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A series of linear pentanuclear cobalt complexes, including both neutral and one-electron oxidized forms, have
been synthesized. The one-electron oxidation products were prepared either by reaction with silver salts or by bulk
electrolysis. In all of these complexes, the pentacobalt chain adopts a symmetrical arrangement and is helically
wrapped by four tpda [the dianion of N,N�-bis(α-pyridyl)-2,6-diaminopyridine] ligands. Two sets of Co–Co bond
distances are observed, in which the average internal (inner) bond is about 0.06 Å shorter than the external (outer)
one. After one-electron oxidation, the average Co–Co and Co–N bond distances are not significantly different from
those of the neutral analogues, whereas the Co–X (X = axial ligand) bond lengths exhibit a slight decrease in length.
All of these complexes show two reversible redox couples at about �0.35 and �0.85 V (vs. Ag/AgCl). The first
oxidation is a metal-centered reaction and the product has been structurally characterized. The second oxidation
product is stable on the time scale of spectroelectrochemistry, but undergoes reduction to form the corresponding
one-electron oxidation product under the crystallization conditions. The NMR results are consistent with the
paramagnetism of both the neutral and oxidized complexes. The magnetic measurements indicate that the
neutral and one-electron oxidized molecules have spin states of S = 1/2 and 1, respectively.

Introduction
The metal–metal interactions in dinuclear complexes have been
intensively studied and are well understood.1–4 Multinuclear
compounds with oligo-α-pyridylamine as the supporting ligand
have received increasing attention, due to their versatile chem-
ical and physical properties and their potential application as
molecular metal wires, since the first reports of trinuclear
copper and nickel complexes bridged by the di-α-pyridylamido
ligand in 1990–1991.5,6 In the past decade, a number of tri-,7–10

tetra,11 penta-,12–15 hepta-,11,16 and nonanuclear 17 metal string
complexes have been successfully synthesized and structurally
characterized.

In 1994, we reported the first asymmetrical structure of a
tricobalt complex [Co3(dpa)4Cl2] (dpa = the dianion of dipyr-
idylamine), in which the central cobalt ion forms a metal–metal
bond with one of the two terminal cobalt ions and leaves the
other terminal cobalt ion isolated.7 Three years later, the sym-
metrical structure of this complex was discovered by Cotton
and co-workers.10 Further work by the same group confirmed
that both symmetrical and asymmetrical structures can exist. In
this class of linear metal string complexes, both symmetrical
and asymmetrical structures were only found for molecules
with a trichromium,9 tricobalt,10 or pentachromium core.14,15 In
order to investigate whether compounds other than above
multinuclear metal complexes can adopt both symmetrical and
asymmetrical structures, we decided to synthesize the penta-
cobalt complexes. In our previous brief communication,12 we
described the synthesis, crystal structure, and magnetic prop-
erties of [Co5(tpda)4(NCS)2], where tpda is the dianion of
N,N�-bis(α-pyridyl)-2,6-diaminopyridine (tripyridyldiamine,
abbreviated to tpdaH2). Unlike the case of [Co3(dpa)4Cl2],
wherein both asymmetrical and symmetrical structures can
exist, the five cobalt atoms in [Co5(tpda)4(NCS)2] can only exist

in a symmetrical arrangement. Theoretical calculations show
that the bond order between adjacent cobalt atoms is 0.5 with σ
character (Fig. 1).13 It is desirable to study how the nature of the

Fig. 1 Qualitative theoretical calculations for [Co5(tpda)4(NCS)2].
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Table 1 Spectroscopic data for compounds 1–8

 IR (ν/cm�1) UV/Vis/NIR (λmax/nm) MS (m/z)

1 2060, 1605, 1575, 1548, 1473, 1451 289, 339, 391, 513, 722 1455, 1379
2 1601, 1545, 1470, 1420 294, 331, 351, 524, 752 1409, 1374, 1339
3 2038, 1603, 1575, 1547, 1473, 1452, 1409 294, 327, 375, 527, 730 1423, 1381, 1339
4 2099, 1605, 1575, 1547, 1475, 1452, 1423, 1410 292, 342, 401, 516, 585, 695 1391, 1365, 1339
5 1605, 1579, 1549, 1475, 1455, 1413 286, 308, 380, 514, 794 1637, 1488, 1339
6 2067, 1603, 1577, 1548, 1467, 1424 305, 376, 573, 917 1455, 1397
7 1602, 1577, 1545, 1467, 1424 306, 374, 585, 939 1409, 1374, 1339
8 1603, 1574, 1548, 1469, 1423 302, 373, 547, 958 1637, 1488, 1339

axial ligand influences the metal–metal interactions in the
pentacobalt compounds. Therefore, a series of Co5(tpda)4X2

complexes, where X is the axial ligand, were prepared and their
crystal structures and physical properties were investigated.

