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Diethylenetriaminepentaacetic acid (DTPA)-bisamide deriv-
atives functionalized with p-toluidine, 6-aminocoumarin, 1-
naphthalene methylamine and 4-ethynylaniline were syn-
thesized and fully characterized by mass spectrometry, NMR
spectroscopy, FTIR spectroscopy and elemental analysis. Ln'
complexes (Ln = Gd, Eu, Tb, Y) of the ligands DTPA-bis-p-
toluidineamide (DTPA-BTolA), DTPA-bis-6-coumarinamide
(DTPA-BCoumA), DTPA-bis-1-naphthylmethylamide
(DTPA-BNaphA) and DTPA-bis-4-ethynylphenylamide
(DTPA-BEthA) were prepared and studied for their bimodal
magnetic resonance imaging/optical properties. Eu™ and
Tb™ derivatives in aqueous solutions exhibit characteristic
red and green emission, respectively, with quantum yields
of 0.73 % for Eu"-DTPA-BNaphA and 2.5 % for Tb"-DTPA~
BEthA. Ligand-centred photophysical properties of the Gd™
complexes were investigated to gain insight into energy-

transfer processes that take place in these systems. The Gd™
complexes were also analyzed by nuclear magnetic relax-
ation dispersion (NMRD) techniques. The relaxivity (r;) at
20 MHz and 310 K equals 4.1 s7'mM™! for Gd-DTPA-BTolA,
5.1s'mMm! for GA-DTPA-BCoumA, 6.4 s 'mM' for Gd-—
DTPA-BNaphA and 5.7 s'mm ! for Gd-DTPA-BEthA. These
values are higher than the value of 3.8 s™* mm~! for GA-DTPA
(Magnevist). The improved relaxivity is due to the increase
in the rotational tumbling time tz with a factor of 1.6 for Gd-
DTPA-BTolA, 2.1 for Gd-DTPA-BCoumA, 3.1 for Gd-DTPA-
BNaphA and 6.5 for Gd-DTPA-BEthA. In a 4 % human se-
rum albumin solution, the apparent relaxivity at 20 MHz in-
creases to values of 13.9 and 19.1 s'mm~! for Gd-DTPA-
BNaphA and Gd-DTPA-BEthA, respectively. All these fea-
tures assist the search for optimal bimodal optical and mag-
netic resonance imaging probes.

Introduction

Improving the contrast in magnetic resonance imaging
(MRI) requires contrast agents that are sufficiently stable
and water-soluble with large values of molar relaxivity. It is
commonly known that diethylenetriaminepentaacetic acid
(DTPA) leads to the formation of highly stable complexes
with trivalent lanthanide ions in aqueous solutions. Among
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the lanthanides, gadolinium(III) is preferred for in vivo MR
applications because of its high paramagnetic character,
and several Gd™! complexes are in clinical use as they en-
hance the 7 signal intensity to result in a positive con-
trast.[!l Despite the good spatial resolution and tissue pene-
tration, the MRI technique suffers from a low sensitivity.
Moreover, the relaxivity remarkably decreases as the mag-
netic field strengths increase. To achieve better magnetic
properties, the molecular tumbling rate of the contrast
agent can be decreased by applying different strategies. Sev-
eral Gd™ chelates have been conjugated to macromolecular
carriers such as linear polymers or dendrimers.!”! The incor-
poration of amphiphilic Gd™ complexes into slowly tum-
bling micelles or liposomes also led to higher proton relax-
ivities.'>3 The formation of supramolecular structures that
contain several paramagnetic ions has also been explored.™
A more accessible approach to restrict the rotational mo-
tion is a noncovalent interaction of the ligand with proteins,
such as human serum albumin (HSA),! which is the most
abundant protein in human blood serum. In recent years
luminescent/MRI bimodal agents have been created by tak-
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ing advantage of the high sensitivity of optical imaging cou-
pled with the high resolution of MRI. These agents were
designed by attaching an organic dye! or a transition-metal
complex!”l to a DTPA or 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) scaffold. The two diagnos-
tic features were also combined into supramolecular struc-
tures like liposomes!®! or nanoparticles.”! Eu™ and Tb'™!
chelates based on a DTPA core triggered a great deal of
interest in the design of luminescent lanthanide systems.!7
These lanthanides display a unique pattern of sharp emis-
sion bands and typically have long-lived luminescent ex-
cited states in the microsecond-millisecond range. Since the
corresponding f—f transitions are characterized by low mo-
lar absorption coefficients, an aromatic chromophore will
be attached to the DTPA moiety. In such a system, the
chromophore will act as “antenna”/sensitizer by gathering
excitation energy and transferring it to the coordinated lan-
thanide ion. A mixture of the paramagnetic Gd™ and lumi-
nescent Eu, Tb™" or Yb"™ complexes offers an imaging
agent suitable for a diagnostic procedure endowed with the
high resolution of MRI and the high sensitivity of optical
imaging.'!]

Most of the gadolinium chelates are charged salts under
physiological conditions and cause a high osmolality in
solution in combination with their proper counterions.!'?!
On the other hand, neutral DTPA N,N'’-bisamide deriva-
tives lead to minimal osmolality and display a satisfying
complex stability and water solubility.'3! For in vivo appli-
cations, though, it is important to consider the kinetic inert-
ness of the complexes. Kinetic stability can be evaluated as
the extent of transmetalation of the complex in the presence
of Zn™ ions at pH 7.!4 The results obtained for the Gd—
DTPA bisamide series show that the transmetalation pro-
cess is markedly faster for all bisamide derivatives than for
the parent compound. However, within the bisamide series,
less extensive transmetalation occurs when the substituting
groups are bulkier, thus indicating a favourable effect of
steric hindrance against the transmetalation process.[!4b-1°]
The double amide functionalization provides a higher mo-
lecular weight, whereas the rigidity of the compound is
maintained. These factors play an important role in
improving the relaxivity properties of the corresponding
gadolinium complexes. Furthermore, the attachment of one
or two (different) aromatic systems can provide an absorb-
ing centre to capture the energy of incident light, acting
as an antenna for a coordinated europium or terbium ion.
Lanthanide complexes with numerous amide derivatives
of DTPA with substituted coumaryl,l'® carbostyryl,[!”]
naphthyl, quinoxalinyl,l'8! phenylethynyll!l and bipyr-
idine®”! moieties among many others have been investigated
as luminescent probes. Nevertheless, it remains a challenge
to find a system that combines both optimal magnetic and
optical properties, which can act as a bimodal contrast
agent. In this report, four different DTPA-bisamides
functionalized with p-toluidine, 6-aminocoumarin, N-(1-
naphthyl)methylamine and 4-ethynylaniline as well as their
lanthanide(IIT) complexes are synthesized and fully charac-
terized by mass spectrometry, NMR spectroscopy, FTIR
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spectroscopy and elemental analysis. The photophysical
properties of Gd™, Eu™ and Tb'™ complexes in aqueous
solutions have been investigated in detail and the impact of
the nature of the ligands is discussed. To evaluate the poten-
tial of the Gd"! analogues as MRI agents, their relaxo-
metric properties were comprehensively studied in water
and in HSA-containing solutions.

Results and Discussion

Synthesis of Ligands and Complexes

The DTPA-bisamide derivatives were prepared accord-
ing to a straightforward two-step synthetic procedure
(Scheme 1). Diethylenetriaminepentaacetic acid was treated
with acetic anhydride to form DTPA-bisanhydride. Four
different aromatic amines were coupled to this DTPA skel-
eton, which led to a set of DTPA-bisamide derivatives.

