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Abstract

The nature of the peptide seems to be a very important factor for the reactivity of copper(II) peptide complexes with bioligands.

Thus, although we have tried to obtain all the ternary complexes derived from the dipeptides LL-ala-gly, gly-LL-tyr and gly-LL-trp with

benzimidazole and creatinine, only four new ternary Cu(II) peptide complexes have been obtained: [Cu(gly-LL-tyr)(benzimid-

azole)] �H2O (1), [Cu(LL-ala-gly)(benzimidazole)] � 3H2O (2), [Cu(gly-LL-trp) (creatinine)] � 1.25H2O (4) and [Cu(LL-ala-gly)(H2O)(cre-

atinine)] � 2H2O (5). Compounds 1, 2 and 4 exist as slightly distorted square planar complexes with the four coordination sites

occupied by the tridentate peptide dianion and a nitrogen of the ligand, while compound 5 present a square pyramidal co-ordination

in which the axial position is occupied by a water molecule. In the ternary benzimidazole complexes the lateral chain of the peptide

moiety seems to determine the relative orientation of the ligand. In contrast, in the creatinine complexes the presence of two im-

portant intramolecular hydrogen bonds, involving the exocyclic NH2 and C@O groups of the creatinine molecule, yield a nearly co-

planar system which is independent of the nature of the peptidic lateral chain. These compounds do not present catalase-like activity

nor remarkable SOD-like activity but the values of IC50 permit to distinguish a different behavior between benzimidazole and

creatinine ternary complexes. Thus, benzimidazole compounds show lower IC50 (similar to free Cu(II)) values than creatinine ones.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Ternary complexes formed between metal ions and

two different types of bioligands, namely heteroaromatic

nitrogen bases and amino acids (or peptides) may be

considered as models for substrate–metal ion–enzyme

interactions and other metal ion mediated biochemi-

cal interactions. Among these compounds, copper(II)

complexes are known to play a significant role either in
naturally occurring biological systems or as pharmaco-

logical agents [1–3].
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A considerable number of X-ray crystallographic
studies on glycylglycine-copper(II)–ligand (benzimid-

azole [4], creatinine [5], cytosine [6,7], isocytosine [8],

methylisocytosine [8], cytidine [9,10], 9-methyladenine

[11], 7,9-dimethylhypoxantine [12], 1,10-phenantroline

[13], 2,9-dimethyl-1,10-phenantroline [14], imidazole

[15], imidazolate [16] and 4; 40-dipyridyl [17,18]) have

been reported. However, only ternary complexes with

1,10-phenantroline (phen): (LL-tyr-gly)-copper(II)-(1,10-
phenantroline) [19], [Cu(LL-ala-gly)(phen)] � 3.5H2O [20],

[Cu(LL-val-gly)(phen)] [20], [Cu(gly-LL-trp)(phen)] � 2H2O

[20] and isocytosine: [Cu(ala-gly)(isocyt)(H2O)] �H2O

[21] and [Cu(LL-tyr-gly) (isocyt)] � 3H2O [21] have been

described.

Benzimidazole and creatinine, the ligand moieties of

the ternary complexes presented in this work, are of
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considerable interest according to their biological and

pharmacological properties.

Creatinine (2-amino-1,5-dihydro-1-methyl-4H-imi-

dazol-4-one), the final metabolic product of creatine

plays an important role in protein metabolism and its
level in serum and urine is indicative of the renal func-

tion. The study of binary and ternary complexes of this

bioligand should be of interest due to the fact that cre-

atinine metabolism might be connected with its com-

plexation to different metal ions [22]. Five co-ordination

modes have been established by X-ray crystallography:

(i) bidentate bridging through N(1)(ring) and the de-

protonated exocyclic NH site [23]; (ii) bidentate binding
via N(1)(ring) and the exocyclic O(C@O) [24]; (iii)

monodentate binding through the N(1)(ring) site [25];

(iv) monodentate binding through the exocyclic

O(C@O) [26]; and (v) monodentate fashion through the

deprotonated exocyclic NH group [24].

Benzimidazole as the 5,6-dimethyl derivative is pres-

ent in vitamin B12 and related biomolecules [27] and

other benzimidazole compounds have found wide use as
anthelmintic agents for both human and veterinary

purposes [28]. In addition, it has been reported that

several copper complexes with benzimidazole derivatives

present inhibitory effects on helminth parasites [29] and

more recently, benzimidazole riboside compounds like

5,6-dichloro-2-(isopropylamino)-1-b-LL-ribofuranosyl-1H-

benzimidazole are presented as a new class of antiviral

compounds that are potent inhibitors of human cito-
megalovirus (HCMV) replication [30].

On the other hand, it has been reported that certain

copper complexes can exhibit superoxide dismutase ac-

tivity [31]. This activity depends on the Cu(II)/Cu(I)

redox process, which has been related to more or less

flexibility on the geometric transformation around the

metal centre [32].

In this context, we report on the preparation, the
spectroscopic characterization, the crystal structures and

several redox biological assays of four ternary complexes

peptide–copper(II)–biological ligand, [Cu(gly-LL-tyr) (benz-

imidazole)] �H2O (1), [Cu(LL-ala-gly)(benzimidazole)] �
3H2O (2), [Cu(gly-LL-trp)(creatinine)] � 1.25H2O (4) and

[Cu(LL-ala-gly)(H2O)(creatinine)] � 2H2O (5). An improved

procedure to prepare the previously described [Cu(gly-

gly)(benzimidazole)] � 3H2O (3) [6] has also been in-
cluded.
2. Experimental

2.1. Physical measurements

Elemental analyses were carried out using a Carlo
Erba model 1106 microanalyzer. The infrared spectra

were registered in the solid state (KBr pellets) on a PE

683 and the electronic spectra on a PE 552 spectro-
photometer. ESR spectra were recorded at X-band

frequencies with a Bruker ESP-300E spectrometer at

298 K. Magnetic measurements were carried out on

powdered samples with a pendulum-type magnetometer

(Manics DSM8). For magnetic and ESR data see text
(Section 3.4). Reagents (gly-LL-ala, gly-LL-val, gly-LL-phe,

gly-LL-tyr, gly-LL-trp, LL-val-gly, LL-ala-gly, benzimidazole

and creatinine) were used as received from Aldrich.

