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0.110; H atoms treated by a riding model; max. and min. residual electron
densities were +0.550 and —0.453, respectively. Crystallographic data
(excluding structure factors) for the structure reported in this paper has
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-55327. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+444)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk). Susceptibilities from a Pd-standard-calibrated Quantum
Design MPMSSS SQUID, at a field of 0.1 T. The diamagnetic correction
applied for 1 was —5.32 x 10~* cm*mol ..
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A Calix[4]arene Gd" Complex Endowed with
High Stability, Relaxivity, and Binding Affinity
to Serum Albumin**

Silvio Aime, Alessandro Barge, Mauro Botta,*
Alessandro Casnati,* Marco Fragai, Claudio Luchinat,
and Rocco Ungaro

An interesting class of macrocyclic ligands uses calixarenes
as a molecular platform. These ionophores!! are characterized
by high lipophilicity and have been mainly used as selective
extractants or carriers of alkali,?! alkaline earth,? lanthanide,
and actinide metal ions.”! The complexation of lanthanide
ions by calix[4]arene ligands has also been studied with the
purpose of developing new luminescent probes.P! Very little is
known on the use of calixarene lanthanide complexes as
contrast agents for magnetic resonance imaging (MRI),
although this possibility has been envisaged! and a recent
example has been reported.l®! To develop efficient systems for
MRI the problem of water solubility and stability of the
complexes has to be solved. Several years ago we reported the
luminescent properties of lanthanide complexes of a calix[4]-
arene tetraamide derivative in water.l”) However, the com-
plexes were not very stable and after a short time the free
ligand precipitated out of the solution. One efficient way to
complex hard divalent and trivalent metal ions in water is to
use aminopolycarboxylic acid derivatives.['") Herein we report
the synthesis of a new calix[4]arene-based ligand which
presents two acetamide and two ethylenaminodicarboxy
groups at the lower rim of the macrocycle, able to form
complexes with Gd™ in water, these complexes are charac-
terized by high values of relaxivity.[

The diamide tetraacid derivative 1 was synthesized in 45 %
overall yield, by alkylation of the diamide of calix[4]arene 21!]
with Na,CO; and 2-[N,N-bis(tert-butyloxycarbonylmethyl)-
amino]-1-bromo-ethane (3)('¥ in acetonitrile, followed by
hydrolysis of tert-butyl esters using trifluoroacetic acid (TFA)
and triethyl silane (Scheme 1). The 'H NMR spectrum of 1 in
CD;OD, clearly show that the calixarene ligand is in the cone
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conformation: two doublets (6 =4.36 and 3.25, /=13.1 Hz)
for the methylene protons bridging the aromatic nuclei.l'’]
This conformation also ensures that all potential binding
groups are located on the same side of the macrocycle.

The [Gd"™(1)] complex has a relaxivity of 9.6 mm~'s™! in
water, at 20 MHz and 25 °C, which is constant in the pH range
4-9, which indicates that the structure of the complex is
stable over a change in proton concentration of five orders of
magnitude. This value is about two times higher than that
of the monoaquo complexes [Gd(dota)(H,0)]- and
[Gd(dtpa)(H,O) > (DOTA =1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid, DTPA = diethylenetriamine-
pentaacetic acid) which suggest a higher hydration of the
metal ion in our case.'Y The nuclear magnetic relaxation
dispersion (NMRD) profile of [Gd™(1)]!! (Figure 1),
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Figure 1. NMRD profile of [Gd"(1)] in water at 25°C and pH 6.8. The
solid curve through the experimental data is the best-fit of the equations for
inner- and outer-sphere paramagnetic relaxation. The lower dotted curve
represents the calculated profile of the commercial MRI contrast agent
[Gd(dota)]~ .l v=proton Larmor frequency, R,=longitudinal water-
proton relaxivity.

