
 
 
 
 
 

SYNTHESIS AND FUNCTIONALIZATION OF XENON BINDING CRYPTOPHANES 
 
 
 
 
 
 

A Dissertation 
submitted to the Faculty of the  

Graduate School of Arts and Sciences 
of Georgetown University  

in partial fulfillment of the requirements for the 
degree of 

Doctor of Philosophy 
in Chemistry 

 
 
 
 

By 
 
 
 
 

Akil I. E. Joseph, B.S. 
 
 
 
 
 

Washington, DC 
March 26, 2015 

  



 

 ii 

 
SYNTHESIS AND FUNCTIONALIZATION OF XENON BINDING CRYPTOPHANES 

 
Akil I. E. Joseph, B.S. 

 
Thesis Advisor: K. Travis Holman, Ph.D. 

 

ABSTRACT 

 

To better understand the xenon binding properties of (±)–cryptophane-111 (111), 

crystals of its xenon and krypton complexes were prepared and analyzed by both single 

crystal and powder X-ray diffraction.  The thermal stabilities of the different 111 

crystalline phases were investigated by thermogravimetric analysis in tandem with mass 

spectrometry.  A trigonal crystal form, Xe@111Ŋy(solvent) was discovered to have 

outstanding thermal stability, sequestering xenon in the solid state to ~300 °C. 

To make 111 more amenable to functionalization, two new cryptophane-111 

derivatives were synthesized, one bearing three methoxy moieties ((MeO)3-111) and the 

other six ((MeO)6-111) at the rim position.  The methane binding and xenon binding 

properties of these 111 derivatives were also studied by 1H and 129Xe NMR spectroscopy.  

Their crystal structures were also obtained, including a xenon complex of the (MeO)3-

111 derivative.  The xenon complex is a highly compact complex with some of the 

shortest known Xe···C intermolecular contacts.  The rim functionalization of 111 reduces 

the core conformational degrees of freedom perhaps counterintuitively resulting in a 

smaller cavity and a decreased affinity for both xenon and methane. 
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A series of metalated cryptophanes were synthesized by affixing [(η5–

C5Me5)RuII]+, ([Cp*RuII]+) moieties to the six arenes of several alkylenedioxy bridged 

cryptophanes, namely the cryptophanes-nmm (nmm = 111, 222, 223, 233, and 333), to 

make organometallic salts ([(Cp*Ru)6nmm]Cl6).  These compounds are highly water-

soluble.  129Xe NMR spectroscopy revealed very high xenon binding constants and also 

that the bound xenon signals of the permetalated cryptophanes 

(129Xe@[(Cp*Ru)6nmm]Cl6) resonate significantly downfield from their non-metalated 

versions (129Xe@nmm), thereby  greatly expanding the chemical shift range of known 

129Xe@cryptophane complexes.  Additionally, crystal structures of various 

guest@[(Cp*Ru)6nmm]Cl6 were also determined. 

To further explore the deshielding effect of the [Cp*RuII]+ moieties on the 

encapsulated 129Xe NMR chemical shifts, partially metalated cryptophanes, 

[(Cp*Ru)x333]Clx and  [(Cp*Ru)x111]Clx (1 ≤ x ≤ 5) were synthesized.  The 

[(Cp*Ru)x333]Clx (1 ≤ x ≤ 5) derivatives were isolated, and characterized by 1H NMR 

spectroscopy (using their acetone@[(Cp*Ru)x333]Clx complexes) and electrospray 

ionization mass spectrometry. Partial metalation of the cryptophanes preserves the 

cryptophane core binding properties but allows for tuning of the chemical shift of the 

bound guests, which has tremendous potential for 129Xe NMR based sensing applications.  
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Chapter 1: Introduction.  

 

1.1 Supramolecular chemistry and molecular containers.  

Defined as chemistry beyond the molecule, supramolecular chemistry has tried to 

mirror the elegance of bio-molecules, which work as nano-scaled machines largely using 

just intermolecular forces.1 These forces are further investigated and exploited in great 

detail in the sub-field of supramolecular chemistry, known as host–guest chemistry.2 In 

host–guest chemistry, synthetic chemical species “complex/bind” by way of non-covalent 

forces.1d This type of chemistry is commonly seen in nature, for example, the binding of 

enzymes (host) to their substrates (guest).3 Enzymes typically have 3D binding pockets 

that encapsulate and complement their substrate’s shape, other electronic character, and 

commonly use H–bonding and other electrostatic interactions to prepare the substrates for 

chemical reactions.3-4 In the past few decades, chemists have strived to recreate similar 

synthetic chemical spaces where they may conduct molecular recognition and in some 

cases even catalysis with the substrate specificity and efficiency of enzymes.2a,5 An array 

of synthetic supramolecular hosts have been developed; e.g., crown ethers,6 

cucurbiturils,7 cyclodextrins,8 calixarenes,9 pillararenes,10 porphyrins,11 foldamers,12 

carcerands,2b,13 and cryptophanes.14 A subcategory of these hosts is the molecular 

containers or capsules. The architectures of molecular containers typically entail the 

connection or bridging of rigid cup-like macrocycles to more or less fully enclose a space 

with concave inner surfaces.15 These concave surfaces are excellent sites for chemical 

species to be bound.16 
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Molecular containers are particularly interesting to physical organic chemists and 

have been used extensively to study the complexation of a variety of guests, including but 

not limited to neutral molecules, cations, anions, radicals, and reactive intermediates (e.g., 

carbenes).16 One of the pioneers of this field, Nobel Laureate Donald Cram, developed a 

concept known as “constrictive” binding”.2d,17 Constrictive binding describes steric 

constraints for the guest to be complexed by the host.17b,17c,18 Cram’s hemicarcerands and 

Collet’s cryptophanes were the first synthetic molecular containers to demonstrate this 

phenomenon to a significant degree.17b  

1.2 Cryptophanes. 

1.2.1 Structure and stereochemistry. 

Cryptophanes, first synthesized and studied by André Collet and co-workers in 

the early 1980s, are container-like molecules that are formed from the covalent bridging 

of two concave cup-like [1.1.1]–orthocyclophane moieties,14-15,19 also known as 

cyclotribenzylenes (CTBs, Fig. 1.1).  The space between the cryptophane CTB moieties 

is characterized as the cavity—normally spherical to ellipsoidal in shape and lipophilic in 

their nature—and can house/bind guests.15 There are now hundreds of known 

cryptophanes and their chemistry has been the subject of several reviews, 14-15,19 most 

recent by Brotin and Dutasta in 2009.19c 

When two CTB cups are joined together by (typically) three bridges, the resulting 

cryptophane can be one of two stereoisomers, anti or syn.  In the anti stereoisomer—

inherently a chiral form—the R1 and R2 substituents at the “rim positions” of the CTB 

moieties are on opposite sides with respect to the bridges connecting the two CTBs (Fig 

1.1).  In the syn stereoisomer—an achiral or meso form should R1 = R2—the R1 and R2 
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substituents are on the same side relative to the bridge (Fig 1.1).14,19c The cryptophane 

CTB cups are typically C3-symmetry—the CTB enantiomers represented by the M and P 

descriptors20—and typically both adopt their crown or cup-like conformation, 19a,21 our 

group was the first to demonstrate that one of the two CTBs can adopt the so-called 

saddle twist conformation, thereby collapsing the cavity.22 

!

Figure 1.1. a) General structure of a C3-cyclotribenzylene (CTB) cup.  b) 
General structure of syn and the anti cryptophane stereoisomers.  c) The family 
of alkylenedioxy bridge cryptophanes. 
 

1.2.2 Synthesis of cryptophanes. 

There are three general methods of synthesizing cryptophanes, the template 

method, the two-step or direct method, and the capping method (Fig. 1.2).14,19a,23 The 

template method involves the synthesis of the appropriate CTB cup followed by the 

addition of a benzyl alcohol moiety tethered by an appropriate linker.21a The final step 

involves the cyclization of the benzyl alcohols to form the second CTB cup.  The first 

CTB cup thereby templates formation of the second CTB cup by pre-organizing the 

benzyl alcohol groups to be in close proximity, which increases the probability of intra-
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molecular bond formations.  This reaction is usually performed at high dilution (ca. 10–4 

M) in acid to reduce the intermolecular reactions that produce undesirable polymeric by-

products.  The template method is one of the preferred methods for cryptophane synthesis, 

as the yields are higher for the final step than the other synthetic methods.14 Notably, the 

first cryptophane was created by this method with a yield of 70% in the final step.14,21a 

Due to its lengthy and complex IUPAC name, the first cryptophane synthesized 

was given the name (±)–cryptophane-A by Collet.  These days cryptophane-A is 

commonly referred to as cryptophane-222 (1.2 or 222; Fig. 1.1), since the three 

alkyldioxy-bridges all have two CH2 groups.  Subsequent cryptophanes were given 

alphabetic designations based on the chronology of their discoveries; e.g. the next 

cryptophane named was cryptophane-B (1.18), which is the syn-stereoisomer of (±)–

cryptophane-A (222) that was never isolated.  Following the synthesis of (±)–

cryptophane-A, the anti–(±)–cryptophane–C (1.11) and its syn-stereoisomer 

cryptophane–D (1.19) were synthesized by the template method.24  

The next cryptophane synthesized by Collet and co-workers was cryptophane–E 

(1.6 or 333), which is commonly synthesized in fairly good yields (~15%) by the two-

step or direct method.23 This method entails the initial synthesis of a dimer of the benzyl 

alcohols with the desired bridge.  The dimer is then trimerized to the cryptophane (under 

moderate dilution in acid), and the compound isolated by chromatography.  However, as 

six C–C bonds have to be formed in a sequential manner in this method, the final step 

yields (~3–20%) are usually significantly lower than those of the template method.  

Nevertheless, the two-step method has the least amount of steps; it is generally used in 

the synthesis of several cryptophanes.22-23,25  
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The final synthetic steps of both the two-step, and the template method are limited 

by their benzyl alcohols.  These benzyl alcohols—the prerequisite for the final CTB cup 

cyclization step—generally must have electron-donating groups at the para and the meta 

positions with respect to the benzylic alcohol.14 This limitation has led researchers to 

explore another synthetic strategy called the capping method, where pre-formed CTB 

cups are used directly in the cryptophane synthesis. 

!

Figure 1.2. The three synthetic strategies for cryptophanes, a) the template 
method, b) the direct, or ‘two-step’ method, and c) the capping method. (Figure 
adapted from reference 25 acknowledgement: Dr. Stephen Drake). 
 

Via the capping method, cryptophanes are synthesized by directly connecting two 

pre-formed CTB cups.14 Cram and co-workers first used this method to synthesize 

cryptophanes with diacetylenic bridges by oxidatively coupling two tris(propargyl) 

substituted CTB cups using a Cu catalyst.26 The cryptophanes generated by this capping 

method were designated (±)–cryptophane–γ (1.22, anti form) and cryptophane–δ (1.23, 

syn/meso form) in yields of 4% and 2%, respectively.  Unfortunately, the need for an 

appropriate precursor CTB cup and the low yields of cryptophane syntheses have 
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historically discouraged the use of the capping method until recently.  One recent 

example of a synthesis by the capping method is the smallest cryptophane-000 (1.21), 

which has a disulfide linker/bridge; it was synthesized by the oxidative dimerization of 

cyclotrithiophenolene.27 

1.2.3 Guest volumes, cryptophane cavities and packing coefficients. 

What is the size of an atom?  The size of an atom at its simplest is the volume of 

space that its electrons occupy (to a much lesser extent the nucleus).  The quantum 

mechanical representations of the electrons positions around nuclei are probability 

distributions.  The probability of finding electrons around a nucleus do not abruptly 

vanish at a given distance away from the nucleus but taper off with non-zero probability 

in every direction.  Thus, the sizes of atoms are difficult to define.  However, due to the 

Pauli exclusion principle, when two atoms approach one another from an infinite distance, 

they eventually repel one another as their electron clouds overlap/interpenetrate.  At a 

certain distance the attractive forces (from van der Waals interactions) between atoms 

balances with the repulsive forces (due to Pauli exclusion principle); this equilibrium 

distance is commonly defined as the van der Waals radius.28 These distances can be 

empirically measured from non-bonded atoms in close contact with each other, observed 

in crystal structures determined by X-ray diffraction.29 The van der Waals (vdW) radii are 

used to define spherical volumes of the atoms, which are usually represented as hard 

spheres.  This representation is later used to estimate molecular volumes/size.30 The 

estimated size/shape of molecules is an important parameter in host–guest chemistry, 

particularly in the context of molecular recognition governed primarily by dispersion 

(vdW) interactions.31 
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To probe the molecular recognition between a guest and a host, the space/cavity 

that the guest occupies in the host–guest complex, needs to be demarcated.  Defining a 

cavity in a host is non-trivial endeavor, as they can be very nebulous with vague 

boundaries.  Therefore, unlike the guest volume (Vg) calculations, cavity volume (Vc) 

estimations are even more problematic.  Initially, without the assistance of computational 

models, cavity volumes were estimated with Corey-Pauling-Koltun (CPK) models.  For 

example, Cram and coworkers were able to estimate the cavity volumes of their 

molecular containers by using the molecular container CPK models and placing 

plasticine into their cavities.  They then measured the mass of the plasticine occupied by 

the cavity and knowing its density, obtained the cavity volume.  With the advent of 

ubiquitous computational resources, these days Vc is calculated typically by algorithms 

that roll a sphere (typically with a radius of 1.4 Å, the diameter of a helium atom) around 

the interior of the cavity and sum over all achievable positions of the sphere.  The atomic 

coordinates and radii are normally provided by computational or experimental data, such 

as crystal structures.  There are now numerous software available to calculate Vc e.g. MS-

Roll in X-seed,32 PLATON,33 and Mercury34 by the Cambridge Crystallographic Data 

Centre (CCDC).  

For cryptophanes, the “cavity” is usually defined by the space between the CTB 

moieties and bridges (Fig. 1.3).  The estimation of the cavity volumes (Vc) in the 

scientific literature is not consistent and there is currently no consensus on the 

methodology.  For example, the literature gives several different volumes for 222.  

Initially, Collet and coworkers estimated the 222 cavity volume as 81.5 Å3,35 without 

detailing how the volume was calculated.  Later, Rebek and Mecozzi estimated the Vc for 
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222 to be 95 Å3,36 obtained from a computational model of its lowest energy conformer.  

However, it is known cryptophanes can easily adopt different conformations and 

therefore necessarily exhibit a range of cavity volumes.  This phenomenon was 

demonstrated by Dmochowski and coworkers who estimated that the cavity volumes of a 

series of guest@222 core  (mostly 222 derivatives) complexes from various crystal 

structures; the guest@222-core complexes exhibit a range of 87–102 Å3.37 Another 

example of the inconsistency in Vc estimation is with the first estimation of the cavity 

volume of 111.38 It was estimated to be 80 Å3 using MM3 model software,38 which we 

will show to be inaccurate by >10% (see Chapter 2). 

Therefore, to be consistent, all of the cavity volumes in this dissertation were 

calculated from atomic coordinates obtained exclusively from crystal structures, and by 

using a 1.4 Å probe radius and normalized C–H distances of 1.09 Å.  The guest volumes 

and cavity volumes reported in this dissertation are calculated by the MS-Roll interface 

of X-seed using the van der Waals radii of atoms.  For purpose of comparison PLATON 

was also used, which generally gave consistent results. 

!

Figure 1.3. The cavities depicted in orange for selected cryptophane.  It is clearly 
seen that the cavity volume increases with the lengthening of the bridges. 
 

Once the guest and cavity volumes are determined, the packing coefficient (PC) 

of a host–guest complex can be obtained, which is the ratio of van der Waals volume of 
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guest to cavity volume (Vg/Vc).36 Packing coefficient (PC) is a useful parameter for 

chemists, particularly in the context of neutral molecule host–guest complexes governed 

by dispersive type intermolecular interactions (e.g., vdW and no H–bonds).  Rebek and 

Mecozzi estimated the PC of several neutral molecule host–guest complexes and their 

corresponding experimental guest binding affinities.  The authors empirically 

demonstrated that the most favorable complexes have guests occupying just over half of 

the cavity volume of the hosts, or PC = 55(9)%.  They concluded that, at this ratio, a 

balance is found between the enthalpic contacts of the guest with the host’s cavity and the 

guest’s entropic degrees of freedom. 

1.2.4 Host–guest chemistry of cryptophanes. 

The host–guest chemistry of the cryptophanes has been extensively studied over 

the last three decades.  One of the first applications of cryptophanes was for the chiral 

discrimination of CHXYZ haloform molecules.14,20,39 A landmark achievement was the 

chiral discrimination of the enantiomers of CHFClBr (one of the smallest chiral 

molecules) by (±)–cryptophane-C (1.11).  The authors demonstrated by 1H NMR 

spectroscopy that the (+)–CHFClBr@(+)–1.11 complex had a thermodynamic stability of 

ΔΔG° ~1.1 kJ·mol–1 greater than its diastereomeric complex (–)–CHFClBr@(+)–1.11.24 

Using the enantiomers of 1.11, the authors were able by the 1H NMR spectroscopy to 

determine the enantiomeric excess of an enantiomerically enriched solution (αD = 

+0.129°) of CHFClBr to be 4.3(1)%.  Using computational methods, McCammon and co-

workers were later able to confirm and to determine that R–CHFClBr@(+)–1.11 was 

more stable than the S–CHFClBr@(+)–1.11 by 1.5(1.4) kJ·mol–1,40 and thereby for the 

first time establish the absolute configuration of CHFClBr. 
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Cryptophanes have since been used to investigate complexation of other neutral 

molecules,41 radicals,42 cations,43 and even anions44.  This versatility has allowed 

cryptophanes to be used in the investigation of poorly understood phenomena, such as 

anion···π interactions.45 Our research group has made major contributions to the study of 

this interaction by affixing, [(η5–C5Me5)RuII]+, [Cp*RuII]+, groups to the arene rings of 

cryptophanes, making a variety of organometallic salts, [(Cp*Ru)6nmm]X6,44,46 (see 

Chart 1.1, X = anion).  The affixed [Cp*RuII]+ groups change the electronics of the 

cryptophane cavity by taking the π-basic lining and making it slightly π-acidic.44 The π-

acidic lining allowed for the first time cryptophanes to bind anions such as the large 

diffuse triflate [CF3SO3]–, tetrafluoroborate [BF4]–, hexafluoroarsinate [AsF6]–, 

fluoroantimonate [SbF6]–, and hexafluorophosphate [PF6]– anion. 

A very useful trait of cryptophanes is their ability to bind neutral guests, and 

particularly those that are non-polar.14 Neutral, non-polar molecules are generally 

difficult to bind because they do not participate in strong by stabilizing electrostatic 

forces (e.g. H–bond, salt bridges etc.) with their hosts.14 In addition, cryptophanes bind 

neutral guests selectively largely based solely on their size and shape.  Figure 1.4 shows a 

plot of Gibb’s free energy of binding versus the guest van der Waals volume (Vg) of 

guests for a series of complexes of 111, 222, and 333 at room temperature in (CDCl2)2.  

The plot reveals the optimal size and shape guest for each cryptophane.15 The overall 

optimal neutral guest for the cryptophanes is found to have a Vg within Rebek’s empirical 

55(9)% rule and a roughly spheroidal shape.36 The smaller alkylenedioxy bridged 

cryptophanes ((±)–cryptophanes-nmm or nmm, n, m ≤ 3) exhibit cavities within the range 

of Vc ≈ 30–133 Å3, which is appropriate for binding of monoatomic, diatomic and 
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slightly larger simple gases.47 Currently, cryptophanes (111 and 222 in particular)47 are 

among the few supramolecular hosts that are able to complex reversibly a variety of gases 

such as H2,48 N2,27 O2,49 CO2,48 CH4,41,48 CH2CH2,48 C2H6
48 and xenon49-50. By 

comparison, in nature, the reversible complexation of such small neutral gas molecules is 

typically accomplished with large complex proteins, such as hemoglobin.51 This makes 

cryptophanes potentially useful for applications in sensing/detection of gases, in 

particular xenon, in which the xenon-129 isotope has many NMR applications, as will be 

described. 

!

Figure 1.4. Gibb’s molar free energies of complexation for various 
guest@cryptophane complexes. (Reproduced with permission from K. Travis 
Holman). 
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1.3 Xenon binding by cryptophanes: Sensing applications and state of the art. 

1.3.1 Xenon physical properties. 

A relatively unreactive element, xenon was discovered in 1898 by William 

Ramsay and Morris Travers.  Xenon is a trace gas in the atmosphere at 87 ppb and is 

primarily obtained commercially by the fractional cryogenic distillation of large volumes 

of air, making its procurement somewhat expensive.  Xenon, though rare, has many 

actual and potential commercial applications including gas-discharge lamps, spacecraft 

thrusters, lasers, and as a general anesthetic. 

Xenon has eight naturally occurring isotopes, and forty unstable synthetically 

derived isotopes (ordinarily made as by-products of nuclear fission reactions).  Two of 

the eight naturally occurring isotopes, 131Xe and 129Xe, have nuclei with non-zero nuclear 

spin or intrinsic angular momentum (I), which makes these nuclei suitable for nuclear 

magnetic resonance spectroscopy and imaging (MRI).  In particular, 129Xe the second 

most abundant isotope (26.4% abundant) has I = ½, making its NMR spectra simple to 

interpret.  Both MRI and NMR have shown that the chemical shift of 129Xe is very 

sensitive to its environment due to its large polarizable electron cloud (α = 4.04 Å3).52 

The large polarizable electron cloud of xenon give rise to a large NMR spectral window 

of > 300 ppm for 129Xe NMR spectroscopy.   

129Xe has now been used as a probe in structural analysis of zeolites,53 metal 

organic frameworks,54 and proteins.55 In addition, 129Xe is among the few elements 

(along with 3He56 and 13C57) whose nuclear polarization and signal intensity can be 

increased by ≈104–5 through a process called hyperpolarization (HP).58 The 
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hyperpolarization of 129Xe is commonly done by polarizing the nuclear spin of 129Xe 

atoms via spin-exchange with a laser excited alkali metal, such as Rb+.58  

The produced HP xenon gas is generally safe in most biological usage and for this 

reason HP 129Xe is being used for the imaging of human lungs, a medical diagnostic 

technique currently in Phase II clinical trials.59 

1.3.2 Investigation of xenon@cryptophane complexes. 

At present, cyclodextrins,60 cucurbituril,61 Cram’s hemicarecands,17b Rebek’s self-

assembled dimeric capsules,62 pillar[5]arenes,63 and cryptophanes49 are the examples of 

xenon binding supramolecular compounds.  However, cryptophanes are by far the best-

studied family of supramolecular hosts for xenon binding in part because they exhibit the 

highest xenon binding constants (Ka).  The cryptophanes possessing short alkylenedioxy 

bridges (nmm, n & m ≤ 3) and spherical cavities are perfectly and virtually 

complementary to a single xenon atom.  

 In 1998, Collet and co-workers reported the first Xe@cryptophane complex, the 

Xe@222 complex, in an organic solvent.49 The authors observed the Xe@222 complex 

by dissolving 222 (1.2) in degassed deuterated 1,1,2,2-tetrachloroethane (TCE-d2), 

adding xenon gas, and acquiring the 129Xe NMR spectrum. Two signals were observed, 

one at 229.5 ppm corresponding to the dissolved 129Xe and another at 62.3 ppm, 

corresponding to the bound Xe (Xe@222).  The spectrum demonstrated that the in–out 

exchange of the Xe@222 with the solvated xenon is slow on the NMR timescale, a 

consequence of constrictive binding.  Through competitive binding with CHCl3, Collet 

and co-workers demonstrated that 222 reversibly complexes xenon with an association 

constant (Ka) between 3000–4000 M–1 at 278 K.49  
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To investigate the local environment of bound 129Xe in the 222 core, Brotin et al. 

synthesized a series of deuterated 222 derivatives 1.24–1.28 (Chart 1.1) using the 

template method and deuterated starting materials.64 They found that the chemical shift of 

the 129Xe@1.28 complex—the xenon complex of the most deuterated 222 derivative—

resonates Δδ = 1.2 ppm downfield from the 129Xe@222 complex at 238 K in TCE-d2.  

This observation demonstrates that 129Xe has an unprecedented sensitivity to its local 

environment, even capable of registering H/D isotopic changes in the capsule in which it 

is bound. 

The investigation of xenon binding by cryptophanes-nmm (n, m ≤ 3) has shown 

that the xenon affinity of the cryptophane is directly related to the cryptophane’s cavity 

volume (Vc).  In particular, the cryptophanes with the smallest cavity volumes, (±)–

cryptophane-111 (1.1 or 111) and (±)–cryptophane-222 (1.2 or 222), exhibit the highest 

binding constants.50b,65 111, first synthesized in 2007 specifically for the purpose of 

optimal xenon complexation, is among the smallest cryptophanes, with a virtually 

spherical cavity, and estimated Vc of ~80 Å3, which corresponds to a packing coefficient 

or VXe/Vc = 0.53.38 Therefore, 111 was considered to have a practically pre-organized 

cavity for xenon, making it the optimal host.  Currently, multiple derivatives of 111 have 

been made (some by our research group) and the ability of these compounds to bind 

xenon demonstrated.66 Recently, 111 boronic acid/phenol derivatives 1.30–1.36 were 

synthesized and used to investigate 129Xe@cryptophane NMR chemical shift.66d The 

authors reported the 129Xe@cryptophane signals for 1.30–1.36, which had a 129Xe 

chemical shift range of 30.7–92.5 ppm.  They were also able to calculate accurately the 
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bound 129Xe@cryptophane signals for 1.30–1.36 using density functional theory/gauge 

including atomic orbital calculations. 

To further understand xenon complexation in cryptophanes, a few 

Xe@cryptophane complexes have also been studied in the solid-state.  In 2010, 

Dmochowski and co-workers reported the first three crystal structures of 

Xe@cryptophane complexes, all of which were 222 derivatives.37 To date, these are 

among the few supramolecular complexes of xenon structurally characterized.37,67 Also 

comparing different guest@222 complexes, in multiple crystal structures, they concluded 

that the 222 core is able to adapt its conformation or undergo “induce fit” to optimize its 

interactions with the bound guest.  The average cavity volume of the Xe@222 complexes 

was reported to be ~86 Å3 implying a PC = 0.47–0.49.37 

The nmm cryptophanes (and many other cryptophanes) are very hydrophobic 

molecules and are soluble only in organic solvents.  Therefore, various measures have 

been taken to make the nmm cryptophanes (to be describe) water-soluble as required for 

in vitro and in vivo biological applications.  Water solubilizing groups such as hydroxyl,68 

carboxylic acid,69 boronic acid,66d amine,70 dendrimers,71 and polyethylene glycol 

(PEG)72 have thus been affixed to cryptophanes. Collet and co-workers were the first to 

synthesize the water-soluble hexaphenol and hexacarboxylic acid cryptophanes.  The 

hexaphenol 1.16 (Fig. 1.1, solubilized in water by the addition of more than four 

equivalents of NaOD) was prepared via selective demethylation of the methoxy 

substitutes of 222 using lithium diphenylphosphide (LiPh2P).68 The hexaphenol can then 

also be alkylated by methyl bromoacetate to give a hexaester; saponification of the ester 

gives the hexacarboxylic acid, 1.7 or 222-acid.  This procedure was replicated for various 
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cryptophanes including 1.3, 1.4, and 1.669a to make their hexacarboxylic acid derivatives, 

1.8–1.10 (nmm-acid, Fig. 1.1).  Notably, the water-soluble cryptophanes nmm-acid 

exhibit higher Ka for xenon in water than their hydrophobic cryptophanes-nmm congeners 

in organic solvents.69a The increase in xenon–affinity is due to solvation effects; the 

hydrophobic xenon favors the cryptophane’s hydrophobic cavity over the aqueous 

environment. 

1.4 129Xe-NMR based sensors. 

1.4.1 Development 129Xe-NMR based sensors. 

As stated earlier, the chemical shift of 129Xe is very sensitive to its local 

environment.  Small changes in the electronic environment correlate with significant 

changes in 129Xe chemical shifts.  Therefore, 129Xe nuclei can act as a “reporter” of local 

physicochemical events.  Molecules have now been designed to exploit this property to 

sense a variety of analytes and physicochemical features/events.  The first example of 

129Xe NMR based sensing was demonstrated in 2001 by Alexander Pines and coworkers 

who reported the first 129Xe NMR sensor, 1.40.  1.40 is constructed from a 222 core that 

is functionalized with a water solubilizing oligopeptide–PEG linker and tethered to the 

vitamin, biotin.73 1.40 was designed for the intended proof-of-concept of purpose to 

detecting avidin, a biomolecule, (in vitro or in vivo) and it is therefore called a 129Xe-

biosensor.  The 222 core was chosen because the 1.40 sensor and other 129Xe-biosensors 

need to possess high xenon affinities (cryptophanes have the highest xenon affinities, see 

Table 1.1) to outcompete biomolecules (e.g., hemoglobin has a xenon Ka ≈ 200 M–1)74.  

The targeting group, biotin, is bound very strongly by the protein avidin, using only non-

covalent interactions, with a dissociated constant (Kd) of 10–15 M.75 As a consequence, the 



 

 17 

biotin–avidin system is commonly used as an analyte–detection scaffolding for many 

researchers.76 

 
!

Chart 1.1. Various cryptophanes and supramolecular hosts.  All figures were 
reproduced with permission. 
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!

Chart 1.1. (continued) Various cryptophanes and supramolecular hosts.  All 
figures were reproduced with permission. 
 

Pines’ first 129Xe-biosensor was tailor-made to detect the presence of the avidin 

protein by detecting the presence of the Xe@1.40–avidin complex via its unique 129Xe 

NMR signature.  Using 129Xe NMR spectroscopy, the addition of Xe(g) to an aqueous 

solution of 1.40 gave four overlapping singlets corresponding to the bound 129Xe in the 
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four different diastereomers.  However, upon the addition of an avidin protein solution, 

these 129Xe signals disappear and the broad 129Xe@1.40–avidin complex signal appeared 

~2 ppm downfield.  The detection of avidin by this 129Xe-biosensor was a first proof of 

concept and paved the way for other 129Xe-sensors and the idea of multiplexed 

sensing/imaging (Section 1.4.4).77 

!

Figure 1.5. a) The first xenon biosensor (1.40) synthesized by Pines and co-
workers.  It consists of a 222 core, a water solubilizing peptide, and a tethered 
biotin group for avidin complexation.  b) Schematic representation of a xenon 
biosensor (1), and a biosensor binding to its target (2).  Figure was adapted from 
reference 78 with permission. 

1.4.1.1 Hyperpolarized 129Xe chemical exchange saturation transfer or 129Xe hyper-
CEST. 

It is apparent that even with a high xenon binding constant there are problems 

associated with achieving low detection limits in the direct detection of the 129Xe signal.  

In 2005, Pines and co-workers saturated an aqueous solution of 1.63 (1.5 µM) with xenon 

(0.25 mM).  Using hyperpolarized (HP) 129Xe NMR spectroscopy, the authors estimated 

that only ~1% of the dissolved xenon atoms were bound to the cryptophanes.79 This 

demonstrates that under low concentrations of biosensor—expected for in vitro and in 

vivo experiments—the direct detection of the 129Xe@biosensor signal using current NMR 

spectrometers is fairly challenging.  To circumvent direct detection, 129Xe hyperpolarized 

chemical exchange saturation transfer or 129Xe hyper-CEST—a technique derived from 
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1H-based CEST80—was developed by Pines and co-workers and published in the journal 

Science in 2006 (Fig. 1.5 and Fig. 1.6).78  

In 129Xe hyper-CEST (Fig. 1.6), the biosensor is surrounded by an ample supply 

of dissolved HP 129Xe, and a host–guest equilibrium is established.  The 

129Xe@biosensor–analyte signal, which resonates at a unique frequency, can be 

selectively irradiated by a radio frequency pulse, which saturates the signal and 

depolarizes the bound 129Xe nuclei.  Due to the dynamics of xenon in–out exchange, the 

depolarized 129Xe from the biosensor exchange with the bulk xenon and thereby causes a 

more rapid reduction of the net bulk dissolved 129Xe signal relative to a situation where 

the Xe@biosensor–analyte complex is not present.  Importantly, this reduction in 

magnetization of the bulk signal by the Xe@biosensor–analyte complex presence occurs 

even at biosensor concentrations far too low to be directly detected, and therefore allows 

for the indirect detection of analytes.  

For optimal 129Xe hyper-CEST response, however, the xenon–host complexes 

need to have an appropriate exchange rate (τex
–1, τex = exchange lifetime, at large 

concentrations of xenon to host, pseudo first order kinetics can be used).  First, the xenon 

in–out exchange must be slow on the 129Xe NMR timescale.  In addition, τex
–1 must be 

much faster than the free 129Xe longitudinal relaxation time (T1, 129Xe has a T1 ≈ 66 s in 

water, T1 ≈ 4–6 s in human blood81 and T1 ≈ 15–16s in rat brain tissue82), or τex
–1 >> T1

–1.  

The smaller cryptophane-nmm (n, m ≤ 3) have decomplexing rate constants that fulfill 

these criteria (Table 1.1).  With this in mind, Pines and his co-workers were the first to 

apply the 129Xe hyper-CEST technique with 1.40—the 222 core has a τex ≈ 40 ms,83 
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which fits the above hyper-CEST criteria—in the sensing and imaging of avidin-

functionalized agarose beads by MRI.84 Since Pines introduction of the technique in 2006, 

the field of 129Xe NMR based sensing with 129Xe hyper-CEST techniques is growing 

rapidly, and has now been reviewed a number of all times.78,85 

!

Figure 1.6. A schematic representation of how 129Xe hyper-CEST technique 
works with a 222 core.  a) Details of the On-resonant experiment: dissolved HP 
129Xe (depicted in green) is complexed by a 222 core then selectively depolarized 
by a radio frequency pulse (RF) (depicted in orange) then is exchanged for a new 
xenon atom.  Notably, the signal of the Xe@222 maybe far below the detection 
limit at ~48 ppm. b) 129Xe hyper-CEST procedure: (i) The dissolved 129Xe signal 
is intensity measured when a RF is placed at a frequency other than the 
129Xe@222 signal (Off-resonant). (ii) The dissolved 129Xe signal intensity is 
measured when a RF is placed at frequency of 129Xe@222 signal.  The difference 
in the dissolved 129Xe signal intensity is the 129Xe hyper-CEST 
enhancement/contrast.  Reprinted was adapted from reference 78 with permission. 
 

1.4.2 129Xe NMR based sensing of biological analytes. 
129Xe NMR based biosensing has now been applied to the detection and imaging 

of cancer cells.86 To do this, researchers have synthesized water-soluble cryptophanes 

appended with relevant biological ligands and fluorescence moieties.  For example, 
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Seward et al. successfully imaged cancer cells by 129Xe NMR spectroscopy using a 222 

core functionalized with the Alexa Fluor 488 dye and the cyclic RGDyK peptide, 1.60.87 

The cyclic RGDyK peptide moiety targets the αvβ3 integrin receptor, which is 

overexpressed in many cancer cells.87 The addition of the Alexa Fluor 488 dye to the 

biosensor allowed them to independent monitor the uptake and the distribution of the 

biosensors in cells by confocal laser scanning microscopy.  Using this technique, the 

cancer cells were revealed to uptake more 1.60 than normal cells.  Seward et al. were 

able then to use 129Xe hyper-CEST to detect the presence of 129Xe@1.60 in the cancer 

cells.  By this method, the authors demonstrated that the 1.60 biosensor could be used to 

distinguish normal cells from cancerous ones. 

Recently, a similar approach was undertaken by Klippel and co-workers using 

222 derivative (1.43), which has a fluorescein amidite or FAM moiety.86c They added 

1.43 to a culture of mouse fibroblast (L929) cells and were able to visualize, and monitor 

the 1.43 taken up by the cells by both 129Xe hyper-CEST and confocal laser scanning 

microscopy.  This research is an example of in vitro characterization of 129Xe-biosensor 

and represents progress toward organ imaging. 

129Xe NMR based sensing has also been applied to the detection of biologically 

relevant molecules.  Schlundt et al. synthesized a 1.42 129Xe-biosensor that detects 

complex formation between a peptide ligand and major histocompatibility complex 

(MHC) class II protein.88 MHC proteins are receptor molecules that mediate the T cells’ 

immune response.  1.42 forms a 1:1 complex with the MHC molecule DR1, which then 

could be detected by 129Xe hyper-CEST.  The authors concluded that this 129Xe-biosensor, 

could be an exceptional tool for the investigation of immune system dysfunctions. 
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There are currently a few examples of a very novel approach to making 129Xe-

biosensors in which virus capsid surfaces act as a scaffolding to append 222 cores.89 

Meldrum et al. created MS2 capsids functionalized with ~125 copies of 1.41, which gives 

rise to a broad 129Xe-biosensor signal centered at ~60 ppm.89a Using 129Xe hyper-CEST, 

they were able to detect the presence of the MS2 capsids around 0.7 pM.  This work 

constitutes an incredible leap forward for NMR detection at very low host concentrations.  

Later, Steven and co-workers synthesized a M13 filamentous bacteriophage 

functionalized with ~1050 copies of 222 cores with water solubilizing PEG groups (1.44).  

This was achieved by functionalizing the p8 protein (the most abundant protein in the 

viral capsid) of the bacteriophage with 1.44.  This M13 129Xe-biosensor was then 

detected by 129Xe hyper-CEST at bacteriophage concentrations ≤ 230 fM (or 242 pM of 

1.44).  Based on their research, in principal, the bacteriophage capsids could be 

engineered to target antigens or specific cellular proteins.  Hence, bacteriophages make 

good scaffolding for 129Xe-biosensors and could be further functionalized for detection of 

several biological analytes. 

1.4.3 129Xe NMR based sensing of other analytes. 

Since Pines introduced the 129Xe hyper-CEST technique with 129Xe-biosensors, 

there has been a proliferation of other 129Xe NMR based sensing.  One example is the 

application of 129Xe NMR based sensing in the detection of simple ions in solution.90 

Kotera et al. synthesized from 1.7, the sensor 1.39 which is functionalized with a 

nitrilotriacetic acid group, a zinc chelating group that exhibits a three to four magnitude 

higher affinity for Zn2+ over Mg2+ and Ca2+.90a They found that 129Xe@1.39–Zn2+ 

resonates significantly downfield from the uncomplexed 129Xe@1.39.  Using direct 
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detection of the 129Xe@1.39–Zn2+ signal, the sensor could detect the presence of Zn2+ 

concentrations as low as 100 nM.  Kotera et al. demonstrated that the sensor was 

sensitive to the presence of Zn2+ even under inhomogeneous magnetic fields.  The 

authors suggested that 1.39 could theoretically be used to detect intracellular zinc. 

In addition to detecting chemical analytes, 129Xe NMR based sensing of 

physiochemical environments have been explored.  Lowery et al., using 1.40, 

demonstrated it was possible to conduct a type of MRI thermometry using 129Xe hyper-

CEST91, since the xenon rate of in–out exchange for cryptophane increases with 

increasing temperature.  The researchers exploited this effect to image the change in 

temperature of 6 K of agarose beads functionalized with 1.40.  This appears to be the first 

use of cryptophane for MRI thermometry in the literature. 

Another example of 129Xe NMR based sensing of physiochemical environments is 

the work of Berthault and coworkers.  They demonstrated that the hexacarboxylic 222 

(1.7) and phenolic 222 (1.16) derivatives Xe@cryptophane signals are sensitive to the pH 

and the counterions respectively.92 129Xe @1.7 has a range of 3 ppm for the pH range of 

3.5 to 10.8, which was fitted to a function.  The authors also demonstrated that the xenon 

binding by 1.16 (water soluble at pH = 12) is significantly affected by the counterion of 

the base used to deprotonate it.92 It was discovered that as the size of the counterion 

increases both the xenon affinity and the xenon in–out exchange of the cryptophane 

decreases, with Cs+ completely inhibiting xenon binding.  The authors concluded that pH 

sensitive groups could possibly be used to detect acidosis in cells. 
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1.4.4 129Xe NMR based multiplexing. 

With the ability to synthesize several different biosensors, researchers are capable 

of exploiting multiple biosensors for the detection of multiple analytes within the same 

sample; this concept is called multiplexing (Fig. 1.7).  The aim of multiplexing is to 

provide more information promptly and in turn reduce the cost and the time in 

diagnostics by sensing/identifying multiple analytes more or less simultaneously. The 

multiplexing concept has now been applied using biosensors across many platforms 

including quantum dots,93 gold nanoparticles,94 and microfluidics.95 Cryptophane based 

129Xe biosensors from their inception have been considered for multiplexing by 

Pines.73,83,85a 

!

Figure 1.7. Schematic demonstrating the possible multiplexing approach for 
129Xe-biosensors, where the cryptophane core is the same in each biosensor.  a) 
Three 129Xe-biosensors signals shown before the presence of their analyte, and b) 
after the presence of the analyte. 
 

