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Abstract: The known xenon-binding (£)-cryptophane-111 (1) has
been functionalized with six [(7°-CsMes)Ru'"]* ([Cp*Ru]*) moieties
to give, in 89% yield, the first water-soluble cryptophane-111
derivative, namely [(Cp*Ru)s1]Cls ([2]Cls). [2]Cls exhibits a very
high affinity for xenon in water, with a binding constant of 2.9(2)
x 10* M~! as measured by hyperpolarized *?*°Xe NMR spectros-
copy. The '**Xe NMR chemical shift of the aqueous Xe@[2]¢*
species (308 ppm) resonates over 275 ppm downfield of the
parent Xe@1 species in (CDCl,), and greatly broadens the
practical ***Xe NMR chemical shift range made available by
xenon-binding molecular hosts. Single crystal structures of
[2][CF3SOs]s-xsolvent and 0.75H,0@1-2CHCI; reveal the ability
of the cryptophane-111 core to adapt its conformation to guests.

For two decades, xenon has received increasing attention as a
potent tracer for MRI imaging and NMR-based sensing due to its
enormous chemica shift range and the availability of laser-
polarization techniques that enhance nuclear polarization, and
thereby sensitivity, by several orders of magnitude.* A biosensing
technology based upon transportation of the noble gasto biological
targets via functionalized xenon-binding molecular hosts has been
proposed? andissupported by several proof-of-concept experiments.*
The conditions required for xenon-binding biosensors to be effective
for possible in vivo applications are as follows: (i) a high xenon
binding constant (K5) in biological media; (ii) slow in—out exchange
conditions on the **Xe NMR time scale, yet sufficient in—out
exchange rates to allow optimization of sensitivity by renewal of
the host cavity with hyperpolarized xenon; (iii) adequate longitu-
dinal relaxation times of the bound xenon nucleus; and (iv) amenity
to chemical functionalization.* Moreover, proposed multiplexing
strategies®® require several high affinity hosts whose xenon
complexes resonate at significantly different *°Xe NMR fregquencies.

Some of us,®> 7 and others,>® have already demonstrated that
cryptophanes—most notably derivatives of (+)-cryptophane-A
(Chart 1; R = OCHs, n = m = 2)—are among® the best host
candidates for 2°Xe NMR-based sensors. In 2007, the smallest
cryptophane core synthesized to date, (+)-cryptophane-111 (1), was
shown to exhibit the largest xenon binding constant ever measured
in an organic solvent (K, ~ 1 x 10* Mt at 293 K in 1,1,2,2-
tetrachloroethane-d, (TCE-d,)).” The exceptional binding constant
is largely the consequence of an optimized size match between
xenon (Vxe = 42 A%) and the small, spheroidal, arene-lined cavity
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Chart 1. General Cryptophane Structure (e.g. Cryptophane-111, 1:
R = H, n =m = 1, Cryptophane-A: R = OCHz, n = m = 2) and
Synthesis of the Permetalated, Water-Soluble Congener of 1,
[2]Cl*
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of the host (V. = 80 A3), suggesting that water-soluble derivatives
of 1 would be excellent candidates for 12°Xe NMR-based biosensors.
Unlike the cryptophane-A core, however, the synthesis of water-soluble
derivatives of 1 via the attachment of hydrophilic residues is limited
by the lack of modifiable functional groups, though the recent halogen
functionalization of 1 may represent important progress in this
respect.’® Herein we describe the first water-soluble derivative of 1.
n8-Coordination of the arene rings by cationic, electron-withdrawing
[(17°-CsMes)RU'T™ moieties™ (hereafter [Cp* Ru] ™) gives riseto the
air stable chloride salt ()-[(Cp* Ru)s1] Cle, hereafter [2]Clg (Chart
1). Unlike carboxylic acid derivatized cryptophanes, whose water
solubility is attributed to the pH active acid groups, [2]Clg is highly
water-soluble at neutral pH (=30 mM, 293 K). The xenon binding
constant of [2]Clg is arguably the highest ever reported for a
molecular host, and the corresponding Xe@[2]¢* complex displays
avery high Xe NMR frequency that portends value in multiplexed
imaging/sensing applications.

