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The reaction of copper(II) perchlorate with the hydrochloride salt of 3,6,9,15-tetra-azabicyclo[9.3.1]
penta-deca-1,11,13-triene (L1) in acetonitrile forms two macrocyclic complexes that can be
characterized: [L1CuIICl][ClO4] (1) and [L1CuIICl]2[CuCl4] (2). The structural, electronic, and redox
properties of these complexes were studied using spectroscopy (EPR and UV–visible) and electro-
chemistry. In addition, the solid-state structure of 1 was obtained using X-ray diffraction. The
copper(II) is five-coordinate ligated by four N-atoms of the macrocycle and a chloride atom. EPR
studies of 1 both in DMF and aqueous solution indicate the presence of a single copper(II) species.
In contrast, EPR studies of 2 performed in frozen DMF and in the solid-state reveal the presence of
two spectroscopically distinct copper(II) complexes assigned as [L1CuIICl]+ and [CuIICl4]

2−. Lastly,
electrochemical studies demonstrate that both [L1CuIICl]+ and [CuIICl4]

2− are redox active. Specifi-
cally, the [L1CuIICl]+ undergoes a quasi-reversible Cu(II)/(I) redox reaction in the absence of excess
chloride. In the presence of chloride, however, the chemical irreversibility of this couple becomes
evident at concentrations of chloride that exceed 50 mM. As a result, the presence of chloride from
the chemical equilibrium of this latter species impedes the reversibility of the reduction of
[L1CuIICl]+ to [L1CuICl]0.
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1. Introduction

The coordination properties of transition metal ions with tetra-aza macrocyclic ligands are
an integral part of chemistry due to the inherent metal-binding nature of the tetra-amine
scaffold, which mimics the naturally occurring porphyrin and corrin derivatives [1–17]. His-
torically, transition metal tetra-aza complexes have been utilized extensively in biomimetic
inorganic chemistry as functional models for superoxide dismutase, catalase, and copper
oxidase active sites [18–25]. Metal complexes derived from tetra-aza macrocyclic ligands
generally present large stability constants, on the order of log K ≥ 20.0 in the case of
copper(II) complexes [17, 18, 26–32]. In a 1969 paper by Margerum and Cabbiness, the
copper(II) complex derived from a tetra-aza macrocycle was determined to be 104 times
more stable than the noncyclic tetra-amine ligand [16]. The cyclic nature of the ligand back-
bone leads to an increase in the kinetic and thermodynamic stability of a given metal-ion
complex in solution, which is a magnitude greater than that of the chelate effect [16, 17,
33–35]. As a result of this enhanced stability, macrocyclic complexes show greater resis-
tance toward metal-ion dissociation in solution when compared to an open-chain system
[16, 34, 36]. This behavior, observed with N-heterocyclic ligands, is referred to as the
macrocyclic effect [16].

Accordingly, tetra-aza macrocyclic ligands are known for the tendency to accommodate
uncommon oxidation states of first-row transition metal ions in solution [23, 35, 37–50].
This is important because redox couples such as Cu(III)/(II) have rather positive reduction
potentials (E0

CuðIIIÞ=ðIIÞ = 2.4 V) [51] and may be applied as redox agents in catalytic sys-
tems [52–54]. To date, several copper(II) tetra-aza complexes have been reported to
undergo a reversible or quasi-reversible Cu(III/II) redox couple at solid electrodes, typi-
cally characterized by cyclic voltammetry (CV) [35–37, 42, 44, 46, 47, 50–57]. In this
regard, we have noted two points. First, the work by Fabbrizzi and coworkers is unique
with respect to the subsequent reports by others, because spectroscopic characterization in
conjunction with electrochemical studies provided evidence for a transient macrocyclic
copper(III) complex [35, 42, 46]. Second, tetra-aza macrocyclic ligands generally used for
preparation of the copper(II) complexes are commonly isolated as either hydrobromide or
hydrochloride salts prior to complexation with the metal-ion [6, 15, 25, 27–30, 58–62].
This latter observation is important because the presence of additional coordinating
anions, such as chloride, has a profound effect on the structures of products obtained from
the reaction.

In this study, we demonstrate that the reaction between copper(II) perchlorate and the
hydrochloride salt of the 12-membered pyridine-based tetra-aza macrocycle 3,6,9,15-tetra-
azabicyclo[9.3.1]penta-deca-1,11,13-triene (L1, shown in scheme 1) yields the expected

Scheme 1. Synthesis of L1.

Copper(II) and a tetra-aza macrocycle 2811
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[L1CuIICl][ClO4] complex; plus an unexpected [L1CuIICl]2[Cu
IICl4] species. The two

products of the complexation reaction can be separated by solubility discrimination in
acetonitrile solution. Structural characterization of 1 was carried out in the solid-phase by sin-
gle-crystal X-ray diffraction (XRD). Solution-phase spectroscopic characterization of 1 and 2
was carried out by EPR and UV–vis spectroscopy and the redox properties investigated using
CVand bulk electrolysis. Herein, we demonstrate that the presence of excess chloride hinders
the chemical reversibility of the Cu(II)/(I) redox cycle associated with [L1CuIICl]+ and leads
to the formation of copper–chloride species. More importantly, no [L1CuIIICl]2+ species were
observed in this work. This study represents a chemical characterization of a copper(II)
tetra-aza macrocyclic complex that contains a [CuIICl4]

2− counterion and emphasizes the
importance of using complementary techniques such as crystallography and spectroscopy to
validate conclusions drawn from quantitative electrochemical methods.

