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ABSTRACT: Ligand H,SamiMxed(®) g composed of two
different compartments, a redox-active 2-aminophenol and a
salen salicylidene. Both compartments were linked via a benzyl
linker. The ligand reacted with CuCl,-2H,O under air in the
presence of Et;N and provided the corresponding monoradical-
coordinated mononuclear Cu(Il) complex (1). Complex 1, in
solution, reacted with air and provided complex 2 via ligand-
centered oxygenation at the benzyl-CH, position. Both complexes
were characterized via IR, mass spectrometry, X-ray single-crystal
diffraction, variable-temperature magnetic susceptibility, cyclic
voltammograms (CVs), and UV—vis/NIR spectroscopic techni-
ques. X-ray crystallographic analyses clearly showed almost equally

distorted square planar geometry around the Cu(II) atom in both complexes. However, the bending of the radical-containing C4
ring compared to the N1—Cul—O1 plane was different in both complexes. While complex 1 was paramagnetic and showed a
ferromagnetic coupling between the d,2_> magnetic orbital of Cu(Il) ion and the p, orbital of coordinated z-radical, complex 2
was diamagnetic by experiencing a strong antiferromagnetic coupling between the two magnetic orbitals. UV—vis/NIR spectra of
the complexes were dominated by charge-transfer transitions. CVs of the complexes showed two reversible one-electron
oxidations and one reversible one-electron reduction. E, ,* and E, /zre‘“ potentials were different in both complexes, while E, ,"!
values were almost the same and the process corresponded to the formation of phenoxyl radical. Theoretical studies were also
performed to understand the magnetic coupling phenomena, and TD-DFT calculations were employed for the assignment of

charge-transfer absorption bands.

B INTRODUCTION

Widespread occurrence of tyrosine radical and its involvement
in enzymatic activities have motivated chemists to the synthesis
of transition metal complexes where metal ion is coordinated to
at least a phenolate-based z-radical.' In this regard, several
redox-active (noninnocent) phenol-containing organic moieties
and their corresponding transition metal complexes have been
synthesized.” The main objectives are structural, spectroscopic,
and biomimetic reactivity studies of metalloenyzmes via
structural and/or functional models’ syntheses.””

Synthesis and spectroscopic investigation of monoradical-
coordinated mononuclear Cu(II) complexes with distorted
square planar geometry are inspired by galactose oxidase
(GOase), which is a fungal copper-containing mononuclear
metalloenzyme.” In its active form it contains Tyr272 radical-
coordinated Cu(II) ion. Both paramagnetic centers [Cu(II) and
Tyr272 radical] participate in the catalysis and accept one
electron each to oxidize primary alcohols to their correspond-
ing aldehydes, and thus, reduced enzyme is reoxidized by
molecular oxygen.
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In order to rationalize the active site structure of GOQOase,
several monoradical-containing Cu(II) complexes have been
synthesized either by electrochemical oxidation of a Cu(II)-
coordinated phenol unit of a coordinated ligand®*' ™™ or by
employing redox-active noninnocent ligands, mainly 3,5-di-tert-
butylcatechol, together with auxiliary binding units.”>° Indeed,
a structural distortion from square planar geometry has been
found to cause a nonorthogonal arrangement (Figure 1)
between the two interacting magnetic orbitals and hence
provides a diamagnetic (S, = 0) ground state for monoradical-
containing Cu(II) complexes.”"*“**” However, ambiguity is
still prevailing in assigning the actual distorted site responsible
for the nonorthogonal arrangement between the d,>_,> magnetic
orbital of the Cu(Il) ion and the coordinated # radical. For
instance, the variation in twist angle, i.e., tetrahedral distortion
(Figure 1), between two trans ligating sites (radical site vs
diamine site)® in four-coordinate monoradical-containing
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Figure 1. (Top) Orthogonal and nonorthogonal arrangement between
Cu(1l) dz_ ,> and z-radical p, orbitals; (middle)twist angle between
biting planes, (bottom) dihedral angle between the Cu(II)-
coordination plane and the phenyl ring.

Cu(Il) complexes has been argued as the deciding factor for the
ferromagnetic (orthogonal arrangement between the interact-
ing magnetic orbitals, Figure 1) and antiferromagnetic
(nonorthogonal arrangement between the interacting magnetic
orbitals, Figure 1) couplings between the Cu(I) center and the
coordinated 7-radical center.® While the variation in the
dihedral angle (Figure 1), which is defined as the twist angle
between the radical-containing phenyl plane and the Cu(II)-
centric coordination plane that formed by four coordinating
atoms, has also been demonstrated as the major factor for the
diversity in coupling fashions.*»”*? Hence, an attempt has been
taken to identify the predominating factor, ie., tetrahedral
distortion vs dihedral angle for assigning the coupling fashion.

Cu(Il) complexes synthesized using salen-type ligands are
known to acquire nonplanar geometry around the Cu(II)

center,'” while noninnocent ligands upon coordination with the
Cu(Il) ion under air provide z-radical-coordinated Cu(Il)
complexes. Hence, a combination of both the salen unit and the
noninnocent unit in a single ligand will provide a #-radical-
containing Cu(II) complex with a distorted coordination
environment around the Cu(II) center. Consequently, the
effect of distortion in a stable z-radical-coordinated Cu(Il)
complex could be examined. Furthermore, the nuclearity of the
resulting Cu(II) complex could be restricted to one by keeping
the donor (capable of coordinating) atoms per coordinating
ligand to four. Hence, a mononuclear z-radical-coordinated
Cu(II) complex will result. In this regard, a tetradentate ligand,
which will be noted here as H;Sami™™(®) g designed
(Scheme 1). The ligand was comprlsed of two compartments, a
redox-active noninnocent 2-aminophenol and a salen salicyli-
dene, which are bridged by a benzyl linker.

