Cryptophanes
G El-Ayle and K Travis Holman, Georgetown University, Washington, DC, United States
ã 2017 Elsevier Inc. All rights reserved.

Introduction
The Cryptophane “Cores” and Their Cavities
Synthesis of Cryptophanes and Related Molecular Capsules
Generic Approaches: The Two-Step, Template, and Capping Methods
Precore Modification and Cyclotribenzylene (CTB) Chemistry
Postcore Modification, Including Water-Soluble Cryptophanes
Enantiopure cryptophanes
Self-Assembled Cryptophanes and Related Molecular Capsules
Hydrogen-bonded cryptophanes
Cryptophanes via DCC
Metal-organic cryptophanes
Host–Guest Chemistry of Cryptophanes
Background
Constrictive Binding—A Key Host Feature
Thermodynamics of Guest Encapsulation
Encapsulation of uncharged guests in organic solvents
Encapsulation of cations and anions in organic solvents
Complexes of water-soluble cryptophanes
Enantioselective complexation
Host–guest dynamics
Complexation of Xenon
Xenon-binding constant
Encapsulated 129Xe NMR chemical shift
Xenon exchange rate and T1 relaxation
Cryptophane Conformations
The CTB Unit(s) and Cryptophane “Implosion”
Conformations of the Smaller Cryptophane Cores
The cryptophane-111 core
The cryptophane-222 core
The cryptophane-333 core
Insights into the gating mechanism
Cryptophane-Based 129Xe NMR (Bio)sensors
Advances in 129Xe NMR Techniques
129
Xe NMR sensing and multiplexing
The HyperCEST technique
Functionalized Cryptophanes for Biosensing Applications
Cryptophane Materials Chemistry
Conclusions
Acknowledgments
References

Abbreviations
CEST
Cp
Cp
CSD
CTB
DCC
DMF
dppp
ECD
EXSY

Chemical Exchange Saturation Transfer
Cyclopentadienyl, C5 H5 
Pentamethylcyclopenadienyl, C5 ðCH3 Þ5 
Cambridge Structural Database
Cylotribenzylene
Dynamic covalent chemistry
Dimethylforamide
1,3-Bis(diphenylphosphino)propane
Electronic circular dichroism
Exchange Spectroscopy

Comprehensive Supramolecular Chemistry II

HP
LiDPP
MRI
NMR
PEG
QCM
SEOP
TBTQ
THF
VCD

2
3
5
5
8
11
14
15
15
16
17
18
19
21
23
23
26
27
28
29
29
30
31
32
32
33
38
38
39
40
41
41
41
42
42
45
46
48
48
49

Hyperpolarization
Lithium diphenylphosphide
Magnetic resonance imaging
Nuclear magnetic resonance
Polyethylene glycol
Quartz crystal microbalance
Spin-exchange optical pumping
Tribenzotriquinacene
Tetrahydrofuran
Vibrational circular dichroism

http://dx.doi.org/10.1016/B978-0-12-409547-2.13925-3

1

2

Cryptophanes

Introduction
There may be no other family of synthetic receptors that makes more tangible the notions of supramolecular chemistry, or has
better served to advance the understanding of its principles, than the container molecules1—the more-or-less capped forms of
simpler concave host structures such as calixarenes,2 resorcinarenes/cavitands,3,4 and cyclotriveratrylenes.5 For over three decades
now, the ability of container-like molecules—for example, (hemi)carcerands,6 cucurbiturils,7 coordination cages,8 self-assembled
capsules,9 and cryptophanes—to selectively bind/encapsulate neutral and ionic atoms and small molecules has fascinated chemists
of all disciplines and these molecular platforms have served as a playground for fundamental studies in physical, synthetic, nano,
and materials chemistries. The development and study of container molecules has led to transformative advances in our
understanding of the fundamentals of molecular recognition, including the thermodynamics and kinetics of complexation,
mechanisms of complexation/decomplexation, noncovalent interactions/binding, solvation effects, supramolecular effects in
catalysis, organization of molecules in confined nanospaces, stabilization/characterization of reactive species, self-assembly,
dynamic covalent chemistry (DCC), etc., and has even led to new physical phenomena (e.g., molecular incarceration via the
“mechanical bond”10). These advances have also allowed scientists to reflect on and dissect the complexity of supramolecular and
host–guest chemistry in natural systems. All the while, the substrate binding/encapsulation features of container compounds—
which can boast substrate binding affinities and selectivities that rival systems found in the natural world11—have also promised,
and may be starting to deliver, potentially commercial technologies in terms of chemical detection/sensing/imaging and catalysis.
Among the container-like hosts, the cryptophanes (Fig. 1) have played a central historical role. It should be understood that the
early members of the cryptophane family—cryptophanes-A (222-4),12 -C (222-6),13 -E (333-9),14 etc., first reported and largely
developed by André Collet and coworkers in the 1980s–90s—were among the first synthetic host structures shown to bind
lipophilic guests in lipophilic solvents. Indeed, at the time, it was unclear whether, absent the hydrophobic effect, such complexes
could be appreciably stable. It is certainly now fair to say that, in many cases, the association constants (Ka) of such complexes have
greatly exceeded expectations. Moreover, cryptophanes are generally regarded as the first host structures capable of encapsulating,
and isolating from the bulk medium, molecular guests, posing both philosophical and practical questions as to the chemistry of
molecules-within-molecules and the nature of the environment or “phase of matter”9,15 on the interiors of container-like
nanostructures. Some important milestones in the 1980s to 1990s era of cryptophane supramolecular chemistry include: the
complexation of methane,16 halomethanes,13,14,16 cubane,17 and xenon;18 crystallographic characterization of the CH2Cl2@cryptophane-C/D13,19 and CHCl3@cryptophane-E complexes;20 discrimination of the enantiomers of chlorofluorobromomethane
and determination of its specific rotation21 (and absolute configuration);22–24 recognition of the significance of solvent competition; synthesis of homochiral cryptophanes and study of their chiroptical properties;25 the achievement of water-soluble cryptophanes and their binding of ammonium ions (including acetylcholine);26 the complexation of aminoxyl radicals;27 and the
preparation of stable salts of cryptophane radical cations.28,29 The field of cryptophane chemistry has since grown substantially;
there are now over 300 primary research papers on the topic and the number is increasing at a growing rate, about 10% annually as
of 2015. The field of cryptophane chemistry, specifically, has been reviewed numerous times,30,31 including in the 1996 edition of
Comprehensive Supramolecular Chemistry,32 but most comprehensively by Brotin and Dutasta in 2009.33 The same group has recently
reviewed the properties of water-soluble cryptophanes,34 and the chiral recognition properties of the cryptophanes and related
chiral cages and so these topics will only be summarized herein.35
This contribution aims to survey many of the contemporary developments in cryptophane and related chemistry in an
educational context, emphasizing general properties and/or trends that can be gleaned from the rather voluminous literature.
Particular attention is paid to the structural aspects that affect the recognition/binding properties of these hosts. To the extent
possible, attention is given to potential applications that exploit their encapsulation properties. In recent years, for example,
cryptophane derivatives that effectively bind xenon have become very important in the context of burgeoning 129Xe NMR/MRIbased (bio)sensing technologies,36 first conceived and put into practice by Pines and coworkers.37 Other significant advances
include the development of new core cryptophane platforms, novel methods of cryptophane synthesis (e.g., by self-assembly
methods, as recently reviewed by Hardie38,39), the development of related chemical platforms (other cyclotribenzylene-derived
capsules, hemicryptophanes, etc.), novel binding properties of cryptophanes, developments in the study of their materials
properties, and more.

Fig. 1 General structure of the cryptophanes and the chiral ()-anti and syn stereoisomers of the more common triply bridged forms.
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The Cryptophane “Cores” and Their Cavities
Cryptophanes are defined by the connection of two 3-fold symmetric cyclotribenzylene (CTB) units (often called cyclotriveratrylenes, CTVs, after the readily available cyclic trimer of vertrole40) that are known to typically exist in a concave “crown”
conformation (Fig. 1), thus sustaining a relatively shape-persistent internal cavity. Cryptophanes can vary widely in their form
and properties, depending on stereochemistry, the identity/nature of the linker unit, Y, that connects the CTB bowls, and the
functional groups attached to the CTB macrocycles. Ingress and egress of guests to/from the cavity is governed in large part by the
linkers and the functional groups (R) at the periphery of the CTB units, as these groups dictate the size and flexibility of the
windows/portals that allow access to the cavity. Until 2009, all cryptophanes were connected by three linkers, the linkers being
positioned in a C3-symmetric arrangement about the CTB bowls, donning them with helical chirality. Thus, connection of two CTB
units of opposite helicity (M, P) results in the so-called “syn” stereoform, where the R1–3 and R4–6 groups are positioned on the same
side of the linkers (Fig. 1). Should the three linkers be identical, and the cryptophanes be derived from enantiomeric CTB units, the
syn cryptophanes will exhibit C3h symmetry and be achiral (meso). Connection of CTB units of the same helicity (M, M or P, P),
however, gives rise to an “anti” diastereomer, where the R1–3 and R4–6 groups reside on opposite sides of the linkers. Should the
three linkers be identical, and be derived from enantiomeric CTB units, these cryptophanes will exhibit D3 symmetry. Thus,
regardless of the substituents, the anti stereoisomers are inherently chiral. Generally, desymmetrization of the cryptophane can
occur in a variety of ways, but must, of course, give rise to a molecule of a symmetrical subgroup of C3h (i.e., C1, Cs, or C3; syn) or D3
(i.e., C1, C2, or C3; anti) symmetries, all but one of which are also chiral. For the sake of efficiency, the chiral cryptophanes described
in this article will be assumed to be in racemic form, except where otherwise indicated, though only a single enantiomer will be
depicted in figures and schemes.
The formal IUPAC names of the cryptophanes are exceedingly complex, and the compounds have historically defied any
consistent system of nomenclature. The first several cryptophanes synthesized by Collet and coworkers were named alphabetically,
being designated by the chronology of their synthesis. The first of these, cryptophane-A (222-4),12 has the anti form and is
connected by ethylenedioxy linkers (Y ¼–O(CH2)2O–), with methoxy groups at the rims of both CTB cups (R1–6 ¼OCH3).
Cryptophane-B (syn-222-5) is the would-be corresponding syn diastereomer, but it has never been formally observed or isolated.
Cryptophanes-C (222-6) and -D (syn-222-7) are modifications of cryptophanes-A and -B, respectively, that lack methoxy groups on
one of the CTB units (R1–3 ¼OCH3, R4–6 ¼H) and thereby exhibit larger portals.13,19 It was originally thought that larger portals
may be necessary to allow access of guests to the central cavity. Though this hypothesis was later found to be untrue, cryptophanesC/-D were the first for which complexation properties were demonstrated. Cryptophanes-E (333-9) and -F (syn-333-10) are the anti
and syn isomers, respectively, of those with propylenedioxy linkers (Y ¼–O(CH2)3O–, R ¼OCH3).14 Likewise, cryptophanes-I/J
(444-13, syn-444-14) and -K/L (444-15, syn-444-16) are the anti/syn pairs of diastereomers that possess trans and cis butenedioxy
linkers (and R ¼OCH3),41 and the alphabetical list continues. Similarly, simple derivatives of the known cryptophanes were given
numerical descriptors.
For the sake of history, the alphabetical naming system will largely be preserved herein, though there now exist hundreds of
cryptophane derivatives such that the derivative numbering system is no longer practical. Considering that the guest-binding
affinities and selectivities of the cryptophanes are largely influenced by the size/shape of the internal cavities, and these features are
largely dictated by the length of the linkers that join the CTB cups, it becomes convenient to instead identify the cryptophane “core”
based upon its linkers. The small-cavity cryptophanes with relatively short linkers have tended to garner the greatest attention due
to their constrictive binding properties and thus many cryptophanes are peripherally functionalized versions of an otherwise
long-known core cage. Moreover, the majority of cryptophane derivatives employ simple alkyldioxy linkers, –O(CH2)nO–, or, even
more generally, organodioxy linkers, –OCnO– (e.g., xylyl, where n ¼ 5 for the shortest connection pathway). Thus, one can often
loosely indicate the size of the “core” cryptophane cavity by reference to the number of carbon atoms (n,m,l in Fig. 2) in each of its
three organodioxy linkers, which is two fewer than the total number of atoms in the shortest connections pathway of the bridge.
While revealing nothing about the substituents on the cryptophane (e.g., R1–6 of Fig. 1), or its syn/anti stereochemistry, the nml
“core” classification becomes an efficient means to indicate, in text form, something constructive about the cavity of a cryptophane.
Therefore, where it is convenient to do so, the nml naming convention has been adopted herein. An integer descriptor is added,
nml-#, to uniquely identify individual cryptophanes with particular substituents, which will be defined in the text or in Figure form.
Notably, since the anti cryptophanes have received far more research attention than the syn forms, the nml-# designation will imply
an anti stereoconfiguration and syn cryptophanes will be specifically given the added prefix. Thus, cryptophanes A to D are the first
four of the now dozens of cryptophanes that exploit a 222 “core” cavity for purposes of its rather special host–guest chemistry.
The smallest cryptophane possessing alkyldioxy linkers, cryptophane-111 (R1–6 ¼H; hereafter 111-1), was first reported by Brotin
and Dutasta in 2007.42 Even smaller, a cryptophane with only disulfide linkages—which can be considered to be cryptophane“000” (R1–6 ¼H, Fig. 2)—has been reported by Hardie and coworkers.43 Many other linkers are possible. For example, a para–
O-C6H4-O– linked cryptophane, 444-17 has been reported by Holman and coworkers.44 Recently, cryptophanes have appeared
that are doubly linked between each arene of the CTB units, and these compounds (all C3-symmertic, to date) will be designated as
(n1,n2)3-#, where n1 and n2 represent the number of heavy atoms in the hydrocarbon portion of the two O–R–O connections, and
the ‘3’ subscript represents the trimerization of this unit in the form of a cryptophane. A selection of cryptophanes that will be
discussed are defined in Fig. 2 and others are explicitly depicted as they appear in the text.

4

Cryptophanes

Fig. 2 Exemplary “core” cryptophane structures with cavities that are defined by the number of carbons, nml, of their corresponding organodioxy
linkers. The letters in parentheses represent Collet’s original alphabetic naming system.

Fig. 3 Several nml cryptophane cores and their corresponding cavities (depicted in orange), as derived from the crystal structure data. The cavity
volumes loosely scale with the length of the linkers, Y, but can vary considerably for some cryptophanes, depending, largely, on the conformations of the
linker moieties.

There are now a few dozen published crystal structures of cryptophanes and their complexes, and these experimental structure
determinations shed valuable light on the fundamentals of their host–guest chemistry, their conformations, and the sizes and
shapes of their internal cavities. In general, given the conformational possibilities of the various linkers, and the possibility for
breathing-like conformational subtleties in the CTB units, it is generally understood that the cryptophanes must be somewhat
flexible, and their cavities must therefore be dynamic in terms of the internal volume available to guests. These conformational
properties will be discussed in some detail later in this chapter, but, at the outset, it instructional to first “see” the cryptophanes in
terms of their internal cavities and the range of volumes available. Fig. 3 illustrates several organodioxy bridged cryptophanes that
fall under the nml designation and their corresponding cavities (depicted in orange) as derived from crystal structure data. As can be
seen, the internal cavities are generally spheroidal or oblong and the cavity volumes, Vcav, scale loosely with the length of the
linkers, and can vary for some cryptophanes, depending on, in large part, the corresponding conformations of the linker moieties,
which may be influenced by the guest and/or crystal packing forces. In general, the cryptophanes with short bridges (n,m,l  3 or 4)
are only capable of encapsulating individual small molecules. Importantly, however, at this length scale, even single atom changes
in the linker lengths result in large relative differences in their internal cavity volumes. For example, the smallest cryptophane, the
disulfide-bridged cryptophane-000, possesses a tiny internal cavity (Vcav  42 Å3) whereas the cavity of the next largest,
cryptophane-111, can be over 60% larger (Vcav  72 Å) in its most expanded observed conformation. The 222 cryptophane core
is about 20%–70% larger still (Vcav  87–119 Å3), though it is rather flexible. Surprisingly, the 333 core appears to be less flexible, as
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only one conformation of the linkers has been observed to date, and, at around 138 Å3, its cavity is at least 20% larger than the most
expanded form of the 222 core. So, it can easily be appreciated that the recognition properties are highly dependent upon the linker
length and that cryptophane cores possessing different linkers—e.g., 112, 122, 223, 233, 224 cores (Fig. 2)—offer an opportunity
to further fine tune binding selectivity. For example, the 223 and 233 cores, with Vcav  115 Å3 and Vcav  122 Å3, respectively,45 are
seemingly intermediate in volume between the 222 and 333 cores. The 555 core is obviously capable of being larger still, but its
highly flexible linkers also allow it to contract. In the crystal structure of cryptophane-O (555-19) (CSD ref. code TUHDAB46), the
cavity measures as little as 144 Å3. In a different 555 core (e.g., that with m-xylyl linkers; ref. codes BIMXOL and VIXNUM), the
cavity measures 166 and 175 Å3, respectively, depending on the guest.47 Finally, enormous cavities are available from those
cryptophanes with very long linkers. For example, the sextuply linked cryptophane (10,10)3 core offers a cavity that approaches one
cubic nanometer (see DIZVEP48). Still greater volumes are available in structures that arise from the connection of more than two
concave CTB units, and these entities will be discusses in a separate section.
It is worthwhile noting that the estimation of cavity volumes in these and other container molecule structures is not a trivial
problem and the values reported in the literature vary widely. Firstly, one is forced to invoke a static view of the host structure and a
hard sphere approximation for atomic radii; these perspectives are ripe with philosophical flaws. Beyond that, the volume one
arrives at depends highly upon the method of calculation. These challenges have been well documented in the crystallographic and
porous materials communities.49 In short, cavity volumes are usually extracted from atomic coordinate data (experimental data,
ideally) by computationally probing the cavity with a sphere of a defined probe radius that is stepped at some defined grid spacing
along the inner van der Waals surface of the cavity/pore. One then sums the unique volume carved out by all achievable positions
of the probe sphere. A further complication arises with the larger cryptophanes (n,m,l > 3) in that the portals that gate access to the
cryptophane cavities may be sufficiently open to allow the probe sphere to “fall out” of the cavity, resulting in a failed or
meaningless calculation. In such instances, the probe radius must be increased (leading to inconsistency), or dummy atoms
must be employed in an attempt to define the boundaries of the cavity. Thus, calculated cavity volumes can vary widely, perhaps up
to a factor of two or so, depending upon the van der Waals radii employed, the chosen radius of the probe sphere, and the chosen
grid spacing. Additionally, with crystal structure data, it becomes important to normalize the C–H bond lengths to their accepted
1.09 Å value, derived from neutron diffraction data. The cavity volumes described herein were obtained using the program
MSRoll50 acting as a subroutine of the crystallographic freeware X-Seed,51 employing the default van der Waals atomic radii and
a probe radius of r ¼ 1.45 Å. These values were chosen mainly because they yield cavity volumes that are highly consistent (2–
3 Å3) with those obtained using the default settings of PLATON,52 a widely available crystallographic freeware often used in the
porous materials community. Moreover, the chosen probe radius is similar to the van der Waals radius of a Helium atom
(rvdW ¼ 1.40 Å). All atomic coordinates were obtained from published single crystal structure data and hydrogen atom positions
were normalized. For large portal cryptophanes, atoms of nearest neighbor molecules served as dummy atoms to define the
boundaries of the portals. It is important to note that the volumes given here tend to be somewhat larger than those reported by
others for the same hosts. For example, we find that the cryptophane-E (333-9) cavity measures about Vcav ¼ 139  2 Å3 across
multiple crystal structures (n ¼ 5), though this cryptophane has commonly been reported by others to have a volume of only
121 Å3.53 By the method used here, a cavity volume of 121 Å3 can be arrived at using probe radius of about 1.9 Å. We view this
value as unreasonable because: (i) most atoms (C, H, O, etc.) have van der Waals radii significantly smaller than this value, and (ii)
for the smallest cryptophanes, a 1.9 Å probe radius yields cavity volumes that can be smaller than the van der Waals volume of the
included guest. Similarly, but in the opposite direction, cryptophane-111 (111-1) has been reported to possess an internal cavity of
about 81 Å3 (using atomic coordinates derived from a theoretical structure, it seems),42 but crystal structure data (n ¼ 4) suggests
that the cavity is significantly smaller (Vcav ¼ 71  2 Å3), even in its most expanded conformation.

