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In situ transformation of a tridentate to a
tetradentate unsymmetric Schiff base ligand via
deaminative coupling in Ni(1) complexes: crystal
structures, magnetic properties and catecholase
activity studyt

Monotosh Mondal,® Soumavo Ghosh,
Ashutosh Ghosh (2 *@

@ Souvik Maity,® Sanjib Giri 2 € and

A new dimeric Nii) complex, [NioL1(CH3CN)4(ClO4),-2CHsCN (1), was synthesized using an N,O donor
reduced Schiff base [(HLY) = 2-[(3-methylamino-propylamino)-methyl]-4-phenoll. Surprisingly, during an
attempt to replace its ClO4~ ion with SCN™, the N,O donor ligand in situ converted to a tetradentate
N,O, donor ligand and formed a metal complex, INi(HL2)(NCS)(CHsCN)] (2). A probable mechanism via
deaminative coupling for this conversion is proposed. Using 2 as a metalloligand under basic conditions, a
trinuclear metal complex, [Nis(L2)>(NCS)»(H»0)4]-H,O (3), was prepared. Single crystal structural character-
ization revealed that in all three metal complexes, the Ni(i) atoms were in an octahedral environment with
coordinated solvent molecules (CH3zCN in 1 and 2 and H,O in 3). Among the three metal complexes, 1
and 3 showed catecholase-like biomimicking activity. The calculation of the turnover numbers (Kca = 7.9
for 1, 14.5 for 3) reveals that 3 is a better catalyst than 1. Mechanistic cycles are proposed for this bio-
mimicking activity on the basis of ESI-MS spectrometry and iodometric measurements. Temperature-
dependent magnetic susceptibility measurements suggest that the Ni(i) ions in metal complexes 1 and 3
are antiferromagnetically coupled (J = =32.22 cm™ for 1, J = —10.4 cm™ for 3), consistent with their
geometries and bridging angles. Theoretically calculated J values (J = —40.15cm™ for 1, J = -14.53 cm™
for 3) by the DFT method corroborate well with the experimental values.

Introduction

N,O0-Donor ligands have been widely designed and used for
the synthesis of the coordination complexes of predetermined
nuclearity and stereochemistry depending upon the type of
metal ions." However, from a synthetic viewpoint, this syn-
thesis is not free from unexpected outcomes, such as struc-
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tural serendipity,® in situ ligand transformation,® and the for-
mation of carbonato-bridged complexes by atmospheric CO,
fixation.” Structural serendipity is encountered very often
during inorganic synthesis; however, the transformation of
organic ligand scaffolds has also been observed on few
occasions, which opens up new avenues of metal-assisted cata-
Iytic transformation to obtain value-added chemicals. These
in situ ligand transformations mostly depend on the reactivity
of the functional groups towards nucleophilic addition,’
hydro-/solvolysis,” cycloaddition,™® isomerisation,” elimin-
ation,® oxidation,” reduction,'® and condensation'' as well as
substitution on aromatic side chains."> The metal ion often
plays a very important role in such transformations.’® For
example, strongly Lewis acidic redox-inactive metal ions are
known to activate the electrophilic center of the imine group
of a Schiff base, giving rise to nucleophilic addition."*"> These
transition metal ion-catalyzed coupling reactions have impor-
tant synthetic applications in single step organic transformation."®

We have been using N,0O-donor Schiff bases for quite some
time to synthesize polynuclear transition metal complexes
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with intriguing catalytic and magnetic properties. However,
these ligands are prone to undergo rearrangements during
complex formation via hydrolytic cleavage of the imine bond.
To prevent these rearrangements, the imine bonds are reduced
to form reduced Schiff bases, which are usually very stable as
ligands; however, in some cases, they can also undergo in situ
transformations. As an example, one such conversion was
reported where a highly redox active tridentate N,O donor sub-
stituted 2-(methylamino)phenol moiety was oxidized by aerial
oxygen to form a N3O donor tetradentate Schiff base ligand in
the presence of Cu(u) via a oxidative coupling mechanism."”
On the other hand, compounds containing primary and sec-
ondary amine groups are known to undergo coupling reactions
in the presence of Ni, Ru, Co-Rh and Ir catalysts'® via a deami-
native pathway."® However, neither of these coupling reactions
have been reported for tridentate N,O donor reduced Schiff
bases containing the 2-(aminomethyl)phenol moiety, although
these bases have been widely used as ligands for synthesizing
complexes with various metal ions and anionic coligands.”
This coupling is of potential interest for single step generation
of important unsymmetric salan-type ligands catalysed by non-
noble 3d transition metal ions.>"

Herein, we synthesize a new dinuclear Ni(u) complex,
[Ni,L',(CH;CN),4](ClO,),-2CH;CN (1) using a tridentate N,O
donor reduced Schiff base [(HL') = 2-[(3-methylamino-
propylamino)-methyl]-4-phenol]. However, in our attempt to
synthesize its thiocyanate counterpart, two N,O-donor
reduced Schiff base ligands (L)'~ undergo in situ coupling to
form a new N,O, donor ligand (HL?)'~ [where H,L* = N,N"-bis
(2-hydroxybenzyl)-N-methyl-1,3-propanediamine], resulting
in a mononuclear complex, [Ni(HL*)(NCS)(CH;CN)] (2). 2 is
further used as a metalloligand to synthesize a trinuclear
metal complex [(NiL?),Ni(NCS),(H,0),]-H,O (3). All three
complexes have been characterized by single crystal X-ray ana-
lyses. Among the metal complexes, 1 and 3 exhibit catecho-
lase-like biomimicking activities under aerial conditions.
ESI-Mass spectra have been used to investigate the detailed
mechanism of the coupling as well as the catecholase-like
catalytic activity of these complexes. The magnetic properties
of 1 and 3 have been investigated experimentally and theoreti-
cally. This study shows that both metal complexes are antifer-
romagnetically coupled, commensurate with wide bridging
angles between the Ni(u) centers. The experimentally
obtained values are well-matched with the theoretically calcu-
lated coupling constants.

