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a b s t r a c t

The crystal structure of the complex (aR,6R)-Na[Gd(H2O)-AAZTA-C2H4COOBn]�3H2O�EtOH was deter-
mined by single crystal X-ray diffraction; the complex represents a bifunctional derivative of Gd-AAZTA,
previously reported as original scaffold for the development of efficient contrast agents for MRI. The
Gd(III) ion is nine coordinated with three nitrogens, five carboxylate oxygens and one water oxygen in
a monocapped distorted square antiprism coordination polyhedron. Three of the five carboxylic groups
are monodentate while a fourth is bidentate bridging an adjacent Gd ion with the formation of a poly-
meric structure. The influence on the overall structure of the propionate side arm introduced for conju-
gation purposes was discussed, and a computational approach to predict the structure of its (aR,6S)
isomer is presented and compared with the X-ray structure of the (aR,6R) epimer.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Lanthanide complexes are used in several areas of chemistry,
biology and medicine, due to their wide variety of optical, mag-
netic and radiochemical properties. The favourable electronic
relaxation of paramagnetic Gd(III) makes this element the most
used lanthanide ion for clinical application in MRI examinations.
Nowadays, MRI represents one of the most important diagnostic
technique in medicine, based primarily on the use of paramagnetic
Gd(III) complexes as CAs (Contrast Agent) and more than 30 mil-
lions clinical scans are annually performed. An improvement of
the image, meaning better contrast enhancement between healthy
and diseased tissue and organs, is the goal of MRI CAs. In this re-
spect, the administration of a paramagnetic complex causes a
remarkable change of relaxivity of the tissue water protons when
exposed to an external magnetic field. Nevertheless, one of the ma-
jor problems met with this technique is to avoid the release of
toxic Gd(III) aquoions for in vivo applications [1,2]. This requires
the use of highly stable complexes from both the thermodynamic
and kinetic point of view, usually relying on octadentate polyami-
nopolycarboxylic ligands. The two archetypal Gd(III)-based CAs
employed are the complexes with the well known linear ligand
DTPA (DTPA = diethylenetriaminopentacetic acid) and the macro-
cyclic ligand DOTA (DOTA = 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid). Nowadays other Gd(III) complexes are
currently employed in the clinical practice and their structure is
generally based on DTPA or DOTA ligands, bearing different sub-
stituents mainly devoted to the modification of the biodistribution
[1,2]. Acyclic ligands are cheaper, but their complexes present low-
er thermodynamic and kinetic stabilities; slow complex dissocia-
tion from complexes with some acyclic ligands was recently
observed in patients with renal failure leading to specific patholo-
gies such as NSF [3]. On the other hand, outstanding stabilities are
observed with macrocyclic ligands, with Gd–DOTA complexes hav-
ing half-lives in 0.1 M HCl more than five orders of magnitude
higher than those of Gd–DTPA bis-amides [4,5] and associated to
a safer in vivo use.

The efficiency of a Gd(III) chelate as MRI CA is measured mainly
as relaxivity (the increase in the relaxation rate of the observed nu-
cleus for a 1 mM concentration of the CA) that essentially relies on
the number of water molecules in the inner coordination sphere of
the paramagnetic metal (‘‘q’’ term), although the increase of the
latter parameter contrasts with the necessity of having high den-
ticity ligands for higher stability. Relaxivity values in water of 4–
5 mM�1 s�1 are consistent with small sized Gd(III) CAs, with one
water molecule coordinated to the metal. The search for stable
Gd(III) chelates with more than one water molecule in the inner
metal coordination sphere is in continuous progress, as witnessed
by the hydroxy-pyridinone based structures (HOPOs) developed by
Raymond and coworkers [6–8] and the N-alkyldiethylenetriamine-
tetraacetic acid derivatives reported by Caravan [9] and Merbach
[10].
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More recently the AAZTA derivatives (AAZTA = 1,4-bis(carboxy-
methyl)-6-[bis(carboxymethyl)]-amino-6-methyl-1,4-diazepane)
[11] were proposed, showing a good compromise between higher
metal hydration and a good thermodynamic and an excellent ki-
netic stability [12]. The AAZTA ligand is formed by a seven-mem-
bered ring with two endocyclic and one exocyclic nitrogen atoms
and four carboxymethyl side arms, representing a novel intermedi-
ate family between the open chain DTPA and macrocyclic DOTA
ligands. Its Gd(III) complex, Gd-AAZTA�, presents a relaxivity 65–
70% higher than Gd–DTPA2� and Gd–DOTA�, ensured by the two
coordinated water molecules.