Figure 1.7 summarizes the idealized vision of the usage of cryptophanes in the 

multiplexing approach.  In this figure, we have a cryptophane core that exhibit a high 

affinity for xenon and is capable of being easily modified with moieties (e.g. ! in Fig. 
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1.7) and functional groups (e.g. an acid moiety).  The functional groups are capable of 

significantly affecting the 129Xe chemical shift of the encapsulated xenon.  The core 

remains the same but encapsulated xenon chemical shift spans the available 129Xe 

chemical shift range.  Upon complexation/detection of their targets, the chemical shift is 

significantly affected making it easy to be discerned from the uncomplexed biosensor.  A 

well-designed demonstration of 129Xe based MRI multiplexing was carried out by 

Berthault et al.96 In a NMR tube, the hexacarboxylic 222 (1.7 or 222-acid) was dissolved 

in water while 111 was dissolved in organic 1,1,2,2-tetrachloroethane.  Since the solvents 

are immiscible, phase separation of the organic and the aqueous layer occurs in the NMR 

tube (Fig. 1.8). HP Xe(g) was later added to the NMR tube and 129Xe MRI experiments 

undertaken.  By selectively irradiating the 129Xe@222-acid and 129Xe@111 signals and 

using a fast gradient echo sequence, the researchers were able to image the 

Xe@cryptophane complexes, at different frequencies, in the solvent layers (Fig. 1.8).  

With this setup, Berthault and co-workers demonstrated the first high-resolution spatial 

MRI via 129Xe@cryptophane based multiplexing. 

!

Figure 1.8. a) A NMR tube containing 111 (Compound C1) dissolved in 
(CHCl2)2/(CDCl2)2 (1:14, the bottom organic layer), and 1.7 or 222-acid 
(compound C2) dissolved in H2O/D2O (1:14, the top aqueous layer). The 
corresponding HP 129Xe spectrum of the NMR tube after addition of HP 129Xe (g) 
is depicted in the background.  b)129Xe MRI image (slice of 3 mm depth) of the 
NMR tube at 310 K, (left) 129Xe@222-acid in the aqueous layer and 
(right)129Xe@111 in the organic layer with a spatial resolution of 234 × 125 µm2. 
Adapted with permission from reference 96. Copyright 2008 American Chemical 
Society. 
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To reiterate, cryptophanes exhibit the highest binding affinity for xenon of any of 

the supramolecular hosts (summarized in Table 1.1), and remain the best platform for 

129Xe based NMR multiplexing sensing.  Table 1.1 is a complete survey of the xenon 

binding cryptophanes in the literature to date.  This survey strives to be as comprehensive 

as possible—even with the paucity of data on details for 129Xe biosensors such as Ka, 

xenon kinetics, T1 etc.—and it reveals certain observations: i) solvent does affect the 

129Xe chemical shift of bound xenon and xenon binding constants (Ka) of the host, ii) 

groups attached to the cryptophane core have an effect on the 129Xe chemical shift of the 

bound xenon, and iii) all 129Xe@cryptophane complexes, with the exception of the work 

done in this dissertation, resonate in the 129Xe chemical shift range of ~30–93 ppm. 

In addition to these general observations from this survey of the literature, other 

insights were gained. For example, the commonly used cryptophane core, 222, exhibits a 

fairly narrow 129Xe chemical shift range of ~48–77 ppm.  Furthermore, cores such as 111 

and 333 have not been exploited as 129Xe sensors as much as 222, even though these 

cores have additional advantages.  Such as, the bound xenon in the 111 core, which 

exhibits comparable xenon affinity (probably higher) to the 222 core, is significantly 

affected by the groups attached to the cryptophane core.  While the 333 derivatives 

exhibit xenon in–out exchange that is slow on the 129Xe NMR timescale but faster than 

the 222 core; this is particularly useful for 129Xe hyper-CEST applications.  In conclusion, 

despite their limitations (such as their tedious synthesis), cryptophanes remain the best 

hosts for developing the field of 129Xe NMR based sensing. 
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1.5 Dissertation overview.  

This dissertation summarizes the author’s investigation of the synthesis of new 

xenon binding cryptophanes with their complexation of guests in both solution and solid 

state.  In Chapter 2, the crystal structures and thermal stabilities of a series of Xe@111 

and Kr@111 crystal forms (the first reported Kr@cryptophane complex) are presented 

and discussed.  In particular, a trigonal crystal form, Xe@111Ŋy(solvent), which shows 

exceptional thermal stability by confining xenon in the solid state to ~300 °C.  Chapter 3 

presents the first rim-functionalized derivatives of cryptophane-111, a trismethoxy 

substituted compound, and hexamethoxy substituted compound prepared via the capping 

method.  The crystal structure of the xenon complex of the trismethoxy substituted 

compound reveals an exceptionally high packing coefficient and unprecedentedly short 

XeŊŊŊC contacts.  Methane binding by the trismethoxy substituted 111 derivative will also 

be discussed.  Chapter 4 explores the synthesis and xenon binding of the 

[(Cp*Ru)6nmm]Cl6 family of permetalated cryptophanes. Their 

129Xe@[(Cp*Ru)6nmm]6+ signals were found to resonate significantly downfield from 

their non-metalated 129Xe@nmm signals. This downfield effect of cryptophane 

metalation has the potential to be used in 129Xe NMR based multiplexing technologies.  

Finally, Chapter 5 explores the synthesis of partially metalated cryptophanes, in 

particular, [(Cp*Ru)x333]Clx and to a lesser extent [(Cp*Ru)x111]Clx compounds.  In this 

chapter, the feasibility of using these hosts for multiplexing applications was 

demonstrated with the family of acetone@[(Cp*Ru)x333]Clx complexes by 1H NMR 

spectroscopy.  These compounds will be discussed in terms of their potential for 

application for xenon-based multiplexing technologies. 



  
29 

 T
able 1.1. C

om
plexation param

eters for know
n top xenon binding com

pounds. 
 

C
om

pound 
K

a  (M
–1) 

T
echnique

a ΔH
°(J /m

ol) ΔS°(J /m
ol  K

) 
129X

e δ
b (ppm

) 
k

c(s –1) 
T

1 (s) T
em

p. (K
) 

Solvent 
R

ef. 
111 cores 

 
 

 
 

 
 

 
 

 
 

1.1 or 111 
28000 

129X
e N

M
R

 
N

D
 

N
D

 
31 

N
A 

15.1 
278 

(C
D

C
l2 )2  

65 
10000 

129X
e N

M
R

 
N

D
 

N
D

 
N

D
 

N
D

 
N

D
 

293 
(C

D
C

l2 )2  
38 

1.30 
N

D
 

N
D

 
N

D
 

N
D

 
92.5 

N
D

 
N

D
 

N
D

 
D

2 O
/D

M
SO

-d
6  

66d 
1.31 

N
D

 
N

D
 

N
D

 
N

D
 

83.3 
N

D
 

N
D

 
N

D
 

D
2 O

/D
M

SO
-d

6  
66d 

1.32 
N

D
 

N
D

 
N

D
 

N
D

 
73.1 

N
D

 
N

D
 

N
D

 
D

2 O
/D

M
SO

-d
6  

66d 
1.33 

N
D

 
N

D
 

N
D

 
N

D
 

62.9 
N

D
 

N
D

 
N

D
 

D
2 O

/D
M

SO
-d

6  
66d 

1.34 
N

D
 

N
D

 
N

D
 

N
D

 
52.6 

N
D

 
N

D
 

N
D

 
D

2 O
/D

M
SO

-d
6  

66d 
1.35 

N
D

 
N

D
 

N
D

 
N

D
 

41.9 
N

D
 

N
D

 
N

D
 

D
2 O

/D
M

SO
-d

6  
66d 

1.36 
N

D
 

N
D

 
N

D
 

N
D

 
30.7 

N
D

 
N

D
 

N
D

 
D

2 O
/D

M
SO

-d
6  

66d 
222 cores 

 
 

 
 

 
 

 
 

 
 

1.2  or 222 
3000–4000 

1H
 N

M
R

 
N

D
 

N
D

 
48 

N
D

 
3.9 

278 
(C

D
C

l2 )2  
49 

1.12 
1400 

129X
e N

M
R

 
N

D
 

N
D

 
N

D
 

N
D

 
N

D
 

278 
(C

D
C

l2 )2  
65 

1.13 
N

D
 

N
D

 
N

D
 

N
D

 
65 

N
D

 
9.3 

293 
(C

D
C

l2 )2  
65 

1.29 
42,000 

ITC
 

-15.0 
37.44 

63.3
d,63.6

d 
N

D
 

N
D

 
293 

W
ater 

70 
1.37 

33000 
ITC

 
-18.2 

24.56 
65.8

e 
1100 

N
A 

293 
W

ater 
69b 

1.38 
17000 

ITC
 

-13.1 
36.41 

N
D

 
N

D
 

N
D

 
293 

W
ater 

69b 
1.39 

N
D

 
N

D
 

N
D

 
N

D
 

65.6
d, 67.2

 d 
N

D
 

N
D

 
293 

D
2 O

 
90a 

1.40 
N

D
 

N
D

 
N

D
 

N
D

 
71.5 

40 
N

D
 

298 
D

2 O
 

73 
1.41 

N
D

 
N

D
 

N
D

 
N

D
 

2300 
40 

N
D

 
295 

W
ater 

89a 
1.42 

N
D

 
N

D
 

N
D

 
N

D
 

63.3 
N

D
 

N
D

 
298 

D
2 O

 
88 

1.49 
3400 

ITC
 

-9.6 
-34.3 

70 
N

D
 

N
D

 
295 

W
ater 

61b 



  
30 

1.49 
1300 

129X
e N

M
R

 
N

D
 

N
D

 
70 

N
D

 
N

D
 

295 
D

2 O
 

61b 
1.50 

200 
129X

e N
M

R
 

N
D

 
N

D
 

~91 
1.5 × 10

–2 
N

D
 

298 
C

D
2 C

l2  
17b 

1.51 
N

D
 

N
D

 
N

D
 

N
D

 
51.4

d, 54.0
d 

N
D

 
N

D
 

293 
D

2 O
 

66c 
1.52 

N
D

 
N

D
 

N
D

 
N

D
 

67
 d 

N
D

 
N

D
 

310 
D

2 O
 

50a 
1.53 

N
D

 
N

D
 

N
D

 
N

D
 

63.5
 d, 67.5

 d 
N

D
 

N
D

 
298 

D
2 O

 
97 

1.56a 
N

D
 

N
D

 
N

D
 

N
D

 
77.4 

N
D

 
N

D
 

293 
D

2 O
 

72 
1.56b  

5800 
129X

e N
M

R
 

N
A 

N
A 

~77 
N

D
 

N
D

 
293 

D
2 O

 
72 

1.56c 
N

D
 

N
D

 
N

D
 

N
D

 
76.1 

N
D

 
N

D
 

293 
D

2 O
 

72 
1.57 

N
D

 
N

D
 

N
D

 
N

D
 

67.5 
N

D
 

N
D

 
299 

(C
D

C
l2 )2  

66c 
1.58 

N
D

 
N

D
 

N
D

 
N

D
 

77 
N

D
 

N
D

 
299 

(C
D

C
l2 )2  

66c 
1.62 

N
D

 
N

D
 

N
D

 
N

D
 

62.9
d, 62.3

d 
N

D
 

N
D

 
296 

D
2 O

 
77 

1.63 
N

D
 

N
D

 
N

D
 

N
D

 
65.9

d, 65.0
d 

N
D

 
N

D
 

296 
D

2 O
 

77 
1.64 

N
D

 
N

D
 

N
D

 
N

D
 

65.1
d, 64.5

d 
N

D
 

N
D

 
296 

D
2 O

 
77 

1.65 
N

D
 

N
D

 
N

D
 

N
D

 
66.9

d, 66.1
d 

N
D

 
N

D
 

296 
D

2 O
 

77 
1.68a 

N
D

 
N

D
 

N
D

 
N

D
 

61.9
d, 62.5

d 
N

D
 

N
D

 
291 

D
2 O

 
86b 

1.68b 
N

D
 

N
D

 
N

D
 

N
D

 
61.4

d, 62.2
d 

N
D

 
N

D
 

291 
D

2 O
 

86b 
1.69a 

N
D

 
N

D
 

N
D

 
N

D
 

63.5 
N

D
 

N
D

 
293 

D
2 O

 
98 

1.69b 
N

D
 

N
D

 
N

D
 

N
D

 
63.9 

N
D

 
N

D
 

293 
D

2 O
 

98 
1.69c 

N
D

 
N

D
 

N
D

 
N

D
 

62.9 
N

D
 

N
D

 
293 

D
2 O

 
98 

1.7 or 222-acid 
5600–9100 

129X
e N

M
R

 
N

A 
N

A 
64 

3.2 
12.1 

298 
D

2 O
 

69a 
1.70a 

2000 
129X

e N
M

R
 

N
D

 
N

D
 

78 
900 

N
A 

283 
(C

D
C

l2 )2  
99 

1.70b 
3200 

129X
e N

M
R

 
N

D
 

N
D

 
75 

700 
N

A 
283 

(C
D

C
l2 )2  

99 
1.48  

14 
129X

e N
M

R
 

-11.9 
-17.4 

N
D

 
N

D
 

N
D

 
298 

D
2 O

 
100 

223 cores 
 

 
 

 
 

 
 

 
 

 
1.3 or 223 

2810 
N

M
R

 
N

A 
N

A 
47 

64.7 
47 

278 
(C

D
C

l2 )2  
50b 

1.8 or 223-acid 
1800–2600 

129X
e N

M
R

 
N

D
 

N
D

 
52 

11 
52 

298 
D

2 O
 

69a 
224 cores 

 
 

 
 

 
 

 
 

 
 



  
31 

1.4 or 224 
9.5 

129X
e N

M
R

 
N

A 
N

A 
N

D
 

N
D

 
N

D
 

D
2 O

 
(C

D
C

l2 )2  
50b 

233 cores 
 

 
 

 
 

 
 

 
 

 
1.5 or 233 

810 
129X

e N
M

R
 

N
D

 
N

D
 

N
D

 
N

D
 

N
D

 
278 

(C
D

C
l2 )2  

50b 
333 cores 

 
 

 
 

 
 

 
 

 
 

1.9 or 233-acid 
1200–50000 

129X
e N

M
R

 
N

D
 

N
D

 
42 

37 
42 

298 
D

2 O
 

69a 
1.6 or 333 

10 
129X

e N
M

R
 

N
D

 
N

D
 

30 
N

D
 

N
D

 
293 

D
2 O

 
50b 

1.10 or 333-acid 
600–2900 

129X
e N

M
R

 
N

D
 

N
D

 
35 

90 
N

D
 

298 
D

2 O
 

69a 
C

ucubit[6]uril 
210 

129X
e N

M
R

 
N

D
 

N
D

 
N

D
 

122 
N

D
 

298 
N

a
2 SO

4 -D
2 O

 
61a 

C
ynom

yoglobin 
144 

N
D

 
-37.7 

-83.8 
N

D
 

N
D

 
N

D
 

298 
W

ater 
100 

M
etm

yoglobin  
146 

N
D

 
-30.2 

-58.7 
N

D
 

N
D

 
N

D
 

298 
W

ater 
100 

M
yoglobin 

94 
N

D
 

-21.4 
-33.5 

N
D

 
N

D
 

N
D

 
298 

W
ater 

100 
α-C

yclodextrin 
22.9 

129X
e N

M
R

 
N

D
 

N
D

 
N

D
 

N
D

 
N

D
 

298 
D

2 O
 

60 
aTechnique used to estim

ate associate constant (K
a ) for xenon binding. ITC

 is isotherm
al calorim

etry 
bδ chem

ical shift 
ck for the decom

plexation of xenon by pseudo first-order kinetic exchange 
dD

iastereom
ers 

eM
easurem

ent taken at 320 K
 

fM
easurem

ent taken at 289 K
 

gM
easurem

ent taken at 283 K
 

N
D

 is not determ
ined



 

 32 

Chapter 2:  Extreme Confinement of Xenon by Cryptophane-111 in the Solid State.† 

 

2.1 Introduction. 

The development of new, often molecule-derived, porous materials for the 

selective inclusion of the heavier rare (noble) gases (Kr, Xe, Rn) is a growing area of 

research driven by the potential for transformative rare gas production, separation, 

storage, sensing and/or recovery technologies.101 Xenon, in particular, is an expensive gas 

due to its broad utility—lighting, lasers, spacecraft propellant, silicon etching (as XeF2), 

anesthesia, 129Xe NMR probes, etc.—and its low concentration in the atmosphere (87 

ppb), requiring production via energy-intensive cryogenic distillation of large volumes of 

air.  The cryogenic separation of Xe/Kr mixtures in rare gas production streams remains a 

critical stage of the production process that could perhaps be improved by sorption-based 

separation technologies.101b Moreover, mixtures of Xe/Kr (long lived 85Kr [t½ = 10.8 yr.] 

and short lived Xe isotopes) are also encountered in nuclear fuel reprocessing and it has 

been proposed that the xenon recovered from spent nuclear fuel may be a potential 

commercial source of the gas.102 Relatedly, there are as of yet no generally accepted 

waste forms for the near-century timescale storage of 85Kr, though sequestration in a 

stable solid form would provide obvious advantages.  Finally, the recovery of xenon from 

waste air streams is a recently commercialized swing adsorption technology (Air 

Products’ Xecovery®) that may benefit from improved sorbents.103  
                                                
† The majority of the work in this chapter has been previously published by the 

author. Joseph, A. I.; Lapidus, S. H.; Kane, C. M.; Holman, K. T. “Extreme Confinement 
of Xenon by Cryptophane-111 in the Solid State” Angew. Chem., Int. Ed. 2014 54, 1471-
1475. Copyright 2014 John Wiley and Sons.  
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Concurrent with porous materials research aimed at rare gas sorption are efforts 

directed at developing discrete container molecules optimized for the reversible 

complexation of xenon in solution.  Such molecules, and their derivatives, hold great 

promise for (as low as) picomolar84,104 detection limit hyperpolarized (HP) 129Xe NMR 

based sensing and/or MRI technologies. To this end, the cryptophane family of molecular 

containers are by far the most actively studied hosts, due to their unprecedented xenon 

affinities.69b,70,73,85b Pioneered by Collet and coworkers, cryptophanes are cage-like 

molecules comprised of two [1.1.1]-orthocyclophane cups that are connected so as to 

enforce lipophilic cavities of tunable volumes.19c,49 The (±)-cryptophane-222 (1.2 or 222) 

core structure—the cryptophane-nmm designation indicates the number of carbons in 

each of the three alkyldioxy linkers—has served as the platform for most cryptophane 

derivatives employed to date in sensing applications, with certain derivatives exhibiting 

room temperature xenon binding constants (Ka) approaching 105 in aqueous solutions. 

The smaller (±)-cryptophane-111 (1.1 or 111), however, is thought to be a better core 

platform for xenon complexation.38 For instance, the room temperature xenon binding 

constant of 111 in non-competitive organic solvents (Ka ≈ 104 M–1 in (CDCl2)2 at 293 K) 

is about triple that of 222 (Ka ≈ 3000–4000 M–1 at 278 K). Water-soluble derivatives of 

111 for sensing applications are forthcoming.66a-66c,66e,105 The first reported water soluble 

derivative of 111 reported by our group binds xenon with Ka = 2.9(2) x 104 M–1 (298 K) 

in D2O, as established by 129Xe NMR.66e Surprisingly, despite the high gas affinity of 

cryptophane hosts, and a figurative call-to-arms for the study of intrinsically porous cage-

like molecule materials,9b,106 the materials properties of empty cryptophanes or gas-filled 
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cryptophane clathrates have not been much studied,107 particularly in the context of their 

potential for rare gas sorption/desorption or storage.   

!

Figure 2.1. a) Cryptophanes-111 and -222 (single enantiomers shown). b)–d) 
Thermal ellipsoid plots of the essentially identical H2O@111 (H2O hydrogen 
atoms in arbitrary positions), Kr@111, and Xe@111 complexes, respectively, 
from single crystal structures of the triclinic clathrates x(guest)@111·1.5DCE 
(x(guest) = Xe, 0.80Kr, 0.50H2O). 
 

Dmochowski and co-workers reported the crystal structures of members of the 

Xe@222-core family of complexes, but no gas clathrates of 111 have yet been reported.  

Moreover, only a few other organic molecule complexes/clathrates of xenon (and fewer 

of krypton) have been structurally characterized.108 We describe herein the isolation, 

crystal structures, and thermal stabilities of a series of racemic (±)-cryptohane-111 (1.1 or 

111) clathrates of xenon and krypton, one of which retains its xenon to temperatures 

~400 °C above the boiling point of the gas (bp = –108 °C).  The extreme, seemingly 

unprecedented, kinetic stability of the clathrate is attributable as much to the crystal 

packing as to the cage-like structure and xenon-complementarity of the host.  
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2.2 Results and discussion. 

The only known crystal structures of 111 or its derivatives—the partially water-

occupied xH2O@111·2CHCl3 and its empty hexametalated derivative [((η5-

C5Me5)Ru)6111][CF3SO3]6·xNO2Me—were reported by our group in 2010.66e The 

reported water complex and empty forms exhibit very different cryptophane 

conformations.  In the empty, metalated form, the 111 core adopts a contracted 

conformation, characterized by a large twist of one orthocyclophane cup relative to the 

other (θ = 61(3)°), resulting in a short end-to-end length (l = 7.4 Å), defined by the 

methylene carbons of the orthocyclophanes, and a minimized cavity volume (Vc = 32 Å3) 

(Fig. 2.1).  In contrast, the partial occupancy water complex, xH2O@111·2CHCl3, 

exhibits a less-twisted (θ = 18(1)°), fully expanded (l ≈ 8.4 Å) conformation, with a 

cavity measuring about 68 Å3.  Twisting of the 111 host is accomplished mainly by 

variations in the six CAr-CAr-O-CH2 dihedral angles (τ, defined in Fig. 2.1), the closed 

form arising from an all-anti conformation (τ(avg.) = 177(2)°) and the open form arising 

from an all-syn (τ(avg.) = 4(4)°) conformation.  By allowing the OCH2O methylenic 

carbons to maintain planarity with the arene ring, both conformations optimize 

conjugation with the oxygen non-bonded electrons.  Notably, the expanded cavity 

volume of the water complex compares favorably to that of Xe (42 Å3), but is 

significantly smaller than the cryptophane cavity of the reported Xe@222 complex (Vc = 

88 Å3).37 

Crystals of the reported orthorhombic xH2O@111·2CHCl3 were originally 

prepared by cooling a warm solution of 111 in chloroform.  It was later found that small 

crystals of an isostructural xenon complex, xXe@111·2CHCl3 (0.5 < x < 1), could 
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similarly be obtained, but from xenon-treated CHCl3 solutions.  Single crystal X-ray 

diffraction (SCXRD) revealed that the structure of xXe@111·2CHCl3 is nearly 

indistinguishable from 0.75H2O@111·2CHCl3, except that xenon is found in place of the 

encapsulated water molecule. Unfortunately, structural refinement gave a high R-factor 

due to poor crystal quality.  It was also observed that crystals of xXe@111·2CHCl3, 

stored in CHCl3, seemed to convert to a more stable phase.  Difficulties in isolating 

and/or structurally characterizing the above crystalline phases prompted us to explore 

alternative crystallization solvents.  Ultimately, 1,2-dichloroethane (DCE) was chosen; 

111 is more soluble in DCE and its higher boiling point allows for a greater differential 

solubility upon heating/cooling. 

2.2.1 Analysis of the 0.5H2O@111·1.5DCE crystalline phase. 

Slow evaporation of a DCE solution of 111 yielded X-ray quality single crystals 

of a triclinic crystal form, 0.5H2O@111·1.5DCE (1H NMR spectrum, Fig. 2.3).  SCXRD 

analysis revealed that the 111 host exhibits near D3-symmetry and an open conformation 

nearly identical to that observed in the 0.75H2O@111·2CHCl3 phase, with τ(avg.) = 

5(3)°, θ = 19(1)°, l = 8.3 Å and Vc = 69 Å3.  Like the xH2O@111·2CHCl3 phase, a single 

electron density peak in the cavity of the cryptophane was attributed to a partial 

occupancy water molecule (~50% refined occupancy). Apparently, in the absence of a 

more appropriate guest (DCE is far too large for 11148), 111 will scavenge water from 

organic solvents.  So, despite the ostensibly hydrophobic nature of the 111 cavity, water 

should be considered as a possible competitor to low-affinity guests such as methane (Ka 

= 148 M–1).  
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Figure 2.2. Tandem TGA-MS analysis of isolated, phase-pure crystalline forms 
of 111: a) the triclinic 0.5H2O@111·1.5DCE phase, b) the isostructural 
0.73Xe@111·1.5DCE phase, c) the isostructural 0.80Kr@111·1.5DCE phase, 
and d) the highly stable trigonal Xe@111·0.2DCE phase.  TGA curves are in 
black, whereas the red, blue, and green curves represent the MS ion current 
(arbitrary units) corresponding to vinyl chloride (a DCE fragment, m/z = 63), 
xenon (m/z = 129), or krypton (m/z = 84), respectively. 

Tandem thermogravimetric analysis mass spectrometry (TGA-MS, Fig. 2.2a) of 

bulk 0.5H2O@111·1.5DCE indicated a mass loss (18.0%) onsetting around 98 °C, 

followed by a nearly insignificant step at about 340 °C and eventually 

sublimation/decomposition over 420 °C.  The first mass loss obviously corresponds to 

release of the DCE (17.9% calc.; m/z = 63 for vinyl chloride fragment).  

2.2.2 Analysis of the Xe@111·1.5DCE crystalline phase. 

X-ray quality single crystals of a triclinic xenon-containing phase, 

Xe@111·1.5DCE, were prepared by evaporation of a DCE solution of 111 within a 

closed vessel that had been charged with xenon (Fig. 2.4). Xe@111·1.5DCE is 

structurally nearly identical to 0.5H2O@111·1.5DCE, with the exception that xenon is 

found in the 111 cavity in place of water (Fig. 2.5 and Fig. 2.21).  
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Figure 2.3. 1H NMR spectrum (298 K, CDCl3) of the phase-pure triclinic crystals 
of 0.50H2O@111·1.5DCE.  Excess DCE in this spectrum (DCE:111 ≈ 1.9) is due 
to residual surface-adsorbed solvent. 
 

!

Figure 2.4. Crystallization technique used for the synthesis of phase-pure 
triclinic xXe@111⋅1.5DCE (and 0.80Kr@111⋅1.5DCE). 

The Xe@111 complex (Fig. 2.1d) exhibits an identical host conformation to the 

water complex, with τ(avg.) = 4(2)°, l = 8.4 Å. θ = 19(1), and Vc = 70 Å3 (Table 2.1, Fig. 

2.1).  We interpret the relative indifference in 111 conformations between the Xe@111 

and H2O@111 complexes as being indicative of a steep barrier to conformational 

contraction of the host near the local energy minimum of this expanded conformation.  
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Figure 2.5. Overlay of the 111 backbone from the X-ray crystals structures of 
0.50H2O@111⋅1.5DCE (red), Xe@111⋅1.5DCE (blue), 0.80Kr@111⋅1.5DCE 
(green) and sublimed 111 (black). Generated by Mercury CSD 3.3.1. Estimated 
cavity volumes are in Table 2.1. 
 

The Xe atom is found perfectly centered in the 111 cavity and the 36 closest 

atoms to the xenon are the 36 arene carbon atoms of the host.  The Xe⋅⋅⋅C(arene) 

distances average 4.01(9) Å (range: 3.86–4.20 Å), with the closest contacts being at the 

sum of the van der Waals radii (3.86 Å) and the Xe⋅⋅⋅centroid(arene) distances measuring 

3.77(3) Å (Fig. 2.6).  These Xe⋅⋅⋅centroid distances compare to that of the Xe⋅⋅⋅C6H6 

complex (3.77 Å) measured by FT-microwave spectroscopy,109 suggesting near-optimum 

Xe⋅⋅⋅arene interactions in Xe@111. 

!

Figure 2.6. The Xe@111 complex from the crystal structure of 
Xe@111·1.5DCE, with labeled phenyl carbons and the centroids of the arene 
rings depicted. The average Xe···arene(centroid) distance is 3.77(3) Å. 
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 In comparison, the known Xe@222 complex (at 143 K) exhibits significantly 

longer Xe⋅⋅⋅C(arene) contacts, averaging 4.31(17) Å (range: 4.03–4.77 Å), and 

Xe⋅⋅⋅centroid(arene) distances averaging 4.08(7) Å (Table 2.1, 2.4, Fig. 2.7).  Perhaps 

counterintuitively, however, the Xe⋅⋅⋅H distances (important for understanding xenon 

depolarization) involving the 36 protons of the Xe@111 complex (4.35–6.19 Å) are 

greater than those involving the closest 36 protons of the Xe@222 complex (3.65–5.76 

Å), largely due to the conformation of the alkyldioxy linkers and the presence of methoxy 

groups in the latter (Table 2.7, 2.8).  This contrasts with the somewhat longer T1 

relaxation time for xenon within 222 as compared to 111.38 The xenon exhibits a packing 

coefficient within the 111 cavity of VXe/Vc ≈ 0.62, which is somewhat high for container 

complexes governed principally by dispersion interactions,36 and particularly for 

complexes of gases.110 The known Xe@222 complex, on the other hand, exhibits a 

packing coefficient of VXe/Vc = 42/89 ≈ 0.47, which is low for such complexes. Notably, 

the Xe@111 complex appears to adopt nearly the most expanded achievable 111 

conformation, yet the Xe⋅⋅⋅C contacts do not intrude on the van der Waals radii.   

!

Figure 2.7. The Xe@222 complex from the crystal structure of Xe@22237 with 
labeled phenyl carbons and the centroids of the arene rings depicted. The average 
Xe···arene(centroid) distance is 4.08(7) Å. 
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This suggests the 111 cavity, in its most open conformation, is a near perfect fit 

for xenon.  On the other hand, the Xe@222 complex, with Vc = 88 Å3(Table 2.1), adopts 

approximately the most contracted possible conformation of all known 222-core 

complexes, wherein Vc varies widely from 84–119 Å3.111 The data suggest that the 222 

cavity is perhaps a bit large for optimal interaction with Xe and that the smaller 

cryptophane-122 or -112 compounds105 may be better binders of xenon than 222. 

Moreover, for entropic reasons, a less flexible, fixed-open 111 core may be an even better 

host for xenon. 

The method of preparing the Xe@111·1.5DCE phase concomitantly produced a 

fine powder of composition Xe@111·yDCE (y ≤ ½); this material was later confirmed to 

be a trigonal crystalline phase of the Xe@111 complex (vide infra).  Phase pure, triclinic 

xXe@111·1.5DCE (Fig. 2.8) could only be obtained by carefully limiting the amount of 

available xenon in the flask, though this limitation led to crystals with sub-stoichiometric 

amounts of xenon relative to 111 (x < 1). 

TGA-MS analysis of a sample of phase-pure triclinic 0.73Xe@111·1.5DCE (Fig. 

2.2b) illustrates behavior similar to that of 0.5H2O@111·1.5DCE except that the onset of 

DCE loss at around 98 °C is accompanied also by loss of some of the xenon.  The rate of 

xenon and DCE loss diminishes to almost baseline levels by about 140 °C, once the bulk 

of the DCE is lost, but then slowly picks up again as the sample is heated through to 

about 350 °C, at which point an abrupt and final step-wise loss of the remaining xenon 

and a small amount of residual DCE occurs.   
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Figure 2.8. Calculated vs. experimental PXRD patterns (Ultima IV data) of the 
isolated triclinic phases of 111.  Red is 0.50H2O@111·1.5DCE, blue is 
0.73Xe@111⋅1.5DCE and green is 0.80Kr@111·1.5DCE. In each pair of colored 
PXRD patterns, the bottom pattern is the calculated pattern from the single 
crystal X-ray structure (100 K) and the top pattern is the experimental pattern of 
bulk as-synthesized (unground) material (298 K).  The 2θ peak positions of the 
experimental patterns are significantly shifted (to higher 2θ) relative to the 
calculated patterns due to the temperature difference. Note that the peak positions 
of the calculated patterns are nearly identical, due to their near-identical unit cells, 
but the calculated (and experimental) relative intensities differ dramatically.  
Some of the experimental patterns show extreme artificial peak splitting as an 
artifact of particle size and incomplete filling of the sample holder, which allows 
irradiation of differing volumes of material throughout the course of the 
experiment.  
 

The TGA-MS behavior can be explained as follows.  The first step of DCE loss 

from 0.73Xe@111·1.5DCE instigates a process of structural rearrangement, the 

dynamics of which allow for rapid evolution of some of the xenon.  According to PXRD 

(Fig. 2.9), the material that results from heating 0.73Xe@111·1.5DCE to 140 °C is a 

mixture of crystalline phases, possibly including the aforementioned trigonal phase. 

During structural rearrangement, however, much of the xenon is retained and one or more 

of the new crystalline phases apparently also capture some of the remaining DCE within 

interstitial sites, the new phases retaining both xenon and DCE to higher temperatures.   
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Figure 2.9. Room temperature PXRD patterns (Ultima IV data, unless otherwise 
noted) of bulk samples.  (a) The guest-free phase of 111 obtained after heating 
triclinic 0.5H2O@111·1.5DCE to 375°C under TGA conditions. (b) Pure trigonal 
Xe@111·0.2DCE (synchrotron data, plotted here on the Cu-K<α> 2θ scale).  (c) 
The material that results from heating Xe@111·1.5DCE to 140°C under He, 
resulting in the near-complete loss of DCE.  The pattern indicates the presence of 
the trigonal Xe@111·yDCE (0 < y < ½) phase and an as-yet-unidentified phase.  
(d) As-synthesized triclinic 0.73Xe@111⋅1.5DCE. 
 

All of the remaining DCE and xenon are lost in final phase change around 350 °C, 

which is eventually followed by sublimation, with partial decomposition, above 400 °C. 

1H NMR spectroscopy reveals that there is little to no decomposition of 111 under TGA 

conditions below 375 °C (Fig. 2.10). 

!

Figure 2.10. 1H NMR spectrum (298 K, CDCl3) of 111 material recovered from 
heating of 0.5H2O@111·1.5DCE to 375 °C under a helium atmosphere in the 
TGA pan. No trace of DCE remains and there is no sign of decomposition. 
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2.2.3 Analysis of the Xe@111·yDCE (y ≤  ½) crystalline phase. 

The aforementioned trigonal Xe@111·yDCE (y ≤ ½) phase precipitates, in phase-

pure form, when a saturated 80 °C solution of 111 dissolved in DCE is saturated with 

xenon gas and left overnight under a xenon atmosphere at 80 °C. It precipitates as a fine 

powder of thin plates and single crystals of sufficient size for SCXRD analysis could not 

be obtained.  A batch, of approximate composition Xe@111·0.2DCE prepared in this 

way was analyzed by 1H NMR spectroscopy (Fig. 2.11), TGA-MS (Fig. 2.2d), and by 

PXRD (Fig. 2.12). 1H NMR analysis revealed the DCE: 111 ratio of 0.2:1 and TGA 

allowed deduction of the corresponding xenon content in accord with the total mass loss 

(17.9% obs. corresponds to 0.97Xe@111·0.2DCE).  TGA-MS analysis of trigonal 

Xe@111·0.2DCE (Fig. 2.2d) gave a remarkable profile that shows mass losses occurring 

in two, nearly separate stages.  From about 240–290 °C a slow mass loss, amounting to 

about 2.9%, consists almost exclusively of DCE (2.4% calc. for the DCE of 

Xe@111·0.2DCE).  From about 290–305 °C, an abrupt, steep mass loss occurs (15.0% 

obs. vs. 15.5% calc. for the Xe of 0.97Xe@111·0.2DCE), concomitant with a solid-solid 

phase change.  MS analysis of the off-gasses shows the appearance of DCE well before 

xenon, and a majority of the DCE is lost by the time the MS registers any signal for 

xenon. Also, heating of Xe@111·0.2DCE at 240 °C for one hour under TGA conditions 

gave a trigonal material completely lacking DCE, but retaining ~0.77 equivalents of 

xenon according to TGA (abrupt 13.1% (0.77Xe) mass loss at ~300 °C, Fig. 2.13). Thus, 

it is clear that the trigonal phase, Xe@111·yDCE (y ≤ ½), exhibits very high, perhaps 

unprecedented, kinetic stability. 
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Figure 2.11. 1H NMR spectrum (298 K, CDCl3) of phase-pure trigonal 
Xe@111·yDCE.  This sample was used for the structure determination by 
synchrotron PXRD.  By integration of the DCE peak relative to the cryptophane 
peaks, the DCE:111 ratio was estimated to be ≈ 0.2, consistent with TGA 
analysis. 
 

Xenon is retained indefinitely at room temperature, lost very slowly at 240 °C, 

and the clathrate undergoes rapid decomposition only at temperatures exceeding 290 °C, 

~400 °C above the boiling point of the gas.  Moreover, the ability of 111 to retain xenon 

in the solid state is highly structure-dependent; the triclinic phase begins to abruptly lose 

some xenon at temperatures ~200 °C lower than the trigonal phase.  

By comparison, β-hydroquinone·xXe and Xe@Cd-RHO zeolite, both known 

stable xenon clathrates, begin to abruptly release entrapped xenon at about and 132 °C 

and 200 °C, respectively.112 Importantly, despite the high temperatures required to 

remove xenon form the solid, the 111 host is easily recovered and recycled. To explore 

the structure-stability relationship, we sought to determine the structure of trigonal 

Xe@111·0.2DCE by PXRD.  High resolution synchrotron PXRD was collected and 

analysis of the data (by Dr. Saul Lapidus, Fig. 2.14) allowed indexing to a trigonal R-3c 

unit cell a = 9.975 Å, c = 62.321 Å, V = 5370.2 Å3.  
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Figure 2.12. PXRD patterns of trigonal Xe@111·0.2DCE.  (a) Transmission 
mode (Riguka R-Axis RAPID, capillary) data acquired from a freshly ground 
sample.  (b) Reflection mode data (Ultima IV, zero background sample holder) 
acquired from as-synthesized material, without grinding.  Most observed 
reflections are of the (0 0 l) (or nearly parallel) family, demonstrating preferred 
orientation of the crystallites.  According to the structure determination, the (0 0 
l) planes are parallel to the to the homochiral cryptophane layers, suggesting 
preferential growth along the layer plane and relatively weak intermolecular 
interactions between layers.  These factors give rise to plate-like crystallites that 
packs parallel to the surface of the Si sample holder.  (c) Transmission mode 
(NSLS, capillary) data acquired from a freshly ground sample.  Note that the 
synchrotron data were collected using X-ray radiation of λ = 0.6997 Å, but are 
plotted here after transforming the data to the Cu-K<α> 2θ scale, for easier 
comparison. 

 

!

Figure 2.13. TGA of the trigonal phase xXe@111 after heating trigonal 
Xe@111·0.2DCE at 240 °C for one hour, illustrating that the DCE solvent can be 
selectively removed by heating.  The 13.1% mass loss equates to ~0.77 
equivalents of xenon. 
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Figure 2.14. Rietveld refinement of Xe@111·0.2DCE.  The points are the data, 
the solid line is the calculated pattern from the refinement, and the difference 
between the two is shown below the main plot.  This refinement was performed 
by Dr. Saul Lapidus. 
 

Structural solution and Rietveld refinement (Fig. 2.14) revealed packing of the 

expanded-conformation Xe@111 complexes in homochiral layers with the complexes 

residing on 32 (D3) positions. The structure is akin to the cubic close-packing (CCP) of 

spheres (cryptophanes), with close-packed layers adopting an offset (ABC)n stacking 

arrangement.  Additionally, adjacent layers of the racemic crystals alternate their 

Xe@111 stereochemistry (MM,PP)n such that six layers are required before the structure 

repeats in translation, resulting in a long c-axis (Fig. 2.15).  Partial occupancy DCE 

molecules are disordered on some of the 3-bar positions—in the Oh holes, per se.   
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Figure 2.15. a) Schematic of the homochiral, CCP-like (ABC)n layered packing 
of the trigonal Xe@111·0.2DCE phase.  111 molecules are represented as blue, 
green, or red spheres, with their relative stereochemistry indicated. Trapped, 
partial occupancy DCE molecules are indicated as smaller grey spheres.  b) 
Identical view as in a), but illustrating the actual Xe@111 complexes (DCE 
omitted). c) One homochiral layer of Xe@111 complexes, as viewed down the c-
axis, illustrating the interlocking of 111 molecules and nesting of the -OCH2O- 
bridges in the windows of adjacent Xe@111 complexes. 
 

The remarkable stability of the clathrate can be attributed to the high melting 

point of the solid and the specific high density layer packing, wherein each of the 

windows of each Xe@111 complex is completely blocked by the -OCH2O- bridges of 

adjacent Xe@111 complexes of the same chirality (Fig. 2.15c).  Thus, the potential 

avenue of escape for xenon is blocked by a conformationally rigid and relatively massive 

Xe@111 complex.  Interestingly, the triclinic Xe@111·1.5DCE phase and the 

xXe@111·2CHCl3 also adopt layered packing arrangements.  In Xe@111·1.5DCE, 
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however, the layers are racemic and the complexes pack with a lower density window-to-

window arrangement (Fig. 2.16).  The layers of xXe@111·2CHCl3, on the other hand, are 

very similar to that of trigonal Xe@111·0.2DCE, but they are racemic such that two of 

the three windows are blocked by –OCH2O– bridges of complexes of opposite chirality.  

Notably, trigonal Xe@111·0.2DCE and xXe@111·2CHCl3 exhibit approximately the 

same layer density, suggesting that racemic and homochiral layers are of similar stability. 

!

