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{Cu+–Co3+–Cu+} and {Cu+–Fe3+–Cu+} Heterobimetallic Complexes

Amit Pratap Singh[a] and Rajeev Gupta*[a]

Keywords: Heterometallic complexes / Copper / Cobalt / Iron / Oxidation / Clefts

The present work demonstrates the synthesis and characteri-
zation of {Cu+–Co3+–Cu+} and {Cu+–Fe3+–Cu+} heterobimetal-
lic complexes utilizing Co3+ and Fe3+ coordination complexes
as the building blocks. The crystallographic investigation of
the {Cu+–Co3+–Cu+} and {Cu+–Fe3+–Cu+} heterometallic com-
plexes reveal that the CuI ions in the clefts are coordinated
by two pyridine nitrogen atoms and one CH3CN molecule.
The crystal structures also show several weak interactions
that result in interesting packing in the solid state. The ac-

Introduction

Remarkable progress has been made in the area of mo-
lecular inorganic–organic hybrid compounds. These com-
pounds hold promise as new materials with novel catalytic,
magnetic, electronic, and optical properties.[1] Versatile syn-
thetic approaches for the assembly of such structures from
the building blocks have been developed.[2] Considerable ef-
fort has been devoted to tune the building blocks as connec-
tors and linkers in order to reach the stage of rational de-
sign with predictable architectures.[3] While most of the lit-
erature work is centered on placing a single metal ion in
close proximity;[4] there are very few examples available
where two different metal ions could be placed in close
proximity in a step-wise fashion.[5] Such bi-metallic arran-
gements are extremely important for the synthesis of novel
materials[5] and bi-functional catalysis.[6,7]

Our approach is to design, synthesize and utilize the co-
ordination complexes as the building blocks for the con-
struction of ordered structures where two different metal
ions could be placed in close proximity.[8,9] A coordination
complex as the building block offer many benefits such as
spectroscopic and magnetic properties; and structural rigid-
ity. Such an induced rigidity has the ability to place the
auxiliary functional groups to a pre-organized conforma-
tion with an option to control the geometrical placement of
the auxiliary functional groups. These auxiliary functional
groups could then be utilized to coordinate a secondary
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cessible Cu2+/+ redox potential and presence of labile site on
the copper center has been utilized for the oxidation of hin-
dered phenols in the presence of molecular oxygen. Hin-
dered phenols were oxidized to the C–C-coupled products in
most cases, however, de-alkylation resulted in the case of
2,4,6-trisubstituted phenols. Interestingly, when H2O2 was
used as oxidant, de-alkylation was not observed; suggesting
the uniqueness of the active species generated in the pres-
ence of catalyst and molecular oxygen.

metal ion. This synthetic strategy may lead to the genera-
tion of the heterobimetallic complexes and networks of
highly ordered nature.

The strategy described here uses a M3+ complex of the
pyridine–amide ligands as the building block for the next-
generation heterobimetallic systems.[8,9] The octahedral ge-
ometry of the M3+ ion orients the tethered pyridine rings
with a definite directionality to coordinate a secondary
metal ion, making suitable monomeric building blocks for
preparing heterobimetallic complexes. Utilizing this strat-
egy we have recently demonstrated the Co3+ coordination
complex 1 as the building block for the preparation of
{Zn2+–Co3+–Zn2+},[8] {Cd2+–Co3+–Cd2+}[9] and {Hg2+–
Co3+–Hg2+}[9] heterobimetallic complexes (Scheme 1). The
selection of the peripheral metal ion was based on the pos-
sible application of the exposed Lewis acidic metal ion in
organic transformations. Indeed, the Lewis-acidic property
of the peripheral metal ion was demonstrated by the cata-

Scheme 1. Structurally characterized heterobimetallic complexes
reported from our laboratory.
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lytic organic transformation reactions such as the
Beckmann rearrangement of the aldoximes and ketoximes;
cyanosilylation reaction of imines, and ring-opening reac-
tions of oxiranes and thiiranes.[8,9] In order to further
understand the coordinating abilities of such molecular
clefts and their ability to accommodate assorted metal ions
with variable coordination requirements, we were encour-
aged to look towards the CuI metal ion. Extending the ex-
tremely modular approach, we report herein the synthesis
and characterization of {Cu+–Co3+–Cu+} and {Cu+–Fe3+–
Cu+} heterobimetallic complexes utilizing Co3+ and Fe3+

coordination complexes as the molecular building blocks.
We then evaluate the effect of the central M3+ metal on the
structure and properties of the peripheral metal ion, CuI.
Further, the {Cu+–M3+–Cu+} heterobimetallic complexes
are shown to take part in the oxidation of hindered phenols
in the presence of molecular oxygen.