The crystal structure determinations of the ligand AAZTA and of
the corresponding Gd(III) complex Na[Gd-AAZTA(H2O)]�3H2O
show for the ligand a zwitterion with two deprotonated carboxylic
groups and two protonated tertiary nitrogen atoms [13], while the
gadolinium complex is a centrosymmetric dimer with a bicapped
square antiprismatic geometry and an inner sphere water for each
half of the dimer.

A lipophylic derivative with a longer aliphatic chain [14]
showed a strong non-covalent interaction with human serum albu-
min, boosting the relaxivity to a value of about 80 mM�1 s�1, the
highest value reported to date for this class of CA; moreover, this
lipophilic Gd-AAZTA derivative was used to form non-covalent
conjugates with HDL [15] and LDL [16], taking advantage of the up-
take of labelled lipoproteins by tumor cells for their better visual-
ization. Additional derivatives of the parent ligand include: (i) an
additional lipophilic double-chain AAZTA, successfully employed
to label cells on their outer surface [17], (ii) bifunctional deriva-
tives useful for conjugation to vectors [18,19], (iii) oligomers such
as a dimer [20], where the relaxivity is more than doubled than
that of the monomeric Gd-AAZTA in virtue of a significant contri-
bution arising from the increased molecular reorientational time
and from water molecules in the second coordination sphere of
the Gd(III) ions, and multimers where up to 8 Gd-AAZTA units were
linked to a central PAMAM dendrimeric scaffold [21].

The growing list of application of Gd-AAZTA to MRI studies
prompted our research towards bifunctional derivatives of AAZTA,
where a reactive functional group is introduced on the ligand
structure, allowing the conjugation of the AAZTA or of the corre-
sponding complexes to desired ‘‘vectors’’ [22]. Most of the reported
bifunctional derivatives of AAZTA bear the functional group in the
position 6 of the 1,4-diazepane ring, due to their synthetic accessi-
bility and because this choice places the conjugation site remote to
the metal coordination sphere. Recently we reported a synthetic
access to alternative bifunctional AAZTA derivatives, embodying
a functionalized side chain placed on the a-position of the carboxy-
methyl side arms [23]. This strategy allows to leave unaltered the
diazepane ring and gives access to a large variety of bifunctional
derivatives; nevertheless, the close proximity of the functional
substituents to the metal coordination sphere could have an ad-
verse effect on the exchange rate of the water molecule(s) coordi-
nated to the metal center.

Here we report a crystallographic and computational study on
the AAZTA derivative Gd(H2O)-L (L = AAZTA-C2H4COOBn i.e.
bis(carboxymethyl)amino]-a-[3-(phenylmethoxy)-3-oxopropyl]-
6-methyl-1,4-diazepane-1,4-diacetate, Chart 1), with the aim of
defining the possible influence of steric hindrance on the water ex-
change rate of its two diastereoisomers (aR,6R)-Gd(H2O)-L (1) and
(aR,6S)-Gd(H2O)-L (2).

Suitable crystals for X-ray diffraction analysis were obtained
only for the (aR,6R) diastereoisomer (1). A computational approach
to predict the structure of the (aR,6S)-Gd(H2O)-L (2) diastereoiso-
mer is presented and compared with the X-ray structure of its epi-
mer (aR,6R) (1). The models of both diastereoisomers were
analyzed by molecular dynamics simulations in explicit solvent
environment (water).
The results obtained could be useful in evaluating the features
of these novel MRI contrast agents and the effect on the exchange
of water molecules coordinated to the paramagnetic metal ion.
2. Experimental

2.1. Instrumentation

The 1H and 13C spectra were recorded on a Bruker Avance 400
instrument. Mass spectra were recorded with a ThermoFinnigan
TSQ700 triple-quadrupole instrument equipped with an electro-
spray ionization source. HPLC was performed on a Merck-Hitachi
L6200 and L6000 system equipped with an AS2000 autosampler,
a T6300 column thermostat and a L4250 UV detector (210 nm).
HPLC method: stationary phase: Lichrospher 60 RP-Select B
5 lm, 75 � 4 mm column packed by Merck KGaA and thermo-
stated at 45 �C; mobile phase: eluent A = 0.01 M KH2PO4 and
0.017 M H3PO4 in H2O, eluent B = MeCN; gradient elution:
t = 0 min (5% B), t = 15 min (80% B), t = 20 min (80% B). Capillary
electrophoresis (CE) was performed on a Hewlett Packard 3D CE
instrument. CE method: stationary phase: fused silica, 56 cm
� 50 lm (i.d.), buffer: 50 mM borate and 0.3 mM EDTA (pH 9.3),
UV detection (200 nm).

