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Abstract

The Schiff base ligand HL1 ({2,6-bis(allylimino)methyl}-4-methylphenol) having no
coordinating donor arm has been examined for its reaction medium and ancillary bridge
dependent reactivity for hierarchical family of Cu'' complexes. The ligand showed unique
reactivity pattern toward Cu! in solution. The bridging nature of in situ generated HO™ ions in
absence and presence of externally added carboxylates (RCOO™; R= CF;, C¢H;s and CH3) has
been utilized to produce complexes {[Cuy(u—L2),(H,0)],[Cur(u—L2),(H>0),](ClO04)6} (1)
(HL2 = 3-{(allylimino)methyl}-2-hydroxy-5-methylbenzaldehyde), [Cus(ps—O)(u—L1)2(1t1 53—
O0,CCF3)4] (2), [Cus(us—O)(u—L1)o(p13-0,CCHs)s] HO (3), [Cus(us—OH)(u—L1)o(py 53—
OAC)y(OAC)(H20)4][Cus(ps—OH)o(u—L1)a(115-OACc)(OAC);(H0)](ClO4)32C,HsOH - (4).
Absence of carboxylate anions did not yield HO™ ions in sifu and triggered single ligand arm
hydrolysis. The formation of tetra- and pentanuclear aggregates as well as ligand hydrolyzed
dinulcear products has been rationalized to identify the possible roles of carboxylate anions in
solution. Detailed characterization of the complexes in the solid state and in solution have
been carried out using spectroscopic measurements, X-ray crystallography, variable
temperature magnetic measurements and functional behavior. In MeOH solutions at 298 K,
the complexes 1-4 showed catalytic oxidation of 3,5-di-fert-butyl catechol (3,5-DTBCH,;)

saturated with O, of air.
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Introduction
Amine oxidases (CuAOs) containing the copper(Il) ion and 2,4,5-trihydroxyphenylalanine
quinone (TPQ) are now known to be responsible for the breakdown and regulation of
biologically active amines in several organisms where the metal ion center does not play any
redox role in catalysis.! The catalytic process generates aldehyde from a wide range of
primary amines in the reductive half-reaction, in which Cu(Il)-TPQgx reacts with amines to
form the quinoneimine ‘substrate Schiff base’. Next a-carbon proton abstraction leads to the
quinolaldimine ‘product Schiff base’ responsible for release of aldehyde via hydrolysis.
Quinone based Schiff bases are similar to the aldehyde-based congeners in terms of their
hydrolytic susceptibility. The presence of a protein bound Cu(II) center plays the crucial role
in the hydrolysis of the product Schiff base. Using synthetic transition metal ion complexes,
we and others have shown that the pH of the medium is crucial for the coordination-induced
hydrolysis and release of free amine similar to the case of CuAOs.? At pH < 7 the Schiff base
substrate is prone to hydrolytic cleavage of the imine bond where protonation of the imine
nitrogen atom makes the adjacent carbon electrophilic in nature for attack from a water
molecule coordinated to the Cu(II) center. In this work we intend to establish the hydrolytic
susceptibility of a phenol-based aldehyde Schiff base in the presence of copper(Il) ions,
similar to the hydrolysis of quinone Schiff base in CuAOs.

Thus, during the synthesis of multinuclear coordination compounds, it is vital to recognize
and interpret the self-aggregation processes of different fragments in solution at room
temperature for the creation of Cu'-based compounds in a phenoxido-bridging and imine
supporting environment. The role of ligand design and tuning of reaction protocol with the
use of ancillary ligands in controlling the ligand stability are crucial to understand and control
the aggregation process. Understanding of the processes is dependent on the knowledge of
the solution stability and structure of the ligand bound mononuclear and dinuclear
fragments.? The search for a new ligand system is in progress for the synthesis and structural
identification of [Cu;] and [Cuy] complexes because of their participation in catalytic CHy4
oxidation.* The later species can have a py-oxido core and the ligand bound CusO unit is
important both in industrial catalysis for substituted phenol to quinone conversion® and in the
biological catalysis cycle of nitrous oxide reduction.®

In the biological realm the catechol oxidases (COs) are Cu,-based metalloenzymes of the
oxido-reductase family. They comprise a [Cu,] active site which catalyzes the two-electron

oxidation of a broad range of o-diphenols (catechols) to the corresponding o-quinones,
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together with the reduction of O, from air to water.” Thus a large number of coppgr(ID)hased so0%
model fragments and complexes have been studied as models for CO in an attempt to
establish the mechanism and discover efficient mimics. Different dinuclear and mononuclear
copper complexes have been synthesized and examined for their efficiency towards 3,5-
DTBCH, (3,5-di-tert-butylcatechol) oxidation.® The solution stability of Schiff base-bound
Cu,L species having several aqua coordination sites is dependent on the pH of the reaction
medium. The presence of these species is important in synthesis for the isolation and
crystallization of aggregates in the solid state. Solution pH and coordination of ancillary
bridges replacing the aqua H,O molecules direct the course of assembly reaction during self-
aggregation of these Cu,L fragments in solution. The association of two or more Cu,L units
can provide various multinuclear architectures, e.g., cubane,’ tetrahedron,'? stepped cubane,!!
rhomboid,'? double cubane'? and cuboctahedron.!* The outcome of reactions of a chosen
Schiff base ligand system with different copper(Il) salts depends on the length and plasticity
of side arms with or without donor atoms, as well as on the particular reaction conditions and
the solvent used. However, the exact role of each of these factors is still not well established
to predict and direct the preferential aggregation process.'> Our present effort is dedicated to
examine the reactivity pattern of a new ligand system with copper(Il) ions, in the
environments of H,O, CIO;~ and RCO,", for the modulation of the course of the reaction. In
different solvent media and in the presence of the above-mentioned groups, the fragments
CuL2 and CuL1 (HL1 = {2,6-bis(allylimino)methyl}-4-methylphenol, HL2 = 3-
{(allylimino)methyl}-2-hydroxy-5-methylbenzaldehyde) were stabilized. The presence of

perchlorate anions triggers the hydrolysis of one imine arm of the ligand (Scheme 1), whereas

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

the presence of carboxylate anions has been shown to attenuate the Schiff base hydrolysis and
results in aggregation of initially formed fragments into p-oxido-bridged [Cuy] and double
u;—OH bridged [Cus] complexes. We were unable to isolate any type of dinuclear complex of
intact L1~ from the reaction medium due to the facile ‘spontaneous in situ self-aggregation’

reactions for [Cuy] and [Cus] complexes.

|
=N OH N_~
HL1

Chart 1 HL1 used in this work
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We have been interested in exploring the reactivity of 2,6-bis(allylimino)ymethyl)#455;5 260k

methylphenol (HLI; Chart 1) with Cu! ions in presence of H,O, ClO;~ and RCO,".

Complexes of HL1 with transition metal ions have been unknown thus far.

Hydrolysis
e
| | Cu*'/C10y, | |
=~ N OH N ~ H,0 =~ N OH O
HL1 HL2

Scheme 1 Partial imine arm hydrolysis

Experimental Section

Reagents and materials

The chemicals used were obtained from the following sources: Trifluroacetic acid from SRL;
sodium acetate from SD Fine-chem; sodium benzoate, copper hydroxide carbonate,
triethylamine from Merck, India and allyl amine from Alfa Aesar. Copper(Il) perchlorate
hexa-hydrate was freshly prepared by treating hydrated copper(Il) carbonate (22.12 g, 0.1
mol) with 1:1 aqueous solution of perchloric acid. Sodium trifluroacetate was prepared by
treating sodium hydroxide (4.00 g, 0.1 mol) and trifluroacetic acid (11.40 g, 0.1 mol) in
water. 2,6-diformyl-4-methylphenol (2-hydroxy-5-methyl-benzene-1,3-dicarbaldehyde) was
prepared following a modified literature procedure providing a better yield.'® All the
chemicals and solvents used in this work were of reagent grade and used as received without

further purification.

