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Three new tripodal ligands with an N2O2 donor set, namely
2-tert-butyl-6-({(2-hydroxybenzyl)[2-(2-pyridyl)ethyl]amino}-
methyl)-4-methylphenol (H2L1), 2-tert-butyl-6-({(2-hy-
droxybenzyl)[2-(2-pyridyl)ethyl]amino}methyl)-4-methoxy-
phenol (H2L2) and 2-tert-butyl-6-({[2-(dimethylamino)ethyl]-
(2-hydroxybenzyl)amino}methyl)-4-methoxyphenol (H2L3)
have been synthesised. Treatment of the ligands with Co-
(CH3CO2)2·4H2O or [Zn(H2O)6][ClO4]2 in the presence of
Et3N provides the corresponding CoII and ZnII complexes of
composition [MII

2(L1)2] [M = Co (1) (single-crystals are a solv-
ate with the composition [CoII

2(L1)2]·2CHCl3, i.e. 1·2CHCl3);
M = Zn (2)], [MII

2(L2)2] [M = Co (3); Zn (4)] and [CoII
2(L3)2]

(5). Crystallographic analyses reveal that the complexes have
closely similar diphenoxido-bridged structures. Each metal
centre assumes MIIN2O3 coordination. The geometry around
each metal ion in 1·2CHCl3 (τ = 0.76), 2 (τ = 0.77), 3 (τ = 0.74),
4 (τ = 0.76) and 5 [one CoII (τ = 0.49) and the other CoII (τ =
0.63)] is intermediate between ideal square-pyramidal (τ =
0) and trigonal-bipyramidal (τ = 1). Temperature-dependent
magnetic studies reveal weak intramolecular antiferromag-
netic exchange couplings for all the three CoII complexes
(–J = 1.84, 1.32 and 5.70 cm–1 for 1, 3 and 5, respectively).
Spectroscopic properties of the complexes have also been in-

Introduction

There has been growing interest in the development of
coordination chemistry of metal-coordinated phenoxyl rad-
ical species due to their formation in the active sites of
many metalloproteins.[1] Galactose oxidase is a mononu-
clear copper enzyme, which is an appropriate representation
of good cooperativity[1b,1e,1j,2] between a metal ion and a
radical for performing oxidation reactions.[3] A number of
studies have been carried out to obtain information about
the metal–radical interaction and also the stability/reactiv-
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vestigated. Cyclic voltammetric (CV) measurements of 1 and
2 show an irreversible oxidative response at Epa (anodic peak
potential) in the range 0.60–0.75 V relative to the SCE (satu-
rated calomel electrode), whereas two successive quasi-re-
versible oxidative responses can be observed for 3–5 at E1/2

values in the range 0.40–0.53 V relative to the SCE. Oxidat-
ive responses are due to the formation of MII-coordinated
phenoxyl radical species. The metal-coordinated phenoxyl
radical species, generated by two-electron coulometric oxi-
dation of 3–5, were characterised by CV and by adsorption
and EPR spectroscopy. The stability of such species was de-
termined by measuring the decay constant (absorption spec-
troscopy), which reveals that the phenoxyl radical species of
5 is more stable than that of 3 and 4. EPR spectroscopic stud-
ies (120 K) of coulometrically generated two-electron oxi-
dised species of 4 in CH2Cl2 (containing 0.1 M TBAP) at
298 K reveal a combination of an isotropic S = ½ signal at g
= 2 [(phenolato)(phenoxyl radical)-coordinated dizinc(II)
complex] and a spin-triplet resonance (S = 1) that gives rise
to the symmetric split-line pattern [bis(phenoxyl radical)-
cordinated dizinc(II) complex]. To pinpoint the site of oxi-
dation (metal- or ligand-centred) in each case, DFT calcula-
tions were performed at the B3LYP level of theory.

ity of metal-coordinated phenoxyl radical species.[4–10] As
part of our general interest in extracting information on the
stability/reactivity of metal-coordinated phenoxyl radical
species, we recently reported the synthesis and characterisa-
tion of diphenoxido-bridged CoII, NiII, CuII and ZnII com-
plexes with a common tripodal ligand providing an N2O2

donor set.[11] In continuation of this study, we address two
aspects in this contribution, i.e. (i) the electronic effect of
the substituent at the p-position of the terminal phenolato
ring and (ii) the effect of chelate ring size on the stability of
the phenoxyl radical species of the diphenoxido-bridged
CoII and ZnII complexes with three new systematically var-
ied tripodal ligands H2L1, H2L2 and H2L3 (Scheme 1).
H2L1 possesses two phenol units (one unsubstituted and the
other with a 2-tert-butyl and a 4-methyl substituent), an
ethylpyridine unit and an aliphatic amine moiety. H2L2 dif-
fers from H2L1 (forms a six-membered chelate-ring) in its
p-position on the substituted phenol unit, which is methoxy
instead of methyl in H2L1. The pyridylethyl unit of H2L2
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(forms a six-membered chelate-ring) is replaced by a (di-
methylamino)ethyl unit in H2L3 (forms a five-membered
chelate-ring). This report presents an account of the synthe-
sis, crystal structures, spectroscopic and magnetic proper-
ties, redox chemistry and studies on the generation and in-
vestigation of the stability of MII-coordinated phenoxyl
radical species (MII = CoII and ZnII). To highlight the site
of oxidation (metal- or ligand-centred) in each case, DFT
calculations were performed at the B3LYP level of theory.

Scheme 1. Ligands considered in this study.

Results and Discussion

Syntheses and General Characterisation

All three tripodal ligands H2L1–H2L3 (Scheme 1) were
synthesised in a one-pot Mannich reaction (phenol and pa-
raformaldehyde) followed by condensation with the corre-
sponding amine in C2H5OH heated to reflux for 16 h. In
the case of H2L1, the condensation reaction takes place be-
tween 2-({[2-(2-pyridinyl)ethyl]amino}methyl)phenol and 2-
tert-butyl-4-methylphenol, whereas for the synthesis of
H2L2, the latter phenol was replaced by 2-tert-butyl-4-meth-
oxyphenol. However, for the synthesis of H2L3, 2-({[2-(di-
methylamino)ethyl]amino}methyl)phenol and 2-tert-butyl-
4-methoxyphenol were used. The new ligands were charac-
terised by their 1H NMR spectra. Notably, two kinds of
phenol units (one unsubstituted and the other substituted)
are present in these three ligands, and the [2-(2-pyridyl)-
ethyl]amino moiety of H2L1 and H2L2 is replaced by the [2-
(dimethylamino)ethyl]amino moiety in H2L3. Treatment of
the ligands with appropriate CoII and ZnII salts in the pres-
ence of Et3N enabled isolation of the complexes. Complexes
1, 3 and 5 were isolated as pink powders under refluxing
conditions, whereas complexes 2 and 4 were isolated as
white solids at room temperature. 1H NMR spectra of the
diamagnetic complexes 2 and 4 are displayed in Figures S1
and S2, respectively (see Supporting Information).

Crystal Structures

In order to confirm the structures of the complexes and
the modes of coordination of the deprotonated ligands, sin-
gle-crystal X-ray structure determinations of the complexes
were carried out. Selected bond lengths and bond angles
are listed in Table 1.
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Table 1. Selected bond lengths [Å] and angles [°] in 1·2CHCl3, 2, 3,
4 and 5.