Figure 2.16.  Illustrations of the close-packed 111 layers from the crystal 
structures of (a) triclinic Xe@111·1.5DCE (100 K), illustrating packing in the 
(10-1) plane, (b) monoclinic xXe@111·2CHCl3 (100 K, poor refinement; except 
for the unit cell determination, the structure is not formally being reported here, 
but it is isostructural to 0.75H2O@111·2CHCl3), illustrating packing in the (001) 
plane, and (c) trigonal Xe@111·0.2DCE (298 K), illustrating packing in the 
(001) plane.  Xenon atoms are depicted as a blue spheres.  Solvent molecules 
were omitted for clarity. The areal density of the layers in (a), (b) and (c) are 99 
Å2, 85 Å2 and 86 Å2 per cryptophane, respectively, though the latter structure was 
determined at room temperature. 
 

2.2.4 Analysis of the 0.80Kr@111·1.5DCE crystalline phase. 

In order to probe Xe/Kr selectivity, attempts were made to synthesize the 

corresponding krypton clathrates.  Interestingly, crystals of triclinic 

0.80Kr@111·1.5DCE were easily isolated under similar conditions to the preparation of 

Xe@111·1.5DCE (Fig. 2.4), but we were unable to synthesize a krypton-containing 
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trigonal phase.  No precipitate formed from saturated 111 solutions treated with krypton 

at 80 °C, implying that selective crystallization Xe@111 may provide a means to separate 

xenon and krypton.  Crystals of 0.80Kr@111·1.5DCE are structurally indistinguishable 

from Xe@111·1.5DCE, including the Kr···C(arene) distances, again suggesting that the 

open 111 conformation is not easily partially contracted (Tables 2.1 and 2.3, Figs. 2.5 and 

2.17).  Not surprisingly, the thermal parameters of the krypton are slightly larger in the 

krypton complex as compared to the xenon complex.  0.80Kr@111·1.5DCE gives a very 

similar TGA-MS profile (Fig. 2.2c) as Xe@111·1.5DCE except that relatively more 

krypton is lost in the first step. 

!

Figure 2.17. The Kr@111 complex from the crystal structure of 
0.80Kr@111·1.5DCE, with labeled phenyl carbons and the centroids of the arene 
rings depicted. The average Kr···arene(centroid) distance is 3.76(3) Å. 
 

Finally, sublimation of 111 gave guest-free single crystals, one of which was 

analyzed by SCXRD.  Somewhat surprisingly, the 111 host retains its open (and non-

collapsed22) conformation in this crystal (τ = 6(4)°, θ = 19(1)°, l = 8.4 Å), exhibiting 

empty 111 cavities that are negligibly different from those observed for the H2O, Kr, and 

Xe complexes (Fig. 2.5 and Fig. 2.21).  Therefore, 111 can truly be regarded as an 

intrinsically porous material, exhibiting so-called “zero-dimensional” pores in one of its 
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empty crystal forms.  It is possible that, under appropriate conditions (e.g., 

mechanochemical, nanoparticulate, high temperature), these pores/ultramicrocavities may 

be kinetically accessible to guests.  Notably, the calculated PXRD pattern of this structure 

does not match that of the guest-free material obtained after thermally emptying 

0.5H2O@111·1.5DCE, indicating that guest-free 111 is polymorphic (Fig. 2.9). 

 
Table 2.1 Calculated 111 and 222 cavity volumes from the reported single cystal 
structures. 
 
Crystal X-ray Structure PLATON Volumea (Å3) MS-Roll Volumeb (Å3) 
0.50H2O@111·1.5DCE 70 69 
0.80Kr@111·1.5DCE 71 69 
Xe@111·1.5DCE 70 70 
Sublimed 111 74 73 
Xe@22255 88 88 
aCalculated using PLATON, probe radius = 1.2 Å 
bCalculated using MS-Roll, probe radius = 1.4 Å 

 

2.3 Conclusion.  

In conclusion, the discovery of a Xe@111 crystalline phase of unprecedented 

stability demonstrates the potential of container molecule materials in the context of gas 

capture/storage and highlights a need to further study discrete molecule materials 

exhibiting zero-dimensional pores.  It is possible that cryptophane materials (or container 

molecule materials), including gas-permeable matrices (e.g., polymers, non-volatile 

solutions) containing empty cryptophanes, may serve as useful sorbents for various 

applications, possibly including noble gas separations. 
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2.4 Experimental. 

2.4.1 General information.  

Solvents and reagents were obtained from Sigma-Aldrich were reagent grade 

purity.  Gases were purchased from GTS–Welco.  1H NMR spectra (400 MHz) were 

carried out on a Varian 400-MR spectrometer at 9.4 T.  The 1H NMR spectra were 

obtained at room temperature and chemical shifts given are based upon on the residual 

solvent peaks. The 1H NMR spectra were manipulated using MestReNova 8.1.2 software.  

Thermogravimetric analyses (TGA) were performed with a TA Instruments Q5000IR 

TGA.  The sample were placed in 100 µg platinum pans and heated at a rate of 

20 °C·min–1. The mass spectrometry (MS) of evolved gases from the TGA was 

accomplished using a ThermoStarTM GSD 300 T3 Gas Analysis system. (±)–Crytophane-

111 (111) was synthesized by published procedures.66a Encapsulated species are indicated 

by preceding an @ symbol. 

2.4.2 Syntheses. 

2.4.2.1 Triclinic xH2O@111⋅1.5DCE, x ≈  0.5. 

A solution of 111 in 1,2-dichloroethane (DCE) was evaporated over two days in 

open air and under ambient conditions.  This resulted in phase-pure single crystals of X-

ray quality of the composition 0.50H2O@111⋅1.5DCE. The crystals were characterized 

by 1H NMR spectroscopy (Fig. 2.3), TGA-MS (Fig. 2.2), single crystal and powder X-ray 

diffraction (Fig. 2.8). 

2.4.2.2 Triclinic xXe@111·1.5DCE, x ≈  1. 

A vial containing a near saturated solution of 111 in DCE was placed, along with 

mineral oil, in a closed container under an enriched atmosphere of xenon (see figure 
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below).  By sorption of the volatile DCE over time, the mineral oil effectively induces 

evaporation of the DCE.  The phase purity and xenon occupancy of the isolated 

precipitate was found to be highly dependent on the concentration of xenon in the vessel.  

Higher concentrations of xenon led to mixtures of relatively large single crystals of fully 

occupied triclinic Xe@111⋅1.5DCE, but also a trigonal Xe@111⋅yDCE (usually y < ½) 

crystal form as a fine powder.   

!

Figure 2.18. 1H NMR spectrum (298 K, CDCl3) of the phase-pure triclinic 
crystals of xXe@111·1.5DCE (x ≈ 0.73).  Splitting of some host peaks is due the 
presence of xenon and the existence of both free 111 and Xe@111 species in 
slow exchange on the NMR timescale.  The DCE:111 ratio in this spectrum is 
about 1.4. 
 

The former were analyzed by single crystal X-ray diffraction.  Very low 

concentrations of xenon yielded a batch of phase-pure triclinic material, but with sub-

stoichiometric amounts of xenon according to TGA analysis.  One batch of triclinic 

0.73Xe@111⋅1.5DCE crystals grew over two days.  The crystals were characterized by 
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1H NMR spectroscopy (Fig. 2.18), TGA-MS (Fig. 2.2), single crystal and powder X-ray 

diffraction (Fig. 2.8). 

2.4.2.3 Triclinic xKr@111·1.5DCE, x ≈  1. 

A vial containing a near saturated solution of 111 in DCE was saturated with 

krypton by bubbling with Kr(g) into the solution.  The vial was immediately placed, 

along with mineral oil, in a closed container with an enriched atmosphere of Kr(g) (see 

Fig. 2.4).  The sample was never exposed to xenon.  Phase-pure, X-ray quality single 

crystals of 0.80Kr@111⋅1.5DCE deposited over two days.  The crystals were 

characterized by 1H NMR (Fig. 2.19), TGA-MS (Fig. 2.2), single crystal and powder X-

ray diffraction (Fig. 2.8). 

!

Figure 2.19. 1H NMR spectrum (298 K, CDCl3) of phase-pure triclinic crystals 
of 0.80Kr@111·1.5DCE.  By integration of the DCE peak relative to the 
cryptophane peaks, the DCE:111 stoichiometry is ≈ 1.5. 
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2.4.2.4 Trigonal Xe@111·yDCE (0 < y < ½). 

A saturated solution of 111 in DCE, made by the addition of 111 to DCE at ca. 

80 °C with constant stirring, was saturated with Xe by bubbling with Xe(g); some 

Xe@111·yDCE (0 < y < ½) precipitated out during this process.  The suspension was 

heated until all of the Xe@111·yDCE (0 < y < ½) redissolved and sealed in a vial under a 

xenon atmosphere.  The solution was left at 80 °C overnight.  A flaky precipitate of 

phase-pure trigonal Xe@111·0.2DCE was isolated by filtration. This powder was 

characterized by 1H NMR, TGA-MS, and powder X-ray diffraction.  Melting point:  

Xe@111·yDCE (0 < y < ½) was sealed in a capillary with an atmosphere of N2 and then 

heated to 360 °C, visually there appeared to be a solid-to-solid phase transition at 290–

305 °C (loss of Xe).  The solid does not melt at this transition. 

2.4.2.5 DCE-free trigonal xXe@111 (x ≈ 0.77). 

A sample of trigonal Xe@111·0.2DCE was heated isothermally at 240 °C under 

TGA conditions for one hour, yielding a material, 0.77Xe@111, with no DCE.  This 

material was characterized by 1H NMR (Fig. 2.20), TGA (Fig. 2.13), and PXRD.  PXRD 

(not shown) illustrated that the material maintained its trigonal structure. 

!

Figure 2.20. 1H NMR spectrum (298 K, CDCl3) of the xXe@111 material.  It can 
clearly be observed that the sample is free of DCE (~3.7 ppm). 
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2.4.2.6 Guest-free phases of 111. 

Triclinic 0.50H2O@111·1.5DCE was heated to 375 °C under TGA conditions.  

The near-colorless material isolated after cooling dissolves completely in CDCl3 and its 

1H NMR spectrum (Fig. 2.13) shows no trace of 111 decomposition, or DCE. 

Single crystals of an empty racemic crystal form of 111 were obtained by 

sublimation. Triclinic 0.50H2O@111·yDCE was heated to ∼400 °C in a glass tube under 

dynamic vacuum at ~10-3 atm.  Though some decomposition was apparent, small 

monoclinic crystals of empty 111 formed on the sides of the glass tube.  One of the 

crystals was analyzed by X-ray diffraction. 

2.4.3 X-ray crystallography. 

2.4.3.1 Single crystal X-ray data collections and structure determinations. 

All of the single crystal X-ray diffraction data, except for the sublimed empty 111, 

were collected at 100(2) K on a Siemens SMART three-circle X-ray diffractometer 

equipped with an APEX II CCD detector (Bruker-AXS) and an Oxford Cryosystems 700 

Cryostream.  X-rays were generated using graphite monchromated Mo-K<α> radiation 

(sealed tube, 0.71073 Å).  The crystal of sublimed, guest-free 111 was analyzed at 100(2) 

K on a Bruker APEX II QUAZAR DUO CCD area-detector diffractometer equipped with 

an Oxford cryostream and a multilayer monochromator using Mo-K<α> radiation (λ = 

0.71073 Å) from an Incoatec IµS microsource.  The crystal structures were solved by 

direct methods using SHELXS, and all structural refinements were conducted using 

SHELXL-97-2.113 All non-hydrogen atoms were modeled with anisotropic displacement 

parameters except for the water oxygen atoms of 0.50H2O@111·1.5DCE.  All hydrogen 

atoms were placed in calculated positions and were refined using a riding model with 
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coordinates and isotropic displacement parameters being dependent upon the atom to 

which they are attached.  The program X-Seed32 was used as a graphical user interface 

for the SHELX software suite and for the generation of most figures; some figures were 

generated using Mercury CSD 3.3.1.  Where appropriate, the SQUEEZE subroutine of 

PLATON was used to separately model the electron density associated with partially 

occupied cavity species.33 CCDC 924672–924674, and 935198 contain the 

supplementary crystallographic data for the single crystal structures reported here.  These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data_request/cif. 

2.4.3.2 0.50H2O@111·1.5DCE.  

The crystal is a racemate, crystallizing in the P1̄ space group.  The asymmetric 

unit contains one molecule of 111, with an encapsulated, partial occupancy water 

molecule, and one and one-half molecules of DCE.  The occupancy of the oxygen atom 

of the encapsulated H2O molecules was estimated by refining both the site occupancy 

factor (s.o.f.) and the isotropic displacement parameter.  The refinement converged to 

give a s.o.f. approximately equal to 0.50 oxygen atoms per central cavity.  The estimation 

of the water occupancy was further validated by performing a separate refinement (not 

reported) using the SQUEEZE subroutine of PLATON to model the electron density 

associated with the water molecules occupying the solvent accessible cryptophane 

cavities.  SQUEEZE identified solvent accessible volumes only at the center of the 

cryptophane cavity, and estimated a total of 4.5 e– per cavity, corresponding to 0.45 water 

molecules.  The s.o.f. of the oxygen for the encapsulated water molecules was therefore 

fixed at 0.50 in the final refinement model and was refined with isotropic thermal 
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parameters. Hydrogen atoms associated with the encapsulated water molecule were not 

located in the final difference Fourier map and were not included in the model.  The 

thermal ellipsoid plot of this refinement model is given below. 

!

Figure 2.21. Thermal ellipsoid plots of the triclinic phases (a) 
0.50H2O@111·1.5DCE (τ = 5(3)°, l = 8.29 Å, θ = 19(1)°), (b) Xe@111·1.5DCE 
(τ = 4(2)°, l = 8.36 Å, θ = 19(1)°), (c) 0.80Kr@111·1.5DCE (τ = 4(3)°, l = 8.32 
Å, θ = 19(1)°), at 55% probability. 
 

2.4.3.3 Xe@111·1.5DCE and 0.80Kr@111·1.5DCE. 

Xe@111·1.5DCE is isostructural to 0.50H2O@111·1.5DCE and treatment of data 

was the same, except that each cryptophane encapsulates a single Xe atom.  The Xe atom 

was modeled with anisotropic displacement parameters at full occupancy.  Independent 

refinement of the xenon occupancy gave a value very near 1.0.  A thermal ellipsoid plot 

of the refinement model is provided above. 

The 0.80Kr@111·1.5DCE crystal is isostructural to both 0.50H2O@111·1.5DCE 

and Xe@111·1.5DCE and the treatment of data was the same, except that SQUEEZE 

analysis suggests that the cavity is only partially occupied by krypton, estimating 30 

electrons per cavity corresponding to 0.83 Kr (SQUEEZE refinement not reported).  

Refinement of the s.o.f. and anisotropic displacement parameters of the Kr atom lead to 

convergence of the s.o.f. to a value of approximately 0.80 Kr and the s.o.f. was 
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subsequently fixed at this value for the final refinement.  A thermal ellipsoid plot of the 

refinement model is provided above. 

 

Table 2.2. Xe⋅⋅⋅C(arene) intermolecular contacts in triclinic Xe@111·1.5DCE at 
100 K. 

Phenyl C Xe···C/Å Phenyl C Xe···C/Å 
C1B 3.864 C3B 4.019 
C8C 3.891 C12C 4.022 
C2B 3.898 C2A 4.025 
C6A 3.900 C10C 4.030 
C1A 3.914 C12B 4.039 
C13C 3.915 C9A 4.066 
C8A 3.923 C10B 4.079 

C13A 3.923 C5B 4.084 
C8B 3.924 C11C 4.095 
C1C 3.930 C4A 4.104 
C6B 3.934 C3A 4.105 

C13B 3.947 C5C 4.113 
C9C 3.948 C3C 4.114 
C6C 3.964 C11B 4.119 

C12A 3.981 C11A 4.120 
C5A 3.987 C4B 4.144 
C9B 4.004 C10 4.152 
C2C 4.017 C4C 4.196 

Average = 4.01(9) Å   
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Table 2.3. Kr···C(arene) intermolecular contacts in triclinic 
0.80Kr@111·1.5DCE at 100 K. 

Phenyl C Kr···C /Å Phenyl C Kr···C /Å 
C1B 3.851 C2A 4.019 
C8C 3.865 C2C 4.019 

C13A 3.870 C3B 4.035 
C6A 3.871 C10C 4.043 
C2B 3.886 C12B 4.045 
C1A 3.887 C9A 4.062 
C13C 3.890 C5B 4.075 
C8A 3.905 C10B 4.092 
C8B 3.913 C11C 4.108 
C1C 3.916 C4A 4.113 

C13B 3.919 C3A 4.122 
C6B 3.920 C5C 4.122 
C6C 3.946 C11A 4.129 
C9C 3.947 C11B 4.135 

C12A 3.963 C3C 4.142 
C5A 3.969 C4B 4.152 
C9B 4.007 C10A 4.169 

C12C 4.009 C4C 4.223 
Average = 4.01(11) Å   

 

Table 2.4. Xe···C(arene) intermolecular contacts in Xe@222 at 143 K.37 
Phenyl C Xe···C /Å Phenyl C Xe···C /Å 

C41 4.030 C28 4.276 
C21 4.079 C35 4.286 
C2 4.096 C19 4.306 

C20 4.099 C10 4.332 
C7 4.119 C40 4.336 

C34 4.128 C13 4.355 
C42 4.147 C5 4.402 
C33 4.174 C37 4.410 
C23 4.190 C30 4.414 
C9 4.213 C17 4.418 

C24 4.223 C32 4.426 
C16 4.233 C4 4.428 
C26 4.233 C12 4.463 
C6 4.238 C18 4.465 

C14 4.238 C11 4.469 
C3 4.246 C31 4.503 

C25 4.264 C38 4.733 
C27 4.276 C39 4.770 

Average = 4.31(17) Å   
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Table 2.5. Summary of crystallographic data for the triclinic phases of 111. 
 

Compound 0.50H2O@111·1.5DCE Xe@111·1.5DCE 0.80Kr@111·1.5DCE 
Formula C48H43Cl3O6.50 C48H42Cl3O6Xe C48H42Cl3O6Kr0.80 
Formula wt. (g⋅mol–1) 830.17 952.47 888.21 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal System triclinic triclinic triclinic 
Space Group P1̄ P1̄ P1̄ 
Color colorless colorless colorless 
Crystal dimensions (mm3) 0.52 × 0.32 × 0.30 0.33 x 0.25 × 0.21 0.34 × 0.24 × 0.16 
a (Å) 11.7016(12) 11.749(3) 11.717(3) 
b (Å) 12.6642(13) 12.595(3) 12.635(3) 
c (Å) 15.6135(16) 15.564(4) 15.603(4) 
α(°) 100.7840(10) 100.929(3) 100.794(3) 
β (°) 104.5770(10) 105.178(3) 104.749(3) 
γ (°) 106.8510(10) 106.264(3) 106.655(3) 
V (Å3) 2056.9(4) 2046.0(9) 2053.9(9) 
T (K) 100(2) 100(2) 100(2) 
Z 2 2 2 
ρcalc (g⋅cm-3) 1.340 1.546 1.436 
F000 868 966 916 
Reflections collected 20119 12421 13044 
Unique reflections 7222 7116 7146 
R(int) 0.0246 0.0431 0.0402 
R1/wR2[I > 2σ(I)] 0.0379, 0.1012 0.0457, 0.0885 0.0607, 0.1538 
Goof 1.009 0.987 0.972 
µ(mm–1) 0.275 1.090 1.130 
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2.4.3.4 Sublimed 111. 

The isolated single crystal of sublimed 111 is a racemate.  The 111 was found in 

the fully expanded conformation and the cavity contained no discernible electron density.  

SQUEEZE analysis finds two solvent accessible sites in the asymmetric unit, one of 

which is the cryptophane cavity.  SQUEEZE analysis estimates only one electron per 

cavity; the cryptophanes are essentially empty. 

 
Table 2.6. Summary of crystallography data for the sublimed phase of 111. 
 

Compound Sublimed 111 
Formula C45H36O6 
Formula wt. (g⋅mol–1) 672.74 
Wavelength (Å) 0.71073 
Crystal System monoclinic 
Space Group P21/c 
Color colorless 
Crystal dimensions (mm3) 0.10 × 0.10 × 0.08 
a (Å) 12.0770(3) 
b (Å) 19.1603(5) 
c (Å) 15.3058(4 
α(°) 90 
β (°) 93.076(2) 
γ (°) 90 
V (Å3) 3536.64(16) 
T (K) 100(2) 
Z 4 
ρcalc (g⋅cm-3) 1.263 
F000 1416 
Reflections collected 28216 
Unique reflections 8530 
R(int) 0.0455 
R1/wR2[I > 2σ(I)] 0.0480, 0.1179 
Goof 1.068 
µ(mm–1) 0.083 

 

2.4.3.5 Cavity volumes. 

Cavity volumes are usually extracted from atomic coordinate data by 

computationally probing the cavity with a sphere of a defined probe radius.  This is done 

by summing over all achievable positions of the probing sphere in the interior cavity.  
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The atomic coordinates may be provided by computational or experimental data.  In this 

case, crystal structure data were used.  The reported cryptophane cavity volumes (Table 

2.1) were calculated using PLATON (default settings) and the MSRoll subroutine of X-

seed, employing the default van der Waals atomic radii (or ion) radii: C = 1.70 Å, H = 

1.20 Å, O = 1.52 Å, Kr = 2.02 Å, and Xe = 2.16 Å and a probe radius of 1.40 Å. The C–

H bond distances were normalized to 1.09 Å before calculation. We thank Leonard J. 

Barbour for assisting with the cavity volume calculations. 

 
Table 2.7. Xe⋅⋅⋅H(222) intermolecular contacts Xe@222 at 143 K.37 

Label Xe···H /Å Label Xe···H /Å 
Arene  CTB CH2  
H2B 4.351 H14B 5.150 
H9C 4.438 H7C1 5.167 
H12A 4.4498 H14C 5.170 
H5A 4.476 H14E 5.171 
H2C 4.509 H7A1 5.179 
H9B 4.511 H7B1 5.197 
H2A 4.545 H7A2 5.332 
H12B 4.5528 H7C2 5.332 
H12C 4.5549 H14A 5.337 
H9A 4.599 H14F 5.337 
H5B 4.6471 H14D 5.342 
H4A 4.6543 H7B2 5.359 
H5C 4.656 Average 5.256(88)Å 
H11C 4.6628 Linker CH2  
H11A 4.666 H15C 5.997 
H11B 4.674 H15D 6.029 
H4B 4.7421 H42B 6.043 
H4C 4.773 H42A 6.064 
Average 4.581(113) Å H15A 6.183 
  H15B 6.189 
  Average 6.084(82) Å 
  Total average 5.057(566) Å 
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Table 2.8. Xe⋅⋅⋅H(111) intermolecular contacts in triclinic Xe@111·1.5DCE at 
100 K. 

Label Xe···H /Å Label Xe···H /Å 
Arene  H27 3.857 
H24 4.208 H35 5.303 
H12 4.454 H31 5.408 
H20 4.473 H28 5.476 
H4 4.689 H33 5.776 
H15 4.698 H29 5.921 
H3 4.704 H26 6.123 
H16 4.783 H34 6.319 
H7 4.784 H25 6.487 
H8 4.826 Average 5.383(1.056) Å 
H11 4.979 OMe  
H19 5.079 H48 3.924 
H23 5.364 H46 4.201 
Average 4.753(303) Å H43 4.453 
CTB bridge CH2  H43 4.453 
H2 5.375 H49 5.032 
H6 5.429 H37 5.099 
H1 5.446 H47 5.484 
H9 5.477 H44 5.881 
H14 5.490 H41 6.128 
H13 5.495 H39 6.318 
H5 5.561 H40 6.327 
H18 5.624 H52 6.369 
H22 5.635 H51 6.380 
H10 5.684 H50 6.387 
H21 5.763 H38 6.536 
H17 5.823 H54 7.092 
Average 5.567(140) Å H42 7.138 
Linker CH2CH2  H53 7.519 
H36 3.654 Average 5.429(884) Å 
H32 3.773 First 36 H Average 4.948(605) Å 
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2.4.4 Powder X-ray diffraction data. 

2.4.4.1 General PXRD analysis of bulk samples. 

In-house powder X-ray diffraction (PXRD) data were collected using either a 

Rigaku Ultima IV X-ray powder diffractometer operating in Bragg-Brentano geometry, 

or a Rigaku R-Axis RAPID diffractometer operating transmission mode. The Rigaku 

Ultima IV employed Cu-K<α> radiation (40 kV, 44 mA) and was equipped with an 

energy selective D/teX Ultra silicon strip detector.  Samples were loaded onto the surface 

of a polished “zero-background,” off-cut single crystal silicon sample holder, and were 

spun during data collection.  The Rigaku R-Axis RAPID diffractometer was equipped 

with a curved image plate detector using graphite monochromated Cu-K<α> radiation (λ 

= 1.5418 Å) and a 0.5 mm collimator.  RAPID samples were mounted in a 0.5 mm 

capillary tube and were irradiated for 60 minutes while rotating about the φ axis in a χ 

= °0 orientation. The diffraction data were integrated using AreaMax v. 1.15 (5-60° 2θ, 

with a 0.02° step size) and were further manipulated using MDI Jade 5.0. 

2.4.4.2 Structure determination of trigonal Xe@111·0.2DCE.   

High resolution synchrotron X-ray powder diffraction patterns were collected at 

beamline X16C at the National Synchrotron Light Source at Brookhaven National 

Laboratory.  X-rays of wavelength 0.69967 Å were selected using a Si(111) channel cut 

monochromator. After the sample, the diffracted beam was analyzed with a Ge(111) 

crystal and detected by a NaI scintillation counter. Wavelength and diffractometer zero 

were calibrated using a sample of NIST Standard Reference Material 1976, a sintered 

plate of Al2O3. The sample was flame-sealed in thin walled glass capillaries of diameter 

1.0 mm and spun during data collection for improved powder averaging. TOPAS was 

used to index, solve, and refine the crystal structure.  Systematic absences in the 
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diffraction pattern indicated a space group of R-3c.  From the volume of the cell and 

probable space group, the contents of the asymmetric unit were tentatively determined.  

The position of the cryptophane was determined by the match of symmetry of the 

clathrate (32) and the symmetry of the special position at 0,0,¼. From this initial model, 

the structure was then solved using simulated annealing with the cryptophane placed as 

previously mentioned, a Xe atom placed within the clathrate (refined occupancy = 0.91), 

and a dummy atom to model the solvent in the voids between the clathrates. Rietveld 

refinement was stable, with all distances and angles restrained to lie within the range of 

literature values from single crystal structure determinations. The dummy atom was then 

removed in order to simplify the reported CIFs (similar to how solvent molecules from 

SQUEEZE are not included in the CIF) Crystallographic information is included in Table 

2.9.  CCDC 1025559 contains the supplementary crystallographic data for this structure. 

These data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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Table 2.9. Summary of crystallographic data for Xe@111⋅0.2DCE. 
Compound Xe@111⋅0.2DCE 
Formula C45.4H36.8Cl0.4O6Xe0.91 
Wavelength (Å) 0.69967 
Crystal System Trigonal 
Space Group R-3c 
Color colorless 
a (Å) 9.97501(5) 
b (Å) 9.97501(5) 
c (Å) 63.3208(14) 
α(°) 90 
β (°) 90 
γ (°) 120 
V (Å3) 5370.20(15) 
T (K) 295 
Z 6 
ρcalc (g⋅cm-3) 1.47 
Rwp 5.36 
Rexp 1.91 
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Chapter 3: Rim-functionalized Cryptophane-111 Derivatives via the Capping 
Method.‡ 

 

3.1 Introduction. 

One of the most promising potential applications of cryptophanes is related to the 

smaller ones being the highest known affinity hosts for xenon, allowing development of 

as-low picomolar detection limit 129Xe NMR based indirect sensors or imaging/contrast 

agents.  To date, essentially all such sensors—e.g., pH,92 temperature,114 protein,88,115  

nucleotide,50a and Zn2+
 ion sensors,90a to name a few—are derived from the (±)–

cryptophane-222 (1.2 or 222, Scheme 3.1).  The 222 core features ethylenedioxy linkers 

that provide a flexible cavity ranging from ~85–119 Å3 in cavity volume (Vc)37,111 and 

methoxy or other70,72 substituents amenable to synthetic manipulation for the installment 

of water solubilizing and/or substrate binding sites for sensing applications.  Although the 

parent 222 core exhibits a high xenon binding constant in organic solvents (Ka ≈ 3000–

4000 M–1 at 278 K in (CDCl2)2),49 the 222 core cavity appears to be somewhat large for 

xenon (VXe = 42 Å3), even in its most contracted conformation (Vc ≈ 88 Å3 and PC = 0.47, 

for Xe@222).  The smaller, also flexible, (±)–cryptophane-111 (1.1 or 111, Vc ≈ 32–72 

Å3),66e,66f however, is thought to possibly be a better core platform for xenon, at least in 

terms of its xenon affinity.38 The room temperature (298 K) xenon binding constant of 

111 is more than three times that of 222 in organic solvents under similar conditions (Ka 

≈ 104 M–1).38 The cage of the 111 core is also insusceptible to collapse.22 To date, 

however, only a few derivatives of 111 have appeared,66a-66d limited in part due to the low 

                                                
‡ The majority of the work in this chapter has been previously published by the 

author. Joseph, A. I.; El-Ayle, G.; Boutin, C.; Leonce, E.; Berthault, P.; Holman, K. T. 
Chem. Commun. 2014, 50, 15905-15908. 
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yield (6%) synthesis of the requisite cyclotriphenolene (CTP, Scheme 3.1) precursor.116 

Nonetheless, the first water-soluble 111 derivative, namely the 

pentamethylcyclopentadienyl ruthenium functionalized salt [(Cp*Ru)6(111)]Cl6, was 

found to exhibit a high room temperature xenon binding constant (Ka = 2.9(2) × 104 M–1 

in D2O, by 129Xe NMR),66e comparable to the best water soluble 222 derivatives. 

Herein, the synthesis and xenon binding properties of the rim-substituted 111 

derivatives, a trismethoxy substituted cryptophane-111 (3.1 or (MeO)3-111) and a 

hexamethoxy substituted cryptophane-111 (3.2 or (MeO)6-111) are described.  The 

compounds are achieved by a capping synthetic approach that exploits the greater 

availability of cyclotriguaiacylene (CTG)21a relative to cyclotriphenolene (CTP)116 

(Scheme 3.1). Additionally, methane binding by (MeO)3-111 was also studied.  Single 

crystal X-ray structures of both (MeO)3-111 and (MeO)6-111 were obtained, including 

the Xe@(MeO)3-111 complex.  Xenon “fits” tightly in the Xe@(MeO)3-111 complex, 

occupying ~80% of the (MeO)3-111 cavity.  Finally, in an attempt to make the 

trisphenolic cryptophane (3.5), a bridged CTB cup was synthesized. 

3.2 Results and discussion. 

3.2.1 Synthesis of (±)–trismethoxy-cryptophane-111 ((MeO)3-111). 

All reported 111 derivatives to date—none of them rim-functionalized—were 

obtained by post-synthetic modification of 111, which itself is best synthesized by the 

SN2-mediated dimerization of two units of CTP using excess bromochloromethane 

(Scheme 3.1, 46% optimized yield).66a Unfortunately, despite recent progress,27,116 the 

availability of CTP remains limited by the low yield (6–14%; 9% in our hands) synthesis 

of its methylated cyclotrianisylene precursor (3.2a) from 3-methoxybenzylalcohol (3.1a). 
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!

Scheme 3.1. a) General cryptophane structures.  b) Synthesis of rim-substituted 
cryptophane-111 derivative (3.1 or (MeO)3-111) by the heterocapping method.  
i) P2O5, Et2O or CH2Cl2, reflux, ii) 60% HClO4, iii) BBr3, CH2Cl2, –78 °C, iv) 
10% Pd/C, 1,4-dioxane, v) Cs2CO3, DMF, 80 °C, BrCH2Cl. (MeO)3-111 is  
isolated as a racemate. 
 

We reasoned that the synthesis of rim-functionalized 111 derivatives might be 

achieved more directly by the heterocapping of CTP with a pre-functionalized 

cyclotriphenolene, such as (CTG).  It is considered that the homodimeric 111-core 

cryptophanes of CTG should, at best, occur only in low yield due to steric crowding at 

opposing CTB rims.117 The heterocapping approach could, in principal, alleviate up to 

half of the demand for precious CTP while also directly providing functionalized 111 

derivatives, such as (MeO)3-111.  Analogous to 222, which is rim-functionalized with 

methoxy (or other) substituents, the new rim-functionalized 111 derivatives ought to be 

amendable to further modification.  Moreover, CTG is readily available in many-gram 

quantities.21b  
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We also hypothesized that the introduction of substituents (e.g., methoxy) on one 

of the inner rims of 111 might enhance the binding affinity of the cryptophane toward 

small gases due to: i) increased host–guest dispersion interactions resulting from the 

introduction of heavy atoms at the surface of the binding site; ii) the presence of a 

permanent dipole in the host, also thought to likely enhance host-guest dispersion 

interactions, and iii) the bulk of the rim substituents, prohibiting the 111 core from 

achieving the most contracted, small-cavity-volume conformation (see Chapter 2).  It was 

thought that inhibiting contracted conformations might effectively pre-organize the 

cryptophane toward the more expanded, xenon-accommodating conformations and 

counter possible entropic consequences of substrate binding. 

Reaction of CTP with excess CTG under conditions similar to those used for the 

synthesis of 111, was found to give the expected functionalized 111 derivative 

trismethoxy cryptophane-111 ((MeO)3-111) in 18% yield based on CTP (Scheme 3.1).  

The anti-stereochemistry of the product was confirmed by X-ray crystallography and 

there was no evidence for the presence of the syn diastereomer.  Notably, the 

homodimeric hexamethoxy-cryptophane-111 (3.2 or (MeO)3-111) derivative is also not 

observed.  The results suggest that a heterocapping approach may also be successful if 

applied to a recent attempted synthesis of functionalized cryptophane-000 derivatives.27 

3.2.2 Xenon binding by (±)–trismethoxy-cryptophane-111 ((MeO)3-111). 

Xenon binding by (MeO)3-111 was observed by room temperature 1H and 

hyperpolarized (HP) 129Xe NMR spectroscopy in CDCl3.  The solvent CDCl3 is too large 

to enter the 111 core cavity and essentially cannot compete with xenon.48 The degassed 

solvent, xenon-free 1H spectrum (Fig. 3.1a) is indicative of a C3 symmetric cryptophane.  
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After saturation of the solutions with xenon (0.14 M for CDCl3 at 298 K),49 the host 

resonances in the 1H spectra of (MeO)3-111 split into two signals.  At 25.5 Torr of HP 

xenon, the 129Xe spectrum shows the appearance of a resonance corresponding to 

129Xe@(MeO)3-111 at 39.3 ppm (Fig. 3.2).  The data demonstrate, as expected, slow 

exchange of the xenon between bound and free states on both spectral timescales, but 

time-averaged C3-symmetry host conformations.  The 129Xe@(MeO)3-111 signal 

resonates significantly downfield from the 129Xe@111 resonance (31.1 ppm) and that of 

the hexaphenolic Xe@1.36, a 111 derivative, (31 ppm);66d this may suggest there is less 

space available to xenon within this rim-functionalized 111 derivative. Data from 

methane binding (section 3.2.4) shows that guest in–out exchange is slower for (MeO)3-

111 than for 111, reflecting the presence of methoxy substituents at the cavity windows. 

!

Figure 3.1. Selected portions of room temperature 1H spectra (CDCl3, 298 K) of 
(MeO)3-111 before (top) and after (bottom) saturation of the solvent with xenon. 
Open and filled circles represent signals of the free and xenon-occupied hosts, 
respectively. 
 

With the aid of line-fitting analysis, we were able to estimate the xenon binding 

constant for (MeO)3-111 to be Ka ≈ 9 M–1 by 1H NMR spectroscopy.  Hyperpolarized 

(HP) 129Xe NMR spectroscopy estimates the xenon binding to be Ka ≈ 8 M–1.  The xenon 
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binding constant for (MeO)3-111 was much lower than expected, considering that 111 

binds xenon with a Ka ≈ 104 M–1 in (CDCl2)2 at 298 K.  

!

Figure 3.2. Hyperpolarized 129Xe NMR spectrum (CDCl3, 293 K) of a solution 
of (MeO)3-111 (3.1, 0.66 mM total) after saturation of the solution with 25.5 torr 
of hyperpolarized xenon.  Chemical shifts are referenced to the Xe(g) peak at 0 
ppm.  The Xe@(MeO)3-111 species is clearly observed at 39.3 ppm. 
 

3.2.3 Crystal structures of (±)–trismethoxy-cryptophane-111 ((MeO)3-111). 

The extremely low xenon binding constant exhibited by (MeO)3-111 was both 

disappointing and surprising.  To elucidate the cause of the reduction in the xenon 

affinity, the SCXR structures of (MeO)3-111, and its Xe@(MeO)3-111 complex were 

determined.  Single crystals of (MeO)3-111·1.5DCE, and (MeO)3-111⋅⅔NO2Me were 

grown at room temperature from 1,2-dichloroethane (DCE), and NO2Me, respectively, 

and were analysed by X-ray diffraction (Fig. 3.3).  Single crystals of the corresponding 

xenon complex, 0.92Xe@(MeO)3-111·1.5DCE, were grown at room temperature from 

DCE in a vessel pressurized with xenon (14 bar), ensuring nearly 100% xenon occupancy. 

The conformation of the 111 core can be described by several structural 

parameters:  the length of the cryptophane (l), defined by the CH2 carbons of the CTB 
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units; the relative twist angle between the CTB units (θ); and the torsion angles about the 

Ar-O bonds involving the methylenedioxy linkers (τ, defined in Scheme 3.1, and detailed 

in Chapter 4).   

!

Figure 3.3. Thermal ellipsoid plots of a) the contracted 111 core of the reported 
empty [(Cp*Ru)6111][CF3SO3]6·xNO2Me crystal structure, b) the expanded 111 
conformation from the reported structure of 0.75H2O@111·2CHCl3, c) empty 
(MeO)3-111 from the crystal structure of (MeO)3-111·1.5DCE, d) the 
Xe@(MeO)3-111 complex from the crystal structure of Xe@(MeO)3-
111·1.5DCE. The twist angles (θ) and cavity volumes (Vc, depicted in orange) 
are provided. Only the major occupancy positions of disordered species are 
shown. Xenon is depicted as a semi-transparent blue sphere. 
 

The structural analysis of now eight crystal structures of 111, shows that 111 

adopts either an expanded conformation, typically with an encapsulated guest, or a 

contracted conformation which is necessarily guest-free (empty).  The conformation of 

the 111 core is influenced predominately by the conformation of the bridges, which is 

parameterized by the dihedral angle τ.  The dihedral angles (τ) is nearly 0° 
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(synperiplanar) in the expanded conformation and nearly 180° (antiperiplanar) in the 

contracted conformation.  Only at these angles is the CH2 carbon of the bridge are 

essentially co-planar with the arene ring.  When the CH2 group is co-planar to the arene 

ring, there is a significant mesomeric effect from the bridge oxygen atoms lone pairs (pπ-

orbital participation with the π-system of the ring), stabilizing the conformation.118 The 

111 core cavity volume (Vc) can also be quantified and our previously reported crystal 

structures66e of 0.75H2O@111·2CHCl3 and the metalated 

[(Cp*Ru)6111][CF3SO3]6·xNO2Me salt serve as useful comparisons (Fig. 3.3).  In the 

former compound, 111 is found to have scavenged water from CHCl3 solution and the 

cryptophane adopts a fully expanded conformation, characterized by six synperiplanar 

ArOCH2 connections (τ = 4(4)°), an 8.6 Å end-to-end length (l), a minimal twist angle (θ 

= 18(1)°) and a cavity volume (Vc) that measures 69 Å3.  In contrast the conformation of 

the empty 111 core of [(Cp*Ru)6111][CF3SO3]6·xNO2Me is seemingly as-contracted-as-

possible (l = 7.4 Å), being highly twisted (θ = 61°) with all six ArOCH2 connections in 

an antiperiplanar (τ = 177(2)°) arrangement.  The cavity volume is seemly minimized at 

Vc ≈ 32 Å3. 

In the absence of xenon, (MeO)3-111 is also found to be empty in the solid state 

and exhibits conformations in between the fully contracted and fully expanded forms 

exhibited by the empty and the guest@111 complexes.  Though there is some 

cryptophane conformational disorder in the cryptophane structure of (MeO)3-

111·1.5DCE (Fig. 3.19) and (MeO)3-111⋅⅔NO2Me (Fig. 3.21), 2.35 of the three 

crystallographically unique cryptophanes observed in the two crystal structures of empty 

(MeO)3-111 have only three of their six ArOCH2 connections (τ) residing in the 
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antiperiplanar contracted conformation (0.65/3 show four of the six connections in this 

conformation) whereas the remaining connections (τ angles) are all “gauche” (synclinal 

or anticlinal).  The net result of these linker conformations is significantly less twisted 

(Fig. 3.3) cryptophane conformations and larger cavity volumes as compared to the 

empty 111 core of [(Cp*Ru)6(111)][CF3SO3]6·xNO2Me (Vc = 42 Å3 for (MeO)3-111).  

The observation suggests that, as hypothesized, the steric bulk imposed by the rim 

substituents prevents the empty cryptophanes from contracting as much as is possible 

with 111, and that the range of achievable conformations (and cavity volumes) is 

narrower for the rim-functionalized 111 derivatives.  Further conformational details are 

available in the Table 3.1, and Fig 3.4. 

