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Abstract

Dinuclear cobalt(II) complexes were synthesised from 1,4,8,11-tetrakis-(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane (tmpc),
[Cox(tmpc)CL]CoCly] (1), [Cox(tmpc)CLPF¢] (1a) and [Coy(tmpc)(NO3),[NO;], - MeOH (2) and characterised by magnetic, spectro-
scopic and electrochemical techniques and by single-crystal X-ray diffraction. The X-ray structures of 1 and 2 demonstrate that in both
complexes the metal ion is exo-coordinated with respect to the macrocyclic ligand. In 1, the Co(II) ions are fivefold coordinated with
trigonal bipyramidal geometry, while in 2 they are sixfold coordinated with a distorted octahedral geometry. The high magnetic moments
obtained for these complexes are explained in terms of a spin—orbit coupling. Magnetic measurements show a deviation from the Curie—
Weiss law at low temperatures. Two magnetic orderings were observed, at high temperatures an antiferromagnetic coupling was found,
below 20 K a change to a weak ferromagnetic coupling was observed. Isothermal magnetic measurements at low temperature show a
weak hysteresis, which was confirmed by the small coercive field found at low temperature. In addition, for the first time an explanation
for the observation that these cobalt(II) compounds are very stable towards oxidation is offered in terms of the high redox potential val-
ues obtained for 1, 1a, and 2.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction macrocyclic ring by placing the substituents on the nitro-

gen donors and/or on the ring framework [2]. Tetraaza-

The pyridyl substitution of nitrogen atoms in tetraaza-
macrocyclic compounds has been shown to stabilise the
lower oxidation states of transition metal compounds
[1]. The modification of tetraazamacrocyclic ligands to
control and tune the redox properties of coordinated
metal centres has been the subject of continuing interest.
Variations can be introduced by altering the size of the
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macrocycles having four pendant coordinating groups
attached to the four nitrogen atoms have been suggested
as ligands for the formation of binuclear metal complexes
[3]. Vuckovic et al., have recently reported on binuclear
Co(Il) and Cu(Il) complexes [4] with the ligand
1,4,8,11-tetrakis-(2-methylpyridyl)-1,4,8,11 tetraazacyclo-
tetradecane tmpc, Scheme 1, in which each metal ion is
coordinated by two cyclam ring nitrogen atoms and
two pendant pyridyl nitrogen atoms, additional atoms
of the macrocyclic ligands are acting as a bridge between
the two metal centres.
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Scheme 1. 1,4,8,11-tetrakis-(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetra-
decane (tmpc) [5].

Alternatively, complexes with high spin d’ configura-
tion are of great interest since they might exhibit interest-
ing magnetic properties. Thus, because of our interest in
exploring the intrinsic properties that influence the elec-
tronic configuration on the dinuclear hs Co(II) com-
plexes, a complete study of [Co,(tmpc)ClL,]CoCly] (1),
[Cou(tmpc)CLIPFsL,  (1a) and  [Cos(tmpc)(NO),)-
[NO3], - MeOH (2) was carried out. This includes the
synthesis and characterisation by spectroscopic, magnetic
and electrochemical studies. Moreover, the crystal and
molecular structures of 1 and 2 are reported. The results
obtained offer an explanation for the reason why this
ligand can stabilise the cobalt ions in low oxidation
states.

2. Experimental
2.1. Materials and methods

All reagents were purchased from Aldrich Chemical Co.
Solvents were dried according to procedures reported in
the literature.

Elemental analyses for C, H and N were carried out
using a Fisons instrument microanalyzer model EA 1108
at the USAI — Facultad de Quimica, UNAM, México.

Fourier transformed infrared spectra on KBr pellets in
the range of 4000-450 cm ™' were recorded on a Perkin—
Elmer/1600 FT IR instrument, while in the range of
700-100 cm ™' were recorded on a NICOLET/740 FT IR
spectrophotometer.

Electronic absorption spectra were measured on a Hew-
lett-Packard 8452 Diode Array spectrophotometer, and

diffuse reflectance spectra were recorded on a Cary 5E
UV/Vis/NIR instrument.

EPR spectra were recorded on polycrystalline samples
with a Bruker Elexsys ES00 spectrometer using the X-band
(9.45 GHz) microwave frequency operating at 100 kHz.
The X-band EPR at low temperature was performed with
an Oxford liquid helium continuous flow cryostat. The g-
values were determined by measuring the magnetic field
H and the microwave frequency.

The magnetic susceptibility measurements were
obtained by using the Gouy balance at 300 K which
was calibrated with Hg[Co(SCN),] as standard. The effec-
tive magnetic moments were calculated from the expres-
sion: g = 2.83v/%mea - T BM.  Magnetization  versus
temperature was measured in the presence of 1000 Oe
from 2 to 300 K and carried out using a MPMS SQUID
magnetometer. Isothermal magnetization studies as a
function of field strength (0-10000 Oe) were made at sev-
eral temperatures. All magnetic measurements were per-
formed on microcrystalline powdered samples and
corrected for the diamagnetic contribution using Pascal’s
constants. The value of 140 x 107®cm’ mol™' was used
as the temperature-independent paramagnetism (No) of
Co(II) ion.

