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Abstract. The Cu(II) ion-catalysed kinetics of oxidation of H2 O2 by [NiIII L] [where L = L1 (cyclam) and
L2 (1,8-bis(2-hydroxyethyl)-1,3,6,8,10,13-hexaazacyclotetradecane)] was studied in the pH range of 3.6–5.6 in
acetic acid-acetate buffer medium at 25◦ C in the presence of sulphate ion. The ionic strength (I) was maintained
at 0.5 M (NaClO4 ). The rate constants showed an inverse acid dependence and [NiIII L2 ] was observed to be
more stable than [NiIII L1 ]. The rate of the reaction of both complexes with hydrogen peroxide shows contrasting
behaviour at pH > 2.5 when compared to the same reaction in perchloric acid medium. DFT calculations
performed on the complexes [NiIII L1 (SO4 )(OAc)] and [NiIII L2 (SO4 )(OAc)] reveal that both the acetate and
sulphate ligands are axially coordinated to the metal centre. In addition, there is strong hydrogen bonding
between the axial ligand and NH hydrogen of the macrocyclic ligand. The computed covalent bond orders
in the aqueous medium predict that the acetate forms stronger coordinate bond with Ni ion than the sulphate
ligand. The hydroxyl group present in one of the pendant groups of L2 forms a strong hydrogen bond with the
sulphate ligand which leads to additional stability in [NiIII L2 (SO4 )(OAc)].
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1. Introduction
Nature chooses macrocyclic complexes due to the
enhanced kinetic and thermodynamic stabilities. The
redox chemistry of synthetic poly-aza macrocycles
explores the properties of nickel containing enzymes.1
Ni(II)–cyclam derivatives play an important role in
receptor recognition.2 Metal-dioxygen adducts, detected
in the catalytic cycles of dioxygen activation by metalloenzymes and biomimetic compounds as key intermediates show a diverse and rich chemistry in structures,
spectroscopic properties and reactivities.3 Tervalent
nickel complexes with macrocyclic ligands can be stabilized thermodynamically and kinetically by the binding of anionic axial ligands.4 The results of Mayerstein
and co-workers revealed that the formate ligand plays
an ambivalent role both as a reducing agent and as a
stabilizer of the trivalent nickel complex.5 Zilbermann
et al., studied the stabilization of Ni(III) in 1,8-dimethyl1,3,6,8,10,13-hexaazacyclotetradecane by axial binding
∗ For

correspondence

of anions in neutral aqueous solutions through the formation of NiIII LX2 complexes (where X = F− , SO2−
4 ,
−
−
−
− 4
HPO2−
4 , HCO2 , C6H5CO2 , CH3CO2 and (CH3)3 CCO2 ).
These complexes were found to be powerful single
electron oxidizing agents in aqueous acidic medium.6 8
Aromatic carboxylates were reported to form intra/
intermolecular hydrogen bonding interactions with Ni
cyclam complexes and function as good candidates
for the construction of multi-dimensional coordination
polymers.9 13
Metal ion-catalysed decomposition of hydrogen peroxide in acidic and alkaline medium was reported
in previous studies.7,8 Oxidation of hydrogen peroxide by tris(2,2 -bipyridine) and tris(4,4 -dimethyl-2,
2 -bipyridine) complexes of osmium(III), iron(III),
ruthenium(III), and nickel(III) studied in acidic and
neutral aqueous media, showed an inverse acid dependence over the pH range 6.0–8.5.14 Kinetic measurements with an excess of H2 O2 revealed that HO−2 is
the only redox-active species for the reaction with
[Ni(tacn)2 ]3+ under conditions 2 < pH < 5.5, while
the participation of both H2 O2 and HO−2 was observed
193
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for the reactions with [Fe(ttcn)2 ]3+ and [Ru(bipy)3 ]3+ .15
The above work by Takagi and coworkers provides evidence for the dissociation of H2 O2 into H+ and HO−2 .15
Both H2 O2 and HO−2 are found to be reactive oxygen
species (ROS) and react with [NiIII L] in absence and
presence of stabilizing anions such as sulphate.7,8
Recently, we have studied in detail the kinetics of
oxidation of hydrogen peroxide by Ni(III) tetra-aza
and hexa-aza macrocycles in acidic aqueous solution
in the presence of sulphate ion in the pH range 1–
2.5.7,8 We found that the rate of oxidation of H2 O2 by
[NiIII L2 (SO4 )]+ was faster than that by [NiIII L1 (SO4 )]+
below pH 2.5 in the presence and absence of Cu(II)
ion. The electronic and geometric structures of tetra-aza
and hexa-aza macrocyclic Ni(III) complexes studied by
quantum chemical calculations revealed different bonding modes between the nickel ion and the water ligand for L = L1 and L2 .8 The water molecule binds
to Ni(III) in [NiL1 (SO4 )]+ through coordinate bond
and the octahedral complex [NiIII L1 (SO4 )(H2 O)]+ is
formed. However, in the case of the hexa-aza macrocyclic complex, the water molecule forms only two
weak hydrogen bonds with L2 and leads to the hydrated
complex [NiIII L2 (SO4 )]+ .H2 O. It is less stable than
[NiIII L1 (SO4 )(H2 O)]+ in view of the weak H-bonding
interactions between the hydrated water and L2 and
reacts faster. In the present work, we have observed
that the rate of oxidation of H2 O2 by [NiIII L1 ] complex
increases with pH in the presence of sulphate ion and
acetic acid- acetate buffer medium.
Earlier studies have shown that the acetate (OAc)
anion can coordinate as a monodentate as well as a
bidentate ligand in metal complexes.16,17 Hunter et al.,
have shown that the acetate anion coordinates axially
as a monodentate ligand in [NiII L1 (OAc)2 ]· H2 O.2 The
crystal structure of the above complex shows that the