Table 3.1. Analysis of CAr–CAr–O–CH2 dihedral angles (τ) of rim functionalized 
111 structures, as defined by Scheme 3.1.  “Top” refers to the CTB cup with the 
R = MeO group. 

R3-111 in ASU of crystal structure τ°top Conformation τ°bottom Conformation 
(MeO)3-111⋅⅔NO2Me     
(MeO)3-111 ordered 165.6 +antiperiplanar 77.6 + synclinal 

 -174.5 - antiperiplanar  169.4 - antiperiplanar  

 -130.9 - anticlinal 61.4 + synclinal 
(MeO)3-111 disordered 156.4 +antiperiplanar 74.9 + synclinal 

 -170.5 - antiperiplanar -168.6 - antiperiplanar 

 -130.3 -anticlinal 64.8 +synclinal 
0.92Xe@(MeO)3-111·1.5DCE     

0.92Xe@(MeO)3-111 82.4 + synclinal 158.2 +antiperiplanar 

 64.8 + synclinal 146.8 +anticlinal 

 173.6 - antiperiplanar -172.2 -antiperiplanar 
(MeO)3-111·1.5DCE     

More open conformer 35% bridge 82.1 + synclinal 172.5 + antiperiplanar 
More closed conformer 65% bridge -177.3 -antiperiplanar -179.3 -antiperiplanar 

 -170.4 -antiperiplanar -176.0 -antiperiplanar 

 69.0 + synclinal 138.9 + anticlinal 
119Synperiplanar : ±30° 
Synclinal or gauche: 30° to 90° and –30° to –90° 
Anticlinal: 90° to 150° and –90° to –150° 
Antiperiplanar: ±150° to 180° 
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Surprisingly, the crystal structure of the xenon-occupied cryptophane—

0.92Xe@(MeO)3-111·1.5DCE—is isostructural to and nearly identical to its empty 

crystal form (MeO)3-111·1.5DCE, except that a xenon is found within the cryptophane 

cavities and the (65:35) conformational disorder of the cryptophane observed in the 

empty structure is not present (Fig. 3.4 and Fig. 3.19).  Only the (slightly) more open of 

the two conformers is observed (Fig. 3.4 and 3.5), the xenon is centered and highly 

crowded within an intermediate 111 core conformation that exhibits a cavity volume of 

Vc ≈ 53 Å3 (Fig. 3.4) to house the xenon (VXe ≈ 42 Å3).  The 36 closest heavy atoms to the 

xenon are the arene carbon atoms of the host.  In fact, several of the Xe···C(arene) 

distances are less than the shortest ever measured for a complex of atomic xenon.108d The 

Xe···C(arene) distances range from 3.64–4.35 Å (avg. = 3.91(19) Å) with more than 14 

contacts being shorter than the sum of the van der Waals radii (3.86 Å).  The 

Xe···centroid(arene) distances average 3.65(14) Å, considerably shorter than that 

measured for the Xe···C6H6 complex in the gas phase (3.77 Å).109 The result is clearly a 

very tightly enshrouded xenon atom; the packing coefficient (PC, VXe/Vc) of xenon within 

the (MeO)3-111 cavity measures 0.79, extremely high for supramolecular complexes 

governed by dispersion forces (typically 0.55(9))36 and particularly so for gas complexes. 

This is also the highest PC ever observed for any guest@cryptophane complex. In 

comparison, the Xe@111 complex exhibits a cavity volume of 70 Å3 (PC = 0.60) and 

significantly longer, likely more optimal, Xe···C(arene) contacts, with Xe···C(arene) 

distances averaging 4.01(9) Å (range: 3.86–4.20 Å) and Xe···centroid(arene) distances 

measuring 3.77(3) Å,120 exactly as with the gas phase Xe···C6H6 complex.  The xenon 

thermal parameters (at 100 K) are also noticeably larger for the Xe@111 complex than 
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for Xe@(MeO)3-111, demonstrating the reduced motion of the xenon in the cavity of 

(MeO)3-111 compared with 111.  Similarly, the xenon atom of the Xe@222 complex is 

even less crowded, exhibiting longer Xe···C(arene) contacts and a packing coefficient of 

only 0.47. 

!

Figure 3.4.  Thermal ellipsoid plots (60% probability) of the crystal structures a) 
(MeO)3-111⋅1.5DCE; both disordered conformations are shown.  For the major 
(65%) occupancy (more closed) conformer of the disordered species: l = 7.7 Å, θ 
= 56(2)°, Vc ≈ 42 Å3; b) Xe@(MeO)3-111⋅1.5DCE (l = 8.0 Å , θ = 54(1)°, Vc ≈ 
53 Å3).  No disorder is present and the conformation of the host is nearly 
identical to the (35%) minor occupancy conformation observed in crystals of 
(MeO)3-111⋅1.5DCE.  c) Overlay of the cryptophane cores Xe@(MeO)3-111 
(blue) and (MeO)3-111 (red, major occupancy conformer). 

 

!

Figure 3.5. Thermal ellipsoids at 60% probability of the phenyl carbons and 
xenon in the cryptophane cavity of 0.92Xe@(MeO)3-111⋅1.5DCE.  The colors 
are based on the distances between the phenyl carbons and xenon, 0–3.800 Å are 
red, 3.801–4.000 Å are pink and 4.001+ Å are light pink.  The red solid sphere at 
the center of the cavity is the centroid of all the phenyl carbons.  It is located 0.23 
Å from the xenon position. 
 



 

 79 

A plausible explanation for the surprisingly low xenon affinity exhibited by 

(MeO)3-111 and the unusually high PC for the Xe@(MeO)3-111 complex comes from 

the analysis of the positions of the methoxy groups with respect to the methylene bridge 

(ArOCH2).  The oxygens in the methoxy groups of the (MeO)3-111 core from the 

Xe@(MeO)3-111·1.5DCE structure are 2.88 Å, 3.15 Å, and 4.04 Å (sum of van der Waal 

radii for O···C is 3.22 Å) away from the carbon atom of the CH2 bridge (d1, Fig. 3.6), 

demonstrating significant crowding between the CH2 groups and the oxygens atoms of 

the rim methoxy substituents.  

Were the (MeO)3-111 to adopt the fully expanded conformation observation in 

the Xe@111·1.5DCE complex described in Chapter 2, the H3CO···CH2 distances would 

have to be even closer. The full expansion of the 111 core needed to achieve a 

conformation with a cavity volume that better complements xenon is prevented due to 

crowding between the CTB upper rims.  This steric crowding translates to Vc ranges for 

(MeO)3-111 of merely 42 Å3–53 Å3 (by comparison 111 has a Vc range of 32 Å3–70 Å3).  

We conclude that the rim functionalization of 111 narrows the range of Vc available to the 

111 core. 

!

Figure 3.6. a) The O(methoxy)···C(CH2), d1 = bridge, contact distances.  b) 
Torsion angles for the 111 core methylenedioxy bridge. 
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3.2.4 Methane binding by (±)–trismethoxy-cryptophane-111 ((MeO)3-111). 

To further understand the effects of the methoxy groups on the (±)–cryptophane-

111 (111) core, the complexation of methane (CH4) by (±)–trismethoxy-cryptophane-111 

(3.1 or (MeO)3-111) in chloroform-d (CDCl3, the solvent molecules are too large to fit 

within the 111 core) was investigated with the aid of variable temperature (VT) 1H NMR 

spectroscopy on a 400 MHz spectrometer.  The temperature was calibrated based on the 

chemical shift of the residual solvent peak within methanol-d4.  The samples of (MeO)3-

111 used, were prepared using 1–2 mg of host dissolved in CDCl3 (700 µL) to give 

solutions with 1–3 mM host concentrations.  The (MeO)3-111 solutions were added to 

stopcock-sealable NMR tubes followed by degassing by freeze-pump-thaw cycles under 

methane.  The (MeO)3-111 solutions were saturated with methane by bubbling methane 

gas through the solution then sealing the NMR tube under methane.  The NMR tubes 

were shaken vigorously and left for >12 hours to equilibrate.  For comparison, 111 was 

investigated alongside (MeO)3-111, using identical sample preparation, instrumentation, 

and conditions.  

Evidence from our previously reported 111 crystal structures (xH2O@111, x < 1, 

Chapter 2) suggests that water maybe a guest for 111, however a poor guest due to the 

hydrophobicity of the 111 cavity.  In an attempt to remove most of the water in the VT 

NMR samples, the NMR solvents were kept over 3Å molecular sieves for over 5 days.  

The water was not eliminated from the NMR solvent, but the water concentrations (≤ 4 

ppm) in the VT NMR samples were significantly lower than methane concentrations (ca. 

×10 greater than methane).  Therefore, water can be effectively ignored as a competitive 

guest in the methane binding by 111 and (MeO)3-111.  The host–guest equilibrium 
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thermodynamics parameters (ΔG°, ΔH°, ΔS°) and the host–guest decomplexation kinetics 

parameters (ΔG‡, ΔH‡, ΔS‡) obtained by (VT) 1H NMR spectroscopy are summarized in 

Table 3.2 in addition to Chaffee et al. reported values for methane binding by 111.110 In 

the study by Chaffee and co-workers, the authors observed their data could be fitted to 

two separate binding profiles, one that occurs from 213 to 244 K (high temperature fit) 

and another from 209 K to 213 K (low temperature fit). This phenomenon is not observed 

in our in-house data.  The results from the Chaffee’s paper summarized in Table 3.2 

correspond to the high temperature fit data. 

When (MeO)3-111 is dissolved in degassed CDCl3 at room temperature (298 K) 

followed by saturation with CH4(g), a signal appears at ~0.22 ppm, corresponding to the 

coalesced dissolved CH4 and CH4@(MeO)3-111 signals.  When the temperature is 

lowered below 270 K the signals of free CH4 and CH4@(MeO)3-111 are resolved, with a 

small singlet appearing at ~ –5.19 ppm for CH4@(MeO)3-111 and a larger singlet at 

~0.24 ppm for the dissolved CH4.  Like other guest@cryptophane complexes, the bound 

CH4 singlet is highly shifted upfield due to magnetic shielding by the cryptophane six 

aromatic rings.  Under similar conditions, the CH4@111 singlet appears at ~ –5.06 ppm.  

Therefore, the methane of the CH4@(MeO)3-111 complex is consequently slightly more 

shielded (~0.13 ppm).  The observed shielding effect is probably due to the three 

methoxy groups, which donate electrons to the delocalized π system of the arene rings, 

increasing the shielding effect.  The temperature range for observing the CH4@(MeO)3-

111 complex in CDCl3 is from 270 K (the bound and the free methane signals are 

resolved) to 209 K (the freezing point of the solution).  At temperatures between 270 K 

and 250 K the encapsulated CH4 proton singlet is too broad to be analyzed accurately.  
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All raw data used in methane binding analysis were obtained from VT 1H NMR spectra 

between 250 K and 210 K. 

!

Figure 3.7.  Upfield portion of the VT 1H NMR spectra (CDCl3) of (MeO)3-111 
saturated with CH4(g) at different temperatures.  The singlet for the dissolved 
CH4 is clearly observed at ~ 0.24 ppm, whereas the singlet for the bound CH4 
(CH4@(MeO)3-111) is observed at ~ –5.19 ppm.  Singlet at 0.00 ppm is 
tetramethylsilane. 
 

The association constant (Ka) for methane binding by (MeO)3-111 was obtained 

using integration of multiple signals for the different host (H), guest (G) signals and the 

host–guest (HG) complex (Eq. 3.1, and Eq. 3.2) while the thermodynamic parameters 

were obtained from the van’t Hoff plot (Fig. 3.8, lnKa vs. (1/T)) and equation 3.3. 

Extrapolated from the van’t Hoff plot (Fig. 3.8), the Ka for CH4 complexation by 

(MeO)3-111 is 7(3) M–1 at 298 K.  This value is less than 53(42) M–1 for 111 obtained in 

house (or 110(53) M–1 by Chaffee et al.).  The corresponding free energy (ΔG°) for the 

formation of CH4@(MeO)3-111 in CDCl3 at 298 K is –5.0 (0.8) kJ⋅mol–1 while for 

CH4@111 it is –9.9 (2.3) kJ⋅mol–1.   
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H!+!G!
k1
→
←
k-1

!HG 

(3.1) 

Ka= 
k1

k–1
=

[HG]
H [G]

  

(3.2) 

ln Ka  = –
∆H°
RT

+
∆S°
R

 

(3.3) 

Even though these values are close, the addition of the methoxy groups to the 111 

core appears to disfavor the formation of the CH4@cryptophane complex at room 

temperature.  Examination of the van’t Hoff plot correspond to CH4 complexation reveals 

that the CH4@(MeO)3-111 complex has an enthalpy (ΔH°) of formation of –13.2(0.5) 

kJ⋅mol–1 while it is –11.4(1.4) kJ⋅mol–1 for the CH4@111 formation (–9.9(0.7) kJ⋅mol–1 

for Chaffee et al.).48 This suggests that there are slightly greater dispersive interactions 

between CH4 and the (MeO)3-111 cavity—probably due to the smaller cavity and/or the 

electron donating methoxy groups—than with the 111 cavity.  However, this difference is 

largely insignificant in the differences in methane complex formation for (MeO)3-111 

and 111. 

The entropic contribution TΔS° for (MeO)3-111 methane binding is –8.3(7) 

kJ⋅mol–1 while for 111 TΔS° it is –1.6(1.9) kJ⋅mol–1 at 298 K.  The entropic component 

ΔS° is significantly different between the CH4@(MeO)3-111 and the CH4@111 

complexes.  Chaffee et al. reported a value of TΔS° of +1.8(9) kJ⋅mol–1, which is slightly 
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different from our in house measured values.  The discrepancy in the TΔS° reported in 

this dissertation and the value reported by Chaffee et al. is a consequence of the difficulty 

in the estimation of entropy, as the extrapolation of van’t Hoff plot is susceptible to error 

(Eq. 3.3).121 The numbers are within the error, though ours is negative and theirs is 

positive.  A plausible explanation is that Chaffee and co-workers may not have accounted 

for the water of their sample and the favorable entropic value may be due to the expelling 

of water from the 111 cavity before the formation of the methane–cryptophane complex.  

In any case, methane binding by (MeO)3-111 appears to be entropically more disfavored 

than for 111.  Intuitively, this is expected for (MeO)3-111 as it may possess a smaller 

cavity (Vc(max.) ≈ 53 Å3 from Xe@(MeO)3-111·1.5DCE crystal structure) than 111 

(Vc(max.) ≈ 69 Å3, from guest@111, Chapter 2).  These observations further validate the 

explanation that the methoxy groups at the rim positions of the CTB moiety restrict the 

conformational freedom of the 111 core. 

!

Figure 3.8. van’t Hoff plot for methane binding by (MeO)3-111, taken over 
range of 241 K to 214 K. 
 

Investigation of the kinetics of decomplexation of CH4@(MeO)3-111 and 

CH4@111 was performed by line width analysis of the CH4@(MeO)3-111 and CH4@111 

singlets (219–246 K).  As the temperature is lowered, the CH4@cryptophane signals 
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become sharper mainly due to the slowing of the rate of guest in–out exchange (Fig. 3.7).  

The rate constant for decomplexation (k–1) was determined using the equation k–1 = 

πΔνfwhm (fwhm = full width at half maximum), which assumes that the line broadening is 

dominated by the decomplexation exchange kinetics.48 The kinetic parameters for 

decomplexation were obtained by using an Erying plot (Fig. 3.9, ln (k–1·T–1) vs. (1/T)) 

and equation 3.4. 

ln
k–1

T
= –
∆H‡

RT
+ ln

kB

R
+ 
∆S‡

R
 

(3.4) 
The activation free energy for methane decomplexation (ΔG‡ at 298 K) for 

CH4@(MeO)3-111 is +59.4(3.0) kJ⋅mol–1, which is marginally greater than +54.6(1.5) 

kJ⋅mol–1 for CH4@111.  Examination of the enthalpy of decomplexation (ΔH‡) for 

CH4@(MeO)3-111 is +25.0(1.6) kJ⋅mol–1 whereas it is +30.5(1.2) kJ⋅mol–1 for CH4@111.  

This demonstrates that the methoxy moieties may be stabilizing the CH4@(MeO)3-111 

activated complex, possibly via CH···O interactions between the CH4 guest and the 

oxygens on the methoxy moieties.  In any case, the entropic contribution for 

decomplexation (ΔS‡) exhibit the greatest difference between the activated complexes.  

The decomplexation of CH4@(MeO)3-111 entropic contributions (TΔS‡ at 298 K) is –

34(2) kJ⋅mol–1 while it is only –24(1) kJ⋅mol–1 for CH4@111.  The greater entropic costs 

for CH4@(MeO)3-111 decomplexation is probably due to the presence of the methoxy 

moieties at the windows, which sterically obstructs the passage of methane through the 

windows—the MeO (VvdW ≈ 33 Å3) while H (VvdW ≈ 7 Å3)—by reducing the methane 

molecule degrees of motions associated with translation and rotation.  Hence as expected, 



 

 86 

the rim positioned methoxy moieties reduce the rate of methane (and likely other guests 

such as xenon) egress for the 111 core. 

!

Figure 3.9. Erying plot for methane binding by (MeO)3-111, taken over range of 
246 K to 219 K. 
 
 
Table 3.2. Thermodynamic and kinetics parameters for methane binding by 
(MeO)3-111 and 111 cryptophanes. 

Parameter (MeO)3-111    111 (in house) 111a  
Ka (M–1)b 7(3)    53(42) 110(53)  
ΔH° (kJ⋅mol–1 –13.2(5)    –11.4(1.4) –9.9(7)  
ΔS° (J⋅mol–1⋅K–1) –27.7(2.2)    –5.2 (6.3) 5.9(3.1)  
ΔG° (kJ⋅mol–1)b –5.0(0.8)    –9.9(2.3) –12.0(1.2)  
ΔH‡ (kJ⋅mol–1) 25.0(1.6)    30.5(1.2) 41.1(1.2)  
ΔS‡( J⋅mol–1⋅K–1) –114(8)    –81(3) –28(5)  
ΔG‡ (kJ⋅mol–1)b 59(3)    55(2) 49(3)  
aFrom the paper Chaffee et al. the results are of the  
higher temperature fit of their data.48 
bCalculated for 298 K.  

 

 

3.2.5 Synthesis of (MeO)6-111. 

The synthesis of (MeO)3-111 in 18% yield by the reaction of CTP with excess 

CTG is somewhat optimized.  The reaction of CTP with equimolar CTG yields little of 

the heterodimeric ((MeO)3-111) and a considerably greater amount of the homodimeric 

111.  Apparently, the steric congestion at the rim position of the CTB moieties favors 

formation of homodimeric 111 over the more sterically congested heterodimeric (MeO)3-

111.  The situation is exacerbated for homodimerization of CTG such that even in a 

-4.5 

-4.0 

-3.5 

-3.0 

-2.5 

-2.0 
0.0039 0.0041 0.0043 0.0045 0.0047 

ln
 (k

–1
/T

) 

1/T (K–1) 



 

 87 

reaction with excess CTG no homodimeric hexamethoxy cryptophane-111 ((MeO)6-111) 

was observed.  Seeking to isolate this highly congested cryptophane, CTG was reacted 

with a large excess of BrCH2Cl (2200 eq.) and a large excess of Cs2CO3 for a longer time.  

Under these conditions, (MeO)6-111 could be isolated in 2% yield (Fig. 3.10).  The 

product was characterized by 1H NMR spectroscopy, ESI-MS and SCXRD, which 

confirmed it to be the D3-symmetric anti stereoisomer.  The low yield of the reaction, 

even under somewhat optimized conditions, indicates that the methoxy moieties do 

indeed present a steric penalty to cryptophane formation.  

!

Figure 3.10. Synthesis of (±)–hexamethoxy cryptophane-111 (3.2 or (MeO)6-
111) by the capping method, i) Cs2CO3, DMF, BrCH2Cl ( 2200 eq.) at 80 ˚C. 

 

3.2.6 Xenon binding by (MeO)6-111. 

We sought to study the xenon binding properties of (MeO)6-111 by NMR 

spectroscopy.  A 1H NMR spectrum of (MeO)6-111 (1.1 mM in degassed CDCl3 at 298 

K) was obtained before and after saturation of the solution with Xe(g) (0.14 M).49 Upon 

the addition of the Xe(g), signals of the Xe@(MeO)6-111 complex appeared in the 1H 

spectrum (slightly upfield for all but the Ha/He) to the “empty” (xenon-free) (MeO)6-111 

host signals (Fig. 3.11).  Signal integrations were obtained using line-fitting software and 

the Ka was estimated to be ~10 M–1.  Similar to the trismethoxy substituted 111 derivative 

OO OOMeOMeMeO

OMeOMeOMeO OO

OMeOMeOMeHO OHOH

i)

(±)–hexamethoxy-cryptophane-111 
(3.2, yield 2.1%)
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((MeO)3-111, xenon binding Ka ≈ 9 M–1 in CDCl3), the xenon binding constant is about 

three orders of magnitude lower than that of 111 (Ka ≈ 104 M–1 in TCE-d2)).  

!

Figure 3.11. a) (MeO)6-111, single enantiomer shown.  b) Selected portions of 
the 1H NMR spectra taken of (MeO)6-111 dissolved in CDCl3 at room 
temperature before (top) and after (bottom) saturation of the solution with xenon 
gas.  c) The fitted MeO singlets of the (MeO)6-111 and the Xe@(MeO)6-111 
complex from the 1H NMR spectrum shown (b, bottom). The MestReNova 8.0 
software was used to fit signals.  The open circles correspond to the signals from 
the xenon-free (MeO)6-111 while the closed circles correspond to signals from 
the Xe@(MeO)6-111 complex.  The asterisks (*) represent an impurity in the 
xenon gas. 
 

Clearly, as observed with (MeO)3-111, the presence of the rim positioned 

methoxy substituent appears to drastically reduce the xenon affinity of the 111 core. 
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3.2.7 Crystal structure of the (MeO)6-111. 

Single crystals of (MeO)6-111 for X-ray diffraction analysis were obtained by 

evaporation of a solution of (MeO)6-111 in DCE.  The single crystals are a simple 

racemate with no DCE solvent molecule in the lattice, and a single molecule of (MeO)6-

111 of anti-stereochemistry, in the asymmetric unit.  The (MeO)6-111 molecule exhibits 

a length (l) of 7.3 Å, a twist angle (θ) of 43(2)°, and a Vc of 41 Å3.  The empty (MeO)6-

111 cavity volume (Vc ≈ 41 Å3) is comparable to that of the empty (MeO)3-111 (Vc ≈ 42 

Å3) and is also in the range of the empty 111 core structures (Vc ≈ 32–46 Å3).  In addition, 

(MeO)6-111 exhibits a shorter length (l = 7.3 Å) than the other empty 111 cores, which 

have a range of 7.4–7.7 Å.  There is clearly a great deal of congestion about the rim 

position, three of the methoxy substituents are out of plane with the arene rings of their 

CTB moieties.  Interestingly, the O atom of each of these methoxy groups appears to be 

involved in H–bonding with the methoxy groups of the opposing CTB moiety (C···O = 

3.33 and 3.38 Å). 

Examination of the bridges reveals that the each of the three bridges have two Ar–

OCH2 torsion angles (τ) one synclinal (gauche) and the other anticlinal.  Therefore, all 

three bridge conformations are virtually identical (Table 3.3).  By comparison, the empty 

(MeO)3-111 cores (section 3.2.3) have some of the Ar–OCH2 connections (τ) in an 

antiperiplanar conformation while the others are either synclinal or anticlinal (Table 3.1). 

This demonstrates that (MeO)6-111, with the three additional methoxy groups as 

compare to (MeO)6-111, further prevents the bridges from adopting to the preferred 

antiperiplanar position seen in the fully contracted conformation of 111.66e Further 

analysis of the (MeO)6-111 crystal structure reveals, that the three closest 



 

 90 

O(MeO)···C(bridge) (d1, Fig. 3.12) contact distances have a range of 3.01, 3.02 and 3.06 

Å. Therefore, (MeO)6-111 cannot contract to the extent of the empty 111 (Vc ≈ 32 Å3) or 

expand to the extent of the guest@111 (Vc ≈ 69 Å3); this is similar to what is observed for 

(MeO)3-111.  Overall this indicates that (MeO)6-111 has a somewhat rigid structure and 

is rather narrow range of cavity volume.  This is akin to (MeO)3-111, though perhaps 

even more rigid.   

 

Figure 3.12. a) Space-fill model of (MeO)6-111 from its crystal structure.  b) 
Schematic of the O(MeO)···C(bridge) contact distance.  c) Thermal ellipsoid plot 
(50% probability) top view, and d) the side view of the (MeO)6-111 crystal 
structure.  Dash lines show possible H–bonding.  Cavity depicted as orange solid. 
 

Like (MeO)3-111, the cryptophane rigidity and its small cavity volume explain 

the xenon affinity of (MeO)6-111 is three orders of magnitude lower than 111, and 

comparable to that of (MeO)3-111. 
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Table 3.3. Analysis of CAr–CAr–O–CH2 dihedral angles (τ) of (MeO)6-111, as 
defined by Scheme 3.1.  

Bridge τ° Conformation τ° Conformation 
1 -71.1 -synclinal -144.9 - anticlinal 
2 -136.9 -anticlinal -141.5 - anticlinal 
3 -79.9 -synclinal -73.7 -synclinal 

Synperiplanar : ±30° 
Synclinal or gauche: 30° to 90° and –30° to –90° 
Anticlinal: 90° to 150° and –90° to –150° 
Antiperiplanar: ±150° to 180° 

 

3.2.8 Synthesis and characterization of a tris methylene-rimmed cyclotribenzylene 
(3.3). 

Endeavoring to make (±)–trisphenolic cryptophane-111 derivative (3.5, scheme 

3.1), the direct hetero-coupling of cyclotriphenolene (CTP) and cyclotricatechylene 

(CTC) with BrCH2Cl was attempted.  The synthetic strategy was similar to the one used 

for the synthesis of (MeO)3-111.  A product was obtained with the 1H NMR spectrum 

shown in Fig. 3.14.  The product is clearly derived only from CTC, as it exhibits a singlet 

in the arene region.  It was therefore synthesized by reaction of BrCH2Cl with only the 

CTC cup (Fig 3.13).   

!

Figure 3.13. a) Synthesis of trisbridged CTC cup (3.3). Computional models of 
b) tris methylene-rimmed cyclotribenzylene (3.3) and c) hexabridged 
cryptophane (3.4). 
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!

Figure 3.14. 1H NMR spectrum (298 K, CDCl3) of the product collected from 
the reaction in Fig. 3.13.  Insert is the –OCH2O– bridge region.  The asterisk (*) 
is residual CH2Cl2. 
 

In the 1H NMR spectrum of the product, the presence of the two coupled doublets 

(J = 13.8 Hz) at 3.43 ppm and 4.73 (Ha and He respectively) indicates that it possess the 

characteristic Ha and He of a CTB cup.  The singlet at ~6.78 ppm is assigned to the aryl 

protons while the doublets at 5.77 ppm and 5.89 ppm were assigned to be vicinal protons 

of a bridge (–OCH2O–).  The arene singlet (6.78 ppm) is twice as a large as the other 

signals, which matches what would be expected for the D3 symmetry hexabridged 

cryptophane (3.4).  However, another product could likewise match the 1H NMR 

spectrum (Fig. 3.14), the C3v symmetric simple cyclotribenzylene derivative (3.3).  It was 

necessary to find a method to distinguish these two compounds. 

 Unfortunately, attempts to grow crystals of the product were unsuccessful.  

Therefore, the ESI-MS of the product was obtained in MeOH—the product was sparingly 

soluble in MeOH—with the addition of AgNO3, which generates Ag+–product adducts.122
 

The ESI-MS exhibited two major signals at 509.4 and 911.6 m/z (Fig. 3.15).  
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!

Figure 3.15. ESI-MS spectrum (methanol, AgNO3 added) of the trisbridged-
CTC cup (3.3).  The peak at 509.4 m/z corresponds to the [3.3–Ag]+ complex, 
504.0 m/z calc.  The peak at 911.6 m/z corresponds to [2(3.3)–Ag]+ complex, 
911.1 m/z calc.  Insert: The 504.4 m/z signal from ESI-MS spectrum (in black) 
versus calculated (in red) isotopic distributions for a) the hexabridged 
cryptophane complex [3.4–Ag]+ and b) the [3.3–Ag]+ complex. 
 

The 911.6 m/z signal has an isotopic distribution pattern, which matches the 

[3.4·Ag]+ or the [2(3.3)·Ag]+ complex, [C48H36O12Ag]+.  However, the 506 m/z signal 

exhibits an isotopic distribution that does not match the hexabridged cryptophane silver 

complex [3.4·Ag2]2+
 ([C48H36O12Ag2]2+) but does match the cyclotribenzylene silver 

complex [3.3·Ag]+ ([C24H18O6Ag]+) (Fig. 3.15). This result suggests that the reaction 

product of Fig. 3.13 is in fact 3.3, the cyclotribenzylene cup. 

3.3 Conclusion. 

The first rim-functionalized of (±)–cryptophane-111 (1.1 or 111) derivatives were 

synthesized by a capping synthetic approach.  As observed by 1H NMR spectroscopy, 

(MeO)3-111 and (MeO)6-111 bind xenon in organic solvents, albeit more weakly than 

expected.  The crystallographically characterized (MeO)3-111 xenon complex exhibits 

among the shortest known Xe···C intermolecular contacts.  It is possible that crystal 
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packing forces dictate that the complexes maintain somewhat contracted conformations.  

It is more likely, however, that the rim-positioned functional groups may prevent the 

cryptophanes from adopting the synperiplanar ArOCH2 conformations (τ) characteristic 

of the most expanded 111 core conformation.  Rim-functionalization thus appears to 

significantly limit the range of achievable conformations of the 111 core and suggests 

that such 111 derivatives may be better hosts than 111 for smaller gases such as N2, O2, 

etc.  Notably, these gas-encapsulating molecules may have materials applications related 

to gas confinement or separations.67d 

3.4 Experimental.  

3.4.1 General information. 

Reagents were obtained from Sigma-Aldrich while solvents were obtained from 

Alfa Aesar, both reagent and solvent were of reagent grade purity.  The silica gel (40–60 

µm, SiliaFlash®) was obtained from SILICYCL while the thin-layer chromatography 

(TLC, 1000 µm, UNIPLATE™) plates were obtained from ANALTECH. Xenon gas was 

purchased from GTS-Welco. All reactions were done under N2 atmosphere using 

standard Schlenk techniques. 1H (400 MHz) and 13C (100 MHz) NMR spectra were 

carried out on a Varian 400-MR spectrometer.  Unless otherwise indicated, chemical 

shifts given are based on the residual solvent peaks. Splitting patterns are labeled as 

singlet (s), doublet (d), triplet (t), multiplet(m) and broad (br.).  Splitting patterns are 

labeled as singlet (s), doublet (d), triplet (t) and broad (br.). ESI-MS data were obtained 

using Varian 500 MS spectrometer running in positive ion mode.  ESI-MS masses were 

calculated by mMass software suite.123 Encapsulated species are indicated by the @ 

symbol.  CTC,21b CTP,116  and CTG 21b were synthesized by literature methods.  
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3.4.2 Syntheses.  

!

(±)–Trismethoxy-cryptophane-111 ((MeO)3-111 or  3.1, C48H42O9): (±)–

Cyclotriphenolene (CTP, 58 mg, 0.18 mmol) and (±)–cyclotriguaiacylene (CTG, 223 mg, 

0.546 mmol) were placed with Cs2CO3 (2.66 g, 8.16 mmol) in anhydrous DMF (9 mL).  

The mixture was allowed to stir at 75 ºC for an hour.  BrCH2Cl (30 mL, 450 mmol) was 

added and the mixture was then stirred at 75 ºC overnight. The solvent was removed at 80 

ºC under vacuum. The solid remaining was sonicated with CHCl3 (2×30 mL) then filtered 

through a pad of silica (10 mL) and eluted with CH2Cl2. The eluent was collected and 

washed with brine and deionized water. The organic layer was dried with anhydrous 

MgSO4, and the solvent was removed under vacuum to give a yellow solid. This material 

was chromatographed on a preparative TLC plate with a mobile phase of CHCl3.  The 

silica fraction with absorbed (MeO)3-111 (Rf = 0.35) was collected and eluted with 

CHCl3 to remove the compound.  The solvent was removed under vacuum to give an off-

white solid (25 mg, yield 18%).  1H NMR (400 MHz, CDCl3, δ, see figure above for 

labels): 6.94 (d, J = 8.0 Hz, 3H, H6), 6.91 (s, 3H, H1), 6.80 (br. s, 3H, H7), 6.63 (s, 3H, 

H2), 6.52 (d, J = 8.0 Hz, 3H, H5), 5.93 (d, J = 6.8 Hz, 3H, H3), 5.68 (d, J = 6.8 Hz, 3H, 

H4), 4.47 (d, J = 13.8 Hz, 3H, Ha2), 4.43 (d, J = 13.5 Hz, 3H, Ha1), 4.00 (s, 9H, OMe), 

3.35 (d, J = 13.8 Hz, 3H, He2), 3.31 (d, J = 13.5 Hz, 3H, He1).  13C NMR (100 MHz, 

CDCl3, δ): 155.22, 148.33, 144.00, 140.40, 134.41, 132.55, 131.89, 130.51, 120.28, 

116.03, 114.99, 114.63, 92.57, 56.93, 36.25, and 36.19.  ESI-MS (m/z) (MeOH, CsCl 

OO
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O O
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Ha1 He1
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added, Fig 3.16): calculated for (C48H45O10, [H3O@(MeO)3-111]+): 780.4 found 780.4, 

calculated for [C48H42O9Cs]+: 895.2 found 895.2.  Decomposes over 250 ºC. 

!

(±)–Hexamethoxy-cryptophane-111 ((MeO)6-111 or 3.2, C51H48O12): (±)–

Cyclotriguaiacylene (CTG, 1.0 g, 2.5 mmol) was placed with Cs2CO3 (18 g, 55 mmol, ca. 

23 eq.) in anhydrous DMF (85 mL).  The mixture was allowed to stir at 80 ºC for 3 hours 

under N2.  BrCH2Cl (350 mL, 5400 mmol, ca. 2200 eq.) was added and the mixture was 

stirred at 75 ºC overnight.  The mixture was removed from heat and the solvent removed 

at 80 ºC under vacuum.  The solid remaining was sonicated with CH2Cl2/acetone (9:1 

mixture, 100 mL) and filtered through a pad of silica (50 mL).  The silica pad was 

washed with an additional 150 mL CH2Cl2/acetone 9:1 mixture.  The eluent was collected 

and solvent removed under vacuum to give a yellow solid.  The solid was recrystallized 

with acetone to give a white solid 22 mg of (MeO)6-111 or 3.2, yield of 2.1%.  (MeO)6-

111 chromatographs on TLC with CH2Cl2/acetone 20:1 (Rf = 0.35). 1H NMR (400 MHz, 

CDCl3, see figure above for labels) 6.80 (s, 6H, H1), 6.64 (s, 6H, H2), 5.83 (s, 6H, bridge 

–OCH2O-), 4.40 (d, J = 13.7 Hz, 6H, Ha), 3.96 (s, 18H, OCH3), 3.26 (d, J = 13.7 Hz, 6H, 

He).  13C NMR (100 MHz, CDCl3) 148.56, 145.80, 134.43, 132.62, 119.80, 116.78, 94.15, 

57.96, 36.49.  ESI-MS (m/z): calculated for (C51H51O13, [H3O@(MeO)6-111]+) 871.0 

found 871.3 Melting point decomposes over 200 °C. 
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!

Trisbridged-CTC cup (3.3): (±)–Cyclotricatechylene (CTC, 949 mg, 2.59 mmol) was 

placed with Cs2CO3 (20.53 g, 63.01 mmol) in anhydrous degassed DMF (80 mL).  The 

mixture was allowed to stir at 75 ºC for 30 minutes under N2.  Degassed BrCH2Br (330 

mL, 4700 mmol) was added and the mixture was stirred overnight at 75 ºC.  The mixture 

was removed from heat and the solvent removed at 80 ºC under vacuum.  The solid 

remaining was sonicated with CHCl3 (2×30 mL), filtered through a pad of silica (10 mL), 

and eluted with CH2Cl2.  The CH2Cl2 was collected then washed with brine solution and 

deionized water.  The organic layer was collected and dried with anhydrous MgSO4 and 

solvent removed under vacuum to give a yellow solid.  This material was 

chromatography on a preparative TLC plate with a mobile phase of CHCl3 and fractions 

of the trisbridged CTC cup (Rf = 0.73) were collected.  The solvent removed under 

vacuum to give a off-white solid (68.3 mg, yield 6.6%). 1H NMR (400 MHz, CDCl3) δ 

6.78 (s, 6H, HAr), 5.89 (d, J ≈1 Hz, 3H, Hb1/b2), 5.77 (d, J ≈ 1 Hz, 3H, Hb1/b2), 4.73 (d, J = 

13.8 Hz, 3H, Ha), 3.43 (d, J = 13.8 Hz, 3H, He). 13C NMR (100 MHz, CDCl3) δ 146.50, 

132.68, 109.72, 100.98, 37.01. 
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Figure 3.16. (a) ESI-MS spectrum (methanol, CsCl added) of (MeO)3-111.  The 
peak at 780.4 m/z corresponds to [H3O@(MeO)3-111]+, 780.4 calc.  The peak at 
785.3 m/z corresponds to [Na@(MeO)3-111]+, 785.3 calc.  The peak at 801.3 m/z 
corresponds to [K@(MeO)3-111]+, 801.2 calc. (b) The peak of [Cs@(MeO)3-
111]+ is shown, 895.2 m/z calculated vs. 895.2 m/z experimental for major peak.  

The experimental data is shown in black versus calculated shown in blue. 
 

3.4.3 Production of laser-polarized xenon and 129Xe NMR spectroscopy (by Gracia 
El-Ayle, Dr. Celine Boutin, and Dr. Patrick Berthault). 

A home-built optical pumping setup using a 5W Titanium: Sapphire laser.85a,124 It 

provides an average xenon polarization of 40% (measured on the gas phase in the 

spectrometer).  Hyperpolarized xenon frozen into a cold finger was transported inside a 3 

kG solenoid.  The transfer from this cold finger to the NMR tube was made via a simple 

Joule-Gay Lussac expansion in the fringe field of the magnet in order to preserve 

polarization.  Vigorous shaking of the tube followed by a 10s wait time before each 

hyperpolarized 129Xe NMR experiment ensured homogenization of the sample after 

disappearance of the bubbles. 
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Figure 3.17. 1H NMR spectrum (CDCl3, 298 K) of MeO)3-111 (0.87 mM).  
Labels correspond to the structure drawn in Scheme 3.1. 
 

The 129Xe experiments designed to study the interaction between xenon and the 

cryptophane were carried out on a Bruker Avance II 500 spectrometer equipped with 5 

mm HNX and Broadband inverse probeheads.  Accurate calibration of the temperature 

was made using a methanol sample.  Prior the introduction of the hyperpolarized noble 

gas, the solutions were degassed using several freeze-pump-thaw cycles. 

!

Figure 3.18. 1H NMR spectrum (CDCl3, 298 K) of the sample of (MeO)3-111 
from above, but after saturation of the solution with xenon (~200 mM).  Black 
circles correspond to the signals of the Xe@(MeO)3-111 complex and guest-free 
(MeO)3-111 and is indicated by open circles. 
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3.4.4 X-ray crystallography. 

3.4.4.1 Growth of X-ray quality crystals. 

Crystals of (MeO)3-111⋅1.5DCE were grown by slow evaporation of a solution of 

(MeO)3-111 in 1,2-dichloroethane (DCE) at room temperature.  Crystals of (MeO)3-

111⋅⅔NO2Me were grown by heating and cooling to room temperature supersaturated 

solutions of the appropriate cryptophane in nitromethane (NO2Me). The 

0.92Xe@(MeO)3-111⋅1.5DCE crystals were prepared from a saturated solution of 

(MeO)3-111 in DCE under a pressure of 14 bars of Xe(g), in a sealed pressurized vessel 

over a period of one week.  The crystals of (MeO)6-111 were prepared by simple 

evaporation of a solution of (MeO)6-111 from DCE. 

3.4.4.2 Data collection and structure determination. 

Single crystal X-ray diffraction data of (MeO)3-111⋅1.5DCE, and (MeO)3-111⋅ 

⅔NO2Me were collected on a Siemens SMART three-circle X-ray diffractometer while 

0.92Xe@(MeO)3-111⋅1.5DCE and (MeO)6-111 were collected on a Bruker APEX II 

Duo, both diffractometers were equipped with an APEX II CCD detector (Bruker-AXS).  

All X-ray diffraction data was collected at 100(2) K using an Oxford Cryosystems 700 

Cryostream, using Mo-K<α> radiation (0.71073 Å).  The crystal structures were solved 

by direct methods using SHELXS, and all structural refinements were conducted using 

SHELXL-97-2.113 With the exception of some included disordered moieties, all non-

hydrogen atoms were modeled with anisotropic displacement parameters.  All hydrogen 

atoms were placed in calculated positions and were refined using a riding model with 

coordinates and isotropic displacement parameters being dependent upon the atom to 
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which they are attached.  The program X-Seed was used as a graphical interface for the 

SHELX software suite and for the generation of figures.32 CCDC deposition numbers 

935199, 1027976 and 1027977 contain the supplementary crystallographic data for the 

single crystal structure of (MeO)3-111⋅1.5DCE, (MeO)3-111⋅⅔NO2Me and 

0.92Xe@(MeO)3-111⋅1.5DCE respectively.  These data can be obtained free of charge 

from the CCDC via www.ccdc.cam.ac.uk/data_request/cif. 