—

confirms this hypothesis as the best fit of the data to the
equations for the inner- and outer sphere relaxation yields a
hydration number g of 3, a Gd —water protons separation r of
3.1 A and a reorientational correlation time 7y of about
150 ps.l'I Thus, the higher relaxivity of the complex compared
to that of the commercial MRI contrast agents is because of a
higher number of coordinated water molecules and a longer
reorientational correlation time, a consequence of its higher
molecular weight. This result implies that only two coordi-
nating arms of the ligand are involved in the complexation of
the metal ion. Enhanced relaxivities are observed when the
reorientational motion of the paramagnetic complex is slowed
down upon formation of noncovalent adducts with macro-
molecular substrates.'* 171 MRI contrast agents with such a
binding capability, in particular towards serum albumin, have

4738 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

been devised as blood-pool agents for angiographic applica-
tions.'®! An important requisite is a high thermodynamic (and/
or kinetic) stability to ensure integrity of the complex upon
binding to the protein and increased retention time in vivo.
Our results represents an advance in the design of calix-
arene — Gd"™-based contrast agents with respect to a recently
reported example in which the Gd™ complex has a stability
constant of only 2 x 10° M8l From relaxometric competition
experiments we measured a lower limit of the stability
constant of 1 x 10%m~! for [Gd™(1)] in water at pH 6.8, a
value sufficiently high to ensure the integrity of the complex
in the presence of the protein, although not yet adequate for
invivo use. The binding interaction with human serum
albumin (HSA) was investigated by titrating a solution
(0.037 mmol L") of [Gd™(1)] with the protein at 25°C and
monitoring the increase of the proton solvent relaxation rate
R, at 20 MHz (Figure 2). From the analysis of the data
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Figure 2. Relaxometric titration of a 0.037 mum solution of [Gd"(1)] with
HSA at 25°C, pH 6.8, and 20 MHz. From the analysis of the data a
relaxivity as high as 60 mm~'s™! is calculated for the HSA bound adduct of
the complex. Details of the general methods and instrumentation used are
given in refs. ["<l; R, =longitudinal water-proton relaxation rate.

according to the equation of the proton relaxation enhance-
ment (PRE),['7? by assuming the presence of a single class of
equivalent binding sites, we calculated an affinity constant K,
of 2.4 x 10*m~! and an enhancement of six of the relaxivity of
the macromolecular adduct over that of the free complex. The
binding constant is in the upper range found for the non-
covalent interaction of suitably functionalized DOTA and
DTPA complexes to HSA.['> <l However, the NMRD profile
of the complex in the presence of an excess of HSA (Figure 3)
supports the view of the formation of a ternary complex
involving the displacement of one or more coordinated water
molecules by the protein, since a reasonable fitting of the data
could only be obtained by considering a single coordinated
water molecule.!'! In spite of the displacement of two water
molecules by HSA, the relaxivity of the adduct reaches a peak
of about 50 mm~'s~! at 30 MHz. Interestingly, the calculated
value of the residence lifetime t,, for the coordinated water,
approximately 40 ns, is considerably shorter (300 ns) than
those for the clinically used MRI contrast agents [Gd(dtpa) ]*~
and [Gd(dota)] . This value is near optimal for attaining
maximum relaxivities for macromolecular Gd™ complexes.['7]
An involvement of the donor groups on the surface of the
protein in the coordination of the Gd™ ion has been recently
reported for a Gd™ complex with a functionalized DO3A
ligand (DO3A =1,4,7,10-tetraazacyclododecane-1,4,7-triacet-
ic acid.?%
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Figure 3. NMRD profile of the [Gd"™(1)]-HSA adduct 25°C. The best-fit
curve was calculated with the parameters: A =0.023 cm™!, 7, = 1.75 ns, Ty =
12 ps, D(ZFS)=0.24 cm™!, 7yy=38 ns, ¢ =1, r=3.1 A" v =proton Lar-
mor frequency, R, =longitudinal water-proton relaxivity, ry = correlation
time for electron relaxation, D (ZFS) = static zero-field splitting.

