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The new compounds 1,4,10,13-tetrakis(2,3-dihydroxybenzoyl)-7,16-dimethyl-1,4,7,10,13,16-hexaazacyclo-
octadecane (HgL") and 1,4,7,10,13,16-hexakis(2,3-dihydroxybenzoyl)-1,4,7,10,13,16-hexaazacyclooctadecane
(H,,L?), having macrocyclic skeletons bearing four and six catechol hanging groups, respectively, have been
synthesized and characterised. The crystal structure of HgL!-2dmso-2H,O (dmso = dimethyl sulfoxide), has
been solved by single-crystal X-ray analysis. The equilibrium constants for protonation of the macrocycles and

complexation of Fe®* have been studied by potentiometric procedures in water—dmso (50: 50 v/v), 0.1 mol dm™

3

NMe,Cl, at 298.1 £ 0.1 K. Both compounds are able to form mono- and di-nuclear iron(1r) complexes of very
high stability. These results indicate that the two compounds are thermodynamically able to scavenge Fe** from
iron(m) transferrin. Their effectiveness as scavengers has been demonstrated by spectrophotometric measurements
on the transmetallation reactions occurring in the presence of diiron(im) transferrin in aqueous solution. For
comparison, the drug desferrioxamine B (DFB) has been also considered under the same experimental conditions.
In 0.1 mol dm™* phosphate buffer, at pH 7.4, both HgL! and H,,L* remove iron from diiron(iir) transferrin, the
transmetallation reactions being much faster for H;,L* than for DFB which is slightly more effective than HgL'.

Siderophores are low-molecular mass compounds secreted by
micro-organisms for absorbing iron from the environment.'
Their biosynthesis is promoted by low iron levels and their
function is to supply iron to the cells. These naturally occurring
ligands, having very high affinity for iron, contain as principal
chelating functionalities hydroxamate units (as in ferrichromes
and ferrioxamines) or catechol groups (as in enterobactin).'™
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Enterobactin can be considered the prototype of catechol
siderophores. It presents the highest formation constant (log
K=52)° ever observed for complexes of Fe®" with natural
ligands. Its efficiency as iron(1r) ion scavenger and carrier has
stimulated the synthesis of many analogues containing three
catechol units in tripodal or cage-like structures characterised
by the same three-fold symmetry.*®

Iron is an essential element for most living organisms,
although it is also very toxic when present in excess. The most
common sources of acute human iron poisoning are repeated
blood transfusions, as in the treatment of patients affected by
Cooley’s anaemia (about 3 million world-wide), and misappli-
cations of iron-rich vitamins. Human iron overloads can be
reduced by administration of iron sequestering agents which

1,9,10

are able to scavenge the metal from the natural stores, such as
transferrin and ferritin, converting it into a form that the body
can excrete.® This is currently achieved by means of the drug
desferrioxamine B (Desferal, Ciba). This drug, however, has the
drawback of no oral activity and of short body retention time
coupled with slowness in iron removal; therefore, daily, or
almost daily, disagreeable subcutaneous or intravenous slow
perfusions are necessary.

Recent studies demonstrated that iron removal from trans-
ferrin," or from the similar protein lactoferrin," is accelerated
by mediator anions which modify the protein structure render-
ing the metal centre more accessible to sequestering agents. In
this sense there is evidence that catechol groups behave as medi-
ator anions so that catechol-containing ligands are favoured,
from a kinetic point of view, in removing iron bound to these
proteins.

In this light, we have synthesized the new compounds Hgl.!
and H,,L?, containing large numbers of catechol units (four
and six, respectively), and studied their binding properties
towards Fe®*" as well as their effectiveness in scavenging Fe**
from diiron(m) transferrin. Owing to the insufficient water
solubility of these ligands, water—dimethyl sulfoxide (dmso)
(50:50 v/v, 80:20 mol/mol) was employed as a solvent in
the potentiometric study involving ligand deprotonation/
protonation and Fe*" complexation equilibria. Dimethyl sulfox-
ide and its mixtures with water are very useful as pure water
substitutes for this kind of study.’* In particular, equilibrium
data obtained in water-dmso mixtures with a modest dmso
content, like that employed in the present work, are closely
comparable with the analogous data determined in pure water.
On the other hand the direct competition between the new
catechol-based ligands (HgL' and H,,L?) and diiron(t) trans-
ferrin was performed in water.

Experimental
Synthesis of the ligands

The syntheses of the macrocycles HyL' and H,,L.? are outlined
in Scheme 1. The macrocycle 1,4,7,10,13,16-hexaazacyclo-
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octadecane 2 was purchased from Fluka, while 1,10-dimethyl-
1,4,7,10,13,16-hexaazacyclooctadecane 1 was synthesized as
previously described.™ All other chemicals (reagent grade)
were obtained from different commercial sources and used as
delivered.

