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Here the monocation complexes of seven anti-cryptophanes are examined with high-resolution ion-
mobility mass spectrometry. The relative size of the [cation + cryptophane]* complexes were compared
based on their measured mobilities and derived collisional cross sections. A paradoxical trend of structural
contraction was observed for complexes of increasing cation size. Density functional theory confirmed
encapsulation occurs for cation = Na*, K*, Rb*, Cs™ and NH,;". However, cation = Li* preferred oxygen
coordination at a linker over encapsulation within the cavity, leading to a slightly larger gas phase structure
overall. Protonated cryptophanes yielded much larger collision cross sections via imploded cryptophane
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plexes. Trends in complexation from isothermal titration calorimetry and other condensed phase tech-
niques were borne out by the gas phase studies. Further, predicted cavity sizes compared with the gas
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Introduction

Host-guest recognition unlocks the ability to chemoselectively
react, detect or sequester a target.' For example, a host
designed to preferentially bind a toxic guest can reduce the
toxin’s free concentration in solution, and, consequently, its
harmful effects.>* Molecular recognition is a central tenet of
biology, where enzymes selectively react specific molecules
through enthalpic (e.g. binding) and entropic (e.g. shape and
solvation) means.* Synthetic efforts have targeted achieving
similar levels of recognition. To this end, macrocyclic hosts,
such as calixarenes,” cucurbiturils,® pillararenes,” and
cryptophanes,®® have been developed.'® Different interactions
contribute to the stability of the host-guest complex. Like
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phase experimental findings reveal more about the encapsulation mechanisms themselves.

enzymes, an incorrectly recognized molecule can disrupt or
damage a synthetic host’s ability to interact with the target
guest. Understanding the interactions and structural changes
that govern encapsulation are vital to designing effective hosts.

Cryptophanes, first synthesized by Gabard and Collet in the
early 1980s,"" can have an anti or a syn configuration," ™
depending on the arrangement of the three linkers connecting
the cyclotribenzylene (CTB) units (Chart 1). They can encapsu-
late guests within their hydrophobic cavity. The solubility and
binding of cryptophanes is tunable by substitution. For
example, cryptophanes with phenolic groups are water-soluble
and show affinity for rubidium, cesium and thallium cations
in aqueous solution.’®'® Functionalization of the aromatic
rings of CTB is also possible.'”"*

Cryptophane host-guest behaviors are inextricably linked to
their structure and competitive energetics. Isothermal titration
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Chart 1 Anti-cryptophane; L = alkyl or functionalized linker, and R = H,
Me, CH2C02H, etc.
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calorimetry (ITC) helps determine the latter,">*° encompass-
ing solvent, counter ion, and competition effects. For example,
the different thermodynamics of inclusion versus exclusion
alkylammonium complexes.”’ However it does not provide
detailed structural information. The gas phase structural
characterization of host-guest complexes by mass spec-
trometry is a complementary approach, as these structures
may not be accessible to bulk characterization techniques,
such as crystallography, chiroptical spectroscopy and nuclear
magnetic resonance (NMR) spectroscopy.”'®****2¢ Recent
electrospray ionization mass spectrometry (ESI-MS) studies
have explored Rb and Cs encapsulation by related cyclotricate-
chylene assemblies.””

Interpretation of intermolecular interactions, relative
binding, and even solvent effects, can be gained in controlled
gas phase studies.>"*> For example, Armentrout used guided
ion beam tandem mass spectrometry to interrogate the bond
energies of cation-crown ether complexes, confirming the
inclusion of the cation within the crown ether.”®> While this
approach can be challenged by the coexistence of isomers,**
isomers can be separated in the gas phase using ion mobility
mass spectrometry (IM-MS).*>*® IM-MS can also provide a col-
lision cross-section (£2) which can categorize the potential
“guest@host” species as either inclusion or exclusion com-
plexes. Collision cross-sections can also be used to monitor
changes to the size and shape of hosts due to encapsulation or
other reactions,”®*?* giving mechanistic insight. For
example, Schréder, Wollschldger and Schalley synthesized an
azobenzene “lasso” that self-threads when reduced. The
threaded conformer has a larger collision cross-section owing
to a more unfolded structure overall compared to the non-
threaded species; a structural change which can be detected by
IM-MS.**