1·2CHCl3
Co(1)–O(1) 1.980(3) Co(1)–O(1)–Co(1)[a] 100.23(11)
Co(1)–O(2) 1.918(3) O(1)–Co(1)–O(2) 123.79(13)
Co(1)–O(1)[a] 2.109(3) O(1)–Co(1)–O(1)[a] 79.77(11)
Co(1)–N(1) 2.185(3) O(1)–Co(1)–N(1) 92.32(12)
Co(1)–N(2) 2.071(3) O(1)–Co(1)–N(2) 109.91(13)
Co(1)···Co(2) 3.139(7) O(2)–Co(1)–O(1)[a] 94.58(11)

O(2)–Co(1)–N(1) 90.86(12)
O(2)–Co(1)–N(2) 126.30(13)
O(1)[a]–Co(1)–N(1) 171.99(12)
O(1)[a]–Co(1)–N(2) 94.66(12)
N(1)–Co(1)–N(2) 86.82(13)

2

Zn(1)–O(1) 2.009(3) Zn(1)–O(1)–Zn(1)[a] 101.64(13)
Zn(1)–O(2) 1.965(3) O(1)–Zn(1)–O(2) 123.16(13)
Zn(1)–O(1)[a] 2.151(3) O(1)–Zn(1)–O(1)[a] 78.36(13)
Zn(1)–N(1) 2.214(4) O(1)–Zn(1)–N(1) 93.64(13)
Zn(1)–N(2) 2.106(4) O(1)–Zn(1)–N(2) 111.97(14)
Zn(1)···Zn(2) 3.226(9) O(2)–Zn(1)–O(1)[a] 97.68(12)

O(2)–Zn(1)–N(1) 90.76(13)
O(2)–Zn(1)–N(2) 124.71(14)
O(1)[a]–Zn(1)–N(1) 170.64(12)
O(1)[a]–Zn(1)–N(2) 88.94(13)
N(1)–Zn(1)–N(2) 89.58(15)

3

Co(1)–O(1) 1.987(3) Co(1)–O(1)–Co(1)[a] 101.22(12)
Co(1)–O(2) 1.937(3) O(1)–Co(1)–O(2) 120.77(14)
Co(1)–O(1)[a] 2.143(3) O(1)–Co(1)–O(1)[a] 78.78(12)
Co(1)–N(1) 2.207(4) O(1)–Co(1)–N(1) 92.58(13)
Co(1)–N(2) 2.110(4) O(1)–Co(1)–N(2) 91.33(13)
Co(1)···Co(2) 3.193(9) O(2)–Co(1)–O(1)[a] 97.32(13)

O(2)–Co(1)–N(1) 90.08(14)
O(2)–Co(1)–N(2) 126.17(14)
O(1)[a]–Co(1)–N(1) 170.68(13)
O(1)[a]–Co(1)–N(2) 91.33(13)
N(1)–Co(1)–N(2) 88.85(15)

4

Zn(1)–O(1) 1.996(4) Zn(1)–O(1)–Zn(1)[a] 101.8(2)
Zn(1)–O(2) 1.963(5) O(1)–Zn(1)–O(2) 122.55(19)
Zn(1)–O(1)[a] 2.130(5) O(1)–Zn(1)–O(1)[a] 78.2(2)
Zn(1)–N(1) 2.207(6) O(1)–Zn(1)–N(1) 92.7(2)
Zn(1)–N(2) 2.124(5) O(1)–Zn(1)–N(2) 113.1(2)
Zn(1)···Zn(2) 3.203(9) O(2)–Zn(1)–O(1)[a] 98.0(2)

O(2)–Zn(1)–N(1) 91.0(2)
O(2)–Zn(1)–N(2) 124.3(2)
O(1)[a]–Zn(1)–N(1) 169.6(2)
O(1)[a]–Zn(1)–N(2) 89.8(2)
N(1)–Zn(1)–N(2) 89.3(2)

5

Co(1)–O(1) 2.012(3) Co(1)–O(1)–Co(2) 101.99(11)
Co(1)–O(2) 1.938(3) Co(1)–O(4)–Co(2) 102.04(11)
Co(1)–O(4) 2.081(3) O(1)–Co(1)–O(2) 121.01(12)
Co(1)–N(1) 2.157(3) O(1)–Co(1)–O(4) 77.67(10)
Co(1)–N(2) 2.178(3) O(1)–Co(1)–N(1) 89.29(11)
Co(2)–O(1) 2.070(3) O(1)–Co(1)–N(2) 131.32(13)
Co(2)–O(4) 1.999(3) O(2)–Co(1)–O(4) 107.61(11)
Co(2)–O(5) 1.916(3) O(2)–Co(1)–N(1) 91.25(12)
Co(2)–N(3) 2.172(3) O(2)–Co(1)–N(2) 107.02(12)
Co(2)–N(4) 2.159(4) O(4)–Co(1)–N(1) 160.71(12)
Co(1)···Co(2) 3.172(7) O(4)–Co(1)–N(2) 96.02(12)

N(1)–Co(1)–N(2) 81.87(13)
O(1)–Co(2)–O(4) 78.18(10)
O(1)–Co(2)–O(5) 93.02(11)
O(1)–Co(2)–N(3) 167.72(12)
O(1)–Co(2)–N(4) 104.43(13)
O(4)–Co(2)–O(5) 128.42(13)
O(4)–Co(2)–N(3) 90.55(12)
O(4)–Co(2)–N(4) 101.39(13)
O(5)–Co(2)–N(3) 90.19(12)
O(5)–Co(2)–N(4) 129.76(14)
N(3)–Co(2)–N(4) 82.39(14)

[a] Symmetry operators for the generated atoms: –x, –y, –z + 1 for
1·2CHCl3; –x + 1, –y, –z + 2 for 2; –x + 1, –y, –z + 1 for 3; –x +
2, –y, –z + 1 for 4.
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Complexes [CoII

2(L1)2]·2CHCl3 (1·2CHCl3), [ZnII
2(L1)2]

(2), [CoII
2(L2)2] (3), [ZnII

2(L2)2] (4) and [CoII
2(L3)2] (5) exhi-

bit closely similar structures. Perspective views of the metal
coordination environments of the diphenoxido-bridged di-
metal(II) complexes are presented in Figures 1, S3 (Sup-
porting Information), 2, S4 (Supporting Information) and
3. For 1·2CHCl3, 2, 3 and 4, the metal–ligand unit is located
on a crystallographically imposed centre of inversion form-
ing the dinuclear structure. For 1·2CHCl3 and 2–5, the two
MII ions are in five-coordinate environments bridged by
two phenolato oxygen atoms O1 and O1*/O4 from two
(L1)2–/(L2)2–/(L3)2– ligands. The coordination around each
MII ion is completed by two nitrogen atoms [pyridine N2
(1·2CHCl3, 2, 3 and 4) or dimethylamine N2 (5) and a terti-
ary amine N1] and a phenolato oxygen atom O2 provided
by a 2-tert-butyl-4-methyl/methoxyphenolato ring. Thus,
each MII ion is in an N2O3 coordination environment. The
equatorial plane consists of two phenolato oxygen atoms
O(1) and O(2) as well as a pyridine/dimethylamine nitrogen
atom N(2), and the axial positions are occupied by a phe-
nolato oxygen atom O(1)*/O4 and a tertiary amine nitrogen
atom N(1). For 5, the equatorial positions around Co(2)
are occupied by two phenolato oxygen atoms O(4) and O(5)
and an amine nitrogen atom N(4), and the axial positions
are provided by a phenolato oxygen atom O(1) and an
amine nitrogen atom N(3). The geometry around each MII

ion in 1·2CHCl3, 2, 3 and 4 is distorted trigonal-bipyrami-
dal [τ = 0.76 (1·2CHCl3), 0.77 (2), 0.74 (3) and 0.76 (4); for
ideal square-pyramidal geometry τ = 0 and for ideal trigo-
nal-bipyramidal τ = 1].[12] In the case of 5, the geometry
around the two CoII centres is slightly different: Co(1): τ =
0.49; Co(2): τ = 0.63. The MII ions are in the equatorial
plane (1·2CHCl3) or almost in the plane [displaced towards
N(1) by 0.045(3), 0.015(8) and 0.035(2) Å for 2, 3 and 4,
respectively]. For 5, the Co(2) ion is out of the equatorial
plane towards O(1) by 0.074(4) Å.