Synthesis

Ligand HL1 (2,6-bis(allylimino)methyl)-4-methylphenol). 4-methyl-2,6-diformylphenol
was prepared following a modified literature procedure.'® To a MeOH solution of 4-methyl-
2,6-diformylphenol (0.820 g, 5 mmol), allyl amine (1.05 g, 10 mmol) in MeOH (10 ml) was
added with constant stirring and was refluxed for 2 h. Complete evaporation of the solvent in
air over 12 h gave an orange oily substance, which was dried under vacuum over P4O;¢. The
oily substance was characterized by FT-IR and NMR spectroscopy and used directly for
reactions with metal ion salts without further purification. FTIR (cm™!, KBr disk): 1636 (m).
'H NMR (400 MHz, CDCl;, & ppm): 8.30-8.53 (1H, imine H), 7.26-7.65 (1H, Ar—H),
5.97-6.06 (1H, vinyl H), 5.13-5.23 (2H, vinyl H), 4.22—4.23 (2H, allyl H), 2.27 (3H, methyl
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H).'3C NMR (100 MHz, CDCls, & ppm): 165.04 (imine C), 124.06-163.36 (Ar C),,] L6162 onne

127.54 (alkene C), 53.93 (secondary C attached to imine N), 20.32—20.35 (methyl C).

Complexes

A common synthetic practice was followed for the preparation of 1-4 using Cu(ClOy),-6H,0
in the absence or presence of sodium salts of three different carboxylates. Orange MeCN or
MeOH solutions of HL1 on reaction with Cu(ClO4),-6H,0 in MeOH in the absence or
presence of CF;COO~, CcHsCOO™and CH;COO™ resulted in all the four complexes.

[Cuy(n-L2),(H,0)],[Cuy(p-L2),(H,0),](Cl04)¢ (1). A solution of as-prepared HLI1
(approx. 0.24 g, 1 mmol) was dried in vacuum and the gummy mass thus obtained was re-
dissolved in MeCN (10 mL). To this copper(Il) perchlorate hexahydrate (0.37 g, 1 mmol)
was added slowly and the resulting green solution was magnetically stirred for ca. 15 min,
followed by reflux for 2 h. The resulting deep-green solution was filtered and kept
undisturbed for slow evaporation in air. Block-shaped green crystals suitable for X-ray
diffraction were obtained after three weeks. Yield: 1.22 g (54%). Micro analytical data are
consistent with the molecular formula of [Cu,(u—L2),(H;0)]5[Cuy(n—L2),(H20),](ClOy)s.
Anal. Calcd for C7,HggCugNgO40Clg (2263.36 g mol™): C, 38.21; H, 3.56; N, 3.71. Found: C,
38.14; H, 3.53; N, 3.73. Selected FTIR bands: (KBr, cm™!, vs = very strong, br = broad, s =
strong, m = medium, w = weak): 3448 (br), 1629 (vs), 1554 (s), 1090 (vs), 622 (m). UV-vis
spectra [Amax, nm (g, L mol™! cm™)]: (MeOH solution) 708 (76), 366 (19300), 243 (91600).

Molar conductance, Ay:: (MeOH solution) 230 Q! ecm? mol .

[Cuy(ns-O)(n-L1)2(n4 3-O,CCF3)4] (2). To a stirred solution of HL1 (approx. 0.242 g, 1
mmol) in MeOH (10 mL) solid copper(Il) perchlorate hexahydrate (0.74 g, 2 mmol) was
added under stirring condition which give a light green solution. After 10 min of stirring, a
MeOH solution (10 mL) of sodium trifluroacetate (0.274 g, 2 mmol) was added, resulting in a
darkening of color and the stirring was continued for 2 h. The solution was then filtered, and
kept in air at room temperature for slow evaporation. Green single crystals suitable for X-ray
analysis were obtained after 2 days. Yield: 0.710 g (59%). Micro analytical data are
consistent with the molecular formula of [Cus(ps—O)(u—L1),(1t; 3-O,CCF3)4]. Anal. Caled for
C33H34,CuyN4O 1 1F 5 (1204.85 g mol™!): C, 37.88; H, 2.84; N, 4.65. Found: C, 37.97; H, 2.80;
N, 4.67. Selected FTIR bands: (KBr, cm™!, vs = very strong, br = broad, s = strong, m =
medium): 1688 (vs), 1636 (m), 1436 (m), 1195 (vs). UV-vis spectra [Ayax, nm (g, L mol™! cm~
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]: (MeOH solution) 666 (104), 372 (8100), 261 (45400). Molar conductance, Aqz:d MEOH 5 o0%

solution) 34 Q! cm? mol .

[Cuy(ns-O)(n-L1)2(n1 3-0,CCeHs)4]-'HO (3). Complex 3 was prepared following the
similar procedure as described above for 2 using sodium benzoate (0.288 g, 2 mmol) as the
carboxylate source in place of sodium trifluroacetate. Block-shaped green crystals suitable for
X-ray analysis were obtained after 1 week. Yield: 0.664 g (54%). Micro analytical data are
consistent with the molecular formula of [Cus(ps-O)(p-L1)2(p13-0,CCeHs)4]-H2O. Anal
Calcd for CsgHs6CuyN4O1, (1255.26 g mol™): C, 55.50; H, 4.50; N, 4.46. Found: C, 55.62; H,
4.54; N, 4.44. Selected FT-IR bands: (KBr, cm™!, vs = very strong, br = broad, s = strong, m
= medium, w = weak): 3447 (br), 1624 (vs), 1611 (vs), 1458 (m), 1370 (vs). UV-vis spectra
[Anax, NM (g, L mol™' cm™)]: (MeOH solution) 635 (184), 366 (16400), 259 (91100). Molar

conductance, Ay (MeOH solution) 27 Q! cm? mol .

[Cus(n3-OH)(n-L1),(11 3~ 0A€)2(OAc€),(H20)4] [Cus(u;—OH)z(n-L1)2 (11 3-0Ac)2(OAC)3

(H,0)](C104);-2C,HsOH (4). An EtOH solution (10 mL) of copper(Il) perchlorate
hexahydrate (0.930 g, 2.5 mmol) was added to the as-prepared ‘solution of HL1’ (approx.
0.242 g, 1 mmol) in EtOH (20 mL) with stirring and the resulting green solution was stirred
for 15 min. An EtOH solution (5 mL) of sodium acetate (0.348 g, 4.25 mmol) was then added
and the resulting reaction mixture was stirred for 2 h to give a dark green solution. The
solution was filtered and kept for slow evaporation in air. Green block-shaped crystals
suitable for X-ray structure analysis were obtained after 1 week. Yield: 1.37 g (52%). Micro
analytical data are consistent with the above-mentioned formula for 4. Anal Caled for
CgoHi21ClCuoNgOys (2680.61 g mol™!): C, 36.74; H, 4.55; N, 4.18. Found: C, 36.69; H,
4.53; N, 4.17. Selected FTIR bands: (KBr, cm™!, vs = very strong, br = broad, s = strong, m =
medium, w = weak): 3447 (br), 1630 (m), 1564 (vs), 1412 (m), 1338 (m), 1092 (vs). UV-vis
spectra [Apnax, nm (g, L mol™! cm™)]: (MeOH solution) 670 (157), 367 (48300), 258 (238800).

Molar conductance, Ay (MeOH solution) 250 Q! em? mol .

Caution! Metal ion complexes containing organic ligands along with perchlorate counter
anions are potentially explosive in nature. Therefore it is necessary to prepare only a small
amount of the samples at a time for safety reasons and treat them with utmost care at all

times.
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Physical Measurements DOI: 10.1039/C8DT03390K
Elemental analyses (C, H and N) of the compounds were performed with a Perkin Elmer
model 240C elemental analyzer. A Shimadzu UV 3100 UV—vis—NIR spectrophotometer and
a PerkinElmer RX1 spectrometer were used to record the solution electronic absorption
spectra and FTIR spectra respectively. The purity of the powder compounds was determined
by powder X-ray diffraction (PXRD) patterns using a Rigaku MiniFlex II desktop X-ray
diffractometer (30 kV, 15 mA) using Cu-K, radiation (A = 1.5418 A) within 5-50° (26)
angular range and a fixed-time counting of 4 s at 25 °C. A Bruker esquire 3000 plus mass
spectrometer was employed to collect the electrospray ionization (ESI) high resolution mass
spectra of the three compounds. CHI 1120A electrochemical analyzer was used for cyclic
voltammetric measurements. Electrochemical measurements were performed at 25°C in
MeOH in one compartment cell with platinum as working electrode, Pt wire as counter
electrode and Ag/AgCl as reference electrode. Electron paramagnetic resonance (EPR)
spectra were recorded at 9.13 GHz (X-band) in continuous wave mode with a Bruker
ELEXSYS 580 X-band EPR spectrometer equipped with a standard accessory for room
temperature operation (298 K). Direct current (dc) magnetic measurements were performed
on polycrystalline samples of compounds 2-4 using a Quantum Design SQUID
magnetometer equipped with a 5 T magnet. The dc measurements were carried out under an
applied field of 0.1 T. Data were corrected for the diamagnetism of the compounds and for

the diamagnetic contributions of the sample holder through measurements.