Results and Discussion

Building Blocks 1 and 2: The Co3+ and Fe3+ complexes,
Et4N[Co(L1)2] (1) and Et4N[Fe(L1)2] (2) have been used as
the building blocks for the synthesis of heterobimetallic
complexes. The synthesis and molecular structure of com-
plex 1 has been recently reported by us.[8,10] The complex 2
was synthesized in an analogous manner and that involves
reaction of the deprotonated ligand {L1 = 2,6-bis[N-(2-pyr-
idyl)carbamoyl]pyridine} with FeII salt followed by the ae-
rial oxidation to give the final FeIII product. Complex 2 was
thoroughly characterized including crystallographic investi-
gation. The molecular structure of the complex 2 is shown
in Figure 1 whereas the bonding parameters are contained
in Table 1. The unit cell contains two independent anionic
molecules, two Et4N+ cations and a water molecule. Both
independent molecules show minor differences in the bond-
ing parameters. The structure of complex 2 shows that two
deprotonated tridentate ligands are arranged meridionally
around the central iron metal via five-membered chelate
rings between Namide and Npyridine atoms. Four deproton-
ated Namide atoms form the N4 equatorial basal plane
around the iron center while two Npyridine atoms occupy the
axial positions. The Fe–Namide bond length is longer than
the Fe–Npyridine by ca. 0.1 Å. The central Npyridine atoms are
trans to each other and make an angle of ca. 175° with the
central metal ion. The geometry around the central metal
ion can be best described as the compressed octahedral as
also noted for the complex 1.[8] In both independent mole-
cules, the hanging pyridine rings make angles of varying
degrees with each other as well as with that of central pyr-
idine ring. This suggests that the hanging pyridine rings are
poorly pre-organized in absence of the secondary metal ions
(Cu+ ions, cf. crystal structures of 3 and 4). A similar obser-
vation was noted for the analogous cobalt complex 1.[8] The
molecular structure of Fe3+ complex 2 is very similar to
that of Co3+ complex, 1[8] including the bond lengths, bond
angles and geometry (see Table 1). The packing diagram of
complex 2 shows interesting interactions between molecular
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components (see Figure S1 in the Supporting Information).
For example, the pyridine rings of two molecules were
found to interact through weak C–H···C interactions that
result in the formation of a two-dimensional (2D) layer.
Two such 2D layers were connected to each other through
the H-bonds between Oamide atoms and the water molecule
present as solvent of crystallization.

Figure 1. Molecular structure of building block 2. Thermal ellip-
soids are drawn at 50% level. Hydrogen atoms, cation, and a water
molecule have been omitted for clarity. Two ligands are shown in
black and grey for better understanding.

Table 1. Comparative bond lengths [Å] and bond angles [°] around
the central M3+ metal ion for complexes 1, 2, 3, and 4.

Bond[a] 1[b] 2 3 4

M–N1 1.998(7) 2.0327(18) 1.954(4) 1.964(4)
M–N2 1.962(8) 1.9554(19) 1.963(4) 1.964(4)
M–N3 2.048(7) 1.9832(19) 1.955(4) 1.972(5)
M–N4 1.935(8) 1.9568(19) 1.962(4) 1.963(5)
M–N5 1.872(7) 1.8931(18) 1.849(4) 1.864(5)
M–N6 1.870(7) 1.8885(18) 1.854(4) 1.882(5)
N1–M–N2 162.8(3) 161.11(8) 163.60(16) 162.73(19)
N3–M–N4 162.4(3) 161.39(8) 163.57(16) 162.53(19)
N2–M–N4 91.5(3) 91.33(8) 88.50(17) 89.05(18)
N1–M–N3 92.3(3) 92.95(8) 88.22(17) 88.84(19)
N5–M–N6 175.2(3) 175.33(8) 178.57(18) 178.20(2)

[a] M stands for Co3+ for complexes 1 and 3; and Fe3+ for com-
plexes 2 and 4, respectively. [b] Ref.[8]

In both building blocks, 1[8] and 2, the central M3+ ion
is coordinated by two tridentate ligands in a meridional
fashion. This coordination mode of the ligand however
leaves two tethered pyridine rings un-coordinated or hang-
ing. Such hanging pyridine rings from two ligands converge
to form a cleft that has been shown to accommodate the
Cu+ ion to form {Cu+–Co3+–Cu+} (3) and {Cu+–Fe3+–
Cu+} (4) heterobimetallic complexes (Scheme 2).

