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Isomer-Dependent Escape Rate of Xenon from a Water-
Soluble Cryptophane Cage Studied by Ab Initio Molecular

Dynamics

R. Pollet,*™ J.-P. Dognon,”® and P. Berthault®

The escape of xenon from the anti and syn diastereomers of
hexacarboxylic-cryptophane-222 in water has been studied by
ab initio molecular dynamics simulations. The structures of both
complexes, when the xenon atom is trapped inside their cages,
have been compared and show no major differences. The free-
energy profiles corresponding to the escape reaction have been
calculated with the Blue Moon ensemble method using the
distance between Xe and the center of mass of the cage as the

Introduction

A promising area of nuclear magnetic resonance molecular
imaging uses hyperpolarized xenon, mainly produced via spin-
exchange optical pumping. In this approach, the chemical shift
of the noble gas varies drastically when it is encapsulated in
dedicated host systems. These xenon hosts can be functional-
ized with ligands to target specific biological receptors,” and
this specific spectral signature enlightens the region of interest.
The in-out xenon exchange rate is an important parameter as it
determines the sensitivity of the method, this process enabling
constant replenishment of the bound state in hyperpolarization
and giving rise to detection approaches based on Chemical
Exchange Saturation Transfer (CEST).” Thus, understanding the
processes that govern this dynamics is of high relevance.
Cryptophanes (Cr), organic cage-molecules made of two
cyclotriveratrylene bowls linked by alkoxy groups, are excellent
candidates as such xenon hosts. Among all cryptophanes, the
ability of water-soluble anti-Cr222(OCH,COOH),, bearing three
ethylenedioxy bridges together with six carboxylic functions
(structure 1 in Figure 1), to efficiently and reversibly trap xenon
in water was first established by Huber etal® From 'H and
2Xe nuclear magnetic resonance (NMR), the structure and
dynamics of the host-guest complex were studied and an in-
out xenon exchange rate of 3.2s™" was roughly estimated at
289 K under a xenon pressure of 101 kPa. Later, this complex
was shown to be a highly sensitive probe of the local pH and
an exchange rate of 100 s™' was reported, however in different
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reaction coordinate. The resulting free-energy barriers are very
different; the escape rate is much faster in the case of the syn
diastereomer, in agreement with experimental data obtained in
hyperpolarized '®Xe NMR. Our simulations reveal the mecha-
nistic details for each diastereomer and provide an explanation
for the different in-out xenon rates based on the solvation
structure around the cages.
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Figure 1. Anti (1) and syn (2) hexacarboxylic-cryptophane-222 (Cr-222)
diastereomers.

experimental conditions.” Actually, a “degenerate” or “kick-out”
exchange, characterized by a xenon in-out rate depending on
the host-guest concentration ratio, was demonstrated for this
kind of molecular systems.®®

Recently, the syn diastereomer of this cryptophane (2 in
Figure 1) was shown to induce faster xenon depolarization in
CEST experiments than the anti diastereomer, under the same
experimental conditions.”” The in-out exchange of xenon is
faster, so its detectability is greater. Indeed the depolarization
rate depends on the xenon escape rate according to:*

CUZ

autm (1)

out

j'on(a)1) ~ fk

where w, is the strength of the saturation applied at the
resonance of the encapsulated xenon frequency, f is the fraction
of encapsulated xenon, and k,,, is the xenon out rate. So, with a
sufficiently high saturation strength, the faster xenon leaves the
host molecule the more effective the depolarization (and thus
the detectability). The affinities of both diastereomers for xenon
in aqueous solution being similar, the escape of xenon from syn
was found to be approximately 6 times faster compared to anti
at low cryptophane concentration in PBS (phosphate buffer
saline).