3.4.4.3 Cavity volumes. 

Cavity volumes are commonly extracted from atomic coordinate data by 

computationally probing the cavity with a sphere of a defined probe radius.  The volume 

of space that can be encompassed by rolling the sphere around the interior of the cavity is 

summed over all achievable positions of the sphere, considering the van der Waals radii 

of the atoms.  For the cryptophane cavity volumes described herein, crystal structure data 

were used and, prior to the calculation, all C–H bonds were normalized to 1.09 Å.  Cavity 

volumes were calculated using the MS-Roll interface of X-Seed, employing the default 

van der Waals atomic radii and a probe sphere with a radius of 1.4 Å.  The following 

default van der Waals radii were used:  C = 1.70 Å, H = 1.20 Å, O = 1.52 Å, Br = 1.93 Å, 

and Xe = 2.16 Å.  The cavities shown were imaged using the X-Seed software. 

3.4.4.4 (MeO)3-111⋅1.5DCE and 0.92Xe@(MeO)3-111⋅1.5DCE crystal structures. 

Crystals of (MeO)3-111⋅1.5DCE are a racemate.  The asymmetric unit contains a 

single enantiomer of (MeO)3-111and one and a half molecules of DCE.  Therefore, Z = 4 

with respect to (MeO)3-111.  The cryptophane core exhibits disorder with respect to one 

of the arene rings and the associated –OCH2O– bridge (Fig. 3.18). The arene and bridge 

occupy two positions or conformations, one in which the bridge has a torsion angles (τ) 
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of 177.3° and 179.3°, another in which the angles are 82.1° and 172.5° with relative 

occupancies converging to 65% and 35% respectively; see Table 3.2.  This can be 

interpreted as the cryptophane within the crystal existing in two conformations, either 

closed (occupancy of 65%) resulting in a cavity volume of 41 Å3, or slightly expanded 

(occupancy of 35 %). Using the SQUEEZE subroutine of PLATON,33 four solvent 

accessible voids per unit cell were found. These sites are centered at the cavities of the 

cryptophane, with < 1 electron per site. This implies that the cavities of the cryptophanes 

are essentially guest-free.  A thermal ellipsoid plot of the asymmetric unit of the modeled 

structure is shown in Fig. 3.4a.  CCDC deposition number for (MeO)3-111⋅1.5DCE is 

935199. 

The single crystal structure of 0.92Xe@(MeO)3-111⋅1.5DCE is iso-structural with 

(MeO)3-111⋅1.5DCE except for a single Xe atom centered within the cavity of each 

(MeO)3-111 with a site occupancy factor (sof) that refines to 0.92.  This resulted in a 

more expanded cavity (Vc ≈ 53 Å3) due to subtle differences in τ angles of the 

ArOCH2OAr bridges compared to the empty structure.  It should be noted that there 

exists no positional disorder of any bridge as was observed in the (MeO)3-111⋅1.5DCE 

crystal structure.  This implies that by xenon occupying the cavity, the disorder is 

resolved by forcing the cryptophane into the slightly more open conformation, though the 

conformation is intermediate with respect to the empty [(Cp*Ru)6111]6+ and 

0.75H2O@111 structures.  A thermal ellipsoid plot of the asymmetric unit of the modeled 

structure is shown in Fig. 3.4b.  CCDC deposition number for 0.92Xe@(MeO)3-

111⋅1.5DCE is 1027977. 
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Figure 3.19. Thermal ellipsoid plot (55% probability) of the host in (MeO)3-
111·1.5DCE, showing the more open conformation in blue (s.o.f. = 35%) and the 
closed conformation in red (s.o.f. = 65%).  The solvent molecules and hydrogen 
atoms were omitted for clarity. 
 

3.4.4.5 (MeO)3-111⋅⅔NO2Me crystal structure.  

The asymmetric unit in this structure contains one and a half molecules of 

(MeO)3-111 and a disordered (65:35) molecule of NO2Me (Fig. 3.20).  One of the 

cryptophanes in the asymmetric unit is disordered around an inversion center, which 

generates the other enantiomer.   

!

Figure 3.20. Thermal ellipsoid plot (60% probability) of (MeO)3-111⋅⅔NO2Me 
(l = 7.7 Å, θ = 56(2)°, Vc ≈ 42 Å3). 

A thermal ellipsoid plot of the asymmetric unit of the disorder model is shown in 

Fig. 3.21.  The difference Fourier map of the cryptophane shows that the cavity is 
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essentially guest-free with electron density < 1e–Å–3.  CCDC deposition number of 

(MeO)3-111⋅⅔NO2Me is 1027976. 

!

Figure 3.21. Thermal ellipsoid plot (30% probability) of the disordered 
cryptophane observed in the crystal structure of (MeO)3-111⋅⅔NO2Me. 
 

 

!

Figure 3.22.  Thermal ellipsoid plots of a) (MeO)3-111 from the crystal structure 
of (MeO)3-111⋅1.5DCE, b) 0.92Xe@(MeO)3-111 from the crystal structure of 
0.92Xe@(MeO)3-111⋅1.5DCE.  Only one enantiomer of each and the major 
occupancy positions of disordered species are shown. 

  



 

 105 

Table 3.4. Xe···C(arene) intermolecular contacts in 0.92Xe@(MeO)3-
111⋅1.5DCE structure. See Fig. 3.5 above for carbon labels. 

C(arene) Xe···C distance /Å C(arene) Xe···C distance /Å 
C16A 3.640 C2A 3.844 
C17A 3.662 C1A 3.847 
C19A 3.679 C36A 3.886 
C4A 3.701 C11A 3.891 

C32A 3.707 C26A 3.896 
C5A 3.712 C13A 3.946 

C33A 3.729 C28A 3.977 
C24A 3.756 C23A 3.994 
C3A 3.770 C14A 4.007 

C34A 3.788 C9A 4.036 
C31A 3.802 C25A 4.063 
C18A 3.803 C21A 4.098 
C6A 3.815 C12A 4.149 

C10A 3.821 C22A 4.192 
C35A 3.825 C29A 4.212 
C20A 3.836 C30A 4.254 
C15A 3.837 C8A 4.305 
C27A 3.838 C7A 4.346 

Average = 3.91(19) Å   
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Table 3.5. Summary of crystallographic data. 

Compound 
(MeO)3-

111⋅1.5DCE 
0.92Xe@(MeO)3-

111⋅1.5DCE 
(MeO)3-

111⋅⅔NO2Me 
Formula C51H48Cl3O9 C51H48Cl3O9Xe0.92 C73H66NO15.50 
Formula wt. (g⋅mol–1) 911.24 1032.04 1205.27 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal System monoclinic monoclinic monoclinic 
Space Group P21/c P21/c P21/c 
Color colorless colorless colorless 
Crystal dimensions 
(mm3) 0.56 × 0.38 × 0.34 0.17 × 0.06 × 0.02 0.65 × 0.45 × 0.09 

a (Å) 19.8657(19) 19.9358(2) 10.5024(14) 
b (Å) 10.6594(10) 10.94100(10) 29.658(4) 
c (Å) 21.676(2) 19.9358(2) 19.900(3) 
α(°) 90 90 90 
β (°) 109.9410(10) 107.3330(10) 102.954(2) 
γ (°) 90 90 90 
V (Å3) 4314.8(7) 4387.87(9) 6040.7(14) 
T (K) 100(2) 100(2) 100(2) 
Z 4 4 4 
ρcalc (g⋅cm-3) 1.403 1.562 1.325 
F000 1908 2107 2540 
Reflections collected 31805 49839 53038 
Unique reflections 9498 10591 14414 
R(int) 0.0512 0.0463 0.0458 
R1/wR2[I > 2σ(I)] 0.0459, 0.1280 0.0337, 0.0836 0.0507, 0.1402 
Goof 1.056 0.979 1.095 
µ(mm–1) 0.273 0.968 0.093 

 

  



 

 107 

Table 3.5. (Continued) Summary of crystallographic data. 
Compound (MeO)6-111 
Formula C51H48O12 
Formula wt. (g⋅mol–1) 852.89 
Wavelength (Å) 0.71073 
Crystal System orthorhombic 
Space Group Pna21 
Color colorless 
Crystal dimensions (mm3) 0.30 × 0.22 × 0.10 
a (Å) 33.9074(5) 
b (Å) 11.3945(2) 
c (Å) 10.8214(2) 
α(°) 90 
β (°) 90 
γ (°) 90 
V (Å3) 4180.93(12) 
T (K) 100(2) 
Z 4 
ρcalc (g⋅cm-3) 1.355 
F000 1800 
Reflections collected 41652 
Unique reflections 9437 
R(int) 0.0297 
R1/wR2[I > 2σ(I)] 0.0310, 0.0744 
Goof 1.077 
µ(mm–1) 0.096 
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Chapter 4: Water Soluble Permetalated Cryptophanes and Their Xenon Complexes. 

 

4.1 Introduction. 

The exploitation of hyperpolarized (HP) 129Xe (nuclear spin I = ½) as a magnetic 

resonance imaging (MRI) or NMR sensing agent has received considerable attention in 

recent years in large part due to its inert (and non-toxic) nature and the 104–5 signal 

enhancements that can be achieved via optical pumping techniques.85a,125 Diagnostic HP 

129Xe MRI of human lungs,59b,59c for example, is currently in Phase II clinic trials59c and 

in vivo brain tissue imaging is under development.126 These applications, however, lack a 

tunable xenon delivery mechanism, relying on the non-specific partitioning of xenon 

between gaseous (e.g., lung), blood, lipid, and tissue (e.g., accumulation in the brain).  An 

important additional feature of the 129Xe nucleus, however, is its enormous NMR 

chemical shift window (~300 ppm), attributable to the high electric polarizability of 

xenon (α = 4.04 Å3).  The high chemical shift sensitivity readily allows for differentiation 

of xenon among different chemical environments and enables the study of chemical 

exchange/diffusion processes85a and, over the past decade or so, the development of 

unique (bio)sensing/imaging applications.  For example, Pines and coworkers showed 

that the 129Xe nucleus, encaged within a water-soluble host consisting of a biotin moiety 

tethered to the high xenon-affinity (±)-cryptophane-222 cage (Scheme 4.1), is capable of 

indirectly registering the presence of avidin, the complementary binding partner of biotin, 

via the appearance of a unique resolved 129Xe NMR signal for the Xe@222-cage-

biotin⋅avidin complex.  Moreover, in 2006, the Pines group established that the coupling 

of HP 129Xe NMR with chemical exchange saturation transfer techniques (hyper-CEST) 
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allows for indirect detection at unprecedented (now sub-picomolar89c), clinically relevant 

concentrations.79,84,104 Together, these methodologies have paved the way for a myriad of 

new NMR sensing applications, including for example, selective detection of 

proteins,88,115 peptides,86a,86b,127 cancer cells,86c,89c metal ions,90,124,128 pH sensing,92 and 

NMR thermometry.91,114 The field is developing rapidly and has already been the subject 

of multiple reviews.78,85b 

In order to out compete hydrophobic biomolecules in cell, the xenon binding host 

employed ought to exhibit a high equilibrium constants for xenon–complexation.  

Commonly, cells possess hydrophobic interiors and cavities.  Nearly all 129Xe-biosensors, 

therefore, are derived from the cage-like cryptophanes (see Scheme 4.1), which exhibit 

the highest known affinities for xenon in both polar and non-polar media.19a,19c,21a,23,129 

The smaller cryptophanes (Scheme 4.1, n, m ≤ 3)—in particular, derivatives of (±)–

cryptophane–111 (1.1 or 111) and –222 (1.2 or 222)—exhibit the highest association 

constants (Ka) for xenon binding in solution.38,48,66e,69b,70,129a Brotin and Dutasta 

synthesized cryptophanes ((±)–cryptophane–nmm, nmm) with different numbers of 

methylene groups in their alkyldioxy bridges,50b (Scheme 4.1).  Cryptophanes-nmm were 

later fully demethylated and functionalized with carboxylic acid moieties, to give the 

corresponding water-soluble hexacarboxylic acids, nmm-acid.69a These acid derivatives 

become water-soluble when deprotonated (pH > 5) and exhibit bound 129Xe NMR 

chemical shifts ranging from 30 to 68 ppm.  The availability of several 129Xe-biosensors 

in principal allows for the simultaneous detection of multiple analytes, Xe@host 

frequencies a concept known as multiplexing (see Chapter 1).  Multiple analytes may be 

probed more-or-less simultaneously by employing multiple xenon-binding cages, each 
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tethered to a different receptor and offering a distinct resolved 129Xe@receptor-analyte 

NMR signal. 

This technique is called multiplexing and is potentially an immensely powerful 

technique.  Unfortunately, the range of 129Xe NMR chemical shifts offered by 

129Xe@cryptophane biosensors—which are mostly 222-derivatives—has been rather 

narrow.  For example, the bound 129Xe chemical shift signals of most water-soluble 222-

derivatives are in the range of 60–70 ppm.  Additionally, these chemical shifts tend to 

become broad when the Xe@cryptophane-sensors complex their analytes, making them 

difficult to discern differently functionalized nmm based sensors.77 The differentiation of 

these signals by chemical shift is generally necessary for multiplexing strategies.83,96,130 

In our group, we have explored an alternative method for functionalizing 

cryptophanes.66e,131 The method involves the fast and efficient “click-type” synthesis of 

the water-soluble [(η5-C5Me5)RuII(η6-arene)]Cl ([(Cp*Ru)(arene)]Cl) salts using the 

cubane-like metalating agent [Cp*Ru(µ3–Cl)]4 and microwave irradiation (or 

thermally).131 Using this methodology, we previously synthesized [(Cp*Ru)6111]Cl6,66e 

and [(Cp*Ru)6333]Cl6.131 The latter was the first water-soluble 111 derivative and its 

xenon–binding binding constant is among the highest known, measuring 2.9(2) × 104 M–1 

at 293 K in D2O.66e We found that the 129Xe NMR chemical shift of the 

Xe@[(Cp*Ru)6111]Cl6 complex is located at 308 ppm, that is enormously downfield (Δδ 

= 277 ppm) from the 129Xe@111 resonance in (CDCl2)2.  Therefore, the introduction of 

the [Cp*Ru]+ groups demonstrably provides a synthetic avenue to affect massively the 

chemical shift of the 129Xe@cryptophane species, dramatically expanding the usable 

129Xe chemical shift range for potential 129Xe NMR based sensors or imaging agents.  



 

 111 

Furthermore, in earlier work our group demonstrated that 

pentamethylcyclopentadienyl groups (Cp*) can be functionalized at the methyl (C–H) 

positions to create of [(η5-C5Me4CH2R)RuII(η5-arene)]+ compounds.132 Overall, these 

reactions are single step and essentially quantitative.  Therefore, [Cp*RRu(arene)]+ 

chemistry qualify as a type of “click” chemistry.133 

!

Scheme 4.1. Synthesis of metalated cryptophanes i) [Cp*Ru(µ3–Cl)]4, H2O/THF, 
via microwave irradiation at 135 °C for ½ hour.  ii) [Cp*Ru(µ3–Cl)]4, H2O/THF 
heat at 135 °C for 1 hour. 
 

Herein the synthesis of the water-soluble permetalated cryptophanes 

[(Cp*Ru)6222]Cl6, [(Cp*Ru)6223]Cl6 and [(Cp*Ru)6233]Cl6 are reported and the xenon 

binding properties of the permetalated cryptophane series [(Cp*Ru)6nmm]Cl6 is 

investigated by hyperpolarized 129Xe NMR spectroscopy.  It is found that these 

cryptophanes all exhibit significantly deshielded bound 129Xe NMR chemical shifts.  We 

report the single crystal X-ray (SCXR) structures of these compounds, namely, 

guest@[(Cp*Ru)6nmm]Cl6·xsolvent, and in particular the structure of  

Xe@[(Cp*Ru)6111]Cl6·xH2O, which is the first Xe@[(Cp*Ru)6nmm]6+ complex to be 

crystallographically characterized. 
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4.2 Results and discussion. 

4.2.1 Synthesis. 

Some time ago our research group reported the synthesis of 

[(Cp*Ru)6333][CF3SO3]6 and [(Cp*Ru)6333][SbF6]6 by thermal reaction of 

[Cp*Ru(CH3CN)3][CF3SO3], or its [SbF6]– salt, with 333.44a The chloride salt, 

[(Cp*Ru)6333]Cl6, can be easily prepared in good yield by anion metathesis.  

Combination of concentrated nitromethane solutions of 

[CF3SO3@(Cp*Ru)6333][CF3SO3]5 and tetrabutylammonium chloride yields NO2Me 

@[(Cp*Ru)6333]Cl6⋅xNO2Me as a precipitate.  Interestingly, though [(Cp*Ru)6333]Cl6 is 

only sparingly soluble in nitromethane, the metathesis reaction is qualitatively slow;  one 

of the triflate ions is encapsulated by the [(Cp*Ru)6333]6+ cation in nitromethane solution, 

must first be ejected from the cavity of the [(Cp*Ru)6333]6+ cation, a process which is 

slow at room temperature.  This procedure could presumably be applied to other 

[(Cp*Ru)6nmm][CF3SO3] salts, though this route is tedious and somewhat expensive as 

[Cp*Ru(CH3CN)3][CF3SO3] is prepared from the organometallic cubane complex 

[Cp*Ru(µ3–Cl)]4 by halide abstraction with Ag[CF3SO3].  Thus, six equivalents of Ag are 

consumed in the synthesis of [(Cp*Ru)6nmm]Cl6 by this method 

Earlier, our research group also reported a more efficient synthesis of 

[(Cp*Ru)6111]Cl6
66e and [(Cp*Ru)6333]Cl6

131 salts by direct reaction of cryptophanes 

111 and 333 with [Cp*Ru(µ3–Cl)]4, greatly simplifying the metalation reaction and 

forgoing the need for silver reagents.  Herein, we extend this work to the synthesis of 

[(Cp*Ru)6222]Cl6, [(Cp*Ru)6223]Cl6, and [(Cp*Ru)6233]Cl6 (Scheme 4.1) and provide 

an improved procedure for the synthesis and isolation of these compounds.  
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 The metalation reactions are conveniently performed in a THF/H2O solution—

the inert THF provides for a minimal, but productive, level of solubility of the parent 

organic cryptophanes and the cubane complex, and the water solubilizes the product 

chloride salts.  Thus, the reaction mixture is largely heterogeneous at the outset, but 

proceeds to a homogeneous solution upon η6-metalation of the arene rings of the 

cryptophane.  The original papers reported reactions under microwave conditions (inert 

atmosphere, 100 W, ~30 min., 135 °C, ~20% excess ruthenium).  Revisiting this 

procedure as applied to 333, however, it was found that the [(Cp*Ru)6333]Cl6 product 

was sometimes contaminated with one or more impurities that were difficult to isolate 

and identify. 1H NMR spectra in D2O showed that the impurity (or impurities) gave 

numerous small peaks in the aromatic region, suggesting a low symmetry species.  The 

amount of the impurity originally appeared to be very small, given the small relative size 

of the peaks, but upon studying the aqueous guest-binding properties of 

[(Cp*Ru)6333]Cl6, it became clear that the impurities could constitute as much as 12% of 

the sample.  It was observed, for instance, that in the presence of excess acetone—

conveniently, this organic guest encapsulated by the host in aqueous solution, giving rise 

to a characteristic singlet in the upfield region of the spectrum corresponding to 

encapsulated acetone (vide infra) in slow exchange with dissolved acetone—the as-

synthesized material gave rise to an additional peak, slightly downfield from the 

acetone@[(Cp*Ru)6333]Cl6 resonance, corresponding to acetone encapsulated within a 

different, but apparently hexametalated, [(Cp*Ru)6333]Cl6-like byproduct.  Some 

evidence (selective crystallization and single crystal diffraction) suggested that the 

impurity could be a permetalated cryptophane missing an ethylenedioxy linker, 
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presumably due to hydrolysis.  Alternatively, it is known that, in the presence of 

adventitious oxidants (e.g. O2), the metalation procedure can give rise to functionalized 

pentamethylcyclopentadienyl ligands (e.g., (η5-Me5C5CH2OH)RuII-functionalized 

species132).  Though the impurities could usually be removed, purification was tedious, 

requiring chromatography (methanol, saturated aqueous NH4HCO3, and water (4:4.5:0.5, 

Rf = 0.11)), removal of the excess NH4HCO3 under vacuum at 55 °C, and finally ion 

exchange chromatography (Amberlite) to replenish the chloride ions depleted from 

chloride/bicarbonate exchange.  It was found that the appearance of the unwanted 

byproducts correlated with inadequate stirring of the heterogeneous solutions under 

microwave conditions, and when the reactions were conducted by simple thermal heating 

of the reaction mixture instead of microwave irradiation, the amount of the main impurity 

increased with reaction time. 

Eventually it was found that high purity [(Cp*Ru)6333]Cl6 could be prepared by 

simply heating 333 with a slight excess of [Cp*Ru(µ3-Cl)]4 under anaerobic conditions in 

a sealed vessel (CAUTION: contents under pressure!), so long as the reaction time was 

limited to less than one hour.  Conversion and yields were essentially quantitative, as 

earlier reported.  The slightly excess of unreacted [Cp*Ru(µ3-Cl)]4 could be removed by 

filtration and workup by precipitation from methanol with diethyl ether gave a tan-

colored product that was spectroscopically pure.  Treatment with decolorizing carbon 

appeared to improve the sample slightly to an off-white color.  This procedure was 

applied to 222, 223, and 233, yielding pure, water-soluble hexametalated 

[(Cp*Ru)6nmm]Cl6 cryptophanes in near-quantitative yields (Scheme 4.1).  It should be 

noted that the recovered products sometimes contained residual methanol/water/diethyl 
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ether from crystallization but air drying led to hydrated [(Cp*Ru)6nmm]Cl6·xH2O salts 

with a variable water content that was difficult to accurately quantify.  Heating the 

products under vacuum, to remove the water, led to some decomposition of the host, 

presumably due to the increased nucleophilicity of exposed chloride ions.134 Otherwise, 

the hydrated compounds appear to be stable indefinitely under ambient conditions 

4.2.2  X-ray crystallography. 

Single crystals of 1,4-dioxane@[(Cp*Ru)6222]Cl6·xH2O, 

THF@[(Cp*Ru)6223]Cl6·xH2O, THF@(PP)-[(Cp*Ru)6233]Cl6·xH2O and 1,4-

dioxane@[(Cp*Ru)6333]Cl6·xH2O were grown in closed vessels by vapor diffusion of 

THF or 1,4-dioxane into concentrated aqueous solutions of the permetalated 

cryptophanes.  As expected, the organic molecules that serve as antisolvents are 

encapsulated by the larger cryptophanes ([(Cp*Ru)6nmm]Cl6; n, m ≥ 2), implying that, 

like other water-soluble cryptophanes,43c-43e,66b,69a,69b,71,135  the permetalated cryptophanes 

are effective binders of small organic molecules in aqueous solution.  Crystals of the 

“empty” [(Cp*Ru)6111]Cl6·xH2O were also obtained in this way using 1,4-dioxane as the 

antisolvent, but dioxane is too large to be encapsulated by the [(Cp*Ru)6111]6+ cavity.  

When the solution was first treated with excess xenon gas, crystals of 

0.94Xe@[(Cp*Ru)6111]Cl6·xH2O were the result.  For structural comparison with a non-

metalated host, single crystals of 1,4-dioxane@222·2.5(1,4-dioxane) were prepared by 

slow evaporation of a 1,4-dioxane solution of 222.  All crystals were analyzed by single 

crystal X-ray diffraction (SCXRD) at 100(2) K. 

Not surprisingly, crystals of the [(Cp*Ru)6nmm]Cl6 salts grown from water are 

highly hydrated; for each hexacationic host, the surrounding extra-cavity crystal lattice 
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contains numerous water molecules of crystallization (18–135, estimated).  Though there 

is clear evidence that the water molecules are hydrogen bonding to each other and to the 

chloride ions of the salt, they are nonetheless highly disordered, even at 100 K, requiring 

treatment with SQUEEZE.33 SQUEEZE analysis provides an estimate of the electron 

count of the disordered regions, allowing an estimation of the water content of each 

crystal.  Though it is clear that the majority of this electron density is associated with 

disordered water, a 1H NMR spectrum reveals that the disordered regions may also 

contain the organic solvents of crystallization.  The 1H NMR spectrum of crystals of 1,4-

dioxane@[(Cp*Ru)6222]Cl6·xH2O (Fig. 4.17) for example, shows 1.3 equivalents of 1,4-

dioxane per host cation.  Disorder is also prevalent among the 

pentamethylcyclopentadienyl ligands, which can freely rotate in solution.  The chloride 

ions of the hydrated salts are also disordered over multiple external binding sites.  In 

some structures, even the cryptophane core exhibits disorder. 

Despite the extensive disorder, crystallographic analysis provides useful insight 

into the cryptophane host structures, conformers, and their binding properties.  The core 

cryptophane conformations and host–guest complexes can be characterized by several 

convenient metrics (Scheme 4.1, Fig. 4.1, Fig. 4.3).  These include: i) Vc, the volume of 

the cryptophane cavity, as measured by the volume of space that can be accessed by a 

probe sphere (1.4 Å) as it samples all possible sites in the cavity (determined using the 

MS-Roll routine of X-Seed,32 employing a 1.4 Å probe sphere, as described previously 

66f,120); ii) the packing coefficient (PC = Vg/Vc) of the guest, of volume Vg, within the 

cavity of the host; iii) the length (l) of the cryptophane core, as defined by distance 

between the centroids of the methylene carbons of the two cyclotribenzylene bowls; and 
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iv) θ, the relative twist of the two opposing cyclotribenzylene bowls (Scheme 4.1, Fig. 

4.1).  Of course, these features are largely dictated by the conformations of the alkyldioxy 

linkers that connect the relatively rigid cyclotribenzylene units.37,136 Each ethylene- or 

propylenedioxy linker can be defined by three kinds of dihedral angles: i) τ1, the dihedral 

angle about the (aryl)C–O bonds relative to the aryl ring carbon normally bearing a 

methoxy substituent, ii) τ2, the dihedral angle about the O–CH2 bonds, and iii) τ3, the 

dihedral angle about the first CH2–CH2 bond of each linker (Fig. 4.1).  Thus, a 

comprehensive description of the ethylenedioxy linker requires consideration of five 

dihedral angles (τ1, τ2, τ3, τ2’, τ1’) and description of the propylenedioxy linkers requires 

six (τ1, τ2, τ3, τ3’, τ2’, τ1’).  In structures where the cryptophane core exhibits 

crystallographic disorder, the conformational parameters are determined based on the 

major occupancy positions of the atoms. 

!

Figure 4.1. Dihedral angles, depicted in bold, defining the conformation of a) 
propylenedioxy, or b) ethylenedioxy, or c) methylenedioxy cryptophane linkages. 
d) Depiction of the CTB twist angle. 

 

4.2.3 Chloride counterions. 

All crystals of the [(Cp*Ru)6nmm]Cl6⋅xH2O salts grown from water exhibit 

similar cation–anion arrangements and disorder of their chloride anions.  The first notable 

observation from these crystal structures is that the chloride counterions are not found 

within the cavity of the cryptophane host, but are instead found to be on the exterior of 

the cryptophanes, positioned between ruthenium metal centers and participating in 
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hydrogen bonds with electron deficient C–H sites.  This is true even in the absence of 

organic guests to occupy the cryptophane cavity.  For example, cryptophanes of the 

[(Cp*Ru)6111]Cl6·xH2O crystals remain empty.  This observation suggests that despite 

the known high affinity of the hexacationic metalated cryptophanes for large, charge-

diffuse, non-coordinating anions such as triflate and hexafluorophosphate (e.g., the 

[(Cp*Ru)6333]6+ cation binds triflate with an apparent Ka > 35,000 M–1 in 

nitromethane),44a the [(Cp*Ru)6nmm]Cl6 cryptophane cavities offer relatively poor 

binding sites for the harder chloride ions.  Indeed, we have yet to observed evidence—

crystallographic or 1H NMR—to suggest aqueous encapsulation of chloride ions by these 

hosts.  Apparently, the interaction of the chloride anions with the slightly π-acidic host 

inner core cannot compete with the large enthalpy of hydration of the chloride ions 

(ΔHhydr = –392 kJ·mol–1).137 Instead, in the structure of these salts, the chloride ions pair 

to exterior of the host, near the positively charged metal centers and activated C–H bonds. 

For each permetalated cryptophane host there exist two types of exterior chloride 

binding sites, denoted as δ and ε (Fig. 4.2), totaling eight positions.  Each host possesses 

six equivalent (or nearly so) δ sites where the chloride ions are flanked by two [Cp*RuII]+ 

moieties, the chloride ion sitting roughly equidistant between them.  These typically 

constitute the closest Cl–⋅⋅⋅Ru contacts in the structures with the distances averaging 

5.00(16) Å over all of the δ sites of the reported hydrated salts.  The δ-positioned chloride 

ions are also invariably involved in C–H⋅⋅⋅Cl– hydrogen bonds with the aryl C–H 

hydrogens of the metalated cyclotribenzylene moieties.  The chloride ions lie just below 

the plane of the η6-coordinated arenes, toward the metal center.  The (aryl)C(H)⋅⋅⋅Cl– 

distances average 3.56(11) Å (range: 3.26–3.80 Å), which is considered reasonably short 
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for C–H⋅⋅⋅Cl– hydrogen bonds,138 and the C-H⋅⋅⋅Cl– angles are nearly linear (avg. = 

161(6)°; range: 147–171°).  Notably, the C–H⋅⋅⋅Cl– angles are estimated based upon 

calculated H-atom positions (1.089 Å).  It has been observed, however, that metal-arene 

coordination allows significant out-of-plane distortion of aryl-hydrogen atoms (and other 

substituents) in the direction of the metal center [e.g., CSD refcode: JIYSEQ],131 

suggesting that the C–H⋅⋅⋅Cl- hydrogen bonds are likely even more linear than the quoted 

values imply.  These interactions are consistent with (arene)C–H⋅⋅⋅halide/anion hydrogen 

bonds observed with other electron deficient arenes138a and also our earlier work 

concerning halide binding by upper rim [(η5-C5H5)FeII(η6-arene)]+-functionalized 

cyclotribenzylenes.139 

!

Figure 4.2. Space-fill models depicting cation-anion pairing in the single crystal 
structure of [(Cp*Ru)6111]Cl6·xH2O.  The ion pairing is similar among all of the 
[(Cp*Ru)6nmm]Cl6 salts.  There exist two types of exterior chloride binding sites, 
denoted δ and ε.  The six equivalent δ sites are positioned near the aryl C–H 
groups of the hosts and are flanked by two [Cp*RuII]+ moieties.  The two 
equivalent ε sites are positioned on the C3 symmetry axis, near the axial C–H 
protons of the methylenic bridges of the cyclotribenzylene and flanked by three 
[Cp*RuII]+ moieties. 

Each host also possesses two equivalent ε sites, positioned on the C3 symmetry 

axis of the cyclotribenzylene moieties and flanked by three [Cp*RuII]+ moieties.  Though 

the chlorides are surrounded by three cationic [Cp*RuII]+ moieties at these sites, and lie 
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almost midway between the two arene planes of the metal sandwiches, the Cl–⋅⋅⋅Ru 

contacts are longer than those at the δ sites, averaging 5.33(11) Å over all of the ε sites in 

the reported structures.  The ε-positioned chloride ions are also involved in close C–

H⋅⋅⋅Cl– contacts with the axial benzylic C–H hydrogens (Ha, Scheme 4.1) of the 

methylene moieties of the cyclotribenzylenes and also, to some extent, the methyl groups 

of the pentamethylcyclopentadienyl rings.  The geometry parameters involving the 

pentamethylcyclopentadienyl rings are difficult to quantify, owing to disorder of these 

groups, but the (benzylic)C(H)⋅⋅⋅O distances average 3.69(8) Å (range: 3.57–3.80 Å), 

with C-H⋅⋅⋅Cl– angles averaging 169(3)° (range: 166–177°).  These values are consistent 

with those of C-H⋅⋅⋅Cl– hydrogen bonds observed in other activated aliphatic C–H 

moieties.140 Interestingly, though the δ and ε sites are different, the chloride anions of the 

[(Cp*Ru)6nmm]Cl6⋅xH2O structures appear to show no great preference for either site; in 

each structure the six chloride ions are found to be disordered about the eight possible δ 

and ε binding sites, though three of the structures appear to exhibit fully occupied ε sites.  

When not occupied by chloride ions, the otherwise vacant δ and ε sites are occupied by 

water molecules.  In most cases the water/chloride disorder could not be effectively 

resolved and so the refined occupancies and positions of the chloride ion positions (and 

C–H···Cl– intermolecular distances) must be considered approximate. 

4.2.4 1,4-dioxane@[(Cp*Ru)6333]Cl6·xH2O, x ≈ 18. 

Racemic crystals of 1,4-dioxane@[(Cp*Ru)6333]Cl6·xH2O (x ≈ 18) adopt the 

P21/n space group (Z = 2).  The asymmetric unit (ASU) consists of one half of a 

cryptophane moiety, residing on an inversion center, indicating that the MM and PP host 
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enantiomers are disordered throughout the crystal.  This sort of disorder is also observed 

in other [(Cp*Ru)6333]6+ salts44a and is not surprising considering that the chirality of the 

cage compound rests mainly with the propylenedioxy bridges of the [(Cp*Ru)6333]6+ 

inner core.  These linkers allow for a cryptophane conformation (vide infra) that exhibits 

a 60.0(1)° twist angle (θ) and so the outer periphery of the [(Cp*Ru)6333]6+ cation 

appears to be an entirely achiral (D3d) arrangement of pentamethylcyclopentadienyl 

moieties. 

The conformation of the 333 core of the 1,4-dioxane@[(Cp*Ru)6333]Cl6 complex 

is quite similar to that of other 333 complexes, including the related anion-encapsulated 

[CF3SO3@(Cp*Ru)6333][CF3SO3]5⋅solvent and [SbF6@(Cp*Ru)6333][SbF6]5⋅solvent 

salts.44a The length of the cryptophane core (l) measures 9.9 Å.  The cavity volume (Vc) 

measures ~133 Å3, though the considerable disorder exhibited by the host lends some 

uncertainty to this value (Table 4.1).  The cavity volume is therefore slightly smaller than, 

but comparable to the volumes observed in other crystallographically characterized 333 

complexes.  The 1,4-dioxane@[(Cp*Ru)6333]6+ complex (Vg = 87 Å3) therefore exhibits 

a packing coefficient (PC = Vg/Vc) of 0.66, which is only slightly high for van der Waals 

type container complexes.36 By way of comparison, the optimal neutral guest for the 

parent 333 cryptophane appears to be chloroform (Vg = 72 Å3), which is bound with an 

apparent Ka of 250 M–1 in (CDCl2)2
35,141 (or, up to 2.6(4) × 103 M–1 in even less 

competitive solvents)142.  The CHCl3@333 complex from the crystal structure of 

CHCl3@333·0.2CHCl3·0.2H2O (determined at room temperature),35 exhibits a PC of 

0.50.  Interestingly, the chloroform is found to be disordered within the 333 cavity35,143 

whereas the bound dioxane molecule in 1,4-dioxane@[(Cp*Ru)6333]Cl6·xH2O is ordered, 
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with its pseudo-C3 symmetry axis aligned with the C3 axis of the cryptophane core.  

Hence, dioxane appears to experience a “tighter fit” within the cavity of the 333 core than 

does chloroform. 

There are six published crystal structures of cryptophanes possessing 

propylenedioxy linkers, all of which are 333 core compounds.  In each of these structures, 

the linkers exhibit nearly identical conformations: antiperiplanar conformations (ap, 150° 

to 180° or  –150° to –180°) about the  τ1/τ1’ angles, ap about the O–CH2 bonds (τ2/τ2’), 

and gauche conformations (g, 30° to 90° or –30° to –90°) about the CH2–CH2 bonds 

(τ3/τ3’); that is, ap,ap,g,g,ap,ap linkers (see Table 3.1 for torsion ranges).  The 

propylenedioxy bridges of the 333 core in 1,4-dioxane@[(Cp*Ru)6333]Cl6·xH2O are no 

different.  The average dihedral angles of τ3 = 71(1)° about the CH2–CH2 bonds of the 

linkers in 1,4-dioxane@[(Cp*Ru)6333]Cl6·xH2O, however, are slightly smaller than those 

observed in the CHCl3@333 complex (75(3)°), allowing for a slightly smaller Vc of the 

former (at the lower temperature).  Overall, the 333 core in the 1,4-

dioxane@[(Cp*Ru)6333]Cl6·xH2O structure is not significantly different from any other 

reported 333 core structure (Table 4.1). 

4.2.5 THF@(PP)-[(Cp*Ru)6233]Cl6·xH2O, x ≈ 25. 

 [(Cp*Ru)6233]Cl6 crystallizes from THF/water as a conglomerate, importantly, 

this is the first crystal structure containing the 233 core.  The homochiral 

THF@[(Cp*Ru)6233]Cl6·xH2O, crystal adopt the chiral space group P21 with one 

molecule in the asymmetric unit.  
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Table 4.1. Cavity volumes (Vc) of the 333 cores from reported crystal structures. 
Single Crystal X-ray Structure 333 core Vc (Å3) Reference 
1,4-dioxane@[(Cp*Ru)6333]Cl6·18H2O  133 This work 
[CF3SO3@(Cp*Ru)6333][CF3SO3]5·3(NO2Me)3·4(Et2O) 142 44a 
[CF3SO3@(Cp*Ru)6333][SbF6]6·25⅔ (NO2Me) 137 44a 
CH2Cl2@333·2(CH2Cl2) 139 143 
CHCl3@333·0.2CHCl3·0.2H2O 144 35 
Average 139(5)  

 

The (PP)–[(Cp*Ru)6233]6+ configuration—P descriptor is assigned to the CTB 

cups of the cryptophane19—was confirmed by refinement of the Flack parameter137 (x = 

0.00).  The propylenedioxy bridges of the 233 core exhibit identical conformations 

(ap,ap,g,g,ap,ap) as the 333 core structures, and with the exception of the host and the 

ethylenedioxy linker, exhibits nearly perfect C2 symmetry.  The bound THF molecule in 

the structure exhibit positional disorder (60:40), and is situated such that its average ring 

plane is roughly parallel to the C2 axis of the host.  The disorder of the THF extends to 

the ethylenedioxy bridge, which likewise exhibits two positions (60:40).  Both positions 

of the disordered ethylenedioxy bridge adopt a gauche, anticlinal (ac, 130° to 150° or –

130° to –150°), gauche, gauche, antiperiplanar conformation (for the torsion angles τ1, τ2, 

τ3, τ2’, and τ1’, see Fig. 4.1, and Table 4.1). 

Others have analyzed the conformation of ethylenedioxy linkers of various 222 

core derivatives, both in solution144 and in the solid state.37,136,145 Discussion of the linker 

conformation tends to focus on the dihedral angle about the central C–C bond or τ3 in our 

notation (Fig. 4.1).  The linker is described to adopt either a gauche or an anti 

conformation (τ3).  Thus, the ethylenedioxy linker of THF@[(Cp*Ru)6233]Cl6·xH2O 

could be describe as being gauche.  Nevertheless, the ethyldioxy linker conformation 

cannot be completely described by the τ3 angle.  Table 4.1 summarizes the τ1, τ2, τ3, τ2’, 
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and τ1’ angles of the ethyldioxy linkers from the crystal structures of this work.  Table 4.2 

summarizes the τ3 conformations for previously characterized 222 core cryptophane.  

From this data it is clear that: i) the ethylenedioxy bridges essentially always adopt 

unsymmetrical conformations (e.g. τ1 ≠ τ1’ and τ2 ≠ τ2’), ii) ‘gauche’ linker conformation 

(τ3) are by far the more prevalent than ‘anti’, iii) there is little correlation between τ3 and 

the overall cavity volumes of the 222 cores, iv) when τ3 is gauche either τ1 or τ1’ is 

antiperiplanar but not both, v) when τ3 is antiperiplanar neither τ1 nor τ1’ are 

antiperiplanar.  We surmise that τ3 = gauche conformation may be more stable than τ3 = 

anti conformation because the CH2 groups are co-planar with the arene ring attached, 

stabilizing these conformations by the mesomeric effect of O 2p electrons with the π 

electrons of the arene ring. 

