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ABSTRACT: The polytopic hemicryptophane cage HC1
combining a cyclotriveratrylene (CTV) unit and a tris(2-
aminoethyl)amine (tren) moiety connected by three 2-
hydroxyisophthalamide linkers was synthesized in 12 steps.
The resulting highly functionalized covalent host is soluble in
aqueous medium and has been used to complex Gd(III) ion.
The Gd(III)@HC1 complex presents promising relaxivity
properties when compared to the clinically used Dotarem
MRI agent.

Synthetic cage molecules arise a considerable interest
because of their ability to mimic the remarkable properties

of enzymes.1−17 Among the covalent cages based on
cyclodextrins, calixarenes, pillararenes and cavitands, hemi-
cryptophanes and cryptophanes are two classes of molecular
containers built from the cyclotriveratrylene (CTV) unit.18,19

The cryptophanes,19,20 consisting of two CTV units, display
remarkable recognition properties toward small neutral
molecules (epoxydes, CHBrClF),21 metal ions (Cs+),22 and
noble gas (xenon, radon).23 The hemicryptophanes, which
combine a CTV moiety with another C3 symmetrical unit
(respectively designated as north and south parts), have found
applications in molecular recognition or can act as molecular
machines or supramolecular catalysts.19 Numerous and various
interactions are involved in the formation of the guest−
hemicryptophane complexes because of their heteroditopic
character. As a consequence and depending on the size and
shape of their cavity, hemicryptophanes are able to recognize
selectively various substrates ranging from single cations or ion
pairs to chiral neurotransmitters and carbohydrates.24,25 On
the other hand, these host compounds can bind phosphorus or
transition metals ions like V(V), Zn(II), Co(II), and Cu(II) in
the heart of their cavity leading to endohedral functionalized
molecular cages, which have been used as supramolecular
catalysts.26

Most of the hemicryptophanes synthesized so far differ by
the C3-symmetry moiety facing the CTV unit and by the
nature of the linkers between the CTV and the second C3 unit.

Functionalized groups have been introduced in the structure of
cryptophanes leading to original hosts presenting for instance
remarkable complexation properties toward lanthanide cati-
ons.27 Such a strategy has been scarcely used for hemi-
cryptophane derivatives, although it should be of great interest
for the design of original receptors with applications in
supramolecular catalysis or in developing new coordination
complexes of transition metals. It is with that perspective that
we designed and synthesized the new hemicryptophane HC1
bearing 2-hydroxyisophthalamide moieties in the linkers. The
polytopic hemicryptophane HC1 was found to be water-
soluble in basic media and suitable for complexing f-transition
metal cations. To explore this potentiality, the Gd3+@HC1
complex was prepared and its T1-relaxation properties were
investigated, showing a longitudinal relaxivity about three
times higher than that of the commercial DOTA complex
(DOTA for 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-ac-
etate).
Three main methods are used to synthesize hemicrypto-

phanes: (i) the [1 + 1] coupling between the south unit and
the CTV moiety, (ii) the cage-closing reaction at the south
part from an adequate CTV precursor, and (iii) the cage-
closing reaction of the north part to form the CTV unit from
an appropriately substituted south moiety. The third method
was applied for the synthesis of hemicryptophane HC1
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(Schemes 1−3). This approach has proved to be successful for
the synthesis of hemicryptophanes bearing a triamido-amine

group in their south part. Starting from vanillyl alcohol 1,
compound 2 was obtained in 44% yield by alkylation of the
phenol unit with dibromoethane. The subsequent protection
by a DHP group afforded compound 3. The next step consists
of a quantitative nucleophilic substitution of bromine by
sodium azide (compound 4) followed by a Staudinger
reduction that provides the amino intermediate 5 in 33%
overall yield (Scheme 1).
We then chose to protect the hydroxy group of the 2-

hydroxyisophthalic acid by an allyl group in order (i) to avoid
the concomitant location of amine and phenol on various
intermediates, which should lead to zwitterionic species
probably difficult to purify and (ii) to deprotect it easily and
orthogonally to the methyl ether located on the CTV unit. The
demethylation of the commercially available 2-methoxyisoph-
thalic acid 6, under strong acidic conditions, gave the 2-
hydroxyisophthalic acid 7, which was then heated in the
presence of a base and allyl bromide to afford 8 in 69% yield.
The saponification of the ester functions provided the desired
product 9 (Scheme 2).28

