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Synthesis, characterization and catalytic activity of
copper(II) complexes containing a redox-active
benzoxazole iminosemiquinone ligand†

S. Esmael Balaghi,a Elham Safaei,*a Linus Chiang,b Edwin W. Y. Wong,b Didier Savard,b

Ryan M. Clarkeb and Tim Storr*b

A tridentate benzoxazole-containing aminophenol ligand HLBAP was synthesized and complexed with

CuII. The resulting CuII complexes were characterized by X-ray, IR, UV-vis-NIR spectroscopies, and magnetic

susceptibility studies, demonstrating that the ligand is oxidized to the o-iminosemiquinone form [LBIS]− in

the isolated complexes. LBISCuIICl exhibits a distorted tetrahedral geometry, while LBISCuIIOAc is square

pyramidal. In both solid state structures the ligand is coordinated to CuII via the benzoxazole, as well as

the nitrogen and oxygen atoms from the o-iminosemiquinone moiety. The chloride, or acetate group

occupies the fourth and/or fifth positions in LBISCuIICl and LBISCuIIOAc, respectively. Magnetic suscepti-

bility measurements indicate that both complexes are diamagnetic due to antiferromagnetic coupling

between the d9 CuII centre and iminosemiquinone ligand radical. Electrochemical studies of the com-

plexes demonstrate both a quasi-reversible reduction and oxidation process for the Cu complexes. While

LBISCuIIX (X = Cl) is EPR-silent, chemical oxidation affords a species with an EPR signal consistent with

ligand oxidation to form a d9 CuII iminoquinone species. In addition, chemical reduction results in a CuII

centre most likely bound to an amidophenoxide. Mild and efficient oxidation of alcohol substrates to the

corresponding aldehydes was achieved with molecular oxygen as the oxidant and LBISCuIIX–Cs2CO3 as

the catalyst.

Introduction

Small molecule complexes employing redox active transition-
metal ions and pro-radical ligands provide significant insight
into the complexity of a number of metalloenzyme pro-
cesses.1,2 Researchers have harnessed the redox activity of tyro-
sine ligands to develop catalysts for multi-electron
catalysis.3–14 The metalloenzyme galactose oxidase (GOase) is
an important example, which catalyzes the oxidation of
D-galactose and a wide range of primary alcohols with conco-
mitant reduction of dioxygen to hydrogen peroxide.2,15 The
GOase active site contains a cysteine-modified phenol moiety
Tyr 272 (Y272) and a phenol group of tyrosine 495 (Y495)

coordinated to a CuII center. This enzyme has inspired
researchers to design and study small-molecule models
capable of efficient alcohol oxidation under mild
conditions.15–21 Copper complexes employing non-innocent
catecholate and semiquinone ligands have also been identified
as exhibiting GOase-like reactivity (Scheme 1).22

Scheme 1 Redox states of GOase.22
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Significant efforts have been made towards the synthesis of
CuII complexes containing redox active ligands.23–25 These
complexes have provided a platform to study both the mag-
netic interaction between the d9 CuII center and the radical
ligand Tyr 272 (Y272), and the role of the radical ligand in cata-
lysis. One of the most common classes of redox active ligands
are based on o-aminophenols. Metal complexes of this ligand
have been studied in the amidophenoxide, iminosemiquinone,
and iminoquinone redox states, and certain compounds have
shown promise as catalysts.26–31 Specifically, copper complexes
of this ligand act as catalysts for alcohol oxidation, closely fol-
lowing the reactivity of GOase. Thus, these metal complexes
can serve as models of metalloenzymes such as
GOase.28,29,32–34 In addition, metal complexes of phenoxazines
and benzoxazoles have proven very useful as catalysts for allylic
substitutions, Heck reactions, hydrosilylations, cyclopropana-
tions and Diels–Alder additions.35–56 Herein, we report the syn-
thesis, characterization, magnetic and redox properties of
LBISCuIIOAc and LBISCuIICl complexes of the newly synthesized
[N2O]-donor benzoxazole ligand (HLBAP, Scheme 2). In
addition, we describe the mild and efficient oxidation of alco-
hols to aldehydes with oxygen as the oxidant and LBISCuIIX–
Cs2CO3 as the catalyst-base.

Experimental section
Materials and methods

All chemicals and solvents were purchased from Merck and
used without further purification. Manipulations were per-
formed under aerobic conditions using chemicals and solvents
as received. 3,5-DTBQ (3,5-di-tert-butylcyclohexa-3,5-diene-1,2-
dione) was synthesized according to a modified literature pro-
cedure.57 Electronic spectra were obtained on a Cary 5000
spectrophotometer with a custom-designed immersible fiber-
optic quartz probe with variable path length (1 and 10 mm;
Hellma, Inc.). Constant temperatures were maintained by a dry
ice/acetone bath. Solvent contraction was accounted for in all
variable-temperature studies. IR spectra were recorded in the
solid state on a FT-IR Bruker Vector 22 spectrophotometer in
the 400–4000 cm−1 range. NMR spectra were recorded at
400 MHz on a Bruker DRX spectrometer in CDCl3 solution.
The chemical shifts were referred to TMS using the residual
signals from the solvent. Cyclic voltammetry (CV) was per-
formed on a PAR-263A potentiometer, equipped with a Ag wire
reference electrode, a glassy carbon working electrode, and a

