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a b s t r a c t

Although copper based complexes have been widely used in homogeneous catalysis, more recently they

are attracting considerable attention as pharmaceutical therapeutic agents. Of paramount importance in

their efficacy of use is their structure and electronic properties, which can be thoroughly probed using

advanced EPR techniques. In this study, a series of [Cu(acac)(N-N)]+ Casiopeina type complexes were

investigated, bearing a series of diimine N-N ligands (including bipy, phen, Py-bipy and dppz). All com-

plexes displayed rhombic g and CuA tensors, although the extent of rhombicity was dependent on the N-N

ligand. Greater Cu(II)-N2 in-plane distortion, away from the square planar arrangement, was detected by

CW W-band EPR for the smaller bipy and phen ligands compared to the larger Py-bipy and dppz ligands.

Changes in ligand spin density distributions (over the 1H and 14N nuclei) were revealed by CW Q-band

ENDOR. The largest components of the 1H imine and 14N hyperfine coupling decreased as the ligand size

increased, following the trend bipy > phen > Py-bipy > dppz. These results indicate how even small struc-

tural and electronic (spin density) perturbations within the Casiopeina family of Cu(II) complexes can be

probed by advanced EPR methods.

� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The Casiopeinas are a class of mixed chelate, cationic copper

complexes which have well known antineoplastic properties. They

have the general formula [Cu(O-O)(N-O)]+ or [Cu(O-O)(N-N)]+,

where O-O typically represents an acetylacetonate (abbreviated

to acac) or salicylaldehydate (sal) chelate ligand, N-O denotes an

aminoacidate or peptide, and N-N generally indicates an aromatic

diimine such as 1,10-phenanthroline (phen) or 2,20-bipyridine

(bipy) [1]. The most commonly studied derivatives are based on

the [Cu(4,7-dimethyl-1,10-phenanthroline)(glycinato)]NO3 com-

plex [2–5] (labelled Cas II-gly) and the [Cu(4,40dimethyl-2,20-bipyr

idine)(acetylacetonato)]NO3 complex [2,3,6,7] (labelled Cas III-ia),

see Scheme 1. These complexes and numerous analogues [8–12]

have been evaluated both in vitro and in vivo, and have demon-

strated antineoplastic [13], cytotoxic [14], genotoxic [2,12] and

antiviral activities. Whilst some Casiopeinas have been found to

be active on cisplatin-resistant cell lines [4,15], a considerable

amount of work is still required before they can be used in a clin-

ical setting [16]. Nevertheless, their potential to combat a broader

spectrum of disease with fewer toxic side effects has stimulated

e-

x-

t-

ensive studies on the characterisation of this class of complex.

Whilst Cu(I/II) systems bearing O-O, N-O and N-N ligands have

been routinely employed in a vast array of heterogeneous and

homogeneous reactions, including aerobic alcohol oxidation [17–

19], water oxidation catalysis [20–22], and in challenging C-C/C-

N bond coupling [23–25], the full catalytic utility of the [Cu(O-O)

(N-O)]+ class of complexes has never been thoroughly explored.

Whether employed as catalysts or therapeutic agents, understand-

ing the structure and detailed electronic properties of such com-

plexes is crucial to explaining their activity. Even their mode of

action as therapeutic agents, for which these complexes are best

known, remains poorly understood. DNA has been established as

its primary cellular target and the planar aromatic diimine ligand

is suggested to bind DNA by intercalative [26–29] and non-

intercalative interactions [30]. Once bound, the redox properties

of the copper centre are capable of generating reactive oxygen spe-

cies (ROS) which can cause oxidative damage to the DNA, postu-

lated to ultimately result in cell death [30–35]. Adduct formation

between the copper complex and the DNA may induce conforma-

tional change within a strand of DNA and cause denaturation. This

could also contribute to the therapeutic mechanism of Casiopeinas.