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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To explain these NMR results,” atomic-scale calculations
can shed light on the structure and thermodynamics of the
Xe@cryptophane complexes. The less computational demand-
ing, yet non-empirical, methods are based on density functional
theory (DFT). Relativistic and solvation effects can also be
incorporated for a better description of such complexes in
solution, even if only an implicit solvent model is used."”
Higher-level calculations based on second-order Mgller-Plesset
perturbation theory (MP2) have shown that dispersion forces
play a major role in the interaction between xenon and small
Cr-111 cages."” A comparison between several density func-
tional approximations and MP2, using a continuum solvent
model, has confirmed that dispersion-corrected density func-
tionals are required to study these systems.'? As for the
theoretical investigation of the decomplexation of xenon, the
most accurate approach would therefore rely on ab initio
molecular dynamics (AIMD) simulations" with an explicit
description of the solvent, the inclusion of relativistic effects
through pseudopotentials, and a dispersion-corrected density
functional. This is the approach retained in this work, which is
the first AIMD simulation of a Xe@cryptophane complex in
aqueous solution at finite temperature, focusing not only on its
structure but also on the xenon in-out exchange. While the
former can be studied with a conventional Car-Parrinello (CP)
simulation," the free-energy barrier associated with the xenon
escape reaction is so large in comparison to thermal fluctua-
tions that an accelerated sampling technique is required to
observe this rare event (see, e.g., a review of some available
enhanced sampling methods)." As such a technique, the Blue
Moon method" used in this work will be briefly described in
the section.

Results and Discussion

Prior to the study of the escape of xenon from each cage, the
structure and internal dynamics of each host-guest complex has
been studied. During the unconstrained CP simulations, the
same conformational change occurred for both diastereomers,
namely one of the three ethylenedioxy bridges changed from a
gauche to a trans conformation (see OCCO dihedral angles in
Table 1). This event occurred after approximately 6 ps for anti

Table 1. Structures of anti (1) and syn (2) hexacarboxylic-cryptophane-222
(Cr-222) diastereomers encapsulating one xenon atom, from their uncon-
strained CP simulations at 300 K.

anti syn
trajectory length (ps) 39.5 13.8
0CCO angles () 72|70|165 —87(71]182
diameter (A)®! 8.49(9.25|9.39 9.34]9.37|9.67
dxe-cm (R) 0.69 (0.27) 0.64 (0.30)

[a] Dihedral angles of the three ethylenedioxy bridges. [b] Distances
between corresponding CH, carbon atoms of the cyclotriveratrylene
bowls. [c] Distance between xenon and the center of mass of the six

crown CH, carbon atoms.
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and 11 ps for syn. The size of each cavity can be gauged by
calculating the averaged distances between opposite crown
methylene bridges. As reported in Table 1, the diameter of the
cavity appears slightly smaller in the case of the anti
diastereomer. Another useful characteristic is the fluctuating
position of xenon within the cavity, which can contribute to the
observed chemical shift, as for example revealed by ab initio
simulations of Xe@Cy,."” For (1), the averaged distance between
xenon and the center of mass of all of the cryptophane atoms is
0.62 A (or 0.69 A for only the six crown methylene carbon
atoms), which shows that the noble gas is not exactly located at
the center of the cavity. These values are almost identical in the
case of (2), with a corresponding averaged distance equal to
0.62 A (or 0.64 A for only the six carbon atoms). Overall, the
previous structural data can not explain why the experimental
xenon out rate is higher for the syn in comparison to the anti
diastereomer.

The changes in free energy when xenon escapes the cage
of conformers (1) and (2) as obtained by the Blue Moon
ensemble method are plotted in Figure 2. The distance between
xenon and the center of mass of the cage, dy._cu, Was gradually
increased until the portal was passed and beyond. One can
observe that both free energy profiles exhibit an almost
continuous decrease from large (i.e., free xenon) to small (i.e.,
encapsulated xenon) distances, which means that the entrance
of the atom inside the cage is almost barrierless. We also note
that during all these simulations, no water molecule can be
observed within the cavity; the cage remains empty when
xenon crosses one portal. This is in contrast with a recent
classical molecular dynamics study of bare Cr-222 (i.e., without
solubility enhancing groups) where one or more H,O molecules

70

Free energy (kJ/mol)
N w H u [e)]
o o o o o

[u
o
T
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Figure 2. Free energy profiles of anti (1), in blue color, and syn (2), in red
color, hexacarboxylic-cryptophane-222 (Cr-222) diastereomers from Blue
Moon calculations at 300 K. Inset figures show typical configurations at the
portal.