Herein, the synthesis and characterization of a monoradical-
containing CugII) complex (complex 1) formed with ligand
H,Sami™™d(®) are discussed. Interestingly, it had been
observed that complex 1 in solution (CH,Cl,) under air
experienced ligand-centered oxidation at the benzyl position.
Thus, formed complex (complex 2) has also been charac-
terized. The structural difference between complex 1 and
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Scheme 1. Schematic Representation of Ligand
H,Sami™*4(®) and the Possible Different Redox States”
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“ISQ and IBQ stand for the iminobenzosemiquinone and
iminobenzoquinone forms of the ligand, respectively.

complex 2 and its influence to the corresponding electronic
structure, including magnetic coupling fashion, have been
investigated. DFT and TD-DFT calculations were also
performed for better realization of the geometrical influences
to the electronic structures and are presented here.

B RESULTS AND DISCUSSION

A schematic diagram for the synthesis of complexes 1 and 2 is
shown in Scheme 2. Ligand H3SamiM”‘ed(tB“> was generated in

Scheme 2. Schematic Representation of the Ligand and the
Corresponding Cu(II) Complexes Formation Route
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situ by reacting 1:1 A and 3,5-di-tert-butylsalicylaldehyde in
CH;CN under refluxing condition. Addition of CuCl,-2H,0 to
the in-situ-generated ligand H;SamiM*d(®B) i the presence of
Et;N provided complex 1 in 50% yield. The complex was stable
under air in the solid state. However, it changed gradually to
complex 2 (Scheme 2) in solution in 20% yield in a S day time
span. Due to the sluggish nature of the conversion,
identification of the intermediate/s for the process was not
possible.

In the infrared spectra of 1 and 2, asymmetric, overtone, and
symmetric (C—H) stretches for the tert-butyl groups appeared
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nearly in the same region at 2960, 2906, and 2872 cm™,
respectively. Complexes 1 and 2 showed the characteristic
v(C=N) stretch at 1619 and 1621 cm™’, respectively. In
addition, a band appeared at 1657 cm™' in the infrared
spectrum of 2, indicating the presence of a conjugated keto
functional group (amide unit) in the coordinating ligand unit.

The electrospray ionization mass (ESI-MS) spectra of
H,Sami™*d(®%) " 1 "and 2 species were measured in positive-
ion mode in CH;CN solution. The in-situ-generated ligand
H,Sami™™ ) showed a 100% peak at m/z = 543.31 {[M +
H]*}, and the simulation of the isotope distribution pattern
confirmed the formation of the expected ligand with
C;HsoN,O, composition. The peaks at m/z 602.53
([C46H47CuN,0,]*) indicated the formation of 1 by
incorporation of a copper atom to [Sami™™d(®]"~ The
crystalline solid isolated after conversion of 1 to 2 has shown a
100% [M]* mass peak at m/z = 616.54 in the ESI-MS
spectrum. The isotope distribution pattern revealed the
C;6H,sCuN,O; composition for 2.

Single-crystal X-ray diffraction measurements for complexes
1 and 2 were performed at 296(2) K. Complex 1 crystallized in
the monoclinic space group C12/cl, while complex 2
crystallized in the orthorhombic space group P2,2,2,. Single-
crystal X-ray molecular structures of complexes 1 and 2 are
shown in Figure 2. Selected bond distances and bond angles are
presented in Table 1.

Figure 2. ORTEP plots of the molecular structures of complexes 1 (A)
and 2 (B). Hydrogen atoms are omitted for clarity.

From the molecular structures of complexes 1 and 2 it was
found that in both complexes the central Cul atom was
surrounded by a N,O, donor environment of the coordinated
tetradentate ligand. The difference in the ligand backbone
between complex 1 and complex 2 was only at C13 position: a
benzyl group in 1 and a carbonyl group in 2. While in both
complexes Cul—N1 and Cul—N2 bond distances were almost
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Table 1. Selected Bond Distances (Angstroms) and Bond
Angles (degrees) for 1 and 2

1 2
Cul—-N1 1.9312(17) 1.934(4)
Cul—-N2 1.9205(17) 1.935(5)
Cul-0O1 1.9265(15) 1.928(4)
Cul-02 1.8577(14) 1.877(4)
C2-01 1.289(2) 1.299(6)
C1-N1 1.354(2) 1.350(7)
C1-C2 1.443(3) 1.421(8)
C2-C3 1.438(3) 1.440(7)
C3-C4 1.360(3) 1.368(8)
C4-Cs 1.423(3) 1.402(8)
C5—-C6 1.363(3) 1.372(8)
C6—-Cl 1.419(3) 1.423(8)
N1-C7 1.404(3) 1.384(7)
C7-C8 1.399(3) 1.401(8)
C8-C9 1.378(3) 1.348(8)
C9-C10 1.380(3) 1.388(9)
C10-C11 1.386(3) 1.357(9)
C11-C12 1.385(3) 1.395(8)
C12—-C7 1.404(3) 1.436(8)
C12—C13 1.510(3) 1.466(9)
C13-03 1.212(7)
C13—-N2 1.475(2) 1.425(7)
C20—-02 1.312(2) 1.281(6)
C14—N2 1.290(2) 1.307(7)
Cl14—C15 1.446(3) 1.414(8)
C15—C16 1.407(3) 1.422(8)
C16—C17 1.372(3) 1.373(9)
C17-C18 1.409(3) 1.400(8)
C18-C19 1.385(3) 1.358(8)
C19-C20 1.423(3) 1.454(8)
C20-C15 1.425(3) 1.426(8)
01-Cul-N1 83.25(7) 83.20(18)
N1-Cul—-N2 95.36(7) 95.3(2)

N2—Cul-02 94.21(7) 94.75(19)
02—Cul-01 90.68(6) 87.17(17)
01-Cul-N2 163.85(7) 170.3(2)

NI1-Cul-02 165.01(7) 169.72(18)
Cul-01-C2 113.17(14) 111.6(4)

Cul-N1-C1 112.87(13) 110.6(4)

Cul-N1-C7 122.87(14) 125.3(4)

Cul-N2—-C13 115.89(13) 125.0(4)

Cul-N2—-C14 124.63(15) 120.4(4)