2. Experimental studies

2.1. Materials and measurements

Caution! Perchlorate salts are explosive and should be handled in small quantities. In
particular, such compounds should never be heated as solids. All chemical reagents were
purchased from either Sigma-Aldrich or Alfa Aesar and used without purification. The 12-
membered tetra-aza macrocycle L1 was isolated as the hydrochloride (HCl) salt prior to
metal-ion complexation in accord with standard practices [63–65]. The yields reported for
[L1CuIICl][ClO4] (1) and [L1CuIICl]2[CuCl4] (2) were calculated from an average of three
individual trials from the reaction carried out in acetonitrile solution. Elemental analyses
were performed by Canadian Microanalytical Services Ltd. Repeated attempts to obtain
suitable elemental analysis for 2 proved unsuccessful. This is likely due to co-precipitation
of the complex with salts and solvent and is supported by the color changes in DMF and
H2O and the observation of CH3CN in the unit cell of 2.

2.2. Preparation of the 12-membered tetra-aza macrocycle (L1)

2.2.1. Synthesis of py[12]aneN4 (L1). The 12-membered pyridine-based tetra-aza ligand
[3,6,9,15-tetra-azabicyclo[9.3.1]penta-deca-1(15),11,13-triene (L1)] was prepared via
(1 + 1) condensation reaction between the nosyl (Ns) amine segment and 2,6-bis(chloro-
methyl) pyridine. This is followed by deprotection of the amines using thiophenol and
potassium hydroxide according to a modified method of the published procedure shown in
scheme 1 [65]. The full synthetic details and characterization can be found in the
supplemental information.

2.3. Preparation of [L1CuIICl][ClO4] (1)

A 240 mg sample of copper(II) perchlorate hexahydrate (0.65 mmol) was dissolved in
30 mL of acetonitrile. The blue solution was heated to 82 °C, and 200 mg of L1·3HCl
(0.71 mmol) was added in one portion. The addition of L1 resulted in an immediate change
in the color of the solution from blue to a bright greenish yellow (figure S1, see online
supplemental material at http://dx.doi.org/10.1080/00958972.2015.1068935). Upon mixing,

2812 K.M. Lincoln et al.
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the solution turned dark green. This color change was quickly followed by precipitation of
2 as an orange solid. The solution was allowed to boil for approximately two minutes
further, and the temperature was reduced. The flask was capped with a septum, and the
reaction was allowed to stir overnight at 70 °C. The next morning, the flask was removed
from the heat and cooled to room temperature. The green solution containing the orange
precipitate was transferred into three 15-mL Eppendorf tubes and centrifuged for 10 min at
4000 rpm. The supernatant was decanted and filtered through a 25-mm syringe filter into a
clean 100-mL round bottom flask, and the solvent was removed under reduced pressure to
yield a mixture of green and orange solids. This crude green solid was subsequently redis-
solved in cold acetonitrile and filtered, and the solvent was removed to yield 1 as dark
green oil. Ice-cold methanol (~5 mL) was slowly pipetted into the flask followed by an
equivalent volume of diethyl ether. The flask was cooled on ice for 30 min and the faintly
blue-colored ether/methanol solution was discarded. The resultant solid was washed with
(3 × 5 mL) portions of cold diethyl ether and dried by vacuum on a Schlenk line to afford 1
as a blue solid (63 mg, 0.13 mmol, 20% yield). Crystals suitable for X-ray analysis were
obtained via slow evaporation of 1 from ethanol at room temperature. Electronic absorption,
λmax/nm (ε/M−1 cm−1): in DMF, 794 (184) nm; MeOH, 771 (168) nm; water, 698 (122)
nm. Elemental analysis for 5[C11H18N4CuCl·ClO4]·HCl found (calc.): C, 32.00 (32.07); H,
4.46 (4.45); N, 13.51 (13.60); Cl, 18.48 (18.93) %.

2.4. Isolation of [L1CuIICl]2[CuCl4] (2)

After centrifugation from the solution described above, the crude orange solid was
dissolved in methanol and the resulting green solution was filtered to remove excess ligand.
Next, the solvent was removed under reduced pressure to give a brownish orange solid.
This resultant solid was washed with ~10 mL of cold acetonitrile, followed by ~50 mL of
diethyl ether. The colorless ether/acetonitrile mixture was decanted and the dark orange
solid was dried under vacuum on a Schlenk line to give 2 as a fine orange powder
(150 mg, 0.26 mmol, 41% yield). Electronic absorption, λmax/nm (ε/M−1 cm−1): in DMF,
836 (126), 439 (600) nm; MeOH, 782 (126) nm; water, 706 (94) nm. Green powder was
obtained when the synthesis was carried out in DMF with no change to the UV–vis
observed. Bright green needle-like crystals of 2 were obtained from slow evaporation of an
acetonitrile solution in small quantities and yielded [L1CuCl]2[CuCl4]·2CH3CN.