4.2.6 THF@[(Cp*Ru)6223]Cl6·xH2O, x ≈ 74. 

The THF@[(Cp*Ru)6223]Cl6·xH2O crystals obtained are racemic and adopt the 

C2/c space group.  Notably, this is the first crystal structure determination containing the 

223 core.  The molecule resides on a crystal C2 axis and the asymmetric unit contains half 

a molecule of THF@[(Cp*Ru)6223]6+.  There is no disorder in the bridges, and the 

pentamethylcyclopentadienyl groups, though the chloride ions are disordered over the δ 

sites as the ε sites are fully occupied.  The [(Cp*Ru)6223]Cl6 was obtained as a THF 

complex, with the bound THF molecule having positional disorder (50:50) and is situated 

much as it is in the THF@[(Cp*Ru)6223]Cl6 complex.  The dihedral angles of the 

ethylenedioxy bridges of the [(Cp*Ru)6223]Cl6 cryptophane core (τ1, τ2, τ3, τ2’, τ1’, see 

Fig. 4.1) are gauche, anticlinal, gauche, gauche, antiperiplanar (Table 4.1).  The 

propylenedioxy bridge exhibits the conformation (ap,ap,g,g,ap,ap) seen in the 233 core 
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and the 333 cores.  Not surprisingly, the cavity volume (Vc ≈ 104 Å3) of 

THF@[(Cp*Ru)6223]6+ complex is smaller than the THF@[(Cp*Ru)6233]6+ complex (Vc 

≈ 119 Å3 ). Interestingly, however, it is also smaller than the observed 1,4-

dioxane@[(Cp*Ru)6222]6+ (vide supra), which signifies that similar to the 233 core (vide 

infra) that cavity is likely capable of further expansion. 

4.2.7 1,4-dioxane@[(Cp*Ru)6222]Cl6·xH2O, x ≈ 20 and 1,4-dioxane@222·2.5(1,4-
dioxane). 

 Crystals of 1,4-dioxane@[(Cp*Ru)6222]Cl6·xH2O crystallized in the C2/c (Z = 4) 

space group with the host residing one a two-fold rotation axis such that one half of a 

host molecule is in the asymmetric unit (ASU).  Like the crystal structure of 1,4-

dioxane@[(Cp*Ru)6333]Cl6·xH2O—the largest cryptophane examined in this study—the 

dioxane molecule is encapsulated by the host, suggesting that dioxane is also bound in 

solution.  The encapsulation of 1,4-dioxane (Vg = 87 Å3) by the [(Cp*Ru)6222]6+ core 

may seem somewhat surprising, given the that the optimal guest for the parent 222 

cryptophane is much smaller (xenon, Vg = 42 Å3, Fig. 1.4).146 Indeed, 1,4-dioxane 

appears to be the largest neutral guest experimentally observed to be complexed by the 

222 core, though the encapsulation of larger species (e.g., 1,1,2,2-tetrachloroethane, Vg = 

102 Å3) has been probed computationally.142 Not surprisingly, the 222 core in 1,4-

dioxane@[(Cp*Ru)6222]Cl6·xH2O adopts a highly expanded conformation.  Though 

there is some disorder of the cryptophane core, the disorder could be adequately modeled 

and key structural parameters could be derived (Vc ≈ 118 Å3, θ = 45(3)°, l = 9.5 Å).  

Crystals of 1,4-dioxane@222·2.5(1,4-dioxane) were also obtained and structurally 

analyzed to determine if there is any substantial caused by metalation of the cryptophane 

core.  The 1,4-dioxane@222·2.5(1,4-dioxane) crystal structure contains a racemic 
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mixture of 222 and 1,4-dioxanes molecules in the solvent accessible voids.  There is a 

cryptophane, and three and half 1,4-dioxanes—one dioxane is found in cryptophane 

cavity—in the ASU.  The 222 core present exhibits a Vc ≈ 118 Å3, θ = 42(1)°, and l = 9.4 

Å, which are very similar to the parameters of the 222 core in the 1,4-

dioxane@[(Cp*Ru)6222]Cl6·xH2O crystal structure.  It appears that the permetalation of 

cryptophanes does not have a substantial effect, if any, on the effective cavity size. 

 The conformations of the ethylenedioxy linkers of 222 core cryptophanes have 

been the subject of much discussion in the context of the ability of the 222 core to adapt 

its cavity to suit various guests.  By determining several crystal structures, including 

those of Xe@222-core complexes, Dmochowski and coworkers confirmed that the 222 

core can adapt its conformation and cavity volume to optimize interactions with guests.37 

Importantly, they could not establish a simple connection between the conformation of 

the central torsion angle (τ3) and the cavity volume.  To date, there have been 13 reported 

crystal structures of cryptophanes possessing ethylenedioxy linkers, all based upon the 

222 core.  Five of these are complexes of 222 itself, two are complexes of cryptophanes-

C (1.11)147 and –D (1.19)148 (anti and syn forms lacking three of the six methoxy moieties 

of 222), and six are structures of 222 derivatives wherein allyl or propargyl substituents 

replace three of the methoxy substituents of 222.136,145,149 The ethylenedioxy bridges 

conformations central to the different conformers of 222 core, are outlined in papers by 

Brotin and co-workers.  They demonstrated that guest-induced changes in the vibrational 

circular dichroism spectra (VCD) spectra can be attributed to variations in the linker 

conformation (specifically τ3).2a,37,111 In their 2006 paper, the authors calculated the 

infrared (IR) and VCD spectra of gas phase models of enantiopure 222 chloroform 
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complexes (CHCl3@(+)-222 and CHCl3@(–)-222) with varying bridge conformations 

via density functional theory (DFT).  The authors demonstrated that the lowest energy 

conformer for CHCl3@222 (as an isolated complex) is one in which gaa are the 

conformations of three ethylene bridges τ3.  The next lowest in energy are the  gga and 

the ggg conformers, respectively.  All three conformers are predominately seen in the 

CHCl3@222 SCXR structures,37,111 and now the 1,4-dioxane@222 complexes (Table 4.2).  

They then compared the IR and VCD spectra of the calculated low energy conformers of 

enantiopure 222 chloroform complexes with the experimental spectra of the chloroform 

enantipure 222 solvates,145 and found that the calculated spectra corroborate well with 

their respective chloroform solvate.  

We have tabulated all of the 222 core cavity volumes versus their τ3 

conformations (Table 4.2).  We note that by our method, cavity volumes tend to be a few 

higher than those reported by Dmochowski and co-workers.  According to their cavity 

volume calculations, the 222 core was observed to adopt conformations that vary cavity 

volume from ~84–102 Å3.  Our analysis of the 222 core structures in the literature reveals 

that the Vc ranges from about 88 Å3, for the smallest complexes (e.g., Xe@222), to about 

123 Å3, for the CHCl3@222 complex.  Despite the rather expanded conformation, the 

packing coefficients of the 1,4-dioxane within the cavities are therefore quite high (0.74).  

The conformation of the central torsion angle of the ethylenedioxy bridge were ggg and 

gga for 1,4-dioxane@[(Cp*Ru)6222]Cl6 and 1,4-dioxane@222, respectively.  The 

volumes of the cryptophane cavities are similar to that observed in the CHCl3@222 

complex (Vc = 101–119 Å3), suggesting that the 222 cores accommodate the larger 
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dioxane via a tighter packing coefficient as opposed to expansion.  These data suggest 

that the volume of the 222 core cannot reasonably expand much further than ~125 Å3. 

Table 4.2. Torsion angles of crystallographically unique ethylenedioxy bridges 
from the crystal structures in this work, see Fig. 4.1 for dihedral labels. 

Crystal structure Bridge τ1 τ2 τ3 τ2’ τ1’ Conf.a Vc (Å3)b 
THF@[(Cp*Ru)6233]Cl6⋅xH2O  major –44 –142 73 80 –172 gauche 119 
THF@[(Cp*Ru)6223]Cl6⋅xH2O  1 –174 –86 –70 139 47 gauche 104 
 2 47 139 –70 –86 –174 gauche  
1,4-dioxane@222·2.5(1,4-dioxane) 1 168 –175 65 36 54 gauche 118 
 2 165 –177 73 29 60 gauche  
 3 94 –74 –171 113 –114 anti  
1,4-dioxane@[(Cp*Ru)6222]Cl6⋅xH2O  1 160 –163 65 76 4 gauche 118 
 2 4 76 65 –163 160 gauche  
 3 4 80 54 –157 165 gauche  
aconformation of bridge 
bcavity volume 

 
Table 4.3. Central torsion angles (τ3) of ethylenedioxy bridges vs. cavity volume 
(Vc) for 222 core from reported crystal structures, see Fig. 4.1 for dihedral labels. 

Crystal Structure τ3 conformation 
bridge (1,2,3)a Vc(Å3)b PCc Ref.d 

1,4-dioxane@222·2½(1,4-dioxane) gga 118 0.74 This work 
1,4-dioxane@[(Cp*Ru)6222]Cl6·xH2O ggg 118 0.74 This work 
CHCl3@222·1½CHCl3 gaa 123 0.59 111 
CHCl3@222·CHCl3 gga 119 0.61 111 
CHCl3@222 gga 101 0.71 111 
Xe@222 gga 88 0.48 37 
¼H2O@222·H2O ggg 94 0.19 37 
Xe@1.45 gga 89 0.47 37 
½MeOH@1.46 gga 93 0.35 37 
Xe@1.46 (core 1)e gga 92 0.46 37 
Xe@1.46 (core 2)e gaa 92 0.46 37 
CDCl3@1.46 (core 1)e gga 106 0.68 37 
CDCl3@1.46 (core 2)e gaa 107 0.67 37 
CH2Cl2@1.11·2CH2Cl2  gga 105 0.55 147 
CH2Cl2@1.19·2CH2Cl2 ggac 95 0.61 148a 
Average  103(12)   
agauche (g), anti (a), and anticlinal (ac) 
bcavity volume 
cpacking coefficient = guest volume/cavity volume  
dreference  
eBelongs to an asymmetric unit with two 222 cores. 
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Figure 4.3. Thermal ellipsoid plots (55% probability) and pertinent structural 
features of the PP enantiomers of a) 1,4-dioxane@[(Cp*Ru)6333]6+

 b) 
THF@[(Cp*Ru)6233]6+

 c) THF@[(Cp*Ru)6223]6+
, d) 1,4-

dioxane@[(Cp*Ru)6222]6+, and e) 1,4-dioxane@222 from the corresponding 
single crystal structures of their chloride salts.  The cavity is depicted in orange 
on the left and the guests (space fill model) on the right.  Only major occupied 
positions of disorder molecules are shown. 
 

The SCXRD data of the crowded (high PC) 1,4-dioxane@[(Cp*Ru)6222]Cl6 and 

1,4-dioxane@222 complexes suggest that 1,4-dioxane is too large to be strongly bound 

by 222 core.   

Addition of 1,4-dioxane to a solution of [(Cp*Ru)6222]Cl6 causes splitting of the 

host signals into those associated with a guest@cryptophane complex and a free 

cryptophane (Fig. 4.4).  Using line-fitting to determine the relative integration of host, 
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guest, and host–guest complex, the apparent binding constant of [(Cp*Ru)6222]Cl6 for 

1,4-dioxane in D2O at room temperature is estimated to be ~240 M–1.  The moderate 

binding of 1,4-dioxane by [(Cp*Ru)6222]Cl6 in D2O is a consequence of the 

[(Cp*Ru)6222]Cl6 exhibiting an available hydrophobic cavity, and little binding of water.  

By comparison, in the 1H NMR spectrum of 222 in (CDCl2)2—a solvent generally 

considered too large to be accommodated by the 222 core—the addition of 1,4-dioxane 

did not split the host signals into those associated with a guest@cryptophane complex 

and a free cryptophane, suggesting that 222 does not binds 1,4-dioxane in (CDCl2)2.  A 

plausible explanation for this observation is that the solvent may outcompete 1,4-dioxane 

as a guest for 222.  This explanation is supported in the recent computational work by 

Haberhauer et al., in which the authors calculated via DFT that 222 is capable of 

favorably binding (CDCl2)2 in the gas phase.142 A notable observation was made of the 

water soluble [(Cp*Ru)6222]Cl6 derivative, that even without an appropriate guest, the 

host signals are that of the D3-symmetry canonical form, in which the CTB moieties 

adopt the C3-symmetric (crown) conformer.  It is now well-known that guest-free 

cryptophane are capable of “imploding” i.e. one of the CTB moieties adopts a crown 

conformation and the other a saddle-twist conformation (one of the benzylic groups 

protruding into the cavity).22 For the reported water-soluble nmm derivatives, the guest-

free “imploded” conformers are observed in the 1H NMR spectra as low symmetry non-

canonical form.69a,69b Notably, the imploded, lower symmetry conformer (C1), is clearly 

not observed in the 1H NMR spectrum (D2O, 298 K) of [(Cp*Ru)6222]Cl6 (Fig. 4.4). 
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Figure 4.4. 1H NMR spectra (in D2O with solvent suppression, 298 K) of a) 
[Cp*Ru)6222]Cl6 (0.28 mM), and b) after the addition of ca. 6 equivalents of 1,4-
dioxane.  The open circles correspond to the signals for the “empty” 
[(Cp*Ru)6222]Cl6 in solution while the closed circles correspond to the signals 
from the 1,4-dioxane@[(Cp*Ru)6222]Cl6 complex.  The binding constant (Ka ≈ 
240 M–1) for 1,4-dioxane was calculated using line fitting of the aryl protons. 
 

In the 1H NMR spectrum of the “guest-free” [(Cp*Ru)6222]Cl6 (Fig. 4.4a), only 

broad signals—probably due to weak binding with the diatomic gases of oxygen and/or 

nitrogen49,69b—for a D3-symmetry conformer are observed (Fig. 4.4a and Fig. 4.16a).  

Furthermore, no low symmetry conformer is observed in any of the aqueous 1H NMR 

spectra of the permetalated cryptophanes [(Cp*Ru)6nmm]Cl6.  Hence, the six [Cp*Ru]+ 

moieties in the [(Cp*Ru)6nmm]Cl6 compounds may have the additional benefit of 

prohibiting the implosion of the nnm core under aqueous conditions, as the “imploded” 

conformers do not bind xenon in solution.69a,69b 

4.2.8 [(Cp*Ru)6111]Cl6·xH2O, x ≈ 135 and Xe@[(Cp*Ru)6111]Cl6·xH2O, x ≈  38. 

Single crystals of [(Cp*Ru)6111]Cl6·xH2O were prepared by simple diffusion of 

1,4-dioxane—dioxane cannot fit in the 111 cavity, Vc (max) ≈ 70 Å3—into an aqueous 

solution of [(Cp*Ru)6111]Cl6.  The asymmetric unit contains 1/12 of a cryptophane core 
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residing on a symmetry position implying that the host enantiomers are disordered about 

these sites.  The SQUEEZE subroutine finds effectively no electron density (< 1 electron 

per Å3) within the cavity of the [(Cp*Ru)6111]6+ host, indicating that the 111 core is 

guest-free.  The 111 core (conformation: τ1(avg.) = 176°, l = 7.3 Å, θ = 60° and Vc ≈ 34 

Å3; Fig. 4.5) conformation is fully contracted, and is almost identical to our previously 

reported “empty” 111 core (conformation: τ1(avg.) = 177(2)°, l = 7.4 Å, θ = 61° and Vc ≈ 

32 Å3) from the crystal structure [(Cp*Ru)6111][CF3SO3]6·xNO2Me.66e From the 

structural analysis of now eight crystal structures with a 111 core, it is clear that the core 

exhibits either an “expanded” conformation or “contracted” conformation, which are the 

lowest in energy.  The expanded 111 conformations are usually occupied with a bound 

guest (guest@111), whereas the contracted conformations are without a guest.54e,128 The 

expanded and contracted conformations have τ1 angles that are virtually 0° and 180°, 

respectively.  At these angles, the CH2 in the –OCH2O– bridges are co-planar with the 

arene rings and the bridges’ O pπ-orbitals participate with the π-system of the rings 

thereby stabilizing these bridge conformations.118 Only in circumstances where the 

contracted and expanded conformations are both sterically frustrated will intermediate 

conformations be the energy minima, we have recently shown that introduction of 

substitution at the rims of the CTB moieties limits range of conformation leading to 

highly crowded (high PC) Xe@111 core complexes.66f 

That the [(Cp*Ru)6111]Cl6 would be found to be empty when crystalized from 

water—a solvent that can clearly fit within the 111 core—was unexpected.  Indeed, when 

crystalized from solvents—chloroform or dichloroethane—too large to enter the 

cryptophane cavity, the host appears to scavenge water molecules from the solvent to 
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form the H2O@111 complexes that adopt the expanded conformation, for example in the 

crystal structure 0.50H2O@111·1.5(dichloroethane), section 2.2.1.120 This observation 

suggests that the ostensibly hydrophobic 111 core has some affinity for H2O.  

Nonetheless, the 111 core in the [(Cp*Ru)6111]Cl6·xH2O crystals, grown from water 

appears to be free of water.  Our group has previously shown that the permetalation of 

cryptophane cores turns their cavities from being π–basic environments to being slightly 

π–acidic,44a capable of encapsulating anions and displaying close anion···π(carbon) 

intermolecular contacts.  We surmise that the π–acidic cavities may be less susceptible to 

forming O–H···π interactions, and in turn the cryptophane core is conceivably more 

hydrophobic.  It is possible that by disfavoring the formation of water complexes by 

permetalation, the cryptophane cores will exhibit a greater affinity for hydrophobic guests 

such as xenon. 

Crystals of the xenon complex, 0.94Xe@[(Cp*Ru)6111]Cl6·xH2O were obtained 

by vapor diffusion of dioxane into an aqueous of the host, under an atmosphere enriched 

with xenon gas.  Notably, 0.94Xe@[(Cp*Ru)6111]Cl6·xH2O crystals are not iso-

structural with the [(Cp*Ru)6111]Cl6·xH2O (R-3m) and adopt the C2/c space group.  In 

addition, the 111 cavity is nearly fully occupied by a xenon atom within (Fig 4.5).  

Strangely, the host in the structure exhibits disorder such that two, equally occupied 

positions of the host are found, the two positions, simply being rotated relative to one 

another about the C3 axis (by ~9°).  The two positions exhibit essentially identical 

conformations (conformation: τ1(avg.) = 5(4)°, l = 8.5 Å, θ = 19(1)° and Vc ≈ 68 Å3), 

both being identical to the other ‘expanded’ 111 structures, including Kr@111, Xe@111, 

and H2O@111.120 For example, the expanded 111 core (conformation: τ1(avg.) = 4(2)°, l 
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= 8.36 Å, θ = 19(1)°, and Vc ≈ 70 Å3) from the crystal structure of 

Xe@111·1.5(dichloroethane) exhibits nearly identical 111 conformational parameters.  

!

Figure 4.5.  Thermal ellipsoid plots of (a) [(Cp*Ru)6111]6+(b) 
Xe@[(Cp*Ru)6111]6+

 (c) [(Cp*Ru)6111]6+ (d) Xe@[(Cp*Ru)6111]6+
 from their 

corresponding single crystal structures at 50% probability.  The cavity is shown 
in orange on the left.  Cp* groups is at 30 %.  
 

Therefore, it is clear that the bulky [Cp*RuII]+ groups do not appear to interfere 

with the conformational freedom of the 111 core, as is observed in the rim functionalized 

111 derivatives in Chapter 3.66f The bound xenon in 0.94Xe@[(Cp*Ru)6111]Cl6·xH2O, is 

found perfectly centered in the cavity—only 0.07 Å from the centroid of the 36 arene 

carbons—with the arene (centroid)···Xe contact distances averaging 3.76(8) Å.  This 

average distance is comparable to 3.77(3) Å measured for the Xe@111 complex in 

Xe@111·1.5(dichloroethane).120 One can expect the Xe@[(Cp*Ru)6111]6+ complex in 

aqueous solutions to have similar structural attributes. 

4.2.9 Hyperpolarized 129Xe NMR spectroscopy. 

Room temperature hyperpolarized 129Xe NMR spectra were acquired of the 

[(Cp*Ru)6nmm]Cl6 salts in D2O after exposing the solutions to hyperpolarized Xe(g) 

(Fig. 4.6).  In each spectrum two 129Xe signals are observed, one signal at 196 ppm 
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corresponding to the dissolved Xe(g), and the another signal corresponding to the 

129Xe@[(Cp*Ru)6nmm]Cl6 complexes (Table 4.3).  Not surprisingly, the separate 

129Xe@[(Cp*Ru)6nmm]Cl6 signals, with average line widths of 17(3) Hz, show that the 

xenon exchange rates between the dissolved (free) and the 129Xe@[(Cp*Ru)6nmm]Cl6 

complexes are slow on the 129Xe NMR time scale.  The 129Xe chemical shift range of the 

129Xe@[(Cp*Ru)6nmm]Cl6 species is remarkably large (152 ppm), ranging from 156 

ppm for 129Xe@[(Cp*Ru)6333]Cl6 to 308 ppm for 129Xe@[(Cp*Ru)6111]Cl6 (Table 4.3).  

By comparison, the room temperature 129Xe chemical shift range for the 129Xe@nmm 

species in (CDCl2)2 is 38 ppm, ranging from 30 for 129Xe@333 to 68 ppm for 129Xe@222 

in (CDCl2)2 (Table 4.3).  

Additionally, the xenon complexes of the water-soluble hexacarboxylic versions, 

222-acid–333-acid exhibit a 129Xe chemical shift range in D2O (31 ppm) similar to nmm, 

from 35 ppm for 129Xe@222-acid to 64 ppm for 129Xe@333-acid.  It is very clear, 

therefore, that: i) the very high chemical shifts of the 129Xe@[(Cp*Ru)6nmm]Cl6 

complexes arise from the presence of the charged the [Cp*Ru]+ moieties and not from 

solvent effects, and ii) permetalation of the nmm cryptophanes makes the encapsulated 

xenon more susceptible to size/volume effects.  Indeed, the 129Xe@[(Cp*Ru)6nmm]Cl6 

signals are far more deshielded than the signals of the 129Xe@nmm complexes.  

Compared to the signals of the 129Xe@nmm complexes, the 129Xe@[(Cp*Ru)6nmm]Cl6 

signals are downfield shifted by 126–277 ppm (Table 4.1).  In their paper, Saielli and co-

workers attempted to gain insight into the extra deshielding effect for the metalated 

cryptophanes via relativistic DFT calculations, using the models 129Xe@[((η5-
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C5H5)MII)n111]n+ (129Xe@[(CpM)n111]n+), M = Fe, Ru and Os; n =1, 3(only the C3-

isomer), and 6.150 

!

Figure 4.6. Hyperpolarized 129Xe NMR spectra (D2O, 298 K) of 
[(Cp*Ru)6nmm]Cl6 solutions degassed and saturated with hyperpolarized xenon 
gas, illustrating the Xe@[(Cp*Ru)6nmm]Cl6 species, a) [(Cp*Ru)6111]Cl6 b) 
[(Cp*Ru)6222]Cl6 c) [(Cp*Ru)6223]Cl6 d) [(Cp*Ru)6233]Cl6 and e) 
[ (Cp*Ru)6333]Cl6. 
 

They calculated the chemical shift difference between 129Xe@[(CpRu)6111]6+ and 

129Xe@111 to be 281 ppm (aqueous), which is comparable to our reported experimental 

value of 277 ppm for [(Cp*Ru)6111]6+.66e At first glance the agreement is reasonable, 

especially considering that the Cp* is more electron rich than Cp, and counterion effects 

were ignored.  They do, however, also report a significant solvent effect on the bound 

129Xe chemical shifts.  They concluded that most of the deshielding comes from the 

interaction of the Xe 5py orbitals with the largely Ru centered (e.g. HOMO-34 molecular 

orbitals of [(CpRu)6111]6+).  Notably, they calculated that the Xe···Ru distance in the 

129Xe@[(CpRuII)6111]6+ complex was 5.87 Å3 while in the crystal structure of 
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Xe@[(Cp*Ru)6111]Cl6 the average is 5.46(8) Å.  Consequently, this observation could 

serve to improve computational models.   

As pointed out above, the [Cp*Ru]+ groups also appear to make the bound 129Xe 

chemical shifts more susceptible to changes in the cryptophane core structure.  The 111 

core—different from the other nmm cores, and in what it lacks methoxy substituents—

displays the largest downfield shift of the bound 129Xe signal upon permetalation when 

compared to the permetalation of other nmm cores.  By comparison, the 222 core upon 

permetalation has a downfield shift of the bound 129Xe signal of 166 ppm.  Overall, it is 

not surprising that the chemical shift of the encapsulated 129Xe nucleus is most affected 

by the presence of the Ru moieties in the smaller cryptophanes.  The 

Xe@[(Cp*Ru)6111]6+ complex from the crystal structure exhibits a PC = 0.62 and 

average arene (centroid)···Xe distances of 3.76(8) Å, compared to PC = 0.47 and average 

arene (centroid)···Xe distances of 4.08(7) Å for the reported Xe@222 complex.37 Clearly, 

the 111 molecular orbitals in the Xe@111 complexes would have greater overlaps with 

the bound Xe 5p (and other atomic) orbitals compared with the larger Xe@nmm 

complexes.  In addition, the 129Xe chemical shift difference between the signals for 

129Xe@[(Cp*Ru)6111]6+ and 129Xe@[(Cp*Ru)6222]6+ is 74 ppm, which is larger than 

between the signals for 129Xe@[(Cp*Ru)6222]6+ and 129Xe@[(Cp*Ru)6223]6+ of 22 ppm 

(Fig 4.6).  It was also noticed that by systematically increasing the Vc with the addition of 

a CH2 to any one linker for [(Cp*Ru)6222]Cl6 to [(Cp*Ru)6333]Cl6 causes an upfield 

shift for the bound 129Xe chemical shift of 26(4) ppm.  A similar effect is seen with nmm-

acid series, except the upfield shift is smaller at 13(5) ppm.69a 
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Table 4.4. Table of the chemical shift difference (Δδ) of encapsulated Xe 
between metalated and non-metalated cryptophanes. 

n, m 129Xe@[(Cp*Ru)6nmm]Cl6 (ppm) 129Xe@nmm (ppm) Δδa 
1,1 308 31 277 
2,2 234 68 166 
3,2 212 60 152 
2,3 182 47 135 
3,3 156 30 126 
aChemical shift difference between  
129Xe@[(Cp*Ru)6nmm]Cl6 –129Xe@nmm 

 

4.3 Conclusion. 

In summary, we have shown that highly water-soluble metal-functionalized 

cryptophane derivatives can be synthesized quickly, cleanly, and nearly quantitatively 

from their all-organic cryptophane precursors.  The [Cp*RuII]+-functionalization reaction 

can be considered to be a form of “click” chemistry modification.  In addition, the six 

[Cp*Ru]+ groups appear to have the advantage of prohibiting the implosion of the nmm 

in water.  The permetalation has a pronounced effect on the 129Xe NMR chemical shift of 

the bound xenon, drastically shifting (126–277 ppm) the 129Xe signal downfield from that 

of the non-metalated nmm versions in organic solvents.  Thus, cryptophane metalation 

has increased the overall chemical shift range of 129Xe@cryptophane species to a 278 

ppm window (30–308 ppm).  The results suggest that a small number of xenon binding 

cryptophanes can be converted into a large library of hosts with very broad and 

potentially tunable 129Xe chemical shifts.  We believe that this approach may be powerful 

in developing multiplexing sensor systems based on 129Xe NMR sensing modality.  In the 

future, we intend to functionalize the Cp* groups of the [(Cp*Ru)xnmm]Clx 

compounds132 with relevant biomolecules that can sense biological binding events, 

turning these metalated cryptophanes into functional sensors. 
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4.4 Experimental section.  

4.4.1 General information. 

 Reagents were obtained from Sigma-Aldrich while solvents were obtained from 

Alfa Aesar, both reagent and solvent were of reagent grade purity.  The silica gel (40–60 

µm, SiliaFlash®) was obtained from SILICYCL while the thin-layer chromatography 

(TLC, 1000 µm, UNIPLATE™) plates were obtained from ANALTECH.  All reactions 

were done under N2 atmosphere using standard glove box and Schlenk techniques.  [(η5-

C5Me5)RuII(µ3-Cl)]4, (η5-C5Me5 = Cp*), was prepared according to literature 

procedures.151 ESI-MS data, except for [(Cp*Ru)6111]Cl6, were obtained using Varian 

500 MS spectrometer running in positive ion mode.  Mass spectrometry data for 

[(Cp*Ru)6111]Cl6 was obtained on a LCQ Classic LCMS ESI mass spectrometer running 

in positive ion mode.  ESI-MS masses were calculated by mMass software suite.  1H (400 

MHz) and 13C (100 MHz) NMR spectra were carried out on a Varian 400-MR 

spectrometer.  Unless otherwise indicated, chemical shifts given are based on the residual 

solvent peaks.  Splitting patterns are labeled as singlet (s), doublet (d), triplet (t), 

multiplet (m) and broad (br.).  The bridging CH2 protons for the CTB cups were labeled 

Ha (axial) and He (equatorial).  All of the cryptophanes, 11150a 222,21a 223,50b 233,50b and 

33323 were synthesized as racemic mixtures according to literature procedures. 222, 223, 

233 were synthesized by Dr. Thierry Brotin. 

4.4.2 Production of laser-polarized xenon (by Dr. Patrick Berthault and co-workers, 
CEA, IRAMIS, NIMBE, Laboratoire Structure et Dynamique par 
Résonance Magnétique, UMR CEA/CNRS 3299, 91191 Gif-sur-Yvette, 
France. 

A home-built optical pumping setup using a 5W Titanium: Sapphire laser.85a,124 It 

provides an average xenon polarization of 40% (measured on the gas phase in the 
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spectrometer).  Hyperpolarized xenon frozen into a cold finger was transported inside a 3 

kG solenoid.  The transfer from this cold finger to the NMR tube was made via a simple 

Joule-Gay Lussac expansion in the fringe field of the magnet in order to preserve 

polarization.  Vigorous shaking of the tube followed by a 10s wait time before each 

hyperpolarized 129Xe NMR experiment ensured homogenization of the sample after 

disappearance of the bubbles. 

The 129Xe experiments designed to study the interaction between xenon and the 

cryptophane were carried out on a Bruker Avance II 500 spectrometer equipped with 5 

mm HNX and Broadband inverse probeheads.  Accurate calibration of the temperature 

was made using a methanol sample.  Prior the introduction of the hyperpolarized noble 

gas, the solutions were degassed using several freeze-pump-thaw cycles. 

(±)-[((η5-C5Me5)RuII)6(η6-cryptophane–111)]Cl6 ([(Cp*Ru)6111]Cl6): Under an N2 

atmosphere, (±)-cryptophane-111 (30 mg, 0.045 mmol) was dissolved in THF (3 mL) in a 

10 mL microwave reaction vessel.  [Cp*Ru(µ3-Cl)]4 (102 mg, 0.0938 mmol, 8.4 eq. Ru) 

was added, followed by degassed water (5 mL).  The vessel was sealed and reacted at 

130 °C for 30 minutes under microwave irradiation to give a red solution.  The solvent of 

reaction mixture was removed under vacuum.  The solid was added to a silica column 

and chromatographed using methanol, saturated aqueous NH4HCO3, and water (4:4.5:0.5, 

Rf = 0.11).  The solvent was removed under vacuum at 55 °C.  To remove excess 

NH4HCO3, additions of methanol/water were added and removed under vacuum at 55 °C 

stepwise until evolution of NH3 ceased.  The solid was dissolved in H2O/methanol and 

passed over Amberlite-IRA 410 Cl beads (chloride ion exchange beads).  The solvent 

was removed under vacuum at 50 °C and the resulting solid was recrystallized from 
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methanol by the addition of diethyl ether to give an off-white powder (yield 91 mg, 89%).  

1H NMR (400 MHz, D2O, Fig. 4.11 NMR taken on a 500 MHz spectrometer) δ 6.16 (br. 

s, 6H, H1), 6.04 (br. s, 6H, H3), 5.96 (br. s, 6H, H2), 5.59 (s, 6H, bridge –OCH2O– H4), 

3.84 (d, 6H, J = 13.0 Hz, Ha), 2.65 (d, 6H, J  = 13.0 Hz, He), 1.86 (s, 90H, Cp*).  13C 

NMR (100 MHz, D2O) δ 127.15, 97.94, 97.72, 97.68, 88.00, 85.38, 76.67, 76.47, 29.89, 

9.62.  ESI-MS (m/z): calculated for C105H126O6Ru6Cl4 ([(Cp*Ru)6111]Cl4
2+): 1116.1 

found 1115.5; calculated for C95H111O6Ru5Cl3 ([(Cp*Ru)5111]Cl3
2+): 980.6, found 980.2; 

calculated for C95H111O6Ru5Cl2 ([(Cp*Ru)5111]Cl2
3+): 641.8, found 641.4; calculated for 

C85H96O6Ru4Cl2  ([(Cp*Ru)4111]Cl2
2+): 844.6, found 844.1. 

(±)-[((η5-C5Me5)RuII)6(η6-cryptophane–333)]Cl6 ([(Cp*Ru)6333]Cl6): 

[(Cp*Ru)6333]Cl6 has been reported previously.  For this work, it was synthesized using 

the procedure outlined above for [(Cp*Ru)6111]Cl6.  The yield was not formally 

determined, but was near quantitative.  1H NMR (400 MHz, D2O, Fig. 4.15) δ: 6.90 (s, 

6H, H1), 6.69 (s, 6H, H2), 4.26 (m, 6H, Hb1/b2), 3.99 (d, Ha obscured by OMe group) 3.97 

(s, 18H, OMe), 3.80 (m, 6H, Hb1/b2), 2.44 (d, 6H, He), 2.00 (s, 90H, Cp*), –0.85 (s, ~3H, 

bound CH3I).  ESI-MS (m/z): calculated for C115H150O12Ru6Cl3 ([(Cp*Ru)6333]Cl3)3+: 

820.8 found 821.0. 

 (±)-[((η5-C5Me5)RuII)6(η6-cryptophane–222)]Cl6 ([(Cp*Ru)6222]Cl6), MW 

=2525.5 g⋅mol–1: Under an N2 atmosphere, (±)-cryptophane–222 (40 mg, 0.045 mmol) 

and [Cp*Ru(µ3–Cl)]4 (86 mg, 0.079 mmol, 7.0 eq. Ru) were dissolved in degassed THF 

(4 mL) in a 50 mL reaction vessel.  A magnetic stir bar was then added followed by 

degassed water (10 mL).  The reaction vessel was sealed under N2 atmosphere; the 
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mixture was then sonicated for ca. 1 hour.  The reaction vessel was placed in an oil bath 

at 135 °C for 1 hour with constant stirring to give a deep red solution.  The solution was 

filtered to remove the unreacted  [Cp*Ru(µ3–Cl)]4.  The solvent was removed at 60 °C 

under vacuum.  The solid was dissolved in the minimum necessary amount of methanol 

and was then precipitated with diethyl ether to give a light grey solid ([(Cp*Ru)6222]Cl6, 

yield 112 mg, 98 %, assuming only [(Cp*Ru)6222]Cl6 collected).  To remove the 

remaining colored impurity, the [(Cp*Ru)6222]Cl6,  material can be dissolved in 

methanol, filtered through a pad of decolorizing carbon (~10-15 ml of carbon for ~100 

mg of compound), and washed with methanol.  Removing the solvent under vacuum at 

60 °C recollected the solid.  1H NMR (400 MHz, D2O addition of CH3I; Fig 4.12) δ 6.67 

(s, 6H, Ar), 6.42 (s, 6H, Ar), 4.58 (d, 2J = 11 Hz, 6H, Bridge –OCH2CH2O–), 4.42 (d, 2J 

= 11 Hz, 6H Bridge –OCH2CH2O–), 3.98 (s, 18H, OMe), 3.89 (d, 2J = 14 Hz, 6H, He), 

2.88 (d, 2J = 14.0 Hz, 6H, Ha), 2.18 (s, 35H, free CH3I), 1.98 (s, 90 H, Cp*), –0.74 (s, 3H, 

bound CH3I) 13C NMR (100 MHz, D2O) δ124.04, 123.28, 96.99, 96.65, 93.91, 73.51, 

70.13, 59.07, 48.75, 29.86, 9.44.  ESI-MS (MeOH) m/z: calculated for 

C114H144O12Ru6Cl4 ([(Cp*Ru)6222]Cl4
2+): 1227.7 found 1227.7, calculated for 

C114H144O12Ru6Cl3 ([(Cp*Ru)6222]Cl3
3+): 806.5 found 806.4. 

(±)-[((η5-C5Me5)(Cp*Ru)II)6(η6-cryptophane–223)]Cl6 ([(Cp*Ru)6223]Cl6) 

MW = 2539.5 g⋅mol–1: Under an N2 atmosphere, (±)-cryptophane-223 (12 mg, 0.013 

mmol) and [Cp*Ru(µ3–Cl)]4 (36 mg, 0.033 mmol, 10.0 eq. Ru) were dissolved in 

degassed THF (2 mL) in a 20 mL reaction vessel.  A magnetic stir bar was then added 

followed by degassed water (4 mL).  The reaction vessel was treated and 

[(Cp*Ru)6223]Cl6 was isolated according to the procedure outlined for the synthesis of 
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[(Cp*Ru)6222]Cl6 yield 31 mg, 90% assuming only ([(Cp*Ru)6223]Cl6 collected).  1H 

NMR (400 MHz, CD3OD, Fig. 4.13) δ: 7.23 (s, 2H, Ar), 7.09 (s, 2H, Ar), 7.00 (s, 2H, Ar), 

6.99 (s, 2H, Ar), 6.73 (s, 2H, Ar), 6.64 (s, 2H, Ar), 4.74 (d, J = 13 Hz, 2H, OCH2) 4.61 (d, 

J = 13 Hz, 2H, OCH2), 4.40 (d, J = 13 Hz, 2H, OCH2), 4.37 (d, 2J = 13 Hz, 2H, OCH2), 

4.22–4.16 (m, 6H, Ha), 4.15–4.10 (m, 4H, bridge –OCH2), 4.06 (s, 6H, OMe), 4.01(s, 6H, 

OMe), 4.00 (s, 6H, OMe), 3.28 (d, J = 14 Hz, 2H, He), 3.08 (d, J = 14 Hz, 2H, He), 3.02 

(d, J = 14 Hz, 2H, He), 2.31 (m, 2H, bridge –CH2–), 2.07 (s, 30H, Cp*), 2.06 (s, 60H, 2 × 

Cp*). 13C NMR (100 MHz, D2O) δ: 127.37, 126.15, 125.71, 125.28, 124.71, 123.53, 

99.28, 98.81, 97.53, 97.49, 97.19, 95.91, 95.78, 95.51, 78.83, 78.71, 78.69, 76.05, 75.66, 

74.92, 74.65, 71.56, 71.34, 68.12, 60.66, 60.35, 60.10, 60.04, 31.79, 31.44, 31.28, 10.85, 

10.63, 10.62.  ESI-MS (MeOH) m/z: calculated for C115H146O12Ru6Cl4 

([(Cp*Ru)6223]Cl4
2+): 1234.7 found 1235.0, calculated for C115H146O12Ru6Cl3 

([(Cp*Ru)6223]Cl3
3+): 811.5 found 811.6. 

(±)-[((η5-C5Me5)RuII)6(η6-cryptophane–233)]Cl6 ([(Cp*Ru)6233]Cl6), MW = 

2553.5 g⋅mol–1: Under an N2 atmosphere, (±)-cryptophane-233 (15 mg, 0.016 mmol) and 

[Cp*Ru(µ3–Cl)]4 (28 mg, 0.024 mmol, 6.0 eq. Ru) were dissolved in degassed THF (2 

mL) in a 20 mL reaction vessel.  A magnetic stir bar was then added followed by 

degassed water (4 mL).  Hereon the reaction vessel was treated and [(Cp*Ru)6233]Cl6 

was isolated by the procedure outlined for the synthesis of [(Cp*Ru)6222]Cl6, 

([(Cp*Ru)6233]Cl6 yield 37 mg, 94 % assuming only ([(Cp*Ru)6233]Cl6 collected). 1H 

NMR (400 MHz, CD3OD, Fig. 4.14) δ 7.30 (s, 2H, Ar), 7.25 (s, 2H, Ar), 7.19 (s, 2H, Ar), 

7.03 (s, 2H, Ar), 7.02 (s, 2H, Ar), 6.69 (s, 2H, Ar), 4.77 (d, 2J = 10 Hz, 2H, OCH2), 4.27–

4.07 (m, 14H, Ha and bridges –O(CH2)3O– and –O(CH2)2O–), 4.02 (s, 12H, 2 × OMe), 
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4.00 (s, 6H, OMe), 3.96–3.94 (br. m, 2H, Ha) 3.28 (d, 2J = 14 Hz, 2H, He), 3.03 (d, J = 14 

Hz, 4H, He), 2.31 (br. m, 4H, bridge –CH2–), 2.08 (s, 60H, 2 × Cp*), 2.06 (s, 30H, Cp*). 

13C NMR (100 MHz, CD3OD) δ 128.27, 126.32, 126.10, 125.23, 124.13, 123.10, 99.50, 

98.14, 97.54, 97.42, 97.19, 97.12, 96.22, 95.71, 78.27, 75.59, 75.29, 75.08, 75.06, 71.69, 

67.84, 60.57, 60.32, 60.01, 49.00, 31.53, 31.47, 31.43, 31.32, 31.27, 30.90, 29.69, 10.88, 

10.88, 10.67. ESI-MS (MeOH) m/z: calculated for C116H148O12Ru6Cl4 

([(Cp*Ru)6233]Cl4
2+): 1242.2 found 1242.4, calculated for C116H148O12Ru6Cl3 

([(Cp*Ru)6233]Cl3
3+): 816.5 found 816.5. 
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4.4.3 Electrospray ionization mass spectrum. 

!