Experimental section
Starting materials

Salicylaldehyde, N-methyl-1,3-propanediamine, sodium boro-
hydride and ammonium thiocyanate were purchased from
Spectrochem, India and were of reagent grade. They were used
without further purification. The other reagents and solvents
were of commercially available reagent quality unless other-
wise stated.
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Caution! Although this was not encountered during our experi-
ments, perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only a small amount of material should
be prepared, and it should be handled with care.

Synthesis of 2-[(3-methylamino-propylamino)-methyl]-
4-phenol (HL")

HL' was synthesized by the usual method:** 5 mmol salicylal-
dehyde (0.52 mL) was mixed with 5 mmol N-methyl-1,3-propa-
nediamine (0.52 mL) in methanol (30 mL). The resulting solu-
tion was refluxed for 1 h and allowed to cool. Solid sodium
borohydride (0.222 g, 6 mmol) was added slowly with constant
stirring. After completion of the addition, the resulting reac-
tion mixture (HL') was directly used for further reaction with
metal salts.

Synthesis of [Ni,L',(CH;CN),](C10,),-2CH;CN (1)

The methanolic solution (20 mL) of HL' (5 mmol) was allowed
to react with an aqueous solution (10 mL) of Ni(ClO,),-6H,0O
(1.828 g, 5 mmol) with constant stirring for 30 minutes. Slow
evaporation of the resulting green solution afforded a dark
green microcrystalline compound. The green solid was separ-
ated by filtration, washed with diethyl ether and dissolved in
CH;CN. X-ray quality deep-green single crystals of 1 were
obtained by slow evaporation of the acetonitrile solution
(vield: 1.9 g; 80%). Anal. Caled for CsuHs50Cl,N;oNiyOq¢: C,
43.02; H, 5.52; N, 14.76. Found: C, 43.14; H, 5.67; N, 14.85. IR
(KBr pellet, cm™): yp_p), 3289 ecm™; yci—o), 1091 em ™. Aax
(nm) in methanol, 652, 996.

Synthesis of [Ni(HL>)(NCS)(CH;CN)] (2)

Metal complex 2 was synthesized by following the same pro-
cedure mentioned above. Here, the only difference was that an
aqueous solution of NH,SCN (5 mmol, 0.380 g) was slowly
added to the reaction mixture (yield: 0.8 g; 70%). Anal. Calcd
for C,;H,cN4Ni;0,S;: C, 55.17; H, 5.73; N, 12.25. Found: C,
55.28; H, 5.88; N, 12.37. IR (KBr pellet, cm‘l): V(N-H)»
3206 cm™'; yseny, 2116 ¢m ™. Amax (nm) in methanol, 648,
1012. fegr = 3.024p.

Synthesis of [Niz(L?),(NCS),(H,0),]-H,O (3)

1 mmol (0.457 g) of metal complex 2 dissolved in 10 ml of
methanol was added to a methanolic solution of Ni
(SCN),-4H,0 (0.123 g, 0.5 mmol) in a 2:1 ratio with slow stir-
ring. This nickel thiocyanate salt was synthesized by a pre-
viously reported method.?** After ca. 15 min, triethylamine
(0.14 mL, 1 mmol) was added to the mixture. Slow evaporation
of the resulting green solution afforded a dark green micro-
crystalline compound. The green solid was then filtered and
washed with diethyl ether and dissolved in an acetonitrile-
water mixture. X-ray quality deep-green single crystals of metal
complex 3 were obtained by slow evaporation of the aceto-
nitrile-water solution (yield: 0.4 g; 80%). Anal. Caled for
C35Hs,NgNiz00S,: C, 46.62; H, 5.56; N, 8.58 Found: C, 46.74;
H, 5.68; N, 8.69. IR (KBr pellet, cm™): y_p), 3214 em™; yseny,
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2102 em™; Yom) in H,0, 3419 ¢m™". Amax (nm) in methanol,
650, 1024.

Physical measurements

Elemental analyses (C, H and N) were performed using a
PerkinElmer 2400 series II elemental analyzer. IR spectra in
KBr pellets (4500 to 500 cm ') were recorded using a
PerkinElmer RXI FT-IR spectrophotometer. Electronic spectra
(1500 to 250 nm) were recorded in a Hitachi U-3501 spectro-
photometer. Electrospray ionization mass spectra (ESI-MS
positive) were recorded using a Xevo G2-S QTof (Waters) mass
spectrometer equipped with a Z-spray interface over a mass
range of 100 to 1200 Da in continuum mode. The temperature-
dependent molar susceptibilities of crystalline powdered
samples 1 and 3 were measured using a superconducting
quantum interference device vibrating sample magnetometer
(SQUID-VSM, Quantum Design) with an applied field of 500
Oe throughout the temperature range of 2 to 300 K. The sus-
ceptibility data were corrected according to literature values of
Pascal’s table for diamagnetic contributions.>® Isothermal
magnetization measurements were performed at 2 Kup toa 5
Tesla magnetic field. The cyclic voltammetry measurements
were carried out on an Epsilon Basi-C3 Cell instrument at a
scan rate of 100 to 300 mV s~ within the potential range of 0
to —1.20 V vs. Ag/AgCl in the presence of TBAP as supporting
electrolyte.

X-ray crystallographic data collection and refinement

Collected diffractable single crystals of metal complexes 1-3
were mounted on a Bruker-AXS SMART APEX II diffractometer
equipped with a graphite monochromator and Mo-Ka (4 =
0.71073 A) radiation. The crystals were positioned 60 mm from
the CCD. 360 frames were measured with a counting time of 5
s. The structures were solved using SHELXL-2016/4 for com-

Table 1 Crystal data and structure refinement of 1, 2 and 3
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plexes 1 and 3***” and SHELXT 2014/4 for 2.>*° Non-hydrogen
atoms were refined with independent anisotropic displace-
ment parameters. Hydrogen atoms were fixed in their respect-
ive geometric positions. The displacement parameters of the H
atoms were fixed to be 1.2 (1.5 for methyl hydrogens) times
larger than the other atoms to which the H atoms were
attached. Absorption corrections were carried out using the
SADABS program.*® The structures were refined on F* using
SHELXL-2016/4 for 1 and 3 and SHELXL-2018/3%' for 2.
The hydrogen atoms bonded to the solvent water molecule
in 3 could not be located. Data collection, structure refine-
ment parameters and crystallographic data for the complexes
are given in Table 1. CCDC 1944919 (1), 1944920 (2) and
1944921 (3)f contain the supplementary crystallographic data
for this paper.