The voltammetric measurements were carried out on an
EG&G Potentiostat—Galvanostat model PAR 273-A, using
a three-electrode potentiostatic system in acetonitrile con-
taining 0.10 M BuyNPF; as a supporting electrolyte in each
case and were carried out with a glass carbon electrode
(surface area 7.1 mm?), Ag’~AgCl as a reference electrode
and platinum wire as a counter electrode. The ferrocene—
ferrocenium couple served as an internal reference, poten-
tials being given in V referred to ferrocene—ferrocenium
(E1» =0.685 V/Ag-AgCl). Cyclic voltammograms of the
tmpce, CoCl, - 6H,O and #-butylammonium chloride were
also performed.

2.2. Synthesis of ligand 1,4,8,11-bis( tetramethylphenyl )-
1,4,8,11-tetraazatetracyclodecane (tmpc)

This ligand was prepared as previously published. 4nal.
Calc. for C34,H44Ng: C, 72.30; H, 7.84; N, 19.84. Found: C,
72.46; H, 8.11; N, 20.02% [6].

2.3. Synthesis of [Coy(tmpc)CL][CoCl,] (1)

The tpmc ligand (0.564 g, 1 mmol) was dissolved in
ethanol (10 mL at 40°C) and added to an ethanolic
(10mL at 40°C) solution of CoCl,-6H,O (0.714 g,
3 mmol), which was kept under vigorous stirring for
20 min; when room temperature was reached, a blue solid
precipitated (0.9 g, 95%). A methanolic solution of this
compound was allowed to evaporate slowly until the fine
shining deep royal blue crystals suitable for X-ray analy-
sis were obtained. Anal Calc. for C34H44NgCosClg: C,
42.79; H, 4.65; N, 11.74. Found: C, 43.26; H, 4.91; N,
11.94%.
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2.4. Synthesis of [Co,(tmpc)CL][PFs], (1a)

This compound was obtained from compound 1. A sat-
urated solution of NH4PF4 in methanol was added to a
methanolic (10 mL at 40°C) solution of 1 (0.954 g,
1 mmol). A pale blue solid precipitated and was washed
several times with methanol (1.0 g, 98%). Anal. Calc. for
C34H44N8C02C12P2F12: C, 3915, H, 426, N, 10.75. Found:
C, 39.38; H, 4.06; N, 10.24%.

2.5. Synthesis of [Cos(tmpc)(NO3),][NOs], - MeOH (2)

This compound was prepared as 1, but by using tpmc
(0.564 g, 1 mmol) and Co(NO3;), - 6H,0 (0.582 g, 2 mmol)
in methanol. A pink crystalline compound was obtained
(0.9 g, 97%). This compound was recrystallized from a mix-
ture of methanol and acetonitrile. Bright pink crystals suit-
able for X-ray analysis were obtained. Anal. Calc. for
C35H43N1,C0,013: C, 43.67; H, 5.03; N, 17.46. Found: C,
43.64; H, 5.27; N, 17.34%.

2.6. Crystallographic studies

X-ray diffraction studies of single crystals for com-
pounds 1 and 2 were conducted at room temperature on
a BRUKER-AXS APEX diffractometer equipped with a
CCD area detector (Avoxy = 0.71073 A, monochromator:
graphite). Frames were collected via w/®-rotation at 10 s
per frame [7]. The measured intensities were reduced to
F? and corrected for absorption with sapass [8]. The cell
parameters were determined by using reflections from all
frames collected. Structure solution, refinement and data
output were carried out with the SHELXTL-NT program pack-
age [9]. Non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed in geometrically calculated
positions using a riding model. The asymmetric unit of
compound 1 contains two independent molecule halves
located at crystallographic inversion centres, of which
one is partially disordered over two positions (occupation
factors: 0.61 and 0.39 for conformer IIA and IIB, respec-
tively). In the case of compound 2 there is only one inde-
pendent molecule half that is also located at a
crystallographic inversion centre.

3. Results and discussion
3.1. Synthesis

The reaction in anhydrous ethanol (1 and 1a) and meth-
anol (2) between the cobalt salts CoCl, - 6H,O, Co(N-
03), - 6H,O and the tmpc ligand gave compounds 1:
[COz(lmpC)Clz][COC14], la: [COz(lmpC)Clz] [PF6]2 and 2:
[Coa(tmpc)(NO3),] [(NO3z], - MeOH. The reactions were
repeated several times, always the same products being
obtained.

3.2. Infrared spectra

The IR spectrum for 1 shows Vma/em ! 2858m
[v(CH,)], 1606vs [v(C=N)] and 1569s [v(C=C)], which
agree well with a coordinated tmpc. Vmax/em ! 270m (vy)
and a doublet at 293vs (v3), 306vs (v3) and 128(v4) are
assigned to the Co—Cl vibrations of the tetrahedral tetra-
chlorocobaltate counterion [10]. Compound 1la shows
Vmax/cm ' 2885m [v(CH,)], 1610vs [v(C=N)] and 1573s
[W(C=C)] and free ionic hexafluorophosphate vibrations
at 840vs (v;). Compound 2 shows vma/ecm ™' 2933m
[W(CH»)], 1606vs [v(C=N)] and 1569s [v(C=C)], which are
shifted to higher energy when compared with the free tmpc
ligand, thus indicating its coordination. Besides, there are
bands corresponding to a coordinated nitrate [11] ion that
shows via/em™' 1477m, [vi(A;)-NOs], 1286m [vs(B,)-
NOs], 1021s [vo(A1)-NOs], 820m, 833s [v3(A;)-NO3] and
7255 [vg(B1)-NO3]. Vmax/cm ™ '1766m, 1700vw [v(v, + v3)-
NOs] being diagnostic of the coordinated mode. Thus,
the difference between these two frequencies (6080 cm™")
can tentatively be assigned to an asymmetric chelating
bidentate nitrate [12]. It is important to mention that a very
strong band centred at 1383 cm ™! and normally assigned to
ionic nitrates was also observed.

