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Abstract

The ligand piperazine-1,4-bis[AN{(1-acetoxy-3-(1-methylH-imidazol-4-yl))-2-propyl)N-(1-methyl-H-
imidazol-2-ylmethyl)aminobutyl] (PHI) was synthesized by a multistep procedure startingNfemethyl4_-
histidine, piperazine-1,4-bis[4-(4-oxo-4-butanoic) acid] and 1-methidirhidazole-2-carbaldehyde. This ligand
has two potential tridentate, aminobis(imidazole) (A sites), and one bidentate, piperazine (B site), binding sites
for metal ions and was employed for the synthesis of the binucleaP}@i** and the trinuclear [C4PHI]®*
complexes, the latter of which features a coordination environment mimicking that present in the trinuclear
clusters of the blue copper oxidases. For comparison purposes, the mononucleating & td-methyl-1H-
imidazol-2-ylmethyl)N™-methylhistidine methyl ester (IH) and its complex [CufHhave been also prepared.
These copper(ll) model complexes are the first reported which are directly derived from icthiigtidine
residues. A detailed analysis of the UV-vis, CD and EPR spectra of the complexes has established that the Cu(ll)
centers bound to PHI A sites are square-pyramidal in solution, with the amino and one imidazole donor in the
equatorial plane and the additional imidazole group bound axially. This arrangement implies the adoption of an
unusual conformation ok chirality by the L-histidine residue and is determined by the attempts to minimize
steric interference between the substituents at the tertiary amine donor group and the histidine residue bearing
the Cx substituent acetoxymethylene group of the bound PHI ligand. For the less sterically crowded secondary
amine group of the bound IH ligand, the histidineoCsubstituent can occupy a pseudoaxial position, so that
in the complex [CulH}* the ‘normal’ arrangement with three equatorial nitrogen donorsdodtirality in the
L-histidine chelate ring occurs. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The multicopper ‘blue’ oxidases are a class of enzymes which couple the four-electron reduction
of dioxygen to water with one-electron oxidation of a variety of substrafEse best characterized
members of this class of enzymes are lacéassgorbate oxidaseand ceruloplasmifi.A combination
of detailed spectroscopic studteand the X-ray structural determination of ascorbate oxRlasel
ceruloplasmifi have shown that the minimal functional unit of these enzymes contains one type 1
copper and a trinuclear cluster containing one type 2 and a couple of type 3 coppers, according to
the classification by Malkin and MalmstrofmCeruloplasmin possesses additional copper centers, the
function of which is unclear. Trinuclear copper clusters also appear to be involved in the membrane-
bound form of methane monooxygen&s@d, possibly, other copper monooxygendsBsth the X-ray
data and amino acid sequences of the multicopper oxidases show that the protein ligands of the trinuclear
copper cluster are eight histidines, distributed as shown schematically in SchiémgPi®A terminal
hydroxide group is bound to type 2 copper, and a bridging hydroxide or oxo group binds the two type
3 coppers in the oxidized form of the enzymes. The CiCu distances are in the range 3.6-3.9 A.
However, upon reduction, the bridge between the type 3 coppers is broken and-theCOulistances
rise to 4-5 ASc-¢
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Scheme 1. Schematic representation of the trinuclear copper cluster of blue oxidases

In spite of substantial protein work, there is a need for synthetic studies aimed at clarifying the
complex structures and the poorly understood chemistry exhibited by the trinuclear clusters of the
blue oxidases. So far, studies on synthetic complexes containing trinuclear cores with nitrogen donor
ligands have been scaré&Ve have recently reported trinuclear and binuclear copper complexes of the
ligand L, containing a piperazine residue modified with two aminobis(benzimidazole)&nvisch
represent our first approach to the development of model complexes for the trinuclear copper clusters
of the blue oxidases. The ligand L can, in fact, simulate the distribution of protein ligands in the cluster
(Scheme 1) by binding one copper center at the piperazine site and two additional copper centers at the
aminobis(benzimidazole) sites. In this paper we extend our investigation by reporting the synthesis and
stereochemistry of the binuclear and trinuclear copper(ll) complexes derived from the chiral ligand PHI,
where two aminobis(imidazole) units, obtained by modification-tistidine residues, are attached to
the central piperazine nucleus. Clearly, the introduction of histidine residues in the ligand increases the
significance of these compounds as synthetic models for the biological copper clusters. Although a few
dicopper complexes with polyimidazole ligands have been repéttite present biomimetic systems
are the first ones directly derived fromhistidine. For assessing the stereochemical characteristics of
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the new complexes we deemed it necessary to investigate the behaviour of the mononuclear analogue
copper(ll) complex derived from the ligand IH, which was also obtained fremstidine.
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2. Results and discussion
2.1. Ligand design and synthesis