1

acetate ions are also involved in a network of hydrogen bonding with the water molecules. It is found that
in [Ni(benzylcyclam)(OAc)](OAc).2H2 O, the macrocycle adopts an unusual folded cis-V conﬁguration with
Ni(II) coordination to bidentate acetate. In cyclamacetato iron complexes the carboxylate group functions
as monodentate ligand and is axially coordinated to
iron.18,19 In the presence of suphate ion, acetic acid and
sodium acetate buffer, both sulphate and acetate ions
can coordinate axially to NiIII L, as inferred from the
analysis of binding constants reported by Meyerstein
and coworkers.4 To understand the observed kinetics,
we have examined the stability of the macrocyclic complexes [NiIII L1 (SO4 )(OAc)] and [NiIII L2 (SO4 )(OAc)],
shown in Figure 1, by analysing the structure and bonding using DFT calculations. The low-spin Ni(III) complexes contain one unpaired electron and have doublet
ground state.
2. Experimental
2.1 Materials
[NiL1 ](ClO4 )2 , and the corresponding [NiL1 (NO3 )2 ]ClO4
complexes were prepared as described previously.20,21 The
UV spectrum of [NiL1 ](ClO4 )2 (ε451 = 48 M−1 cm−1 , ε213 =
12,920 M−1 cm−1 ) in aqueous solution and [NiL1 (NO3 )2]ClO4
(ε296 = 11,400 M−1 cm−1 , ε370 = 5,000 M−1 cm−1 ) in acidic
aqueous solution in the presence of sulphate were recorded.
[NiII L2 ](ClO4 )2 and the corresponding [NiL2 (Br2 )]ClO4 ·
2H2 O complex were prepared as described previously.6,22,23
The UV spectra of [NiL2 ](ClO4 )2 in aqueous solution
(ε444 = 54 M−1 cm−1 , ε205 = 15,300 M−1 cm−1 ) and the
Ni(III) complex in acetonitrile (ε381 = 7500 M−1 cm−1 ,
ε291 = 10,600 M−1 cm−1 ) were taken. ESR spectra of both
Ni(III) complexes in aqueous acidic medium in the presence
of excess sulphate at 77 K were used for characterising the

2

Figure 1. Structure of the complexes studied with the atomic labelling in the macrocyclic and axial ligands.
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complexes. The EPR spectra of the complexes with g⊥ values greater than the g indicate that the Ni(III) are in low spin
state with tetragonally distorted octahedral geometry and that
nickel complexes are no longer square-planar. The Ni(III)
solution was prepared freshly by dissolving the sample in
aqueous acidic solution containing sulphate for stabilizing
the Ni(III). A stock solution of acetic acid was prepared by
dilution of glacial acetic acid (Analar grade) and standardized using sodium hydroxide which in turn was standardized
using potassium hydrogen phthalate. Sodium acetate solution was prepared by weight. The pH was measured with a
Eutech India pH meter. Sodium perchlorate (Loba Chemie,
India) was purchased and used as such to maintain the ionic
strength. A stock solution of copper perchlorate was prepared by neutralizing copper carbonate (0.0091 mol, 2 gram)
with 70% perchloric acid (1.56 mL, 0.018 mol). The resultant
solution was standardized iodometrically.
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basis set. The BP86 functional is found to be suitable to
study transition metal chemistry.8,27,28 We employed the
combination of the resolution of the identity (RI) and the
“chain of spheres exchange” algorithms (RIJCOSX).29 33
The computations were carried out using the ORCA 3.0.3
software.34
We have performed the computations on the complexes 1
and 2 in aqueous medium using the COSMO method35 which
approximates the solvent surrounding the solute molecule
by a dielectric continuum. The third generation dispersion correction with Becke-Johnson damping (D3BJ) was
applied to take into account the dispersion interactions acting in the complexes.36 Nature of the bonding between the
nickel ion and the ligands was analysed using Mayer bond
order.37 The complexes in the gas-phase were also studied
at BP86/def2-TZVP level using the ORCA 3.0.3 software34
and at BP86/TZVP level without inclusion of dispersion
correction by Gaussian software G03W.38