1,4,10,13-Tetrakis(2,3-dimethoxybenzoyl)-7,16-dimethyl-1,4,
7,10,13,16-hexaazacyclooctadecane 3. A mixture of 2,3-
dimethoxybenzoic acid (3.57 g, 0.0196 mol) and thionyl
chloride (40 g, 0.34 mol) was allowed to react overnight under
an inert atmosphere at 35 °C. The excess of thionyl chloride was
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removed by distillation in vacuo at room temperature; the resi-
due was dissolved in dry benzene and the solvent evaporated as
before. The last operation was repeated twice,. The product was
then dissolved in the minimum volume of dry benzene, under
an inert atmosphere, and 1,10-dimethyl-1,4,7,10,13,16-hexaaza-
cyclooctadecane 1 (1.0 g, 0.0035 mol) in dry benzene (40 cm®)
was added dropwise at room temperature over a period of 4 h
with stirring. Stirring was maintained for 30 min, the resulting
suspension was filtered and the solid residue treated with hot
benzene. The suspended solid was filtered off and the hot solu-
tion evaporated to dryness. The white residue was dried in vacuo
at 50 °C; yield 75% (Found: C, 63.5; H, 7.0; N, 8.8. Calc. for
C5)HgNgOy,: C, 63.6; H, 7.05; N, 8.9%).

1,4,10,13-Tetrakis(2,3-dihydroxybenzoyl)-7,16-dimethyl-1,4,

7,10,13,16-hexaazacyclooctadecane  dihydrobromide  (H,L'
2HBr). A mixture of compound 3 (1 g, 1.06 mmol), and BBr;,
(25 g, 0.1 mol) in dry chloroform (150 cm?®) was maintained
under an inert atmosphere with stirring for 3 d. The resulting
yellowish suspension was chilled in a water-ice bath and
methanol (300 cm®) was added dropwise, with great caution,
with stirring. The refrigerating bath was then removed and after
30 min the resulting solution was evaporated to dryness in
vacuo. Several times the brown residue was dissolved in meth-
anol and the solvent evaporated. The product was further puri-
fied by crystallisation from ethanol-diethyl ether; yield 20%
(Found: C, 50.7; H, 5.3; N, 8.4. Calc. for C,,Hs,Br,NsO,,: C,
50.81; H, 5.28; N, 8.46%)).

1,4,7,10,13,16-Hexakis(2,3-dimethoxybenzoyl)-1,4,7,10,13,
16-hexaazacyclooctadecane 4. This compound was obtained by
adopting a similar procedure to that for 3; yield 75% (Found: C,
63.7; H, 6.4; N, 6.7. Calc. for C4cH 5N Oyq: C, 63.76; H, 6.32; N,
6.76%).

1,4,7,10,13,16-Hexakis(2,3-dihydroxybenzoyl)-1,4,7,10,13,
16-hexaazacyclooctadecane (H;,L?). This compound was
obtained by adopting a similar procedure to that for HgL':
2HBr; yield 43% (Found: C, 60.2; H, 5.1; N, 7.8. Calc. for
Cs,Hs,NOy4: C, 60.33; H, 5.06; N, 7.82%).

H,L'-2dmso-2H,0. Pale yellow prismatic crystals of this
compound suitable for X-ray analysis were obtained by slow
diffusion of water into a solution containing HgL!-2HBr in
dmso.

Crystallography

Crystal data and data collection parameters for H,L'
2dmso-2H,0. C,HNO,S,, M =1023.17, a=9.9914), b=
14.700(10), ¢ = 16.990(10) A, B =99.07(4)°, U =2464(2) A® (by
least-squares refinement on diffractometer angles from 25
centred reflections, 16 < 26 < 25°), T'=298 K, space group P2,/
¢, graphite-monochromated Cu-Ka radiation, A =1.5418 A,
Z=2, D.,=1.379 Mg m 3, F(000)= 1088, pale yellow prism
with approximate dimensions 0.04 X 0.065 X 0.10 mm, p=
1.625 mm™!, Enraf-Nonius CAD4 diffractometer, 020 scans,
data collection range 8 <20 <130°, A, k, I/, two standard
reflections showed no loss of intensity; 2740 reflections
collected, 1993 unique observed reflections with I>2c([).
Absorption correction performed by means of the DIFABS "
program once the structure had been solved.

Structure solution and refinement. The structure was solved
by means of direct methods of the SIR 92 program.'® A dis-
ordered molecule of dmso is present in the asymmetric unit
(population parameters 0.65 and 0.35 for the S the S’ atom,
respectively). Anisotropic displacement parameters were used
for all the non-hydrogen atoms. Hydrogen atoms bound to the
carbon atoms of the ligand and of the solvent dmso molecule
were included in calculated positions and isotropically refined



with an overall thermal parameter. The AF map in the last
refinement step did not allow us to localise the hydrogen atoms
of the catechol OH groups.

At the end of the refinement the final agreement factors for
327 refined parameters were R =0.0712 [ > 20(I)] and wR2 =
0.2267 (all data). Refinements were performed by means of the
full-matrix least-squares method. The function minimised was
Sw(F2 — F2)?* with w=1/[c*(F?) + (0.1238P)* + 6.29P] and
P=(F?+ 2 F}?)/3. Refinement calculations, carried out on a
DEX 486-DX computer, were performed with the SHELXL
93'7 program, which uses the analytical approximation for the
atomic scattering factors and anomalous dispersion corrections
for all the atoms from ref. 18.

CCDC reference number 186/811.

See http://www.rsc.org/suppdata/dt/1998/359/ for crystallo-
graphic files in .cif format.

