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Abstract. Cu(Il) ion catalyzed kinetics of oxidation of H,O, by Ni"L,] (L, = 1,8-bis(2-hydroxyethyl)-
1,3,6,8,10,13-hexaazacyclotetradecane) was studied in aqueous acidic medium in the presence of sulphate ion.
The rate of oxidation of H,O, by [Ni'"L,] is faster than that by [Ni"'L,] (L, = 1,4,8,11-tetraazacyclote-
tradecane) in sulphate medium. DFT calculations at BP86/def2-TZVP level lead to different modes of bonding
between [NiL]"™™ and water ligands (L = L; and L,). In aqueous medium, two water molecules interact with
[NiL]" through weak hydrogen bonds with L and are tilted by ~23° from the vertical axis forming the dihy-
drate [NiL]*t.2H,0. However, there is coordinate bond formation between [NiL;]™ and two water molecules
in aqueous medium and an aqua and a sulphato ligand in sulphate medium leading to the octahedral complexes
[NiL,(H»0),]*>* and [NiL;(SO4)(H,0)]*. In the analogous [NiL,]™, the water molecules are bound by hydro-
gen bonds resulting in [NiL,]**.2H,0 and [NiL,(SO4)]*.H,O. As the sulphato complex [NiL,(SO4)]*.H,0
is less stable than [NiL;(SO4)(H,0)]" in view of the weak H-bonding interactions in the former it can react
faster. Thus the difference in the mode of bonding between Ni(IIl) and the water ligand can explain the rate of

oxidation of H,O, by [Ni™L] complexes.
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1. Introduction

Ni(Il) complexes are useful model systems to
explore the properties of nickel containing enzymes.!
The complexes [Ni''L;] and [Ni''L,], where L, =1,4,8,
11-tetraazacyclotetradecane (cyclam), are thermody-
namically very stable species.>* High spin Ni(II)
macrocyclic complexes with two axially coordinated
aqua ligands have been -characterized in -earlier
studies.”'? In these high spin triplet state complexes,
the axial ligands are elongated and act as hydrogen
bond donors or acceptors through inter / intramolec-
ular fashion. Fabbrizzi et al.'*" reported that the
nickel cyclam complex [Ni''L,] existed in aqueous solu-
tion as an equilibrium mixture of high-spin diaquo
octahedral species [NiL;(H,0),]*" and low-spin dia-
magnetic square planar species. Addition of NaClO,
led to the isolation of the low-spin square-planar
species [Ni'L;](ClO,),."® The X-ray crystallography
and single crystal vis-absorption spectrum of frans-[Ni

*For correspondence

Ni(IIT) macrocyclic complexes; kinetics; density functional theory; BP86; def2-TZVP; hydrogen

(OH,),(cyclam)]Cl,.4H,0O show that two water mole-
cules axially coordinate to the central Ni(Il) ion in
the high-spin state.’ The average Ni-N and Ni-O bond
lengths in the above octahedral geometry are 2.069 and
2.176 A respectively.” Hydrogen bond net work from
the hydrated water molecules and the uncoordinated
chlorine atoms in the above complex plays a role in
stabilizing the coordination of the two axial aqua lig-
ands to the central Ni(II) ion.” Ito et al. reported that in
aqueous solutions or solutions of organic solvents con-
taining water, hydrations take place around N-H groups
in the macrocyclic ligand.'” In the complex [Ni(meso-
Meg[14]aneN,)]Cl,.2H,0 coordination of water as well
as chloride ion is prevented in the aqueous medium due
to specific hydrogen-bond effect which results in low-
spin four coordinate complex.!” Axially coordinated
Ni(IIT) complexes exist in the low spin state with one
unpaired electron as evidenced by magnetic moment
and EPR measurements.'®

Ni(III) complexes play important role in cat-
alytic oxidation reactions.®>* Redox reactions of
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nickel(II/IIT) macrocyclic complexes still continue to
be a subject of interest. Gore and Busch reported that
axial coordination of simple ligands stabilizes Ni(III)
complexes dramatically.'® The stability of Ni(III) aza-
macrocyclic complexes in solutions is influenced by
pH, nature of solvent, the type of anion apically coor-
dinated to the Ni(IIl) centre and the structure of the
complex. Meyerstein and coworkers have shown that
simple inorganic anions coordinated axially to the Ni
centre stabilize the Ni(IIl) oxidation state in com-
plexes with 14-membered N4 macrocyclic ligands.?>~%
Organic ligands such as the aromatic carboxylates
form intra/intermolecular hydrogen bonding interac-
tions with Ni cyclam complexes and function as good
candidates for the construction of multi-dimensional
coordination polymers.'12:39-32 Zilbermann et al.**
studied the stabilization of Ni(Ill) in 1,8-dimethyl-
1,3,6,8,10,13-hexaazacyclotetradecane by axial binding
of anions in neutral aqueous solutions.

We have recently reported the kinetics of catalytic
oxidation of hydrogen peroxide by Ni(Ill) tetra-aza
macrocycle in acidic aqueous solution.** The reduction
of metal centre was complicated by the simultaneous
ligand oxidation by hydrogen peroxide. The [Ni''L,;] to
[Ni"L,] reduction was found to be faster in presence of
Cu(Il) ion than the oxidation of cyclam ligand by *OH
in aqueous acidic medium. The presence of sulphate
retards oxidation of H,O, due to the stabilization of
[Ni™L,] by forming [NiL,(H,0)(SO,)]". The rate con-
stant for the reaction [NiL,(H,O)(SO,)]" / H,O, at pH
1 was calculated as 17 dm*mol~!s™! in the presence
of sulphate concentration of 0.002 mol dm~>. In the
present paper, we report the copper catalysed oxidation
of hydrogen peroxide by Ni(IlI) hexa-aza macrocycle,
[Ni"'L,] (L, = 1,8-bis(2-hydroxyethyl)-1,3,6,8,10,13-
hexaazacyclotetradecane) in acidic aqueous solution in
the presence of excess sulphate. The rate constant for
the hydrogen peroxide oxidation is higher in [Ni''L,]
than that in [Ni"™'L, ]. This observation has initiated us to
study the nature of bonding in these complexes in
aqueous and sulphato medium by DFT calculations.
The structure of the ligands L, and L, is shown in
scheme 1.

