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Abstract. Three new cobalt(II) complexes [Co(l2-L)]3(ClO4)3.2H2O, 1, [Co(L)(NO3)], 2 and {[Co
(l2-L)(MeOH)](BPh4).(MeOH)}n, 3 are prepared where L stands for 2-(bis(pyridin-2-ylmethyl)amino)acetate. Single crystal X-ray diffraction analysis conﬁrmed the trinuclear core for 1, and 1-D polymeric
structure for 3. It is proposed that these complexes are largely mononuclear in solution state. Reactivity of the
complexes with aerial dioxygen, in presence of Et3N, invariably produced a common complexed cation
[Co(L)(pic)]? where pic stands for picolinate. The novelty of the ﬁnding is in terms of the presence of both
intact ligand (i.e L) and a fragment of the ligand (i.e. pic) in the same complex. Crystal structures of the
isolated complexes [Co(L)(pic)](ClO4), 4a and [Co(L)(pic)](NO3), 4b conﬁrmed the solid state structures.
The Co(II) center of a complex is oxidized to Co(III) and the bound ligand moiety afforded a picolinate unit
(due to oxidative Cpicolyl-Namine bond cleavage). The picolinate unit then connects with another molecule of a
Co(III) complex containing L in its original form. Oxidation of a representative complex using H2O2 also
resulted [Co(L)(pic)]?, but a stable binuclear dihydroxo bridged Co(III) complex [Co(L)(l2-OH)]2(ClO4)2, 5
was formed when controlled amount of H2O2 (1 equiv) was employed.
Keywords. Cobalt; Tripodal tetradentate ligand; Discrete and polymeric complexes; Oxidative C-N
cleavage; Dioxygen; Hydrogen peroxide.

1. Introduction
Metal ions located at the active sites of many enzymes
are held together by N/O-donor atoms, that are present
in the constituent protein backbones. Nitrogen from
histidine and oxygen from glutamate or aspartate are
most commonly found in protein-based donors. Modelling studies of metalloenzymes using transition
metal complexes of designer ligands is an active area
of research. In this regard, tripodal tetradentate ligands
having a tertiary-amine at pivotal position appended
with two pyridyl and one carboxylate group (often
termed as ‘‘carboxylate appended N-donor ligands’’)
are employed to prepare a variety of transition metal
complexes. The reported complexes of such N/O
donor ligands are either discrete (mono, bi, tri, tetra

and octanuclear)1–10 or polymeric8,9,11–17 in nature, as
conﬁrmed from the corresponding crystal structures.
Varied structural features of the complexes are arguably controlled by the ligand framework employed,
coordination geometry of the chosen metal ion, nature
of counter anion and type of solvent used. Discrete
coordination complexes of Mn(II),2,4 Fe(II),5 Co(II),2
Ni(II),2,7,10 Cu(II),2,7–9 and Zn(II),6 are known
whereas one-dimensional (1D) coordination polymers
containing Mn(II),11–13 Co(II),8 Cu(II),8,9,13–17 and
Zn(II)13 have been reported for these ligands. Some of
the complexes have been demonstrated as successful
synthetic models of metalloenzymes enriching their
biological relevance.3,4
Interaction of dioxygen with transition metal centers
of suitable coordination complexes, whenever
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possible, can cause trapping of dioxygen or generation of
activated derivatives of the complexes.18–21 Such situations facilitate oxidation of coordinated ligands (ligand
oxidation), thus making it possible to mimic the enzymecatalyzed biological oxidation or oxygenation reactions.
In particular, carboxylate-bridged diiron moiety present
in methane monooxygenase (MMOH) utilizes dioxygen
for the selective oxidation of hydrocarbons.22 Cobalt
complexes of carboxylate appended N-donor ligands,
bispidine derivatives and tris(pyrazolyl) borate have been
explored as synthetic models to successfully mimic certain reactions like Cbenzylic-NTertiary amine bond cleavage,23 N-dealkylation promoted by cytochrome P45024
and aliphatic/aromatic C-H bond activation,25,26 respectively. Complexation study of Co(II) with ‘‘carboxylateappended N-donor ligands’’ and reactivity study of such
complexes with dioxygen or H2O2 is sporadic in
literature.2,8,23–26
In this work, we have prepared three different Co(II)
complexes of 2-(bis(pyridin-2-ylmethyl)amino)acetate,
L (Scheme 1) and studied their reactivity with dioxygen

and H2O2. The existence of trinuclear complex [Co(l2L)]3(ClO4)3.2H2O, 1 and the coordination polymer
{[Co(l2-L)(MeOH)](BPh4).(MeOH)}n, 3 in solid-state
are conﬁrmed from crystal structure analysis of two
complexes whereas a mononuclear structure
[Co(L)(NO3)], 2 is proposed for another. Reactivity of
these complexes with dioxygen, in solution-state,
exhibited interesting metal/ligand oxidation, under basic
conditions, whereupon the unprecedented Co(III) complex [Co(L)(pic)]? is produced (pic stands for picolinate
ion). Reactivity of a representative complex with H2O2
also produced [Co(L)(pic)]?. The novelty of the ﬁnding
is in terms of the presence of both intact ligand (i.e. L) and
a fragment of the ligand (i.e. pic) in the same complex.
2. Experimental
2.1 Materials and Physical measurements
Commercially available analytical grade chemicals
were
used
without
further
puriﬁcation.

Scheme 1. Synthesis of the Co(II) complexes 1, 2 and 3.
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Co(ClO4)2.6H2O was synthesized in the laboratory by
the reaction of CoCO3 with HClO4 and crystallized
from its aqueous solution. Solvents were puriﬁed by
using standard protocols. Bubbling/degassing with
nitrogen gas was adopted to remove dissolved gases
from solvents or a solution. Air/moisture sensitive
samples were handled under nitrogen/argon atmosphere using standard Schlenk techniques. The electronic spectra were recorded on a JASCO 650 or
Shimadzu 3100 UV-Vis-NIR spectrometer using a
quartz cuvette of path length 0.5 cm or 1 cm. NMR
measurements were made on Bruker Avance 400/500
MHz FT-NMR spectrometer at room temperature
using deuterated solvents (D2O, CD3CN, CDCl3).
Electrospray ionization mass (ESI-MS) spectral analysis of complexes was performed on Quadra-time-ofﬂight Micro mass-UK spectrometer using submillimolar concentrations of the complexes in CH3CN or H2O.
CHN analysis of pure complexes was performed on a
Perkin-Elmer 2400 Series CHNS/O Analyser. FT-IR
spectra were recorded on JASCO FT-IR/4100 spectrometer by making KBr pellets of solid samples or thin
ﬁlms of ligand (liquid/oil) samples on NaCl pellets.