3.3. Electronic spectra

The solid state reflectance spectrum of 1 (Fig. 1) shows
the bands that are expected for the transitions correspond-
ing to a d’ Co(II) high spin species in a trigonal bipyrami-
dal (tbp) geometry (Table 1), see Scheme 2 [13].
Furthermore, the transitions of the counterion of 1, a d’
Co(II) tetrahedral (tet) species appear as a multiple absorp-
tion in the visible region (Apmax/nm 695-631). In an acetoni-
trile solution, the visible spectrum of 1 in Fig. 2 shows
bands that correspond to the Co(II) high spin (tbp) species.
The d” Co(II) (tet) species from the counterion remains
associated in the acetonitrile solution and appears as the
typical multiple absorption. It is to be noted that the spec-
trum of 1 in the solid state is very similar to that obtained
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Fig. 1. UV-Vis spectra in the solid state of 1, 1a and 2.
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Electronic transitions for hs penta-coordinated cobalt(II) complexes 1 and 1a

1, A nm (¢/M~! cm’l)

la, 2 nm (¢M 'em™)

Solid CH,CN CH;OH Solid CH,CN
4AL4E" (P) (vs) 500 479 (103) 470 (88) 483 479 (72)
SAL AL (P) (vg) 545 543 (124) 550 (110) 552 552 (94)
4A'2H4E/ (F) (va) 615 590 (330) 590 (122) 590 590 (113)
YAL—4E" (F) (), *AL—*AT, *AS (F) (v1) 945 963 (58) 960 (20) 933 974 (17)
CoC142’ 631, 666, 695 626, 650, 682 disappeared
Ty P The diffuse reflectance spectrum of 2 shows (Fig. 1)
P bands that correspond to a d’ Co(II) high spin species in
ic a octahedral (Oh) geometry, listed in Table 2. The absorp-
A, ‘A, tion spectrum of 2 in acetonitrile (Fig. 2) and methanol
shows equivalent spectra, thus indicating that the Oh
W’ geometry is maintained in both solutions.
o It can be noticed that the electronic spectra of 1 and 1a
o - are very simil'fir reflecting the similaritjes betwpen the .two
2 E electronic environments of the metals in the trigonal bipy-
A7 A, ramidal geometry in both complexes, in contrast with 2
T, " which posseses a distorted octahedral geometry.
2
] ] ) ) 3.4. Electron paramagnetic resonance
Octahedral Spherical Trigonal bipyramidal

Scheme 2. Energy level diagram for weak octahedral and trigonal
bipyramidal fields [13].
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Fig. 2. UV-Vis spectra of 1, 1a and 2 in MeCN (1.0 x 1073 M at 25 °C).

in CH;CN solution. On the other hand, the transitions that
correspond to the cobalt(Il) tetrahedral species disap-
peared when 1 was dissolved in CH;OH and the transitions
corresponding to the tbp species remained, indicating that
only the tbp geometry remained in solution.

The solid state reflectance spectrum of 1a (Fig. 1) shows
the corresponding transitions expected for a hs d’ Co(II)
species in a tbp geometry (Table 1). On the other hand,
the visible spectrum of 1a in acetonitrile (Fig. 2) confirms
the Co(II) hs, (tbp) species again, since it presents equiva-
lent transitions.

In order to characterise the magnetic Co(Il) centres in
the penta-coordinated complexes 1, 1a and 2, X-band
EPR spectra of polycrystalline samples of the compounds
were measured in the temperature range from 4 to 300 K.
Though no spectra were observed at room temperature,
some started to be seen at 10 K (Fig. 3) as a consequence
of the fast spin relaxation time of high spin Co(II). Spectra
obtained at 4 K as well as at 10 K for 1, 1a and 2 com-
plexes, which were very broad and little resolved without
hyperfine splitting, showed a pseudo-rhombic signals with
effective g values of: 6.085, 2.415 and 1.153 for 1; 3.936,
2.118, 1.536 for 1a and g = 5.453, 1.221 and 0.882 for 2.
This large anisotropy is characteristic for cobalt(Il) com-
plexes [14].