Potentiometric measurements

All the pH-metric measurements (pH = —log[H™]) were carried
out in degassed water-dmso (50:50 v/v), 0.1 mol dm?
NMe,Cl, at 298.1 + 0.1 K, by using equipment and the method-
ology described for aqueous solutions." The combined Ingold
405 S7/120 electrode was calibrated as a hydrogen-ion concen-
tration probe by titrating known amounts of HCl with CO,-
free NMe,OH solutions and determining the equivalence point
by Gran’s method® which allows the determination of the
standard potential E° and the ionic product of water [(pK,, =
15.59(1) at 298.1 K in 0.1 mol dm* NMe,Cl]. An empirical
correction was applied for the liquid-junction potential in very
acidic solutions. At least three measurements (about 100 data
points each) were performed for each system in the range pH
2.5-13 for the determination of the protonation constants and
in the ranges 2.5-5.7 and 2.5-9 for complexation of Fe** in the
presence of HgL' and H,,L? respectively. At higher pH values
the complexation reactions were not amenable to analysis due
to precipitation [probably of uncharged Fe(HsL') and
Fe,(H,L"Y)], in the case of Fe**—H,L', and to extreme slowness
in the attainment of equilibrium conditions in the case of Fe*'—
H,,L2. Similar inconveniences were also found in water—dmso
mixtures with higher percentages of the organic solvent. In all
experiments the macrocycle concentration [L] (L =HgL' or
H,,L?) was about 1 X 107> mol dm 3, while in the complexation
measurements the metal-ion concentration [M] was varied in
the range [L] < [M] < 3[L]. Hydrolysis of Fe** was investigated
potentiometrically in the present medium, in this work, lead-
ing to the equilibrium constants (included in complexation
constant calculations): log K= —2.81(1) for Fe** + H,O —
[Fe(OH)** + H* and —5.59(1) for Fe** +2H,0——
[Fe(OH),]* + 2H".

The computer program HYPERQUAD?! was used to calcu-
late both protonation and complex-formation constants from
electromotive force data. Owing to the great number of
species formed at equilibrium, great care was taken in the selec-
tion of the equilibrium models according to the procedure
reported in footnote 18 of ref. 19(b).

Electronic spectra

Electronic spectra in the UV/VIS region were recorded on
a Cary 3 Varian instrument operating at room temperature.
Samples were ca. 1 X 107* mol dm™? in the iron complex. For
comparison purposes the spectrum of the tris(catecholato)-
iron(11) complex was also recorded.

Iron-scavenging studies

Diiron(1) transferrin was prepared by saturation of apotrans-
ferrin with iron(i) chloride; apotransferrin solutions 1 x 107*
mol dm~? in protein, pH 7.4, were treated with 2 equivalents of
iron(1) chloride in the presence of a four-fold excess of sodium
hydrogencarbonate. Formation of diiron(mr) transferrin is

Fig. 1 Molecular structure of HgL' in HgL'-2dmso-2H,0. (a) Top
view, (b) lateral view. Symmetry transformation: 2 — x,—y,—z

accompanied by its characteristic red-orange colour. Complex
formation was then confirmed by spectrophotometric analysis
by measuring the absorbance ratio at 465 and 280 nm. Iron-
removal studies were performed by treating the diiron(1) trans-
ferrin samples with an excess of HgL! and H,,L? either in 0.1
mol dm* Na,SO, or in 0.1 mol dm? phosphate buffer, and by
monitoring the time dependence of the reaction at 293 K using
a J500C JASCO dichrograph over several hours. The decrease
in molar ellipticity at 450 nm corresponds to the extraction of
iron from the specific protein binding sites. For comparison
parallel experiments with desferrioxamine B as iron chelator
were carried out.

Results and Discussion
Synthesis

The synthetic procedure to obtain HgL!2HBr and H,,L? is
sketched in Scheme 1. Reaction of the macrocycle 1'* and 2,3-
dimethoxybenzoyl chloride was carried out in benzene at room
temperature and affords product 3 in rather good yield. Depro-
tection of the methylated catechol groups was carried out by
using a large excess of BBr;. The unreacted BBr; was treated
with methanol. The methyl borate ester formed was removed by
vacuum evaporation to leave HgL!-2HBr. The H,,L. macrocycle
was obtained by using a similar procedure. Treatment of 2
with 2,3-dimethoxybenzoyl chloride yields 4, which was sub-
sequently demethylated by using BBr;.

Crystal structure

The crystal structure of HgL'-2dmso-2H,O consists of HgL!
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Table 1 Selected bond lengths (A) and angles (°) for HgL'-2dmso-
2H,0

