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Synthesis, crystal structure, spectroscopy, and
magnetism of a mixed valence Co(III)-Co(II)-Co(III)
complex stabilized by N-(2-hydroxybenzyl)salicylaldimine
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Reaction of Co(OAc),-4H,0 with N-(2-hydroxybenzyl)salicylaldimine (H,L,) in dimethylfor-
mamide (DMF)-H,O vyields a linear trinuclear mixed valence complex [Co™(u-L,)(u-Ly)
(1-OAc),Co" - 2DMF (1). Here, HL,, is salicylaldimine, which is afforded by an in situ
transformation of H,L, via cleavage of the C-N bond. Complex 1 has been characterized by
X-ray crystallography as well as elemental analysis, UV-Vis, and IR spectroscopy. The cathodic
and anodic responses of 1 in DMF appeared at —1.46 V (Co™ — Co'!, quasi-irreversible) and
+0.99V (Co"™— Co™, irreversible) versus saturated calomel electrode, respectively. The
magnetic behavior of 1 has been analyzed by the one-ion approximation with spin—orbit
coupling in Oy, symmetry giving A =—121cm™".

Keywords: Mixed valence; Trinuclear cobalt complex; Crystal structure; Magnetic properties

1. Introduction

Multinuclear complexes of transition metal ions attract considerable attention for
molecular magnetism [1], materials science [2], or model bioinorganic chemistry [3].
The phenolic oxygen of salicylaldehyde Schiff base is a potential bridging group to
afford high nuclearity complexes. Metal complexes of the well-known tetradentate
N->O, salen-type Schiff-base ligands may be bidentate chelating agents (complexes as
ligands), coordinating through their cis-oxygens to form bi- and tri-nuclear complexes.
During the past two decades, linear trinuclear cobalt complexes based on salen-type
ligands, such as Co' complexes (Co"-Co"-Co") [4] and mixed valence cobalt
complexes (Co™-Co"-Co™) [5-10], have been widely reported. However, trinuclear
cobalt complexes based on tridentate Schiff bases have been rarely reported [11,12].
Moreover, tridentate Schiff bases derived from the monocondensation of salicylalde-
hyde/substituted salicylaldehyde and aliphatic primary amines, such as diamines [13,
14], amino alcohols [12, 15], and amino acids [16, 17], can bind with one, two, or more
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Scheme 1. Structure of the Schiff-base ligands H,L, and HL,,.

metal centers involving various coordination modes allowing synthesis of homonuclear
metal complexes with interesting stereochemistry. In contrast, salicylaldehyde-derived
tridentate Schiff bases of primary amines containing aromatic rings have been much less
explored [18-20].

N-(2-hydroxybenzyl)salicylaldimine (H,L,) is a tridentate ONO donor Schiff base
derived from the reaction of salicylaldehyde and o-hydroxybenzylamine, which contains
two phenolic oxygen donors (scheme 1). In the diphenoxo-bridged dinuclear Fe'
complex [Fe(L,)(OAc)],, each Lfi’ provides one phenolic oxygen donor as bridging
group [21]. In view of the coordination of H,L,, we have focused on synthesis, isolation,
and characterization of multinuclear complexes of transition metal ions with it and
have previously found that it has potential to afford homopolynuclear complexes by
facile one-pot reactions [22, 23]. During the course of these investigations, it was
observed that upon reacting with Co(OAc), - 4H,O in dimethylformamide (DMF)-H-,O
mixed solvent under air, partial Lﬁ’ underwent the cleavage of C—N single bond to yield
salicylaldimine anion (L) (scheme 1) and a linear mixed-valence trinuclear cobalt
complex [Co™(p-L,)(n-Lp)(n-OAc)],Co™ - 2DMF (1) was formed.