Pt counter electrode with 0.1 M NBu4ClO4 solutions in CH2Cl2.
Ferrocene was used as an internal standard. Mass spectra
(positive ion) were obtained on an Agilent 6210 TOF ESI-MS
instrument. The magnetic measurements were obtained
with the use of a Quantum Design SQUID magnetometer
MPMS-XL between 1.8 and 290 K with a dc applied field of
1000 Oe. Measurements were performed on polycrystalline
samples of 23.86 and 35.21 mg for LBISCuIICl and
LBISCuIIOAc, respectively. The data sets were corrected for the
diamagnetic response in the samples and sample holders. All
EPR spectra were collected using a Bruker EMXplus spec-
trometer operating with a premiumX X-band (∼9.5 GHz)
microwave bridge. Low temperature measurements of frozen
solutions used a Bruker helium temperature-control system
and a continuous flow cryostat. Samples for X-band measure-
ments were placed in 4 mm outer-diameter sample tubes with
sample volumes of ∼300 μL. EPR spectra were simulated with
EasySpin 3.1.7 software.58

Synthesis

HLBAP. To a solution of 3,5-DTBQ (0.44 g, 2 mmol) in aceto-
nitrile (9 mL) was added 2-aminobenzyl amine (0.122 g,
1 mmol), and the reaction stirred for 4 days at room tempera-
ture in the presence of air. The solvent was removed in vacuo,
and the green material formed was dissolved in methanol–
dichloromethane (1 : 1). After evaporation of the solvent, the
brown precipitate was washed with ethanol and dried under
vacuum. X-ray quality colorless crystals were grown from a 1 : 1
solvent mixture of dichloromethane–ethanol. Yield: 0.225 g
(40%). Anal. calcd (found) for C35H48N2O2: C 79.81 (79.67),
H 8.80 (8.61), N 5.32 (5.39). νmax(KBr)/cm

−1: 3415 (O–H), 3258
(N–H), 2959 (C–H), 1595 (CvC), 1474 (CvN), 1047 (C–N), 740
(vC–H bending). 1H NMR (400 MHz, CDCl3, 298 K): δ 1.32 (s,
9H), 1.43 (s, 9H), 1.50 (s, 9H), 1.61 (s, 9H), 5.33 (s, 1H), 6.34 (s,
1H), 6.69 (d, 1H), 6.94 (t, 1H), 7.13 (d, 1H), 7.31 (s, 1H), 7.34 (t,
1H), 7.62 (d, 1H), 8.20 (t, 1H), 9.66 (s, 1H). 13C{H} NMR
(100 MHz, CDCl3): δ 29.60, 30.08, 30.96, 31.67, 31.89, 34.44,
34.55, 35.13, 110.52, 113.76, 114.40, 117.80, 119.53, 122.36,
122.64, 126.68, 128.49, 132.38, 133.55, 135.46, 141.58, 142.32,
145.40, 147.78, 147.83, 149.56, 162.34. m.p. 139–141 °C.

LBISCuIIOAc. HLBAP (0.525 g, 1 mmol) and triethylamine
(0.28 mL, 2 mmol) were dissolved in a 2 : 1 acetonitrile–
dichloromethane mixture (45 mL), and then Cu(OAc)2 (0.199 g,
1 mmol) was added. The reaction mixture was stirred for
4 hours at room temperature in the presence of air. X-ray
quality blue crystals were grown from a 1 : 1 solvent mixture of
dichloromethane–methanol. Yield: 0.70 g (96%). Anal. calcd
(found) for C38H52CuN3O4·CH3CN: C 68.65 (68.34), H 7.32
(7.25), N 4.33 (4.38). νmax(KBr)/cm

−1: 2959 (C–H), 1617 (CvC),
1475 (CvN), 1027 (C–N), 802 (vC–H bending). 1H NMR
(400 MHz, CDCl3, 298 K): δ 1.68 (s, 10H), 1.57 (s, 8H), 1.56 (s,
10H), 1.43 (s, 9H) 2.25 (m, 2H), 2.66 (s, 3H), 3.88 (d, 2H), 5.37
(t, 2H), 6.76 (s, 1H), 7.26 (d, 1H), 8.15 (s, 1H), 9.43 (d, 1H),
10.15 (s, 1H).