2.5. Physical measurements

2.5.1. Electronic spectroscopy. The electronic spectra were collected between 200 and
1100 nm on an 8453 UV–vis spectrophotometer (Agilent) using a 3-mL quartz cuvette and
with a 1.0 cm path length. The molar extinction coefficients were calculated according to
the Beer–Lambert law. 1H and 13C NMR spectra were obtained on a Bruker Avance III
(400 mHz) high-performance digital NMR spectrometer. The solution NMR spectroscopic
analyses were carried out in CDCl3, D2O, or d-DMSO at 25 °C.

2.5.2. X-ray crystallographic structure determination. A Leica MZ 75 microscope was
used to identify samples suitable for analysis. A Bruker Apex 2 X-ray (three-circle) diffrac-
tometer was employed for crystal screening and unit cell determination. The data collections

Copper(II) and a tetra-aza macrocycle 2813
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were obtained at 100 K. The goniometer was controlled using the APEX2 software suite,
v2008-6.0 [66]. The samples were optically centered with the aid of a video camera such
that no translations were observed as the crystal was rotated through all positions. The
X-ray radiation employed was generated from a Mo sealed X-ray tube (Kα = 0.70173 Å
with a potential of 40 kV and a current of 40 mA) fitted with a graphite monochromator in
the parallel mode (175 mm collimator with 0.5 mm pinholes).

2.5.2.1. [L1CuIICl][ClO4]. A translucent intense blue-colored block (0.347 × 0.360 ×
0.4877 mm3) was mounted on a 0.5 mm cryoloop and used for X-ray crystallographic
analysis. The crystal-to-detector distance was set to 60 mm and the exposure time was 10 s
per degree for all data sets at a scan width of 0.5°. A total of 1608 frames were collected,
and the data collection was 94.6% complete. The frames were integrated with the Bruker
SAINT Software package [66] using a narrow frame algorithm. The integration of the data
using a monoclinic unit cell yielded a total of 74,290 reflections to a maximum θ angle of
35.17° (0.62 Å resolution) of which 12,591 were independent, with the Rint = 2.29%. Data
were corrected for absorption effects using the multi-scan method (SADABS) [67]. Struc-
tural refinements were performed with XShell (v 6.3.1) by the full-matrix least-squares
method [68]. All hydrogen and nonhydrogen atoms were refined using anisotropic thermal
parameters. The thermal ellipsoid molecular plots (50%) were produced using Olex 2 [69]
(table 1).

2.5.2.2. [L1CuIICl]2[CuCl4] (2). A bright green needle-like crystal (0.035 × 0.074 ×
0.289 mm3) was mounted on a 0.5 mm cryoloop and used for X-ray crystallographic analy-
sis. The crystal-to-detector distance was set to 50 mm, and the exposure time was 10 s per
degree for all data sets at a scan width of 0.5°. A total of 1472 frames were collected.
Unfortunately, the quality of the data was poor; no reflections were observed above 40°
2-theta; consequently, the reliability factors were high. Severe constraints were used to keep
the bond distances, angles, and thermal ellipsoids meaningful. For analysis, sixty data
frames were taken at widths of 0.5°. These reflections were used in the auto-indexing proce-
dure to determine the unit cell using CELL_NOW [70], which suggested the presence of at

Table 1. Crystal data, intensity collections, and structure refinement parameters for [L1CuIICl][ClO4] (1).

Chemical formula Cu2C22H36N8Cl2·(ClO4)2

MW 809.47
T (K) 100
Crystal system, space group Monoclinic, P21/c
a, b, c (Å) 17.788(3), 7.8071(15), 23.181(4)
α, β, γ (°) 90, 107.523(3), 90
V (Å3) 3069.8(10)
Z 4
Dcalc (g/cm

−3) 1.751
Tmin, Tmax 0.481, 0.575
No. of measured, independent, and observed [I > 2σ(I)] reflections 74,290, 12,951, 11,864
Rint 0.023
Completeness to θ (%) 94.6
GOF 1.047
R[F2 > 2σ(F2)], wR(F2), S 0.023, 0.062, 1.05
Δρmax, Δρmin (e Å

−3) 0.606, −0.397

2814 K.M. Lincoln et al.
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least two twin components. A suitable cell was found and refined by nonlinear least squares
and Bravais lattice procedures. The absence of additional symmetry and voids were
confirmed using PLATON (ADDSYM) [71]. The structure was refined (weighted least
squares refinement on F2) to convergence [69, 72]. After careful examination of the unit
cell, a standard data collection procedure (four sets) was initiated using omega scans. Inte-
grated intensity information for each reflection was obtained by reduction of the data frames
with APEX2 [66]. The data were merged and scaled to produce a suitable data set. The
absorption correction program TWINAB73 was employed to correct the data for absorption
effects and to generate twin4.hkl and twin5.hkl. Twin4.hkl was used for structure solution
as well as the final least squares refinement, as twin5.hkl did not yield better refinement.
Systematic reflection conditions and statistical tests of the data suggested the space group
P21/n. A solution was obtained readily using XT/XS in APEX2 [66, 72]. Two molecules of
acetonitrile along with the counter anion CuCl2�4 were found. Hydrogen atoms were placed
in idealized positions and were set riding on the respective parent atoms. All nonhydrogen
atoms were refined with anisotropic thermal parameters. One chloride showed significantly
elongated thermal ellipsoid indicating disorder, which was modeled between two positions.
Olex2 was employed for the final data presentation with ball-and-stick structure plots [69].