Mimicking the trinuclear cluster of the blue copper oxidases requires the design of polydentate ligands
containing eight nitrogen donors, possibly imidazoles, with sufficient flexibility to allow geometric
rearrangements required by metal redox chemistry and exogenous ligand binding to the metal centers.
We have previously shown that ligand L gives access to binuclear and trinuclear copper complexes and,
therefore, decided to proceed towards systems of more significance in the context of protein models
by replacing the benzimidazole residues with biologically more relevant imidazole residues. Since we
attribute special importance to the stereochemical properties of the models, as they are very typical
features of enzyme active sites, we decided to introduce imidazole groups in the new ligand by using the
histidine residue. This poses a synthetic challenge, because the imidazole groups of the ligand should
preferably beN-methylated. This protection is essential for increasing the chemical stability of the
resulting complexes when their oxidative reactions have to be studied.

The synthesis of ligand PHI was at first conceived through the reaction between the
piperazine derivative 3 and the L-N%-(1-methyl-H-imidazol-2-ylmethyl)NT-methylhistidine
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methyl esterl (IH), as reported in Scheme 2. Several methods have been used for the activation
of carboxy groups either using 1-hydroxybenzotriazole (HOBT)benzotriazolylN-oxy-
tris(dimethylamino)phosphoniumhexafluorophosphate (B®P@nd 1,3-thiazolidine-2-thioRé in
dichloromethane or O-(1H-benzotriazol-1-yI)N,N,N’,N’-tetramethyluronium hexaflurophosphate
(HBTU),'® in acetonitrile. In all these cases, the analysis of the reactions showed several by-products
and the presence of reagents even after a long reaction time.
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Scheme 2. Various routes to the ligand PHI precui€or

Following another approach,-NT-methylhistidine methyl esteR was allowed to react with 4-
bromobutanoylchloride in dichloromethane in the presence of triethylamine as base (Scheme 3), to
produce compoun@ which, after purification, was expected to give compodddipon reaction with
piperazine, potassium carbonate and acetonitrile as solvent.

Also in this case the reaction sequence occurred in poor yields and significant amounts of by-products
were present. At the end, the reactions reported in Scheme 4 proved to be a valid method for the
preparation of compound PHI. Condensation of two molecules of succinic anhydride with piperazine
afforded the diacicB,'® which reacted withiNT-methyl histidine methyl este?!’ to give the diamide
4. Reduction of the carbonyl groups of the diamlaith BH3-Me,S led to compound, which was
reductively alkylated with 1-methylH-imidazole-2-carbaldehyd&'® and NaBH(OAc} to afford6 and
thenO-acetylated to give the ligand PHI,

Besides replacement of benzimidazole groups with imidazole groups, there are additional differences
between L and PHI which have been introduced through the synthesis and that may have structural
consequences on complex formation. First, the piperazine and tertiary amine nitrogens are separated by
four carbon atoms instead of three. The lengthening of this carbon chain was suggested by the fact that we
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Scheme 3. Synthetic route to the ligand PHI precutdor

previously encountered some difficulty in introducing a third copper center in L, after binding of the first
two,10 due to the fact that the piperazine nitrogens are involved in the binding in the binuclear complex.
Upon lengthening the carbon chain we expect to weaken or even eliminate these interactions, leaving
the piperazine residue available for facile binding of a third metal ion. As a second difference between
PHI and L, any metal ion bound at the aminobis(imidazole) sites of PHI will be chelated with one five-
membered and one six-membered ring, whereas binding at the corresponding aminobis(benzimidazole)
sites of L occurs with formation of two five-membered rings. Assuming that metal binding to PHI occurs
with the same distribution of nitrogen donors as fot®lwe can schematically represent the metal binding
sites of PHI according to structufe.

12



286 L. Santagostini et al. / Tetrahedroksymmetry10 (1999) 281-295

HBTU/EL,N
CH,CN

H o o H
N N
N coocH, y-N"T N H,COOC N
] Sl
i
CH, HC

4

BH; - Me,S
THF

(31 AL

HJC

N/ _\N NaHB(OAc),
HC Y THF
8 CHO
G, HG
N N
-3
N. N N
N CH,0H N N—/_Hé;c}} N
[”\ T
CH, HC
6
Ac,0
cH, DMAP HE
N N.
3
N. N N
N B _\_\_ NN N_/__/— N
"\ CTH,0COCH, H,COCOH,C J
\ !
CH, HC

7 K}

Scheme 4. Synthetic scheme for the preparation of ligand PHI

The synthesis of the ligand IH, fromNT-methylhistidine methyl ester and 1-methy-imidazole-
2-carbaldehyde, was achieved by reductive condensation in the presence of palladium—charcoal. Surpri-
singly, the methyl ester was found largely hydrolyzed at the end of this reaction and, therefore, the acid
group had to be re-esterified. Upon coordination of IH, the ligand environment around the metal center
closely represents the situation at sites A 2fi.e. two chelate rings of five and six atoms are formed.
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2.2. Characterization of copper(ll) complexes

