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Abstract
Three tri-nuclear cobalt complexes ([Coa(tpa)s(L)YI(BF4)4 (hH (tpa=tris(2-pyridylmethyl)amine},
[Cos(Metpa)s(L)](BF4)4 ) (Metpa=(6-methyl-2-pyridylmethyl) bis(2-pyridylmethyl)amine) and

[Cos(Meztpa)s(L)](BF4)s (3) (Mextpa=bis(6-methyl-2-pyridylmethyl)(2-pyridylmethyl)amine)} with 2,3,6,7,10,11-
hexahydroxytriphenylene (HsL) and three spieces ancillary ligands have been prepared, Tri-nuclear mixed-valence Ce
complex (3) is prepared from methanol solution. Complex (3) has consist in that the valence of two cobalt ions have +III,
one cobalt ion has +11 and the ¢ris-dioxolene bridging ligand is formally in the -5 [cat,cat,sq] oxidation state. Complex
(3) shows evidence of temperature dependence of the charge distribution, displaying thermally induced valence
tautomeric transition from {(/s-Col)a(As-Colt)}-L{cat,cat,sq) to {({s-Coll)(hs-Co")2}-L(cat,sq,5q) in both solid and
solution states. On the other hand, complex (1) and complex (2) are stable in the entire temperature range investigated.
Various-temperature magnetic susceptibility data for the compound displayed little variation in the range 2-330 X, and
the reason caused the distinct charge distribution on Co-L (L: bridging ligand) by the natural rigidity of the tripodal
ligands. These results appeared methylation of the 6-position of the pyridine rings in ancillary ligand effect on redox
state in the complex, occuring the distribution of electrons between the cobalt centers and the bridging ligand.
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1. Introduction

Facile metal-ligand electron transfer is
become a unique feature of dioxolene complexes

of redox-active first-row transition metals.

Complexes that exhibit VT (valence tautomerism)
characteristically consist of a thermodynamically

inert donor/acceptor, in most examples a

dioxolene ligand, and a metal center that

undergoes a tight/floppy interconversion with
electron transfer. This is

change primarily

responsible for defining the thermodynamic
properties and temperature dependence of the
equilibrium [1-16]. In almost all of the examples
of this class reported to date, the interconversion
involves an intramolecular electron transfer
between a six-coordinate diamagnetic cobalt(IIl)
metal ion and a coordinated catecholate ligand
yielding a cobalt(Il)-semiquinonate species, the
metal ion being in the high spin electronic
configuration. These compounds have attracted
great attention because of their potential
applications as sensors, information storage and
display devices and so on. Electron- transfer
properties may be easily controlled by external
stimuli such as temperature, light and pressure.
However, catecholate complexes involving tri-
nuclear cobalt ions still remain rare [17,18].
Recently, tri-nuclear cobalt(II)

we reported

complexes with conjugated bis(catecholate)

ligands (]Cos(phen)s;(Hthba);| (phen=1,10-

phenanthroline, Hythba=2,2",3,3-
tetrahydroxybenzaldazine)) [19]. Three cobalt
ions are six coordinated, phen ligand is bound to
each cobalt ion, and Hthba® acts as a bridging
ligand. Therefore this complex is kept electrically
neutral by combining three Co”* ions and two
Hthba® ions. In this study we described a new tri-

with
(Hel)

nuclear cobalt complex  prepared
2,3,6,7,10,11-hexahydroxytriphenylene

using tripodal ancillary ligand. Herein we describe
the synthesis and property of the tri-nuclear

mixed-valence Co complex [Cos(tpa)s(L)](BF4)4

(1) [20], [Cos(Metpa)s(L)|(BFs)s (2) and
[Cos(Mestpa)s(L)[(BEs)s (3) using three spieces
ancillary ligands.
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2. Experimental Section

Materials and Methods

Preparations were performed using the usual
schlenk techniques. All solvents were dried and
distilled by standard methods before use. The
standard chemicals were obtained from Wako
Chemical Co., Japan, and used without further
purification. The IR spectra were measured as

KBr disks on a JASCO FT/IR-8000 spectrometer,

I
H NMR spectra were recorded on a JEOL ECA-

500 spectrometer. FT-NMR spectrometer at
23 °C. UV-Vis spectra were recorded on a
SHIMADZU UV-2450 spectrometer, and cyclic
voltammetric measurements were made under a
flow of nitrogen using a ALS/CHI 660A
instrument. Solutions of the complex was
prepared in CH3CN containing (NBuy)(PFe) (ca.
0.1 M) as supporting electrolyte. Platinum wire
working and counter electrode were used with
Ag/AgNO; The Fc/Fc'
couple appeared at +0.08V(AE;», = 65 mV)

Ag/AgN03

reference electrode.

versus with  this experimental
arrangement, and the ferrocene couple was used

as an internal reference.