Figure 1. Perspective view of [CoII
2(L1)2] in the crystal of [CoII

2-
(L1)2]·2CHCl3 (1·2CHCl3). Only donor atoms are labelled. All hy-
drogen atoms are excluded for clarity.

The following comments on the trends of metal–ligand
bond lengths (Table 1) are in order. For 1·2CHCl3, 2, 3 and
4, the MII–N(pyridine) bonds are consistently shorter (by
ca. 0.1 Å) than the MII–N(amine) bonds. Among the two
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Figure 2. Perspective view of the crystal structure of [CoII
2(L2)2]

(3). Only donor atoms are labelled. All hydrogen atoms are ex-
cluded for clarity.

Figure 3. Perspective view of the crystal structure of [CoII
2(L3)2]

(5). Only donor atoms are labelled. All hydrogen atoms are ex-
cluded for clarity.

MII–Ophenolato bonds in the equatorial plane, the MII(1)–
O(2) bonds are shorter (by ca. 0.04 Å) than the MII(1)–O(1)
bonds (Table 1), implying that the substituted phenolato
ring coordinates more effectively than the unsubstituted
phenolato ring. This trend is more pronounced in the case
of 5 since, in this case, the two CoII–N distances are closely
similar. The MII(1)–O(1)–MII(1)* angles are 100.23(11)°
(1·2CHCl3), 101.64(13)° (2), 101.22(12)° (3) and 101.8(2)°
(4). For 5, the Co(1)–O(1)–Co(2) and Co(1)–O(4)–Co(2)
angles are 101.99(11)° and 102.04(11)°, respectively. The
MII

2O2 core in 1·2CHCl3, 2, 3 and 4 is planar, as dictated
by symmetry. The Co2O2 core in 5 is almost planar with a
dihedral angle [between the two planes passing through the
atoms Co(1)–O(1)–Co(2), and Co(1)–O(4)–Co(2)] of
4.01(12)°. However, the bridge is slightly asymmetric, and
the MII(1)–O(1) bonds are shorter (by ca. 0.15 Å) than the
MII(1)–O(1)* bonds. The same trend applies to 5, although
the extent of asymmetry is less here (by ca. 0.07 Å). The
distances between the two MII centres are as follows:
3.139(7) Å (1·2CHCl3),[11,13] 3.226(9) Å (2),[8d,11,14]

3.193(9) Å (3), 3.203(9) Å (4) and 3.172(7) Å (5).
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Absorption Spectra

The electronic spectra of the CoII complexes 1, 3 and 5
in CH2Cl2 display the characteristic features of a distorted
five-coordinate geometry around the CoII ions (Figure S5–
S7, Supporting Information). Crystal-field transitions can
be observed at 570 nm and also in the 740–760 nm range.
A reasonably intense absorption in the 380–390 nm range
was assigned to the phenolato-to-CoII charge-transfer tran-
sition.[11,15] Intraligand transitions are visible at even higher
energies.

Magnetism

In order to extract information about the nature and ex-
tent of magnetic exchange interactions between the two
metal centres, temperature-dependent (2–300 K) magnetic
susceptibility measurements were carried out on powder
samples of 1, 3 and 5. The temperature dependence of the
χMT product for 1, 3 and 5 is shown in Figure 4. The values
of χMT at room temperature are 4.45 (1), 4.20 (3) and 4.15
(5) cm3 Kmol–1. They all decrease upon cooling, indicating
the existence of antiferromagnetic interactions. A maximum
in the susceptibility curve was observed for 5 at 4.5 K (see
inset of Figure 4), whereas no such maxima were observed
for 1 and 3 above 2.0 K.

Figure 4. Plot of χMT vs. T for powdered samples of 1, 3 and 5.
Plot of χM vs. T for a powdered sample of 5 shown as inset. The
solid lines represent the best theoretical fit, described in the text.

Generally, the ground-state for five-coordinate CoII com-
plexes is a singlet orbital [3A2 for square-pyramidal (C4v)
or trigonal-bipyramidal (C3v)], and so no magnetic orbital
contribution is expected. In this sense, the spin-only Hamil-
tonian can be applied for the analysis of magnetic data.
Due to the dinuclear nature of 1, 3 and 5, the experimental
data were modelled by using the Hamiltonian H = JŜ1Ŝ2 +
D(Ŝz1

2 + Ŝz2
2 ), with S1 = S2 = 3/2. In order to reduce the

number of variables and to avoid over-parameterisation, the
values of D (zero-field splitting parameter) and g (gz = gx
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= gy) were considered to be identical for the two metal ions.
Satisfactory fits were obtained by using the above Hamilto-
nian, and the values of the fitting parameters are given in
Table 2. The values of the exchange interaction parameters
are in agreement with those observed for closely similar
compounds.[11,13]

Table 2. Magnetic data fitting (g and D) and distortion (τ)[a] param-
eters for 1, 3 and 5.

Compound g D [cm–1] –J [cm–1] τ

1 2.20(1) 15.8(2) 1.84(1) 0.76
3 2.15(1) 24.1(2) 1.32(2) 0.74
5 2.12(1) 22.5(2) 5.70(3) 0.49 and 0.63

[a] τ = 0 for ideal square-pyramidal and τ = 1 for ideal trigonal-
bipyramidal geometry.

The CoII ions in both symmetries (square-pyramidal and
trigonal-bipyramidal) have three magnetic orbitals in com-
mon: dx2–y2, dxy, and dz2, and the pathway for magnetic ex-
change is propagated through the bridging phenoxido li-
gands. For the square-pyramidal environment, the dx2–y2 or-
bital is more delocalised over the phenoxido bridge,
whereas the same is true of the dz2 orbital in the trigonal-
bipyramidal geometry. Therefore, these orbitals are impor-
tant in transmitting magnetic-exchange interactions. These
considerations are displayed in Scheme 2. One can see
therein the simplified wave functions describing the mag-
netic orbitals ΨA, ΨB and ΨC, where φL is the orbital of the
bridge (the participation of the peripheral ligands is ne-
glected, and it is assumed that both the metal orbitals have
the same energy). The values of the overlap integrals be-
tween the magnetic orbitals u and v (Su,v) can be estimated
as ST = 2SA,A� = 2�ψA|ψA���2γ2 and ST = 2SB,C� =

2�ψB|ψC���
4γ2

3
, for square-pyramidal (Case I in Scheme 2)

and trigonal-bipyramidal (Case II in Scheme 2) geometry,
respectively (the prime refers to the second magnetic orbital
in the dimer).[16]

Scheme 2.
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In the framework of Kahn’s orbital model,[17] it was

found that J varies as S2
u,v. In this approach, our prediction

concerning the relative magnitude of both pathways is ex-

pressed by the quotient
Jx2–y2,x2–y2

Jz2,z2
≈

S2
A,A�

S2
B,C�

≈
9

4
, showing en-

hanced magnetic exchange through the dx2–y2 pathway com-
pared with the dz2 one. It is to be reiterated here that the
metal coordination geometry for all the three complexes is
in between square-pyramidal and trigonal-bipyramidal (τ =
0.76 for 1 and 0.74 for 3; τ = 0.49 and 0.63 for 5). However,
compared with the cases of 1 and 3, the magnetic exchange
interaction in 5 will have more involvement of the dx2–y2

pathway. The observed values of –J for 1 (ca. 1.84) and 3
(ca. 1.32 cm–1) are smaller than that of 5 (ca. 5.70 cm–1), as
expected.