Catalytic oxidation of 3,5-DTBC

The catecholase activity of 1-3 and the detection of hydrogen
peroxide during the catalytic reaction via the iodometric
method were investigated according to earlier reported
methods.>®

Computational methodology

Theoretical calculations based on broken symmetry DFT
were used to estimate the coupling constants () of 1 and 3
as proposed by Ruiz et al®>”*® All the calculations were
accomplished with the consideration of the experimental
X-ray structures. The hybrid B3LYP functional®*' and the
widely employed TZVP?? basis set were considered in all cal-
culations as implemented in the ORCA package.”> RI
approximations with the auxiliary Coulomb fitting basis set
TZV/] and tight SCF convergence criteria (Grid4) were also
included.**

Metal complexes 1

Chemical formula C34H5,Cl,N;(Ni, 04
Formula weight 949.14
Crystal system Monoclinic
Space group P2,/c

a(A) 13.1525(5)
b (A) 8.4556(4)

c (&) 21.0201(9)
£ 107.942(2)
V(A% 2224.01(17)
zZ 2

Peate (g cm™) 1.417

# (Mo Ka) (mm™) 1.029

F (000) 992

R (int) 0.070

Total reflections 44701
Unique reflections 3930
Reflections with > 26(1) 3359

R, % WR,? 0.0503, 0.1401
Temp (K) 293

GOF* 1.067

2 3
C51H6N,Ni; 0,8, C35H54NgNi3;06S,
457.21 979.08
Monoclinic Monoclinic
P2,/n C2/c
10.976(3) 19.913(5)
14.442(4) 11.258(5)
14.246(4) 19.410(5)
103.399(3) 92.010(5)
2196.7(11) 4349(2)

4 4

1.383 1.492

1.002 1.440

960 2040

0.061 0.044

9755 30552
3544 4642

2288 3784
0.0706, 0.2318 0.0487, 0.1456
293 293

1.053 1.069

aRl = Z| |Fo| - |Fc| |/Z|Fo| bWRZ (Foz) = [Z[W(Foz - FCZ)Z/ZWFO4]1/2' ¢ GOF = [Z[W(Foz - FCZ)Z/(Nobs - Nparams)]l/z'

This journal is © the Partner Organisations 2020
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Results and discussion
Syntheses of the complexes

The monocondensed unreduced Schiff base, 2-[(3-methyl-
amino-propylimino)-methyl]-4-phenol, was synthesized by the
reaction between N-methyl-1,3-propanediamine and salicylal-
dehyde in a 1:1 molar ratio in methanol. On reduction with
sodium borohydride, it produced the desired tridentate N,O
donor reduced Schiff base (HL'). The phenoxido-bridged
dinuclear Ni"" complex 1 was prepared by reacting HL' with
Ni(ClO,4),-6H,0 in a 1: 1 ratio (Scheme 1). However, to our sur-
prise, when NH,SCN was added to this reaction mixture, a
mononuclear Ni(u) complex (2) of a new N,O, donor tetraden-
tate ligand (H,L*) formed. Metal complex 2 reacts with a
methanolic solution of Ni(SCN),-4H,O under basic conditions
to produce trinuclear metal complex 3. It should be noted that
the formation of 2 depicts the first single step synthesis of an
unsymmetric singly N-alkylated salan-type ligand, which is
otherwise a multistep process.*”

Mechanistic interpretation

To obtain insight into the mechanism of formation of 2 and
the influences of Ni(u) and thiocyanate on this particular
in situ transformation of the tridentate ligand HL' to the tetra-
dentate ligand H,L? we recorded ESI-MS spectra under
various conditions.

The mass spectrum of the dinuclear metal complex 1 in
methanol (Fig. S1, ESIf) shows a base peak at 501.13 (calcd
501.13) and an intense peak at 601.09 (caled 601.08), which
can be assigned to the dinuclear species [Niy(L'),-H]" and
[Niy(L")(Cl0,)]", respectively. Along with this, the peak at
251.06 (caled 251.06) was assigned to the mononuclear
[(NiL")]" species originating from the fragmentation of 1. A few
intense, singly positive sodiated peaks were also found
at m/z values of 577.15 (caled 577.14) and 845.23 (caled
845.22) and were assigned to [Ni,(L'),(OH),(H,0) + Na]" and
[Nis(L")3(OH)3(H,0) + Na]", respectively. The mass spectra of
metal complexes 2 and 3 (Fig. S2 and S3, ESIf{) are quite
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NH HNT Me~
Ni(Cl04),.6H,0 \IH-—'\l \
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4>
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Scheme 1 Formation of the metal complexes 1-3 (the lattice solvents
are not shown here).
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similar; they show base peaks at 357.10 and 357.11, respect-
ively (caled 357.11), for the protonated mononuclear chelate
[(NiL?) + H]". The peak for the dimeric form [(NiL?), + H]" of
this mononuclear chelate appears at 713.22 (caled 713.21) for
both 2 and 3. Along with these, another important peak at
301.18 (calcd 301.19) is observed for both 2 and 3, assignable
to the free ligand, [H,L> + H]". Moreover, an intense peak
appears at 503.06 (calcd 503.06) for both metal complexes 2
and 3 due to the dinuclear species, [(NiL?)Ni(OH),(CH;OH) + Na]'.