Both the binuclear complex [GRHI][CIO4]4 and the trinuclear complex [GBHI][CIO4]s were
easily obtained by reacting solutions of the ligand with corresponding amounts of copper(ll) perchlorate
hexahydrate. The UV-vis, CD and EPR characterization data for these complexes and fof{@ugH]
summarized in Table 1. Rather similar spectra were obtained in acetonitrile or methanol solutions. The
near-UV region of the optical spectra of the copper(ll) complexes shows a well defined, but somewhat
asymmetric band of moderate intensity, with maximum in the range 270-290 nm and a tail extending
up to about 400 nm. This band has three corresponding CD features, with a prominent peak near the
wavelength of the UV maximum and one shoulder at both sides of this peak, near 240 nm and between
350 and 400 nm. Interestingly, the CD peak is negative for [Ciillt positive for [CyPHI]** and
[CusPHIJ®*. Since the ligands exhibit much weaker absorption and negligible CD activity in the range
250-400 nm, the origin of the electronic absorptions above 250 nm must be mostly of charge transfer
type. The more intense absorption bands occurring at higher energy are largely due to intraligand
transitions and, therefore, will not be analyzed further. The visible part of the electronic spectra of the
copper(ll) complexes contains the broad envelope ofltligransitions. The maximum occurs at 650 nm
for [CulH]?* and at 620 nm for [C4PHI]** and [CPHIJ®*, but in the latter cases a prominent shoulder
near 750 nm is clearly evident. At least two components are resolved in the CD spectra, near 600 nm and
at or above 700 nm, but again while the CD activity is essentially positive for [Ctijldpmponents of
negative sign dominate the CD spectra of {2Hl1]** and [CPHI]®*. The rather close similarity of the
UV-vis and CD spectra of the latter two complexes throughout the spectral range indicates that, as in the
trinuclear copper(ll) complex derived from*C,the Cu(ll) ion bound at the piperazine B site (structure
12) gives little contribution to these spectra.

The better resolution of the CD spectra is helpful in the assignment of the transitions. The moderate
absorptions and the CD activity in the 300 nm range comprize LMCT transitions oft{ipgdazole)—
Cu(ll). In PHI complexes there are four contributions of this type. The assignment is based on the
presence of similar UV and CD features in the spectra of copper(Il)—imid&zaled copper(ll):-
histidine® complexes, respectively. The other LMCT components originating from imidazole donors,
ag(imidazole)— Cu(ll), which are electric dipole allowed, are much more intense and occur together
with the intraligand absorptions in the 220 nm regl88® At intermediate energy, near 250 nm, LMCT
transitions from amino donor groups to Cu(ll), of typéamino)— Cu(ll) are located! For instance,
CD features in this range are typically observed in the spectra of copperlij-N*-dimethylhistidine
complexeg°? Furthermore, from the position of ttie-d band$? and the EPR spectra to be discussed
below, the Cu(ll) centers of [CulR}, [CuPHI]** and those at sites A in [GRHI]®* are clearly in a
tetragonal symmetry. The Cu(ll) at site B in [§RHI]®* is also expected to be tetragonal, as discussed
for [CusL]®* and the complex Cu(ll)—piperazine reported previoti&IJhere are, however, significant
differences between the Cu(ll) center of [CufHand those bound to A sites in PHI complexes. The
d—d band envelope of [CulHT is more symmetric and has no resolved component at low energy. This
indicates an essentially square planar Cu(ll) chromophore, with only weak axial interaction, presumably
by solvent molecules, and an energy order of the Cu(lfrbitals: dyo_y2 > dxy > dz > Oy, dyz
Therefore, the following assignment of the visible CD bands can be made for [€ulH¢ positive
band at 670 nm to the transitialhy — dy_y2, the positive shoulder at 610 nm ¢t — dy_y2, and
the negative band at 540 nm ¢y, dy; — dx2_y2 (note that partial cancellation of adjacent CD bands
with opposite sign can occur). In the case of Cu(ll) complexes derived from PHI (A sites) a low-energy
component of the—d band 750 nm) is observed in both the optical and CD spectra. This indicates that
the structure of these Cu(ll) centers is square-pyramfdaith strong axial interaction by a donor ligand.
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Table 1
UV-vis, CD and EPRI spectral data for copper(ll) complexes in acetonitrile solutions

Complex UV/Vis Apax , nm CD Apae , N EPR
(e, M' cm™) (Ae, M cm™) 21 g |Ax10* cm’!
[CulH]* 220 sh (8200) 270 (- 0.85) 2.231 2.085 173
270 (2500) 320 (+ 0.50)
370 sh (250) 540 (- 0.05)
610 sh (+ 0.20)
630 (55) 670 (+ 0.32)

[Cu,PHI]* 225 sh (17500) 240 sh (+0.70) 2.252 2.086 143

288 (5300) 285 (+ 1.65)
380 sh (+ 0.16)

620 (210) 600 (- 0.26)

750 sh (80) 700™ (+ 0.10)

[CusPHI]* 225 sh (25000) 240 sh (+ 0.40) 2.256  2.088 143

290 (5200) 290 (+ 1.71)
620 (220) 380 sh (+ 0.20)
750 sh (120) 605 (- 0.36)

700™ (+ 0.09)

]l Recorded in frozen solution at — 150 °C.