Herein we probe the encapsulation of cations by anti-crypto-
phanes’: (i) categorizing inclusion versus exclusion complexes;
(if) monitoring structural changes occurring due to encapsula-
tion or complexation; and (iii) gaining insight into reaction
mechanisms. The molecular recognition of seven anti-crypto-
phanes (1-7, Chart 2) toward protons (H'), alkali metal cations
(Li*, Na', K, Rb" and Cs') and the ammonium cation (NH,")
are examined using IM-MS.

Structurally, the length of the linker varies in crypto-
phanes 1-4 (Chart 2, differences highlighted, 1, crypto-
phane-222(OH)q; 2, cryptophane-223(OH)s; 3, cryptophane-
233(OH)s; and 4, cryptophane-224(OH)s). As 4 possesses two
ethylenedioxy and one butanedioxy linker (Chart 2, green); it
is more flexible than compounds 1 to 3, and can adopt a
larger cavity in solution than compounds 1 to 3, simply due
to the greater length of the butanedioxy linker.*’
Cryptophanes 5-7 (Chart 2) are functionalized with either
an additional hydroxyl moiety (cryptophane-233(OH),,
Chart 2, 5, blue) or carboxylic moieties (cryptophane-222
(CH,COOH);(OH); and cryptophane-222(CH,COOH)g,
Chart 2, 6 and 7 respectively, yellow). For reference, the
functionalized cryptophanes have non-functionalized equiva-
lents (¢f:: linkers of 2 versus 5; and 1 versus 6 or 7).

28-30
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Chart 2 Anti-cryptophanes 1-7, highlighting linker length and
functionalization.

Results and discussion

The experimental workflow and Methods are summarized in
ESI, (Fig. S1 and Pages S3-S8).%1024726:45757

Isothermal titration calorimetry of cryptophane 4 complexes

As cryptophane 4 is newly synthesized, ITC in LiOH/H,O and
NaOH/H,0 was performed (ESI, Pages S12 and S13f). In solu-
tion, these two cationic species (Li" and Na") do not interact
with the cavity of these cryptophanes. These conditions mirror
those used previously for cryptophanes 1-3 and 6-7,'%?°
enabling direct comparison. Binding affinity trends were con-
sistent between 4 and these, where TI" > Cs* > Rb". In all
cases a 1:1 complex with TI", Cs" and Rb" has been clearly
established with compounds 1-6 (compound 7 does not bind
cationic species in solution). Previously, slightly higher
binding constants were noted in NaOH/D,0, and, consistently,
4 also gives rise to higher binding constants in NaOH/D,O in
the presence of Rb', Cs" and TI".

Quantitatively, it is difficult to accurately estimate cavity size
in solution, but differences in cavity size are anticipated. These

This journal is © The Royal Society of Chemistry 2024
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Table 1 Averaged (n = 2) collision cross sections e, and monoisotopic masses of [cation + cryptophane]*. Qey, have a 95% confidence interval of
+0.7 A? (standard error of the calibration)

1 2 3 4 5 6 7

Qexp m/z Qexp m/z Qexp m/z Qexp m/z Qexp m/z Qexp mlz Qexp m/z
H' 258.5 811.3 263.4 825.3 266.3 839.3 266.6 839.3 263.4 841.3 291.8 985.3 307.7 1159.3
Li* 246.3 817.3 253.5 831.3 258.2 845.3 256.7 845.3 251.6 847.3 268.2 991.3 293.0 1165.3
Na* 241.5 833.3 248.0 863.2 255.2 861.3 250.8 861.3 251.9 862.3 264.3 1007.3 292.9 1181.3
K" 241.5 849.2 247.4 863.2 253.0 877.3 250.7 877.5 251.4 876.3 260.6 1023.2 294.0 1197.3
Rb* 241.5 895.2 247.6 909.2 252.8 923.2 249.8 923.8 249.4 925.2 261.4 1069.2 292.0 1243.2
Cs* 241.4 943.2 248.1 957.2 253.2 971.2 251.5 971.2 249.3 972.2 262.8 1117.2 303.3 1291.2
NH," 243.5 828.3 249.6 842.3 254.2 856.3 253.2 856.3 250.5 858.8 262.6 1002.6 304.5 1176.3