NI-Cl 1.356(8) N2-Cl1 1.508(8)
NI-Cl4’ 1.468(8) Cl11-Cl12 1.520(9)
NI1-C8 1.464(8) CI12-N3 1.464(8)
C1-01 1.232(8) N3-Cl15 1.367(8)
Cl1-C2 1.502(9) N3-Cl13 1.475(8)
C2-C7 1.396(10) C13-Cl4 1.525(9)
C2-C3 1.385(9) Cl15-04 1.234(8)
C3-02 1.337(7) C15-C16 1.497(9)
C3-C4 1.409(10) C16-C17 1.376(9)
C4-03 1.368(9) C16-C21 1.390(9)
C4-C5 1.376(10) C17-05 1.373(8)
C5-C6 1.366(12) C17-C18 1.419(10)
C6-C7 1.375(11) C18-06 1.361(10)
C8-C9 1.503(9) C18-C19 1.378(11)
C9-N2 1.521(8) C19-C20 1.371(12)
N2-C10 1.490(8) C20-C21 1.380(11)
CI-NI-C14'  118.5(5) N2-C11-C12  113.9(5)
CI-N1-C8 123.9(6) N3-CI2-C11  113.7(5)
CI4-N1-C8  117.5(5) CI5-N3-C12  119.7(6)
01-CI-N1 121.0(6) CI5-N3-C13  123.1(5
01-C1-C2 120.1(6) CI2-N3-C13  117.1(5)
NI-CI1-C2 118.8(6) N3-CI3-Cl4  115.2(5)
C7-C2-C3 121.2(7) NI'-C14-C13  108.5(5)
C7-C2-Cl 122.7(7) 04-C15-N3 121.1(6)
C3-C2-Cl1 116.0(6) 04-C15-C16  119.9(6)
02-C3-C4 118.3(6) N3-CI15-C16  118.8(6)
02-C3-C2 123.1(6) C17-C16-C21  120.4(7)
C4-C3-C2 118.5(6) C17-C16-C15  122.8(6)
03-C4-C5 122.2(7) C21-C16-C15  116.8(7)
03-C4-C3 118.4(7) 05-C17-Cl16  125.0(6)
C5-C4-C3 119.3(7) 05-C17-C18  115.2(7)
C4-C5-C6 121.4(8) Cl16-C17-C18  119.8(7)
C7-C6-C5 120.5(8) 06-C18-C19  120.8(8)
C6-C7-C2 119.0(8) 06-C18-C17  120.6(7)
N1-C8-C9 115.9(6) C19-CI18-C17  118.6(8)
C8-C9-N2 113.9(5) C20-C19-C18  121.2(8)
CI0-N2-C11  111.8(5) C19-C20-C21  120.5(8)
CI0-N2-C9  110.7(5) C20-C21-C16  119.6(8)
CII-N2-C9  109.1(5)

Symmetry transformations used to generate equivalent atoms:
2 —x,—y,—z.

discrete molecules, dmso and water solvent molecules. Fig. 1
shows an ORTEP?? drawing of the molecule with atom label-
ling and bond lengths and angles are reported in Table 1.
The molecule is disposed around a crystallographic inversion
centre.

The macrocyclic framework assumes a chair conformation
defining an internal surface of approximate dimensions 5 X 7
A. The values of the bond angles reveal the presence of con-
formational stress due to the four side-groups. In particular, the
carbon atoms bound to the N1 and N3 amidic nitrogen atoms
present the most remarkable shifts from the theoretical sp?
hybridisation [N1-C8-C9 115.9(6), C11-C12-N3 113.7(5) and
N3-C13-C14 115.2(5)°]. On the other hand, the C14 carbon
atom, also bound to N1, shows an angular value of 108.5(5)°,
equal within the standard deviation to that required for the sp?
hybridisation. The lower degree of strain shown by this carbon
atom is probably explained by the torsional angular values
C8-N1-C1-0O1 [—-168.5(6)] and C14-N1'-C1’-O1" [-6.9(9)°]
which deviate significantly from the theoretical ones for amidic
nitrogens (0, 180°) compared with C12-N3-C15-04 [-0.7(9)]
and C13-N3-C15-04 [-176.6(6)°]. The lower strain is con-
nected to a loss of conjugation ability.

The carbonylic groups are not coplanar with the aromatic
rings [O1-C1-C2-C7 69.9(9) and 04-C15-C16-C21 61.0(9)°],
and the two aromatic rings in the asymmetric unit are almost
normal to each other, their dihedral angle being 85.3(7)°. This
disposition brings the oxygens and the methylated nitrogen N2
so close to each other that the presence of a strong hydrogen-
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Fig. 2 Crystal packing of HgL'-2dmso-2H,0 without the disordered
dmso molecules. (a) Down the ¢ axis, (b) down a

bond interaction seems likely [O1---O5 3.662(7), O2---N2
2.586(6), 02---04 3.035(7), O2---05 2.455(6), O3---04
2.878(7) A]. Unfortunately, the diffraction data are not good
enough to allow the determination of the positions of the four
hydrogen atoms involved in these interactions. Since the local-
isation of such protons is doubtful, due to the possibility of
zwitterionic structures, protons were not introduced in calcu-
lated positions.

Some other significant hydrogen-bond contacts are formed
by the O7 oxygen belonging to the water molecule, which actu-
ally bridges two symmetry-related HgL' molecules [O7 -+ O1’
2.776(9), O7---01" 2.865(8), O7--- 05" 2.980(8), O7 - - - 06"
2.74(1) A]. Fig 2(a) shows a view of the crystal packing (with-
out the disordered dmso molecules) along the lattice direction ¢
where the water molecules, lying in free channels between the
ligand molecules, are clearly recognisable. In Fig. 2(b) a differ-
ent view, along direction a, shows the superimposed ligand
molecules giving rise to channels which develop along this
crystallographic axis.

Ligand protonation equilibria

The logarithms of the protonation constants of (L' and
(L*™~ determined by potentiometric titration in 0.1 mol dm™3
NMe,Cl in water-dmso (50: 50 v/v) solution at 298.1 +0.1 K, in
the range pH 2.5-13.5, are listed in Table 2.