® The CD extremum is at longer wavelength, outside the range of the CD instrument.

This interaction raises the energy of the Cu@) orbital, leading to the following energy ordering:
de_y2 > dz > dxy > dxz 0yz. Therefore, assignment of the positive CD activity above 700 nm to
the transitiond> — d,2_y» and the dominant CD activity of negative sign near 600 nm to unresolved
contributions from thedy, — dy2_y2 anddxz, dy; — dye_y2 transitions can be made. The analysis of the
EPR spectra of the complexes support the above interpretation.

Further insight into the stereochemistry of the copper(ll) complexes can be obtained from examination
of the CD patterns exhibited by their CD spectra. As noted above, the dominant Cotton effects within
the d—d bands are positive for [Cul®} but negative for [CpPHI]** and [CwPHI]®*, and also the
prominent CD feature in the near-UV is opposite for IH and PHI complexes. The behaviour of the
two PHI complexes is surprising and completely unusual, sinbéstidine residues bound to Cu(ll)
through their amino and imidazole groups systematically give rise to opposite CD beltavbimr fact,
generally, and as confirmed here for [CW#H]CD activity of positive sign within thel—-d envelope
implies stabilization of the.-histidine chelate ring wittd conformation chirality, containing the C-

o substituent oriented pseudoaxially with respect to the ring (strudidireThis stabilization is quite
evident for the Cu(ll) complexes of histidine-imin&s*where the (histamine-like) histidine chelate ring
is fused to an imine chelate ring in the Cu(ll) coordination plane. In these casessalSstituent oriented
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pseudoequatorially to the-histidine chelate ring would give steric interference with the azomethine
substituent, destabilizing the conformation (structuréb). For simple copper(ll)-histidine complexes

the main stabilizing factor for a given chelate ring conformation is the apical coordination of a polar group
on the Cex substituent to Cu(l1§9 but even when this group is noncoordinating similar CD behaviour is
generally observed.
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The negative CD activity exhibited by the Cu(ll) centers bound to PHI A sit@ guggests the
preference for a conformation of thehistidine chelate ring ol chirality, with a pseudoequatorial
disposition of the acetoxymethylene side chain, as shown by struciulttappears that, for the presence
of an additional substituent chain at the tertiary amine nitrogen in the ligand PHI, some significant
steric interference occurs with a pseudoaxial acetoxymethylene side chain, as shown in st@cture
Minimization of this steric interference between thexCand amino substituent groups leads to the
preference for the conformational arrangement depicted in strut@isehere the imidazole substituent
is axially coordinated to the copper center.
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The EPR spectra of the complexes give further information on the structure of the Cu(ll) centers
(Table 1). In all cases, the spectra recorded in frozen acetonitrile solution at —150°C exhibit well resolved
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signals attributable to a single species with tetragonal symmefpyy(9.2? For [CulH]?* the rather
large hyperfine splitting constand | indicates that the Cu(ll) center is essentially square planar, with
three strong donors in the plane and only weak axial binding by solvent molecules, confirming the
analysis of the electronic and CD spectra. Forj@uI]** and [CuPHI]®* the EPR parameters of the
species observed are practically identical and indicative of Cu(ll) sites with square-pyramidal geometry,
since the copper hyperfine constai;| has a rather reduced valg®?® Such a reducedA | value
results from a strong axial interaction by a donor group, supporting the structural arrangement depicted
in structurel7. If the presence of a single Cu(ll) species is expected fopPELU]**, where the two
coppers are presumably spatially well separated and non-interacting, such an observation is surprising
for [CusPHI]®*, where an EPR spectrum with overlapping features from two distinct Cu(ll) sites (A
and B) should be expected. The integrated EPR signal fos@1]°*, however, corresponds to only
1.6 paramagnetic centers (at —150°C), whereas it accounts for 2.0 paramagnetic centers in the case of
[Cu,PHI]**. A similar behaviour was exhibited by the trinuclear fC]1F* complexi© and it is therefore
likely that some significant dipolar interaction in the frozen state between one of the Cu(ll)-A centers
and the Cu(ll)-B center leads to broadening of the signals and an apparent reduction in EPR intensity.