Crystal Data Collection and Refinement
Appropriate single crystals of 3 and 4 were chosen for data collection on a Bruker SMART

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

APEX-II CCD X-ray diffractometer furnished with a graphite-monochromated Mo Ka (4 =
0.71073 A) radiation by the o scan (width of 0.3° frame™!) method at 293 K with a scan rate
of 5 s per frame. SAINT and XPREP softwares!” were used for data processing and space
group determination. Direct method technique from SHELXS-2014'8 were used for structure
determination and then refined by full-matrix least squares technique using SHELXL
(2014/7)"° program package within WINGX version 1.80.05.2° Data were corrected for
Lorentz and polarization effects; an empirical absorption correction was applied using the
SADABS.?! For complex 1 and 2, the data were collected at 295 K using a Nonius Kappa
CCD diffractometer. The dataset was integrated using the Denzo SMN package?> and
corrected for Lorentz, polarization and absorption effects (SORTAV).23 The structure was

solved by direct methods (SIR97)** and the calculations were performed using SHELXL-
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2014/6' and PARST? implemented in WINGX suite of programs.?6 The locations,ofthe
heaviest atoms (Cu) were determined easily, and the O, N, and C atoms were subsequently
determined from the difference Fourier maps. These atoms are refined anisotropically. The H
atoms were incorporated at calculated positions and refined with fixed geometry and riding
thermal parameters with respect to their carrier atoms. Crystallographic diagrams were
presented using DIAMOND software.?” A summary of the crystal data and relevant
refinement parameters is summarized in Table 1. Crystallographic data (including structure
factors) have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publications CCDC-1857609, 1857607, 1857608 and 1857610. These data

can also be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the

Dalton Transactions

Cambridge Crystallographic Data Centre).

Table 1 Crystal data and structure refinement details for 1-4

parameters 1 2 3 4
Formula C7HgoCugNeO4Clg | CsgH3sCugN4O 1 F1; | CsgHseCugNsOpn | CooHinCl3CuypNgOus
F.W. (g mol!) 2263.36 1204.85 1255.26 2680.61
crystal system Triclinic Tetragonal Monoclinic Triclinic
space group Pl 14//a P2/c Pl
Crystal color Green Green Green Green
Crystal size/mm? 0.38x0.26x0.17 0.43x0.34x 0.24 0.38x0.28x0.17 0.30x0.21x0.12
al A 12.3517(4) 12.5200(5) 16.529(3) 14.3300(17)
b/ A 14.1130(5) 12.5200(5) 22.599(4) 15.8481(19)
o/ A 14.4440(5) 35.8306(8) 14.645(3) 24.442(3)
o/ deg 77.244(2) 90 90.00 79.731(4)
B/ deg 75.5060(19) 90 99.695(5) 80.665(4)
v/ deg 71.192(2) 90 90.00 83.118(4)
v/ A3 2280.45(14) 5616.5(5) 5392.3(18) 5365.8(11)
V4 1 4 4 2
D./g cm? 1.648 1.425 1.543 1.659
w4 (mm) 1.642 1.583 1.624 2.105
F(000) 1150 2408 2568 2740
/K 295 295 293 295
Total reflns 29155 16627 57121 63654
R(int) 0.0394 0.0538 0.1299 0.0658
Unique reflns 8399 3058 8446 19615
Observed reflns 5928 2200 5764 12878
Parameters 574 184 734 1335
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R;; wRy (1> 0.0760, 0.2567 0.0431, 0.1347 0.0977, 0.2210 0.065DOOlz()d_%&%%g&?&%gg;
20(1))
GOF (£?) 1.065 0.991 1.162 1.024
Largest diff peak 1.546, -0.719 0.425,-0.251 1.243, -0.796 1.452,-0.756
and hole (e A3)
CCDC No. 1857609 1857607 1857608 1857610

Ry = 2( |[Fo~[Fe]l V/Z[Fo|. WR3 = [ ZW(|Fo|—|Fe))/EwW(Fo)2] 2. w = 0.75/(c%(F,) +0.0010F2)

Kinetic Experiments for Catalytic Oxidation of 3,5-DTBCH,

3,5-di-tert-butylcatechol (3,5-DTBCH,) is widely used as a substrate to study its catalytic
oxidation and the oxidized product 3,5-di-fert-butylquinone (3,5-DTBQ) can be monitored by
Uv—vis spectroscopy (Shimadzu UV 3100 UV-Vis—NIR spectrophotometer) for appearance
of the characteristic band at 390 nm and reproducibility of the reactions were checked three
times. With the progress of the oxidation reaction i.e., oxidation of 3,5-DTBCH, to 3,5-
DTBQ, a characteristic and intense absorption band was observed in 300-400 nm range.
MeOH solutions of the complexes (~1 x 10> M) were separately reacted with incremental
amounts of the substrate 3,5-DTBCH, (10 to 100 equivalents) at room temperature under
aerobic condition. Ten minutes interval of time scan of reactions for all the complex-substrate
combinations was allowed and the data were treated following the initial rate method. The
slope of the absorbance versus time plot was used to find the rate of the reaction. Following
the Michaelis-Menten equation, a kinetic analysis was performed, and the resultant kinetic
parameters were extracted from the double-reciprocal Lineweaver-Burk plots for 1, 3 and 4.
A modified rate equation (eqn. 7) was used to fit the data for 2 and extract the kinetic

parameters.

Detection of H,0, in Catalytic Reaction Medium

Generation of hydrogen peroxide in solution during the catalytic oxidation of DTBCH, was
spectrophotometrically detected following a modified iodometric method.?® The reaction
mixtures were obtained in a similar way as used in the kinetic experiments. The reaction
mixture was acidified with H,SO, (1x1073 M) to pH 2 after 1 h to completely quench the
reaction. The quinone formed in the reaction medium was extracted three times with CH,Cl,
and then 1 mL of 10% aqueous KI solution was added to the aqueous layer thus obtained.
Ammonium molybdate (3%) solution was added in a catalytic amount (3 drops) to accelerate
triiodide (I;7) formation in the presence of H,0,.2® The reaction that occurs in the medium is
H,O, + 2I" + 2H" — 2H,0 + I,, and I, liberated from the reaction combines with an excess

iodide ion present in the reaction mixture to form I3 ions through I,(aq) + I — I3 . The
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H,0; liberated from the reaction mixture was detected by monitoring the band at 353 nmdE 5555200k

26000 L mol™' cm™), characteristic for I3 . A blank experiment (without 3,5-DTBCH, or
without catalyst) was also carried out to check the oxidizing propensity of atmospheric O,

toward I .

Results and Discussion

Synthesis

Coordination of HL1 to copper(Il) ions and the aggregation flexibility of the initially formed
species was explored in the absence and presence of different carboxylate ions. Ligand HL1
was synthesized in MeOH by Schiff base condensation of 2,6-diformyl-4-methyl phenol and
allylamine in 1:2 molar ratio (Scheme S1). Treatment of HL1 with Cu(ClO4),"6H,O in
MeCN, under aerobic conditions, led to the formation of 1. On the other hand, reactions of
HL1 with Cu(ClOy),:6H,0 in presence of different RCO;Na salts (R = —CF;, —C¢Hs, —CH3)
in MeOH and EtOH, result in the formation of 2, 3 and 4, respectively (Scheme 2). Several
attempts have been made in other solvents and varying reagent ratios to establish these
standardized procedures. Reaction of Cu(ClO,),6H,0 with HL1 in MeCN in a 1:1 molar
ratio in the absence of any base under stirring followed by refluxing conditions, afforded a
green solution, from which 1 was isolated as a green block shaped crystal in 54% yield. Use
of Cu(ClOy),'6H,0 without added base made the reaction medium slightly acidic (pH 5-6),
resulting in partial hydrolysis of one ligand imine arm and conversion of L1~ to L2~ as Cull-
bound forms. During this hydrolysis process one Cu!' ion and one free allylamine is also

eliminated at the beginning. Thus the formation of 1 can be summarized in equation 1.

