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and Universitat Autònoma de Barcelona,
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Abstract: The complexation of the non-selective β-blocker nadolol, HL, 1 with copper(II) leads to
formation of mono- and dinuclear complexes depending mainly on the metal-to-ligand molar ratio. The
mononuclear violet complex CuL2·2Solv, 2, was obtained in a soluble form at metal-to-ligand molar ratio
Cu(II) : HL ≤ 1 : 10 in methanolic or slightly alkaline aqueous solutions. The dinuclear green complex
Cu2L2Cl2·H2O, 3 was synthesized at Cu(II) : HL ≥ 1 : 2 molar ratio in methanolic solutions. The
complexes were studied using spectral (UV-Vis, FT-IR, EPR), magnetochemical, thermogravimetric
methods and elemental analysis. In the complexes nadolol acts as a monoanionic bidentate ligand
coordinated to copper(II) through the NH- and the deprotonated OH-groups of its aminoalcohol fragment.
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1 Introduction

Arterial hypertension, AH, is among the major factors leading to cardiovascular diseases

and it is sensitive to the concentration levels of over 15 essential elements (K, Na, Ca, Mg,

Cu(II), Zn, etc.) [1–3]. Deviations in biometal homeostasis could play a significant role in

the development and progress of AH. The control of this homeostasis is performed by the

essential physiologically active compounds [4, 5] as well as by their synthetic analogs –

medications of different type. These drugs usually contain N, O and/or S donor atoms and

for that reason they represent potential ligands capable of binding metal ions. The ability

to form complexes with Cu(II) and/or Zn(II), and thus influence their homeostasis in the

organism, could be stated as a possible way to explain at least partially the therapeutic

effect of the antihypertensive medications. In this respect about twenty years ago our

laboratory started systematic investigations on the complexation processes between the

biometals copper/zinc and drugs used for regulation of blood pressure (BP) [6–12]. The

present study reports the results obtained on the complexation between Cu(II) and the

β-blocker nadolol.

Nadolol (5-(2-hydroxy-3-tert-butylamino-propoxy)tetralin-2,3-diol) (Scheme 1) is a

member of the large family of synthetic β-blockers and is frequently applied for treat-

ment of AH and angina pectoris [13]. It contains aminoalcohol- and cyclohexanediol-

moieties, whose active donor groups (NH, OH) can coordinate with copper and zinc,

forming 5-membered chelate rings.

Scheme 1 Steric formula of nadolol.

Our studies have shown that nadolol acts as a bidentate ligand binding Cu(II) to

produce mono- (2) and dinuclear (3) metal complexes. The composition and structure of

the complexes depend on the molar metal-to-ligand ratio, on the alkalinity of the media

and on the solvent used.

2 Experimental section

The experiments were performed at room temperature using reagents and solvents of

analytical grade. Nadolol was supplied by Sigma, Germany; CuCl2·2H2O and NaOH by
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Riedel de Häen AG. The solvents (MeOH, acetonitrile, DMSO, etc.) were received from

Fluka and Merck and used without further purification.

2.1 Synthesis of the mononuclear complex 2

The addition of CuCl2·2H2O (0.0085 g, 0.01 mmol in 1.00 ml H2O) to excess of 1 (0.1548 g,

0.1 mmol in 10.00 ml H2O) followed by an increase of pH to ∼ 9.5 using 0.1 M NaOH

afforded the formation of 2 in a soluble form. During the complexation the colourless

solution of the ligand turned blue-violet and the coloration was kept for days. The

complex 2 was obtained also in alcoholic media at the same molar metal-to-ligand ratio

without addition of base, but in 1-2 days changed its color to green, especially in alcohols

such as PrOH or BuOH. Due to the great solubility of the complex 2 it was not possible

to isolate it in a solid state.

2.2 Synthesis of the dinuclear complex 3

A dropwise addition of solution of Cu(II) (0.0425 g CuCl2·2H2O, 0.1 mmol in 5.00 ml

MeOH) to 1 (0.1548 g, 0.1 mmol in 10.00 ml MeOH) produced immediately fine green

precipitate that was filtered off, washed with MeOH and dried over P2O5. Yield: 0.0140 g

(36%). Calcd. for Cu2L2Cl2·H2O: C, 49.15; H, 6.56; N, 3.37; Cl, 8.42; Cu, 15.16%. Found:

C, 50.09; H, 5.97; N, 3.46; Cl, 8.91; Cu, 14.57%. The complex is soluble in acetonitrile and

DMSO. Unfortunately we were not able to obtain appropriate monocrystals to perform

X-ray diffraction analysis.