Caution: Compounds containing perchlorate anions must
be regarded as potential explosives and should be handled
with caution.

2.2 Kinetic studies
Kinetics of oxidation of hydrogen peroxide by [NiL1 (SO4 )]+
and [NiL2 (SO4 )]+ were studied under second and ﬁrst order
conditions in the presence of sulphate ion. The ionic strength
was maintained at 0.5 mol dm−3 using sodium perchlorate.
The concentration of [H2 O2 ] was varied from 2.5 × 10−4
to 1 × 10−3 mol dm−3 and the Ni(III) complex concentration was ﬁxed at 5 × 10−5 mol dm−3 . The concentration of
[Cu(II)] was ﬁxed at 1 × 10 −4 and 5 × 10−6 mol dm−3 .
The effect of sulphate on the reaction rate was studied by
varying its concentration at 0.01 and 0.02 mol dm−3 . The
pH dependence on the reaction rate was studied by varying the pH between 3.6–5.6 using acetic acid and sodium
acetate buffer. Absorbance changes with time were measured
using a UV-Visible recording spectrophotometer (Shimadzu
UV-1601). Decrease in absorbance of LMCT band of Ni(III)
was followed at 350 nm. The observed rate constant kobs
was calculated from the slopes of the linear regression plots
of ln{1+(Yo –Y∞ )o /(Yt –Y∞ )[A]o } (where o = a[Bo ]–
b[Ao ], Ao and Bo are initial concentrations of oxidant and
reductant, respectively) against time for second order and
ln(Yt –Y∞ ) against time for ﬁrst order conditions.24 Yo
and Y∞ denote the initial and ﬁnal absorbance of the oxidant
and Yt is the absorbance at time t.

2.3 Computational aspects
The nature of bonding in the low-spin nickel complexes, 1
[NiIII L1 (SO4 )(OAc)] and 2 [NiIII L2 (SO4 )(OAc)], were investigated using DFT computations. We studied the above complexes by complete structural optimization with the BP86
functional25 using Aldrich’s extended Triple zeta valence
basis set def2-TZVP26 including the auxiliary def2-TZVP/J

3. Results and Discussion
The stability and redox properties of Ni(III) macrocyclic complexes, [NiIII L1 ] and [NiIII L2 ] by reaction of
trivalent metal complexes with hydrogen peroxide in
aqueous acidic medium in the pH range of 1–2.5 were
studied earlier.7,8 In highly acidic medium, oxidation
of hydrogen peroxide by [NiIII L] was found to be very
slow and complicated by the ligand oxidation. The peroxy anion, HO−2 , formed by dissociation of hydrogen
peroxide (eq. 1) may react with metal complex to form
a stable oxidant [NiIII LHO−2 ].
Ka

H2 O2  H+ + HO−2

(1)

The complexes are stabilized in presence of sulphate in
perchloric acid medium. In sulphate medium, [NiIII L]
exist as sulphato-complex according to the equation (2)
Kf

III
+
[NiIII L]3+ + SO2−
4  [Ni LSO4 ]

(2)

The metal centred redox reaction takes place in preference to the ligand oxidation in presence of copper ion.
On comparing the rate of oxidation of both NiIII complexes in presence of sulphate in the pH range 1–2.5,
[NiIII L2 ] show higher rate constant even with twice the
concentration of sulphate than the [NiIII L1 ] (Table 1).8
In the present work, the kinetics was followed in the
pH range 3.6 to 5.6 in the presence of higher sulphate
(0.01–0.02 mol dm−3 ) concentration in order to study
the effect of pH on the rate of the reaction.
At higher pH, the decomposition via HO−2 is the
preferable path. Since most of the reactions involving
hydrogen peroxide are carried out at higher pH (pH
> 5), HO−2 plays an important role and is responsible
for the decomposition of H2 O2 . Interaction of [Cu(II)]
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Table 1. Comparison of rate constants of Ni(III) complexes at various pH. [NiIII L] = 5 × 10−5
mol dm−3 ; [H2 O2 ] = 2.50 × 10−5 mol dm−3 ; [Cu(II)] = 1 × 10−4 mol dm−3 ; T = 25◦ C; I = 0.50
mol dm−3 (NaClO4 ); pH = 1–2.5 - perchloric acid medium; pH = 3.6–5.6 - acetate buffer.
pH
1.0
1.5
2.0
2.5
3.6
4.6
5.0
5.6