The principal characteristics of these compounds is their
very high basicity, due to the presence of a large number of
catechol groups. Actually, the protonation constants of the



Table 2 Logarithms of the protonation constants of (L')*" and (L?)'" determined in water-dmso (50:50 v/v), 0.1 mol dm™* NMe,Cl, at

298.1+0.1K
Reaction log K
(H,LY)*” + 2H' ——=(H, Ll)“’ 26.35(3)*
(H,LYHY*™ + 3H" ——= (H,L")*" 37.24(6)
(H,LY)® + 4H' —— (H, Ll)z’ 47.71(5)
(H,LY*™ + SH* ——= (H,L")" 57.15(6)
(H,LY)® + 6H" ——= (H,LY 65.92(7)
(H,LY)*™ + 7TH" =— (H,LY" 70.78(8)
(H,LY)® + 8H' —— (H,,L")** 75.3709)
(H,LY* + H' —— (H,L")*" 10.89(7)
(HsL')*™ + H" == (H LY)*" 10.47(7)
(H,L'Y” + H' — (H,L")~ 9.44(7)
(H,LY)” + H" == (H,LY 8.77(8)
(HgL') + H —= (H,L")* 4.86(9)
(H,LY* + H" =——=H,,L"Y** 4.6(1)

* Values in parentheses are standard deviations on the last significant figure.

Reaction log K
(H;L?° + 3H' ——= (H(,LY)* 39.78(3)
(H;L»°" + 4H" ——= (H,L?*" 51.40(6)
(H;L?° + SHY ——= (HLH)* 62.42(6)
(H;L»°” 4+ 6H" ——= (H,L?*" 72.69(8)
(H;L?°" + 7THY ——= (H,,\LH)* 82.25(8)
(Hst):’ + SHi =5 (H“Lz)’ 90.8(1)
(H;L*’” + 9H" —— (H,,L?) 98.7(1)
(H,L»)®™ + HY ——H,L*»*> 11.62(7)
(H7L§)i’ +H — Hngg“; 11.02(8)
(HgL»)* + HY ——= (H,L*»* 10.27(9)
(HoL??*™ + H ——= (H,,L?»)*" 9.56(9)
(H L) + HY == (H,L%)" 8.5(1)
(H,L*»~ + H" =— H,,L.») 7.9(1)
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Fig. 3 Distribution diagrams of the protonated species formed by

H,L! (@) and H,,L? () as a function of pH. Macrocycle concentration
1 X 107* mol dm™3, 0.1 mol dm* NMe,Cl, 298.1 £ 0.1 K

catecholate anion determined under the present experimental
conditions are log K=13.73(6), for L* + H* ——HL" and
10.35(1) for HL™ + H* ——= H,L. Accordingly, under the same
conditions, the catechol derivatives (L')®*~ and (L?)">~ behave as
very strong bases in the first protonation steps (Table 2). At pH
13.5, the upper limit of our pH-metric measurements, the two
compounds are still present as diprotonated (H,L")*” and
triprotonated (H,L?)°~ species, respectively, in which half of the
catecholate groups are singly protonated. The successive add-
ition of two protons to (H,L!)®" and three protons to (H,L?)°"
cannot be resolved as separate single-proton transfers. The rele-
vant equilibrium constants [log K =26.35(3) for (H,L')*"

2H* =—(H,LY* and 39.78(3) for (H;L?’ +3H" —
(H,L*)%"] indicate that the very high basicity of the ligands per-

sists until all catecholate groups are singly protonated (Table 2).

Also in the following protonation steps, leading to the form-
ation of the Hgl! and H,,L?, the anionic forms behave as con-
siderably strong bases (Table 2). This is clearly evidenced by the
distribution diagrams in Fig. 3 showing that the uncharged
H,L' and H,,L? start being formed in alkaline solutions and are
almost the unique species at about pH 7. Compound HL!,
containing two tertiary amino groups, is able to bind two
further protons giving rise to the cationic forms (H,L")* and
(H, L)*".

Owing to the very high basicity of both compounds, the
binding of protons is strongly competitive with the formation
of metal complexes in solution. This made possible the
determination of the iron(1r) complex-formation constants by
means of pH-metric titrations without competing ligands, in
spite of the very high complex stabilities.

Complexation of Fe** by HyL' and H,,L>

The equilibrium constants for the iron(mr) complexes are
reported in Tables 3 and 4. Under the experimental conditions
employed both ligands are capable of forming mono- and
di-iron(11) complexes. As visualised by the concentration distri-
bution curves of the complexes formed by HyL' (Fig. 4) and
H,,L? (Fig. 5), these molecules have a noticeable tendency to
form dinuclear complexes, since even in a solution containing
equimolar quantities of macrocycle and metal ion such species
are formed in significant amounts over the whole pH range
investigated, being the main complexes in very acidic solutions
[Figs. 4(a), 5(a)]. Indeed, diiron(i1) complexes are almost the
unique species in solution at 2:1 metal to macrocycle molar
ratios [Figs. 4(b), 5(b)].

In the limited pH ranges in which this complexation study
was possible (2.5 <pH <5 for HyL! and 2.5<pH <9 for
H,,L%, see Experimental section) no complexes containing the
completely deprotonated ligands were observed, the mono-
nuclear pentaprotonated [Fe(HsL')] and [Fe(HsL*)]*" and the
dinuclear diprotonated species [Fe,(H,L")] and [Fe,(H,L*)]*
being the less protonated complexes formed around the upper
limits of these pH ranges. On lowering the pH these complexes
bind further protons in a stepwise mode till the species
[Fe(H,LY]*", [Fe,(HeL]*", [Fe(H,,L*)]" and [Fe,(H,L*)]*" are
formed. The protonation behaviour of such complexes, pro-
ceeding through sequential one-proton steps, can be attributed
to the ability of the ligands to shift from catecholate to salicyl-
ate co-ordination modes. This behaviour is typical of entero-
bactin and tripodal analogues,**®**** while the iron(ir) com-
plexes of ligands in which the carbonyl groups are not in the
neighbourhood of the catechol rings, preventing salicylate-like
chelation of the metal ion, double protonation and concomi-
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Table 3 Logarithms of the equilibrium constants for the formation of mono- and di-nuclear complexes of Fe** with (L')*~ determined in water—