2.5.3. EPR spectroscopy. X-band (9 GHz) EPR spectra were recorded on a Bruker EMX
Plus spectrometer equipped with a bimodal resonator (Bruker model 4116DM). Low-tem-
perature measurements were made using an Oxford ESR900 cryostat and an Oxford ITC
503 temperature controller. A modulation frequency of 100 kHz was used for all EPR spec-
tra. All experimental data used for spin quantitation were collected under nonsaturation
conditions. EPR spectra were simulated and quantified using SpinCount (ver. 5.4), created
by Professor M.P. Hendrich at Carnegie Mellon University [74]. The simulations were
generated with consideration of all intensity factors, both theoretical and experimental, to
allow concentration determination of species. The only unknown factor relating the spin
concentration to signal intensity was an instrumental factor that depended on the microwave
detection system. However, this was determined by the spin standard, [CuIIEDTA]2−, pre-
pared from a copper atomic absorption standard solution purchased from Sigma-Aldrich.
Component simulations of Cu(II) EPR spectra utilized for determination of g- and A-values
were performed as described previously [75].

2.5.4. Electrochemistry. CV and bulk electrolysis were carried out with either an EC
Epsilon potentiostat (C-3 cell stand) purchased from BASi Analytical Instruments (West
Lafayette, IN) or a CH660D potentiostat from CH Instruments (Austin, TX). A glassy car-
bon (GC) electrode, 3 mm diameter, was also purchased from BASi (MF-2012). The elec-
trodes were polished on a white nylon pad (BASi MF-2058) with diamond polishes of
different sizes (15, 3, and 1 μm) to ensure a mirror-like finish (BASi PK-4 polishing kit
MF-2060). The surface of the GC electrode was polished with the three diamond polishes
each time between measurements. A three-electrode cell configuration was used with GC as
the working electrode, a Ag wire (0.5 mm dia.) quasi-reference electrode housed in a glass
tube (7.5 cm × 5.7 mm) with a Porous CoralPor™ Tip, and a Pt wire (7.5 cm) as the coun-
ter electrode (BASi MW-1032). All potentials in this work are reported vs Fc/Fc+. The
uncompensated resistance, Ru, in the electrochemical cell was not corrected in this work.
For bulk electrolysis, a two-compartment cell with porous glass separators was used. The

Copper(II) and a tetra-aza macrocycle 2815
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cell was designed to hold a maximum volume of 1 mL in each compartment. Reticulated
vitreous carbon from Goodfellow (Coraopolis, PA) was used in the electrolysis experiments.
High mass transfer rates were achieved by mechanical stirring during electrolysis. All solu-
tions were bubbled with argon gas for 15 min prior to experimentation and were kept under
a humidified argon blanket.

3. Results and discussion

3.1. Complexation of L1 with Cu(II) in the presence of chloride ions

Complexation between copper(II) perchlorate hexahydrate and the acid salt of L1 in
nonaqueous solution gave two complexes, [L1CuIICl][ClO4] (1) and [L1CuIICl]2[Cu

IICl4]
(2), shown in scheme 2. The addition of the hydrochloride salt of L1 to a boiling solution
of copper(II) perchlorate in acetonitrile resulted in a rapid change from bright blue to green.
This color change was followed by precipitation of the copper–chloride containing 2 as an
orange solid. The perchlorate 1 was isolated as a light blue solid from a dark green acetoni-
trile solution (figure S2). The rate of formation for 2 showed dependence upon a variety of
experimental factors. For example, reduction in the reaction time, temperature, or volume
of acetonitrile led to a decrease in the amount of 2 formed. As a result of this sensitivity,
the percent yields obtained for the two complexes varied upon subtle modification of reac-
tion conditions. A mixture of the two products was also obtained when the complexation
reaction was carried out in DMF or aqueous solution; however, 2 is soluble in these sol-
vents. As a result, two different colored complexes were visually observed only after the
removal of the solvent by rotary evaporation. Additionally, 1 and 2 were repeatedly isolated
as blue and green solids, respectively, when the reactions were done in aqueous solution
(figure S2). Compound 2, obtained from aqueous solution, was partially soluble in acetoni-
trile. This characteristic allowed for isolation of crystalline material suitable for XRD analy-
sis. For the studies described herein, crystalline materials isolated from the reactions in
CH3CN were used for the spectroscopic characterization described below.