3.5. Magnetic susceptibility

For 1, 1a, and 2, the determined magnetic moments
were e 8.2, 7.6 and 7.2 BM, respectively. These values
are much larger than the spin only values for the dinuclear
high-spin cobalt(Il) (6.7, 5.4 and 5.4 BM, respectively), as
determined by pugs = [S.gi2Si (Si + 1)]"/%; with S = 3/2 for
a hs Co(Il). The value for 1, which has three hs cobalt

Table 2
Electronic transitions of the hexacoordinate cobalt(I1I) complex 2

Solid Apax/nm

Solution Amax/nm (/M ™! cm™1)

CH;CN CH;OH
Tig > *Tig (P) (v3) 510 472 (50) 460 (73)
*Tig = *Ase (F) (v2) 510 515 (67) 540 (99)
Ty - *Toe (F) (vi) 943 1001 (11) 1000 (15)
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Freq = 9.401 GHz
T=10K

0 1000 2000 3000 4000 5000 6000 7000 8000
Field (G)

Fig. 3. X-band EPR spectra of microcrystalline samples of 1, 1a and 2 at
10 K.

species, is much larger than 1a and 2, which has only two
hs cobalt species. On the other hand, these values are closer
to the expected values, 9.0 and 7.3 and 7.3 BM, if they are
calculated considering orbital and spin coupling:
urs =[S Li(Li + 1) + Y gi2Si(Si + 1)]"/%, where L =3 and
S =3/2 [15]. The Co(II) d’ ion is strongly anisotropic
and the first-order orbital momentum is no longer negligi-
ble; thus, the found values can be explained by spin—orbit
coupling. Therefore, we propose that 1, 1a and 2 show
the contribution of the orbital angular momentum
expected for high-spin cobalt(II) species [16,17].

For each compound the magnetic susceptibility as a
function of temperature was studied. Fig. 4 displays the
inverse of the magnetic susceptibility, ', versus 7, for
2. From room temperature to about 50 K, a clear Curie—
Weiss fit showed an antiferromagnetic ordering with a
Ocw = —25.09 K. At lower temperatures, from 50 to
2 K, a deviation from the Curie-Weiss law is observed.
Similar magnetic behaviour was observed for 1 and 1a.
The best fit parameters are listed in Table 3.

Fig. 5 shows that the u.q values decrease as the temper-
ature is lowered to 2 K for the three compounds, this

60
Complex (2)
©  Experimental
501 Linear fit at high temperature:
0 -25.09 K
o 404 C 6.76 cm® K mol™
£
o
© 304
£
N
x
X 20
-
101
0 {

-50 0 50 100 150 200 250 300 350
Temperature (K)

Fig. 4. 1/y vs. T for 2 (®). The solid line represents the best fit to the
Curie-Weiss law.

Table 3
Best-fit parameters of 1/ vs. temperature (Curie-Weiss law) for 1, 1a and
2
7> 50
C (cm® K mol™) 0 (K)
8.2829 -9.0
1a 7.8690 —20.0
2 6.7691 -25.0

behaviour being consistent with the antiferromagnetic cou-
pling already discussed.

In order to account for intramolecular magnetic interac-
tions, the susceptibility data were analysed by using an iso-
tropic Heisenberg Hamiltonian equation and the results
indicate that this intramolecular exchange interaction is
negligible.

To investigate other magnetic effects, isothermal mag-
netic measurements were carried out and the results indi-
cate that 1, 1a and 2 possess a hysteretic behaviour (Fig. 6).

This hysteresis is consistent with the observed deviation
of the Curie—Weiss law (Fig. 4) since a weak ferromag-
netic ordering at low temperatures takes place. On the
other hand, the hysteresis for compound 1 measured at
2 K yields a saturation magnetization (M) of 0.7 emu, a
remanent magnetization (M,) of 4.00 x 10~ *emu and a
coercivity (Hc) of 5.3 Oe, while for 1a a M of 0.51 emu,
a M, of 3.05x 10*emu and Hc = 5.60 Oe and finally
for 2 there is a hysteresis loop with M approaching
0.65emu, M,=12.10 x 107* emu and Hc=17.5Oe at
low temperature. These results confirm the weak ferro-
magnetic coupling between the hs cobalt(Il) ions at low
temperature. Fig. 7 shows the coercive field for 1 and 2:
H¢c which decreases in a linear form, as the temperature
is increased. Accordingly, the ferromagnetic coupling dis-
appears at about 16, and 13 K for 1 and 2, respectively. It
is worth noticing that the change in the counterion pro-
duced a slight variation in the magnetic response of the
complexes.

8.5 -

., (B. M.)

4.5 ;

4.0

0 50 100 150 200 250 300
Temperature (K)

Fig. 5. Experimental p.q vs. 7 for 1 (®), 1a (OJ) and 2 (A).
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Fig. 6. Isothermal magnetisation of 2 measured in the paramagnetic
region at 10 K (H), at 5 K (o) and at 2 K (A).
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Temperature (K)

Fig. 7. Coercive field (H.) versus temperature for compounds 1 and 2.
Accordingly a weak ferromagnetic ordering exist for the two compounds
with a Curie temperature about 13 and 16 K.

3.6. X-ray crystallographic studies of 1 and 2

The binuclear nature of compounds 1 and 2 was con-
firmed by an X-ray crystallographic study of crystals that
were grown from methanol. The most relevant crystallo-
graphic data and selected geometric parameters are sum-
marised in Tables 4 and 5.

The asymmetric unit of compound 1 consists of two
crystallographically independent molecule halves of
[Cos(tmpc)CLT*" cations both of which are located on
inversion centres, and one [CoCl,J*~ anion as counterion.
The propylene groups in one of the two molecule halves
are so disordered over two positions (occupation factors
0.6 and 0.4) that a total of three different conformers with
C; point group symmetry are present in the unit cell in a
1:0.6:0.4 stoichiometry. Conformer I is shown in Fig. 8
while conformers ITA and IIB are depicted in Fig. 9.