2.2 Synthesis of ligand
Bis(pyridin-2-ylmethyl)amine (BPA). It was synthesized by following published method.27,28 Yield:
91%. 1H-NMR (CDCl3, 500 MHz, d ppm): 2.43 (bs,
-NH-), 3.95 (s, 4H,-CH2-), 7.14 (2H, td, Py), 7.34 (2H,
d, Py), 7.62 (2H, td, Py), 8.56 (2H, d, Py). 13C NMR
(CDCl3, 125 MHz, d ppm): 54.05 (-CH2N-), 122.06
(Py), 122.41 (Py), 136.5 (Py), 149.39 (Py). 159.7 (Py)
FT-IR (neat, m cm-1): 2979, v(C-HAr); 1589, m(C=C);
1434, m(C-N); 788, m(CH2Pybend).
Ethyl
2-(bis(pyridin-2-ylmethyl)amino)acetate
(LEt). Ethyl bromoacetate (4.3057, 25.7 mmol) was
added to the mixture of bis(pyridin-2-ylmethyl)amine
(5.13 g, 25.7 mmol) and K2CO3 (7.12 g, 51.5 mmol) in
50 mL CH3CN. The mixture was heated at 50 °C for
24 h. Solvent was removed to obtain a dark brown
solid, which was puriﬁed by column chromatography
to afford a brown oil.
Yield: 3g, 41%. TLC: silica gel, EtOAc: MeOH
(4:1), Rf =0.6. 1H NMR (CDCl3, 400 MHz, d
ppm):1.26 (t, 3H, CH3), 3.45 (s, 2H, -CH2CO2), 4.00
(s, 4H, -CH2Py), 4.19 (q, 2H, -OCH2), 7.19-7.16 (td,
2H, Py), 7.69-7.65 (td, 2H, Py), 7.59 (d, 2H, Py), 8.54
(d, 2H, Py).13C NMR (CDCl3, 125 MHz, d ppm):
14.38 (-CH3), 59.88 (-NCH2-), 55.08 (-OCH2-), 60.65
(-CH2Py), 122.39 (Py), 123.42 (Py), 136.94 (Py),
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148.98 (Py), 159.08 (Py). FT-IR (neat, m cm-1): 2983,
m(C-HAr); 1573, mas(C-O); 1437, ms(C-O); 1437, m(CN); 769, m(-CH2Pybend).
Sodium Salt of 2-(bis(pyridin-2-ylmethyl)
amino)acetic acid (LNa). Ethyl 2-(bis(pyridin-2-ylmethyl)amino)acetate (0.294 g, 1 mmol) was dissolved in 25 mL ethanol and 3.5 mL of aqueous 0.3 N
NaOH (0.041 g, 1 mmol) was added. The mixture was
reﬂuxed under nitrogen for 3d. Solvent was removed
to yield a brown oil.
Yield: 0.237 g, 85%. 1H NMR (CDCl3, 500 MHz, d
ppm): 3.13 (s, 2H, -CH2CO2), 3.65 (s, 4H, CH2Py),
7.56-7.06 (m, 6H, Py), 8.63 (d, 2H, Py). FT-IR (neat, m
cm-1): 2924, m(C-HAr); 1594, mas(C-O); 1477, ms(C-O);
1096, m(C-N); 763, m(-CH2Pybend).
2.3 Synthesis and reactivity of cobalt(II)
complexes
The Co(II) complexes were synthesized following the
procedure given below and the yield of products were
calculated with respect to the metal salt/precursor
complex taken in the corresponding synthesis.
2.3.1 Complex 1: [Co(l2-L)]3(ClO4)3.2H2O: A
solution of LNa (0.1585 g, 0.568 mmol) in 5 mL
ethanol was added in a drop-wise manner to the pinkpurple solution of cobalt perchlorate (0.207 g,
0.565 mmol) in 10 mL ethanol, over a period of
30 min. Gray coloured solid precipitated out after
stirring the mixture for 14 h at RT. The solid complex
was washed with a minimum volume of ethanol
(3 x 2 mL) and dried under vacuum to obtain [Co
(l2-L)]3(ClO4)3, 1. Yield: 0.2123 g, 90%. Block
shaped grey crystals suitable for X-ray diffraction
analysis was obtained by slow evaporation of solvent
from a solution of 1 in rectiﬁed spirit.
Elemental Anal. (wt%) calcd for C42H46Cl3Co3N9
O20: C, 39.41; H, 3.62; N, 9.85 Found: C, 40.12; H,
3.80; N, 10.60. UV-Vis [kmax, nm (e/Co(II), M-1cm1
)], CH3CN: 470 (120), 530 (92), 585(sh), 712(sh);
H2O: 462 (68), 585(sh). FT-IR (KBr, m cm-1): 2928,
m(C-HAr); 1600, mas(C-O); 1482, ms(C-O); 1093, mas
(Cl-O); 770, m(-CH2Pybend); 625, ms(Cl-O). 1H NMR
(500MHz, CD3CN, d ppm): 151.15 (bs, d-Py), 84.32
(bs, c-Py), 76.72 (bs, a-Py), 56.59 (s, b-Py, e), 47.52 (s,
f). ESI-MS, m/z (positive mode, CH3CN): 315 (100%),
[Monomer-ClO4]?; 356 (60%), [(Monomer?CH3
CN)-ClO4]?; 522 (80%), [Trimer-2ClO4]2?; 729
(50%), [Dimer-ClO4]?, 1143 (2%), [Trimer-ClO4]?.
2.3.2 Complex 2: [Co(L)(NO3)]: A solution of LNa
(0.11 g, 0.394 mmol) prepared in a mixture of CH2Cl2
and EtOH (5 mL ? 0.3 mL) was degassed and then
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added drop-wise to the pink ethanolic solution of
Co(NO3)2.6H2O (0.114, 0.394 mmol) taken in Schlenk
tube. On mixing a light brownish purple solution was
formed, this was allowed to stir under N2 at RT for 6 h
and later heated at 45 °C for 2 h to ensure completion
of the reaction. A brownish-purple solution with an
off-white solid was observed. Under N2, the solution
was ﬁltered through a cannula, followed by removal of
the solvent yielded a puffy light brownish purple solid.
Yield (0.137 g, 92%). As complex 2 is highly moisture
sensitive, it was stored under N2 and employed for all
spectroscopic characterizations. It was soluble in
CH3CN, EtOH, MeOH and H2O.
UV-Vis [kmax, nm (e/Co(II), M-1cm-1)] CH3CN:
474 (95), 575, (80); CH3OH:480 (50), 585 (sh); H2O:
479 (44). FT-IR (KBr, m cm-1): 2964, m(C-HAr); 1605,
mas(C-O); 1481, ms(C-O); 1393, m(N-O); 1097, 1024,
ms(N-O). 1H NMR (500MHz, CD3CN, d ppm): 146.11
(bs, d-Py), 91.03 (bs, c-Py), 85.01 (bs, a-Py), 71.79
(bs, b-Py), 52.05 (s, e), 42.99 (s, f).
2.3.3 Complex 3: {[Co(l2-L)(MeOH)](BPh4).
(MeOH)}n: A solution of NaBPh4 (0.127 g,
0.371 mmol) in 4 mL of methanol was added to a
suspension of the complex 1 (0.155 g, 0.374 mmol) in
10 mL of degassed methanol. The reaction mixture
was gently warmed and kept for stirring at RT for 12 h.
The supernatant was decanted to isolate a solid that was
washed with methanol and dried under vacuum for 1 h
to obtain a greenish-grey solid yield: 0.18 g, 72%. Long
block-shaped reddish crystals suitable for X-ray analysis were obtained by vapor diffusion of methanol to
CH3CN solution of the complex under N2.
Elem. Anal (wt%) calcd for C40H42BCoN3O4: C,
68.78; H, 6.06; N, 6.02 Found: C, 69.98; H, 5.80; N,
6.22. UV-Vis [CH3CN; kmax, nm (e, M-1cm-1)]: 474
(104), 546 (71), 593 (sh), 706 (sh). FT-IR (KBr, m cm1
): 2922, m(C-HAr); 1608, m(C=C); 1563, mas(C-O);
1403, ms(C-O); 735, m(-CH2Pybend); 706, 611, ms(B-C).
1
H NMR (500MHz, CD3CN, d ppm): 151.88 (bs,
d-Py), 82.48 (bs, c-Py), 71.97 (bs, a-Py), 58.05 (s,
b-Py, e), 47.19 (s, f), 7.22-6.69 (m, Ph). ESI-MS, m/
z (positive mode, CH3CN): 315 (90%), [MonomerBPh4]?; 356 (100%), [(Monomer?CH3CN)-BPh4]?.
2.3.4 Complex 4a: [Co(L)(pic)](ClO4): The complex 1 (0.052 g. 0.125 mmol) was dissolved in 15 mL
of millipore water, under nitrogen atmosphere, followed by addition of one equivalent Et3N (0.012 g,
0.125 mmol). Immediate color change from orange to
green was observed for the reaction mixture. The
solution remained green for 12 h under a strict nitrogen atmosphere. It was then ﬁtted with an oxygen
balloon while the temperature was maintained at 0 °C.
Upon the progress of the reaction, the color changed to
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brownish orange. The mixture was stirred for 3 days at
70 °C under an oxygen balloon, and the dark brown
solution was ﬁltered. Removal of the solvent resulted
in a sticky dark red solid. Washing the crude solid with
acetonitrile (10 mL) afforded a crispy red solid which
was dried under vacuum. Prism shaped orange crystals
of 4a suitable for X-ray diffraction analysis was
obtained by recrystallization of the complex from
water (yield: 0.014 g, 20%). It was employed for all
spectroscopic measurements.
UV-Vis [H2O; kmax, nm (e, M-1cm-1)]: 467 (184).
FT-IR (KBr, m/cm-1): 1658, mas(C-O); 1450 ms(C-O);
1090, mas(Cl-O); 770, m(-CH2Pybend); 622, ms(Cl-O).
2.3.5 Complex 4b: [Co(L)(pic)](NO3): The complex
4b was prepared from complex 2, similarly to that of 4a.
The complex 4b was isolated as a reddish-brown powder and then crystallized from water in 18% yield. It was
employed for all spectroscopic measurements.
UV-Vis [H2O; kmax, nm (e, M-1cm-1)]: 349 (sh), 459
(135). FT-IR (KBr, m cm-1): 1622, mas(C-O); 1447,
ms(C-O); 1343, m(N-O); 770, m(-CH2Pybend). ESI-MS,
m/z (positive mode, H2O): [4b-NO3]?, 437 (100%).1H
NMR (500MHz, D2O, d ppm): 4.50 (s, 1H, f), 5.12 (d,
2H, e), 5.67 (d, 2H, e), 7.44 (t, 2H, c-Py), 7.58 (d, 2H,
b-Py), 7.79 (d, 2H, a-Py), 8.09-8.12 (m, 2H, d-Py),
8.23 (d, 1H, i-Py),8.50 (t, 1H, h-Py), 8.66 (t, 1H, g-Py),
9.62 (d, 1H, j-Py).
2.3.6 Complex 5: [Co(L)(l2-OH)]2(ClO4)2: The
greyish solid of 1 (0.058 g, 0.14 mmol) was dissolved in 10 mL of degassed CH3CN to get a light
pink solution. To this 30% H2O2 (15.9 lL (1 equiv)
or 159 lL (10 equiv)) was added at 0 °C (ice cold)
and the stirring was continued under ice-cold conditions. Color of the solution intensiﬁed within 2 h
and after another 10 h stirring ﬁne red powder was
precipitated. The red solid was separated by
decanting, washed with acetonitrile. The supernatant
was evaporated to yield a red solid covered with red
oil. The red solid was separated and washed with
2 mL of acetonitrile. This process was repeated until
only red oil was left in the vial or the appearance of
red solid stopped. The overall yield of red crystals
of [Co(L)(l2-OH)]2(ClO4)2, 5 obtained by using one
equivalent of H2O2 is 0.018 g (29%). The reaction
using 10 equivalents of H2O2 was performed
whereupon the complexes 4a and 5 were formed in
1:2 ratio (based on a yield of the crystal from the
aqueous solutions). Both of the complexes could be
separated from the reaction mixture on the basis of
their solubility difference in CH3CN (the complex
4a is found to be more soluble than 5). Complex 5
precipitated as a red solid and after that complex 4a
got precipitated as an orange solid.
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UV-Vis [H2O; kmax, nm (e/2Co(III), M-1cm-1)]: 380
(sh), 524 (351). FT-IR (KBr, m cm-1): 2984, m(C-HAr);
3268, m(-OH) 1670, mas(C-O); 1443, ms(C-O); 1098,
mas(Cl-O);775, m(-CH2Pybend); 623, ms(Cl-O). 1H NMR
(500MHz, D2O, d ppm): 4.14 (d, 1H, -CH2CO2), 4.74
(d, 1H, CH2Py), 4.87-5.02 (m, 3H, -CH2CO2,-CH2Py),
5.86 (d, 1H, -CH2Py), 6.77 (t, 1H, Py), 7.33 (d, 1H,
Py), 7.55 (t, 1H, Py),7.60 (t, 1H, Py), 7.78 (d, 1H, Py),
7.88-7.94 (m, 2H, Py), 8.80 (d, 1H, Py).13C-NMR
(D2O,125 MHz, d ppm): 67.61(-CH2CO2),
69.44,69.91 (-CH2Py), 121.79 (Py), 124.38 (Py),
140.64 (Py), 150.26 (Py), 161.26 (Py), 182.56 (-CO2).
ESI-MS, m/z (positive mode, H2O): 332 (100%), [52ClO4]2?; 762 (30%), [5-ClO4]?.