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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enter the cage, water being described as a catalyst for the
escape of xenon."®

For both diastereomers, this portal is located between a
gauche and a trans conformations of ethylenedioxy bridges and
the corresponding d22"%,, values are 5.26 A for (1) and 3.83 A for
(2). The associated free-energy maxima are significantly differ-
ent, namely 68 kJ/mol for anti and 27 kJ/mol for syn, which
confirms that the xenon escape is significantly faster for the
latter diastereomer. The different kinetics between the two
complexes can first be rationalized by examining the average
geometry at the portal. For (1), Xe is approximately in the plane
defined by two ether oxygen atoms of two OCH,COO™ groups
(at 3.2 (0.1) and 3.3 (0.1) A from Xe) and one water oxygen
atom (at 3.6 (0.2) A from Xe). For (2), Xe is approximately in the
plane defined by two ether oxygen atoms of two OCH,COO™
groups (at 3.6 (0.1) and 3.9 (0.3) A from Xe) and one oxygen
atom of the OCH,CH,O bridge in trans conformation (at 4.1
(0.2) A from Xe). The mouth of the portal is therefore slightly
more open and less rigid in the case of syn. Moreover, we
observe an inversion of the trans OCH,CH,O bridge, namely the
exchange between the two CH, groups, during the escape of
xenon from (2). This inversion can be monitored by following
the two C,,0CC dihedral angles of the bridge, which for
example change from —147/—68 to —63/—138° in less than
2 ps along an unconstrained trajectory starting from a structure
where xenon is at the portal before returning to the encapsu-
lated xenon configuration. In contrast, the escape from (1) is
impeded by the presence of the water molecule mentioned
above, which blocks the portal. With a rocking motion (i.e., the
rotation around an axis perpendicular to the plane that contains
its three atoms), this water molecule forms one or two
hydrogen bonds with the two accepting OCH,COO~ groups
(see Figure 3), with average interatomic distances of 2.85 and
2.86 A and HOH angles of 157 and 135° respectively. As a
consequence, the escape of Xe requires in this case the
breaking of these two hydrogen bonds followed by the
reorientation of the water molecule (no other hydrogen bond

Figure 3. Typical configuration before xenon crosses the portal of anti (1)
hexacarboxylic-cryptophane-222 (Cr-222) diastereomer with a water mole-
cule on top.
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needs to be broken since an initial donor water molecule
detached from the blocking water during the last 16 ps of the
unconstrained CP simulation). In fact, the analysis of the
trajectories reveals very different distributions of the solvent
molecules around the cryptophane. In the case of the anti
diastereomer, the distribution is indeed rather homogeneous
and spherical, with the two closest water molecules at 3.6 and
44 A from Xe at the transition state. In contrast, the different
orientation of the carboxylate groups in the syn diastereomer
define a hydrophobic pocket outside the portal to be crossed
by xenon. This empty space therefore provides an efficient
pathway for the xenon escape, which mainly requires the
inversion of the OCH,CH,0 bridge (see above). Unfortunately, in
the AIMD simulation this empty channel actually connects the
chelate and its closest image due to the finite size of the
periodic cell. As a consequence, configurations where xenon
leaves this empty space to enter bulk water are out of reach
with the present simulations. Further simulations with a larger
computational box would be required to reconstruct the full
free-energy profile for syn but the present simulations do
provide the barrier corresponding to the escape of Xe from a
portal of the cryptophane cage. However a quantitative
comparison with experiment is therefore not straightforward
for this diastereomer since the experimental rate corresponds
to the reaction that leads to a fully hydrated xenon. For the anti
diastereomer, the highest free-energy on the plateau observed
at large distances, of 68 kJ/mol, approximately corresponds to a
hundred of milliseconds (or k,,~9s') by using Eyring
equation, which is in good agreement with NMR experiments.

Conclusions

The slightly different structures of both xenon complexes do
not solely explain why the xenon escape from the syn
diastereomer is experimentally faster compared to the anti one,
unless their solvent distributions outside the portals are also
compared. These distributions are indeed significantly different
because of the orientations of the carboxylate arms, which give
rise to specific free-energy pathways of xenon crossing the
portals and different free-energy maxima. In the anti diaster-
eomer, a water molecule is allowed to approach (but never
penetrates, conversely to the result found in another theoretical
study"®) and built a hydrogen-bonding bridge between two
OCH,COO~, which has to be broken for xenon to escape. Note
that such an effect is mainly attributable to the presence of
oxygen atoms on the aromatic rings in distinct geometries, and
therefore such a difference in syn-anti behavior should be found
on other cryptophanes with this characteristics. This is indeed
the case for the Cr222(0OH); pair (results not shown). Similarly,
the reduction of the xenon exchange dynamics due to the
presence of water molecules near portals of cryptophanes with
aromatic amine or amide groups was previously hypothesized
owing to their ability to act as hydrogen-bond donors and
acceptors."” The exchange rate of xenon in novel encapsulating
ligands could therefore be modulated with hydrogen-bonding
networks formed between the functional groups and water