Comparing the coordination geometries of the two inde-
pendent metal centres in the asymmetric unit, only rela-
tively small variations of the bond lengths and bond

J. Narayanan et al. | Inorganica Chimica Acta 361 (2008) 2747-2758

Table 4

Crystallographic data for compounds 1 and 2
Compound 1 2

Formula C34H44C16CO3N8 C34H44C02N120]2 . CH3OH
M 954.26 962.71
Crystal system monoclinic monoclinic
Space group P2,/c P2,/n

a (A) 13.1701(13) 8.9361(7)

b (A) 15.9488(15) 21.7157(17)
¢ (A) 18.8950(18) 11.5629(9)
p(°) 92.712(2) 104.6920(10)
U (A3) 3964.4(7) 2170.5(3)

Z 4 2

Deare (Mgm™) 1.599 1.473

i (Mo Ko) (mm™1) 1.682 0.839

Crystal dimensions 0.25 x 0.32 x 0.47 0.18 x 0.25 x 0.43

(mm)
Number of reflections 28169 17306
measured
Number of 6988 3005
independent
reflections
Number of observed 6041 2519
reflections™®
Number of variables 459 289
Goodness-of-fit 1.258 1.208
R 0.072 0.079
wRI 0.139 0.212
Apmax (€ A7) 0.97 0.77
Apmin (€ A73) ~0.60 —-0.27

& Fy>40(F,).
® 0 limits 2 < 0 <25 for 1 and 2 < 0 < 25 for 2.
CR=S(F-F)/TLFL

Ry = [Cw(F2 = F2)}) S w(F2)))2.

angles can be found (Table 5); this might be attributed to
the intermolecular packing forces. The geometric parame-
ters are also very similar to that determined for
[Coy(tmpc)ClL BF4]; that contains the same cation, with a
different anion in the crystal lattice [4h]. As can be seen
from Figs. 8 and 9, the coordination environments of the
penta-coordinate cobalt(Il) ions are distorted trigonal
bipyramidal, the axial sites being occupied by one pyridine
nitrogen and one tertiary nitrogen atom, Co-N4/54 =
2.124(5)/2.136(5) and Co-N2/52 = 2.206(4)/2.231(5) A,
respectively. The equatorial sites are formed by the rest
of the pyridine and tertiary nitrogen atoms, Co-N1/
51=2.098(4)/2.047(5) and Co-N3/53 =2.159(4)/2.113(5)
A, respectively, and one chlorine atom, Co-Cll1/51 =
2.2697(16)/2.2536(17) A. It should be noticed that the aver-
age axial Co-N bonds are significantly longer than the
equatorial Co-N bonds; Ad = 0.058 for the pyridine nitro-
gen and Ad=0.083 A for the tertiary amine nitrogen
atoms.

However, all values are in agreement with the bond
lengths observed for other five-coordinate cobalt(Il) com-
plexes of the CoNCl-type, 2.051-2.119 for Co—Npy;,
2.121-2.523 for Co—Nieiramine and 2.219-2.507 for Co-Cl
[18]. The distortion from ideal trigonal bipyramidal geom-
etry can be evaluated on the basis of the axial and equato-
rial N-Co-N bond angles. The trans-oriented N-Co-N
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Table 5 .
Selected bond lengths (A), bond angles (°) and torsion angles (°) for
compounds 1 and 2

Compound 1# 2
Bond lengths ( A )
Col-N1 2.098(4)/2.047(5) Col-N1 2.113(6)
Col-N2 2.206(4)/2.231(5) Col-N2 2.157(5)
Col-N3 2.159(4)/2.113(5) Col-N3 2.217(5)
Col-N4 2.124(5)/2.136(5) Col-N4 2.103(6)
Col-Cll 2.2536(17)/ 2.2536(17) Col-Ol 2.130(5)
Col-02 2.240(5)
Bond angles (°)
N1-Col-N2 79.11(16)/82.18(18) N1-Col-N2 78.6(2)
N1-Col-N3 116.51(16)/111.05(19) N1-Col-N3 115.12(2)
NI1-Col-N4 91.45(17)/95.65(19) NI1-Col-N4 94.0(2)
N2-Col-N3 82.52(16)/83.86(18) N2-Col-N3 81.8(2)
N2-Col-N4 152.68(18)/161.13(19)  N2-Col-N4 154.0(2)
N3-Col-N4 78.89(18)/79.43(18) N3-Col-N4 79.0(2)
NI1-Col-Cl1 111.26(13)/111.11(15)  N1-Col1-0O1 139.1(2)
N2-Col-ClI 108.66(12)/104.13(14)  N2-Col-O1 110.3(2)
N3-Col-Cll 132.20(12)/137.77(14)  N3-Col1-O1 105.7(2)
N4-Col-Cl1 98.66(14)/94.16(14) N4-Col-Ol1 91.7(2)
N1-Col1-02 82.2(2)
N2-Co1-02 99.8(2)
N3-Col-02 162.4(2)
N4-Col-02 103.8(2)
Torsion angles (°)
NI1-C1-C6-N2 —23.9(7)/-17.7(9) NI1-C1-C6-N2 —21.7(8)
N2-C7-C8-N3  —53.9(6)/56.0(7) N2-C7-C8-N3  —52.3(8)
N3-C9-C10-N4  —32.6(7)/—34.0(7) N3-C9-CI10-N4  —45.2(7)