The one and two-step spin-crossover phenomena have been
found in the neutral and one-electron oxidation products,
respectively, of linear tricobalt complexes.7,10 The spin-
crossover phenomena observed in tricobalt complexes
prompted us to investigate whether the neutral and one-
electron oxidized analogues of the pentanuclear cobalt com-
plexes can undergo the spin-crossover process. In addition to
the neutral compounds, a series of one-electron oxidized com-
plexes were also synthesized and structurally characterized, and
their NMR and magnetic properties were investigated. A com-
parison was made between the structures and physical proper-
ties of the neutral and oxidized complexes. Based on the crystal
structures, NMR data, and magnetic properties of the neutral
and oxidized complexes, together with the MO calculations,
the electronic configuration of the pentacobalt complexes is
described.

For clarity, the pentacobalt complexes presented in this paper
are as follows: [Co5(tpda)4(NCS)2] (1), [Co5(tpda)4Cl2] (2),
[Co5(tpda)4(N3)2] (3), [Co5(tpda)4(CN)2] (4), [Co5(tpda)4-
(SO3CF3)2] (5), [Co5(tpda)4(NCS)2](ClO4) (6), [Co5(tpda)4-
Cl2](ClO4) (7), [Co5(tpda)4(SO3CF3)2](SO3CF3) (8).

Results and discussion

Synthesis

We have developed a general method for the synthesis of
a series of oligo-α-pyridylamino ligands. The desired ligand,
tpdaH2, can be prepared from the reaction of 2,6-diamino-
pyridine with 2.5 equivalents of 2-chloropyridine in the pre-
sence of potassium t-butoxide. The reaction of tpdaH2 with
CoCl2 in molten naphthalene generated the mononuclear com-
plex in situ. The addition of potassium t-butoxide in n-butanol
gave the expected product, [Co5(tpda)4Cl2], in 10% yield. Under
modified conditions, a high yield (42%) for the synthesis of
[Co5(tpda)4(NCS)2] was achieved, in which excess NaSCN was
added immediately after the addition of potassium t-butoxide.
The high yielding and reproducible reaction conditions allow us
to obtain a large amount of material for ligand exchange and to
prepare the oxidized counterparts. The one-electron oxidation
products were obtained either by reacting the neutral complexes
with silver salts or by bulk electrolysis at Eappl. = �0.55 V, a
value which is more positive than the formal potential for the
first oxidation. The synthesis of the ligand and the pentanuclear
cobalt complexes, including both neutral and one-electron
oxidation products, is outlined in Scheme 1. The spectroscopic
data for compounds 1–8 are given in Table 1.

Summaries of the structural data for compounds 1–5 and
6–8 are given in Tables 2 and 3, respectively. Table 4 gives some
selected bond distances for compounds 1–8. In all these com-
plexes, the pentacobalt chain is helically wrapped by four tpda
ligands, and is linear and symmetrical. In compounds 2 and 5,
the molecule resides on a crystallographic site of 2-fold sym-
metry, with the central cobalt atom on a 2-fold axis perpendic-

ular to the Co5 chain. The crystal structures of the neutral
compounds 1–5 have a great deal in common, with only the
axial ligands being different. As an example, Fig. 2 shows the
crystal structure of compound 1. In the complexes, two types of
Co–Co bond distances are observed. The average internal
Co–Co bond lengths fall into the range 2.22–2.24 Å, whereas
the external bonds range from 2.27 to 2.29 Å. All of the Co–N
distances lie in the range 1.90–1.99 Å. Unlike [Co3(dpa)4Cl2],

10

in which both symmetrical and asymmetrical forms can exist,
the structure of [Co5(tpda)4X2] can only be observed in the
symmetrical form.

It is possible that the identity of the axial ligand could
influence the Co–Co and Co–N bond distances. Indeed, the
weak nature of the axial ligand SO3CF3

� in compound 5 is
reflected in both the external Co–Co and Co–N bond distances,
which are 0.026 and 0.025 Å shorter, respectively, as compared
to those of complex 4, which has strong axial ligands (CN�).

The molecular structures of the one-electron oxidized com-
pounds 6–8 are similar to those of the neutral analogues, except
for the presence of a counter anion to compensate for the
positive charge on the Co5 core. Some selected bond distances
are listed in Table 4. We expected that some of the interatomic
bond distances would be shorter as compared to those in the
neutral compounds. However, the Co–N distances for all the
cobalt atoms remain essentially unchanged upon one-electron
oxidation. Moreover, all of the Co–Co bond lengths are slightly
longer (by about 0.01–0.02 Å) than those in the neutral
analogues. Fig. 3 shows the crystal structure of compound 6.