Synthesis of Cryptophanes and Related Molecular Capsules
Generic Approaches: The Two-Step, Template, and Capping Methods
Cryptophanes are generally prepared by one of the three methods depicted in Fig. 4 and differ according to their strategies for
creating and/or linking the requisite CTB units. The simplest approach, known as the “direct” or “two-step” method, consists of
covalently linking two benzyl alcohol moieties, thereby forming essentially one-third of the cryptophane, followed by simultaneous cyclotrimerization of the two CTB cups under moderately dilute (102 M) acidic conditions, commonly formic acid.54 The
resulting cryptophanes can generally be separated from the predominantly polymeric byproducts by column chromatography. The
approach is convenient, and can give gram quantities of certain cryptophanes, but yields are typically under 20% in total (both
diastereomers), and are particularly low for certain cryptophanes (e.g., <5% for 222-4). Moreover, the benzyl alcohol moieties
have so far been limited to those with strongly electron donating substituents (e.g., methoxy, R1–6 ¼OCH3, or thiomethyl,
R1–6 ¼SCH355) and the linkers have been limited to the alkyldioxy type, yielding nml cryptophane cores where n,m,l < 8. Thus,
most cryptophanes available by the direct method have been derived from vanillyl alcohol (Fig. 4, R ¼OCH3, X ¼OH), linking via
the phenolic moiety. The electron donating R group performs the dual function of protecting the ring position adjacent to the
linkers while activating the position para to it, thereby enabling the cyclization via electrophilic aromatic substitution. The linker
length appears to be limited to about seven carbon atoms, as the eight-carbon linker was found to be long enough to permit an
intramolecular condensation, ultimately giving rise to a cyclic dimer—a cyclotetrabenzylene—as the only small molecule product.54 The procedure has also so far been limited to producing only D3 symmetric anti or C3h symmetric syn cryptophanes, with
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Fig. 4 The three methods for cryptophane synthesis: (A) template method, (B) two-step method, and (C) capping method.

equivalent R1–6 groups. Though this does not seem to be a formal limitation, employing different R groups at either end of the
dimer is likely to result in a mixture of products that may require a predictably tedious separation. Like most cryptophane syntheses,
the direct method is almost invariably selective for formation of the anti diastereomers, though the syn products are produced in
competitive relative yields with some linkers. Despite these limitations, a number of different cryptophanes have been synthesized
by the direct method, including those with O/S-alkyl-O/S (n,m,l  7), o-, m-, or p-xylyl linkers,47,56,57 or ethylenylether linkers.58
The first-reported synthesis of cryptophane-A (222-4) in 1981 was via the so-called “template” method and this remains the
most popular method for the synthesis of cryptophanes held together by relatively inert covalent bonds.12 The approach consists of
synthesizing an accessible CTB derivative, attaching linkers containing peripheral benzyl alcohol moieties, and then cyclizing the
benzyl alcohols to form the second CTB cup. The preformed CTB moiety therefore acts as a template for the intramolecular
cyclization of the second CTB. A large number and variety of cryptophanes have been synthesized by this approach and a variety of
CTB cyclization conditions have been employed, but the procedure is usually performed at higher dilution (103 M) than the
direct method and commonly gives relatively high yields of the corresponding cryptophanes. Interestingly, unlike the direct
method, the template method is diastereoselective for syn cryptophanes F (syn-333-10) and P (syn-555-20),14 with odd numbers of
linker atoms. The template method is also the most flexible and versatile method for achieving less symmetrical cryptophanes,
especially those with differently substituted CTB units (e.g., cryptophanes-C, -D, etc.) or those with different substitution patterns
on the last-formed CTB unit (i.e., R1 ¼ R2,3). Moreover, cryptophanes with different linker lengths (n,m 6¼ l), and thereby intermediate cavity volumes, can be made by this approach. For example, by attaching, in a stepwise fashion, vanillyl alcohol moieties with
different linkers onto a preformed CTB unit, Brotin and Dutasta prepared the first C2 symmetric cryptophanes exhibiting different
linker lengths, namely 223-24 (R ¼ OCH3), 233-23 (R ¼ OCH3), and 224-25 (R ¼ OCH3).53
The template approach is also useful in the synthesis of cryptophanes with very long linkers, where the direct method fails.46 In
2009, Chiu and coworkers employed a novel template approach to synthesize the first examples of a growing family of sextuply
linked (hexabridged) cryptophanes (Fig. 5).59 In their approach, two aldehyde-functionalized catechols are doubly linked to form
a dibenzo-24-crown-8 macrocyclic ether. Single reduction of one aldehyde group gives a benzyl alcohol that can be cyclized to form
the first CTB cup. The remaining aldehydes are then reduced and the second CTB is cyclized (11% yield), its formation being
templated by the existing CTB unit. The resulting (8,8)3 cryptophane is D3h-symmetric and possesses three dibenzo-24-crown-8
moieties as linkers, and three 34-membered rings as larger portals. A related synthesis was reported in 2014 wherein two different
types of linkers were used, resulting in a C3h-symmetric hexabridged cage.60 The Chiu group has since reported a few other
hexabridged cryptophanes (n,m,l ¼ 10–14) with relatively long alkyl linkers and unusually large cavity volumes that can accommodate fullerenes, as shown in Fig. 6.48,61,62
A third, historically less conventional, but increasingly important method is known as the “capping” or “coupling” method.
In this approach, two preformed CTB derivatives are joined together under some conditions. The flexibility of this method arises
from the chemical diversity of the linkers used for connecting the two CTBs. The method was first adopted by Cram and coworkers
in 1991 in their oxidative coupling of two propargyl-functionalized CTBs, yielding 666-21 and syn-666-22 cryptophanes bridged by
bis-acetylenic –OCH2C  CC CCH2O– linkers (R1–6 ¼ CH3).15 The approach was not been reported again until 2007, when
Brotin, Dutasta, and coworkers adopted the capping approach for the synthesis of cryptophane 111-1, the cryptophane with the
shortest alkanedioxy linkers.42 Holman and coworkers later reported the unsymmetrical capping of a cyclopentadienyliron-chloroarene terminated CTB via SNAr chemistry, yielding 1,4-aryl-bridged syn/anti cryptophanes.44 In efforts to synthesize
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Fig. 5 Chiu and coworkers’ synthesis of the first hexabridged cryptophane via cyclization of an appropriately substituted dibenzo-24-crown-8
macrocyle. The resulting D3h-symmetric cryptophane has six “Y” linkers, Y1–6 ¼ O-(CH2)2O(CH2)2O(CH2)2O–, and is an example of an (8,8)3 core
cryptophane.

Fig. 6 Structures of the hexabridged cryptophanes synthesized to date following the approach outlined in Fig. 5.

cryptophanes with cavity sizes intermediate between 111 and 222, Rousseau and coworkers published a multistep capping
approach for making cryptophane 122-26 (R1–6 ¼ H) and 112-27 (R1–6 ¼ H) using linkers of different lengths.63
Notably, the capping method is particularly powerful when employed in combination with the principles of DCC64 or metal–
ligand self-assembly,8 as appropriately functionalized CTB cups can effectively assemble into cryptophanes via reversible chemistry.
Error correction that is inherent to DCC and self-assembly provides an opportunity to synthesize cryptophanes in high—indeed,
occasionally quantitative—yields. Thus, cryptophanes might be linked not only by kinetically stable covalent bonds, but also by
potentially labile covalent bonds (e.g., imines, disulfides), metal–ligand coordination bonds, and even hydrogen bonds. The
possibilities are highlighted in Fig. 11 and specific examples will be discussed in a separate section. Importantly, all of these
cryptophanes have so far been arrived at via the capping method.
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Fig. 7 Various cyclotribenzylenes (CTBs) available from the direct cyclization of benzyl alcohols. Many of these CTB have been exploited as platforms
for further modification, and, ultimately, cryptophane syntheses.

Precore Modification and Cyclotribenzylene (CTB) Chemistry
Much effort has been devoted to the synthesis of cryptophane scaffolds bearing functional groups that are useful for added function, or for further manipulation. The synthetic strategies can be broadly categorized as “precore” strategies, where useful functional
groups are introduced before the final cryptophane-forming step, or “postcore,” where cryptophanes are post-synthetically
modified for one purpose or another. Commonly, precore strategies are intended to allow easier or site-selective postcore
functionalization—for example, to synthesize cryptophanes useful in 129Xe nuclear magnetic resonance (NMR) (bio)sensing
applications—or manipulation (e.g., optical resolution).
In terms of precore modification, it becomes useful to at least survey the various CTB moieties that are available, as these may be
incorporated into either template or capping method synthetic strategies to arrive at cryptophanes. The chemistry of CTBs has been
reviewed previously,40 but it is useful to describe the compounds that are available for the synthesis of cryptophanes. Certain CTBs
are also used as platforms for DCC approaches to cryptophanes or for the synthesis of cryptophanes by spontaneous self-assembly,
be it by metal–ligand coordination chemistry or noncovalent bonding (e.g., hydrogen bonding). Fig. 7 depicts most of the
C3-symmetric CTBs (CTB-1 to CTB-25) that have been synthesized by the cyclization of an appropriately substituted benzyl
alcohol (or protected benzyl alcohol), typically under acid-catalyzed conditions. Importantly, the substituents at the 3-position
relative to the benzyl alcohol need to be electron donating in order to favor electrophilic attack at the position ortho to the benzyl
alcohol moiety, leading to the formation of the C3-symmetric cups. Groups at the 4-position serve to protect that site from
electrophilic attack. Simple 1,2-disubstituted benzenes can also be cyclized in the presence of an electrophilic carbon source, such
as paraformaldehyde, to yield C3v-symmetric CTBs, if the substituents are the same, or a mixture of C1- and C3-symmetric CTBs
(in principle, at least) if the substituents are different. For example, C3v-symmetric cyclotriveratrylene (CTV, or CTB-1) can be been
made either by direct cyclization of veratryl alcohol under acidic conditions, or, more conveniently, by condensation of veratrole
and paraformaldehyde.40 Many of the CTB platforms of Fig. 7 have been further modified and have ultimately served as precursors
for cryptophanes or other related CTB assemblies. Some of the most important and widely used cryptophane precursors are shown
in Fig. 8. A recent advance in CTB chemistry to note is the scalable synthesis of cyclotriphenolene (CTP, or CTB-29), derived from
demethylation of cyclotrianisylene (CTA or CTB-5), reported by Rousseau and coworkers in 2011.65 Notably, CTA lacks a
functional group adjacent to the methoxy substituents and so cyclization of the unprotected 3-methoxyl benzyl alcohol with
P2O5 occurs in only 6% yield (or slightly higher43). The relatively cheap starting material and simple two-step procedure, however,
makes this pathway attractive. The same groups also reported the cyclization of a poly(ethylene glycol) (PEG)-functionalized
benzyl alcohol into CTB-10. PEG was chosen because of its solubility in both aqueous and organic media as well as high
biocompatibility and chemical inertness.66 Concerning access to the tris-bromo CTB-6, a reported (but erroneous) single-step
synthesis of 4-bromo-3-methoxylbenzyl alcohol by direct bromination of 3-methoxybenzylalcohol67 suggested the possibility of a
simple, two-step pathway. Unfortunately, the reported procedure actually yields 2-bromo-5-methoxylbenzyl alcohol, as recently
shown by Holman and coworkers.68 Interesting also is the increasing use of Sc(OTf )3 as a mild Lewis acid catalyst for the synthesis
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of CTBs and cryptophanes, since the first report by Brotin et al.69 Importantly, this reagent, which is employed in CH3CN or
CH2Cl2 at catalytic to stoichiometric loadings, often provides higher yields or greater success in the cyclization step and can also
facilitate isolation of the CTB or cryptophane products from the product mixture. Dmochowski and coworkers have synthesized
the substituted CTB-1670 and CTB-1771 directly from their benzyl alcohol precursors using Sc(OTf )3. The Lewis acid was also used
for the preparation of a highly substituted CTB, namely a cyclotrisyringyl derivative CTB-22. This cup was used as a precursor for the
synthesis of cryptophanes bearing 9 or 12 methoxy groups 222-28 and 222-29.72
Importantly, precore strategies facilitate the preparation of unsymmetrical cryptophanes. These unsymmetrical cryptophanes
can be synthesized via the template method in much the same way that linkers of differing lengths (or functionality) are introduced
to the cryptophane core. Thus, stepwise functionalization of a C3-symmetric CTB unit with differently functionalized benzyl
alcohols can yield selectively protected cryptophanes. Selective introduction of allyl ether (222-30,73–75 222-31,73 333-32,73 and
222-3370) or benzyl ether (222-34)70 moieties are a common means of achieving unsymmetrical phenolic cryptophanes via
postcore deprotection. Monophenolic cryptophanes, for example, provide an entry into enantiopure cryptophanes, allow the
joining of cryptophanes to give bis-cryptophanes,73 and provide a means to make monofunctionalized cryptophane scaffolds for
sensing applications (vide infra). Interestingly, the trisphenol cryptophane 222-35 can be synthesized by template directed
cyclization of the phenolic benzyl alcohol moieties that are tethered to a CTB platform, marking the first cyclotrimerization of
an unprotected phenol. Another strategy employed by Dmochowski and coworkers for the preparation of functionalized,
unsymmetrical cryptophanes has been the incorporation of propargyl moieties, ultimately yielding cryptophanes bearing clickable
moieties (222-36,70,76 and 222-3770,77). Similarly, Rousseau and coworkers used the template method with their CTB-10, adding a
propargyl-functionalized benzyl alcohol, thus making a clickable water-soluble cryptophane 222-40. Other water-soluble PEGylated derivatives have also been made, namely 222-38, 222-39, and 222-41.66 In a step toward providing another site for
modification, Brotin and coworkers recently proposed the functionalization of the linkers. They reported a template-directed
synthesis of cryptophane 223-44 (and, ultimately, its derivatives 223-45 to 223-51) wherein a hydroxyl group resides on the middle
carbon of the C3-linker. Ultimately, this approach allows the CTB rims to bear, for example, water solubilizing groups, while
providing an opportunity to tether the cryptophane to other moieties via the modifiable linker site.78
Weber and coworkers employed a precore strategy to incorporate ester moieties on the interior cavity of a 555-core cryptophane,
namely the m-xylyl-linked 555-52.57 Postcore hydrolysis of the ester groups led to a novel 555-53 cryptophane with
endo-positioned carboxylic acid groups. Similarly, Drake and Holman positioned pyridyl (and pyridinium) moieties on the
interior of a 555 core by a similar approach.79
Cryptophane-111 has a very high affinity for xenon, making it a possible candidate for sensory applications (vide infra), but it
lacks functional groups for further manipulation. In light of this, the Holman lab undertook a precore approach toward
functionalization of the 111 core. Employing a heterodimerization approach (the capping method), these researchers connected,
via a methylenic bridge, the methoxy-functionalized cyclotriguiacylene (CTG, or CTB-27) or the tris-bromocyclotriphenolene (Br3CTP, or CTB-28) with unfunctionalized cyclotriphenolene (CTP, or CTB-29), yielding triply functionalized derivatives 111-2
(R1–3 ¼ OMe, R4–6 ¼ H) and 111-3 (R1–3 ¼ Br, R4–6 ¼ H) in modest yields (17%–18%).68 Notably, and as expected, although the
cryptophane 111-1 homodimer was observed as a byproduct of the attempted heterocoupling, only trace quantities of the
hexafunctionalized homodimers were observed due to extreme steric congestion about the portals of the cryptophane.
In principle, the methoxy and/or bromo groups can be postcore modified for further functionalization of the 111 core.

Fig. 8 Some important cyclotribenzylenes (CTBs) that have been synthesized by modifying CTB platforms from Fig. 7. These CTBs are precursors for
the template and capping methods of cryptophane, as well as dynamic covalent, hydrogen-bonded, and metal-coordinated assemblies.
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Postcore Modification, Including Water-Soluble Cryptophanes
In the context of synthesizing cryptophane scaffolds bearing moieties that add function to the cryptophanes, several synthetic
strategies have been employed that allow modification of the cryptophane “postcore”—that is, after the formation of
cryptophane cage. Broadly, these strategies can be used to: (i) facilitate optical resolution of chiral cryptophanes, for example,
by introduction of a homochiral moiety, creating separable diastereomers, (ii) tether the cryptophane core to other moieties
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(or other cryptophanes), such as nanoparticles, or functional sensory moieties, (iii) affect the solubility of the cryptophanes—
for example, by introducing water solubilizing groups, or (iv) simply generate new cryptophanes with novel properties
(e.g., novel chiroptical, anion binding properties). The most common approach for postcore functionalization of cryptophanes having existing functional groups (e.g., methoxy groups) is the demethylation, generating phenols. The phenolic
moieties can be functionalized in a multitude of ways. Lithium diphenylphosphide (LiDPP) is the reagent of choice for
demethylation, as the bulk of the phosphide allows selective nucleophilic attack of the methoxy groups, thus not affecting the
ether linkages. Hence, the first postcore modification was performed on cryptophane-A (222-4, R1–6 ¼ OMe); demethylation of
the six methoxy groups afforded the hexaphenolic 222-56. Re-alkylation of the phenols with methyl bromoacetate followed by
hydrolysis gave the hexa-acid 222-67, which was the first water-soluble cryptophane (pH  6).80 LiDPP has also been used to
making phenolic cryptophanes with longer linkers (333-57,81 444-58,82 555-5926) and different linker lengths (223-60, 23361),83 which can also be functionalized to yield water-soluble hexacarboxylic acid derivatives, cryptophanes 67–72. Notably,
the highly phenolic cryptophanes are themselves water soluble, as their phenolate salts, under highly basic conditions. Thus, a
wide range of water-soluble cryptophanes have been synthesized that have allowed exploration of their host–guest chemistry
in aqueous media.

As previously mentioned, unsymmetrical cryptophanes made by precore modifications are very attractive because of the
various ways they can be postsynthetically transformed. By removing protecting groups that were introduced in a precore
modification strategy, unsymmetrical phenolic cryptophanes can be generated. Thus, deprotecting the allylic group of 22230 gives the important monophenol 222-63,73 whereas deprotection of the tris-allyl-substituted 222-33, the
benzyl-substituted 222-34, or the propargyl-substituted 222-37 gives the triphenol 222-35.70 These phenols can be manipulated further by substitution for a multitude of applications. Exemplary modifications of monophenolic 222-63 are shown
in Fig. 9. Alternatively, the hydroxyl group of the monophenol 222-63 can be substituted for hydrogen in two steps to
generate the C1-symmetric pentamethoxy derivative 222-65.84 Demethylation of 222-65 generates the pentaphenol 22266.85 Exploiting Cu(I)-catalyzed cycloaddition (click) chemistry, the one or three propargyl groups of 222-36 or 222-37,
respectively, can be exploited to append various groups, thereby opening up another pathway for functionalization of the
222 core. For example, modification of propargyl-substituted 222-37 yielded the substituted compound 222-77. The
propargyl-substituted 222-36 and 222-37, as well as the monocarboxylic acid 222-74, are key intermediates for the further
appendage of moieties useful in 129Xe NMR (bio)sensing applications. A dicarboxylic acid cryptophane-222 core derivative
was recently functionalized by Schröder et al. to yield the first dendronized, highly water-soluble cryptophane, namely 22278. This molecule retains the core properties of the cryptophane and possesses several surface groups that could be further
manipulated.86
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Fig. 9 Example of postcore modification of cryptophanes. The monophenolic 222-63 has been functionalized to make acid 222-74 (a key intermediate
for making biosensors), to form diastereomeric esters (222-75a and -75b) for resolution, and to make bis-cryptophanes (e.g., 222-76) for the
study of guest exchange between cryptophanes in close proximity.
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Fig. 10 Post-synthetic modification of cryptophane 111-1 to form water-soluble derivatives as well as mono- and hexasubstituted 111 cores.

Though most of the synthetic focus has been on the functionalization of the 222 and 333 cores, there has also been a developing
interest in the functionalization of cryptophane 111-1 (R1–6 ¼ H) since its first report in 2007. Notably, cryptophane 111-1 lacks
methoxy groups, or any functional groups on its CTB moieties, for further modification.87 Two research groups have reported
different approaches for postcore modification of the cryptophane 111-1 scaffold, as shown in Fig. 10. Following their report on
the click-like chemistry of the arenophilic pentamethylcyclopentdienyl (C5 Me5  ) ruthenium(II) moiety, [Cp Ru]+,88 Holman and
coworkers synthesized the first derivative of the 111 core by the Z6-appendage of six of these groups to the outer faces of its aromatic
rings. The chloride salt, [(Cp Ru)6111-1]Cl6, is highly soluble in water (30 mM).89 It is envisioned that, via related organometallic
chemistry that activates the methyl groups of the C5 Me5  moieties, the metalation approach may provide a means for easy,
postsynthetic, click-like functionalization of most any available cryptophane core.90 In an alternative approach, Rousseau and
coworkers have directly halogenated the 111 core, generating monobrominated 111-7991 or hexabrominated 111-81.92 In two
more steps, 111-79 was then converted into the first metal-free, water-soluble 111 derivative, namely the sulfonate 111-80.93 The
hexabrominated 111-81 was also converted into the water-soluble hexa-boronic acid, 111-86.94 Interestingly, the in situ stepwise
oxidation of the boronic acid moieties to phenol groups, eventually yielding 111-87, could be monitored by 129Xe NMR
spectroscopy, as the chemical shift of the encapsulated 129Xe is highly susceptible to the nature of the electronic properties of
the functional groups attached to the CTB rings.