Syntheses

Tris(2-pyridylmethyl)amine (tpa). CH,CI,
solution (20 mL) of pyridine-2-carboxy aldehyde
(0.899 g, 8.4 mmol) was dropwised to a stirred
mixture of 2-aminomethylpyridine (0.453 g, 4.2
mmol) and sodium triacetoxyborohydride (2 g) in
dichloromethane (30 mL). After the resulting

reaction mixture was stirred for 18 hr, a saturated

aqueous solution of sodium hydrogencarbonate
(20 mL) was added. The reaction mixture was
stirred for 0.5 hr and then extracted with
dichloromethane. The organic fraction was
separated, dried over MgSQ4, and the solvent
was removed under reduced pressure. The
residue was recrystallized with hexane to give

tpa as colorless needles (0.881 g, 72.3%). IR

(KBr, em-l) 3410w, 3080m, 3054m, 3015s,
2924m, 2817s, 2707w, 2362w, 2343m, 1590s,
1570s, 1474s, 1436s, 1366s, 1312m, 1243m,
1221m, 1154m, 1124s, 1089m, 1047m, 996s,
983s, 899m, 884m, 840w, 766s, 631m, 607m,
516m, 471w: EI-MS, m/z=290; H-NMR (400
MHz, CDCls, ppm) 3.881(s, 6H), 7.188(t, 3H),
7.589-7.655(m, 6H), 8.524(d, 3H); Anal. Calc.
for CisHisNs: C, 74.46; H, 6.25; N, 19.30%.
Found: C, 74.90; H, 6.34; N, 18.98%.

Bis(2-pyridylmethyl)(6-methyl-2-

pyridylmethyl)amine (Metpa). Metpa are
prepeared same method with tpa except for 6-
methyl-2-aminomethylpyridine  (0.26 g, 2.1
mmol) in place of 2-aminomethylpyridine. The

residue was recrystallized with hexane to give

Metpa as colorless needles (0.31 g, 48%). IR

(KBr, cm'l) 3422w, 3072m, 3011s, 2926m,
2819s, 2712w, 2361w, 2343m, 1589s, 1569s,
1469s, 1437s, 1369s, 1311m, 1296m, 1249m,
1154m, 1124s, 1089m, 1044m, 986s, 973s, 917m,
880m, 840w, 793m, 760s, 734m,608m, 511m,

488m; lH-NMR (400 MHz, CDCl3, ppm) 2.52(s,



3H), 3.87(s, 6H), 7.01(d, 1H), 7.13(t, 2H), 7.18(,
1H), 7.39(d, 1H), 7.57(m, 4H), 8.50(d, 2H).

Bis(6-methyl-2-pyridylmethyl)(2-

pyridylmethyl)amine (Meatpa). Mestpa was
prepared in the same way as tpa except for 6-
methyl-pyridine-2-carboxy aldehyde (1.016 g,
8.4 mmol) in place of pyridine 2-carboxy
aldehyde.” After the reaction solution was filtrate
and added water, the aqueous solution was
extracted three times with diethyl ether, and

solvent was removed to give Mestpa as colorless

needles (69.9 %). IR (KBr, cm']) 3424w, 3068w,
2996m, 2927m, 2870m, 2818m, 1654m, 1590s,
1465s, 1445s, 1368s, 1355m, 1161m, 1121m,
1088m, 995s, 982s, 970m, 877m, 800m, 756s,

710m; '"H-NMR (400 MHz, CDCls;, ppm)
2.514(s, 6H), 3.851(s, 6H), 7.004(d, 2H), 7.145(t,
1H), 7.423(d, 2H), 7.516-7.648(m, 4H), 8.515(dd,
1H); Anal. Calc. for Co0HNy: C, 74.46; H, 6.25;
N, 19.30%. Found: C, 74.90; H, 6.34; N, 18.98%.