In the case of tricobalt complexes, the average Co–Cl bond
distance in the one-electron oxidized species is 0.15 Å shorter
than that for the neutral analogue.10 This is a result of the
removal of one electron from the singly occupied HOMO,
which has Co–Co nonbonding and Co–Cl antibonding char-
acter, as suggested by theoretical calculations.18 Similar to the
case of the tricobalt compounds, theoretical calculations for the
pentacobalt complexes reveal that the singly occupied HOMO
also has metal–metal nonbonding and metal–axial ligand anti-
bonding character. It was expected that removal of an electron
from the HOMO of the neutral complexes would result in a
decrease in the Co–Cl bond distances and the Co–Co distances
would remain unchanged. However, a significant decrease in the

Fig. 2 Crystal structure of 1. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity.
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Table 2 Crystal data for compounds 1–5

 
1�CH2Cl2�1/2Et2O�
1/2H2O 2�2CHCl3�Et2O 3�2CH2Cl2�1/3H2O 4�3CH2Cl2�Et2O 5�2CH2Cl2

Formula C65H52Cl2Co5N22S2O C66H56Cl8Co5N20O C62H48.67Cl4Co5N26O0.33 C69H60Cl6Co5N22O C64H48Cl4Co5F6N20O6S2

Formula weight 1586.96 1723.56 1599.72 1720.74 1807.79
Temperature/K 295(2) 150(1) 150(1) 150(1) 150(1)
Crystal system Triclinic Monoclinic Rhombohedral Monoclinic Monoclinic
Space group P1̄ C2/c R3̄ P21/c C2/c
a/Å 11.802(2) 27.5435(5) 40.3422(11) 21.1260(1) 24.2255(4)
b/Å 14.631(3) 13.7477(3) 40.3422(11) 16.0070(1) 15.2801(3)
c/Å 20.184(4) 18.6694(4) 21.0202(6) 22.6729(2) 19.3286(3)
α/� 73.42(2) 90 90 90 90
β/� 77.77(2) 99.4304(8) 90 111.6851(4) 103.1489(7)
γ/� 87.56(2) 90 120 90 90
V/Å3, Z 3263.9(11), 2 6973.8(2), 4 29 626.9(14), 18 7124.54(8), 4 6967.2(2), 4
Absorption

coefficient/mm�1
1.453 1.531 1.460 1.427 1.463

Crystal size/mm 0.50 × 0.05 × 0.05 0.50 × 0.40 × 0.15 0.48 × 0.12 × 0.10 0.40 × 0.35 × 0.25 0.25 × 0.20 × 0.10
θ Range for

data collection/�
1.54–22.50 1.93–27.50 1.01–27.50 1.70–27.50 1.73–27.50

Reflections collected 8526 38 777 89 076 106 884 24 766
Independent reflections

(Rint)
8526 (0.0000) 7956 (0.0719) 15 139 (0.0498) 16 333 (0.0620) 8002 (0.0556)

RF, Rw F 2 (all data) a 0.1451, 0.1290 0.1220, 0.2671 0.0792, 0.1861 0.0882, 0.1754 0.1080, 0.2041
RF, Rw F 2 [I > 2σ(I )] a 0.0491, 0.1067 0.0807, 0.2309 0.0537, 0.1644 0.0570, 0.1480 0.0635, 0.1697
GOF 1.001 1.030 1.054 1.046 1.051
a RF = Σ|Fo � Fc|/Σ|Fo|; Rw F 2 = [Σw|Fo

2 � Fc
2|2/ΣwFo

4]1/2. 

Scheme 1 General route for the preparation of the pentadentate ligand N,N�-dipyridyl-2,6-diaminopyridine (tpdaH2) and linear pentanuclear
cobalt string complexes.

Co–X bond distances was not observed upon one-electron
oxidation. We believe that the electron cannot be removed from
the singly occupied HOMO σn(3) orbital, but comes instead
from the δn(5) orbital to form a paramagnetic complex with
S = 1, as will be discussed later on.

Magnetic properties

It has been shown that the trinuclear cobalt complex [Co3-
(dpa)4Cl2] undergoes a spin-crossover process at temperatures
above 160 K.7,10 Unlike [Co3(dpa)4Cl2], the phenomenon of spin
crossover is not observed for the neutral pentacobalt complexes
at temperatures below 300 K. As previously reported, the effect-
ive moment of 1.90 µB at 300 K for [Co5(tpda)4(NCS)2] is con-
sistent with the MO calculations, the results of which are shown
in Fig. 1.12 Based on the theoretical calculations, the one-
electron oxidation products of the pentacobalt complexes should
be diamagnetic if the electron is removed from the singly occu-

pied HOMO of the neutral analogues. However, an effective
magnetic moment of 0.0 µB was not observed for the one-electron
oxidized complexes at temperatures from 5 to 300 K. The molar
magnetic susceptibility (χM) and effective magnetic moment
(µeff) of compounds 6 versus temperature are presented in Fig.
4. The measured µeff values are essentially constant between 50
and 300 K, and closely follow the Curie law. The effective mag-
netic moment of 2.93 µB at 300 K indicates that the complex is
paramagnetic and that there are two unpaired electrons in the
molecule, even though the measured value is slightly higher
than expected (ca. 2.83 µB). At temperatures below 50 K, the
effective magnetic moment drops sharply as the temperature
decreases. This indicates that there are antiferromagnetic inter-
actions or spin-pairing in the Co5 unit. Similar magnetic
behavior for one-electron oxidized complexes 7 and 8, with
effective moments of 3.18 and 2.86 µB, respectively, at 300 K is
also observed. On the basis of the magnetic measurements, the
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Table 3 Crystal data for compounds 6–8