Enantiopure cryptophanes
Enantiopure cryptophanes have been of interest since the beginning of cryptophane chemistry. According to Collet,32 these hosts
were in fact originally developed in order to explore (successfully) the possibility of enantioselective recognition or resolution of
lipophilic chiral molecules such as CHClFBr. Homochiral cryptophanes have also been of interest in the context of their chiroptical
properties,95 and, in recent years, various chiroptical spectroscopies have been used extensively to explore specifics of the molecular
recognition phenomena displayed by these cages (vide infra).35 To date, there has been no report of an enantioselective synthesis
for a CTB-forming reaction, though diastereoselective cryptophane syntheses are prevalent. Thus, should one wish to obtain
cryptophanes in homochiral form, a resolution is necessary. Either one must resolve the preformed, enantiopure CTB units
(or employ an asymmetric transformation96)—which are then subject to slow racemization at room temperature97 (vide
infra)—or one must resolve the cryptophane enantiomers, which cannot racemize without bond breakage due to topological
restrictions. The traditional approach to achieving chiral cryptophanes has been the former, and a variety of homochiral CTBs can
be exploited for this purpose.32 A homochiral CTB can be used as a platform onto which are grafted benzyl alcohol units that are
subsequently cyclized into separable syn/anti diastereomers, one or both of which may be optically active, but not necessarily
homochiral (ee < 95%). Care must be taken in the “post CTB resolution” steps to avoid partial racemization of the CTB unit and so
the number of synthetic steps that can be accomplished before the final cryptophane cyclization can be an issue. Of course, chiral
cryptophanes may also be resolved by HPLC over chiral stationary phases (e.g., Chiralpak-OT(+)32), though preparative scale
separations are rarely practical. The first report of an asymmetric transformation in CTB chemistry was provided by Warmuth and
coworkers, wherein they employed DCC to drive the deracemization of an imine-functionalized CTB (vide infra).96 A similar
approach has since been employed by Martinez and coworkers to generate homochiral hemicryptophanes.98 Brotin and coworkers
developed an efficient way of resolving cryptophanes via the previously described monophenolic cryptophane 222-63. Its
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diastereomeric (S)-camphanic acid esters (222-75) can be separated by recrystallization from toluene (de > 99%), and subsequent
saponification yields the enantiopure (P,P) and/or (M,M) cryptophanes in good yields.99 The pentaphenol described above, 222-63,
can thereby be prepared in enantiopure form.85 Using a similar approach, Dmochowski and coworkers functionalized the trisphenol
222-35 with (S)-Mosher’s acid and separated the diastereomeric esters by column chromatography to give each pure enantiomer in
35% yield.100 Most recently, Buffeteau and coworkers published separate reports demonstrating the chiral resolution by HPLC of the
highly substituted cryptophanes 222-28 and 222-29101 (9 and 12 methoxy groups, respectively), as well as 223-24 and 233-23
(R1–6 ¼ OMe),102 and reported their electronic circular dichroism (ECD), vibrational circular dichroism (VCD), and Raman optical
activity (ROA) spectra along with density functional theory (DFT) calculations.103

Self-Assembled Cryptophanes and Related Molecular Capsules
Cryptophanes are, of course, traditionally constructed from relatively kinetically stable covalent chemical bonds that hold together
the concave CTB units so as to generate a relatively shape-persistent internal cavity. Clearly, not all chemical bonds are covalent
ones and so it is certainly reasonable to consider that similar container-like structures might be constructed from noncovalent
bonds (e.g., hydrogen bonds, halogen bonds), dynamically covalent bonds (of which there are many kinds), or coordinate
covalent bonds (Fig. 11). Such structures may exist in a dynamic regime, where the subunits may spontaneously assemble or
disassemble in solution, possibly around a complementary guest that can be considered to be bound. The minimum requirement
for such structures to be considered cryptophanes would be that the CTB units are discretely connected in some well-defined way by
at least one linker per arene of the CTB units, and such examples are described later along with some related, higher-order
container-like structures derived from more than two CTB units. Hardie has recently reviewed the gamut of assembled CTB
structures, including polymeric and noncontainer-like assemblies.38,39

Hydrogen-bonded cryptophanes
The first-reported hydrogen-bonded cryptophane-like dimer was published by Hong and coworkers. Mixing tri-alanine and
tri-acid-functionalized CTB derivatives in acetone resulted in a precipitate that included neutral guests (Fig. 12).104 Though the
insolubility of the salt suggests an aggregated rather than dimeric structure, as purported, dissolution of the precipitate in DMSO-d6
showed that organic guests exchanged slowing on the NMR timescale and that they experienced upfield shifts, the effect on CHCl3
(Dd ¼ 3.2 ppm) being particularly reminiscent of cryptophane-like encapsulation. Tetramethylsilane in such solutions can only be
released from solution slowly, with prolonged heating, or by disassembling the structure by acidification, suggesting its
encapsulation.
Being able to reversibly and selectively form hydrogen-bonded cryptophane-like structures around a guest suggests the
possibility of selectively sequestering those guests.105 As shown by Robson and coworkers, When cyclotricatechylene (CTC, CTB26) was dissolved in aqueous acetone saturated with ammonia in the presence of RbCl and guanidinium chloride, a fascinating
material precipitates. X-ray analysis reveals a structure wherein a Rb+ ion is completely encapsulated within a closed-surface,
clam-like dimer of a singly deprotonated, (CTC-H), and a doubly deprotonated, (CTC-2H)2 CTC unit. The unsolvated Rb +ion
participates in cation p interactions with all six of the arene rings, and the [Rb+@(CTC-H)(CTC-2H)]2 capsule is further seamed
together at the rims with six O–H O hydrogen bonds. The capsule is isolated as a guanidinium salt, but can be precipitated as an
Rb+ salt from methanol. A similar capsule was obtained with the larger Cs+ cation, but attempts to self-assemble CTC around K+ or
alkyl ammonium ions yielded material of nonclam-like structure. Negative-mode electrospray ionization mass spectrometry
analysis showed that the cryptophane-like anion can survive in solution (and the gas phase) as [M+@(CTC-H)2]. In 2007, de
Mendoza and coworkers designed a series of hydrogen-bonded cryptophanes for the targeted complexation of higher fullerenes.

Fig. 11 Cryptophanes constructed from different types of linkers (Y): (A) kinetically stable covalent bonds, as with 222-4 and other nml cryptophanes,
(B) covalent bonds arrived at via dynamic covalent chemistry (DCC), as with Warmuth’s imine-derived capsule, (C) metal–ligand coordination chemistry,
as with Shinkai’s [Pd3(dppp)3(CTB-Py3)2]6+, or (D) noncovalent bonding (e.g., hydrogen bonds), as with de Mendoza’s C70@(CTB-34)2 complex.

Fig. 12 H-bonded assemblies templated in solution around a size-compatible guest as reported by Robson (left) and Hong (right).

Fig. 13 Cryptophanes prepared using dynamic covalent chemistry synthetic strategies. (left and middle) Warmuth and Kuck’s imine cryptophanes.
(right) Warmuth’s homochiral CTB-derived nanocube, adapted from Xu, D.; Warmuth, R. J., Am. Chem. Soc. 2008, 130, 7520–7521 with permission
from the American Chemical Society.

Fullerene-templated homodimeric capsules supported by quadruply hydrogen-bonded linkers of tris(4-ureidopyrimidinone)substituted CTB units were capable of separating higher fullerenes from crude fullerite soot (e.g., see Fig. 11).106–108 Calculations
and experimental results show a preferential binding of one of the hosts for C90 and C84 with the binding constant decreasing for
smaller fullerenes (C78 > C76 > C70 > C60). The hydrogen-bonded capsules can be ruptured by the addition of acid, allowing the
precipitation of the fullerene guest and recycling of the host.

Cryptophanes via DCC
The kinetically controlled syntheses of dioxyalkyl-linked cryptophanes require high dilution conditions to minimize the formation
of polymeric side products. Using the reversibility of DCC, an error-correcting mechanism can be employed to maximize the
formation of the thermodynamic product, minimizing polymers. In a particularly impressive example of this principle, Warmuth
and coworkers employed reversible Schiff base chemistry to form cryptophanes with varying sizes and geometry (1 to 6,
Fig. 13).96,109 Reaction of the racemic trimethoxytriformylcyclobenzylene CTB-31 with complementary diamines such as ethylene
diamine or (R,R)-1,2-diaminocylohexane (CDCl3, cat. CF3CO2H) gave the corresponding cryptophane imines in quantitative
yield, and exclusively as their anti disatereomers. These structures resemble cryptophanes of the 444 core. Incredibly, using the
homochiral diamine resulted in an asymmetric transformation of the first kind, completely deracemizing the CTB units so as to
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form exclusively the homochiral (P,P) cryptophane after sufficient time to allow cup inversion. The homochiral (P)-CTB units
could be recovered by precipitation and subsequent hydrolysis, providing an entry to other homochiral species. For example,
reaction of the (P)-CTB with linear diamines gave the 8 + 12 (respectively) condensation products as large, homochiral nanocubes.
Incredibly, synthesis of these macrocyles requires the formation of 24 imine connections, yet proceeds essentially quantitatively.
These reactions were also extended to aqueous chemistry, wherein the acid-functionalized, water-soluble CTBs could be condensed
with a few different diamines to form anti cryptophanes of various cage sizes. The aqueous chemistry required templation of the
hydrophobic cage by a suitable guest. More recently, the reversibility of dynamic covalent assemblies has been exploited by Wang
et al. to prepare enantiopure, CTB-like tribenzotriquinacene (TBTQ) derivatives by forming cryptophane intermediates.110 The
reaction of a racemic mixture of C3-symmetric TBTQ-trialdehydes with (S,S)-1,2-diaminocyclohexane yielded three
diastereomers—(P,S,S,S,P), (P,S,S,S,M), and (M,S,S,S,M), one of which is shown in Fig. 13. Separation and hydrolysis gave the
optically pure 2,6,10-trifunctionalized TBTQ.

Metal-organic cryptophanes
Reversible chemistry also occurs in metal-coordinated assemblies wherein the formation of coordination polymers competes with
discrete cryptophane (and related cage) formation, based on the building blocks and reaction conditions.111 It is envisioned that
the open space within the metallocryptophanes and cages, in addition to the concave shape of the CTB units, may be useful for
molecular recognition and guest encapsulation. Since the first report over 15 years ago by Shinkai and coworkers, who made chiral
anti and meso syn metallocryptophanes by linking pyridyl-extended CTB units with palladium centers (see Fig. 11),112 the field has
grown significantly.38,39 Most recently, Chambron and coworkers reported Pd(II) and Pt(II) coordinated metallocryptophanes of
CTB-32 and CTB-33. The assembly process gives predominantly the chiral anti cryptophanes at room temperature in chlorinated
solvents, though the syn isomer [Pd3(dppp)3(CTB-32)2]6+ (Fig. 14) may form at low temperature in CD2Cl2. The authors also
demonstrated that homoleptic cages form selectively, even when a mixture of the CTBs is present in solution or if a 1:1 mixture of
the preformed homoleptic cryptophanes is allowed to equilibrate.113
Hardie and coworkers have been at the forefront of metal-coordinated CTB assemblies, developing metallocryptophanes
(Fig. 15)114,115 as well as supramolecular metallo-cages.116–118 The formation of capsules from racemic CTBs may occur by simple
metal–ligand self-assembly, in which the ligands may spontaneously resolve within the capsule (or not), or via ligand exchange
applied to preformed capsules. Thus, via a kind of enantioselective self-sorting, it is possible to form racemic mixtures of “all-(M)”
and “all-(P)” cages that each consist of homochiral CTB units. Some of the cryptophane and cryptophane-like highlights from their
work include the linkage, with Cu2+ or Co2+ ions, of a pair of achiral carboxylic acid-functionalized-CTBs into a “bow-tie”
metallocryptophanes (Fig. 16) forming Cu3 and high nuclearity Co7 clusters. These cryptophanes are unusual compared to the
previously published metal-organic cryptophanes in that the central cavity is pinched in at the waist, providing a pair of tiny cavities
(seemingly unoccupied).119 Moreover, the Hardie group reported the assembly of a series of impressive Pd6L8-type (L ¼ CTB
ligand) supramolecular metallo-organic nanocages, which form stella octangula-shaped assemblies (Fig. 17).116,120,121 The
assembly and self-sorting behaviors of these cages were demonstrated to be solvent-dependent as well as species and stoichiometry
dependent. In fact, the authors report the ability to control the reaction conditions to make mixtures of homoleptic or heteroleptic
[Pd6L8]12+ metallo-cages, where heteroleptic cages were made from binomial mixtures of ligands, indicating kinetic control.
Furthermore, adding more of a particular ligand to the heteroleptic cage favored the system toward forming the homoleptic
cage, indicating an associative mechanism of ligand exchange.116 Other research groups have also demonstrated the versatility of
metal-organic CTB-based assemblies. Robson and coworkers reported on some fascinating anionic tetrahedral cages,
[Cu6(CTC)4]12 (Fig. 18) and [(VO)6(CTC)4]12, via the chelation of CTC (CTB-26) units—previously shown to form
H-bonded assemblies—with Cu2+ ions and vanadium(I) terminal oxo species.122,123

Fig. 14 The syn isomer of [Pd(dppp)3(CTB-32)2]6+ which forms at low temperatures in CD2Cl2, as reported by Chambron and coworkers.
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Fig. 15 A series of pyridyl-functionalized CTB ligands that have been used to assemble metallocryptophanes with Pd(II) ions. The crystal structure of
an N-heterocyclic carbene decorated syn metallocryptophane is shown. Adapted from Henkelis, J. J.; Carruthers, C. J.; Chambers, S. E.; Clowes, R.;
Cooper, A. I.; Fisher, J.; Hardie, M. J., J. Am. Chem. Soc. 2014, 136, 14393 with permission from the American Chemical Society.

Fig. 16 Hardie’s bow-tie shaped metal-organic cryptophane. Adapted from ref. Ronson, T. K.; Nowell, H.; Westcott, A.; Hardie, M. J., Chem. Comm.
2011, 47, 176 with permission from the Royal Society of Chemistry.

Host–Guest Chemistry of Cryptophanes
The majority of interest in cryptophanes stems from their widely recognized ability to encapsulate and strongly bind complementary guests in a highly selective manner. The typically hydrophobic, electron-rich cavities, enclosed within the six aryl rings of the
cryptophanes, make their interiors an excellent environment for interacting with neutral molecules via dispersion and/or
multipole–multipole interactions. Generally, guest complexation is highly dependent upon size and shape complementarity
between the cryptophane cavity and the guest, though other factors are also at play. Strategic positioning of functional groups
on the interior or exterior of the cryptophanes, however, can drastically modify their binding properties, not to mention their
solubility and other properties. The portals of the cryptophane, defined by the linker groups and the substituents on the CTB bowls,
serve to regulate the exchange of the guests between the cavity and the bulk medium. The binding properties of the cryptophanes
have been thoroughly discussed in other reviews30–33 and will only be summarized here in an instructional capacity, in the hopes
of giving the reader an understanding of important general binding trends and the range of substrates that can be encapsulated/
bound. New insights to cryptophane binding properties, and particularly those that have been uncovered since 2009, will also be
given specific attention.
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Fig. 17 CTB ligands that assemble with Pd(II) ions to form [Pd6L8]12+ stella octangula. One such homochiral form is shown. Adapted from
Ronson, T. K.; Fisher, J.; Harding; L. P.; Hardie M. J., Angew. Chem. Int. Ed. 2007, 46, 9086 with permission from Wiley.

Fig. 18 Robson’s [Cu6(CTC-6H)4]12 cage assembled by reaction of CTC with Cu(II) ions. Reproduced from Abrahams, B. F.; Boughton, B. A.;
FitzGerald, N. J.; Holmes, J. J.; Robson, R., Chem. Commun. 2011, 47, 7404–7406 with permission from the Royal Society of Chemistry.

Background
Interestingly, the first published report on the binding properties of the cryptophanes came in 1984,124 approximately 3 years after
the published synthesis of cryptophane-A (222-4). Originally, there was some concern that, according to spacefill models, the
seemingly closed-surface nature of cryptophane-A (222-4) may prevent potential guests from accessing the internal molecular
cavity. This prompted the synthesis of cryptophanes-C (222-6) and -D (syn-222-7), which lack methoxy groups at one of the CTB
rims, and these molecules were among the first neutral, apolar synthetic hosts demonstrated to form stable internal complexes with
neutral molecules in organic solvents. The apparent binding constants, however, were initially quite small. For example, the
CH2Cl2@cryptophane-C complex was found to exhibit an apparent room temperature stability constant, Ka, of less than 2 M1 in
CDCl3,13 though crystal structures of the CH2Cl2@cryptophane-C and CH2Cl2@cryptophane-D complexes clearly confirmed the
ability of these hosts to encapsulate/bind this guest.13,19 Interestingly, a crystalline 1:1 CHCl3@cryptophane-A complex was known
at the time, though its structure was not determined until much later.125 The implication, however, was that the chloroform solvent
must be a significant competitor for the molecular cavity and may significantly attenuate the observed solution binding constants.
So, the guest complexation properties of cryptophane-E (333-9) were studied in tetrachloroethane,14 a solvent deemed to be too
large (Vg ¼ 105 Å3) to effectively compete with potential guests for the molecular cavity. The room temperature binding constant of
CHCl3 in this solvent was measured to be 470 M1, a value thought at the time to be remarkably high for complexes stabilized
primarily by dispersion and multipole–multipole interactions. This prompted a reinvestigation of the binding properties of
crytophane-A in tetrachloroethane, leading to a Ka  475 M1 (298 K) for the CH2Cl2@cryptophane-A complex and
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Fig. 19 The room temperature 1H NMR spectrum of cryptophane-E (333-9) dissolved a relatively noncompetitive solvent, (CDCl2)2, and in the
presence of its optimal guest, CHCl3. Encapsulation of CHCl3, in slow exchange on the NMR timescale, is evident by the appearance of the highly
upfield-shifted signal at 2.82 ppm. A spacefill model of the crystal structure of the CHCl3@333-9 complex is shown at left, illustrating complete
encapsulation of the guest. The model makes obvious the significant kinetic barriers to ingress/egress of guests imposed by the methoxy-lined portals of
the host.

Ka  230 M1 (298 K) for the complexation of CHCl3@cryptophane-A. The tetrachloroethane solvent system also revealed the
affinity of cryptophane-A for methane (Ka  130 M1 at 298 K) and, later, its remarkably high affinity for xenon (Ka  3000 M1 at
298 K).18 The observation explained earlier difficulties in detecting guest complexation by cryptophane-A in CHCl3 solvent—the
CHCl3 simply competes too strongly for the cryptophane-A cavity, whereas, oddly, cryptophane-C only weakly binds CHCl3. These
data serve to underscore the importance of considering solvent competition and related solvation effects in molecular recognition
chemistry. In 1991, Cram and coworkers chose to employ hexachloroacetone (Vg ¼ 152 Å3) as a large, noncompetitive solvent in
their study of the binding properties of their bis-acetylene linked cryptophane, 666-21, and association constants above 104 were
observed, though measurements were made at 253 K. As will be discussed, it is now understood that—as originally suspected by
Collet and coworkers14—even tetrachloroethane is a nonnegligible competitor for the cavity of cryptophane-E,126 and thus the
magnitude of the dispersion energy stabilizing the cryptophane-E complexes (at least) has likely been significantly underestimated.
NMR spectroscopy is by far the most commonly employed technique for establishing the thermodynamic and kinetic
parameters associated with the complexation properties of cryptophanes, though a variety of spectroscopies has now been applied
to study the physicochemical nature of cryptophane complexes. Discussion of a typical example will be fruitful. Fig. 19 depicts the
room temperature 1H NMR spectrum (300 MHz) of cryptophane-E (333-9), dissolved in (CDCl2)2, in the presence of excess CHCl3
(4 equivalents). The spectrum of the cryptophane is remarkably simple due to the D3 point group symmetry of the compound.
The CTB moieties are typified by the characteristic AB pattern (2Jae  12–13 Hz) for the axial (Ha) and equatorial (He) hydrogen
atoms of the aryl–CH2–aryl moieties. The Ha protons are significantly deshielded (1.2 ppm) relative to the He protons due to
their crowding around the lower rim of the crown-shaped CTB moieties.40 In appropriate solvents, guests that are large in diameter
compared to the windows of the cryptophane typically exchange slowly on the NMR chemical shift timescale at room temperature,
though smaller guests (e.g., CH4) may enter and exit more rapidly. Indeed, many complexes exhibit half-lives on the order of
milliseconds to seconds (or even longer in some cases), at room temperature. Thus, separate signals for free (7.26 ppm) and
encapsulated (2.82 ppm) CHCl3 are observed in the spectrum of Fig. 19. The proton of the encapsulated CHCl3 resides in close
proximity to the electron-rich arene rings of the host, and the p-electron density induces a large upfield shift (Dd  4.4 ppm) in its
resonance. The chemical shift alone is a telling feature of the unusual nature of the interior of the cryptophane cages. Importantly,
under the conditions of Fig. 19, essentially all of the host molecules exist as CHCl3@cryptophane-E complexes. Thus, no evidence
is observed in the spectrum for the “empty” cryptophane-E host. The spectrum is sharp and the encapsulated CHCl3 integrates so as
to be stoichiometric with the cryptophane. Occasionally, in the absence of the added guest, the spectra of some cryptophanes may
appear broad (not shown), presumably as a consequence of the dynamic conformations of the three bridges. At closer to 1:1 ratios
of cryptophane to guest, however, one can determine the relative ratios of free to bound guest by integration, which, when
compared to the total cryptophane concentration, provides a determination of the apparent association constant and thereby the
intrinsic free energy (DGi ) of formation of the complex, which should always be considered to be an “apparent” value that may be
attenuated by solvent competition for the cavity. The spectra can also yield association constants by analysis of the in/out guestexchange rates. As has been discussed,127 the determined values can be subject to considerable error, in part due to the difficulty in
resolving the occupied and empty host signals. Another factor is the difficulty in accurately establishing the total host concentration
without employing internal standards. The cryptophanes enclathrate and strongly hold even volatile guests in the solid state, and
the exact composition (and molar amounts) of what is being dissolved must be considered. Thus, the room temperature
association constant of the CHCl3@cryptophane-E complex in (CDCl2)2 has been determined by several groups by various
analyses of 1H NMR data, and the determined values have ranged from 137 < Ka < 600 M1.14,20,55,126,127 At high field it is sometimes possible to resolve separate host resonances for the guest@cryptophane complexes and the “empty” or solvated cryptophane
species. Precision and accuracy issues aside, association constants up to 104 can be reliably determined in this way, and higher
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values can be established under dilute conditions or via guest competition experiments. Of course, determination of the association
constant as a function of temperature allows dissection of the enthalpic and entropic contributions to the binding.