Cul—-02-C20 127.76(13) 128.9(4)

equal and in the range of 1.921-1.935 A, a significant
shortening in Cul—02 = 1.8577(14) [1] and 1.877(4) [2] A
compared to Cul—O1 = 1.9265(15) [1] and 1.928(4) [2] A
was noticed. This deviation was because of the higher covalent
character in the Cul—O2 bond due to the fully reduced
phenolate form of the coordinating O2 site, while the
coordinating O1 atom was associated with the one-electron-
oxidized iminobenzosemiquinone form of the 2-amidopheno-
late moiety (vide infra). However, the above-mentioned metal—
ligand bond distances were in accord with the +II oxidation
state of the central Cul atom.”'' The angles N1—Cul—02
and N2—Cul—01 were 165.01(7)° [1] and 169.72(18)° [2]
and 163.85(7)° [1] and 170.30(20)° [2], respectively. These
represented a slight deviation of the coordination geometry
from square planar. The structural rhombic distortion
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parameters, 1'4,12 for complexes 1 and 2 were 0.22 and 0.14,
respectively. These indicated that the deviation in the
coordination environment from planar (square planar, 7, = 0)
to nonplanar (tetrahedral, 7, = 1) geometry was more
pronounced in 1 compared to 2.

In the complexes all C—C bond distances in the C aryl rings
were not the same and not in the range of 1.39 + 0.01 A.
Alternating short and long C—C bond distances, i.e., a quinoid-
type distortion, was observed in the tert-butyl groups containing
an amidophenolate unit in both complexes. The respective
C1-C2, C2—C3, C3—C4, C4—Cs, C5—C6, and C6—C1 bond
distances were 1.443(3), 1.438(3), 1.360(3), 1.423(3),
1.363(3), and 1.419(3) A for complex 1 and 1.421(8),
1.440(7), 1.368(8), 1.402(8), 1.372(8), and 1.423(8) A for
complex 2. The C2—0O1 and CI1-NI1 bond distances were
1.289(2) [1] and 1.299(6) [2] A and 1.354(2) [1] and
1.350(7) [2] A, respectively. These bond distances were neither
in accord with their respective single-bond character nor
commensurate with the double-bond character. Rather, the
bonds were between single-bond and double-bond values.
These bond distances along with the quinoid-type distortion
emphasized the one-electron-oxidized iminobenzosemiquinone
(ISQ°'") form of the coordinating amidophenolate units. Note,
alternate short and long bond distances were also found in the
salicylidene unit in both complexes because of delocalization of
the phenolate'™ charge from phenolate'~ to the imine unit in
complex 1 and phenolate'~ to the C=0 unit in complex 2."
This type of distortion in the salen unit is common in metal—
salen complexes, where the salicylidene unit exists in the fully
reduced form."* Thus, the coordinated ligand overall acquired a
dianionic charge (7z-radical anion and phenolate anion) and
provided the neutral Cu(1I) complexes.

A detailed solid-state structural comparison between complex
1 and complex 2 was done, and the parameters are given in
Table 2. The X = —CH, unit in 1 was sp’ hybridized.
Therefore, the six-membered ring that formed by Cu—NI1-—
C7—C12—C13—N2 atoms had a half-chair configuration and
the X = —CH, unit was —0.81 A below (negative sign indicates
the below position, Figure 3C) the plane that was constituted

Table 2. Comparative Structural Parameters of 1 and 2

=
\ B/ C12\)|(
P N1\ /N2:C14
\A l /Cu\
C3 01 02
X =CH,/CO
1(X=  2(X=
parameters CH,) CO)
angle between plane A and plane B 44.42° 39.15°
angle between plane B and plane C 57.81° 19.10°
angle between plane A and plane C 25.41° 34.35°
distance of Cu(II) from plane A —-024A -050A
distance of Cu(II) from plane C +031 A  —023A
distance of X from C12—N2—C14 plane —081A -017A
angle between N1—Cu—O1 and N2—Cu—02 planes  20.65° 10.00°
twist angle)
angle between N1—Cu—O1 and A planes (bent 8.81° 19.92°
angle)
torsion angle between N1-0O1—-C3—C6 atoms 3.60° 8.67°

Figure 3. Perspective views of 1 (A and C) and 2 (B and D). tert-Butyl
groups were omitted for clarity.

by C12—N2—C14 atoms. On oxidation of X = —CH, to X=
—C=0 (keto) the hybridization of X changed from sp* to sp*
and the X = —C=0 unit came closer (—0.17 A) to the plane.
This change in hybridization caused significant lowering in the
angle between B and C planes (Table 2) and the twist angle
between N1—Cu—0O1 and N2—Cu—0O2 planes (Table 2, Figure
3). The Cu atom in complex 1 was found to situate below the
plane A and above the plane C (Table 2), while the atom was
situating below both planes in complex 2. In complex 1, the
angle between A and C planes was 25.41° and the twist angle
(Table 2) was 20.65°. This implied that the virtual angle
between A and C planes was 25.41° — 20.65° = 4.76°%; hence,
the complex was more planar (Figure 3A) than complex 2,
which had a 34.35° — 10.00° = 24.35° virtual angle (Table 2)
and acquired an umbrella shape (Figure 3B and 3D).
Variable-temperature magnetic susceptibility measurements
for complexes 1 and 2 were performed using a SQUID
magnetometer at an external magnetic field of 1 T. An inverse
magnetic behavior between the complexes has been observed
(Figure 4). While complex 1 was a paramagnetic material,
complex 2 was a diamagnetic material with magnetic moment
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2.0 cut R — Sim for 1
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1.5 Gouy= 2:08, J,, =+ 9.57 cm’”
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Figure 4. p vs T plots for complexes 1 and 2.
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(Uef) = 0.96 piy at 300 K, which reached 0.08 yy at 2 K. In the
case of complex 1, at 300 K p.¢ was 2.52 pi3, which represented
a system comprised of a noninteracting Cu(II) [gcy() = 2.10]
and m-radical (g = 2.00) units. Upon cooling, the g value
remained almost constant up to 75 K and then increased to p
=2.58 pg at 20 K. The p 4 of 1 again decreased and reached i ¢
1.97 up at 2 K. The increase in p with a decrease in
temperature indicated a ferromagnetic coupling between the
d,>_,> magnetic orbital of the Cu(Il) ion and the p, orbital of
coordinated z-radical. The further decrease in p. was
presumably due to intermolecular antiferromagnetic coupling.
This experimental result was simulated using the following
parameters;: gc,qp) = 2.06, g = 2.00, ] = +9.57 cm™!, and 4 =
—-223 K.