Q O
HOOC—\ /™ /\ /7€M & I \/\/\ /X
N N N — 0 N N N o]

\—cooH >—/ ) (

HOOC o HOOC o}

HOOC—/
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Scheme 1. General synthesis of DTPA-bisamide derivatives. Con-
ditions: (i) acetic anhydride, pyridine, reflux; (ii)) RNH,, sodium
ascorbate, anhydrous DMF, 60 °C.

The four synthesized ligands, DTPA-bis-p-tolu-
idineamide (DTPA-BTolA), DTPA-bis-6-coumarinamide
(DTPA-BCoumA), DTPA-bis-1-naphthylmethylamide
(DTPA-BNaphA) and DTPA-bis-4-ethynylphenylamide
(DTPA-BEthA), are depicted in Figure 1. All ligands were
characterized by nuclear magnetic resonance spectroscopy
(Figure S1 in the Supporting Information), mass spectrom-
etry, elemental analysis and IR spectroscopy.

DTPA-BTolA was coordinated to paramagnetic Gd™,
luminescent Eu™ and Tb™ and diamagnetic Y''' in water
in a mild acidic environment (pH = 6). The lanthanide com-
plexes of the other ligands were formed in pyridine accord-
ing to the procedure by Kimpe et al.?'l The absence of free
lanthanide ions was verified with the help of an arsenazo
indicator solution.”??! Proton NMR spectroscopy of Y-
DTPA-BCoumA and Y'"-DTPA-BNaphA shows a broad-
ening and separation of the signals in the aliphatic region,
which indicates the occurrence of several interconverting
isomers due to the coordination of a lanthanide to DTPA
derivatives (Figure S2 in the Supporting Information).**
Positive-mode electrospray ionization mass spectrometry
(ESI-MS) showed molecular peaks [M + Na]* and [2M +
Na]*, thus indicating the presence of fully complexed spe-
cies with a 1:1 stoichiometry in solution (see Figure S3 in
the Supporting Information and the Exp. Section). Infrared
absorption data of all ligands show strong absorptions in
the region around 1600 cm™!, which correspond to the C=0

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

FULL PAPER

European Journal
of Inorganic Chemistry

HOOC—\N/—\ N\ /—COOH

— MR \ NLEN

O HOOC
1

HOOC COOH

) \L ﬁ/ 0
et oty o
COOH
o No
HOOC COOH

Figure 1. Synthesized DTPA-bisamide derivatives: DTPA-BTolA
(1), DTPA-BCoumA (2), DTPA-BNaphA (3) and DTPA-BEthA
4.

free acid stretching modes. Shifts of 10 to 50 cm ! towards
lower wavenumbers were observed upon complexation,
which suggests oxygen coordination to the lanthanide(I1T)
ions. These findings are consistent with previous studies
that have shown that DTPA-bisamide derivatives coordi-
nate to trivalent lanthanide ions by three acetate oxygen
atoms, three nitrogen atoms and two carbonyl oxygen
atoms of the amide groups, whereas the ninth coordination
site is occupied by a water molecule.”?*) Owing to the strong
coordinative properties of polyaminocarboxylates, the lan-
thanide complexes were found to be stable in water for sev-
eral weeks at room temperature.

Photophysical Properties: Ligand-Centred Luminescence
and Triplet States

All complexes displayed well-defined absorption bands
(Figure 2 and Figure S4 in the Supporting Information),
which can be attributed to the t1— n* transitions of the li-
gands. Absorption spectra are independent of the nature of
the lanthanide ion, so only those of Gd™ complexes are
discussed below. The Gd"" complex of DTPA-BTolA dis-
played an absorption maximum at 245 nm, whereas the
Gd-DTPA-BCoumA complex showed an intense absorp-
tion band with a maximum at 245 nm and a shoulder at
275 nm. Moreover, a low-energy band at 323 nm can be
seen for the latter. In comparison to parent coumarin with
a maximum absorption wavelength of 274 nm,?! the band
is shifted towards higher energy upon derivatization with
DTPA, thus forming an amide group at the 6-position. The
absorption spectrum of Gd—-DTPA-BNaphA showed an in-
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tense band at 219 nm and a less intense band at lower en-
ergy between 250 and 300 nm with three visible features lo-
cated at 272, 282 and 291 nm. These represent the well-
known So— S, transitions of naphthalene-based ligands.?¢]
Finally, for Gd-DTPA-BEthA, a maximum absorption can
be seen at 263 nm, which corresponds to the phenylethynyl
group of the ligand.l?”]

100x10°

80 —

60 —

Extinction coeff. (cm 'M")

200 250 300 350 400 450
Wavelength (nm)

Figure 2. UV/Vis absorption spectra of Gd-DTPA-BTolA (Gdl)

(solid line), Gd-DTPA-BCoumA (Gd2) (long-dashed line), Gd—

DTPA-BNaphA (Gd3) (dotted line) and Gd-DTPA-BEthA (Gd4)
(short-dashed line) in water (pH = 7.4, ¢ = 1 X 107> m).

The photophysical properties of Gd'™! complexes both at
room temperature in aqueous solutions and at 77 K in a
water/glycerol (9:1) mixture are summarized in Table 1. At
298 K, UV excitation into lower-energy bands results in li-
gand-centred broad-band emission that arises mainly from
In—n* states (Figure 3). At 77 K upon enforcing a time de-
lay, the emission from the singlet state disappears to give
rise to the triplet state 3m—m* emission at lower energy.

Table 1. Ligand-centred photophysical properties.

Eg ™ Eqy[® AE Er—°Dy  Er—Dy

[em™] [em™] [cm™] [em™] [em™]
Gd1 26 670 20 325 6375 3025 -175
Gd2 26 385 21 460 4925 4160 960
Gd3 31 450 19 610 11 845 2310 -890
Gd4 27 000 22 000 5000 4700 1500

[a] Singlet-state energy, determined from the edge of the absorption
spectra. [b] Triplet-state energy, determined as a 0-0 transition
from the phosphorescence spectra of the Gd'"' complexes.

Intensity (a.u.)

T T T
300 400 500 600 700
Wavelength (nm)

Figure 3. Normalized and corrected emission spectra of Gd""! com-
plexes: luminescence at 295 K (H,O, pH = 7.4, ¢ = 103Mm, solid
line) and phosphorescence at 77 K when a 100 ps delay was applied
(H,Ol/glycerol 9:1, ¢ = 10 3™, dashed line).
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Analysis of the data presented in Table 1 allows us to
draw the following conclusions. (i) The difference between
singlet and triplet states is quite ideal (=5000 cm )8! for
efficient intersystem crossing for DTPA-BCoumA and
DTPA-BEthA, whereas the AE value is too large for
DTPA-BNaphA. (ii) Considering the energies of the triplet
states and their comparison to the optimal values,*?! all li-
gands can serve as sensitizers of Eu'" luminescence with
the maximum expected efficiency for Eu3. When it comes
to T, Er; of DTPA-BCoumA and DTPA-BEthA are
too close to the Dy level, thus making a back-energy-trans-
fer process highly probable. Triplet-state energies of DTPA-
BTolA and DTPA-BNaphA are lower than the resonance
level of Tb™, so they cannot be considered feeding levels
for this ion.