Constrictive Binding—A Key Host Feature
Information regarding the kinetics of the ingress/egress of guests can be gleaned from various NMR methods, including line width
analysis, coalescence temperatures, inversion recovery or exchange spectroscopy (EXSY) experiments, or simply changes in a
spectrum over time. The nearly closed-surface structure (in the static view) of the smaller cryptophanes typically provides a
significant kinetic/activation barrier to the complexation (DG{c ) and decomplexation (DG{d) of guests. In his study of the hemicarcerands, Cram referred to the kinetic barrier of guest uptake/complexation (DG{c ) as the “constrictive binding energy.”1 In fact,
an appreciable degree of constrictive binding probably ought to be considered a defining attribute of any host structure considered
to be a “container” molecule. Indeed, in the absence of significant constrictive effects, cryptophanes and other such hosts could be
adequately described as a simple concave binding site, much like the bowl-like cavitands and CTBs. The concept of constrictive
binding is illustrated in Fig. 20. Compared to open-ended concave hosts, which form weakly associated complexes with neutral
molecules where guests exchange rapidly on the NMR timescale, the spheroidal, container-like host structure of the cryptophanes
(and other container compounds) adds a significant kinetic barrier to the ingress and egress of guests in solution. The relation
DG{c ¼ DG{d  (DGi ), where DGi is the intrinsic thermodynamic stability of the host–guest complex, allows one to quantify the
magnitude of the constrictive binding energy, or the “mechanical” component of the guest encapsulation process. For certain
container molecule complexes (e.g., the carcerands, which permanently imprison their guests), the constrictive binding energy can
exceed the strength of the covalent bonds that hold together the host. In a computational investigation of related hemicarceplexes,
wherein guests can exchange, but only very slowly, Houk and coworkers explored the egress of guests and identified two kinds of
“gating” mechanisms that regulate the exchange. The so-called “French door” mechanism involves the hemicarcerand opening its
portals via a high barrier conformational change. Once open, a variety of guests can readily enter/leave the cavity via stochastic
processes. Thus, the constrictive binding energy, DG{c , for many hemicarcerand complexes is almost entirely host dependent.
Another possible exchange mechanism, termed the “sliding door” mechanism, is tantamount to squeezing the guests through the
flexible portals, via conformational changes of the linkers. Thus, the barrier depends upon the nature (size, shape, etc.) of the guest
as well as the host structure.128 Cryptophanes likely behave similarly. The methoxy groups that line the cavity portals can swing out
of the arene ring planes, effectively opening the gate. Alternatively, the linkers of the cryptophanes are usually somewhat flexible,
almost certainly offering a sliding-type door for guest ingress/egress. The conformations of the cryptophanes will be discussed in
more detail in the later section.
The constrictive binding offered by cryptophanes is at least significant for most cryptophane complexes and can be remarkably
high for certain ones. Constrictive binding is really the principal factor that governs the kinetic stabilities of cryptophane complexes
in solution (e.g., slow exchange of guests on the NMR timescale), and even more so in the solid state (e.g., the confinement of
xenon by 111-1129). For instance, Collet and coworkers determined the room temperature constrictive binding energies, DG{c ,
for several guest@cryptophane-E (guest@333-9) complexes in (CDCl2)2 and found the values to fall in the range of
55.6–58.0 kJ mol1.20 Notably, the constrictive binding energies are considerably higher than the (apparent) intrinsic thermodynamic stabilities (DGi ) of these complexes in this solvent, which range from 9.6 to 15.5 kJ mol1. Thus, the complexes have an
intrinsic thermodynamic stability that is less than (or on the order of ) that of a single O–H O hydrogen bond, but the complexes
exhibit lifetimes on approximately the seconds timescale due to the kinetic stability offered by the mechanical component of the
association. The narrow range of constrictive binding energies for complexes of different-sized guests suggests that a
host-dependent, “French door” type mechanism may be operative for some complexes of cryptophane-E, which also implies
that the host core may be somewhat rigid. Complexes of cryptophanes A (222-4) and 111-1 are also significantly kinetically
stabilized by constrictive binding effects, even though the 222 core has an affinity for tinier guests. For example, the intrinsic
thermodynamic stabilities, DGi , of the Xe@222-4 and CH4@222-4 complexes in (CDCl2)2 at 278 and 298 K, respectively, are
about 19.1 and 11.3 kJ mol1.42,53,130,131 The constrictive binding energies, however, are much higher, at 34.3 and 32.7 kJ mol1,

Fig. 20 Unlike open-ended, concave host structures (A), cryptophane hosts (B) typically bind guests constrictively, with a relatively large DG{c ,
imparting a significant kinetic barrier to the ingress and egress of guests.
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respectively. The constrictive binding energies of the corresponding xenon and methane complexes of the smaller cryptphane-111
are higher still, by about 8 and 5 kJ mol1, respectively.130
In a particularly nice demonstration of constrictive binding effects, Garcia et al. synthesized and studied cryptophane 333-11
(R1–6 ¼ SCH3), whose structure is very similar to cryptophane-E (333-9, R1–6 ¼ OCH3) except that the CTB units possess thiomethyl
groups at their rims instead of methoxy groups.55 Thus, the cavity of 333-11 is nearly identical (structurally) to cryptophane-E, but
the portals regulating access to the cavity are somewhat smaller, owing to the larger sulfur atoms. Complexation studies showed
that, although the intrinsic affinity of the thioether host for CHCl3 was only a bit less than cryptophane-E, the rate of exchange of
the CHCl3 was quite different. Whereas the CHCl3@cryptophane-E complex exhibits a half-life, at infinite dilution, of
(t½)1 ¼ 0.55 seconds at 293 K in (CDCl2)2 (DG{d ¼ 71.2 kJ mol1), the corresponding CHCl3@333-11 complex exhibits a
(t½)1 ¼ 24 minutes (DG{d ¼ 90.4 kJ mol1). Incredibly, the corresponding NMe+4@333-11 tetramethylammonium complex
exhibits a (t½)1 of over 2 years at room temperature (DG{c ¼ 85.4 kJ mol1, DG{d ¼ 116.3 kJ mol1). This work was the first to
suggest that nearly permanent incarceration may be possible with cryptophanes.
Recently, Chiu and coworkers reported some remarkable examples of how slow kinetics of complexation/decomplexation
(i.e., constrictive binding) by the cryptophanes can be exploited for the complexation and separation of fullerenes. In the early
1990s, Atwood and coworkers reported the “ball and socket” type complexation of fullerenes by a CTB—namely the complexation of C60 by CTV132—and developed some elegant aggregation-based protocols for the isolation of C60 from fullerene
mixtures using related bowl-like hosts.133 Expanding on this concept, de Mendoza and coworkers reported, in 2007, an elegant
pair of self-assembled cryptophanes—CTB dimers (CTB-34)2, bearing three 2-ureido-4-[1H]-pyrimidinone (Upy) units
(Fig. 11D)—for the selective encapsulation and purification of the larger C70 from crude fullerite soot and for obtaining
enriched mixtures of higher fullerenes, such as C76, C78, C82, and C84.106 Separation was based upon the thermodynamic affinity
of the dimeric capsules for the fullerenes. Chiu and coworkers have taken a different approach in the employ of their large,
covalently constructed, hexabridged cryptophanes for the solubilization and purification of higher-order fullerenes. Whereas
the D3h-symmetric cryptophane (12,12)3 exhibits a small thermodynamic preference for encapsulation of C70 as compared to
C60 in tetrachloroethane (DGi ¼ 20.5 and 15.5 kJ mol1, respectively, at 298 K; DDGi ¼ 6 kJ mol1), the difference is not
enough to allow for highly selective complexation/extraction of C70 in the presence of C60. The kinetics of formation of the
C70@(12,12)3 and C60@(12,12)3 complexes, however, are also different (DG{c ¼ 82.4 and 77.4 kJ mol1, respectively), as the
six bridges of the cryptophanes also provide a slightly higher barrier for the ingress of the larger C70 versus C60. The net effect of
the differences in thermodynamic stabilities and constrictive binding energies of these complexes is that the C60 leaches out of
the (12,12)3 cavity on the minutes timescale at room temperature whereas C70 exchanges on the hours timescale (DG{d ¼ 103
and 92.9 kJ mol1, respectively; DDG{d 10.1 kJ mol1). Thus, a mixture of (soluble) C70@(12,12)3 and C60@(12,12)3 obtained
from exposure of (12,12)3 to fullerite soot can be treated to remove the free C60 by precipitation (as the C60 complex
dissociates), and then chromatographed to give C70@(12,12)3. Pure C70 can easily be recovered from C70@(12,12)3 by
dissociation at higher temperatures and subsequent precipitation. The same group has recently reported the isolation of even
higher fullerenes C76/C78 and C84 in purities up to 95% and 88%, respectively, using a similar kinetically controlled approach
and cryptophanes with slightly larger portals, namely the C3h-symmetric (12,13)3 and (12,14)3-1. It is particularly remarkable
to consider that the constrictive binding energy for the large cryptophane complexes of the relatively large, higher-order
fullerenes is about the same as the aforementioned NMe4+@333-11 complex, which operates at a length scale almost an
order of magnitude smaller. This suggests that kinetic separations may also be possible in other guest@cryptophane systems
with particularly high constrictive binding energies.

Finally, Chiu and coworkers have prepared an incredibly stable pseudo-carceplex of C60.48 Though the aforementioned
(12,12)3 cryptophane readily binds C60, the C60@(12,12)3 complex has limited kinetic stability in solution. The corresponding
C60@(10,10)3 complex, however, is incredibly stable, due to the constrictive binding energy imposed by the smaller portals via
shorter linkers. In fact, the DG{c of C60 encapsulation by (10,10)3 is so high that the complex could not be formed in solution
due to limitations in solubility and the boiling points of common solvents. Formation of the complex required milling and
heating of a solid mixture of C60 and (10,10)3 to 225 C for 15 hours, after which the C60@(10,10)3 product complex was
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sufficiently stable that it could be purified by chromatography. Because the intrinsic free energy of the complex is almost
certainly negative, the DG{d is even higher than DG{c , and the C60@(10,10)3 complex could not be induced to release the
fullerene even after heating the purified solid to 225 C. Following Holman’s reported method of functionalizing cryptophanes
with six water-solublizing [Cp Ru]+ moieties (as their chloride salts), these workers also synthesized [C60@(Cp Ru)6(10,10)3]
Cl6 which was found to be soluble in water–alcohol mixtures. Notably, the pseudo-carceplex also survives the 130 C
microwave conditions of metalation. The crystal structure of this salt (Fig. 21) nicely illustrates the obvious kinetic barrier
imposed by the six –O(CH2)10O– linkers. By similar means, the same group has also reported pseudo-carceplexes of the
endohedral fullerene Sc3N@C80 encapsulated within (12,12)3 and (12,14)3-2 and obtained the crystal structure of the latter
(Fig. 21).60 Encapsulation allowed for the identification of both Ih and D5h structural isomers of Sc3N@C80 by 1H and 13C NMR
spectroscopy.

Thermodynamics of Guest Encapsulation
Encapsulation of uncharged guests in organic solvents
Unless the linkers of the cryptophanes serve to specifically functionalize their interiors (e.g., with the acid-functionalized linkers of
555-55),57 the cavities of the smaller cryptophanes are defined predominantly by the three-dimensional arrangement of the six
electron-rich aryl rings of the CTB moieties. Of course, the organic linkers and, to some extent, the peripheral functional groups
(R) at the CTB rims also define the boundaries of the cavity. The thermodynamics of complexation of uncharged guests are
therefore primarily governed by dispersion and multipole–multipole interactions between host and guest, and are highly
influenced by solvation effects. As mentioned, solvation effects may be largely mitigated by the use of large (non-competetive)
solvents and the thermodynamics of guest complexation can be compared among structurally similar cryptophanes. Fig. 22 depicts
the intrinsic free energies of complexation (DGi ) of a variety of neutral molecules by the smaller cryptophanes 000,43 111-1,125
A (222-4),16 C (222-6),32 and E (333-9)20 as a function of the guest volume, Vg, under similar conditions. Most of the data were
acquired at room temperature in mildly polar halogenated solvents (CDCl3 and (CDCl2)2) that are generally considered to be
noncompetitive.
There are several notable conclusions that can be derived from the data in Fig. 22. First, for most cryptophanes, there is an
optimum guest volume that appears to maximize the room temperature intrinsic free energy of host–guest interaction, at least for

Fig. 21 Crystal structures of the cationic [C60@(Cp Ru)6(10,10)3]6+ (top) and the (Sc3N@C80)@(12,14)3-2 (bottom) pseudo-carceplexes reported by
Chiu and coworkers.
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Fig. 22 Apparent intrinsic free energies of guest complexation (DGi ) as a function of guest volume, under similar conditions, for a series of
organic-soluble cryptophanes. The data, extracted from the cited literature, were obtained by 1H NMR spectroscopy in ostensibly noncompetitive
solvents (see text). The blue arrow indicates that the entire curve for cryptophane-E is likely suppressed due to competitive binding of the (CDCl2)2
solvent (CHCl3 is bound with a DGi ¼ 25.1 kJ mol1 in 1,2-C6D4Cl2). The error bars for the N2@000 and H2@111-1 complexes imply that
these values are only rough estimates, since evidence of weak complexation has been observed, but Kas have not been reported. a(CDCl2)2, 298 K,
b
NO2CD3, 298 K, c (CDCl2)2, 298 K (278 K for Xe), dCHCl3, 298 K, eCHCl3, 220 K.

similarly shaped guests. In short, guests that are too small to properly fill a particular cryptophane cavity (and thereby optimize the
interaction with the host), and those that are too large to fit within it, are not bound as effectively as more complementary guests.
For example, the optimal guest of cryptophane-E (Vcav  138 Å3), with its 333 core, is clearly chloroform (Vg ¼ 72 Å3), and guests
that are either larger (CHBr3, Vg ¼ 83 Å3) or smaller (e.g., CH2Cl2, Vg ¼ 59 Å3) are not bound as strongly. Conversely, cryptophaneA, with its smaller 222 core, binds CH2Cl2 and xenon (Vg ¼ 42 Å3) more effectively than CHCl3. Moreover, the significantly smaller
cryptophane-111-1 is simply too small to encapsulate either of these guests. It completely eschews larger molecules, but binds both
methane (Vg ¼ 28 Å3) and xenon (Vg ¼ 42 Å3) much more strongly than cryptophane-E.
Of course, the shape of the guest also plays an important role. Not surprisingly, the spheroidal cryptophane cavities tend to
better bind globular guests than those of a less complementary shape. For example, linear butane (Vg ¼ 74 Å3) and planar isobutene
(Vg ¼ 71 Å3) and acetone (Vg ¼ 67 Å3) are poorly bound by cryptophane-E (333-9), despite the fact that their molecular volumes are
similar to chloroform and isobutane, which are both bound strongly. Shape mismatch also likely explains the very low affinity of
cryptophane-111 for cyclindrical ethane (Vg ¼ 45 Å3) in comparison with xenon (Vg ¼ 42 Å3) and the much smaller methane
(Vg ¼ 28 Å3). Electronic factors also play an important role. For example, the high affinity of cryptophanes A and 111 for xenon is
likely attributable to the large electronic polarizability of the gas. Fluorinated compounds are also poorly bound by the cryptophanes, reflecting the well-known tendency of fluorocarbons to interact with other molecules only weakly by noncovalent forces.
For example, both CHF2Cl (Vg ¼ 53 Å3) and CF2Cl2 (Vg ¼ 68 Å3) are poorly complexed by cryptophane-A, despite the seemingly
complementary shape and volume of at least the former with respect to the host cavity.
Overall, and depending on how one estimates/defines the cryptophane cavity volume, it seems that the optimum volume of
globular guests for the cryptophane cavities seems to be consistent with the so-called 55% rule put forth by Rebek and coworkers in
their study of neutral molecule complexation by structurally similar self-assembled container molecules in solution.134 That is,
assuming a degree of shape complementarity between a lipophilic host cavity and a lipophilic guest, the optimal guest for a
particular host cavity at room temperature will tend to occupy about 55  9% of the total available space in the cavity. Interestingly,
this value tends to be closer to the packing coefficient (PC) of most liquids (about 0.46–0.56) than the PC of close-packed
molecular solids (about 0.65–0.76), implying that the enthalpy–entropy balance for container molecule complexes favors a looser,
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“liquid-like” association between host and guest. For instance, the optimal guest for cryptophane-E (at room temperature) appears
to be CHCl3, which has a volume, Vg, of 72 Å3. This compares to the calculated cavity volume from the crystal structure of the
CHCl3@cryptophane-E complex of 139 Å3, yielding a PC of 52%. Another notable feature is the broad range of guest volumes that
can be accommodated by a given cryptophane. For example, cryptophane-E forms well defined complexes with guests ranging in
volume from 42 Å3 (xenon) to 94 Å3 (Me3CCl), or even larger.126 Assuming a rigid cryptophane host structure, the data imply that
the packing coefficients of observable complexes can vary from about 30%, being reminiscent of a supercritical fluid, to over 68%
(or even more; vide infra), akin to a close-packed crystal. The optimum packing coefficient (the 55% rule), however, is consistent
with early observations regarding the complexation of neutral molecules by other cyclophane hosts, which suggested that the
optimal guests for the cyclophanes were about 20% smaller than that suggested by close-packing of CPK models.135 The trend is
also consistent with a straightforward analysis of simple Lennard-Jones intermolecular potential, which reveals that the interaction
energy between atoms is minimized at 1.12 times the van der Waals radius.136
The effect of the CTB substituents (R, Fig. 1) on the thermodynamics of neutral molecule binding is less clear and points to a
need for more study on this point. Interestingly, the binding properties of cryptophane-C (222-6, R1–3 ¼ OCH3, R4–6 ¼ H) differ
considerably from those of cryptophane-A (222-4, R1–6 ¼ OCH3) despite their identical 222 cores and C only lacking three (of six)
methoxy substituents attached the CTB bowls. Cryptophane-A binds its optimal neutral molecule guest, CH2Cl2 (Vg ¼ 58 Å3), only
slightly better than C in tetrachloroethane, the subtle difference likely being attributable to weaker overall dispersion interactions
between CH2Cl2 and the less-functionalized host. Larger guests, such as CHCl3 (Vg ¼ 72 Å3), however, are bound far less effectively
by cryptophane-C than -A. The reason for this difference in unclear. It is possible that, as compared to cryptophane-A, intramolecular dispersion interactions between the adjacent CTB rims of cryptophane-C are better optimized for cryptophane conformations that exhibit smaller cavity volumes, thereby favoring contracted conformations and smaller guests. The xenon-binding
properties of several differently functionalized nml cryptophane cores have been studied somewhat extensively, and these data
are discussed separately later.
Notably absent from Fig. 22 is complexation data for the syn cryptophane diastereomers. As mentioned, the syn diastereomer of
cryptophane-A is not known. Nor is the syn diasteromer of cryptophane-111 (only trace quantities). The complexation properties of
cryptophane-D (syn-222-7) have only been the subject of a few studies, and, to our knowledge, no published report exists
concerning the complexation properties of cryptophane-F (syn-333-10). The paucity of work is likely in part due to the fact that
syn cryptophanes tend to appear in lower yields, but may also be attributed to the fact that the portals of the syn diastereomers
appear to be less constricted, allowing faster rates of guest exchange as compared to their anti counterparts. For example, the xenon
release rate from cryptophane-D is much faster than from cryptophane-C. Notably, the chloroform and dichloromethane
complexes of cryptophane-D in (CDCl2)2 have been revisited by NMR somewhat recently, mainly with an eye toward
guest-exchange dynamics and the conformational effects of the guest on the host.137
Also notably absent from Fig. 22 is binding data for larger cryptophane cores, nml 4. This is largely due to two factors.
Firstly, tetrachloroethane (Vg ¼ 105 Å3), the generally accepted noncompetitive solvent for studies of guest binding by the
smaller cryptophanes, can readily enter and compete for the cavity of larger cryptophanes. Secondly, at longer linker lengths,
the diameters of the cryptophane portals become sufficiently large that guests tend to enter and leave the cavity rapidly on the
NMR timescale, requiring either low temperature NMR studies, or determination of binding constants by NMR titration and
observation of complexation-induced changes in chemical shifts. Thus, while these cryptophanes clearly encapsulate/bind
appropriate guests in organic solvents, it can often be difficult to demonstrate and quantify the binding properties in solution.
Crystal structures of these larger cryptophanes invariably, however, demonstrate their inclusion properties. For example, the
published crystal structure of cryptophane-O (555-19) clearly contains an unidentified (disordered) guest.46 And Holman and
coworkers have published crystal structures of tetrahydrofuran (THF) and dimethylforamide (DMF) complexes of the m-xylyl
bridged cryptophane 555-54 and its acid 555-55.47 In solution, Akabori and coworkers employed CD2Cl2 as a mildly
competitive solvent—CD2Cl2 is likely too small to be well-bound by larger cryptophanes—in their observation, at 210 K, of
the selective complexation of various globular methyl-substituted butanes and pentanes (C6–C8) by a series of o-xylyl (syn-44488, syn-444-89) and diethylenetrioxy linked cryptophanes (syn-555-92 and 555-93).138 The apparent association constants
were relatively small, however, and apparent free energies of association did not exceed 10 kJ mol1. In an unusual observation,
the corresponding anti o-xylyl bridged cryptophanes, 444-90 and 444-91, did not appear to complex these guests. Nor did the
anti form of the p-xylyl bridged isomer, 666-94. As mentioned, also, Cram and coworkers studied the complexation of various
neutral molecule guests by their bisacetylene-bridged cryptophane 666-21 at 253 K in hexachloroacetone, a particularly large
(Vg ¼ 152 Å3), noncompetitive solvent. Of the guests studied, CHCl3 was bound the strongest by 666-21, with
DGi ¼  24 kJ mol1, though the apparent guest affinity is likely buoyed by both the low temperature and the high polarity
of the solvent. Hexachloroacetone, albeit large, is an excellent noncompetitive solvent for supramolecular systems, but has not
been widely employed, likely because of issues with chemical stability. Chiu and coworkers have also studied the apparent
thermodynamics of fullerene complexation by their hexabridged (12,12)3, (12,13)3, and (12,14)3 cryptophanes in (CDCl2)2,
which can obviously enter the cavity. The apparent intrinsic free energies of fullerene complexation, DGi , ranged from
15.5 kJ mol1 for C60@(12,12)361 to 22.6 kJ mol1 for C78@(12,13)3.62
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As discussed, the experimental intrinsic free energies of guest complexation (DGi ) are inherently apparent free energies of
association, and are highly dependent upon the solvent. Based on the premise that it is too large to be accommodated by the smaller
cryptophane cores (n,m,l  3), (CDCl2)2 has been traditionally been employed as the solvent of choice for the study of guest
binding by these hosts. Recently, however, Haberhauer and coworkers convincingly showed that at least cryptophane-E (333-9) can
indeed encapsulate tetrachloroethane and that, as a consequence, the DGi for cryptophane-E complexes shown in Fig. 22—that is,
the previously reported intrinsic dispersion energies driving complex formation—are probably strongly underestimated.126 Indeed,
the 1H NMR spectrum of cryptophane-E dissolved in 91:1 (CHCl2)2:(CDCl2)2 unequivocally revealed a signal for the encapsulated
(CHCl2)2 guest. The conclusion is further supported by studies of chloroform complexation in even larger, less competitive
solvents, which show that the apparent room temperature chloroform binding constant in these solvents is up to two orders of
magnitude higher than that observed in (CDCl2)2. Association constants as high as 2.6(4) 104 were observed in o-Cl2C6H4,
suggesting that the intrinsic free energy of complexation of chloroform by cryptophane-E is closer to 25 kJ mol1 at room
temperature. The result is remarkable considering that the available volume of the cryptophane-E cavity (Vcav  138 Å3) and the
volume of tetrachloroethane guest (Vg ¼ 105 Å3) imply the formation of a complex with a very high packing coefficient (76%).
Moreover, as illustrated in Fig. 22, the affinity of cryptophane-E for guests larger than about 95 Å3 would be expected to be very low.
Thus, it is reasonable to assume that the entire  DGi versus curve volume shown in Fig. 22 ought to be shifted to higher free
energy values (as shown by the arrow in Fig. 22). Interestingly, extrapolation of the new  DGi versus volume curve to Vg ¼ 105 Å3
suggests that the intrinsic stability of the (CHCl2)2@cryptophane-E is low (<0.1 M1). Given the concentration of solvent
(9.5 M) compared to the dissolved potential guests (mM), however, it is easy to understand how the solvent could nonetheless
significantly compete for the host cavity. Notably, it is possible that solvent competition is at least partially responsible for the for
the relatively wide range of values reported for the apparent Ka of CHCl3 complexation by cryptophane-E in (CDCl2)2; if the solvent
is a significant competitor for the cavity, then the apparent binding constant would be a function of the total host concentration.