The angle between the N1—Cu—O1 and the N2—Cu—02
planes has been defined as the twist angle. It was previously
reported that a ferromagnetic coupling would persist between
the d,2_ magnetic orbital of the Cu(Il) ion and the p, orbital
of the coordinated 7-radical for the twist angle ranging between
0° and ~20°. Beyond that an antiferromagnetic coupling
between the orbitals would predominate.® Herein, the twist
angle was ~10° in complex 2, while that was 21° in complex 1
(Table 2). Therefore, a ferromagnetic coupling was expected in
complex 2, while the coupling would be antiferromagnetic in
complex 1. However, an opposite effect was observed. Although
a higher torsion angle has been observed in complex 2
compared to complex 1 (Table 2, Figure 3C and 3D), the angle
difference was not sufficient enough to invert the coupling
fashion. Hence, for complexes 1 and 2 the coupling between
the spins was not determined by either the twist angle or the
torsion angle. The higher bent angle (Figure S, Table 2, ~11°)

®c
®o

\, small bent angle o N large bent angle
sS=1 Cu S$=0
oL

Figure S. Bent angle-dependent arrangements of magnetic orbitals.

and the higher virtual angle (vide supra, ~20°) in complex 2
compared to complex 1 were the probable reasons for the
antiferromagnetic coupling in complex 2. Due to the change in
hybridization of the C13 atom from sp® to sp? (vide supra) the
flexibility in the six-membered Cu—N1-C7-C12—C13—N2
ring decreases. This decrease promoted a nonplanar geometry
in the coordinated ligand backbone in complex 2.

The electronic absorption spectra for complexes 1 and 2 are
shown in Figure 6. The spectra were dominated mainly by
intense charge-transfer transitions. A comparatively moderate
band at A, = 970 nm (& = 1800 M~ cm™!) for 1 and at 4, =
1000 nm (e = 800 M~ cm™) for 2 possibly appeared because
of ligand (phenolate, salicylidenate) to ligand (iminobenzose-
miquinone, amidophenolate) intervalence charge transfer
(IVCT). The intraligand charge transfer due to the presence
of rr-radical''>"> appeared at A, = 845 (¢ = 2900 M~! cm™)
for 1 and 800 nm (& = 1950 M™' ecm™) for 2. The intense
absorption band at A,,,, = 540 nm (& = 3050 M~ cm™") in the
electronic spectrum of 1 was due to ligand [phenolate] to metal
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Figure 6. UV—vis/NIR spectra of 1 and 2 measured at 25 °C in

CH,Cl, solution.

[Cu(1l)] charge transfer (LMCT) [vide infra].”""'¢ The
electronic spectrum of 2 showed a broad band at 4., = 460
nm (& = 6800 M~" cm™"), which has been found to be a ligand
to ligand change transfer (LLCT) [vide infra]. The other
intense bands in the UV region were attributed to a & system
transition within the iminobenzosemiquinone moiety.”

The electrochemical behavior of the complexes was studied
by cyclic voltammetry. Cyclic voltammograms (CVs) of
complexes 1 and 2 have been recorded in CH,CI, solutions
containing 0.10 M [("Bu),N]ClO, as supporting electrolyte at
a glassy carbon working electrode, a platinum wire counter
electrode, and a Ag/AgNO; reference electrode. Ferrocene was
used as an internal standard, and potentials are referenced
versus the ferrocenium/ferrocene couple (Fc*/Fc).

Both complexes showed two reversible oxidations and one
reversible reduction wave (Figure 7), and the results are given

Is A

10 15

45 10 05 00 05
E(V) vs F¢'/Fc

Figure 7. CV curves of 1 [A] and 2 [B] recorded in CH,Cl, at
ambient temperature with a scan rate of 100 mV/s. Potentials were
referenced to the Fc/Fc* couple.

Table 3. Voltammetric Redox Processes for Complexes 1
and 2

E%*V (AE, mV)

Complex El/Zredl EI/ZOXI El/zoxl
1 —0.900 (85) —0.040 (80) 0.660 (80)
2 —0.760 (100) 0.022 (95) 0.852 (100)

“E° values recorded at scan rates of 100 mV/s and referenced to the
Fc/Fc* couple.

in Table 3. CVs measurements at different scan rates (50, 100,
and 200 mV/s) did not show any shift in the position of the
peaks. Note that although the potential difference between the
complexes for the first oxidation process (E,,**') was only 62
mV {(E,,™") = —0.040 V [1]; 0.022 V [2]}, a significant
potential difference for the second oxidation process (E,,”?)
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[0.660 V (1), 0.852 V (2)] as well as for the sole reduction
process (E ") [-0.900 V (1), — 0760 V (2)] were
observed. The calculated AE,,™ values using AE,,™ =
E,,™*— E,;,™" were 700 and 830 mV for complexes 1 and
2, respectively. This 130 mV higher AE,,,*™ in the case of
complex 2 indicated a higher extent of electrochemical
communication between the two redox-active sites in the
complex compared to that in complex 1. A significant
interaction between the Cu(Il) and the z-radical in complex
2 could be argued as the promoter for this higher extent of
communication.