2. Experimental

2.1. Physical measurements

Elemental analyses for C, H, and N were carried out on a Perkin-Elmer analyzer
(model 240C). IR spectra were recorded as KBr pellets on a Bruker Tensor 27 FTIR
spectrophotometer from 4004000 cm ™. Ultraviolet and visible spectra were measured
in DMF solution on a Jasco V-570 UV-Vis/NIR spectrophotometer. Cyclic voltam-
metry measurements were performed on a BAS Epsilon Electrochemical Workstation.
All samples were purged with nitrogen before measurements. Sample solutions (5mL)
were mixed in 10mL vials. A standard three-electrode system consisting of glassy
carbon working electrode, platinum-wire auxiliary electrode, and a saturated calomel
electrode (SCE) was used. Variable-temperature magnetic susceptibilities were mea-
sured from 2 to 300K on a Quantum Design MPMS-7 SQUID magnetometer in
applied magnetic field of 1000 Oe. Diamagnetic corrections were made with Pascal’s
constants for all constituent atoms [24].

2.2. Materials and synthesis

All solvents and reagents for synthesis were commercially available and used as
received. H,L, was prepared according to a published procedure [22]. Complex 1 was
prepared by adding an aqueous solution (5mL) of Co(OAc),-4H,0
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Table 1. Crystal data and structure refinement of 1.

Empirical formula C,6H,7C01 5N30¢
Formula weight 565.90

Crystal system Triclinic

Space group i P-1

Unit cell dimensions (A, °)

a 10.777(2)

b 11.571(2)

¢ 11.941(2)

o 93.49(3)

B 104.78(3)

y . 114.88(3)

Volume (A%), Z 1281.9(4), 2

Calculated density (gecm ™) 1.466

w (mm™ 1.027

F(000) . 585

A (Mo-Ka) (A) 0.71073

Crystal size (mm?) 0.30 x 0.20 x 0.20
Reflections collected/unique 10721/4504 (R;, = 0.0325)
Goodness-of-fit on F? 1.099

Final R indices [I > 20(1)] R;=0.0527, wR,=0.1135
R indices, (all data) 3 R;=0.0697, wR,=0.1210
Largest difference peak and hole (e A™) 0.797 and —0.650

(0.1 mmol, 0.0249 g) to a DMF solution (25mL) of H,L, (0.1 mmol, 0.0227 g) under
constant stirring. During the 2h of stirring in air, the color of the reaction mixture
changed slowly from red-orange to dark brown. The resulting solution was filtered and
the dark brown filtrate was left undisturbed in air at room temperature; well-formed
black single crystals of 1 suitable for X-ray structure analysis were obtained by slow
evaporation for 6 months. Yield based on Co(OAc), - 4H,0: 27.9 mg, 74%. Anal. Calcd
for C,sH»7Co; sN3Oq: C, 55.18%; N, 7.42%; H, 4.81%; found C, 55.39%; N, 7.21%:;
H, 4.59%.

2.3. Crystal structure determination and refinement

A crystal of dimensions 0.26 mm x 0.22mm x 0.20 mm of 1 was mounted on a Bruker
Smart 1000 area detector using graphite monochromated Mo-Ka radiation
(A=0.71073 A) at 293(2)K. Structure of 1 was solved by direct methods and successive
Fourier difference syntheses (SHELXS-97) [25] and refined by full-matrix least-squares
on F* with anisotropic thermal parameters for all non-hydrogen atoms (SHELXL-97)
[26]. Crystal data and details of refinement are summarized in table 1. Selected bond
distances and angles are given in table 2.

3. Results and discussion

3.1. Synthesis

Complex 1 [Co™(p-L,)(n-Lp)(n-OAc),Co" - 2DMF, was synthesized by reaction of
Co(OAc), -4H,0 with H,L, in DMF-H,O. Atmospheric oxygen acts as an external
oxidant [5, 8, 10]. The aerial oxidation of the Co" precursor may be facilitated because
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Table 2. Selected bond distances (A) and angles (°) of 1.