Metal-Centred Luminescence

Under excitation at the proper wavelengths (280-
330 nm), all Eu™ and Tb™ complexes except for Tb3 dis-
play exclusively characteristic red and green emission bands
due to °Dy—"F, (J = 0-4) and °D,— "F, (J = 6-3) transi-

5Do = 7FJ

2

El
s
= Eu3
IS
E
Eu2
Eu1

T T T T T T T T
580 600 620 640 660 680 700 720
Wavelength (nm)

Figure 4. Bottom to top: Corrected and normalized emission spec-
tra of Eul (e = 280 nm), Eu2 (Jeye = 330 nm), Eu3 (Lo =
292 nm) and Eud (A, = 290 nm) in water (pH = 7.4, ¢ = 107> m).

°Dg4—>"Fy
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tions, respectively (Figures 4, 5). Ligand-centred emission
at lower wavelengths is absent, thus indicating an efficient
ligand-to-lanthanide energy transfer. On the other hand,
the emission spectrum of the Tb3 complex is dominated by
ligand emission centred at 325 nm with small sharp features
in the range 450-650 nm typical for f-f transitions of the
Tb™ ion. Such results can be expected if one takes into
account that the triplet state of the DTPA-BNaphA is
890 cm™! lower in energy than the resonant Dy level of
Tb' (Table 1). Crystal-field splitting of the *Dy—"F, (J =
0-4) and °D,— "F, (J = 6-3) transitions varies only slightly
with the nature of the ligand, whereas relative intensities
encounter some changes (Tables S1 and S2 in the Support-
ing Information). Considering Eu'™ complexes, the relative
integral intensity of the hypersensitive °Dy— ’F, transition
increases from 1.8 to 2.1 when going from Eu4 to Eu2 and
further to 2.8 for Eul and Eu3. The intensity of the highly
forbidden °Dy—’F, transition is quite high (7-18%
relative to *Dy— ’F,), which is typical for Eu'! occupying
a site with C,, C, or C,, symmetry. As far as Tb" com-
plexes are concerned, relative integral intensities vary
within 20 %, which is in agreement with the lower sensitivity
of this ion to changes in the coordination environment than
EUIH.

Luminescence decays of all Eu and Tb™ complexes in
both H,O and D,O have been fitted by monoexponential
equations to confirm the presence of only one luminescent
lanthanide species in solution. Luminescence lifetimes in
H,O lie in the range of 0.54-0.57 ms for Eu"™" and 1.49-
1.58 ms for Tb™! complexes and are more or less indepen-
dent of the nature of the ligand (Table 2). The 7y, values
are typical for the corresponding lanthanide complexes with
DTPA-bisamide derivatives.’>2%1 In D,O, luminescence
lifetimes increase by a factor of approximately 4.7 and 2
for Eu™ and Tb', respectively. This is the result of less
nonradiative deactivation induced by O-D vibrations than
by O-H. The Eu' luminescence lifetime decrease due to
the presence of high-energy O—H vibrations is used for the
determination of the number of coordinated water mole-
cules ¢g. For the sake of comparison in the case of Eu'™,
two phenomenological equations developed for cyclen"

b)

D= F,

J=6

T T T T
400 500 600 700
Wavelength (nm)

300

Tb1

T T T
550 600

Wavelength (nm)

450

Figure 5. (a) Bottom to top: Corrected and normalized emission spectra of Tbl (A =
103 m). (b) Corrected and normalized emission spectrum of Tb3 (/. = 292 nm).

290 nm) in water (pH = 7.4, ¢ =
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280 nm), Tb2 (Aexe = 330 nm) and Tb4 (A =
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and aminocarboxylate derivativesi*!l have been considered
[Equations (1) and (2)].

Gra (H,0) = 1.2 (Akype. — 0.25 — 1.2gNH — 0,075 gCONH) (1)

Gra (H,0) = 111 (Akypea — 0.31 — 0.44¢OH — 0.99gNH
0.075¢°ONH)  (2)

Table 2. Photophysical data for the Eu''' and Tb'' complexes in
water (pH 7.4, ¢ = 10 m) at 298 K.

b]

)Vexc [nm] 7:]-IZO [ms][a] TDZO [ms][a] qHZO[
Eul 280 0.54(1) 2.33(1) 1.2/1.1
Tbl 280 1.62(1) 3.09(1) 1.1
Eu2z 330 0.56(1) 2.42(1) 1.2/1.1
Th2 330 1.55(1) 3.11(1) 1.0
Eu3 292 0.57(1) 2.44(1) 1.1/1.0
Tb3 292 1.49(1) 3.07(1) 1.1
Eud 290 0.57(1) 2.42(1) 1.1/1.0
Tbd 290 1.58(1) 3.13(1) 1.0

Traq [ms] OFY [ Oby [ Hsens [0
Eul 4.21 12.8 0.30 2.3
Tb1 0.62
Eu2 5.38 10.4 0.64 6.2
Tb2 1.2
Eu3 5.14 11.1 0.73(l 6.6
Tb3 0.98(l
Eu4 5.58 10.2 0.55/0.58l 5.4/5.7t
Th4 2.5/2.6¢!

[a] Values of 2¢ in parentheses. [b] Calculated using Equations (1)
and (2) for Eu'" or Equation (3) for Tb"!. [c] Estimated relative
CITOIS! Topsd.» iZ%; Trad> J—rlo(%; Eﬁ, ilz(%; th ilOIVO; Msens
+22%. [d] Quantum yield relative to quinine sulfate in 1 N H,SO,4
unless stated otherwise. [e] Quantum yield relative to rhoda-
mine 101 in EtOH.

For Tb'! the following phenomenological equation has
been used [Equation (3)].3%

gro (H20) = 5.0 (Akopsq. — 0.06) (©)

In these equations, Ak,psq. represents the difference of
the decay rate constants ky,o and kpo or l/ry,o and
1/7p,0, and ¢* stands for the number of OH, NH or CONH
groups participating in lanthanide coordination. In the
present case, only amide groups have been considered;
g ONH = 2 For Eu' complexes, the values of ¢ obtained
using Equations (1) and (2) are in agreement [considering
the accuracy of *+0.2-0.3 for Equation (1) and 0.1 for
Equation (2)] and lie in the range of 1.0 to 1.2 molecules.
For Tb™ complexes, ¢ is equal to 1.0-1.1. This is consistent
with the eightfold lanthanide coordination provided by
DTPA-bisamide derivatives, whereas the ninth coordina-
tion site is occupied by a water molecule in aqueous solu-
tions.?4]

Although the nature of the ligand has no influence on
the luminescence lifetimes, the quantum yields vary con-
siderably and different trends can be observed for Eu'™" and
Tb™ complexes (Table 2). The quantum yields of Eu'™
complexes determined under ligand excitation are very
modest. They increase in the series Eul < Eud4 < Eu2 <
Eu3 and reach 0.73% for the latter, which is quite in line
with the predictions made according to the energy gap be-
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tween Et; and Dy levels (Table 1). The low absorption co-
efficient of the f-f transitions does not allow us to measure
intrinsic quantum yields, so they have been estimated on
the basis of the ratio between the observed and radiative
lifetimes according to Equation (4)

1

— =4y (Lj
Ly

Trad

(4)

Eu — Tub.wl. (4b)

Eu
rad

in which Ayip o is the Einstein coefficient equal to 14.65 s7;
n the refractive index, which has been set equal to that of
the neat solvent, ny,o = 1.34; and (Jio/Imp) the ratio of the
total integrated Dy,— "F, emission (J = 0-4) to the inte-
grated intensity of the >Dy— ’F; magnetic dipole transition.
The values of intrinsic quantum yields are in the range of
10-13%. The small variation of this parameter is somehow
not surprising if one takes into account a similar coordina-
tion environment provided by the studied DTPA-bisamide
derivatives. On the other hand, the sensitization efficiency
defined by Equation (5)

Os,
Moens = 5
O ©)

increases by 2.3-2.9 times for Eu2-Eu4 complexes relative
to Eul, which reflects the trend observed for Q.