We then performed mass spectrometric analysis (Fig. S4,
ESIT) of a reaction mixture after one week, prepared by mixing
the reactants in the same molar ratios as for the synthesis of
complex 2 in methanol, to detect the species which are formed
during the conversion of the ligand. A base peak was found at
503.07, which was assigned to the species [(NiL*)Ni
(OH),(CH;O0H) + Na]'. Along with this, a peak at a m/z value of
607.17, assignable to the species [(NiL?) + (NiL')]" (calcd
607.17), was observed. Two peaks at m/z values of 251.07 and
357.11 confirm the coexistence of [(NiL")]" and [(NiL*) + H]" in
the reaction mixture. Another signal at m/z at 415.04 [calcd
415.04], assignable to [(NiL?) + Ni(u) + H™]", suggests the for-
mation of nickel hydride in situ. Previous studies indicate that
the methanolysis of NaBH, is very rapid at 25 °C, producing
hydrogen and NaB(OCHj;),; thus, borohydride cannot be the
source of the hydride after one week.*® Thus, we assume that
the slow conversion of the reduced ligand of (NiL')" to its
unreduced imine form in alkaline solution is the source of the
hydride. On the other hand, mass analysis of this reaction
mixture immediately after mixing the reactants (Fig. S5, ESIT)
showed signals for [Niy(L'),(ClO,)]", [Niy(L'),-H'], and
[(NiL")]" species at m/z values of 601.09, 501.13 and 251.06,
respectively, along with a base peak at a m/z value of 560.12
[caled 560.11], assignable to the [Ni,(L"),(NCS)]" species; this
indicates instant formation of metal complex 1 and its thio-
cyanate adduct. However, no species of unreacted reduced sali-
cylaldehyde or diamine were detected, suggesting that the con-
centrations of these reactants are negligible compared to that
of 1 and its thiocyanate adduct. Thus, we assumed that the
contribution of unreacted salicylaldehyde or diamine as a reac-
tant to the transformation of 1 (or its thiocyanate adduct) is
minimal; however, their role in the formation of any active
catalytic species with nickel in situ cannot be ruled out comple-
tely. On the other hand, this [Ni,(L"),(NCS)]" species was not
observed in the same mixture after one week (Fig. S4, ESIf),
indicating that this adduct may be transformed to form metal
complex 2.

On the other hand, because the reaction takes place in pres-
ence of NH,SCN, it may have some influence on the ease of
oxidation of (NiL')". To explore the influence of SCN™ on the
oxidation potential of (NiL')" with respect to unbound metal
complex 1, we also performed a cyclic voltammetric analysis of
this mixture. As expected, the anodic peak potential (vs. Ag/
AgCl electrode) of 1 in methanol (+0.76 V) also shifted to a
lower value (+0.71 V) in the presence of SCN~, indicating a
faster rate of electron transfer; this reflects the role of this coli-
gand in increasing the ease of oxidation (Fig. 1). On the other

This journal is © the Partner Organisations 2020
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Fig. 1 Cyclic voltammograms of 1 and a 1: 2 mixture of 1 and NH4SCN (left) and of the complex of HL! and Zn(ClO,),-6H,0 in a 1: 1 ratio (right) in

methanol.

hand, cyclic voltammetric analysis of the compound isolated
from the mixture of HL' and zinc perchlorate in a 1:1 ratio
also shows an anodic peak at a similar potential (+0.89 V),
suggesting that the oxidation is most likely ligand-based.
Based on these observations and analyses, the most probable
pathway is depicted in Scheme 2. In the first step, the complex
[(NiL")SCN] (I) undergoes dehydrogenative oxidation to elimin-
ate an H, molecule and return to its original unreduced form
(IT), where Ni(u) acts as a hydride transfer agent. In the second
step, the Schiff base group undergoes a nucleophilic attack by
another [(NiL')SCN] molecule. The terminal amine group is
more likely to be the attacking nucleophile to the imine
carbon; thus, the tertiary amine formed (III) has less steric
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Scheme 2 Probable mechanism for the transformation of HL® to H2L2.
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repulsion. The reaction further proceeds to C-N bond cleavage
to form the eneamine (IV). Lastly, the eneamine is reduced by
the nickel hydride to form the metal complex 2 (V) and regen-
erates free Ni(m).

In order to establish the participation of the imine inter-
mediate in the catalytic reaction, 1 was mixed with the purified
nickel perchlorate complex of the unreduced ligand in a 1:1
ratio in methanol without the addition of thiocyanate, and the
mixture was analysed by ESI-MS after one week. In the absence
of SCN™, a weak signal of [(NiL?) + H]" was obtained at m/z =
357.11 (Fig. S6, ESIt); this supports the plausible mechanism
through a deaminative pathway. Moreover, the signal at m/z =
355.09 [caled 355.09] indicates the presence of intermediate
(1Iv), excluding SCN™, Z.e. [(NiL?)-H ]". This also suggests that
the coordination of SCN™ to Ni(u) increases the rate of dehy-
drogenation of the C-N bond from (NiL')*, as supported by
the electrochemistry studies. In the presence of SCN™, ESI-MS
analysis of the mixture of metal complex 1 and the unreduced
complex in a 4:1:1 ratio (Fig. S7, ESI}) also depicts weak
signals of [(NiL?) + HJ", [(H,L?) + H]" and [(H,L*)-H"]" at m/z =
357.11, 301.19 [caled 301.19] and 299.17 [caled 299.17],
respectively; this supports that the mechanism is also valid in
the presence of SCN™. Moreover, mass analysis of a mixture of
only 1 and SCN™ in a 1:1 ratio after one week (Fig. S8, ESIT)
depicts weak signals of [(NiL*) + H]" at m/z = 357.11 and
[(NiL") + (NiL*)]" at m/z = 607.17, indicating that the in situ
transformation of complex 1 is catalysed by thiocyanate.

IR and UV-Vis spectra of the complexes

Metal complexes 1-3 show moderately strong and sharp peaks
at 3289, 3206 and 3214 cm™ ', respectively, due to the sym-
metric stretching vibration of the amine (N-H) group.
Therefore, it is confirmed that the Schiff base ligand has been
reduced. The reduction of the (>C=N-) moiety is also clearly
indicated by the absence of a typically strong and sharp peak
due to the imine bond vibration found in the corresponding
complexes of the unreduced Schiff bases in the range of 1620

Inorg. Chem. Front,, 2020, 7, 247-259 | 251
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to 1650 cm™'.>*?® Absorption bands at 2116 for 2 and
2102 cm™" for 3 characterize the stretching frequency of the
thiocyanate (SCN™) co-ligand. The strong and single band at
1091 cm ™" for 1 indicates the presence of an anionic perchlor-
ate group. The electronic spectra of complexes 1-3 were
acquired in methanolic solution. The spectra show broad
absorption bands at 652 and 996 nm for 1, 648 and 1012 nm
for 2, and 650 and 1024 nm for 3; these can be assigned to the
spin-allowed d-d transitions *T;4(F) « *Ayy and *Tpy(F) « *Ag,
respectively, for octahedral d® systems. These values are in
agreement with the literature values for octahedral Ni(u)
compounds.?*>37