Redox Properties

From the standpoint of investigating the potential of the
chosen ligands to generate metal-coordinated phenoxyl rad-
ical species, the present complexes were examined by cyclic
voltammetry. The experiments were performed in CH2Cl2
(298 K) at a scan rate of 100 mVs–1 by using a platinum
working electrode. For 1, two irreversible oxidative re-
sponses at Epa

1 = 0.62 and Epa
2 = 0.75 V relative to the

SCE (Epa = anodic peak potential) were observed. For 2,
however, a broad (two overlapping irreversible peaks) oxi-
dative response at Epa

1 = 0.60 and Epa
2 = 0.74 V relative to

the SCE was observed. The cases of 1 and 2 are displayed in
Figures S8 and S9 (Supporting Information), respectively.
Notably, for 3 and 5 (Figure 5), the responses are well be-
haved. Two well-resolved quasi-reversible one-electron oxi-
dative responses were observed at E1/2

1 = 0.40 (∆Ep =
110 mV) and 0.41 (∆Ep = 100 mV), and E1/2

2 = 0.53 (∆Ep

= 100 mV) and 0.52 V (∆Ep = 100 mV) relative to the SCE,
respectively. However, complex 4 displays two successive
(not so well-resolved) quasi-reversible one-electron oxidat-
ive responses at E1/2

1 = 0.40 (∆Ep = 80 mV) and E1/2
2 =

0.52 V (∆Ep = 80 mV) relative to the SCE (Figure S10, Sup-
porting Information). We assigned the oxidative responses
as being due to successive oxidation of metal-coordinated
substituted phenolato groups generating phenoxyl radicals
(ligand-centred oxidations; see below). Introduction of the
electron-releasing methoxy group at the p-position of the
phenolato ring in the ligands H2L2 and H2L3 renders the
substituted phenolato ring electron-rich and hence readily
oxidised.[1i,7b] The E1/2 (or Epa) values for 3, 4 and 5 are
lower than those of 1 and 2, as expected. Moreover, the
nature of the redox response also changes (irreversible na-
ture of the CV response of 1 and 2 changes to quasi-revers-
ible for 3, 4 and 5). The effect of replacement of a p-methyl
group by a p-methoxy group is thus quite distinct. Given
the fact that the two phenolato ring oxidations occur at the
same or at closely similar potentials (see above), we can
conclude that in the two ZnII complexes 2 and 4 there is
greatly reduced redox communication between the two re-
dox-active phenolato moieties.[6d]
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Figure 5. Cyclic voltammograms (100 mVs�1) of a 1.0 m solution
of (a) 3 and (b) 5 at a platinum electrode in CH2Cl2 (0.1  in
TBAP) at 298 K. Indicated potentials (in V) are relative to the SCE.

Electrochemical Generation of Two-Electron Oxidised
Species: Characterisation and Stability

Coulometrically generated two-electron oxidised species
of 1 and 2 are not stable enough to allow their redox and
spectroscopic characterisation. This is understandable,
given the irreversible nature of their redox responses (see
above).

The two-electron oxidised species of 3–5 were generated
by controlled-potential electrolysis (298 K) of their CH2Cl2
solutions (containing 0.1  TBAP) [for 3, applied potential
= 0.80 V, n (number of electron transferred) = 2.01, colour
change from light pink to greenish brown; for 4, applied
potential = 0.70 V, n = 1.97, colour change from colourless
to deep green; for 5, applied potential = 0.80 V, n = 1.98,
colour change from light pink to greenish brown]. The elec-
tro-generated two-electron oxidised species of 3–5 were
stable enough for their CV, absorption and EPR spectra to
be recorded. Such solutions of two-electron oxidised species
display two successive reductive responses at almost the
same potential [the CV scans of oxidised solutions of 3, 4
and 5 are displayed in Figures S11, S12 and S13 (Support-
ing Information), respectively]. It is, therefore, logical to as-
sume that there is no gross structural change during the
redox process.

The electronic spectra of the two-electron oxidised spe-
cies of 3, 4 and 5 [Figure 6 for 3; Figures S14 and S15 (Sup-
porting Information) for 4 and 5, respectively] show charac-
teristic absorptions: 430 nm (ε ≈ 8000 –1 cm–1) and 690 nm
(ε ≈ 1250 –1 cm–1) for 3; 405 nm (sh) (ε ≈ 9500 –1 cm–1),
420 nm (ε ≈ 11500 –1 cm–1) and 580 nm (ε ≈ 2900 –1 cm–1)
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for 4; 415 nm (ε ≈ 8800 –1 cm–1) and 760 nm (ε ≈
1450 –1 cm–1) for 5. Similar absorptions have previously
been observed for metal-coordinated phenoxyl radical spe-
cies and can be attributed to the π–π* transitions of phen-
oxyl radicals.[1i,1j,5c,9c,9d]

Figure 6. Absorption spectra (CH2Cl2; 298 K) of (a) 3 and (b) its
coulometrically generated two-electron oxidised species (1 m;
298 K).

Although the two-electron oxidised species of 3–5 are rel-
atively stable in air and at ambient temperature, they grad-
ually decompose by means of first-order kinetics. The kdecay

of the product of the two-electron oxidations of 3, 4 and 5
are 2.36� 10–1 min–1 (t1/2 ≈ 2.94 min), 6.66� 10–2 min–1

(t1/2 ≈ 10.40 min) and 2.92�10–2 min–1 (t1/2 ≈ 23.71 min),
respectively. These values are closely similar to those pre-
viously reported for metal-coordinated phenoxyl radical
species.[6a,7b,10a,10b] A representative case for the time course
of spectroscopic change during decay of 5 is displayed in
Figure 7. Figures S19 and S20 (Supporting Information)
display such a spectroscopic change for 3 and 4, respec-
tively. From the kdecay value, it is evident that the two-elec-
tron oxidised species of 5 is the most stable compared with
those of 3 and 4. This can be rationalised if we invoke the
effect of the chelate ring size. It is well known that a five-
membered chelate-ring-forming ligand provides enhanced
electron donation to a metal ion compared with a six-mem-
bered chelate-ring-forming ligand.[18] The stability of MII-
coordinated phenoxyl radical complexes depends on the do-
nor properties of the equatorial nitrogen atoms[7a,7c] and the
binding ability of a particular chelate-ring-forming donor
site. With weaker binding to a metal ion, the phenoxyl radi-
cal is less stable. In 3 and 4, the equatorial coordination site
is provided by a π-accepting pyridine nitrogen atom, and it
is part of a six-membered chelate ring. On the other hand,
the equatorial coordination site in 5 is occupied by a σ-
donating alkylamine nitrogen atom, which is a part of a
five-membered chelate ring. So why the product of the two-
electron oxidised species of 5 is more stable than that of 3
(and also 4) is understandable. The difference in the π–π*
transition energy of metal-coordinated phenoxyl radical
species observed for the two-electron oxidised species of 3
(430 nm) and 5 (415 nm) justifies our conclusion that
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(L3)2– is a stronger ligand than (L2)2–. Although both
methyl and methoxy groups are electron-releasing, the sta-
bility of the metal-coordinated phenoxyl radical species is
enhanced by the presence of a p-OMe over a p-Me group
because of resonance stabilisation. The more electron-do-
nating phenolato ring substituent affords the more stable
radical.[1j] Stabilisation of metal-coordinated phenoxyl radi-
cal species by a p-OMe group, as encountered here, has
been observed before.[1i,1j,6a,6b]

Figure 7. Time course of the spectroscopic change of two-electron
coulometrically generated oxidised species of 5 in CH2Cl2 contain-
ing 0.1  TBAP (1 m; 298 K). First-order decay plot shown as
inset.