In conclusion, the systems reported here represent a step forward in our studies aimed at mimicking
the trinuclear copper clusters present in the blue oxidases. The introductichigifdine residues into
the ligand framework and the possibility of exploiting the better resolution of CD spectra enables a more
complete stereochemical description of the complexes to be achieved, besides producing a coordination
environment that is closer to that of the enzymes, compared with the model compounds available to
date?1° We have shown here that, with respect to our previous systems derived from the ligand L,
lengthening of the carbon chain connecting the piperazine residue to the two chiral arms of PHI is
advantageous for two reasons: (i) it allows an easier access to the trinuclear compRKIEY and (ii)
it prevents the binding of the piperazine nitrogens to Cu(ll) in the binucleasHBUJ** complex. The
latter complex, therefore, contains Cu(ll) centers bound to genuine tridentate A sites (stiZtanel
represents a true model for the type 2 copper-depleted forms of the blue oXidaBiesling of a third
Cu(ll) center to the piperazine moiety has no significant effect on the structural arrangement of the other
pair of Cu(ll) ions. The latter centers, bound to stereogenic A sites, adopt an unusual conformation with
the histidine chelate ring in & conformation and a pseudoequatoriabkGubstituent. This arrangement
has the drawback of producing a rather facile racemization of the coordinated amino acid residue in the
presence of bas8Pand such an effect also occurred here on treatment oHf81** or [CusPHIJ®* with
small amounts of sodium hydroxide, in attempts to generate a hydroxy-bridged structure similar to that
existing in the biological clusters shown in Scheme 1. However, the peculiar conformational arrangement
at the A sites is probably unavoidable, because it originates from the attachment chain to the tridentate,
L-histidine residues, and should be taken into consideration in any synthetic approach towards protein
biomimetics involving derivatized histidines as metal ligands. Further studies on the reactivity of the
present model complexes derived from PHI are currently in progress in our laboratory.

3. Experimental
3.1. Materials and physical methods
All reagents and solvents from commercial sources were of the highest purity available and were

used as received. Acetonitrile (spectral grade) was distilled from potassium permanganate, and dried
with sodium carbonate; it was then stored over calcium hydride and distilled prior to use under an
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inert atmosphere. Tetrahydrofuran was dried by refluxing and distilling from metallic sodium. Elemental
analyses were obtained at the microanalytical laboratory of the chemistry department in‘Mikamd

13C NMR spectra were recorded on a Bruker AC-200 spectrometer, operating at 200 MHz and 50.3
MHz, respectively. Optical rotations were obtained on a Perkin—Elmer 241 polarimeter at 20°C using

a quartz cell of 10 cm path length. Optical spectra were obtained on HP 8452A and 8453 diode array
spectrophotometers. EPR spectra were measured in frozen solutions using a Varian E-109 spectrometer
operating at X-band frequencies. Integration of the EPR signals was performed using a copper(Il)-EDTA
standard in the same conditions. FABMS spectra were obtained with a VG 7070 EQ spectrometer and
CD spectra were recorded on a Jasco J-500 dichrograph using quartz cells of 0.1-1 cm path length.

3.2. Ligand synthesis

3.2.1. L-NT-Methylhistidine methyl ester dihydrochlori@e

This compound was obtained frarANT-methylhistidine dihydrochloride, prepared in accordance with
Noordam!’ by esterification in methanol with gaseous HCI. Anal. calcd fgHGN3O,-2HCI-H,0
(274.15): C 35.05, H 6.25, N 15.33; found C 35.12, H 5.99, N 15.42. The free amino acid methyl
ester was obtained by bubbling gaseoussNiitough a solution of the hydrochloride salt in dry, cooled
dichloromethane. After filtration over Celite, the solution was evaporated to dryness and dried under
vacuum.'H NMR (200 MHz, CDC§, 25°C): 6=7.34 (s, 1H, CH), 6.68 (s, 1H, CH), 3.83 (m, 1H, CH),
3.72 (s, 3H, CH), 3.62 (s, 3H, CH), 3.04 (dd, 1H2J=14 Hz,2J=5 Hz, CH), 2.84 (dd, 1H?J=14 Hz,
3J=8 Hz, CH). Anal. calcd for GH13N30; (183.21): C 52.45, H 7.15, N 22.94; found C 52.42, H 7.32,
N 22.54.

3.2.2. 4,4-Dioxo-4,4-piperazine-1,4-diyl-bisbutanoic aci®)

This compound was prepared in accordance with Asay ¥tas.white crystalstH NMR (200 MHz,
D,0, 25°C):6=3.39 (t,3J=10 Hz, 8H, CH), 2.55-2.37 (m, 8H, C}); MS (FAB): m/z (%): 286 (100)
[M*]; C12H18N206 (286.28): calcd C 50.35, H 6.34, N 9.79; found C 50.28, H 6.48, N 9.67.