[NiIII L1 ]
[Na2 SO4 ]/mol dm−3
K / dm3 mol−1 s−1
0.0027
0.002
0.002
0.002
0.01
0.01
0.01
0.01

17.0 ± 0.02
26.5 ± 0.03
36.0 ± 0.03
104 ± 0.01
60.5 ± 0.07
87.1 ± 0.08
110 ± 0.05
221 ± 0.02

[NiIII L2 ]
[Na2 SO4 ]/mol dm−3
K /dm3 mol−1 s−1
0.005
0.005
0.005
0.005
0.01
0.01
0.01
0.01

20.3 ± 0.02
41.5 ± 0.01
60.0 ± 0.01
160 ± 0.03
52.1 ± 0.05
65.0 ± 0.05
78.0 ± 0.05
134 ± 0.01

with [NiIII L2 ] complexes in aqueous acidic condition
was ruled out.7 In aqueous acidic medium, formation
and successive
of highly labile species CuI H2 O•+
2
electron transfer reaction with [NiIII L] is given by rate
equations 3 and 4. For the sake of clarity, the tetra-aza
(L1 ) and hexa-aza (L2 ) macrocyclic ligands are generalised and denoted as L in the rate equations. Further, the acetate and sulphate ligands are not explicitly
shown.
K1

CuII + H2 O2  CuI H2 O•+
2

(3)

k1

II
II
•+
(4)
[NiIII L]+ + CuI H2 O•+
2 −→ [Ni L] + Cu + H2 O2

The peroxy anion (HO−2 ) may react with Cu(II)
(eq. 5) and the [CuII HO−2 ] or [CuI HO•2 ] reacts with
[NiIII L(SO4 )]+ . The rate equation for the Cu(II) ionpromoted peroxy anion may be given by the Equation
(6).
K2

CuII + HO−2  CuI HO•2
k2

[NiIII L]+ + CuI HO•2 −→ [NiII L] + CuII + HO•2

Figure 2. Plot of k against 1/[H+ ]; T = 25◦ C; [H2 O2 ] =
2.50 × 10−4 mol dm−3 ; [NiIII L1 ] = 5 × 10−5 mol dm−3 ; I
= 0.50 mol dm−3 (NaClO4 ); [Na2 SO4 ] = 0.02 mol dm−3 −
[Cu(II)]/mol dm−3 :  - 5 × 10−6 &  - 1 × 10−4 ; [Na2 SO4 ]
= 0.01 mol dm−3 – [Cu(II)] / mol dm−3 :  - 5 × 10−6 &
 - 1 × 10−4.

(5)
(6)

The rate expression for the oxidation of H2 O2 by
[NiIII L] may be displayed by the following steps:
−d[NiIII L]
= k1 K1 [NiIII L][H2 O2 ][CuII ]
2dt
+ k2 K2 Ka [NiIII L][H2 O2 ][CuII ]/[H+ ] (7)
(8)
k = k1 K1 [CuII ] + k2 K2 Ka [CuII ]/[H+ ]
+
(9)
k = ka + Ka kb /[H ])
The rate constants displayed an inverse acid dependence as shown in Figures 2 and 3 and Table 2. In
the rate law equation (9), ka (= k1 K1 [CuII ]) and kb Ka
(kb = k2 K2 [CuII ]) were obtained from the intercept
and slope, respectively, of the plot of k against [H+ ]−1 .
We observed that rate of oxidation of hydrogen peroxide is almost similar at pH 3.6 for both the complexes
and varies signiﬁcantly at higher pH (Tables 1 and 2).

Figure 3. Plot of k against 1/[H+ ]; T = 25◦ C; [H2 O2 ] =
2.50 × 10−4 mol dm−3 ; [NiIII L2 ] = 5 × 10−5 mol dm−3 ; I
= 0.50 mol dm−3 (NaClO4 ); [Na2 SO4 ] = 0.02 mol dm−3 –
[Cu(II)]/mol dm−3 :  - 5 × 10−6 &  - 1 × 10−4 ; [Na2 SO4 ]
= 0.01 mol dm−3 – [Cu(II)]/mol dm−3 :  - 5 × 10−6 &  - 1
× 10−4 .