 6 7�3CH2Cl2 8

Formula C62H44ClCo5N22S2O4 C63H50Cl9Co5N20O4 C63H44Co5F9N22O9S3

Formula weight 1555.41 1764.93 1787.01
Temperature/K 150(1) 150(1) 150(1)
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Pbca Pn P21

a/Å 17.6284(3) 15.6128(2) 13.8809(2)
b/Å 17.1624(7) 27.9023(5) 17.2756(2)
c/Å 40.0873(4) 15.8641(3) 13.9058(2)
β/� 90 92.3899(14) 99.7585(4)
V/Å3, Z 12 128.2(4), 8 6904.9(2), 4 3286.37(8), 2
Absorption coefficient/mm�1 1.523 1.589 1.433
Crystal size/mm 0.30 × 0.30 × 0.10 0.40 × 0.27 × 0.02 0.20 × 0.12 × 0.04
θ Range for data collection/� 1.54–25.00 1.46–27.50 2.36–27.50
Reflections collected 27 753 44 517 48 312
Independent reflections (Rint) 9118 (0.0647) 26 581 (0.0592) 13 837 (0.0544)
RF, Rw F 2 (all data) a 0.0895, 0.1684 0.1170, 0.2241 0.0700, 0.1337
RF, Rw F 2 [I > 2σ(I )] a 0.0581, 0.1444 0.0786, 0.1921 0.0538, 0.1476
GOF 1.149 1.122 1.046

a RF = Σ|Fo � Fc|/Σ|Fo|; Rw F 2 = [Σw|Fo
2 � Fc

2|2/ΣwFo
4]1/2. 

Table 4 Selected bond distances for compounds 1–8

 1 2 3 4 5 6 7 8

Co(1)–X a 2.076(7) 2.445(2) 2.093(4) 2.024(2) 2.244(3) 2.076(5) 2.416(3) 2.186(4)
Co(5)–X a 2.071(8) 2.445(2) 2.089(4) 2.038(4) 2.244(3) 2.037(6) 2.408(3) 2.213(4)
Co(1)–Co(2) 2.276(2) 2.282(1) 2.258(1) 2.279(1) 2.253(1) 2.292(1) 2.300(2) 2.282(1)
Co(2)–Co(3) 2.232(2) 2.235(1) 2.223(1) 2.227(1) 2.225(1) 2.238(1) 2.246(2) 2.253(1)
Co(3)–Co(4) 2.232(2) 2.235(1) 2.221(1) 2.231(1) 2.225(1) 2.243(1) 2.244(2) 2.241(1)
Co(4)–Co(5) 2.271(2) 2.282(1) 2.264(1) 2.286(1) 2.253(1) 2.276(1) 2.285(2) 2.290(1)
Co(1)–N 1.975(7) 1.983(5) 1.972(4) 1.982(3) 1.960(4) 1.973(5) 1.989(8) 1.967(6)
Co(2)–N 1.899(7) 1.914(4) 1.906(4) 1.909(3) 1.914(4) 1.902(4) 1.901(8) 1.884(5)
Co(3)–N 1.930(7) 1.930(4) 1.934(3) 1.932(3) 1.938(4) 1.932(4) 1.926(7) 1.920(5)
Co(4)–N 1.903(7) 1.914(4) 1.922(3) 1.914(3) 1.914(4) 1.900(5) 1.901(8) 1.895(5)
Co(5)–N 1.970(8) 1.983(5) 1.970(4) 1.987(3) 1.960(4) 1.969(5) 1.987(8) 1.961(5)

a X = axial ligand. 

electronic configuration of the one-electron oxidation products
of [Co5(tpda)4X2] can best be described as the molecules being
in a high-spin (S = 1) state, where both the σn(3) and δn(5)
orbitals are singly occupied (Fig. 1). This provides an explan-
ation as to why the metal–ligand bond distances do not change
as significantly as those in the case of trinuclear cobalt complex
[Co3(dpa)4Cl2] upon one-electron oxidation.

NMR spectroscopy

To ascertain whether both the neutral and one-electron
oxidized pentacobalt complexes are paramagnetic, as revealed

Fig. 3 Crystal structure of 6. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity.

by magnetic measurements, we decided to examine the 1H
NMR spectra. Fig. 5 shows the 1H NMR spectra of complexes
1 and 6 at room temperature. As expected for paramagnetic
complexes, broadened peaks and large chemical shifts for the
resonance signals were observed for both compounds 1 and 6.
For the symmetrical structures of 1 and 6, there should be only
six peaks. Indeed, six lines with intensity ratios consistent with
those expected (i.e., 2 : 2 : 2 : 2 : 2 : 1) centered at 21.19, 8.51,
4.47, �1.58, �2.51, and �6.01 ppm were recorded for 1. The
spectrum of 6 also consists of six signals, spanning a larger
range, appearing at 32.05, 21.16, 16.24, �15.33, �19.34, and

Fig. 4 Temperature-dependent magnetic effective moment (�) and
molar magnetic susceptibility (�) for compound 6.
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�68.39 ppm, with the expected intensity ratios. Similar to com-
pounds 1 and 6, the spectra of both compounds 2 and 7 consist
of six signals in similar ranges to those of 1 and 6, respectively.
The 1H NMR spectra of these neutral and one-electron
oxidized pentanuclear cobalt complexes clearly show the
paramagnetism of these compounds in solution at room
temperature, although we are unable to make a straightforward
assignment for each of the resonance peaks simply by 1-D
1H NMR. These data are consistent with the fact that the elec-
tron is not removed from the singly occupied HOMO σn(3) of
the neutral molecules upon one-electron oxidation.