Tb™ luminescence quantum yields determined under li-
gand excitation follow a different trend than for Eu'
(Table 2). The maximum Q% of 2.5% is observed for Tb4,
whereas a value 2.1 times lower is found for Tb2. Quantum
yields of Tb3 and Tbl are even lower and equal to 0.98
and 0.62%, respectively. Tracing back to Table 1, one can
conclude that contrary to the generally accepted triplet-to-
lanthanide energy-transfer path, the singlet states of
DTPA-BTolA and DTPA-BNaphA might play a signifi-
cant role in the sensitization of characteristic Tb™" emis-
sion.

Relaxometric Studies: Longitudinal Relaxation
Enhancement

The efficiency of an MRI contrast agent is usually mea-
sured by its water proton relaxivity (r;), defined as the para-
magnetic longitudinal relaxation rate induced by a 1 mm
solution of Gd"". It results mainly (i) from short-distance
dipolar interactions between Gd"!' and the water molecule
coordinated to this ion and in exchange with bulk water
(the so-called inner-sphere contribution) and (i) from
longer-distance dipolar interactions between the Gd™! com-
plex and the water molecules diffusing in its close proximity
(the outer-sphere interaction). The outer-sphere contri-
bution is quite similar for all Gd complexes and depends on
the distance of closest approach (d), the relative diffusion
coefficient (D), the Gd™! electronic relaxation time at zero
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field (zgp) and the correlation time that modulates the elec-
tronic relaxation (ty). The inner-sphere contribution is
characterized by several parameters: r, the distance between
the water protons and the paramagnetic centre; ¢, the
number of water molecules in the first coordination sphere
of Gd™'; 7,,, the residence time of the coordinated water
molecule(s); tr, the rotational correlation time of the com-
plex as well as 750 and 7y
The parameters d and r are usually set to 0.36 and
0.31 nm, respectively; ¢ is equal to 1 for our complexes and
D is equal to 3.3 X 10 m?s ! for Gd'"! complexes with mo-
lecular weights that range from 500 to 1000.%2! Bisamide
derivatives are expected to be characterized by a slow water
exchange.’3! This was confirmed for the bisamide complex
Gd-DTPA-BTolA as shown by the evolution of its relaxiv-
ity versus temperature at 20 MHz in Figure 6. For this com-
plex, the water exchange is slower than for Gd"™-DTPA-
bis-methylamide (Gd-DTPA-BMA), but the proton re-
laxivity at 37 °C is quite similar for the three complexes
(Gd-DTPA, Gd-DTPA-BMA and Gd-DTPA-BTolA).

7_
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Figure 6. Evolution of the relaxivity of Gd—DTPA-BTolA (open
diamonds) versus temperature in water at 20 MHz. The data of
Gd-DTPA (rhombs) and Gd-DTPA-BMA (filled diamonds) are
added for comparison.

Proton nuclear magnetic relaxation dispersion (NMRD)
profiles represent the proton relaxivity as a function of the
magnetic field. The NMRD profiles of Gd"-DTPA-
BTolA (1.0 mm), GA"-DTPA-BCoumA (0.81 mm), Gd"!-
DTPA-BNaphA (1.06 mM) and Gd"-DTPA-BEthA
(0.84 mm) in water at 37 °C are shown in Figure 7.

10 -
8_—Vv—vﬂ-v—v~v—vwv~v?v
* g

—~ o], o Al RS B S RS S oY
5 < < v Ty -V
é 66— Rl é'&g%%jé\ﬁ\‘gx =
i 1 & 0=
L 44 TP
<

2_

0

LI L L B B o L B S o 3 B S R B B R R AL
0.01 0.1 q 10 100 1000

Proton Larmor Frequency (MHz)

Figure 7. Proton NMRD profiles of Gdl (diamonds), Gd2
(circles), Gd3 (triangles down) and Gd4 (triangles up) compared
to Gd-DTPA (rhombs) in water at 37 °C. The dashed lines repre-
sent the fitted data.
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Although Gd-DTPA-BCoumA and Gd-DTPA-
BNaphA have a similar molecular weight, the relaxivity of
the second one is remarkably larger. This effect could be
due the formation of an aggregate through m stacking in
the case of Gd-DTPA-BNaphA. Similarly, the maximum
of the relaxivity obtained at high field (20-60 MHz) for
Gd-DTPA-BEthA is probably due to intermolecular aggre-
gation.

The inner- and outer-sphere contributions to the para-
magnetic relaxation rate were taken into account during the
theoretical adjustments of the NMRD profiles. Some pa-
rameters were fixed during this fitting procedure: ¢ = 1; d
=0.36nm; D =3.3X10°m?s ! and r = 0.31 nm. The resi-
dence time of the coordinated water molecule (7)) was al-
lowed to vary. The results of the theoretical fittings of the
four different bisamide derivatives are shown in Table 3.

Table 3. Parameters obtained by the theoretical fitting of the pro-
ton NMRD data in water at 37 °C.

Gd"'- DTPAl BTolA BCoumA BNaphA BEthA

d [nm]™ - 0.36 0.36 0.36 0.36
D10° ms o — 33 33 33 33

r [nm]®! - 031 031 031 031

R [ps] 54+x1 874 1152 169+4 354+92
Ty [ns] 143 1340+ 113 929+29 60010 2520463
750 [ps] 873 65%5 88+1 90+£1 68+ 6

Ty [ps] 25+3  18%1 362 32+2 22+1

[a] From the literature.l*3] [b] Fixed values.

As expected for bisamide derivatives of Gd-DTPA, the
7y values of GA-DTPA-BTolA, Gd-DTPA-BCoumA and
Gd-DTPA-BNaphA are high (600-1340 ns). The g value
of Gd-DTPA-BNaphA is 1.5 times larger than that of Gd—
DTPA-BCoumA, thereby indicating some aggregation be-
tween the complexes. For Gd—DTPA-BEthA, the tx value
obtained by the fitting is even larger (354 ps). However, the
study of the relaxation rate of Gd-DTPA-BNaphA and
Gd-DTPA-BEthA as a function of the concentration (be-
tween 0.1 and 1 mm and 0.15 and 2 mwm, respectively) at
20 MHz does not show a clear deviation from linearity (as
expected when Gd™ complexes form aggregates at high
concentration). The formation of aggregates at concentra-
tions lower than 0.1 mm could explain our results. The 7y
value obtained for Gd-DTPA-BEthA is larger than ex-
pected for a bisamide derivative. However, it should be
noted that in such systems in which significant intermo-
lecular interactions take place, the value of ty; obtained
from the fit of the NMRD profile is usually larger than
expected.

Interaction with Human Serum Albumin (HSA)

The possible interaction of Gd-DTPA-BCoumA, Gd-
DTPA-BNaphA and Gd-DTPA-BEthA with HSA was in-
vestigated (Figure 8). The enhancement of the apparent re-
laxivity of Gd-DTPA-BNaphA and Gd-DTPA-BEthA be-
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tween 20 and 60 MHz clearly shows the presence of a sig-
nificant interaction between HSA and these Gd'™' com-
plexes.
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Figure 8. Apparent relaxivity of Gd-DTPA-BCoumA (0.81 mM;
circles), Gd-DTPA-BNaphA (1.06 mm; downward triangles) and
Gd-DTPA-BEthA (0.84 mMm; upward triangles) in a 4% HSA solu-
tion relative to Gd-DTPA (1 mM; rhombs) in water at 37 °C.