Synthesis and Properties of {Cu+–Co3+–Cu+} (3) and
{Cu+–Fe3+–Cu+} (4) Heterobimetallic Complexes: The het-
erobimetallic complexes {Cu+–Co3+–Cu+} (3) and {Cu+–
Fe3+–Cu+} (4) were synthesized by the reaction of 1 and 2
with [Cu(CH3CN)4]ClO4 in CH3CN under the dinitrogen
atmosphere (Scheme 2). The insertion of the Cu+ ion imme-
diately resulted in a distinct color change from deep green
to yellow for complex 3 and red to deep brown for 4. Com-
plexes 3 and 4 were isolated as crystalline solid in �70%
recrystallized yield. The FTIR spectra[11] of complexes 3
and 4 clearly show the stretches for the coordinated
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CH3CN at ca. 2290 and 2253 cm–1. The proton NMR spec-
trum of complex 3 also showed the CH3 protons of the
coordinated CH3CN at δ = 1.74 ppm. The νC=O stretches
for the amide group in the heterobimetallic complexes were
found to be blue-shifted (15–39 cm–1) than their building
block complexes. The conductivity measurements[12] of 3
and 4 in CH3CN show the 1:1 electrolyte nature. The ab-
sorption spectra for complexes 3 and 4 show the electronic
transitions at 640 nm and 440 nm, respectively (Figure 2).
The absorption spectra also show the changes incurred to
the spectral features of the building block molecules after
the insertion of secondary Cu+ ion in the clefts (see Figures
S2a and S2b in the Supporting Information). The solution
state magnetic moment[13] of the {Cu+–Fe3+–Cu+} hetero-
bimetallic complex was found to be 4.7 µB that fits well with
an FeIII ion in an un-coupled environment. For compari-
son, the µeff value for the building block 2 was found to be
4.6 µB.

Scheme 2. Synthesis of heterobimetallic complexes 3 and 4.

Figure 2. Comparison of the absorption spectra of heterobimetallic
complexes 3 and 4 in CH3CN.

The diamagnetic nature of the complex 3 helped in the
investigation of the solution state structure through 1H and
13C NMR spectra (Figure S3, Supporting Information).
The signals were assigned via peak integration and com-
parison with the building block 1. The most down-field sig-
nal at δ = 8.13 ppm was assigned to the proton H9 adjacent
to the copper ion, which is ca. 0.35 ppm down-field shifted
than the one for the building block 1. Other pyridine ring
proton signals were observed between δ = 6.78–8.01 ppm.
The 13C NMR spectrum clearly showed nine signals for the
nine chemically different carbon centers (Figure S3, Sup-
porting Information).
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Crystal Structures of {Cu+–Co3+–Cu+} (3) and {Cu+–
Fe3+–Cu+} (4) Heterobimetallic Complexes: Both complexes
3 and 4 were crystallographically characterized and were
found to be isostructural (Figure 3 and Figure 4). Two de-
protonated tridentate ligands were arranged meridionally
around the central M3+ metal ion via five-membered che-
late rings. The central M3+ metal ion is coordinated by four
deprotonated Namide atoms in the equatorial basal plane
while two Npyridine atoms occupy the axial positions. The
average M···Namide and M···Npyridine bond lengths were
found to be little shorter than their respective building
block molecules 1 and 2 (see Table 1). Crystal structures of
the heterobimetallic complexes revealed that the central
metal ion (Co3+ in 3 and Fe3+ in 4) is geometrically unaffec-
ted by the insertion of the secondary copper(I) metal ion.
Two Cu+ metal ions are situated in the pre-organized clefts
created by the hanging pyridine rings originated from the
building block. Both secondary Cu+ metal ions have trigo-
nal-planar geometry, where two coordinations come from
the hanging Npyridine atoms while the remaining one coordi-
nation is provided by the coordinated CH3CN molecule
(Table 2). The average Cu···NCH3CN distance (1.951 Å and
1.965 Å for complexes 3 and 4, respectively) is quite short
than the similar distances reported in the literature.[14] The
coordinated CH3CN molecules are almost linear (average
CH3–CN bond angle is ca. 175° with deviation of less than
ca. 5° from the ideal value of 180°). In both complexes, the

Figure 3. Molecular structure of heterobimetallic complex 3. Ther-
mal ellipsoids are drawn at 50% level. Hydrogen atoms and ClO4

–

anion have been omitted for clarity. Two ligands are shown in black
and grey for better understanding.

Figure 4. Molecular structure of heterobimetallic complex 4. Ther-
mal ellipsoids are drawn at 50% level. Hydrogen atoms and ClO4

–

anion have been omitted for clarity. Two ligands are shown in black
and grey for better understanding.
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CuI ion is almost within the trigonal plane defined by two
pyridine nitrogen atoms and one CH3CN molecule with
displacement in the range of 0.050–0.070 Å. Further, the
sum of angles around the CuI in both complexes is nearly
360° indicating a nearly perfect trigonal-planar geometry.
For both complexes, the hanging pyridine rings are coordi-
nated to the CuI ion in dissecting form, making an angle in
the range of ca. 40–42° with each other. The central and
peripheral metal ions are placed almost linearly in both

Table 2. Comparative bond lengths [Å] and bond angles [°] around
the peripheral Cu+ ions for complexes 3 and 4.