LBISCuIICl. HLBAP (0.525 g, 1 mmol) and triethylamine
(0.28 mL, 2 mmol) were dissolved in a 2 : 1 acetonitrile–

Scheme 2 The structure of HLBAP.
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dichloromethane mixture (45 mL), and then CuCl2·2H2O
(0.17 g, 1 mmol) was added. The reaction mixture was stirred
for 4 hours at room temperature in the presence of air. X-ray
quality blue crystals were grown from a 1 : 1 solvent mixture of
dichloromethane–methanol. Yield: 0.50 g (72%). Anal. calcd
(found) for C35H44ClCuN2O2: C 66.84 (66.16), H 6.21 (6.13),
N 11.14 (10.80). νmax(KBr)/cm

−1: 2960 (C–H), 1627 (CvC), 1473
(CvN), 1031 (C–N), 807 (vC–H bending). 1H NMR (400 MHz,
CDCl3, 298 K): δ 1.15 (s, 9H), 1.43 (s, 9H), 1.51 (s, 19H), 7.10 (s,
1H), 7.38 (s, 1H), 7.62 (q, 2H), 7.92 (d, 1H), 8.25 (s, 2H), 8.32
(s, 1H).

Spectrophotometric chemical redox titrations

Oxidation: under a nitrogen atmosphere at 195 K a 150 μL
aliquot of a CH2Cl2 solution of LBISCuIICl (31 mM) was added
to 3.0 mL CH2Cl2. Monitored by UV-vis-NIR, a solution of
[N(C6H3Br2)3˙]

+SbF6
− in CH2Cl2 (2.3 mM) was added in 250 μL

increments resulting in clean conversion to [LBIQCuIICl]+.
Reduction: under a nitrogen atmosphere at 195 K a 100 μL

aliquot of a CH2Cl2 solution of LBISCuCl (31 mM) was added to
3.0 mL of PhMe. Monitored by UV-vis-NIR, a solution of CoCp2
in 30 : 1 PhMe : CH2Cl2 (10 mM) was added in 100 μL incre-
ments resulting in clean conversion to [LBAPCuCl]−.

Catalytic activity of LBISCuCl and LBISCuIIOAc complexes in
alcohol oxidation

Alcohol oxidation experiments were carried out in an oxygen
atmosphere at room temperature. In a typical experiment,
alcohol (1 mmol), LBISCuIICl (0.024 g, 4 mol%) or LBISCuIIOAc
(0.026 g, 4 mol%) and Cs2CO3 (0.650 g, 2 mmol) were stirred
in 5 mL of oxygen saturated toluene in a 15 mL two-neck
round-bottom flask equipped with an oxygen balloon. The
solution was stirred for 6–36 hours, after which the mixture
was passed through a syringe filter and was diluted with
toluene (2 mL). The progress of the reaction was monitored by
gas chromatography. To study the effect of the ligand, a 15 mL
two-neck round-bottom flask was charged with CuCl2 or
Cu(OAc)2 and Cs2CO3 (0.650 g, 2 mmol) in 5 mL of oxygen
saturated toluene. The flask was equipped with an oxygen
balloon, and the progress of the reaction was monitored by gas
chromatography. To check for the formation of carboxylic acid
during the oxidation reaction, the reaction mixture was neu-
tralized with 5% HCl to remove any excess base. After passing
through a syringe filter, the sample was dried with sodium
sulfate and monitored by gas chromatography.

Calculations

Geometry optimizations were performed using the Gaussian
09 program (Revision A.02),59 the B3LYP60,61 functional, and
the 6-31G(d) basis set on all atoms. Broken-symmetry62–64 (BS)
DFT calculations were performed with the same functional
and basis sets. Frequency calculations at the same level of
theory confirmed that the optimized structures were located at
a minimum on the potential energy surface. Single point cal-
culations were performed using the B3LYP60,61 functional and
the TZVP basis set of Ahlrichs65,66 on all atoms.

X-ray analysis

Single crystal X-ray crystallographic analysis was performed on
a Bruker SMART diffractometer equipped with an APEX II CCD
area detector fixed at a distance of 6.0 cm from the crystal and
a Mo Kα fine focus sealed tube (λ = 0.71073 nm) operated at
1.5 kW (50 kV, 30 mA) and filtered with a graphite monochro-
mator. Temperature was regulated using an Oxford Cryo-
systems Cryostream. Suitable crystals were mounted on glass
fibers using epoxy as adhesive. The structures were solved
using direct methods (SIR92)67 and refined by least-squares
procedures using CRYSTALS.68 Hydrogen atoms were placed in
idealized geometric positions and linked to their respective
atoms using a riding model during refinement. The isotropic
temperature factor of each hydrogen atom was initially set to
1.2 times that of the atom it is bonded to and then the temp-
erature factors of groups of similar hydrogen atoms were
linked during refinement. The tert-butyl groups in LBISCuIIOAc
were disordered and modeled accordingly (see CIF file for
details). Due to twinning issues, the data for HLBAP could not
be refined satisfactorily and so the resulting structure was only
used to determine connectivity. Diagrams of LBISCuIICl, LBIS-
CuIIOAc, and HLBAP were generated by ORTEP-3 for Windows
(v. 2.00)69 and rendered using POV-Ray (v. 3.6.1).70 For the dis-
ordered atoms in LBISCuIIOAc only the atoms with the higher
occupancy are shown. The acetonitrile solvent molecule in
LBISCuIIOAc has not been shown.