From X-ray crystallographic analysis (vide supra) it was
evident that both complexes acquired one coordinated z-
radical, which was the only site that could be reduced feasibly at
the observed potential. Therefore, the reduction process was
assigned to reduction of the z-radical (iminobenzosemiqui-
none) to the corresponding phenolate (amidophenolate) unit.
The first oxidation process for both complexes could be either
oxidation of a s-radical that would lead to formation of an
iminobenzoquinone from the iminobenzosemiquinone unit or
oxidation of the Cu(II)-coordinated phenolate unit that would
generate a Cu(II)—phenoxyl radical. In order to assign the
actual oxidation site, 1 equiv of AgSbF, was added in a CH,Cl,
solution of each complex. The consequent UV—vis/NIR
spectral changes for the complexes have been recorded and
are depicted in Figure 8. No vanishing of the broad

(A % B 2

20

LS

500 1000
A, nm

1500 2000 1000 1500 2000

2, hm

500

Figure 8. Absorption spectra of the complexes: (A) 1 (black), 1'*
(red), and 1** (green); (B) 2 (black), 2'* (red), and 2** (green).

absorption band centered at 845 [1] and 800 [2] nm discarded
the possibility of oxidation of the s-radical unit to the
corresponding quinone unit. Furthermore, the increase of
band intensity at ~850 (¢ = 3300 M™' cm™) and 550 (e =
8450 M™' cm™') nm for complex [1]'* and ~810 (e = 2750
M~ cm™), 570 (¢ = 7000 M™' cm™), and 470 (e = 13450
M em™) nm for complex [2]'* confirmed formation of the
phenoxyl radical.**** The second oxidation of 1 and 2 was
carried out by addition of 2 equiv of cerium ammonium nitrate
(CAN) in a 1:1 CH,CL:CH,;CN solvent mixture. In this
oxidation, the absorption band at 845 [1] and 800 [2] nm
almost vanished (Figure 8, Table 4). This indicated oxidation of
the m-radical (iminobenzosemiquinone) moiety to the corre-

Table 4. Absorption Data of the Complexes

complex Amap N (&, M~* cm™)
1° 970 (1800), 845 (2900), 540 (3050), 383 (18 150)
1 850 (3300), 550 (8450), 387 (13 400), 335 (12 600)
12 510(5900), 387 (8450), 330 (9900)
20 1000 (800), 800 (1950), 460 (6800)
2 810 (2200), 570 (5450), 466 (10750)
2% 470 (7600)
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sponding iminobenzoquinone moiety in both complexes. The
presence of the strong band at 510 [1?*] and 470 [2**] nm
further supported formation of a quinone moiety (7 to 7*
charge transfer).'® Note, the Cu(II)-coordinated phenoxyl
radical is also known to exhibit 7 to 7* charge transfer in the
400—500 nm region.léc’d Therefore, the band could be a
combination of quinine and phenoxyl 7 to 7* charge transfers.
Thus, the overall electrochemical behavior of 1 and 2 can be
summarized as shown in Scheme 3.

Scheme 3
_I 1' _]0
0 0
N, N= N N=
cl e ci
/N /N
o © e d ©
S=1/2 S=0or1
X =CH,(1)/CO2)  +1e “-m-
—| 2+ —I 1+
Chy L
|
~N_ N= N N=
ci e cl
~/ N\ AL /N
0 9 -le” o 9
S=0or1 S=112

In order to understand the electronic spin state and coupling
nature among the three S = 1/2 spins [one Cu(Il) and two
radicals] of [1]* and [2]* species, X-band EPR measurements
were performed. In both cases, four-line signals appeared
(Figure 9), which confirmed that the locus of the unpaired
electron was on the Cu(II) center (I = 3/2). Hence, a higher
extent of an antiferromagnetic coupling between the two radical
centers than that of the Cu(Il) and a radical center could be
argued. Simulation to the experimental results provided the
following parameters: g = 2.100{[1]*}, 2.100{[2]*}; & =

g,=2.100, g, = 2.108, g, = 2.125

—Exp
——Sim

dX"/dB

A, =70*10% cm’”

“A,=173*10" cm’ W,=30G
A, =9310" cm” W,=28G
250 300 350 400
B, mT
g,=2.100, g, = 2.115, g, = 2.130 Exp
——Sim

dX"/dB

%A, =71710% cm’

%A, =75"10" cm’” W,=20G
A, =93*10% cm’” W,=25G
250 300 350 400
B, mT

Figure 9. Experimental and simulated X-band EPR spectra of [1]'*
(top) and [2]** (bottom). Experiments were performed at RT.
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2.108{[1]}, 2.115{[2]*}; g = 2.125{[1]*}, 2.130{[2]*}, g,
2.111{[17%}, 2.115{[2]"}, “*(A,, Ay, A3) = (70, 73, 93) X 1074
em {[1]*} (71, 75, 93) X 107* cm™'{[2]"}. Using the relation
g = 1/3(gy + 2g,) it was found that g; = 2.125 and g, = 2.104
for [1]* and g = 2.130 and g, = 2.107 for [2]". The g, > g,
indicated that the unpaired electron resided on the d._,
magnetic orbital of Cu(II) in [1]* and [2]*."

DFT-Based Computational Study. The structures of both
complexes were optimized at the B3LYP'** level using all-
electron 6-31G(d,p) basis sets. The optimized geometries of
the complexes are presented in Figure 10. Selected computed
bond distances and bond angles along with their experimental
counterparts are included in Table S1.

Complex 1

Complex 2

Figure 10. Optimized structures of the complexes at the B3LYP/6-
31G(d,p) level in tube form. Hydrogen atoms are removed for clarity.

Complex 1 retained its square planar geometry to a
significant extent with a small structural deformation. However,
in complex 2 the structural geometry was distorted toward
tetrahedral shape. It was observed from the FMO pictures of
complex 1 that the d2_2 orbital of the central Cu(I) was
perpendicular to the plane containing ligand 7 orbitals (Figure
S6). This particular orbital orientation minimized the spatial
overlap between the orthogonal d,>_ orbital of Cu(II) and the
coordinated 7 orbital of the ligand radical and, consequently,
favored the same spin alignment and ferromagnetic coupling in
complex 1. However, complex 2, owing to a larger virtual angle
between planes A and C, generated a favorable situation for the
orbital overlap between the d,_, orbital of Cu(Il) and the
ligand 7 orbitals (Figure S7). Accordingly, the higher
probability of orbital mixing in complex 2 led to an
energetically favorable spin pairing between the unpaired
elﬁgtrons. This is the origin of the diamagnetism in complex
2.