NH HN yau NH
HOH,CH,C — N
Co) N
\_/ \_/

L,

Scheme 1.
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The Ni(IIl) species with axial coordination of the
solvent or counter-ions possess elongated geometry
as confirmed by hyperfine interactions.?>? The trica-
tionic Ni(Ill)-aza-macrocyclic complexes are consid-
ered to exist as [NiL(H,0),]** and [NiL(H,O)(SO,) ]+
in aqueous and sulphato medium respectively.?’ Though
[Ni(cyclam)]** was synthesized and its crystal structure
was rationalised,® the structure of the trivalent com-
plexes [NiL(H,0),]** and [NiL(H,0)(SO,)]* (L =L,
and L,) were not studied so far.

In the present study, we have examined the structure
and bonding of [Ni"L] in aqueous medium and [Ni'L]
in aqueous and sulphato medium by Density Functional
Theory (DFT) computations. Although the existence of
equilibrium between high and low spin [Ni"L] in aque-
ous medium under different conditions is examined in
earlier studies,®~!7 in the presence of perchlorate it was
found to exist in the low-spin form.!®-3® The electronic
spectra of [Ni"L] complexes in aqueous medium show
absorption band with A, = 444 nm which corresponds
to low spin square planar complex.’’-*® Therefore, in
the present study we have investigated the electronic
and geometric structures of the low-spin [Ni'L] com-
plexes in aqueous medium. We have studied the closed-
shell singlet state with all paired electrons that results in
the diamagnetic system. The [Ni''L] complexes possess
one unpaired electron and are in the doublet state.'® The
bonding between the Ni ion and water/sulphato ligand
was investigated by orienting the water/sulphato ligand
in the axial positon initially and subjecting it to com-
plete structural optimization. At the optimized geome-
tries, the nature of bonding between the Nickel ion and
the ligands were examined. The correlation between
the bonding mode and reactivity of the [Ni''L] com-
plexes in aqueous and sulphato medium is reported in
the present work.

2. Experimental
2.1 Materials and reagents

[Ni"L,](C10,), and the corresponding [NiL,(Br,)]
Cl04.2H,0 complexes were prepared as described

HN—\

N — CH,CH,OH

L,

Structure of the macrocyclic ligands.
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earlier.**373° The UV spectrum of [NiL,](ClO,), in
aqueous solution (g4 = 54 M~ cm™!, £505 = 15,300
M~ cm™"), Ni(IIl) complex in acetonitrile (35, = 7500
M~ em™!, ey = 10,600 M~' cm™!) and the ESR
spectrum in aqueous acidic medium in the presence
of excess sulphate at 77K were used for characteris-
ing the complex. The [Ni'L,] solution was prepared
freshly by dissolving the sample in aqueous acidic solu-
tion containing sulphate. A stock solution of perchlo-
ric acid was prepared and was standardised by titration
with potassium hydrogen phthalate. The pH was mea-
sured with a Eutech India pH meter. Sodium perchlo-
rate (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 mole, 2 gram) with 70% perchloric
acid (1.56 ml, 0.018 mole). The resultant solution was
standardized iodometrically.

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

2.2 Computational

The molecular structures and bonding in the low-
spin nickel complexes [Ni'L] in aqueous medium
and [Ni"'L] in aqueous and sulphato medium (L=L,
and L,) were investigated using DFT computations.
The complexes are represented as 1 Ni'L;(H,0),, 2
Ni"'L;(H,0),, 3 Ni"'L,(SO,)(H,0), 4 Ni"L,(H,0),,
5 NiHILz(Hzo)z, and 6 NiHILz(SO4)(H20). We per-
formed complete structural optimization with the
BP86 functional*’ using Aldrich’s extended Triple zeta
valence basis set def2-TZVP* including the auxiliary
def2-TZVP/] basis set. The BP86 functional yields reli-
able results in transition metal chemistry.** The def2-
TZVP basis set includes valence triple-zeta plus 1p
polarisation (TZVP) for hydrogen and additional polar-
ization function on the main group elements (TZVPP)
and this basis is expected to yield accurate results.*! To
enhance the efficiency of the calculations, the combina-
tion of the resolution of the identity (RI) and the “chain
of spheres exchange” algorithms (RIJCOSX)*~* were
employed. The computations were carried out using the
ORCA 3.0.0 software.*

The role of aqueous medium was studied using
the “COnductor-like Screening MOdel” (COSMO)
method® which approximates the solvent surrounding
the solute molecule by a dielectric continuum. The elec-
trostatic interaction between the solute molecule and
the solvent medium with permittivity e is calculated
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using the polarized continuum model (PCM). The non-
covalent dispersion interactions acting in the complexes
were computed by the third generation dispersion cor-
rection (D3) developed by Grimme et al. including the
Becke-Johnson damping (D3BJ) method.>!->? Covalent
bond orders obtained by Mayer population analysis™
were used to examine the bonding between the nickel
ion and the ligand. The complexes were also studied
in the gas-phase at BP86/def2-TZVP level using the
ORCA software* and at B3LYP/6-31+G* level>* using
the Gaussian software.>