It has been demonstrated that cisplatin acts by forming inter-

strand crosslinks between guanine bases causing the DNA to kink,

preventing replication processes [34–36].
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Quantitative structure-activity relationship (QSAR) studies indi-

cate that the biological activities of Casiopeina type anticancer

agents are affected by substitution effects on the ligands [2]. For

instance, electron donating ligands on the diimine ligand were

found to increase anti-tumour activity by modulating the redox

chemistry of the copper centre [2]. In contrast, electron withdraw-

ing groups present on the diimine ligand increased the stability of

intercalative p-p interactions between the diimine and nucle-

obases of the DNA scaffold [29]. In addition, phen-type derivatives

have been found to be more active than their bipy-type counter-

parts, suggesting that the size of the aromatic ring system of the

diimine ligand influences the DNA affinity for the copper complex.

Clearly, there is a delicate balance to achieve in order to optimise

the performance of these complexes.

A complete description of the electronic and geometric struc-

ture of the Casiopeina type complexes in both the ‘unbound’ state

(free of DNA) and in the bound DNA adduct, may therefore offer

interesting insights into the therapeutic action of this class of com-

pounds and ultimately contribute to the design of novel casiopeina

inspired drugs with improved therapeutic activity. Electron Param-

agnetic Resonance (EPR) and its related hyperfine techniques, such

as Electron Nuclear Double Resonance (ENDOR), can offer an

unprecedented measure of this electronic and geometric informa-

tion, as has in the past been demonstrated for the elucidation of the

structure-function relationships in copper proteins [37–39], and

thus these methods have the potential to examine and interrogate

the structure of these copper based therapeutics in exquisite

detailed. A small number of papers have used EPR to study the

covalency in the Casiopeina complexes [7], whilst Chikira et al.,

[26,40] focussed on the g and CuA parameters when the copper

complexes were intercalatively bound to DNA fibres. By compar-

ison, no ENDOR or multi-frequency EPR studies of these complexes

have been reported. Unlike EPR, ENDOR is able to probe the config-

uration of surrounding spin-active ligand nuclei, providing more

detailed information on the overall electronic structure of the com-

plex. Indeed the importance of electron distribution in these com-

plexes was highlighted in an experimental and theoretical study by

Ruiz-Azuara et al. [41]. This level of detail in the electronic struc-

ture may be necessary in order to resolve subtle structural differ-

ences in the complexes which may have significant consequences

in terms of activity.

In this work, we have therefore prepared a series of unbound

Casiopeina complexes with the general formula [Cu(acac)(N-N)]+

and thoroughly explored their electronic properties through the

spin Hamiltonian parameters using EPR and ENDOR spectroscopy

combined with DFT calculations. Within the series of complexes

studied, the diimine ligand (N-N) was systematically varied in size

using 2,20-bipyridine (bipy), 1,10-phenanthroline (phen), a pyri-

dine substituted 2,20-bipyridine ligand (Py-bipy) and dipyri-

dophenazine (dppz); Scheme 2. These diimine ligands were

selected due to the fact that the size of the aromatic diimine ligand

may influence the therapeutic activity.

2. Experimental section

2.1. Materials

The copper salt Cu(CF3SO3)2 used throughout this study was

sourced from Sigma Aldrich. Acetylacetone and the diimine ligands

2,20-bipyridyl (bipy), 1,10-phenanthroline (phen) and 2,3–bis(2–p

yridyl)pyrazine (Py-bipy) were also bought from Sigma Aldrich

and used as received. Reagent grade ethanol (EtOH) and dimethyl-

formamide (DMF) were purchased from Sigma Aldrich and used

without further purification. Deuterated solvents, EtOD-d6 and

DMF-d7, were sourced from Goss Scientific in sealed ampules and

used as received.

2.2. Sample preparation

Complexes with the general formula of [Cu(acac)(N-N)]+ were

prepared using methods described in the literature [42]. Once iso-

lated and purified, 0.03 M solutions of the [Cu(acac)(N-N)]+ com-

plexes were prepared in an EtOH:DMF (1:1) solvent system and

flash frozen to 140 K for X-band EPR analysis. Q-band EPR, 1H

and 14N ENDOR studies were performed using 0.03 M solutions

prepared in EtOD-d6:DMF-d7 (1:1) at 10 K. The same solvent sys-

tem were used for W-band EPR studies with a sample preparation

of 0.04 M.