anticipated differences could reasonably be 20-25% in solution
based on the differences in X-ray structures previously obtained
for 1 (i.e. three ethylenedioxy bridges),”® versus cryptophane-111
(three methylenedioxy bridges).>®* However, despite the antici-
pated differences in solution phase cavity volume of up to 20%
between them, the association constants of 1 and 4 differ by
only about one order of magnitude. The similarity between the
association constants may be surprising, however, the
-OCH,CH,CH,CH,0O- linker in 4 significantly increases the
degrees of freedom of the compound, as it allows 4 to adopt
different overall conformations depending on the gauche versus
trans conformation of the linkers. Thus, while difficult to
measure, the solution phase cavity size of compound 4 has an
allowable change based on linker length and can potentially
approach the size of compound 1 upon complexation. This
trend in flexibility and allowable cavity size potentially explains
the similar association constant. If this trend occurs analogous
trends could be expected to be observed in the gas phase.

Ion mobility-mass spectrometry of cryptophane complexes

Cryptophane 1-7 with each cation = H', Li*, Na', K*, Rb", Cs"
and NH," formed complexes (eqn (1)) which were measured by
two types of IM-MS, travelling wave (TWIM) and cyclic (cIM).
The latter allows for extended path lengths for increased
resolution. Each [cation + cryptophane]” ion formed had a
single arrival time distribution with TWIM (ESI, Fig. S167),
consistent with a single uniform complex, confirmed using
cIM with the benefit of extended path lengths (limiting the
possibility of unresolved isoforms contributing to the single
observed peak, ESI, Pages S16 and S177).

cryptophane + cation™ — [cation + cryptophane]t (1)

The measured arrival times of each [cation + cryptophane]”
were used to derive experimental collision cross sections (2exp,
Table 1) (see ESI, Methods and Page S197).°°

The Q., depended significantly on both the type of crypto-
phane and the cation. Based on the experimental collisional
cross sections (2., Table 1), structural trends were apparent
(Fig. 1). All trends were consistent between cIM (ESI Pages S16
and S17t) and TWIM (Table 1) and they held at extended cIM
path lengths when ions were stored for up to 130 ms, thus, are
not influenced by instrumental conditions. It should be noted

This journal is © The Royal Society of Chemistry 2024

that nonspecific dimers, complexes of other stoichiometries,
salt clusters or solvent adducts were not observed in any of the
mass spectra. This is as expected for a 1:1 association (cage :
cation), and is consistent with the ITC stoichiometries.

In solution, it is very difficult to experimentally deduce
whether the cation remains hydrated once inside the cavity.®" So
far, despite efforts, it has not been possible to produce X-ray
quality single crystals. However, in the gas phase, after the elec-
trospray ionization process, only species where the cations are
not hydrated are present, as solvent adducts are not observed.
Under special source,’” or mobility conditions,*>**** such
species, if present, might be observable. However, to date, only
molecular dynamics have been used successfully to explore the
potential for hydration with xenon.*>%°

IM-MS structural trends by cryptophane type. Cryptophanes
1-7 have different experimental collisional cross sections (Qeyp,
Table 1), consistent with differences expected for their struc-
tures (Chart 2).