Encapsulation of cations and anions in organic solvents
The cryptophanes have long been known to exhibit a particularly high affinity for appropriately sized and shaped organic cations in
organic solvents and these properties have been reviewed at length.32,33 As an example, and for the sake of comparison, the binding
affinities of cryptophane-E (333-9) toward various ammonium cations are shown in Fig. 22. Remarkably, the host can seemingly
accommodate larger cations than neutral molecules, presumably as a manifestation of significant cation p interactions that allow
contact distances less than the sum of the van der Waals radii. As the cation acquires hydrophobic tails, the binding affinity
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Fig. 23 Crystal structures of the CF3 SO3  and SbF6  complexes of [(Cp Ru)6(333-9)]6+, respectively, illustrating the constructive binding of these soft
anions and close anion p(arene) contacts. Reproduced from Fairchild R. M.; Holman, K. T., J. Am. Chem. Soc. 2005, 127, 16364–16365 with
permission from the American Chemical Society.

diminishes greatly. The host can apparently bind the head group, while the tail protrudes through the portals of the host.
No binding is observed, however, once the hydrophoblic tail reaches about four carbons in length, unless it is also hydrophilic
(e.g., choline). Acetylcholine, Me3N(CH2)2CO2Me is also bound by 333-9, but very weakly. Not surprisingly, the aforementioned
thiomethyl form of cryptophane-E (333-11) similarly binds organic cations, but with much slower guest-exchange kinetics.55
In a demonstration of a fascinating umpolung effect, Holman and coworkers have reported that Z6-coordination of cationic,
electron withdrawing [Cp Ru(II)]+ moieties to the outer arene faces of cryptophane-E gives [(Cp Ru)6(333-9)]6+ cations that
exhibit a high affinity for soft, noncoordinating anions in nitromethane solution. Whereas large, charge-diffuse anions such as
PF6  , SbF6  , CF3 SO3  , and BF4  are strongly bound by the capsule, harder hydrophilic anions (e.g., halides) are not encapsulated
and, instead, ion-pair on the outside of the capsule, slowly expelling the encapsulated anion and inducing precipitation. Again, the
cavity can accommodate larger anions than neutral molecules (though the van der Waals volume of an anion is a matter of some
debate). Crystal structures of the CF3 SO3  and SbF6  salts (Fig. 23) unequivocally show the anions to crowd the cavities and
represent clear examples of complexes stabilized by inherent anion p interactions, as the arene rings necessarily reside between the
anions and the cationic metal centers.139 Not unexpectedly, the cavity shows the now-familiar volume dependence of its intrinsic
affinity for appropriate anions, exhibiting a greater preference for AsF6  than smaller PF6  or larger SbF6  . Given the relatively large
diameter of the guests, consequent high constrictive binding effects, and the high intrinsic stability of the complexes, it is not
surprising that the rate of exchange of guests is slow in solution at room temperature, and anion competition experiments take
weeks to arrive at equilibrium.

Complexes of water-soluble cryptophanes
As mentioned in the section on cryptophane syntheses, by now a large number of water-soluble cryptophanes are known. The
highly lipophilic cryptophane core requires the addition of hydrophilic residues in order for them to be solubilized in aqueous
media. To this end, successful forms of functionalization include the aforementioned hexa-acid (222-67, 333-68, 444-69, 555-70,
223-71, and 233-72), triacid 222-42 (or otherwise trifunctionalized, 222-43 and 222-77), and even monoacid cryptophanes
of various cores, for example, 222-74 (vide supra). The water solubility of these compounds roughly correlates with the number of
solubilizing residues and is highly influenced by the pH. The acids are slightly water soluble near neutral pH and even below and
of course become more soluble in basic solution. Many of these are derived from the corresponding phenolic cryptophanes, which,
when deprotonated, can also be solubilized in water at high pH. Discussed in other sections are the large variety of cryptophanes
containing other kinds of solubilizing residues, including peptides, dendrimers (222-78), PEG moieties (222-38 to 222-41),
cationic transition metal moieties (or, more accurately, their hydrophilic counterions), etc., which have been developed largely for
the purpose of exploring and/or exploiting their xenon-binding properties for 129Xe NMR sensing/detection (vide infra). Brotin,
Martinez, and Dutasta have recently reviewed water-soluble cryptophanes, specifically, and so only the basic tenets or most recent/
important discoveries will be summarized here.34
Importantly, the hydrophobic effect significantly enhances the thermodynamic stability of cryptophane complexes with
lipophilic guests in aqueous solution. That said, both water and countercations can compete for the cryptophane cavities in
certain situations (vide infra). The complexation of neutral guests by the hexacid 222-67 was reported as early as 1987.80 In 1993, it
was reported that water-soluble hexa-acid derivatives of cryptophane-E (333-68) and cryptophane-O (555-70) bind organic cations
even more strongly than their organic parents.26 Cryptophane 555-70 can tolerate reasonably large ammonium ions, such as
acetylcholine and tetraethylammonium, and these properties have been discussed in the literature at length. More recently, it was
observed that the chemical shift of the aryl protons of hexacid 222-67 exhibit a gratifying (and unusual), counterion independent,
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Fig. 24 The linear dependence of the 1H NMR chemical shift of the arene ring protons of a water-soluble derivative of cryptophane-A (222-67) on the
volume of the encapsulated guest. Reproduced from Bouchet, A.; Brotin, T.; Linares, M.; Cavagnat, D.; Buffeteau, T., J. Org. Chem. 2011, 76, 7816–7825
with permission from the American Chemical Society.

linear correlation with the volume of globular guests ranging from CH3Cl (Vg ¼ 42 Å3) to CCl4 (Vg ¼ 88 Å3) (Fig. 24).140 The data
show not only the broad volume range of guests that can be accommodated by the 222 core cavity in water, but also support the
contention of a continuum-like response in the time-averaged linker conformations of the host (and volume of the host cavity) to
the size of the encapsulated guest. This conclusion is also supported by molecular dynamics simulations. Homochiral 222-66 is
also able to enantiodiscriminate among a series of small chiral epoxides. The hexaphenolic host, 222-56, has also been shown to
bind related halomethane guests (and methane itself ) in basic solution, and presumably protects them somewhat from nucleophilic attack.141 For this, and related compounds, the 1H NMR spectra are not so dependent on the guest, but the ECD spectra
(of appropriate salts) of the homochiral hosts do show a subtle response to size of the guest. As discussed briefly in the section on
host conformations, VCD and related chiroptical techniques have been widely employed by Brotin, Buffeteau, and coworkers to
report on the average conformation of 222 core hosts (vide infra).
The use of Cs+ (and to a much lesser extent, K+) as a counterion in the study of aqueous complexes of the phenolic 222 core
cryptophanes reveals that the cation can be strongly bound by these highly anionic hosts. For instance, the ECD spectra of the
hexaphenolic 222-56 do not respond to the presence of organic guests in the presence of Cs+, due to preferential binding of the
cation instead. The same is true of the less symmetric pentaphenolic host 222-66. Indeed, these hosts have both been shown to
make 1:1 complexes with Na+, K+, Rb+, and Cs+, the latter two of which are encapsulated very strongly in water (Ka > 105and
Ka > 109, respectively).142 This contrasts with the fact that hexa-acid 222-67 shows essentially no affinity for Cs+ in water. The stark
difference is certainly attributable to the position of the negative charge directly on the arenes in the phenolate hosts. The highly
upfielded-shifted resonances of the complexes in the 133Cs spectrum (250–270 ppm) verify encapsulation. Further work has shown
that the softer Tl+ cation is also encapsulated by phenolic hosts, and a little more strongly than Cs+, suggesting that cation p
interactions help to stabilize these complexes.143 All of these complexes are reminiscent of Robson’s hydrogen-bonded cryptophanes derived from deprotonated CTC, which are clamshell-like complexes of soft Cs+ or Rb+ cations (Fig. 12).105 Not
surprisingly, hexaphenols of the 223 and 233 cores (223-60 and 233-61) also bind Cs+ and Th+ cations under basic conditions,
but to a lesser degree.144 The ability of cryptophanes to very strongly bind these important cations in aqueous solution suggests
possible environmental applications.

Enantioselective complexation
From the beginning, the enantioselective complexation of chiral guests by homochiral crytophanes has been the subject of much
interest. In fact, cryptophanes were first developed in an effort to design hosts that might discriminate between the enantiomers of
CHFClBr, one of the smallest chiral molecules. The CHFClBr saga, which began in 1985 with the demonstration that homochiral
cryptophane-C (222-6) is capable of discriminating between the enantiomers of CHFClBr, has been highly cited and is generally
regarded as an early crowning achievement in the development of host–guest and container molecule chemistry.21,23 The main
historical studies concerning chiral recognition by cryptophanes were nicely reviewed in 2009 by Brotin and Dutasta and will not
be reiterated here.33 The same group has recently reviewed enantiopure supramolecular cages more broadly and their chiral
recognition properties.35 Moreover, there have been several developments in the area of chiral hemicryptophanes—that is,
container-like hosts derived from CTB platforms that are capped at the opposing end by a non-CTB moiety—but these are beyond
the scope of this review.145 Chiral metallocryptophanes have also been reported (vide supra), but no chiral recognition properties
have been described as yet.
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In terms of enantioselective complexation in water, there are few studies. Recently, the homochiral pentaphenol (P,P)-222-66
has been used to demonstrate the enantioselective complexation of propylene oxide (PrO).146 ECD and NMR experiments show
that the favored diastereomeric complex, (R)-PrO@(P,P)-222-66 is only about 1.7 kJ mol1 more stable than the other. These
researchers have also studied the enantioselective complexation of a small series of chiral epoxides by the homochiral forms of
hexa-acid 222-67.140 Enantiodiscrimination was modest, but increases with the size of the chiral guest, along with a corresponding
decrease in the binding constants.

Host–guest dynamics
According to the crystal structure of the CHCl3@cryptophane-E complex (Fig. 19, left),20 the C3 axis of the chloroform coincides
with the C3 axis of the cryptophane-E host. Notably, and even at high field (600 MHz127), the D3 symmetry of the Fig. 19 spectrum
is preserved, even though the guest possesses only C3v symmetry. The implication is that the CHCl3 guest is either tumbling rapidly
within the cage at room temperature (with respect to the chemical shift timescale), or the chemical shifts of the protons of the CTB
bowl faced with the C–H moiety are not resolved from those faced with the chlorine atoms of the guest. It is now clear that the latter
must be true; that is, NMR exchange and relaxation studies have shown that reorientational motion of the CHCl3 occurs on a
timescale approximately equivalent to the host, either in soluton127 or in the solid state.147,148 The same cannot be said for the
CH2Cl2@cryptophane-E complex, as studies show that the reorientation dynamics of the encapsulated CH2Cl2 occur on a faster
timescale that the reorientation of the host, both in solution and the solids state.147,149 These studies paint a very different picture
for the orientational dynamics of different guests within the cryptophane-E. The results are remarkably consistent with measurements concerning the thermodynamics of complexation of these guests; the binding of CHCl3 by cryptophane-E is enthalpically
favored (DH ¼  25 kJ mol1), but entropically disfavored (DS ¼  29 J mol1 K1; a “tight” complex), whereas the binding
of CH2Cl2 is enthalpically disfavored (DH ¼ +4.2 kJ mol1, more optimal interaction with the solvent) and entropically driven
(DS ¼ +54 J mol1 K1, a “dynamic” complex). We suspect that these correlations are in part related to the relative “rigidity” of the
cryptophane-E cage (vide infra) which somewhat simplifies the entropic picture. The dynamics of some encapsulated guests (mainly
CH2Cl2 and CHCl3) within the cryptophanes-A,150 -C,151 and -D137,152 and/or the in/out exchange rates have now also been
studied extensively by NMR methods, in both solution and solid state. Unfortunately, a full discussion of this insightful work is
beyond the scope of this text.

Complexation of Xenon
Some of the most significant potential applications of cryptophanes are related to the ability of the smaller cryptophanes to bind
and recognize gases, particularly methane and noble gases. The noncovalent complexation of xenon has become acutely important
in recent years in the context of developing ultralow detection limit 129Xe NMR-based (bio)sensors, reporters, and potential
imaging agents based upon the concept, first put forth by Pines,37 of strategically “functionalizing” the xenon atom by noncovalent
means (vs. unreasonable covalent means). At present, cyclodextrins, cucurbiturils, hemicarcerands, self-assembled capsules, and
pillar[5]arenes are all examples of xenon-binding host compounds. Cryptophanes, however, by far exhibit the highest xenonbinding constants for xenon. As can be observed in Fig. 22, the smaller, spheroidal cryptophane cavities (n,m,l  3) are essentially
perfectly suited for the encapsulation of xenon. Also, the xenon exchange kinetics offered by these hosts are slow on the 129Xe NMR
chemical shift timescale, which is required for certain aspects of the sensing modality. Consequently, cryptophanes are by far the
most studied hosts in the context of 129Xe NMR sensing technologies. In 1998, Bartik and coworkers reported the first Xe@cryptophane complex, that of Xe@cryptophane-A (Xe@222-4), observed by 129Xe NMR spectroscopy in (CDCl2)2. The spectrum
demonstrated that the in–out exchange of xenon is slow on the chemical shift timescale—a consequence of constrictive
binding—and the chemical shift of the encapsulated nucleus (62 ppm) revealed the highly shielded nature of its environment
within the cage. The binding constant (Ka) was estimated to be between 3000 and 4000 M1 (more precisely, 3.9(5) 103 M1)153
at 278 K.
The binding constant (Ka), 129Xe chemical shift, kinetics of xenon exchange, and relaxation times (T1 and T2) of the
encapsulated xenon are all factors that can dramatically affect the utility of the Xe@cryptophane system in the context of 129Xe
NMR sensing applications. Thus, since the Bartik and Pines papers, a large number of xenon-binding cryptophanes have been
synthesized and studied in the context of these parameters, or for sensing applications and/or method development. In short, a
high xenon-binding constant: (i) provides Xe@cryptophane species at low concentration, (ii) helps the cage complete with
alternative chemical environments for the nucleus, and (iii) influences the in/out exchange rate, which can be critical in
sensing applications. For sensing applications where ultralow detection limits are desired (e.g., HyperCEST experiments,
described later), the sensitivity is highly dependent upon the xenon in/out exchange rate. Exchange rates ought to be as fast as
possible while remaining slow on the 129Xe NMR chemical shift timescale at the temperature of interest, typically room
temperature to body temperature. Thus, in terms of detection limit, high binding constants are often at odds with the desire for
a fast exchange rate. For optimal HyperCEST contrast, long T1 relaxation times are also desirable. Detection based solely on the
effect of an analyte on the T2 relaxation of encaged xenon has also been reported.154 With these factors in mind, it becomes
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Table 1

Xenon@cryptophane complexes for which thermodynamic data have been reported, arranged by cryptophane core
Ka (M–1)
(esd omitted)

DH
(J/mol)

DS
(J/mol K)

129

Methoda

Xe db
(ppm)

kc(s–1)

T1 (s)

Temp.
(K)

Solvent

Ref.

28,000
10,000
29,000

NMR
NMR
NMR

ND
ND
ND

ND
ND
ND

31
31
308

ND
2.4
13.1

12.1d
ND
ND

278
293
293

(CDCl2)2
(CDCl2)2
D2O

153
42
89

10
10
3900
1400
42,000

NMR
NMR
NMR
NMR
ITC

ND
ND
ND
ND
15.0

ND
ND
ND
ND
37.44

39
81
62
ND
63.3e, 63.6e

ND
ND
ND
ND
ND

ND
ND
19d
3.9d
ND

293
293
278
278
293

68
68
18, 153
153
156

222-42

33,000

ITC

18.2

24.56

65.8f

1100

ND

293

222-43

17,000

ITC

13.1

36.41

ND

ND

ND

293

222-39
222-67
222-75-b
222-75-a
222-56

5800
6800
2000
3200
327–1790h

NMR
NMR
NMR
NMR
NMR

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

77
64
78
71
64–70h

ND
12.1
ND
ND
8

293
293
283
283
293

223-24
223-71
224-25
233-23
233-72
333-9
333-68

2810
2200
9.5
810
1600
10
1000

NMR
NMR
NMR
NMR
1
H NMR
NMR
NMR

ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND

60d
52
ND
47d
42
30d
35

50
3.2g
ND
ND
0.4–
10h
ND
11g
ND
ND
37g
ND
90g

CDCl3
CD2Cl2
(CDCl2)2
(CDCl2)2
Aq. phosphate
buffer
Aq. phosphate
buffer
Aq. phosphate
buffer
D2O
D2O
(CDCl2)2
(CDCl2)2
D2O, pH 12

ND
ND
ND
ND
ND
ND
ND

278
293
278
278
293
278
293

(CDCl2)2
D2O
(CDCl2)2
(CDCl2)2
D2O
(CDCl2)2
D2O

53
83
153
53
83
53
83

Compound
111-1
[(Cp Ru)6111-1]
Cl6
111-2
111-3
222-4
222-8
222-77

167
167
66
83
99b
99b
157

ND = not determined.
a
Technique used to estimate association constant (Ka). NMR refers to 129Xe NMR unless otherwise mentioned. ITC is isothermal titration calorimetry.
b
Chemical shift, referenced to Xe gas.
c
For the decomplexation of xenon, by pseudo-first order kinetic exchange.
d
At 293 K.
e
Diastereomers.
f
At 320 K.
g
At 289 K.
h
Depends on counterion.

useful to survey the data reported for xenon-binding cryptophanes. Table 1 provides a compilation of Xe@cryptophane
complexes for which equilibrium constants have been formally estimated. It does not include work wherein only chemical
shifts and/or xenon exchange rates have been determined, but some of these details are nonetheless included in the discussion.
The data in Table 1 and related literature reveal several important trends, which are first discussed broadly and then more
specifically in the context of systematic studies.