Bond Distance (A) Bond Distance (A)
Co(1)-N(3) 1.876(3) Co(2)-0(5) 2.027(2)
Co(1)-O(1) 1.876(3) Co(2)-0(2) 2.093(2)
Co(1)-N(1) 1.900(3) Co(2)-0(3) 2.132(2)
Co(1)-0(3) 1.917(2) C(7)-N(1) 1.280(5)
Co(1)-0(2) 1.921(3) C(8)-N(1) 1.464(5)
Co(1)-0(6) 1.954(3) C(26)-0O(7) 1.039(11)
C(21)-N(3) 1.271(5)
Bond Angle (°) Bond Angle (°)
N(3)-Co(1)-O(1) 90.02(14) 0O(5)-Co(2)-0O(5A) 180.000(1)
N(3)-Co(1)-N(1) 88.89(15) O(5)-Co(2)-0(2) 86.70(10)
O(1)—Co(1)-N(1) 94.09(14) O(5A)-Co(2)-0(2) 93.30(10)
N(3)-Co(1)-0(3) 92.91(13) 0O(5)-Co(2)-0(2A) 93.30(10)
O(1)-Co(1)-0O(3) 88.22(12) O(5A)-Co(2)-0(2A) 86.70(10)
N(1)-Co(1)-0(3) 177.07(13) 0(2)-Co(2)-0(2A) 180.0
N(3)-Co(1)-0(2) 92.56(13) O(5)-Co(2)-0O(3) 88.67(10)
O(1)-Co(1)-0(2) 172.46(10) O(5A)-Co(2)-0(3) 91.33(10)
N(1)-Co(1)-O(2) 93.04(13) 0(2)-Co(2)-0(3) 75.35(10)
0O(3)-Co(1)-0(2) 84.58(11) O(2A)-Co(2)-0(3) 104.65(10)
N(3)-Co(1)-0(6) 174.86(13) 0O(5)-Co(2)-0O(3A) 91.33(10)
O(1)-Co(1)-0(6) 88.43(12) O(5A)-Co(2)-0(3A) 88.67(10)
N(1)-Co(1)-O(6) 86.33(12) 0O(2)-Co(2)-0O(3A) 104.65(10)
O(3)-Co(1)-0O(6) 91.95(10) O(2A)-Co(2)-0O(3A) 75.35(10)
0O(2)-Co(1)-0O(6) 89.59(11) 0O(3)-Co(2)-O(3A) 180.000(1)
Co(1)-0(2)-Co(2) 98.32(11) Co(1)-O(3)-Co(2) 97.11(11)

H,L, and its substituted derivatives can stabilize some transition metal ions of higher
oxidation states, such as Co'™" [27] and Mn'Y [28, 29]. At the same time coordination of
Co'™ with Li_ may play an important role for C—N single bond cleavage of L:'l_ and in
situ ligand transformation. The Ru'" [30, 31] and Mn"" [32] mediated C—N single bond
cleavage resulting in Schiff-base ligand transformation during complex formation
have been reported. However, Co"- or Co™-mediated C-N single bond cleavage has
rarely been reported. In addition, 1 is the first homopolynuclear cobalt complex based
on H,L, or HL,.

3.2. Crystal structure

The structure of 1 consists of neutral trinuclear Cosz(L,)>(Ly)>(OAc), units and DMF.
A perspective view of the trinuclear unit is shown in figure 1. Co(2) lies on a center of
symmetry and Co(1) is in a general position. Lﬁ_ is terminally bonded to Co(1) through
both phenolate oxygens (O(1) and O(2)) and the imine nitrogen (N(1)). O(2) arising
from o-hydroxybenzylamine forms a bridge between Co(1) and Co(2). L, coordinates
bidentate to Co(1) and also acts as a bridging ligand between Co(1) and Co(2) utilizing
its phenolate oxygen O(3). The OAc™ anion utilizes both its carboxylate atoms (O(5)
and O(6)) to form a p,-O,0’ bridge. Adjacent Co---Co intramolecular separations
are 3.039 A, not sufficiently short to afford metal-metal bonding or allow intra-metal
spin exchange through mutual interaction.

The coordination environments of the two independent cobalt atoms are different.
The central Co(2) has a CoOg tetragonally distorted octahedral geometry, with the
unique axial Co(2)-O(5) bond distance (2.027A) being a little shorter than the
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Figure 1. Structure of [Co™ (p-Lo)(1-Ly)(-OAc)],Co'"; hydrogen atoms are omitted for clarity.