Above pH 3.6, the rate constant for [NiIII L1 ] was found
to increase when compared with that of [NiIII L2 ] at the
same reaction condition.
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Table 2. Dependence of rate on [Cu(II)] and [Na2 SO4 ] at various pH. [NiIII L] = 5 × 10−5 mol dm−3 ; [H2 O2 ] = 2.50 ×
10−5 mol dm−3 ; T = 25◦ C; I = 0.50 mol dm−3 (NaClO4 ).
pH

[Na2 SO4 ]/
mol dm−3

[Cu(II)]/
mol dm−3

[NiIII L1 ]
K /dm mol s

3.6

0.01

5 × 10−6
1 × 10−4
5 × 10−6
1 × 10−4
5 × 10−6
1 × 10−4
5 × 10−6
1 × 10−4
5 × 10−6
1 × 10−4
5 × 10−6
1 × 10−4
5 × 10−6
1 × 10−4
5 × 10−6
1 × 10−4

34.2 ± 0.04 (36.4)
60.5 ± 0.07 (67.1)
21.9 ± 0.06 (27.5)
39.0 ± 0.07 (46.1)
62.1 ± 0.08 (52.1)
87.1 ± 0.08(81.6)
42.9 ± 0.04 (40.4)
67.3 ± 0.07 (61.2)
80.3 ± 0.04 (77.3)
110 ± 0.05 (106)
65.7 ± 0.05 (61.2)
88.4 ± 0.04 (86.3)
202 ± 0.01 (203)
221 ± 0.02 (222)
165 ± 0.02 (166)
210 ± 0.02 (211)

0.02
4.6

0.01
0.02

5.0

0.01
0.02

5.6

0.01
0.02



3

−1 −1

+

kb Ka /[H ]
1.68
1.56
1.40
1.67
16.8
15.6
14.0
16.7
42.3
39.1
35.2
41.9
168
156
140
167

[NiIII L2 ]
k /dm mol s


3

−1 −1

41.4 ± 0.04 (45.6)
52.1 ± 0.05 (56.0)
24.8 ± 0.05 (28.5)
38.5 ± 0.04 (41.5)
55.7 ± 0.04 (52.9)
65.0 ± 0.05 (63.1)
38.2 ± 0.04 (35.3)
50.7 ± 0.03 (48.6)
67.3 ± 0.02 (65.1)
78.0 ± 0.05 (75.1)
48.3 ± 0.03 (46.9)
62.0 ± 0.03 (60.6)
124 ± 0.02 (125)
134 ± 0.01 (134)
103 ± 0.01 (103)
119 ± 0.01 (119)

kb Ka /[H+ ]
0.80
0.79
0.76
0.79
8.04
7.93
7.60
7.88
20.2
19.9
19.1
19.8
80.4
79.3
80.4
78.8

Note: Numbers in parentheses are values calculated by use of equation (9).

This trend is just opposite to that observed for
lower pH 1–2.5 (Table 1). Above pH 5, the inﬂuence of Cu(II) was studied by carrying out the oxidation of hydrogen peroxide by [NiIII L1 ] complex at
pH 5.6 and sulphate concentration of 0.01 mol dm−3 ,
in the absence of Cu(II). We found that the rate
constant was 170 dm3 mol−1 s−1 which is less than
that of the same reaction in the presence of Cu(II)
(Table 2).

3.1 Structure and Bonding in the Ni(III) macrocyclic
complexes [NiIIIL1 (SO4)(OAc)] and [NiIII L2 (SO4 )(OAc)]
Figures 4 and 5 show the optimized geometries of the
complexes 1 and 2, as predicted by the BP86/def2TZVP calculations in aqueous medium and gas phase,
respectively.
For clarity, we have omitted the hydrogen atoms
other than the ones involved in hydrogen bonding. The

Figure 4. BP86/def2-TZVP optimzed geometries of Ni(III) acetate complexes 1 and
2 in aqueous medium. Hydrogen atoms forming hydrogen bonds alone are shown for
clarity. Hydrogen bonds are denoted by dotted lines. Hydrogen bond lengths in Å and
hydrogen bond angles in degrees (inside parenthesis) are given. The coordinate bonds
are marked in green along with their bond lengths. The axial coordinate bond lengths
are in bold and the corresponding covalent bond orders are given inside square brackets
in italics. Color code for atoms: H – white; C – grey; N – blue; O – red; S – yellow;
Ni – purple.
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Figure 5. BP86/def2-TZVP optimzed geometries of Ni(III) acetate complexes 1 and
2 in gas-phase. Hydrogen atoms forming hydrogen bonds alone are shown for clarity.
Hydrogen bonds are denoted by dotted lines. Hydrogen bond lengths in Å and hydrogen bond angles in degrees (inside parenthesis) are given. The coordinate bonds are
marked in green along with their bond lengths. The axial coordinate bond lengths are
in bold and the corresponding covalent bond orders are given inside square brackets
in italics. Color code for atoms: H – white; C – grey; N – blue; O – red; S – yellow;
Ni – purple.