Xenon-binding constant
Investigation of xenon binding by cryptophanes-nml (n,m,l  3) has shown that the xenon affinity of the cryptophanes, as
expected, is highly correlated with their core cavity volumes (Vcav). As is clear from Fig. 22, and the data in Table 1, the
cryptophanes with the smallest cavity volumes, 111 and 222 core cryptophanes, exhibit the highest binding constants. This
is due to the relative size complementarity of their cavities to xenon. Based on the projected packing coefficients, the 222
core (Vcav 85 Å3, PC  49%) is probably a little bit too large for optimal complexation of xenon (Vg ¼ 42 Å3), and the 111
core (Vcav  70 Å3, PC 0.60) may be a bit too small. Thus, with the aforementioned caveat concerning solvent competition
in mind, the order of xenon affinity in (CDCl2)2—Ka (278 K) ¼ 28000 (111-1), 3900 (222-4), 1400 (222-8), 2810 (223-24),
810 (233-23), 9.5 (224-25), 10 (333-9)—can be readily understood.153 The same trend holds for a series of otherwise
isostructural (hexa-acid functionalized), water-soluble cryptophane congeners— Ka (293 K) 6800 (222-67), 2200 (223-71),
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1600 (233-72), 1000 (333-68) in D2O—with values being amplified to various extents by the hydrophobic effect. Notably,
the amplification is greatest for the 333 core, supporting the contention that the xenon-binding constant in (CHCl2)2 is in
fact somewhat attenuated by competition with the solvent. The first water-soluble derivative of 111-1, namely
[(Cp )Ru(111-1)]Cl6, was reported to exhibit an apparent room temperature xenon-binding constant of 2.9(2) 104.89 It
seems that the specifics of the exterior functional groups and/or other factors—for example, the method of determination,
ionic strength, molecular dipole, etc.—can have a significant effect on the xenon-binding constant. Dmochowski and
coworkers have reported a series of trifunctionalized 222-core cryptophanes (222-77, 222-42, 222-43) with binding
constants as high as 4.2 104. Recently, employing molecular simulation and free energy perturbation methods, Saven
and coworkers rationalized these differences on the basis of the average number of water molecules displaced from the
cavity upon xenon binding.155 Notably, the binding constant of 222-77 for radon is even higher, suggesting that 222 core
may be structurally optimal for binding of this larger rare gas.112,156 Crystal structure analysis of the Xe@cryptophane
complexes (discussed later) also sheds light on this issue. Notably, the water-soluble phenolic cryptophanes 222-56 exhibit
much lower xenon-binding constants, in part due to the fact that countercations, and especially soft cations, compete with
xenon for the cavity.157

Encapsulated 129Xe NMR chemical shift
Firstly, even though the chemical shift of the 129Xe nucleus is extremely sensitive to its environment (e.g., even to the extent of
cryptophane deuteration158) the chemical shift range of Xe@cryptophane species that are not specifically core-functionalized
spans only a fraction of the potentially accessible 129Xe NMR spectrum (30–78 ppm). Berthault and coworkers have shown
that there is a modest temperature dependence on the 129Xe chemical shift which seems to show an inverse correlation with the
overall rigidity of the core cage.153 The temperature dependence has been exploited for 129Xe magnetic resonance imaging
(MRI) thermometry.159 Though the solvent affects the chemical shift of the encapsulated xenon, it does not do so by much,
obviously because of its distance from the caged nucleus. For example, the Xe@cryptophane-A complex resonates at 62 ppm in
(CDCl2)2 at 278 K, whereas the complex of the water-soluble hexa-acid 222-67 resonates at 64 ppm at 293 K in D2O. PEG
groups, however, modify the chemical shift significantly (129Xe@222-39 is 77 ppm, in water). As the cage increases in linker
length and volume, the aqueous chemical shift (293 K) decreases, as shown by Berthault and coworkers for the series of
hexa-acid substituted cryptophane complexes Xe@222-67 (64 ppm), Xe@223-71 (52 ppm), Xe@233-72 (42 ppm)¸ and
Xe@333-68 (35 ppm) (Fig. 25).83 This corresponds to a change of about 10 ppm per added CH2 group. Similar effects are
observed in organic solvents, though the Xe@cryptophane-111-1 complex does not seem to follow this trend and resonates
more upfield (31 ppm).
For all 222 cores—which have been the most studied, by far—the total range of Xe@222 chemical shifts is relatively narrow,
about 62–78 (Dd ¼ 16 ppm). This has potentially negative ramifications for multiplexed sensing applications, where, in principle,
a number of different Xe@cage compounds can be used for the simultaneous detection of different analytes, should these operate
at different/resolvable 129Xe NMR chemical shifts. As the number of effective xenon-binding cryptophane cores are limited, it
then becomes conceptually important to exploit the idea of employing chemical shift modifiers—that is, functional groups that
can be readily appended to a given cryptophane core and are intended to significantly modify the chemical shift of the
encapsulated 129Xe nucleus, thereby allowing this modified sensor to operate in a distinct frequency regime. Not surprisingly,
the flexibility and length of the tether can have a strong influence on the 129Xe NMR line width and the chemical shift sensitivity
of bound nucleus.160 Thus, functional groups directly attached to the arenes of the cryptophane core most dramatically affect the

Fig. 25 Composite 129Xe NMR spectra of (left) 129Xe@[(Cp Ru)6111-1]Cl6 (293 K) and (right) the 129Xe complexes of the hexa-acid cryptophanes
222-67, 223-71, 233-72, 333-68 (293 K), all in D2O. The chemical shift of the unfunctionalized 129Xe@cryptophane-111-1 species in (CDCl2)2
(293 K) is indicated by the red arrow. Adapted from Huber, G.; Brotin, T.; Dubois, L.; Desvaux, H.; Dutasta, J.-P.; Berthault, P., J. Am. Chem. Soc.
2006, 128, 6239–6246; Fairchild, R. M.; Joseph, A. I.; Holman, K. T.; Fogarty, H. A.; Brotin, T.; Dutasta, J.-P.; Boutin, C.; Huber, G.;
Berthault, P., J. Am. Chem. Soc. 2010, 132, 15505–15507 with permission from the American Chemical Society.
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chemical shift. Holman and coworkers exploited this idea in their means of creating the first water-soluble derivative of
cryptophane-111. They found that Z6-appendage of cationic [Cp Ru(II)]+ moieties directly to the arene faces of 111-1 has an
enormous effect on the chemical shift of the encapsulated xenon; 129Xe@[(Cp Ru)6(111-1)]Cl6 resonates at 308 ppm at 293 K in
D2O, an incredible 277 ppm downfield from the 129Xe@111-1 resonance in (CDCl2)2 (Fig. 25). Thus, nearly the entire chemical
shift range of noncovalent 129Xe can be made available in Xe@cryptophane complexes with appropriate substitution by chemical
shift modifiers. Bagno and Saielli have employed relativistic ZORA DFT calculations to study conceptual metallocyclopentadienyl
(M ¼ Fe, Ru, Os) and nitro-functionalized cryptophane-111 derivatives in the context of predicting chemical shift, with some level
of success.161 Calculations predict that the positively charged [CpM]+ groups invoke an order-of-magnitude greater effect on the
129
Xe chemical shift as compared to introduction of nitro groups. Recently, hexa-boronic acid functionalization of the 111 core
was found to strongly influence the encapsulated 129Xe chemicals shift, with the corresponding Xe@111-86 species resonating at
92.5 ppm (D2O/DMSO-d6). Interestingly, stepwise oxidation of the –B(OH)2 groups to phenolic moieties could be nicely
monitored by 129Xe NMR as the chemical shift of the encapsulated 129Xe moves stepwise toward 31 ppm for the hexaphenolic
129
Xe@111-87, depending upon the number of sites that have been converted.94 Tribromo substitution of the 111 core at the
CTB rims induces a downfield chemical shift of the 129Xe nucleus (129Xe@111-3 at 81 ppm), but methoxy substitution has much
less of an effect (129Xe@111-2 at 39 ppm).68 An important caveat here is that these xenon complexes are far more crowded than
the parent Xe@111-1 complex. Importantly, chiral/racemic cryptophanes introduce stereochemical complications in biosensing
applications. Further modification with chiral solubilizing groups or complexation of these hosts to chiral biotargets creates
diastereomers and therefore two 129Xe NMR signals for the sensor. Lastly, despite the proximity of the charge to the nucleus, it is
surprising to find that the chemical shift of xenon encapsulated within a presumably anionic phenolate 222 derivative
(129Xe@222-56, 64–70 ppm, at pH  12) is not significantly different from that of xenon encapsulated by other water-soluble
222 derivatives.

Xenon exchange rate and T1 relaxation
The xenon exchange rate is a key parameter for 129Xe NMR sensors since sensitivity (in terms of detection limit) is maximized
with fast exchange rates in low-detection limit HyperCEST applications (vide infra). The mechanism of exchange is important,
and both dissociative (a supramolecular SN1-type) and degenerate, associative (SN2-like) mechanisms have been found to be
operable. The latter, of course, is dependent upon the host and xenon concentration and so can be dominant at high
concentrations. Moreover, in the former mechanism, it is unclear to what extent the solvent may be involved in the expulsion
of xenon (SN2-like).162 Berthault and coworkers have systematically studied the xenon exchange rate as a function of cryptophane structure in organic solvents.153 Not unexpectedly, the xenon release rates correlate with the diameter of the portal of the
cryptophane cage. For example, cryptophanes-A (222-4, R1–6 ¼ OCH3), -C (222-6, R1–3 ¼ OCH3, R4–6 ¼ H), and 222-8 (R1–6 ¼ H)
offer xenon release rates which follow the order 222-8 > 222-6 > 222-4 with an order of magnitude difference between
cryptophane-A and its open-windowed congener. Curiously, the 129Xe NMR line widths of Xe@222-4, Xe@223-24, Xe@23323, Xe@224-25, and Xe@333-9 illustrate that, at low xenon pressure, exchange is faster for the smaller cavities than for the larger
ones. At higher pressures the situation seems to be reversed. The xenon release rate of cryptophane-111 is about two orders of
magnitude slower (2.4 Hz) than for 222-4, suggesting a limitation in terms of potential applications of the 111 core for lowdetection limit sensing.

Cryptophane Conformations
Of course, the most interesting properties of the cryptophanes—their host–guest chemistry—stems from their design as
shape-persistent, spheroidal cages that offer a reasonably well-defined cavity for the complexation of complementary guests.
Some degree of conformational flexibility in the cryptophane structure, however, is inherent, and, somewhat paradoxically, is also
required. Indeed, if one considers the cryptophanes as completely rigid structures, it would be difficult to imagine how many of
their complexes would be capable of forming in the first place, since, in the static view, the portals of at least the smaller
cryptophanes are significantly smaller than the diameters of most complementary guests. In fact, it was originally out of concern
that the portals of cryptophane-A were too small to allow passage of guests that cryptophanes-C and -D were developed and the
complexation properties of these remarkable hosts were first realized. This point is underscored by the possibility of estimating
the cavity volumes using a probe sphere about the size of a helium atom, without it falling out of the cavity of the smaller cores,
and particularly those that are lined with methoxy groups. Yes, the conformations of the cryptophanes are quite obviously
dynamic, allowing for at least simple conformational fluctuations, as any molecular dynamics simulation would show. It is
perhaps less obvious, however, that significant large-scale changes in the conformations of the hosts are also quite possible, and
these have been the subject of much study (and some debate) as they can not only influence the ingress/egress of guests, but can
also drastically influence the size/shape—or even existence—of the internal cavity. Here, we will discuss what is known about the
major conformational behaviors of the smaller cryptophane hosts, and how they are influenced by the presence, or absence, and
identity of the guests, drawing as much as possible on information provided by crystal structure analyses of guest@cryptophane
complexes.
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Fig. 26 Potential energy landscape, drawn to scale, of the solvated crown and saddle (i.e., saddle-twist) conformers of CTBs, shown alongside the
corresponding possible out–out, out–saddle, and out–in conformers of the cryptophanes. The general free energy difference between empty and
occupied cryptophanes (DGi ), and the generic corresponding barriers to guest complexation and decomplexation are also shown. The DGoo!os (empty
out–out) depends significantly on temperature and the identity of the linkers, but can favor the out–saddle form compared to the empty out–out form,
even at room temperature. The out–out form is greatly stabilized by solvation of its interior by appropriate guests. The DG for out–saddle to out–out
(occupied) has been measured for multiple samples and is equivalent to the barrier of saddle to crown conversion in CTBs. The out–in form has been
calculated to be significantly higher in energy, for the 333 core at least, and has never formally been observed.

Fig. 27 Room temperature 1H NMR spectra (CDCl3) of crown-CTV and the isolated saddle-CTV, illustrating the respective C3v and time-averaged,
apparent D3h point group symmetries of these conformers. Adapted from Zimmermann, H.; Tolstoy, P.; Limbach, H.-H.; Poupko, R.; Luz, Z., J. Phys.
Chem. B, 2004, 108, 18772–18778 with permission from the American Chemical Society.

The CTB Unit(s) and Cryptophane “Implosion”
The conformational properties of the CTB units have been the subject of much study and are summarized in Fig. 26 (drawn to
scale). They have been reviewed some time ago,30,40 but there have since been some important developments. Except for sterically
encumbered forms, the CTBs are well known to exist predominantly in the bowl-like “crown” conformation. As discussed, their 1H
NMR spectra (even at elevated temperatures) indicate the crown form by the inequivalence and coupling of the inner axial, Ha, and
outer equatorial, He, hydrogen atoms of the methylenic groups, implying that the barrier to crown to crown inversion is quite high.
Chiral forms, such as the C3-symmetric CTBs shown in Fig. 7 and Fig. 8, allow quantification of the barrier to racemization and
show it to be very slow at room temperature (t½  days at 20 C). Inversion proceeds not through a planar structure, but through a
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Cs-symmetric “saddle” shaped intermediate wherein one of the methylenic groups is inverted relative to the other two. In truth, the
lowest energy conformation of the saddle form is actually a partially twisted, approximately C2-symmetric structure, if the CTB
substituents are symmetrically arranged, or a C1-symmetric structure, if they are not. Importantly, the saddle conformer has been
estimated to be only 12–16 kJ mol1 higher in energy than the crown conformer, suggesting that a nonnegligible amount of the
saddle form can coexist with the crown form in equilibrium at room temperature. Polar solvents, however, likely tend to favor the
dipolar crown conformer over the (time-averaged) nonpolar saddle form and, before 2004, no saddle form of a traditional,
unhindered CTB had ever been formally observed or isolated. In an effort to shed light on the liquid crystalline behavior of certain
CTBs,163 in 2004 Luz and coworkers successfully targeted and isolated the kinetically stable saddle conformational isomer—
hereafter simply “conformer” (an atropisomer?)—of CTV (CTB-1), the most well-known and most accessible of the CTB macrocyles.164 They unequivocally showed that, not only can the saddle conformer be prepared (and subsequently isolated) by quenching
an equilibrated, high-temperature sample of CTV, but that, in CHCl3 solution at room temperature, the equilibrium ratio of the
saddle/crown forms is about 1/10 (and about 8/1000 in DMF). Importantly, both the low and room temperature 1H NMR spectra of
the purified saddle-CTV showed (Fig. 27) that the compound appears to exhibit D3h point group symmetry in solution. This is due
to the fact that, once one of the methylenic groups is inverted, the barrier to interconversion of the 12 lowest energy saddle-twist CTV
conformations is negligibly small (Ea { < 13–15 kJ mol1), and the compound undergoes rapid pseudorotation (rate 106–7 at
120 K) among the conformers, giving rise to a spectrum of high apparent symmetry. Thus, the hydrogen atoms of the methylenic
groups of CTV appear as a singlet, nearer the original chemical shift of He, in the 1H NMR spectrum of saddle-CTV, despite its
formally low (C2) symmetry. The reader will recall that the Ha protons of crown-CTV are significantly deshielded (1.2 ppm)
relative to He due to steric congestion. Thus, it can be understood also that the saddle conformer is favored at higher temperatures
due to its higher entropy (DScr!s ¼ 13.8(1.6) J mol1 K1, DHcr!s ¼ 10.0(5) kJ mol1, and DG cr!s(298 K) of only 5.89 kJ mol1
in CHCl3). Importantly, isolation of saddle-CTV allowed measurement of the kinetics of saddle ! crown conversion in CDCl3,
yielding DH { ¼ 94.5(4.8) kJ mol1 and DS { ¼  43.5(15.0) J mol1 K1 (DG{298K ¼ 107.5 kJ mol1). These values are reasonably
consistent with Collet’s first measurement of the racemization (crown ! crown) kinetics of the chiral, partially deuterated CTV-d9 as
DH { ¼ 108.4(2.1) kJ mol1 and DS { ¼  8.8(8.4) J mol1 K1 (DG{298K ¼ 111.0 kJ mol1). Importantly, the activation parameters
for racemization of several other, similarly substituted CTBs are quite similar (DG{298K ¼ 110–115 kJ mol1 for all known examples)
and confirm that the peripheral substituents on the CTB ring (at least those groups positioned meta/para to the methylenic groups)
have little effect on the conformational inversion barrier.32,97,165 Notably, we deal with room temperature activation energies
because the measurement of activation entropy, DS{, is notoriously prone to error, especially when determined over a small
temperature range. Thus, the room temperature barriers for racemization (and crown ! saddle conversions) are relatively invariant,
whereas the barrier for saddle ! crown conversion will depend on the relative stability of the saddle form relative to the crown in the
solvent, and will be close to 100 kJ mol1 under most conditions. The relative stability of saddle-CTV compared to crown-CTV in
CHCl3 at room temperature is actually quite unusual; in DMF the value measures DGcr!s(298 K) ¼ 12 kJ mol1. Thus, we can
expect the DG{298K for saddle ! crown conversion of CTV in DMF to be about 100 kJ mol1.
The high barrier conformational conversions of simple CTBs suggest the possibility of similar conformational properties in the
cryptophanes. This possibility has been long recognized and the stereochemical ramifications have been discussed.33 Thus, in
principle, it is reasonable to expect that, in addition to the normal “out–out” conformations, the cryptophanes may adopt collapsed
or “imploded” “out–saddle,” or “out–in” conformations under some conditions, as illustrated in Fig. 26. Taking this a step further,
“in–saddle,” “saddle–saddle,” and ultimately, “in–in” conformations may also be possible (not shown), though these seem unlikely
except in the case of extremely long and flexible linkers.
In their study of cryptophanes possessing relatively long linkers (n,m,l 5), Collet and coworkers were the first to observe
imploded cryptophanes.46 In the paper, they provided a 1H NMR spectrum of cryptophanes 777-95 (R1–6 ¼ OCH3) and syn-777-96
(R1–6 ¼ OCH3) that were isolated as a diastereomeric mixture, which clearly also showed the presence of both the out–out
conformers and the imploded ones, hereafter imp-777-98 and imp-syn-777-99. These authors also mentioned that mixtures of
out–out and imp conformers had been observed for all cryptophanes nml (n ¼ m ¼ l) where n,m,l ¼ 6–10 (R1–6 ¼ OCH3 for all
compounds). The imploded conformers of imp-777-98 and imp-syn-777-99 were found to completely convert to their out–out
forms after a period about 2 weeks at room temperature in C6D6 or CDCl3. These authors also pointed to a doctoral thesis wherein
cryptophane-O (555-19) had been demonstrated to implode at high temperatures (523 K).33,166 Understandably, the imploded
structures were assigned at the time to be the in–out conformers on the basis of the C3 symmetry implied by their NMR spectra. The
activation barrier of the reversion (“explosion”) of imp-555-100 to 555-19 was found to be DG {(298 K) ¼ 96.4 kJ mol1, a value
that is considerably lower than that for all known CTB inversions. A notable and important characteristic feature of the 1H NMR
spectra of imp-777-98 and imp-syn-777-99 is an unusually upfield-shifted resonance for the methoxy substituents connected to the
affected CTB units, at 2.89 and 2.96 ppm, respectively, as compared to the more typical values of 3.55 and 3.51 ppm for the
methoxy groups connected to the unaffected CTB unit (Dd ¼ 0.66 and 0.55 ppm) and other simple anisoles in general. The data
suggest that the methyl groups of the affected CTB moiety reside in a shielded environment.
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About the time of the Luz paper concerning the isolation of saddle-CTV,164 Holman and coworkers reported the synthesis of a
m-xylyl-linked 555 core cryptophane (555-54).47 Upon heating a crystalline THF solvate of the THF@555-54 complex to 483 K so
as to remove both the included and encapsulated solvent molecules, they observed a significant degree of host implosion, much
like earlier observations with cryptophane-O (555-19). Since the imp-555-97 was relatively kinetically stable, it could be separated,
with some care, from the unaffected 555-54 by column chromatography. A single crystal structure determination and 1D and 2D
(ROESY and COSY) NMR analyses of the imp-555-97 product unequivocally demonstrated it to be a C1-symmetric out–saddle
conformer (Fig. 28), not the anticipated out–in form. Notably, the 1D 1H NMR spectrum is remarkably similar to that of Collet’s
reported imp-777-99 compounds in that it exhibits (time-averaged) C3 symmetry and the methoxy substituents of the saddle-CTB
unit were significantly upfield shifted to 2.82 ppm as compared to the unaffected methoxy groups (Dd ¼ 0.65 ppm).
An explanation for the upfield shift comes from the crystal structure, which clearly shows one of the methoxy groups of the
saddle-CTB unit to reside deep within the bowl of the crown-CTB moiety. Another important feature revealed by the spectrum of
pure imp-555-97 is the chemical shift of the hydrogen atoms of the methylenic groups of the saddle-CTB moiety. Rather than being
separated by 1.2 ppm, as is characteristic of all crown-CTBs, they are separated by only 0.14 ppm, as revealed by the 2D spectra,
clearly suggesting a saddle conformation for one of the CTB units. Finally, the apparent, time-averaged C3-symmetric spectrum of
imp-555-97 can be easily understood in the context of the rapid pseudorotations of saddle-CTV conformers. Cooling of the sample
of imp-555-97 leads to significant broadening of the imp-555-97 signals (but not the signals of the residual out–out 555-54
impurity), implying that the C1 conformation of imp-555-97 is on the verge of being “frozen out” on the NMR timescale. Hence,
the remarkable chemical shift of the methoxy moieties (0.65 ppm upfield shift) attached to the saddle-CTB actually arises from a
1:2 weighted average of the chemicals shifts of the single methoxy group residing in the crown-CTB bowl and the two groups that
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Fig. 28 (top) Molecular and crystal structure of the imploded out–saddle conformer of cryptophane imp-555-97. (bottom) 300 MHz 1H NMR spectra
(CDCl3) of solvent-occupied out–out 555-54. (lower, 298 K) and purified out–saddle imp-555-97 at 298 K (middle) and 218 K (top).  Indicates the
presence of a small amount of out–out 555-54 in imp-555-97. Reproduced from Mough, S. T.; Goeltz, J. C.; Holman, K. T., Angew. Chem. Int. Ed. 2004,
43, 5631–5635 with permission from Wiley.