equatorial Co(2)-0(2) and Co(2)-O(3) bond distances (2.093 and 2.132 A, respectively).
The terminal atom Co(l) shows a CoN,O, pseudo-octahedral geometry, in which
two phenolate oxygens (O(1) and O(2)), one imine nitrogen (N(1)) from Li’ and one
phenolate oxygen (O(3)) from L, define the equatorial plane and the two apical
positions are coordinated by imine nitrogen (N(3)) from L, and acetate oxygen (O(6)).
The bond distances around Co(l) (Co(1)-O=1.876-1.954 and Co(l1)-N=1.876—
1.900 A) are significantly shorter than those around Co(2), suggesting that the oxidation
states of these cobalt atoms are different. Charge considerations require a formal Co£II
Co'! description of 1, and thus we can assign the Co(1) and Co(1A) atoms to low-spin
Co™" and the Co(2) atom to high-spin Co'", based on the coordination geometries and
bonding parameters [7, 33]. All the Co™-0, Co™-N, and Co"-O distances observed
in 1 agree well with the corresponding bond distances observed in linear
mixed-valence trinuclear cobalt complexes based on the salen-type ligands [5-10].
All the Co-O bond distances lengthen as follows: Come(Lif)phen<Co”L
O(Lg)u—phen < COIH_O(Li_)p—phen < COHI_Op—acetate < COH_Ou—acetate < COH_O(Li_)p—phen <
Co"-O(Ly )yphen- The bond distances of C(21)-N(3) and C(7)-N(1) are 1.271 and
1.280 A, respectively, which are normal for C=N [30].

Figure 2 shows the packing diagram of 1. The separation of O(7)---N(3) is 2.842 A,
suggesting the presence of an intermolecular H-bond between the Cos(L,),(Ly)2(OAc),
unit and the neighboring DMF molecule. The crystals are packed via van der Waals
contacts between discrete units and the N-H --- O intermolecular H-bonds, with the
neighboring Co' - .. Co" separations between 10.777 and 13.895 A.

3.3. Spectroscopic properties

IR spectra of 1 exhibit a broad, strong band centered at 3400 cm ™!, attributed to the

N-H stretch of L, [30, 34]. The C=0 stretch at 1664 cm ™~ is shifted to lower frequency
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Figure 2. Packing diagram of 1.

by 14cm ™! with respect to the standard IR spectrum of DMF film, owing to formation
of an intermolecular H-bond [35,36]. Another intense band at 1635cm ™" and medium
band at 1595 cm ™" may be assigned to C=N stretch of the conjugated imine of Li’ and
Ly, respectively [22, 30, 37]. The red shift of the C=N absorption of 24 cm ™' on going
from free H,oL, to 1 suggests weak m-accepting ability of the coordinated ligands.
Vibrationally active acetate ligands display antisymmetric and symmetric stretching
vibrations at 1574 and 1409cm™', respectively. The difference in frequency
A(Wysm(COO™) — v5ym(COO7)) is 165 em™! (163cm™! for free acetate ion), indicating
the presence of deprotonated carboxylate coordinated to metal centers in a bridged
bidentate fashion [5, 8]. The C—O stretch at 1303—1349cm ™" indicates that the phenolic
oxygen of Lﬁ_ and L, are bonded to cobalt [7, 38].

The electronic spectrum of 1 in DMF was recorded in the range 190-800 nm (.
(e, Lmol™'em™") 272 (65,700), 374 (15,200), 550 (920), 650 (383)nm). The ultraviolet
absorption bands observed for 1 at 272 and 374 nm are more intense than the visible
bands, and the tail into the visible region accounts for the black appearance of 1.
The absorption band at 272 nm may be assigned to 7—z* intraligand transitions in the
benzene ring and azomethine groups. The absorption at 374nm may be assigned
to ligand to metal charge transfer (LMCT). Two very weak absorptions in the visible
range at 550 and 650 nm are tentatively attributed to the Laporte Forbidden d-d
transitions of Co'™" and Co'' in octahedral geometry [8,10,39].

3.4. Electrochemistry

Cyclic voltammetry was performed within the potential range —2.0 to +2.0 V under
different scan rates (0.02-1.0Vs~') at ambient temperature (300K). In DMF
(1.0x 10*molL™"), 1 displayed a quasi-reversible reductive response at —1.46V
(Supplementary material) with characteristic anodic (Ep,) and cathodic (E,.) peak
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Figure 3. xwm(O) and per(A) vs. temperature curves for 1. The solid lines represent the theoretical values
based on equation (3).

potentials at —1.40 and —1.52'V, respectively. The quasi-reversible signal is attributed
to Co™—Co'" reduction. The relevant electron transfer is represented in equation (1).

