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Introduction

A radical pathway in catecholase activity with
nickel(n) complexes of phenol based “end-off"
compartmental ligands+

Totan Ghosh,? Jaydeep Adhikary,? Prateeti Chakraborty, Pradip K. Sukul,”
Mahendra Sekhar Jana,® Tapan Kumar Mondal,© Ennio Zangrando*® and
Debasis Das*®

Seven dinuclear and one dinuclear based dicyanamide bridged polymeric Ni'" complexes of phenol based
compartmental ligands (HL'=HL? have been synthesized with the aim to investigate their catecholase-
like activity and to evaluate the most probable mechanistic pathway involved in this process. The com-
plexes have been characterized by routine physicochemical studies as well as by X-ray single crystal struc-
ture analyses namely [Nin(L?)(SCN)s(H,O)(CHzOH)] (1), [Nio(L*)(SCN)3(CHsOH),] (2), [Nio(L?)(SCN)»(AcO)-
(H20)] (3), [Nix(LY)SCN)ACO),l (4), [Nix(L?)(Ns)s(Ho0)al (5), [Nin(LY)(N3)s(H20),] (6), [Nin(LH(ACO),-
(N(CN)2)l, (7) and [Nix(L3)(AcO)L(N(CN),)] (8), I[SCN = isothiocyanate, AcO = acetate, N3 = azide, and
N(CN), = dicyanamide anion; L'™* = 2,6-bis(R,-iminomethyl)-4-R;-phenolato, where R; = methyl and
tert-butyl, R, = N,N-dimethyl ethylene for L'=2 and R; = methyl and tert-butyl, R, = 2-(N-ethyl) pyridine
for L>™. A UV-vis spectrophotometric study using 3,5-di-tert butylcatechol (3,5-DTBC) reveals that all
the complexes are highly active in catalyzing the aerobic oxidation of (3,5-DTBC) to 3,5-di-tert-butylbenzo-
quinone (3,5-DTBQ) in methanol medium with the formation of hydrogen peroxide. An EPR study
confirms the generation of radicals during the catalysis. Cyclic voltammetric studies of the complexes in
the presence and absence of 3,5-DTBC have been performed. Reduction of Ni' to Ni' and that of the
imine bond of the ligand system have been detected at ~—1.0 V and ~-1.5V, respectively. Coulometric
separation of the species at —1.5 V followed by the EPR study at 77 K confirms the species as an organic
radical and thus most probably reduced imine species. Spectroelectrochemical analysis at —1.5 V clearly
indicates the oxidation of 3,5-DTBC and thus suggests that the radical pathway is supposed to be respon-
sible for the catecholase-like activity exhibited by the nickel complexes. The ligand centred radical gene-
ration has further been verified by density functional theory calculation.

of Cu™ and Mn"™ model compounds, metal-centered redox par-
ticipation rather than a radical pathway is most probably

For the last few years our laboratory has been actively engaged
to access the mechanistic pathway of catechol oxidase, a less
well known member of type-III copper proteins." It is now well
established from the reports of several distinguished research

groups' "' around the world, including us,'>"? that in the case
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responsible for the catecholase activity induced by these
species. On the other hand, by using redox innocent Zn" com-
plexes with the “end-off” compartmental ligand,"* more
recently we established that a radical pathway (instead of
metal-centered redox contribution) is most probably instru-
mental in the oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC)
to 3,5-di-tert-butylbenzoquinone (3,5-DTBQ). Moreover, we
reported " for the first time that a dinuclear Ni"" complex with
the  2,6-bis(N-ethylpiperazine-iminomethyl)-4-methyl-phenol
ligand, as a model of the met state of the catechol oxidase, was
capable to perform the oxidation of 3,5-DTBC as well as of
tetrachlorocatechol, a substrate very hard to oxidize. However,
we failed to ascertain the true mechanism operating in that
activity. Later on Ghosh et al'® reported catecholase-like
activity with their dinuclear nickel(u) complexes of reduced
Schiff-base ligands and commented that a radical pathway was
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Scheme 1 The four “end-off’ compartmental ligands HL'~* used in this
study.

HL3/HL*: Rq=CHs/C(CHs)s

operating in that case. Their conclusion was on the basis of
the observed isotopic EPR signals at g ~ 2.00 after addition of
3,5-DTBC to the complexes. Interestingly, they also observed a
very prominent Ni" to Ni' reduction response in the cyclic vol-
tammetric study. Since no further verification on the origin of
the observed EPR signal was reported, it is very difficult to con-
clude whether the radical pathway or the metal centred redox
participation is responsible for catecholase activity of the
dinuclear nickel(nr) complexes. Further comprehensive investi-
gations are thus necessary to resolve this issue. From that
point of view we are reporting herein the syntheses, character-
ization and catecholase-like activity of eight Ni" complexes,
namely  [Ni,(L*)(SCN);(H,0)(CH;0H)] (1), [Ni(L*)(SCN)s-
(CH,0H),] (2), [Ni,(L?)(SCN),(AcO)(H,0)] (3), [Ni,(L*)(SCN)
(AcO)] (4), [Nip(L*)(N3)s(H,0)s] (5), [Nia(L*)(N3)s(H,0)s] (6),
[Ni,(L")(AcO),(N(CN),)], (7) and [Ni,(L*)(AcO),(N(CN),)] (8)
[where L'™* = phenol based “end-off” compartmental ligand,
SCN = isothiocyanate, AcO = acetate, N; = azide, and N(CN), =
dicyanamide anion]. The Schiff-base ligands L', shown in
Scheme 1, were obtained by the condensation of 4-R;-2,6-difor-
myl-phenol (R; = methyl or tert-butyl) with N,N'-dimethylethane-
1,2-diamine or 2-(2-aminoethyl)pyridine. The detailed structure
of eight complexes has been elucidated by X-ray crystallography
and 7 shows the formation of a coordination polymer in the
solid state. The catecholase activity has been investigated using
3,5-di-tert-butylcatechol (3,5-DTBC) as a model substrate. The
present study reveals that a radical pathway rather than the
metal-centered redox participation is most likely responsible for
the catecholase-like activity exhibited by Ni"' complexes of “end-
off” compartmental Schiff-base ligands.