6HL1 + 6Cu(ClO4)2 - 6 H20—LX 5[ Cus(u — L2)2(OH2)):
[Cuz(u — L2)2(H20):](ClO4)s + 6] NH3CH 2CHCH 2]ClO4+ + 26 H .0 (1)

On the other hand, addition of NaO,CCF; to a mixture of Cu(ClO4),"6H,O and HL1 in
MeOH, in a 4:2:1 molar ratio gave a green solution under stirring, from which 2 can be
isolated as green block-shaped crystals in 59% yield. The CF;CO,™ anions now serve dual
roles by modifying the pH of the reaction medium to prevent ligand arm hydrolysis and
function as linker between two adjacent Cu'! centers. In MeOH, the use of NaO,CCgHs in
place of NaO,CCF; in the same molar ratio resulted in 3 as green block-shaped crystals in

54% yield. Generation of 2 and 3 from these two reactions can be summarized in equation 2

and 3.
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2HLI + 4Cu(Cl04): - 6H 20 + 8CF3COONa—22 5[ Cya( s — O) DO 10.1039/C8DTO3390K
(1= L)2(p013— O2CCF'3)4]+ 4CF3COOH +8NaClO4++ 23H 20 - (2)

2HL1 + 4Cu(ClO4)2 - 6H 20 + 8CsHsCOONa—L2 5[ Cua( s — O)
(1 — L2013 — 02CC6H 5)a]- H20 +4CeHsCOOH +8Na(ClOs4)2 +22H >0 - (3)

The use of the third type of carboxylate salt as NaOAc in MeOH (molar ratio 4:2:1 for
NaOAc:Cu(ClOy),"6H,0:HL1) reaction medium did not yield any py-oxido-bridged [Cuy]
complexes as obtained in equation 2 and 3. Trial reactions using different stoichiometry and
solvents such as 4.25:2.5:1 in EtOH on the other hand gave a green solution under stirring
condition at room temperature, from which green crystals of 4 were isolated. The formation

of 4 can be rationalized by equation 4.

4HL1 +10Cu(ClO4)2- 6 H20 +17CH3COONa + 2C2H sOH —<291_

[Cus(us — OH o pt — L1)2(p113 — O2CCH 3)2(02CCH 3)2(OH 2)4]

[Cus(ps — OH )2(p — L1)2(p13— O2CCH 3)2(O2CCH 3)3(OH 2)]

(ClO4)3-2C2HsOH +8CH3COOH +17NaClOs++49H .0 “(4)

Use of NEt;, NaOMe or NaOH bases resulted only intractable green gummy masses, which

were not suitable for further characterization and crystallization.
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Scheme 2 Synthetic routes for 1-4

Characterization. FTIR Spectra

Initial solid state characterization of the isolated reaction products were carried out using IR
spectroscopy to pinpoint the presence of the parent ligand system and carboxylates. It
established the binding of L1~ to Cu'! centers in 2, 3 and 4 and L2~ to Cu'! centers in 1 (Figure
S1). The presence of Cu'l-bound water molecules in 1, crystal lattice water molecule in 3, and
Cul-bridged OH groups, coordinated and lattice water molecules in 4 are manifested by
single broad and medium intensity IR bands at 3478, 3447 and 3447 cm™ respectively. The
characteristic Cu-bound v ¢y stretching frequencies from the ligand backbone appeared at
1636, 1624, 1636 cm! for 2, 3, 4 respectively and at 1629 cm™! for 1. The lattice C1O, ions
(in T, site symmetry) in 1 showed a strong band at 1104 cm™! for v3(73)(vcio) and a medium
intense one at 622 cm! for the v4(75)(dgocio) modes.?® For 2 and 3 the presence of bridging

trifluroacetates and benzoates were confirmed at 1688, 1436 and 1611, 1458 cm™!

respectively for the asymmetric (‘_/as(COO)) and symmetric (;S(Coo)) stretching vibrations. The

differences (Al_/ = 252 cm™!, and 153 c¢cm™) in these two values were characteristic for

w3~ bridging modes of four CF3COO in 2 and four C¢HsCOO  bridges in 3. In the case of
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CF;COO bridging, the asymmetric stretching vibration occurred at higher frequency dug't65; 260k

the attachment of electron-withdrawing fluorine atoms.> For 4, the asymmetric and
symmetric stretching vibrations are detected at 1564 cm™! (;as(coo)) and 1412, 1338 cm’™! (17
scooy) for p;3-bridging type and monodentate coordination. The Av = 152 cm™' thus

confirmed the former type and Av = 226 cm™' was for the latter type.3! The presence of
anionic ClO4~ groups (in 7y site symmetry) in 4 is indicated by a broad Cl—-O stretching mode
at 1092 cm™! characteristic for v3(75)(vcio) stretching and a medium intensity vibration for

C1-0 bending at 623 cm™! due to v4(73)(d40c10) mode.®

Powder X-ray Diffraction Patterns

The powder XRD patterns for the bulk materials of 1-4 were recorded using a Bruker AXS
X-ray diffractometer and compared with the simulated ones derived from the single crystal
X-ray diffraction data. Figure S2 shows good agreement of the experimentally obtained
powder patterns to that of the simulated ones. The difference in intensity in some 26 values is
due to the different orientations of the crystallites in the powder samples. From the sharpness
of the peaks and the correspondence with simulated patterns we conclude that the powder

samples are crystalline and phase pure with the absence of extra peaks for impurities.

Electronic Spectra

Electronic transitions for 1-4 in MeOH solution in the 200-800 nm range exhibit
representative absorption bands for each aggregate. The ligand-field absorption bands (1),
with maxima at 708 nm (¢ = 76 L mol! cm™), 666 nm (¢ = 104 L mol™! cm™!), 635 nm (g =

184 L mol! ecm™) and 670 nm (¢ = 157 L mol™! cm™!), were found for 1, 2, 3 and 4

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

respectively. The higher energy bands due to the ligand-to-metal charge transfer (LMCT)
transitions within the metal ion bound ligand fragment were observed at 366 nm (¢ = 19300 L
mol~! cm™), 372 nm (¢ = 8100 L mol~! cm™), 366 nm (¢ = 16400 L mol~! cm™!) and 367 nm
(e = 48300 L mol™! em™) respectively. Quite intense absorptions at 243 nm (¢ = 91600 L
mol~! cm™), 261 nm (¢ = 45400 L mol~! cm™), 259 nm (¢ = 91100 L mol~! cm™") and 258 nm
(e = 238800 L mol! cm™') were dominated by the metal ion bound ligand-based n—r"*

(LLCT) transitions (Figure S3).

EPR Spectra
Powdered samples of 1-4 were also characterized by recording their X-band EPR spectra at

298 K. They show representative axial signals at g ~ 2.0 for Cu'! centers (Figure S4).>> Weak
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and forbidden transitions at the half field of the g ~ 2.0 signal (AMg = £2 transitions) Wete o200k

observed at 1605 G (g = 4.29), 1613 G (g =4.25), 1607 G (g = 4.28) and 1607 G (g = 4.28)
for complexes 1-4 respectively indicating the presence of spin-spin interactions.’? For
complexes 1 and 2 definite g| and A values could not be determined due to poor resolution
of split patterns of the parallel component. The g, signals were found at 2.13 and 2.11 with
hyperfine splitting in this region and corresponding A; = 83.19 x 10# cm™, 81.63 x 10* cm~
! respectively. On the other hand complex 3 and 4 gave g|| = 2.27 and 2.25, and g, = 2.08 and
2.10 respectively. In this case the average hyperfine constants were A| = 159.85 x 10 cm™,

150.50 x 10* cm ! and A} =75.40 x 10* cm™!, 81.01 x 10* cm! respectively.

Description of Crystal Structures

[Cuy(u—L2),(H,0)],[Cuy(u—L2),(H,0),](ClOys (1). A green block-shaped single crystal of
1, obtained by slow evaporation of a MeCN solution, was used to find the molecular
structure. Complex 1 crystallized in triclinic P1 space group. Important bond distances and
angles are summarized in Table S1. Two of the anionic hydrolyzed ligands (L27), providing
central phenoxido groups, were utilized to trap two Cull centers in a centro-symmetric
manner resulting in Cu,O, motif. In two cases the coordination geometry around Cu!' were
different, square planar (Cul and Cul®) and square pyramidal (Cu2 and Cu2®). For the
central species both the Cu' (Cu3 and Cu3") centers have square-pyramidal coordination
geometry. Within the basal planes the Cu—O and Cu—N distances from aldehyde O and imine
N are close, e.g., Cul—04, 1.940(5) A; Cu2-02, 1.943(4) A and Cul-N1, 1.937(5) A;
Cu2-N2, 1.940(5) A. Interestingly the bridging phenoxido functions also display similar
bond lengths e.g., Cul—-01, 1.936(4) A; Cul—03, 1.944(4) A; Cu2-01, 1.959(4) A; Cu2-03,
1.945(4) A (Figure 1). The apical water (O1W and O2W) molecules showed longer Cu-O
distances at 2.300(5) and 2.291(5) A. Within the Cu,O, motif the Cu--Cu separations are
3.0163(9) and 3.0307(12) A and the Cu—O—Cu angles are at 101.51(17)-101.71(17)° range
and 101.63(18)° for two types of [Cu;] units.?3
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Figure 1 Structural view of 1 with partial atom numbering scheme. H atoms are omitted for ClarithC.OIOO}lO% ticte Orline