complete optimized geometries in the aqueous medium
are given in Supporting Information (Figure S1). The
present structural optimization reveals that the macrocyclic ligands L1 and L2 adopt trans-III conﬁguration as observed earlier.8 Selected bond lengths, bond
angles and dihedral angles for the above octahedral
complexes are given in Table 3. The DFT study predicts NiIII –N equatorial bond lengths of 1.983–1.987
Å in the Ni cyclam complex 1 [NiIII L1 (SO4 )(OAc)].
These bond lengths are similar to the values of
1.977–1.996 Å predicted in the corresponding aqua
complex [NiIII L1 (SO4 )(H2 O)]+ at the same computational level.8 In the hexa-aza macrocyclic complex
2 [NiIII L2 (SO4 )(OAc)], the NiIII –N bond lengths are
shortened by about 0.01 Å and are in the range
1.968–1.979 Å. The above equatorial Ni–N coordinate bond lengths agree closely with the mean equatorial Ni–N distance of 1.973 ± 0.006 Å observed in
[NiIII L1 (NO3 )2 ]+ .21 Though the Ni–N bond lengths in
2 are shorter than that in 1 by about 0.01 Å, the computed covalent bond orders of the equatorial bonds are
very similar in both complexes 1 and 2. Table 3 shows
that the equatorial Ni–N coordinate bonds in 1 and 2
exhibit covalent bond order in the range 0.61–0.69. The
axial Ni–O bond lengths involving the sulphate ligands
are 2.154 and 2.168 Å, respectively, in complexes 1 and
2 while the corresponding Ni–O bond lengths between
the axial acetate ligand and Ni(III) are 2.125 and 2.121
Å. The signiﬁcant shortening of ∼0.03 and 0.05 Å in

the axial Ni–O bond lengths in the case of the acetate
ligand reveals that the coordinate bond between acetate
ligand and Ni(III) is stronger than that between the sulphate and Ni(III) in the aqueous medium. This is substantiated by the computed covalent bond orders 0.46
and 0.47 for the acetate ligand in [NiIII L1 (SO4 )(OAc)]
and [NiIII L2 (SO4 )(OAc)], respectively, whereas the corresponding bond orders for the sulphate ligand are
0.41 and 0.39. The predicted Ni–O(acetate) axial bond
lengths in 1 and 2 are about 0.02 Å longer than the corresponding observed length of 2.106 Å in the crystal
structure of [NiII L1 (OAc)2 ]· H2 O.2 It is seen that in the
complexes under study the axial bonds have covalent
bond orders < 0.5. Similar observation was made earlier in some octahedral complexes and other transition
metal complexes.8,39 42
Though the present analysis reveals that the acetate
anion is more strongly bound to the Ni(III) than the sulphate anion in the aqueous medium, the gas-phase calculations show the reverse trend (Table 3 and Figure 5).
In the gas-phase, the Ni-sulphate coordinate bonds have
bond orders of 0.52 and 0.50 in 1 and 2, respectively,
while the bond orders are 0.40 and 0.41 for the corresponding Ni-acetate bonds (Table 3 and Figure 5).
The Frontier Molecular orbitals in 1 and 2 as obtained
by gas-phase BP87/TZVP calculation are depicted in
Figures 6 and 7. The presence of the two hydroxy ethyl
groups in the tetra-aza complex 2, has raised the highest
occupied MO (HOMO) energy and lowered the lowest

Study of behaviour of Ni(III) macrocyclic complexes

199

Table 3. Selected structural parameters in the complexes 1 and 2 in aqueous medium optimized at
BP86/def2-TZVP level. The values inside parentheses in italics correspond to covalent bond orders.
Parameter

1

Aqueous medium-COSMO
2

1

Gas-phase
2

Bond lengths in Å (bond orders)
Ni-N1
1.984 (0.68)
Ni-N2
1.987 (0.67)
Ni-N3
1.983 (0.69)
Ni-N4
1.987 (0.61)
Ni-O1
2.125 (0.46)
Ni-O3
2.154 (0.41)
N1-N2
2.890
N3-N4
2.909
N2-N3
2.715
N1-N4
2.712