3.2. Structural properties

Single-crystal X-ray crystallography was utilized to characterize the difference in structural
properties between 1 and 2. Dark blue crystals of 1 suitable for X-ray analysis were obtained
from slow evaporation of ethanol at room temperature. The asymmetric unit of 1 contained

Scheme 2. Synthesis of 1 and 2.

2816 K.M. Lincoln et al.
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two independent [L1CuIICl][ClO4] species. The molecular dimensions listed in table 2 reveal
that the coordination spheres of the [L1CuIICl]+ cations have slightly different geometries
[61, 76]. As shown in figure 1, the cationic [L1CuIICl]+ are five-coordinate and ligated by
the four N-donors of the ligand plus a single chloride ion in a cis-folded fashion [1]. The
four nitrogens of L1 and chloride create a distorted square pyramidal geometry (τ = 16%)
around copper(II) [76]. The basal plane is defined by [N(1), N(3), N(4), and Cl(1)] to give N
(1)–Cu(1)–N(3) N(4)–Cu(1)–Cl(1) bond angles of 153.8(3)° and 125.6(3), respectively, and
the axial position is occupied by N(2) atom opposite to the pyridine. The N(4)–Cu(2)–N(7)
and N(8)–Cu(2)–Cl(2) bond angles are 158.7(3)° and 148.6(3)° for the second
[L1CuIICl]+cation, respectively, deviating the complex toward trigonal bipyramidal
(τ = 47%) [76]. This result was expected given that 12-membered ligands are not large
enough to incorporate 3-D transition metal ions in a coplanar manner with respect to the N4

plane, and agrees with reports contained in the literature for structurally similar complexes
[6, 12, 28, 32, 61, 64]. The subtle geometric differences observed arise from the nonequiva-
lence of the Cu–N(2) and Cu–N(6) bond lengths at 2.070(9) and 2.151(9) Ǻ, respectively, as
stronger interactions in the axial bonding interaction favor distortions toward trigonal
bipyramidal [64].

Table 2. Selected metric parameters for the two independent cations of [L1CuIICl]
[ClO4] (1).

Selected bond lengths (Å)
Cu(1)–N(1) 2.068(9) Cu(2)–N(5) 2.059(9)
Cu(1)–N(2) 2.151(9) Cu(2)–N(6) 2.070(9)
Cu(1)–N(3) 2.079(9) Cu(2)–N(7) 2.041(9)
Cu(1)–N(4) 1.956(8) Cu(2)–N(8) 1.971(9)
Cu(1)–Cl(1) 2.247(4) Cu(2)–Cl(2) 2.296(4)

Selected bond angles (°)
N(1)–Cu(1)–N(3) 158.7(3) N(5)–Cu(2)–N(7) 153.8(3)
N(4)–Cu(1)–Cl(1) 148.6(3) N(8)–Cu(2)–Cl(2) 125.6(3)
τ 0.168 0.470

Figure 1. An ORTEP view (50% probability) of the molecular structure of [L1CuIICl][ClO4], showing the two
independent cationic species with τ = 0.168 (left) and τ = 0.470 (right) with the labeling scheme adopted. The two
perchlorate counterions were omitted for clarity.

Copper(II) and a tetra-aza macrocycle 2817

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
39

 2
8 

D
ec

em
be

r 
20

15
 



In contrast to 1, bright green needle-like crystals of 2 were obtained from slow evapora-
tion of an acetonitrile solution (figure S2) [77]. Despite twinning observed in several crys-
tals that resulted in unpublishable data, the resulting structural analysis definitively
confirmed connectivity of the system and the presence of [CuIICl4]

2− as a counterion for
[L1CuIICl]+ (figure 2). The asymmetric unit contained four [L1CuIICl]+ cations and two
[CuIICl4]

2− anions with copper in the +2 oxidation state in both species. Additionally, there
are a small number of reports on copper(II) tetra-aza complexes that contain [CuIICl4]

2− as
an anion for the cationic [CuIIN4]

2+ macrocyclic complex [62, 78–83]. In a majority of
these reports, the structural and electronic properties of these complexes were characterized
by XRD, UV–vis, and IR spectroscopy but the redox behaviors were largely
uninvestigated.

3.3. UV–vis and EPR spectroscopy

The absorption spectra of the two complexes were measured in DMF, methanol, and aque-
ous solution. The energy of these transitions is similar to those for other 12-membered cop-
per(II) tetra-aza complexes where the geometry about the metal-ion deviates between
square pyramidal and trigonal bipyramidal [15, 29, 64]. The spectra of 1 and 2 shown in
figure 3 reveal the coordination sphere about the copper(II) ion is dependent upon the type
of solvent. For example, in DMF, 1 is light blue and contains a single d–d transition at
792 nm. In sharp contrast, 2 is bright green and contains an intense LMCT band in the visi-
ble region at 439 nm and a weaker d–d band in the near IR at 836 nm. The band observed
at 439 nm is electronically equivalent to the chromophore reported for a tetrahedral
[CuIICl3(DMF)]− species by Elleb [83] and coworkers at 440 nm. In oxygen-based solvents,

Figure 2. Ball-and-stick depiction of the crystallographically characterized complex [L1CuIICl]2[Cu
IICl4] with the

labeling scheme adopted. Hydrogens were omitted for clarity.
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however, 2 is light blue and the LMCT band at 439 nm is no longer observed. This result
is consistent with dissociation of [CuIICl3(DMF)]− into constituent cations and anions. In
methanol and water, 1 and 2 are blue, and the d–d transitions shift to higher energy with
increasing donor capability of the solvent (table 3). Overall, the magnitude of these spectral
shifts indicates that each solvent evaluated coordinates in both copper(II) species.