Figure 4.7. a) ESI-MS spectrum (methanol) of [(Cp*Ru)6222]Cl6.  The peak at 
596.5 m/z corresponds to ([(Cp*Ru)6222]Cl2)4+, 596.4 calc.  The peak at 806.4 
m/z corresponds to ([(Cp*Ru)6222]Cl3)3+, 806.4 calc.  The peak at 1227.7 m/z 
corresponds to ([(Cp*Ru)6222]Cl4)2+, 1227.7 calc.  The peak at 583.6 m/z 
corresponds to ([(Cp*Ru)6222 –(C2H2)]Cl2)4+, the species from the hydrolysis of 
an ethylenedioxy bridge, 583.5 calc.  The calculated and experimental isotope 
distributions for b) ([(Cp*Ru)6222]Cl3)3+, centered at 806.4 m/z, and c) 
[(Cp*Ru)6222]Cl4)2+, centered at 1227.7 m/z, are shown. 
 

!

Figure 4.8. a) ESI-MS spectrum (methanol) of [(Cp*Ru)6223]Cl6.  The peak at 
811.6 m/z corresponds to ([(Cp*Ru)6223]Cl3)3+, 811.5 calc.  The peak at 1235.0 
m/z corresponds to ([(Cp*Ru)6223]Cl4)2+, 1235.0 calc.  The calculated and 
experimental isotope distributions for b) ([(Cp*Ru)6223]Cl3)3+, centered at 811.6 
m/z, and c) [(Cp*Ru)6223]Cl4)2+, centered at 1235.0 m/z, are shown. 
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!

Figure 4.9. a) ESI-MS spectrum (methanol) of [(Cp*Ru)6233]Cl6.  The peak at 
816.5 m/z corresponds to ([(Cp*Ru)6233]Cl3)3+, 816.5 calc.  The peak at 1242.4 
m/z corresponds to ([(Cp*Ru)6233]Cl4)2+, 1242.7 calc.  The calculated and 
experimental isotope distributions for b) ([(Cp*Ru)6233]Cl3)3+, centered at 816.5 
m/z, and c) [(Cp*Ru)6223]Cl4)2+, centered at 1242.7 m/z, are shown. 

!

Figure 4.10. a) ESI-MS spectrum (methanol) of [(Cp*Ru)6333]Cl6.  The peak at 
821.0 m/z corresponds to ([(Cp*Ru)6333]Cl3)3+, 820.8 calc.  The calculated and 
experimental isotope distributions for b) ([(Cp*Ru)6333]Cl3)3+, centered at 821.0 
m/z. 
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4.4.4 NMR spectroscopy. 

!

Figure 4.11. 1H NMR spectrum (500 MHz, in a degassed solution of D2O at 293 
K) of [(Cp*Ru)6111]Cl6 obtained by Dr. Patrick Berthault and co-workers.  
Adapted with permission from reference 66e.  Copyright 2010 American 
Chemical Society. 
 

!

Figure 4.12. 1H NMR spectrum (in D2O with solvent suppression, 298 K) of 
CH3I@[(Cp*Ru)6222]Cl6. 
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!

Figure 4.13. 1H NMR spectrum (CD3OD, 298 K) of [(Cp*Ru)6223]Cl6. 

 

!

Figure 4.14.1H NMR spectrum (CD3OD, 298 K) of [(Cp*Ru)6233]Cl6. 
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!

Figure 4.15. 1H NMR spectrum (in D2O with solvent suppression, 298 K) of 
CH3I@[(Cp*Ru)6333]Cl6. 
 

!

Figure 4.16. 1H NMR spectra (298 K, D2O with solvent suppression, 0.4 mM) of 
[(Cp*Ru)6222]Cl6 a) with no guest present and b) excess CH3I added. 
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!

Figure 4.17. 1H NMR spectrum (in D2O with solvent suppression, 298 K) of the 
crystals of 1,4-dioxane@[(Cp*Ru)6222]Cl6·xH2O, (x ≈ 20).   

 

!

Figure 4.18. 1H NMR spectra (in D2O with solvent suppression, 298 K) of 
[(Cp*Ru)6222]Cl6 a) 1.86 mM with NaCl ( 200 mM), b) 1.86 mM, c) 0.62 mM, 
d) 0.21 mM, f) 0.07 mM.  The asterisk (*) is acetone. 
 

4.4.5 X-ray crystallography. 

4.4.5.1 Data collection and determination. 

SCXRD of the crystals of THF@[(Cp*Ru)6223]Cl6·xH2O and THF@(PP)-

[(Cp*Ru)6233]Cl6·xH2O were collected on a Siemens SMART three-circle X-ray 

diffractometer.  SCXRD of the crystals of [(Cp*Ru)6111]Cl6·xH2O, 

0.92Xe@[(Cp*Ru)6111]Cl6·xH2O, 1,4-dioxane@[(Cp*Ru)6222]Cl6·xH2O, and 1,4-
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dioxane@222·2.5(1,4-dioxane) were collected on a Bruker APEX II Duo.  Both 

diffractometers were equipped with an APEX II CCD detector (Bruker-AXS).  All XR 

diffraction data was collected at 100(2) K with Oxford Cryosystems 700 Series 

Cryostream, using Mo-K<α> radiation (0.71073 Å).  The crystal structures were solved 

by direct methods using SHELXS, and all structural refinements were conducted using 

either SHELXH or SHELXTL.113 With the exception of some included disordered 

moieties, all non-hydrogen atoms were modeled with anisotropic displacement 

parameters.  All hydrogen atoms were placed in calculated positions and were refined 

using a riding model with coordinates and isotropic displacement parameters being 

dependent upon the atom to which they are attached.  The program X-Seed was used as a 

graphical interface for the SHELX software suite and forth generation of figures.32  

  



 

 152 

Table 4.5. Summary of crystallographic data. 

Compound [(Cp*Ru)6111]Cl6⋅ 
xH2O, (x ≈ 135) 

1,4-
dioxane@[(Cp*Ru)6222]Cl6⋅ 

xH2O (x ≈ 20) 

THF@[(Cp*Ru)6223]Cl6⋅ 
xH2O (x ≈ 74) 

Formulae C105H396Cl6O141Ru6 C118H192Cl6O34Ru6 C119H302Cl6O87Ru6 
Form.wt. (g⋅mol–1) 4735.34 2973.84 3944.73 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal System trigonal monoclinic monoclinic 
Space Group R-3m C2/c C2/c 
Color colorless colorless colorless 
Crystal size (mm3) 0.22 × 0.21 × 0.19 0.19 × 0.14 × 0.13 0.65 × 0.45 ×0.40 
a (Å) 21.9736(13) 29.8016(6) 33.480(3) 
b (Å) 21.9736(13) 19.9681(4) 18.7888(16) 
c (Å) 35.400(2) 22.4367(4) 27.539(2) 
α(°) 90 90 90 
β (°) 90 92.5980(10) 109.5910(10) 
γ (°) 120 90 90 
V (Å3) 14802.6(16) 13337.9(4) 16321(2) 
T (K) 100(2) 100(2) 100(2) 
Z  3 4 4 
ρcalc (g⋅cm–3) 1.594 1.481 1.605 
F000 7560 6152 8312 
Reflns. collected 23578 60755 95113 
Unique reflns 3155 11778 19463 
R(int)  0.0406 0.0474 0.0499 
R1/wR2[I > 2σ(I)]  0.0418, 0.1342 0.0680, 0.1848 0.0595, 0.1691 
Goof 1.047 0.993 0.989 
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Table 4.5. (continued) Summary of crystallographic data. 

Compound THF@[(Cp*Ru)6233]
Cl6⋅xH2O (x ≈ 25) 

1,4-
dioxane@[(Cp*Ru)6333]Cl6⋅ 

xH2O (x ≈18) 

1,4-dioxane@222⋅ 
2.5(1,4-dioxane) 

Formulae C120H206Cl6O38Ru6 C121H194Cl6O32Ru6 C68H82O19 
Form wt. (g⋅mol–1) 3075.97 2979.88 1203.34 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal System monoclinic monoclinic monoclinic 
Space Group P21 P21/n P21/c 
Color yellow colorless colorless 
Crystal dimensions 
(mm3) 0.60 × 0.36 × 0.30 0.56 × 0.20 × 0.24 0.69 × 0.45 × 0.22 

a (Å) 17.9251(16) 18.2140(14) 18.9316(3) 
b (Å) 20.6530(18) 20.8012(16) 13.4014(2) 
c (Å) 19.3213(17) 19.3199(15) 23.9936(4) 
α(°) 90 90 90 
β (°) 105.4660(10) 105.7640(10) 102.4250(10) 
γ (°) 90 90 90 
V (Å3) 6893.9(11) 7044.5(9) 5944.84(16) 
T (K) 100(2) 100(2) 100(2) 
Z 2 2 4 
ρcalc (g⋅cm–3) 1.482 1.405 1.344 
F000 3192 3084 2568 
Reflns. collected 83490 60637 66962 
Unique reflns. 24240 15386 14322 
R(int) 0.0447 0.0419 0.0235 
R1/wR2[I > 2σ(I)] 0.0552, 0.1481, 0.0511, 0.1491 0.0434, 0.1099 
Goof 1.075 1.058 1.094 
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Table 4.5. (continued) Summary of crystallographic data. 
 

Compound Xe@[(Cp*Ru)6111]Cl6⋅xH2O (x ≈ 44) 
Formulae C105H214Cl6O50Ru6Xe0.94 
Formulae wt. (g⋅mol–1) 3219.30 
Wavelength (Å) 0.71073 
Crystal System monoclinic 
Space Group C2/c 
Color colorless 
Crystal dimensions (mm3) 0.28 × 0.26 × 0.23 
a (Å) 14.7064(11) 
b (Å) 35.371(3) 
c (Å) 29.571(2) 
α(°) 90 
β (°) 94.5270(10) 
γ (°) 90 
V (Å3) 15334(2) 
T (K) 100(2) 
Z  4 
ρcalc (g⋅cm–3) 1.482 
F000 6643 
Reflections collected 89917 
Unique reflections  18442 
R(int)  0.0580 
R1/wR2[I > 2σ(I)]  0.0590, 0.1635 
Goof 1.038 
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Chapter 5: Potential Multiplexing 129Xe NMR Sensing Agents based on Partially 
Metalated Cryptophanes.§ 

 

5.1 Introduction. 

The 129Xe hyperpolarized chemical exchange saturation transfer, or 129Xe hyper-

CEST NMR technique,84,104 described in some detail in Chapter 1, has now allowed the 

detection by NMR/MRI of 129Xe-binding hosts at lower than picomolar 

concentrations.78,84,89b,104,128,152 A viable host for 129Xe hyper-CEST must exhibit a xenon 

in–out exchange rate that is ideally slow on the 129Xe NMR timescale, and a xenon 

residence time in host (or exchange lifetime, τex) that is much shorter than the 

longitudinal relaxation time (T1) of 129Xe in bulk solution (129Xe has a T1 ≈ 66 s in 

water,73 T1 ≈ 4–6 s in human blood81 and T1 ≈ 15–16s in rat brain tissue82).  

Pines and coworkers were the first to demonstrate the concept of 129Xe NMR 

based sensing using 129Xe hyper-CEST.  They employed a (±)–cryptophane-222 (1.2 or 

222) derivative, capable of sensing the biotin–avidin complex.84 222 has a xenon in–out 

exchange that is slow on the NMR timescale at room temperature, and k = 25 s–1 or τex ≈ 

40 ms in water,83 which allows it to be used in many 129Xe hyper-CEST applications.  

Brotin et al. have reported that the water-soluble hexacarboxylic cryptophane-333 

derivative (1.10, Scheme 5.1) binds xenon in D2O (Ka ≈ 600–2900 M–1 at 289 K) with a 

xenon exchange i.e. slow on the NMR timescale (k = 90 s–1 or τex = 11 ms).69a Therefore, 

via 129Xe hyper-CEST, the rate of depletion of the bulk 129Xe NMR signal ought to be 

                                                
§ Portions of this work have appeared in the form of an undergraduate research 

thesis by Gregory Manas “Synthesis of Water Soluble, [(η5-C5Me5)RuII]+ Functionalized 
Cryptophanes” Georgetown University 2012. 
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faster using a biosensor based on the 333 core than with the 222 core, which should lead 

to greater hyper-CEST contrast.  Hence, hosts possessing 333 cores may make better 

129Xe hyper-CEST hosts than those with 222 cores.  Consequently, water-soluble 333 

based biosensors may improve the detection limits capable with the 129Xe hyper-CEST 

technique.  To date, there have been no published examples of 333 cores used in 129Xe 

hyper-CEST NMR sensing. 

!

Scheme 5.1. Synthesis of partially metalated cryptophanes [(Cp*Ru)x333]Clx i) 
1.1 eq. or ii) 4.4 eq. of Ru (as [Cp*RuII(µ3-Cl)]4) at 130 °C via irradiation with 
microwave radiation for ½ hour. 
 

Besides the progress made in simple 129Xe NMR based sensing using 129Xe hyper-

CEST techniques, researchers have been endeavoring to exploit the enormous 129Xe 

NMR chemical shift window (> 300 ppm).  The large chemical shift window provides 

opportunities for the approach called multiplexing (Fig 1.7 and section 1.4.4), the more or 

less simultaneous imaging/detection of any number of different xenon–hosts or xenon–

hosts–analyte complexes by 129Xe NMR and/or MRI.65,73,83,85a,96,153 These hosts may be 

designed to detect analytes or physiochemical events by inducing a chemical shift change 

of the host-bound xenon signal, which also could be imaged.  Since cryptophanes have 

the highest xenon affinities and are proficient 129Xe hyper-CEST hosts, the examples for 

129Xe NMR based multiplexing have been demonstrated with them.65,83,153  

OO O

OO
O

R1R1
R1

R2 R2
R2

mmn

Clx
Rux

i

1.1  or 111, R1 = R2 = H,  n = m = 1
1.2 or 222,  R1 = R2 = OMe, n = m = 2
1.6 or 333,  R1 = R2 = OMe, n = m = 3
1.7 or 222-acid,  R1 = R2 = OCH2CO2H,  n = m = 2
1.10 or 333-acid,  R1 = R2 = OCH2CO2H,  n = m = 3

OO O

OO
O

R1R1
R1

R2 R2
R2

mmn

[(Cp*Ru)x111]Clx, R1 = R2 = H,  n = m = 1, x = 6
[(Cp*Ru)x222]Clx,  R1 = R2 = OMe, n = m = 2, x = 6
[(Cp*Ru)x333]Clx, R1 = R2 = OMe, n = m = 3, x = 1–6
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One of the major potential limitations to 129Xe NMR based cryptophane 

multiplexing technologies is that the current 129Xe@cryptophane signals resonate in a 

rather narrow chemical range from ~30–93 ppm (Table 1.1).  Moreover, the 

129Xe@cryptophane signals of the most commonly used core (by far) 222, all resonate 

around a small window (~48–77 ppm).  Notably narrow compared to the total chemical 

shift window of 129Xe nucleus, the chemical shift range makes it difficult for accurate 

selective irradiation of individual 129Xe@host complexes signals, making 129Xe hyper-

CEST based detection of several 129Xe@host species extremely challenging.  Therefore, 

to achieve the full potential of the multiplexing paradigm, water-soluble cryptophanes 

derivatives for 129Xe hyper-CEST that exhibit bound Xe signals across larger region of 

the 129Xe chemical shift window are necessary.  This is a particular challenge, as there are 

only a handful of cryptophanes cores, cryptophane-nmm (n, m ≤3), that have the right 

xenon binding properties (e.g. high enough Ka, as fast as possible xenon exchange while 

being “slow” on the NMR timescale) to be good candidates as low detection limit sensors.  

Ideally, the most optimal xenon–binding host cores are employed in multiplexing, and the 

chemical shift of the encapsulated xenon nuclei in such host cores would be tunable. 

As described in Chapter 4, our research group previously reported the 

permetalation of (±)–cryptophane-111 (1.1 or 111) and (±)–cryptophane-333 (1.6 or 333) 

by [Cp*RuII(µ3-Cl)]4 to make the water-soluble cryptophanes [(Cp*Ru)6111]Cl6 and 

[(Cp*Ru)6333]Cl6.66e,131 The chemical shift of bound 129Xe nucleus in [(Cp*Ru)6111]Cl6 

(129Xe@[(Cp*Ru)6111]Cl6, in D2O) is 308 ppm, which is 277 downfield from the 

129Xe@111 complex (in (CDCl2)2).  This massive deshielding effect, attributable to the 

[Cp*RuII]+ moieties, is also observed for other permetalated cryptophanes, including 
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[(Cp*Ru)6333]Cl6.  The 129Xe@[(Cp*Ru)6333]Cl6 complex at 298 K in D2O resonates at 

156 ppm i.e. 121 ppm downfield from 129Xe@333 in (CDCl2)2.50b Hence, cryptophane 

metalation with [Cp*Ru]+ groups has a massive deshielding effect on the bound 129Xe 

nucleus.150 To date, all metalated cryptophanes investigated have been permetalated 

derivatives.44a,66e That is, all six of the arene rings bear a [Cp*Ru]+ moiety.  

[(Cp*Ru)6333]Cl6 is fully metalated by using a slight excess of ruthenium (as 

[Cp*RuII(µ3-Cl)]4) to cryptophane.  Alternatively, if the reaction was performed with 

substoichiometric quantities of ruthenium to 333, it is expected that the product would be 

mixtures of partially metalated cryptophanes, [(Cp*Ru)x333]Clx where x = 1–6 (Scheme 

5.1).  Notably, adding one, five or six [Cp*Ru]+ groups moieties to stereopure 333 would 

give singular non-isomeric products [(Cp*Ru)333]Cl, [(Cp*Ru)5333]Cl5 or 

[(Cp*Ru)6333]Cl6.  Appending two, three, or four [Cp*Ru]+ moieties, however, would 

gives rise to regioisomers.  There are four possible regioisomers that may arise from 

dimetalation, four from trimetalation and four tetrametalation of enantiopure 333.  

Therefore, a reaction of racemic 333 with a substoichiometric amount of [Cp*RuII(µ3-

Cl)]4 without any regioselectivity could theoretically produce as many as 30 different 

compounds or 15 pairs of enantiomers.  Chart 5.1 shows the 15 possible 

[(Cp*Ru)x333]Clx (x = 1–6) derivatives of the (MM)-333 enantiomer, with a unique 

descriptor for each pair of enantiomers.  

Herein I discuss the synthesis and multiplexing capabilities of the family of 

partially metalated 333 derivatives ([(Cp*Ru)x333]Clx, x = 1–5), all in racemic form.  The 

development of the reaction conditions, the work-ups and the chromatographic methods 

for the product separation were first explored using cyclotriveratrylene (CTV) as a 
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cryptophane model compound.  The techniques developed were then employed to 

synthesize and isolate the [(Cp*Ru)x333]Clx derivatives. 

!

Chart 5.1. The [(Cp*Ru)x333]Clx compounds and their regioisomers, x = 2 (a), 3 
(b), 4 (c), 1 (d), 5 (e), 6 (f).  Only the MM enantiomer is shown in each case.  
From a) to c) the regioisomers are uniquely identified by their point group and an 
arbitrary extra letter to distinguish the regioisomers with identical point group 
symmetries. 
 

The [(Cp*Ru)x333]Clx mixtures were characterized by both 1H NMR 

spectroscopy and electrospray mass spectrum (ESI-MS).  In addition, the X-ray crystal 

structures of [(Cp*Ru)5333]Cl5·48H2O and [(Cp*Ru)2CTV]Cl2⋅THF⋅29H2O were 

obtained and are described.  Preliminary syntheses of [(Cp*Ru)x111]Clx compounds has 
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been taken but the separation and isolation of the different regioisomeric mixtures was 

less successful.  

5.2 Results and discussion. 

5.2.1 Synthesis of partially metalated cyclotriveratrylene cups [(Cp*Ru)xCTV]Clx, x 
≤  3. 

As stated above, CTV was used as a surrogate for cryptophanes in the 

development of the syntheses, chromatographic techniques and isolation procedures for 

partially [Cp*Ru]+ metalated products.  Being essentially half of a cryptophane (with 

three equivalent arene rings), CTV is an excellent choice because it is available in gram 

quantities using very inexpensive starting materials. 

The approach taken to partially metalate CTV, was to react CTV with < 3 

equivalents of ruthenium in the form of [Cp*RuII(µ3-Cl)]4.  When CTV is reacted with 

two equivalents of ruthenium (as [Cp*RuII(µ3-Cl)]4), a mixture of [(Cp*Ru)CTV]Cl, 

[(Cp*Ru)2CTV]Cl2, and [(Cp*Ru)3CTV]Cl3 results.  [(Cp*Ru)2CTV]Cl2 (55% isolated 

yield based CTV) is the dominant product followed by [(Cp*Ru)CTV]Cl (15% isolated 

yield based CTV yield) and [(Cp*Ru)3CTV]Cl3 (negligible yield).  The reactions are 

quantitative with respect to [Cp*RuII(µ3-Cl)]4 but some lost in workup and purification.  

The [(Cp*Ru)xCTV]Clx compounds could be chromatographically separated using a 

highly polar mobile phase of methanol, saturated NH4HCO3(aq.), and water (4:3:2) on a 

preparative thin layer chromatography (TLC) plate.  The NH4HCO3 salt, required to 

achieve decent mobility, was chosen because it decomposes slowly at 55 °C to CO2, NH3 

(both volatile gases at STP) and water.  The TLC fractions were physically removed from 

the plate and eluted with the mobile phase to remove the compounds of interest.  After 
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removing the solvent and decomposing the excess NH4HCO3 salt with heating at ~55 °C 

under vacuum, the recovered products appear to be a mixture of chloride (Cl–) and 

bicarbonate (HCO3
–) salts.  To ensure only chloride counter-anions in the products, 

aqueous solutions of the products were passed through an Amberlite-IRA 410 chloride 

ion exchange column.  Recrystallization from MeOH/Et2O (any residual MeOH/Et2O 

was removed by vacuum) gave pure compounds, which were characterized by both ESI-

MS and 1H NMR spectroscopy.  [(Cp*Ru)2CTV]Cl2 was also characterized by X-ray 

diffraction (Section 5.2.3 and Fig. 5.2). 

!

Scheme 5.2. Synthesis of partially metalated CTB i) 2 eq. or of Ru (as 
[Cp*RuII(µ3-Cl)]4) at 130 °C with microwave radiation under N2 using irradiation 
for 30 minutes. 
 

5.2.2 Analysis of the 1H NMR spectra of [(Cp*Ru)CTV]Cl and [(Cp*Ru)2CTV]Cl2. 

The mono-metalated cyclotriveratrylene, [(Cp*Ru)CTV]Cl, is sparingly soluble 

in water.  Therefore, the 1H NMR spectrum was taken in CD3OD, and gives three singlets 

at 7.13, 7.07, and 6.32 ppm (Fig. 5.1a).  The singlet at 6.32 ppm is assigned to the protons 

on the metalated arene ring (H1), as they are the most shielded (an effect seen in other 

metalated arene compounds).  It shows a nuclear Overhauser effect (NOE in the 2D 1H–

1H NMR NOESY spectrum) with the singlet at 7.13 ppm (H2).  The upfield shift of the 
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aryl proton are due to the [Cp*Ru]+ moiety reducing the electron density in the arene ring 

leading to a reduction magnetic field generated.  The singlets at 7.07, and 7.13 ppm are 

therefore easily assigned to the protons of the non-metalated arene (H3 and H2, 

respectively).  Two doublets are observed at 4.47 ppm, and 4.64 ppm and are assigned to 

the to the axial protons (Ha) on the bridging CH2 of CTV.  The doublet at 4.47 ppm 

integrates to twice that of the doublet at 4.64 ppm.  The doublet at 4.47 ppm is therefore 

assigned to Ha2 (adjacent to the [Cp*Ru]+ moiety) while the doublet at 4.64 ppm is 

assigned to Ha1.  Upfield from the Ha2 doublet are the three overlapping singlets at 3.77–

3.79 ppm, which correspond to the methoxy protons.  Upfield from the methoxy protons 

are two doublets at 3.21, and 3.63 ppm, which are the equatorial protons (He) on the 

bridging CH2 moiety of the CTV.  The doublet at 3.21 ppm integrates to twice that of the 

doublet at 3.63 ppm.  The doublet at 3.21 ppm is therefore assigned to He2 (adjacent to 

the [Cp*Ru]+ moiety) while the doublet at 3.63 ppm is assigned to He1.  It is clear that the 

Ha and the He signals of the CTV moiety residing near the [Cp*Ru]+ moiety are more 

shielded than the other methylenic protons, a plausible consequence of the electron 

density of the nearby ruthenium.  By comparison, in the spectrum of CTV in CDCl3, Ha 

and He exhibit doublets at 4.78 and 3.55 ppm, respectively.  The final signal at 1.98 ppm 

is that of the methyl protons of the Cp* moiety. 

In the 1H NMR spectrum of [(Cp*Ru)2CTV]Cl2 in D2O (Fig. 5.1b), three singlets 

are observed at 7.19, 6.59, and 6.43 ppm.  The singlets of 6.59, and 6.43 ppm are 

assigned to the protons on the metalated arene rings, since they are the most shielded 

(similar to [(Cp*Ru)CTV]Cl) and exhibit no NOE between them in the 2D 1H–1H NMR 

NOESY spectrum.  The singlet at 7.19 ppm (NOE with the singlet at 6.43 ppm, H2) is 
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therefore easily assigned to the protons on the non-metalated arene (H3).  Two doublets 

are observed at 4.00 and 4.38 ppm and are assigned to the to the Ha of the CTV.  The 

doublet at 4.38 ppm integrates to twice that of the doublet at 4.00 ppm and is assigned to 

Ha2 whereas the doublet at 4.00 ppm is assigned to Ha1 (between the two [Cp*Ru]+ 

moieties).  Upfield from the Ha1 doublet are the three overlapping singlets at 3.87–3.89 

ppm, which correspond to the methoxy protons.  The final doublets at 2.86 and 3.39 ppm 

are the He of the CTV moiety.  The doublet at 3.39 ppm integrates to twice that of the 

doublet at 2.86 ppm and is assigned to He2 while doublet at 2.86 ppm is assigned to He1 

(between the two [Cp*Ru]+ moieties).  The final signal at 1.96 ppm is that of the methyl 

protons on the Cp* moiety. 

!

Figure 5.1. 1H NMR spectra (298 K) of a) [(Cp*Ru)CTV]Cl in CD3OD, and b) 
of [(Cp*Ru)2CTV]Cl2 in D2O (solvent suppression).  
 

We can conclude from the analysis of the 1H NMR spectra of [(Cp*Ru)CTV]Cl 

and [(Cp*Ru)2CTV]Cl2 that the methylenic protons of the CTB moiety near the vicinity 

of [Cp*Ru]+ moieties are more upfield shifted than the rest.  There are three regions for 
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the Ha and He, those in the vicinity of: i) no [Cp*Ru]+, ii) one [Cp*Ru]+, and iii) two 

[Cp*Ru]+.  The chemical shift positions are, therefore, diagnostic of the relative locations 

of the methylenic CTB protons.  This shielding effect was later used to identify 

methylenic protons adjacent to the [Cp*Ru]+ moieties in the rather complex 1H NMR 

spectra of the [(Cp*Ru)x333]Clx compounds (vide infra). 

5.2.3 Single crystal structure of [(Cp*Ru)2CTV]Cl2⋅THF⋅xH2O, x ≈ 29. 

Single crystals of [(Cp*Ru)2CTV]Cl2⋅THF⋅xH2O were prepared by vapor 

diffusion of THF into an aqueous solution of [(Cp*Ru)2CTV]Cl2 (Table 5.1).  The 

asymmetric unit contains one half of a [(Cp*Ru)2CTV]2+ cation, residing on a mirror 

plane, one half of a disordered THF molecule,  a chloride disordered (two positions), and 

an indeterminate amount of disordered water molecules.  The THF sits in the pseudo-

cavity of the CTV moiety (Fig 5.2).154 There are three chloride positions per 

[(Cp*Ru)2CTV]2+ cup.  One position (fully occupied) resides on the mirror plane 

between the two rutheniums (4.99 Å, Ru···Cl–) and in the other two mirror-related 

positions; the chloride (half occupied) lies near to one ruthenium (4.93 Å, Ru···Cl–).  The 

two unique chloride positions were nearly in plane with the aryl carbons and exhibit 

C(H)···Cl– distances of 3.53 and 3.63 Å and C–H···Cl– angles of 159° and 162° (C–H 

normalized to 1.089 Å), indicating C–H···Cl– interactions.138a SQUEEZE33 was used to 

model the electron density associated with the disordered water molecules and found two 

solvent accessible voids of 1220 Å3, which each contained 574 electrons.  The total 

number of water per formula unit is therefore estimated to be 29H2O per 

[(Cp*Ru)2CTV]2+ molecule.  The water molecules were included in the crystal’s 

chemical formula, F000 and the density calculation. 
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!

Figure 5.2. The thermal ellipsoid plot (55% probability) of 
[(Cp*Ru)2CTV]Cl2⋅THF·xH2O (x ≈ 29).  The metalated cup, disordered THF 
molecule, and the two unique chloride positions are shown.  The disordered 
waters were omitted for clarity. 
 

5.2.4 Synthesis of partially metalated cryptophane-333, [(Cp*Ru)x333]Clx, x  = 1–5. 

The various partially metalated 333 derivatives, [(Cp*Ru)x333]Clx (x = 1–5), were 

synthesized using two different reactions, which differed only in the amount of 

[Cp*Ru(µ3-Cl)]4 used.  Employing just over one equivalent of ruthenium as [Cp*Ru(µ3-

Cl)]4 with respect to 333 gave mainly the lower metalated [(Cp*Ru)x333]Clx derivatives 

(x = 1–3) while the higher metalated [(Cp*Ru)x333]Clx derivatives (x = 4,5) were 

generated reacting with 4.4 equivalents of ruthenium (as [Cp*Ru(µ3-Cl)]4) with respect to 

333.  The crude [(Cp*Ru)x333]Clx products of these reactions—after removing a 

considerable amount of unreacted 333 by filtration—were dissolved in D2O and acetone 

(~20 eq.) was added as a spectroscopic probe.  Singlets at between –0.70 and –1.17 ppm 

appear in the 1H NMR spectra after the addition of acetone.  These signals correspond to 

the encapsulated acetone molecules of acetone@[(Cp*Ru)x333]Clx complexes (Fig. 5.3).  

The acetone@[(Cp*Ru)x333]Clx assignments are based in part on the understanding of 

the acetone@[(Cp*Ru)6333]Cl6 signal, which appears at –0.70 ppm, about 1.2 ppm 

upfield from the free dissolved  acetone resonance.  The excess acetone pushes the host–
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guest equilibrium toward acetone bound complexes such that the 

acetone@[(Cp*Ru)x333]Clx complexes are essentially the only cryptophane species 

observable by NMR.  Conveniently, the bound acetone acts as a diagnostic signal for the 

purity and the identification of the metalated cryptophanes.  Using 

acetone@[(Cp*Ru)6333]Cl6 as a reference, the acetone@[(Cp*Ru)x333]Clx signals were 

assigned based upon the observation that each decrease of one [Cp*Ru]+ group 

corresponds to a significant upfield chemical shift of the acetone@[(Cp*Ru)x333]Clx 

resonance by 0.09(1) ppm (Fig. 5.3).  Clearly, the systematic addition of the [Cp*Ru]+ 

groups—the electron withdrawing [Cp*Ru]+ group reduces electron density on the arene 

rings—decreases the overall the shielding effect of the arene rings.  From the 1H NMR 

spectrum of the crude reaction products, it is clear that the reaction of one equivalent of 

ruthenium (as [Cp*Ru(µ3-Cl)]4) with 333 generates [(Cp*Ru)x333]Clx (x = 1–4) 

compounds near quantitatively with respect to [Cp*Ru(µ3-Cl)]4 while the reaction with 

4.4 equivalent of ruthenium as [Cp*Ru(µ3-Cl)]4 generate mainly [(Cp*Ru)x333]Clx, x = 

4–6, compounds, also nearly quantitative. 

The [(Cp*Ru)x333]Clx mixtures were chromatographed using the methodology 

described for the separation of the [(Cp*Ru)xCTV]Clx compounds, except the mobile 

phase used was MeOH/NH4HCO3(sat. aq.)/H2O in a 5:1:2 ratio for the separation of the x 

= 1–3 mixtures and in a 5:4:1 ratio for the separation of the x = 4–6 mixtures.  Isolation 

of the  [(Cp*Ru)x333]Clx compounds was identical to the procedure outlined for the 

[(Cp*Ru)xCTV]Clx compounds, including thermal removal of the excess NH4HCO3, 

followed by ion chloride exchange and recrystallization from MeOH/Et2O. 



 

 167 

!

Figure 5.3. Select portion of the 1H NMR spectra (298 K, D2O) showing the 
acetone@[(Cp*Ru)x333]Clx signals for the products of 333 with [Cp*RuII(µ3-
Cl)]4 (a) 1 eq. of Ru to 333 and (b) 4.4 eq. of Ru to 333. 
 

5.2.5 Isolation and characterization of [(Cp*Ru)x333]Clx, x = 1–3 compounds. 

The products for the reaction of one equivalent of ruthenium (as [Cp*Ru(µ3-Cl)]4) 

with 333 were separated by TLC using the aforementioned mobile phase.  The recovered 

[(Cp*Ru)x333]Clx product with a Rf = 0.55 has an ESI-MS spectrum (in MeOH) with a 

major peak at 1173.2 m/z matching the cation [(Cp*Ru)333]+ (1173.4 m/z, calculated) 

isotopic distribution pattern (Fig. 5.4).  The recovered product (18% isolated yield based 

on 333) was clearly the mono-metalated, [(Cp*Ru)333]Cl salt—the least polar of the 

[(Cp*Ru)x333]Clx derivatives—and is soluble in MeOH but only sparingly soluble in 

water.  Despite the low solubility, a 1H NMR spectrum of [(Cp*Ru)333]Cl in D2O could 

be obtained and a simple singlet at –1.17 ppm appears after the addition of acetone (Fig. 

5.22).  This signal was assigned to the acetone@[(Cp*Ru)333]Cl complex and matches 

the corresponding signal in the crude product 1H NMR spectrum (Fig. 5.3). The simple 

singlet in this region also attests to the purity of the compound.  
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Figure 5.4. ESI-MS spectrum (methanol) of [(Cp*Ru)333]Cl.  The peak at 
1173.2 m/z corresponds to [(Cp*Ru)333]+, 1173.4 m/z calc. The peak of 
[(Cp*Ru)333]+ cation is shown in the insert, illustrating the calculate and the 
experimental isotropic distribution.  The experimental data is shown in black 
versus calculated shown in red. 
 

For more detailed characterization, the 1H NMR spectrum of the isolated 

[(Cp*Ru)333]Cl salt was taken in CD3OD (Fig. 5.6).  Notably, due to the C1-symmetry of 

the compound forty-nine unique proton signals are expected in the 1H NMR spectrum, a 

singlet coming from the Cp* methyl groups, and six singlets from the six unique methoxy 

groups.  There are ten observed singlets (Hxy) ranging from 5.97 to 6.91 ppm, with the 

signal at 6.81 ppm exhibits three times the integrated area of the others (Fig. 5.5).  These 

signals were assigned to the twelve arene ring protons.  The signals at 5.97 and 6.12 ppm 

could readily be assigned to the protons of the [Cp*RuII]+-functionalized arene (H11 and 

H12, Fig. 5.5 and Fig. 5.6), as they were significantly shifted upfield from the others.  The 

H11 proton was distinguished from H12 by the presence of a nuclear Overhauser effect 

(NOE) with the methoxy signals (vide supra).  The signals at 6.85 ppm and 6.91 ppm 

also show NOEs with H11 and H12 and were assigned as the protons on the adjacent arene 
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to them, H21 and H31, respectively.  The two doublets centered at 4.28 ppm correspond to 

the axial benzylic CH2 (Ha1,2) moieties connected to the  [Cp*RuII]+-functionalized arene.  

They resonate significantly upfield from those at 4.40–4.70 ppm, which are the Ha3–6 

protons adjacent to non-metalated arenes (similar to the [(Cp*Ru)xCTV]Clx compounds, 

section 5.2.2).  However, the Ha3 resonance appears as a resolved doublet between these 

sets of convoluted resonances.  The multiplets at 3.84–4.04 ppm correspond to the twelve 

formally in-equivalent protons of the propylenedioxy bridges (Hb1/Hb2), diastereotopic 

protons of the three bridges.  The six central Hb3 protons of the three unique bridges 

resonate as a broad multiplet centered at 2.20 ppm.  Upfield from the bridge signals are 

the six largely overlapping singlets at 3.78–3.81 ppm, which correspond to the methoxy 

protons.  Unlike the other regions, the proton chemical shifts of the methoxy and the 

propylenedioxy bridges are not significantly affected by the presence of the [Cp*Ru]+ 

group, probably due to their distance from the [Cp*Ru]+ group.  The signals at ~3.36–

3.46 ppm corresponding to the He protons (He3–6) not proximal to the [Cp*Ru]+ group 

while the doublets at 3.01 and 3.02 ppm corresponds to the He1,2 near the [Cp*Ru]+-

functionalized arene assigned from the observation of a NOE with H11 and H12 aryl 

protons, respectively.  Finally, the singlet at 1.91 ppm, with an integration of 15 protons 

corresponds to the methyl protons of the Cp* moiety.   

Overall, the 1H NMR spectrum is exactly what would be expected for a 

monometalated cryptophane with a C1-symmetry. By all indications the [(Cp*Ru)333]Cl 

was isolated as a highly pure racemic mixture.  Importantly, the obvious purity of the 

isolated [(Cp*Ru)333]Cl compound, the complicated spectrum, but readily interpretable 

1H NMR  augurs well for the purity of the [(Cp*Ru)2333]Cl2, the [(Cp*Ru)3333]Cl3, and 
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the [(Cp*Ru)4333]Cl4 compounds, despite being isolated as non-equimolar mixtures of 

up to four regioisomers, each with complex spectra corresponding to low symmetry hosts 

(vide infra). 

!

Figure 5.5. The arene region of the 1H NMR spectrum (298 K, D2O) for 
[(Cp*Ru)333]Cl.  The two aryl proton singlets for the [Cp*RuII]+-functionalized 
arene are clearly seen upfield at 5.97 and 6.12 ppm. 
 

!

Figure 5.6. 1H NMR spectrum (298 K, CD3OD) of [(Cp*Ru)333]Cl. 
 

The recovered [(Cp*Ru)x333]Clx product with an Rf = 0.40 exhibits an ESI-MS 

spectrum (in MeOH) with a major signal at 705 m/z (Fig. 5.7).  The signal matches the 

[(Cp*Ru)2333]2+ cation and its expected isotopic distribution pattern.  Unlike 

[(Cp*Ru)333]Cl, [(Cp*Ru)2333]Cl2 (13% isolated yield based on 333) is fairly water-
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soluble. The 1H NMR spectrum of [(Cp*Ru)2333]Cl2 in D2O was obtained. The three 

overlapping signals—fitted to three Lorentzian peaks with MestReNova 8.0 software 

suite—appeared at ca. –1.08 ppm with the addition of excess acetone (Fig. 5.8 and Fig. 

5.9a).  These overlapping signals are assigned to the acetone@[(Cp*Ru)2333]Cl2 

regioisomers. However, the corresponding signals seen in the 1H NMR spectrum of the 

crude product (Fig. 5.3), appear as four partially resolved singlets, suggesting that all four 

[(Cp*Ru)2333]Cl2 regioisomers are present.  Peak fitting allows de-convolution of the 

acetone@[(Cp*Ru)2333]Cl2 signals at –1.070, –1.079 and –1.084 ppm into three singlets 

in a 1.35:1.80:1.00 ratio, respectively, though there are four possible [(Cp*Ru)2333]2+ 

regioisomers: C2-[(Cp*Ru)2333]Cl2, aC1-[(Cp*Ru)2333]Cl2, bC1-[(Cp*Ru)2333]Cl2 and 

cC1-[(Cp*Ru)2333]Cl2 (see Chart 5.1).  This suggests that the bound acetone signals of 

two of the regioisomers are essentially indistinguishable by 1H NMR spectroscopy.  In 

the 1H NMR spectrum of the purified regioisomeric mixture of [(Cp*Ru)2333]Cl2, signals 

in the 5.98–7.19 ppm region are clearly assignable to the arene ring protons, (Fig. 5.8 and 

Fig. 5.9b).  Notably, within this region, there are two sets of signals. Those resonating 

from 6.82 to 7.19 ppm corresponding to protons of the non-metalated arene rings and 

5.98 to 6.51 ppm corresponding to aryl protons of metalated arenes.  As expected for a 

dimetalated product, the non-metalated arene protons and metalated arene protons 

integrate to a 2:1 ratio. 
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Figure 5.7. ESI-MS spectrum (methanol) of pure isolated [(Cp*Ru)2333]Cl2. The 
peak at 705.3 m/z corresponds to [(Cp*Ru)2333]2+, 705.2 m/z calc. The peak of 
[(Cp*Ru)2333]2+ is shown as an insert, illustrating the expected isotope 
distribution pattern. The experimental data is shown in black versus calculated 
shown in red. 
 

