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Influencing the coordination mode of tbta (tbta =
tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine) in
dicobalt complexes through changes in metal
oxidation states†

David Schweinfurth,a Johannes Klein,b Stephan Hohloch,a Sebastian Dechert,c

Serhiy Demeshko,c Franc Meyerc and Biprajit Sarkar*a

The complexes [(tbta)Co(μ-CA-2H)Co(tbta)(CH3CN)](BF4)2 1 and [(tbta)Co(μ-OH)2Co(tbta)](BF4)4 2 (tbta =

tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine and CA = chloranilic acid) were synthesized and charac-

terized by X-ray crystallography, SQUID magnetometry and NMR spectroscopy. The reactions to form

these complexes deliver 1 as a paramagnetic species containing two high spin Co(II) centers, and 2 as a

diamagnetic compound with two low spin Co(III) centers. Structural analysis shows that in 1 the capped-

octahedral environment around the Co(II) centers is highly distorted with rather long bonds between the

metal and donor atoms. The tbta ligand binds to the Co(II) centers through the three triazole nitrogen

donor atoms in a facial form, with the Co–N(amine) distance of 2.494(2) Å acting as a capping bond to

the octahedron. In the crystal an unusual observation of one acetonitrile molecule statistically occupying

the coordination sites at both Co(II) centers is made. 1 displays a series of intermolecular C–H⋯Cl and π–π
interactions leading to extended three-dimensional structures in the solid state. These interactions lead

to the formation of voids and explain why only one acetonitrile molecule can be bound to the dinuclear

complexes. In contrast to 1, the cobalt centers in 2 display a more regular octahedral environment with

shorter cobalt–donor atom distances, as would be expected for a low spin Co(III) situation. The tbta

ligand acts as a perfect tetradentate ligand in this case with the cobalt–N(amine) distance of 2.012(3) Å

falling in the range of a normal bond. Thus, we present the rare instances where the ligand tbta has

been observed to bind in a perfectly tetradentate fashion in its metal complexes. The room temperature

magnetic moment of 6.30 μB for 1 shows values typical of two high spin Co(II) centers, and this value

decreases at temperatures lower than 30 K indicating a weak antiferromagnetic coupling and zero field

splitting. Mass spectrometric analysis of 2 provided evidence for the formation of an oxo-bridged

dicobalt complex in the gas phase.

Introduction

The ligand tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine,
tbta (Scheme 1),1 is a prominent example of the emerging
class of tripodal ligands2 that can be synthesized by the Cu(I)
catalyzed “Click” reaction3 between azides and alkynes. Inter-
estingly, tbta was one of the first ligands that was used as an

additive to enhance the efficiency of the “Click” catalytic
processes,1b,c and subsequently structural elucidation of the
involved Cu(I)-tbta complexes was made.1d Metal complexes of
various substituted triazole ligands generated through the
“Click” process are meanwhile well-known,4 and have found
applications in diverse fields of chemistry.5,6 In the free form,
1,2,3-triazoles have been shown to have a particularly acidic
C–H bond, thus allowing them to act as anion-binders by
forming strong hydrogen bonds.7 Molecular recognition
through weak non-covalent interactions is a topic of immense
current interest in contemporary chemistry.8

Chloranilic acid, CA (Scheme 1), in its various deprotonated
forms is a frequently used bridging ligand with examples of
mono- and dinuclear complexes, as well as coordination poly-
mers being well-known in the literature.9 Dicobalt complexes
with CA-2H have been investigated with respect to their

†CCDC 804874 and 911111. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/c3dt00102d

aInstitut für Chemie und Biochemie, Anorganische Chemie, Freie Universität Berlin,

Fabeckstraße 34-36, D-14195 Berlin, Germany. E-mail: biprajit.sarkar@fu-berlin.de
bInstitut für Anorganische Chemie, Universität Stuttgart, Pfaffenwaldring 55,

D-70550 Stuttgart, Germany
cInstitut für Anorganische Chemie, Georg-August Universität Göttingen,

Tammanstraße 4, D-37077 Göttingen, Germany

6944 | Dalton Trans., 2013, 42, 6944–6952 This journal is © The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 F
re

ie
 U

ni
ve

rs
ita

et
 B

er
lin

 o
n 

16
/0

3/
20

15
 1

1:
36

:0
9.