The Q.,, differences in 1-4 are large enough for trends to
be observed (Fig. 1). For example, [K + 1]" and [K + 2]" differ by
a single methylene group (c¢f. 1 versus 2, Chart 2, mass differ-
ence 14 Da), but their £, are 241.5 A” and 247.4 A®, respect-
ively, revealing [K + 2] is larger than [K + 1]". Thus, relatively
small modifications to the cryptophane, such as an additional
CH,, result in an IM-MS measurable change in size and shape.
An exception are [H + 3]" and [H + 4]", despite their different
structures (Chart 2), both have an identical Q. of 266 A%
Generally, 3 > 4 > 2 > 1 is the relative gas phase size order of
complexes according to IM-MS (Fig. 1a). This ordering
indirectly shows the high flexibility of host 4.

Functionalization as in cryptophanes 5-7 results in an
overall increase in the collision cross section (Fig. 1b). For
example, a small general increase in .., is observed for 5
compared to 2 for all [cation + cryptophane]” species, except
Li" (¢f. Fig. 1a, orange series and Fig. 1b, blue series). A small
increase in Q. is expected for 5, with both the small increase
in linker size and charge due to the extra OH. The additional
OH should not significantly interfere with the encapsulation
process and in some cases, may self-encapsulate, further avoid-
ing an increase in cross section.®” The cryptophanes functiona-
lized with carboxylic moieties, 6 and 7, displayed a far more
significant increase in collision cross section compared to 1
(¢f Fig. 1b, green and red series and Fig. 1a, blue series). This

Dalton Trans., 2024, 53,18473-18483 | 18475
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Fig. 1 The Qe versus cation ionic radius for complexes with (a) cryptophanes 1-4 and (b) functionalized cryptophanes 5-7.

is expected, as the additional carboxylic groups will inhabit far
more space and have more degrees of freedom than the hydro-
gens they replace, resulting in extended structures. Thus, 7 >
6> 5 >3>4>2>1is the relative size order of the crypto-
phane complexes, with key outliers as mentioned above for
cation = H" and Li".

IM-MS structural trends by cation type. The comparison of
cryptophanes 1-7 by cation (H, Li, Na, K, Rb, Cs, and NH,)
shows an intriguing non-linear trend with respect to cation
ionic radius (Fig. 1). A decrease in size is observed when chan-
ging the cation from H' to Li’, and then a further decrease to
Na'. The size trend of the alkali metal series is then flat with
respect to one another. No significant decrease in Qe is
observed when moving further down Group 1 to K', Rb" and
Cs'. This is a consistent trend with that previously observed by
Electronic Circular Dichroism (ECD) spectroscopy, where the
differences were driven by changes in the linker structure,
rather than the guest.®®

In a relative sense, cryptophanes complexed with cations
Na', K", Rb" and Cs' are approximately 93-95% of the size of
the protonated cryptophanes, which is unexpected. Li* com-
plexes exist at an intermediary size, without the full relative
contraction of the lower Group 1 cations, but smaller than the
protonated cryptophanes. One exception to this is the large
“jump” exhibited by the [Cs + 7]" species (Fig. 1b), a feature
that implies the cesium ion is not fully encapsulated within 7.
This is consistent with previously noted internal hydrogen
bonding within the cryptophane, resulting in a more extended
structure and increased steric hinderance as measured by
"H-NMR and ECD.">”® The “jump” trend is also observed for
NH,". This suggests NH," is also not fully encapsulated in 7,

18476 | Dalton Trans., 2024, 53,18473-18483

which was not previously known. The ammonium cation’s mass
of 18 Da lies between Li' (7 Da) and Na' (23 Da), whilst its ionic
radius of 140 pm lies between K" (133 pm) and Rb" (149 pm).*®
Experimentally, NH," complexes have @, equal to or larger
than Cs" complexes (Fig. 1), including the previously noted
“jump” for 7. This suggests that while the anti-cryptophanes are
encapsulating NH,", non-spherical species may not induce the
same rearrangement of the cryptophane structure as metal
atoms. That is, their coordination may be less generalized and
more directional, resulting in a larger structure.”® The flat trend
that dominates 1-5 also varies in 6, suggesting that like 7 the
encapsulation is being affected by the functionalization, includ-
ing an uptick of cation = Cs" that may be a less dramatic “jump”
due to incomplete encapsulation of the cation.