2.4 X-ray crystallography
The single-crystal X-ray diffraction studies of complexes were performed using Bruker AXS Kappa
APEX II CCD Diffractometer equipped with graphite
monochromated Mo-Ka radiation (k=0.7023 Å) at
room temperature. The single crystals of size
approximately 0.3 x 0.2 x 0.25 mm were used for data
collection for all complexes. Accurate unit cell
parameters were determined from the reﬂections of 36
frames measured in three different crystallographic
zones by the method of difference vectors. After
careful examination of the unit cell parameters and the
quality of the crystal, the crystals were set for data
collection using x-u scan modes. Data collection, data
reduction and absorption correction were performed
by APEX2, SAINT-plus and SADABS programs.29
The structure was solved by direct methods procedure
using SHELXS-2016 program and reﬁned by Fullmatrix least-squares procedure on F2 using SHELXL2016 program.29 Molecular graphics of all the complexes were done using Mercury program.30
Complex 1 crystallizes in triclinic crystal with P 1
space group, the asymmetric unit comprises a molecule of complex, three perchlorate anions and two
water molecules as a solvate. All three perchlorate
anions are positionally disordered over two positions
with site occupancy of 0.75:0.25, 0.71:0.29 and
0.599:0.401, respectively. Similarly, one of the solvent
water molecules is disordered over three positions
with occupancies of 0.60:0.20:0.20, respectively. The
hydrogen atoms of the disordered water molecule are
not ﬁxed. Complex 3 crystallizes in orthorhombic
crystal system with P212121 space group, the asymmetric unit consist of a monomer (metal, ligand and
coordinated solvent) of complex and tetraphenylborate
anion together with a molecule of methanol as solvent
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of crystallization. Complex 4a crystallizes in a monoclinic system with space group P21/n whereas complex 4b crystallizes in P21/m space group. The
asymmetric unit of 4a comprises one molecular complex, one perchlorate anion and three water molecules.
In the crystal structure of 4b, the complex molecules
occupy the special position of mirror plane extending
along (0, , 0) perpendicular to the b-axis, and the
symmetry operation used to generate the equivalent
molecular component is x, 3/2-y, z, respectively. In
addition, a disordered nitrate anion (0.25:0.25 occupancy) is present in the asymmetric unit having
occupancy of 0.5 thus balancing with the occupancy of
cobalt (0.5 occupancy) in a special position. Complex
5 crystallizes in a monoclinic C2/c space group with
half molecular complex and a perchlorate anion in the
asymmetric unit. The perchlorate anion is positionally
disordered over two sites with reﬁned occupancy of
0.59:0.41, respectively.

3. Results and Discussion
3.1 Synthesis of the ligand L and the Co(II)
complexes 1-3
The sodium salt of the selected ligand (2-(bis(pyridin2-ylmethyl)amino)acetate), L was prepared following
the literature procedure.27,28 The Co(II) complexes 1,
2 and 3 were prepared, under inert atmosphere, as
shown in Scheme 1.
An equimolar mixture of Co(ClO4)2.6H2O and LNa,
taken in EtOH, resulted in a precipitate that was
recrystallized from rectiﬁed spirit to afford the carboxylate-bridged trinuclear complex [Co(l2-L)]3
(ClO4)3.2H2O, 1. Complex 1 was used as the precursor
for the synthesis of {[Co(l2-L)(MeOH)](BPh4).
(MeOH)}n, 3. Metathesis reaction of 1 with one
equivalent of NaBPh4 in MeOH produced a precipitate
that was dissolved in MeCN followed by slow diffusion of MeOH afforded 3. However, complexation of
Co(NO3)2.6H2O with LNa in the mixed solvent system
of EtOH-CH2Cl2 was performed; subsequent solvent
evaporation resulted in the proposed mononuclear
complex [Co(L)(NO3)], 2 as an air-sensitive solid. The
detailed synthesis protocols are given in the experimental section. The complexes are characterized by
elemental analysis, FT-IR, UV-Vis, 1H NMR, ESI-MS
and single-crystal X-ray diffraction techniques. All the
complexes (1-3) are proposed to exist largely in
mononuclear forms in solution-state where the coordination geometry could be trigonal bipyramidal or
octahedral depending upon the solvent.