1.971 (0.69)
1.979 (0.68)
1.968 (0.69)
1.976 (0.62)
2.121 (0.47)
2.168 (0.39)
2.865
2.906
2.698
2.690

1.978 (0.66)
2.004 (0.65)
1.962 (0.71)
2.014 (0.56)
2.171 (0.40)
2.088 (0.52)
2.896
2.915
2.711
2.725

1.966 (0.66)
1.992 (0.65)
1.953 (0.71)
1.997 (0.59)
2.174 (0.41)
2.099 (0.50)
2.882
2.900
2.697
2.700

Hydrogen bond lengths in Å (bond orders)
O3-HN1
1.699 (0.17)
O4-HN3
1.674 (0.15)
O4-HO8
–
O6-HC2
2.327
O6-HC3
2.362

1.698 (0.16)
1.725 (0.12)
1.826 (0.10)
2.204
–

1.652 (0.19)
1.471 (0.27)
–
2.157
2.145

1.654 (0.19)
1.558 (0.21)
1.984
2.041
2.277

Bond angles and dihedral angles (◦ )
N1-Ni-N2
93.4
N3-Ni-N4
94.2
N2-Ni-N3
86.3
N4-Ni-N1
86.1
N1-N2-N3
90.1
N1-N2-N3-N4
–0.4
Ni-N1-N2-N3
0.5

93.0
94.9
86.3
85.9
90.1
–1.1
0.7

93.3
94.3
86.3
86.1
89.2
–0.5
0.6

93.5
94.5
86.2
85.9
89.2
–1.3
0.7

Figure 6. Frontier Molecular Orbitals and the energies of
the α -spin MOs (in eV) of [NiIII L1 (SO4 )(OAc)]].

Figure 7. Frontier Molecular Orbitals and the energies of
the α-spin MOs (in eV) of [NiIII L2 (SO4 )(OAc)]].

unoccupied MO (LUMO) energy. It is seen that the
HOMO and HOMO-1 have small energy difference of
about 0.2 eV in 1 and 2.
Both these occupied MO’s have dominant contribution from the sulphate oxygen atoms and it is observed
that the there is a reversal of order in the two complexes.
Thus, the HOMO in 1 and HOMO-1 in 2 have identical

nature. The LUMO is delocalized over the coordinating
nitrogen atoms of the macrocyclic ligand and the Nickel
atom in both the complexes.
In addition to the formation of axial coordinate bonds
in 1 and 2, the acetate and sulphate ligands also form
hydrogen bond (H-bond) with the macrocyclic ligand
L. Thus, the acetate oxygen labelled O2 in Figure 1
forms H-bond with the secondary hydrogen, N1 H, of
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L. Similarly, the sulphate oxygen O4 (Figure 1) forms
H-bond with the hydrogen of N3 H. These hydrogen
bonds, depicted in Figure 4 with dotted lines, have
short lengths in the range 1.674–1.725 Å and H-bond
angles in the range of 163–172◦ , and these are strong Hbonds.43 These H-bonds have signiﬁcant covalent character as reﬂected by the Meyers bond order in the range
0.12–0.17 (Table 3). Besides the above H-bonds that
are common in both complexes 1 and 2, an additional
H-bond is formed in 2 due to the presence of pendant hydroxyethyl group bonded to the tertiary nitrogen atom N6 . The hydrogen of this OH forms H-bond
with the sulphate oxygen O4 having a length 1.826 Å
and H-bond angle 159.7◦ . This H-bond also has signiﬁcant covalent bond order of 0.10 and is strong. We have
also identiﬁed two weak hydrogen bonds (O6 . . . HC2
and O6 . . .HC3 ) between the oxygen atom O6 of sulphate and the CH hydrogens of L1 in 1 as shown in
Figure 3. However, in 2 only one weak H-bond
O6 . . . HC2 is formed.
Though the formation of coordinate bond and Hbond by the axial acetate as well as sulphate ligands
described above is similar in the complexes 1 and 2,
we have observed different trends in the reaction kinetics at various pH (Table 1). It is of interest to compare that our earlier study on [NiL1 (SO4 )(H2 O)]+ at
the same computational level showed that the aqua
ligand is coordinated to Ni(III) with Ni–O covalent bond order of 0.24 while in the corresponding
hexa-aza macrocyclic complex, the water molecule
forms only weak hydrogen bonds with L2 forming a
hydrated complex [NiIII L2 (SO4 )]+ .(H2 O).8 The weak
bonding of water in [NiIII L2 (SO4 )]+ .(H2 O) explains
its faster . kinetics towards hydrogen peroxide oxidation as compared to [NiIII L1 (SO4 )(H2 O)]+ . In contrast, the present study reveals that the acetate ligand is axially coordinated in both [NiIII L1 (SO4 )(OAc)]
and [NiIII L2 (SO4 )(OAc)] with similar bond strength.
The DFT study reveals that the coordinate bonds
between Ni(III) and the equatorial as well as axial ligands in [NiIII L1 (SO4 )(OAc)] and [NiIII L2 (SO4 )(OAc)]
are very similar. The presence of the strong H-bond
between the sulphate and the pendant OH of L2
confers additional stability to [NiIII L2 (SO4 )(OAc)] as
compared to [NiIII L1 (SO4 )(OAc)]. This explains the
observed faster rate of oxidation of hydrogen peroxide
by [NiIII L1 (SO4 )(OAc)].
It was pointed out that upon one-electron oxidation or reduction of the complexes of the type
[FeII Cl(cyclam-OAc)], the O-coordinated carboxylate
would not dissociate.18 Thus, the stability and hence
the reactivity of the Ni(III) complexes can be reviewed
on the basis of acidity of hydrogen bound to the secondary nitrogen of macrocylic ligands. In both [NiIII L]