2.2. Preparation of the complexes

The synthesis of these ternary complexes Cu(pep-

tide)(benzimidazole or creatinine) strongly depends on
the nature of the peptide moiety. In our hands we have

explored the preparation of the corresponding ternary

complexes with gly-LL-ala, gly-LL-val, gly-LL-phe, gly-LL-tyr,

gly-LL-trp, LL-val-gly and LL-ala-gly, modifying the reac-

tion conditions (solvent, temperature, stoichiometry of

the reagents, pH and reaction time). Unfortunately,

these experiments were generally unsuccessful, yielding

binary copper compounds. Only it has been possible to
isolate ternary complexes with LL-ala-gly (benzimidazole

and creatinine), gly-LL-tyr (benzimidazole) and gly-LL-trp

(creatinine).

2.2.1. Synthesis of [Cu(gly-LL-tyr)(benzimidazole)] �
H2O (1)

To a 5 ml aqueous solution of CuSO4 � 5H2O (0.25 g, 1

mmol) and gly-LL-tyr (0.24 g, 1 mmol) were added, while
stirring, 2 ml of 1 N NaOH. To the resulting suspension,

solid benzimidazole (0.12 g, 1 mmol) was added and the

mixture was stirred for a few minutes. The pale blue

precipitate was collected by filtering off and then dried in

air (83%). A few suitable crystals for X-ray diffraction

were grown from a solution obtained by addition of a few

drops of DMF into a suspension of the crude material in

methanol. (Found: C, 49.81; H, 4.33; N, 12.84. Anal.
Calc. for C18H20CuN4O5: C, 49.60; H, 4.59; N, 12.86%.)

IR (cm�1): 300w, 325w, 366w, 429m, 531m, 553m, 583m,

624w, 640m, 654w, 718w, 747m, 766w, 779w, 814m,

857m, 889w, 933w, 989m(sp), 1018w, 1038m, 1098m,

1119m, 1135w, 1177m, 1220m, 1258m, 1285m, 1312m,

1387m(br), 1414m, 1440s, 1473m, 1512s, 1612vs(br),

3323m and 3628m(sp). UV–Vis (methanol): k 616 (e 81),
279 (7.1� 103), 272 (7.0� 103) and 225 nm (1.3� 104

M�1 cm�1). KM=X�1 cm2 mol�1 (10�3 M in methanol,

20 �C)¼ 16.4.

2.2.2. Synthesis of [Cu(LL-ala-gly)(benzimidazole)] �
3H2O (2)

A solution of LL-ala-gly (0.15 g, 1 mmol) and

CuSO4 � 5H2O (0.25 g, 1 mmol) in 1 N NaOH (2 ml) was

added to a methanolic solution of benzimidazole (0.12 g,
1 mmol). The resulting solution was stirred at room

temperature for ten minutes and then filtered. The blue

solution obtained was allowed to evaporate slowly and
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after several days violet needles were filtered and dried in

air (24%). (Found: C, 37.60; H, 5.29; N, 14.72. Anal.

Calc. for C12H20CuN4O6: C, 37.94; H, 5.27; N, 14.75%.)

IR (cm�1): 310m, 321m, 349w, 385w, 431m, 451m,

552m, 561m, 634w, 650w, 769s, 891m, 982s, 1010w,
1061w, 1095m, 1174w, 1194w, 1230w, 1261m, 1292m,

1306m, 1398m, 1425m, 1437m, 1474w, 1515m, 1585s(br)

and 3283w. UV–Vis (water): k 624 (e 65), 278 (4.0� 103),

271 (4.4� 103) and 241 nm (6.0� 103 M�1 cm�1).

KM=X�1 cm2 mol�1 (10�3 M in water, 20 �C)¼ 6.3.

2.2.3. Synthesis of [Cu(gly-gly)(benzimidazole)] � 3H2O

(3)
The binary complex aqua(glycylglycinato)copper(II)

(0.11 g, 0.5 mmol), obtained from the method ofManyak

et al. [33], in 5 ml of water was added to a solution of

benzimidazole (0.06 g, 0.5mmol) in 5ml ofmethanol. The

mixture was stirred and heated up to boiling and then

allowed to cool at room temperature while stirring. The

resulting suspension was filtered and after a few minutes

the complex was obtained as violet needles in a noticeably
higher yield (67%) than was reported before (ca. 10%) [6],

Suitable crystals for X-ray diffraction were grown from a

solution of DMA/H2O (10/1). (Found: C, 36.14; H, 4.86;

N, 15.23. Anal. Calc. for C11H18CuN4O6: C, 36.11; H,

4.92; N, 15.32%.) IR (cm�1): 315w, 433w, 450w, 530w,

560w, 604m, 631m, 715m(br), 770m, 866w, 891w, 983m,

1036m, 1117w 1160w, 1259m, 1300m, 1399s, 1434m,

1450w, 1473w, 1514s, 1587s, 1603s, 1624m(sh) and
3300m. UV–Vis (ethanol): k 610 (e 98), 278 (7.8� 103),

272 (7.4� 103) and 242 nm (1.0� 104 M�1 cm�1).

KM=X�1 cm2 mol�1 (10�3 M in ethanol, 20 �C)¼ 1.7.

