 0.0584 
wR2 0.1570 

 

 

Table S6. Selected bond lengths (Å) and angles (deg) for [CoIII(bpp)3]•0.5CH3CN• 
(CH3)2CO•0.5((CH3)2CH)2O (2•0.5CH3CN•(CH3)2CO•0.5((CH3)2CH)2O)). 

Co(1)-N(22) 1.882(3) Co(1)-N(21) 1.933(3) 
Co(1)-N(2) 1.895(3) Co(1)-N(41) 1.963(3) 
Co(1)-N(42) 1.896(3) Co(1)-N(1) 1.967(3) 
    
N(22)-Co(1)-N(2) 93.63(12) N(42)-Co(1)-N(41) 82.05(11) 
N(22)-Co(1)-N(42) 90.46(11) N(21)-Co(1)-N(41) 172.65(11) 
N(2)-Co(1)-N(42) 175.35(11) N(22)-Co(1)-N(1) 174.95(11) 
N(22)-Co(1)-N(21) 82.39(11) N(2)-Co(1)-N(1) 82.13(11) 
N(2)-Co(1)-N(21) 91.38(12) N(42)-Co(1)-N(1) 93.89(11) 
N(42)-Co(1)-N(21) 91.35(11) N(21)-Co(1)-N(1) 94.93(11) 
N(22)-Co(1)-N(41) 94.37(11) N(41)-Co(1)-N(1) 88.77(11) 
N(2)-Co(1)-N(41) 95.42(12)   
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Figure S1. (A) ORTEP representation with 50% probability thermal of the molecular structure of cation 
13+ (a), 15+ (b) and 12+ and the corresponding metallic cores including the first coordination spheres of 
the metal ions are shown. (B) Two crystallographic views of 13+ (a, c) and 15+ (b, d); color code: Co(II), 
blue; Co(III), orange; O, red; N, light blue; C, grey.   
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As typically found in complexes with the bpp- ligand, the Co-Npyrazole distances are shorter 
than the Co-Npyridine distances (Tables S2-S4).1-2 
Electrochemical data and UV-Visible absorption spectra of the complexes 
 

 
 
Figure S2. Cyclic voltammograms in CH3CN, 0.05 M [Bu4N]ClO4 of a 0.5 mM solution of 13+ at a Pt 
electrode (diameter 3 mm) for scan range between -0.82 and +0.5 V and at a  carbon electrode (diameter 
3 mm) for scan range between -0.5 and -3 V (black) with a scan rate of 100 mV.s-1. Voltammograms at 
a carbon rotating disk electrode (RDE), rotation rate 600 rpm with a scan rate of 10 mV.s-1 (red). 
 
 
 

 
Figure S3. Cyclic voltammograms at a Pt electrode (diameter 5 mm) in CH3CN, 0.05 M [Bu4N]ClO4 of 
(A) a 0.54 mM solution of 13+, (B) after exhaustive oxidation at +0.25 V of the (A) solution (formation 
of 15+) with a scan rate of 100 mV.s-1. 
 
 

4 μA

E/V

-1.0 -0.5 0.0-3.0 -2.5 -2.0 -1.5
vs Ag/AgNO3

0.5

10 μA

E/V

-1.0 -0.5 0.0-3.0 -2.5 -2.0 -1.5 0.5 1.51.0

0.5-1.0-3.0 -2.5 -2.0 -1.5

E/V

-0.5 0.0

(A) 

(B)

vs Ag/AgNO3



 
 

S10 
 

 

 
 
Figure S4. Cyclic voltammograms at a carbon electrode (diameter 3 mm) in CH3CN, 0.05 M 
[Bu4N]ClO4 of (A) a 0.50 mM solution of 13+, (B) after exhaustive oxidation at +0.25 V of the (A) 
solution (formation of 15+), (C) after exhaustive reduction at -1.75 V of the (A) solution (formation of 
12+), (D) after exhaustive reduction at -2.05 V of the (C) solution (formation of 1+, the compound 
precipitated) with a scan rate of 100 mV.s-1. 
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Figure S5. UV-vis absorption monitoring during electrolyses of a 0.50 mM solution of 13+ in CH3CN, 
0.05 M [Bu4N]ClO4: (A) oxidation at 0.25 V (conversion of 13+ into 15+ after two electrons exchanged); 
(B) reduction at -1.75 V (conversion of 13+ into 12+ after exchange of one electron); (C) reduction at -
2.05 V (from 12+ to 1+ after exchange of one electro), the decrease of the absorbance is due to the 
progressive precipitation of 1+ during the electrolysis. l n= 1 mm. 
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Magnetic properties of the complexes  
 
 

 

 

Figure S6. (a) Temperature dependence of the FT product (where F is the molar magnetic susceptibility 
that equals M/H per complex) collected in an applied dc magnetic field of 0.1 T for 1(ClO4)2•2CH3CN. 
The solid red line is the best fit of the experimental data to a Curie-Weiss law (see main text). Field 
dependence of the magnetization, M, for 1(ClO4)2•2CH3CN below 8 K (scanning at 100 – 400 Oe.min-

1 for H < 1 T and 500 – 2500 Oe.min-1 for H > 1 T) plotted as (b) M vs H and (c) M vs H/T plots.  
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Figure S7. (a) Temperature dependence of the FT product (where F is the molar magnetic susceptibility 
that equals M/H per complex) collected in an applied dc magnetic field of 0.1 T for 
1(BF4)3•3.75CH3CN•0.33H2O. The solid red line is the best fit of the experimental data to a Curie-Weiss 
law (see main text). Field dependence of the magnetization, M, for 1(BF4)3•3.75CH3CN•0.33H2O below 
8 K (scanning at 100 – 400 Oe.min-1 for H < 1 T and 500 – 2500 Oe.min-1 for H > 1 T) plotted as (b) M 
vs H and (c) M vs H/T plots. 
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Figure S8. (a) Temperature dependence of the FT product (where F is the molar magnetic susceptibility 
that equals M/H per complex) collected in an applied dc magnetic field of 0.1 T for 1(ClO4)5•6CH3CN. 
The solid red line is the best fit of the experimental data to a Curie-Weiss law (see main text). Field 
dependence of the magnetization, M, for 1(ClO4)5•6CH3CN below 8 K (scanning at 100 – 400 Oe.min-

1 for H < 1 T and 500 – 2500 Oe.min-1 for H > 1 T) plotted as (b) M vs H and (c) M vs H/T plots. 
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