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Abstract 

A new dinucleating ligand 1,5-bis[bis(4-imidazolylmethyl)amino]-3-pentanol (Hbipl) has been synthesized. It forms 
the dicopper(II,II) and diiron(III,III) complexes, [Cu2(bipl)C1](C10,)Z~HZ0 and [Fe,(blpl)(OAc),](ClO&.H,O, 
which are characterized by elemental analyses, magnetic susceptibility measurements, cyclic voltammetry, and IR 
and UV-Vls spectroscopies. 

Introduction 

Dinuclear copper and iron sites containing five or 
six imidazoles as donor groups play an essential role 
in binding dioxygen in hemocyanin [l] and hemerythrin 
[2], respectively, and also the presence of a similar 
dinuclear site has been suggested for tyrosinase [3]. 
Hence, in order to provide structural and functional 
models [4] for such metal proteins, synthesis of chelating 
agents having imidazoles as donor groups is essentially 
desirable [5, 61. Although a large number of dinuclear 
metal chelates have been synthesized as model com- 
pounds for those metal proteins, their donor groups 
are mostly pyridines, pyrazoles, benzimidazoles, or al- 
iphatic imines or amines because of the difficulty of 
synthesizing polyimidazole ligands and solubility prob- 
lems of their metal complexes [7-141, hence only few 
polyimidazole ligands have been reported [15,16]. Thus, 
in order to further the model studies of dioxygen binding 
metal proteins it is desirable to exploit novel polyi- 
midazole dinucleating ligands. In this paper we report 
the synthesis and characterization of such a compound, 
1,5-bis[bis(4-imidazolyImethyl)amino]-3-pentanol (Fig. 
1; abbreviated as Hbipl) and its dinuclear iron(III,III) 
and copper(II,II) complexes. 
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Hbipl 

Fig. 1. Chemical structure of Hblpl. 

Experimental 

Caution: Perchlorate salts of metal complexes with 
organic ligands are potentially explosive. Only small 
amounts of material should be handled, and with great 
caution. 

Materials 

All the reagents and solvents were purchased from 
commercial sources and used as received, unless noted 
otherwise. The following solvents were distilled under 
Ar before use: methanol from Mg(OCH,),, ethanol 
from Mg(OC,H,), and acetonitrile from P,O,. 4-For- 
mylimidazole [17, 181 and l,Sdiamino-3-pentanol 1191 
were obtained by the literature methods. 
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Physical measurements 
Elemental analyses of carbon, hydrogen and nitrogen 

were obtained at the Elemental Analysis Service Center 
of Kyushu University. Analyses of Fe and Cu were 
made on a Shimadzu AA-660 atomic absorption/flame 
emission spectrophotometer. Infrared (IR) spectra were 
recorded on a JASCO IR-810 spectrometer on KBr 
disks or Nujol mulls. Electronic absorption spectra were 
measured in acetonitrile with a Shimadzu UV-210 spec- 
trophotometer. ‘H NMR spectra (400 MHz) were re- 
corded on a JEOL JNM-GX 400 spectrometer in deu- 
terated dimethyl sulfoxide (DMSO-D6) using 
tetramethylsilane as the internal standard at 30, 50 and 
70 “C. Fast atom bombardment (FAB) mass spectra 
were obtained with a JEOL JMS-DX300 spectrometer. 
Solid-state magnetic susceptibility measurements were 
carried out on a Faraday balance designed in our 
laboratory in the range SO-300 K. The apparatus was 
calibrated with [Ni(en),]S,O, [20]. Cyclic voltammo- 
grams were obtained in a methanol solution (and ace- 
tonitrile solution) containing N(C,H,),BF, (0.1 M) as 
the supporting electrolyte, with an assembly comprising 
a Hokuto Denko HA501 potentiostat and an HB104 
function generator. A glassy-carbon disk (4 = 0.3 mm) 
and a platinum plate were used as the working electrode 
and the counter electrode, respectively, and a TOA 
saturated calomel electrode (SCE) was used as the 
reference electrode with 1% agar salt bridge (0.1 M 
KC]). 