Overall, H" and Li" are outliers of the cation trends
observed, being much larger than expected.

To account for the observed decrease (size of complex of H"
> Li" > Na") and the flat trend (size of complex of Na* ~ K" ~
Rb" ~ Cs" ~ NH,") within a given cryptophane series, which
does not simply follow the periodic trend in the ionic radii of
the cations, several locations of the cation relative to the cryp-
tophane are possible:

+ the cation forms an inclusion complex within the globu-
lar cryptophane, i.e. is encapsulated (Fig. 2, A);

« the cation is adducted to the exterior of the globular cryp-
tophane, i.e. an exclusion complex, (Fig. 2, C or E);

+ a non-globular cryptophane with an adducted cation, ie.
an imploded exclusion complex, (Fig. 2, B, D or F);

+ a non-globular cryptophane with an interstitial cation
between the two CTB bowls ie. an imploded inclusion
complex (Fig. 2, G).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Potential cation isomers in globular and imploded cryptophane
forms.

For complexes with external cations, size trends should corre-
late with the cation’s radius and buffer gas interactions due to
the external charge distribution. Encapsulated complexes size
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trends’ will not be as strongly influenced by the cation’s radius or
charge, as it is shielded within. However, the cryptophane may
exhibit structural changes dependent on the guest@host inter-
action. Due to their rearrangement, imploded non-globular struc-
tures will differ in collisional cross sections from globular ones.

As mentioned, experimentally the largest cations (Rb" and
Cs") counterintuitively yield smaller complexes than the smal-
lest cations (H" and Li*). Considering the potential trends, a
single trend of those mentioned above does not apply. DFT
was used to interrogate the potential isomeric complexes.

DFT predicted structures of cryptophane complexes

Complexes of cryptophane 1. Systematic DFT to examine all
possible isomeric forms (Fig. 2) of the [cation + 1] species was
carried out for all cations. Globular cryptophanes were con-
firmed to be in the globular conformation, i.e. spherical and
with a regular cavity (Fig. 3). For these, an inclusion complex,
A, an exclusion complex at a linker oxygen, C, and an exclusion
complex via hydrogen bonding on the external aromatic region
of the CTB bowl, E were located (e.g. Fig. 3). Imploded forms
B, D and G were also located (Fig. 3). DFT predicted structure F
to be an unfeasible, high-energy structure in all cases and was
thus not considered further.

The globular inclusion complex, A, are the lowest energy
structures for cation = Na', K, Rb", Cs" and NH," (Table 2).
The energy of A is significantly lower than all the other struc-
tures (>70 kJ mol™" lower), which strongly supports that the
single isoform structures experimentally observed for these

Fig. 3 The six optimized structures for [NH,4 + 1]*: globular complexes A, C, and E, where the NH," is either an inclusion complex (encapsulated) or
an exclusion complex in two different locations; imploded complexes B, D and G with NH," in different locations.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Calculated formation reaction energies (AE) and collision cross sections (2c,.c) for [cation + 1]* complex positional isomers

A B C D E G

Globular

Globular Imploded Globular Imploded exclusion

inclusion exclusion bowl exclusion oxygen exclusion oxygen aromatic Imploded inclusion

AE/ Qcalc/ AE/ {zca[c/ AE/ Qcalc/ AE/ {Qcalc/ AE/ Qcalc/ AE/ N
Cation kJ mol™* kJ mol™* A? kJ mol™* A kJ mol™* A kJ mol™* A kJ mol™* QcaclA?
H' —969° 240.7 -721°¢ 257.1 -962° 241.0 —659° 264.2 —889¢ 244.3 —658° 265.9
Li* —-344 240.8 =70 266.0 -314 244.9 —-46 260.5 -207 248.9 —-47 262.8
Na* -321 240.3 20 263.1 —248 243.2 21 261.8 -133 249.6 26 262.8
K* 277 240.6 28 268.9 —-168 249.1 74 262.7 -93 252.6 101 264
Rb* —254 240.8 42 270.1 —-149 250.4 94 262.6 -81 254.3 144 262.1
Cs* —226 241.6 98 267.6 —68 256.6 108 266.1 -76 253.7 n/ab n/a’
NH4+ —283 241.3 18 293 -129 249.5 70 298 -99 256.8 133 300