Description of the crystal structures

Metal complex 1 consists of a discrete centro-symmetric diphe-
noxido bridged dinuclear unit with the formula
[Ni,L',(CH3CN),](Cl0,),-2CH;CN (Fig. 2). The dinuclear core
consists of two Ni (i) atoms, labeled Ni(1) and Ni(1)* (* =1 — x,
1 —y, 1 — 2), bridged by phenoxido oxygen atoms O(10), O(10)*
with a Ni(1)-Ni(1)? distance of 3.207 A and a Ni(1)-O(10)-
Ni(1)* angle of 102.44(8)°. Each nickel atom has a slightly dis-
torted octahedral environment and is coordinated by three
donor atoms, N(18), N(22) and O(10), of the deprotonated tri-
dentate reduced Schiff base ligand (L')” in a facial configur-
ation along with two solvent acetonitrile molecules [N(1) and
N(2)] and a phenoxido oxygen atom, O(10)* (* =1 — x, 1 — y,
1 — z), from the symmetry-related reduced Schiff base ligand,
with the usual bond distances.?**** The basal plane around
the nickel center, Ni(1), is composed of four donor atoms:
N(18), 0(10), O(10*) (* =1 —x, 1 — y, 1 — z) and N(2). The dis-
tances in the basal plane are in the range of 2.055(2) to
2.097(4) A. The deviations of the coordinating atoms O(10),
N(2), N(18), and O(10%) from the least-square mean plane
through them are 0.097(2), —0.043(3), —0.047(3), and —0.006(2)
A, respectively, and that of the Ni(1) atom from the same plane

Fig. 2 ORTEP view of the structure of 1 with ellipsoids at 30% prob-
ability. The ClO4~ anions and noncoordinated acetonitrile molecules are
omitted for the sake of clarity.
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Fig. 3 ORTEP view of the structure of 2 with ellipsoids at 30%
probability.

is —0.007(1) A towards the axially coordinated N(22) atom. The
axial positions are occupied by one acetonitrile molecule, N(1),
at a distance of 2.208(3) A, and N(22) of the tridentate Schiff
base at a distance of 2.097(3) A, with a N(1)-Ni(1)-N(22) bond
angle of 176.07(11)°. Two noncoordinated perchlorate anions
are present to balance the charge of the complex. Selected dis-
tances and angles are summarized in Tables S1 and S2, ESL.}

The crystal structure of metal complex 2 consists of a mono-
meric unit of the neutral complex [Ni(HL*)(NCS)(CH;CN)]
(Fig. 3). The metal atom Ni(1) has a distorted octahedral
environment, being coordinated by the mono-negative chelat-
ing tetradentate ligand (HL?)” through the secondary amine
nitrogen atom N(18), the tertiary amine nitrogen atom N(22)
and two phenoxido oxygen atoms [O(10), O(31)]. The nitrogen
atom of isothiocyanate, N(1), and of acetonitrile, N(2), com-
plete the hexacoordination around the nickel atom. Four
donor atoms, N(18), N(22), O(10), and O(31), constitute the
basal plane around the nickel center Ni(1). The distances in
the basal plane are in the range of 2.044(4) to 2.128(6) A. The
deviations of the coordinating atoms O(10), O(31), N(18) and
N(22) from the least-square mean plane through them are
—0.027(4), 0.027(4), 0.025(6), and —0.025(6) A, respectively, and
that of the Ni(1) atom from the same plane is 0.065(1) A
towards the axially coordinated N(1) atom. The two axial dis-
tances, Ni(1)-N(1) and Ni(1)-N(2), are 2.029(6) A and 2.155(6)
A, respectively, and the N(1)-Ni(1)-N(2) bond angle is
173.2(2)°. The hydrogen atom H(10) of the tetradentate ligand
participates in strong intermolecular hydrogen bonds with
0(31) of another molecule (H(10)---O(31); 1.47(6) A, O(31)-
H(31)---0(10); 172(8)° and O(31)---O(10); 2.428(6) A) to form a
H-bonded dimer (Fig. 5). Selected distances and angles are
summarized in Tables S1-S3, ESL. ¥

The neutral trinuclear entity of the metal complex (Fig. 4)
[Ni;(L?),(NCS),(H,0)4]-H,O (3) can be assumed to be com-
posed of two terminal mononuclear units of [NiL*(H,0),] con-
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Fig. 4 ORTEP view of the structure of 3 with ellipsoids at 30% prob-
ability. H-Atoms and non-coordinated water molecules are omitted for
clarity.

[

Fig. 5 The intermolecular hydrogen bonds shown in 2.
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nected to a central [Ni(SCN),] unit through the phenoxido
oxygen atoms of the Schiff base ligand. The trinuclear struc-
ture possesses crystallographic C, symmetry running through
the central nickel atom Ni(2). Each of the two equivalent term-
inal Ni(1) atoms possesses an octahedral environment, where
four donor atoms of the di-negative tetradentate Schiff base
ligand (L?)”, with dimensions of Ni(1)-N(18) 2.092(3) A, Ni(1)-
N(22) 2.133(3) A, Ni(1)-O(10) 2.060(2) A and Ni(1)-O(31)
2.051(2) A, constitute the basal plane. Two axial positions are
occupied by oxygen atoms (01, O2) of two water molecules
with bond distances of Ni(1)-O(1) 2.134(4) A and Ni(1)-O(2)
2.132(3) A. The deviations of the coordinating atoms N(18),
N(22), O(10), and O(31) from the mean plane passing through
them are —0.044(3) A, 0.043(3) A, 0.049(2) A, and —0.049(2) A,
respectively, and that of Ni(1) from the same plane is
—0.060(1) A. The six-coordinated central Ni(2) has also a dis-
torted octahedral environment, constructed by the coordi-
nation of four phenoxido oxygen atoms O(10), O(10)?, O(31),
and O(31)* [* = —x, y, 1 — 2] from the two terminal [NiL*(H,0),]
moieties and two mutually cis nitrogen atoms of the isothio-
cyanate ligands at N(1) and N(1)*. Three phenoxido-bridged
oxygen atoms O(10), O(31), and O(31)* [Ni(2)-0(10) 2.181(2) A,
Ni(2)-0O(31) 2.053(2), Ni(2)-0(31)* A] and one N atom (N(1)?)
[Ni(2)-N(1)?, 2.063(3) A] of the ligating isothiocyanate form the
basal plane. The deviations of the coordinating atoms O(10),
0(31), O(31)%, and N(1)* from the mean plane passing through
them are —0.114(2) A, 0.107(2) A, 0.102(2) A, and —0.095(3) A,
respectively, and that of Ni(2) from the same plane is
-0.135(1) A. The N(1) of isothiocyanate and the phenoxido
O(10)* are in the axial positions, where the bond angle of
0O(10)*-Ni(2)-N(1) is 177.60(11)°. Both hydrogens of the water
molecule O(2) are involved in hydrogen bonding (Fig. 6). One
of them, H(3), forms a hydrogen bond with the phenoxido
oxygen, O(10), of the ligand (H(3)--O(10); 1.76 A, O(2)-
H(3)---0(10); 174° and O(3)---O(10); 2.681 A). The other hydro-
gen atom, H(4), forms an intermolecular hydrogen bond with
a solvent water molecule, O(3); (H(4)---O(3); 2.24 A, O(2)-
H(4)---O(3); 174° and O(3)---O(2); 3.156 A). The amine N(18)
hydrogen atom also forms a weak H-bond interaction with a