Results and discussion

Syntheses and characterization

The Schiff-base ligands, HL'-HL®, were synthesized through
the classical condensation reaction between 2,6-diformyl-R;-
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phenol (R; = methyl or tert-butyl) and N,N-dimethyl ethylene-
diamine and 2-(2-aminoethyl)pyridine in methanol medium.
The Schiff-base ligands on treatment with nickel(n) salts fol-
lowed by the addition of NaX [X = SCN, N; or N(CN),] in situ
gave us the eight complexes. The complexes were characterized
by elemental analysis, IR and UV-vis-NIR spectral study (ESI
Fig. S1 to S8 and S56 and S571) and X-ray single crystal struc-
tural analyses. All the complexes show bands due to C=N
stretch in the range 1630-1685 cm™ " and skeletal vibration in
the range 1540-1598 cm ™. IR spectral analyses of 1-3 indicate
the presence of thiocyanato ligands in these complexes with
different modes of coordination as is evidenced from the
splitted band in each case in the range 1996-2090 cm™,
whereas in 4 the thiocyanato ligand should be in a single
mode of coordination as it exhibits a single sharp peak at
2096 cm ™. In complexes 5 and 6 the observed splitted band in
the range 2035-2285 cm ' clearly indicates the presence of
azido ligands in two different modes of coordination. IR spec-
tral analyses of complexes (7 and 8) indicate the presence of
the dicyanamide moiety in them with different modes of
coordination as is evidenced from the split band in each case
in the range 2160-2300 cm™". All the complexes show three
bands in their electronic spectra (UV-vis-NIR region)
suggesting octahedral coordination environment around
nickel(m) centres.

Description of crystal structures

All thiocyanate derivates 1-4 are discrete dinuclear complexes.
The X-ray crystallography confirmed that a pair of nickel ions
are bridged by the pentadentate ligand L* or L* acting through
phenolic oxygen in addition to the imine and the amino nitro-
gen donors (L?) or py nitrogens (L*). In each case the coordi-
nation sphere of the metal is a distorted octahedron. The
complexes 1 and 2 (shown in Fig. 1 and 2) have a comparable
structure comprising of three isothiocyanate anions coordinat-
ing via nitrogen: one of these acts as bridging species, while
two are monodentate and trans located with respect to the
mean molecular plane. The nickel ions complete their coordi-
nation sphere by an aqua and a methanol in 1 and by two
methanol molecules in 2, so that in any case an oxygen donor
is axially ¢rans located to a NCS group. This arrangement
favours the formation of weak intramolecular H-bonds
between the coordinated methanol (or water) oxygen and the
NCS nitrogen of the adjacent axial ligand (O---N distance ca.
2.94 A). The donor set for all metals is N,O,. The coordination
distances, reported in Table 2, are as expected for this type of
complex. It is worth noting that the Ni-NCS bond distances
relative to the bridging isothiocyanate are significantly longer
(range 2.154(3)-2.254(4) A) with respect to the monodentate
ones (2.055(3) to 2.081(3) A, Table 2). Moreover the Ni-N(CH;),
bond distances in 1 (of 2.148(3) and 2.159(3) A) are longer
than the Ni-N(py) ones (2.090(3) and 2.103(3) A) of 2 due to
the different hybridization of nitrogen atoms.

With respect to the above described derivatives, one and
two isothiocyanates, respectively, are replaced in 3 and 4 by
bridging acetate anions (Fig. 3 and 4). In the former the two

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 ORTEP drawing (30% probability ellipsoids) of complex 2.

SCN species behave as bridging and monodentate, while in 4

the unique isothiocyanate occupies an axial position at Nil.
Here the metal chromophores in the two complexes are
different, being N,0,/N;0; and N;03/N,0,, respectively. It is
of interest that in 4, one acetate anion assumes the usual syn-

syn p-bridging mode, while the other is monodentate-bridging

o

involving the syn-syn bridging acetate (2.015(3) and 2.087(3) A,
Table 2). The intermetallic Ni1-Ni2 distances are shorter by

longer Ni-O bond distances (range 2.150(3)-2.199(3) A) those

o

ca. 0.15 A (compared to 1 and 2), likely affected by triple

(1*). The latter coordination mode is less frequent®® leading to
bridging connections supported by the metals in these cases.