Further characterizations of 1 and 2 were performed using X-band EPR spectroscopy.
First, samples of solid materials were prepared in order to evaluate the impact of solvent on
the observed signals. As illustrated in figure 4, the 10 K X-band EPR spectra collected for
each S = 1/2 Cu-complex (1 and 2) are spectroscopically distinct. In the powder samples
(panel A), the typical hyperfine splitting from Cu (I = 3/2) nuclei is unresolved due to spin–
spin dipolar broadening. However, the g-values for each complex can readily be observed.
Quantitative simulations for each spectrum (dashed lines) are overlaid on the data (solid
lines) for comparison. The powder spectra observed in samples prepared from 2 are well fit
assuming two nonequivalent copper(II)-species, which are designated as I and II in figure 4
and table 4. The component simulation of this spectrum indicates a molar contribution of
1.0–1.7 for species I and II, respectively. The copper(II) species designated (I) exhibits near
axial symmetry with observable g-values of 2.34 (gǁ) and 2.06 (g┴), while species (II)
appears to have a more rhombic distribution in g-values [84]. The line shape and magnitude
of the gǁ-value (2.34) are nearly identical to powder spectra obtained for a variety of
[CuCl4]

2− complexes. Powder samples prepared from 1 exhibit only a single copper(II) spe-
cies with observable g-values of 2.03, 2.11, and 2.22. These values are quite similar to
those observed for species (II). This finding suggests that 2 contains approximately 2 : 1
stoichiometric mixture of [L1CuIICl]+ plus another species with g-values equivalent to
[CuIICl4] [2–69, 71–84].

Solution samples of 1 and 2 were prepared in DMF and water to explore the role of sol-
vent in complex speciation. As indicated by the UV–vis spectrum in figure 3, 2 exhibits a
pronounced LMCT band at 439 nm in DMF. Figure 4(B) shows the 10 K EPR spectrum
for 2 prepared in DMF (top). As with powder samples, the EPR spectra observed for 2 in
DMF is comprised of two distinct copper(II)-species (I′ and II′). Spin quantitation of these

Table 3. Molar extinction coefficients calculated
for 1 and 2 in DMF, MeOH, and aqueous solution.

Solvent 1 2

DMF 792 (184) 439 (600)
836 (126)

MeOH 771 (168) 782 (126)
H2O 698 (122) 706 (94)

Table 4. Simulation parameters utilized for powder and solution copper(II)-species (S = 1/2; I = 3/2).

Simulations g-values g-strain (σB) A-values (MHz) σB (mT) Solvent

(1) 2.04, 2.10, 2.22 0.04, 0.07, 0.02 –, 100, 450 5 H2O/glycerol
(2) I′ 2.02, 2.07, 2.32 0.03, 0.01, 0.03 60, 60, 350 5 DMF
(2) II′ 2.05, 2.07, 2.22 0.08, 0.02, 0.01 –, 70, 470 5 DMF
(1) 2.03, 2.12, 2.22 0.02, 0.02, 0.04 – 1.8 Solid
(2) I 2.05, 2.07, 2.34 0.01, 0.03, 0.03 – 1.4 Solid
(2) II 2.04, 2.16, 2.22 0.05, 0.08, 0.09 – 1.0 Solid
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two species accounts for 93% of the total Cu in the sample (2.8 mM). For clarity, the cop-
per(II)-species observed in solution are designated by I′ and II′ to differentiate these spectra
from I and II observed in powder samples. Species I′ exhibits near axial symmetry
gx,y,z = 2.02, 2.07, and 2.32 with hyperfine splitting aligned along the gǁ-axis
(Aǁ ~ 350 MHz). The magnitude of the gǁ-value (2.32) and near axial symmetry is consistent
with species I observed in powder spectra of 2. The copper(II)-species II′ also exhibits a
nearly axial spectrum gx,y,z = 2.05, 2.07, 2.22 but with a significantly larger Aǁ-value

Figure 3. Electronic absorption spectra of 2 in DMF (solid line), MeOH (dashed line), and water (dotted line) at
pH 5.0, showing the solvent-dependent nature of the copper(II) complexes. The inset above shows the spectra
obtained for 1 in the same solvents.

