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ABSTRACT

Cryptophanes, cage molecules for which xenon exhibits a high affinity, are good candidates for xenon biosensing. Cryptophane-1.1.1 (1) exhibits the
highest binding constant for xenon encapsulation in organic solution determined to date. This property suggests that the cryptophane-1.1.1 core (1)
is optimal for sensing applications. A high-yielding scalable synthesis of compound 1 is reported as well as an easy way to functionalize it.

Laser-polarized 129Xe NMR spectroscopy can be usefully
applied to in vitro and in vivo magnetic resonance imaging
(MRI).1 By using optical pumping to increase the nuclear spin
polarization of xenon by several orders of magnitude (104 to
105), small amounts of gas dissolved in biological tissues (blood,
lungs, etc.) can be detected rapidly with an excellent signal-
to-noise ratio. Carrier molecules bearing suitable functions can
be designed to overcome the nonspecificity of the xenon atom
toward biological targets. Good candidates for xenon biosensing
are cryptophanes, cage molecules for which xenon has a high
affinity. The recently synthesized cryptophane-1.1.1 (Figure 1)
exhibits the highest binding constant for xenon encapsulation
in organic solution determined to date.2 This property suggests
that the cryptophane-1.1.1 core 1 is optimal for direct sensing
applications using xenon.

In their pioneering work, Brotin and Dutasta synthesized
this important molecule in 1.5% overall yield from

4-allyloxy 3-methoxybenzyl alcohol, and no further func-
tionalization has been described.2 Here we report a
scalable synthesis of compound 1 from commercially
available iodinated phenol 2 with 12% overall yield and
an easy way to functionalize it (Scheme 1).
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Figure 1. Structure of cryptophane-1.1.1.
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To avoid unwanted electrophilic attacks during the cy-
clotrimerization step, we chose the iodinated phenol 2 to start
the synthesis. Iodine blocks the reactive ortho position. The
phenol moiety of compound 2 was protected as benzyl ether
to furnish 3 in 93% yield. Several of the numerous methods
developed for the cyclotrimerization of benzyl alcohol
derivatives were screened using 3 as substrate (Table 1).3

The use of scandium triflate as Lewis acid left the starting
material unchanged even after refluxing for 3 days (entry

1). The same results were obtained using perchloric acid as
dehydrating agent (entries 2-4). Refluxing 3 with 1 equiv
of phosphorus pentoxide for 12 h generated the expected
cyclotriphenolene derivative 4 in 10% yield (entry 5). By
increasing the amount of P2O5 (2 equiv), the yield rose to
15% (entry 6). Under the best conditions (entry 7, P2O5, 3
equiv, diethyl ether, reflux, 12 h), benzyl alcohol 3 underwent
a smooth trimerization affording 4 in 36% yield. Catalytic
hydrodeiodination of 4 using molecular hydrogen and Pd/C
in the presence of triethylamine,4 followed by removal of
the benzyl protective groups (H2, Pd/C, CH3COOH), afforded
cyclotriphenolene 5 in 81% yield over the two steps. All
these reactions were conducted on 30-g scale or more without
the need of chromatographic purification (see the Supporting
Information).

We then turned our efforts to the dimerization of the
cyclotriphenolene unit 5 to furnish cryptophane 1. The
dimerization proceeded along with polymerization reactions.
A careful choice of experimental conditions minimized the
unwanted polymer, as shown in Table 2.

When the dimerization was carried out in the presence of
0.5 equiv of ClCH2Br (entry 1), cyclotriphenolene 5 was
converted to cryptophane 1 in less than 10% yield. The yield
was increased to 15% by using 50 equiv of ClCH2Br (entry
2). Higher dilution and slow addition of cyclotriphenolene
5 had no impact on the reaction outcome (entries 3 and 4).
A significant improvement was obtained using 500 equiv of
ClCH2Br (entry 5). The influence of temperature was also
investigated (entries 6-8). The use of 10 equiv of Cs2CO3

was required to obtain the best result (entry 8). Finally, these
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128, 6334. (f) Schröder, L.; Chavez, L.; Meldrum, T.; Smith, M.; Lowery,
T. J.; Wemmer, D. E.; Pines, A. Angew. Chem., Int. Ed. 2008, 47, 4316.
(g) Hilty, C.; Lowery, T. J.; Wemmer, D. E.; Pines, A. Angew. Chem., Int.
Ed. 2005, 45, 70. (h) Schlundt, A.; Kilian, W.; Beyermann, M.; Sticht, J.;
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Scheme 1. Synthesis of Cryptophane 1 by Cyclotriphenolene
Unit Dimerization