Bond 3 4

Cu1–N7 1.969(4) 1.971(5)
Cu1–N9 1.976(4) 1.975(5)
Cu1–N11 1.951(4) 1.967(5)
Cu2–N8 1.951(4) 1.963(5)
Cu2–N10 1.963(4) 1.963(5)
Cu2–N12 1.952(5) 1.962(5)
N7–Cu1–N9 131.49(17) 132.6(2)
N7–Cu1–N11 123.48(18) 123.2(2)
N9–Cu1–N11 104.83(18) 104.0(2)
N8–Cu2–N10 130.03(17) 130.7(2)
N8–Cu2–N12 112.49(18) 111.5(2)
N10–Cu2–N12 117.11(17) 117.5(2)

Figure 5. Weak interactions and packing diagram of complex 3.
Hydrogen atoms, anion, and a water molecule have been omitted
for clarity. See text for details.
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complexes making an angle of ca. 178.1°. The average
Co···Cu and Fe···Cu distances are 4.183 Å and 4.177 Å,
respectively.

Both complexes 3 and 4 show various kinds of weak in-
teractions (Figure 5 and Figure 6). Two individual mole-
cules were found to be involved in weak C–H···O hydrogen
bonds resulting in the formation of an oval-shaped dimer.
In addition, these dimers are further connected through the
intermolecular hydrogen bonds that results in an interesting
packing. For a dimer, two molecules are inter-connected via
H-bonds between amide atom O4 and two pyridine C–H
protons, C8–H and C9–H. The heteroatom separations,
O4···C8 and O4···C9 were found to be 2.987 Å and 2.936 Å
(for complex 3); and 2.948 and 2.985 Å (for complex 4),
respectively. Further, these dimers are also connected to
each other via two H-bonds between O2···C28–H and
O3···C17–H with heteroatom separation of 3.332 Å and
3.304 Å (for complex 3), and 3.326 and 3.310 Å (for com-
plex 4), respectively, to form a 2D network when viewed
along the c-axis.

Figure 6. Weak interactions and packing diagram of complex 4.
Hydrogen atoms, anion, and a water molecule have been omitted
for clarity. See text for details.

Thermal Analysis: To gain an insight about the thermal
stability of the complexes 3 and 4 in general and coordi-
nated CH3CN in particular, differential scanning calorime-
try (DSC) and thermal gravimetric analysis (TGA) studies
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were performed (Figures S4a and S4b, Supporting Infor-
mation). DSC plots were recorded in the temperature range
of 25–400 °C. The analysis showed that the coordinated sol-
vent molecules, CH3CN were removed in the endothermic
region in the temperature range of 70–80 °C (For complex
3, thermal gravimetric analysis: obsd. weight loss: 7.96%,
calcd. weight loss: 8.19%). DSC analysis also revealed that
both complexes were thermally stable up to ca. 350 °C. The
melting temperature (TM) for complexes 3 and 4 were found
to be 340 and 350 °C, respectively.

Electrochemical Studies: To investigate the redox behav-
ior of the coordinated CuI ions within the cleft of the build-
ing block and the extent of stabilization of the central metal
ion towards reduction, cyclic voltammetric studies were
performed. Cyclic voltammograms of complexes 3 and 4 in
CH3CN solution at a glassy carbon electrode show a one-
electron Cu2+/+ irreversible reductive response with Epc val-
ues of –0.59 V and –0.68 V vs. SCE, respectively (Figure
S5a, Supporting Information). The redox potentials indi-
cate that the molecular clefts stabilize the +2 state of the
copper ions present in the clefts to a considerable extent.
Such a negative potential also suggest that the CuI ions will
be able to activate molecular oxygen. An additional
irreversible oxidative response (Epa) for complexes 3 and 4
was obtained at 1.66 and 1.68 V, respectively, that we tenta-
tively assign as the one electron oxidation of the heterobi-
metallic complexes (Figure S5b, Supporting Information).
We postulate that the locus of this oxidation is within the
building block based on the literature precedents for similar
type of complexes.