Tris(6-methyl-2-pyridylmethyl)amine
(Mestpa). CH,Cl, solution (10 mL) of 6-methyl-
pyridine-2-carboxy aldehyde (0.508 g, 4.2 mmol)
was dropwised to a stirred mixture of 6-methyl-2-
pyridylmethylamine (0.256 g, 2.1 mmol) and
1 9

dichloromethane (30 mL). The resulting reaction

sodium  triacetoxyborohydride in
mixture was stirred for 18 hr, after which a
of

hydrogencarbonate (20 mL) was added. The

saturated  aqueous  solution sodium
reaction mixture was stirred for 0.5 hr and then
extracted with dichloromethane. The organic

fraction was separated, dried over MgSQO4, and

the solvent was removed under reduced pressure.
The residue was recrystallized with hexane to

give Mestpa as colorless needles (0.350 g,

50.2%). IR (KBr, em-1) 3422w, 3062m, 2996m,
2957m, 2918m, 2878m, 2822m, 1592s, 1577s,
1464s, 1362s, 1272m, 1121m, 977s, 804m, 794m,

759m, 624m; H-NMR (400 MHz, CDCls, ppm)
2.51(s, 3H), 3.84(s, 2H), 7.01(d, 1H), 7.45(d, 1H),
7.53(t, 1H).

[Cos(tpa)s(L)](BF4)s (1). A solution of
Co(BF,); + 6H,O (102.4 mg, 0.3 mmol) in dry
methanol (10 mL) was added to a solution of tpa
(87.6 mg, 0.3 mmol). The resulting solution was
stirred for 1 hr, and then 30 mL of 2,3,6,7,10,11-
hexahydroxytriphenylene (HsL, 32.5 mg, 0.1
mmol) dissolved in methanol containing
triethylamine was added dropwise. The resulting
solution was stirred for 1 hr. Diethylether was
added to the solution slowly to obtain the
complex. This solution was cooled to -5 °C and
over the period of 10 days a deep green
microcrystals of [Cojs(tpa);(L)](BF4)s separated

from the solution in 69% (119.3 mg) yield. IR
(KBr, cm'l) 3423s, 3033m, 2925m, 1609s,
1485s, 1445s, 1380s, 1294s, 1259s, 1226s, 1158s,
1055s, 978m, 883m, 818m, 771m, 732w, 645m,
606m, 532m, 52Im; UV-vis
Amax(nm)) 1020 (¢ = 1.62X10* M'em™), 920sh

(acetonitrile,

(e =741 X10°M'em™), 656 (¢ = 7.92X10° M’
fem™), 609 (¢ = 7.55X10° M'em™), 447 (¢ =
1.56 X 10* M'em™), 346 (e = 4.69 X 10* M'em
1); Anal. Calc. for C7HgoN1205C03B4F16 *



3CH;0H: C, 49.73; H, 4.12; N, 9.28%. Found: C,
49.74; H, 4.23; N, 9.29%.

[Cos(Metpa)s(L)](BF4)s (2). A solution of
Co(BF4); * 6H,O (51.1 mg, 0.15 mmol) in dry
methanol (5.0 mL) was added to a solution of
Metpa (45.6 mg, 0.15 mmol). The resulting
solution was stirred for 1 hr, and then 10 mL of
(HeL,

16.2 mg, 0.05 mmol) dissolved in methanol

2,3,6,7,10,11-hexahydroxytriphenylene

containing triethylamine was added dropwise.
The resulting solution was stirred for 1 hr.
Diethylether was added to the solution slowly to
obtain the complex. This solution stand room
temperature and over the period of 14 days a
of

the

deep
[Cos(Metpa)s(L)I(BF4)s

green microcrystals

separated  from
solution in 17% (14.5 mg) yield. IR (KBr, cm'l)
3422m, 1610s, 1449s, 1381m, 1267m, 1158w,
1083s,  1060s, 1036m, 772m; UV-vis
(acetonitrile, Ama(nm)) 1018 (¢ = 6.68X 10° M"
fem™), 910sh (¢ = 3.77X10°M'em™), 653 (¢ =
5.24x10°M'em™), 605 (e =5.51 X10°Mem™),

439 (¢ = 1.77X10* M'em™); Anal. Calc. for
C75H66N1206C03B4F16 * 2H202 C, 50.28; H,
3.94; N, 9.38%. Found: C, 50.24; H, 3.76; N,

8.47%.