A comparison of the kdecay values between the present
diphenoxido-bridged ZnII complex 4 [(L2)2–, R = OMe] and
that of the corresponding ZnII complex[11] of L2– [H2L =
2,4-di-tert-butyl-6-({(2-hydroxybenzyl)[2-(2-pyridyl)ethyl]-
amino}methyl)phenol] with R = tBu is in order. The kdecay

value (3.1042 �10–1 min–1; t1/2 ≈ 2.23 min) for the diphe-
noxido-bridged ZnII complex of L2– with R = tBu is note-
worthy.[11] For the present complex 4 (kdecay =
6.66� 10–2 min–1; t1/2 ≈ 10.40 min) a substantial increase
(about five times) in the stability of the ZnII-coordinated
phenoxyl radical species has been observed.

X-band EPR spectra of CH2Cl2 solutions of coulometri-
cally generated two-electron oxidised species of 3, 4 and 5
at 298 K exhibit isotropic signals at g = 2.006, 2.005 and
2.006, respectively [Figure 8 for 3; Figures S16 and S17
(Supporting Information), for 4 and 5, respectively]. More-
over, some interesting changes in line widths are evident.
Because the MeO-substituted ligand (L2)2– gives rise to en-
hanced stability of the two-electron oxidised species com-
pared with its Me-substituted counterpart (L1)2– (see be-
low) and because the ZnII ion is redox-inactive, we investi-
gated the EPR spectroscopic features of two-electron oxi-
dised species of 4 in reasonable detail. Notably, for 4, the
EPR spectrum recorded at 120 K consists of a five-line
symmetric pattern centred at g = 2 (Figure 9). It should be
pointed out here that we did not observe a half-field signal
at g = 4. Furthermore, the relative intensity of the spectro-
scopic feature observed varies significantly in its intensity
for different preparations. The spectrum was successfully
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simulated (Figure 9) by deconvolution into two distinct sub-
spectra by the combination of a spin-triplet resonance (S =
1; subspectrum I) that gives rise to the symmetric split-line
pattern that was assigned to the bis(phenoxyl radical)-coor-
dinated dizinc(II) complex and an isotropic S = ½ signal at
g = 2 (subspectrum II) corresponding to the (phenolato)-
(phenoxyl radical)-coordinated dizinc(II) complex. For sim-
ulation of the S = 1 signal, we assumed that the exchange
coupling between the two phenoxyl radicals in the bis-
(phenoxyl radical)-coordinated dizinc(II) complex is much
larger than the Zeeman splitting (hν = 0.3 cm–1 at the X-
band frequency) for which the singlet and triplet states are
well separated in energy without any significant level mix-
ing. With this assumption, we could simulate the S = 1
component as an isolated spin triplet with axial zero-field
splitting (ZFS), which arises from the combined effect of
intramolecular exchange and spin-dipolar couplings of two
radical spins.[5d,9d] The parameters are: gx = gy = 2.006 and
gz = 2.004, |D| = 0.0068 cm–1, E = 0, Wx = Wy = 15, Wz =
12 G (S = 1); gx = gy = gz = 2.006, Wx = Wy = Wz =
15 G (S = ½). Notably, the simulation is the sum of two
subspectra I and II in a 1:3 ratio. Moreover, the intensity of
the dominant signal corresponding to the (phenolato)-
(phenoxyl radical)-coordinated dizinc(II) complex (S = ½)
at g ≈ 2 and the signal due to a radical marker (the 2,4,6-tri-
tert-butylphenoxyl radical)[19] are comparable (Figure S18,
Supporting Information) under identical experimental con-
ditions (concentration of 4 and radical marker: 1 m in
CH2Cl2; invariant machine setup). The formation of the
(phenolato)(phenoxyl radical)-coordinated dizinc(II) com-
plex (S = ½) from the comproportionation reaction be-
tween the “bis(phenolato)dizinc(II)” and “bis(phenoxyl
radical)-coordinated dizinc(II)” species is justified, given
the redox potential values of the two relevant redox pro-
cesses: (phenolato)(phenoxyl radical)-coordinated di-
zinc(II)/bis(phenolato)dizinc(II) (0.40 V) and bis(phenoxyl
radical)-coordinated dizinc(II)/(phenolato)(phenoxyl radi-
cal)-coordinated dizinc(II) (0.52 V). A similar behaviour
was observed before.[5d,9d]

Figure 8. X-band EPR spectrum (CH2Cl2; 298 K) of the coulomet-
rically generated two-electron oxidised species of 3 (1 m; 298 K).

Complexes 3 and 5 are EPR-silent (S = 0) due to antifer-
romagnetic exchange coupling between the two CoII centres
mediated by the diphenoxido bridge (see above). For two-
electron oxidised species of the dicobalt(II) complexes 3 and
5, the EPR spectroscopic feature at 298 K (isotropic signal
at g = 2) is closely similar to that of 4. Efforts are underway
to investigate the EPR spectroscopic feature of 3 and 5 at
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Figure 9. Upper trace: X-band EPR spectrum (120 K; v =
9.445 GHz; power = 0.201 mW; receiver gain = 1�103; modulation
frequency = 100 kHz; modulation amplitude = 10 G) recorded for
the two-electron coulometrically oxidised complex 4 (1 m) in
CH2Cl2 (0.1  in TBAP). Lower trace: simulated EPR spectrum.
Simulation parameters are described in the text.

low temperature. Understandably, for paramagnetic CoII

complexes, the interaction between d electrons and the
phenoxyl radical is expected to be complex.[9d] Due to lack
of EPR spectroscopic results for 3 and 5 at low temperature
being available, we decided to extract information about the
effective magnetic moment values of 5 in CH2Cl2 (296 K)
and its two-electron coulometrically oxidised solutions
(1 m in CH2Cl2, containing 0.1  TBAP; 298 K), and
solution-state magnetic susceptibility measurements were
carried out. The µeff values per metal atom are 3.92 µB (so-
lid-state value: 4.07 µB at 300 K; see above) and 4.85 µB.
Future endeavours will focus on justifying the observed µeff

values along with low-temperature EPR spectroscopic re-
sults. From the available spectroscopic results of the two-
electron oxidised species of 3–5, it is clear that the observed
redox responses are due to MII-coordinated (M = Co, Zn)
ligand-centred oxidation (metal-coordinated phenolato to
metal-coordinated phenoxyl radical).