 

View Article Online
View Journal  | View Issue

www.rsc.org/dalton
http://dx.doi.org/10.1039/c3dt00102d
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT042019


magnetic properties, in particular in combination with the co-
ligand tris(2-pyridylmethyl)amine, tmpa (Scheme 1).10

In these complexes as also in others,9k the tmpa ligand
usually acts as a normal tetradentate ligand, binding to the
metal center through all of its four nitrogen donor atoms. The
ligand tbta is of course related to tmpa. Despite this similarity,
to the best of our knowledge the only example of a metal
complex where tbta acts as a real tetradentate donor towards
one metal center has been reported for a 5-coordinated Cu(II)
complex.1d Our own investigation of tbta with Fe(II) or Co(II)
has shown it coordinating either through the three triazole
donors, with the central amine forming only a weak bond, or
through two triazole donors, and the central amine with one
of the triazole arms remaining uncoordinated.11 In the afore-
mentioned Cu(I) complex used as a catalyst for the “Click”
reaction, tbta was actually shown to act as a bridge between
two metal centers in a dinuclear complex with one of the
triazole rings binding to the metal centers through both its
N donor atoms.1d The Fe(II) complex mentioned above is a
high spin (HS) case, whereas the Co(II) complexes were
reported in both HS and low spin (LS) states. In all these three
states, the operation of the Jahn–Teller effect automatically
enforces distortion of the octahedron around the metal
centers.12 However, despite these effects, tmpa is capable of
acting as a regular tetradentate ligand for both HS Fe(II) and
HS and LS Co(II).10 Hence we were in the look-out for a similar
coordination mode for the ligand tbta and to understand the
circumstances under which tbta might actually act as a regular
tetradentate ligand.

In the following, we present two very similar dicobalt com-
plexes: a CA bridged dicobalt complex [(tbta)Co(μ-CA-2H)Co-
(tbta)(CH3CN)](BF4)2, 1, and a doubly hydroxide bridged
dicobalt complex [(tbta)Co(μ-OH)2Co(tbta)](BF4)4, 2. Thus,
both these complexes have tbta as co-ligands and oxygen-
donating bridges that have an identical total charge. We
explore the effect of changing the bridging ligand, with the
same total charge in each case, on the oxidation and spin
states of the cobalt centers. In turn, we investigate the effect of
the oxidation and spin state of the cobalt centers on the
coordination mode of the tbta ligand. We also point out the
possibilities of weak interactions that arise on combining
ligands such as CA and tbta, which provide enough sites for
generating weak non-covalent intra- and intermolecular inter-
actions, and explore the effects of such interactions on the

coordination number and mode of the cobalt centers. The
bonding parameters of 1 will be compared to the correspond-
ing complex [(tmpa)CoII(μ-CA-2H)CoII(tmpa)](BF4)2 310b that
contains tmpa as a co-ligand. Results obtained from synthesis,
single crystal X-ray diffraction, 1H-NMR spectroscopy and
SQUID magnetometry are discussed below to address the
question formulated above.

Results and discussion
Synthesis and characterization

Complex 1 was synthesized by the addition of the deproto-
nated form of CA to a solution containing a mixture of Co-
(BF4)2·6H2O and tbta (Experimental section). 1 turned out to
be paramagnetic, and was hence characterized by elemental
analysis and single crystal X-ray diffraction. Despite the para-
magnetic nature of 1, we were not able to obtain interpretable
EPR spectra of this molecule at the X-band. Attempts at using
high-frequency and -field EPR, a technique known to deliver
reliable spectra in cases where the X-band fails,13 also did not
help. This is probably related to the octahedral coordination of
the Co(II) centers in 1 with their zero field splitting, coupled
with the weak magnetic coupling between the two Co(II)
centers in this dinuclear complex (vide infra). Investigation of
the redox chemistry of 1 with cyclic voltammetry, in the hope
of accessing a dicobalt(III) species, showed ill-defined, irrevers-
ible processes pointing to the decomposition of 1 on oxi-
dation. A probable explanation for this phenomenon is the
release of the CA-2H or the CH3CN ligand on making the
system electron poorer. The flexible binding of tbta is also
likely to contribute to irreversible redox chemistry in these
compounds. Oxidation of an HS Co(II) centre to Co(III) would
intrinsically demand structural reorganization, however, this
process can be reversible when appropriate co-ligands are
used.10b