Table 1. Formation of 4 from Benzyl Alcohol 3

entry catalyst solvent temp
time
(h)

isolated
yield
(%)

1 Sc(OTf)3 MeCN reflux 72 no reaction
2 HClO4 60% No solvent rt 24 no reaction
3 HClO4 70% MeOH 0 °C to rt 18 no reaction
4 HClO4 60% AcOH MeOH rt 60 no reaction
5 P2O5 1 equiv Et2O reflux 12 10
6 P2O5 2 equiv Et2O reflux 12 15
7 P2O5 3 equiv Et2O reflux 12 36

Table 2. Formation of Cryptophane 1 from 5a

entry
ClCH2Br
(equiv)

Cs2CO3

(equiv) DMF (mL) temp (°C) yield (%)

1 0.5 10 4 60 <10
2 50 10 4 60 15
3 50 10 20 60 15
4 50 10 25 60 10b

5 500 5 4 60 30
6 500 10 4 60 35
7 500 10 4 40 20
8 500 10 4 80 45
9 500 10 20 80 44
10 500 10 400 80 46

a All reactions were carried out for 13 h on a 100-mg scale, except for
entry 9 (500-mg scale) and entry 10 (10-g scale). b Addition with a syringe
pump over 13 h.
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optimized conditions were applied to a larger quantity of
cyclotriphenolene 5 (500 mg, entry 9) and allowed the
synthesis of cryptophane 1 in 44% yield. A slightly better
yield of 46% was obtained on a 10-g scale (entry 10). The
purification was performed without the need of any chro-
matographic column (liquid/liquid extraction and filtration
through a short pad silica gel led to pure 1). The reaction
led almost exclusively to the chiral D3-symmetry (anti) form,
as observed by chiral HPLC.

We then turned our attention to the functionalization of
the cryptophane-1.1.1 (1), which has never been reported
before. Since cryptophane 1 is composed of phenoxy
moieties, it can, in principle, be iodinated or brominated.
When it was submitted to iodination (I2, C6H5I(OAc)2),

5 the
reaction afforded compound 6 (Scheme 2). The yield based
on recovered starting material was 55%.

As the iodine atom broke down the symmetry of com-
pound 1, the 1H NMR spectrum of iodine compound 6 was
difficult to interpret. In order to determine the iodination
position, we replaced the iodine atom by a deuterium using
a catalytic hydrodeiodination reaction with deuterium gas.4

The 1H NMR spectrum of the deuterated cryptophane 8
unambiguously showed that the iodination had occurred at

the ortho position of the phenoxy ring, as represented in
Scheme 2. The aromatic region of the 1H NMR spectrum of
8 was composed of three broad peaks of relative intensity
6/6/5. Each broad peak was attributed using COSY correla-
tions. (See the Supporting Information.) Alternatively,
compound 1 could easily be brominated using N-bromosuc-
cinimide in CHCl3 to furnish 7 in 64% yield based on
recovered starting material. Once again, the bromination
position was determined by deuteration and 1H NMR analysis
of the deuterated cryptophane 8.

Starting from these halogenated compounds, a large
number of chemical functions can be introduced using either
organolithium or palladium chemistry. We performed one
of each reaction type. The lithiation of bromine 7 by n-BuLi
followed by carboxylation with CO2 afforded the carboxylic
acid 9 in a modest but nonoptimized yield of 27%. In
addition, the palladium-catalyzed Heck vinylation of iodide
6 by diethyl allylmalonate (Pd(PPh3)4, TEA, DMF) provided
10 in 52% yield.6 Compound 10 is a very versatile compound
as one carboxylate group can be used to introduce a water-
soluble moiety while the other can be used to introduce a
protein ligand. To the best of our knowledge, this is the first
time that a Heck reaction has been used to functionalize any
cryptophane.

In conclusion, we describe a short, high-yielding, and
scalable synthetic route to cryptophane-1.1.1 (1). Previously,
compound 1 was synthesized in 1.5% overall yield and can
now be obtained in 12% overall yield. Moreover, we
demonstrate for the first time that functionalization of 1 can
be realized by means of iodination or bromination and can
afford a large variety of substituted xenon containers. We
are using this approach for the development of new water-
soluble containers for Xe imaging.
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Scheme 2. Functionalization of the Cryptophane Core
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