54

Page 6 of 19

3.2 Crystal structure of the Co(II) complex 1
Single crystal X-ray diffraction analysis was performed using a block-shaped grey crystal of 1. Crystallographic data and parameters for complex 1 are
collected in Table S1, SI. Selected bond parameters of
1 are collected in Table S2, SI. Structural analysis
revealed the trinuclear nature of the complex for which
the molecular formula is [Co(l2-L)]3(ClO4)3.2H2O.
The structure consists of three crystallographically
independent [Co(l2-L)]? units arranged in a cyclic
manner where the local coordination environment of
each metal center is trigonal bipyramidal (tbp). All the
three Co(II) ions are located at the corners of an
imaginary equilateral triangle with a Co———Co
non-bonded distance in the range of 5.202-5.235Å.
Any of the [Co(l2-L)]? units of the trinuclear complex
is connected with the other two by two bridging carboxylate groups. The coordination mode of a carboxylate moiety is l2: g1g1, where one carboxylate-O
of a [Co(l2-L)]? unit is bonded to its own metal
center at an equatorial position (of tbp geometry)
whereas the other carboxylate-O, is donated to the
metal center of a neighboring [Co(l2-L)]? unit at an
axial position (Figure 1). The tbp geometry of the
metal center in a [Co(l2-L)]? unit comprises of a
tetradentate N3O-donor ligand L and one O contributed by the bridging carboxylate moiety of a
neighboring [Co(l2-L)]? unit. Two pyridine-N and
one carboxylate-O of the ligand L are located on a
triangular plane (N2O) to occupy the equatorial positions of the tbp structure whereas the axial positions
are completed by the tertiary-amine-N of L and a
bridging carboxylate-O of neighboring-L. Oxygen
atoms of each carboxylate bridge the neighboring
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metals in a syn-anti fashion creating a 12-membered
Co3C3O6-type ring as shown in the structure of 1
(Figure 1). The structure of an analogues Zn(II)
complex of L i.e. [Zn(l2-L)]3(ClO4)3 is known in the
literature that has a Zn3C3O6-type ring.6 The trinuclear
Zn(II) complex was prepared by the autocatalytic
hydrolysis of a related mononuclear complex
[Zn(LEt)2](ClO4)2 in presence of water where LEt
stands for the ethyl ester of the ligand L. A trinuclear
carboxylato-bridged iron(II) complex, [Fe3(OAc)3
(L)3] is also known for which the solid state structure
showed that the metal centers are connected via carboxylate bridges (one from acetate and two from L).31
The tbp geometry around each Co(II) center can be
best described as feebly distorted trigonal bipyramidal
as evidenced from the deviation32 of ideal/typical
bond angles of 180 and 120° (iCo1=0.945, iCo2=0.923,
iCo3=0.865) by approximately 6 to 8°. The O-Co-O
angles described by the two bound oxygens (from
different ligand units) around a given Co(II) is found
to be obtuse and the metal center is slightly above the
trigonal plane (towards the bridging axial-O). The
angles O1-Co1-O6, O2-Co2-O3, and O4-Co3-O5 are
106.5(2), 107.0(2), and 108.7(2)8, respectively, which
can be considered as a geometrical measure of the
open cavity created by the mettallomacrocycle ring.
The torsion angles described by Co-O——O-Co
where two oxygens are taken from a bridging carboxylate unit reveals non-planar nature of the Co3C3O6-type ring; the indicated torsion angles (Co1O1——O2-Co2, 157.38; Co2-O3——O4-Co3; 175.38;
Co3O5——O6Co1, 153.78) vary from 154-1758. The
Co-Npy distances (2.02-2.06Å) are found to be shorter
than Co-Namine (2.20-2.22 Å) distances as expected.33
The Co-Ocarboxylate distances (*1.97-2.01Å) are

Figure 1. Crystal structure of [Co(l2-L)]3(ClO4)3.2H2O, 1 showing only the cationic part of the complex (hydrogen atoms
are omitted for clarity) and the l2: g1g1 coordination mode having syn-anti arrangement in Co3C3O6-type ring.
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almost similar for each entity; also, the carbonyl C-O
bond lengths are found to be in the range of 1.2311.263 Å suggesting delocalization of negative charge
on both oxygen atoms of a carboxylate group.
3.3 Crystal structure of the Co(II) complex 3
Reddish orange colored crystals of the complex 3
having long block shapes, suitable for single-crystal
X-ray diffraction analysis, were obtained by vapor
diffusion of methanol to CH3CN solution of the
sample. Crystallographic data and parameters for
complex 3 are collected in Table S1, SI whereas
selected bond parameters are shown in Table S3, SI.
Structure analysis revealed 1-D coordination polymer
structure with [Co(l2-L)(MeOH)]? as the repeating
coordination unit. The two carboxylate-O atoms of a
repeating unit acts as a bridging site that is connected
to the metal center of its own unit and that of an
adjacent unit in l2: g1g1 coordination mode with a synanti fashion (like the structure of 1) for the bridging; a
second molecule of MeOH is present but that is only
H-bonded, simultaneously to two adjacent repeating
units. A perspective view of the cationic part of
{[Co(l2-L)(MeOH)](BPh4).(MeOH)}n, 3 is shown in
Figure 2. The local coordination environment of each
metal center is octahedral (oh). The oh geometry
having N3O3-type donor-set around a metal center in a
[Co(l2-L)(MeOH)]? unit is completed by a tetradentate N3O-donor ligand L, one O from a MeOH, and
one O contributed by a bridging carboxylate moiety of
a neighboring [Co(l2-L)(MeOH)]? unit. The N3donor set of L describes a meridional geometry where
the two pyridine-N atoms are trans to each other. The
two cis positions and one trans position of tertiary
amine-N are occupied by a carboxylate-O of L, a
MeOH and a carboxylate-O of neighboring repeating
unit, respectively. The 1-D chains of 3 are extended in
a zig-zag fashion via carboxylate bridges (l2:g1g1 synanti mode). The Co———Co non-bonded distance for
adjacent repeating units of the polymeric chain is
5.562 Å, longer than that of 1 (average being 5.220 Å)
and slightly longer than that of a reported 1D polymer
of Co(II) prepared from a related ligand (5.515(2) Å).8
The non-bonded distance between metal centers of
alternate repeating units in 3 is 9.877 Å. The
arrangement of metal centers in a polymer chain is zizzag (with respect to ——Co———Co———Co——)
in nature where Co———Co———Co bond angle is
125.208. The structure of 3 has some similarities with
reported Mn(II) and Cu(II)-based coordination polymers with respect to the polymeric framework but
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containing other solvents in their coordination
spheres.12,15 The counter anion i.e. BPh4- units are also
arranged alternately in a zig-zag fashion.
There are three Co-O bonds and three Co-N bonds
around a metal center. Bond lengths for two Co-Ocarboxylate bonds are 2.086 (2) and 2.113(2) Å whereas for
the Co-Omethanol bond it is 2.121(2) Å. The Co-Npy
distances are 2.139 (2) and 2.150(2) Å whereas for the
Co-Namine it is slightly longer i.e. 2.178(2) Å. This
may be due to the lower basicity of tertiary amine
nitrogen, as observed also in 1. Delocalization of
negative charge on two of the carboxylate-O atoms is
revealed; the carboxylate angles (115.5(2)-126.0(3)8).
Bond angles around the metal center reveal a distorted
octahedral geometry in 3; deviation of trans and cis
angles from ideal value 1808 and 908 is observed. The
trans bond angles are 154.75, 170.83 and 173.09 8
hence deviation is as large as *258. The cis bond
angles are 77.47-103.20 8 hence deviation is as large
as 138. The atoms of -Co1-O2-C14-O1-Co1’- entity
are located almost on a plane but not exactly. The
dihedral angle between the planes Co1–O2–C14 and
C14-O1-Co1’ is 10.818.
3.4 FT-IR, UV-Vis, ESI-MS and NMR study
of the Co(II) complexes 1, 2 and 3
FT-IR spectra of the cobalt (II) complexes were
recorded (Figures S1-3, SI) and analyzed. All complexes displayed bands corresponding to symmetric
and asymmetric stretching vibrations corresponding to
the coordinated carboxylate group at *1400 and
*1600 cm-1, respectively. IR spectral data of complexes agree with the presence of bridging carboxylate
as the shift value Dm\200 cm-1 [where Dm = mas(C-O)ms(C-O)].34,35 Besides, a strong absorption band at or
around 760 cm-1 is also noted and ascribed to pyridyl/
phenyl C-H out of plane bending vibrations. A strong
band at *1100 cm-1 and a weak band at *620 cm-1
due to ClO4- anion is present in IR spectra of 1, the
presence of nitrate in 2 was evident from the band
positions at *1300 and *1100 correspond to in plane
bending and symmetric vibrations of N-O group.
Bands at 1480 and 1434 cm-1 indicate the presence of
tetraphenyl borate anion in 3.
UV-Vis spectra of freshly prepared solutions of the
complexes 1-3 were recorded in degassed CH3CN (to
avoid reactivity of Co(II) complexes, if any, with
aerial oxygen). All the three cobalt(II) complexes
showed spectral features consistent with trigonal
bipyramidal geometry (Figures S6-S8, SI). For Co(II)
complexes having trigonal bipyramidal geometry,
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Figure 2. Crystal structure of {[Co(l2-L)(MeOH)](BPh4).(MeOH)}n,, 3 showing (a) perspective view of metal
coordination environment at two adjacent Co(II) centers, l2:g1g1 binding mode of carboxylate moiety and (b) 1-D
polymeric chain showing only four repeating units. All hydrogen atoms (except for MeOH), and all anions are excluded for
clarity.