2.2.4. Synthesis of [Cu(gly-LL-trp)(creatinine)] � 1.25H2O

(4)

To a solution of CuSO4 � 5H2O (0.25 g, 1 mmol) in 10

ml of distilled water were added consecutively, while
stirring, solid gly-LL-trp (0.26 g, 1 mmol) and 2 ml of 1 N

NaOH. To the resulting suspension, 1 mmol (0.113 g) of

creatinine was added and the mixture was stirred at room

temperature for five minutes. The dark blue precipitate

obtained was separated by filtering off and then dried in

air (48%). Suitable crystals for X-ray diffraction were

grown after several days by dissolution of the product in

hot water. (Found: C, 44.40; H, 4.89; N, 18.22.Anal.Calc
for C17H20CuN6O4 � 1.25H2O: C, 44.53; H, 4.91; N,

18.34%.) IR (cm�1): 309w, 327m, 369vw(br), 393w(br),

431m, 461vw(br), 485m, 531m, 573m, 606m, 633w, 655w,

693m, 729m, 756s(sp), 767s(sp), 811vw(br), 850w, 869w,

881vw, 893w, 938w(br), 969w, 981w, 1028m, 1048s(sp),

1100s, 1123m, 1152m, 1219w, 1236m, 1283s, 1340s(br),

1355s, 1369s(br), 1426s, 1503m(br), 1603vs(br), 1621s,

1684s, 1725w, 2844w, 2936w, 3285m(br) and 3343m.
UV–Vis (water): k 628 (e 76), 281 (4.4� 103) and 221 nm

(3.3� 104 M�1 cm�1). KM=X�1 cm2 mol�1 (10�3 M in

water, 20 �C)¼ 16.1.
2.2.5. Synthesis of [Cu(LL-ala-gly)(H2O)(creatinine)] �
2H2O (5)

A sample of creatinine (0.056 g, 0.5 mmol) was added

at room temperature to a water solution (5 ml) of the

binary complex obtained by the reaction of freshly
prepared Cu(OH)2 and LL-ala-gly according to the

method of Manyak et al. [33]. The resulting solution was

heated with stirring and maintained near the boiling

point for 10 min. The solution was then kept at room

temperature and a blue crystalline precipitate appeared

after several days. The product was separated by filtra-

tion and dried in air (15%). (Found: C, 28.96; H, 5.62;

N, 18.60. Anal. Calc. for C9H21CuN5O7: C, 28.84; H,
5.61; N, 18.69%.) IR (cm�1): 286m, 336vw, 381vw(br),

440w, 548vw, 567vw, 603m, 665w(br), 708m(br), 863m,

927w, 977m, 1011m, 1044m(br), 1086m, 1133m, 1200m,

1215m, 1239m, 1294m, 1307w, 1342m, 1382s, 1433m,

1466w, 1507s(br), 1591s(br), 1673s, 1712m and 2884w.

UV–Vis (water): k633 (e 90) and 233 nm (1.0� 104 M�1

cm�1). KM=X�1 cm2 mol-1 (10�3 M in water, 20

�C)¼ 12.0.

2.3. Crystallographic data collection and structure analysis

X-ray data from compounds 1, 2, 4 and 5 were col-

lected on an Enraf Nonius CAD4 diffractometer with

Mo Ka radiation (k ¼ 0:71069 �AA). Unit cell parameters

were determined from a least squares refinement against

25 reflections randomly searched. Data were collected
using the x–2h technique. Lorentz-polarization correc-

tion and w-scan absorption correction were applied us-

ing the MolEN [34] package. The structures were solved

by direct methods and refined by least squares using

SHELXSSHELXS86 [35] and SHELXLSHELXL93 [36] for 1 and 4 and

SHELXSHELX97 [37] for 2 and 5. The non-hydrogen atoms

were anisotropically refined. The hydrogen atoms in the

complexes were placed at calculated positions, except
those corresponding to the water molecules in 2 and 5,

and those of the NH2 group in 4, which were located in

difference Fourier maps and restrained to a target value.

The hydrogen atoms corresponding to water molecules

in 1 could not be located. All the H-atoms were iso-

tropically refined with a global temperature factor in 1

and 4, and constrained to 1.2 times the Ueq of their

bonded atom in 2 and 5 (1.3 times in the case of methyl
groups). Details of the data collection and processing

are summarized in Table 1.

2.4. Bioactivity assays

Catalase activity was measured by the spectrophoto-

metric method of Aebi [38] based on the decomposition

of H2O2. SOD-like activity was measured at 37 �C by an
adaptation of the McCord and Fridovich method [39].

The xanthine/xanthine oxidase system was used to gen-

erate superoxide anion in a reaction mixture containing
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Table 1

Crystal data and structure refinement for complexes 1, 2, 4 and 5a

1 2 4 5

[Cu(gly-LL-tyr)

Hbim �H2O

[Cu(LL-ala-gly)

Hbim] � 3H2O

[Cu(gly-LL-trp)creat] �
1.25H2O

[Cu(LL-ala-gly)(H2O)creat] �
2H2O

Empirical formula C18H20CuN4O5 C12H20CuN4O6 C17H20CuN6O4 � 1.25H2O C9H21CuN5O7

Formula weight 435.92 379.86 457.45 374.85

Crystal system orthorhombic orthorhombic orthorhombic triclinic

Space group C2221 P212121 C2221 P1
a (�AA) 9.8360(10) 6.910(3) 14.265(2) 7.299(3)

b (�AA) 19.4990(10) 9.867(3) 15.945(2) 7.513(4)

c (�AA) 19.5470(10) 23.056(2) 16.920(2) 15.784(4)

a (�) 90 90 90 85.26.(2)

b (�) 90 90 90 86.95(2)

c (�) 90 90 90 62.93(4)