Computational Results

To extract information about the site of oxidation, single-
point DFT calculations at the B3LYP level of theory were
performed on all five complexes by using their X-ray crys-
tallographic coordinates. By analysing the nature of the
HOMO in each case, it appears that it is a predominantly
ligand-based orbital, and there is very little contribution
from the metal centre. The maximum contribution comes
from the substituted phenolato ring of the ligand, and the
HOMO is mainly delocalised over the substituted phenol
ring of the ligand with the contribution from the phenolic
oxygen atom. The contour plots of the HOMO for 1–5 are
in Figures 10, 11 and S21–S24 (Supporting Information),
respectively. Quantitative evaluations of the atomic orbital
contributions to the relevant HOMOs and the energy of the
HOMOs are summarised in Table 3.
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Table 3. Results of DFT calculations.

Complexes Energy of HOMO [kcal/mol] Composition of HOMO
Contribution (%) from Total contribution (%) Contribution (%)
substituted[a] phenolato ring from ligand from metal ion

[CoII
2(L1)2] (1) –102.33 60 94 5

[ZnII
2(L1)2] (2) –99.78 62 96 3

[CoII
2(L2)2] (3) –101.45 66 95 4

[ZnII
2(L2)2] (4) –99.78 64 96 3

[CoII
2(L3)2] (5) –97.80 66 95 4

[a] 2-tert-Butyl-4-methyl unit for 1 and 2; 2-tert-butyl-4-methoxy unit for 3, 4, and 5.

Figure 10. Contour plot of the HOMO of 1.

Figure 11. Contour plot of the HOMO of 3.

Summary and Concluding Remarks

From the viewpoint of the properties of metal-coordi-
nated phenoxyl radical species, we have extended our pre-
vious studies in this work[11] and successfully synthesised
and characterised a class of dinuclear cobalt(II) and zinc(II)
complexes with new tripodal ligands [varying the donor
properties by the electron-releasing substituents (methoxy
and methyl)] providing N2O2 donor sites and containing
two different types of phenol ring (one substituted and the
other one unsubstituted). The metal ions in these complexes
are between square-pyramidal and trigonal-bipyramidal in
their geometry. The successful preparation and systematic
investigation of properties of five closely similar complexes
provide a valuable source of information for the under-
standing of their structures, magnetic properties, redox be-
haviour (ligand-centred oxidation) and the stability of the
metal-coordinated phenoxyl radical species. The composi-
tion of the HOMOs of all the complexes (DFT calculations
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at the B3LYP level of theory) reveals that the oxidation
takes place on the substituted phenol ring. The present
study provides information about the nature and variation
of the redox potential (formation of metal-coordinated
phenoxyl radical species) as a function of the electronic ef-
fect of the substituent at the p-position of the phenolato
ring and also gives information on the effect of chelate ring
size on the stability of the phenoxyl radical species of the
CoII/ZnII-coordinated phenoxyl radicals. Studies on the
metal-coordinated phenoxyl radical species in a mononu-
clear metal coordination environment, which is of more rel-
evance to the galactose oxidase active site, are in progress
in our laboratory.

Experimental Section
Material and Reagents: All reagents were obtained from commer-
cial sources and used as received. Solvents were dried/purified as
reported previously.[20] The precursors 2-({[2-(2-pyridinyl)ethyl]-
amino}methyl)phenol[21] for the synthesis of H2L1 and H2L2 and
2-({[2-(dimethylamino)ethyl]amino}methyl)phenol[22] for the syn-
thesis of H2L3 were prepared according to literature procedures.
The 2,4,6-tri-tert-butylphenoxyl radical was prepared according to
a reported procedure.[19] Tetra-n-butylammonium perchlorate
(TBAP) was prepared and purified as before.[20a] Zinc(II) perchlo-
rate hexahydrate was prepared from the reaction between ZnCO3

and aqueous HClO4.

Syntheses of Ligands

2-tert-Butyl-6-({(2-hydroxybenzyl)[2-(2-pyridyl)ethyl]amino}methyl)-
4-methylphenol (H2L1): The ligand H2L1 was prepared by a modifi-
cation of the method reported by Williams et al.[23] A mixture of 2-
({[2-(2-pyridinyl)ethyl]amino}methyl)phenol (2.0 g, 8.77 mmol), 2-
tert-butyl-4-methylphenol (1.44 g, 8.77 mmol) and paraformalde-
hyde (0.34 g, 11.40 mmol) was prepared in dry C2H5OH (15 mL)
and heated to reflux under nitrogen for 16 h. After cooling to room
temperature, the pH of the solution was brought to 2 by dropwise
addition of HBr (48% aqueous solution), and the solvent was re-
moved under reduced pressure. The resultant yellow oil was dis-
solved in water (50 mL) and extracted with CH2Cl2 (4� 10 mL).
The aqueous layer was neutralised with saturated NaHCO3 solu-
tion and further extracted with CH2Cl2 (4� 10 mL). This organic
layer was then washed with saturated brine solution (2� 20 mL)
and dried with anhydrous Na2SO4. Finally, the solvent was re-
moved under reduced pressure to give a white solid of H2L1 (yield:
2.12 g, ca. 60%). C26H32N2O2 (404): calcd. C 77.23, H 7.92, N 6.93;
found C 76.82, H 8.02, N 6.98. 1H NMR (CDCl3; 80 MHz): δ =
8.69 (d, JH,H = 7.71 Hz, 1 H, H6� of py), 6.76–7.43 (m, 9 H, H3�,4�,5�

of py, H3,5 of C6H2OH, H3��,4��,5��,6�� of C6H4OH), 3.96 (s, 4 H,
CH2), 3.29 (t, JH,H = 8.11 Hz, 4 H, CH2CH2), 2.30 (s, 3 H, CH3),
1.40 (s, 9 H, tert-butyl) ppm.
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2-tert-Butyl-6-({(2-hydroxybenzyl)[2-(2-pyridyl)ethyl]amino}methyl)-
4-methoxyphenol (H2L2): This was prepared in a similar manner to
H2L1 [2-tert-butyl-4-methoxyphenol (1.58 g, 8.77 mmol) was used
instead of 2-tert-butyl-4-methylphenol] and isolated in 64% yield.
C26H32N2O3 (420): calcd. C 74.29, H 7.62, N 6.67; found C 74.42,
H 7.84, N 6.78. 1H NMR (CDCl3; 80 MHz): δ = 9.20 (d, JH,H =
7.64 Hz, 1 H, H6� of py), 6.93–7.86 (m, 9 H, H3�,4�,5� of py, H3,5 of
C6H2OH, H3��,4��,5��,6�� of C6H4OH), 4.26 (s, 3 H, OCH3), 4.00 (s, 4
H, CH2), 3.33 (t, JH,H = 8.23 Hz, 4 H, CH2CH2), 1.36 (s, 9 H, tert-
butyl) ppm.

2-tert-Butyl-6-({[2-(dimethylamino)ethyl](2-hydroxybenzyl)amino}-
methyl)-4-methoxyphenol (H2L3): This was prepared in a similar
manner to H2L1 [2-({[2-(dimethylamino)ethyl]amino}methyl)-
phenol (1.70 g, 8.77 mmol) was used instead of 2-({[2-(2-pyridinyl)-
ethyl]amino}methyl)phenol] and isolated in 71% yield.
C23H34N2O3 (386): calcd. C 71.50, H 8.81, N 7.25; found C 70.92,
H 8.92, N 6.96. 1H NMR (CDCl3; 80 MHz): δ = 7.23–7.86 (m, 6
H, H3,5 of C6H2OH, H3�,4�,5�,6� of C6H4OH), 4.10 (s, 3 H, OCH3),
4.03 (s, 4 H, CH2), 3.13 (t, JH,H = 8.19 Hz, 4 H, CH2CH2), 2.83 [s,
6 H, N(CH3)2], 1.40 (s, 9 H, tert-butyl) ppm.