2.3. EPR/ENDOR spectroscopy

The continuous wave (CW) X-band (9.5 GHz) EPR measure-

ments were performed on a Bruker EMX spectrometer utilizing

an ER4119HS resonator, 100 kHz field modulation at 140 K or

298 K and typically using 10.17 mW MW power. The CW Q-band

(35 GHz) EPR and ENDOR measurements were recorded on a Bru-

ker Elexsys E500 spectrometer using a Bruker ER5106 QT-E Q-band

resonator operating at 10 kHz field modulation and 10 K for

ENDOR (and at 100 kHz and 50 K for the EPR). The CW Q-band

ENDOR spectra were obtained using 1 dB RF power from an ENI

3200L RF amplifier at 100 kHz RF modulation depth and 0.5 mW

microwave power. The CW W-band (95 GHz) EPR measurements

were performed on a Bruker Elexsys E600 spectrometer using a

Bruker E600-1021H TeraFlex resonator operating at 100 kHz field

modulation frequency, 7 G field modulation amplitude and 20 K,

using 1.58 lW MW power.

All DFT calculations used the OCRA package. The complexes [Cu

(acac)(1–4)]+ were geometry optimized at the M06-2X/def2TZVP

level. EPR parameters were predicted using the PBE0 functional

and a basis set consisting of EPR-II on light atoms and the ‘‘core

properties” set on copper [43–46].

EPR and ENDOR simulations were performed using the Easyspin

[47] software package running within the MathWorks� MatLab�

environment.

3. Results and discussion

3.1. CW X-, Q- and W-band EPR.

The experimental and simulated CW X-band EPR spectra

(recorded at 140 K) of the four Casiopeina type complexes [Cu

(acac)(1–4)]+ dissolved in EtOH:DMF are shown in Fig. 1. At this

frequency (X-band), the superhyperfine couplings from remote

nuclei are clearly visible and, owing to the relatively small g3 (g||)

values expected of the largely square planar copper complexes, a

pronounced overshoot feature dominates all spectra. These X-

band EPR spectra (Fig. 1) are similar to analogous Cu(II) complexes

possessing a largely square planar geometry [48] with quasi axial

Scheme 1. Structures of Cas II-gly and Cas III-ia Casiopeina complexes.
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symmetry. The 14N superhyperfine splitting, caused by the two

nitrogen nuclei (14N, I = 1) of the diamine ligand, are clearly visible

(Fig. 1), both at the low g = g|| field (mI = + 3/2) and at higher g = g\

field positions. However, the contributions to the spin Hamiltonian

parameters from the two 63,65Cu isotopes and the 14N nuclei cannot

be confidently determined from the X-band EPR spectra alone.

In general, large 14N superhyperfine couplings can be directly

observed in the X-band spectra of Cu(II) nitrogen macrocycles

[49–56]. However, as the g-anisotropy is responsible for the over-

lap of the g1, g2 and g3 features, accurate determination of the g-

values due to the superimposed 14N superhyperfine pattern

requires measurement at higher microwave frequencies. Higher

frequency EPR measurements were therefore recorded for all four

complexes. The resulting illustrative measurements at Q- and W-

band frequencies for [Cu(acac)(1)]+ are shown in Fig. 2 (the corre-

sponding spectra for the three remaining complexes [Cu(acac)(2–

4)]+ are shown in Fig.S1 of the Supporting Information). The simu-

lated spin Hamiltonian parameters, extracted by analysis of the

multi-frequency EPR spectra for all four complexes, are listed in

Table 1. The 14N (and large imine 1H) couplings responsible for

the prevailing superhyperfine pattern in the X-band EPR spectra

(Fig. 1), were extracted from the simulated ENDOR spectra (vide

infra) and, combined with the accurate g and CuA values, used to

generate the resulting X-band EPR simulations.