Electrochemistry

The electrochemistry of compounds 1–4 has been studied.
Fig. 6 shows their cyclic voltammograms in CH2Cl2 containing

0.1 M TBAP. All these complexes exhibit two reversible redox
couples at about E1/2 = �0.35 and �0.85 V. Both electro-
chemical reactions involve one-electron transfer, as ascertained
by spectroelectrochemistry.19 For compound 2, another two
oxidative waves at potentials of about �1.25 and �1.40 V,
which are well resolved by using differential pulse techniques,
are observed and each step involves one-electron abstraction,
judging from the peak current maxima. The first reduction near
�0.50 V is reversible for 1, and irreversible for 2–4. For com-
pound 4, a small reduction peak near �0.35 V was observed
upon the first reduction. This peak progressively increases as
the potential is scanned in cycles between 0.00 and �0.75 V,
indicating that an absorbed species forms when compound 4 is
electrochemically reduced. The electrochemical reductive
behavior of 4 and the characterization of the adsorbed species
will be published elsewhere.

Fig. 5 1H NMR spectra of compounds 1 (top) and 6 (bottom) in
CDCl3 and CD2Cl2, respectively, at 20 �C. The starred peaks arise from
the solvent.

Fig. 6 The cyclic voltammograms of linear pentanuclear string
complexes in CH2Cl2 containing 0.1 M TBAP: (a) 1; (b) 2; (c) 3; (d) 4.

Fig. 7 shows the spectral changes observed for compound 2 at
applied potentials from �0.18 to �0.44 V in CH2Cl2 containing
0.1 M TBAP. The peaks at 350, 525 and 750 nm decrease in
intensity, while those at 308, 377, 588 and 945 nm become
stronger as the applied potential is increased, with clear isos-
bestic points at 293, 317, 370, 383, 543, 733 and 774 nm. The
resulting spectrum is similar to that of the one-electron oxid-
ation product of 2, obtained by a chemical method, suggesting
that the oxidation is a metal-centered reaction. Based on the
spectral changes observed for 2 at various applied potentials,
the number of electrons transferred is calculated to be one.19

The one-electron oxidation species of 2 is then characterized as
[Co5(tpda)4Cl2][ClO4], which is further confirmed by the X-ray
crystal structure of complex 7.

The second oxidation was also investigated by spectro-
electrochemistry, as shown in Fig. 8. The peaks at 308, 377, 588

and 945 nm decrease in intensity, while those at 293, 372 and
578 nm become stronger as the applied potential is increased,
with clear isosbestic points, suggesting that no intermediates
are produced during the oxidation reactions. The oxidation
reaction is reversible. The initial spectrum is restored com-
pletely upon re-reduction at �0.55 V. The number of electrons
transferred in this oxidation reaction is one, which is calculated
from the spectral changes at various applied potentials between

Fig. 7 UV/Vis spectral changes for the first oxidation of compound 1
in CH2Cl2 with 0.1 M TBAP at various applied potentials from �0.18
to �0.44 V.

Fig. 8 UV/Vis spectral changes for the second oxidation of compound
1 in CH2Cl2 with 0.1 M TBAP at various applied potentials from �0.60
to �1.10 V.
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�0.6 and �1.10 V. The result is consistent with that obtained
by cyclic voltammetry. Attempts to isolate and crystallize
the two-electron oxidation product were unsuccessful, although
it was stable on the time scale of spectroelectrochemistry.
The two-electron oxidized species undergoes reduction to
form the corresponding one-electron oxidation product, as evi-
denced by the UV/Vis spectrum. The spectroelectrochemical
behavior of complexes 1, 3 and 4 is similar to that of 2.
However, the products of the second oxidation are relatively
unstable.

Conclusion
This work describes the preparation, crystal structures, and
properties of linear pentanuclear cobalt metal string complexes,
including both neutral and one-electron oxidized compounds.
As far as we are aware, this is the first study on the one-electron
oxidation products of the pentacobalt string complexes. Unlike
the tricobalt system, all the structures of these complexes in this
study are symmetrical and spin-crossover phenomena are not
observed. The magnetic measurements show that the neutral
and one-electron oxidized molecules exhibit spin states of S =
1/2 and 1, respectively. These observations are consistent with
the structural analyses, and rationalized by qualitative MO
calculations. Our efforts are currently devoted to the synthesis
of multicobalt complexes with longer chains and self-assembled
multinuclear metal string complexes.

Experimental

Materials

All reagents and solvents were obtained from commercial
sources and were used without further purification, unless
otherwise noted. CH2Cl2 used for electrochemistry was dried
over CaH2 and freshly distilled prior to use. n-BuOH was dried
over magnesium turnings and freshly distilled prior to use.
Tetra-n-butylammonium perchlorate (TBAP) was recrystallized
twice from ethyl acetate and dried under vacuum.