2.2. Materials

Reagent-grade chemicals were obtained from commercial
sources and used without further purification. The synthesis of
6-methyl-1,4-diazepane-6-amine 3 [11] and (2S)-2-bromopenta-
nedioic acid 1-(1,1-dimethylethyl)-5-(phenylmethyl) ester 4 [24]
were performed as reported in the literature.

2.3. Synthesis of (aR)-6-amino-6-methyl–[3-oxo-3-
(phenylmethoxy)propyl]-1,4-diazepane-1,4-acetic acid
(1,1-dimethylethyl) ester 5 (diastereoisomers mixture)

A suspension of 6-methyl-1,4-diazepane-6-amine 3 (6.62 g;
51.3 mmol) and K2CO3 (2.13 g; 15.4 mmol) in MeCN (130 mL)
was cooled to 0 �C. A solution of (2S)-2-bromopentanedioic acid
1-(1,1-dimethylethyl)-5-(phenylmethyl) ester 4 (5.5 g; 15.4 mmol)
in MeCN (30 mL) was dropped into the suspension in 35 min. After
this time, the mixture was allowed to warm to room temperature
and stirred for 4 h. The mixture was filtered and the solution evap-
orated at reduced pressure. The crude residue was dissolved in
EtOAc (150 mL) and washed with water (3 � 100 mL) to eliminate
unreacted 3. The organic phase was extracted with 0.01 M HBr (3
� 100 mL). The aqueous phase was brought to pH 9 with 25% NH4

OH, then extracted with EtOAc (4 � 70 mL). The combined organic
phases were washed with water (100 mL), dried over Na2SO4 and
evaporated to give 5 as a mixture of diastereoisomers (Major : min-
or = 63 : 37). Yield: 4.81 g, 77%. HPLC: 99.1% (Area%). 1H NMR
(400 MHz, CDCl3) d: 7.36–7.29 (5HM + 5Hm, m), 5.123 (2Hm, s),
5.116 (2HM, s), 3.19 (1Hm, dd, J = 9.6, 5.9 Hz), 3.16 (1HM, dd,
J = 9.0, 6.2 Hz), 2.94–2.45 (10HM + 10Hm, m), 2.08–1.98 (1HM +
1Hm, m), 1.95–1.82 (1HM + 1Hm, m), 1.64 (3HM + 3Hm, bs), 1.45
(9HM + 9Hm, s), 0.96 (3HM, s), 0.95 (3Hm, s) ppm. 13C NMR (CDCl3)
d: 173.50 (CM), 173.49 (Cm), 172.10 (CM), 172.03 (Cm), 136.3
(CM + Cm), 128.9 (CHM + CHm), 128.68–128.63 (2CHM + 2CHm),
81.5 (CM + Cm), 69.4 (CH2

m), 69.1 (CH2
M), 68.9 (CH2

m), 67.4
(CH2

M), 66.69 (CH2
m), 66.67 (CH2

M), 63.2 (CH2
M), 62.7 (CH2

m),
56.0 (CH2

M), 54.1 (CH2
m), 53.8 (CM), 53.6 (Cm), 52.4 (CH2

M), 51.8
(CH2

m), 31.5 (CH2
m), 31.4 (CH2

M), 28.7 (CH3
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m), 26.8
(CH3

M), 26.4 (CH3
m), 25.9 (CH2

M), 25.8 (CH2
m) ppm. ESI-MS m/z

(C22H35N3O4, calc.: 405.3): 428.5 (MNa+), 406.4 (MH+), 350.3
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NH2

NH
NH

3

COOtBu

COOBn

Br

(S)

NH2

NH
N

COOtBu

COOBn

(R)

NH2

N
NH

COOtBu
COOBn

(R)
(R)

(S)

4 (R,R)-5

1) BrCH2COOtBu
CH3CN, K2CO3

2) Flash Chromatography
Separation

N

N
N COOtBu

COOtBu

COOtButBuOOC

COOBn

(R,S)-5

(R)
(R)

TFA N

N
N COOH

COOH 

COOH
COOH

COOBn(R)
(R)