reside far outside the cavity, implying that the actual chemical shift of the methoxy group located in the cavity is significantly more
upfield, likely closer to 1.5 ppm, a value that is unusual for anisoles. The shielding effect experienced by the metyhoxy groups in
solution is therefore similar to that experienced by molecular guests residing within a typical cryptophane CTB cavity. Together, the
data imply that the C1 out-saddle conformation (dynamically averaged over several rotamers) is also the one that persists in
solution. Lastly, the first-order kinetics of reversion of the out–saddle imp-555-97 to the traditional, solvent-occupied out–out 555-54
were measured in CDCl3 and the barrier was found to be DG{298K ¼ 99 kJ mol1, a value highly consistent with the expected barrier
for a saddle ! crown process. It is clear that similar behavior can account for the spectra of Collet’s imp-nml (5  n ¼ m ¼ l  10,
R1–6 ¼ OCH3) cryptophanes.
Since the first demonstration of the existence of the out–saddle cryptophane conformation in imp-555-97, there have appeared
several more examples of imploded cryptophanes. All have been found to adopt the out–saddle conformation. In 2006, Berthault
and coworkers were the first to observe an imploded conformer of the much smaller 222 cryptophane core.83 They reported that, in
degassed aqueous solution, the water-soluble cryptophane-A derivative, 222-67 (R1–6 ¼ OCH2COOH), spontaneously implodes,
almost completely, to give the out–saddle imp-222-101 conformer, implying that the imploded out–saddle form is actually more
stable than the empty or water-occupied out–out exploded form at room temperature. Interestingly, due to the very short linkers
and, so, MUCH slower saddle to saddle pseudorotation (Ea ¼ 79.1(4) kJ mol1), the spectrum (not shown) conveyed the C1
symmetry of out–saddle imp-222-101. A computational model of this smaller cryptophane suggested that, instead of the methoxy
groups of the saddle-CTB moiety residing in the cavity, the methylenic protons of the saddle-CTB unit reside in the crown-CTB bowl.
This is also borne out in the observed chemical shifts of these protons. Observation of the out–saddle form in aqueous solution at
room temperature is almost certainly attributable to the hydrophobicity of the cavity, and the inability of water to adequately
solvate its interior. Thus, the fact that the out–saddle forms have not been much observed can probably be ascribed to the enthalpic
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stabilization of the out–out forms which arises from dispersion interactions between the host and the ever-present encapsulated
guest, usually the (organic) solvent or even a lingering guest from synthetic workup. Cryptophanes are notorious for strongly
holding on to their encapsulated guests, and if the guest forced out, or not present, it appears they tend to implode to a
nonnegligible extent even at room temperature (albeit slowly). Indeed, upon introduction of a good guest like xenon (or even a
poor one, such as an abundance of helium!) to the aqueous solution of imp-222-101, the out–out Xe@222-67 was recovered
quantitatively. Thus, the out–saddle forms of cryptophanes probably ought to be regarded as being similar in (free) energy, and
occasionally more thermodynamically stable than their more desirable empty out–out forms at room temperature. They are almost
certainly entropically favored, and may even be enthalpically favored by increased dispersion interactions between CTB units in the
imploded form.
These results highlight the susceptibility of all but the smallest cryptophanes (specifically, cryptophane-111) to conformational
implosion, even at room temperature, and especially in the absence of appropriate guests that can adequately fill and thereby
stabilize the otherwise empty host cavity. Since 2006, others have also observed the imploded out–saddle forms of various
cryptophanes. In their study of its aqueous xenon-binding properties, Dmochowski and coworkers have suggested the presence
of the out–saddle conformation of their tris(triazole propionic acid) functionalized 222 core, 222-43.167 The same group obtained
a crystal structure of the imploded form of the tris(allyl) functionalized precursor (Fig. 29), imp-222-102, and found its “buried
methylene” structure to be consistent with the computational model of the aforementioned imp-222-101.168 Interestingly, the
allyl-functionalized CTB unit of imp-222-102 was found to be unaffected, whereas the less sterically demanding methoxy
substituted CTB was found to be in the saddle form. Haberhauer and coworkers have demonstrated that emptying of
cryptophane-E (333-9) at elevated temperatures in solution generates significant amounts of the out–saddle imploded conformer,
appearing as a time-averaged C3-symmetric spectrum. Various relatively high-level gas-phase computational models of the out–out,
out–saddle, and out–in conformers clearly showed that the out–in form is an unreasonable representation of the imploded
cryptophane-E structure, being at least 29 kJ mol1 higher in energy than the out–saddle model using all methods. Moreover, if
dispersion corrections were employed, the out–saddle form was found to be quite similar in energy to the empty out–out form. Thus,
it seems clear that an in–out cryptophane conformer has yet to be formally observed, as shown in Fig. 26. Lastly, Brotin and
coworkers also observed implosion (to the out–saddle form) of their 223-51 cryptophane bearing a functionalized C3 linker.78
Drake and Holman have observed spontaneous implosion of their endopyridyl-functionalized 555-103 in a variety of organic
solvents.79 As a caveat, it should also be noted that the presence of imploded cryptophane conformations in solution can
significantly complicate the accurate estimation of binding constants. This may be especially true for calorimetric methods, since
the observed enthalpies, normally attributed to only guest complexation, may really be a convolution of the enthalpy of saddle to
crown conversion and the enthalpy of complexation. Taken all together, the data suggest that the out–in conformation of an
imploded cryptophane, as originally proposed by Collet, has yet to be formally observed.

Fig. 29 The crystal structure of the imploded, out–saddle conformational isomer of a 222 core, namely that of imp-222-102, as reported by
Dmochowski and coworkers. The cavity-buried methylene group of the saddle-CTB moiety is emphasized in blue.
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Notably, several cryptophanes do not seem to be susceptible to conformational implosion of their CTB moieties. As of yet, for
example, the 111 cryptophane core has not been demonstrated to implode, even though it has been sublimed at relatively high
temperatures.129 The linkers may be simply too short to permit implosion, or may kinetically destabilize the imploded 111 core.
Nor has implosion been reported in Chiu’s hexabridged cryptophanes, though out–saddle (and even out–in) certainly seem to be
possible in their cryptophanes possessing exceptionally long linkers. Notably, the rigid CTB-like tribenzotriquinacene units of
Kuck’s aforementioned cryptophanes made by DCC are not susceptible to implosion.110 And, for steric reasons, it is deemed
unlikely that the O–aryl–O bridged 444-17 cryptophane reported by Holman and coworkers can implode. Moreover, the
appendage of [Cp Ru]+ groups to the larger cryptophane cores (n,m,l > 1) appears to render them incapable of implosion due to
the steric demands of the organometallic moieties. It has been reported that the phenolic 222 core cryptophane, 222-56, does not
seem to implode in basic aqueous solution, possibly due to electrostatic repulsions between anionic phenolate groups that may be
present in the out–saddle form.157

Conformations of the Smaller Cryptophane Cores
Fig. 3 highlights the smaller core cryptophanes and their cavities as deduced from crystal structure data. Most of these cryptophanes
are somewhat flexible, however, and can offer a range of cavity volumes to accommodate and/or respond to complementary guests.
Here, we discuss experimental and computational data regarding the possible conformations of these cores. Besides the possibility
of implosion discussed earlier, the key parameters governing the host cryptophane cavities are the possible conformations of the
linkers, which in turn affect the twist angle and overall distance between the opposing CTB caps. The linker conformations are
defined by the dihedral angles shown in Fig. 30 and the discussion will focus on major variations in the conformations, each of
which is subject to minor perturbations that can also slightly influence the cavity.

The cryptophane-111 core
The conformations of the 111 core have only been studied experimentally, and only by X-ray diffraction. Holman and coworkers
have reported a dozen different (and the only known) crystal structures of 111 core cryptophanes.68,89,129 The crystal structures of
the H2O@111-1, Kr@111-1, and Xe@111-1 complexes of the parent host have all been reported, as well as the empty Z6ruthenium coordinated derivative [(Cp Ru)6(111-1)]6+ as its triflate salt. As shown in Fig. 31, the conformations of the 111 cores in
the complexes are essentially identical and show that the maximum volume that can be offered by the host (Vcav  70 Å3) occurs

Fig. 30 Possible conformations of the linkers in the small core cryptophanes (111, 222, and 333) affect the twist angle (average) between opposition
CTB caps and the overall size of the cavity offered by the host.

Fig. 31 X-ray crystal structures of: (left) The Xe@111-1 complex, showing the complementarity of the cavity to the guest, alongside a superposition of
the host structures of the Xe@111-1, Kr@111-1, and H2O@111-1 complexes. The 111 core is in its most expanded conformation (t  4 , y  19 ,
Vcav  70 Å3). (middle) The highly crowded xenon complex of tris-brominated 111-3, highlighting the inability of the cavity to expand further (t ¼ 130
(51) , y ¼ 52(3) , Vcav  52 A3). (right) The empty, fully closed conformation of [(Cp Ru)6(111-1)][CF3SO6]6 (t  177(2) , y  61(3) , Vcav  32 Å3). The
cavities are depicted in orange.
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when the CH2 carbon atoms of the linker are all oriented in a syn-periplanar fashion with respect to the CTB upper rim carbon
atoms (t1  4 ), giving rise to a twist angle between the two CTB cups of about y ¼ 19 . In contrast, an all anti-periplanar
arrangement of the bridging methylenic groups with respect to the CTB rim (t1  177 ), as observed in the [(Cp Ru)6(111-1)]
[CF3SO3]6 salt, gives rise to a dramatically contracted cavity, which measures only about Vcav  32 Å3 and represents a situation
where the opposing CTBs are as close together as possible. In their study of the tris-methoxy and tris-bromo rim-functionalized 111
derivatives, 111-2 and 111-3, Holman and coworkers also found that the 111 core is seemingly incapable of adopting synperiplanar t1 conformations about the functionalized CTB unit because of steric hindrance imposed by the rim-positioned
functional groups. Moreover, an all anti-periplanar arrangement was similarly not observed in the empty crystal structures of
111-2 and 111-3. Thus, the rim-positioned groups drastically narrow the range of available cavity volumes to an intermediate
volume between the most open, Vcav  70 Å3, structure and the most closed, Vcav  32 Å3, structure. The result is that the
rim-functionalized 111 derivatives show three orders of magnitude lower affinity for xenon (Ka  10 M1) at room temperature
as compared to the parent unfunctionalized host (Ka  104 M1). The crystal structures of the Xe@111-2 and Xe@111-3 complexes
(generated under pressure) are almost unchanged compared to the empty structure and constitute the most crowded guest@cryptophane and xenon complexes ever characterized (PC ¼ 0.79 and 0.82, respectively). The intermolecular Xe C(arene)
distances are the shortest ever experimentally observed.

The cryptophane-222 core
The 222 cryptophane core is quite flexible, and there has been a great deal of experimental (and theoretical) work—infrared and
Raman spectroscopies, NMR spectroscopy, electronic (ECD) and, particularly, VCD spectroscopies, static and dynamic theoretical
calculations, and crystallography—that sheds light on the conformational properties of cryptophanes A, C, D and several other 222
core derivatives both “alone” and in response to guest complexation. A review could be written on the properties of the 222 core
alone and we summarize, somewhat apologetically, only the most important structural findings here. The conformations of the
222 core are typically discussed in a simplified form, focusing on the central dihedral angle, t3, of the two-carbon linker. Generally,
the linkers can adopt two possible conformations, gauche or anti (Fig. 32). The anti linker conformation offers a C2 symmetric link
(at least in the anti stereoisomers) and the gauche conformation breaks this symmetry, typically (but not always, depending upon
the conformations of the other linkers) forcing one of the two CH2 groups out of the plane of the arene. The anti conformations can
differ depending on the direction that they twist the caps of the CTB units and require both CH2 groups to be out of the plane of the
arenes. Thus, a large number of host conformations are available depending on the conformation of each linker and the relative
ways in which gauche and/or anti linkers are oriented. As early as 1999, Pines and coworkers experimentally probed the
conformations of the linkers of the Xe@cryptophane-A complex by spin polarization induced nuclear Overhauser effect measurements and suggested that the linkers adopt the gauche conformation in this complex.169 In 2006, VCD measurements on
enantiopure cryptophane-A dissolved in (CHCl2)2 and CHCl3 failed to show obvious differences that could be attributed to
differences in host conformation.170 Since this time, Brotin and Buffeteau have performed a number of ECD and/or VCD studies
on various, enantiopure 222 core cryptophanes, in various solvents, and found that in certain situations VCD, coupled with highlevel DFT and/or molecular dynamics simulations, can be a powerful tool for revealing conformational information.84,85,146,142,171
They have also found that ROA shows a greater sensitivity to the linker conformations.172 Two examples are shown in Fig. 33. The
ECD spectrum of the homochiral pentaphenol 222-66 in NaOD/D2O is highly dependent on the presence of complementary
guests, as the spectrum change significantly upon the addition of CH2Cl2 or CHCl3.35,85 Similarly, the ECD spectrum of 222-66 in
LiOD/D2O is highly dependent on the concentration of Cs+ ions, up to one added equivalent, as the Cs+ ions are strongly
complexed by the host.142 DFT calculations show that the spectral effects can both be successfully interpreted in terms of
conformational changes in the host.
Broadly, many of the aforementioned experiments and theoretical studies have suggested/confirmed that the linker conformations are dependent on the presence and identity of the guest. The host is thought to adopt gauche linker conformations when
empty or occupied by small guests, resulting in a smaller volume host, and anti conformations when occupied by larger guests.

Fig. 32 Crystal structures of the Xe@222-4 complex (all-gauche conformation, Vcav ¼ 87 Å3) and the CHCl3@cryptophane-A (222-4) complexes
(all-anti conformation, Vcav ¼ 119 Å3) showing the full range of conformations and cavity volumes available to the 222 core. It is clear that the xenon
(Vg ¼ 42 Å3) slightly underfills the contracted cavity (orange, PC ¼ 0.48) whereas the CHCl3 (Vg ¼ 72 Å3) is most complementary to the expanded form
(PC ¼ 0.61).
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Fig. 33 (left) Superimposed VCD spectra of the guest-free (P,P)-222-66, and its CDCl3 and CD2Cl2 complexes in NaOD/D2O solution, (right) ECD
spectra of (P,P)-222-66 in 0.1 M LiOH/H2O solution in various amounts of a CsOH/H2O solution at 293 K. Adapted from Brotin, T.; Guy, L.; Martinez, A.;
Dutatsta, J.-P. Top. Curr. Chem. 2013, 341, 177–230; Brotin, T.; Montserret, R.; Bouchet, A.; Cavagnat, D.; Linares, M.; Buffeteau, T., J. Org. Chem.
2012, 77, 1198–1201 with permission from the American Chemical Society.

It should be understood, however, that these conclusions probably ought to be regarded as guest-induced biases to the adopted 222
host/linker conformations, as opposed to considering that the host adopts a specific conformation. It is obvious that numerous
host conformations are possible for a given guest@222 core complex and support for this point comes from crystal structure data.
In 2004, three different crystal structures of the CHCl3@cryptophane-A were reported: a 2:1, a 3:1, and a 1:1 solvate, each with a
CHCl3 molecule occupying the cavity.125 Whereas CHCl3 is thought to induce at least a tendency for the host to adopt anti (a)
linkers conformations in solution, the 1:1 solvate shows the linkers to adopt an all-gauche (g,g,g) conformation (Vcav ¼ 98 Å3). The
2:1 solvate exhibits disorder that suggests the presence of both the (a,a,a) and (a,a,g) conformers (Vcav(avg.) ¼ 119 Å3) and the 3:1
solvate is similarly disordered, suggesting the presence of both (a,a,g) and (a,g,g) conformers (Vcav(avg.) ¼ 114 Å3). Thus, for the
same complex, a variety of 222-core host conformations, with a range of packing coefficients (0.60–0.73), can be observed for this
rather crowded complex, at least in the solid state. Notably, Raman microscopic measurements on the crystals shed light on the
orientation and dynamics of the chloroform molecules.
Importantly, in 2010, Dmochowski and coworkers reported single crystal structures of several guest@222core complexes,
namely complexes of cryptophane-A (222-4) and their tris(allyl) or tris(propargyl) substituted hosts 222-33 and 222-37, including
the first crystal structures of a Xe@cryptophane complex. The conformations of the cryptophane hosts were analyzed in terms of
their linker conformations and cavity volumes. The results suggested an “induced fit” type binding model for the 222 core, where
the host can adapt to the size and shape of the guest. A general trend was observed in that a greater number of gauche linker
conformations gave rise to smaller cavity volumes and anti conformations gave rise to larger ones, with the 222 core cavity volumes
ranging from Vcav ¼ 87 Å3 for Xe@222-4 to Vcav ¼ 105 Å3 for CHCl3@222-4 (our method, for consistency). Thus, it was concluded
that the volume of the 222 core is able to vary by as much as 20%. We note that consideration of the earlier published CHCl3@2224 CHCl3 allows one to recognize that the 222 core can seemingly vary by more than 35%, from 87–119 Å3. The beautiful crystal
structures of the (g,g,g) Xe@222-4 and the (a,a,a) CHCl3@222-4 complex from CHCl3@222-4 CHCl3 are shown in Fig. 32.

The cryptophane-333 core
Much less attention has been paid to the conformational properties of the linkers of the 333 core, though there is enough
information to suggest that the principal lowest energy conformation is a highly symmetrical, fully D3-symmetric one wherein
each linker adopts a t1 ¼ t10 ¼anti-periplanar, t2 ¼ t20 ¼anti, and t3 ¼ t30 gauche conformation. Indeed, among the published crystal
structures containing the cryptophane-E 333 core, there is little if any difference in the host conformations, and the same
conformation is found for the 3-linkers in the 223 and 233 cryptophanes.45 Fig. 34 depicts an overlay of the cryptophane-E 333
core from all of these structures, which include the isostructural CH2Cl2 (GAQXIG147), CHCl3 (SEDPOG20), CH3CN (obtained
in-house), and THF@cryptophane-E (in-house) complexes, a salt of the cryptophane-E radical cation (PICKUH29), and the
aforementioned triflate and hexafluoroantimonate encapsulated complexes of the hexametalated [(Cp Ru)6(333-9)]6+ cation
(RAYFAZ, RAYFED173). These structures display a remarkably invariant host cavity (Vcav ¼ 139(3) Å3), despite their being very
different chemical entities—organic, organometallic, and even radical species. Importantly, the data do not imply complete rigidity
of the host, per se, but certainly do imply that the lowest energy conformer of the 333 core is significantly most stable than the next
nearest energy major conformer, and suggest that the 333 core is far less susceptible to the “induced-fit” type effects observed in 222
cores. The 333 core may in fact be a good host for encapsulating a highly dynamic molecular rotor—the CH3CN complex, whose
packing coefficient is a remarkably low 32%, appears highly disordered. We suspect that the propensity to adopt a single
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Fig. 34 An overlay of the host structures of seven different compounds and crystal forms that exhibit the cryptophane-E (333-9) core, illustrating that
the host conformation (t1 ¼ t10 ¼anti-periplanar, t2 ¼ t20 ¼anti, and t3 ¼ t30 ¼gauche) is nearly identical in all forms and suggesting that other possible
(out–out) linker conformations of the host are likely significantly less stable.

conformation offers a good explanation for the symmetrical DGi versus guest volume curves observed for the complexation of
neutral, cationic, and anionic guests in organic solvents. It also provides an explanation of the thermodynamics of guest
complexation and entropy–enthalpy compensation in this system. The complexation of the larger, more tightly fitting CHCl3 is
known to be enthalpically favored, but entropically disfavored, whereas the opposite is true of the CH2Cl2 complex. As mentioned,
several studies have probed the relative host and guest orientational dynamics in cryptophane host–guest systems, but it may be
possible to push the limits of guest dynamics in cryptophane-E acting as a 0D porous material.174

Insights into the gating mechanism
In 2010, Holman and coworkers reported the synthesis of a pair of 1,4-O-C6H4O- linked cryptophanes, 444-17 and syn-444-18,
that were achieved by reacting two CTG units with [CpFe(1,4-C6H4Cl2)][PF6], stepwise, via an SNAr reaction.44,175 Like the cavitand
they are derived from the intermediate [CpFe(II)]+-substituted cages likely encapsulate anions, but were not isolated. Photochemical displacement of the [CpFe(II)]+ moieties from the crude, organometallic cryptophane/polymer product mixture allowed
chromatographic isolation of the organic forms of the cage. The bridging aryl rings of the container were found to spin rapidly
in solution, even at low temperature, implying that solvent molecules readily breeze through the core of these large-windowed
cryptophanes via turnstyle-like motions of the linker. Interestingly, the crystal structures of several different solvates revealed very
different host conformations, from an empty, highly twisted form, to open forms of different conformations where the host
appears frozen in various states of solvent ingress/egress. These can be considered to be revealing snapshots of a molecular gating
mechanism (Fig. 35). Twisting of the CTB caps, y, can represent a “sliding door”-type process and out-of-plane distortions of the
methoxy groups also suggest the possibility of a “French door” type process. Notably, the out-of-plane turning of a methoxy group
comes at cost of a few kcal/mol in anisole, as the nonbonded electrons on the oxygen atoms break resonance with the arene ring.176