Results and discussion
Synthesis and structural characterization of ligand HLBAP

The ligand HLBAP was synthesized via the condensation of
2-aminobenzylamine with two equivalents of 3,5-DTBQ. HLBAP

was characterized by 1H and 13C NMR spectroscopy (ESI
Fig. S1 and S2†), IR, elemental analysis, mass spectrometry
and X-ray crystallography. The free ligand HLBAP exhibits
characteristic IR bands at 1511–1542 cm−1 (νCvN stretch), and
3416 cm−1 (νO–H stretch). Single crystals of HLBAP suitable for
X-ray crystallography were obtained by recrystallization from
dichloromethane/n-hexane. An ORTEP view of the HLBAP

ligand is shown in Fig. 1. X-ray analysis shows that the benzox-
azole heterocycle forms during the synthesis of the ligand. In

Fig. 1 Molecular structure of HLBAP. H atoms have been omitted for clarity.
Thermal ellipsoids are set at 50% probability.71
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addition, a redox-active aminophenolate function is present.
Due to the high R-value for the structure of HLBAP we were
unable to determine the aminophenolate ring bond lengths.
However, a 1H NMR titration of HLBAP using NaOD is consist-
ent with phenolate deprotonation as the pH is raised (ESI
Fig.S3†). In addition, the 1H NMR data is consistent with a
recent report on a similar ligand system.54

Synthesis and structural characterization of LBISCuIIX
complexes

Treating HLBAP with CuCl2 or Cu(OAc)2 in the presence of 2
equivalents of Et3N under aerobic conditions in acetonitrile at
298 K afforded a microcrystalline precipitate of LBISCuIICl and
LBISCuIIOAc, respectively. Elemental analytical data of the com-
plexes corresponds to the calculated values for a 1 : 1 metal :
ligand ratio. In the IR spectra of the complexes, the strong and
sharp νO–H stretch of the ligand disappears, and the νCvN

band is shifted to lower energy by 10–20 cm−1 as compared to
the νCvN band of the free ligand. The monomeric complexes
isolated herein differ from the dimeric CuII complex of a
similar aminophenol ligand recently reported.72 The increased
steric bulk of the [LBIS]− ligand used in this work likely restricts
dimerization.

X-ray analysis

Blue crystals of the two copper complexes for X-ray analysis were
obtained from a methanol–dichloromethane (1 : 2) mixture.
Crystallographic data for both complexes are shown in Table 1.
Selected bond distances and angles are listed in Table 2.

Crystal structure of LBISCuIICl

The solid state structure of LBISCuIICl displays a distorted tetra-
hedral geometry (Fig. 2). The dihedral angle between the
planes defined by N[1]–Cu[1]–O[1] and N[2]–Cu[1]–Cl[1] is
50.6° indicating a significant twist in the structure. The CuII

ion is four-coordinate, bound to the tridentate [LBIS]− ligand,
and one chloride ion. The coordination sphere Cu–N distance
is 1.949 Å for Cu[1]–N[1] and 1.963 Å for Cu[1]–N[2], compar-
able with those reported in the literature.73,74 The Cu[1]–Cl[1]
and Cu[1]–O[1] bonds are 2.202 Å and 2.006 Å respectively. Of
immediate interest is the relatively long Cu[1]–O[1] bond.
Further analysis of the ring bond lengths for the aminopheno-
late function allowed for the assignment of the iminosemi-
quinone redox-state for the [LBIS]− ligand (Table 2). The
relatively short C[2]–C[3] and C[4]–C[5] bond lengths (1.36 Å
average) in comparison to the longer C[1]–C[2] and C[5]–C[6]
bond lengths (1.44 Å average), and the short C[1]–O[1] bond
length (1.273 Å) are further evidence for iminosemiquinone
formation. The metrical parameters for LBISCuIICl also match
other reports of transition metal iminosemiquinone
complexes.75–77

Crystal structure of LBISCuIIOAc

The structure of LBISCuIIOAc (Fig. 3) is composed of a copper
center ligated by the [LBIS]− ligand and a bidentate acetate
molecule. The distortion parameter τ = [(Φ1 − Φ2)/60], in
which Φ1 and Φ2 are the two largest L–M–L angles of the

Table 1 Crystallographic data for LBISCuIIOAc, and LBISCuIICl

LBISCuIIOAc LBISCuIICl

Empirical formula C39H50CuN3O4 C35H44ClCuN2O2
Formula weight 688.39 623.74
Crystal system Monoclinic Monoclinic
Space group P21/c P21/n1
a (Å) 12.5963(12) 16.4069(18)
b (Å) 16.3407(16) 12.3090(14)
c (Å) 18.3053(18) 17.1757(19)
α (°) 90 90
β (°) 98.1790(10) 110.1470(10)
γ (°) 90 90
V (Å3) 3729.5(6) 3256.4(6)
Z 4 4
T (K) 298 150
ρcalcd (g cm−3) 1.226 1.272
μ (mm−1) 0.627 0.785
Reflections collected 44 491 35 679
Significant reflections 6148 7055
R [I > 2.5σ(I)] 0.0417 0.0413
Rw [I > 2.5σ(I)] 0.0440 0.0624
Goodness of fit 1.0332 1.1308