The diacid 9 was converted to the diacyl chloride, which
reacted with 2 equiv of mercaptothiazoline to form the
intermediate 10 (Scheme 3). Then, 11 was prepared by adding
dropwise a default of compound 5 in a diluted solution of 10 in
dichloromethane in order to graft only 1 equiv of the amine 5.
After separation by chromatography, the excess of reactant 10
was recovered and the reaction started again several times until
a good yield for the formation of intermediate 11 was reached
(80%). Reaction of 11 with the tris(2-aminoethyl)amine (tren)
in CH2Cl2 (DCM) at room temperature provided the
precursor of cyclization 12 in 88% yield. The macrocyclization
was then performed using formic acid as solvent under
moderate dilution condition (10−3 M); the expected hemi-

cryptophane 13 was obtained in a relatively good yield (46%).
This is consistent with our previous observation related to the
formation of hemicryptophane presenting triamido-amine in
their south part, suggesting the preorganization of the
precursor of cyclization in formic acid by complexation of a
proton by the triamido-amine moiety.29 Finally, the allyl
protect ing groups were removed using tetrakis-
(triphenylphosphine)-palladium(0) under basic conditions.
The steric hindrance imposed by the cavity around the
protected phenols and the difficulty related to the purification
of such functionalized cage could account for the relative low
yield of the deprotection step (23%). Following this 12-step
synthesis, hemicryprophane HC1 was obtained with an overall
yield of 1.5%.
The 1H NMR spectrum of hemicryptophane HC1 displayed

in Figure 1 shows that the structure is on average of C3
symmetry in solution. The expected signals of the CTV
moieties can be observed: (i) the AB systems for the ArCH2
bridges of the CTV units appear as two doublets at 3.51 ppm
and 4.66, (ii) the methoxy groups at 3.67 ppm, and (iii) two
singlets for the aromatic protons at 7.02 and 7.08 ppm. The
CH2 protons of the lower part exhibit chemical shifts at 3.52
and 2.62 ppm. The aromatic protons of the linkers in meta-
and para-position to the oxygen atom display two doublets
between 7.88 and 8.11 ppm and a triplet at 6.62 ppm,
respectively. The diastereotopic aliphatic protons of the linkers
show broad multiplets between 3.6 and 4.3 ppm. It can be
noted that host HC1 is soluble in basic water (pH ≈10),
making it one of the rare examples of water-soluble
hemicryptophanes.30

The multiple coordination sites in hemicryptophane HC1
are particularly suited for the binding of f-transition metals, and
the endohedral functionalization of the host molecule should
favor the complexation of the metal ion inside the molecular

Scheme 1. Synthesis of Intermediate 5

Scheme 2. Synthesis of Intermediate 9: (a) HBr/AcOH
(1:1), 90 °C, 45 min. (b) Allyl bromide (5 equiv), K2CO3
(10 equiv), argon, DMF, 75 °C, 20 h. (c) NaOH (3 equiv),
MeOH/H2O 1/1, r.t. 48 h

Scheme 3. Synthesis of Hemicryptophane HC1a

a(d) (1) C2O2Cl2 (2.4 equiv), DMF, argon, dioxane, 60 °C, 17 h; (2)
NEt3 (2.5 equiv), mercaptothiazoline (2.4 equiv), THF 0 °C to r.t. 15
h. (e) 5 (0.15 equiv) added dropwise during 10 h under stirring,
DCM, r.t. (f) Tren (tris(2-aminoethyl)amine) (0.3 equiv), DCM, r.t.
15 h. (g) HCOOH, CHCl3 (traces) 30 °C, 48 h. (h) Pd(PPh3)4 (0.1
equiv), K2CO3 (10 equiv), DCM/MeOH 1/1, argon, r.t. 36 h.



cavity. The complexation of the strongly paramagnetic Gd(III)
ion is of particular interest as the resulting complex could be
used as MRI contrast agent like, for instance, Gd(III)−DOTA,
Gd(III)−DTPA complexes,31 pyridine-based chelates with two
hydrazine functions,32b or tris-hydroxypyridonate Gd(III)
complexes.32 Moreover, it was recently shown that confine-
ment of Gd(III) complexes into nanosystems such as silica
nanoparticules, zeolites, apoferritine, and hydrogels improved
their relaxivity r1.