dmso (50:50 v/v), 0.1 mol dm* NMe,Cl, at 298.1 £ 0.1 K

Reaction log K Reaction log K
Fe** + (H,LY)* + 3H* [Fe(HLY)]  63.26(4)* 2Fe’* + (H,L')*~ —= [Fe,(H,L")] 58.08(6)
Fe¥* + (H,LY)*™ + 4H* [Fe(HLH]™  67.74(3) 2Fe** + (H,LY)*™ + H" —= [Fe,(H;LY)]* 62.0(1)
Fe** + (H,LY)* + SH* [Fe(H,LYP*  71.31(4) 2Fe’* + (H,LY)* + 2H* [Fe,(H.LD**  66.90(7)
2Fe** + (H,LY®™ + 3H" —=[Fe,(H;LH**  69.52(7)
[Fe(H,L)] + H* [Fe(H,LY]* 4.48(5) 2Fe’* + (H,LY)* + 4H* [Fe,(HLY*  72.76(9)
[Fe(HsL)]" + H" —— [Fe(H,LYH** 3.57(5)
[Fey(H,LY] + H” [Fey(H;L]" 3.9(1)
Fe¥* + (HL')*™ —= [Fe(H;L")] 26.02(7) [Fey(H;LY]" + HT ——=[Fe,(H,LH* 4.9(1)
Fe** + (HL')* [Fe(H,LY)]* 20.03(6) [Fey(H,LYP>* + H* == [Fe,(H,L)J** 2.62(8)
Fe’* + (H,L")” == [Fe(H,LH** 14.16(7) [Fey(HsLYP*™ + HT == [Fe,(H,LH]** 3.2(1)
Fe¥* + [Fe(HsLY)] [Fey,(HsLYH** 6.26(8)
Fe** + [Fe(H L))" == [Fe,(H,L)]** 5.0(1)
* Values in parentheses are standard deviations on the last significant figure.
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Fig. 4 Distribution diagrams of the protonated species formed in
the system Fe*'-HyL'. (a) [HgL'1=[Fe**]=1x10"* mol dm™3, (b)
[HgL'1=1x 1073, [Fe**]1=2 % 107* mol dm%; 0.1 mol dm* NMe,Cl,
298.1+0.1K

OH
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tant detachment of one catechol group from the metal centre
occurs.? Similar two-proton steps have been observed in the
protonation reaction of iron(ir) complexes of catechol-based
cage-like ligands for which the change from catecholate to sali-
cylate mode of bonding appears to be sterically inaccessible.*
In the case of HyL' also the possible protonation of the two
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Fig. 5 Distribution diagrams of the protonated species formed in
the system Fe*'-H,L2 (a) [H,,L* =[Fe**]=1x%10"% mol dm3, (b)
[H,L=1x1073, [Fe**1=2 % 107 mol dm3; 0.1 mol dm* NMe,Cl,
298.1+0.1K

methylated amino groups must be considered. For instance,
since the equilibrium constant for the reaction of Fe’" with
(H,L")™ [log K=14.16(7)] is almost equal to the equilibrium
constant for Fe*" + (H,,L?)?  [log K=14.7(1)] one should
expect that both ligands involve the same number of donor
atoms in these complexation reactions. Hence, considering that
in (H,,L?)?" there are only two unprotonated catechol oxygens
available for complexation, at least one proton in [Fe(H,L")]**
should be located on a ligand amino group. It seems reasonable
that also in the dinuclear complexes formed by HgL! in very
acidic solutions one or two protons are bound to the methylated
amino groups. For instance in [Fe,(H,L")]** two protons should
be on nitrogen atoms allowing four catecholate oxygens to be
involved in the complexation of the two Fe®" ions.

The equilibrium constants for the protonation of the
dinuclear complexes (Tables 3 and 4) reveal a rather unusual



Table 4 Logarithms of the equilibrium constants for the formation of mono- and di-nuclear complexes of Fe** with (L?)"?~ determined in water—

dmso (50:50 v/v), 0.1 mol dm* NMe,Cl, at 298.1 £ 0.1 K

Reaction log K
Fe** + (H;L?)° + 2H" [Fe(HsL*)]*" 67.75(4)*
Fe’* + (H,L?)° + 3H" [Fe(HsLY)J*~ 74.65(4)
Fe** + (H;L?)° + 4H" [Fe(H,L*)*~ 82.46(4)
Fe’* + (H,L?)° + SHY [Fe(HsLY)]™ 89.08(5)
Fe** + (H;L?)° + 6H [Fe(H,L%)] 93.60(5)
Fe’* + (H,L»)° + 7TH* [Fe(H,,LY)]* 96.95(5)
[Fe(HsLA)]*™ + HY ——= [Fe(H(L?)]*~ 8.90(5)
[Fe(H,LH*™ + HY —— [Fe(H,L)]* 7.81(5)
[Fe(H,LY)]*~ + H" ——= [Fe(H, L]~ 6.62(6)
[Fe(HgLY)] + H* [Fe(H,L%)] 4.52(6)
[Fe(H,L?] + H* [Fe(H,,L»)]* 3.35(6)
Fe¥" + (HgL?)® —= [Fe(H LY~ 34.87(5)
Fe** + (H,L?*" [Fe(H,LY)]* 31.06(6)
Fe’* + (HgL?)* —= [Fe(H,LY)]™ 26.66(7)
Fe*t + (HoL?)*" [Fe(H,L%)] 20.9109)
Fe'" + (HyL*)] == [Fey(H,; L*)]" 14.7(1)

* Values in parentheses are standard deviations on the last significant figure.