1.10. C81T03390K
Cu, green; N, blue; O, red; C, black

[Cuy(us-0)(u-L1):(u;,3-0:CCF3),] (2). With Z =4 compound 2 crystallizes in the tetragonal
14,/a space group. Selected metric parameters are summarized in Table S1. The tetranuclear
structure of 2 is shown in Figure 2a. Two capping N,O donor set bearing L1~ parts bind two
Cu! centers to give {Cuy(OH)} fragments. Two such fragments in the next step assemble
around a central p,—O group to provide the ftetrahedral {Cu,O} core. Bridging by four
trifluroacetate and two phenoxido groups complete the Cu---Cu links on six faces of the cube
(Figure 3a). The phenoxido-bridged faces record shorter Cu--Cu separations at 2.9979(6) A
and the clipping by trifluoroacetate groups register longer intermetallic separations at
3.2231(1) A. Eaeh The Cu!' center remains in a square-pyramidal O4;N coordination
environment (Addison 15 = 0.12)**, where the shortest distance (Cu—O, 1.9290(3) A) was
provided by the O-atom of the ps—oxido group and the apical coordination from
trifluroacetato O-atom give Cu—O distance of 2.342(3) A (Figure 2b and 2c). Three possible
carboxylate coordination modes for bridging two adjacent metal ion centers are known.
These are syn-syn, syn-anti and anti-anti bridging modes. The distorted syn-syn coordination
from four bridging carboxylates in p; 3-mode was responsible for placing one syn O-atom of
carboxylate anion at the basal site of one copper center and another distorted syn O-atom of
the same carboxylate anion at the apical site of another copper center for complementary
basal-apical clipping (Figure 3b). The basal Cu—O bond (1.962(2) A) is shorter compared to
the apical one (2.342(3) A). The amount of twisting of carboxylate anions for distorted syn-
syn coordination can be estimated from the C—C—O—-Cu/C-C—O—Cu torsion angles

(179.59/141.85°).

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.
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Figure 2 (a) Structural view of 2 with partial atom numbering scheme. H atoms are omitted for cl%rétlyi 0(.?332% g\g%sgg‘g;

Atom connectivity within [Cuy] core; (¢) Coordination environment around each Cu center. Colour code: Cu,

green; N, blue; O, red; C, black; F, yellow
(b)
03

04

Figure 3 (a) Trifluoroacetato connectivity in 2; (b) Distorted syn-syn coordination of each trifluroacetate groups

for complementary basal-apical coordination

Careful checking of the crystal packing arrangements revealed no hydrogen bonding network

or CH:- - interactions to be present in 2.

[Cu(us-0)(u-L1)(u;3-0,CCsH5) J-H>0 (3). Compound 3 crystallizes in the monoclinic
P2,/c space group with Z = 4 and the asymmetric unit has one [Cu,] unit and a lattice water
molecule. The structure is shown in Figure 4a and important bond lengths and angles are

listed in Table S1 in Supporting Information.

Figure 4 (a) Structural view of 3 with partial atom numbering scheme and H atoms are omitted for clarity; (b)
Atom connectivity within [Cuy] tetrahedron; (c) Representative coordination geometry around each Cu' centre.

Colour code: Cu, green; N, blue; O, red; C, black

Unlike the previous case, the nature of bridging of four benzoate groups were different. Now
two of the cube faces were spanned by two benzoates leading to intermediate Cu---Cu

separations of 3.193(2) and 3.082(2) A. The other two faces where no clipping groups were
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present the Cu--Cu distances were longest at 3.204 and 3.286(2) A (Figure 5a). Similar O the' oo
previous case Cu---Cu separations in L1~ bridged faces are the smallest (3.021(2) and
3.0105(18) A). Herein all four Cu!! centers showed varying Addison 15 values (Cul = 0.03,

Cu2 =0.13, Cu3 = 0.22 and Cu4 = 0.08). The distorted syn-syn coordination modes of two
benzoates to Cul-Cu3 and Cu2-Cu4 brought the syn O-atom to the basal site and another syn
O-atom to the apical site of Cu'! centers in a regular and complementary fashion (Figure 5b).

For all the metallic sites the hasal Cu—O bonds were shorter at 1.930(7) A — 1.964(7) A
compared to the apical ones at 2.214(9) A —2.397(7) A (Figure 4b and 4c).

Figure 5 (a) Benzoato connectivity in 3; (b) Complementary basal-apical clipping by benzoate groups.

[Cus(us-OH)(u-L1)(u;,3-0Ac) (0Ac) ,(H,0) of [Cus(us-OH) ;(u-L1) 2(1 1,3~

0Ac),(0Ac)3(H,0)](ClOy;2C,H;5;0H (4).Compound 4 forms green crystals in the triclinic P
1 space group and the structural view is presented in Figure 6. The unit cell of this compound
is very much similar to the copper-based shattuckite mineral and consists of two [Cus] units,
three perchlorate anions, and two lattice EtOH molecules. Important bond lengths and angles
are listed in Table S1. The pentanuclear Cu'-based aggregate was formed by trapping of a
central Cu!' center by two ligand bound {Cuy(OH)} fragments which were instrumental to
give 2 and 3 by a direct assembling process. In these two cases, condensation of two bridging
hydroxido groups result a central ps;—O group (2HO™ — H,O + O?), necessary for the
formation of {CusO} core. In the case of 4 two of these hydroxido bridges have the control
on the generation of two [Cus] entities as is known in the case of copper-based minerals
shattuckite, Cus(OH),(Si03)4, cornubite, Cus(OH)4(AsO,), and with chlorido in place of the
hydroxido group in CusCly(Se03),.333¢ Two slightly different [Cus] coordination units,
having two or one positive charges, were present within one unit cell. In these two cases the

bridging network between the five Cu!! ions are ensured by two water derived pn-HO™ ions,
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two ;3 acetato bridges, terminal acetates and two p-phenoxido fragments, O osza0k

deprotonated L1~ ligands.

Figure 6 POV-ray view of the two parts in 4 with atom numbering scheme. Hydrogen atoms are omitted for

clarity. Color code: Cu, green; N, blue; O, red; C, black

In both the two cases the central Cu! centers remained in distorted square-pyramidal (ts =
0.05) coordination geometry having five O-donor atoms from the coordination of two
hydroxido O centers in basal sites and, two acetato groups in ;3 mode and one as
monodentate. The O atoms of bridging acetato group were responsible for long Cu—O apical
bonds as expected from a Jahn-Teller distortion (Figure 7). After establishing the acetato
coordination network and depending upon the preference for coordination geometries and
availability of coordination sites, water molecules were coordinated to some Cu'' centers.
Two [Cus] coordination units have two types of acetato coordination networks within 4
(Figure 6). In the first part (dicationic unit), including the central one, four Cu'! centers are in
square pyramidal (15 values 0.11, 0.08, 0.03 and 0.05) geometry and Cu3 in square planar (4
= 0.17) geometry having unusual coordination of one H,O (Figure 7). Within the two L1~
bridged part the Cu---Cu separations are 3.0442(12) and 3.0396(13) A.

Figure 7 View of cationic pentametallic core of first part of 4
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In the second part the number of acetato groups and their connectivity pattern were, diffeteiit,r5200x
Now three centers in square planar (t4 = 0.16, 0.17 and 0.16) geometry, while remaining two

in square pyramidal (15 = 0.01 and 0.10) geometry (Figure 8). Within the two L1~ bridged

part the Cu--Cu separation is 3.0401(13) A for square pyramidal-square planar centers and
3.0007(13) A for two in square planar geometry.

Figure 8 View of cationic pentametallic core of second part of 4

Both the two [Cus] parts were more open and distorted compared to other known

arrangements based on vertex-shared open-dicubanes.!?