A detailed natural population analysis (NPA) was also
performed to understand the overall electronic environment
around the Cu(II) center in both complexes (Table S2). The
splitting of d orbitals and corresponding NAO (natural atomic
orbital) occupancies for both complexes are also listed in Table
S2. In complex 2 the d orbitals of the central Cu(II) atom were
found to be higher in energy than those in complex 1. This
implied relatively strong interactions between the Cu(II) center
and the coordinating ligand. Because of the interactions, the
orbital degeneracy was significantly disturbed in complex 2.

The magnetostructural correlations in square planar Cu(II)
complexes at the molecular level were investigated using hybrid
DFT-based calculations. The spin density plot for complex 1 is
reported in Figure 11. From the spin density plot it was
observed that in complex 1 the unpaired electrons having the
same spin orientations were mainly localized on both the
central Cu(Il) atom and the sz-radical containing five-
membered chelate ring. Thus, a theoretical study predicted
the same spin alignment and a higher possibility of
ferromagnetic coupling between the unpaired electrons that
were present in complex 1. The energetic stability of the
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Figure 11. Pictorial representation of spin density map (isodensity
0.003 electron/Bohr®) for complex 1. The violet color regions
represent the location of a spin density. Hydrogen atoms are omitted

for clarity.

systems (high spin or low spin) also provided useful insights to
determine the spin states for unpaired electrons. Computed
optimized energy values for both complexes at different states
are given in Table S3. It was found that the triplet state of
complex 1 was stabilized by —8.49 kcal/mol relative to the
singlet ground state, whereas in the broken-symmetry solution
for complex 1 (spin contamination, (S2) = 2.00011) the singlet
state was destabilized by 3.77 kcal/mol with respect to the
triplet state. Thus, the possibility of the energetically favorable
triplet electronic state with probable ferromagnetic coupling
between the unpaired electrons in complex 1 was evident. In
addition, the computed FMO pictures (Figure S6) for complex
1 revealed that the SOMO (for both a and f§) was primarily
located on the ligand side and there was no such mixing of
metal d and ligand 7 orbitals. Therefore, the orbital symmetry
would be retained and more ferromagnetic coupling would
prevail between the unpaired electrons.

One of the convincing ways to model the antiferromagnetic
coupling is the broken-symmetry SCF solution (as imple-
mented in Gaussian09).'® The fragmentation patterns consid-
ered for this particular discussion for both complexes are
reported in Figure S8. It is observed that the broken-symmetry
solution, with reasonably acceptable spin contamination, (S2) =
0.028862, for complex 2 has stabilized the antiferromagnetically
coupled state by —2.12 kcal/mol relative to the singlet ground
state. On the other hand, the triplet state for complex 2 was
destabilized by 7.77 kcal/mol with respect to the broken-
symmetry singlet state. This indicates the higher probability of
an energetically favorable antiferromagnetically coupled state
for the unpaired electrons in complex 2. The pictorial
representation of the spin density map for complex 2 is given
in Figure 12. The locations of opposite spin densities on the

IR

Figure 12. Pictorial representation of the spin density map for
complex 2 obtained from broken-symmetry calculation. The violet-
colored regions represent the location of the a spin, and blue
represents the # spin. Hydrogen atoms are omitted for clarity.
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metal (violet) and the ligand (blue) support the probable
antiferromagnetic coupling pattern of the unpaired electrons. It
is worth noting that the relatively large amount of structural
distortion led to a greater overlap of the Cu 3d orbitals with the
7 orbitals of the coordinated ligand. This was further evident
from the FMO pictures of complex 2 (Figure S7) along with
their calculated individual AOs contribution. As a consequence
of the higher degree of orbital mixing, the triplet state gets
destabilized due to the Pauli repulsion between like spin pairs.®
Furthermore, the significantly high HOMO—-LUMO energy
gap (1.98 eV) for complex 2 supports the antiferromagnetic
coupling pattern of the unpaired electrons. Herein, it is worth
mentioning that the DFT-based findings on the magnetic
behavior of both complexes were consistent with the
experimental results.

To find the sites of oxidations we optimized the geometries
of the monopositive and dipositive species for both complexes.
The energy values are given in Table S4. For comparison of
atomic charges (Mulliken) as well as bond distances of the
coordination sphere the optimized geometries of the most
stable spin states of the neutral as well oxidized species were
chosen. The charge values and bond distances are shown in
Tables S5 and S6, respectively. It is clear from Table SS that the
loss of an electron from the Cu atom after the oxidations was
not significant; rather, the generated positive charge was
delocalized over the coordinating ligand backbone. After one-
electron oxidation, the changes in bond distances (Table S6,
Figure S9) were found more in the redox-active aminophenol
moiety rather than the expected redox-inactive salicylidene unit.
This unexpected trend in the calculated bond distances and
atomic charges might be attributed to the inherent limitation in
our calculations, which were performed in the gas phase.
Furthermore, the higher electron loss of the aminophenol
moiety instead of expected redox-inactive salicylidene in the
first oxidation step could also be attributed to exclusion of
counterion (SbF¢”) in the structure chosen for optimization.
Recently, Asami et al.'” have also shown that the localized
phenoxyl radical observed experimentally in the solid state
cannot be reproduced in the theoretical calculation, particularly
when the counterion is not considered.