The failure to access a dicobalt(III) species in the case of 1
made us think about alternative strategies for generating a
related dicobalt(III) species by keeping the total charge and
kind of donor atoms of the bridging ligand constant. After
investigating various routes, gratifyingly, the use of H2O2

together with a mixture of Co(BF4)2·6H2O and tbta delivered
the desired product in good yields. The compound 2, formed
in this process, is diamagnetic and was investigated by

Scheme 1 CA, tmpa, and tbta.
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1H-NMR spectroscopy, single crystal X-ray diffraction, elemen-
tal analysis and mass spectrometry (Experimental section).

A detailed analysis of the 1H-NMR spectrum of 2 provides
useful insights into its structure in solution (Fig. 1). The
number of signals and their splitting patterns can be
explained by considering a local center of inversion as well as
a local C2 axis in the molecule in solution (overall C2h sym-
metry). Thus, two different signals are observed for the ring
C–H protons of the 1,2,3-triazole rings in a ratio of 2 : 1. The
peak marked “a” is assigned to the triazole ring protons in the
axial position, and the one marked “b” to the triazole ring
protons in the equatorial position. These signals are low field
shifted, as has been previously observed for other triazole C–H
ring protons.6a,b The presence of three nitrogen atoms in the
1,2,3-triazole rings makes the C–H ring protons acidic, result-
ing in their down field shift.

The “CH2” protons of the benzyl groups which are in the
axial positions (marked c) deliver a splitting which is remini-
scent of an AA′-pattern. This is a result of the geminal coupling
between the protons of a “CH2” group. A similar situation is
observed for the “CH2” protons attached to the amine nitrogen
(marked e). An AA′-pattern resulting from a geminal coupling
is observed for these axial protons as well. In contrast to the
axial “CH2” groups, the equatorial “CH2” groups belonging to
both the benzyl and the ones attached to the amines (marked
d and f respectively) deliver singlets. The intensity ratios of
these signals also help in their assignment. The benzyl “CH2”

(c and d) groups appear at lower fields compared to the “CH2”

groups attached to the central amine (e and f). The difference
between the chemical shifts of the axial “CH2” protons
attached to the amine that undergo a geminal coupling is
larger than the difference between the axial benzyl “CH2”

protons. This reflects a more drastic difference in the chemical

environments of the protons marked “e” compared to those
marked “c”. The phenyl protons of the benzyl groups appear
as multiplets between 6.9 and 7.5 ppm. The “OH” protons of
the bridge were observed in the 1H-NMR spectrum of 2 at
0.63 ppm. Mass spectrometry and elemental analysis (Fig. 2
and Experimental section) confirmed the 4+ charge of the
cation in 2. Hence 2 contains two Co(III) centers bridged by
two OH− ions and has neutral co-ligands. A direct proof of this
came from X-ray crystallography (vide infra).

Interestingly, we were able to observe the 4+ charged cation
of 2 in its ESI mass spectrum (Fig. 2). This is an unusual result
considering the high charge of this cation. More intriguingly,
a second peak was observed in the ESI mass spectrum which
matched exactly with a 3+ cation that would be obtained from
2 after loss of a proton (Fig. 2). This result shows the possi-
bility of deprotonating the hydroxo bridge of 2 in the gas
phase to generate a dicobalt(III) complex that is bridged by one
hydroxo and one oxo ligand.

Fig. 2 ESI mass spectrum of [2 − 4(BF4
−)]4+ (top) and [2 − 4(BF4

−) − H+]3+

(bottom). Simulated values are given in brackets.