GdCl3

NaOH

Gd

O

O

O

O

N
N

N

O O

O

O

Na+

COOBn

6 L 1

Chart 1. Synthetic scheme.
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2.4. Synthesis of (aR,6R)-6-[bis[2-(1,1-dimethylethoxy)-2-
oxoethyl]amino]-6-methyl–[3-oxo-3-(phenylmethoxy)propyl]-1,4-
diazepane-1,4-diacetic acid, bis(1,1-dimethylethyl) ester, 6

tert-Butyl bromoacetate (7.86 g, 40.3 mmol) was added to a sus-
pension of 5 (4.65 g, 11.5 mmol), crushed K2CO3 (6.36 g, 46 mmol)
and Na2SO4 (1.5 g, 10.6 mmol) in MeCN (80 mL). The mixture was
heated at reflux and stirred for 16 h. The mixture was filtered and
evaporated at reduced pressure to give a crude which was purified
by flash chromatography (silica gel, eluent: 1:9 EtOAc/petroleum
ether) giving the single diastereoisomer 6 (0.6 g) and a mixture
of diastereoisomers (6.66 g). Yield: 0.6 g, 7%. HPLC: 92% (Area%).
1H NMR (CDCl3) d: 7.37–7.31 (5H, m), 5.13 (2H, s), 3.71 (2H, d,
J = 7.8 Hz), 3.67 (2H, d, J = 17.8 Hz), 3.34 (1H, d, J = 16.9 Hz), 3.28
(1H, d, J = 16.9 Hz), 3.15 (1H, dd, J = 10.0, 5.7 Hz), 3.07 (1H, d,
J = 11.0 Hz), 3.04 (1H, d, J = 11.4 Hz), 2.77 (1H, d, J = 10.8 Hz), 2.60
(1H, d, J = 10.8 Hz), 2.74–2.55 (4H, m), 2.53–2.48 (2H, m), 2.05–
1.96 (1H, m), 1.91–1.75 (1H, m), 1.46 (9H, s), 1.45 (9H, s), 1.43
(18H, s), 1.01 (3H, s) ppm. 13C NMR (CDCl3) d: 173.6 (C), 173.0
(C), 172.2 (C), 171.4 (C), 136.4 (C), 128.9 (CH), 128.7 (CH), 128.6
(CH), 81.4 (C), 81.1 (C), 80.6 (C), 69.5 (CH), 67.5 (CH2), 66.8 (CH2),
66.7 (CH2), 62.2 (CH2), 61.4 (C), 60.2 (CH2), 52.7 (CH2), 52.0
(CH2), 31.3 (CH2), 28.8 (CH3), 28.6 (CH3), 28.5 (CH3), 25.3 (CH2),
24.5 (CH3) ppm. ESI-MS m/z (C40H65N3O10, calc.: 747.5): 770.6
(MNa+), 748.5 (MH+), 714.5 (MNa+-tBu), 692.4 (MH+-tBu).
2.5. Synthesis of (aR,6R)-6-[bis(carboxymethyl)amino]-6-methyl–
[3-oxo-3-(phenylmethoxy)propyl]-1,4-diazepane-1,4-diacetic acid, (L)
and preparation of (aR,6R)-[6-[Bis[(carboxy-jO)methyl]amino-jN]-
6-methyl–[3-oxo-3-(phenylmethoxy)propyl]-1,4-diazepane-1,4-
diacetato(4-)-jN1,jN4,jO1,jO4]-gadolinate(1-) sodium (1)

Compound 6 (472 mg, 0.63 mmol) was cooled at 0 �C then TFA
(5 mL) was added. After 20 min the solution was allowed to warm
to room temperature and stirred for one night. The solution was
evaporated and the residue was taken up with CH2Cl2 (5 mL) and
the solution evaporated. This operation was repeated four times.
The oily residue was treated with Et2O (4 mL) to obtain a white so-
lid which was separated and dried at the vacuum pump to afford L.
Yield: 365 mg, 67%. HPLC: 81% (Area %). CE: 86% (Area %). Ligand L
was directly used in the complexation step.

Ligand L (260 mg, 0.5 mmol) was dissolved in water (10 mL)
and the pH was adjusted to 5 with 1 M NaOH. This solution was ti-
trated with a 0.025 M aqueous solution of GdCl3 while keeping the
pH neutral by addition of 1 M NaOH. The progress of the complex-
ation was monitored by capillary electrophoresis (CE, migration
times; tL = 7.69 min, t1 = 4.14 min) and by titration of samples of
the reaction mixture with 0.001 M aqueous solution of GdCl3
(indicator Xylenol Orange). The solution was desalted by elution
on an Amberlite� XAD 16.00 column (35 mL, eluents: H2O; H2O/
MeCN 9:1, 8:2, 1:1). The fractions collected (15 mL each) were
checked by CE and those containing the complex with a purity
greater than 90% were pooled and evaporated to give 1 as a white
solid. Yield: 42 mg, 12%. CE: 92.2% (Area %). MS (ESI): M+Na+ at m/z
723.0, 2 M++Na+ at m/z 1421.0.