2.3 Kinetic studies

Kinetics of oxidation of hydrogen peroxide by
[NiL,(SO,4)]" under first and second order conditions
were carried out in the presence of sulphate ion. Ionic
strength was maintained at 0.5 mol dm~2 using sodium
perchlorate. The concentration of H,O, was varied from
2.5 x 107*to 1 x 107 mol dm~ and the Ni(IIl) com-
plex concentration was fixed at 5 x 107> mol dm™3.
The concentration of [Cu(Il)] was fixed at 1 x 10~
mol dm~3. Sulphate concentration of 0.005 mol dm~>
was used to stabilize the complex in aqueous medium.
The pH dependence on the reaction rate was studied
by varying the pH between 1 and 2.5, using perchlo-
ric acid. Absorbance changes with time were measured
using a ‘Shimadzu” UV-Visible recording spectropho-
tometer (UV-1601). Decrease in absorbance of LMCT
band of Ni(IIT) was followed at 350 nm. The observed
rate constant k.,s was calculated from the slopes of
the linear regression plots of In{1+4+(Y,-Y)A /(Y-
Yo)[Al} (where A, = a[B.] - b[A,]; [A.] and [B,] are
initial concentrations of oxidant and reductant respec-
tively) against time for second order and In(Y.-Y,)
against time for first order conditions.’® Y, and Y,
denote the initial and final absorbance of the oxidant
and Y, is the absorbance at time t.

3. Results and Discussion

In order to examine the redox behaviour of [Ni''L,],
sulphate concentration of 0.005 mol dm~* was main-
tained in the pH range 1 < pH < 2.5. In sulphate
medium,”’ [Ni''L,] exist as sulphato-complex accord-
ing to the Equation (1)

K
[NI"L,]" 4507 <——= [Ni"L,S0,]"

Negligible intercepts are reported in [M(bipy);]** /
H,O, (where M = Ni, Fe, Ru) reaction in acidic
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solution.”® With [Ni(tacn);]**, HO; is the only redox-
active species and reduction occurs only at metal centre
and not at the ligand.” Kinetic measurements of oxida-
tion of hydrogen peroxide by [Ni''L,(SO,)] was found
to be complicated and the uncatalysed reaction may
involve ligand oxidation similar to [Ni"'L;(SO,)].** The
peroxy anion, HO;, formed by dissociation of hydro-
gen peroxide (eq. 2) may react with metal complex to
form a stable oxidant [Ni'"'L,HO; ].

Ka
HzOz T H* + HOZ_ (2)

The metal centred reduction reaction was substanti-
ated in presence of Cu(Il) ion. Most of the reac-
tions involving hydrogen peroxide are carried out at
higher pH (pH > 5) and HO; is responsible for the
decomposition of H,O,. The oxidation of H,0, by
Cu(II) is more favourable in alkaline medium and the
rate of decomposition of H,O, by Cu(ll) ion alone
at low pH is considered negligible when compared
with the decomposition of H,O, by Ni(Ill) complex.**
Interaction of [Cu(II)] with [Ni""L,] complexes in
aqueous acidic condition was ruled out.®® At lower pH
the hydrogen peroxide is activated by copper(Il) ion
and the catalytic action of Cu(Il) is due to its ready
reducibility to Cu(I) as reported earlier.®’®> In aque-
ous acidic medium, highly labile species Cu'H,05" is
formed** (eq. 3) and it participates in electron transfer
reaction with [Ni'"L,(SO,)] as represented by the rate
expression (4)

Cu 4 H,0, <+ CuH, 0
Uy =—— 2Y, (3)

ki
[Ni"'L; (S04)] " +Cu'H,05" —— > [Ni''L,]+803~+Cu''+H,05*

“4)

The peroxy anion can react with Cu(Ill) and

the [Cu"HO;] or [Cu'HOS] formed reacts with

[Ni""L,(SO,)]. The rate equation for the Cu(Il)

ion promoted peroxy anion may be given by the
Equation (6).

Cu" + HO; ﬁ*CIHO‘
u + , =—=Cu ) (5)

ko
[NiT'L, (804)]" + Cu'HO3 —— > [Ni'"L,] + 803~ + Cu'' + HO3

(6)

The metal centred reduction takes place more read-
ily when compared with ligand oxidation.** The rate

Anuradha Sankaran et al.

expression for the oxidation of H,O, by [Ni"'L,(SO,)]
may be displayed by the following steps:

—d[Ni'""L; (SO4)]

Sar = kiK; [Ni"'L (S04)] [H202] [Cu"]

+ ko KoKo[Ni''L (S04 | [H20:] [Cu™t]/[HT ](7)
= kKK [Ni"L,] [SO41 [H20,] [Cu™]
+ ko KoK, K Ni™L,][SO4] [H2 O5] [Cul']/H*(8)

k = kKiKe[SO4][Cu'l]
+ ko Ko KK [SO41 [Cu] /[HT] )
k = kq + Kaky/[H'] (10)

The rate constants displayed an inverse acid depen-
dence as shown in figure 1 and table 1. In the rate
law equation (10), k, (= k;K;K¢[Cu""][SO,]) and k,K,
(ky, = kK,K{Cu"][SO4]) were obtained from the
intercept and slope, respectively, of the plot of k
against [H*]~!. In spite of the fact, that the reduction
potential of [NiL;(SO4)]* (0.77V) is less than that of
[NiL,(SO,)]* (0.81V),*” the oxidation of hydrogen per-
oxide by [Ni"'L,,] was found to be faster than that by
[Ni'""L,] in presence of sulphate ion in the pH range 1
< pH < 2.5 studied.