Table 2 Comparison of selected bond lengths (Å) in LBISCuIIOAc and LBISCuIICl

LBISCuCl LBISCuOAc

Cu1–N1 1.949(2) Cu1–N1 1.929(0)
Cu1–N2 1.962(8) Cu1–N2 1.957(1)
Cu1–O1 2.006(2) Cu1–O1 1.965(8)
Cu1–Cl1 2.202(2) Cu1–O101 1.908(8)
C1–C2 1.449(3) Cu1–C100 2.695(3)
C1–O1 1.273(2) C22–C23 1.442(3)
C2–C3 1.368(3) C22–O1 1.275(3)
C3–C4 1.444(3) C23–C24 1.362(3)
C4–C5 1.361(3) C24–C25 1.435(3)
C5–C6 1.425(3) C25–C26 1.359(3)
C1–C6 1.460(3) C26–C27 1.414(3)
C14–C15 1.396(3) C22–C27 1.456(3)
C15–C16 1.394(3) C8–C9 1.386(3)
C16–C17 1.422(3) C9–C10 1.383(3)
C17–C18 1.388(3) C10–C11 1.411(3)
C18–C19 1.391(3) C11–C12 1.384(3)
C14–C19 1.386(3) C12–C13 1.379(3)

C8–C13 1.381(3)

Fig. 2 Molecular structure of LBISCuIICl. H atoms have been omitted for clarity.
Thermal ellipsoids are set at 50% probability.
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Cu coordination sphere78 for this complex is 0.16. Comparing
this τ value with corresponding values for an ideal trigonal
bipyramid (τ = 1) and square pyramid (τ = 0) indicates that this
complex exhibits a distorted square based pyramidal (SP)
structure. In this geometry for LBISCuIIOAc one nitrogen N[2]
of the coordinated benzoxazole ligand, one oxygen atom O[1]
and an imine nitrogen N[1] of the iminosemiquinone and the
O[101] oxygen atom from the acetate moiety are nearly co-
planar, occupying the basal positions of the pyramid whereas
the other oxygen atom O[100] occupies the apical position. The
observed basal bond lengths (Cu[1]–N[1], 1.929 Å; Cu[1]–N[2],
1.957 Å; Cu[1]–O[101], 1.909 Å; Cu[1]–O[1], 1.966 Å) are in the
range of those reported for other square based pyramidal (SP)
CuII complexes containing semiquinone ligands79,80 while the
apical bond length of Cu[1]–O[100] (2.695 Å) is elongated. The
twist in the basal plane (dihedral angle between N[1]–Cu[1]–
O[1] and N[2]–Cu[1]–O[101] planes) is 37.7°, which is slightly
less in comparison to the LBISCuIICl analogue. The apical
oxygen may play a role in reducing the twist in the LBISCuIIOAc
derivative. The relatively short C[23]–C[24] and C[25]–C[26]
bond lengths (1.36 Å average) in comparison to the longer
C[22]–C[23] and C[26]–C[27] bond lengths (1.43 Å average),
and the short C[22]–O[1] bond length (1.275 Å) are further evi-
dence for iminosemiquinone formation.75 Overall, the [LBIS]−

bond lengths in both the Cu derivatives are very similar. The
iminosemiquinone assignment for [LBIS]− results in a possible
magnetic interaction with the d9 CuII metal centre.

Magnetic susceptibility measurements

Magnetic susceptibility data for polycrystalline samples of LBIS-
CuIIOAc and LBISCuIICl complexes was collected in the temp-
erature range 1.8–290 K with an applied magnetic field of
1000 Oe. The effective magnetic moment per molecule (μeff) for
these complexes remains near zero for all temperatures studied,
confirming the diamagnetic nature of the complexes. This obser-
vation is consistent with the 1H NMR characterization; as the
spectra of both CuII complexes contain relatively sharp reson-
ances (ESI Fig. S4 and S5†). This result supports the antiferro-
magnetic coupling between the CuII and iminosemiquinone
ligand radical. The significant twist in the structures (vide
supra) likely facilitates overlap of the magnetic Cu dx2−y2 orbital

with the iminosemiquinone π singly occupied molecular
orbital.

Electrochemistry

The electrochemical properties of the HLBAP ligand and its
copper complexes were examined by cyclic voltammetry (CV) in
CH2Cl2 at low temperature (233 K). The ligand HLBAP displays
a series of irreversible oxidations (ESI Fig. S6†) under the
experimental conditions. In comparison, both Cu complexes
exhibit two quasi-reversible one-electron redox processes in
the range studied (Fig. 4 and Table 3).

The redox process at negative potentials occurs at essen-
tially the same value for the two Cu complexes (Fig. 4). The Epc
− Epa peak separation is slightly larger for the OAc derivative,
and could indicate more significant rearrangement for this
derivative. This redox process has been assigned as a ligand-
based iminosemiquinone/amidophenoxide81 redox couple on
the basis of additional experiments (vide infra) (Scheme 3).