Reaction log K
2Fe*" + (H;L?)°~ [Fe,(H,LH* + H* 64.41(4)
2Fe*" + (H;L?)°” —= [Fe,(H,LY)]*~ 71.70(5)
2Fe*" + (H;L?°” + H' [Fe,(H,L*))*~ 78.51(4)
2Fe¥* + (H;L%)°" + 2H" ——=[Fe,(H;L?)]~ 83.1(1)
2Fe** + (H,L?)° + 3H' —— [Fe,(H(L?)] 88.62(4)
2Fe*" + (H;L?° + 4H" —=[Fe,(H,L»)]" 92.59(3)
2Fe** + (H;L»° + 5SH* [Fe,(HgLH)** 96.06(4)
[Fe,(H,LA* + H* [Fey(H LA 7.29(6)
[Fey(H;LY)P*™ + H" —= [Fe,(H,L)]*~ 6.81(6)
[Fe,(H,L)*” + H* [Fe,(HsL?)]™ 4.6(1)
[Fey(HsL?)]™ + H' == [Fe,(H,L?)] 5.5(1)
[Fey(HeL?)] + H* [Fey(H,LY)]* 3.97(5)
[Fey(H,LY)]" + H" —= [Fe,(H,L*»)]** 3.47(5)
Fe¥* + [Fe(HsL?)]*™ —= [Fe,(HsLY)]~ 17.3(1)
Fe** + [Fe(HsLY)]*~ [Fe,(HsL?)] 13.97(5)
Fe¥* + [Fe(H,L?)]* ——= [Fe,(H,LY)]* 10.13(5)
Fe** + [Fe(HgL?)]” —— [Fe,(HsLY)** 6.98(5)

behaviour, since they do not present a smooth decrease in the
successive protonation steps. Nevertheless, this is not a very
exotic feature and it is associated with complexes characterised
by high intramolecular connectivity where each protonation
step can produce important reorganisation of the complex
structure, facilitating the binding of successive protons.

As evidenced by the species distribution curves in Figs. 4 and
5, HgL! and H,,L? are efficient iron(1) ion sequestering agents,
since even in solutions containing ligand and metal ion in 1:2
molar ratios all Fe** is complexed at about pH 3. Nevertheless,
due to the concomitance of several complexation equilibria and
to their pH dependence, these distribution diagrams, as well as
the log K values of the complexes formed, are inadequate for a
direct comparison of the iron-binding properties of similar
ligands. In order to evaluate the potential ability of such ligands
to scavenge iron(1m) ion from the human iron stores it is prefer-
able to consider the actual concentration of free Fe** in equi-
librium with its complexed forms under given conditions. For
this purpose the [Fe(H,0),*" concentration in aqueous solu-
tion containing 107® mol dm™? total iron and 107° mol dm™3
total ligand at physiological pH, i.e. pH 7.4, is generally used.
Table 5 lists several pM values {pM = —log [Fe(H,0)¢**} for
natural and synthetic iron(imr) ion binding agents.

On the base of the equilibrium constants reported in Table 4
it is possible to calculate a comparative pM value for H,L?
considering that pH 7.4 in pure water corresponds to pH 8.4 in
water—-dmso (50:50 v/v). The value obtained, pM 27.7,
although presumably a few units greater than the values
expected in pure water, seems to be large enough to ensure
favourable competition (from a thermodynamic point of view)
with transferrin (pM 23.6) in the binding of Fe*". In the case of
H,L' it is not possible to calculate a correct pM value, since the
stability constants of the complexes formed at around pH 8.4
could not be determined (see Experimental section). Neverthe-
less, a very pessimistic estimation of pM (at pH 8.4) for this
ligand can be made including in the calculation only the stabil-
ity constants of the complexes formed in the pH range investi-
gated (pH < 5), namely 23.4. In conclusion it seems reasonable
that also HgL! might be thermodynamically able to scavenge
Fe* from iron() transferrin.

In order to verify the effectiveness of HgL' and H,,L?
as iron(1) ion sequestering agents in water, we followed by
spectrophotometric measurements the transmetallation reac-
tions occurring in the presence of these compounds and
diiron(mm) transferrin. The spectrophotometric study also
furnished some information on the co-ordination environment

Table5 pM Values for some natural and synthetic iron(1) ion binding
agents

Ligand® pM*®
Enterobactin 35.5
HBED 31.0
Bicapped TRENCAM 30.7
MECAM 29.1
TRENCAM 27.8
H,,L? 27.7°¢
Desferrioxamine B 26.6
Ferrichrome A 25.2
Hdtpa 24.7
Transferrin 23.6
H,L! 23.4 ¢4
H,edta 22.2