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

85U80| 7 SUOWWIOD 3A 8.0 deotjdde 8y} Aq peusenob are sapiie VO ‘SN o S8|n1 10} Areiqi8UIUQ B]IA UO (SUO N IPUOD-pUe-SWIBH O™ A8 | ARe1q 1 Ul |UO//SdNY) SUORIPUOD PUe SWwiia | 8L} 89S *[¥202/T0/60] Uo Afeiqi 8ulluo 8|1\ ‘8aue.d 8UeiyooD Aq 60S00£202 2Udo/z00T OT/Iop/Liod A8 |mAelq1jeul uoadoine-Ansiupyo//sdiy woiy papeojumocl’o ‘T9.6€vT



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202300509

molecules as a crucial design parameter of better xenon
biosensors.

The next stage of this theoretical study, which is underway
in our laboratory, could consist in increasing the freely dissolved
xenon concentration, which leads to the appearance of the so-
called kick-out reaction (or degenerate exchange), where a
freely dissolved xenon participates to the ejection of an
encapsulated xenon atom.”” Depending on the complexity of
the mechanism, the same Blue Moon ensemble or a more
general accelerated sampling technique such as metadynamics
could then be used.

Computational Details

The geometry of each diastereomer in their gauche conformation
(i.e., with dihedral angles of the OCH,CH,O ethylenedioxy bridges
equal to 60°) was initially optimized with the TURBOMOLE
package®" at the B97-D3(BJ)"*?/def2-TZVP level of theory using a
small-core relativistic pseudopotential for Xe.”® The optimized
complex was then solvated with the PACKMOL software,?? with
153 water molecules and six Na® counterions in an orthorhombic
box whose volume is approximately 8168 A® (see Figure 4).

The AIMD simulations were performed with the CPMD code
(version 4.1),1 using the PBE exchange-correlation
approximation®® corrected for dispersion effects (D2),*” with ultra-
soft pseudopotentials®® including scalar relativistic effects and
allowing a plane wave cutoff of only 30 Ry (for Xe, the 4d electrons
were explicitly included in the valence). Although this corresponds
to 76447 plane waves, which can be considered as a state-of-the-
art calculation, the efficient hybrid parallelization of the CPMD code
led to a performance of about 3 ps per day on nodes featuring two
64 core AMD EPYC processors running at 2.6 GHz. The initial CP
trajectories used a fictitious electron mass of 700 a.u., a time step of
6 a.u., and Nosé-Hoover chain thermostats®” (with a chain length
of three) both for ions (with the target temperature set to 300 K
and thermostat frequency to 2500 cm™') and electrons in order to
prevent heat transfer between both subsystems. In addition,
hydrogen atoms were replaced by deuterium atoms to maintain
adiabaticity. The atomic mass of Xe was set to its standard atomic

Figure 4. Host-guest complex (1) solvated by 153 water molecules with six
Na* counterions (in CPK blue). Xenon in van der Waals representation.

ChemPhysChem 2023, e202300509 (4 of 5)

weight of 131.293 a.m.u. The time lengths of these initial CP
trajectories are 39.5ps and 13.8 ps for the anti (1) and syn (2)
diastereomers in aqueous solution, respectively.

We used the Blue Moon ensemble"® to study the escape of xenon
from the hexacarboxylate Cr-222 cavities. The distance dy._cy
between xenon and the center of mass of each cavity was selected
as the reaction coordinate to be sampled with a series of
constrained AIMD simulations, assuming small deformations of the
portals of the cavities. To this aim, a dummy atom was added at
the center of mass of the coordinates of the six crown CH, carbon
atoms of the two cyclotriveratrylene (CTV) bowls. The length of
each constrained MD simulation was approximately 2.5 ps including
a relaxation of approximately 1 ps. The change in free energy along
the dy._cw reaction coordinate was eventually obtained by numeri-
cally integrating the time-averaged force of constraint along the
reaction path.
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Comparative study of the complexes the escape of xenon from the cages,
of two cryptophane diastereomers thereby explaining their difference in
with xenon via accelerated methods detectability through hyperpolarized
of ab-initio molecular dynamics 2Xe NMR.

reveals totally distinctive behavior for
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