Fig. 3 Molecular structure of LBISCuIIOAc. H atoms have been omitted for
clarity. Thermal ellipsoids are set at 50% probability.

Fig. 4 Cyclic voltammograms of LBISCuIIOAc (black line) and LBISCuIICl (red line).
Conditions: 1 mM complex, 0.1 M NBu4ClO4, scan rate 100 mV s−1, CH2Cl2,
233 K.

Table 3 Redox potentials of LBISCuIIOAc and LBISCuIICl versus Fc+/Fc.a Peak to
peak separation in brackets

Compound E11/2/V E21/2/V

LBISCuIICl −0.57 (0.17) 0.55 (0.16)
LBISCuIIOAc −0.58 (0.22) 0.28 (0.23)

a Peak to peak difference for the Fc+/Fc couple at 233 K is 0.080 V.

Scheme 3 Schematic of the possible ligand oxidation states of the LBISCuIIX
complexes.
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Interestingly, the redox processes at positive potentials differ
by ca. 0.27 V for the two Cu complexes, likely due to the
different electron-donating effects of Cl− and OAc− anionic
ligands. On the basis of EPR experiments (vide infra), the
couple at positive potentials has been assigned to a ligand-
based iminosemiquinone/iminoquinone redox process. Due
to the similar properties of LBISCuIIOAc and LBISCuIICl com-
plexes we chose to perform further experiments on LBISCuIICl.

Electronic spectroscopy

The electronic spectrum of LBISCuIICl in CH2Cl2 exhibits a
series of bands in the visible region (Fig. 5). An oxidation titra-
tion with [N(C6H3Br2)3˙]

+SbF6
− 82 from 0→1 equivalent at low

temperature (195 K) exhibits an isosbestic point at 26 300 cm−1

upon conversion to the iminoquinone form [LBIQCuIICl]+.
Upon oxidation, the electronic transitions decrease in intensity
in the range studied. In addition, a reduction titration of LBIS-
CuIICl with cobaltocene from 0→1 equivalent at low tempera-
ture (195 K) was performed. Due to the limited solubility of
cobaltocene in CH2Cl2, a toluene : CH2Cl2 mixture (30 : 1) was
used as the solvent. Slight differences in the intensities of the
spectral bands for LBISCuIICl in the two different solvents were
evident (Fig. 5 and 6). Upon reduction, isosbestic points at
25 400 and 20 300 cm−1 were observed, as well as a new promi-
nent band at 19 900 cm−1 (Table 4). Samples of both the
oxidized and reduced forms of LBISCuIICl prepared by the
redox titrations described in this section were transferred to
EPR tubes for further analysis.

EPR analysis

A frozen CH2Cl2 solution of the neutral species LBISCuIICl is
EPR silent at 20 K (Fig. 7b), consistent with a diamagnetic elec-
tronic ground state (S = 0) measured in the solid state. In con-
trast, the reduced complex [LBAPCuIICl]− displays a typical
pattern for an axially-symmetric d9 CuII complex with g1 =
g2 = g⊥ = 2.045 and g3 = gk = 2.206 (Fig. 7c, Table 5). The EPR
spectrum of [LBAPCuIICl]− provides further evidence that the

reduction process is ligand-based, likely affording a CuII ami-
dophenoxide complex.29 The oxidized complex [LBIQCuIICl]+

also displays an EPR signal, but the signal suggests significant
distortion from axial symmetry in comparison to the reduced
analogue.83–86 Fitting the data affords a rhombic spin system
with three different g values as displayed in Table 5. In
addition, the A3 value is decreased substantially to 330 MHz
(ca. 118 × 10−4 cm−1), which suggests significant tetrahedral
distortion for this species.83–86 We tentatively assign the oxi-
dized species as a distorted CuII iminoquinone species on the
basis of this preliminary analysis. Thus, both redox processes
observed for LBISCuIICl are ligand based.

Theoretical analysis

The solid state magnetic data, in combination with the EPR
results, demonstrate that the complex LBISCuIICl exhibits a dia-
magnetic ground state. Thus the complex can be described as
one of the following: (i) a d8 CuIII amidophenoxide complex,
(ii) a CuII complex antiferromagnetically coupled to an imino-
semiquinone ligand radical, or (iii) a CuI complex bound to
an iminoquinone. The CuII iminosemiquinone electronic
structure is most likely on the basis of the solid state X-ray
data. We calculated the relative energies of the triplet and
broken symmetry (BS) electronic states for LBISCuIICl. BS calcu-
lations provide a localized solution for the ground-state wave
function.62–64,87 The BS solution was determined to be lower

Fig. 5 Electronic spectra of 3 mM CH2Cl2 solutions of LBISCuIICl (black) and
[LBIQCuIICl]+ (red) and spectra during incremental oxidation (grey) with
[N(C6H3Br2)3˙]

+SbF6
− at 195 K.

Fig. 6 Electronic spectra of 3 mM toluene : CH2Cl2 (ca. 30 : 1) solutions of LBIS-
CuIICl (black) and [LBAPCuIICl]− (red) and spectra during incremental reduction
(grey) with cobaltocene at 195 K.