2.3 Instrumentation

The electronic spectra of the complexes were recorded on a Specord UV-Vis (Carl-Zeiss,

Jena) spectrometer. The non-polarized IR spectra were obtained with Bomen-Michelson

100 FT-IR spectometer (4000-400 cm−1, resolution ± 2 cm−1 and 10 scans) in nujol mull

or in acetonitrile solutions (10−2 – 10−1 M concentration range) using 0.01 cm KBr sample

cells. IR spectra of the complexes in the 500-75 cm−1 range were recorded in polyethylene

on a Bruker 113V spectrometer. Thermogravimetric measurements were performed using

a Perkin-Elmer TGS-2 apparatus. The X-band EPR spectra were obtained on an ERS

220/Q spectrometer or on a Bruker B-ER 420 spectrometer, using Mn/ZnS as a standard.

The experimental data were processed with Spectracalc PC program. The magnetic

susceptibility of the complexes was measured on a SQUID (Quantum Design MPMS-XL)

magnetometer in a magnetic field of 1 kOe from 2 to 295 K with an increment of 2 K

over the whole temperature range used. The data were recalculated taking into account

the magnetic contribution of the sample (Pascal’s constants) and the diamagnetism of

the holder. The elemental analysis was performed on a Perkin-Elmer 240 microanalyser

(C, H, N). Chlorine was determined by titration with Hg(NO3)2 after wet digestion of
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the sample and copper - complexometrically (EDTA, pH 8, Murexide) after ashing the

sample and dissolving the residue in HNO3.

The stability constants of 2 were obtained by titration of the complex with HClO4

in 50% w/w MeOH, the metal ion being substituted by a proton. Solutions containing

5.00×10−4M Cu(II) [as Cu(ClO4)2·6H2O] and 2.00×10−3M nadolol were mixed at Cu(II) :

HL = 1 : 4 molar ratio and the resulting mixture was titrated with 1.00×10−2 M HClO4.

The ionic strength was adjusted to 1×10−1 M with NaClO4·H2O. Argon was bubbled

through the sample to remove O2 and CO2 and for stirring the solution. The measure-

ments were performed on a Radiometer PHM 64 pH-meter equipped with a GK2402C

combined electrode and an ABU 80 automatic burette for pH-metric titration. The sta-

bility constants were calculated by means of the computational program PSEQUAD [14].

2.4 Computations

A reducing difference analysis, applicable for bi- and optimized for n-component systems,

was used to interpret the non-polarized spectrum of 3 in solid state [15–17]. The method

is based on subtraction of two IR spectral curves corresponding to a given component

(subtracted component) and to a sample containing it. The operation is performed until

a characteristic band of the component is completely removed from the spectrum of the

sample. The procedure resulted in obtaining a reduced IR spectrum of the sample where

a complete disappearance of all bands belonging to the subtracted component is observed.

The measurement of both substances – component and sample – had to be carried out

under the same conditions and sample preparation techniques (e.g. Nujol mull, solutions,

KBr tablets etc.).

The non-polarized spectra of nadolol and complex 3 in acetonitrile solutions dis-

played broad bands in the range of 3650-3400 cm−1 due to overlap of H2O, NH- and

OH-stretching vibrations. The determination of the position and the integral absorbance

of each band required an application of deconvolution and curve-fitting procedures [18].

The deconvolution method provides a way of computationally resolving overlapped bands

that can not be instrumentally resolved due to their intrinsic linewidth [19]. The curve

fitting of spectra permits the estimation of not only the central wavelength and number

of the absorption bands, but also their width and amplitude [20]. The last procedure

was performed at 50:50% ratio of Lorentzian to Gaussian peak functions, criteria for the

goodness of the fit – χ2 factor (residual error) – within the 10−7-10−3 range and 2000

iterations (least squares method). The experimental IR-spectral patterns have been ac-

quired and processed by SpectraCalc for PC, STATISTICA for Windows 5.0 (StatSoft,

Inc., Tulsa, OK, USA) and GRAMS/AI 7.01 IR spectroscopy (Thermo Galactic, USA)

program packages.
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3 Results and discussion