Physical measurements

Absorption spectra were recorded on a Hewlett Packard model
8453 spectrophotometer. IR spectra were collected with a
Nicolet Fourier-Transform IR spectrometer in the range 500–
4000 cm�1. FAB mass spectra were obtained with a JEOL
HX-110 HF double-focusing spectrometer operating in the
positive ion detection mode. Molar magnetic susceptibility was
recorded in the range 5–300 K on a SQUID system with a
10 000 G external magnetic field. Electrochemistry was per-
formed with a three-electrode potentiostat (Bioanalytical
Systems, Model CV-27) and a BAS X–Y recorder in CH2Cl2

solution deoxygenated by purging with purified nitrogen gas.
Cyclic voltammetry was conducted using a home-made three-
electrode cell equipped with a BAS glassy carbon (0.07 cm2) or
platinum (0.02 cm2) disk as the working electrode, a platinum
wire as the auxiliary electrode, and a home-made Ag/AgCl
(sat’d) reference electrode. The reference electrode was separ-
ated from the bulk solution by a double junction filled with
electrolyte solution. Potentials are reported vs. Ag/AgCl (sat’d)
and referenced to the ferrocene/ferrocenium (Fc/Fc�) couple
which occurs at E1/2 = �0.54 V vs. Ag/AgCl (sat’d). The work-
ing electrode was polished with 0.03 µm diameter aluminium
oxide particles on Buehler felt pads and was cleaned ultrasonic-
ally for 1 min prior to each experiment. The reproducibility of
individual potential values was within ±5 mV. The spectro-
electrochemical experiments were accomplished using a 1 mm
cuvette, a 100 mesh platinum gauze as working electrode,
a platinum wire as auxiliary electrode, and a Ag/AgCl (sat’d)
reference electrode.

Preparation of compounds

[Co5(tpda)4(NCS)2] (1). tpdaH2 (1.05 g, 4.0 mmol), CoCl2

(0.65 g, 5 mmol) and naphthalene (20 g) were placed in an
Erlenmejer flask. After stirring the mixture at 160 �C for 16 h,
t-BuOK (0.9 g, 8.0 mmol) in n-butanol (10 mL) and NaSCN
(3.24 g, 40 mmol) were added. The temperature was increased
and n-butanol was slowly evaporated over a period of 30 min.
The resulting solution was then stirred at 220 �C for an
additional 30 min. After cooling the mixture to 80 �C, hexane
(100 mL) was added and the resulting precipitate was filtered
out. The solid was extracted with CH2Cl2 and recrystallized
from CH2Cl2 and methanol to remove the mononuclear com-
plex. Crystallization from CH2Cl2 and diethyl ether afforded
dark brown crystals. Yield 0.61 g (42%). IR (KBr) ν/cm�1: 2060
(C���N), 1605, 1575, 1548, 1473, 1451 (py); UV/Vis (CH2Cl2)
λmax/nm (ε/dm3 mol�1 cm�1): 289 (7.44 × 104), 339 (7.94 × 104),
391 (7.44 × 104), 513 (1.57 × 104), 722 (6.01 × 103); MS(FAB)
m/z: 1455 ([Co5(tpda)4(NCS)2]

�), 1397 ([Co5(tpda)4NCS]�); EA
(%) [Co5(tpda)4(NCS)2]: calcd. C 51.15, H 3.05, N 21.17, found
C 51.29, H 3.10, N 21.78.

[Co5(tpda)4Cl2] (2). tpdaH2 (1.05 g, 4.0 mmol), CoCl2 (0.65 g,
5 mmol) and naphthalene (20 g) were placed in an Erlenmejer
flask. After stirring the mixture at 160 �C for 16 h, t-BuOK
(0.9 g, 8.0 mmol) in n-butanol (10 mL) was added. The
temperature was increased and n-butanol was slowly evapor-
ated over a period of 30 min. The resulting solution was then
stirred at 210 �C for an additional 20 min. After cooling the
mixture to 80 �C, hexane (100 mL) was added and the precipi-
tate was filtered out. The solid was extracted with CH2Cl2 and
recrystallized from CH2Cl2 and methanol to remove the mono-
nuclear complex. Crystallization from CHCl3 and diethyl ether
gave dark brown crystals. Yield: 0.14 g (10%). IR (KBr) ν/cm�1:
1601, 1545, 1470, 1420 (py); UV/Vis (CH2Cl2) λmax/nm (ε/dm3

mol�1 cm�1): 294 (7.67 × 104), 331 (7.96 × 104), 351 (8.12 × 104),
524 (1.78 × 104), 752 (6.02 × 103); MS(FAB) m/z: 1409 ([Co5-
(tpda)4Cl2]

�), 1374 ([Co5(tpda)4Cl]�), 1339 ([Co5(tpda)4]
�); EA

(%) [Co5(tpda)4Cl2]: calcd. C 51.09, H 3.14, N 19.86, found
C 50.70, H 3.27, N 19.88.