three intense bands due to spin allowed d-d transitions
(e [100 Mol-1cm-1, higher than octahedral but lower
than tetrahedral complexes) in the visible region and
weak absorptions in the NIR region are expected.36,37
However, the actual spectral pattern depends on the
extent of distortion of coordination geometry around
the metal centre. Trinuclear complex 1 and polymeric
complex 3 in CH3CN showed similarities in the
positions and intensities of their peaks. Spectral features of purple solution of 1 in CH3CN showed two
bands at 470 and 530 nm with absorption coefﬁcients
120 and 92 M-1cm -1, respectively; shoulders around
585 and 712 nm are also observed due to weak electronic transitions. Complex 3 in CH3CN displayed two
bands at 474 nm and 546 nm with absorption coefﬁcients of 107 M-1cm -1 and 71 M-1cm -1 respectively,
along with a shoulder at 593 nm. The overall coordination geometry (distorted trigonal bipyramidal) that
is observed around a metal center in a solid state for
complex 1 is probably retained in the solution-state as
suggested by the electronic spectrum. However,
the trinuclear structure of 1 (i.e. cyclic

[Co3(l-L)3](ClO4)3) could be dissociated in solution.
Existence of the trinuclear structure to certain proportion along with dissociated binuclear [Co(l2and
mononuclear
L)Co(L)(CH3CN)](ClO4)2
[Co(L)(CH3CN)](ClO4), having trigonal bipyramidal
coordination geometry around metal centers, is
assumed in solution state. Whereas dissociation of the
coordination polymer, 3 to form oligonuclear
([(Cox(l2-L)xCo(L)(CH3CN)](BPh4)x?1) or mononuclear ([(Co(L)(CH3CN)](BPh4)) versions is assumed.
The spectrum of complex 2 in CH3CN is quite different from 1 and 3. The spectrum of 2 exhibited two
bands (less sharp than that observed for 1 and 3) at 474
and 575 nm with absorption coefﬁcients 95 M-1cm -1
and 80 M-1cm -1, respectively, along with a shoulder
like an appearance slightly above 600 nm. Solid state
structure of 2 could not be obtained but electronic
spectral data (band position/intensity) conﬁrms that
the geometry around the metal centre is trigonal
bipyramidal and the coordination environment is dissimilar to 1 and 3. The proposed composition of
complex 2 is [Co(L)(NO3)].
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The UV-Vis spectra of 1 and 2 in degassed H2O
indicated high spin octahedral Co(II) systems. Usually,
high spin octahedral Co(II) species having d7 electronic conﬁguration can show three spin allowed
transitions (4T1g(F) to 4T2g(F), 4T1g(F) to 4A2g
(F), 4T1g (F) to 4T1g(P)). If 4A2g(F) and 4T1g(P) terms
have the same energy under the ligand ﬁeld then
merging of the bands can happen and a single band can
be seen in the visible region (e *50 Mol-1cm -1).2,37
The third transition (4T1g(F) to 4T2g(F)) reﬂects as a
very weak band in the near IR region. Complex 1 in
H2O showed a single broad band at 462 nm with lower
intensity (68 M-1cm -1) clearly indicating the solvent
inﬂuenced change of coordination geometry from
trigonal bipyramidal in CH3CN to octaheral in H2O.
The octahedral geometry can be expected by considering the coordination of one H2O molecule per metal
center of intact trinuclear 1 or coordination of the
required number of water to dissociated versions of 1.
The complex 2 in H2O (or in CH3OH) showed a less
intense band around 480 nm (e * 44 and 50 M-1cm -1,
respectively), along with a weak absorption peak at
585 nm. Complex 3 is found to be insoluble in water
hence UV-Vis spectrum of 3 could not be collected in
a water medium.
Electrospray ionization mass spectrometry (positive
mode) study was performed on freshly prepared
solutions of the trinuclear 1 and polymeric 3 in CH3CN (Figures S9, S10, SI). Dissociation of the complexes cannot be ruled out as per the data obtained.
The trinuclear complex [Co(l2–L)]3(ClO4)3, 1 consisting of three units of the repeating monomer
[Co(L)](ClO4) held in a cyclic array, showed peaks
assignable to the intact and fragmented moieties. The
peaks at m/z = 1143, 729, 356 and 315 correspond to
the mono cationic species [Trimer-ClO4]?, [DimerClO4]?, [(Monomer?CH3CN)-ClO4]? and [Monomer-ClO4]?, respectively. Peaks at m/z = 522 match
the dicationic species [Trimer-2ClO4]2?. Spectrum of
3 displayed peaks at m/z = 356 and 315 corresponding
to monocationic [(Monomer?CH3CN)-BPh4]?, and
[Monomer-BPh4]?, respectively, thus indicating dissociation of 3 in solution.
1
H NMR spectral studies of complexes 1-3 have
been performed in solution state using CD3CN as
solvent. The spectral width, intensity and pattern of
signals are found to be inﬂuenced by counter-anion as
shown in Figure 3. The 1H NMR spectral features of
the complexes are consistent with the paramagnetic
nature and in agreement with the NMR spectral study
of analogous cobalt(II) complex of tris(2-pyridylmethyl)amine ligand ([Co(TPA)(MeCN)](ClO4)2)
based on sigma contact shift mechanism. Peak
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assignments for complexes 1-3 are made by comparing with literature data on [Co(MeCN)(TPA)]2?.38
The signals of 1 in CD3CN are rather spread where the
pyridyl signals are quite broad and some are ﬂattened.
1
H NMR signals for 2 in CD3CN are less downﬁeld
shifted (up to145 ppm) than those of 1 (up to 151
ppm), but well resolved. The complex 3 in CD3CN
showed a spectral window up to 152 ppm with broad
signals where the overall pattern is very much comparable to the spectrum obtained for 1. The similarity
observed in the 1H NMR spectrum of complexes 1 and
3 (but not 2) in CD3CN is in line with the similarity
observed in the electronic spectral features of 1 and 3
in CH3CN (but not 2). The proposed coordination
geometry for all complexes in CH3CN or CD3CN is
trigonal bipyramidal. Nonetheless, the exact coordination arrangement around 2 should be somewhat
different from 1 or 3. A closer approximation of 2 is
solution might be [Co(L)(NO3)], also proposed for
solid-state, where nitrate is coordinated to the metal
center.