The W-band spectra are particularly sensitive and informative

in revealing subtle differences in the g values for all four com-

plexes. A stack plot of the measured W-band spectra is reported

in Fig. 3 to exemplify this. Interestingly, simulation of the experi-

mental spectra (Table 1) revealed that all of the complexes show

a small degree of rhombicity in their g tensor (rhombic symmetry

with gx – gy – gz whilst the g and A frames are coincident), not

resolved at X- or Q-band; however, the rhombicity appears to

decrease with increasing diimine ligand size (column Dgyx in

Table 1). The magnitude of this experimentally detected rhombic

distortion was quite subtle, and notably not detected in the DFT

analysis, which did not reveal this trend. Furthermore, the mea-

surements were recorded with different ratios of solvent (EtOH:

N

N
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O

O

N

N

Cu

O
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N

N

Cu

O

O N
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[Cu(acac)(1)]+ [Cu(acac)(2)]+
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H

H

Scheme 2. Structures of the Casiopeina type complexes of general formula [Cu(acac)(N-N)]+, where N-N represents 2,20-bipyridine (bipy) [Cu(acac)(1)]+, 1,10-phenanthroline

(phen) [Cu(acac)(2)]+, the pyridine substituted 2,20-bipyridine (Py-bipy) [Cu(acac)(3)]+ and dipyridophenazine (dppz) [Cu(acac)(4)]+; the CF3SO3 anion (OTf) was used in all

cases.

Fig. 1. CW X-band EPR spectra (recorded at 140 K) of a) [Cu(acac)(1)]+, b) [Cu(acac)

(2)]+, c) [Cu(acac)(3)]+ and d) [Cu(acac)(4)]+, using OTf counterions in all cases. All

complexes were dissolved in EtOH:DMF (1:1) and recorded as frozen solutions. The

corresponding simulations are shown by the red traces.
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DMF) and after freezing under slightly different conditions; in all

cases the distortion was experimentally detected, so unlikely to

be due to incomplete orientational averaging in the frozen solu-

tion. These observations may suggest a slightly greater degree of

distortion or twisting in the Cu(II)-N2 plane for the bipy and phen

based complexes [Cu(acac)(1–2)]+ compared to the Py-bipy and

dppz based complexes [Cu(acac)(3–4)]+, enabling the Cu(II) ion to

retain a more localised axial environment in the latter two com-

plexes. This small distortion away from square planar geometry

could not be detected in the DFT optimised structures.

3.2. 1H ENDOR

At the higher microwave frequencies, the 14N and imino 1H

superhyperfine splitting is lost in the CW EPR spectra due to signif-

icant strain effects. To successfully extract the superhyperfine cou-

plings, and in the specific case of 14N, the additional quadrupole

coupling, angular selective 1H and 14N ENDOR measurements were

performed. ENDOR spectroscopy provides far more information on

the extent of spin delocalisation onto the surrounding ligand [57–

62], which is an important factor when considering the possible

intercalation ability of these complexes [27]. A set of Q-band CW

angular selective 1H ENDOR spectra are shown in Fig. 4 for the case

of [Cu(acac)(1)]+. The hyperfine parameters extracted from the

associated simulations of the imino protons exclusively are listed

in Table 2, in order to compare with the DFT derived values. Com-

parison between the 1H ENDOR spectra of the four complexes at

one fixed field position is reported in Fig. 5. All four complexes pro-

duce an analogous and generic 1H ENDOR pattern, which are dom-

inated by the large coupling arising from the imine 1H (labelled

blue in Scheme 2). For this reason, only the ENDOR spectra of

[Cu(acac)(1)]+ will be described in detail here, whilst the necessary

comparisons for the other three [Cu(acac)(N–N)]+ complexes

(Table 2) will be discussed accordingly.