Preparation of 1,.5-bis[bis(4-imidazolylmethyl)amino]-3- 
pentanol . htxahydrochloride (Hbipl .6HCI) 

2.0 g (10.5 mmol) of 1,5-dlamino-3-pentanol and 4.4 
g (45.8 mmol) of 4-formylimidazole were dissolved in 
40 ml of methanol and the solution was degassed by 
several cycles of evacuation and refilling with Ar. To 
this was added 2.8 g (44.4 mmol) of sodium cyano- 
borohydride and the mixture was stirred for 12 h at 
room temperature under Ar stream. The reaction mix- 
ture was acidified to pH 2with concentrated hydrochloric 
acid to decompose the excess amount of sodium cy- 
anoborohydride. Hydrogen gas was vigorously evolved 
and an insoluble substance was formed. It was removed 
by filtration, and the filtrate was evaporated to dryness. 
The residue was dissolved in 30 ml of methanol, filtered 
to remove the insoluble material, and evaporated to 
dryness. This treatment was repeated until the insoluble 
substance was no longer formed. To the resulting meth- 
anol solution was added 70 ml of ethanol and the 
mixture was slowly concentrated to 10 ml to give a 
white precipitate. It was collected by filtration, washed 
successively with 10 ml of ethanol and 20 ml of ethyl 
ether, and dried zn vacua. The product was obtained 
as a hexahydrochloride salt. Yield 6.55 g (95%); m.p. 
152-155 “C. Anal. Calc. for C,,H,,N,,O.6HCl. 

&H,OH: C, 38.84; H, 5.78; N, 20.59. Found: C, 38.54; 
H, 5.77; N, 20.43%. ‘H NMR at 30 “C (DMSO-d,, 6 
(ppm)): 9.23 (2’-H, imidazole, d, 4H), 8.03 (5’-H, im- 
idazole, s, 4H), 4.48 (methylene, bs, 8H), 3.57 (3-H, 
alkyl chain, bs, lH), 3.2-3.0 (1,5-H, alkyl chain, m, 4H), 
1.94 (2,4-H, alkyl chain, bd, 4H). IR bands (KBr disk, 
cm-‘): 3600-2500(multi, s), 1620(s), 1470(s), 1440(s), 
1280(m), 1100(m), 835(s), 630(s). UV data [A (nm) (E 
(M-l cm-l))] in CH,OH: 218 (12600). FAB mass of 
Hbipl (m/z): 461 (M+Na)‘, 439 (M+H)+. High res- 
olution FAB mass spectrum of (M-t H) showed isotope 
peaks as follows, Mass (abundance): 439.268 (loo), 
440.271 (27.53), 441.273 (3.85), 442.276 (0.37), 443.278 
(0.03). 

Preparation of [Cu, (Cl) (bipl)](CIO,), . H,O (1) 
657 mg (1 mmol) of Hbipl .6HCl were dissolved in 

6 ml of methanol. To the solution was added a methanol 
solution (4 ml) of 750 mg (2.02 mmol) of 
Cu(ClO,),.6H,O, and the pH of the mixture was ad- 
justed to pH 4 by adding a methanol solution of sodium 
hydroxide. Sodium chloride that precipitated was sep- 
arated by filtration, and the filtrate was diluted with 
a small amount of ethyl ether and allowed to stand 
for a few days to afford dark blue crystals. They were 
collected by filtration and recrystallized from metha- 
nol-ethyl ether. Yield 375 mg (51%). Anal. Calc. for 
C,,H,,Cu,CI,N,,O,.H,O: C, 30.87; H, 3.82; N, 17.14; 
Cu, 15.56. Found: C, 30.56: H, 3.61; N, 16.97; Cu, 
15.13%. IR bands (KBr, cm-‘): 3300(br, s), 3120(s), 
3040(m), 2900(m), 1590(m), 1500(s), 1460(s), 1350(m), 
1270(s), 1150-105O(vs), 770(m), 620(s). UV-Vis data 
[A (nm) (e (M-’ cm -‘))I m CH,OH: 216 (17 200) 286 
(7000), 643 (250). 

Preparation of [Fe,(OAc),(bipl)](ClO,), ’ H,O (2) 
657 mg (1 mmol) of Hbipl. 6HCl and 890 mg (2.2 

mmol) of Fe(NO,), .9H,O were dissolved in 10 ml of 
water. The pH of the solution was adjusted to 4 by 
adding sodium acetate. To the solution was added 740 
mg (6 mmol) of sodium perchlorate and the mixture 
was evaporated to dryness. The residue was dissolved 
m 50 ml of acetonitrile and insoluble materials were 
filtered off. To the filtrate was added a small amount 
of water and the mixture was allowed to stand for 1 
day to give brown needles. They were recrystallized 
from acetonitrile-ethyl ether several times to give 200 
mg (yield 20%) of the title complex. Anal. Calc. for 
~H,,Cl,Fe,N,,O,,.H,O: C, 30.53; H, 3.79; N, 14.24; 
Fe, 11.35. Found: C, 30.39; H, 3.82; N, 13.98; Fe, 
12.28%. IR bands (KBr, cm-‘): 3400(br, s), 3120(s), 
3040(m), 2900(m), 1590(w), 1540(s), 1490(m), 1440(s), 
1350(m), 1270(m), 115G1050(br, vs), 1120, 1110(m), 
820(w), 780(w), 630(s). 
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Results and discussion 