# Values are given for the two independent molecule halves present in
the asymmetric unit of the crystal lattice (conformers I and II). Only the
atom numbering for conformer I is given since the numbering sequence for
conformers IIA and IIB is analogous (+50).

bond angles formed between the axial substituents are sig-
nificantly different from 180° and, furthermore, different
from each other, N2-Co-N4 = 152.68(18)° and NS52-
Co051-N54 = 161.13(19)°. Accordingly, the N-Co-N/ClI
bond angles in the equatorial plane vary from 111.26(13)°
to 132.20(12)° for Col and from 111.05(15)° to
137.77(14)° for Co51, whereas the smaller values corre-
spond to the N,,,—Co—Cl and Npy,—Co—Nictramine and the
larger values to the Nicqamine—C0—Cl bond angle. An eval-
uation of the angular strains generated at the metal centres
by the formation of three five-membered chelate rings
shows that the strain is smallest for the central
N,N',N’ ,N"-tetrasubstituted  ethylenediamine  moiety,
prrfcothetramine = 799(2)0 and NictramineCO—Nictramine =
83.2(2)° (mean values). This observation can be confirmed
by the corresponding mean values of the N-C-C-N dihe-
dral angles, which are 24.5(8)° and 55.0(7)°, respectively
(Table 5).

As has been already mentioned, the unit cell of com-
pound 1 contains [Co,(tmpc)CLJP" cations with three dif-
ferent conformations for the central macrocyclic ring.
The three conformers can be distinguished most easily by
their Co-N-C-C dihedral angles. While for conformer I
(Fig. 8) the Newman projections show a counter-clockwise
rotation of the C16 carbon in relation to the Co atom,

Col-N2-C15-C16 = 68.8(5)°, for conformers IIA and
IIB the corresponding rotations occur in the opposite
direction, Co51-N52-C65-C66 = —73.7(2) and CoS51-
N52-C65B-C66B = —58(3)°. Conformers IIA and IIB
can be distinguished by the N-C-C—C dihedral angles; this
indicates a gauche-configuration for the central C—C bond
in the former case, N52-C65-C6-C67 = 86.0(16)° and an
approximate anti-configuration in the latter case, N52-
C65B-C66B-C67 = 150(2)°. According to the refinement
realized for the occupation factors of the two conformers,
conformer ITA is more highly populated in the crystal lat-
tice than in conformer IIB (60:40). Apart from a difference
in thermodynamic stability, this distribution may be
affected by intermolecular interactions in the crystal lattice;
however, there are only weak C-H---Cl intermolecular
interactions.

In contrast to compound 1 the asymmetric unit of
compound 2 contains only one crystallographically inde-
pendent molecule half of the [Cos(tmpc)(NOs),*" cation
that is also located on an inversion centre. As can be
seen from Fig. 10 and Table 5, the cobalt centres in com-
plex 2 have very similar coordination environments when
compared to complex 1, the main difference being the
coordination of a nitrate ion instead of the chloride.
Since the nitrate ions are coordinated in a bidentate
mode, Co-O1=2.130(5) and Co-02 = 2.240(5) A, the
coordination number increases to six; however, the over-
all coordination geometry resembles the environment
found for the penta-coordinate complex 1. For complex
2 the Co-N distances vary from 2.103(6) to 2.217(5) A
and, in this case there is indeed no significant difference
between the axial and equatorial bond lengths,
Ad = 0.035 A). The N-Co-N bond angle formed between
the axial substituents N2-Co-N4 = 154.0(2)° is slightly
increased when compared with compound 1, 152.7(2)°.
The latter observations show that in the axial direction
the steric bulk of the chloride ion is larger than that of
the nitrate group. The conformation found for the central
macrocyclic ring in complex 2 is almost identical to that
of conformer I in the crystal lattice of 1.

In the dinuclear complexes described here the tmpc
ligands adopt an overall chair conformation in which
the two metal centres are coordinated exo (Scheme 3)
[19]. A similar conformation and coordination mode
has been reported previously for a related complex with
a copper(Il) metal centre, [Cuy(tmpc)Br,[[ClO4] (6). All
other dinuclear, five-coordinate complexes that have been
characterized by X-ray crystallography so far present a
boat conformation in which the two metal centres are
bridged by a OH™, NO;, F~ or CI” anion (Scheme 3)
[4g,20].

3.7. Electrochemistry
The Co(Il) series of tmpc complexes display peaks

associated with Co(II)/(III) and Co(II)/Co(I) redox
processes. In order to establish the independence of
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Fig. 8. Perspective view of the molecular structure of the cation of 1 (conformer I).

Fig. 9. Perspective view of the molecular structure of the cation of 1 (conformers ITA and IIB).

each oxidation and the reduction signals and the corre-
sponding reverse processes, inversion potential (E;; and
E_;) studies were carried out in all cases. It is worth
mentioning that for the first time these electrochemical
measurements were carried out in a suitable media such
that they allowed us to open the experimental window
and observe a kind of signals that have not been
observed before.

3.7.1. [Coy(tmpc)CL][CoCl,] (1)

As can be seen from the reference measurement for the
electrolyte solution, there is no electron exchange between
the glassy carbon electrode and the electrolyte solution
(BuyNPF4/CH;CN) in the potential range studied. The
cyclic voltammograms of [Co,(tmpc)ClL[CoCly] (1) were
scanned in both potential directions, positive and negative
and these are shown in Fig. 11a and b, respectively. The
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Fig. 10. Perspective view of the molecular structure of the cation of 2.
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cyclic voltammograms were analysed separately in the ano-
dic and the cathodic region in order to interpret them with
no ambiguity.