A distinct feature for all these copper complexes is the large

coupling arising from the imine protons, as reported elsewhere

in the literature for salen and oxime based copper complexes

[50,53,54–56]. This large coupling can be attributed to the consid-

erable conjugation of the imine proton with the coordinating nitro-

gen atoms, resulting in significant unpaired spin density

delocalising over the proton. The maximum coupling for the two

imino 1H in [Cu(acac)(1)]+ is observed at the field position corre-

sponding to g = 2.054 ffi gx � gy, (i.e. g\) with a value of

10.25 MHz. This is in good agreement with the relative orientation

of the A tensor frame with respect to the g tensor frame, as seen in

Fig. 6. The very small difference in coupling, and hence spin density

on the proton, between the complexes studied herein is evident

from the experimental ENDOR spectra (Fig. 5). These spectra pro-

vide direct experimental evidence for the small variation in spin

densities depending on the nature of the diamine backbone. It

should be noted that only the large imine proton couplings are

included in the simulation shown in Fig. 4. The remaining smaller

proton couplings arising from the acetylacetonato ligand (respon-

sible for the inner peaks in Fig. 4) were not included. A detailed

description of these latter methine and methyl proton couplings

for [Cu(acac)2] was reported elsewhere by us [63], including the

couplings from the complete averaging of the rotating methyl

group protons and those from a subset of methyl group protons

undergoing hindered rotation on the EPR time scale producing a

pronounced anisotropic hyperfine tensor. As these couplings are

very solvent dependent, they were not included in the current

simulations.

In the A tensor coordinates, the largest hyperfine coupling value

lies on the z axis (Table 2), which align with the x-y plane of the g

tensor, and which is also the molecular plane. The imino 1HA tensor

exhibits quasi axial symmetry, with the two remaining hyperfine

components (indistinguishable within the experimental errors,

Table 2) equal to 2.6 MHz and 2.8 MHz, oriented above and below

the molecular plane. The isotropic hyperfine value of 5.22 MHz is

notably smaller when compared to the 1H-imine couplings

reported for Cu-salen (aiso = 19.26 MHz) [48,51] and Cu-oxime

(aiso = 10.21 MHz) [55,56] type complexes, due to the considerable

Fig. 2. Multi-frequency CW EPR spectra of 2,20-bipyridine (bipy) [Cu(acac)(1)]+

(1 = 2,20-bipyridine) recorded at a) X-, b) Q- and c) W-band frequencies. All

complexes were recorded as frozen solutions after dissolution in EtOH:DMF (1:1).

Table 1

Experimental and DFT derived spin Hamiltonian g and CuA principal values (i.e. in the g and CuA frame coordinates respectively) for the [Cu(acac)(N-N)]OTf complexes (1–4).

Compound gx gy Dgyx gz giso
CuAx

CuAy
CuAz

Cuaiso

/MHz /MHz /MHz /MHz

1 exp 2.050 2.057 0.007 2.253 2.120 �46 �46 �551 �214

DFT 2.043 2.046 0.003 2.148 2.0788 �127 �129 �857 �371

2 exp 2.054 2.060 0.006 2.259 2.124 �46 �46 �551 �214

DFT 2.043 2.046 0.003 2.151 2.0802 �128 �131 �858 �372

3 exp 2.055 2.059 0.004 2.258 2.124 �35 �35 �541 �204

DFT 2.042 2.046 0.004 2.149 2.0791 �123 �131 �852 �369

4 exp 2.055 2.057 0.002 2.257 2.123 �35 �35 �551 �207

DFT 2.043 2.047 0.004 2.154 2.0813 �127 �130 �859 �372

Note: The g and CuA tensor frames are mostly collinear and rotated from the arbitrary molecular frame coordinates according to the following Euler angles (in radians) using

the ‘zyz’ convention: a = –p/2, b = 0, c = 0 (bipy); a = p/2, b = 0, c = 0 (phen); a = –1, b = p, c = 2 (Py-bipy); a = –1, b = p, c = 2 (dppz). Uncertainty on the g values is ± 0.002, and

on the A values is ± ca. 2 MHz for Ax and Ay and ± ca. 6 MHz for Az.
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reduction in ligand based unpaired spin density. Overall the 1H