complexes, hydrogen bonding is formed between secondary hydrogen of L and oxygen of acetate and sulphate ligands. It was reported that in perchlorate media
above pH 2, [NiIII (L1 )(H2 O)2 ]3+ decomposes rapidly
via [Ni(L1 )(OH)(H2 O)] and very short-lived pink solution probably containing NiIII L(OH)2+ or NiIII L was
formed.44 On quenching with an acidic sulphate solution yielded NiIII L(SO4 )2− . On the other hand, [NiIII L2 ]
complexes do not show dehydrogenation of macrocyclic ligand even in basic medium.23 In our previous
reports, we studied the oxidation of Ni(II) macrocylic
complexes by hydrogen peroxide and t-Butyl hydroperoxide in detail.7,8 When [NiII L1 ] reacts with H2 O2 ,
oxidation of macrocylic ring takes place by the abstraction of hydrogen atom of secondary nitrogen by • OH.
The reaction leads to the formation of tetraene form of
dimer by the removal of an α-hydrogen. In the case
of NiII L2 , the α-position is strained due to the uncoordinated bridge head nitrogen with hydroxyl ethyl
substituent so that it forms only diene. From these
results, we suggest that the lower acidity of secondary
hydrogens of hexa-aza macrocylic ligand and H-bond
formation between pendent –OH group of hexa-aza
macrocylic ligand and sulphato oxygen play an effective role in the stabilization of the [NiIII L2 ] complex
at pH > 3. Thus, this study explains the stability of
[NiIII L2 ] complex at higher pH.

4. Conclusions
The effect of axial acetate ligand in stabilising Ni(III)
tetra-aza and hexa-aza complexes is studied by carrying
out oxidation of hydrogen peroxide in aqueous medium.
The reaction was catalysed by Cu(II) to retard the ligand oxidation. The rate of decomposition of hydrogen peroxide by [NiIII L1 (SO4 )(OAc)] is faster than that
by [NiIII L2 (SO4 )(OAc)]. The DFT study shows that
the acetate anion coordination to Ni(III) is stronger
than that of the sulphate ligand in aqueous medium as
revealed by the computed Ni–O(OAc) and Ni–O(SO4 )
covalent bond orders. The gas-phase calculations also
show that both sulphate and acetate are axially coordinated in [NiIII L1 (SO4 )(OAc)] and [NiIII L2 (SO4 )(OAc)].
However, in the gas-phase, the sulphate ligand is predicted to be stronger than the acetate ligand. The
stability of [NiIII L2 ] in pH > 3 is due to the uncoordinated bridge head nitrogen providing more strain
in the α-position and the formation of hydrogen bond
between pendent –OH of macrocyclic ligand and sulphato oxygen. This study again provides experimental
support to the fact that the hydroxyl groups in [NiIII L2 ]
are inert in basic medium.

Study of behaviour of Ni(III) macrocyclic complexes

Supplementary Information (SI)
The complete optimized geometries of Ni(III) macrocyclic
complexes, 1 [NiIII L1 (SO4 )(OAc)] and 2 [NiIII L2 (SO4 )
(OAc)] (Figure S1), Cartesian Coordinates (in Å) of BP86/
def2-TZVP optimized geometries and BP86/TZVP gas-phase
optimized Cartesian coordinates are available at www.ias.ac.
in/chemsci.
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