Dalton Trans., 2014, 43, 841-852 | 843

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3dt51419f

Published on 09 October 2013. Downloaded by St. Petersburg State University on 08/12/2013 13:10:47.

Paper

Table 2 Coordination bond distances (A) and geometrical parameters
for compounds 1-4

1-CH;0H 2 3-1.5H,0 4

Ni(1)-N(1) 1.986(3) 2.007(3) 1.989(4) 2.000(4)
Ni(1)-N(3) 2.159(3) 2.103(3) 2.180(4) 2.078(4)
Ni(1)-N(5) 2.154(3) 2.212(3) 2.147(4) 2.059(5)
Ni(1)-N(6) 2.081(3) 2.055(3) 2.048(4) —
Ni(1)-0(1) 2.035(2) 2.060(2) 2.043(3) 2.025(3)
Ni(1)-0(2) — 2.224(3) 2.045(3) 2.150(3)
Ni(1)-0(4) — — — 2.087(3)
Ni(1)-O(1w) 2.120(3) — — —
Ni(2)-N(2) 1.988(3) 2.005(3) 1.979(3) 1.997(3)
Ni(2)-N(4) 2.148(3) 2.090(3) 2.155(4) 2.072(4)
Ni(2)-N(5) 2.168(3) 2.254(4) 2.088(4) —
Ni(2)-N(7) 2.072(3) 2.075(4) — —
Ni(2)-0(1) 2.032(2) 2.063(2) 2.028(3) 2.018(3)
Ni(2)-0(2) 2.151(2) — — 2.120(3)
Ni(2)-0(3) — 2.164(3) 2.068(3) 2.199(3)
Ni(2)-0(5) — — — 2.015(3)
Ni(2)-O(1w) — — 2.133(4) —
Ni(1)-Ni(2) 3.1357(6) 3.2311(6) 2.9956(8) 3.0876(7)
d Ni1/Ni2“ 0.037(2) 0.427(2) 0.212(3) 0.301(3)
0.241(2) 0.288(3) 0.334(3) —0.136(3)

“Displacement of metals from the L mean plane.

Fig. 3 ORTEP drawing (30% probability ellipsoids) of complex 3.

The hexa coordination sphere nickel(u) atoms in complexes
5 and 6 are realised by the bridging 4-tert-butylphenolato-O
atom, a bridging p"' azide, two monodentate azide anions
and two aqua ligands. ORTEP views of the complexes are
shown in Fig. 5 and 6. Selected bond lengths relevant to the
coordination geometries (Table 3) indicate comparable values
to those measured in the complexes described above. Due to
the different hybridization of nitrogen donors, the Ni-N(CHj3),
bond lengths in 5 (of 2.159(2) and 2.169(2) A) are longer than
the Ni-N(py) ones (2.099(3) and 2.115(2) A) in 6. The aqua
ligands O1w and O2w are involved in intramolecular H-bonds

844 | Dalton Trans., 2014, 43, 841-852
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Fig. 5 ORTEP drawing (30% probability ellipsoids) of 5. (Of disordered
tert-butyl groups, only methyl groups at higher occupancy are shown.)

Fig. 6 ORTEP drawing (30% probability ellipsoids) of 6.

This journal is © The Royal Society of Chemistry 2014
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Table 3 Coordination bond distances (A) and geometrical parameters
for compounds 5 and 6

5-CH;0H 6

Ni(1)-N(1) 1.995(2) 2.000(3)
Ni(1)-N(3) 2.169(2) 2.115(2)
Ni(1)-N(5) 2.101(2) 2.110(3)
Ni(1)-N(8) 2.152(2) 2.179(3)
Ni(1)-0(1) 2.0583(16) 2.0459(19)
Ni(1)-O(1w) 2.109(2) 2.146(2)
Ni(2)-N(2) 2.001(2) 1.997(2)
Ni(2)-N(4) 2.159(2) 2.099(3)
Ni(2)-N(5) 2.116(2) 2.127(3)
Ni(2)-N(11) 2.118(2) 2.111(3)
Ni(2)-0(1) 2.0436(17) 2.021(2)
Ni(2)-O(2w) 2.171(2) 2.163(2)
Ni(1)-Ni(2) 3.1089(5) 3.1612(7)
N(9)-N(8)-Ni(1) 120.35(19) 119.0(3)
N(12)-N(11)-Ni(2) 125.5(2) 124.5(2)
N(6)-N(5)-Ni(1) 117.99(18) 117.2(2)
N(6)-N(5)-Ni(2) 121.15(18) 120.9(2)
d Ni1/Ni2“ 0.570(2) 0.281(2)

0.358(2) 0.087(2)

“Displacement of metals from the L mean plane.

Fig. 7 ORTEP drawing (30% probability ellipsoids) of complex 7. The
carbon atoms of the CH,—N(Me), groups were found disordered.
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Fig. 9 ORTEP drawing (30% probability ellipsoids) of complex 8.

with azide nitrogens N11 and N8, respectively, but also with
azide of symmetry related complexes.