2.6. X-ray analysis

After several attempts, prismatic crystals of the (aR,6R)-
Na[Gd(H2O)-L]�3H2O�EtOH were obtained by slow evaporation of
water/ethanol solutions. Suitable single crystals were used for data
collection on an Enraf Nonius CAD4 diffractometer using MoKa
radiation. The lattice parameters were determined and refined by
least-squares fit of 25 high angle reflections. The structure was
solved by direct methods [25] and conventional Fourier synthesis.
The refinement by full matrix least-squares [26] on F2 was aniso-
tropic only for gadolinium and sodium atoms and isotropic for
the other non hydrogen atoms due to the scarcely diffracting crys-
tals. The H-atoms positions, were introduced in calculated posi-
tions in their described geometries and allowed to ride on the
attached carbon atom with fixed isotropic thermal parameters
(1.2 Ueq of the parent carbon atom) except for the water hydrogens
not detected. An ethanol molecule present in the structure was re-
fined isotropically.

Crystallographic and refinement data for the structure are pre-
sented in Table 1. Selected bond lengths and angles are reported in
Table 2.

The supplementary crystallographic data have been deposited
with the Cambridge Crystallographic Data Centre (CCDC deposition
number 758026). Copies can be obtained, free of charge, from
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 (1223)
336033; e-mail: deposit@ccdc.cam.ac.uk.

2.7. Molecular modeling

Molecular geometries of the (aR,6R) and (aR,6S) Gd-L diastere-
oisomers calculated at the HF/3-21G [27] level were used in the
re-parameterization procedure and as starting geometries in MD
simulations; both diastereoisomers were built from the crystallo-
graphic structure of (1).

Ab initio calculations use the quasi-relativistic effective core po-
tential (ECP) of Dolg et al. [28], (including 46 + 4fn electrons in the
core, leaving the outermost 11 electrons to be treated explicitly),
and the [5s4p3d]-GTO valence basis sets for the gadolinium ion.
Geometry optimization was performed at the restricted HF level
using the 3-21G basis set for the ligand atoms. Solvent effects were



Table 1
Crystal data and structure refinement for (aR,6R)-Na[Gd(H2O)-L]�3H2O�EtOH.

Empirical formula C26H43GdN3NaO15

Formula weight 817.8
T (K) 293(2)
k (Å) 0.71073
Crystal system orthorhombic
Space group P212121

Unit cell dimension, (Å, �)
a 8.994(2)
b 9.838(5)
c 34.815(8)
V (Å3) 3080.5(2)
Z 4
Dcalc (Mg/m3) 1.744
Absorption coefficient (mm�1) 2.232
F (000) 1624
Crystal size (mm) 0.21x0.10x0.08
h Range (�) 2.15–19.97
Limiting indices �1 6 h 6 8

�1 6 k 6 9
�1 6 l 6 33

Reflections collected/unique 2337/2134
Completeness to h 99.9%
Refinement method Full-matrix least-squares on F2

Data/restraints/parameter 2134/2/199
Goodness-of-fit (GOF) on F2 1.019
Final R indices [I > 2r(I)] R1 = 0.0608

wR2 = 0.1469
R indices (all data) R1 = 0.1844

wR2 = 0.1954
Largest difference peak and hole (Å�3) 0.796 and �0.966

Table 2
Selected bond lengths [Å] and angles [�] of (aR,6R)-Na[Gd(H2O)-L]�3H2O�EtOH.

Bond lengths Angles

Gd–N(1) 2.64(3) N(3)–Gd–O(1) 94.4(8)
Gd–N(2) 2.56(3) N(3)–Gd–O(2) 63.6(7)
Gd–N(3) 2.72(2) N(3)–Gd–O(3) 80.3(8)
Gd–O(1) 2.44(2) N(3)–Gd–O(4) 131.2(8)
Gd–O(2) 2.37(2) N(3)–Gd–O(5) 126.0(7)
Gd–O(3) 2.34(2) N(3)–Gd–O(2) 64.0(8)
Gd–O(4) 2.48(2) N(3)–Gd–O(9)I 146.1(8)
Gd–O(5) 2.40(2) O(1)–Gd–O(2) 73.7(9)
Gd–O(2) 2.35(2) O(1)–Gd–O(3) 143 (1)
Gd–O9I 2.37(2) O(1)–Gd–O(4) 131.8(7)