3.5 Reactivities of the Co(II) complexes
with dioxygen
Reactivity of the cobalt(II) complex 1 with dioxygen
was studied under aqueous conditions, in presence of
an equimolar amount of Et3N. It is proposed in earlier
sections that complex 1 (trinuclear in solid-state) is
dissociated to a mononuclear octahedral complex
when dissolved in H2O. The addition of Et3N to the
aqueous solution of 1 produced a green solution.
While the green color could be retained under a strict
nitrogen atmosphere, upon exposure to air it turned to
intense brown within a few minutes. Prolonged
exposure of the aqueous solution of 1 to air/O2
resulted in a dark solution which upon evaporation
afforded a dark red solid. 1H NMR spectrum of the
solid was recorded in D2O that indicated the existence
of a mixture of compounds in the sample (Figure S13,
SI). One of the products could be isolated from the
mixture in pure form, by crystallization technique, and
identiﬁed as the mononuclear cobalt(III) complex
([Co(L)(pic)](ClO4), 4a as shown in Scheme 2.
Crystals of 4a were grown from its aqueous solution
and the structure of the complex 4a was conﬁrmed by
single-crystal X-ray diffraction study. Oxidation of
Co(II) center of the precursor complex producing
Co(III), and oxidative cleavage of Cpicolyl-Namine bond
of the bound ligand L producing a picolinate (pic)
moiety must have happened upon reaction with
dioxygen. Detachment of the picolinate ion from the
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Figure 3. 1H-NMR spectra (CD3CN) of (i) [Co(l2–L)]3(ClO4)3.2H2O, 1, (ii) [Co(L)(NO3)], 2 and (iii) {[Co(l2–
L)(MeOH)](BPh4).(MeOH)}n, 3. Proposed coordination species in solution are (i) [Co(L)(CD3CN)]?, (ii) [Co(L)(NO3)],
and (iii) [Co(L)(CD3CN)]?.

Scheme 2. Reactivity of 1 (or 2) with dioxygen, in presence of a base, in water.

intermediate followed by its attachment with a Co(III)
complex containing intact L is reasoned as the overall
route for the formation of 4a. The bound monoanionic
tetradentate ligand L that sacriﬁced a picolinate ion
from its backbone, due to oxidative cleavage, should
survive as the monoanionic tridentate ligand i.e.
2-((pyridin-2-ylmethyl)amino)acetate, L’. Therefore,
other plausible product(s) during the conversion of 1
to 4a could be one or more of the following Co(III)
complexes:[Co(L’)(pic)(solvent)](ClO4), [Co(L’)(solvent)2(OH)](ClO4)2, [Co(L’)2](ClO4), [Co(pic)3],
[Co(L’)(solvent)n](ClO4)2, etc. Two of the plausible
products, I and J are shown in Scheme 2 keeping in
mind the proposed mechanism as discussed in a later
section.
Oxygenation of 2 was also performed under aqueous conditions (basic); subsequently, the cobalt(III)
complex [Co(L)(pic)](NO3), 4b could be isolated and
that was characterized by a single crystal X-ray
diffraction study. It can be said that complexes 1 and 2
behaved similarly upon interaction with dioxygen and
produced highly reactive intermediates. Such intermediates are the precursors to 4a and 4b. Oxygenation
of 3 under aqueous conditions could not be performed
due to solubility issues. However, a solution of 3 in

CH3CN was prepared and then subjected to an oxygenation reaction in presence of Et3N. The intermediate produced upon oxygenation of 3 in CH3CN is
proposed to be comparatively less reactive hence,
suitable for monitoring purposes by recording the UVVis spectra as a function of time. Probably, the proposed Co(III) complex [Co(L)(pic)](BPh4), 4c was
formed as one of the products at the end, however, we
were not successful in the isolation of 4c. It is pertinent to note here a literature report39 that describes
interaction of the Co(II) complex [Co(TPA)(benzoate)]? with dioxygen producing the Co(III)
complex [Co(BPA)(pic)(benzoate)]?, where TPA is
(tris(2-pyridylmethyl)amine)
and
BPA
is
(bis(2-pyridylmethyl)amine).

3.6 Reactivity of the Co(II) complex 1 with H2O2
Oxidation of Co(II) to Co(III) as well as oxidative
cleavage of picolyl-moiety of bound ligand to picolinic acid is observed from the reaction of the Co(II)
complexes with dioxygen as explained in the above
section. In a later section, we have proposed the formation of metal-peroxo species (i.e. a peroxo-hydroxo
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species) as an intermediate during the oxidation
reactions. Thus, it was decided to probe the reactivity
of the Co(II) complexes towards H2O2 and the result is
summarized in Scheme 3. To a solution of 1 in acetonitrile one equivalent of 30%, aqueous H2O2 was
added at 08C (ice cold). The solution was stirred for
12 h under ice-cold conditions to obtain a dark solution and with time a red solid was precipitated. The
solid was isolated as a powder and the solution was
allowed to stand whereupon further precipitation was
observed. Thus, the powdery solid was isolated over a
few batches leaving behind an oily liquid that is red in
colour. Attempts to characterize the residual oily liquid remained unsuccessful. The isolated red powder
was recrystallized from its aqueous solution to obtain
single crystals of di-cobalt(III) complex [Co(L)
(l2-OH)]2(ClO4)2, 5 as characterized by single-crystal
X-ray
diffraction
technique.
However,
[Co(L)(pic)](ClO4), 4a did not form under the
employed condition. Subsequently, the amount of
H2O2 was increased but keeping other reaction conditions unchanged, hoping for augmented reactivity. In
presence of 10 equivalents of H2O2, the proportion 5
was lowered but the formation of some amount of 4a
was observed at the expense of 5. Both of the complexes could be separated on the basis of their solubility difference in CH3CN (complex 4a is found to be
more soluble than 5). Complex 5 precipitated as a red
solid and after that complex 4a got precipitated as an
orange solid. However, the solid samples were not
pure and crystallization was required for puriﬁcation
and crystals of 4a and 5 could be isolated. The
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identities of 4a and 5 was conﬁrmed by growing single
crystals and comparing the cell parameters. A small
amount of powder was isolated along with crystals of
5. The major peaks observed in the 1H NMR spectrum
of the powder, recorded in D2O (Figure S20, SI) seems
to be assignable to the intermediate I (of Scheme 4).

3.7 Monitoring the oxygenation reactions
of the Co(II) complexes
It should be possible to record UV-Vis spectra of the
oxygenation reaction after the addition of base (to
aqueous solution of 1 or 2). UV-Vis spectra, at different stages, were recorded during the oxygenation of
2 and the spectra are shown in Figure 4. An aqueous
solution of 2 prepared in de-aerated water appeared
light brown (Figure 4). This solution showed a band at
480 nm along with a shoulder at 580 nm (Figure 4(a))
corresponding to an octahedral Co(II) center. The
solution changed to green upon the addition of one
equivalent of triethyl amine that showed two absorption bands at 467 and 644 nm along with a shoulder at
599 nm (Figure 4 (b)). Formation of a dihyroxo
bridged species [Co2II(L)2(l2-OH)2] is assumed for
the green solution, upon addition of base, as presented
in Scheme 4. Within 3 min the green solution turned to
yellow while generating some turbidity at the surface
of the solution. The solution was transferred to a vial,
however, within ten minutes the color of the solution
turned to intense brownish-yellow. The solution was
allowed to stir under open air for 12h and diluted by

Scheme 3. Reactivity of 1 with H2O2 in CH3CN.
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Scheme 4. Proposed mechanism for C-H bond activation/C-N bond cleavage in cobalt(II) complexes 1, 2 and 3 upon
interaction with dioxygen or H2O2.