Derivatives with dicyanamide anions (7-8) have been syn-
thesized for each of the Schiff bases L'™. In complex 7 each
nickel ion exhibits a distorted octahedral geometry comprising
the L' phenoxido oxygen, the imine and amine nitrogen
atoms, and completes its coordination sphere by two oxygen
donors from different acetate and a dicyanamide nitrogen
atom. Both the acetate anions have an oxygen atom axially
located at one metal ion, the second at the equatorial position
of the other nickel atom (Fig. 7). The Ni-N(amine) bond dis-
tances (2.205(4), 2.212(4) A) are significantly longer than the
Ni-N(imine) ones of 2.011(3) and 2.018(4) A. The p, s-bridging
N(CN), anion gives rise to a polymeric species running parallel
to the crystallographic axis-a (Fig. 8), and separates the metals
at 8.028 A.

On the other hand in complex 8 (Fig. 9) the acetate anions
coordinate the metals in a different mode: syn-syn p-bridging
and monodentate-bridging (i), the second pattern as already
observed in complex 4. As a matter of fact the N(CN), anions
behave as a terminal monocoordinated ligand and the for-
mation of coordination polymers is not observed. It is difficult

Fig. 8 The 1D polymeric arrangement of complex 7.

This journal is © The Royal Society of Chemistry 2014
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Table 4 Coordination bond distances (A) and geometrical parameters
for complexes 7 and 8

7 8

Ni(1)-N(1) 2.011(3) 2.012(3)
Ni(1)-N(3) 2.205(4) 2.083(3)
Ni(1)-N(5) 2.130(4) 2.092(4)
Ni(1)-0(1) 2.040(3) 2.040(3)
Ni(1)-0(2) 2.014(3) 2.150(3)
Ni(1)-0(5) 2.053(3) 2.069(3)
Ni(2)-N(2) 2.018(3) 1.998(3)
Ni(2)-N(4) 2.212(4) 2.066(3)
Ni(2)-N(7) 2.098(4) —
Ni(2)-0(1) 2.039(3) 2.024(3)
Ni(2)-0(2) — 2.117(3)
Ni(2)-0(3) 2.068(3) 2.246(3)
Ni(2)-0(4) 2.019(3) 2.015(3)
Ni(1)-Ni(2) 3.3367(7) 3.0814(8)
C(28)-N(5)-Ni(1) 146.7(4) 171.6(4)
C(29)-N(7)-Ni(2) 171.9(4) —
d Ni1/Ni2“ 0.650(3) 0.317(3)

—0.744(3) —0.202(3)

“Displacement of metals from the L mean plane.

to access if the lack of polymer formation is due to packing
forces or due to the Schiff base ligand type.

The Ni(1)-Ni(2) distance in 7, of 3.3375(8) A, is the longest
among the complexes reported here, likely induced by the
polymer formation, and confirmed by the metal displacement
of 0.65 and —0.74 A from the phenolato mean plane. In 8 the
intermetallic distance is significantly shorter, of 3.0814(8) A
(Table 4).

Catalytic activity

Catecholase activity. All the dinuclear Ni"" complexes show
significant catalytic oxidation activity towards 3,5-di-tert-butyl-
catechol (3,5-DTBC). This substrate with bulky substituents on
the ring has low quinone-catechol reduction potential. This
makes it to be easily oxidized to the corresponding o-quinone,

40

351 _— 3,5-DTBQ
3\

Complex

NN W
. 2. 9.9

3,5DTBC

Absorbance

N
o

300 400 500 600
‘Wavelength(nm)

()
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3,5-DTBQ, which is highly stable and shows maximum absorp-
tion at 401 nm in methanol. Before proceeding into the
detailed kinetic study, we started to evaluate the ability of
Ni" complexes to oxidize 3,5-DTBC. For this purpose, 1 x
10" mol dm™* solutions of complexes 1-8 were treated with
1 x 107> mol dm™ (100 equivalents) of 3,5-DTBC under
aerobic condition. The course of the reaction was followed by
UV-Vis spectroscopy (Fig. S9-S14 in ESI}). The time dependent
UV-Vis spectral scan was performed in pure methanol. All the
complexes behave similarly, showing a smooth conversion of
3,5-DTBC to 3,5-DTBQ. Fig. 10(a) and (b) show the spectral
change for 3 and 5 (as representative dinuclear complexes) upon
addition of 100-fold 3,5-DTBC (1 x 10~ M) observed at an inter-
val of 5 min in CH3OH. The kinetics of the 3,5-DTBC
oxidation was determined by monitoring the increase of the
product 3,5-DTBQ. The experimental conditions were same as
we reported earlier."* All the complexes showed saturation kine-
tics and a treatment based on the Michaelis-Menten model
seemed to be appropriate. The binding constant (Ky), maximum
velocity (Viax), and rate constant for dissociation of substrates
(i.e., turnover number, k., were calculated for all the complexes
using the Lineweaver-Burk graph of 1/V vs. 1/[S] (Fig. S15-S30 in
ESI}), using the equation 1/V = {Ky/Vimax}* {1/[S]} + 1/Vinax, and
the kinetic parameters are presented in Table S1 in ESL{

The electrochemical analyses reveal that all complexes 1-8
show similar cyclic voltammograms (Fig. S31-S36 in ESIf).
Fig. 11(a) and (b) shows the cyclic voltammograms of 3 and 5
as representatives. Complexes 3 and 5 show reduction peaks
at —0.95 V and —1.15 V, respectively, which are attributed to
the reduction process of Ni"" to Ni'. However, no oxidation
peak corresponding to the conversion of Ni" to Ni'" is
observed in any case. Interestingly, our cyclic voltammetric
study of the mixture of complex and 3,5-DTBC (Fig. S37-S447)
exhibits two reductive responses at ~—1.0 V and at ~—1.5 V
and one oxidative response at ~+1.15 V. The former reduction
peak corresponds to the reduction of Ni"" to Ni' and the latter