To quantify the interaction, NMR spectroscopic titration
experiments were performed for these complexes at 20 MHz
and 37 °C in the presence of 4% HSA and various concen-
trations of the Gd™ complexes (Figure 9). The data of the
titration experiments were fitted using Equation (6), in
which P, and L, are the concentrations of the protein and
contrast agent, respectively, ® and 1} are the relaxivities of
the bound and free complexes, respectively, N is the number
of independent and equivalent binding sites and K, is their
association constant.
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Figure 9. Proton longitudinal paramagnetic relaxation rate of (a)
Gd-DTPA-BNaphA and (b) Gd-DTPA-BEthA as a function of
the concentration in water (filled triangles) and in a 4% HSA solu-
tion (open triangles) at 37 °C.
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R, obs = 1000L 1" +

Despite the small number of points, the data were fitted
to gain some insight into the strength of the interactions.
From the fittings it seems that one binding site exists for
Gd-DTPA-BNaphA with a K, of about 1.5X10*mM!,
whereas 2 or 3 sites with a lower K, would exist for Gd—
DTPA-BEthA. Even if these values were to be considered
a rough estimation, it can nevertheless be calculated that at
the concentration of 1 mM Gd™ complex, more than 60 and
80% of Gd-DTPA-BNaphA and Gd-DPTA-BEthA,
respectively, are bound to HSA.

Conclusion

A series of four different DTPA-bisamide derivatives
with p-toluidine, 6-aminocoumarin, 1-naphthalene methyl-
amine and 4-ethynylaniline moieties has been prepared and
fully characterized. The DTPA units have been coordinated
to paramagnetic Gd™, luminescent Eu'" and Tb™ and dia-
magnetic Y™ for NMR spectroscopic studies. Photophysi-
cal data collected for Gd™!, Eu™ and Tb! derivatives have
shown an impact of the positions of both singlet and triplet
states of the ligands with respect to the lanthanide emitting
levels into the overall energy-transfer process. Quantum
yield values of 0.73% for Eu-DTPA-BNaphA and 2.5%
for Tb-DTPA-BEthA were obtained. These values are in
fairly good agreement with the predictions that can be
made according to the energy-gap law (E1,—Dy) and (Et,—
>D,) (Table 1). However, if we take into account only the
latter rule, one cannot explain the changes in the quantum
yields for the other complexes. As for Eu'"' complexes, the
higher receiving energy levels D, and D, should be con-
sidered. Indeed, for Eu-DTPA-BCoumA, although (Et,—
SDy) = 4160 cm™! is relatively large for an efficient energy
transfer, the value of (E1;—°D;) = 2390 cm™' is quite ideal,
which leads to a quantum yield of 0.64%. On the other
hand, the triplet state of DTPA-BTolA (20325cm™') is
probably too high for the D, level but too close to the °D,
level to prevent back-energy transfer, which results in the
lowest Q%,. The triplet-to-lanthanide path is generally con-
sidered to be the main energy-transfer process. However,
sensitization of characteristic T emission with non-negli-
gible quantum yields in Tb-DTPA-BTolA and Tb-DTPA-
BNaphA has demonstrated that participation of the singlet
states should not be neglected.?* The intersystem crossing
is to be taken into account: the low efficiency of this process
for the Tb-DTPA-BNaphA complex is most probably re-
sponsible for the presence of a broad-band ligand-centred
emission (Figure 5). The relaxivity r; at 20 MHz and 310 K
equals 4.1 s''mm! for Gd-DTPA-BTolA, 5.1 s'mm! for
Gd-DTPA-BCoumA, 6.4s'mMm ! for Gd—-DTPA-BNa-
phA and 5.7 s'mm ! for Gd-DTPA-BEthA in comparison
with a value of 3.8s'mm! for Gd-DTPA (Magnevist).
The improved relaxivity is due to the increase of the rota-
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tional tumbling time 7z with a factor 1.6 for Gd-DTPA-
BTolA, 2.1 for Gd-DTPA-BCoumA, 3.1 for Gd—-DTPA-
BNaphA and 6.5 for Gd-DTPA-BEthA. In case of the lat-
ter two complexes, the large value of i suggests aggrega-
tion by stacking of the aromatic ring systems. However, the
study of the relaxation rate as a function of the concentra-
tion at 20 MHz does not show a clear deviation from linear-
ity at increasing concentrations. In a 4% HSA solution, the
apparent relaxivity at 20 MHz increases to values of 13.9
and 19.1 s"'mm! for Gd-DTPA-BNaphA and Gd-DTPA-
BEthA, respectively. These chelates interact with the human
blood serum protein to result in an increase of the rota-
tional correlation time. These findings contribute to the for-
mation of a platform for further studies that consider their
bimodal optical and magnetic resonance imaging applica-
tions.

Experimental Section

Materials: Reagents and solvents were obtained from Sigma-Ald-
rich (Bornem, Belgium), Acros Organics (Geel, Belgium), Chem-
Lab (Zedelgem, Belgium), Matrix Scientific (Columbia, USA) and
BDH Prolabo (Leuven, Belgium) and were used without further
purification. Gadolinium(III) and terbium(III) chloride hexahy-
drate were obtained from Alfa Aesar (Ward Hill, USA) and europi-
um(III) and yttrium(III) chloride hexahydrate were obtained from
Acros Organics (Geel, Belgium).

Instrumentation: Elemental analysis was performed with a CE In-
struments EA-1110 elemental analyzer. 'H and '3C NMR spectra
were recorded with a Bruker Avance 300 spectrometer (Bruker,
Karlsruhe, Germany) operating at 300 MHz for 'H and 75 MHz
for 13C, or with a Bruker Avance 400 spectrometer operating at
400 MHz for 'H and 100 MHz for '3C. IR spectra were measured
with a Bruker Vertex 70 FTIR spectrometer (Bruker, Ettlingen,
Germany). Mass spectra were obtained with a Thermo Finnigan
LCQ Advantage mass spectrometer. Samples for the mass spec-
trometry were prepared by dissolving the product (2 mg) in meth-
anol (1 mL), and then adding this solution (200 pL) to a water/
methanol mixture (50:50, 800 uL). The resulting solution was in-
jected at a flow rate of 5pLmin'. The metal contents were de-
tected with a Varian 720-ES ICP optical emission spectrometer
with reference to a Chem-Lab gadolinium standard solution
(1000 pgmL-!, 2-5% HNO;). Absorption spectra were measured
with a Varian Cary 5000 spectrophotometer on freshly prepared
aqua solutions in quartz Suprasil cells (115F-QS) with an optical
path length of 0.2 cm. Emission spectra and luminescence decays
of Eu'" and Tb'"! complexes were recorded with an Edinburgh In-
struments FS920 steady-state spectrofluorimeter. This instrument
was equipped with a 450 W xenon arc lamp, a high-energy micro-
second flashlamp pF900H and an extended red-sensitive photo-
multiplier (185-1010 nm, Hamamatsu R 2658P). Emission spectra
of Gd"™ complexes at room and liquid-nitrogen temperature were
measured with a Horiba-Jobin—Yvon Fluorolog 3 spectrofluorime-
ter. All spectra are corrected for the instrumental functions. Lumi-
nescence decays were determined under ligand excitation (280—
330 nm) monitoring emission of *Dy— "F, and *D,— F5 transi-
tions for Eu! and Tb'"! complexes, respectively. Luminescence de-
cays were analyzed using Edinburgh software; lifetimes are averages
of at least three measurements. Quantum yields were determined
by a comparative method with a standard reference; estimated ex-
perimental errors for quantum yield determination are =10 %. Qui-
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nine sulfate (Fluka) in 1 N sulfuric acid (Q = 54.6%) was used as
a standard for the DTPA-BTolA, DTPA-BCoumA and DTPA-
BEthA complexes and rhodamine 101 (Sigma) in ethanol (Q =
100 %) was used as a standard for the DTPA-BNaphA and DTPA-
BEthA complexes.’’! Solutions with a concentration of about
1073 M were prepared to obtain an optical density lower than 0.05
at the excitation wavelength. The quantum yield values obtained
using the two different standards for the Eu'"'- and Tb'"'-DTPA—
BEthA complexes were the same within experimental error.