Fig. 1 1H-NMR spectrum of 2 in CD3CN at 295 K.
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The formation of 2 from its reaction components leads to
some interesting observations. The reaction of a Co(II) salt in
the presence of a tripodal-tetradentate ligand, tbta and H2O2

leads to the formation of the bis-hydroxo bridged dicobalt(III)
compound 2 in good yields. The process of the formation of 2
thus likely involves the binding of H2O2 to two Co(II) centers,
oxidation of each of the Co(II) centers to Co(III), transfer of the
two electrons from the two cobalt centers to anti-bonding orbi-
tals of H2O2, cleavage of the O–O bond in H2O2, and the for-
mation of the bis-hydroxo bridged dicobalt(III) complex 2. O–O
bond cleavage together with oxidation of metal centers has
precedence in oxygenation reactions that take place in biologi-
cal systems.14

Crystal structures

Single crystals for both 1 and 2 could be obtained for X-ray
diffraction studies. 1 crystallizes in the triclinic P1̄ group
(Table 1). The Co(II) centers in 1 are in a distorted capped octa-
hedral environment, with each of the cobalt centres being
coordinated by two oxygen donor atoms of the CA-2H bridge,
and three of the triazole nitrogen donors of tbta (Fig. 3). For
the sixth coordination position, only one acetonitrile ligand is
found for both the Co(II) centres of each molecule. Such a situ-
ation leads to an unusual structure where only half of the
Co(II) centres are coordinated to acetonitrile molecules. The
capping bond is between the Co(II) centre and the central
nitrogen atom of tbta.

The Co–N distances of about 2.1 Å (Table 2) to the triazole
nitrogen donors are in the range observed for HS Co(II) com-
plexes with tbta.11 The Co–O distances are also in the expected
range for an HS complex. The Co1–N1(amine) distance of
2.494(2) Å is on the longer side, but still consistent with a

weak interaction of the amine nitrogen with the metal center.
The tbta ligand is thus coordinated to the Co(II) centers
through the three triazole N donors in a facial mode, with the
amine nitrogen atom providing for a weak capping bond. Such
a coordination mode for tbta has been observed for related HS
Co(II) complexes earlier.11 A look at the bond lengths within
the CA-2H ligand shows that the C1–O1 bond at 1.268(3) Å is
longer than the C2–O2 bond at 1.242(3) Å; accordingly, the
C1–C3 bond at 1.377(4) Å is shorter than the C2–C3 bond at
1.411(3) Å. Such a bonding pattern shows the preference of the
CA-2H ligand to act in a substituted para-quinone form in its
metal complexes, with the negative charge showing a tendency
to be localized at two oxygen atoms leading to a bis(alkoxy)-p-
quinone type of ligand.

The angles between the donor atoms and the Co(II) centres
in 1 (Table 3) show large deviations from the expected 90° and
180° angles. The chelating nature of the tbta and CA-2H ligands

Fig. 3 ORTEP plot of 1. Ellipsoids are drawn at 50% probability. Hydrogen
atoms and counter-ions have been omitted for clarity. The CH3CN molecules
were calculated with a 50% probability at each site.

Table 2 Selected bond lengths (Å) for 1 and 2

1 2

Co1–O1 2.031(2) 1.905(2)/1.909(2)
Co1–O2 2.231(2) —
Co1–N1 2.494(2) 2.012(3)
Co1–N10 2.100(2) 1.899(3)
Co1–N20 2.091(2) 1.908(3)
Co1–N30 2.122(2) 1.886(3)
Co1–N100 2.479(5)
O1–C1 1.268(3)
O2–C2 1.242(3)
C1–C2 1.524(4)
C1–C3 1.377(4)
C2–C3 1.411(3)