“ H,edta = Ethylenedinitrilotetraacetic acid, Hsdtpa = (carboxymethyl)-
iminobis(ethylenedinitrilo)tetraacetic acid, HBED = N,N’-bis(2-hydr-
oxybenzyl)-2,2'-(ethane-1,2-diyldiamino)diacetic acid, TRENCAM =
tris[2-(2,3-dihydroxybenzamido)ethyl]amine, MECAM = tris(2,3-dihy-
droxybenzamidomethyl)benzene. * pM = —log [Fe(H,0)*'] at pH 7.4
and 107® mol dm™ total iron concentration, 10~ mol dm™ total
ligand concentration, in water. ¢ At pH 8.4 in water—dmso (50:50 v/v).
4 Extrapolated value (see text). Previous values taken from ref. 6(f,4,i).

of the metal ion. Spectra of solutions containing equimolar
amounts of Fe** and H,,L? at pH > 10, exhibiting a maximum
at 484 nm (g 4175 dm® mol™ cm™), are quite similar to those
reported for the octahedral complex tris(catecholato)iron(i)
(Amax = 490, € 4190 dm® mol™! cm™),” in accordance with the
involvement of three catecholate units of the ligand in iron(1ir)
co-ordination at these pH values. Addition of a second equiva-
lent of Fe** to 1:1 metal to macrocycle solutions at pH > 10
does not produce substantial changes of the spectral features
with respect to the total concentration of the metal ion since
2:1 solutions show the same spectra as those of 1:1 solutions
with double the iron(mm) ion concentration (A,,, =480 nm,
€ 8300 dm® mol™ cm™! for 2:1 metal: macrocycle solutions).
These observations indicate that H,;,L*> behaves as a ditopic
ligand furnishing two tris(catecholato)-like lodgings for the
formation of a diiron(1r) complex.

A similar situation occurs for HgL!, as evidenced by the
spectra of solutions containing Fe** and macrocycle in 1:1
(Anax = 514, £ 3000) and 2:1 (A, = 510 nm, € 5960 dm* mol ™!
cm™!) molar ratios at pH 10. The similarity of these spectra
with that of bis(catecholato)iron(mr) (A, =570 nm, & 3330
dm?® mol™! em™),>® and the structure of HgL', accounts for
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Fig. 6 Time dependence of the intensity of the negative dichroic
band of iron transferrin (450 nm) following reactions with H,,L? (a),
H,L! (b) or desferrioxamine B (c). Diiron(t) transferrin concentration
5% 107° mol dm™3, phosphate buffer 0.1 mol dm~3, pH 7.4, ligand
concentration 2 X 10™* mol dm?

the binding of each iron(u) ion to a couple of catecholate
groups.

It is interesting that on addition of one catechol per iron(1ir)
ion to the previous solutions containing HyL' complexes, at pH
10, one obtains almost the same spectra as those observed for
the octahedral complexes of H,,L? at the same pH.

Iron removal from diiron(ii) transferrin by HyL' and H,,L2

Diiron(t) transferrin samples were treated with a two-fold
excess of either macrocycle, and iron removal from the specific
protein sites monitored through circular dichroism. In all cases
the iron(1m)-scavenging ability of the new compounds was com-
pared to that of desferrioxamine B (Desferal), the only iron
chelating agent presently used in clinical therapies.?® It must be
stressed that the use of CD is particularly appropriate in our
case since it reveals only iron(1r) bound to the protein, while the
iron(1m) ions bound to the ligand are CD silent.

Two individual sets of experiments were carried out to exam-
ine the iron-scavenging reaction. In the first one iron removal
was monitored at pH 7.4 in the presence of 0.1 mol dm?
Na,SO,, and 10 mmol dm~* N’-(2-hydroxyethyl)piperazine-N-
ethane-2-sulfonic acid (hepes); in the second the reaction was
carried out in the presence of 0.1 mol dm* phosphate buffer,
pH 7.4. Whereas in the former case the iron release was
extremely slow with respect to all ligands (several days for each
reaction), in the latter the reaction is significantly faster and
reaches completion within 20-50 h. Time-dependence profiles
for the reactions carried out in the presence of 0.1 mol dm™?
phosphate are shown in Fig. 6. It is apparent that the iron-
removal reaction is much faster for H,,L? than for HgL'; under
the same experimental conditions desferrioxamine B (DFB) is
much less effective than H,,L* but slightly more effective than
HgL'. The percentage of iron extraction after 10 h is 25% for
H,L', 30% for DFB and 80% for H,,L2.

The fact that the iron extraction rates are very low in all cases,
even in the presence of 0.1 mol dm™* phosphate, implies that
the various ligands (HyL!, H,,L? and DFB), unlike diphosphate
and some phosphonate ligands, are not able to approach closely
the protein-bound metal ion and remove it;*”*® their inertness
must probably be ascribed to their bulkiness and/or to their
inability to induce local conformational changes of the iron
binding site.” Thus, on the grounds of these results, it can be
hypothesised that the mechanism of the iron-release reaction is
predominantly dissociative even if not purely dissociative
(indeed, the apparent extraction rates depend on the nature of
the chelating agent). Conversely, the large increase in the iron-
scavenging rates observed upon replacement of sodium sulfate
with the phosphate buffer may be due either to modulation of
the protein conformation by phosphate or to direct access of
the phosphate group to protein-bound iron (according to a
shuttle mechanism).
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In any case, independently of the mechanism of iron release,
it must be stressed here that both compounds are able to remove
iron(t) from transferrin in vitro and that H,,L? is significantly
more effective than DFB in doing so. A more extensive bio-
logical evaluation of these new compounds is now warranted
for possible applications in iron-chelation strategies.
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