Cryptophane-Based 129Xe NMR (Bio)sensors
Advances in 129Xe NMR Techniques
The development of 129Xe NMR-based sensors and imaging agents is emerging as an attractive substitute to proton-based sensors in
environments where the latter lacks in spatial resolution. Challenging environments include void spaces, targets of very low
concentrations, and/or milieus where the background signal is overwhelmingly obscuring the target signal. These challenges can be
addressed by employing xenon-based agents as the noble gas offers multiple advantages related to its unique characteristics. Two of
its isotopes are NMR active: 129Xe (I ¼ ½, natural abundance of 26.4%) and 131Xe (I ¼ 3/2, natural abundance of 21.2%). Xenon is
soluble in a variety of hydrophobic as well as hydrophilic solvents. It is chemically inert, generally biocompatible (it acts as an
anesthetic), and has the advantage that it is not naturally present in samples, and so there is no background signal. The 129Xe MRI
imaging of human lungs is currently in clinical trials.177 Of principal concern to cryptophane chemistry is the large electronic
polarizability of the xenon nucleus, which renders it extremely sensitive to its physicochemical environment, providing a (noncovalent) chemical shift window of approximately 300 ppm. This sensitivity is typically manifested as a significant upfield shift
with respect to dissolved gas when encapsulated by supramolecular hosts, such as the electron-rich environment of the cryptophanes. Recent advances in Spin-Exchange Optical Pumping (SEOP) 129Xe hyperpolarization (HP) techniques provide enormous
opportunities for cryptophanes, the host molecules with the highest binding affinities for this gas. Important advances include:
(i) the effective “functionalization” of xenon via its encapsulation within a supramolecular cage compound (namely, a cryptophane), thereby donning the nucleus with targeting and/or physicochemically responsive properties,74 (ii) multiplexed imaging/
detection, enabling the more or less simultaneous detection of correlated species or events given by the different spectral signatures
of xenon in different hosts or environments,74,178 (iii) the achievement of near unity polarization and long “in-storage” decay times
for the 129Xe nucleus, giving rise to 104–5 signal intensity enhancement compared to thermally polarized xenon,179 and (iv)
ultralow detection limits offered by HyperCEST techniques,180 allowing detection and sensing down to picomolar concentrations.181 To improve the proximity between the area of production of HP 129Xe and the site of use, Berthault recently proposed a
mobile SEOP setup in a van that enables the production of laser-polarized gases in a standalone mode.182 The rapidly developing
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Fig. 35 Crystal structures of the (A) CHCl3, (B) NO2Ph, (C) C6H5Cl, and (D) empty (CHCl2)2 solvates of a conformationally flexible 1,4–OC6H4O-linked
cryptophane (444-17), showing different “snapshots” of the cryptophane gating mechanism. Adapted from Holman, K. T.; Drake, S. D.; Orr, G. W.;
Steed, J. W.; Atwood, J. L. Supramol. Chem. 2010, 22, 870–890 with permission from Taylor and Francis.

field of 129Xe NMR sensing—much of it employing cryptophane hosts—has already been reviewed extensively,36,183–186 and so
only a summary of the emerging technologies will be given here.
129

Xe NMR sensing and multiplexing

In a landmark proof-of-concept experiment, Pines and coworkers demonstrated in 2001 that xenon, although essentially chemically inert, can be effectively functionalized via its encapsulation within an appropriate cage compound, namely a derivative of
cryptophane-A (222-4).74 They demonstrated that the tethering of a stimulus-responsive moiety to the cage (e.g., a biotin moiety)
allows transduction of proximal physicochemical changes (e.g., binding of the biotin moiety by avidin protein) into a chemical
shift response in the NMR spectrum of the encapsulated 129Xe nucleus. Thus, a 129Xe nucleus that is “functionalized” by (encaged
within) an appropriate, water-soluble, xenon-binding cage—such as a 222 cryptophane core that is tethered to an appropriate
reporter/binding site (Xe@cage-reporter; Fig. 36)—can be exploited to indicate the presence of an analyte of interest (the
complementary binding partner) via the appearance of a characteristic 129Xe NMR signal for the Xe@cage-reporter analyte
complex. The technique offers the potential for the so-called “multiplexed” sensing or imaging whereby multiple
Xe@cage-reporter complexes can operate more or less simultaneously, in different regions of the 129Xe NMR spectrum, to report
on various physicochemical situations, such as the presence of analytes, pH, etc. The multiplexing concept was nicely exploited and
assessed in an imaging capacity (MRI) by Berthault and coworkers in 2008.178 In this experiment, the difference in solubility of
different cryptophanes was exploited for mimicking phenomena occurring in biological systems. The water-soluble cryptophane
222-67 derivative and organic-soluble cryptophane 111-1 were dissolved partitioned into the layers of immiscible solvents, water
and tetrachloroethane, respectively. Introduction of hyperpolarized 129Xe allowed for the frequency-selective imaging of the
Xe@222-67 and Xe@111-1 species and spatial differentiation of the xenon in the two different environments. Fig. 37 depicts
the results of a fast gradient echo sequence MRI experiment showing the partitioning of xenon in the two phases via selective
imaging.

The HyperCEST technique
In 2006, Pines, Wemmer, and coworkers reported a revolutionary magnetic resonance approach that vastly lowers the detection
limit of HP 129Xe NMR (bio)sensors by multiple orders of magnitude. The method, termed HyperCEST, exploits the signal of free,
dissolved HP 129Xe by taking advantage of continuous chemical exchange between the cage-bound nuclei and the bulk. The
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Fig. 36 Illustration of the 129Xe NMR sensing and multiplexing concept proposed by Pines and coworkers. (A) Functionalization of xenon is
affected by encapsulating it within a supramolecular cage compound. (B and C) Peripheral modifications of the cage with a reporter moiety allow
the chemical shift of the encapsulated xenon to respond as prescribed (indicated by a color change of the xenon nucleus), be it a physicochemical
change or the presence of a complementary binding partner. In principle, multiple cages can function simultaneously, allowing for so-called multiplexed
detection.

technique is a breakthrough for using xenon biosensors as contrast agents in biomedical applications where low-detection limits
can be achieved. Key to the method is the rate of exchange of 129Xe nuclei between the sensor-bound site and the bulk. The
exchange rate is relatively fast (30  8 ms for biotin-functionalized 222-104 and 45  11 ms when it is bound to avidin),187 but is
nonetheless slow on the 129Xe NMR timescale. The concept is illustrated in Fig. 38. By continuous selective saturation and
depolarization of the specific Xe@cryptophane biosensor signal (“on-resonance”) of interest, which may be present below the
normal detection limit of HP 129Xe NMR, the rate of decay of the bulk Xe@solvent signal will be increased (as compared to an
“off-resonance” control experiment) due to chemical exchange of the bound nuclei with the bulk pool. Continuous replenishing of
the cage with HP xenon allows the effect to be compounded via numerous exchange and depolarization cycles. This process creates
a large contrast in the intense Xe@solvent signal which can be detected by a variety of means (e.g., differences in apparent T1s, onand off-resonant, absolute difference in signal intensities). In this way, the existence and chemical shift of a Xe@cage-reporter analyte species, and thereby the analyte of interest, can be indirectly detected, at concentrations well below the HP 129Xe direct
detection limit.

Fig. 37 Proof-of-concept achievement of multiplexed 129Xe MRI. Frequency-selective imaging of xenon encaged within water-soluble cryptophane
222-67 (top) or within organic-soluble cryptophane 111-1 (bottom) environment allows their spatial differentiation. Adapted form Berthault, P.;
Bogaert-Buchmann, A.; Desvaux, H.; Huber, G.; Boulard, Y., J. Am. Chem. Soc. 2008, 130, 16456–16457 with permission from the American Chemical
Society.

Fig. 38 Illustration of the HyperCEST concept. (A) Frequency selective depolarization of the bound xenon atoms within the analyte cryptophane
species (saturation pulse) results in a faster than normal rate of depolarization of the bulk (free) xenon via chemical exchange of the encapsulated
xenon atoms. The R group represents an arbitrary functional group that may be tethered or noncovalently bonded to an analyte of interest. (B) Exemplary
HP 129Xe NMR spectra, illustrating: (i) a spectrum at high concentration of xenon-bound analyte. The analyte signal (red) is directly detected, along
with the larger bulk, dissolved xenon signal (blue). (ii) A spectrum of the xenon-binding analyte at a concentration below the direct detection limit.
Irradiation at some off-resonant frequency has no effect on the spectrum. (iii) A spectrum of the xenon-binding analyte at a concentration below the
direct detection limit. After irradiation with a saturation pulse at the frequency of the low concentration analyte (on-resonant), the bulk xenon signal
is diminished via chemical exchange. (C and D) The HyperCEST result is manifested as some difference between the off-resonant and on-resonant data,
in this instance a difference in the rate of decay of the bulk xenon signal.
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Following the HyperCEST advance, multiple reports have appeared addressing some optimizations of the new technique or
studies to further its utility. This includes the development of band-selective CEST sequences in order to control the saturation
transfer dynamics.188 An optimized use of reversible binding demonstrated the acquisition of a single-shot MRI with very low
concentrations of Xe.189 The first MRI was performed on live cells upon cell-internalization of a cryptophane-based contrast
agent.190 Ultralow detection limits (0.7 pM) have been attained with virus capsids modified with  125 cryptophanes,191 whereas a
detection limit of 1.4 pM was realized for a single-unit cryptophane-A.181 Ultrafast Z-spectroscopy was developed as a method to
detect low concentrations of cryptophane-based 129Xe NMR sensors while maintaining stable levels of magnetization.192 An H2O2
model probe was developed and studied spectroscopically—backed by theoretical studies—to understand weak host guest
interactions.94 Also, Schröder and coworkers recently measured the xenon exchange kinetics for the cryptophane monoacid 22274 and cucurbit[6]uril (CB[6]) at micromolar concentrations using a novel qHyperCEST method.193 Unsurprisingly, it was found
that the exchange rate for CB[6] was faster. More remarkable is the fact that, even though the xenon exchange rate with CB[6] is in
the intermediate regime on the 129Xe chemical shift timescale, it was 100 times more efficiently detected than 222-74, providing
unprecedented sensitivity in water. Clearly, the intermediate exchange regime becomes problematic for chemical shift-based
detection, but the results suggest that relatively insoluble compounds, and cryptophanes (and other hosts) offering xenon exchange
rates even faster than the 222 core ought to be revisited with respect to sensing applications. As is clear, the field of 129Xe NMR and
MRI is fast evolving, and is continuously reiterating the importance of xenon-binding, cryptophane-based hosts and their excellent
potential for becoming next-generation imaging and sensing agents.

Functionalized Cryptophanes for Biosensing Applications
Since Pines’ proof-of-concept experiments concerning the 129Xe NMR sensing of avidin protein by cryptophane-“functionalized”
xenon atom bearing a biotin moiety,37 related sensors have now been extensively applied in targeted imaging and biological
sensing applications. Amazingly, the combination of signal enhancement by xenon HP, and application of the HyperCEST
technique, has allowed detection thresholds to achieve that necessary for useful biomolecular detection/imaging. The general
schematic of the cryptophane-based biosensors consists of a Xe-binding cryptophane linked to the reporter/recognition moiety by a
tether, often containing solubilizing groups such as a peptide chain. Following this motif, many cryptophanes (all of them 222
cores, to date) bearing selective recognition/reporter moieties and their sensing properties have been explored. As mentioned, Pines
and coworkers achieved a 0.7 pM detection limit by attaching 125 cryptophanes onto the MS2 viral capsid.191 Similarly,
attachment of 330 cryptophane hosts (222-110) to a bacteriophage designed to target binding of EGFR cell-surface receptors
(overexpressed in many solid tumors) allowed for molecular cancer cell imaging.194 In terms of diversity of the target analytes,
Berthault and coworkers have published a DNA-labeled cryptophane (222-106) for recognition/detection of specific nucleotides.
Notably, this system is characterized by weaker interactions as compared to the first-reported avidin–biotin based biosensor.195
Rousseau and coworkers recently published a cryptophane-based probe (222-107) for detecting Zn2+ with high sensitivity and
selectivity.196 The field has also been moved toward disease detection in human tissue with remarkable advances by Berthault and
coworkers, who have shown the first 129Xe NMR measurement in the presence of live cells using micromolar concentrations of a
transferrin-functionalized biosensor.197 Dmochowski and coworkers have established the cellular compatibility of their biosensors. They reported two independent studies on sensors for detecting human cancers. One is based on a peptide-functionalized
sensor that recognizes matrix metalloproteinase-7 (222-105), which is an enzyme known to be upregulated in several cancers.76
The uptake of the functionalized cryptophane was explored in human cancer, fibroblasts, and red blood cells.198 Another one (222108) targets the recognition of cells where avb3 integrin, usually found in cancerous cells, is over expressed.199 A sensor was also
developed containing a ligand for binding carbonic anhydrase, possibly allowing the diagnosis of human diseases characterized by
the upregulation of specific carbonic anhydrase isozymes.200 Most recently, a “smart” pH biosensor (222-111) was developed for
potential applications in pH-dependent cell labeling in cancer diagnosis and treatment wherein the tethered peptide undergoes
conformational changes and labels cells in acidic environments.201 Freund and coworkers also reported a 129Xe biosensor that
enables the formation of a peptide complex with a major histocompatibility complex protein.202 To broaden the scope of
diagnostic techniques that can be used with cryptophanes, Schröder and coworkers have combined MRI sensing with fluorescence
by making bimodal cryptophane-based sensors in which a fluorophore is added to the tethered linker. Specifically, they report a
cryptophane functionalized with two different near-IR fluorescent dyes and study their biomembrane interaction with large
unilamellar vesicles of varying phospholipid composition.203 They use a similar bifunctional cryptophane sensor (222-109) to
evaluate the intracellular localization and quantify the cellular uptake of the xenon hosts, in conjunction with testing their MRI
capabilities.204 A more recent publication— following their first MRI report with live cells190—uses the bimodal sensors to image
cell-surface glycans at nanomolar concentrations of live cells, an elusive task with conventional MRI contrast agents.205 Rousseau
and coworkers have reported a doubly responsive—fluorescence and hyperpolarized 129Xe NMR—probe for the detection of Cys4tagged proteins.206
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Cryptophane Materials Chemistry
The potential for cryptophanes in materials science applications was recognized early on, and Collet and other researchers reported
charge transfer salts of cryptophane radical cations,28,29 their incorporation into liquid crystals207,208 or Langmuir films at the air–
water interface,209 an ammonia quartz crystal microbalance (QCM) sensor,210 and so on. Still, it can be considered that the
development of the materials properties of these special compounds remains in its infancy. One potential area of application is in
the development of materials that selectively complex gases. Related to concerns of its large contribution to greenhouse effects,
several means of exploiting the selective methane-binding properties of cryptophanes have been employed for the sensing of this
gas. Since the first study of a new evanescent wave optical fiber as a sensor for methane detection based on cryptophane
molecules,211 a multitude of reports have appeared. Boulart et al. reported on a low-cost, high-performance methane sensor
derived from incorporating cryptophane-A into a polydimethylsiloxane film designed for in situ detection and quantification of
methane dissolved in aqueous media by refractive index modulation. The authors reported a methane detection limit of 0.2 nM
and a viable range of 1–300 nM.212 We also direct the reader to other impactful works that employ cryptophanes in this capacity,
including the development of a mode-filtered light sensor,213 a room temperature QCM sensor,214 and an optical fiber based on
luminescence quenching,215 to name a few. It is evident the applications can be expanded for detection of other small gases as well.
Moreover, selective sorption of gases suggests possible applications in gas separations, akin to the plethora of work in the porous
metal-organic framework (MOF) community. One big challenge that is faced in both the sensing and potential separations
applications of cryptophanes is in regard to the rate and reversibility of gas complexation, especially in the solid state. These
challenges can be formidable. For example, Holman and coworkers have shown that although cryptophane-111-1 can in fact be
regarded as an intrinsically porous material, the pores (cavities) are quite obviously zero-dimensional (0D), meaning that they are
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Fig. 39 Tandem thermal gravimetric analysis mass spectrometry analysis of xXe@cryptophane-111-1 y(CH2Cl)2. The 15% mass loss at around 300 C
corresponds to loss of xenon, illustrating its extreme confinement. Reproduced from Joseph, A. I.; Lapidus, S. H.; Kane, C. M.; Holman, K. T., Angew.
Chem. Int. Ed. 2015, 54, 1471–1475 with permission from Wiley.

not continuous throughout the structure.129 Thus, there exists a significant kinetic barrier to the ingress and egress of guests/gases.
This is demonstrated by one of the crystalline forms of the Xe@cryptophane-111-1 complex, which confines the gas to an
astonishing temperature—up to 400 C above its boiling point (Fig. 39). That constrictive binding effects in the solid state are
significantly higher than in solution is not surprising, but the magnitude of the kinetic barrier certainly is. Thus, structurally rigid,
open-windowed, cryptophanes may be of more use for solid state applications where sorption/permeability is an important
parameter; moreover, the aforementioned possibility of implosion of the cryptophane can offer complications in the use of
cryptophanes as porous materials. Also, in terms of porous materials, cryptophanes have been incorporated into coordination
polymers in an attempt to incorporate molecular recognition functionality into MOFs. A soft 1D coordination polymer, made by
linking the (racemic) tri-acid cryptophane 555-55 (Fig. 40) with Cu2+ ions, has been reported.216 It was shown that the material
could be partially desolvated in a single-crystal-to-single-crystal fashion, losing solvent from the lattice, but not the cryptophane.
Discrete metal-organic cryptophanes have also been shown to exhibit intriguing properties. Specifically, Hardie and coworkers
published a [Pd3L2] metal-coordinated assembly, synthesized from CTB-35 with palladium centers stabilized by bis-N-heterocyclic
carbenes, used as auxiliary protecting ligands. A crystalline form of the compound was shown to act as a sponge, absorbing
1,2-dichlorobenzene or iodine in a single-crystal-to-single-crystal fashion.114

With respect to possible electronic applications, fullerenes and carbon nanotubes have been of particular interested. Chiu and
workers have shown that the C60 molecule incarcerated within their kinetically stable C60@(12,12)3 exhibits different reduction
potentials.48 In fact, the first four reduction potentials of the incarcerated C60 were more negative by 0.44, 0.65, 0.80, and 0.99 V as
compared to the equivalent potentials of free C60. Thus, encapsulation within the electron-rich cryptophane makes it more difficult
for C60 to acquire negative charge. This result, in addition to the increased solubility and stability of this complex, suggests the
possibility of developing similar systems for possible electronics applications.
Lastly, the covalent grafting of certain cryptophanes to solid supports offers many potential opportunities for useful materials in a
variety of arenas, from sensing to separations to sequestration of environmental contaminants. Two recent papers by Buffeteau and
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Fig. 40 (top) The soft, 1D cryptophane coordination polymer [Cu1.5(()-555-55 DMF)(C6H5N)3(MeOH)]∙solvent. (bottom) The iodine clathrate
of one of Hardie’s metallocryptophanes, as obtained by SC ! SC uptake of iodine vapor. Reproduced from Mough, S. T.; Holman, K. T. Chem. Commun.
2008, 1407–1409; Henkelis, J. J.; Carruthers, C. J.; Chambers, S. E.; Clowes, R.; Cooper, A. I.; Fisher, J.; Hardie, M. J., J. Am. Chem. Soc. 2014, 136,
14393 with permission from the Royal Society of Chemistry and the American Chemical Society, respectively.

coworkers have demonstrated significant progress in this direction. They proposed three different grafting strategies on SiO2/Au and/or
Au substrates and characterized the resulting cryptophane monolayers using polarization modulation infrared reflection absorption
spectroscopy. The strategy giving the highest grafting efficiencies employed cryptophanes 222-112 (100%) and 222-113 (75%),
bearing an alkanethiol chain and a cysteamine coupling agent, respectively, which were grafted onto a gold surface. Attempting to graft
the cryptophanes 222-67 and 222-70 onto SiO2/Au, by reacting their carboxylic acid functions with amino-terminated self-assembled
monolayers, were less effective, resulting in only 15% surface coverage.217 The same strategies were proposed in a follow-up study for
grafting the cryptophanes onto g-Fe2O3 core-shell magnetic nanoparticles (MNPs). These nanoparticles were either coated with gold for
the reaction with thiol-bearing cryptophanes, or coated with APTES for the reaction with acid-bearing cryptophanes. A successful
immobilization strategy with the nanoparticles was reported for the grafting of 222-112 onto gold-coated MNPs.218

Conclusions
More than 35 years after the first report of cryptophane-A, Collet’s cryptophane legacy continues to give to the scientific
community, and at an ever-increasing pace. What started out as some basic—but far-reaching—philosophical and scientific
questions regarding the nature and magnitude of noncovalent association between neutral, apolar molecules, and whether C3symmetric structures could function as effectively as C2 structures in chiral discrimination processes, has blossomed into an
enormous area of study, with far-reaching implications in not only the academic community, but increasingly in applied fields,
such as sensing. Remarkably, we are still learning and the most basic questions still yield fruit, as evidenced by recent developments
in our understanding of the basics of host–guest complexation in these systems and the response of the host to complexation
events. There remain many challenges. What could we accomplish with “bucket” quantities of these fascinating nanocontainers?
What are their limitations? Surely, there remain many opportunities in the realm of selective organometallic and organo catalysis
within the confined spaces of cryptophanes. We would be remiss if we did not mention again the progress of the hemicryptophanes
on this front. Moreover, development of the materials properties of these compounds remains in its early stages. Indeed, it is clear
that cryptophane chemistry has some legs still.
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