Fig. 6 The intra and intermolecular hydrogen bonds shown in 3. Symmetry transformations for the intermolecular H-bonds are shown in Table 2.

This journal is © the Partner Organisations 2020

Inorg. Chem. Front.,, 2020, 7, 247-259 | 253


https://doi.org/10.1039/c9qi00975b

Published on 24 October 2019. Downloaded on 2/10/2023 4:57:02 PM.

Research Article

Table 2 Hydrogen bond parameters in 2 and 3 (in A and °)
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D-H---A d(D-H) d(H---A) d(D---A) <(D-H---A) Symmetry transformations

2 0(10)-H(10)---0(31) 0.96(5) 1.47(6) 2.428(6) 172(8)

3 N(18)-H---S(1) 0.99(3) 2.61(3) 3.519(4) 152(3) Ay, 1ty z
0(2)-H(3)---0(10)" 0.92(3) 1.76(3) 2.681(4) 174(3) —X,),3-2
0(2)-H(4)---0(3)° 0.92(4) 2.24(4) 3.156(9) 174(5) S R

D = donor atom, A = acceptor atom, H = hydrogen atom.

sulphur atom, S(1), of a coordinated isothiocyanate molecule 1.0 - c

. . —— Complex 3

(H---S(1); 2.61 A, N(18)-H---S(1); 152° and N(18)---S(1); 3.159 A). —— 3,5-DTBC

Selected distances and angles are summarized in Tables S1-
S3, ESLY

Catecholase-like activity studies

3,5-Di-tert-butylcatechol (3,5-DTBC) was used as a substrate for
the measurements of the catecholase-like activity of the metal
complexes 1-3. First, we examined the catalytic activity of all
three metal complexes for the oxidation of 3,5-DTBC to 3,5-
DTBQ in air-saturated methanol (Fig. 7). For this purpose, we
mixed equal volumes of 1 x 10~ M solutions of each of 1-3
and 1 x 107> M substrate solution (3,5-DTBC) in methanol at
room temperature, and UV-vis spectra of the mixtures were
recorded at 5 min time intervals. While 1 and 3 showed
gradual increases of an absorption band around 401 nm due
to the formation of 3,5-DTBQ, this gradual increase was absent
for 2. Hence, detailed kinetic studies of this oxidation reaction
were performed on 1 and 3. Fig. 8 presents the gradual
increase of the absorption bands at 401 nm for 3 in the pres-
ence of 3,5-DTBC, and similar plots for complex 1 are given in
Fig. S9, ESL.t The kinetic parameters of both complexes were
measured by the initial rate method.*® The substrate concen-
tration dependence of the oxidation rates and various kinetic
parameters were determined by mixing equal volumes of 1 x
10~ M solutions of 1 and 3 with different concentrations
(Table S4, ESIT) of 3,5-DTBC under aerobic conditions. In all
cases, a first-order kinetic dependence was followed at low con-
centrations of 3,5-DTBC, whereas saturation kinetics was
observed at higher concentrations. The observed rate vs. [sub-
strate] data of the enzymatic kinetics were then analyzed by
the Michaelis-Menten model to obtain Lineweaver-Burk plots
and values of different kinetic parameters. Both the observed
rate vs. [substrate] and Lineweaver-Burk plot for 3 are shown
in Fig. 9, whereas similar plots for 1 are shown in the ESLt

3,5-DTBC 3,5-DTBQ

Fig. 7 Catalytic oxidation of 3,5-DTBC to 3,5-DTBQ in air-saturated
methanol.
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Fig. 8 Increase in absorbance around 401 nm after mixing equal
volumes of methanolic solutions of 3,5-DTBC (1 x 1072 M) and 3 (1 x
10™* M). The spectra were recorded at 5 min intervals.
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Fig. 9 Plot of the initial rate versus the substrate concentration for the
oxidation of 3,5-DTBC catalyzed by 3. The inset shows the Lineweaver—
Burk plot.