Proton Nuclear Magnetic Relaxation Dispersion (NMRD): Proton
NMRD profiles were measured with a Stelar Spinmaster FFC,
fast-field cycling NMR relaxometer [Stelar, Mede (PV), Italy] over
a magnetic field strength range that extended from 0.24 mT to
0.7 T. Measurements were performed on samples (0.6 mL) con-
tained in 10 mm (outside diameter) Pyrex tubes. Additional relax-
ation rates at 20, 60 and 300 MHz were obtained with a Minispec
mq20, a Minispec mq60 and a Bruker Avance 300 spectrometer,
respectively (Bruker, Karlsruhe, Germany). The proton NMRD
curves were fitted using data-processing software,[*® including dif-
ferent theoretical models describing the nuclear relaxation phenom-
ena (Minuit, CERN Library).37!

Synthesis of DTPA-bisanhydride (DTPA-BA):1*¥] DTPA (3.93 g,
10 mmol, 1 equiv.), acetic anhydride (3.78 mL, 40 mmol, 4 equiv.)
and pyridine (5 mL, 60 mmol, 6 equiv.) were combined and the re-
action mixture was stirred at reflux for one hour. The resulting
anhydride was removed by filtration and washed with acetic anhy-
dride and dry diethyl ether. The cream-colored powder was then
dried under vacuum at 40 °C until constant weight (yield: 2.97 g,
83%). '"H NMR (300 MHz, [Dg]DMSO, 25 °C, SiMe,): 6 = 2.59 (t,
4 H, CH,-CH,-N-CH,-CO,H), 2.74 (t, 4 H, CH,~CH,-N-CH»—
CO,H), 3.30 (s, 2 H, CH,-CO,H), 3.71 (s, 8 H, CH,-CO-0O-CO)
ppm. *C NMR (75 MHz, [Dg]DMSO, 25 °C, SiMey): § = 49.84
(CH,-CH,-N-CH,-CO,H), 51.63 (CH,-CH,-N-CH,-CO,H),
52.47 (CH,-CO,H), 54.88 (CH,~CO-0-CO), 165.66 (CO-O-CO),
172.43 (CO,H) ppm. ESI-MS (+ mode): m/z = caled. 425.3 [M +
3Na]*, found 423.9 [M + 3Na]*. C;4HoN3Og (357.32): caled. C
47.1, H 5.4, N 11.7; found C 46.9, H 5.5, N 11.5.

Synthesis of DTPA-BTolA (1):1*!] p-Toluidine (0.27 g, 2.5 mmol,
2.5 equiv.) was added to a solution of DTPA-bisanhydride (0.36 g,
1 mmol, 1 equiv.) in dry DMF (30 mL). To avoid oxidation, a small
amount of L-ascorbic acid sodium salt (50 mg, 0.25 mmol,
0.25 equiv.) was added and the reaction mixture was heated over-
night at 60 °C under a nitrogen atmosphere. After evaporation of
the solvent, the crude product was redissolved in methanol and
precipitated by the dropwise addition of diethyl ether. The precipi-
tate was removed by filtration and dried overnight under vacuum
at 50 °C (yield: 0.43 g, 75%). 'H NMR (400 MHz, CD;0D, 25 °C,
SiMey): 0 = 2.26 (s, 6 H, Ph-CHs;), 3.21 (t, 4 H, CH,-CH,-N—
CH,-CO,H), 3.43 (t, 4 H, CH,~CH,-N-CH,-CO,H), 3.56 (s, 4
H, N-CH,~CO-NH), 3.58 (s, 4 H, N-CH,-CO,H), 3.90 (s, 2 H,
N-CH,-CO,H), 7.18, 7.60 (d, 4 H, phenyl CH) ppm. '3C NMR
(100 MHz, CD;0D, 25°C, SiMey): 6 = 19.50 (Ph-CHj3;), 50.16
(CH,-CH,-N-CH,-CO,H), 53.43 (CH,-CH,-N-CH,-CO,H),
55.61, 58.33 (N-CH,-CO), 120.24, 128.78 (phenyl CH), 133.69,
135.24 (phenyl C), 169.90 (CO-NH), 173.86 (CO,H) ppm. IR: V.
= 1612 (C=0 free acid), 1516 (C=0O amide) cm!. ESI-MS (+
mode): m/z: caled. 594.6 [M + Na]*, found 594.9 [M + Na]".
C,3H37N505°H,0 (589.6): caled. C 57.0, H 6.7, N 11.9; found C
57.3, H 6.7, N 12.1.

Synthesis of DTPA-BCoumA (2): 6-Aminocoumarin (0.40 g,
2.5 mmol, 2.5 equiv.) was added to a solution of DTPA-bisanhyd-
ride (0.36 g, 1 mmol, 1 equiv.) in dry DMF (30 mL). To avoid oxi-
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dation, a small amount of L-ascorbic acid sodium salt (50 mg,
0.25 mmol, 0.25 equiv.) was added and the reaction mixture was
heated overnight at 60 °C under a nitrogen atmosphere. After evap-
oration of the solvent, methanol was added, thereby resulting in
an orange precipitated solution. The precipitate was removed by
filtration and washed two times with methanol (20 mL) and two
times with acetone (20 mL). The orange powder was heated at re-
flux in chloroform (120 mL) for three hours, removed by filtration
and washed again twice with acetone (20 mL). The resulting yellow
product was dried overnight under vacuum at 50 °C (yield: 0.54 g,
80%). 'H NMR (300 MHz, [Ds]pyridine, 25 °C, SiMe,): 6 = 2.52
(t, 8 H, CH,-CH>-N), 3.20 (s, 10 H, N-CH,-CO), 5.72, 6.51, 6.94,
7.40 (d, 2 H, coumarin CH), 7.72 (s, 2 H, coumarin CH) ppm. '3C
NMR (75 MHz, [Ds]pyridine, 25 °C, SiMey): 0 = 51.75 (CH,~CH»—
N-CH,-CO,H), 52.12 (CH,~CH,-N-CH,-CO,H), 55.59, 58.49
(N-CH,-CO), 115.25,115.36, 116.77, 117.60, 142.17 (coumarin C),
158.88 (coumarin CO), 169.00 (CO-NH), 172.25, 173.36 (CO,H)
ppm. IR: V.« = 1574 (C=0 free acid), 1495 (C=0 amide) cm'.
ESI-MS (+ mode): m/z: calcd. 680.6 [M + H]*, 702.6 [M + Na]*,
found 681.2 [M + H]*, 702.7 [M + Na]*. C3,H33N50,, (679.64):
caled. C 56.5, H 4.9, N 10.3; found C 56.0, H 4.7, N 10.3.