Excited State Calculation. To simulate the experimental
UV—vis/NIR spectra of the complexes, solvent-phase TD-DFT
calculations are performed at the B3LYP/6-31G(d,p)/IEF-
PCM (solvent model) level with DCM as solvent for both
complexes. The corresponding FMO pictures generated from
TD-DFT calculation are reported in Figure S10. The vertical
excitation energies calculated for the lowest lying singlet and
triplet states for studied complexes are reported in Table 5. The
strong absorption at 524 nm (f = 0.19) in complex 1
corresponded to a combination of SOMO—3 to SUMO and
SOMO-2 to SUMO, interligand charge-transfer (ILCT) and
ligand to metal charge-transfer (LMCT) transitions. This
particular transition was well correlated to the experimentally
observed peak at 540 nm. Additionally, in complex 1, the two
relatively weak transitions at 842 (f = 0.03) and 977 nm (f =
0.01) correspond to 7 to z* intraligand charge-transfer (ILCT)
and interligand charge-transfer (LLCT/IVCT) transitions and
correlated to the observed peaks at 845 and 970 nm. In
complex 2 the calculated transition appeared at 450 nm (f =
0.22) that resulted from strong ligand-centric (L) to #*(L)
electronic excitations. This particular transition correlated well
with the experimentally observed peak at 460 nm. Hence, the
peak at 460 nm can be assigned as 7 to 7* intraligand charge
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Table 5. TD-DFT-Computed Transitions Correspond to the
Most Intense Peaks in the Experimental UV—vis/NIR
Spectrum of the Complexes at the B3LYP/6-31G(d,p) Level

state AE, eV (nm) 1 C.L contribution
complex 1
Tl 1.27 (977) 0.01 SOMO — SUMO (58%)
T2 1.47 (842) 0.03 SOMO-1 — SUMO (97%)
SOMO — SUMO (2%)
S4 2.37 (524) 0.19 SOMO — SUMO (8%)
SOMO—-2 — SUMO (23%)
SOMO—3 — SUMO (56%)
SOMO—4 — SUMO (13%)
complex 2
T1 1.34 (930) 0.0025 HOMO-1 — LUMO (85%)
HOMO — LUMO (4%)
S2 1.64 (757) 0.02 HOMO — LUMO (9%)
HOMO-1 — LUMO (83%)
HOMO-2 — LUMO (4%)
S7 2.76 (450) 0.22 HOMO — LUMO (5%)

HOMO-3 — LUMO (12%)
HOMO-4 — LUMO (57%)
HOMO-1 — LUMO+1 (6%)

“TD-DFT oscillator strength.

transfer. From the theoretical calculation relatively weak 7 to 7*
ligand to ligand charge-transfer (LLCT) transitions were found
at 757 (f = 0.02) and 930 nm (f = 0.003). Hence, the observed
peaks at 800 and 1000 nm that appeared in the UV—vis/NIR
spectrum of complex 2 could be assigned as LLCT transitions.

Subsequently, the electron density difference was computed
between the ground (S,) and the lowest identified singlet (S,)
and triplet (T,) excited states. It is more logical to identify the
locations of the electron density shift during electronic
excitations using the density difference plot as reported in
Figure S11. It was observed from the density difference plot
that the singlet excitations (S, to S;) are primarily dominated
by LMCT (pr to dx) types of electronic transitions where d
orbitals of the central Cu atom were significant in both
complexes. However, for complexes 1 and 2 a # to #*
intraligand electronic transition was predominant in triplet
excitations (S, to T).

B CONCLUSION
-Mixed(Bu)

Employing ligand H;Sami which composed of one
noninnocent aminophenol and one innocent salicylidene
compartments, complex 1 has been synthesized. The complex
undergoes ligand-centered oxidation at the benzyl —CH,
position under air in solution, thus forming complex 2. X-ray
single-crystal analysis indicates that both complexes are
monoradical-coordinated mononuclear Cu(II). The overall
geometry of complex 1 is almost planar, while complex 2 is
umbrella shaped. Although a higher twist angle is found in
complex 1, ferromagnetic coupling is realized in the complex.
Therefore, the twist angle based nonorthogonal relation
between the d,2_» magnetic orbital of the Cu(II) ion and the
coordinated sm-radical is no longer in the present system.
Rather, a bent angle has been found as the suitable explanation
for the ferromagnetic coupling in 1 and antiferromagnetic
coupling in 2. The DFT-based theoretical calculation also
supports the observed magnetic behavior. Chemical oxidation
along with cyclic voltammetric studies indicate that oxidation of
phenolate to phenoxyl radical is more preferable compared to
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oxidation of iminobenzosemiquinone to iminobenzoquinone.
This suggests that in both complexes the coordinated 7-radical
is highly stable. Although complex 1 is more planar than
complex 2, a higher extent of electrochemical communication
between the redox sites (phenoxyl and z-radical) is observed in
complex 2 because of the strong communication between the
central Cu(II) and the z-radical centers.

B EXPERIMENTAL SECTION

Materials. All chemicals and solvents were obtained from
commercial sources and used as supplied unless noted otherwise.
3,5-Di-tert-butylcatechol, 2-aminobenzonitrile, 3,5-di-tert-butyl salicyal-
dehyde, and LiAlH, were purchased from Sigma-Aldrich. Solvents
were obtained from Merck (India). THF was dried before used. Mass
spectra were measured in HPLC-grade acetonitrile solution.

Physical Methods. X-ray crystallographic data for 1 were collected
using a Bruker SMART APEX-II CCD diffractometer equipped with a
fine focus 1.75 kW sealed tube Mo Ka radiation (1 = 0.71073 A) at
296(2) K with increasing w (width of 0.3° per frame) at a scan speed
of 3 s/frame. A single crystal of 2 was measured on a Super Nova,
single source at offset, Eos diffractometer. The structure was solved
with the Superflip structure solution program using charge flipping and
refined by direct methods using SHELXS-97 and with full-matrix least-
squares on F* using SHELXL-97. In both cases all nonhydrogen atoms
were refined anisotropically. IR spectra were recorded on a
PerkinElmer Instrument at normal temperature with a KBr pellet by
grinding the sample with KBr (IR grade). UV—vis spectra were
recorded on a PerkinElmer Lamda 750 UV/vis/NIR spectrometer by
preparing a known concentration of the samples in HPLC-grade
CH,Cl, at room temperature using a cuvette of 1 cm width. Mass
spectral (MS) data were obtained from a quadrupole time-of-flight
(QTOF) MS spectrometer (Waters, model Q-Tof Premier), and
peaks are given in m/z (% of basis peak). Variable-temperature
magnetic susceptibility measurements were performed using a
superconducting quantum interference device (SQUID) magneto-
meter at 1 T for both complexes. Simulations of the experimentally
obtained magnetic measurements were performed using the julX
program developed by Dr. E. Bill.