“Proton AE values are significantly larger in magnitude as the complexes formed are covalent cryptophane carbocations and are not structural
analogues to other cationic association complexes and cation-t complexes. ? Optimization led to a distorted structure that cannot be described

as an inclusion complex.

cations are globular inclusion complexes. The £.,. of these
globular inclusion complexes very closely matches Q.
(Fig. 4). This is further support for encapsulation occurring for
these cations, without other competitive complexes forming.

On the other hand, the Li" cation is predicted to be energe-
tically competitive (Table 2) between globular inclusion, A
(-344 k] mol™) and globular exclusion oxygen, C (—314 kJ
mol™"). The collisional cross section comparison (Fig. 4)
reveals the Li" structure matches a globular exclusion oxygen
position. Thus, with the single isoform present, [Li + 1]" is
found to form isomer C. Thus, the Li cation prefers interaction
with oxygen over m—cation interactions, the favorability of
which may be underestimated by the DFT modelling.
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Fig. 4 Predicted cross sections, Q. changes with the cation for
[cation + 1]* ions.
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Energetically, cation = H' is an outlier, with significantly
lower energy complexes (ca. 600-700 k] mol™" lower) compared
with the other cations, (Table 2). These predicted bond ener-
gies are commensurate with the proton affinities of similar
molecules.”* The formation of C-H covalent bonds is thermo-
dynamically favorable compared to association or cation-n
complexes. As such, these are not true structural analogues to
the other alkali metals’ complexes, instead with formation of a
cryptophane carbocation, with a different electrostatic poten-
tial distribution (ESI Page S25 and Fig. S197). Also, while all
structures A-E and G are predicted as thermodynamically
accessible, presumably important kinetic barriers govern the
selectivity between the structures. Based on predicted versus
measured collisional cross sections and presence of a single
isoform, the cryptophane’s globular structure is not indicated
by the experiment (Fig. 4). An imploded exclusion bowl
complex, B, is instead assigned. The ordering of energetics is
at odds with this assignment, which we suggest is due to
kinetic control of the formation reaction. It also should not be
assumed an imploded form exists in solution. As evidenced by
other experimental analysis, smaller cryptophanes exist exclu-
sively in the globular form in the solution phase.”

Complexes of cryptophanes 2-4. As globular complexes were
shown to account for the alkali metals and NH," for [cation +
1]" globular complexes were calculated for complexes of 2-4.

Energies (AE, Table 3) for alkali metals Na-Cs and NH,,
show that a [cation@cryptophane]’ inclusion complex (orange
bars, Fig. 5) is favorable. Consistent with 1, for 2-4, an oxygen
exclusion complex is energetically competitive with encapsula-
tion for Li" (Table 3, Fig. 5, green and orange bars).

Between the cryptophanes, the size trends observed from
experiment (2c,, Table 1 and Fig. 1) are reproduced in Qcyc
with 3 2 4 > 2> 1 (Tables 2 and 3).