O(1)–Gd–O(5) 73.1(9)
N(1)–Gd–O(1) 141.7(9) O(1)–Gd–O(2) 73.0(9)
N(1)–Gd–O(2) 121.2(8) O(1)–Gd–O(9)I 77.2(7)
N(1)–Gd–O(3) 69.2(9) O(2)–Gd–O(3) 71.7(9)
N(1)–Gd–O(4) 65.5(8) O(2)–Gd–O(4) 134.9(8)
N(1)–Gd–O(5) 90.0(8) O(2)–Gd–O(5) 146.0(8)
N(1)–Gd–O(2) 121.6(9) O(2)–Gd–O(9)I 82.5(8)
N(1)–Gd–O(9)I 135.8(8) O(3)–Gd–O(4) 70.7(8)
N(1)–Gd–N(2) 69.4(8) O(3)–Gd–O(5) 138.2(8)
N(1)–Gd–N(3) 67.9(9) O(3)–Gd–O(9)I 87.3(7)
N(2)–Gd–O(1) 72.4(9) O(4)–Gd–O(5) 67.7(8)
N(2)–Gd–O(2) 110.6(8) O(4)–Gd–O(9)I 71.7(7)
N(2)–Gd–O(3) 131.3(8) O(5)–Gd–O(9)I 83.4(8)
N(2)–Gd–O(4) 112.7(8)
N(2)–Gd–O(5) 65.2(7)
N(2)–Gd–O(2) 110.5(9)
N(2)–Gd–O(9)I 141.2(8)
N(2)–Gd–N(3) 61.0(8)

I
At 1 � x;y �½;½ � z.

Fig. 1. ORTEP [36] view of (aR,6R)-Na[Gd(H2O)-L]�3H2O�EtOH with the relative atom-
numbering scheme (thermal ellipsoids at 30% probability, hydrogen atoms were
omitted for the sake of clarity).
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evaluated by GAUSSIAN 03 [29] implementation of the PCM, using the
C-PCM variant [30].

The molecular dynamic simulations of the diastereoisomers in
aqueous solutions were performed by placing each complex in a
periodic cubic box (edge length approximately 3 nm), filled with
about 2000 extended simple point charge (SPC/E) water molecules
[31]. The simulations were performed by the NAMD package [32],
using a modified set of parameters. The non-bonding interactions
were evaluated using a twin range cut-off, and the pair list within
the shorter-range cut-off (9.0 Å) was evaluated at each step,
whereas the pair list within the longer cut-off (14.0 Å) was updated
every five steps. A reaction field correction of 78.0 was used to cor-
rect for the neglect of electrostatic interactions beyond the 14.0 Å
cut-off. The systems were submitted to MD runs at constant tem-
perature and pressure, using the Berendsen algorithm [33]. Com-
plexes and solvent were independently coupled to a temperature
bath (298 K) with a coupling time of 0.1 ps, while the pressure
was held at 1 bar, with a coupling time of 0.5 ps. The bond lengths
of the complexes were constrained using the LINCS algorithm [34],
while bond lengths and angles in the water molecules were con-
strained using the SETTLE algorithm [35]. Time step was 1.0 fs,
for a simulation time of 5.0 ns with an equilibration time of 0.1 ns.
3. Results and discussion

3.1. Crystal Structure of the (aR,6R) diastereoisomer (1)

In Fig. 1, the asymmetric unit of the complex (aR,6R)-Na[Gd
(H2O)-L]�3H2O EtOH is represented.

The Gd(III) ion is nine coordinated with three nitrogens N(1),
N(2), N(3), five carboxylate oxygens O(2), O(3), O(4), O(5), O(9)I

(I at 1 � x, y � 1/2,1/2 � z) and one water oxygen O(1) in a mono-
capped distorted square antiprism coordination polyhedron with
the carboxylic oxygen O(4), in axial position (Fig. 2).

One square plane of the antiprism is formed by a carboxylic
oxygen O(2), two nitrogens N(2), N(3) and the water oxygen
O(1), the other by three carboxyl oxygens O(3), O(5), O(9)I and
one nitrogen N(1). The twist angle between the two planes is about
40�. Three of the five carboxylic groups behave as monodentate on
the Gd ion, while a fourth bridges an adjacent Gd via O(9)I. The
insertion of this oxygen in the coordination position is enhanced
by the wide angles O(1)–Gd–O(3) and O(1)–Gd–O(4) of 143(1)�
and 132(1)�, respectively, responsible also for the short Gd–O(9)I

bond distance of 2.39(2) Å with the formation of the polymeric
structure illustrated in Fig. 3. The molecular packing clearly indi-
cates the formation of molecular chains developing along the b
axis, where the hydrophobic parts are facing each other and the
position of the water molecules is inside the chains. The eight coor-
dinate sodium ion is embedded deep within the ligand and the
crystallized waters of the bulk.