imine coupling for the [Cu(acac)(1–4)]+ complexes possess a posi-

tive 1H tensor with the largest hyperfine components being

10.25 MHz (bipy), 10.00 MHz (phen), 10.25 MHz (Py-bipy) and

9.80 MHz (dppz), respectively, Fig. 5. The decrease in magnitude

of the coupling appears to partially correlate with the increase size

of the diimine ligands and suggests that the imine proton cou-

plings are very sensitive to the delocalisation of the spin density

over the aromatic ring system. The coupling magnitude is greatest

for 2,20-bipyridine, [Cu(acac)(1)]+, where the spin density is delo-

calised over two six-membered rings whilst it is smallest for the

dppz ligand, [Cu(acac)(4)]+, where the spin density is delocalised

over a more extended aromatic ring framework, whilst noting that

the more twisted (non planar) Py-biby system has a slightly larger

aiso value. This trend was not only observed experimentally but,

within experimental error, also was predicted by DFT; i.e.,

11.27 MHz (biby), 11.05 MHz (phen), 11.23 MHz (Py-bipy) and

10.98 MHz (dppz).

3.3. 14N ENDOR

The 14N superhyperfine patterns clearly observed in the CW X-

band EPR spectra (Fig. 1) are a rich source of structural information

and can potentially help to understand the coordination of the dif-

Fig. 3. W-band CW EPR spectra (recorded at 20 K) of a-a0-a0 0) [Cu(acac)(1)]+, b-b0-b0 0) [Cu(acac)(2)]+, c-c0-c0 0) [Cu(acac)(3)]+ and d-d0-d0 0) [Cu(acac)(4)]+, using a OTf counterions

in all cases. All complexes dissolved in EtOH:DMF (1:1). Corresponding simulations are shown in red traces. a-d) shows the wide sweep; a0-d0) narrow sweep highlighting the

g ~ g|| region and a0 0-d0 0) narrow sweep highlighting the g ~ g\ region. When recording complex [Cu(acac)(3)]+ a Mn(II) g-marker was also used to calibrate g values

measurements.

Fig. 4. Q-band CW 1H ENDOR spectra (10 K) of [Cu(acac)(1)]+ dissolved in EtOH-d6:

DMF-d7 (1:1) recorded at the field positions corresponding to the labelled g-values.

The corresponding simulations are shown in red trace.

Table 2

Experimental and DFT derived imino 1H principal hyperfine values (i.e. in the 1HA frame coordinates) for the [Cu(acac)(1)]+ complex.

Compound Ax Ay Az aiso a b c

/MHz /MHz /MHz /MHz /rad /rad /rad

1 H8 exp 2.6 2.8 10.25 5.22 0.30 p/2 p/4
H8 DFT 3.1 4.6 11.3 6.33 0.31 p/2 0.63

H12 exp 2.6 2.8 10.25 5.22 –0.30 p/2 –p/4
H12 DFT 3.1 4.6 11.3 6.33 –0.33 p/2 –2.74

Note: The provided Euler angles are associated with the rotation that transforms the molecular frame to the A tensor frame. Uncertainty in the A values is ±0.2 MHz for Ax and

Ay and ±0.5 MHz for Az. Uncertainty on the Euler angles is ±0.2 rad.
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ferent diimine ligands to the copper centre. In order to extract the
14N hyperfine and nuclear quadrupole values from the diimine

ligand, Q-band CW ENDOR measurements were conducted. The

experimental and corresponding angular selective 14N simulations

for [Cu(acac)(1)]+ are shown in Fig. 7.

The 14N couplings are well resolved, enabling one to simulate

the angular selective profile more accurately compared to using

CW EPR alone. The resulting couplings are given in Table 3. Very

good agreement was obtained between the experimental and

DFT derived values. The hyperfine and quadrupolar coupling from

the 14N (I = 1) nuclei appears to have axial symmetry with the lar-

gest hyperfine coupling of 40 MHz that aligns with the molecular

plane. From the two 14N nuclei appear equivalent in the experi-

mental spectra. The magnitude of the couplings as is expected

for imino complexes of this type. For the 14N ENDOR measure-

ments, that the size of the diimine ligand has a subtle impact on

the magnitude of the hyperfine coupling, in the following order

for the largest NA3 coupling of 40.0 MHz (bipy), 39.1 MHz (phen),

39.1 MHz (Py-bipy) and 38.8 MHz (dppz), Fig. 8. This is analogous

to the trends observed with the 1H data, indicating an overall

decrease in 14N ligand spin densities.