3.2.3. 4,4-Dioxo-4,4-piperazine-1,4-diyl-bisbutanoic acid-bis@methoxycarbonyl-2-(1-methyHt
imidazol-4-yl)Jethanamidé

Piperazine derivativ8 (0.94 g, 3.27 mmol) was added under nitrogen at 0°C, to a solution of HBTU
(2.5 g, 6.55 mmol) in dry CBCN (5 mL). The suspension was stirred for 15 min and then a solution
of free L-NT-methylhistidine methyl ester (1.2 g, 6.55 mmol) in dry 4HN (3 mL) was added and
the mixture was stirred at room temperature for 20 h. The reaction was followed by silica gel TLC,
using ethyl acetate:isopropanol:ammonium hydroxide (5:4:1, v/v/v) as eluent. After evaporation of the
solvent at reduced pressure, the crude material was chromatographed on a neutral alumina column, using
a gradient of CHCI,—CH3OH. The fractions containing the product were combined and the solvent
was removed under vacuum, affording compodn(..45 g, yield 72%) as a yellow oilx]3’=+4.59
(c=0.0148 in methanol}H NMR (200 MHz, CDC}, 25°C):8=7.38 (s, 2H, CH), 7.31 (d, 2H,)=8 Hz,
NH), 6.70 (s, 2H, CH), 4.76 (m, 2H, CH), 3.70 (s, 6H, §H3.65 (s, 6H, CH), 3.67-3.47 (m, 8H, C}),
3.03 (m, 4H, CH), 2.60 (m, 8H, CH). 13C NMR (50.3 MHz, CDC4, 25°C):$=28.1, 28.8, 29.0, 30.8,
33.3,33.4,38.4,39.7,41.4, 44.8, 45.9, 52.1, 52.3, 52.9, 57.1, 118.1, 118.7, 135.9, 137.2, 137.5, 161.9,
170.4,171.1,171.7,171.8. MS (Civz (%): 617 (100) [M +1]. Anal. calcd for GgH4oNgOs (616.67):
C54.54, H6.54, N 18.17; found C 54.53, H 6.14, N 17.92.
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3.2.4. 1,4-Bis[4-(1-hydroxy-3-(1-methylH-imidazol-4-yl))-2S-propyl)amino-butyl]piperazin®

A solution of BHs-Me»S (15 mL, 162 mmol) in dry THF (10 mL) was added dropwise to a suspension
of 4 (1 g, 1.62 mmol) in boiling, dry THF (10 mL) under nitrogen. Then, the solvent andSMe
were slowly distilled for a further 5 h while fresh, dry THF (80 mL) was added. The solvents were
removed under vacuum and the solid residue was taken up with a saturated solution of HCI in methanol.
The suspension was refluxed under stirring for 1 h until the solid was completely dissolved. After
cooling, the solution was evaporated and the residue was saturated with gasepirs diy{ cooled
(0°C) dichloromethane. The resulting precipitate was filtered off and the filtrate was concentrated. The
precipitate was submitted twice to this treatment and the filtrates, after evaporation of the solvent,
afforded compound (0.76 g, 1.51 mmol), which was used in the subsequent reaction without further
purification. [« ]3"=+4.70 (c=0.0127 in methanoH NMR (200 MHz, CDC}, 25°C): §=7.45 (s, 2H,
CH), 6.67 (s, 2H, CH), 3.65 (s, 6H, GH 3.73-3.42 (m, 4H, CH), 2.94 (m, 2H, CH), 2.77-2.60 (m,
4H, CHy), 2.66 (M, 4H, CH), 2.45 (m, 8H, CH), 2.33 (m, 4H, CH), 1.50 (m, 8H, CH). 13C NMR
(50.3 MHz, CDC4, 25°C): 6=24.4, 28.0, 30.2, 33.2, 46.7, 53.0, 58.3, 58.4, 62.6, 117.7, 137.1, 139.1.
MS (FAB): m/z (%): 504 (100) [MT]. Anal. calcd for GeHsgNgO, (504.72): 61.87, H 9.59, N 22.20;
found C 61.76, H 9.50, N 22.20.