Table 1 Crystallographic details for 1 and 2

1 2

Formula C72H69B2Cl2Co2F8N23O4 C60H62B4Co2F16N20O2
Mr 1682.88 1560.40
Crystal system Triclinic Orthorhombic
Space group P1̄ Pbca
a (Å) 11.2933(4) 21.184(2)
b (Å) 11.5315(4) 14.372(2)
c (Å) 16.4162(6) 22.001(3)
α (°) 108.969(3) 90
β (°) 91.903(3) 90
γ (°) 110.416(3) 90
V (Å3) 1868.6(1) 6698(1)
Z 1 4
Dcalc (g cm−3) 1.495 1.547
T (K) 133(2) 100(2)
μ (mm−1) 0.602 0.601
F(000) 864 3184
Meas./indep. refl. 25 772/7927 110 712/8309
Obsvd [I > 2σ(I)] refl. 6196 6352
R(int) 0.0511 0.0348
R [F 2 > 2σ(F 2)] 0.0482 0.0595
wR (F 2) 0.1058 0.1846
S 1.020 1.097
Δρmax, Δρmin (e Å−3) 0.873, −0.696 2.400, −0.808
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would intrinsically impose a certain amount of distortion to
the metal centres. However, the extreme distortion from a
perfect octahedron in the present case is also related to the
capped octahedral geometry formed because of the weak Co–
N(amine) bond, as well as the HS state of the Co(II) centers.
The t2g levels of an HS Co(II) center would experience Jahn–
Teller distortion leading to a distortion of the (capped)
octahedron around the Co(II) centre.12

Compound 1 has various positions predestined to undergo
weak non-covalent interactions in the solid state. The C–Cl
groups of the CA-2H ligand are known to form strong hydrogen
bonds.9o,p The benzyl substituents of the tbta ligand,11 as well
as the C–H groups of the 1,2,3-triazole rings,7 are known to
undergo strong intra- and inter-molecular C–H⋯π and π⋯π
interactions. For 1, the C–H groups of the benzyl substituents
form hydrogen bonds with the C–Cl groups of the neighboring
molecules to form a two-dimensional chain (Fig. 4). Relevant
distances and angles are C–H⋯Cl–C, 2.918 Å; C–H–Cl, 113.0°
and H–Cl–C, 175.6°. These two dimensional chains are con-
nected through π⋯π stacking between the phenyl rings of
the benzyl groups (4.005 Å, Fig. 4) and the BF4

− counter-ions
interacting with the C–H group of the 1,2,3-triazole rings
(not shown in the figure).

The above-mentioned interactions lead to a situation where
two of the dicobalt(II) complexes approach each other in the
solid state in a way that leaves space for only one acetonitrile
molecule per two Co(II) centers (Fig. 4). Such a situation
might explain the unusual coordination geometry around the
Co(II) centers discussed above. The Co–Co distance in 1 is
8.071(1) Å.

An interesting comparison can be made between com-
pound 1 and the related complex 3,10 with tmpa as a co-ligand.
Just like in 1, the Co(II) centres in 3 are in the HS state. In
keeping with this fact, the Co–O distances in 3 of 2.030(2) Å
and 2.277(3) Å10 are in the same range as that observed for 1
(Table 2). The average Co–N(pyridine) bond lengths in 3 are
2.1 Å,10 a value that is in the same range as those for the
average Co–N(triazole) bond lengths in 1 (Table 2). However,
the Co–N(amine) distance of 2.494(2) Å in 1 is longer than the
corresponding distance of 2.239(3) Å10 observed in 3. This
longer Co–N(amine) bond to the tbta ligand in 1 makes the
capped octahedron in 1 more distorted than the octahedron in
3, and prevents a regular tetradentate bonding mode for tbta.
The same weak Co–N(amine) bond in 1 is probably responsible
for the coordination of an additional donating solvent mole-
cule (CH3CN), and the concomitant formation of a capped-
octahedron type of coordination, a phenomenon not observed
for 3.

In contrast to 1, the metal–ligand distances for 2 are all
shorter (Fig. 5 and Table 2). The Co–O distances are 1.905(2)
and 1.909(2) Å. The average Co–N(triazole) distance is 1.9 Å, a
value that is 0.2 Å shorter than the corresponding distances in
1 (Table 2). Surprisingly, the Co–N1(amine) distance in 2 is
2.012 Å, a value that is 0.48 Å shorter than that in 1 (Table 2).
The cobalt ions in 2 are in the LS +III oxidation state, and have
a t2g