Computational Details. We performed DFT-level calculations on
complexes 1 and 2 to understand the magnetic behavior along with the
experimental UV—vis/NIR sgectrum of the complexes. The structures
are optimized at the B3LYP***' level using all-electron 6-31+G(d,p)
basis sets for all atoms including Cu. The ferromagnetic and
antiferromagnetic coupling patterns of the unpaired electrons in
complexes 1 and 2 are modeled through spin-restricted singlet,
broken-symmetry singlet, and spin-unrestricted triplet state. Excited
state calculations (TD-DFT study) are also performed at the B3LYP/
6-31+G(d,p) level. In the excited state calculations the explicit solvent
effect is considered through the IEF-PCM model** for DCM solvent.
The ferromagnetic and antiferromagnetic coupling patterns of the
unpaired electrons in complexes 1 and 2 are modeled through spin-
restricted singlet, broken-symmetry singlet, and spin-unrestricted
triplet state. The Gaussian09 software package'® was used in the
entire calculation.

Synthesis of [CyH3N,0l, H,LHNH2, - and [C26H34N20,],
HsLMixed®) " The synthetic procedures for both ligands H,LCHNH:
and HySamiM™(® were reported previously.'>

Synthesis of [C3¢H,;,CuN,0,], 1. A solution of H,L°™N": (0.326
g, 1 mmol) and 3,5-di-tert-butylsalicyaldehyde (0.234 g, 1 mmol) in
CH,;CN (15 mL) was heated at reflux for 3 h. After cooling to room
temperature, CuCl,-2H,0 (0.172 g, 1 mmol) and Et;N (0.2 mL) were
added sequentially. Then the resulting reaction mixture was stirred for
6 h at room temperature (30 °C). A brown precipitate of 1 appeared.
The precipitate was filtered and washed thoroughly with CH;CN.
Yield: 0.300 g, 50%.

The resulting residue was recrystallized from a 4:1 CH,Cl,:CH;CN
solvent mixture by the slow solvent evaporation technique. This
provided two distinct crystalline solids, which were separated
manually. The block-shaped large crystalline solid was isolated as a
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Table 6. Crystallographic Data and Structure Refinement
Parameters for 1 and 2

1 2

empirical formula C;6H,,CuN, 0, C;6H,5sCuN, 04

fw 603.30 617.28

cryst habit, color block/brown needle/brown

cryst size (mm?) 0.52 X 0.40 X 0.26 0.30 X 0.18 x 0.15

temperature, T (K) 296(2) 296(2)

wavelength, 4 (&) 0.71073 0.71073

cryst syst monoclinic orthorhombic

space group C2/c P2,2,2,

unit cell dimens a =28.094(4) A a=63536(4) A
b=3778(2) A b =19.2147(13) A
c=19.626(3) A c=272831(14) A
a=y=90° a=p=y=90°

B = 114.714(7)°

volume, V (A%) 6901.1(17) 3330.8(4)

VA 8 4

caled density (mg-m™) 1.161 1.231

Absorption coefficient, 0.664 0.692

# (mm™")
F(000) 2576 1312
6 range for data collection  1.60—26.00° 2.99-25.00°

limiting indices

no. of reflns collected/
unique

completeness to 6

max and min transmission

refinement method

data/restraints/parameters
goodness-of-fit on F*

final R indices [I >
2sigma(I)]
R indices (all data)

largest diff. peak and hole

—34<h <34 -14<
k<16, —24 <1<24

44784/6598 [R(int) =
0.0440]

97.2% (8 = 26.00°)
0.841 and 0.734

SHELXL-97
(Sheldrick, 1997)

6598/0/382

1.134

RI = 0.0393, wR2 =
0.0944

RI = 0.0685, wR2 =
0.1043

0.285 and —0.283 e-
A

—4<h<7,-22<k
<16,-32<1<24

9285/5479 [R(int) =
0.0646]

99.7% (8 = 25.00°)
0.901 and 0.861

SHELXL-97
(Sheldrick, 1997)

5479/0/391

1.070

R1 = 0.0654, wR2 =
0.1240

R1 = 0.0850, wR2 =
0.1338

0.411 and —0.374 e-
A3

major product. Yield: 0.240 g, 40%. The minor product was complex 2.
FTIR (KBr pellet, cm™): 2959, 2903, 2862, 1619, 1583, 1530, 1479,
1438, 1429, 1390, 1353, 1329, 1256, 1200, 1168, 912, 875, 840, 752,
502. ESI-MS (CH,;CN) m/z for [C3H,,CuN,0,]": calcd, 602.29;
found, 602.53. Anal. Calcd for C;sH,,CuN,O,: C, 71.67; H, 7.85; N,
4.64. Found: C, 71.64; H, 7.65; N, 4.53.

Synthesis of [C3sH;5CuUN,Os], 2. Recrystallization of complex 1
(0.300 g, 0.5 mmol) from a S:1 CH,ClL:CH;CN solvent mixture
provided complex 2 as a needle-shaped microcrystalline solid in 5 days.
The procedure was followed twice. The isolated crystalline solid was
suitable for single-crystal X-ray diffraction study. Yield: 0.125 g, 40%.
FTIR (KBr pellet, cm™): 3441, 2960, 2948, 2903, 2863, 1657, 1621,
1557, 1528, 1474, 1438, 1349, 1326, 1288, 1217, 1195, 1173, 1159,
1111, 1024, 1002, 913, 767, 753. ESLMS (CH,CN) m/z for
[C4HysCuN,0,]: caled, 616.28; found, 616.54. Anal. Calcd for
Cy6H,CuN,Oy: C, 70.05; H, 7.35; N, 4.54. Found: C, 70.32; H, 7.14;
N, 4.34.
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