Magnetic Measurements

The magnetic properties of complexes 2, 3 and 4 were investigated by direct current (dc)
magnetic susceptibility measurements on powdered samples under an applied field of 0.1
Tesla and are plotted as 7 vs. T in Figure 9. For 1, 2 and 3 the magnetic susceptibility
measurements were difficult. In particular for 1 the magnetic susceptibility signal was
extremely low at room temperature, indicative of strong antiferromagnetic interactions

between the two Cu'! centers suggesting a very well-isolated singlet spin ground state (S=0)

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

and no further measurements were undertaken. For 2 and 3 the signal becomes extremely low
below 110 K and 50 K, respectively. Complex 4, [Cu'ls], presents better behavior and a

complete measurement, from 290 K to 5 K, was possible.
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Figure 9 T vs. T plot for complexes 2—4 under an applied dc field of 0.1 T. The solid lines represent a fit of
the data (see the text for details)

The room temperature y\ 7 values of all complexes are significantly lower compared to the
theoretical values, indicating that strong dominant antiferromagnetic interactions exist
between the Cu'! ions; the room temperature yy 7 values of 0.81 cm? K mol~! and 0.91 cm? K
mol~! for 2 and 3 respectively, are below the expected value of 1.73 cm?® K mol™! for four
non-interacting S = 1/2 ions with g = 2.15. Upon cooling, v 7 decreases reaching a minimum
value of 0.17 cm® K mol~! at 110 K for 2 and ~ 0.1 cm?® K mol~! at 50 K for 3. Below 110 K
and 50 K, for 2 and 3 respectively, further measurements were extremely difficult due to the
very small signal and subsequent poor signal-to-noise ratio, suggesting a well-isolated singlet
spin ground state (S = 0) for both the complexes (vide infra). For complex 4 the experimental
wwI value of 1.10 cm?® K mol-! at 290 K is lower than the theoretical value of 2.17 cm? K
mol-! for five non-interacting S = 1/2 ions with g = 2.15. Upon cooling, yu7T decreases
reaching a minimum value of 0.38 cm3 K mol'at 2 K.

It has been reported previously that in Cu'! complexes the magnetic interactions mediated
through bridges coordinated on the basal plane are stronger than those in the apical
positions.?” With this in mind, complexes 2 and 3 can be considered as two phenoxido-oxido-
bridged [Cu';] units interacting weakly through a central ps-oxido bridge.® In each Cu--Cu
dinuclear unit the metals are bridged through a double ps-oxido/ phenoxido bridge, which has
been described as a much more efficient interaction compared to the single py-oxido group

bridging the two [Cu',] units.!! Using the program PHI** we were able to fit the magnetic
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susceptibility data for complexes 2 and 3 by adopting a simple 1-J model (see Figyre L0ttt o000

and eqn. 5), which avoids any over parameterization in the fit.

—

A PN A A >4
H=-2J(S; S; + 83 Sy)+ gusBX., _ 5i Q)

Figure 10 Exchange interaction (J) scheme for 2 and 3 (left) and 4 (right). Color code: cyan dashed line = J, O
=red, Cu = green, N = dark blue, C = grey

The best fit afforded J = =204 (£1) cm™! and J = —174 (£1) cm™!, for 2 and 3 respectively,
with the g-value fixed at 2.15. Small § = 1/2 spin impurities were also considered for 2
(3.5%) and 3 (2.9%), consistent with those previously reported in similar complexes.3811:4041
The fit results in a singlet ground state (S = 0) with the first excited state (S = 1) located at ~
400 cm™! and ~ 350 cm™! for 2 and 3, respectively. The strong antiferromagnetic coupling in
2 and 3 is not uncommon when Cu'! ions are bridged through phenoxido groups and the

Cu—Ophenoxido—Cu angle 1s larger than 97.6°, with the strength of the antiferromagnetic

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

interaction increasing with the angle.*>#* Given that the Cu—Ophenoxidto—Cu and Cu—0yyigo—Cu
angles are 100.5° and 102° for complex 2 and 98° and 104° for 3, it is not surprising that the
exchange interaction, J, through the py-oxido/phenoxido bridge is large and
antiferromagnetic.

For complex 4, the data were fitted considering one dominant exchange interaction between
the phenoxido-bridged Cu'' ions (Figure 10) adopting the approach previously reported for
similar complexes, which avoids any overparameterization in the fit.3”#* Using the program

PHI*® and adopting the Hamiltonian shown in eqn. 6

—

A A4 4 A By
H=-2J(S; S, + S3-Sy) + gusBX., _ si (6)
we were able to simultaneously fit the magnetic susceptibility and magnetization data (Figure

11). The best fit yielded J = —205 (£2) cm™! with the g-value fixed at 2.15. The fit results in


http://dx.doi.org/10.1039/c8dt03390k

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

Dalton Transactions Page 22 of 36

View Arjicle Online

an S = 1/2 ground state with the first excited state located at ~ 400 cm~!. The magnitudesaidoszo0x
the nature of the exchange interaction is in agreement with previously reported Cu'!
complexes with similar geometric parameters; the Cu—Oppenoxido—Cu angles are ~101° (above

the critical angle of 97.6°).4243

1.0 1

0.8 1

0.2+

0.0 4

T T T T T T T T T T
0 1 2 3 4 5
H(T)

Figure 11 M vs. H plot for complex 4 in the 1 — 5 T field range. The solid lines represent the fit of the data (see
the text for details)

Catechol Oxidation Activity

In this part of the work, we examined all four complexes for the catechol oxidase model
study.” Our intention was to reveal the efficacy of the reported compounds of varying
nuclearity for any catalytic oxidation of the most widely used model substrate 3,5-di-tert-
butylcatechol (3,5-DTBCH;) at 298 K in MeOH solutions saturated with O,. Generation of
the oxidized quinone product (3,5-DTBQ) was followed by monitoring the increase in
absorbance in UV-vis region of the characteristic band of quinone as a function of time. A
lower redox potential for this substrate and the presence of bulky substituents for a slower
ring opening reaction during any kind of follow-up oxidation prompted us to choose this
substrate.*> To measure the catechol oxidation potential of complexes 1-4, ~1x10~> mol L!
solutions were treated with a ~1x103 mol L! solution of 3,5-DTBCH, in air for the
collection of time-dependent UV-vis spectra up to 50 mins (Figure S5). Treatment of
Cu(ClOy),'6H,0 with 3,5-DTBCH, did not exhibit any change in the absorption intensity,
even after 6 h of addition under similar reaction conditions.

Initial rate methods were applied to examine the kinetic behavior of oxidation of 3,5-
DTBCH,; by complexes 1-4, by monitoring the characteristic absorption band for substituted
quinone at 390 nm in MeOH as a function of time. A first-order dependence of the rates on

substrate concentrations were observed on treating the complexes 1-4 with varying
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concentrations of 3,5-DTBCH,. However complexes 1, 3 and 4 show saturation kinetics' ats;oox
higher 3,5-DTBCH, concentrations. Thus a Michaelis-Menten model is used for fitting the
rates (obtained by initial rate method) for 1, 3 and 4 (Figure 12) and the kinetic parameters

were extracted from the Lineweaver-Burk plots (Figure 12 insets).
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Figure 12 Dependence of the reaction rates on the substrate concentration for the oxidation of 3,5-DTBCH,

catalyzed by complexes 1-4 in MeOH. The Lineweaver—Burk plots (inset)

The binding constant (Ky;), the maximum velocity (V.x), and the rate constants for the
dissociation of the complex-substrate intermediate (i.e., the turnover number, k) are
obtained from the Lineweaver-Burk plot of 1/} vs 1/[S]. The kinetic parameters Viax, K,
and K., for 1, 3 and 4 were collected in Table 2. In case of complex 2, inhibition by substrate
molecules was observed and the reaction rate did not reach a plateau at high substrate
concentration as observed in the other three cases (Figure 12). This behavior may be assumed
due to the formation of inactive mononuclear species in the presence of excess 3,5-DTBCHj;.
In the other three cases, the catalytic potency may be explained due to the difference in the

availability and nature of catalytically active ligand bound {Cu,} fragments. For 2, the
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decomposition of hydroxido-bridged {Cu,} species in solution limits the possibjlity, ofote5; 00k

electron oxidation of 3,5-DTBCHj, to 3,5-DTBQ. In the case of 2 a simple Michaelis-Menten
model with the establishment of a pre-equilibrium cannot be used to describe the kinetic
process. A modified rate equation was used to fit the rate data as per the mechanism
represented in Scheme S2, where K. is the formation constant of the inactive mononuclear
species.*® Kinetic treatment considering initial rates and a large excess of 3,5-DTBC resulted

the following equation.

keq:[DTBC][Cat]
r=
Km(1 4+ Kc[DTBC]?) + [DTBC]

(7)

The parameters obtained by applying equation 7 to the data for 2 were listed in Table 2 along
with 1, 3 and 4

Table 2 Kinetic parameters for the oxidation of 3,5-DTBCH, by 1-4 in MeOH

Complex Vinax Ky keat keat! Kt Kc
(10°M S (104 M) (b (103M'h™) (107 M?2)
1 0.1001 0.5569 36.045 632 -
2 - 1.2879 274.896 21344 1.3911
3 0.3394 1.4883 122.174 820.8 -
4 1.2603 2.1377 453.732 21224 -

High Resolution Mass Spectroscopic Evidences for Fragments in Solution

To obtain a reasonable idea about the nature of the various fragments present in solution,
possible catalyst—substrate intermediates during oxidation reactions and insight into the
mechanism of catalytic cycles, MeOH solutions of complexes 1-4 were examined by HRMS
analysis. All four complexes exhibited a common peak at m/z value of 243.2511
corresponding to the protonated ligand [HL1-H]* (C,5H9N,0O; Calcd 243.1497) (Figure S6).
In the case of 1, the base peak obtained at m/z value of 204.1013 is due to the protonated and
hydrolyzed ligand fragment [HL2-H]* (C;,H14NO,; Caled 204.1025). The same peak, of
lesser intensity, was also present in the solutions of 2-4.