6 configuration with no electrons in anti-bonding orbi-
tals.12 This leads to the shorter metal–ligand bonds, and helps
the amine nitrogen to form a strong bond to the Co(III)
centres. Additionally, octahedral LS Co(III) complexes do not
show a Jahn–Teller distortion.12 A combined result of these
effects is the formation of shorter metal–ligand bonds, and
angles between the cobalt centres and donor atoms that
are closer to the 90° and 180° angles expected for a perfect
octahedral case (Table 3). The possibility to form a regular
octahedral geometry around the LS Co(III) centres contributes
to the fact that tbta can act as a perfect tetradentate ligand in
2, a coordination mode that has previously only been observed
for a 1 : 1 mononuclear Cu(II) complex of tbta with an
additional halide ligand.1d The distance between the two
cobalt centers in 2 is 2.878(1) Å, a value that is comparable to
other hydroxo-bridged dicobalt(III) complexes in the litera-
ture.15 As has been mentioned above in the characterization
part, all data for 2 point to the existence of LS Co(III) centres in
2, and the structural data corroborate those facts.

Magnetic properties of 1

The magnetic properties of 1 were investigated by SQUID
susceptometry. 1 has a room temperature magnetic moment
of 6.30 μB which is in the range expected for two HS Co(II)

Table 3 Selected bond angles (°) for 1 (top) and 2 (bottom)

1
O1–Co1–N20 133.05(9)
O1–Co1–N10 99.51(8)
N20–Co1–N10 112.85(8)
O1–Co1–N30 89.96(8)
N20–Co1–N30 112.71(8)
N10–Co1–N30 103.91(8)
O1–Co1–O2 75.01(7)
N20–Co1–O2 77.40(7)
N10–Co1–O2 81.09(8)
N30–Co1–O2 164.83(7)
O1–Co1–N100 72.3(1)
N20–Co1–N100 74.4(1)
N10–Co1–N100 171.8(1)
N30–Co1–N100 75.7(1)
O2–Co1–N100 97.3(1)
N1–Co1–N100 115.7(2)
N1–Co1–N10 71.34(8)
N1–Co1–N20 70.34(8)
N1–Co1–N30 71.18(8)
N1–Co1–O1 155.56(7)
N1–Co1–O2 123.83(7)

2
N1–Co1–O1 178.3(1)
N10–Co1–N20 165.2(1)
N30–Co1–O1 176.4(1)
O1–Co1–O1 82.0(1)
O1–Co1–N10 97.1(1)
O1–Co1–N20 97.7(1)
O1–Co1–N30 96.5(1)
N1–Co1–O1 96.3(1)
N1–Co1–N10 82.3(1)
N1–Co1–N20 82.9(1)
N1–Co1–N30 85.2(1)
N30–Co1–N20 90.1(1)
N30–Co1–N10 88.1(1)
O1–Co1–N10 88.8(1)
O1–Co1–N20 93.4(1)
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centers each with a spin of S = 3/2 and some orbital angular
momentum contribution (5.48 μB for the spin-only case).16

This value remains almost constant until 30 K, whereupon it
decreases to 4.64 μB at 2 K (Fig. 6). The decrease of the mag-
netic moment value at lower temperatures is probably due to a
combination of zero-field splitting observed for HS Co(II), and
antiferromagnetic coupling between the two Co(II) ions. The
temperature dependence of the magnetic data was modelled
using a fitting procedure to the appropriate Heisenberg–Dirac–
van Vleck spin Hamiltonian for two S = 3/2 cobalt centres with

isotropic exchange coupling, Zeemann splitting and zero-field
splitting, eqn (1).

Ĥ ¼ �2JŜ1Ŝ2 þ gμB~Bð~S1 þ~S2Þ þ
X2
i¼1

Di Ŝ
2
zi �

1
3
SiðSi þ 1Þ

� �
ð1Þ

The best fit parameters are g = 2.27, J = −0.04 cm−1 and |D|
= 9.8 cm−1. The relatively small value of J reflects the weak
(almost negligible) antiferromagnetic coupling in 1, a result

Fig. 4 Weak non-covalent inter-molecular interactions in 1 and the formation of voids to accommodate an acetonitrile molecule.
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which can be attributed to the large separation (more than
8 Å) between the two spin bearing Co(II) centres.9o,p