Fig. 2. Ball and stick representation of the coordination polyhedron of (aR,6R)-
Na[Gd(H2O)-L]�3H2O�EtOH including the bridging O9I (I at 1 � x;y �½;½ � z).

Fig. 3. Crystal packing of (aR,6R)-Na[Gd(H2O)-L]�3H2O�EtOH showing the molec-
ular chains developing in the b axis direction (counterions and hydrogens were
omitted for clarity).

Table 3
Short contacts (Å) between the waters and the carboxylic
oxygens of L.

O(1)� � �O(10) 2.67(4)
O(1)� � �O(12) 2.75(4)
O(3)� � �O(12)I 2.82(4)
O(6)� � �O(10)II 2.75(3)
O(6)� � �O(11)III 2.66(4)
O(7)� � �O(10)IV 2.79(3)

I
At 1 � x;y �½;½ � z.

II
At 1 � x;y + ½;½ � z.

III
At 2 � x;y + ½,½ � z.

IV
At x + 1;y;z.
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The Gd–oxygen bond lengths are rather similar in the limit of
their e.s.d.s even though the carboxylic oxygen O(4) in capping po-
sition is somewhat larger with a value of 2.48(2) Å, with respect to
the average of 2.37(2) Å for the coordinated carboxylic oxygens
(Table 2). The Gd–O water distance of 2.44(2) Å, comparable to
the value of 2.443(5) Å of Gd-AAZTA [13], is in the range observed
for gadolinium monoaquo derivatives (2.45–2.50 Å) [1,37]. Con-
cerning the Gd–N bond distances, it is worthwhile noticing that
the largest Gd–N(3) bond (2.72(2) Å) belongs to the heterocyclic
nitrogen on the side of the benzyl moiety that could create a kind
of tension due to its steric hindrance.

The crystal structure contains, beside the gadolinium coordi-
nated water, three additional water molecules and an ethanol mol-
ecule coming from the crystallization solvent.

The close proximity of O(1) to the O(11) and O(12) water mol-
ecules is indicative of hydrogen bonds as well the short contacts
between the non coordinate waters and the carboxylic oxygens,
as reported in details in Table 3.

The addition in AAZTA of an extra moiety C2H4COOBn, intro-
duces a stereocenter (i.e. C(13)), giving an additional carboxylic
group with another potential coordination position, but the hin-
drance of the attached benzyl moiety disfavours metal coordina-
tion and, differently from AAZTA [13], also the possibility of
dimeric structures.

The network of hydrogen bonds is related to the presence of
four water molecules of which only one metal coordinated is influ-
enced by the extra moiety. In fact, the rather lipophilic substituent
creates a kind of belt protecting the polymeric chains on one side
and on the other forming lipophilic channels in the structure.
The water molecules are interstitially located in the polymeric
chains, while in the AAZTA complex [13] they connected the dimer
moieties in a 3D network.

3.2. Theoretical investigation

The (aR,6R)-L-Gd complex (1) was submitted to molecular dy-
namic calculations starting with two different coordination num-
bers: the first having the Gd(III) ion octa-coordinated with a
water molecule in the first coordination sphere, the second with
the metal ion nona-coordinated having two water molecules in
the first coordination sphere (the second water molecule occupies
the position of the oxygen that allows polymerization in solid
state). Fig. 4 shows the conformations for the first and second cal-
culated complexes coloured green and purple respectively, that are
superimposed also with the crystal structure.

The results indicate a high overall correspondence in the coor-
dination polyhedron between the predicted models and the X-
ray structure but there is no match between the pendant lateral
chains. In the X-ray structure, the chain corresponds to the part
of the molecule involved in hydrophobic contacts in the crystal
packing, which are not present in the molecular dynamics simula-
tion. The sample starting with two coordinated water molecules
(purple) exhibits a structure quite perfectly superimposable on
the other simulation (green).

The (aR,6S)-L-Gd diastereoisomer (2) was initially submitted to
free dynamic simulation without water molecules coordinated
(formally seven coordinated Gd(III) ion), then in the presence of
one water coordinated (formally eight coordinated Gd(III) ion).
The obtained conformations are represented in blue and light blue
respectively, in Fig. 5.