Table 4 Electronic absorption properties of the complexesa

Complex νmax, cm
−1 (εmax, M

−1 cm−1)

LBISCuIICl 24 400 (sh, 7300), 23 200 (8800), 20 600 (8100), 16 900
(5100), 11 300 (2700)

[LBIQCuIICl]+ 24 400 (sh, 4000), 23 200 (4400), 20 600 (4600), 16 900
(2000), 11 300 (1000)

[LBAPCuIICl]− 22 600 (8000), 19 900 (12 300), 17 900 (sh, 7900), 15 700
(sh, 2700), 11 400 (1400)

a For measurements see Experimental section.
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in energy by 1.12 kcal mol−1 in comparison to the triplet,
matching the experimental data. The closed-shell singlet solu-
tion (S = 0) is found to be higher in energy by 5.49 kcal mol−1

in comparison to the BS solution. The exchange coupling J was
calculated using the Yamaguchi formula (eqn (1)), which is
applicable for systems from the strong to the weak exchange
limit.88,89 The computed exchange coupling for this complex is
−316 cm−1, corresponding to a significant antiferromagnetic
(S = 0) exchange interaction for this system. The corresponding
orbital transformation (COT) was used to determine the mag-
netic orbitals for the LBISCuIICl complex.90,91 The large distortion
in the solid state structure (also predicted by calculations)

results in substantial overlap between the Cu dx2−y2 and
iminosemiquinone π magnetic orbitals (Fig. 8). The calculated
magnetic orbital overlap is 0.49.92–94 The computed exchange
coupling is likely an underestimation of the singlet–triplet
splitting, as no evidence for population of the triplet state was
observed in the variable temperature magnetic susceptibility
experiment.95,96

J ¼ � EHS � EBS

kŜ
2
lHS � kŜ

2
lBS

ð1Þ

The optimized geometry (BS solution) is in good agreement
with the X-ray data. A comparison of relevant experimental
and theoretical bond lengths is shown in Table 6. The imino-
semiquinone bonding pattern observed in the X-ray data for
LBISCuIICl is predicted by the DFT calculations. This includes
the ring bond lengths as well as the relatively short C(1)–O(1) and
N(1)–C(6) bonds. The bond lengths are similar to other iminose-
miquinone metal complexes reported in the literature.76,77 The
Cu coordination sphere metrical parameters are also well pre-
dicted, a notable exception being a deviation of 0.076 Å between
the experimental and calculated Cu(1)–O(1) bond length.

Catalytic activity of LBISCuX complexes

We were interested in studying the catalytic activity of LBIS-
CuIIX for the oxidation of a large number of structurally
diverse alcohols to the corresponding aldehydes. Our initial

Table 6 Comparison of experimental and calculated (in parentheses) bond
lengths for the LBISCuIICl complexa

Bond Bond length (Å) Bond Bond length (Å)

Cu(1)–O(1) 2.006 (1.930) C(1)–C(6) 1.460 (1.464)
Cu(1)–N(1) 1.949 (1.955) C(5)–C(6) 1.425 (1.420)
Cu(1)–Cl(1) 2.202 (2.214) C(1)–C(2) 1.449 (1.442)
Cu(1)–N(2) 1.963 (1.951) C(2)–C(3) 1.368 (1.378)
C(1)–O(1) 1.273 (1.285) C(4)–C(5) 1.361 (1.379)
N(1)–C(6) 1.340 (1.355) C(3)–C(4) 1.444 (1.436)

a See Experimental section for calculation details.

Fig. 7 EPR spectrum of (a) oxidized [LBIQCuIICl]+ in CH2Cl2, experimental
(black), simulation (red); (b) neutral LBISCuIICl in CH2Cl2, experimental (black);
and (c) reduced [LBAPCuIICl]− in toluene, experimental (black), simulation (red).
Conditions: frequency = (a) 9.381 GHz, (b) 9.381 GHz, (c) 9.381 GHz; power =
2 mW; modulation frequency = 100 kHz; amplitude = 0.6 mT; T = 20 K; concen-
tration = 3 mM.

Table 5 EPR parameters for [LBIQCuIICl]+ and [LBAPCuIICl]−a

Compound g1 g2 g3 A1
b (Cu) A2

b (Cu) A3
b (Cu) A⊥

b (N) Ak
b (N)

[LBAPCuIICl]− 2.045 2.045 2.206 39 39 499 39 39
[LBIQCuIICl]+ 2.043 2.118 2.263 103 220 330 — —

a See Experimental section for details. [LBAPCuIICl]− in toluene, [LBIQCuIICl]+ in CH2Cl2. All measurements at 20 K. b Values in MHz.