To surmise, the high binding affinity of [Gd'!(1)] to HSA is
the result of a cooperative effect of the hydrophobic interaction
brought about by the aromatic macrocyclic moiety and of the
coordination of donor groups of the protein (probably Asp or
Glu). These preliminary results augurs well for the develop-
ment of a new class of stable, water soluble MRI contrast
agents of enhanced efficacy (Gd™ complexes) and luminescent
probes (Eu'/Tb™ complexes) for biomedical studies.

Experimental Section

Melting points were determined with an electrothermal melting point
apparatus in a capillary sealed under nitrogen. '"H NMR spectra were
recorded with a Bruker AC 300 spectrometer. Mass spectra were obtained
either with a Finnigan MAT SSQ710 spectrometer (desorption chemical
ionization (DCI) using methane as ionizing gas) or with a ZMD MICRO-
MASS  spectrometer (electrospray ionization (ESI) methanol/
dichloromethane =9/1). All solvents were purified with standard proce-
dures; dry solvents were obtained by literature methods and stored over
molecular sieves.

Synthesis of the fert-butyl ester of 1: Na,CO; (15 mL; 0.65 g, 6.15 mmol)
and compound 3 (0.32 g, 0.92 mmol) were added under nitrogen atmos-
phere to a stirred solution of diamide 2 (0.20 g, 0.31 mmol) in dry
acetonitrile. After 14 h reflux, the solvent was removed under vacuum and
1IN HCI (20 mL) added. The water layer was then extracted with AcOEt
(Ac=acetyl), and the organic phase washed twice with water. The tetra-
tert-butyl ester of 1 was obtained by removing the solvent under vacuum.
Yield =51%; '"H NMR (300 MHz, CDCl;, 25°C, TMS): 0 = 6.60-6.54 (m,
12H; ArH), 4.69 (s, 4H; OCH,CO), 4.65 (d, /=13.6 Hz, 4H; ArCH,Ar
ax), 4.12 (t, J=7.1Hz, 4H; OCH,CH,N), 3.45 (s, 8H; NCH,CO), 3.40—
3.27 (m, 8H; NCH,CHs;), 3.25 (t,/=7.1 Hz, 4H; OCH,CH,N), 3.17 (d,J =
13.6 Hz, 4H; ArCH,Ar eq), 1.42 (s, 36H; CCH,), 1.16-1.08 (m, 12H;
NCH,CH,); CI-MS m/z: 1193.8 [(M+H)*].

1: Trifluoroacetic acid (5.9 mL, 62.90 mmol) was added to a solution of the
tetra-tert-butyl ester of 1 (0.50 g, 0.42 mmol) and triethyl silane (3.3 mL,
20.96 mmol) dissolved in of dry CH,Cl, (10 mL). After stirring at room
temperature for 14 h, the solvent was removed under vacuum. Product 1
was obtained by precipitation with Et,O from the CH,Cl, solution. Yield =
90 % ; m.p. 140-142°C; '"H NMR (300 MHz, CD;0D, 25°C, TMS) 6 =7.17
(d,J=74Hz,4H; ArH), 6.97 (t, /=74 Hz, 2H; ArH), 6.28 (s, 6H; ArH),
4.54-4.51 (m, 8H; OCH,CO, OCH,CH,N), 4.36 (d, J=13.1 Hz, 4H;
ArCH,Ar ax), 4.22-4.12 (m, 12H; NCH,COOH, OCH,CH,N), 3.51 -3.44
(m,4H; NCH,CH3;), 3.25 (d,/=13.1 Hz, 4H; ArCH,Ar eq), 3.30-3.21 (m,
4H; NCH,CH;), 1.21-1.13 (m, 12H; NCH,CH;); ESI-MS m/z: 969.8
[(M+H)].
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