Conclusions

We have presented here two different cobalt complexes 1 and 2
that have the “Click” derived tbta as co-ligands. X-ray structural
analyses of these compounds show that 1 contains two HS Co(II)
centres where the metal centres adopt a capped octahedral
type of coordination. The ligand tbta thus displays a 3 + 1 type
of coordination in 1. Additionally, in 1 only one acetonitrile
ligand is found for two Co(II) centres, a result which has been
explained by the formation of voids in the solid state through
weak non-covalent intermolecular interactions between the
CA-2H bridging ligand and the tbta co-ligands. Investigation of

the magnetic properties of 1 displayed characteristics of two
weakly antiferromagnetically coupled HS Co(II) centres. 2 was
synthesized by the oxidation of Co(II) with H2O2, with the sub-
sequent cleavage of the O–O bond in H2O2 and the binding of
OH− as bridging ligands in 2. In contrast to 1, in 2 the cobalt
centres are in the LS +III oxidation state. As a result of this, the
metal-donor atom distances in 2 are all shorter than in 1.
A consequence of the octahedral LS +III state of the cobalt
centres is the binding of tbta in 2 as a regular tripodal-tetra-
dentate ligand. This is one of the rare occasions where such a
coordination mode has been observed for tbta. Thus the de-
localization of two negative charges over the CA-2H bridge in 1
leads to the formation of a bridge with weak ligand field
strength, which leads to the stabilization of HS Co(II) centres.
For 2 on the other hand, the concentration of negative charges
on the two OH− ligands leads to the stabilization of an LS
Co(III) complex. It was also possible to generate oxo/hydroxo-
bridged Co(III) species in the gas phase. The flexibility of the
tbta ligand, as has been probed in the present case, would
demand high reorganization energies during redox processes
in complexes containing this ligand, and is probably respon-
sible for the irreversible redox chemistry observed for 1.
Our present results display the versatile chemistry that can be
generated with “Click” derived tripodal-triazole ligands,
and also indicates possible applications of metal complexes
containing such ligands in oxidation chemistry.

Experimental section
General

All solvents were dried and distilled using common techniques
unless otherwise mentioned. The ligand tbta was synthesized
by a reported procedure.1a 1H-NMR spectra were recorded at
250.13 MHz on a Bruker AC250 instrument. Elemental
Analyses were performed using a Perkin Elmer Analyser 240.
Mass spectrometry measurements were carried out using an
Agilent 6210 ESI-TOF instrument.

Syntheses

[(TBTA)Co-μ-CA-Co(TBTA)(CH3CN)](BF4)2, 1. Co(BF4)2·6H2O
(100 mg, 0.29 mmol) and TBTA (156 mg, 0.29 mmol) were dis-
solved in CH3CN (10 mL). The solution was stirred at room
temperature for 1 h. Meanwhile, chloranilic acid (30 mg,
0.15 mmol) was dissolved in CH3CN (10 mL) and deprotonated
with NEt3 (0.1 mL). The purple solution was added dropwise to
the metal precursor solution and the resulting mixture was
stirred for 5 min at room temperature. The product was crystal-
lized by the addition of diethyl ether (20 mL). Dark red crystals
suitable for X-ray diffraction were filtered, washed with ether
and isolated in 40% yields (96 mg). Anal. Calcd for
C68H63B2Cl2Co2F8N21O4: C, 51.02; H, 3.97; N, 18.38; Found C,
51.02; H, 4.17; N, 18.91. UV-Vis (ε (103 M−1 cm−1)): nm 333
(16.0), 377 (sh, 6.89), 538 (sh, 0.99). IR: cm−1 1536, 1497, 1456,
1377, 1287, 1252, 1141, 1063, 1032, 1000, 966, 878, 849, 805,
762, 716, 650, 609, 577.

Fig. 5 ORTEP plot of 2. Ellipsoids are drawn at 50% probability. Hydrogen
atoms (except for OH) and counter-ions have been omitted for clarity.