160

120

k/M's”
s

40| o

0 100 200 300
1/[H 1/ dm’ mol”

Figure 1. Plot of k against 1/[H"]: [Ni(IIl)] = 5 x 1077
mol dm~3; [H,0,] = 2.5 x 107* mol dm~3; [Na,SOy4] =
0.005 mol dm—3; T = 0.50 mol dm—3 (NaClO,); [Cu(ID)] = 1
x 10~* mol dm~3; T = 25°C.

Table 1. Dependence of rate on pH. [Complex] = 5 x
1073 mol dm—3; [H,05] = 2.5 x 10> mol dm—3; T = 25°C;
[Cu(D] = 1 x 10~* mol dm™3; [Na,SO4] = 0.005 mol
dm~3; 1= 0.50 mol dm—3 (NaClOy,).

pH k/dm3 mol~! s~! kpK, / [HT]
1.0 20.3 £0.02 (25.3) 4.15
1.5 41.5£+0.01 (34.2) 13.0
2.0 60.0 & 0.01 (62.7) 41.5
2.5 160 £ 0.03 (159) 138

Numbers in parentheses are values calculated with use of (10)
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3.1 Interpretation of Reaction Mechanism

The spectral scans for the oxidation of [NiL,](ClOy),
with hydrogen peroxide shows a peak at 270 nm
with a shoulder near 325 nm and the latter tends to
decrease continuously and reaches a limit at 270 nm
(figure 2a). The same behaviour is observed after the
complete conversion of Ni(IIl) to Ni(Il) in the presence
of excess hydrogen peroxide in the reaction medium.
With [Ni"L,], a pink species with an intense peak at
520 nm was observed.**

Oxidation of [Ni""L,] in aqueous medium in the pres-
ence of sulphate concentration of 0.1 mol dm™ was
carried under pseudo-first order conditions using an
excess of r-Butyl hydroperoxide (100-300 fold) at pH
= 1 with a constant ionic strength of 0.5 mol dm™
using sodium perchlorate (figure 2b). An intense band
(LMCT) appeared at 290 nm, suggesting the forma-
tion of Ni(III). The 290 nm band continued to increase
in intensity with time with increasing absorbance of
LMCT. During the reaction, the intensity of the charge
transfer band at 210 nm (CTTS) decreased with time,
showing an isobestic point at 240 nm. The pseudo-
first order rate constants, ks, were calculated from the
slopes of the linear regression plots [2 + log(Ax-A()]
verses time of LMCT band. The value of k., increased
with increase of [-BuOOH] (table 2, figure 3). The
above reaction was very slow in perchlorate and the
peak corresponding to Ni(Ill) was centred at 300 nm.
In the presence of sulphate, the LMCT band was more
intense than in the presence of perchlorate, which could
be expected as the coordination of later may be prevented
in the presence of water. The spectral observations
were similar in the absence of sulphate. However,
the reaction of hydrogen peroxide with this complex
shows a peak at 278 nm which is due to the attack of
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Table 2. Reaction of [NiL,]?>* with z-BuOOH at pH = 1.
[Ni"L,] = 5 x 107 mol dm—3; T = 25°C; [Na,SO,] = 0.1
mol dm—3; T = 0.50 mol dm—3 (NaClOy,).

[#- BuOOH] / mol dm 3 Kobs/1074, 571

B804
(.10
i}
H,BBA i 5 :
140, toa LRy 560, Ao
@ [NiL,J(CIO,); + H,0,

5.00 x 1073 2.18 +0.02
7.50 x 1073 2.67 +0.04
1.00 x 1072 3.11 £0.03
1.25 x 1072 3.67 £ 0.02
1.50 x 1072 4.40 £ 0.01
4.5x10 -
4.0x10™
“» 3.5x10°
x§ . (]
3.0x10
2.5x10™
2.0x10°—5 3 2 2
4.0x10 8.0x10 1.2x10 1.6x10

[£#BuOOH] / mol dm™

Figure 3. Plot of kg, vs [/-BuOOH] for the oxidation of
[Ni"'L,] by #-Butyl hydroperoxide at 25°C: [Complex] = 5 x
107> mol dm~3; [Na,SO4] = 0.1 mol dm—3; pH = 1(HCIOy);
I = 0.50 mol dm—3 (NaClO,).

the *OH radical on the macrocyclic ligand leading to the
formation of the unsaturated ligand.

The study shows that the presence of uncoordinated
bridge head nitrogen with hydroxyethyl substituent,
leads to oxidation of the hexa-aza macrocyclic ring to
form a diene instead of a tetraene as in the case of the
cyclam ligand.** In the presence of Cu(Il) ions, there is

0,504

e ==

——
i BBy 466, Ong

®)  NIL,)(C104), + -BuOOH

Figure 2. Spectral scans observed for the oxidation of [NiL,](ClOy4), with
hydrogen peroxide and ¢-butyl hydroperoxide: Reaction condition; pH =
1(HCIO4); I = 0.50 mol dm—3 (NaClO,); (a) complex =5 X 10~* mol dm~3;
[H,05] = 4 x 1073 mol dm~3; [Na;SO4] = 0.001 mol dm~* (b) complex =
5 x 107 mol dm3; [¢-BuOOH] = 5 x 1073 mol dm~3; [Na,SO04] = 0.1 mol
dm~3. Scans (a) and (b) measured at 900 second intervals.
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no possibility of formation of stable Ni** species.** In
the presence of Cu(Il), metal centred reduction is pre-
dominant rather than the oxidation of macrocyclic
ligands. This was also proved by carrying out the oxi-
dation of respective nickel(II)-macrocylic complex with
hydrogen peroxide. Instead of Ni(IIl) species exhibiting
peak at 300 nm, a peak at 270 nm is observed due to
a transient species formed. The evidence for the above
is given in figure 2a. The transient species formed by
the abstraction of H from secondary amino nitrogen of
hexa-aza macrocyclic ligand leads to the formation of
the diene in aqueous medium.