Syntheses of Complexes

[CoII
2(L1)2] (1): To a magnetically stirred mixture of H2L1 (0.15 g,

0.371 mmol) and Et3N (0.075 g, 0.742 mmol) in CH3OH (7 mL)
was added a solution of Co(OAc)2·4H2O (0.092 g, 0.371 mmol) in
CH3OH (7 mL) dropwise, and the resultant mixture was heated to
reflux for 2 h. The pink precipitate that formed was collected by
filtration, washed with CH3OH and dried in vacuo (yield: 0.195 g,
ca. 61%). The complex was recrystallised by diffusion of n-hexane
into a concentrated solution of the complex in CHCl3/CH3OH (3:1,
v/v) to afford pink crystals with two molecules of CHCl3 as the
solvent of crystallisation {[CoII

2(L1)2]·2CHCl3 (1·2CHCl3)}. Such
crystals were suitable for an X-ray structural study.
C52H60Co2N4O4 (921.86): calcd. C 67.69, H 6.51, N 6.07; found C
67.62, H 6.48, N 6.11. IR (KBr, selected peak): ν̃ = 1265 [ν(C–O)
of phenolato group] cm�1. UV/Vis (CH2Cl2): λ (ε) = 290 (20000),
390 (sh) (2500), 530 (sh) (170), 570 (200), 740 (30 –1 cm–1) nm.

[ZnII
2(L1)2] (2): To a magnetically stirred mixture of H2L1 (0.1 g,

0.247 mmol) and Et3N (0.05 g, 0.494 mmol) in CH3OH (5 mL) was
added dropwise a solution of [Zn(H2O)6][ClO4]2 (0.092 g,
0.247 mmol) in CH3OH (5 mL). The resultant solution was stirred
for 1 h. The white precipitate that formed was collected by fil-
tration, washed with CH3OH and dried in vacuo (yield: 0.144 g,
ca. 67 %). The complex was recrystallised by diffusion of n-hexane
into a concentrated solution of the complex in CHCl3/CH2Cl2 (1:1,
v/v). The white crystals obtained were found to be suitable for an
X-ray structural study. C52H60N4O4Zn2 (934.78): calcd. C 66.75, H
6.42, N 6.00; found C 66.71, H 6.45, N 6.06. IR (KBr, selected
peak): ν̃ = 1267 [ν(C–O) of phenolato group] cm�1. 1H NMR
(400 MHz, CDCl3): δ = 8.81 (s, 1 H, H6� of py), 7.64 (t, JH,H =
7.34 Hz, 1 H, H4� of py), 7.26 (s, 2 H, H3,5 of tBuC6H2O), 7.10 (d,
JH,H = 7.61 Hz, 1 H, H3� of py), 6.96 (t, JH,H = 7.57 Hz, 2 H, H5�

of py, H4�� of C6H4O), 6.91 (d, JH,H = 7.03 Hz, 1 H, H6�� of
C6H4O), 6.68 (d, JH,H = 7.04 Hz, 1 H, H3�� of C6H4O), 6.51 (t,
JH,H = 7.14 Hz, 1 H, H5�� of C6H4O), 3.18 (s, 4 H, CH2), 2.99 (m,
2 H, CH2CH2), 2.78 (m, 2 H, CH2CH2), 2.17 (s, 3 H, CH3), 1.25
(s, 9 H, tert-butyl) ppm.

[CoII
2(L2)2] (3): Complex 3 was synthesised from H2L2 (0.1 g,

0.238 mmol) and Co(OAc)2·4H2O (0.059 g, 0.238 mmol) in
CH3OH (12 mL) by the same procedure as described for 1 (yield:
0.148 g, ca. 65%). Pink crystals suitable for an X-ray structural
study were obtained by diffusion of diethyl ether into a concen-
trated solution of the complex in CH2Cl2. C52H60Co2N4O6
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(953.86): calcd. C 65.42, H 6.29, N 5.87; found C 65.57, H 6.20, N
5.71. IR (KBr, selected peak): ν̃ = 1270 [ν(C–O) of phenolato
group] cm–1. UV/Vis (CH2Cl2): λ (ε) = 290 (20500), 310 (18500),
390 (sh) (3000), 570 (220), 760 (35 –1 cm–1) nm.

[ZnII
2(L2)2] (4): Complex 4 was synthesised from H2L2 (0.15 g,

0.357 mmol) and [Zn(H2O)6][ClO4]2 (0.133 g, 0.357 mmol) in
CH3OH (14 mL) by the same procedure as described for 2 (yield:
0.214 g, ca. 62%). White crystals suitable for an X-ray structural
study were obtained by slow concentration of a solution of the
complex in a CH2Cl2/n-hexane mixture. C52H60N4O6Zn2 (966.78):
calcd. C 64.54, H 6.21, N 5.79; found C 64.68, H 6.34, N 5.67. IR
(KBr, selected peak): ν̃ = 1271 [ν(C–O) of phenolato group] cm–1.
1H NMR (400 MHz. CDCl3): δ = 8.84 (s, 1 H, H6� of py), 7.63 (t,
JH,H = 7.70 Hz, 1 H, H4� of py), 7.26 (s, 2 H, H3,5 of tBuC6H2O),
7.09 (d, JH,H = 7.56 Hz, 1 H, H3� of py), 6.93 (t, JH,H = 7.08 Hz,
2 H, H5� of py, H4�� of C6H4O), 6.81 (d, JH,H = 7.01 Hz, 1 H, H6��

of C6H4O), 6.52 (d, JH,H = 7.12 Hz, 1 H, H3�� of C6H4O), 6.48 (t,
JH,H = 7.06 Hz, 1 H, H5�� of C6H4O), 3.74 (s, 3 H, OCH3), 3.47 (s,
4 H, CH2), 3.03 (m, 2 H, CH2CH2), 2.77 (m, 2 H, CH2CH2), 1.21
(s, 9 H, tert-butyl) ppm.

[CoII
2(L3)2] (5): Complex 5 was synthesised from H2L3 (0.15 g,

0.389 mmol) and Co(OAc)2·4H2O (0.097 g, 0.389 mmol) in
CH3OH (14 mL) by the same procedure as described for 1 (yield:
0.207 g, ca. 60%). Pink crystals suitable for X-ray structural study
were obtained by diffusion of n-hexane into a concentrated solution
of the complex in CHCl3. C46H64Co2N4O6 (885.86): calcd. C 62.31,
H 7.22, N 6.32; found C 62.42, H 7.34, N 6.41. IR (KBr, selected
peak): ν̃ = 1265 [ν(C–O) of phenolato group] cm–1. UV/Vis
(CH2Cl2): λ (ε) = 290 (18500), 310 (17000), 380 (sh) (2000), 570
(260), 750 (40 –1 cm–1) nm.