The kinetic parameters for 1 and 3 are listed in Table S5, ESI.}
The turnover numbers (K.,) were calculated by dividing the
Vmax Vvalues by the concentration of the corresponding com-
plexes (Table S5, ESI).
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The binding of 3,5-DTBC to the complexes was investigated
by mass spectrometry (ESI; positive mode) to obtain an idea
regarding the possible complex-substrate intermediates and
mechanistic inference of catecholase activity during the oxi-
dation reaction. We recorded ESI-MS spectra for complexes 1
and 3 of 1:100 mixtures (v/v) of the complexes and 3,5-DTBC
in methanol solution within 5 min of mixing. The detailed
analysis of the mass spectra of complexes 1 and 3 was pre-
viously mentioned in the mechanistic interpretation section.
Now, after addition of 3,5-DTBC to a methanolic solution of
complex 1, a considerable change was observed in the mass
spectrum (Fig. S12, ESIT). The base peak was observed at m/z =
472.23 (caled 472.22), which can be assigned to the semiquino-
nate form of the intermediate species [Ni(L")(3,5-DTBSQ) + H]"
of complex 1. In addition, low intensity peaks at 494.20 (calcd
494.20) and 251.06 (caled 251.06) were observed for [Ni(L")(3,5-
DTBSQ) + Na]™ and [Ni(L")]", respectively. Another important
peak appears at m/z = 722.30 (caled 722.29), which is due to
the formation of [Ni,(L"),(3,5-HDTBC) + H]". This proves the
formation of the catalyst-substrate intermediate species and
suggests that 3,5-DTBC binds with the binuclear unit at first.
In the case of complex 3, again, a considerable change was
observed after the addition of 3,5-DTBC (Fig. S13, ESIf). In
addition to some common assigned peaks of complex 3, three
new peaks at m/z = 243.12 (caled 243.14), m/z = 634.18 (calcd
634.18), and m/z = 578.26 (calced 578.26) were observed due to
the quinine-sodium aggregate ([3,5-DTBQ-Na]’) and semiqui-
nonate intermediate species ([Niy(L?)(3,5-DTBSQ)]" and [Ni(L?)
(3,5-DTBSQ) + H]'), respectively. Another peak at m/z = 445.05
(caled 445.05) was assigned to ([Niy(L*)(CH;0)]". The semiqui-
nonate species clearly establish the complex-substrate
bonding as well as the formation of intermediates.

Mechanistic insight

Various detailed mechanistic approaches have been reported
for the conversion of substituted catechols to their corres-
ponding quinines.?” In most homonuclear Ni(u) systems,
metal-semiquinoate intermediates are formed via radical path-
ways.'" This intermediate reacts with oxygen and also produces
hydrogen peroxide as a byproduct. It has been found that for
both complexes, H,0, is formed during the reaction with 3,5-
DTBC. The quantitative estimation shows that 91% H,0O, is
generated after 1 h of reaction for 1, while 74.67% is generated
in the case of 3.

Based on the ESI-MS spectra, we propose mechanism cycles
for 1 (Fig. S11, ESIt) and 3 (Fig. 10). In the case of 1, the dinuc-
lear species [Ni,(L"),-H]" reacts with 3,5-DTBC to generate the
intermediate [Ni,(L"),(3,5-HDTBC) + H']". However, this less
stable dinuclear entity dissociates into mononuclear [Ni(L")]",
which reacts with aerial O, and forms a radical intermediate,
[Ni(L")(3,5-DTBQ)]". H,0, is produced as a byproduct from the
reduction of oxygen molecule. The semiquinoate intermediate
itself converts to 3,5-DTBQ by leaving the reactive species
[Ni(LY)]" and H,0,. The regenerated mononuclear species then
further reacts with 3,5-DTBC, and the cycle continues.
However, in 3, the central Ni(u) can bind with 3,5-DTBC by
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Fig. 10 Proposed mechanism for the catalytic cycle of the oxidation of
3,5-di-tert-butylcatechol with 3.

replacing two thiocyanate co-anions. However, this large mole-
cule dissociates and forms two small species, [Niy(L*)]** and
[Ni(L*)]". Both these reactive species are capable of binding
with catechol to form radical semiquinoates. The reaction
cycle goes the same way in 1, and 3,5-DTBQ and H,0, are pro-
duced as the product and byproduct, respectively.

The activity order of these complexes for this oxidation of
3,5-DTBC to 3,5-DTBQ is 3 > 1. From X-ray analysis, it was
observed that coordinated solvent molecules, e.g. H,O and
CH;CN, are present in the structures. The central Ni(u) ion of
3 also binds with labile thiocyanate co-ligands. Thus 3,5-DTBC
can coordinate easily to Ni(u) ions by replacing these labile
groups. ESI-MS analysis indicates the presence of two possible
reactive intermediates ([Niy(L*)(3,5-DTBSQ)]" and [Ni(L?)(3,5-
DTBSQ) + HJ") in solution. However, the latter intermediate
does not appear to be the active species because it is also
detected in the mass spectra of the solution of 2 + 3,5-DTBC,
but no catalytic activity is detected for 2. Therefore, it can be
assumed that the oxidation reaction proceeds through the
binuclear reactive intermediate species. The central Ni(u) ion
of 3 can easily bind with 3,5-DTBC to for the dinuclear inter-
mediate on dissociation, whereas the coordination of 3,5-
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DTBC to the dinuclear metal complex 1 is somewhat hindered
due to steric repulsion resulting from the tridentate ligand.
Hence, the catalytic activity of 3 is considerably higher than
that of 1. A table (Table S7}) comparing the catecholase activi-
ties of reported Ni(u) Schiff base complexes is included in the
ESLt However, the K., (h™") values in the table are inconsist-
ent because different methods (initial or integrated rate) were
used to calculate the kinetic parameters.

Magnetic properties

Temperature-dependent  molar susceptibility

measurements of microcrystalline powdered samples of 1 and

magnetic

3 were carried out in the temperature range of 2 to 300 K. The
results are shown in the form of y\T vs. T plots in Fig. 11. For
1, the y\T value is 2.11 cm® K mol™" at room temperature
(300 K), which is expected for a magnetically non-interacting
Ni" dimer (the spin only yy T value is 2.0 cm® K mol ™" for Ni(i)
with g = 2). Upon cooling, yuT shows a smooth decrease and
reaches a value of 0.01 cm® K mol ™" at 2 K. This behavior indi-
cates the presence of predominant intramolecular antiferro-
magnetic interactions between the Ni(u) ions. The magnetiza-
tion measurements of 1 at 2 K also confirm that a diamagnetic
ground state arises from strong antiferromagnetic exchange
interactions (Fig. S14, ESIY).

Because the structure of 1 shows the presence of isolated
Ni(u) dimers connected through two phenoxido bridges, we
fitted the experimental magnetic data of this compound by fol-
lowing the Van-Vleck equation (eqn (1)). The Hamiltonian for
this equation is considered to be H = —JS;S,, where S; = S, =
Sni = 1. This simple model gives a very satisfactory fit of the
magnetic properties of 1 in the whole temperature range with
the following set of parameters: J = —32.22 + 0.12 cm™ ', g =
2.11+0.07,0=0K,R=7.1x10"".