[Cos(Mextpa)s(L)](BF4)s (3). A solution of
Co(BF4); * 6H,O (51.1 mg, 0.15 mmol) in dry
methanol (10 mL) was added to a solution of
Mestpa (47.7 mg, 0.15 mmol). The resulting

solution was stirred for 1 hr, and then 30 mL of

2,3,6,7,10,11-hexahydroxytriphenylene (HsL,
16.2 mg, 0.05 mmol) dissolved in methanol
containing triethylamine was added dropwise.
The resulting solution was stirred for 1 hr.
Diethylether was added to the solution slowly to
obtain the complex. This solution stand room
temperature and over the period of 14 days a
of

the

deep microcrystals
[Cos(Mestpa)s(L)](BF4)3
solution in 23.2% 19.9 mg) yield. IR (KBr, cm-1)
3433m, 1608s, 1576m, 1469s, 1379m, 1270m,
1123w, 1083s, 1037m, 788m, 533m; UV-vis

(acetonitrile, Amad(nm)) 1024 (€ = 3.90 X 10° M"

green

separated from

'em™), 899sh (e = 3.05X10°M'em™), 607 (¢ =
7.29X10°M"'em™), 419 (6 = 1.14 X 10*M'em™),

346 (¢ = 4.69% 10" M'em™); Anal. Calc. for

C73H72N1206CO3B3F12 * 8H2OZ C, 5051, H,
4.78; N, 9.06%. Found: C, 50.59; H, 4.37; N,
8.99%.

Crystallography

Crystal data for Complex(1): A crystal
suitable for crystallographic data collection was
coated with an amorphous resin and cooled in the
nitrogen stream of a Rigaku/MSC Mercury CCD
diffractometer. A full sphere of intensity data was
measured, and the structure was solved using
direct methods. CIF data have been deposited
with the Cambridge Crystallographic Data Center,
CCDC No. 950672 (Complex (1)). Copies of this
information may be obtained free charge from
The Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK (fax: +44-1223-336-033); email:

deposit@ccdc.cam.ac.uk or www:




3. Result and Disccusion

Crystal Structure of complex(1)

A view of the complex(1) cation is shown in
Figure 1. The three cobalt ions are six-coordinate
in a cis-distorted pseudo-octahedral coordination,
and each of tripodal ligand adopts a folded
conformation around the metal ion. The average
Co-O and Co-N bond lengths are 1.88(3) A and
1.92(2) A for all three Co ions. These indicate the

" state at 126 K as the bond lengths is

low-spin Co
shorter than reported Co-O (2.008(7), 2.086(7) A)
and Co-N (2.295(10), 2.212(9), 2.165(9), 2.091(9)

A) for co 211

high-spin

values

Top view

Figurel. Perspective view of the complex cation in

[Cos(tpa)s(L)](BF4)4 (1) showing 50% thermal ellipsoids.

Hydrogen atoms and BF, anions are omitted for the
sake of clarity.

The range of C-O bond lengths for structurally
characterized first-row transition-metal quinone
complexes is quite narrow: 1.29(1) A and 1.35(1)

A, respectively, for coordinated semiquinonate(-

1) and catecholate(-2) ligands [22-25]. As a

1r -
ions, the

complex containing three low-spin Co
overall change of +4 for the ion requires regional
diffences in change for the the central ligand
[cat,cat,sq], and the three-fold symmetry of the
cation implies charge delocalization within the
ligand. Consistent with this delocalization C-O
(1.325(9) A, 1.327(6) A) and C(1)-C(6) (1.435(7)
A) bond lengths of the dioxolene ligand are
between and

intermediate semiquinonate

catecholate values.

Spectroscopic properties
The electronic spectrum of the complex was

measured in acetonitrile solution (Figure 2).
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Figure 2. Electronic absorption spectra of complexes in acetonitrile
solution.

[Cos(tpa)s(L)](BF4)4 (1) was isolated in the +4

state, the internal oxidation state distribution is

Com3(cat,cat,sq)

and the intense near-IR
absorption maximum at 1020 nm may be ascribed
to a SOMO originating from the bridging ligand
[27].  The  UV-Vis-NIR of

[Cos(Metpa)s(L)](BF4)4 (2) is almost same. But in

spectrum



[Cos(Mestpa)s(L)](BF4)s (3), the intensity of 1020
nm absorption peak is observed weakly. Upon
heating from -30 degree celsius, the broad MLCT
bands around 500 nm gradually increase in
intensity, while 1020 nm band shows a decrease.

On increasing temperature the change of the
spectra with isosbectic points at 460 nm and 700
nm, respectively, were noticed. These spectral
changes are consistent with the intramolecular
electron transfer between a metal centre and
ligand resulting in a transformation of Co™,Co'-
L> (L™ cat-cat-sq) to its isomeric form Co™Co"-
L* (L*; cat-sq-sq). Both the heating and cooling
modes of the spectral scan suggested that the
thermal proceses is well reversible, and shows

valence tautomerism in solution too (Figure 3).

14000
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Figure 3. Electronic absorption spectra depend on temperature of
complex (3) in acetonitrile solution.