Syntheses 

a p-alkoxo-bis(p-acetate) diiron(III,III) core structure. 
In spite of many efforts we were unsuccessful in obtaining 
large single crystals suitable for X-ray crystallography. 

A related dinucleating tetraimidazole ligand, 2,6- 
bis[(bis(l-methylimidazol-2-yl)methyl)aminomethyl]-4- 
methylphenol (Hbimp), was previously synthesized by 
Hendrickson and co-workers [15]. Hbimp has two metal 
binding sites of the N,O donor set, sharing the phenolic 
oxygen as the bridge. The two N-methylimidazole groups 
are connected at the 2-position of the imidazole to the 
amine nitrogen. Hbipl resembles Hbimp in the donor 
set but differs in the bridging group. Further, the four 
imidazole groups in Hbipl are not methylated and are 
connected to the ligand skeleton at the 4-position of 
the imidazole as is the case of histidine in biological 
systems. The synthesis of Hbipl was carried out by one- 
pot reaction as follows (see Scheme 1). 1,5-Diamino- 
3-pentanol and 4-formylimidazole in the 1:4 molar ratio 
were reacted in methanol to give a Schiff base in situ 
which was reduced with sodium cyanoborohydride. This 
method using 4-formylimidazole is a great advantage 
for introducing two imidazole groups into a primary 
amine and applicable to the synthesis of various poly- 
imidazole ligands. The formation of Hbipl was confirmed 
by elemental analyses, ‘H NMR and FAR mass spectra. 
The high resolution FAR mass spectrum of Hbipl shows 
a parent peak, (M+ H)’ = 439, that gives the elemental 
composition, C,,H,,N,,O ( = [H,bipl] ‘). The ‘H NMR 
spectrum of Hbipl- 6HCl shows well resolved peaks 
from the pendant imidazoles and broad peaks from 
the alkyl chain of the diaminopentanol unit at 30 “C. 
The resolution of the broad peaks was improved at 
higher tempratures, 50 and 70 “C. 

Dicopper(II, II) complex, 1 
The electronic spectrum of 1 consists of three bands 

at 216 (6 17 000), 287 (7000) and 643 (250 M-l cm-l) 
nm with a shoulder near 700 nm. The highest energy 
band is assigned to the imidazole 7-e transition. The 
band at 287 nm can be assigned to an imidazole 
4N) -+ da charge-transfer transition [21]. The band at 
643 nm and the shoulder near 700 nm are assigned 
to d-d transition bands of the copper(I1) ion. The 
spectral feature in the visible region suggests a distorted 
square-pyramidal geometry about the copper(I1) ion 
[Sb]. Alkoxo- [22] and phenolato-bridged [23] dicop- 
per(II,II) complexes generally show a O-+da LMCT 
band in the near-UV region. However, complex 1 showed 
no appreciable band. Recently, Handa et d. have re- 
ported that the LMCT band is characteristic of a di- 
CL-hydroxo- or di- p-alkoxo-dicopper(II,II) core with a 
significant electrostatic interaction between the bridging 
oxygens [24]. The spectral feature of 1 is similar in 
d-d band frequency to that of the Cl- adduct of half- 
met hemocyanin, which exhibits no charge-transfer tran- 
sition band in the visible region [25]. 

The cyclic voltammogram of 1 shows an irreversible 
couple near 0 V versus SCE (EPa +0.08, E,,-0.12 V) 
which is tentatively assigned to the reduction 
Cu,(II,II) --) Cu,(I,II) (Fig. 2(a)). The high potential 
probably reflects the distorted five-coordinate geometry 
about the copper ion. 