U (�AA3) 3749.0(5) 1572.0(8) 3848.5(9) 768.0(6)

Z 8 4 8 2

l(Mo Ka) (cm�1) 12.04 14.26 11.8 14.64

Number of reflections measured 2620 4894 2052 4144

Number of unique reflections (Rint) 2620 4571(0.0397) 1895(0.0335) 4144

Final R1;wR2 [I > 2sðIÞ] (all data) 0.0574, 0.0932 0.0506, 0.1184 0.0591, 0.1380 0.0631, 0.1430

0.2992, 0.1206 0.0937, 0.1295 0.1414, 0.1578 0.2758, 0.1779

Largest difference peak hole (e �AA�3) 0.554, )1.107 0.462, )0.883 0.600, )0.425 0.893, )1.084

Hbim, benzimidazole; creat, creatinine.
aDetails in common: T ¼ 293ð2Þ K.
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50 mM potassium phosphate buffer, without EDTA at

pH 7.8. This anion reduces cytochrome c, which was

monitored at 550 nm. The Cu(II) complex removed the

anion superoxide and produced an inhibition of the re-

duction which was used as a measure of the enzyme ac-

tivity. The IC50 values were determined by interpolation

of the % inhibition versus log of assay concentrations

curve for no less than eight points for each system (in-
hibition values within 5–95% range).
CuN3

C3

O3

C4
N2

N1

C6

N4

C12

C11

Fig. 1. ORTEP of [Cu(gly-LL-tyr)(benzimidazole)] �H2O (1). (Water

molecule is omitted for clarity.)
3. Results and discussion

3.1. Description of structures

3.1.1. General features

Bond distances and angles within the benzimidazole

or creatinine molecules observed in the corresponding

complexes 1–3 and 4–6 (see Figs. 1–4) are comparable to

those obtained earlier for the free benzimidazole [40,41]

and creatinine [42] ligands. On the other hand, the

peptide dianion has approximately the same chelating

angles as observed in other peptide–copper ternary

complexes.

3.1.2. [Cu(gly-LL-tyr)(benzimidazole)] �H2O (1)

1 Exists as a slightly distorted square planar complex,

with the four co-ordination sites occupied by the tri-

dentate glycyl-LL-tyrosine dianion [Cu–N(2)¼ 2.019(8)
�AA, Cu–N(3)¼ 1.869(6) �AA and Cu–O(1)¼ 1.980(5) �AA]

and the N(1) of the benzimidazole moiety [Cu–N(1)¼
1.931(8) �AA] (Fig. 1). This distance is slightly lower than
the corresponding distance in the previously described

[Cu(gly-gly)(imidazole)] [15,27] [Cu–[N(1)–imidaz-

ole]¼ 1.95 and 1.96 �AA] but of the same order to that
found in {[Cu(gly-gly)]2(imidazolate)} [Cu–[N(1)-imi-

dazolate]¼ 1.93 and 1.94 �AA] [16]. The values are greater

than the previously described [Cu(gly-gly)(benzimid-

azole)] � 3H2O (3) [4] [torsion angles O(1)–Cu–N(1)–

C(11)¼ 56.69� for 1, 24.89� for 3 and N(2)–Cu–N(1)–

C(6)¼ 50.54� for 1, 12.91� for 3]. An interesting non

co-planar arrangement of the benzimidazole ligand and

the peptide moiety is observed. This very important
distortion between the dipeptide plane and the benz-
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C12

C13

C14

C15

C16

C17

N18

C19

Fig. 2. ORTEP of [Cu(LL-ala-gly)(benzimidazole)] � 3H2O (2). (Water

molecules are omitted for clarity.)

C16

C17

C18

C15

C14

C13

N12 C12

C11

C10

C7

C6

O7

O6

Cu1
N7

O8

C8

C9

N9

N1

C5

O5

C4

N3

C3
C2

N2

Fig. 3. ORTEP of [Cu(gly-LL-trp)(creatinine)] � 1.25H2O (4). (Water

molecules are omitted for clarity.)
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imidazole ring produces the elimination of C–H � � �O
hydrogen bond interaction between a C–H of the

benzimidazole moiety and the oxygen of the carboxylic

group of the peptidic moiety that exists in 3 and 2 (see
O7

C6
O6

Cu1N7

C7

C8

O8

C10

C9
N9

N1

C2

N2

N3

C3

C4

C5

O5

Fig. 4. (a, b) ORTEP of [Cu(LL-ala-gly)(H2O)(creatinine)] � 2H2O (5) (two diff

ecules are omitted for clarity.)
below) but favours a weak intramolecular CH � � � p in-

teraction [43,44] {C(16)–H � � � tyrosine aromatic ring

[C(23), C(24), C(25)]¼ 3.20� 0.05 �AA}. The crystal

packing is dominated by two relatively strong hydrogen

bonds between monomeric units, the phenolic oxygen
O(24) with the peptide carboxylic oxygen O(2) [O(24)–

H � � �O(2)¼ 1.874 �AA] and the N(4) of benzimidazole

with the peptide carboxamide oxygen O(3) [N(4)–

H � � �O(3)¼ 1.909 �AA]. Other intermolecular hydrogen

contacts can be appreciated between the peptide amino

group N(2) with the phenolic oxygen O(24), peptide

carboxylic oxygen O(2) and a water molecule O(4)

[distances: N(2)–H � � �O(24)¼ 2.22 �AA, N(2)–H � � �O(2)
¼ 2.30 �AA and N(2)–H � � �O(4)¼ 2.46 �AA].