33 This prompted us to investigate if the
confinement of Gd(III) in the heart of molecular cage could
lead to similar effects.
The Gd(III)@HC1 complex was obtained by stirring

overnight 1 equiv of ligand with 1 equiv of Gd(OTf)3 in
methanol in the presence of an excess of NEt3 at 60 °C
(Scheme S1). The mass spectrum of Gd(III)@HC1 suggests
that, at least, one water molecule is coordinated to the Gd(III)
metal center (Figure S26). We then explored more accurately
the NMR relaxation properties of the new complex for a
potential use as an MRI contrast agent. First, longitudinal
relaxation times T1 were measured: solutions of Gd(III)@HC1
in DMSO-d6/water (70/30) at different concentrations were
prepared, and for each one the water proton T1 was measured
as a function of the magnetic field values (or equivalently of
the 1H Larmor frequency). The longitudinal relaxivity r1 is
obtained by normalizing the relaxation enhancement of water
protons to a millimolar solution of the chelated Gd(III)
(Figure 2).34 It characterizes the contribution of the para-
magnetic ion to the acceleration of water protons’ relaxation
rate 1/T1. A longitudinal relaxivity of 46.7 mmol−1 s−1 was
obtained for Gd(III)@HC1 at a 2.35 T magnetic field (100
MHz 1H Larmor frequency) at 297 K. As the viscosity of the
solution can influence the relaxation parameters, we measured
the relaxivity of Dotarem Gd(III)−DOTA in the same 70/30
DMSO-d6/H2O mixture at the same temperature. The
relaxivity of Dotarem under these conditions is 2.7 times
lower than that of the hemicryptophane complex (r1(Dotarem,
100 MHz) = 17.48 mmol−1 s−1). Thus, a much better relaxivity
of the encaged complex is observed in the frequency zone of
interest for medical imaging (64−128 MHz). This higher
relaxivity can be attributed to three main factors: (i) a higher
number of inner-sphere water molecules, (ii) an improvement
of rate of exchange of these water molecules with bulk solution,
and (iii) a decrease of the tumbling rate of the complex.31

Contrast agents allow an enhancement of image contrast by
lowering the relaxation time of water protons in the tissues
when they are present. Figure 3 shows MRI images obtained

with Gd(III)@HC1 hemicryptophane complex. Images were
recorded at 2.34 T with phantoms corresponding to different
concentrations of the Gd(III)@HC1 hemicryptophane com-
plex. They were obtained with a T1 weighting (Figure 3). As
expected, an increase of the signal with the complex
concentration is observed in T1-weighted images, revealing
that the Gd(III)@HC1 acts as an efficient contrast agent. This
cage structure reveals thus promising since it gives efficient
MRI agent presenting improved longitudinal relaxivity when
compared to commercial ones.
In summary, we have described the synthesis of the highly

functionalized hemicryptophane cage HC1, where the south-
ern part, bearing an amine function, is connected to the CTV
northern part by three linkers, each including the 2-
hydroxyisophthalamide moiety. This cage ligand was used to
encapsulate gadolinium(III) ion inside its cavity. The resulting
complex exhibits a remarkable longitudinal relaxivity of 46.7
mmol−1 s−1 (at 100 MHz), 2.7 times higher than the
commercial Dotarem MRI agent under the same conditions.
This complexation of a f-transition metal in a hemicryptophane
cavity is, to our knowledge, unprecedented and opens up the
way for a larger use of this class of host molecules as ligand for
other f-transition metal ions and wider applications in
fluorescence or circularly polarized luminescence (CPL) for
instance (see Figures S30−S32 for the chiral HPLC resolution
of hemicryptophane 13).

Figure 1. 1H NMR spectra of hemicryptophane HC1 in basic D2O.
Figure 2. Comparison of water 1H relaxivities as a function of the 1H
Larmor frequency for solutions of Gd(III)@hemicryptophane HC1
(blue circles) and Gd(III)@DOTA (red triangles). Solvent: 70/30
DMSO-d6/H2O; T = 297 K.

Figure 3. T1-weighted MRI images of 4 hemicryptophane−Gd(III)
solutions with the following concentrations (from left to right): 0
mM, 0.1 mM, 0.2 mM, 0.3 mM, and 0.5 mM. Solvent: 70/30 DMSO-
d6/H2O.
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L.; Lowery, T. J.; Hilty, C.; Wemmer, D. E.; Pines, A. Molecular
Imaging Using a Targeted Magnetic Resonance Hyperpolarized
Biosensor. Science 2006, 314, 446−449. (f) Riggle, B. A.; Wang, Y.;
Dmochowski, I. J. A “Smart” 129Xe NMR Biosensor for PH-
Dependent Cell Labeling. J. Am. Chem. Soc. 2015, 137, 5542−5548.
(g) Rose, H. M.; Witte, C.; Rossella, F.; Klippel, S.; Freund, C.;
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