2% + 105
1+ 3e* + 5%

7Ng2ﬂ2
M= T

x =J/2KT. (1)

The thermal variation of the y,,,T product of 3, Ni(u) trimer,
shows a room-temperature value of 3.52 cm® K mol™; this is
close to the expected spin only non-interacting Ni(u) trimer

T
20 uu:{.{:‘lﬂ_‘nﬂ.“s
.

YT (o’ K mol ™)
= i

=
wn
1

0.0
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(3.0 cm® K mol™). Upon cooling, the y,,T product shows a
steady decrease from 300 K to 100 K. This decrease becomes
more pronounced below 100 K and reaches a value of ca.
0.75 em® K mol™" at 2 K. This behavior indicates that 3 also
presents antiferromagnetic exchange interactions within the
trinuclear unit.

Although 3 is a bent trinuclear unit, we consider it as a
linear trinuclear unit from the magnetic point of view because
there is no direct linkage between the two terminal Ni atoms.
Because the central Ni(2) atom is also connected to two term-
inal Ni(u) via the same double phenoxido bridges, we consider
metal complex 3 as a symmetric linear trinuclear unit with
only one intra-trinuclear coupling constant (J). We fitted the
magnetic properties of this complex to the simple model
derived for an S; = S, = S5 = Syi = 1 linear trimer with the
Hamiltonian H = —J(S;S, + S,S3), where S, is the spin state of
the central Ni(u) ion. The best fits lead to the following data:
J=-10.4 + 0.06 cm™}, g = 2.12 + 0.04, § = —0.36 + 0.01 K,
R=11x10"".

_ 2Ng*p? 3 +42e™ + 15> 4 18¢ > 4 3™
TSI —0) " 3+ 76" + 56 + 8¢ X +e ™ +3e % (2)
x=J/2kT.

Magneto-structural correlations

In the last two decades, several studies on magnetostructural
correlations on diphenoxido-bridged metal complexes have
been reported. All these studies conclude that the exchange
interaction (/) has strong dependence on the bridging angle. It
is shown that diphenoxido-bridged Ni(ir) dimers are ferromag-
netically coupled if the Ni-O-Ni angle is less than ~97° due to
orthogonality of the magnetic orbitals, and antiferromagnetic
coupling is expected at larger angles.”” The relationship
between the J values and the Ni-O-Ni bridging angles is
almost linear.** The out-of-plane shift of the phenoxido rings,
the hinge distortion of the M,0, core frameworks and the
metal---Oppenoxido distances are also important factors that
affect the J values.** It is very difficult to synthesize complexes

s S

Bt

304

Lo+

05 -4 T T T T T T

Fig. 11 Variations of y,,T as a function of temperature for 1 (left) and 3 (right).
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Table 3 Selected structural parameters and magnetic coupling constants (J) for 1 and 3

Ni-O bond Ni-Ni Coupling constant (/) Coupling constant (/)
Metal complex length (A) distance (A) <Ni-O-Ni (°) by DFT (cm™%) experimental (cm™")
1 2.060(2) 3.207 102.44(8) —40.15 —-32.22 £ 0.12
2.055(2)
3 2.100(2) 3.202 96.81(9) —14.53 —10.40 + 0.06
2.051(2) 102.59(10)

whose structures have the required variations of all these para-
meters. However, theoretical calculations can provide an idea
because one can control the variation of each parameter,
leaving the rest unaffected. To better understand the magnetic
exchange properties, we performed DFT calculations using the
broken symmetry approach to calculate the J values. By calcu-
lating, we obtained values of J = —40.15 cm™" for 1 and
—14.53 cm™' for 3; these are comparable with the experi-
mentally observed values of J = —32.22 cm™" and —10.4 cm™",
respectively (Table 3). The diphenoxido bridged Ni(u) dimers
are usually antiferromagnetic in nature, and the coupling con-
stant becomes more negative with increasing bridging angle.
To visualize this fact, we plotted the J values*® with respect to
the Ni-O-Ni angles of earlier reported diphenoxido-bridged
Ni(u) dimers (Fig. S15, ESIt). The results showed sign altera-
tions of the J values around ~97°. The phenoxido bond angle
(Ni-O-Ni, 102.44(8)°) in 1 indicates that it should show strong
antiferromagnetic interactions. Metal complex 3, a trinuclear
unit, also shows antiferromagnetic coupling at room tempera-
ture, which results in the S = 1 ground state. In 3, the Ni-O-Ni
angles are 96.81° and 102.59°, with an average value of 99.70°.
Therefore, the magnetic coupling is expected to be weak and
antiferromagnetic, as observed experimentally.

Conclusions

The N,O donor reduced Schiff base ligand (HL') on reaction
with Ni(ClO,),:6H,0 produces the usual phenoxido bridged
dinuclear metal complex 1. However, addition of NH,SCN to
the reaction mixture results in an unexpected mononuclear
Ni(1) complex (2) of an N,O, donor ligand (H,L?). This unpre-
cedented in situ transformation of HL' to H,L> appears to
occur via deaminative coupling, as is evident from mass spec-
tral analysis. The thiocyanate ion appears to play a catalytic
role in this transformation. Metal complex 2 on reaction with
Ni(SCN),-4H,0 produces a phenoxido-bridged trinuclear metal
complex, 3. Variable temperature magnetic measurements of 1
and 3 show antiferromagnetic coupling between the Ni(u)
centers, consistent with their high bridging angles. The theor-
etically calculated coupling constants (J) are in conformity
with those obtained experimentally. Due to their loosely
bonded solvent molecules (H,O, CH3;CN), dinuclear metal
complex 1 and trinuclear metal complex 3 are useful catalysts
for biomimicking catecholase-like activity; however, the mono-
nuclear metal complex 2 is nearly inert for this oxidation reac-
tion. ESI-MS spectra reveal that the binuclear entity [Ni,(L*)]**

This journal is © the Partner Organisations 2020

is responsible for the catalytic activity of 3. In 1, the catalyst-
substrate binding appears to be hindered by the tridentate
ligand bonded to Ni(u) ion; hence, its catalytic activity is less
than that of 3.
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