Synthesis of DTPA-BNaphA (3): 1-Naphthalenemethylamine
(0.39 g, 2.5 mmol, 2.5 equiv.) was added to a solution of DTPA—
bisanhydride (0.36 g, 1 mmol, 1 equiv.) in dry DMF (30 mL). To
avoid oxidation, a small amount of L-ascorbic acid sodium salt
(50 mg, 0.25 mmol, 0.25 equiv.) was added and the reaction mix-
ture was heated overnight at 60 °C under a nitrogen atmosphere.
After evaporation of the solvent, the crude product was redissolved
in methanol and precipitated by the dropwise addition of diethyl
ether. The precipitate was removed by filtration and dried overnight
under vacuum at 50 °C (yield: 0.58 g, 87%). 'H NMR (300 MHz,
CD;0D, 25°C, SiMey): 0 = 2.98 (t, 4 H, CH,~CH>,-N-CH,—
CO,H), 3.19 (t, 4 H, CH,~CH,-N-CH,-CO,H), 3.37 (s, 4 H, N-
CH,-CO-NH), 3.40 (s, 4 H, N-CH,-CO,H), 3.65 (s, 2 H, N-CH,—
CO,H), 4.76 (s, 4 H, CHy—naphthyl), 7.38, 7.47 (m, 4 H, naphthyl
CH), 7.73, 7.83, 7.98 (d, 2 H, naphthyl CH) ppm. '3*C NMR
(75 MHz, CD;0D, 25 °C, SiMey): 6 = 41.96 (CH,—naphthyl), 51.34
(CH,-CH,-N-CH,-CO,H), 54.18 (CH,-CH,-N-CH,-CO,H),
55.92, 57.10, 58.90 (N-CH,-CO), 124.46, 126.52, 126.92, 127.13,
127.50, 129.20, 129.80 (naphthyl CH), 132.58, 134.97, 135.28
(naphthyl C), 170.47 (CO,H), 172.93 (CO-NH), 175.11 (CO,H)
ppm. IR: V. = 1647 (C=0 free acid), 1523 (C=0 amide) cm .
ESI-MS (+ mode): m/z: caled. 694.7 [M + Na]*, found 695.8 [M +
Na]*. C36H4;NsOg (671.75): caled. C 64.3, H 6.1, N 10.4; found C
64.1, H 5.8, N 10.1.

Synthesis of DTPA-BEthA (4): 4-Ethynylaniline (0.29 g, 2.5 mmol,
2.5 equiv.) was added to a solution of DTPA-bisanhydride (0.36 g,
1 mmol, 1 equiv.) in dry DMF (30 mL). To avoid oxidation, a small
amount of L-ascorbic acid sodium salt (50 mg, 0.25 mmol,
0.25 equiv.) was added and the reaction mixture was heated over-
night at 60 °C under nitrogen atmosphere. After evaporation of the
solvent, the crude product was redissolved in methanol and precipi-
tated by the dropwise addition of diethyl ether. The precipitate was
removed by filtration and washed with ethyl ether. The orange pow-
der was heated to reflux in chloroform (120 mL) for three hours,
removed by filtration and washed again twice with acetone
(20 mL). The product was dried overnight under vacuum at 50 °C
(yield: 0.33 g, 56%). '"H NMR (300 MHz, CD;0D, 25 °C, SiMey):
0 =322 (t, 4 H, CH,-CH,~N-CH,-CO,H), 3.39 (s, 2 H, CH,—
CH,-N-CH,-CO,H), 3.45 (t, 4 H, CH,~CH,-N-CH,-CO,H),
3.53 (s, 4 H, N-CH,-CO,H), 3.60 (s, 4 H, N-CH,~CO-NH), 3.88
(s, 2 H, ethynyl CH), 7.32, 7.60 (d, 4 H, phenyl CH) ppm. 3C
NMR (75 MHz, CD;0D, 25 °C, SiMe,): 6 = 51.63 (CH,~CH,-N-
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CH,-CO,H), 55.01 (CH,-CH,-N-CH,-CO,H), 56.22, 57.18,
59.98 (N-CH,-CO), 79.49 (ethynyl CH), 84.31 (ethynyl C), 119.23
(phenyl C), 121.11, 133.51 (phenyl CH), 139.84 (phenyl C), 170.58
(CO,H), 171.63 (CO-NH), 175.59 (CO,H) ppm. IR: V. = 1599
(C=0 free acid), 1512 (C=0 amide) cm'. ESI-MS (+ mode): m/z:
caled. 614.6 [M + Na]*, found 614.9 [M + Na]*. C;,H33NsOq
(591.62): caled. C 60.9, H 5.6, N 11.8; found C 61.0, H 5.4, N 11.9.

Synthesis of Ln""-DTPA-BTolA Complexes: The ligand (1 mmol)
was dissolved in water (12 mL) and the acidity was adjusted to pH
6 with a sodium hydroxide solution. A solution of hydrated LnCl;
salt (1.1 mmol) in H,O (1 mL) was added. The mixture was
brought to 70 °C for 3 h, after which the solvent was evaporated.
The crude product was then heated at reflux in ethanol for one
hour. The suspension was cooled to room temperature, then the
complex was removed by filtration and dried under vacuum at
50 °C. The absence of free lanthanide ions was checked with an
arsenazo indicator.[??)

157GAU_DTPA-BTolA Gdl: Yield: 78%. IR: ¥, = 1599 (COO™
asym. stretch), 1509 (amide II), 1396 (COO~ sym. stretch) cm™!.
ESI-MS (+ mode): m/z: caled. 748.8 [M + Na]*, 1474.6
[2M + Na]*, found 749.1 [M + Na]*, 1474.5 [2M + Na]*. UV/
Vis: A (e, M 'em 1) = 246 (23400) nm. 'S2Eu"'-DTPA-BTolA: Yield:
89%. IR: Vax = 1597 (COO™ asym. stretch), 1504 (amide II), 1394
(COO sym. stretch) cm™!. ESI-MS (+ mode): m/z: calcd. 743.6 [M
+ Na]*, 1464.2 [2M + Na]*, found 744.3 [M + Na]*, 1464.3 2M
+ Na]*. UV/Vis: A (e, M 'em™) = 246 (22700) nm. Th'"'-DTPA-
BTolA: Yield: 70%. IR: V. = 1598 (COO  asym. stretch), 1505
(amide II), 1393 (COO™ sym. stretch) cm™!. ESI-MS (+ mode): m/z:
caled. 750.5 [M + Na]*, 1478 [2M + Na]*, found 750.9
[M + Nal*, 1477.8 2M + Na]*. UV/Vis: 1 (e, Mmem™!) = 246
(23870) nm. Y™M-DTPA-BTolA: Yield: 95%. IR: V. = 1596
(COO asym. stretch), 1504 (amide II), 1393 (COO sym. stretch)
cm !, ESI-MS (+ mode): m/z: caled. 680.5 [M + Na]*, 1338 [2M +
Na]*, found 680.6 [M + Na]*, 1338.2 [2M + Na]".