3.2 Quantum Chemical Studies

3.2a Optimized Geometries of the Ni(Il) and Ni(Ill)
Complexes: The present structural optimization study
shows that the trans III configuration is the most stable

O(Ni Ny = 67.3
O,NiNg = 1127

Anuradha Sankaran et al.

structure in all the six complexes 1-6, in agreement with
the earlier observation in Ni cyclam complexes.’-8:2:63
In the trans Il arrangement, the two six-membered
chelating rings in the equatorial part of the complex
exhibit chair form and there is centre of symmetry.
The optimized trans-III conformer possesses C,, point
group in the Ni(Il) complexes 1 and 4 [Ni'L] (L =
L,, L,) while in the Ni(IIl) complexes the symmetry
is lost on account of Jahn-Teller distortion due to the
presence of an unpaired electron. Figures 4 and 5 show
the optimized geometries of the trans 111 conformation
of the complexes 1-6, as predicted by the BP86/def2-
TZVP calculations in aqueous medium. Selected bond
lengths, bond angles and dihedral angles for the com-
plexes are given in table 3. As the experimental studies
reported in this paper were carried out in aqueous envi-
ronment, we present here the DFT results obtained in
the aqueous medium using the COSMO method. The

O4NiN; = 853
O,Ni Ny = 92.2

OyNi Ny = 88.0
O4Ni Ny = 983

(1713)

3

Figure 4. Geometries of Ni(II) and Ni(Il)-tetraazamacrocyclic complexes in aqueous medium,
optimized at BP86/def2-TZVP level using COSMO method. Labelling of atoms is shown in sys-
tem 1. Hydrogen bonds are shown in dotted lines. Hydrogen bond lengths in A and hydrogen bond
angles in degrees (inside parenthesis) are given. The coordinate bond length between the axial
water/sulphato ligand with Ni ion is shown in bold and the corresponding covalent bond order is

given in italics.
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O4NiN; = 63.8
O,Ni Ny = 116.2

O4Ni Ny = 854
O NiNy = 1148

2.082
2075 (137.7)

(138.1)

(1384) ")
2,087,

9 (137.'5‘)(0\
9
5
O;NiNy = 587
1,994 O,NiNy = 895
2.016(1385)

2.024/(136.9)

Figure 5. Geometries of Ni(Il) and Ni(Ill)-hexaazama-
crocyclic complexes in aqueous medium, optimized at
BP86/def2-TZVP level using COSMO method. Labelling of
atoms is shown in system 4. Hydrogen bonds are shown in
dotted lines. Hydrogen bond lengths in A and hydrogen bond
angles in degrees (inside parenthesis) are given. The coordi-
nate bond length between the axial sulphato ligand with Ni
ion is shown in bold and the corresponding covalent bond
order is given in italics.

results obtained in the gas-phase calculations are shown
in Supplementary Information.

3.2b Bonding between the Ni(1l) and Ni(1ll) ions and
the macrocyclic ligands: In the dicationic complexes
1 and 4, Ni(Il) lies in the centre of the macrocyclic
ring and the coordinating nitrogen atoms N;, N,, N3
and N, are equidistant from the Ni(II) centre. The BP86
study in the aqueous medium predicts that the Ni(Il)-
N distances in these complexes are 1.951 and 1.938
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A respectively (table 3). The above equatorial Ni(II)-N
lengths are significantly shorter than the value of 2.06
A, observed in the octahedral structure of the high spin
[Ni(H,0),(cyclam)]** complex.’ The predicted equa-
torial Ni(II)-N lengths in the present study are charac-
teristic of Ni(II) low-spin complexes. In both the com-
plexes 1 and 4, Ni(II) is coplanar with the four coordi-
nating N atoms N, N,, N3 and N, of the macrocyclic
ligand, as revealed by the dihedral angle of 0° for N;-
N,-N3-N, as well as Ni-N;-N,-Nj3, etc. All the N-N-N
bond angles are 90° in 1 and 4. The bite angles N-Ni-N
involving the six and five membered rings are respec-
tively 93.4 and 86.6° in 1 and 93.2 and 86.8° in 4 which
are in agreement with the observed values in Ni-cyclam
complexes.>?-37:63-64 The Ni(III) complexes 2, 3, 5 and
6 possess C; point group. The coordinate Ni(III)-N
bond lengths are elongated by about 0.03 — 0.05 A in 2
and 3 as compared to the Ni(II)-N lengths in 1. The pre-
dicted Ni(IIl)-N lengths of ~1.977 -1.997 Ain2and3
agree closely with the mean equatorial Ni-N distance of
1.973 £0.006 A observed in [NiL;(NO3),]*.3

The optimized geometries show that the Ni(IIT)-N
bond lengths are shorter (1.942 A) in § and its structure
is very similar to the corresponding symmetric dica-
tionic complex 4. In the sulphato complex 6, Ni(IIl)-
N bond lengths are increased by about 0.02-0.03 A.
The DFT study shows that the equatorial Ni-N coordi-
nate bonds possess covalent bond orders in the range
0.63-0.70 (table 3). Thus the Ni-N coordinate bond
strength between the nickel ions Ni(II)/Ni(III) and the
cyclam/hexaaza macrocyclic ligand is similar in the
complexes under study.