50 times to obtain the peaks within the scale in its UVVis spectrum (Figure 4(c)). The spectrum showed a
highly intense band at 390 nm, ascribable to the
presence of a l-peroxo and l-hydroxo bridged complex i.e. [Co2III(l2-OH)(l2-O2)(L)2]?.
A pale pink solution of 3 in degassed CH3CN was
taken in a screw-capped closed-cuvette (1 cm path
length) followed by the injection of a drop of
degassed millipore water and one equivalent Et3N
through the rubber septum of the cuvette. The solution was mixed by gently shaking the cuvette and
UV-Vis spectrum was measured. The cuvette cap
was slightly loosened after two minutes to allow
entry of air (O2). Spectral changes were initially
monitored at every 1 min interval up to 10 min and
then at every 10 min interval. A band at 400 nm
with a shoulder at 310 nm was observed (Figure 5)

during the monitoring. The initial spectrum of 3
showed bands at 474 and 546 nm but the addition of
one equivalent of base resulted in a sharp band at
400 nm with a shoulder at 310 nm. The intensity of
these bands increased with time and no further
increase in intensity was observed after 16 h. The
strong band at 400 nm (e = 3275 M-1cm-1) together
with a shoulder at 310 nm (2925 M-1cm-1) is ascribed to the formation of Co-O2 adduct most possibly
l-peroxo and l-hydroxo bridges in the complex i.e.
[Co2(l2-OH)(l2-O2)(L)2]?. This is in reference to
the peaks positions (200-500 nm) and intensity
(5000-10000 M-1cm -1) of reported l-hydroxo, lperoxo bridged Co(III) complexes of bipyridine,40,41
ethylenediamine (en),42 N4 Schiff base ligands,43
1,4,7,10-tetraazadecane (tad)44 and phenanthroline.45
Usually formation of Co(III)-dioxygen adducts shows
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Figure 4. UV-Vis spectral changes involved in the reaction of complex 2 (36 mM in water at 25 °C) with aerial O2, in
presence of Et3N.

Figure 5. UV-Vis spectral changes involved in the reaction of complex 3 (in CH3CN) with aerial oxygen, showing the
growth of intermediate, in presence of Et3N.

signature bands in UV-Vis proﬁle due to LMCT
transitions; two strong bands in near UV region is
typical of peroxo-hydroxo bridged Co(III) complexes
as electrons in the antibonding MO of O22-/OH- are

promoted to d-orbital of Co(III) centre.46 After 16 h
the spectral proﬁle slowly started degrading; later
(after 17 h ) the shoulder at 310 nm completely
disappeared and the band at 400 nm became almost
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Figure 6. Crystal structure of the Co(III) complex
[Co(L)(pic)](ClO4).3H2O, 4a (hydrogen atoms anions and
solvents are omitted for clarity).

half the intensity indicating the decay of oxygen
intermediates to produce the ﬁnal Co(III) products
where one of the products is probably 4c.

3.8 Proposed mechanism of the oxidation
reactions
Catalytic oxidation reactions in living as well as nonliving systems promoted by metal-oxygen intermediates and the investigation of their mechanistic pathways is an interesting area.47–49 Cobalt(II) is
susceptible to oxidation in presence of coordinated
picolylamines50,51 and benzylic positions could be
fairly active in presence of dioxygen as observed for
the ligand systems like N-(2-picolyl)picolinamide
(pmpH) and N-2-mercaptophenyl-2’-pyridylmethylenimine (PyASH) when they are ligated to iron(III) or
cobalt(III) centers.52,53 The selective oxidative C-N
bond cleavage was observed in the present study at
one of the picolyl arms of the ligand, L when the
ligand is bound with cobalt ion. The oxidized product
4a/4b could be isolated and found to be stable in air.
The proposed mechanism for the oxidation reactions, on the basis of preliminary investigations using
UV-Vis spectral data, is given in Scheme 4. The
mechanistic pathway also includes the role of solvent
molecules. The green color intermediate formed by the
reactivity of initial cobalt(II) complexes with dioxygen
in presence of Et3N is probably [Co2II(L)2(l2-OH)2],
A which transforms to another intermediate i.e. a
peroxo-hydroxo bridged dinuclear Co(III) complex
[Co2III(l2-OH)(l2-O2)(L)2]?, B. Subsequent decomposition of the intermediate results in the species
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C (C might dimerize back to A) and Co(III) superoxide radical complex, D. This step is considered
crucial as suggested in the reported C-N bond scission
of certain Fe(III) and Co(II) complexes of N-carboxylate ligands.23,28 The C-N cleavage is initiated
through hydrogen atom abstraction from methylene
group of the picolyl moiety by the superoxido species
D, thereby generating another radical complex
[CoIII(L-H)(OOH)]?, F. Further oxidation of methylene radical arm lead to the formation of an iminium
ion, G, its subsequent hydrolytic oxidation resulted a
picolinaldehyde containing complex, H. The species
H on oxidization with a loss of water molecule possibly lead to metal-oxidized complex I containing
picolinate and remaining ligand fragment, L’.
The reactivity of Co(II) complexes with dioxygen or
H2O2 is proposed to include a common binuclear
Co(III) bis-l-hydroxo complex E as shown in
Scheme 4, which can be formed in two ways; by
reacting 1 with H2O2 or losing peroxide ion from B in
basic medium. This explains the formation of a mixture of Co(III) products (both 5 and 4a) for complex 1
on reacting with excess (10 equiv) H2O2. Also, this
mechanism justiﬁes the exclusive formation of Co(III)
dihydroxo complex instead of a mixture of products (5
and 4a) on reacting one equivalent of oxidant. In
dioxygen reactivity the ﬁnal step is the reaction of half
equivalent E with the species, I leading to the formation of 4a or 4b along with one of the plausible
products as shown in Scheme 2. This is the ﬁrst
example among the metal-assisted oxidative C-N bond
cleavage of N-carboxylate ligands where the broken
oxidized fragment is retained as co-ligand along with
the original ligand (L) in the isolated metal oxidized
product, [CoIII(L)(Pic)]? which make the reactivity

Figure 7. X-ray structure of [Co(L)(l2-OH)]2(ClO4)2, 5
(hydrogen atoms and anions are omitted for clarity).
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pattern different from related reported examples.23,28,39 Upon contributing a picolinate unit the
ligand L is converted to the ligand 2-((pyridin-2-ylmethyl)amino)acetate, L’.

3.9 Crystal structures of the Co(III) complexes 4a
and 4b
Single crystals of the Co(III) complexes 4a and 4b
were obtained by slow evaporation of their saturated aqueous solutions by standing the samples at
room temperature. The complexes were crystallized
4a
and
as
[Co(L)(pic)](ClO4).3H2O,
[Co(L)(pic)](NO3), 4b. Crystallographic data and
parameters for the complex 4a and 4b are collected
in Table S1, SI whereas selected bond parameters
are shown in Table S4, SI. The structure of the
cationic part of complexes 4a and 4b are found to
be very similar hence one is chosen here for
description. The crystal structure of 4a (Figure 6)
revealed a distorted octahedral coordination
geometry around the mononuclear Co(III) center
where four and two coordination sites are occupied
by L and picolinate, respectively. Three nitrogen
donors of L (N1, N2 and N3) are coordinated in a
meridional fashion and along with the nitrogen of
chelated picolinate moiety (N4) it describes a
coordination square plane. The three donor pairs
occupying trans positions are (pyridine N of L)(pyridine N of L), (amine N of L)-(pyridine N of
picolinate) and (carboxylate O of L)-(carboxylate
O of picolinate) where the trans-bond angles are
around 168.90, 178, 177 degree, respectively. The
cis-bond angles also deviate from the ideal value
and span the range of 84 to 97 degree. The metal to
ligand bond lengths are found to be usual ranging
from 1.883 to 1.948 Å. The C-O bond length where
O is bound to metal (i.e., O1) is slightly longer
(* 0.05) than the case where O is not bound to
metal (i.e., O3) indicating some delocalization of
charge. It is also noted that C-O bond length of
uncoordinated oxygens (i.e., O3 and O4: C20-O3,