Oxidation of Hindered Phenols: The observation of
Cu2+/+ redox potential at negative value suggest that the
copper ions present in the clefts have the tendency to stabi-
lize the +2 oxidation state to a greater extent. It has been
suggested that the CuI species containing labile sites with an
accessible CuII oxidation state display oxidation properties
towards the externally added substrates.[15–18] This
prompted us to probe possible substrate oxidation reactions
using molecular oxygen as the sole oxidant. The ability of
copper containing metalloproteins and synthetic metal
complexes to oxidize the hindered phenols has been the fo-
cus of continued interest in bioinorganic chemistry.[15,16]

The oxidative coupling reaction of substituted phenols con-
stitutes an interesting research topic both from the bio-
logical[18] and synthetic standpoints.[15] For example, aero-
bic oxidation of 2,6-dimethylphenol with copper(I) salt in
the presence of N-donor ligands produces a p-phenylene
oxide polymer which is widely used as an engineering ther-
moplastic under the trade name PPO.[19] Further, the en-
zyme tyrosinase also oxidizes the externally added substi-
tuted phenols to the coupled products in the absence of a
suitable substrate.[20] The oxidation of hindered phenols by
copper complexes are important as they provide an alter-
nate route to cleaner products using molecular oxygen in
place of toxic oxidizing agents.[21] The product selectivity
depends upon the substitution present on the phenol and
the mechanism of the oxidation.[21] Both {Cu+–Co3+–Cu+}
and {Cu+–Fe3+–Cu+} heterobimetallic complexes were
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tested for the oxidation of hindered phenols in the presence
of molecular oxygen as the sole oxidant. All catalytic reac-
tions were carried out in CH3OH or CH3CN and the results
are summarized in Table 3. For 2,6-di-tert-butylphenol, car-
bon–carbon coupled product, 3,5,3�,5�-tetra-tert-butylbi-
phenyl-4,4�-diol was obtained due to the coupling at the
para position (entry 1). However, 2,4-di-tert-butylphenol
gave a similar carbon–carbon-coupled product, 3,5,3�,5�-
tetra-tert-butylbiphenyl-2,2�-diol after the coupling at the
ortho position (entry 3). Similar results were observed in the
case of methyl-substituted phenol, for example, 2,6-dimeth-
ylphenol produced 3,5,3�,5�-tetramethylbiphenyl-4,4�-diol
as the para coupled product (entry 4). In case of 2,4,6-tri-
substituted phenols (entries 2 and 5), the addition of base
was found to be necessary to start the reaction. We believe
that it generates the corresponding phenolate anion by dis-
sociating the acidic proton, which is known to be more oxi-
dizable than the phenol itself because of the difference be-
tween their redox potentials.[15b] In both these cases, de-
alkylation took place that resulted in the formation of
the corresponding p-benzoquinones, 2,6-di-tert-butyl-1,4-
benzoquinone (entry 2) and 2,6-dimethyl-1,4-benzo-
quinone (entry 5). Interestingly, in case of 2,4,6-tri-tert-but-
ylphenol, tert-butyl alcohol was also observed in quantita-
tive yield suggesting the homolytic cleavage of the carbon–
carbon bond. Similarly, methyl alcohol is expected in the
oxidation reaction of 2,4,6-trimethylphenol, however, its
formation was not established as solvent used was also
CH3OH. In the literature, a similar de-alkylation reaction
of 2,4,6-tri-tert-butylphenol mediated by the copper com-
plex and molecular oxygen has been reported.[22] However,
the tert-butyl group was found to be de-alkylated both at
the ortho- and para-positions producing 2,6-di-tert-butyl-
1,4-benzoquinone and 4,6-di-tert-butyl-1,2-benzoquin-
one.[22] In the present case, the de-alkylation reaction took
place only at the para-position. We tentatively propose that
the substituted phenol is able to approach the copper center
present in the cleft from one direction only and the ortho-
position was protected and the reaction (radical generation
and de-alkylation) took place at the remote para-position.

The catalytic reactions were also attempted in CH3CN
as solvent. A trace amount of product was observed in most
of the cases when molecular oxygen was used as the oxi-
dant. However, when the oxidation was carried out using
H2O2, a small amount (10–45 %, entries 1, 3, and 4) of the
carbon–carbon coupled products were obtained in case of
2,4-di-tert-butylphenol, 2,6-dimethylphenol and 2,6-di-tert-
butylphenol. Interestingly, no de-alkylation product was
noticed when H2O2 was used as the oxidizing agent either
in CH3OH or CH3CN. These results clearly pinpoint that
the nature of the active oxidizing species generated in the
reaction while using O2 and H2O2 are different. We specu-
late that in case of H2O2 catalyzed reactions, a radical path-
way takes place where the role of the {Cu+–M3+–Cu+} het-
erobimetallic complexes is rather limited. However, when
the oxidation reaction was carried out in the presence of
molecular oxygen, a unique catalytic species generates and
causes the de-alkylation of the substituted phenols.
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Table 3. Oxidation of substituted phenols with catalysts 3 and 4.[a]

[a] Reaction condition: catalyst: 5 mol-%, time: 6 h stirring at room temperature in the presence of O2 atmosphere. [b] Isolated yield. [c]
Reaction was done in CH3CN with H2O2 as oxidant. [d] An equimolar amount of NaOH was used in the reaction. [e] n.r.: no reaction.