3.2.5. 1,4-Bis[4--(1-hydroxy-3-(1-methyl-3-(1-methyHiimidazol-4-yl)))-2S-propyl)-N-(1-methyl-
1H-imidazol-2-ylmethyl)aminobutyl]piperazirge

Compoundb (0.425 g, 0.84 mmol), 1-methylH-imidazole-2-carbaldehyd&(0.37 g, 3.37 mmol) and
acetic acid (0.19 mL, 3.37 mmol) were stirred under nitrogen in dry THF (15 mL) at room temperature
for 20 min. NaBH(OAc} (0.892 g, 2.52 mmol) was added, the reaction was stirred for 15 h, and then
an additional amount of compourti (0.21 g, 1.68 mmoal), acetic acid (0.096 mL, 1.7 mmol), and
NaBH(OAc) (0.53 g, 1.7 mmol) were added. The reaction was left under stirring for a further 24 h.
At the end of this time 4 N HCI (5 mL) was added and the solution was concentrated under vacuum.
The residue was suspended in dry, cooled (0°C) dichloromethane saturated with gaseolieN\dolid
precipitated was separated and treated again with cooleglstdrated dichloromethane. After filtration,
the combined filtrates were evaporated under vacuum and the yelldwak purified by flash silica
gel column chromatography, eluting with a mixture o$@&14iPrOH (5:4, v/v) and adding an increasing
amount of concentrated NHrom 1% to 15%. The fractions containing the product afforded, after the
evaporation of the solvent, compou@d0.345 g, yield 60%) as a yellow oilx]13°=-10.06 (¢=0.0154 in
methanol).!H NMR (200 MHz, CDC}, 25°C):8=7.29 (s, 2H, CH), 6.87 (d, 2H, J=1 Hz, CH), 6.79 (d,
2H, J=1 Hz, CH), 6.65 (s, 2H, CH), 3.88 (d, 2HI=16 Hz,H-C—H), 3.73 (d, 2H2J=16 Hz, H-CH),
3.62 (s, 6H, CH), 3.60 (s, 6H, CH), 3.67-3.40 (m, 4H, C}), 3.14-2.96 (m, 2H, CH), 2.81 (dd, 2H,
2J=4 Hz,%J=14 Hz,H-C—H), 2.73-2.44 (m, 14 H, G}, 2.35-2.16 (m, 4H, C}), 1.53-1.15 (m, 8H,
CH,). 13C NMR (50.3 MHz, CDC}, 25°C):6=23.4, 25.1, 26.3, 32.7, 33.2, 46.8, 49.8, 51.9, 57.6, 62.2,
62.8, 117.1, 121.2, 126.7, 136.8, 139.9, 146.0. MS (FABY (%): 692 (100) [M]. Anal. calcd for
C36HgoN1202 (692.95): C 62.40, H 8.73, N 24.26; found C 62.62, H 8.61, N 24.02.

3.2.6. 1,4-Bis[4--(1-acetoxy-3-(1-methylH-imidazol-4-yl))-2S-propyl)-N-(1-methyl-H-imidazol-
2-yImethyl)aminobutyl]piperazin@ (PHI)

Compounds (0.285 g, 0.411 mmol) was stirred at room temperature for 6 hin distilled acetic anhydride
(3 mL) in the presence of 4-dimethylaminopyridine (DMAP) (0.03 g). The solution was then concentrated
under vacuum at 50°C and the residue was purified by flash silica gel chromatography, eluting with a
mixture of EpO:iPrOH (5:4, v/v) and adding an increasing amount of concentrateg fidifh 1% to
15%. The fractions containing the product afforded, after evaporation of the solvent, comp@uag0
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g, yield 87%) as a pale-yellow oilx]3’=+1.12 (c=0.014 in methanolfH NMR (200 MHz, CDC,
25°C): 6=7.29 (s, 2H, CH), 6.88 (s, 2H, CH), 6.79 (s, 2H, CH), 6.60 (s, 2H, CH), 4.18-4.00 (m, 4H,
CH,)), 3.84 (m, 4H, CH), 3.61 (s, 6H, CH), 3.44-3.25 (m, 2H, CH), 2.85 (dd, 2RA)=6 Hz,3J=14

Hz, H-C-H), 2.67-2.30 (m, 14H, G 2.30-2.13 (m, 4H, C}J, 2.00 (s, 6H, CH), 1.50-1.07 (m, 8H,
CHy). 13C NMR (50.3 MHz, CDC4, 25°C): 6=20.9, 24.0, 26.1, 26.5, 32.5, 33.1, 48.9, 49.9, 52.6, 58.0,
59.5, 64.0, 117.2, 121.4, 126.7, 137.0, 139.8, 145.7, 170.8. UV-vis (acetoniig)(¢)=298 (1200),

220 sh nm (16 800). CD (acetonitriléYymax (A&, Mt cm™)=280 (+0.10). MS (Cl)m/z (%): 778 (100)
[M*+1]. Anal. calcd for GoHesN1204 (777.03): C 61.83, H 8.30, N 21.63; found C 61.51, H 7.94, N
21.35.