Electrochemical property

The electrochemical properties of the complexes
were studied in acetonitrile solution, and the
representative spectra of complex (1) and (2) are
displayed in Figure 4(b).

The voltammetric response for complex (1)

exhibits three well-separated oxidation process

having formal potential AE;;, of —0.33, 0.05 and
041 V wvs. Fc-Fc'. These three oxidation
processes are due to the redox activity of the
triphenylene ligand, and assigned to the
consecutive oxidation of coordinated L(cat,cat,sq)
to L(cat,sq,sq) and L(sq,sq,sq). Complex (3) is
almost similarly to complex (1) in that it is three
cat-sq processes for ligand-based redox waves.
However, irreversible wave was observed in
reduction side (potential —0.51 V). This may be a
reduction wave from Co(lll) to Co(Il).
Electrochemical chracterization failed to show
clear structural differences for the charge
distributions between cobalt ion and the ligand(L)
in complex (3). Also it may be indicating a

dependence on the elecrton-transfer rate.

(@)

$1pA -0.51 -0.19 903
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V vs Fe/Fe

Figure 4. Cyclic voltammetry of tri-nuclear Co complexes (a)
Complex (3) (b) Complex (1) at 20°C in acetonitrile solution,
1.0 mM with 0.1 M [N(n-Bu),]PFs supporting electrolyte;
platinum working electrode; scan rate 100 mV/s.

Magnetic property

Solid  state  magnetic measurements for

polycrystalline sample of [Cosz(Me,tpa);(L)](BF)s



(€))

magnetometer over the temperature range 2-380

were investigated wusing a SQUID
K using an external field of 10 kOe (Figure 5).
Upon heating the sample from 2 K, the onset of
the first step of the VT transition occurs at ca 310
K. Below this temperature, almost plateau yI"
value of 1.5 cm’mol”'K in the range 100-300 K
indicates a trapped a parts of fraction of hs-Co(Il)
in three cobalt ions. However, the observed value
of yuT is lower than 2.25 cm’mol 'K with the
presence of an S=3/2 paramagnet and an S=1/2 of
one spin distribution on the triphenylene(L) ring.
A parts of Co"'5-L species may be containing in
the polycrystalline sample. As the temperature is
increased from 300 to 380 K, VT transition occurs,
with yyT increasing to a value of a ca. 2.7
cm’mol'K at 380 K. This step shows change
from (Is-Co™)y(hs-Co") to (Is-Co™)(hs-Co™), as
shown in Scheme, but incomplete at 380 K, with
the y)/7 value of 2.7 em’mol 'K indicating a parts
of Co"s-L species in complex (1). On the other
hand, of yuT versus
[Cos(tpa)s(L)I(BF4)s (1)
L(cat,cat,sq) charge distribution up to 300 K, as

T for

111
Co 3=

the data

indicate a
expected on the basis of the molecular structure
determined by X-ray analysis. These results lead
to the conclusion that in the solid state the Co"
species is favoured by increasing the number of
methyl groups on the ancillary ligand, as Beni et
al.,[22] discribed in their paper.

The frozen-solution EPR spectra of complex (1)
is typical for semiquinonate based mono-radical

structure in Ams= 1 region. Complex (1) exhibit

weak Amg= 2 features near half-field, indicating
S=3/2 Co(Il) present, signal should occur at g =
~4.4. However, there is no evidence of *Co
(I=7/2)  hyperfine  coupling that appears
prominently for semiquinonate ligands chelated
with Co(Il). This may be the result of electron
transfer between the three elecronic regions of the

ligand taking place on the EPR time scale.

3 9
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Complex (3)
2 ’F
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Temperature(k)

Figure 5. Polts of y,,I'versus T for tri-nuclear Co complexes. Green line;
Complex (1), Blue line; Complex (2), Red line; Complex (3).

In conclusion tri-nuclear mixed-valence cobalt
complex containing [Co(Me;tpa)(sq)]” fragments
linked by a conjugated polydioxolene bridging
ligand, has prepared. The assignments are
supported by spectroscopic studies and SQUID
measurements, which show: (i) magnetic property
which confirm the presence of mixed-valence
Co"/Co" centers; (ii) the presence of fully
delocalized ligand—centered mixed-valence states
such as cat/cat/sq for trinuclear cobalt complex;
(iii) there are occurrence intramolecular electronic
transfer between [s-Co(Ill) and  As-Co(ll).
Complex (3) is first example tri-nuclear cobalt

complex showing valence tautomeric behaviour.
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