A medium intensity peak at m/z value of 445.1441 for 1 was considered for [(HL2),-K]*
(C4H6KN,Oy; Caled 445.1530) and other peaks at 266.0243, 468.1140, 490.0925 and
530.0331 (Figure S6) were assigned to the fragments [Cu(L2)-H]" (C,,H;3CuNO,; Calcd
266.042), [Cu(L2),-H]" (Cp4H25CuN,Oy4; Caled 468.1110), [Cu(L2),-Na]* (Cy4H4CuN,;NaOy;
Calcd 490.0930) and [Cuy(L2),]" (Cp4H24CusN,Oy; Caled 530.0323). For the mixture of 1
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and 3,5-DTBCH, in 1:100 molar ratio in MeOH (Figure S7) after 10 min of mixing, the p¢aks; 260k
at m/z = 243.1381 and 463.2868 for [3,5-DTBQ-Na]" and [(3,5-DTBQ),-Na]", respectively
clearly showed the formation of free quinone in solution. The low intensity peak at 529.2902
is obtained for the catalyst-semiquinonate adduct [Cuy(L2),(DTSQ),(CH30H),-HNa]**
(Cs4H73CuyNoNaOyy; Caled 529.1872) establishing the [Cuy(L2);]" fragment as the
catalytically active species in solution.

The mass spectrum of 2 shows a peak at m/z = 409.0576 for the dinuclear fragment
[Cuy(L1)(OH)(CF;C0O0)3(CH;0H)-HNaK]?*  (CypHy3CuFoKN,;NaOg;  Caled  408.9688)
(Figure S8). Mixture of 2 and 3,5-DTBCH, in 1:20 molar ratio in MeOH after 10 min of
mixing gave peak at 587.1411 for the catalyst-semiquinonate  adduct
[Cu,y(L1)(OH)(CF;CO0)y(DTSQ),-(2Na)(2K)]** (C47Hs3CurF¢K,N,NayO4p; Caled 587.0923)
(Figure S9). But for a 1:100 molar ratio peak at a m/z value of 819.4127 could be assigned to
the mononuclear species [Cu(L1)(3,5-DTBCH),(CH;0OH)(H,0)-Na]* (C44HesCuN,NaO;
Calcd 819.3985) (Figure S10) indicating at the collapse of the dinuclear fragment at high 3,5-
DTBCH; concentrations.

Solution of 3 in MeOH gave a medium intensity peak at m/z = 413.2657 for
[Cuy(L1)(OH)(C¢HsCOO);(CH;0H)-2Na]* (C;37H37Cu,N,Na,Og; Caled 413.5429) (Figure
S11). Whereas a mixture of 3 and 3,5-DTBCHj; in 1:100 molar ratio in MeOH resulted peaks
at m/z = 243.1381 and 463.2868 for [3,5-DTBQ-Na]" and [(3,5-DTBQ),-Na]", respectively
(Figure S12) confirming formation of free quinone unit. Characteristic catalyst-partially
oxidized substrate aggregate [Cuy(L1)(OH)(CsHsCOO0),(DTSQ),(H,0)-2H]**
(C37H37Cu,N,Na,0y; Caled 544.1918) was found as a low intensity peak at m/z = 544.3038.
MeOH solution of 4 gave peak at m/z = 545.0192 for the diagnostic {Cu,} fragment
[Cuy(L1)(OH)(CH3CO0),(H,0)-(2H)Na]" (CyH30Cu,N,NaO7; Caled 545.0386) (Figure
S13). When mixed with 3,5-DTBCH, in MeOH in 1:100 molar ratio the species with

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

coordinated semiquinonate form of the substrate as
[Cu2(L1)(OH)(CH3COO)Q(DTSQ)Z(CH3OH)2'2K]2+ (C49H72CU.2K2N2012; Calcd 543. 1461)
was obtained as a low intensity peak at m/z = 543.3044 (Figure S14).

Cyclic Voltammetric Traces in Solution
The redox sensitivity of the complexes required for the catalytic oxidation of 3,5-DTBCH,

were examined by cyclic voltammetry measurements. This gave an idea about the


http://dx.doi.org/10.1039/c8dt03390k

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

Dalton Transactions

Page 26 of 36

icle Online

involvement of redox active substrate species during catalysis. The same MeOH medipmc#ass;2o0x

chosen for the measurement in a N, atmosphere with TBAP supporting electrolyte, platinum
working electrode, platinum wire counter electrode and Ag/AgCl reference electrode (Figure
S15). Bare HL1 showed a reduction peak at —0.898 V which was shifted upon complex
formation in the —0.698 to —0.888 V range vs. Ag/AgCl for 1-4 and were most likely for the
reduction of the bare and Cu'! bound C=N bond. An oxidative response at 0.733 V vs.
Ag/AgCl appeared for free HL1 and in the 0.708 to 0.860 V range for metal bound ligand in
1-4. The nature of the voltammograms were in favor of only ligand-centered redox processes
without showing any change in oxidation state of the involved metal ion centers from Cu!! to

Cu! during the oxidation of 3,5-DTBCHj to 3,5-DTBQ.

EPR Sensitive Species in Solution

X-band EPR spectra of MeOH solutions of 1-4 at 298 K showed very weak isotropic signals
at g ~ 2.0 and a second one at g ~ 4.0 indicating the presence of ligand bound {Cu,} entities
in solution (Figure S16 left and Figure 13 left). In particular, the signals at g ~ 4.0 were
attributable to {Cu,} species (cf. the low-field AMg = £ 2 features) as indicated in HRMS
analysis. The isotropic g parameters (gjs,) could not be ascertained unambiguously due to the
weak and noisy signals around g ~ 2.0. The g values associated with the AMg= + 2 transitions
were found to be 4.25, 4.26, 4.25 and 4.28 respectively for 1-4. The EPR spectra were
recorded after 10 min of mixing of 1-4 and 3,5-DTBCH; in 1:100 molar ratio in MeOH at
298 K (Figures S16 right and 13 right). The spectra for 1, 3 and 4 showed sharp signals at g =
2.01, 2.00 and 2.00 respectively confirming the generation of organic free radical in
solution.*” Repeat scans in 3420-3475 G range, keeping the number of data points the same
as before, showed splitting of these signals into two with additional lower intensity shoulders
to the right in all the three cases. This observation of doubly split signal justifies the presence
of an unpaired electron on C4 of DTSQ bearing a single hydrogen atom.*® The signals
appearing as shoulders arise from a C=N centered radical in L1 and L2. An unpaired electron
on the imine carbon would have given a six line spectrum. Clear resolution was obscured in
the presence of a strong DTSQ radical signal. An interesting observation was made in the
EPR spectrum of 2 with 100 equivalents of 3,5-DTBCH,. It was different from that of the
complex alone giving gjs, = 2.15 signal of much higher intensity (Figure 13 right). This was
due to the formation of catechol bound mononuclear Cu'! species as evidenced from mass

analysis.
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Figure 13 EPR spectra of 3 and 2 (left), mixtures of 3 and 2 with 3,5-DTBCHj, in 1:100 molar ratio (right) and
mixture of 2 with 3,5-DTBCHj, in 1:20 molar ratio (bottom) in MeOH at 298 K

As analysis of reaction rate data for 2 gave highest rate for 20 equivalents of the substrate,

EPR measurements were performed on a mixture of 2 and 3,5-DTBCHj, in a 1:20 molar ratio

in MeOH (Figure 13 bottom). The spectrum showed a strong and sharp signal at g = 2.01

indicating the presence of organic radical species and a doubly split signal with lower

intensity shoulders similar to 1, 3 and 4.
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Probable Mechanism for Catechol Oxidation DOI: 10.1039/C8DT03390K