Physical Measurements: Elemental analyses were obtained with a
Thermo Quest EA 1110 CHNS-O instrument, Italy. Spectroscopic
measurements were made with the following instruments: IR (KBr,
4000–600 cm–1): Bruker Vector 22; UV/Vis: Perkin–Elmer Lambda
2 and Agilent 8453 diode-array spectrophotometers. 1H NMR
spectra (CDCl3 solution) were obtained with either a Bruker WP-
80 (80 MHz) or a JEOL JNM LA (400 MHz) spectrophotometer.
Chemical shifts are reported in ppm referenced to TMS. X-band
EPR spectra were recorded with a Bruker EMX 1444 EPR spec-
trometer operating at 9.455 GHz. The EPR spectra were calibrated
with diphenylpicrylhydrazyl (DPPH; g = 2.0037). Variable-tem-
perature magnetic susceptibility measurements on polycrystalline
samples of 1, 3 and 5 were performed with a Quantum Design
(Model MPMSXL-5) SQUID magnetic susceptometer at Valéncia,
Spain. Magnetic susceptibility measurements in MeCN solution
were obtained by the Evans’ method[24] with a JEOL JNM LA
(400 MHz) NMR spectrometer. Susceptibilities were corrected for
diamagnetic contributions. Cyclic voltammetric (CV) experiments
were performed at 298 K with a CH instruments, electrochemical
analyser/workstation model 600B series. The cell contained a
Beckman (M 39273) platinum inlay working electrode, a Pt wire
auxiliary electrode and a saturated calomel electrode (SCE) as the
reference electrode. Details of the cell configuration are as de-
scribed before.[25] For coulometry, a platinum wire gauze was used
as the working electrode. The solutions were ca. 1.0 m for the
complex and 0.1  for the supporting electrolyte (TBAP).

Crystal Structure Determination: Single crystals of suitable dimen-
sions were used for data collection. Diffraction intensities were col-
lected with a Bruker SMART APEX CCD diffractometer with
graphite-monochromated Mo-Kα (λ = 0.71073 Å) radiation at
100(2) K. The data were corrected for absorption. The structures
were solved with SIR-97 expanded by Fourier difference syntheses
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Table 4. Data collection and structure refinement parameters for 1·2CHCl3, 2, 3, 4, and 5.

1·2CHCl3 2 3 4 5

Empiricalformula C54H62Cl6Co2N4O4 C52H60N4O4Zn2 C52H60Co2N4O6 C52H60N4O6Zn2 C46H64Co2N4O6

Formula mass 1161.64 935.78 954.90 967.78 886.87
Temperature [K] 100(2) 100(2) 100(2) 100(2) 100(2)
Radiation (λ [Å]) Mo-Kα (0.71069) Mo-Kα (0.71069) Mo-Kα (0.71069) Mo-Kα (0.71069) Mo-Kα (0.71069)
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
Space group (no.) P21/n (14) P21/n (14) P21/c (14) P21/c (14) P21/n (14)
a [Å] 10.116(5) 11.675(5) 12.098(5) 12.061(5) 11.552(5)
b [Å] 16.038(5) 12.901(5) 12.940(5) 13.030(5) 18.660(5)
c [Å] 16.862(5) 15.607(5) 16.090(5) 16.102(5) 21.255(5)
α [°] 90 90 90 90 90
β [°] 91.513(5) 111.292(5) 111.613(5) 111.840(5) 98.610(5)
γ [°] 90 90 90 90 90
V [Å3] 2734.7(18) 2190.3(14) 2341.8(15) 2348.9(15) 4530(3)
Z 2 2 2 2 4
Dcalcd. [g cm–3] 1.411 1.419 1.354 1.368 1.300
µ [mm–1] 0.948 1.147 0.763 1.075 0.783
F(000) 1204 984 1004 4576 1880
Crystal size [mm] 0.2�0.1�0.1 0.2�0.1 �0.1 0.2�0.2�0.1 0.2�0.1�0.1 0.2�0.2 �0.1
Unique reflections 6755 5420 5806 5690 11265
Rint 0.0586 0.0486 0.0675 0.2232 0.0583
Reflections used [I � 2σ(I)] 4457 3754 3415 1988 7017
Reflections measured 17965 14246 15257 14274 29891
Goodness-of-fit on F2 1.067 0.995 0.939 1.049 1.044
Final R indices [I � 2σ(I)][a,b] 0.0707 0.0630 0.0781 0.0801 0.0715

0.1654 0.1683 0.1738 0.1562 0.1623
R indices (all data)[a,b] 0.1140 0.0984 0.1422 0.1960 0.1224

(0.2044) (0.2325) (0.2105) (0.2185) (0.1970)

[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|. [b] wR2 = {Σ[w(|Fo|2 – |Fc|2)2]/Σ[w(|Fo|2)2]}1/2.

and refined with the SHELXL-97 package incorporated in the
WinGX 1.64 crystallographic package.[26] The positions of the hy-
drogen atoms were calculated by assuming ideal geometries, but
they were not refined except the hydrogen atom of the solvent mo-
lecule CHCl3 in 1·2CHCl3. All non-hydrogen atoms were refined
with anisotropic thermal parameters by full-matrix least-squares
procedures on F2. For 1·2CHCl3, after anisotropic refinement, un-
assigned electron density peaks of 1.42 eÅ–3 and 1.10 eÅ–3, and
for 5 a peak of 1.21 eÅ–3 were found in the final difference Fourier
map, which may be due to the poor quality of the crystal chosen
for data collection. The Rint value of 4 is quite high (0.2232), which
may be because of the poor quality of the crystal selected for data
collection. Unfortunately, we could not grow single crystals of
1·2CHCl3, 4 and 5 that were any better than the ones used for the
present study. Pertinent crystallographic parameters are summa-
rised in Table 4. CCDC-738914 to -738918 (for 1·2CHCl3 and 2–5,
respectively) contain the supplementary crystallographic data.
These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Theoretical Studies: Calculations were performed by using Density
Functional Theory (DFT) with Becke’s three-parameter hybrid ex-
change functional[27] and the Lee–Yang–Parr correlation functional
(B3LYP).[28] The atomic coordinates of all the complexes were
taken from their X-ray structures. The double-ζ basis set of Hay
and Wadt (LanL2DZ) was used for metal centres. The ligands’ H,
C, N and O atoms were described by using the 6-31G-(d) basis sets.
All calculations were performed with the Gaussian 03 (G03) suite
of programs.[29] Orbital diagrams were generated at an isosurface
of 0.02 by using Gaussview 3.0.[30]

Supporting Information (see also the footnote on the first page of
this article): 1H NMR spectra of 2 and 4 (Figures S1 and S2,
respectively), molecular structures of [ZnII

2(L1)2] (2) and [ZnII
2-
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(L2)2] (4) (Figure S3 and S4, respectively), electronic spectra of CoII

complexes 1, 3 and 5 in CH2Cl2 (Figure S5–S7, respectively), CV
scans of 1, 2 and 4 (Figures S8–S10, respectively), CV scans of two-
electron oxidised species of 3, 4 and 5 (Figures S11–S13, respec-
tively), electronic spectra of two-electron oxidised species of 4 and
5 (Figure S14 and S15, respectively), EPR spectrum of two-electron
oxidised species of 4 and 5 (Figure S16 and S17, respectively), com-
parative EPR spectra of the coulometrically generated two-electron
oxidised complex 4 and 2,4,6-tri-tert-butylphenoxyl radical (Fig-
ure S18), decay curve for the two-electron oxidised species of 3 and
4 (Figures S19 and S20, respectively), contour plots of the HOMOs
for 2–5 (Figures S21–S24, respectively).
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