It should be noted that Galindo-Murillo et al., [27] highlighted

the importance of p-stacking effects between Casiopeinas and

DNA bases. The importance of the aromatic ligand moiety on the

Fig. 5. Comparative Q-band CW 1H ENDOR spectra (10 K) of a) [Cu(acac)(1)]+, b) [Cu

(acac)(2)]+, c) [Cu(acac)(3)]+ and d) [Cu(acac)(4)]+, dissolved in EtOD-d6:DMF-d7

(1:1), recorded at the field positions corresponding to g = g\.

Fig. 6. a) Geometry optimized DFT structure of [Cu(acac)(1)]+, showing the relative orientation of the molecular, g, imino-1HA and 14NA principal axes. b) View of the complex in

a) illustrating the alignment of the imino 1H zA axis with respect to the molecular plane.

Fig. 7. Q-band CW 14N ENDOR spectra (measured at 10 K) of [Cu(acac)(1)]+

dissolved in EtOH-d6:DMF-d7 (1:1) recorded at the field positions corresponding to

the labelled g-values. Corresponding simulations shown as red trace.
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DNA intercalation effect was evident, such that the stacking mech-

anism adopted was shown to depend on the electron density defi-

ciency of the ligands which was compensated by an electron

transfer from adenines by a p-p interaction [27]. Here, we have

shown that the spin density distribution in the complexes is subtly

dependent on the nature of the diimine backbone ligand. As the

conjugated ring size increases, both the 1H and 14N spin densities

decrease accordingly, as may well be expected. However, less obvi-

ous to predict is the subtle distortion within the Cu(II)-N2 plane

which, according to the W-band EPR measurements, appears to

be greater with smaller diimine ligands (bipy and phen) compared

to the large ring systems (Py-bipy and dppz). These results indicate

how small structural and electronic perturbations to the Casiopei-

nas family of Cu(II) complexes can be interrogated and probe by

advanced EPR methods.

4. Conclusions

Casiopeina type copper complexes have been studied for many

years, as they show promising potential as therapeutic agents. The

therapeutic action of the Casiopeina complexes still remains

unclear [16] and many approaches have been made to explore this

mechanism, from systematic structural modifications of the com-

plex to detailed spectroscopic studies. To date, very few advanced

EPR studies have been conducted on these systems. Therefore, in

this study a series of Casiopeina type complexes of general formula

[Cu(O-O)(N–N)]+ were prepared, and their electronic properties

examined by EPR and ENDOR spectroscopy. Within this [Cu(acac)

(N–N)]+ series, the diimine ligand (N–N) was systematically varied

in size using 2,20-bipyridine (bipy), 1,10-phenanthroline (phen), a

pyridine substituted 2,20-bipyridine ligand (Py-bipy) and dipyri-

dophenazine (dppz), whilst retaining the acetylacetonato ligand

throughout (i.e., [Cu(acac)(N–N)]+). These diimine ligands were

selected since it is believed that variation in the aromatic diimine

ligand size may influence the therapeutic activity via DNA interca-

lation effects.

The EPR spectra of these [Cu(acac)(1–4)]+ complexes were all

characterised by a slightly rhombic set of g and CuA values. How-

ever, the degree of rhombicity, caused by a small in-plane twisting

within the Cu(II)-N2 framework away from the ideal square planar

arrangement, was most pronounced for the smaller diimine

ligands (in the [Cu(acac)(1–2)]+ complexes) compared to the larger

ligands (in the [Cu(acac)(3–4)]+ complexes). This variation in EPR

parameters as a function of N-N ring size was also matched by con-

sidering the observed changes in the isotropic Cuaiso values, which

were largest for [Cu(acac)(1–2)]+ compared to [Cu(acac)(3–4)]+.

The ENDOR spectra revealed a small variation in 1H (imine) and
14N spin densities as a function of the diimine ligand. The largest

component of imine hyperfine couplings decreased as the ligand

size increased, in the order of bipy > phen > Py-bipy > dppz, and

concomitantly the largest component of the 14N hyperfine

decreased according to the same trend in ligand size, owing to

the greater spin delocalisation. These results indicate how even

small structural and electronic (spin density) perturbations to the

Casiopeina family of Cu(II) complexes can be interrogated and

probed by advanced EPR methods.
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