Synthesis of Ln""-DTPA-BCoumA, -BNaphA and -BEthA Com-
plexes:>° The ligand (1 mmol) was dissolved in pyridine (30 mL)
and a solution of hydrated LnCl; salt (1.1 mmol) in H,O (1 mL)
was added. The mixture was brought to 70 °C for 3 h, after which
the solvents were evaporated. The crude product was then heated
at reflux in ethanol for one hour. The suspension was cooled to
room temperature, then the complex was removed by filtration and
dried under vacuum at 50 °C. The absence of free lanthanide ions
was checked with an arsenazo indicator.

157Gd"-DTPA-BCoumA Gd2: Yield: 59%. IR: ¥, = 1563 (COO~
asym. stretch), 1488 (amide II), 1435 (COO™ sym. stretch) cm .
ESI-MS (+ mode): m/z: caled. 856.9 [M + Na]*, 1690.8 2M +
Na]*, found 857.7 [M + Na]*, 1691.4 [2M + Na]*. UV/Vis: 1 (e,
M lem™!) = 245 (47700), 324 (9800) nm. 'S2Eu-DTPA-BCoumA:
Yield: 64%. IR: V. = 1562 (COO™ asym. stretch), 1487 (amide
1I), 1436 (COO™ sym. stretch) cm!. ESI-MS (+ mode): m/z: calced.
851.6 [M + Na]*, 1680.2 [2M + Na]*, found 852.4 [M + Na]*,
1679.5 2M + Na]*. UV/Vis: 1 (¢, M 'em™!) = 245 (49100), 324
(10050) nm. Th"™M-DTPA-BCoumA: Yield: 62%. IR: ¥, = 1562
(COO™ asym. stretch), 1490 (amide II), 1436 (COO™ sym. stretch)
cm !, ESI-MS (+ mode): m/z: calcd. 858.5 [M + Na]*, 1694.0 [2M
+ Na]*, found 858.7 [M + Na]*, 1693.6 [2M + Na]*. UV/Vis: / (e,
Mlem™) = 245 (47200), 324 (9650) nm. Y'"'-DTPA-BCoumA:
Yield: 59%. '"H NMR (300 MHz, [Ds]pyridine, 25 °C, SiMey): 6 =
2.55 (t, 8 H, CH,-CH,-N), 3.06 (s, 10 H, N-CH,-CO), 5.76, 6.44,
6.58, 6.89 (d, 2 H, coumarin CH), 7.09 (s, 2 H, coumarin CH) ppm.
IR: V. = 1563 (COO™ asym. stretch), 1488 (amide II), 1437
(COO sym. stretch) cm !. ESI-MS (+ mode): m/z: caled. 788.5 [M

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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+ NaJ*, 1554.0 2M + NaJ*, found 788.9 [M + NaJ*, 1554.3 [2M
+ Na]*.

157Gd™M-DTPA-BNaphA Gd3: Yield: 66%. IR: V,,,,, = 1593 (COO~
asym. stretch), 1512 (amide II), 1398 (COO~ sym. stretch) cm™!.
ESI-MS (+ mode): m/z: caled. 849.0 [M + NaJ]*, 1675.0
[2M + Na]*, found 849.3 [M + Na]*, 1676.7 2M + Na]*. UV/Vis:
A (e, Mtem™!) = 219 (87800), 272 (9050), 282 (10550), 291 (7500)
nm. 'S2Eu""-DTPA-BNaphA: Yield: 76%. IR: V., = 1589 (COO~
asym. stretch), 1510 (amide II), 1400 (COO~ sym. stretch) cm .
ESI-MS (+ mode): m/z: caled. 843.7 [M + Na]*, 1664.4
[2M + Na]*, found 844.8 [M + Na]*, 1665.6 [2M + Na]*. UV/Vis:
A (e, Mlem™!) = 219 (93450), 272 (9600), 282 (11100), 291 (7850)
nm. Th"-DTPA-BNaphA: Yield: 67%. IR: V., = 1591 (COO-
asym. stretch), 1514 (amide II), 1398 (COO~ sym. stretch) cm .
ESI-MS (+ mode): m/z: caled. 850.6 [M + Na]*, 1678.2
[2M + Na]*, found 850.9 [M + Na]*, 1678.0 2M + Na]*. UV/Vis:
A (e, Mem™) = 219 (89600), 272 (9300), 282 (10700), 291 (7650)
nm. Y™-DTPA-BNaphA: Yield: 80%. 'H NMR (300 MHz,
CD;0D, 25 °C, SiMey): 0 = 1.87 (t, 4 H, CH,~CH,-N-CH,-CO;"),
2.09 (t, 4 H, CH,CH,-N-CH,-CO,), 2.49 (s, 2 H, N-CH,—
CO,), 291 (s, 4 H, N-CH,~CO-NH), 2.98 (s, 4 H, N-CH,-CO;"),
4.63 (s, 4 H, CHy—naphthyl), 7.29, 7.40 (m, 4 H, naphthyl CH),
7.64,7.71,7.83 (d, 2 H, naphthyl CH) ppm. IR: V., = 1593 (COO~
asym. stretch), 1512 (amide II), 1402 (COO~ sym. stretch) cm!.
ESI-MS (+ mode): m/z: caled. 780.6 [M + Na]*, 1538.2
[2M + Na]*, found 781.9 [M + Na]*, 1538.7 [2M + Na]*.

157GAM-DTPA-BEthA Gd4: Yield: 50%. IR: V,,,, = 1583 (COO~
asym. stretch), 1508 (amide II), 1396 (COO~ sym. stretch) cm .
ESI-MS (+ mode): m/z: caled. 768.8 [M + Na]*, 1514.6
[2M + Na]*, found 769.1 [M + Na]*, 1515.0 [2M + Na]*. UV/Vis:
A (e, mem™!) = 263 (35380) nm. '2Eu'"-DTPA-BEthA: Yield:
59%. IR: Vpax = 1585 (COO™ asym. stretch), 1509 (amide II), 1395
(COO™ sym. stretch) cm™!. ESI-MS (+ mode): m/z: caled. 763.6 [M
+ Na]*, 1504.2 [2M + Na]*, found 763.9 [M + Na]*. UV/Vis: 1 (e,
M tem™) = 263 (36100) nm. Th'""-DTPA-BEthA: Yield: 42%. IR:
Vmax = 1583 (COO™ asym. stretch), 1508 (amide II), 1394 (COO~
sym. stretch) cm™!. ESI-MS (+ve mode): m/z: caled. 770.5 [M +
Na]*, 1518.0 [2M + Na]*, found 770.9 [M + Na]*, 1517.8 2M +
Na]*. UV/Vis: 4 (e, m'em™) = 263 (37150) nm. Y'"-DTPA-
BEthA: Yield: 29%. IR: V. = 1590 (COO ™ asym. stretch), 1510
(amide 1), 1398 (COO™ sym. stretch) cm™!'. ESI-MS (+ mode): m/z:
caled. 700.5 [M + Na]*, 1378 [2M + Na]*, found 699.7
[M + Nal*, 1377.6 [2M + Na]*.

Supporting Information (see footnote on the first page of this arti-
cle): "H NMR spectra of ligands 1-4 (Figure S1), "H NMR spectra
of DTPA-BCoumA and DTPA-BNaphA compared to their Y
complexes (Figure S2), ESI mass spectra of the >?Eu'' complexes
(Figure S3), UV/Vis absorption spectra of Eu''' and Tb'"! com-
plexes (Figure S4), relative integral intensities of f—f transitions for
Eu'"" complexes (Table S1) and Tb'" complexes (Table S2).
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