2.2 3,5-DTBQ

3,5-DTBC

Absorbance

T = T
300 400 500 600

Wavelength(nm)
(b)

Fig. 10 Changes observed in UV-vis spectra of complexes (a) 3 and (b) 5 (conc. 1 x 10~* M) upon addition of 100-fold 3,5-DTBC (1 x 1072 M) in

CHzOH medium.
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Fig. 11 Cyclic voltammogram of complexes (a) 3 and (b) 5.

is most likely to be due to the reduction of the C=N bond.
The cyclic voltammogram of 3,5-DTBC shows an oxidative
response at +1.15 V attributed to the oxidation of 3,5-DTBC to
3,5-DTBQ (Fig. S45t1) and therefore the observed oxidation
peak in the cyclic voltammogram of the mixture of complex
and 3,5-DTBC is most likely for that very oxidation.

The conversion of catechol to quinone being a two-electron
oxidation process, two different routes may be assumed for
nickel complexes to catalyze the aforesaid oxidation: (i) gen-
eration of ligand centered free radicals with subsequent oxi-
dation of the substrate or (ii) reduction of Ni" to Ni' with
concomitant oxidation of 3,5-DTBC. In order to verify the
possibility of radical participation we have performed the EPR
study. The EPR spectra recorded immediately after mixing 3, 5
and 8 with 3,5-DTBC [Fig. 12(a), (b) and (c), respectively]
exhibit broad, nearly isotopic signals at g ~ 2.00. Control experi-
ments, under same experimental conditions, indicate that Ni"
complexes as well as the mixture of Ni"-salts and 3,5-DTBC are
EPR silent. Thus the single EPR line, which is a definite indi-
cation of the formation of some ligand centred radical species,
is generated only when the Ni"" complexes are mixed with 3,5-
DTBC and the radical formation is most likely responsible for
that oxidation.

The reductive response exhibited by all the complexes at
~—1.5 V is supposed to be responsible for the oxidation of 3,5-
DTBC and in order to get further experimental support for that
view we have performed spectroelectrochemical analysis of the
complex and 3,5-DTBC mixture (1:100) in methanol at —1.5 V.
The time dependent spectral scan (Fig. S461) clearly suggests
the oxidation of 3,5-DTBC to 3,5-DTBQ. It is now very crucial to
determine the electronic structure of the species generated at
~—1.5 V and for that purpose we have carried out combined
coulometric and EPR experiments. The electrogenerated species
produced by reductive electrolysis of complex 3 (as representa-
tive) and 3,5-DTBC mixture (1:100) in methanol in the presence
of 0.1 M TEAP exhibits a sharp EPR signal at g = 1.998
(Fig. S477) signifying the formation of an organic radical.

On the basis of the above mentioned experimental evidence
we may now propose a probable pathway for the catalytic reac-
tion. However, before that we need to know whether dioxygen
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reduces to water or H,0, during the oxidation process. The oxi-
dation of I" to I, followed by the generation of I;™ as is evident
from the UV-vis spectral study of the solution (Fig. S487%)
obtained after proper work-up of the mixture of catechol,
complex 3 and KI (see the Experimental section) clearly hints
that dioxygen is reduced to H,0, as is reported by other investi-
gators also.>'®'” It is important to note that whether this
hydrogen peroxide is formed from Ni"-0,> -Ni" or from a
superoxide, if any of them produced in the catalytic cycle, are
not yet clear to us. At present on the basis of our result we
propose a simple mechanistic pathway as depicted in Fig. 13,
although the exact catalytic pathway may be very complicated.

DFT study

In order to get a better understanding of the nature of the
active species responsible for catecholase activity for the
present series of Ni(i) complexes DFT analysis was carried out
on complexes 3, 5 and 8, as representatives of the present
series, and on the corresponding two electron reduced ana-
logues 37, 5>~ and 8> at the B3LYP level using the
Gaussian 03 software package. The most stable structures of 3,
5 and 8 prove to be open-shell quintet state (S = 2) with opti-
mized structural parameters fully consistent with crystallo-
graphic data (Fig. S49-S55 in ESIf file) and the net spin on
Ni(n). The two electron reduced species 3>7, 5>~ and 8>~
display an open-shell ground state with S = 3, and the changes
in net spin density clearly indicate a ligand centered process
for the reductive reaction (Fig. 14-16 respectively). In fact the
computational approach shows a significant elongation of the
C=N imine bond in the dianionic species (by ~0.051 in 3”7,
0.044 A in 5>~ and 0.034 A in 8>~ compared to native species
(Tables S2-S10%), indicating the formation of imine radicals.