A similar oxidation reaction was also attempted using
9,10-dihydroanthracene (DHA) as substrate. DHA provides
two weak C–H bonds[23] (bond dissociation energy: 78 kcal/
mol) and has been used to distinguish the mode of oxi-
dation, C–H vs. O–H activation. No reaction took place
when DHA was used as the substrate in the presence of
catalysts 3 or 4 under identical experimental conditions,
either using molecular oxygen or H2O2 as the oxidants. This
clearly suggests that the catalysts activate the O–H bonds
in the presence of molecular oxygen despite the stronger
bond strength of the O–H bond in phenol (bond dissoci-
ation energies for phenol[24] and 2,4,6-tri-tert-butylphen-
ol[25] are 90 and 81 kcal/mol, respectively). We tentatively
provide a rationale for the observed reactivity. First, the in-
situ generated CuII reacts with phenol in acid–base mecha-
nism and the resulted Cu2+–OPh adduct undergoes the ho-
molysis to provide the phenoxyl radical and the CuI spe-
cies.[26] The CuI species again oxidizes to CuII in the pres-
ence of dioxygen and thus generates superoxide radical.[22]

On the other hand, the phenoxyl radical gives rise to the
carbon–carbon coupled product. For the de-alkylation re-
action, we believe that the in-situ generated superoxide radi-
cal attacks the rearranged phenoxyl radical to produce an
intermediate hydroperoxy compound, which rapidly elimin-
ates a molecule of tert-BuOH (observed as the by-product
in GC-MS analysis) to give the p-benzoquinone as the
product. As can be seen from the Table 3, complex 4 dis-
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plays better conversion of the substrates to the correspond-
ing products over complex 3. This difference in the catalytic
activity can probably be attributed to the difference in the
central metal ion and its effect on the redox potential and
thus catalytic performance of the peripheral metal ion.

Conclusions

The synthesis and characterization of {Cu+–Co3+–Cu+}
and {Cu+–Fe3+–Cu+} heterobimetallic complexes utilizing
Co3+ and Fe3+ coordination complexes as the building
blocks is described. The insertion of the CuI ion into the
molecular clefts does not cause structural distortion of the
building block, which attests the flexibility and accommod-
ativity of the building blocks in accepting the assorted
metal ions. The crystallographic investigations of the {Cu+–
Co3+–Cu+} and {Cu+–Fe3+–Cu+} heterobimetallic com-
plexes reveal that the CuI ion in the clefts are coordinated
by two pyridine nitrogen atoms and one CH3CN molecule.
The crystal structures also show several weak interactions
that result in interesting packing in the solid state. The ac-
cessible Cu2+/+ redox potential and presence of labile site
on the metal center has been utilized for the oxidation of
hindered phenols in the presence of molecular oxygen. Hin-
dered phenols are oxidized to give C–C-coupled products
in most cases, however, de-alkylation results in the case of
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2,4,6-trisubstituted phenols. Interestingly, when H2O2 is
used as oxidant, de-alkylation is not observed. This finding
proves the uniqueness of the active species generated in the
presence of catalyst and molecular oxygen.

Experimental Section
Materials and Reagents: The solvents were purified as reported in
ref.[27–31] The ligand H2L1 and complex Et4N[Co(L1)2] (1) were syn-
thesized according to our earlier reports.[8,10] [Fe(MeCN)4](ClO4)2

and [Cu(CH3CN)4](ClO4) salts were prepared following the litera-
ture procedures.[32]

Syntheses

Et4N[Fe(L1)2]·H2O (2): A mixture of [Fe(MeCN)4](ClO4)2 (328 mg,
0.78 mmol), ligand H2L1 (500 mg, 1.56 mmol) and K2CO3 (5.40 g,
39.14 mmol) in CH3CN was refluxed for 4 h. The reaction pro-
duced a red coloured solution. After that Et4NCl·xH2O (390 mg,
2.35 mmol) was added and the resulting reaction mixture was fur-
ther stirred for 2 h at room temperature in open air. This resulted
in a deep red colored solution. The solution was filtered and the
volatiles were removed under reduced pressure to afford the crude
product. Recrystallization was achieved by the slow diffusion of the
vapors of diethyl ether to a CH3CN solution of the crude product
at room temperature. This afforded red-colored crystalline product
suitable for the X-ray analysis; yield 0.44 g (69%).
C42H42FeN11O4·H2O (838.28): calcd. C 60.15, H 5.29, N 18.37;
found C 60.05, H 5.50, N 18.25. FTIR spectrum (KBr disk): ν̃ =
1590 (C=O) cm–1. Conductivity (CH3CN, ca. 1 m solution,
298 K): ΛM = 140 Ω–1 cm2 mol–1. UV/Vis spectrum (MeCN): λmax

(ε, –1 cm–1) = 441 (5250) nm. ESI-MS (CH3CN): m/z = 821.064
[M + H+]. µeff (DMF, 298 K, Evans’ method): 4.6 BM.