Figure 1. Thermal ellipsoid plots of (a) water-occupied 1 and (b) empty
[2]°" from the X-ray crystal structures of 0.75H,0@1-2CHCl; and
[2][CF3SO3]6-XxNO2Me, respectively. The host cavities are depicted in
orange. Portions of disordered species are omitted.
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Consistent with the procedure reported for the permetalation of
(&£)-cryptophane-E,**® reaction of excess [Cp* Ru(us-Cl)], with 1
under microwave irradiation in anaerobic H,O/THF gave [2]Cls
(89% yield), which was recrystallized to high purity from THF/
H,0. Unfortunately, single crystals of [2]Clg grown from THF/
H,0O proved problematic with respect to X-ray structure determi-
nation, but the single crystal structure of the triflate salt,
[2][CF3SO4]6- xsolvent,** was successfully obtained and the [2]%*
cation is depicted in Figure 1. Notably, in the absence of a suitably
sized solvent guest (NO,CH3 and THF are too large for the cavity
of [2]%"), the host is found to be empty in the solid state, adopting
acontracted conformation that minimizes the internal cavity volume.
The empty conformation is characterized by a large twist angle of
6 = 61(3)° between the two cyclotribenzylene (CTB) caps, as
defined by the average dihedral angles between the arene ring
centroids of OCH,O-connected arenes with respect to the C; axis
of the host (Chart 1; Figure S3). Twisting of the adjoined caps is
facilitated by variations in the Ca,—Ca—O—CH,, dihedral angles,
7, as defined in Chart 1. These angles average t = 177(2)° in the
[2]5" cation, thereby effectively minimizing the length, |, of the
host (I = 7.4 A) and the cavity volume (V. = 32 A3).

The observation of empty cryptophane [2]°" is unusual and is
superficially at odds with the known host—guest properties of 1.7%°
Other cryptophanes are known to collapse upon emptying, via a
partial inversion of one of the CTB caps.** The relative twisting
of adjoined CTB caps, however, has recently been crystallographi-
cally identified as a mechanism by which an aryl bridged cryp-
tophane can minimize its empty cavity volume or conform to
various sized guests.'® For the purposes of comparison with
[2][CF3S0Os]6- xsolvent, and to illustrate the conformational flex-
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Figure 2. (a) *H NMR spectrum (500 MHZ) of [2]Clg in a degassed solution
of D,O at 293 K. (b) Partial *H NMR spectrum of [2]Clg in degassed D,O
in the absence (top) and with 0.3 bar of xenon gas above the solution
(bottom). Total host concentration: 1.7 mM. (c) Hyperpolarized *Xe NMR
spectrum of [2]Clg under the conditions described in part (b), bottom. The
peak at 308 ppm is assigned to the Xe@[2]%" complex, and the tiny peak
at 196 ppm is assigned to free, dissolved Xe.
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ibility of the cryptophane-111 core, we also report here the single
crystal structure of 0.75H,0@1+ 2CHCl; (Figure 1).%° Interestingly,
when crystalized from CHCl3, 1 scavenges a molecule of water—the
only available guest that can fit within the host—from the solvent.
Consequently, 1 adopts a more expanded, less twisted (6 = 18(1)°)
conformation such that the water-occupied cavity (V. = 69 A3)
exhibits approximately double the volume of the empty host cavity
observed in [2][CF3S05]6° xsolvent. This expanded conformation,
which is likely similar to that adopted by 1 during xenon
complexation, is achieved by minimizing the dihedral angles 7 to
4(4)°, thereby maximizing the length of the host (I = 8.6 A).

The *H NMR spectrum of [2]Clg in degassed D,O (Figure 2a)
gives the expected resonances, with coordination of the [Cp*Ru]*
moieties inducing an upfield shift in most of the proton resonances
as compared to 1. At 293 K the 12°Xe NMR spectrum of [2]Clg in
D,0O and in the presence of Xe gas displays two signals, one at
196 ppm for free xenon in water and the other at 308 ppm assigned
to the Xe@[2]" complex (Figure 2c). Slow exchange conditions
are encountered in both the *H and the **Xe NMR spectra of [2]Clg
(Figure 2b,c), alowing accurate determination of the hinding
constant without knowledge of the exact concentration of dissolved
xenon, but with knowledge of the total host concentration. A xenon
binding constant of K, = 29(2) x 10* M™! (AG°® = —6.0
kcal -mol 1) at 293 K has been extracted. Thisvalueisequal (within
error) to the largest xenon binding constant ever reported for a
molecular host, namely that reported for TAAC (Table 1)—a
sparingly water-soluble triacetic acid derivative of cryptophane-
A—in 20 mM agueous phosphate buffer.2 Curiously, TAAC exhibits
a xenon binding constant that is nearly 5 times those determined
by 12°Xe NMR for other water-soluble derivatives of cryptophane-
A, including the structurally very similar, but notably less polar,
hexaacetic acid derivative, A-acid (Table 1).”

It remains unclear whether metal functionalization formally
increases or decreases the thermodynamic affinity of a cryptophane
cavity for xenon. The near 3-fold greater xenon affinity of [2]Cle
in D,O relative to 1 in TCE-d, is not unexpected and may largely
be attributable to the hydrophobic effect. Indeed, the water-soluble
congeners of other cryptophanes exhibit similarly larger aqueous
xenon affinities relative to their organic-dissolved parents (Table
1). Further studies on different salts of [2]%", dissolved in organic
solvents, will perhaps clarify this issue.