The anodic region (Fig. 11a) of 1 shows four non-revers-
ible oxidation processes (Ia, Ila, Illa and IVa) at anodic
potential peaks values: E,, = 0.01, 0.63, 1.10 and 1.19 V,
respectively. In the negative direction, after reaching the
inverse anodic potential (E; = 1.40 V), the cyclic voltam-
mogram shows two reduction signals (Illc;, and Illc,) at

b 5 T T T
i Va Vaz )
ol Va
5L (@) —— E,=-2.21
— b)—E,=-2.11
§ _1 0 | ( ) —k_ i
2 (©) E,=-2.01
T (d)—E,=-1.91 |
(e)—— E,=-1.81
20 () —E,=—1.711
25| (9)—E,;=-1.61 |
2.0 15 -1.0 -05
E (V|FS'-Fc)

Fig. 11. Cyclic voltammograms of 1 mM of 1 in CH3CN at 100 mV/s on a GC electrode. Potential scan initiated in (a) the anodic direction from E,—
inverting the scan direction at different (£ ;) switching potentials and (b) in the cathodic direction from E;_, inverting the scan direction at different (E_,)

switching potentials.
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the cathodic potential peaks E,. = 0.80 and 0.29 V, respec-
tively. When a variable inverse anodic potential study was
carried out, it was possible to verify that the latter cathodic
signals, Illc; and Illc,, correspond to the reduction of the
oxidised product in Illa.

The cathodic region (Fig. 11b) of 1 shows only two sig-
nals: Vc and VIc at cathodic potential peak wvalues:
E,.=—1.85 and —2.40 V, respectively. The first, Vc, is a
quasi reversible process (Vc/Va at Ej, = —1.78 V), while
the second, Vlc, is not.

The most intense anodic signals II1a, and the Illc; and
Illc, (Fig. 11a) are very similar to those in the voltammo-
gram of the chloride ion (0.001 M Et4NCI solution;
E,, =144 and E., = 1.30 and 0.77 V) obtained under the
same conditions. However, a small anodic shift in the
potential values of IIla, IIIc; and Illc, in 1 was observed.
This difference can be accounted for the coordination effect
in the tetrachlorocobaltate species. Hence, the signals Illa,
IIIc and IIlc, are assigned to the chloride ions coordinated
to the tetrachlorocobaltate anion. This electrochemical
behavior coincides well with another reported chloride salt
[21].

In order to assign the redox potential values of cobalt in
the cation with no ambiguity, the hexafluorophosphate
derivative (1a) was synthesised and its cyclic voltammo-
grams were registered under the same conditions.

3.7.2. [Coy(tmpc)CL](PFs), (1a)

The full cyclic voltammogram of 1a is displayed in
Fig. 12. The anodic region (from —0.20 to 1.70V)
(Fig. 13a) shows a quasi reversible system with a half wave
potential, £y, =1.00 V (I'a/T'c). The cathodic region, on
the other hand (Fig. 13b), shows several reduction pro-
cesses and their corresponding oxidation signals, where a
quasi reversible system V’a/V'c with a half wave potential:
Ei=—1.71V is observed. Therefore, the system I'a/I'c,
Ei; =1.00V is assigned to the Co(IIT)/Co(II) pair in the
cation and the system V’a/V'c to the Co(II)/Co(I).

—— 1a (anodic region)

I"a

0 -
I'c
0.0 0.5 1.0 15
E (V| Fc'-Fc)
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1a

I (nA)

-2 -1 0 1
E (V|F¢-Fc)

Fig. 12. Cyclic voltammogram of 1 mM of 1a in CH3CN at 100 mV/s on a
GC electrode. Potential scan initiated in the cathodic direction from E,—,
over the full width potential window.

Comparing these voltammograms with those of 1 (Figs.
13a and 11a, respectively), the previous assignation of the
signals can be confirmed: IIla, IVa, IIlc; and IIlc, for
the oxidation and reduction of the Cl™ of the counterion
of 1, therefore, the signals in the anodic region, I'a/I'c
can be assigned unambiguously to the Co(Il) » Co(III)
redox process. On the other hand, in the cathodic region,
V'a/V'c is assigned to the Co(II) — Co(I) redox process.
The change of the counterion proved to be very useful since
the signals of the chloride interfered with the clear observa-
tion of the oxidation and reduction signals of cobalt in the
cation.

3.7.3. [Coy(tmpc) (NO3),][NOs3 ], - MeOH (2)

Fig. 14 shows the voltammogram of 2. In the anodic
region (0.0-2.5 V) an irreversible system is observed with
an anodic potential signal, E,,=2.07V. On the other
hand, in the cathodic region several reduction processes
and their corresponding oxidation processes are observed.

1a (cathodic region)

V'c .
-2.0 -1.5 -1.0

E (VIFc =Fc)

Fig. 13. Cyclic voltammogram of 1 mM of 1a in CH;CN at 100 mV/s on a GC electrode. Potential scan initiated in (a) anodic region (—0.2 to 1.7 V/Fc'—

Fc), (b) Cathodic region (—0.2 to 2.1 V/Fc¢™—Fc).
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Fig. 14. Cyclic voltammogram of 1 mM of 2 in CH3CN at 100 mV/s on a
GC electrode. Potential scan initiated in the cathodic direction from E;_
over the potential window of —1.4 to 2.5 V/Fc'-Fec.