Fig. 8 Magnetic orbitals for LBISCuIICl showing the Cu dx2−y2 and semiquinone
π antiferromagnetic interaction.
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studies centered on determining the optimal conditions (base
and solvent) for the conversion of a representative alcohol
(benzyl alcohol) to the corresponding aldehyde. Both LBIS-
CuIICl and LBISCuIIOAc were examined under a number of
different conditions (Table 7) and it was found that LBIS-
CuIIOAc exhibited superior catalytic performance at 298 K. The
superior catalytic activity of LBISCuIIOAc in comparison to LBIS-
CuIICl could be due to the acetate ligand improving solvation of
the complex in toluene, and/or the ability of this ligand to act
as a base during catalysis. For all subsequent catalysis studies
LBISCuIIOAc was tested at 298 K, while LBISCuIICl was tested at
333 K. The catalytic studies were completed with one-half the
catalyst concentration (on a per Cu basis) in comparison to our
recently reported studies on a related dimeric complex.72

It was found that benzyl alcohol conversion was highest
when Cs2CO3 was used in comparison to other bases (Table 7).
For both complexes LBISCuIIX, maximum conversion of benzyl
alcohol was achieved with 2 equivalents of Cs2CO3 in toluene
(Table 7, entries 4–6); but no significant increase was observed
when 3 equivalents was used. Toluene was chosen as a solvent
based on previous work with similar systems.97,98 Changing to
the more polar solvent CH3CN, and utilizing 2 equiv. of
Cs2CO3 afforded poor results (Table 7, entry 7). Using the opti-
mized conditions (Scheme 4) determined from Table 7 we
screened a variety of alcohol substrates as detailed in Table 8.

Under the conditions tested, the alcohols in Table 8 could be
oxidized to the corresponding aldehydes with good conversions
(>80% entries 1–14). No over-oxidation of the aldehyde to the
carboxylic acid was observed by GC analysis. Testing of CuII

salts under our reaction conditions (4 mmol% CuCl2/2 equiv.
Cs2CO3 and 4 mmol% Cu(OAc)2/2 equiv. Cs2CO3) demonstrates
aldehyde formation, but in comparatively low yield (Table 9).
Addition of ligand HLBAP (Table 9, entries 3 and 4) improved
the yield in the case of Cu(OAc)2 but not to the level when pre-
formed LBISCuIIOAc is used (Table 7, entry 5). These results
highlight that the pre-formed complex is necessary to afford
high conversion of the tested alcohol substrates.

Conclusion

A new benzoxazole-based aminophenol ligand HLBAP and
two corresponding CuII complexes were synthesized and

characterized. Both metal complexes exhibit an oxidized
iminosemiquinone chelated to the metal ion to afford LBIS-

CuIIOAc and LBISCuIICl, which were characterized by a variety
of methods. X-ray crystallography revealed that the bond
lengths are consistent with a CuII centre and an iminosemiqui-
none ligand. The isolation of a CuII complex containing a tri-
dentate redox active ligand that can be both oxidized and
reduced, and in addition, an exchangeable co-ligand, provided
an interesting platform for reactivity studies.

Variable temperature magnetic susceptibility measure-
ments in combination with 1H NMR demonstrated both com-
plexes are diamagnetic due to strong antiferromagnetic
coupling between the Cu dx2−y2 orbital and the iminosemi-
quinone π singly occupied molecular orbital. EPR studies on
the LBISCuIICl analogue were in agreement with an S =
0 ground state. Theoretical calculations on this complex also
predict that the antiferromagnetically coupled electronic state
is lowest in energy, with a computed exchange coupling of
−316 cm−1. Cyclic voltammetry measurements showed two
quasi-reversible redox events for both Cu complexes,
suggesting that the LBISCuIIX complexes can be both oxidized
and reduced. Chemical redox titrations and EPR analysis of
the reduced [LBAPCuIICl]− and oxidized [LBIQCuIICl]+ species
suggested that the redox events are ligand-based. Preliminary
reactivity studies show that both Cu complexes particularly the
acetate complex are competent catalysts for the oxidation of
alcohols in the presence of O2. Based on our results, both com-
plexes are capable of catalyzing the oxidation of a large
number of alcohols to the corresponding aldehyde. Of note,
the acetate complex generally performed better than the chlo-
ride analog. It may be possible to improve the catalytic activity
of these complexes through modifications to the ligand frame-
work to fine tune the electronics around the metal center. This

Scheme 4 Catalysis conditions relevant to Table 8.

Table 7 The effect of various bases and solvents for the aerobic oxidation of benzyl alcohol by LBISCuX

Entry Base Solvent

LBISCuIIOAca LBISCuIIClb

Time (h) Conversion (%) Time (h) Conversion (%)

1 4 equiv. K3PO4 Toluene 24 31 24 26
2 4 equiv. K2CO3 Toluene 24 19 24 37
3 4 equiv. Et3N Toluene 24 7 24 5
4 1 equiv. Cs2CO3 Toluene 24 72 24 63
5 2 equiv. Cs2CO3 Toluene 8 91 4 100
6 3 equiv. Cs2CO3 Toluene 8 94 4 100
7 2 equiv. Cs2CO3 CH3CN 24 35 24 35

a 298 K, 4 mmol% LBISCuIIOAc. b 333 K, 4 mmol% LBISCuIICl.
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will be particularly important for the future development of
bioinspired catalysts.
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