Based on Q. (ie. the much larger structures from the
experiments) globular structures are not predicted for proto-
nated 2-4, but rather imploded species. For completeness

This journal is © The Royal Society of Chemistry 2024
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Table 3 The calculated formation reaction energies (AE) and collision cross sections (Q2.,c) for positional isomers of the globular [cation +

cryptophane]* complexes 2—-4

A

Globular inclusion

C E

Globular exclusion oxygen Globular exclusion aromatic

Cryptophane Cation AE/k] mol™* Qeao/A? AE/k] mol™ Qe A? AE/k] mol™* QeaolA?
2 Li —346 243.5 —396 243.6 —262 248.8
Na* -323 243.4 —307 244.1 —184 249.9
K' -279 243.5 -231 246.1 —-143 253.4
Rb* —-256 243.8 —209 247.3 -129 254.4
Cs" —229 244.4 -190 249.3 -125 254.4
NH," —282 244 -216 249.9 -149 256.5
3 Li' —347 246.7 —332 250.9 -214 253.6
Na* —323 246.4 -251 251.9 —140 254.6
K —280 246.8 -193 254.1 -99 258.3
Rb* —258 246.9 -177 254.6 —-86 258.6
Cs" -231 247.7 —-164 255.2 —-82 260.6
NH," —287 247.1 -192 255.4 -99 261.3
4 Li —347 246.0 —-330 245.4 —-148 259.0
Na* —327 246.1 —289 246.1 -135 256.0
K' —282 245.6 -153 252 —-95 259.6
Rb* —266 246.9 -149 252.9 -83 259.1
Cs" —247 247.9 -123 254 -78 258.7
NH," -288 246.2 —154 254.2 -100 259.2
1 2
a) . Li* Na* K Rb* Cs° NHS b) . Li*  Na* K* Rb* Cs* NH
-50 - -50
-100 A -100 -
%5 -150 A % -150 A
E 200 | E 200 4
¥ 250 4 ¥ 250 4
4 -300 - Y -300 A
-350 -350 4
-400 -400 4
-450 - -450 -
3 4
c) " Li*  Na* K* Rb* Cs* NH; d) 5 Li*  Na* K* Rb* Cs* NH,*
-50 - -50 A
-100 A -100 -
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X 250 A X .250 ©
w300 1 W 300 "(;)'
< <
-350 4 -350 o
-400 - -400 '5
-450 -450 s

Fig. 5 (a—d) The cation position (A, C or E) versus stability of the globular complexes cryptophanes 1-4, respectively, (e), large alkali metals (K-Cs)
and NH,4 are more stable encapsulated (A) compared to association complexes with exterior positions (exclusion oxygen, C or exclusion aromatic, E).

bond energies were calculated (ESI Table S13 and Page S267)
and as previous, these were commensurate with C-H bond for-
mation observed for analogous structures.””

Compellingly, the globular inclusion ., values for 2-4
have a flat trend from Na' to Cs" (Fig. 6a and Table 3) as pre-
vious for 1 (Fig. 6a and Table 2). For 1-4 the globular inclusion

This journal is © The Royal Society of Chemistry 2024

complexes’ predicted reaction energies, combined with the flat
trend in measured collisional cross section between Na-Cs,
strongly supports assignment of encapsulated alkali metal
cations Na-Cs and NH, (Fig. 5). This is notable for Na', as
encapsulation has not been observed with any of 1-4 in
solution.
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Fig. 6 (a) Predicted collision cross sections for globular complexes, A,
of 1-4, (b) calculated volume of the cryptophane cavity.
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Globular inclusion size trends should be the most immune
to variation in cationic radii. Other types of structures if
present would show a trend of increasing £ proportional to
the cation’s ionic radius (ESI Page S267). For Na' to Cs" com-
plexed with 2-4, the cations fit “snugly” within the central
cavity, encouraging a favorable cation-n interaction. This
induces contraction and conformational rearrangement of the
cryptophane linkers to maximize interaction and minimize the
distance between the cation and the electron-rich structure.
However, the relatively “rigid” bowls of the cryptophane define
a lower bound to this contraction, which creates the flat colli-
sional cross section trend observed. To understand how this
trend related to the internal cavity volume, a geometric
approach was used (Methods, ESI Pages S5 and S27-5287). The
volume of the internal cavities of both a globular inclusion A,
and globular aromatic exclusion complex E were assessed for
cryptophanes 1-4 with all alkali metals (Table 4). The globular
aromatic exclusion complex E cavity volume does not contract
and does not change between metals (consistently being
~27 A, Table 4), as expected for a lack of encapsulation, being
an external association complex only (ESI Page S28%).
Comparing the volume of this cavity and that of the encapsu-
lated complex allows us to judge the % difference cavity
volume upon encapsulation (Table 4).