Figure 8.
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1.222(8) Å; C18-O4, 1.215(8) Å) are longer than
expected due to the presence of H-bonding interaction of the oxygens with pyridine-hydrogens of
neighboring molecule.
3.9a Crystal structures of the Co(III) complex
5: Single crystals of the complex 5 suitable for
single crystal X-ray diffraction analysis, were
obtained by slow evaporation from its aqueous
solution. Crystallographic data and parameters for the
complex 5 are collected in Table S1, SI whereas selected
bond parameters are shown in Table S5, SI. Structural
analysis of complex 5 shows a dihydroxo bridged
binuclear cobalt(III) complex of [Co(L)(l2OH)]2(ClO4)2 formulation. The coordination geometry
around a metal center is distorted octahedral. Each metal
center is bound to one unit of the tetradentate ligand
L and two bridging hydroxo groups. The tetradentate
N3O-donor ligand L describes a facial coordination
geometry due to the N3-donor moiety (N1, N2 and N3)
and the monodentate carboxylate-O (not bridging)
occupies a position trans to one of the pyridine-N
atoms. The other two N-atoms (pyridine-N and amineN) and two hydroxo bridging-O describes together a
square plane of the octahedral geometry. The bond
lengths (Co-N, Co-O) around the metal and O—O
separation (2.498 Å) in the dihydroxo bridge are
comparable
with
reported
bis-l-hydroxo
54,55
The geometry about Co(III) is
complexes.
considered as distorted octahedral as evident from the
deviation of angle around the metal by almost 10° for
trans and 9° for the cis angles. This is the ﬁrst
structurally characterized hydroxo-bridged binuclear
Co(III) complex of N-carboxylate ligands. The two
Co(III) ions are separated by a distance of 2.89 Å
and hydroxo-bridging angle (Co-(O)H-Co) is 98.44°.
The carbonyl C-O distances in carboxylate unit are
unequal suggesting localization of charge. The
relative positions of the two ligands is such that,
the carboxylates are syn to each other and tertiary
amines are anti to each other thus making the
overall relative position of the two ligand units anti
to each other (Figure 7).

H NMR spectrum of [Co(L)(pic)](NO3), 4b in D2O.
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3.9b FT-IR, UV-Vis, ESI-MS and NMR study
of the Co(III) complexes 4a, 4b and 5: FT-IR
spectra of pure crystalline complexes 4a, 4b and 5
(Figures S4 and S5, S14, SI) showed the presence of
counter ions (ClO4-, NO3-) and coordinated carboxylate
ion in monodentate mode. Band at 3268 cm-1 is observed
in the IR spectrum of complex 5 that is assigned to the
bridging hydroxides. In absorption spectrum intensity
and the positions of the peaks are in the normal range
expected for octahedral Co(III) complexes.56
Theoretically a well-deﬁned band in the visible region
and a high energy shoulder due to the electronic transition
from ground 1AIg level to 1A2g and 1TIg respectively, are
expected. The electronic absorption spectra of Co(III)
4a
and
complexes
[Co(L)(pic)](ClO4).3H2O,
[Co(L)(pic)](NO3), 4b were measured in H2O
whereupon comparable peaks at 467 nm (184 M-1cm-1)
and 459 nm (135 M-1cm-1) were observed (Figure S11,
SI). Additionally, a shoulder at 349 nm was visible in the
spectrum of 4b. Absorption spectrum of complex 5
(Figure S15, SI) measured in water, displayed a welldeﬁned d-d band at 510 nm (e =354 Mol-1cm -1/2Co(III))
along with a shoulder at 372 nm as expected in range
core
structure.36,54,55
for
a
CoIII2(l2-OH)2
Electrospray ionization mass spectrometry (ESI-MS,
positive mode) study was performed on freshly
prepared solutions of crystals of 4b and 5 in H2O
(Figures S12, S16, SI). The spectrum of 4b displayed
peaks at m/z = 437 corresponding to the
monocationic species [4b-NO3]? formed due to loss
of the counter anion. ESI-MS spectrum of complex 5
in water (Figure S16, SI) showed peaks at 762 and
332 corresponding to [5-ClO4]? and [5-2ClO4]2?
ions, respectively.
1
H NMR of spectra of 4a and 4b were recorded in
D2O at 25°C. The spectra are found to be comparable
and peaks obtained (shown for 4b in Figure 8) are
assignable to the structure that is established from
single-crystal diffraction study. However, one of the
signals, corresponding to the protons of (-CH2CO2)
moiety is merged with the residual solvent peak at
4.79 ppm. 1H NMR spectrum of complex 5 in D2O
showed (Figure S17, SI) signal intensity and pattern
matching with protons of bound ligand. Also, 13C
NMR spectrum of 5 in D2O (Figure S18, SI) is
matching with the presence of ligand; three peaks
(67.61 (-CH2CO2), 69.44, 69.91 (-CH2py)) correspond
to aliphatic carbons of ligand and signal close to 180
ppm represents carboxylate carbon.
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4. Conclusions
We have utilized structurally as well as spectroscopically characterized cobalt(II) complexes of carboxylate appended N-ligand, L for studying reactivity with
dioxygen. Characterization of Co(III) products have
been done by utilizing spectroscopic methods (CHN,
FT-IR, UV-vis, NMR (1H and 13C) and ESI-MS) and
single-crystal X-ray analysis. Aerial oxygen reactivity
in presence of water/base always resulted in C-N
cleaved Co(III) products. It is clear that water has a
major role throughout the mechanism leading to C-N
bond cleavage. Oxidation of cleaved part of ligand (to
picolinate anion) as well as metal resulted in the formation of mononuclear Co(III) complexes,
[Co(L)(Pic)]?. Irrespective of the anions (NO3-, ClO4-,
BPh4-) all three precursor Co(II) complexes 1, 2 and 3
were capable of producing same ligand oxidized
product. On using different equivalents of oxidant
(H2O2), a stoichiometry-controlled reactivity was
observed. With one equivalent of H2O2 we observed a
binuclear dihydroxo bridged Co(III) complex 5 and
with 10 equivalents both complex 5 and metal/ligand
oxidized product 4a was isolated. The formation of
intermediate responsible in the C-H bond activation
and C-N bond cleavage has been monitored via UVVis spectroscopy. We have proposed a mechanism
responsible for this oxygen reactivity involving a lhydroxo, l-peroxo bridged Co(III) intermediate which
was relatively stable up to 16h at room temperature.
Supplementary Information (SI)
Crystallographic data for the complexes have been deposited
with the Cambridge Crystallographic Data Centre: [Co(l2L)]3(ClO4)3.2H2O, 1 (CCDC No. 2117559), ({[Co(l2L)(MeOH)](BPh4).(MeOH)}n, 3 (CCDC No. 2117556),
[Co(L)(pic)](ClO4).3H2O, 4a (CCDC No. 2117557) and
[Co(L)(pic)](NO3), 4b (CCDC No. 2117558) and [Co(L)(l2OH)]2(ClO4)2, 5 (CCDC No. 2117560). Supplementary
information contains the details of various spectra (FT-IR,
UV-Vis, ESI-MS, 1H and 13C NMR) and the table of
crystallographic data and bond parameters. Figures S1-S20
and Tables S1-S5 are available at www.ias.ac.in/chemsci.
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Lübben M, 2002 Caged O2 Reaction of Cytochrome
bo3 Oxidase with Photochemically Released Dioxygen from a Cobalt Peroxo Complex Eur. J. Biochem.
269 2630
42. Kikkawa M, Sasaki Y, Kawata S, Hatakeyama Y, Ueno
F B and Saito K 1985 Photochemical and Thermal
Decomposition
of
(DD,KK)-(l-Hydroxo)(l-peroxo)bis[bis(ethylenediamine)cobaIt(III)] Ions in Basic
Aqueous Solution Inorg. Chem. 24 4096
43. Cho Y I, Joseph D M and Rose M J 2013 ‘‘CrissCrossed’’ Dinucleating Behavior of an N4 Schiff Base
Ligand: Formation of a l-OH, l-O2 Dicobalt(III) Core
via O2 Activation Inorg. Chem. 52 13298
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