3.1.3. [Cu(LL-ala-gly)(benzimidazole)] � 3H2O (2)

The molecular structure of [Cu(LL-ala-gly)(benzimid-

azole)] � 3H2O (2) is shown in Fig. 2. The Cu(II) ion has

approximately square planar co-ordination, being linked

to the chelating atomsN(6) a-amino nitrogen [Cu–N(6)¼
2.005(3) �AA], N(1) amide nitrogen [Cu–N(1)¼ 1.896(3) �AA]
and O(10) carboxyl oxygen [Cu–O(10)¼ 1.959(3)] of the

LL-alanylglycine dianion and N(11) of the benzimidazole

molecule [Cu–N(11)¼ 1.959(3) �AA] (Table 2). This dis-

tance is identical to the corresponding distance for the

previously described [Cu(gly-gly)(imidazole)] [15] [Cu–

[N(1)–imidazole]¼ 1.95 and 1.96 �AA]. [Cu(gly-gly)(benz-

imidazole)] � 3H2O (3) [4] shows an identical value of

Cu–N(1) [1.962(4) �AA] and a greater Cu–N(6) [2.029 �AA]
distance than complex 2. Moreover, a similar nearly co-

planar arrangement of the benzimidazole ligand and the

peptide moiety is observed [torsion angles O(10)–Cu–

N(11)–C(12)¼ 20.80� for 2, 24.89� for 3 and N(6)–Cu–

N(11)–C(19)¼ 16.52� for 2, 12.91� for 3]. This slight

distortion between the dipeptide plane and the benz-

imidazole ring, in 2 and 3, favours the interesting intra-

molecular CH � � �O hydrogen bond interaction [45–48]
previously described for 3 [C(13)–H � � �O(10)¼ 2.29 �AA
O7a

C6a

O6a

Cu1a

N9a

N7a

C7a

C8aO8a

C10a

C9a

N1a

C5a

O5a

C4a

N3a

C2a

N2a

C3a

erent complex units are present in the asymmetric unit). (Water mol-



Table 2

Selected bond lengths (�AA) and angles (�) for complexes 1, 2, 4 and 5

[Cu(gly-LL-tyr)(benzimidazole)] �H2O (1)

Bond lengths

Cu–N(3) 1.869(6) Cu–N(1) 1.931(8)

Cu–O(1) 1.980(5) Cu–N(2) 2.019(8)

Bond angles

N(3)–Cu–N(1) 171.2(3) N(3)–Cu–N(2) 82.9(3)

N(3)–Cu–O(1) 83.1(3) N(1)–Cu–N(2) 98.6(3)

N(1)–Cu–O(1) 96.4(3) O(1)–Cu–N(2) 164.2(3)

[Cu(LL-ala-gly)(benzimidazole)] � 3H2O (2)

Bond lengths

Cu–N(1) 1.896(3) Cu–N(11) 1.959(3)

Cu–O(10) 1.959(3) Cu–N(6) 2.005(3)

Bond angles

N(1)–Cu–O(10) 83.30(13) N(1)–Cu–N(6) 83.10(14)

N(1)–Cu–N(11) 177.5(2) O(10)–Cu–N(6) 166.39(13)

O(10)–Cu–N(11) 95.79(13) N(11)–Cu–N(6) 97.82(14)

[Cu(gly-LL-trp)(creatinine)] � 1.25H2O (4)

Bond lengths

Cu-N-(7) 1.892(9) Cu–N(1) 1.996(9)

Cu–O(6) 1.955(7) Cu–N(9) 2.011(8)

Bond angles

N(7)–Cu–O(6) 81.1(3) N(7)–Cu–N(9) 83.4(4)

N(7)–Cu–N(1) 176.5(4) O(6)–Cu–N(9) 162.6(4)

O(6)–Cu–N(1) 96.7(3) N(1)–Cu–N(9) 99.1(4)

[Cu(LL-ala-gly)(H2O)(creatinine)] � 2H2O (5)

Bond lengths

Cu(1)–N(7) 1.900(9) Cu(1A)–N(7A) 1.897(10)

Cu(1)–O(6) 2.028(9) Cu(1A)–O(6A) 2.027(9)

Cu(1)–N(1) 2.011(9) Cu(1A)–N(1A) 2.005(9)

Cu(1)–N(9) 2.013(10) Cu(1A)–N(9A) 2.011(9)

Cu(1)–O(11) 2.40(2) Cu(1A)–O(14) 2.45(2)

Cu(1)–O(12) 2.83(2) Cu(1A)–O(15) 3.01(2)

Bond angles

N(7)–Cu(1)–N(1) 174.6(8) N(7A)–Cu(1A)–N(1A) 174.4(8)

N(7)–Cu(1)–N(9) 82.6(5) N(7A)–Cu(1A)–N(9A) 81.8(4)

N(1)–Cu(1)–N(9) 98.8(5) N(1A)–Cu(1A)–N(9A) 99.6(5)

N(7)–Cu(1)–O(6) 81.4(5) N(7A)–Cu(1A)–O(6A) 81.1(4)

N(1)–Cu(1)–O(6) 96.6(5) N(1A)–Cu(1A)–O(6A) 96.8(5)

N(9)–Cu(1)–O(6) 162.8(5) N(9A)–Cu(1A)–O(6A) 162.0(5)

N(7)–Cu(1)–O(11) 96.5(7) N(7A)–Cu(1A)–O(14) 98.0(7)

N(1)–Cu(1)–O(11) 88.7(7) N(1A)–Cu(1A)–O(14) 87.4(6)

N(9)–Cu(1)–O(11) 91.9(7) N(9A)–Cu(1A)–O(14) 89.6(6)

O(6)–Cu(1)–O(11) 96.2(7) O(6A)–Cu(1A)–O(14) 98.6(6)

N(7)–Cu(1)–O(12) 89.0(7) N(7A)–Cu(1A)–O(15) 89.4(7)