The N-N distances in the five-membered chelating
rings, N,-N3 and N;-Ny are 2.66 —2.73 A. The predicted
distances N;-N, and N3-N, in the six-membered rings
are longer in the range 2.82 — 2.92 A in the complexes
1-6 (table 3). The Ni ion and the ligating nitrogen atoms
do not deviate significantly from planarity in these com-
plexes, as the dihedral angles N;-N,-N3-N, and Ni-N;-
N,-N; are within 1°, with an exception in 6 wherein
the Ni(IIl) is nonplanar by about 4° from the plane of
the nitrogen atoms. Further, it is found that the N-N-N
angles in the above complexes are around 90°. Thus it is
seen that the Ni(II) as well as Ni(III) have a near square
planar environment with the four coordinating nitrogen
atoms of the macrocyclic ligand.

3.2c  Bonding between the Ni(Il) and Ni(1ll) ions and
the aqua ligands: The BP86 structural optimization
study reveals that the two water molecules in the dica-
tionic Ni(II) complexes 1 and 4, are tilted from the
vertical axis, as seen in figures 4 and 5 and illustrated
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Table 3. Selected structural parameters in the complexes 1-6 in aqueous medium by COSMO calculations optimized at
BP86/def2-TZVP level. The values inside parentheses correspond to covalent bond orders.
parameter 1 2 3 4 5 6
bond lengths in A (bond orders)
Ni-N1 1.951 (0.68) 1.997 (0.65) 1.983 (0.67) 1.938 (0.68) 1.942 (0.70) 1.967 (0.69)
Ni-N2 1.951 (0.68) 1.998 (0.66) 1.996 (0.65) 1.938 (0.68) 1.942 (0.70) 1.957 (0.70)
Ni-N3 1.951 (0.68) 1.996 (0.66) 1.989 (0.63) 1.938 (0.68) 1.942 (0.70) 1.962 (0.69)
Ni-N4 1.951 (0.68) 1.997 (0.65) 1.977 (0.67) 1.938 (0.68) 1.942 (0.70) 1.970 (0.67)
Ni-Ol 3.151 2.153 (0.39) 2.269 (0.24) 3.250 3.144 3.336
Ni-O2 3.151 2.147 (0.40) 2.083 (0.51) 3.250 3.146 2.045 (0.60)
NI-N2 2.839 2912 2.899 2.816 2.831 2.834
N3-N4 2.839 2.921 2.902 2.816 2.830 2.890
N2-N3 2.677 2.730 2.723 2.664 2.658 2.677
N1-N4 2.677 2.727 2.705 2.664 2.660 2.684
Bond angles and dihedral angles (°)
NI1-Ni-N2 93.4 93.6 93.5 93.2 93.6 92.5
N3-Ni-N4 93.4 94.1 94.1 93.2 93.6 94.6
N2-Ni-N3 86.6 86.2 86.2 86.8 86.4 86.2
N4-Ni-N1 86.6 86.1 86.2 86.8 86.4 85.9
NI1-N2-N3 90.0 90.1 89.8 90.0 90.0 90.7
N1-N2-N3-N4 0.0 0.8 —0.1 0.0 0.1 -1.0
Ni-N1-N2-N3 0.0 —0.6 —-0.9 0.0 0.0 —4.4
Al acceptor oxygen of the water ligand is positioned ver-
tically above (or below) the mid-point between the pair
of NH hydrogen atoms in the macrocyclic ligand. Thus
o the aqua oxygen O, forms two hydrogen bonds with H,
and H, of the macrocyclic ligand (figures 4 and 5). Sim-
N N ilarly, oxygen O, forms H-bonds with H; and H,. The
\\l' resulting four H-bonds have same lengths and angles
: in view of the C,, symmetry in 1 and 4. The H-bond
Nl N lengths are 2.14 A and the H-bond angles are 138.5°
in 1 (figure 4). The hydroxy ethyl substituted bridge
J/ . head nitrogens in 4 lead to shortening of the H-bond
a lengths by ~0.05 A and widening of the H-bond angle
by ~1° (figure 5) as compared to that in 1. The H-bond
AZ lengths and angles predicted in 1 and 4 are character-

istic of weak H-bonds.®>~%” The distance between the

Ni(II) ion and the oxygen atom of the water molecule
is >3.1 A (table 3) and it is evident that there is no
coordinate bond formation between the Ni ion and the
water ligands in 1 and 4. The present COSMO calcula-

Figure 6. Definition of the tilt angles « and «’ illustrat-
ing the orientations of the axial ligands A; (H,O) and A,
(HzO/SOi_) in the Ni complexes.

in figure 6. In these dicationic complexes the bond
angles O;NiN,; and O,NiN; deviate significantly from
90° expected in a regular octahedral arrangement.
These angles are, respectively, 67.3 and 112.7° in
1 and reveal that the water molecules are tilted by
o = o = 22.7° from the vertical axis (table 4). In
4, the water molecules are tilted more (tilt angle o =
o’ = 26.2°). Due to the above tilting, the oxygen atoms
of the water molecules are closer to the secondary NH
hydrogen atoms of the macrocyclic ligand. Analysis
of the optimized geometries show that in 1 and 4, the

tions in aqueous medium at the BP86/def2-TVZP level
show that the two water ligands are bound to [Ni'L],
L =L, and L,, through hydrogen bonding interactions
with the equatorial macrocyclic ligand, L. The gas-
phase calculations at the BP86/def2-TVZP as well as
B3LYP/6-314+G* levels also lead to the same conclu-
sion on the above Ni(Il) complexes as reflected by the
tilt angles shown in table 4 figures S1 and S3 and tables
S2 and S3 (Supporting Information). It is evident that
Ni(II) complexes 1 and 4 are dihydrates represented as
[NiL,].2H,0 and [Ni"L,].2H,0 respectively. The two
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hydrated water molecules are located in the vicinity of
the macrocyclic ligand as suggested by Ito e al.!”