3.1 Mononuclear complex CuL2·2Solv, 2

The formation of 2 takes place in aqueous or methanolic solutions at molar metal-to-

ligand ratio Cu(II) : HL from 1 : 4 to 1 : 10. The electronic spectra of 2 in H2O

or MeOH showed an asymmetric low intensive band at 620 nm (ε ≈ 75 l mol1 cm−1)

assigned to d − d transitions in the copper ion. The position of the band is typical

for copper(II) complexes with elongated octahedral structure and coordination with N-

and/or O-donor atoms. Analogous results were obtained from X-band EPR spectra of

2 at low temperature (77 K). Both aqueous and methanolic solutions of 2 displayed

anisotropic signals with parameters g|| = 2.231, A|| = 176×10−4 cm−1, g⊥ = 2.029. The

g- and A-values as well as the relation g|| > g⊥ indicated that the unpaired d-electron of

Cu(II) occupies predominantly the dx2−y2-orbital thus leading to an elongated octahedral

distortion of the structure.

A photometric method was used to determine the composition of 2 in solution [21]

(Fig. 1). The slope of the graph log(A/Amax-A) vs logC gave value of 2.2 which corre-

sponds to Cu : L ratio of 1 : 2 in the complex. This result is in accordance with the

calculated stability constants of 2 obtained by series of potentiometric titrations. The

dissociation constant of nadolol, pKa = 8.91 ± 0.08, was determined in 50% w/w MeOH

(pKs = 14.57 ± 0.03 [22]). This value is in agreement with the pKa of nadolol in aque-

ous solutions (pKa = 9.50 ± 0.04, [23]). The calculated overall stability constants are

logβ1 = 4.64 ± 0.09 and logβ2 = 7.98 ± 0.13 and correspond to the formation of CuL+

and CuL2 species, respectively. The values of the stability constants are slightly lower

in comparison with the data obtained for copper(II) complexes of other β-blockers but

still lay in the range typical for Cu(II)-aminoalcohol complexes [24, 25]. No evidence

for complexation of a third nadolol molecule was obtained. The great solubility of 2 is

most likely due to the presence of cyclohexanediol groups capable of forming H-bonds

with the solvent. The spectral data showed that 2 has an elongated octahedral structure

in solution, realized probably by additional coordination of two solvent molecules (H2O

or MeOH, Solv.) and to the formation of a neutral complex of composition CuL2·2Solv.

The suggested structure of 2 is shown on Fig. 3.

3.2 Dinuclear complex Cu2L2Cl2 · H2O, 3

The dinuclear complex 3 was synthesized at comparable molar concentrations of the

reagents (Cu(II) : HL ≥ 1 : 2) in methanolic solutions. These solutions exhibit two bands

at 680 and 380 nm, respectively. The first one (ε ≈ 100 l mol−1 cm−1) was attributed

to d − d transitions in copper(II) complexes with square-planar geometry. The second

absorbance in the higher-energy region (ε ≈ 360 l mol−1cm−1) was assigned to a ligand-

to-metal charge transfer of the type O→Cu. Such a band is characteristic for di- and

polynuclear Cu(II) complexes containing oxygen bridges between the metal centers [26].
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Fig. 1 Metal-to-ligand ratio in the mononuclear complex in methanolic solution.

The position and intensity of the bands were strongly influenced by the change of the

solvent. Thus, the spectra of 3 in acetonitrile and DMSO solutions showed absorbance at

765 (ε ≈ 40-80 l mol−1cm−1) and 390 nm (ε ≈ 770-880 l mol1cm−1). The significant shift

in the position of the d−d band could be due to distortion of the square-planar structure

towards tetrahedral. This process depends on the solvent used but the composition of

the main chromophore Cu2N2O2 remains the same.

The isolation of 3 in a solid state indicates to the formation of a neutral copper(II)

complex Cu2L2Cl2·H2O. Its structure was analyzed using FT-IR and EPR spectroscopy

as well as magnetochemical and thermogravimetric studies. The fine precipitate of 3

includes one mole water per mole complex originating from the initial copper salt. That

was confirmed by TG analysis showing a decrease of the sample weight (0.00548 g) by

0.00013 g (2.4%) in the range 100-180 ◦C corresponding to release of one mole water

per mole of the complex (theoretical value 2.2%). These water molecules could not

be removed even after attempted drying of the sample over P2O5 and their presence

significantly influences the high-energy IR bands of 3 both in solution and in solid state.