[Co(L1)2–{CuI(CH3CN)}2](ClO4) (3): To a solution of Et4N[Co-
(L1)2] (1) (0.100 g, 0.121 mmol) in 20 mL of CH3CN, [Cu(CH3CN)4]-
(ClO4) (0.079 g, 0.2428 mmol) was added under dinitrogen atmo-
sphere. A colour change from green to light yellow was observed.
The resultant reaction mixture was stirred for 1 h. The solution was
filtered and the volatiles were removed under reduced pressure to
afford a yellow coloured product. The recrystallization was
achieved by the slow vapour diffusion of diethyl ether to a CH3CN
solution of the crude compound at room temperature; yield 0.085 g
(70 %). C38H28ClCoCu2N12O8 (1002.19): calcd. C 44.74, H 2.98, N
16.48; found C 44.55, H 3.03, N 16.33. FTIR spectrum (KBr disk):
ν̃ = 2286, 2253, 1616, 1594, 1089 cm–1. Conductivity (CH3CN, ca.
1 m solution, 298 K): ΛM = 125 Ω–1 cm2 mol–1. UV/Vis spectrum
(CH3CN): λmax (ε, –1 cm–1): 640 (70), 470 (sh, 1900) nm. 1H NMR
spectrum (300 MHz, CD3CN, 25 °C): δ = 8.13 (d, J = 6.3 Hz, 4 H,
H9), 8.01 (t, J = 6.5 Hz, 2 H, H1), 7.67 (d, J = 7.8 Hz, 4 H, H2),
7.15 (t, J = 6.4 Hz, 4 H, H7), 7.08 (t, J = 6.4 Hz, 4 H, H8), 6.78 (d,
J = 6.4 Hz, 4 H, H6), 1.74 (6H-CH3 CH3CN) ppm. 13C NMR spec-
trum (300 MHz, CD3CN, 25 °C): δ = 168.33 (C4), 159.45 (C3),
156.38 (C5), 150.55 (C9), 142.38 (C1), 140.68 (C2), 125.63 (C7),
122.71 (C6), 122.38 (C8) ppm.

[Fe(L1)2–{Cu(CH3CN)}2](ClO4) (4): To a solution of Et4N[Fe(L1)2]
(2) (0.100 g, 0.122 mmol) in 20 mL of CH3CN, solid [Cu(CH3CN)4]-
(ClO4) (0.080 g, 0.243 mmol) was added under the magnetic stir-
ring. The resultant deep-red coloured reaction mixture was stirred
for 1 h. The solution was filtered and the volatiles were removed
under reduced pressure. The resulting crude product was re-dis-
solved in CH3CN and subjected to the vapor diffusion of diethyl
ether. This afforded the red coloured crystalline product suitable
for the structural analysis; yield: 0.082 g, 67%. C38H28ClCu2-
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FeN12O8 (999.09): calcd. C 45.68, H 2.82, N 16.82; found C 45.53,
H 2.75, N 16.42. FTIR spectrum (KBr disk): ν̃ = 2293, 2253, 1628,
1595, 1098 cm–1. Conductivity (CH3CN, ca. 1 m solution, 298 K):
ΛM = 130 Ω–1 cm2 mol–1. UV/Vis spectrum (CH3CN): λmax (ε,
–1 cm–1): 440 (4770) nm. µeff (DMF, 298 K, Evans’ method):
4.7 BM.

General Procedure for the Catalytic Oxidation of Sterically Hin-
dered Phenols: One of the substrate phenols was dissolved in
CH3OH (15 mL) under the dinitrogen atmosphere. The solid cata-
lyst (5 mol-%) was then added under magnetic stirring and the mix-
ture was exposed to dioxygen. The reaction was allowed to stir
for ca. 6 h at room temperature. The progress of the reaction was
monitored by TLC (5% EtOAc/hexane). Solvent was removed un-
der the reduced pressure and the residue was triturated with
CH2Cl2. The catalyst thus separated was filtered off. The filtrate
was concentrated to afford the crude product which was purified
by the column chromatography using 100–200 mesh silica and 1:1
EtOAc/hexane as the eluent. Products were identified by GC-MS
and 1H NMR spectra.