Figure 4. 10 K EPR spectrum of powder (A) and solution samples (B) of 1 and 2. Instrumental parameters: (A)
temperature, 10 K; microwave frequency, 9.65 GHz; microwave power, 2 μW (A) and 6 μW; (B) modulation
amplitude, 0.92 mT. Simulation parameters utilized for 1 and 2 species I/I′ and II/II′ are provided in table 4.
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(470 MHz). The simulation of species II also includes unresolved hyperfine along the
gy-axis to model the observed line width (Ay ~ 70 MHz). However, this could also be fit
assuming increased g-strain along this axis or contributions from both g-strain and
unresolved hyperfine. The g-spread (Δg) is quite similar for II and II′; however, the
observed g-anisotropy appears more pronounced for solid samples (II). This finding may
indicate some geometric perturbations induced by solvent interactions.

For comparison, aqueous samples of 1 were prepared using 20% glycerol as a glassing
agent to prevent inter-molecular aggregation. As seen in figure 3, UV–visible spectroscopy
indicates that in aqueous solution, the LMCT band 439 nm is absent. In these samples, the
10 K EPR spectra are readily simulated using a single copper(II) species with gx,y,z = 2.06,
2.10, and 2.22; Aǁ = 450 MHz. A quantitative simulation (dashed line) is overlaid on the
spectra for comparison. Additional validation of the spectroscopic parameters determined
for aqueous samples of 1 can be taken from the near stoichiometric (94%) quantitation of
copper(II) predicted by spectroscopic simulation. The microwave power required for half-
saturation (P1/2) of the signals was measured at 120 ± 10 μW at 10 K. As with II′, the line
width along the gy-axis is approximated by unresolved hyperfine (Ay ~ 100 MHz). Remark-
ably, the observed g-values for aqueous samples of (1) are closely matched to what is
observed in powder samples prepared from 1. Based on comparable gǁ and Aǁ-values, spe-
cies II and II′ observed in powder and solution samples of 2 are likely attributed to the sin-
gle species observed in samples of 1. By extension, species I and I′ observed in samples
prepared from 2 are assigned to formation of a [CuCl4]

2− counterion. This conclusion is
consistent with the results obtained by UV–visible spectroscopy and supports the assign-
ment of the optical transition at 439 nm to a copper-to-chloride LMCT band [83].

3.4. Redox properties: electrochemical studies

The electrochemistry of 1 and 2 was studied by CV and bulk electrolysis in order to investi-
gate the redox behavior of the complexes in solution. As illustrated in figure 5, the electro-
chemical behaviors of 1 and 2 are independent from one another. In the studies presented
below, the solids obtained from the reaction in aqueous solution (green solid) and in
acetonitrile solution (blue and orange solids) were analyzed individually. The green solid
isolated from the reaction in aqueous solution containing a mixture of both complexes was
initially evaluated. In this experiment, a 6.7 mg sample of the green solid was dissolved in
DMF and analyzed with a GC working electrode, shown in figure 5(A). The open circuit
potential (OCP) of the system was 0.95 V. When the electrode potential was scanned from
the OCP to −0.70 V and then reversed, the current-potential curve showed two redox waves
at 0.60 and −0.25 V. These redox waves correspond to the reduction in each of the two dif-
ferent copper(II) species present in solution [CuClX]

2−x and [L1CuIICl]+ [figure 5(A)]. This
finding is in contrast to our most recent report, where the more positive and quasi-reversible
redox wave was postulated to be a Cu(III)/(II) redox couple [64]. To further confirm these
assignments, the two complexes isolated from acetonitrile were independently studied by
CV and bulk electrolysis.

Figure 5(B) shows the CVs of 1 and 2 recorded in DMF. The black trace is a CV
recorded with a GC working electrode in the absence of redox active species, and the red
trace is the CV of 1 recorded in DMF. The red trace shows only one redox wave at
E1 = −0.25 V. This redox process corresponds to the quasi-reversible reduction
(ΔEp = 85 mV, Ru not corrected) of [L1CuIICl]+ to [L1CuICl]0 in the absence of the
[CuIICl4]

2− counterion. The reaction is diffusion controlled [85] as determined by plots of
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cathodic and anodic peak currents, ip, versus v
1/2 (v = scan rate), shown as red dots in figure

5(C). Bulk electrolysis of [L1CuIICl]+ to [L1CuICl]0 gave n = 1 and revealed an ECi

reaction (data provided as supporting information):

E ½L1CuIICl�þ þ e� � ½L1CuICl�0 (1)

Ci ½L1CuIICl�þ ! CuClsolid þ L1 (2)

The ECi reaction is supported by appearance of a green precipitate of copper–chloride
on the surface of the electrode during electrolysis of 1 (figure S3). Importantly, the appear-
ance of copper–chloride during electrolysis implied that log βcopper(II) ≫ log βcopper(I) of the
heterocyclic ligand L1 [8, 37, 86]. This behavior was further studied by carrying out CV in
solutions containing chloride ions, shown in figure 5(D). When a copper-to-chloride ratio of
1 : 50 was used, the reduction current of [L1CuIICl]+ to [L1CuICl]0 remained unchanged,