Experimental
Physical methods and materials

All materials were obtained from commercial sources and
used as received. Solvents were dried according to the standard
procedure and distilled prior to use.'® The 2,6-diformyl-4R-
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Fig. 12 EPR spectra of the mixture of (a) 3 and 3* 3,5-DTBC; (b) 5 and 5* 3,5-DTBC and (c) 8 and 8" 3,5-DTBC.
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Fig. 13 Proposed mechanism for the catalytic cycle of 3,5-DTBC oxidation by dinuclear Ni"' complexes.
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Fig. 14 Spin density plots of (a) 3 (S = 2) and of (b) reduced species 32~
(S =3).

Fig. 15 Spin density plots of (a) 5 (S = 2) and of (b) reduced species 5%~
(S=23).

Fig. 16 Spin density plots of (a) 8 (S = 2) and of (b) reduced species 8%~
(S=23).

phenol (R = methyl and tert-butyl) was prepared according to
the literature method."® Nickel(n) acetate tetrahydrate (Merck),
nickel(n) nitrate hexahydrate (Merck), N,N-dimethyl ethylene-
diamine and 2-(2-aminoethyl)pyridine (Aldrich) were pur-
chased from commercial sources and used as received.
Elemental analyses (carbon, hydrogen, and nitrogen) were per-
formed using a Perkin-Elmer 240C analyzer. Infrared spectra
(4000-400 cm™") were recorded at 28 °C on a Shimadzu
FTIR-8400S using KBr as a medium. Electronic spectra
(800-200 nm) were obtained at 27 °C using a Shimadzu
UV-3101 PC, where dry methanol was used as a medium as
well as a reference. The electron paramagnetic resonance
(EPR) experiment was performed at 25 °C and —135 °C in pure
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methanol using a Bruker EMX-X band spectrometer and a
JEOL JES-FA200 spectrometer. Cyclic voltammograms were
recorded in CH3CN solutions containing 0.1 M TEAP at 25 °C
using a three-electrode configuration (Pt working electrode, Pt
counter electrode, and Ag/AgCl reference electrode) and a PC
controlled PAR model 273A electrochemistry system. The spectro-
electrochemical analyses have been done using an electro-
analytical instrument BASi Epsilon-EC, and a cell used BASi
SEC-C thin-layer quartz glass spectroelectrochemical cell kit
(light path length of 1 mm). The supporting electrolyte was
—0.2 M tetrabutylammonium hexafluorophosphate in CH,Cl,
solution using a three-electrode configuration (Pt working elec-
trode, Pt counter electrode, and Ag/AgCl reference electrode).
Spectral data (UV-vis/NIR) were obtained using a Perkin-Elmer
Lambda 750 spectrophotometer. Full geometry optimizations
of 3, 7 and 8 and of their reduced species 37, 7°~ and 8>~
were carried out using the density functional theory (DFT)
method with the Gaussian 03 package.>® The exchange func-
tional of Becke and the correlation functional of Lee, Yang,
and Parr (B3LYP)*"** were employed. To all elements were
assigned the 6-31G(d) basis set, except nickel for which the
Lanl2dz basis set with effective core potential was employed.>®
The vibrational frequency calculations were performed to
ensure that the optimized geometries represent the local
minima and there are only positive eigenvalues.

Detection of hydrogen peroxide in the catalytic reactions

The formation of H,O, during the catalytic reaction was
detected by following the development of the characteristic
band for I3~ spectrophotometrically (Anax = 353 nm; & = 26 000
M~ em™"), upon reaction with I".>**® The oxidation reactions
of 3,5-DTBC in the presence of different catalysts were carried
out as in the kinetic experiments ([Complex] = 2.5 x 107> M;
[3,5-DTBC] = 50 x 10> M). After 1 h of reaction an equal
volume of water was added and the quinine formed was
extracted three times with dichloromethane. The aqueous
layer was acidified with H,SO, to pH = 2 to stop further oxi-
dation, and 1 mL of a 10% solution of KI and three drops of
3% solution of ammonium molybdate were added. In the pres-
ence of hydrogen peroxide occurs the reaction H,O, + 2I" +
2H" - 2H,0 + I,, and with an excess of iodide ions, the tri-
iodide ion is formed according to the reaction I,(aq.) + I — I3™.
The reaction rate is slow but increases with increasing concen-
trations of acid, and the addition of an ammonium molybdate
solution renders the reaction almost instantaneously. The for-
mation of I;~ could be monitored spectrophotometrically due
to the development of the characteristic I3~ band 1 = 353 nm,
£=26000 M "' cm™).>°

Syntheses of complexes

[Ni,(L*)(SCN);(H,0)(CH;0H)]-CH;0H (1). A methanolic
solution (5 mL) of N,N-dimethyl ethylenediamine (0.176 g,
2 mmol) was added dropwise to a hot methanolic solution
(10 mL) of 2,6-diformyl-4-tert-butylphenol (0.206 g, 1 mmol)
and the resulting mixture was refluxed for half an hour. Then,
a methanolic solution (10 mL) of nickel(u) nitrate hexahydrate
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(0.727 g, 2.5 mmol) was added under continuous refluxing
condition. After 2 hours an aqueous solution (5 mL) of sodium
thiocyanate (0.202 g, 2.5 mmol) was added to the green solu-
tion stirring further for 2 h. Single crystals suitable for X-ray
analysis were obtained from the filtrate after a few days. Yield:
85%. Anal. Caled for C, H3oN,Ni,03S;-CH,O (M = 629.51 g
mol~): C, 47.69; H, 6.88; N, 15.57. Found: C, 47.73; H, 6.99; N,
15.54. IR: y(SCN) = 2084, 2004 cm™ ', y(C=N) = 1648 cm*,
v(skeletal vibration) = 1541 cm™".