From the integration of individual signals, there appears to be three sets of 

discernible [(Cp*Ru)2333]Cl2 arene signals (Fig. 5.9b).  The four singlets at 6.21, 6.34, 

6.42 and 6.51 ppm (! in Fig. 5.9b), with equal integrated areas, are the most downfield 

and correspond to one of the C1 symmetric [(Cp*Ru)2333]Cl2 regioisomers. These signals 

are tentatively assigned to be the cC1-[(Cp*Ru)2333]Cl2 regioisomer base on their 

dissimilarity to the aC1-[(Cp*Ru)2333]Cl2, and bC1-[(Cp*Ru)2333]Cl2 isomers. The 

acetone@[(Cp*Ru)2333]Cl2 signal deconvoluted at –1.084 ppm—the most downfield of 

the acetone@[(Cp*Ru)2333]Cl2 isomers resonances—integrates to ~ 6:1 with the signals 

at 6.21, 6.34, 6.42 and 6.51 ppm (! in Fig. 5.9b) and is therefore tentatively assigned to 

be the acetone@cC1-[(Cp*Ru)2333]Cl2 resonance.  
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Similarly, the aryl proton signals at 5.98, 6.11, 6.17, and 6.25 ppm (" in Fig. 5.9b) 

have integrated areas about twice that of the signals of the cC1-[(Cp*Ru)2333]Cl2 

regioisomer. This observation suggests that the aC1-[(Cp*Ru)2333]Cl2 and bC1-

[(Cp*Ru)2333]Cl2 regioisomers may be almost indistinguishable from each other and 

have signals completely overlapping each other in the metalated arene region of the 400 

MHz spectrum. The difference between the aC1-[(Cp*Ru)2333]Cl2 and bC1-

[(Cp*Ru)2333]Cl2 regioisomers can be seen if one imagines a plane going through the 

middle of one of the [Cp*Ru]+-functionalized arenes and the pseudo C3-axis.  The 

difference between the regioisomers is in the side of the plane to which the other 

[Cp*Ru]+ group is attached (left or right arene of the opposing CTB moiety).  The 

unresolved acetone@[(Cp*Ru)2333]Cl2 signal at –1.079 ppm is assigned to the combined 

singlets of the acetone@aC1-[(Cp*Ru)2333]Cl2 and the acetone@bC1-[(Cp*Ru)2333]Cl2 

as it integrates to be twice as large as the other unresolved acetone@[(Cp*Ru)2333]Cl2  

signals.  

Finally, the two singlets at 6.06 ppm and 6.17 ppm (# in Fig. 5.9b, the latter using 

peak fitting) have similar integration and are assigned to the C2-[(Cp*Ru)2333]Cl2 

regioisomer, which has C2-symmetry.  The acetone@[(Cp*Ru)2333]Cl2 signal at –1.070 

ppm, and the resolved arene singlet 6.06 ppm integrate in a 3:1 ratio, which suggests that 

the –1.070 ppm signal is the acetone@C2-[(Cp*Ru)2333]Cl2.  It should be noted that 

attempts to separate the [(Cp*Ru)2333]Cl2 regioisomers by normal phase TLC with 

MeOH/NH4HCO3(sat. aq.)/H2O have so far been unsuccessful.   
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Figure 5.8. 1H NMR spectrum (in D2O with solvent suppression, 298 K) of 
[(Cp*Ru)2333]Cl2 with excess acetone added. Only one regioisomer is drawn. 
 

!

Figure 5.9. (a) Selected portions of the 1H NMR spectrum (298 K, D2O) for the 
regioisomeric mixtures of  [(Cp*Ru)2333]Cl2) acetone@[(Cp*Ru)2333]Cl2 signal 
(top) and the aryl region (bottom).  Regioisomers assigned based on integrations. 
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We have had some success separating these by semi-preparative HPLC, but UV-

Vis detection appears to decompose the compounds, so far making recovery of the 

compounds difficult. 

The last recovered product from the 1.1 equivalent ruthenium reaction (Rf = 0.20, 

using MeOH/NH4HCO3/H2O, 5:1:3) is easily identified as a mixture of the 

[(Cp*Ru)3333]Cl3 regioisomers (7% isolated yield based on 333).  The ESI-MS spectrum 

(in MeOH) of the product exhibits a large signal at 549.2 m/z, which generally matches 

the [(Cp*Ru)3333]3+ cation and its expected isotopic distribution pattern (Fig. 5.10).  

!

Figure 5.10. ESI-MS spectrum (methanol) of [(Cp*Ru)3333]Cl3. The peak at 
549.2 m/z corresponds to [(Cp*Ru)3333]3+ 549.2 m/z calc. The peak of 
[(Cp*Ru)3333]3+ is shown in the insert, 549.2 m/z experimental vs. 549.2 m/z 
calculated for the major peak. The experimental data is shown in black versus 
calculated shown in red. 

The 1H NMR spectrum of the [(Cp*Ru)3333]Cl3 mixture in D2O was obtained and 

three overlapping singlets appeared at –0.98 to –1.00 ppm with the addition of excess 

acetone.  These overlapping signals are assigned to the acetone@[(Cp*Ru)3333]Cl3 

regioisomers, and correspond with the three partially resolved resonances in this region 



 

 176 

observed in the 1H NMR spectrum of the crude product.  Peak fitting allows estimation of 

the relative integrated areas of the three discernible acetone@[(Cp*Ru)3333]Cl3 signals: 

2.06:2.13:1.00 for the singlets at –0.984, –0.997 and –1.000 ppm respectively.  Again, it 

is suspected that the regioisomers acetone@aC1-[(Cp*Ru)3333]Cl3 and  acetone@bC1-

[(Cp*Ru)3333]Cl3 of [(Cp*Ru)3333]Cl3 (see Chart 1b) are probably accidentally 

equivalent. 

!

Figure 5.11. 1H NMR spectrum (in D2O with solvent suppression, 298 K) of the 
pure regioisomeric mixture of [(Cp*Ru)3333]Cl3 compounds with excess acetone 
added. Only one regioisomer is drawn. 
 

The signals in the arene region are equally divided between those protons attached 

to metalated arene rings (6.02–6.61 ppm), and those attached to non-metalated arene ring 

(6.84–7.23 ppm), with the integration of these regions being ca. 1:1 (Fig. 5.11 and Fig. 

5.12).  Unlike the [(Cp*Ru)2333]Cl2 regioisomeric mixture, however, the 

[(Cp*Ru)3333]Cl3 regioisomers could not easily be identified by analysis of the signals in 

the arene region or the acetone@[(Cp*Ru)3333]Cl2 singlets. However, the metalated 
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arene region also exhibits at least 15 discernible singlets.  If all the arene signals of the 

four regioisomers were fully resolved, there would be maximum of 20 singlets. 

The lowest Rf product in the reaction is [(Cp*Ru)4333]Cl4, which is seen in the 

crude product 1H NMR spectrum (Fig. 5.3a).  However, the [(Cp*Ru)4333]Cl4 was not 

isolated in from this reaction. 

!

Figure 5.12. The arene region of the 1H NMR spectrum (298 K, D2O) for the 
purified [(Cp*Ru)3333]Cl3 regioisomeric mixture.  The proton singlets for the 
[Cp*RuII]+-functionalized arenes are clearly observed upfield from the singlets of 
non-metalated arenes. 

 
 

!

Figure 5.13. Selected portion of 1H NMR spectrum (298 K, D2O, acetone added) 
of the [(Cp*Ru)3333]Cl3 regioisomeric mixture showing the line fitting analysis 
of the acetone@[(Cp*Ru)3333]Cl3 signals.  The blue curves are the fitted peaks.  
Red curve is the residual fitting while the green curve is the overall fit. 
 

5.2.6 Isolation and characterization of [(Cp*Ru)x333]Clx, x = 4, 5. 

A second reaction was performed to produce the higher metalated cryptophanes, 

namely [(Cp*Ru)x333]Clx (x = 4–6).  The methodology was identical to the synthesis of 

the lower metalated (x = 1–3) [(Cp*Ru)x333]Clx compounds except that 4.4 equivalents 
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of ruthenium (as [Cp*Ru(µ3-Cl)]4) were used.  The higher metalated [(Cp*Ru)x333]Clx 

cryptophanes are exceptionally polar and a more polar mobile phase was used 

(MeOH/NH4HCO3/H2O, 5:4:1) to achieve separation by preparative thin layer 

chromatography.  Moreover, the plates were eluted with the mobile phase several times 

to obtain the best separation.  On occasion, isolated [(Cp*Ru)x333]Clx compounds had to 

be chromatographed an additional time to remove impurities of the higher or lower 

metalated [(Cp*Ru)x333]Clx cryptophanes. 

The recovered [(Cp*Ru)x333]Clx product with a Rf ≈ 0.08 exhibits an ESI-MS 

spectrum (in MeOH) with a major signal at 976.8 m/z matching the ([(Cp*Ru)4333]Cl2)2+ 

cation and (more or less) its expected isotopic distribution pattern (Fig. 5.14).  The 1H 

NMR spectrum of [(Cp*Ru)4333]Cl4 (26% isolated yield based on 333) in D2O was 

obtained.  Three or four overlapping signals from –0.92 to –0.95 ppm appear in the 

spectrum upon the addition of acetone (Fig. 5.15 and Fig. 5.17), similar to the spectra of 

[(Cp*Ru)2333]Cl2 and [(Cp*Ru)3333]Cl3.  The acetone@[(Cp*Ru)4333]Cl2 signals 

complement those signals observed in the crude product 1H NMR spectrum (Fig. 5.3b).  

The metalated arene ring protons at 6.07–6.73 ppm and the non-metalated arene protons 

at 6.87–7.21 ppm integrate to 1:2 (Fig. 5.16).  In this region, there are nine resolvable 

non-metalated arene ring proton signals observed, whereas a maximum of 14 signals is 

expected for the four possible regioisomers.  A plausible interpretation of the nine signals 

consistent with the integration is depicted in Fig. 5.16.   
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Figure 5.14. ESI-MS spectrum (methanol) of [(Cp*Ru)4333]Cl4. The peak at 
976.8 m/z corresponds to ([(Cp*Ru)4333]Cl2)2+, 976.7 m/z calc.  The peak of 
([(Cp*Ru)4333]Cl2)2+ is shown in the insert, 976.8 m/z experimental vs. 976.7 
m/z calculated for the major peak.  The experimental data is shown in black 
versus the calculated shown in red. 
 

In this interpretation, the signals of 6.87, 6.98, 7.04 (probably obscured by the 

larger singlet), 7.21 ppm (! in Fig. 5.16) corresponds to the cC1-[(Cp*Ru)4333]Cl4 

regioisomers, while those at 6.92, 6.93, 7.04, and 7.11 ppm (" in Fig. 5.16) corresponds 

to accidentally equivalent signals for the aC1-[(Cp*Ru)4333]Cl4 and bC1-

[(Cp*Ru)4333]Cl4 regioisomers.  The signals at 6.97 and 7.02 ppm (# in Fig. 5.16) may 

correspond to the C2 symmetric C2-[(Cp*Ru)4333]Cl4 regioisomer. In this interpretation, 

the cC1-[(Cp*Ru)4333]Cl4, a/bC1-[(Cp*Ru)4333]Cl4, and C2-[(Cp*Ru)4333]Cl4 

integration ratio is ~1.0/ 2.3 /1.5.  The relative integrated areas are similar to the areas of 

the acetone@[(Cp*Ru)4333]Cl4 resonances at –0.92, –0.94 (two nearly overlapping 

singlets), and –1.09 (with relative ratios of 1.00:2.40:1.31, Fig. 5.17). 
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Figure 5.15. 1H NMR spectrum (in D2O with solvent suppression, 298 K) of 
[(Cp*Ru)4333]Cl4 with excess acetone added.  Only one regioisomer is drawn. 
 

This suggests that at least two [(Cp*Ru)4333]Cl4 regioisomers, probably aC1-

[(Cp*Ru)4333]Cl4 and bC1-[(Cp*Ru)4333]Cl4, are essentially indistinguishable (on a 400 

MHz NMR spectrometer).  This is again similar to what is observed with the a/bC1-

[(Cp*Ru)2333]Cl2 regioisomers. 

!

Figure 5.16. The arene region of the 1H NMR spectrum (298 K, D2O) for 
[(Cp*Ru)4333]Cl4.  The proton singlets for the [Cp*RuII]+-functionalized arene 
are clearly seen upfield. Tentative assignments of the non-metalation arene 
region are shown. 
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!

Figure 5.17. Selected portion of the [(Cp*Ru)4333]Cl4 regioisomeric mixture 1H 
NMR spectrum (298 K, D2O, acetone added) showing the line fitting analysis of 
the acetone@[(Cp*Ru)4333]Cl4  signal corresponding to four regioisomers. The 
blue curves are the fitted peaks.  The red curve is the residual of the fit while the 
green curve is the overall fit.  The integration ratio of signals, –0.92, –0.94, and –
0.95 is 1:00:2.40:1.31. 
 

The recovered [(Cp*Ru)x333]Clx product with the second lowest Rf (≤ 0.05) 

exhibits an ESI-MS spectrum (in MeOH) with a major peak at 1113.7 m/z, and an 

isotopic distribution pattern roughly consistent with the ([(Cp*Ru)5333]Cl3)2+ cation (Fig. 

5.18).  The 1H NMR spectrum of the [(Cp*Ru)5333]Cl5 product (39% isolated yield 

based on 333) in D2O was obtained, and a single singlet at –0.80 ppm, corresponding to 

the encapsulated acetone of acetone@[(Cp*Ru)5333]Cl5, appears after the addition of 

excess acetone (Fig. 5.19 and Fig. 5.20).  This acetone@[(Cp*Ru)5333]5+ signal matches 

the singlet at the same region of the 1H NMR spectrum of the crude product (Fig. 5.3b).  

The full 1H NMR spectrum of [(Cp*Ru)5333]Cl5 (Fig. 5.20) is reminiscent of the 1H 

NMR spectrum of [(Cp*Ru)333]Cl.  Once again, one would expect at least forty-nine 

unique signals in the 1H NMR spectrum.  Again in the spectrum however, there are many 

overlapping signals. 
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Figure 5.18. ESI-MS spectrum (methanol) of [(Cp*Ru)5333]Cl5. The peak 
1113.7 m/z corresponds to ([(Cp*Ru)5333]Cl3)2+, 1113.7 m/z calc.  The peak of 
([(Cp*Ru)5333]Cl3)2+ is shown in insert, 1113.7 m/z experimental vs. 1113.7 m/z 
calculated for the major peak. The experimental data is shown in black versus 
calculated shown in red. 

There are eleven resolved singlets in the arene region of the spectrum 6.34–7.15 

ppm (Fig. 5.20 and Fig. 5.21), with one of the signals integrating to twice that of the 

others, corresponding to two signals that are accidentally equivalent.  The two most 

downfield aryl proton signals, at 7.01 ppm and 7.15 ppm, are readily identified as the aryl 

rings protons of the only non-metalated aromatic ring.  The other aryl proton signals 

6.34–6.78 ppm are attributable to the aryl ring protons of the metalated arenes (Fig. 5.20 

and Fig. 5.21).  In addition, the He1,2 and Ha1,2 protons of the methylenic moieties 

adjacent to the non-metalated rings are observed downfield from the those, similar to 

what was discussed for [(Cp*Ru)333]Cl and [(Cp*Ru)xCTV]Clx (section 5.2.2). The 

methoxy and propylenedioxy bridges are at chemical shifts similar to the other 

[(Cp*Ru)xCTV]Clx compounds.  Finally, partially overlapping signals in the 1.98–2.00 

ppm range, with an integration of 75 protons, are attributable to the Cp* methyl protons.  
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Figure 5.19. Selected portion of [(Cp*Ru)5333]Cl5 1H NMR spectrum (298 K, 
D2O, acetone added) showing the acetone@[(Cp*Ru)5333]Cl5 signal.  
 

!

Figure 5.20. 1H NMR spectrum (in D2O with solvent suppression, 298 K) of 
[(Cp*Ru)5333]Cl5 with added acetone.  

!

Figure 5.21. The arene region of the 1H NMR spectrum (298 K, D2O) of 
acetone@[(Cp*Ru)5333]Cl5.  The two downfield singlets at 7.01 ppm and 7.15 
ppm associated with the non-metalated arene are clearly identifiable. 
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With the purity of [(Cp*Ru)5333]Cl5 confirmed, single crystals for X-ray analysis 

were prepared by evaporation of aqueous solution of the compound water and the crystal 

structure confirmed (section 5.2.7 and Fig. 5.22).  

5.2.7 Potential for multiplexing. 

To reiterate, each [Cp*RuII]+ moiety seems to systematically deshield the 333 

core encapsulated acetone resonance by ~0.09–0.10 ppm.  Figure 5.22 shows a stack of 

the 1H NMR spectra (D2O, 298 K) of the isolated [(Cp*Ru)x333]Clx (x = 1–6) compounds 

and 333, in the presence of excess acetone.  The acetone@[(Cp*Ru)x333]Clx signals are 

clearly distinct based on the degree of metalation of the host.  Moreover, the total of 

range of acetone@[(Cp*Ru)x333]Clx species (–1.26 to –0.70) is more or less distributed 

by the species (333 to [(Cp*Ru)x333]Clx).  From this 1H NMR data, it seems obvious that 

the 129Xe spectra of the isolated [(Cp*Ru)x333]Clx compounds in the presence of xenon 

gas will exhibit large chemical shift differences for the corresponding 

129Xe@[(Cp*Ru)x333]Clx species with different degrees of metalation based on the 

number of attached [Cp*RuII]+ moieties.   

Indeed on the basis of the room temperature 129Xe chemical shifts of 129Xe@333 

in (CDCl2)2 (30 ppm), and 129Xe@[(Cp*Ru)6333]Cl6 in D2O (156 ppm) and the 

systematic chemical shift response of the encapsulated acetone resonances in the 1H 

NMR spectra of [(Cp*Ru)x333]Clx compounds, we anticipate 129Xe NMR signals at 135 

ppm, 114 ppm, 93 ppm, 72 ppm, and 51 ppm for 129Xe bound in [(Cp*Ru)5333]Cl5, 

[(Cp*Ru)4333]Cl4, [(Cp*Ru)3333]Cl3, [(Cp*Ru)2333]Cl2, and [(Cp*Ru)333]Cl, 

respectively. 
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We also anticipate that the 129Xe NMR spectra will exhibit resolved peaks 

associated with the various regioisomers of the 129Xe@[(Cp*Ru)x333]Clx (x = 2–4) 

mixtures.  

 

!

Figure 5.22. The multiplexing concept demonstrated with the selected portions 
of the 1H NMR spectra in which the acetone@host singlets appear (after the 
addition of excess acetone) for a)–f) [(Cp*Ru)x333]Clx in D2O and g) 333 (~2 
mM) in (CDCl2)2, all spectra were collected at 298 K. 
 

5.2.8 X-ray structure of [(Cp*Ru)5333]Cl5⋅xH2O, x ≈  48. 

Single crystal X-ray diffraction analysis of the [(Cp*Ru)5333]Cl5⋅48H2O crystals 

revealed monoclinic packing in the space group C2/c.  The asymmetric unit contains 

(ASU) half of a cryptophane core residing on a C2 site symmetry, both (MM) and (PP) 

host enantiomers are disordered about on the same site, similar to what is seen in the 1,4-

dioxane@[(Cp*Ru)6333]Cl6⋅xH2O crystal structure (Chapter 4, and other 

[(Cp*Ru)6333]6+ crystal structures).  Two and half chlorides (disordered over one ε and 

three δ position, Chapter 4), and several disordered water molecules make up the rest of 

the ASU.  One of the three crystallographic unique arenes is found to be coordinated to a 
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[Cp*Ru]+ group with half occupancy, a consequence of the crystallographically imposed 

C2 symmetry.  The disordered electron density associated with H2O—1910 electron per 

unit cell—was modeled by SQUEEZE.33 SQUEEZE revealed that 25 electrons are in the 

cryptophane cavity, which corresponds to on average 2.5 water molecules (2.5×18 Å3 = 

45 Å3) per cryptophane. 

 The 333 core exhibits a cavity volume and length (l = 9.7 Å, Vc = 129 Å3) that is 

conformationally slightly more contracted than the 1,4-dioxane@[(Cp*Ru)6333]Cl6 

complex (l = 9.9 Å, Vc = 131 Å3 ) described in Chapter 4. Not surprisingly, since the 

cavity is particularly hydrophobic, the encapsulated waters do not fill the cavity 

effectively as 1,4-dioxane. 

!

Figure 5.23. The thermal ellipsoid plot (55% probability) of 
[(Cp*Ru)5333]Cl5⋅48H2O (a) side and (b) top view. Solvent and chloride ions 
were omitted for clarity. The cavity is depicted as orange solid. 
 

5.2.9  Synthesis of partially metalated 111 derivatives, [(Cp*Ru)x111]Clx (x = 1–5). 

Using the methodology employed to synthesize [(Cp*Ru)x333]Clx (x = 1–5) 

compounds, (±)–cryptophane-111 (111) was partially metalated to give [(Cp*Ru)x111]Clx 
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(x = 1–5) compounds.  Similar to the approach taken with the [(Cp*Ru)x333]Clx (x = 1–5) 

salts, the [(Cp*Ru)x111]Clx (x = 1–5) compounds were synthesized in two separation 

reactions with differing ratios of [Cp*Ru(µ3-Cl)]4. One equivalent of ruthenium (as 

[Cp*Ru(µ3-Cl)]4) to 111 was used to generate the lower metalated [(Cp*Ru)x111]Clx (x = 

1–3) compounds, while the higher metalated derivatives (x = 4,5,6) were generated using 

4.4 equivalents of ruthenium (as [Cp*Ru(µ3-Cl)]4) to 111.  As with the [(Cp*Ru)x333]Clx 

compounds, analysis of the [(Cp*Ru)x111]Clx composition is simplified by analysis of 

the unique 1H NMR chemical shifts of an organic guest that is encapsulated in slow 

exchange in the 1H NMR timescale within the cryptophane. Thus, the crude products of 

both reactions were dissolved in a 1:5 ethanol(non-deuterated)/acetone-d6 mixture 

(ethanol and acetone are too large to enter the 111 cavity) and the 1H NMR spectra were 

taken at 213 K.  When treated with CH4(g)—one of the few hydrocarbon guests which 

can be effectively complexed by 111 signals appeared at ca. –4.06 to –4.89 ppm, which is 

upfield from dissolved CH4 (~0.12 ppm), at temperatures < 230 K.  A separate 1H NMR 

sample of [(Cp*Ru)6111]Cl6 was prepared with the exact conditions as the 

[(Cp*Ru)x111]Clx crude products and gave a signal at –4.06 ppm corresponding to the 

CH4@[(Cp*Ru)6111]Cl6 complex.  Using the CH4@[(Cp*Ru)6111]Cl6 signal as a 

reference, all of the signals at ca. –4.06 to –4.89 ppm were assigned (Fig. 5.24). The 

signal difference between every successive metalation is 0.16(1) ppm—similar to what is 

observed with acetone@[(Cp*Ru)x333]Clx signals—due to the withdrawing effect of the 

[Cp*Ru]+ group. Unlike the acetone@[(Cp*Ru)x333]Clx signals, we do not see any 

resolving of individual regioisomer signals for [(Cp*Ru)2111]Cl2, [(Cp*Ru)3111]Cl3 or 

[(Cp*Ru)4111]Cl4.  However, the CH4@[(Cp*Ru)6111]Cl6 signals of x = 2, and 4  are 
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asymmetric Lorentzian peaks, suggesting that there exists multiple species.  The 

integrations of CH4@[(Cp*Ru)x111]Clx signals were 2.29:1.32:1.25:1.00 for x = 1,2,3, 

and 4, respectively,  from the reaction with one equivalent of ruthenium (as [Cp*Ru(µ3-

Cl)]4) to 111.  For the reaction with four equivalents of ruthenium (as [Cp*Ru(µ3-Cl)]4) to 

111, the integrations CH4@[(Cp*Ru)x111]x+ signals were 1.00:2:00:3.79 for x = 4,5 and 6  

products, respectively. These integrations may correspond to their relative abundance in 

the crude product, assuming if the [(Cp*Ru)x111]Clx compounds have similar affinities 

for CH4, or that the binding equilibrium is completely shifted to species CH4 occupied 

!

Figure 5.24. 1H NMR spectra (ethanol/acetone-d6, 213 K) showing the 
CH4@[(Cp*Ru)x111]Clx region for a) the products of 1.1 eq. of ruthenium (as 
[Cp*Ru(µ3-Cl)]4) with 111 and b) the products of 4.4 eq. of ruthenium (as 
[Cp*Ru(µ3-Cl)]4) with 111.  
 

Unfortunately, separation of the various [(Cp*Ru)x111]Clx compounds using the 

procedures developed for the [(Cp*Ru)x333]Clx mixture was unsuccessful. The 

[(Cp*Ru)x111]Clx compounds  move to some degree on the TLC by the mobile phase 

MeOH/NH4HCO3(sat. aq.)/H2O but did not separate sufficiently well.  Presumably, the 

lack of methoxy groups on 111 and fewer CH2 subgroups in the bridges makes the 
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[(Cp*Ru)x111]Clx compounds more polar than the [(Cp*Ru)x333]Clx, making separation 

even more difficult.  Therefore, another mobile phase (perhaps more polar than 

MeOH/NH4HCO3/H2O) needs to be developed to achieve the separation and isolation of 

the [(Cp*Ru)x111]Clx compounds. 

5.3 Conclusion. 

In conclusion, [(Cp*Ru)x333]Clx (x = 1–5) derivatives were synthesized and 

successfully isolated based on the number of [Cp*RuII]+ groups attached to the 333 core. 

However, [(Cp*Ru)2333]Cl2, [(Cp*Ru)3333]Cl3, and [(Cp*Ru)4333]Cl4 were isolated as 

mixtures of at least three, but likely four regioisomers.  Improved separation protocols 

may allow for separation of the individual regioisomers.  Therefore, by this method of 

simple metalation, one useful cryptophane core (optimized for xenon complexing/sensing 

properties e.g. 333) can give rise to 15 pairs of high xenon affinity water-soluble 

cryptophanes enantiomers ([(Cp*Ru)xcryptophane]Clx, x = 1–5).  Moreover, these xenon 

binding water-soluble cryptophanes can be utilized in MRI multiplexing.  For proof of 

concept, the 1H NMR spectra (D2O) of the different acetone@[(Cp*Ru)x333]Clx 

compounds were obtained (Fig 5.22), which impeccably demonstrates the multiplexing 

idea.  Therefore, we can extrapolate that the bound 129Xe signals in the 

129Xe@[(Cp*Ru)x333]Clx complexes will have chemical shifts between 35–156 ppm.  

Due to the fast xenon in–out exchange kinetics with the 333 core, the 333 derivatives are 

anticipated to make for better hosts for 129Xe hyper-CEST imaging than the 222 

derivatives.  Thus, 129Xe hyper-CEST imaging of Xe@[(Cp*Ru)x333]Clx compounds has 

potential (and their bioconjugated and other derivatives) for 129Xe NMR based 

multiplexing imaging sensing/applications.  Notably, the metalation procedure is not 
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limited to the 333 core or even of the [Cp*RuII]+ moieties but has the potential to take 

most cryptophane cores and expand the total number of useful compounds and their 

applicable 129Xe@cryptophane chemical shift range.  The methodology to synthesis and 

isolation of partially metalated cryptophane was also applied to 111.  The synthesis of the 

([(Cp*Ru)x111]Clx derivatives was achieved but their separation and isolation proved to 

be difficult.  

5.4 Experimental section. 

5.4.1 General information. 

Except for NH4HCO3, which was obtained from Fisher, all reagents were 

obtained from Sigma-Aldrich.  Solvents were obtained from Alfa Aesar.  All reagents 

and solvents were of reagent grade purity.  The silica gel (40–60 µm, SiliaFlash®) was 

obtained from SILICYCL while the thin-layer chromatography (TLC, 1000 µm, 

UNIPLATE™) plates were obtained from ANALTECH.  All reactions were performed 

under N2 atmosphere using standard glove box and Schlenk techniques. [(η5-

C5Me5)RuII(µ3-Cl)]4, (η5-C5Me5 = Cp*), was prepared according to literature 

procedures.151 1H (400 MHz) and 13C (100 MHz) NMR spectra were carried out on a 

Varian 400-MR spectrometer. Unless otherwise indicated, chemical shifts given are 

based on the residual solvent peaks. Splitting patterns are labeled as singlet (s), doublet 

(d), triplet (t), multiplet (m) and broad (br.). ESI-MS data were obtained using Varian 500 

MS spectrometer running in positive ion mode. ESI-MS masses were calculated by 

mMass software suite.123 (±)–Cryptophane–333, (1.6 or 333) was prepared by the two-

step method23 while (±)–cryptophane–111(111) was prepared by the capping method.66a 

CTV was prepared by a literature method.155 
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5.4.2 Syntheses. 

[((η5-C5Me5)Ru)(η6-cyclotriveratrylene)]Cl and [((η5-C5Me5)Ru)2(η6-

cyclotriveratrylene)]Cl2: Under an N2 atmosphere, cyclotriveratrylene (CTV, 46 mg, 

0.10 mmol) was dissolved in THF (4 mL) in a 10 mL microwave reaction vessel. 

[Cp*Ru(µ3-Cl)]4 (62 mg, 0.057 mmol, 2.2 eq. Ru to CTV) was added followed by water 

(4 mL). The vessel was sealed and reacted at 130 °C for 30 minutes at 100 W under 

microwave irradiation with constant stirring, to give a colorless solution. The solvent was 

removed under vacuum at 40 °C. The reaction mixture was loaded onto a silica gel 

column and chromatographed using a solvent of methanol, saturated aqueous NH4HCO3 

and water 4:3:2. Portions of [((η5-C5Me5)Ru)(η6-cyclotriveratrylene)]Cl (Rf = 0.50) were 

collected and solvent was removed under vacuum at 55 °C. To remove excess NH4HCO3, 

small portions of 3:2 methanol/water was added and removed in cycles under vacuum at 

55 °C, until evolution of NH3 ceased. The resulting solid was dissolved in methanol and 

precipitated by the addition of diethyl ether to give a white powder yield 11 mg (0.015, 

15% yield).  This was repeated for the portions of [((η5-C5Me5)Ru)2(η6-

cyclotriveratrylene)]Cl2 (Rf = 0.29) to give an off-white powder 55 mg (0.055 mmol, 55% 

yield) based on complete conversion of CTV to [((η5-C5Me5)Ru)2(η6-

cyclotriveratrylene)]Cl2. 
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[((η5-C5Me5)Ru))(η6-cyclotriveratrylene)]Cl: 

!

1H NMR (CD3OD, 400 MHz) δ 7.13 (s, 2H, H2), 7.07 (s, 2H, H3), 6.32 (s, 2H, H1), 4.64 

(d, 1H, 2J = 14 Hz, Ha2), 4.47 (d, 2H, J = 14 Hz, Ha1), 3.80 (m, 18H, OMe), 3.63 (d, 1H, J 

= 14 Hz, He2), 3.21 (d, 2H, J = 14 Hz, He1), 1.98 (s, 15H, η5-C5Me5).  13C NMR (CD3OD, 

100 MHz): δ 148.6, 148.1, 133.3, 128.8, 123.5, 113.5, 113.2, 97.6, 94.2, 74.9, 56.8, 55.4, 

55.2, 35.0, 33.1, 8.8.  ESI-MS (m/z): calculated for C37H55O6Ru ([(Cp*Ru)CTV]+) 687.2 

found 687.3. 

 [((η5-C5Me5)Ru)2(η6-cyclotriveratrylene)]Cl2: 

!

1H NMR (400 MHz, D2O) δ 7.19 (s, 2H, H3), 6.56 (s, 2H, H1), 6.43 (s, 2H, H2), 4.39 (d, J 

= 14.0 Hz, 2H, Ha2), 4.00 (d, J = 13.0 Hz, 1H, Ha1), 3.98–3.74 (m, 18H, OMe), 3.39 (d, J 

= 14.0 Hz, 2H, He2), 2.86 (d, J = 13.0 Hz, 1H, He1), 1.96 (s, 30H, η5-C5Me5).  1H NMR 

(CD3OD, 400 MHz): δ 7.22 (s, 2H, H3), 6.83 (s, 2H, H1), 6.43 (s, 2H, H2), 4.35 (d, J = 14, 

2H, Hz, Ha2), 4.02 (d, J = 14 Hz, 1H, Ha1), 3.83 (m, 18H, OMe), 3.33 (He2 partially 

obscured by CD2HOD residual signal), 3.08 (d, J = 14 Hz, 1H, He1), 2.00 (s, 30H, η5-

C5Me5).  13C NMR (CD3OD, 100 MHz): δ 148.9, 129.8, 124.0, 123.9, 113.2, 98.1, 94.7, 

*

Cl

*

*

Cl2
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94.3, 75.0, 74.9, 57.5, 56.9, 32.8, 30.9, 9.0.  ESI-MS (m/z): calculated for C47H60O6Ru2 

([(Cp*Ru)2CTV]2+) 462.0 found 461.9. 

 (±)–[((η5-C5Me5)Ru)3(η6-cryptophane-333)]Cl3 ([(Cp*Ru)3333]Cl3), 

C87H105Ru3O12Cl3, MW = 1752.3 g⋅mol–1; [(Cp*Ru)2333]Cl2, C77H90Ru2O12Cl2, MW 

= 1480.6 g⋅mol–1; and ([(Cp*Ru)333]Cl, C67H75RuO12Cl, MW = 1208.8 g⋅mol–1 

regioisomeric mixtures: Under an N2 atmosphere, 333 (57 mg, 0.061 mmol) was 

suspended in THF (4 mL) in a 10 mL microwave vessel.  [Cp*Ru(µ3-Cl)]4 (16 mg, 0.060 

mmol, 1.1 eq. Ru) was added, followed by degassed water (4 mL).  The vessel was sealed 

and reacted at 130 °C for 30 minutes under microwave irradiation with stirring to give a 

mixture of a colorless solution, and the unreacted 333 solid.  The mixture was filtered 

through a frit to remove the unreacted 333.  The filtrate solvent was removed by vacuum.  

The resulting solid was dissolved in methanol, spotted onto a preparative silica TLC plate 

(1000 µm), and chromatographed using a mobile phase of methanol, saturated aqueous 

NH4HCO3, and water (5:1:2).  Following development, three fractions corresponding to 

[(Cp*Ru)3333]Cl3, [(Cp*Ru)2333]Cl2, and [(Cp*Ru)333]Cl were observed on the TLC 

plate (Rf of [(Cp*Ru)3333]Cl3 = 0.20, [(Cp*Ru)2333]Cl2 = 0.40, [(Cp*Ru)333]Cl = 0.55) 

under UV irradiation. The silica containing each fraction was removed from the TLC 

plate and was eluted with the mobile phase to give solutions of purified 

[(Cp*Ru)3333]Cl3, [(Cp*Ru)2333]Cl2, and [(Cp*Ru)333]Cl. The solvents were removed 

in vacuo (65 °C).  Residual NH4HCO3 was removed through repeated additions of 

water/methanol and subsequent removal by rotary evaporation until evolution of NH3 

ceased at 55 °C.  The solids were dissolved in water and passed through an Amberlite-

IRA 410 Cl beads (for chloride ion exchange).  The solvents were removed in vacuo and 
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the resulting solids were recrystallized from minimum amount of methanol by addition of 

diethyl ether to give off-white powders of [(Cp*Ru)3333]Cl3 (6 mg, 0.004 mmol, 7%), 

[(Cp*Ru)2333]Cl2 (12 mg, 0.0082 mmol, 13%), and [(Cp*Ru)333]Cl (13 mg, 0.011 

mmol, 18%).  

(±)–[((η5-C5Me5)Ru)5(η6-cryptophane-333)]Cl5, ([(Cp*Ru)5333]Cl5), 

C107H135Ru5O12Cl5, MW = 2022.7 g⋅mol–1; [(Cp*Ru)4333]Cl4, C97H120Ru4O12Cl4, 

MW = 1887.5 g⋅mol–1; and [(Cp*Ru)3333]Cl3, C87H105Ru3O12Cl3, MW = 1752.3 

g⋅mol–1 regioisomeric mixtures: Under an N2 atmosphere, 333 (40 mg, 0.043 mmol) 

was suspended in THF (4 mL) in a 10 mL microwave vessel.  [Cp*Ru(µ3-Cl)]4 (51 mg, 

0.19 mmol, 4.4 eq. Ru) was added, followed by degassed water (4 mL).  The vessel was 

sealed and reacted at 130 °C for 30 minutes under microwave irradiation with stirring to 

give a transparent, brown solution.  The solvent was removed by vacuum. The resulting 

solid was dissolved in methanol, spotted onto a preparative silica TLC plate (1000 µm), 

and chromatographed using a mobile phase of MeOH, saturated aqueous NH4HCO3 and 

H2O (5:4:1). Following development of the plate three times, four fractions 

corresponding to [(Cp*Ru)5333]Cl5, [(Cp*Ru)4333]Cl4, and [(Cp*Ru)3333]Cl3 were 

observed on the TLC plate (Rf of [(Cp*Ru)5333]Cl5 < [(Cp*Ru)4333]Cl4 < 

[(Cp*Ru)3333]Cl3) under UV irradiation. The solvents were removed in vacuo (65°C). 

Residual NH4HCO3 was removed through repeated additions of water/methanol and 

subsequent removal by rotary evaporation until evolution of NH3 ceased. The solids were 

dissolved in water and passed through an Amberlite-IRA 410 Cl column (for chloride ion 

exchange).  The solvents were removed in vacuo and the resulting solids were 

recrystallized from the minimum amount of methanol by addition of diethyl ether to give 
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off-white powders of [(Cp*Ru)5333]Cl5 (35 mg, 0.017 mmol, 39%), [(Cp*Ru)4333]Cl4 

(20 mg, 0.011, 26%), and [(Cp*Ru)3333]Cl3 (16 mg, 0.0093 mmol, 22%). Larger 

quantities of the [(Cp*Ru)x333]Clx derivatives have been synthesized using larger 

quantities of starting material, therefore, this procedure is capable of being scaled up. 

(±)–[((η5-C5Me5)RuII)x(η6-crytophane-111)]Clx (x =1–4), [(Cp*Ru)x111]Clx: 

Under an N2 atmosphere, 111 (60 mg, 0.090 mmol) was dissolved in THF (4 mL) in a 10 

mL microwave reaction vessel. [Cp*Ru(µ3-Cl)]4 (24 mg, 0.022 mmol) was added, 

followed by degassed water (4 mL). The vessel was sealed and reacted at 140 °C for 20 

minutes under microwave irradiation to give a colorless solution, with 33 mg unreacted 

111.  The unreacted 111 was removed by filtrating and the filtrate collected. The solvent 

was removed under vacuum to give a white solid, 43 mg of [(Cp*Ru)x111]Clx (x = 3–6). 

(±)–[((η5-C5Me5)RuII)x(η6-crytophane-111)]Clx (x = 4–6) [(Cp*Ru)x111]Clx.: 

Under an N2 atmosphere, (±)-cryptophane-111 (30 mg, 0.045 mmol) was dissolved in 

THF (3 mL) in a 10 mL microwave reaction vessel. [Cp*Ru(µ3-Cl)]4 (54 mg, 0.050 mmol, 

4.4 eq. Ru to cryptophane) was added, followed by degassed water (5 mL). The vessel 

was sealed and reacted at 140 °C for 20 minutes under microwave irradiation to give a 

colorless solution with small amount of unreacted 111.  The reaction mixture was filtered 

to remove unreacted 111 and the solvent removed under vacuum to leave an off white 

solid of 82 mg of [(Cp*Ru)x111]Clx (x = 0–4). 

5.4.3 X-ray crystallography. 

Single crystal X-ray diffraction of the crystals of [(Cp*Ru)5333]Cl5⋅48H2O and 

[(Cp*Ru)2CTV]Cl2⋅THF⋅29H2O were collected on a Siemens SMART three-circle X-ray 
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diffractometer equipped with an APEX II CCD detector (Bruker-AXS) using graphite 

monochromator MoK<α> radiation of 0.71073 Å.  The sample was kept at 100(2) K 

using an Oxford Cryosystems 700 Series Cryostream.  The crystal structures were solved 

by direct methods using SHELXS and all structural refinements were conducted using 

SHELXL.113 All non-hydrogen atoms were modeled with anisotropic displacement 

parameters.  All hydrogen atoms were placed in calculated positions and were refined 

using a riding model with coordinates and isotropic displacement parameters being 

dependent upon the atom to which they are attached.  The program X-Seed was used as a 

graphical interface for the SHELX software suite and for generation of figures.32  
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Table 5.1. Summary of crystallographic data. 
Compound [(Cp*Ru)2CTV]Cl2⋅THF⋅29H2O [(Cp*Ru)5333]Cl5⋅48H2O 

Formula C51H125.40Cl2O35.70Ru2 C107H230.50Cl5O59.75Ru5 
Formula wt. (g⋅mol–1) 1583.15 3156.01 

Wavelength (Å) 0.71073 0.71073 
Crystal System orthorhombic monoclinic 
Space Group Pnnm C2/c 

Color colorless colorless 
Crystal dimensions (mm3) 0.50 × 0.50 × 0.30 0.19 × 0.18 × 0.10 

a (Å) 30.325(4) 23.2230(15) 
b (Å) 9.4833(11) 20.8994(13) 
c (Å) 24.403(3) 29.2418(19) 
α(°) 90 90 
β (°) 90 93.8210(10) 
γ (°) 90 90 

V (Å3) 7018.0(14) 14160.9(16) 
T (K) 100(2) 100(2) 

Z 4 4 
ρcalc (g⋅cm-3) 1.498 1.480 

F000 3356 6622 
Reflections collected 58999 51855 

Unique reflections 8560 16701 
R(int) 0.0358 0.0556 

R1/wR2[I > 2σ(I)] 0.0518, 0.1425 0.0649, 0.1739 
Goof 1.045 1.003 
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