N(1)–Cu(1)–O(12) 85.8(7) N(1A)–Cu(1A)–O(15) 85.0(6)

N(9)–Cu(1)–O(12) 89.4(7) N(9A)–Cu(1A)–O(15) 94.1(6)

O(6)–Cu(1)–O(12) 84.0(6) O(6A)–Cu(1A)–O(15) 79.9(6)

O(11)–Cu(1)–O(12) 174.5(7) O(14)–Cu(1A)–O(15) 172.1(5)
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for 2 and 2.31�AA for 3]. Like in complex 3, the monomeric

units are linked by two different types of hydrogen bonds:

(a) a normal hydrogen contact N(18)–H � � �O(9) [distance

N(18)–H � � �O(9)¼ 1.85 �AA]; (b) a large interaction which

implies an adjacent water molecule O(3) � � �H–

(OW) � � �H–N(6) [distance O(3) � � �N(6)¼ 4.60 �AA]. The

crystal packing involves a tridimensional network of

water molecules.
3.1.4. [Cu(gly-LL-trp)(creatinine)] � 1.25H2O (4)

4 Exists as a slightly distorted square planar complex,

with the four co-ordination sites occupied by the

tridentate glycyl-LL-tryptophanato dianion [Cu–N(9)¼
2.011(8) �AA, Cu–N(7)¼ 1.892(9) �AA and Cu–O(6)¼
1.955(7) �AA] and the N(1) of the creatinine moiety

[Cu–N(1)¼ 1.996(9) �AA] (Fig. 3). These values are similar

to the previously described [Cu(gly-gly)(H2O)(creati-



2 Tentative band assignments (cm�1) for benzimidazole according to

the literature [42,50] are: [m(C@C) skeletal in-plane vibrations of

benzene, m(ring), m(C–C)+ m(C–N)]¼ 1623w,1604vw; [dNH(in-plane

bending)+ m(CN)]¼ 1591m; [m(ring), d(CH)+ m(CC)]¼ 1480m;

[m(CN)+dNH]¼1461s; [mCN+d(ring)(Im)]¼1412vs; [m(CC)+m(CN)]¼
1367m; [in plane CH deformations and ring-breathing modes]¼ 1250–

1000; [d(CH)+ m(ring)(Im)]¼ 1248s; [m(CN)+ dNH (NH in-plane bend-

ing)]¼ 1137m; [d(ring)+ dCH(Im)]¼ 1006m; [m(CC)+ (d(NCN)) ring

(Im)]¼ 960m; [heterocyclic ring breathing modes and out of plane CH

bending frequencies]¼ 888m, 770s, 747s; [ring torsion cCH(benz)]¼
423m.
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nine)] � 1.5H2O (6) [5]. A co-planarity between the pep-

tide and creatinine moieties is observed again, which can

be explained by two intramolecular hydrogen bonds

[N(2)–H � � �O(6)¼ 1.83 �AA and N(9)–H � � �O(5)¼ 2.25
�AA]. The torsion angles are lower than the previously
described [Cu(glygly)(H2O)(creatinine)] � 1.5H2O (6)

complex [5] [torsion angles O(6)–Cu–N(1)–

C(2)¼)3.38� for 4, )8.95� for 6 and N(9)–Cu–N(1)–

C(5)¼ 7.37� for 4, )19.35� for 6]. The crystal packing is

dominated by two relatively strong hydrogen bonds

between monomeric units, the amine group of the cre-

atinine ligand N(2) with the peptide carboxamide oxy-

gen O(8) [N(2)–H � � �O(8)¼ 1.95 �AA] and the amine
group of the peptide N(9) with the creatinine carbox-

amide oxygen O(5) [N(9)–H � � �O(5)¼ 2.24 �AA]. Other

intermolecular hydrogen contacts can be appreciated

between the indolic nitrogen of the lateral chain of the

peptide moiety N(12) and different water molecules

[distances: N(12)–H � � �O(W)¼ 1.97 and 2.22 �AA].

3.1.5. [Cu(LL-ala-gly)(H2O)(creatinine)] � 2H2O (5)
The molecular structure of [Cu(LL-ala-gly)(H2O)(cre-

atinine)] � 2H2O (5) is shown in Fig. 4(a) and (b) and

presents an analogous structure to the previously de-

scribed [Cu(gly-gly)(H2O)(creatinine)] � 1.5H2O (6) [5].

Two similar molecular units are presented in the crys-

talline asymmetrical unit where the Cu(II) ion has ap-

proximately square-pyramidal co-ordination being

linked to the chelating atoms N(9) a-amino nitrogen
[Cu–N(9) or N(9A)¼ 2.013(10) and 2.011(9) �AA], N(7)

amide nitrogen [Cu–N(7) or N(7A)¼ 1.900(9) and

1.897(9) �AA] and O(6) carboxyl oxygen [Cu–O(6) or

O(6A)¼ 2.028(9) and 2.027(8) �AA] of the LL-alanyl-gly-

cine dianion and N(1) of the creatinine molecule [Cu–

N(1) or N(1A)¼ 2.011(9) and 2.005(9) �AA] (Table 2).