Figure 5. (A) CV recorded with a glassy carbon (GC) electrode (dia. = 2 mm) in DMF solution containing
6.7 mg of the products of the synthesis reaction before purification +0.1 M TBAP. The arrows in all
voltammograms indicate the direction of the potential scans, (B) CVs of GC electrode in 0.1 M TBAP in DMF
(black), 2.3 mM (1) + 0.1 M TBAP in DMF (red), and 2.0 mM (2) + 0.1 M TBAP in DMF (blue), (C) Plots of
anodic and cathodic peak currents, ip, vs. v

1/2. v = 0.05, 0.1, 0.5, 1.0, 5.0, and 10.0 V s−1, and (D) (Top) CVs of
2.0 mM (2) + 0.1 M TBAP in DMF in the absence (solid blue) and presence (dashed blue) of 100 mM Cl−, and
CV of 2 mM Cu(II) + 0.1 M TBAP + 100 mM Cl− in DMF (green). The current axis is shown on the right side of
the plot. (Bottom) CVs of 2.3 mM (1) + 0.1 M TBAP in DMF in the absence (solid red) and presence (dashed red)
of [LiCl] = 100 mM. The current axis is shown on the left side of the plot (see http://dx.doi.org/10.1080/00958972.
2015.1068935 for color version).
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but the reverse anodic reaction disappeared completely (red dotted trace in figure 5(D)).
Less dramatic effects in the magnitude of the anodic current were observed at lower
concentrations of chloride.

The blue trace in figure 5(B) is the CV of 2 in DMF solution. This solution contained the
same species discussed in figure 4(B). When the electrode potential was scanned from the
OCP of 0.75 to −0.50 V and reversed back, the current–potential curve showed two redox
waves at 0.60 and −0.25 V. The wave at E2 = 0.60 V corresponds to quasi-reversible reduc-
tion (ΔEp = 210 mV) of [CuClX]

2−X to [CuClX]
1−X. This reaction is diffusion controlled as

shown in figure 5(C). Bulk electrolysis of [CuClX]
2−X to [CuClX]

1−X gave n = 1 and the
electrolysis were reversible, giving the same number of Coulombs in forward and reverse
reactions (figure S4). Moreover, the second reduction wave corresponds to the reduction of
[L1CuIICl]+ to [L1CuICl]0. Importantly, since this solution contained chloride, no reverse
wave was observed. In this case, the equilibria between Cu(II), Cu(I), and chloride control
the electrochemical behavior of the complex system. Thus, in order to understand how the
presence of chloride ions affected the reversibility of the Cu(II)/Cu(I) redox cycle of the
macrocyclic complex, excess chloride was intentionally added.

As shown in figure 5(D), the addition of lithium chloride altered the shape of the result-
ing voltammograms. When a copper(II)-to-chloride ratio of 1 : 50 was used, for example,
the current corresponding to the reduction of [L1CuIICl]+ to [L1CuICl]0 decreased by half
and the wave corresponding to the [CuClX]

2−X/[CuClX]
1−X redox reaction shifted 80 mV to

less positive potentials (blue dotted trace in figure 5(D)). These observations were expected
since the addition of chloride to a solution containing copper(II) shifts the chemical equilib-
rium to favor the formation of new CuCl2�X

X species [83]. Finally, a control experiment was
carried out to support the claim that the redox wave at 0.60 V is related to a [CuClX]

2−X/
[CuClX]

1−X couple, as opposed to the Cu(III)/Cu(II) couple [64]. In this experiment, CV
studies were carried out in a solution of 2 mM Cu(II) + 100 mM LiCl in the absence of the
ligand. This CV is shown by the green trace in figure 5(D). As expected, a good correlation
in the shape and potential was observed when overlaying the CVs recorded with [Cl−]
= 100 mM in the absence and presence of L1, shown in figure 5(D). The conclusions
obtained from the electrochemical analyses are in agreement with the structural and
spectroscopic data discussed previously.

4. Conclusion

Copper(II) complexation reactions with tetra-aza macrocyclic ligands, when isolated as
hydrochloride salts, can lead to unexpected inorganic copper–chloride species plus the target
macrocyclic complex. The [CuIICl4]

2− species was formed in both aqueous and nonaqueous
solution concomitant to complexation of copper(II) with the N-heterocyclic ligand, but forma-
tion of these pure inorganic species was not spectroscopically detectable due to dissociation in
aqueous or oxygen-containing solvents. This finding has important implications when analyz-
ing the electrochemical properties of these types of complexes, because both [CuIICl4]

2− and
[L1CuIICl]+ species were determined to be electrochemically active. Given certain underlying
assumptions regarding the redox nature of copper(II) tetra-aza macrocyclic complexes, one
may misinterpret the redox activity of the metal-halide species for that of the macrocyclic com-
plex. Therefore, when asserting that copper(II) tetra-aza complexes can undergo a Cu(III)/(II)
redox cycle it is imperative the electrochemical findings are supported via structural and
spectroscopic characterization of the proposed copper(III) species [87].
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Supporting information

Synthetic details for L1 and bulk electrolysis experimental data along with crystallographic
information for complex (1) (CCDC # 1018080) in both CIF and table format are
accessible. This material is available free of charge via the Internet at http://pubs.acs.org.
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