Fig. 6 Plot of the temperature dependence of the magnetic moment of 1
together with its fit.
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[(TBTA)Co-μ-(OH)2-Co(TBTA)(CH3CN)](BF4)4, 2. Co(BF4)2·
6H2O (64.2 mg, 0.19 mmol) and TBTA (100 mg, 0.19 mmol)
were dissolved in acetonitrile (5 mL). The reaction mixture was
stirred for 15 min and afterwards a 30% H2O2 solution
(0.03 mL) was added. The solution was stirred overnight and
the color changed from purple to red. Evaporation of the
solvent gave a red oil, which was redissolved in minimum
amounts of acetone. Because of the strong tendency of the
compound to form an oil, ether was carefully added in the fre-
quency of days to an acetone solution. The amount of ether
was subsequently raised, in the frequency, till a red solid
formed. It is difficult to report a correct yield of this compound
because of its tendency to remain oily. Single crystals suitable
for X-ray diffraction were grown by slow condensation of
diethyl ether on top of an acetonitrile solution. Anal. Calcd for
C60H62B4Co2F16N20O2: C, 46.18; H, 4.01; N, 17.95; Found C,
45.38; H, 4.44; N, 18.00. MS (ESI): Calcd for C60H62Co2N20O2

([M − (BF4
−)4]

4+): m/z 303.1002; found 303.0992. Calcd for
C60H61Co2N20O2 ([M − (BF4

−)4 − H+]3+): m/z 403.7978; found
403.7980. 1H-NMR (250 MHz, CD3CN): δ 0.63 (s, 2H, OH), 4.18
(s, 4H, NCH2), 4.52 (d, 3JH–H = 15.5 Hz, 4H, NCH(H)), 5.12 (d,
3JH–H = 15.1 Hz, 4H, NCH(H)), 5.35 (s, 4H, NCH2), 5.39 (d, 3JH–H
= 15.1 Hz, 4H, NCH(H)), 5.53 (d, 3JH–H = 15.0 Hz, 4H, NCH(H)),
6.97 (d, 3JH–H = 6.9 Hz, 8H, phenyl), 7.10 (d, 3JH–H = 7.7 Hz, 4H,
phenyl), 7.25–7.45 (m, 18H, phenyl), 7.60 (s, 2H, triazole-CH),
8.25 (s, 4H, triazole-CH). 13C-NMR (176 MHz, CD3CN): δ

150.72, 149.62, 134.55, 134.29, 130.20, 130.18, 130.17, 130.13,
128.89, 128.58, 127.93, 124.68, 61.96, 61.65, 57.16, 56.91.
UV-Vis (ε (103 M−1 cm−1)): nm 303 (2.78), 501 (0.20). IR: cm−1

3358, 3162, 2922, 2851, 1658, 1632, 1498, 1453, 1311, 1282,
1035, 932, 862, 807, 759, 728, 712, 659, 576.

Magnetic susceptibility measurements

Temperature-dependent magnetic susceptibility measure-
ments were carried out with a Quantum-Design MPMS-XL-5
SQUID magnetometer equipped with a 5 Tesla magnet in the
range from 295 to 2.0 K at a magnetic field of 0.5 T. The pow-
dered sample was contained in a gel bucket and fixed in a
non-magnetic sample holder. Each raw data file for the
measured magnetic moment was corrected for the diamag-
netic contribution of the sample holder and the gel bucket.
Temperature-independent paramagnetism (TIP) and paramag-
netic impurities (S = 3/2) were included according to χcalc =
(1 − PI) × χ + PI × χmono + TIP; TIP = 610 × 10−6 cm3 mol−1, PI =
1% (fixed). Before simulation, the experimental data were cor-
rected for TIP. The molar susceptibility data were corrected for
the diamagnetic contribution. Magnetic properties were simu-
lated using the julX program (E. Bill, Max Planck Institute for
Chemical Energy Conversion, Mülheim/Ruhr, Germany).

X-ray crystallography

The intensity data were collected at 100(2) K on a Bruker
Kappa Apex II duo diffractometer or at 133(2) K on a Stoe IPDS
II. Crystallographic and experimental details of the structures
are summarized in Table 1. The structures were solved by
direct methods (SHELXS-97) and refined by full-matrix least-

squares procedures (based on F2, SHELXL-97).17 The asym-
metric unit of 1 contains a half molecule accompanied with a
half occupied acetonitrile solvent molecule. CCDC 804874 and
911111 contain the cif files for this manuscript.
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