Table 1. Association Constants for Xenon Binding and ?°Xe
Chemical Shifts of Known Xe@cryptophane Complexes

Cryptophane R, n, m Ky x 103 M~12 solvent Oxe’  ref
1 H,1,1 ~10 TCE-d, 31 7
[2]Cle H,11 29(2) D,O 308 d
A (or 222) OCHjs, 2,2 3.3° TCE-d, 63 6a

A-acid OCH,CO.H, 2, 2 56-9.1 DO 64 b5a

TAAC OCHy/OCH,CO.H, 2,2 33(3)' Aq. buffer — 8
E (or333) OCHg 3,3 0.005—-0.010° TCE-d, 30 21
E-acid OCH,CO.H, 3,3 0.6—29 DO 35 b5a

@See Chart 1. ® Determined by »*Xe NMR spectroscopy at 293 K
unless otherwise noted. ©Xe@host species. ® This work. €278 K.
fDetermined by ITC and corroborated by fluorescence quenching.

The °Xe NMR chemical shift of xenon bound by cryptophanes
has been the subject of study,'® and the chemical shift of the
Xe@[2]®" complex is one of the most remarkable features of this
new complex. At 308 ppm, the aqueous Xe@[2]" species resonates
over 275 ppm downfield from the Xe@1 species in TCE-d, (31
ppm). The enormous frequency difference—by far the largest
observed for two xenon hosts possessing essentialy the same
internal cavity—is obviously not due to solvent effects. Table 1
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gives the resonance frequencies of encapsulated xenon for some
organic and water-soluble cryptophane congeneric pairs. The
encapsulated xenon resonances of the organic-dissolved cryp-
tophanes do not deviate more than a few ppm from the resonances
of their water-dissolved congeners (e.g., Xe@A, 63 ppm vs Xe@A-
acid, 64 ppm). In fact, al known Xe@cryptophane complexes
resonate in the X e frequency range of ~30—80 ppm near room
temperature. Thus, the six cationic, electron-withdrawing [Cp* Ru]
moieties are predominantly responsible for the peculiar chemical
shift of [2]%", dramatically influencing the effect of the arene rings
on the caged xenon. Exterior metal functionalization therefore
greatly broadens the practical ***Xe NMR chemical shift range made
available by cryptophane hosts. This result suggests that it should
be possible, using a single, optimized host skeleton (e.g., 1), to
design afamily of hosts with comparable aqueous xenon affinities,
but whose 12°Xe NMR frequency responses span nearly the entire
known chemical shift range for a naked xenon atom (0—350 ppm).
For example, it is hypothesized that xenon bound within the cavities
of monometalated through pentametalated derivatives of 1—more
than a dozen new hosts, including regioisomers—will resonate with
129X e NMR frequencies that span the 31—308 ppm range defined
by the nonmetalated Xe@1 and hexametalated Xe@2%" species.
Moreover, cryptophane-A and its derivatives, which are also
excellent hosts for xenon complexation, would be amenable to this
approach. Indeed, metal functionalization, and functionalization with
electron-withdrawing groups in general, may provide access to
many hosts for multiplexed xenon sensing/imaging applications.®

As previously mentioned, an adequate xenon in—out exchange
rate is mandatory for the **Xe NMR based biosensing approach.
Obviousdly, it should be slow on the xenon chemical shift time scale
in order to give rise to separate peaks for the caged and free xenon
environments, but it should be fast enough to enable constant
replenishment of the cage by hyperpolarized xenon. The presence
of six [Cp*Ru]™ groups on the aromatic rings could conceivably
slow down or even stop the in—out xenon exchange. This is not
the case, as tegtified by 2D ?°Xe EXSY experiments (see Sup-
porting Information). The extracted exchange rate constants are ki,
=38 x 10°s* M1 and kyy = 13.1 s at 293 K. These values
are consistent with the value of the binding constant considering
that free cryptophane is present at 0.011 mM in solution under the
2D »Xe EXSY experimental conditions (1.05 bar of xenon).

In conclusion, we have demonstrated that the metalation of the six
arene rings of cryptophane-111 by [Cp*Ru]™ moieties results in a
cryptophane sdt, [2]Cl, that exhibits high water solubility over awide
pH range (including physiologica pH) and a xenon affinity that
matches the highest reported to date. The cationic, eectron-withdrawing
nature of the [Cp*Ru]t moieties induces an enormous (>275 ppm)
downfield chemical shift change for the caged xenon relative to the
nonfunctiondized host. The exterior metalation approach constitutes
a promising avenue toward a family of xenon-optimized biosensors
for multiplexed imaging/sensing applications. Efforts along these lines
and toward the further synthetic conjugation of such hosts—e.g. through
the Cp* moieties*®—are underway.
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