The solid FT-IR spectrum of the non-coordinated nadolol (Fig. 4, curve 1) exhibits a

band at 3573 cm−1 assigned to ν(OH) of the aminoalcohol moiety, and a multiple band

at 3334, 3316 and 3286 cm−1 attributed to ν(NH) and both ν(OH) of the cyclohexanediol

groups, respectively. The strong overlap of the bands for ν(NH) and ν(OH) in 3 with

ν(OH) from water molecules in the range 3700-3000 cm−1 required the application of

reducing difference analysis to the non-polarized FT-IR spectrum of 3 in solid state

(Fig. 4, curve 2). The subtraction of the IR spectral curve corresponding to KBr,

containing traces of water, from the IR spectrum of the complex was performed until
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Fig. 2 Distribution of the species in the mixed solvent 50 w/w MeOH/H2O.

Fig. 3 Proposed structure of the mononuclear Cu(II) complex of nadolol, 2.

the selected band for δ(H2O) at 1632 cm−1 was completely eliminated in the reduced IR

spectrum of 3 (Fig. 4, curve 3). The procedure resulted in a complete disappearance of

all bands belonging to the subtracted component – water, and it could be assumed that

complexation of nadolol to Cu(II) does not change the position of ν(OH)diol bands. The

absence of a band for ν(OH)alcohol (at 3573 cm−1 in nadolol) and the down-field shift of

ν(NH) mode from 3334 to 3185 cm−1 indicated to coordination of nadolol to the metal

center through amino- and deprotonated hydroxo-groups of the aminoalcohol fragment.

The observed shift of ν(C-O)alcohol- (from 1066 cm−1 to 1052 cm−1) and γ(NH)-bands

(from 752 cm−1 to 777 cm−1) in the IR spectrum of 3 in comparison with the nadolol

spectrum also supported the proposed coordination mode of the ligand [27]. The bands of

the complex in the FIR region (375-75 cm−1) decreased significantly in intensity ascribed

to the “amorphous” character of the precipitate as estimated by microscopic and TG

studies. The new band at 447 cm−1 observed in the spectrum of 3 was attributed to



V.T. Getova et al. / Central European Journal of Chemistry 5(1) 2007 118–131 125

ν(Cu-N), while the stretching vibrations of Cu-O and Cu-Cl bonds could not be properly

assigned [28]. We assumed that the chloro ligand is a terminal ligand and not a bridging

one taking into account the fact that other Cu-complexes of β-blockers were studied using

also X-ray diffraction [9, 24, 29], and it was found unambiguously that bridging is realized

by oxygen atoms and not by chlorine. In addition, if chloro bridges were formed here,

that would be reflected in the corresponding near UV spectra where a band in the range

of 400-420 nm was not observed [30].

a) b)

Fig. 4 Solid-state FT-IR-spectra of nadolol (curve 1) and its dinuclear Cu(II)-complex, 3

(curve 2); reduced FT-IR-spectrum of 3 (curve 3) after elimination of δH2O at 1632 cm−1

assigned to water scissoring vibration.

In order to confirm the coordination manner of nadolol, the FT-IR spectra of 1 and 3

were recorded also in acetonitrile solutions. In comparison with the solid-state spectrum,

the IR data of the non-coordinated ligand in solution showed strongly overlapped bands

in the range 3650-3400 cm−1. The application of deconvolution and curve-fitting proce-

dures allowed to“split” the multicomponent band into five bands (Fig. 5) according to the

criteria for the goodness of the fit χ2 as follows: i) a band at 3595 cm−1 was attributed

to ν(OH) due to the high hygroscopic capacity of the ligand; ii) absorbances at 3567

and 3564 cm−1 were assigned to ν(OH) and ν(NH) from the aminoalcohol fragment; iii)

bands at 3523 and 3490 cm−1 that originated from ν(OH)-vibrations of cyclohexanediol

groups, respectively. In the spectrum of the complex, the band of ν(OH)water retained

its position, while the ν(OH)diol vibrations were observed at 3502 and 3485 cm−1, respec-

tively. The stretching vibration of the alcoholic OH-group disappeared in the spectrum

of 3 accompanied by a low-field position shift of ν(NH) to 3533 cm−1. The bands due

to ν(C-O)alcoholic and γ(N-H) changed their positions in a manner similar to the solid-
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state way: from 1068 cm−1 (nadolol) to 1056 cm−1 (3), and from 740 cm−1 (nadolol)

to 782 cm−1 (3), respectively. The IR data obtained for 3 in solid-state and solution

suggested that the complex retains its structure in both phases studied.