Even in this case, the seven coordinated polyhedron becomes
eight coordinated during the simulation process adding a coordi-
nated water molecule, while the second maintains its eight coordi-
nation. However, in this latter we notice a poor correspondence for
the atom positions in the octacoordinated polyhedrons, differently
from that found for the nona-coordinated ones of the diastereoiso-
mer previously analyzed.

The MD calculations started taking into account both diastere-
oisomers with one water coordinated has revealed a tighter



Fig. 4. Overlay of the calculated conformations of (aR,6R)-L-Gd diastereoisomer (1)
(green and purple) onto its crystallographic structure (red) obtained through rms
fitting of the heavy atoms. Hydrogen atoms are omitted for the sake of clarity. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. Superimposition of the calculated structures of diastereoisomer (aR,6S)-L-
Gd (2) obtained through rms fitting of the heavy atoms. Hydrogen atoms are
omitted for the sake of clarity.

Table 4
Selected torsion angles of the (1) crystallographic structure and the models of the two
diastereoisomers resulting from MD calculation starting with one water coordinated.

Torsion angle (�) X-ray (1) Green (1) Light blue (2)

O16–C18–C19–C20 �131 48 �53
N3–C13–C15–C16 156 162 178
O16–C17–C16–C15 �172 �63 92
C17–O16–C18–C19 �114 178 �69
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coordination core surrounding the gadolinium ion for (aR,6S)-L-Gd
(2) with respect to (aR,6R)-L-Gd (1). This is shown in Fig. 6 where
the two resulting conformations are compared and represented in
green (1) and light blue (2).

In particular, we found significant shifts in the respective posi-
tions of O5 and O1 and O2, (atom labeling derived from the crystal
structure, Fig. 1) that is 2.85 and 4.23 Å apart in the green model
and 2.35 and 3.76 Å in the light blue model, respectively. The larger
deviations observed in the apical parts of the coordination polyhe-
Fig. 6. Superimposition of the MD models of (aR,6R)-L-Gd (1, green) onto (aR,6S)-
L-Gd (2, light blue) obtained through rms fitting of the heavy atoms. Hydrogen
atoms are omitted for the sake of clarity. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
dron (O5 and O2) are related to the more favourable Van der Waals
interactions with the lateral chain, pushing to a more globular and
compact structure in the (aR,6S)-L-Gd (2) model. These findings
are supported by the values of the torsion angles reported in
Table 4.

The closer shift of the chelating atoms in the light blue structure
of (2) towards the top of the polyhedron leads to the restriction of
the solvent accessible surface close to the apical water, hindering
the coordination of a further water molecule. Such a position could
derive from an inward movement caused by the approaching of the
phenyl ring to the coordination polyhedron. Thus, the light blue
model (2) is a more compact molecule, able to coordinate only
one water molecule in apical position, decreasing the likelihood
of extracting water from the bulk.

4. Conclusions

The presence in AAZTA-C2H4COOBn of an extra moiety, beside
introducing a stereocenter at C(13), gives also an additional car-
boxylic group with the potential for denticity, but the hindrance
of the attached benzyl moiety disfavours metal coordination. The
network of hydrogen bonds, related to the presence of four water
molecules of which only one metal coordinated, is influenced by
the extra moiety. In fact, the rather lipophilic substituent creates
a kind of belt protecting the polymeric chains on one side and on
the other forming lipophilic channels in the structure. The water
molecules are interstitially located in the polymeric chains. The
Molecular Dynamics results of the (aR,6S) isomer evidence the
eight coordinated state of the Gd(III) ion, with the intervention of
a metal coordinated water molecule, that is hydrogen bonded to
three waters of the second coordination sphere, resembling the
behaviour observed for the (aR,6R) isomer.

The structures analyzed by means of MD calculations show a
different number of waters coordinated to the Gd(III) ion: the dia-
stereoisomer (aR,6R)-L-Gd converged toward a structure having
the Gd(III) ion nona-coordinated (two waters of coordination),
while the (aR,6S)-L-Gd model remains octa-coordinated (one
water of coordination). The geometry of the latter indicates that
the lateral chain orientation as well as the stereochemistry of the
chelating ligand could directly acting on the inner sphere coordina-
tion of the metal ion, preventing the water access to the Gd coor-
dination sphere and affecting the relaxivity of the paramagnetic
complex.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ica.2013.08.004.
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