[Co5(tpda)4(N3)2] (3). Method 1. tpdaH2 (1.05 g, 4.0 mmol),
CoCl2 (0.65 g, 5 mmol) and naphthalene (20 g) were placed
in an Erlenmejer flask. After stirring the mixture at 160 �C for
16 h, t-BuOK (0.9 g, 8.0 mmol) in n-butanol (10 mL) was
added. NaN3 (2.60 g, 40 mmol) was then added to the mixture
portionwise. The temperature was increased and n-butanol was
slowly evaporated over a period of 30 min. The resulting
solution was then stirred at 210 �C for an additional 10 min.
After cooling the mixture to 80 �C, hexane (100 mL) was added
and the precipitate was filtered out. The solid was extracted
with CH2Cl2 and recrystallized from CH2Cl2 and methanol to
remove the mononuclear complex. Crystallization from CH2Cl2

and diethyl ether afforded dark brown crystals. Yield: 0.30 g
(21%). IR (KBr) ν/cm�1: 2038 (N3), 1603, 1575, 1547, 1473,
1452, 1409 (py); UV/Vis (CH2Cl2) λmax/nm (ε/dm3 mol�1 cm�1):
294 (5.85 × 104), 327 (6.10 × 104), 375 (6.00 × 104), 527 (1.64 ×
104), 730 (6.49 × 103); MS(FAB) m/z: 1423 ([Co5(tpda)4(N3)2]

�),
1381 ([Co5(tpda)4N3]

�), 1339 ([Co5(tpda)4]
�); EA (%) [Co5-

(tpda)4(N3)2]�2CH2Cl2: calcd. C 46.73, H 3.04, N 22.85, found
C 46.97, H 3.28, N 23.43.

Method 2. To a solution of [Co5(tpda)4(NCS)2] (140 mg,
0.10 mmol) in CH2Cl2 (50 mL) was added AgClO4 (70 mg,
0.33 mmol) in CH3OH (1 mL). The solution turned from dark
brown to bright blue. After stirring for 5 min, the mixture was
then filtered. CH3OH (50 mL) and NaN3 (320 mg, 50 mmol)
were added to the filtrate. The resulting mixture was stirred
overnight and then the solid was filtered out. The solvent was
removed under reduced pressure. The product was obtained by
crystallization via slow diffusion of diethyl ether vapor into a
solution of the product in CH2Cl2. Yield: 102 mg (72%).
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CAUTION: NaN3 is potentially explosive, although we did
not experience any problems under the reaction conditions
used.

[Co5(tpda)4(CN)2] (4). Method 1. To a solution of [Co5-
(tpda)4Cl2] (140 mg, 0.10 mmol) in a mixture of CH2Cl2

(50 mL) and CH3OH (50 mL) was added NaCN (245 mg,
50 mmol). The resulting mixture was stirred overnight and then
the solid was filtered out. The solvent was removed under
reduced pressure. Crystals were obtained by crystallization via
slow diffusion of diethyl ether vapor into the solution of the
product in CH2Cl2. Yield: 120 mg (86%). IR (KBr) ν/cm�1: 2099
(C���N), 1605, 1575, 1547, 1475, 1452,1423, 1410 (py); UV/Vis
(CH2Cl2) λmax/nm (ε/dm3 mol�1 cm�1): 292 (5.78 × 104), 342
(6.55 × 104), 401 (4.64 × 104), 516 (9.98 × 103), 585 (5.49 × 103),
695 (6.49 × 103); MS(FAB) m/z: 1391 ([Co5(tpda)4(CN)2]

�),
1365 ([Co5(tpda)4CN]�), 1339 ([Co5(tpda)4]

�); EA (%) [Co5-
(tpda)4(CN)2]: calcd. C 53.50, H 3.17, N 22.14, found C 53.17,
H 3.33, N 22.09.

Method 2. A procedure similar to method 2 for 3 was
employed, except that NaCN was used instead of NaN3, giving
4 in 73% yield.

[Co5(tpda)4(SO3CF3)2] (5). To a solution of [Co5(tpda)4Cl2]
(140 mg, 0.10 mmol) in CH2Cl2 (50 mL) was added TlSO3CF3

(177 mg, 0.50 mmol) in CH3OH (2 mL). The resulting solution
was stirred for 2 h and then filtered. the solvent was removed
under reduced pressure. The product was obtained by crystal-
lization via slow diffusion of diethyl ether vapor into a solution
of the product in CH2Cl2. Yield: 150 mg, 91%. IR (KBr) ν/cm�1:
1605, 1579, 1549, 1475, 1455,1413 (py); UV/Vis (CH2Cl2)
λmax/nm (ε/dm3 mol�1 cm�1): 286 (5.23 × 104), 308 (5.36 × 104),
380 (5.67 × 104), 514 (8.98 × 103), 794 (2.64 × 103); MS(FAB)
m/z: 1637 ([Co5(tpda)4(OTf )2]

�), 1488 ([Co5(tpda)4OTf]�), 1339
([Co5(tpda)4]

�); EA (%) [Co5(tpda)4(OTf )2]: calcd. C 45.47,
H 2.71, N 17.10, found C 45.28, H 2.84, N 17.40.