In contrast, in the Ni(IIl) cyclam complex [NilL,]
(2), there is a small tilting of aqua ligands from the ver-
tical axis. The water molecule A; (figure 6) is tilted
by @ = 4.7° while the second water molecule A, is
tilted by o' = 2.2° from the vertical axis (table 4).
The BP86 COSMO calculations on the nickel(IIT) com-
plex 2 reveal that there is coordinate covalent bond
between Ni and the axial water ligands A; and A,
(figure 4) as reflected by the Ni-O; and Ni-O, dis-
tances of 2.153 A and 2.147 A, respectively, having
covalent bond orders of 0.39 and 0.40. Thus the trica-
tionic cyclam complex 2 possesses the octahedral struc-
ture [Ni'"L;(H,0),]. The axial Ni(III)-O bond lengths
are ~0.02 A shorter than the corresponding value of
2.176 A in the crystal structure of the high spin Ni(II)
complex [NiL;(H,0),]Cl,.4H,0.> The axial Ni(II)-O
bonds (bond order ~0.40) in [NiL;(H,0),]** (2) are
weaker than the equatorial Ni(IIT)-N bonds (bond order
~0.65). This prediction is in agreement with the obser-
vation of elongated geometry in Ni(IIl) species with
axial coordination of the solvent or counter-ions as
confirmed by hyperfine interactions.**

However, the structure of the analogous hexaaza-
macrocyclic Ni(III) complex 5 is quite similar to that of
the corresponding dicationic complex 4 [Ni'L,].2H,0.
The water ligands in § are tilted considerably (¢ =
24.6°; o' = 24.8°) and they participate in H-bond for-
mation with the macrocyclic ligand L,, similar to that
in 4. The BP86 study predicts that there is no coor-
dinate bond formation between the water ligands and
Ni(IlT) in complex 5 unlike in the analogous com-
plex 2 [Ni'"'L,(H,0),], though the electronic environ-
ment of Ni(IIl) is similar in these two complexes.
The difference in the modes of bonding of the axial
water molecules with Ni(III) may be attributed to the
effect of macrocyclic equatorial ligands. Spectroscopic
studies of Kobiro et al. on Ni(Il) alkyl-substituted
cyclam complexes® reveal that in the sterically con-
gested cyclam complexes, cyclam ring would prevent

Table 4. Tilt angles (in degrees) for the axial ligands in the
complexes 1-6 predicted by BP86/def2-TZVP calculations
in aqueous medium and gas-phase.

Tilt angle 1 2 3 4 5 6
Aqueous phase (COSMO method)

o 22.7 4.7 2.0 262 246 313

o 22.7 2.2 8.3 262 24.8 0.5
Gas- phase

o 243 268 270 265 256 34.1

o 243 7.2 139 26,5 257 8.4
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axial water molecules from interacting with the deeply
embedded Ni** ion. It was found that tetramethylethane
subunits in cyclam ligand would hinder axial ligands
such as nitrate anions or water molecules from access-
ing the central Ni(II) ion. Absence of coordinate bond
formation between the water molecule and Ni(IIl) in
5 may be due to the presence of hydroxyethyl sub-
stituents in the bridgehead nitrogen atoms of the hex-
aazamacrocyclic ligand L,. The present analysis reveals
that 5 exists as a dihydrate [Ni'"L,].2H,O similar to the
dicationic complex 4 [Ni''L,].2H,O0.

Our analysis leads to the inference that [Ni'L,
(H,0),] is more stable complex than [Ni"'L,].2H,0 in
view of the presence of the coordinately bound water
molecules in the former whereas there is no coordinate
bonding between the water ligands and Ni(IIl) in the
latter.

3.2d  Nature of bonding between Ni(lll) and the axial
ligands in the sulphato complexes: The DFT study
shows that in the sulphato complexes, 3 and 6, the
sulphato anion is bound to the Ni(III) cation in the axial
position by coordinate bond formation through the sul-
phato oxygen atom O, (figures 4 and 5). The Ni(III)-O,
bond lengths are 2.083 and 2.045 A, respectively, when
the equatorial ligands are L; and L,. These bond lengths
are significantly shorter than the Ni-O bond lengths***
of ~2.11 A in the [Ni(cyclam)(NOs),]* and the DFT
predicted values in [Ni''L;(H,0),] (2.153 and 2.147
A). The Ni(III)-O bond lengths in the sulphato com-
plexes 3 and 6 agree with the crystallographic values
of 2.048 and 2.074 A, observed for the axial bonds in
phosphate complexes.?” Our analysis leads to the infer-
ence that the coordinate bond between Ni(III) and the
sulphate ligand in 3 and 6 is stronger than those of the
axial coordinate bonds with water in 2. This is substan-
tiated by the higher bond orders of 0.51 and 0.60 in
3 and 6, respectively, for the Ni(Ill)-sulphato bonds as
compared to the values of 0.39 and 0.40 for the Ni(III)-
aqua bonds in 2. It is striking to note that the strength
of the coordinate bond between the Ni** and sulphate
anion in 6 [Ni""L,(SO,)] having covalent bond order of
0.60 is quite similar to the equatorial Ni-N coordinate
bonds (bond orders ~0.63 — 0.70). It is of interest to
note that the coordinating oxygen atom of the sulphato
ligand is positioned vertically below the Ni(III) ion in 6
(with a very small tilt angle &’ = 0.5°), whereas in 3 it is
tilted by 8.3°. It is interesting to note that [Ni(I[)L,] also
forms axial coordination with sulphate through bridg-
ing oxygen.® In addition to the formation of axial coor-
dinate bond, the sulphato oxygen atoms O; and Os in 3
and 6 participate in H-bonding interactions with C-H /
N-H hydrogens of the macrocyclic ligand (figures 4 and