Physical Measurements: The conductivity measurements were done
in organic solvents using the digital conductivity bridge from the
Popular Traders, India (model number: PT–825). The elemental
analysis data were obtained from the Elementar Analysen Systeme
GmbH Vario EL-III instrument. The NMR measurements were
done using an Avance Bruker (300 MHz) instrument. The infra-red
spectra (either as KBr pellet or as a mull in mineral oil) were re-
corded using a Perkin–Elmer FTIR 2000 spectrometer. The absorp-
tion spectra were recorded using the Perkin–Elmer Lambda-25
spectrophotometer. The mass spectra were obtained from the LC-
TOF (KC-455) mass spectrometer of Waters. GC-MS studies were
performed with Shimadzu instrument (QP-2010) with RTX–5SIL–
MS column. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed on DTG-60 SHIM-
ADZU and TA DSC Q 200 instruments, respectively, at 5 °C/min
heating rate under the nitrogen atmosphere. Solution magnetic
susceptibility measurements were done by the Evans’ method with
a Hitachi R-600 FT NMR (60 MHz) spectrometer. The diamag-
netic corrections were made as per the literature. The cyclic voltam-
metric experiments were performed by using a CH Instruments
electrochemical analyzer (1120 A). The cell contained a glassy-car-
bon or platinum working electrode, a Pt wire auxiliary electrode,
and a saturated calomel electrode (SCE) or Ag/Ag+ reference elec-
trode. A salt bridge (containing supporting electrolyte, TBAP, dis-
solved in either MeCN or DMF) was used to connect the reference
electrode with the experimental solution. The solutions were ca.
1 m in complex and ca. 0.1  in supporting electrolyte, TBAP.
Under our experimental conditions, the E1/2 value (Volt units) for
the couple Fc+/Fc (ferrocenium/ferrocene couple) was found to be
0.40 V in MeCN vs. SCE.

Crystal Structure Determination: Single crystals suitable for the X-
ray diffraction studies were grown by the vapor diffusion of diethyl
ether to a CH3CN solution for all complexes. The intensity data
for complex 2 was collected at 293 K on a Oxford XCalibur CCD
diffractometer equipped with graphite monochromatic Mo-Kα ra-
diation (λ = 0.71073 Å).[33] For complexes 3 and 4, the intensity
data were obtained at 100 K from a Bruker Kappa Apex-CCD dif-
fractometer using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å).[34,35] Intensity data were corrected for Lorentz polar-
ization effects, and an empirical absorption correction (SADABS)
was applied.[36] The structures were solved by the direct methods
and refined by the full-matrix least-squares refinement techniques
on F2 using the program SHELXL-97 in WinGX module.[37] All
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Table 4. Crystallographic data collection and structural refinement parameters for complexes 2, 3, and 4.

2 3 4

Empirical formula C84H86Fe2N22O9 C38H28CoN12O8ClCu2 C38H28FeN12O8ClCu2

Formula weight 1659.45 1002.18 999.10
Temp. [K] 293(2) 100(2) 100(2)
Crystal system monoclinic monoclinic monoclinic
Space group P21/n1 P21/n1 P21/n1
a [Å] 19.378(5) 10.087(3) 10.121(3)
b [Å] 22.610(5) 23.522(7) 23.691(6)
c [Å] 19.782(5) 16.955(5) 16.971(4)
α [°] 90 90 90
β [°] 111.525(5) 91.870(6) 91.355(4)
γ [°] 90 90 90
V [Å3] 8063(3) 4020(2) 4068(17)
Z 4 4 4
d [g cm–3] 1.367 1.656 1.631
Abs. coefficient [mm–1] 0.433 1.592 1.522
F(000) 3472 2024 2020
R(int.) 0.0420 0.0919 0.0584
Final R indices [I�2σ(I)][a] R1 = 0.0627; wR2 = 0.1385 R1 = 0.0685; wR2 = 0.1601 R1 = 0.0774; wR2 = 0.1813
R indices (all data) R1 = 0.1246; wR2 = 0.1663 R1 = 0.1261; wR2 = 0.2011 R1 = 0.1054; wR2 = 0.2002
GOF on F2 1.011 1.034 1.046

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[wFo
4]}1/2.

hydrogen atoms were fixed at the calculated positions with isotropic
thermal parameters and all non-hydrogen atoms were refined an-
isotropically. The crystal structures of the complexes 3 and 4 have
disorder and/or partial occupancy complication with ClO4

– anion.
The occupancy of the chlorine atom of the ClO4

– anion was 0.5
and as a result asymmetric unit cell of the complexes 3 and 4 show
two independent ClO4

– anions. The oxygen atoms attached to the
chlorine atom of the ClO4

– anion also had occupancy disorders
and thus were refined isotropically. Intermolecular interactions
were examined with the DIAMOND 2.0 and 3.0 packages.[38] De-
tails of the crystallographic data collection and structural solution
parameter are given in Table 4.

CCDC-776045 (for 2), -776046 (for 4), and -776047 (for 3) contain
the crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Data Center via
www.ccdc.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Packing diagram of complex 2, absorption spectra of
1–4, NMR spectra of 3, DSC and TGA plots for 3 and 4, and
cyclic voltammograms of 3 and 4.
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