[Co™M—Co"—CoM] 4 2¢ — [Co''—CoM—Co"]*~. (1)

The oxidation reaction was commenced at ca. +0.99 V in the anode sweep whereas no

response at the counter cathode sweep was observed. The irreversible response is
assigned to the Co"—Co'" oxidation (equation (2)).

[CoM—Col'—CoM] — [Co™—CoM —Co]* 4. @)

However, in acetonitrile solution (1.0 x 10> molL™") 1 displayed irreversible
reductive and oxidative response at ca —1.10 and +1.00V, respectively, indicating
that reduction of Co'" is easier in acetonitrile than in DMF.

3.5. Magnetic properties

As shown in figure 3, the value of ug (Where e is the effective magnetic moment) of 1
at room temperature is 5.18 g, larger than the spin-only value (3.87up) for S=3/2 with
g=2.0, but agreeing with values observed for octahedral Co' complexes with a
significant first-order orbital contribution to the magnetic moment, typical of the 4T1g
ground state [33, 40, 41]. The u plot gradually decreases with decreasing temperature
and reaches a minimum value of 4.30 ug at 2K, therefore Co' remains totally in
the high-spin state down to 2K and we expect an important orbital contribution
in all cases. These magnetic data confirm that 1 is in the mixed valence state
Co™(5=0)-Co"(5=3/2)-Co"'(5=0) as suggested by the X-ray structural analysis.
The decrease of pq with decreasing temperature may be mainly due to depopulation of
the higher energy Kramers doublets of the Co'' centers [42].

In order to interpret the magnetic properties of 1, the contributions of spin—orbit
coupling and Zeeman interaction to spin-only value should be taken into consideration.
Here, we tried to analyze the experimental data using the one-ion approximation for
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Co'' with spin—orbit coupling in O, symmetry. As the neighboring Co"...Co"
separations are long, the exchange coupling between the Co'' centers is expected to be
very weak and neglectable. The resulting magnetic susceptibility equation is shown
in equation (3), where A is the spin—orbit coupling constant.

_NB [N
XCo =3kT|D
I3 —APx 124427 [2(11 = 24)x  176(4 +2) —54x
Ne=—s—+ "% 45 6754 | P\ 2
(A+5)7°x 20(4 +2) ! 3)
—i—{ 9 274 exp(—4A4x)

; —54
D= g |:3 + 2exp <Tx) + exp(—4Ax)i|

_r
=

The parameters N and B have their usual meanings. The value of A4 ranges from 1.5 to
1 when the crystal field changes from the weak limit to the strong limit. As for most
magnetic studies of Co", here we give 4= 1.5 for octahedral Co" surrounded by six
oxygen atoms. The best fit parameter of the experimental data in the temperature range
20-300K is A=—121 cm™" with agreement factor 1.30 x 10 (R = 3" (Xobsd — Xcaled)’/
> x%e)- The value of A is smaller than that of the free ion (A g=—176cm™") due to
covalency effects, which is close to that of the high-spin Co"Og4 complex
(A=—133cm™") [43].

A=15, «x

4. Conclusions

Combination of the tridentate ONO donor Schiff-base H,L, and Co(OAc),-4H,O
afforded a unique Co"™-Co"-Co™"" linear trinuclear complex 1 via an in situ ligand
transformation based on C—N bond cleavage of H,L, and partial oxidation of the Co""
precursor. To the best of our knowledge, 1 is the first homopolynuclear cobalt complex
based on H,L, or HL;,. Complex 1 is reduced quasi-reversibly at —1.46 V and oxidized
irreversibly at ca. +0.99V by cyclic voltammetry at room temperature in DMF.
Cryomagnetic investigations in the range 2-300 K confirm that 1 is in the mixed valence
state Co™(S=0)-Co"(5=3/2)-Co"'(S=0) and reveal the contributions of spin—orbit
coupling to magnetic susceptibility with A =—121cm™".

Supplementary material

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication No. CCDC
723458. Copies of the data can be obtained free of charge from the Director, CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk). Fig. S1. Cyclic voltammogram of complex 1.
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