Complexatron of the Hbipl towards metal ions was 
very sensitive to the pH of the reaction medium. The 
dicopper(II,II) complex, 1, was obtained when the pH 
of the methanolic solution was adjusted to 4. At a pH 
higher than 4, deprotonation of the imidazole proton 
occurs resulting in the formation of insoluble materials. 
The elemental analysis of 1 accords with the calculated 
values of chemical formula, [Cu,(C,,H,,N,,O)Cl]- 
(ClO,), . H20, suggesting a dinuclear structure bridged 
by the endogenous alkoxide and exogenous chloride 
ions. The iron complex, 2, was also obtained when the 
pH of the reaction mixture was adjusted to c. 4 using 
sodium acetate. The elemental analysis of 2 suggests 

The temperature-dependence of the magnetic sus- 
ceptibility of 1 was measured over the range 80-300 
K (see Fig. 3). The magnetic moment per one copper(I1) 
ion is 1.75 ps at room temperature and decreases 
slightly with decreasing temperature to 1.72 pB at 80 
K, suggesting the operation of a very weak antifer- 
romagnetic interaction between the two copper(I1) ions. 
To the best of our knowledge dinuclear copper(I1) 
complexes bridged by an alkoxo and a chloro group 
have not been reported. Some dinuclear copper(I1) 
complexes with a phenoxo and a chloro bridge are 
known [26a] and in the complexes of SchifIbases derived 
from 2,6-diformyl-4-methylphenol and glycine or alanine 
a weak antiferromagnetic interaction is observed. In 
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[CU,C~,]~- with large cations a significant ferromagnetic 
interaction is observed [26b]. It appears that in 1 the 
alkoxo and the chloro bridges interact counter com- 
plementarily with two copper(I1) ions to give rise to 
a weak magnetic interaction. 

Diiron (III, III) complex, 2 
Complex 2 shows IR bands at 1540, 1490 and 1440 

cm-’ which are typical of a bridging acetate group. 

This adds support to the CL-alkoxo-p-bis(acetato)- 
diiron(III,III) core structure. The visible absorption 
spectrum of 2 in acetonitrile shows a weak band near 
600 nm which may be assigned to a charge-transfer 
band from the alcoholic oxygen to the iron(II1) ion. 

The cyclic voltammogram (Fig. 2(b)) of 2 shows a 
reversible redox wave at -50 mV versus SCE and an 
irreversible anode peak at 750 mV versus SCE. In this 
study our attention was focused on the wave at -50 
mV. Based on the potentiostatic reduction at -50 mV 
versus SCE, showing one-electron reduction, the wave 
is assigned to the Fe,(II,III)/Fe,(III,III) process. The 
reduced solution shows absorption bands at 533 (6 600), 
670 (240) and 1000 (90 M-’ cm-‘) nm, as shown in 
Fig. 4. The bands at 533 and 670 nm may be assigned 
to LMCT bands or d-d bands of the iron(I1) ion. The 
band at 1000 nm is assignable to the intervalence band 
according to the literature [9, 27, 281. The reactivity 
of the diiron(II,III) complex towards molecular oxygen 
was studied spectroscopically at room temperature and 
it was found that the diiron(II,III) complex was fairly 
stable m the open atmosphere but reoxidized to the 
diiron(III,III) complex after several hours. 

The electrochemical behavior of 2 differs from that 
reported for related driron complexes of bimp 1271 and 
2,6-bis[bis(Zpyridylmethyl)aminomethyl]-4-methyl- 
phenol (bpmp) [28]. The Fe,(II,III)/Fe,(III,III) couples 
for Fe,-bipm and Fe,bpmp were reported to occur 
at 435 and 690 mV versus SCE, respectively. Thus, the 
diiron(II,III) state of 2 is destabilized relative to those 
of Fe,-bimp and Fe,-bpmp. It appears that the dii- 
ron(II,III) state is stabilized by the phenolate bridge 
m both Fe,-bimp and Fe,-bpmp, because the phenolate 
group is a weak base compared with the alkolate group. 
In the case of Fe,-bpmp the pyridine groups whose 
vacant MOs can act as an electron-acceptor may con- 
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tribute further to the stabilization of the diiron(II,III) 
state. 

The magnetic moment of 2 is 4.42 pB (per one 
Fe(II1)) at room temperature, suggesting an antifer- 
romagnetic interaction between the two iron(II1) ions. 
Its cryomagnetic property (SO-300 K), however, could 
not be interpreted in terms of the isotropic Heisenberg 
model. Curiously, the magnetic moment tends to in- 
crease with decreasing temperature and the value at 
80 K is 4.72 pB. The origin of this unusual magnetic 
behavior of the complex remains unknown, and will 
be studied in the future through its molecular structure. 
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