[Co5(tpda)4(NCS)2](ClO4) (6). A solution of [Co5(tpda)4-
(NCS)2] (100 mg) in CH2Cl2 (20 mL) containing 0.1 M TBAP
was electrolyzed at Eappl. = �0.55 V vs. Ag/AgCl. The reaction
was monitored by UV/Vis spectroscopy. After the reaction
was complete, the solution was concentrated under reduced
pressure. Deep blue crystals were obtained by slow diffusion
of diethyl ether vapor into a concentrated CH2Cl2 solution.
Samples for analysis were recrystallized twice from CH2Cl2 and
diethyl ether. Yield: 77 mg (72%). IR (KBr) ν/cm�1: 2067 (C���N),
1603, 1577, 1548, 1467, 1424 (py); UV/Vis (CH2Cl2) λmax/nm
(ε/dm3 mol�1 cm�1): 305 (6.91 × 104), 376 (6.70 × 104), 573 (1.46
× 104), 917 (6.95 × 103); MS(FAB) m/z: 1455 ([Co5(tpda)4-
(NCS)2]

�), 1397 ([Co5(tpda)4NCS]�); EA (%) [Co5(tpda)4-
(NCS)2](ClO4): calcd. C 47.88, H 2.85, N 19.81, found C 47.88,
H 2.92, N 20.52.

[Co5(tpda)4Cl2](ClO4) (7). A procedure similar to that used to
prepare 6 was employed, except that [Co5(tpda)4Cl2] instead of
[Co5(tpda)4(NCS)2] was used to obtain the product. Samples for
analysis were crystallized twice from CH2Cl2 and diethyl ether.
Yield: 78 mg (73%). IR (KBr) ν/cm�1: 1602, 1577, 1545, 1467,
1424 (py); UV/Vis (CH2Cl2) λmax/nm (ε/dm3 mol�1 cm�1): 306
(7.36 × 104), 374 (7.31 × 104), 585 (1.44 × 104), 939 (6.85 × 103);
MS(FAB) m/z: 1409 ([Co5(tpda)4Cl2]

�), 1374 ([Co5(tpda)4Cl]�),
1339 ([Co5(tpda)4Cl]�); EA (%) [Co5(tpda)4Cl2](ClO4): calcd.
C 47.72, H 2.94, N 18.55, found C 47.46, H 3.05, N 19.06.

[Co5(tpda)4(OTf )2](OTf ) (8). To a solution of [Co5(tpda)4-
(NCS)2] (145 mg, 0.10 mmol) in CH2Cl2 (50 ml) was added
AgOTf (103 mg, 0.40 mmol) in CH3OH (1 mL). The resulting
mixture was stirred for 5 min. The solution turned from dark
brown to bright blue. After filtering the solution, the solvent
was removed under reduced pressure. The blue solid was dis-

solved in a mixture of CH2Cl2 and CH3OH, and crystallized by
slow diffusion of diethyl ether vapor into the solution, giving
dark blue crystals.Yield: 93 mg (52%). IR (KBr) ν/cm�1: 1603,
1574, 1548, 1469, 1423 (py); UV/Vis (CH2Cl2) λmax/nm (ε/dm3

mol�1 cm�1): 302 (1.26 × 105), 373 (1.29 × 105), 574 (2.11 × 104),
958 (8.58 × 103); MS(FAB) m/z: 1637 ([Co5(tpda)4(OTf )2]

�),
1488 ([Co5(tpda)4(OTf )]�), 1339 ([Co5(tpda)4]

�); EA (%)
[Co5(tpda)4(OTf )2](OTf ): calcd. C 42.34, H 2.48, N 15.68,
found C 42.17, H 2.57, N 16.00.

Crystal structure determination

The selected crystals were mounted on a glass fiber. Data
collection was carried out on a NONIUS CAD4 diffractometer
for 1 and on a BRUKER SMART CCD for 3 with Mo-Kα
radiation (λ = 0.71073 Å). Cell parameters were retrieved and
refined using the CAD4 software 20 on 25 reflections for 1, and
using the SAINT software 21 on all reflections for 3. Data reduc-
tion was performed on the NRCSDP 22 and SAINT 21 software
for 1 and 3, respectively. Empirical absorption corrections
based on the symmetry-equivalent reflections and absorptions
were applied with the PSI-SCAN and SADABS 23 programs,
respectively. Data collection for 2 and 4–8 was carried out on a
NONIUS Kappa CCD diffractometer. Cell parameters were
retrieved and refined using the DENZO-SMN software on all
observed reflections.24 Data reduction was performed with the
DENZO-SMN software.24 Empirical absorption corrections
based on the symmetry-equivalent reflections and absorptions
were applied with the SORTAV program.25 All the structures
were solved using SHELXS-97 26 and refined with SHELXL-
97 27 by full-matrix least squares on F 2. Hydrogen atoms were
fixed at calculated positions and refined using a riding mode.
The detailed crystal data are listed in Tables 2 and 3.

CCDC reference numbers 176403–176410.
See http://www.rsc.org/suppdata/dt/b1/b111462j/ for crystal-

lographic data in CIF or other electronic format.
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