[Ni,(L*)(SCN);(CH3;0H),] (2). A methanolic solution (5 mL)
of 2-(2-aminoethyl)pyridine (0.244 g, 2 mmol) was added drop-
wise to a hot methanolic (10 mL) solution of 2,6-diformyl-
4-tert-butylphenol (0.206 g, 1 mmol) and the resulting mixture
was refluxed for half an hour. Then, a methanolic solution
(10 mL) of nickel(u) nitrate hexahydrate (0.727 g, 2.5 mmol)
was added under continuous refluxing condition. After
2 hours an aqueous solution (5 mL) of sodium thiocyanate
(0.202 g, 2.5 mmol) was added to the green solution followed
by stirring for 2 h. Single crystals suitable for X-ray analysis
were obtained from the filtrate after a few days. Yield: 84%.
Anal. Caled for C3;H3,N,Ni,03S; (M = 769.40 ¢ mol™"): C,
48.40; H, 4.85; N, 12.75; Found: C, 48.63; H, 4.58; N, 12.54. IR:
L(SCN) = 1986, 2059 cm™", 1(C=N) = 1639 cm ', v(skeletal
vibration) = 1542 cm ™.

[Ni,(L*)(SCN),(AcO)(H,0)]-1.5H,0 (3). The synthesis follows
the same procedure adopted for complex 1 by using nickel(n)
acetate tetrahydrate (0.620 g, 2.5 mmol), instead of nickel(u)
nitrate hexahydrate, in 10 mL of methanol. The resulting green
solution was filtered and the filtrate kept in a CaCl, desiccator
in the dark; square-shaped green crystals were obtained after a
few days. Yield 72%. Anal. Caled for C,,H3gNeNiy0,S,-1.5(H,0)
(M = 683.38 g mol™"): C, 42.17; H, 6.05; N, 12.30. Found (%):
C, 42.27; H, 6.09; N, 11.33. IR: 1(SCN) = 2026, 2087 cm ",
1(C=N) = 1651 cm™", y(skeletal vibration) = 1575 cm ™.

[Ni,(L*)(SCN)(AcO),] (4). The complex was synthesized
similar to 2 by using a methanolic solution (10 mL) of nickel(i)
acetate tetrahydrate (0.620 g, 2.5 mmol) instead of nickel(m)
nitrate hexahydrate. The resulting green solution was filtered
and the filtrate kept in a CaCl, desiccator in the dark; square-
shaped green crystals were obtained after a few days. Yield
75%. Anal. Caled for C;;H3;N5Ni,O5S (M = 707.39 g mol™):
C, 52.66; H, 4.38; N, 9.30; Found (%): C, 52.67; H, 5.01;
N, 9.29. IR: y(SCN) = 2096 cm™ ', y(C=N) = 1638 cm ',
v(skeletal vibration) = 1574 cm™".

[Niy(L*)(N3)3(H,0),]-CH;0H  (5). A methanolic solution
(5 mL) of N,N-dimethyl ethylenediamine (0.176 g, 2 mmol) was
added dropwise to a hot methanolic (10 mL) solution of 2,6-
diformyl-4-tert-butylphenol (0.206 g, 1 mmol) and the resulting
mixture was refluxed for half an hour. Then, a methanolic
solution (10 mL) of nickel(n) nitrate hexahydrate (0.727 g,
2.5 mmol) was added under continuous refluxing condition.
After 2 hours an aqueous solution (5 mL) of sodium azide
(0.195 g, 3 mmol) was added to the green solution followed by
stirring for 2 h. Single crystals suitable for X-ray analysis were
obtained from the filtrate after a few days. Yield: 68%. Anal.
Caled for CyoH;,Nj3Ni,O5-CH;0H (M = 645.41 g mol™):
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C, 37.20; H, 6.41; N, 28.21. Found: C, 38.31; H, 6.24; N, 28.23.
IR: »(N=N) = 2040, 2077 cm ™", »(C=N) = 1651 cm ", 1(skeletal
vibration) = 1575 cm ™.

[Niy(L*)(N3)3(H,0),] (6). The complex was synthesised by a
similar procedure as for 5 using a methanolic solution (5 mL)
of 2-(2-aminoethyl)pyridine (0.244 g, 2 mmol) instead of N,N-
dimethyl ethylenediamine for the preparation of the Schiff
base. Yield: 70%. Anal. Caled for C,¢H33N3Ni,O3 (M =
693.39 g mol™'): C, 45.06; H, 4.80; N, 26.27. Found: C, 45.18;
H, 4.75; N, 26.37. IR: (N=N) = 2036, 2065 cm*, y(C=N) =
1639 em ™", y(skeletal vibration) = 1530 cm™".