From this, the quasi reversible system I1”¢/II”a has a half
wave potential, E1,, = —0.96 V. In this case, in the anodic
region it is not possible to assign signals unequivocally to
the system Co(III)/Co(II) since the signal I"a is very intense
and it does not present typical features of reversibility. It is
very likely that the coordinated ligand tmpc is undergoing
an oxidation process. This proposal is based on the obser-
vation of the tmpc, which resulted electroactive showing an
irreversible oxidation process at E,, = 1.80 V proceeded by
a signal probably due to an adsorption process. The redox
potential value difference between these signals in tmpc and
that observed for 1a at E,,=2.07 V is attributed to the
coordination effect of the ligand tmpc. On the other hand,
in the cathodic region, the I1"a/Il"c is assigned to the
Co(II)/Co(I) pair in 2.

In order to establish the effects of the inner coordination
sphere of compounds 1, 1a and 2 on the Co(II), their vol-
tammograms were compared. Due to the interferences in
the anodic region of the [CoCl,* counterion and the pos-

10 T T T T T

-1.5 -1.2 -0.9 -0.6 -0.3 0.0
E (VIFc'-F¢)
Fig. 15. Cathodic region (0.0 to —1.5 V/Fc*—Fc) of cyclic voltammo-

grams, obtained at 100 mV/s on a GC electrode, for | mM of: (a) 1, (b) 1a
and (c) 2 solutions in CH3CN.

sible oxidation signals of the coordinated tmpc, an analysis
of the cathodic region was carried out, particularly in the
zone of the signals of Co(I1I)/Co(I). The voltammograms
of 1, 1a and 2 are shown in Fig. 15. When the cathodic
sweep starts, it can be noticed for 1 and 1a (Plots a and
¢, Fig. 15) that the reduction signals from Co(II) to
Co(I), present potential values that are almost identical
(E1, = —1.01 V). The signal (*) corresponds to the reduc-
tion of Co(II) that is found in the counterion in compound
1. Again the reduction signals from Co(II) to Co(I) present
potential values at (E,/; = —0.96 V) in compound 2, which
is interpreted as the coordination environment for Co(II) is
slightly less favourable in 2 compared with 1 and 1a.

4. Summary and conclusions

By using the sterically hindered zpmc ligand, three new
high spin cobalt(Il) complexes [Co(tmpc)Cl,]JCoCly (1),
[Cox(impc)CLIPFsL,  (1a) and  [Cox(tmpc)(NO3),}
[NOs], - MeOH (2) were synthesised and characterised by
different techniques. The X-ray crystal structures of 1 and
2 demonstrate that in both complexes the metal ion has
exo-coordination with the macrocyclic ligand. In com-
pound 1 the Co(II) ions are five coordinated with trigonal
bipyramidal geometry but in compound 2 the Co(II) ions
are six coordinated with a distorted octahedral geometry.
The electronic spectra of 1 and 1a are very similar reflecting
the similarities between the electronic environments of the
metals in the trigonal bipyramidal geometry in both com-
plexes, in contrast with 2 which possesses a distorted octa-
hedral geometry. The EPR spectra obtained at 10 K for 1,
1a and 2 showed the pseudo-rhombic spectra. The mag-
netic moments, p.r= 8.2, 7.6 and 7.2 BM at 298 K found
for 1, 1a and 2 clearly showed the expected spin—orbit
coupling for high spin, d’ dinuclear Co(II) complexes.
Magnetic measurements show a deviation from the
Curie-Weiss law at low temperatures. Two magnetic order-
ings were observed, at high temperatures, an antiferromag-
netic coupling with a Curie-Weiss temperature @ = —9.0,
—20.0 and —25.0 for 1, 1a and 2, respectively, was found,
below 20 K a change to a weak ferromagnetic coupling
was observed, this explains the deviation of the Curie-
Weiss graph at low temperatures. Isothermal magnetic
measurements at low temperature show a weak hysteresis
which was confirmed by the small coercive field found at
low temperature. In addition, the chemical oxidation of
1, 1a and 2 did not take place even with strong oxidants,
for the first time an explanation for the observation that
these cobalt(Il) compounds are very stable towards oxida-
tion is offered in terms of their high redox potential values
obtained for 1, 1a, and 2. Our electrochemical studies in
solution by cyclic voltammetry show very high redox
potential values. The electrochemical interpretation of 1
was more complicated because of the presence of chloride
ions and a cobalt counteranion. The exchange of the count-
eranion to hexafluorophosphate helped to confirm the oxi-
dation potential of Co(Il) to Co(Ill) ions in the
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coordination sphere (Ej,, = 1.00 V). The variation of the
reduction potential values for Co(II) to Co(I) of 2 from 1
and 1a indicates that the slight variation in the coordina-
tion sphere of 2. Analysis of the inversion electrochemical
studies proved that these complexes are relatively more sta-
ble towards its electrochemical reduction. This may be due
to the absence of ligand flexibility, the macrocyclic effect
and the presence of strong steric hindrance of the pyridine
groups. For the first time an explanation to the unusual
oxidation property for cobalt(Il) is offered in terms of
redox potential values.
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