1296

5). Besides, in 6 the hydroxyethyl chain bonded to the
tertiary nitrogen N3 bends towards the sulphato group
such that there is H-bond between O; and one of the
methylenic hydrogens (figure 5) having H-bond length
and angle of 2.403 A and 157.2°, respectively.

Analysis of bonding involving the axial water mole-
cule reveals a striking difference in the mode of bond-
ing in 3 and 6. The water molecule is coordinately
bound in the axial position in 3 with Ni(Il)-O; bond
length 2.269 A and the corresponding bond order is
0.24. The above axial bond is elongated by ~0.1 A
as compared to that in 2 and is in agreement with
the shorter bond order of 0.24. It may be noted that
the covalent bond orders of about 0.2-0.5 were pre-
dicted between the ligating atom and the metal centre
in different coordination compounds by earlier quantum
chemical studies.”*"

It is observed that the water molecule in 6 is bound
in the complex through three hydrogen bonding inter-
actions, two of which are between the aqua oxygen
O, and the NH hydrogens H; and H, as observed in
1, 4 and 5. The additional H-bond between the water
ligand and the hexaaza macrocyclic ring arises due to
larger tilting (¢« = 31.4°) of the water from the ver-
tical axis. The resulting orientation of the water in 6
leads to a new H-bond between one of the hydrogen
atoms of water and the tertiary bridge-head nitrogen Ng
as seen in figure 5. Lack of coordinate bond forma-
tion between water molecule and Ni(IIl) in 6 may be
attributed to the macrocyclic ligand effect as observed
in the case of 5. Based on these results, the structure
of 3 and 6 may be assigned as [Ni""L;(SO,)(H,0)] and
[Ni'""L,(SO,4)].H,O respectively.

The BP86/def2-TZVP structural optimisation using
the COSMO model to account for the solvent effect
indeed predicts the structure and mode of bonding in
the Ni(II)/Ni(Ill) complexes that agree with the exper-
imental observations. The BP86/def2-TZVP gas-phase
results given in the Supplementary Information (figures
S1 and S2, table S2) also predict the same trends in the
bonding modes in Ni(Il) complexes 1 and 4 and Ni(III)
complexes 5 and 6. However the gas-phase study does
not lead to coordinate bond formation of the axial water
Al in the complexes 2 and 3 as seen from the large
tilt angle « (table 4) which results in hydrogen bonding
interactions with L;. The B3LYP/6-314+G* gas-phase
calculations could not account for the coordinate bond
formation between Ni(Ill) and the sulphate anion in 6
(figure S4 and table S3).

3.2e Stability of the Sulphato complexes: We have
examined the stability of the sulphate complexes 3 and
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6 by examining the energetic of the reactions given
below:

[Ni"'L; (H0),] +(S04)*” — [Ni"'L, (H,0) (SO4)]
+H,0 AE; = —42.3 kcal/mol (17)

[Ni"'L,] .2H,0 +(S04)*” — [Ni"'L, (SO4)] .H,0
+H,0 AE, = —45.6 kcal/mol  (18)

From the total energies of the reactants and prod-
ucts (table S1), it is seen that the reactions 17 and 18
are exothermic by 42.3 and 45.6 kcal/mol respectively.
Energy considerations reveal that the formation of the
sulphato complexes 3 and 6 from the tricationic aquo
complexes 2 and 5 are favored thermodynamically.

4. Conclusions

In summary, kinetics of oxidation of H,O, by
[Ni'""L,(S0,)].H,O catalysed by Cu(II) ions led to the
metal centred reduction and was found to be faster
than that by [Ni"L;(H,0)(SO,)]. Quantum chemical
calculations reveal that in aqueous medium coordinate
bond formation between Ni and the axial water lig-
ands in [Ni'"L,(H,0),] and [Ni"'L,(H,0)(SO,4)] con-
tributes to stability of the complexes. However, in the
corresponding complexes of the hexaaza macrocylic
ligand L,, [Ni"L,].2H,0 and [Ni"'L,(SO,)].(H,0),
the water molecules are hydrated and are stabilized
through weak hydrogen bonding with L,. This explains
the shorter life time of complex [Ni'L,].2H,O as
compared to [Ni"L;(H,0),]. The presence of the
weak H-bonding interactions due to hydrated water in
[Ni"'L,(SO,4)].(H,0) accounts for its faster kinetics of
oxidation of H,O, as compared to [Ni'"L,;(H,0)(SO,)].
Structure and bonding analyses of the sulphate com-
plexes reveal that the larger tilting of axial water in
[Ni'"L,(S0O,)].H,0 leads to a hydrogen bond formation
between one of the tertiary nitrogen atoms of L, and a
hydrogen atom of water ligand.

Supplementary Information

Additional results from quantum chemical studies
including total energies of optimized geometries (table
S1), structures in the gas-phase (figures S1-S4),
selected structural parameters (tables S2 and S3) and
Cartesian coordinates of the optimized geometries in
the aqueous and gas-phase are available at www.ias.ac.
in/chemsci.
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