3.2.7. 1-Methyl-H-imidazole-2-carbaldehyd@

This compound was obtained by slight modification of the procedure of Chen %t 2l.
(Hydroxymethyl)-1-methylimidazole (2.51 g, 0.022 mol) was dissolved in GHB0 mL) under
stirring at room temperature and activated Mn@®.75 g, 0.11 mol) was added to the solution. The
mixture was stirred for 22 h and then filtered over Celite. The filtrate was evaporated to dryness and the
oil residue was sublimated under vacuum at 60°C, yielding a while crystalline solid (0.61 g, yield 25%)
which was stored at 4°GH NMR (200 MHz, CDC}, 25°C):6=9.80 (s, 1H, CHO), 7.26 (s, 1H, CH),

7.11 (s, 1H, CH), 4.02 (s, 3H, G IR (Nujol): 1694 cm? (C=0). Anal. calcd for GHgN2O (110.12):
C 54.54, H5.49, N 25.44; found C 54.16, H 5.28, N 25.21.

3.2.8. L-N¥-(1-Methyl-H-imidazol-2-ylmethyINT-methylhistidine methyl estér(IH)

To a solution ofL-NT-methylhistidine methyl ester dihydrochlorid® (0.503 g, 1.83 mmol) in
dry methanol (10 mL) was added dropwise a methanolic solution of NaOH 1 M (3.66 mL) and
1-methyl-H-imidazole-2-carbaldehyd8 (0.202 g, 1.83 mmol) dissolved in dry methanol (10 mL).
Palladium—charcoal (10% palladium content) (1 g) was added and the mixture was hydrogenated at
atmospheric pressure with stirring for 20 h. The catalyst was removed by filtration over Celite, and the
filtrate was evaporated to a small volume (5 mL). Then, dry dichloromethane was added in order to
precipitate the inorganic salts, which were removed by centrifugation, and the solution was evaporated
to dryness under vacuum. Spectral analysis of the yellow oil thus obtained demonstrated the lack of the
methyl ester group and, therefore, the product was esterified again by dissolving the oil in anhydrous
methanol (10 mL), and bubbling into this cooled methanol solution gaseous HCI for 1 h. The solution
was refluxed for 1 h and after cooling, concentration to a small volume under vacuum yielded a white
precipitate, which was crystallized from methanol (0.52 g, 62%). A sample, extractegDiiNEbCO3
and dichloromethane, was submitted to NMR.NMR (200 MHz, CDC}, 25°C):6=7.45 (s, 1H, CH),
7.00 (s, 1H, CH), 6.85 (s, 1H, CH), 6.72 (s, 1H, CH), 3.98 (d, 43414 Hz, CH), 3.87 (d, 1H2J=14
Hz, CHp), 3.64-3.42 (m, 1H, CH), 3.02 (dd, 1A]=14 Hz3J=5 Hz, Ch), 2.88 (dd, 1H2J=14 Hz 3J=7
Hz, CH,) Anal. calcd for GsH19NsO2-3HCI-4H,0 (458.77): C 34.04, H 6.59, N 15.27; found C 34.12,
H6.42, N 15.27.

3.3. Synthesis of copper(ll) complexes

3.3.1. [CLQPH|][C|O4]4-7H20

To a solution of the ligand [7 (0.021 mmol) in CHOH (10 mL) was added copper(ll) perchlorate
hexahydrate (0.042 mmol) and the resulting green solution was stirred at room temperature for about 30
min. The solution was then evaporated to a small volume (2 mL) and the residue was treated with diethyl
ether (1 mL). The light blue-green precipitate was separated by filtration and dried under vacuum (95%).
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Anal. calcd for GoHeaN12020CwCls-7H20 (1428.03): C 33.64, H 5.51, N 11.77; found C 33.69, H
5.29, N 11.60.

3.3.2. [CLQPH|][C|O4]6-7H20

To a solution of the ligand 7 (0.021 mmol) in CHOH (10 mL) was added copper(ll) perchlorate
hexahydrate (0.063 mmol) and the solution was stirred at room temperature for 40 min. The solution was
evaporated to a small volume (3 mL) and the residue was treated with diethyl ether (2 mL). The light
blue precipitate was separated from the solution by filtration and dried under vacuum (97%). Anal. calcd
for C40H64N12028CU3C|6-7H20 (1690.47): C 28.42, H 4.65, N 9.94; found C 2850, H 4.70, N 9.88.

3.3.3. [CulH(CD)][CIOq4]

To a solution of the ligand IH (0.04 g, 0.087 mmol) in gbH (10 mL) was added copper(ll)
perchlorate hexahydrate (0.032 g, 0.087 mmol) and the solution was stirred at room temperature for
1 h. The solution was evaporated to a small volume (3—4 mL) and the residue was treated with cold
diethyl ether (10 mL). The light blue precipitate was separated from the solution by filtration and dried
under vacuum (57%). Anal. calcd for§H19N5sOsCuCh (475.78): C 32.82, H 4.03, N 14.72; found C
32.81, H 3.85, N 14.87.

4. Caution!

Perchlorate complexes with organic ligands are potentially explosive and should be handled with great
care. Only small amounts of material should be prepared. We did not have problems working with small
amounts of the perchlorate complexes described in this paper
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