This distance is higher than that corresponding to the

previously described [Cu(gly-gly)(imidazole)] [15] [Cu–
[N(1)–imidazole]¼ 1.95 and 1.96 �AA] and similar to

other Cu–imidazole complexes [49]. A water molecule

completes the co-ordination sphere about the copper

atom [Cu–O(11) or O(14)¼ 2.40(2) and 2.45(2) �AA]. As

mentioned in complex 4, nearly co-planar arrangements

of the creatinine ligand and the peptide moiety are

present in LL-ala-gly (5) and gly-gly (6) complexes,

which are produced by a tandem of intramolecular
hydrogen bonds [N(2)–H � � �O(6)¼ 1.99 and 1.95 �AA (5),

1.97 �AA (6) and N(9)–H � � �O(5)¼ 2.38 and 2.24 A (5),

2.32 (6)]. Values of torsion angles are: O(6)–Cu–N(1)–

C(2)¼)9.96� and 9.78� for 5, )8.95� for 6 and N(9)–

Cu–N(1)–C(5)¼)25.70� and 12.58� for 5, )19.35� for

6. The crystal packing involves, like in complex 3 [5], a

tridimensional network of water molecules. Only ad-

ditional H bonds that imply interaction between the
two units of the crystallographic asymmetrical unit

[N(2)H � � �O(7A)¼ 2.07 and N(2A)H � � �O(7)¼ 2.13 �AA]

should be indicated.
3.1.6. General discussion of complex structures

A comparison of the binding modes of the [Cu(II)–

dipeptide system and the heterocyclic ligands in 1–6

reveals a general tendency of a nearly co-planar ar-

rangement (2–6) between the ligand and dipeptide
planes which is stabilized by additional weak interac-

tions. Only in [Cu(gly-LL-tyr)(benzimidazole)] �H2O (1),

is a lack of co-planarity present. In this case, the pres-

ence of a benzene ring in the lateral chain could deter-

mine this non-co-planar arrangement, which implies the

substitution of a specific weak CH � � �O additional in-

tramolecular hydrogen bond interaction (present in 2

and 3) for a weak CH � � � p interaction between the
peptide–Cu(II) system and benzimidazole. Moreover,

the Cu–N(benzimidazole) bond lengths are of the same

order to the corresponding Cu–N(imidazole) complexes

according to the expected back bonding from Cu(II) to

the empty p� orbitals of the aromatic system.

In the case of creatinine, the presence of two important

intramolecular hydrogen bonds involving the exocyclic

NH2 and C@O groups of the creatinine molecule and the
corresponding groups in the peptide moiety yields square

planar compounds, independent of the nature of the

lateral chain present in the peptidic group [O(6) � � �HN(2)

(1.83 for 4, 1.99 and 1.95 for 5 and 1.97 �AA for 6) and

N(9)H � � �O(5) (2.25 for 4, 2.38 and 2.24 for 5 and 2.32 �AA
for 6)]. This behavior seems to be characteristic of cre-

atinine because the identical relative position of these

groups (NH2 and C@O) in other ligands such as cytosine,
cytidine, isocytosine or methylisocytosine, does not

imply necessarily the double formation of H-bonds

[NH2(ligand) � � �O–C(O) (peptide) and C@O(ligand)

� � �NH2(peptide)]. In these latter compounds only a

weaker C@O(ligand) � � �NH2 (peptide) H-bond [3.28 �AA
for isocytosine [8,21], 3.22 �AA for methylisocytosine [8],

3.30 �AA for cytidine [9] and 3.97 �AA for cytosine [10] versus

2.78 to 2.82 for creatinine complexes] and a great devia-
tion from planarity between the peptide and the ligand

are observed.

3.2. IR spectra

3.2.1. Benzimidazole complexes 1–3

The IR spectra of 1 and 2 have been compared with the

corresponding IR spectra of the [benzimidazole ligand 2
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[50] and ternary [Cu(gly-gly) (benzimidazole)] � 3H2O (3)

[4] previously reported. Thus, a very strong and broad

band is observed [1612 cm�1 for 1 and 1585 cm�1 for 2]

which is assignable to m(C@O)+ m(C–N), and ma(COO) of

the peptidic moiety [51] with contribution of the dN–
H+ m(C–N) and m(C@C) skeletal in plane vibrations of

benzene peaks of the benzimidazole ligand [50]. The

strong bands at 1480 and 1461 cm�1 which have contri-

bution of m(ring), m(C–C) and m(C–N) in the free benz-

imidazole ligand spectrum are resolved into the weak

band at 1473 cm�1 upon complexation, and the very

strong 1412 cm�1 band corresponding to m(CN)+ d(rin-
g)(Im) in the free ligand 2 is missing in the spectra of the
complexes. These changes could be diagnostic for co-

ordinated benzimidazoleCu(II)-complexes.Moreover, in

the case of [Cu(gly-LL-tyr)benzimidazole] �H2O (1) a

broad absorption band centred around 3200 cm�1

is observed, which is attributed to the presence of co-or-

dinated water m(O–H), from which emerges the sharp

peak at 3640 cm�1 assignable to free m(OH). The bands

appearing at 366, 325 and 299 cm�1 for 1 and 349, 321 and
310 cm�1 for 2 are related to m(Cu–O) and m(Cu–N) [52].

3.2.2. Creatinine complexes 4–6

The infrared spectra of the two complexes were

compared with that of the creatinine ligand and ternary

[Cu(gly-gly)(H2O)(creatinine)] � 2H2O (6) [5]. Tentative

assignments for several complexation-sensitive bands of

creatinine have been proposed [25,53]. In the infrared
spectra of 4 and 5, the bands corresponding to the

mas(NH2) and ms(NH2) vibrations (two peaks at 3343m,

3285m emerging from a broad band for 4 and a very

broad band centred ca. 3250s cm�1 for 5) confirm the

presence of creatinine in its amino tautomer form with

the NH2 group probably involved in hydrogen bonds.

Co-ordination of creatinine to Cu(II) through N(1) re-

sults in an increase in the frequency of the m(C(5)@O)
[1692 cm�1 for creatinine] in both cases [1725 for 4 and

1712 cm�1 for 5] as observed in other structurally known

N(1)-metallated complexes. These data suggest co-or-

dination of Cu(II) to the heterocyclic nitrogen of cre-

atinine in both compounds.