In order to establish a reasonable course of the metal ion complex mediated oxidation
reaction, we need to know whether the O, in air reduces to H,O or H,O, during the process.
The estimation of H,O, formed in the medium was performed by a modified iodometric
titration procedure accelerated by molybdate ions. The oxidation of I™ to I, followed by the
generation of I3~ was apparent from the UV-vis spectral study of the solution obtained after
work-up indicating the generation of H,O, as identified by others.® A significant amount of

H,0; is found to be accumulated in the reaction medium in all the studied cases (Figure S17).
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Scheme3 Proposed course of catalytic oxidation of 3,5-DTBCH,

From HRMS, CV and EPR analysis a mechanistic pathway can be tentatively proposed for
the catalytic oxidation of 3,5-DTBCH,; to 3,5-DTBQ by 1-4. In MeOH solution the active
species like {Cuy(L2),}, {Cu,(L1)(OH)(CF;C0O0);(CH;0H)},
{Cuy(L1)(OH)(C¢HsCOO);(CH3;0H)} and {Cu,(L1)(OH)(CH3CO0),(H,0)} were present to
bind 3,5-DTBCH, giving {Cuy(L2),(DTSQ),(CH30H),},
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{Cuy(L1)(OH)(CFsCO0),(DTSQ)},  {Cus(L1)(OH)(CHsCOO)(DTSQ)x(HaQ)yo 20 2000
{Cu,(L1)(OH)(CH;CO0),(DTSQ),(CH;0H),} respectively for 1, 2, 3 and 4. In all these
cases the generation of semiquinone radical species and metal ion bound imine-centered
radical fragments were detected from EPR signals. No reduction peak corresponding to the
conversion of Cul! to Cu' is observed for 1-4 in MeOH solution and each ligand imine bond
accepts an electron to remain in reduced state.*’” The lone electron is later accepted by a
dioxygen molecule completing the catalytic cycle releasing 3,5-DTBQ and H,0O, (Scheme 3).
Thus the used pro-radical system is expected to exploit ligand redox activity centered on the
imine groups for catalytic activity. Complex 2 in the presence of high concentration of
DTBCH, breaks down to catechol bound mononuclear Cu' species {Cu(L1)(3,5-
DTBCH),(CH;0H)(H,0)} as indicated by HRMS, which was catalytically inactive inhibiting

the catalytic oxidation.

Comparison of Catalytic Activity

With respect to the determined catalytic turn over number, k., the reactivity order of the
complexes for the oxidation of 3,5-DTBCH, follow the trend 4 > 2 > 3 > 1. From HRMS
analysis it was found that in solution the parent ligand bound {Cu,} fragments predominate
over other species obtained through crystallization. The highest k., value in the series for 4 is
evident from the fact that it provides four {Cu,} fragments in solution because its unit cell
consists of two [Cus] units. The presence of double phenoxido-bridges in 1 rendered it least
active possibly due to the availability of less room for substrate binding.** Monodentate
coordination of two different carboxylate groups in 2 and 3 resulted two types of {Cu,}

fragments showing difference in catalytic activity. The Michaelis-Menten constant K, shows

Published on 12 November 2018. Downloaded by University of Glasgow Library on 11/13/2018 4:42:42 PM.

the concentration of the catechol when the reaction velocity is equal to one half of the
maximal velocity for the reaction and also it is a measure of binding affinity of the catechol
molecules to the {Cu,} fragments. When K, value is less it indicates a greater binding
affinity and vice-versa. In this work the K\, value for 2 is less than that for 3 indicating
superior binding affinity of fragments generated from 2. The observed difference in the k.,
values can be explained by considering the rate determining step as the transfer of electron
from the substrate to the imine functions of the ligand through the Cu!' centers.
Trifluroacetate groups, having electron withdrawing fluorine atoms, were responsible for
withdrawal of electron density from Cu'' centers compared to benzoate group bound
fragments. The coordination of trifluroacetate groups facilitate the transfer of electrons from

catechol and semiquinone molecules to bound imine functions via Cu'! centers in 2, compared
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to 3 with attached to benzoate groups, resulting in higher ke value. A higher, ke VAIUET 300k
indicates that more substrate molecules were turned over per second. The catalytic efficiency
can also be compared from the k.,/Ky\ values and a catalyst with high k., and low Ky, values
is more efficient in this regard. The effect of the electron-withdrawing nature of the
CF;COO™ group is further exemplified by the fact that 2 has the highest catalytic efficiency
(kea/ Kp) 1n the group. Of the four complexes studied only 2 showed substrate inhibition, most
probably due to the failure of trifluroacetate group to stabilize the {Cu,} species in the
presence of a large excess of 3,5-DTBCH,. Oxidation of 3,5-DTBCH, by 1, 3 and 4 took
place in a single phase as confirmed from the first-order exponential growth of 3,5-DTBQ

over time.

Paths for Coordination Aggregation

Two important and competitive paths have been identified for the first time in this work:
metal ion coordination induced ligand arm hydrolysis and hydroxide ion coordination driven
self-aggregation of the initially formed fragments. Varying reaction conditions and the
presence of different carboxylate anions leads to the stabilization of two types of {Cu,}

fragments A and B (Scheme 4).
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Scheme 4 Proposed routes of aggregation in solution followed by crystallization

In the absence of any carboxylate anion the reaction of HL1 with Cu'! ion triggered a single
imine arm hydrolysis to produce {Cu(L2)} fragment A, whose dimerization in solution
resulted 1. Reaction in the presence of carboxylate ions provided their termination

coordination and in situ generated HO™ ions were utilized to bridge two Cu'l centers in
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[Cup(u—L1)(u—OH)(O,CR),] fragment B. Trifluoroacetate, benzoate and acetafe ,anibhs, o0k
showing varying intermetallic clipping ability, were responsible for two different types of

homometallic aggregations as [Cuy] complexes 2 and 3, and [Cus] complex 4.

Conclusions

While examining the coordination reactivity pattern of HL1 with Cu! in the absence or
presence of three ancillary bridges a new family of compounds have been recognized
showing characteristic physical and biophysical behaviors. Ancillary ligands were utilized to
inhibit the ligand-arm hydrolysis and trap the reactive fragments. Formation of the
aggregated products avoiding ligand-arm hydrolysis is reliant on the choice of solvent system
and carboxylate bridges for the self-assembly of the preformed {Cu,} units. In these
reactions, coordination and bridging of more than one type of smaller groups drive the
resulting reaction paths and products. The presence of carboxylate group was crucial to
modulate the course of aggregation. In the absence of these carboxylate anions, the available
perchlorate ions from metal ion salts were responsible to hydrolyze the imine arm of the
ligand to yield 1. The presence of carboxylate anions on the other hand prevent this path and
take part in coordination aggregation. Externally added CF;CO, and PhCO, ions thus
showed preference for the inter-fragment reaction 2 {Cu,L1(OH)} — {Cu4(us—O)L1,} + H,O
in 2 and 3. Use of CH;COO ions on the other hand, lead to the trapping of central Cu'! ion
by two such {Cu,L1(OH)} fragments to provide 4 in a different sequence of aggregation.
This emphasizes the role of CH;COO ions for the self-assembly of two L1 bound {Cu,}
fragments, responsible for the trapping of the central Cu'' center. The magnetic properties of

2, 3 and 4 are dominated by strong antiferromagnetic exchange interactions, consistent with
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the presence of the Cu—O—Cu phenoxido—bridges. From their bio-relevant behavior, all the
complexes act as efficient catalyst for the aerobic oxidation of 3,5-DTBCH; to 3,5-DTBQ in
MeOH and their reactivity order is 1 < 3 < 2 < 4. For complex 2, inhibition of reaction by
substrate molecules was observed at high 3,5-DTBCH, concentration due to formation of an
inactive mononuclear copper complex—catechol adduct as confirmed by HRMS analysis and
EPR study. ESI-MS also proved that in solution the {Cu,} fragment is the active catalyst for
oxidation of 3,5-DTBCH, to 3,5-DTBQ. Further work in the same line is currently in
progress in our laboratory to grow larger cages supported by the in situ generated, metal salt

supplied and externally added anions.
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X-ray crystallographic data in CIF format, Scheme S1-S2, Figures S1-S17, TablessSI 500k
CCDC 1857609, 1857607, 1857608 and 1857610.contain the supplementary crystallographic

data in CIF format for complexes 1—4.
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