Fig. 5 3650 – 3400 cm−1 curve-fitted IR-spectrum of nadolol in acetonitrile solution.

The molar magnetic susceptibility χM of the dinuclear complex decreases with an

increase of the temperature which is typical for paramagnetic substances. At the same

time the Curie-Weiss law is not obeyed in the whole range studied (2-295 K) and χMT

vs T plot (Fig. 7) shows a course characteristic for antiferromagnetically coupled Cu(II)

centers [31]. The values of the effective magnetic moment, μeff , calculated using the

expression μeff = 2.828
√

χm (T − θ) at θ = 0 K (Fig. 8, curve 2), are temperature-

dependent and, according to the theory, a tetrahedral coordination around the copper(II)

ions was assumed. However, these values are significantly lower in comparison with the

theoretical ones for tetrahedral environment (Fig. 8, curve 1) due to the magnetic ex-

change interaction. A good agreement between the theoretical and experimental data for

μeff was obtained at θ = -70 K and temperatures over 150 K (Fig. 8, curve 3). The

negative value of θ together with the χMT vs T plot are further evidence that antiferro-

magnetic interactions take place in the dimer. At the same time, the change in the slope

of μeff/T suggested that more complex exchange processes appear at lower temperature

(T < 150 K). For a series of complexes containing the same Cu2O2N2X2 chromophore it

was experimentally found that the tetrahedral distortion of the square-planar geometry

around Cu(II)-atoms causes a reduction of the overlap between the corresponding metal-



V.T. Getova et al. / Central European Journal of Chemistry 5(1) 2007 118–131 127

Fig. 6 3650 – 3400 cm−1 curve-fitted IR-spectrum of 3 in acetonitrile solution.

and ligand- orbitals [32]. That leads to decrease of the antiferromagnetic interaction and

to manifestation of paramagnetism as it was observed in the case of complex 3. Similar

deviations in the magnetic behaviour were reported for analogous dinuclear copper(II)

complexes of antihypertensive drugs whose structure was proven by X-ray diffraction

[8, 29].

The EPR-data offer additional information about the magnetic interactions in the

complex. The spectra of 3 in MeOH before precipitation and after its dissolving in CHCl3
show no signals both at 77 K and 298 K. The square-planar geometry around Cu(II)-

atoms seems to be the favorable one in solution thus leading to an antiferromagnetic

exchange interaction that causes a quenching of the EPR signal. Contrariwise, the EPR-

spectra of 3 in solid phase at both temperatures mentioned above display an anisotropic

signal with parameters g‖= 2.266, A‖ = 165×10−4 cm−1, g⊥ = 2.066, characteristic for

paramagnetic tetragonally distorted Cu(II) species. Evidently, a tetrahedral distortion of

the planar structure takes place in a solid state, and hence, a signal from the copper(II)

atoms is observed.

All experimental results obtained indicate that the structure of the dinuclear complex

3 could be represented as shown in Fig. 9.
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Fig. 7 χmolT vs T plot for complex 3.

Fig. 8 Temperature dependence of the theoretical magnetic moment for tetrahedral co-

ordination around Cu(II) ion (curve 1) and of the experimental μeff , calculated at θ = K

(curve 2) and at θ = -70 K (curve 3).

4 Conclusion

Nadolol forms mono- and dinuclear copper(II) complexes depending on the reaction condi-

tions used (Cu(II):HL molar ratio, solvent). In both compounds the ligand is bidentately

bound to the metal ion through its NH- and deprotonated OH-groups of the aminoalcohol
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moiety. The mononuclear complex CuL2·2Solv adopts tetragonally distorted octahedral

structure, with two aminoalcohol molecules being located in the equatorial plane.

Fig. 9 Proposed structure of the dinuclear Cu(II) complex, 3.

The coordination mode of the ligand in the dinuclear complex Cu2L2Cl2·H2O is re-

tained in solid state and in solution. Here the deprotonated hydroxo-group of the aminoal-

cohol moiety serves as a bridge between the metal centers. Each copper atom is sur-

rounded by two oxygen and one nitrogen atoms from two nadolol molecules, and one

terminal chloride ion. A square-planar coordination around Cu(II) is suggested in solu-

tion, while a tetrahedral deformation of the chromophore Cu2N2O2Cl2 takes place in the

solid state.
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