3.3. Electronic spectra

The compounds yield blue solutions in methanol 1

and water 2, 4 and 5. The d–d transition spectra of the

complexes present broad bands centred at 616 for 1,

624 for 2, 628 for 4 and 633 nm for 5 and are suggestive

of approximately square pyramidal geometry about

Cu(II) as observed in other Cu(II) peptide complexes.

The p–p� transition band (243 nm) involving the im-

idazole moiety of the benzimidazole ligand is over-
lapped in the spectrum of complex 1 in methanol with

the stronger broad band at 225 nm corresponding to

the benzene ring of the tyrosyl moiety, and exhibits
little change in intensity appearing at 241 nm for 2 in

water. The p–p� intraligand transitions involving the

benzene ring (271 and 278 nm) are rather insensitive to

metal complex formation appearing at 272 and 279 nm

for 1 and 271 and 278 nm for 2. On the other hand, the
p–p� transition band of creatinine in water solution

(234 nm) increases its relative intensity in the spectrum

of complex 5 appearing at 233 nm whereas in the

spectrum of complex 4 the p–p� transition bands of the

indole moiety (221 and 281 nm) overlap completely

with the creatinine p–p� transition band. The KM (10�3

mol dm�3) values in methanol (for 1) and water (for 2,

4 and 5) at 20 �C (16.4, 6.3, 16.1 and 12.0 X�1 cm2

mol�1, respectively) imply the presence of non-electro-

lyte species [54].
3.4. ESR spectra and magnetic properties

Magnetic measurements show that there is no cou-

pling between the unpaired electrons on the copper(II)

centres. The effective magnetic moments leff of 1.82 BM
(for 1), 1.77 BM (for 2), 1.94 BM (for 3), 1.84 BM (for

4), 1.76 BM (for 5) and 1.82 BM (for 6) at room tem-

perature are normal for magnetically diluted d9 systems.

The X-band ESR spectra of polycrystalline samples of

the complexes recorded at room temperature do not

show any hyperfine splittings. These spectra are of the

axial type with the values: gk ¼ 2:18 and g? ¼ 2:09 (for

1); gk ¼ 2:19 and g? ¼ 2:05 (for 2–4); gk ¼ 2:21 and
g? ¼ 2:07 (for 5) and gk ¼ 2:21 and g? ¼ 2:06 (for 6).

They agree with slightly distorted square planar or

square-pyramidal Cu(II) complexes. Simulated spectra

obtained by using the Brucker WINEPRWINEPR program gave

good agreement with the experimental g values.
3.5. Bioactivity Studies

The complexes neither catalyze the dismutation of

hydrogen peroxide (lack of catalase-like activity), show-

ing the typical behavior of free copper(II), nor present a

remarkable SOD-like activity. On the other hand, al-

though IC50 values are similar or higher than free Cu(II)

it is possible to define two different series of ternary metal

complexes: Benzimidazole complexes with similar values

to CuSO4 � 5H2O {IC50 values: CuSO4 � 5H2O¼
65.7�3.5; Cu(gly-LL-tyr)(benzimidazole)]�H2O (1)¼61.3�
4.0; [Cu(LL-ala-gly)(benzimidazole)] �3H2O (2)¼49.9�3.1

[Cu(gly-gly)(benzimidazole)] � 3H2O (3)¼ 61.9� 2.9}

and creatinine derivatives with higher values than

CuSO4 � 5H2O {IC50 values: CuSO4 � 5H2O¼ 65.7�
3.5; [Cu(gly-LL-trp)(creatinine)] �1.25H2O (4)¼166.8�5.3

and [Cu(LL-ala-gly)(H2O)(creatinine)] � 2H2O (5) ¼ 82.0�
3.3} [55]. The SOD-like activity seems to be related to a
change or distortion of the geometry around the metal

centre and steric hindrance related to the approach of the
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O �
2 anion as well as fast interchange of axial co-ordi-

nated solvent molecules [31,32,56]. Thus, although we

cannot discard a labilization or break of the two hydro-

gen bonds in solution, a possible explanation for the lack

of activity in co-planar creatinine complexes, comparing
to free Cu(II), could be related to the less flexibility of

these Cu(II) systems due to the presence of a tandem of

hydrogen bonds that held creatinine in a nearly co-planar

disposition with the peptide moiety. A certain structural

mobility, necessary for the stabilization of Cu(I) gener-

ated by the one-electron reduction by the superoxide

anion, should be necessary. Moreover, [Cu(gly-LL-trp)

(creatinine)] � 1.25H2O (4), the less active complex, could
be related to the ‘‘extra’’ steric hindrance produced by

the indole moiety of the peptide lateral chain that makes

the approach of the O �
2 anion to the Cu centre more

difficult.
4. Conclusion

The interaction between the Cu(II)-dipeptide system

and benzimidazole or creatinine reveals a general ten-

dency of nearly co-planar complexes 1–6, which are al-

ways stabilized by additional weak interactions that

assist to the final co-planar arrangement in 2–6. Thus,

the specific hydrogen bond pattern between the two

complementary components: peptide moiety and creat-

inine seems to be independent on the nature of the
peptidic lateral chain. Contrarily as in the benzimidazole

complexes, it is not possible to establish such a specific

hydrogen bond pattern and only weak additional in-

teractions could be present, the relative orientation is

highly influenced by the nature of the lateral chain of the

peptide and it is possible to obtain non-co-planar com-

plexes when the lateral chain of the peptidic moiety

permits a re-orientation of the ligand.
5. Supplementary material

Crystallographic data for the structural analysis have

been deposited with the Cambridge Crystallographic

Data Centre, CCDC No. 183540 for 1, 183541 for 2,

183542 for 4 and 183543 for 5. Copies of this informa-
tion may be obtained free of charge from The Director,

CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK

(fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk

or www:http://www.ccdc.cam.ac.uk).
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