[Niy(L")(Ac0),(N(CN),)]. (7). A methanolic solution (5 mL)
of N,N-dimethyl ethylenediamine (0.176 g, 2 mmol) was added
dropwise to a hot methanolic (10 mL) solution of 2,6-diformyl-
4-methylphenol (0.164 g, 1 mmol) and the resulting mixture
was refluxed for half an hour. Then, a methanolic solution
(10 mL) of nickel(n) acetate tetrahydrate (0.620 g, 2.5 mmol)
was added under continuous refluxing condition. After
2 hours an aqueous solution (5 mL) of sodium dicyanamide
(0.267 g, 3 mmol.) was added to the green solution followed by
stirring for 2 h. The resulting green solution was filtered and
the filtrate was then kept in a CaCl, desiccator in the dark, and
square-shaped green crystals were obtained after a few days.
Yield 79%. Anal. Caled for C,3H33N;NiO5 (M = 605.32 ¢
mol™"): C, 45.62; H, 5.49; N, 16.21. Found (%): C, 46.01; H,
5.09; N, 16.33. IR: »(C=N) = 2178, 2245, 2290 cm ', y(C=N) =
1654 cm™ ", y(skeletal vibration) = 1604 cm™.

[Ni,(L*)(Ac0),(N(CN),)] (8). A methanolic solution (5 mL) of
2-(2-aminoethyl)pyridine (0.244 g, 2 mmol) was added drop-
wise to a hot methanolic (10 mL) solution of 4-methyl-2,6-
diformylphenol (0.164 g, 1 mmol) and the resulting mixture
was refluxed for half an hour. Then, a methanolic solution
(10 mL) of nickel(n) acetate tetrahydrate (0.620 g, 2.5 mmol)
was added under continuous refluxing condition. After
2 hours an aqueous solution (5 mL) of sodium dicyanamide
(0.267 g, 3 mmol) was added to the green solution continuing
to stir for 2 h. The resulting green solution was filtered and
the filtrate was then kept in a CaCl, desiccator in the dark, and
needle shaped green crystals were obtained after a few days.
Yield 65%. Anal. Caled for CyoH,9N;Ni,Os (M = 673.36 g
mol™Y): C, 51.71; H, 4.34; N, 14.57. Found: C, 58.77; H, 4.25; N,
14.62. IR: y(C=N) = 2161, 2264, 2235 cm ', y(C=N) =

1651 cm ™", y(skeletal vibration) = 1555 cm™".

X-ray crystallography

Intensities data for crystal structure analyses of compounds
1-8 were collected on a Bruker Smart Apex diffractometer
equipped with CCD. In all cases measurements were con-
ducted at room temperature with MoKa radiation (4 =
0.71073 A). Cell refinement, indexing, and scaling of the data
sets were done using the programs Bruker Smart Apex and
Bruker Saint packages.”” All structures were solved by direct
methods and subsequent Fourier analyses*® and refined by the
full-matrix least-squares method based on F> with all observed
reflections.?® The AF maps of 1 and 5 revealed the presence of
a lattice methanol molecule, that of 3, 1.5 water molecule per

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3dt51419f

Published on 09 October 2013. Downloaded by St. Petersburg State University on 08/12/2013 13:10:47.

Dalton Transactions

complex unit (H atoms not assigned to the water at half occu-
pancy). Hydrogen atoms were placed at calculated positions
and those of lattice water molecules were located on the
Fourier map and refined. In compound 1 the carbon atoms of
the -CH,-N(3)(Me), group was found disordered and refined
over two conformations with occupancies of 0.610(13)/
0.390(13) and the same disorder was found in 7 both the
5-membered chelate rings (refined occupancies of 0.629(10)/
0.371(10) and 0.562(9)/0.438(9)). In 3, 4 and 5 the tert-butyl
group was successfully split over two positions (refined occu-
pancies of 0.516(18)/0.484(18), 0.505(10)/0.495(10) and
0.875(9)/0.125(9), respectively). The carbon atoms of disordered
groups in 3, 4 and 7 were isotropically refined. In 2 the N(5)-
C(27)-S(1) anion presents N-C and C-S bond distances of
0.914(5) and 1.711(6) A, possibly contaminated by another
ligand, however not evident from AFmap.

All calculations were performed using the WinGX System,
Ver 1.80.05.%° Crystal data and details of refinements are given
in Table 1. CCDC 942021-942027 for 1-7 and CCDC 942029
for 8 contain the supplementary crystallographic data for this

paper.

Conclusions

In order to unveil the most probable mechanistic pathway fol-
lowed in catecholase-like activity catalyzed by dinuclear
nickel(nr) complexes we have synthesized and comprehensively
characterized eight nickel(i) complexes of phenol based “end-
off” compartmental ligands and investigated their activity
towards the aerobic oxidation of 3,5-DTBC in methanol
medium. Out of eight complexes seven are dinuclear and one
is a coordination polymer in the solid state, but evolves to
dinuclear complexes in methanol medium. All complexes are
observed to be highly active in catalyzing the aerobic oxidation
of 3,5-DTBC to 3,5-DTBQ in methanol. The EPR experiments
show generation of ligand centered radicals in the presence of
3,5-DTBC. Although the cyclic voltammetric study of the com-
plexes indicates the reduction of Ni'' to Ni', spectroelectro-
chemical analysis and the combined coulometric-EPR study
suggest that the radical pathway is most likely responsible for
the catecholase-like activity exhibited by the nickel complexes
investigated in this work. The DFT analyses that confirm a
ligand-centered radical in the reduced complexes with signifi-
cant elongation of imine bond length corroborate well our
observed experimental results.
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