It was found for globular inclusion complexes A that the
gas phase cavity volume varied with cation. A minimum
volume occurred for all cryptophanes’ complexes 1-4 when
cation = Na' (mean cavity volume = 27.6 A% ¢ = 1.9). Put
another way, the cavity contracts around the cation, with Na*
causing the largest contraction. Cation = Na consistently
caused the cavity volumes ~6% smaller upon encapsulation

Table 4 Calculated cavity volumes for optimized globular complexes [cation + cryptophane]*

Aromatic exclusion (E)

Inclusion (A)

Cryptophane Cation Cavity vol./A® Cavity vol./A? Packing coeff. (%) % diff. cavity vol.
1 H' 27.9 27.0 0.0 -3.2
Li* 27.1 27.0 11.3 -0.4
Na* 27.3 25.5 25.7 —6.6
K" 27.2 27.1 54.3 -0.4
Rb" 27.2 27.8 68.8 2.2
Cs* 27.2 28.1 69.4 3.3
2 H* 27.8 26.9 0.0 -3.2
Li* 27.1 27.0 11.3 -0.4
Na* 27.2 25.5 25.6 -6.3
K 27.2 27.2 54.1 0.0
Rb* 27.3 27.6 69.4 1.1
Cs* 27.2 28.3 69.0 4.0
3 H' 27.7 26.9 0.0 -2.9
Li* 27.2 25.7 11.9 -5.5
Na* 27.1 25.5 25.6 -5.9
K" 27.1 27.8 52.8 2.6
Rb" 27.1 31.3 61.3 15.5
Cs* 27.0 33.8 57.7 25.2
4 H* 32.2 30.5 0.0 -5.3
Li* 27.3 27.1 11.3 —-0.7
Na* 27.4 25.6 25.6 —6.6
K 27.3 27.6 53.3 1.1
Rb* 27.2 27.6 69.3 1.5
Cs* 27.3 28.3 68.9 3.7
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(% diff. cavity vol. ~ —6%, Table 4). On the other hand, cation
= Rb and Cs caused the cavities to get larger (~2% and ~4%
respectively) for 1, 2 and 4, while cryptophane 3 was an outlier,
with the largest cavity differences, with Rb being ~15% and Cs
~25% larger, respectively (Table 4). Cation = Li barely altered
the cavity (% diff. cavity vol. < —1%) except in the case of 3,
where it decreased the cavity ~6%, similar to the change for
Na. The % diff. cavity vol. for cation = K is variable but
minimal, being 0.4% smaller for 1 and not changing for 2 (%
diff. cavity vol = 0), and then increasing in size by only 1% in 4
and only 2.6% in 3. This is consistent with K being a “good
fit”.

Calculating the volume of cations as spheres reveals the
proportion of the cavity filled, with larger cations filling pro-
portionally more cavity (Table 4). The calculated proportions
align with the “55% rule” by Mecozzi and Rebek,”® which
suggests optimal binding occurs when the packing coefficient
is around 0.55. Among the four cryptophanes, K" most closely
adheres to this rule with a packing coefficient of 0.536, indicat-
ing it’s the most suitable guest. Conversely, the extreme values
for Cs" and H' suggest they are weaker guests, deviating sig-
nificantly from the rule. This correlation supports the geo-
metric approach used to determine cavity size.

For the metals, the internal cavity volume (Fig. 6b) do not
significantly correlate to the Q.. trend (Fig. 6a), suggesting
that e.g. whilst the cavity volume is contracting, the linkers are
displaced, offsetting any large change in collision cross
section area. Likewise, a large increase in cavity volume as in 3
with Rb and Cs is presumably offset in the collisional cross
section, though 3 does have the largest measured collisional
cross sections of 1-4, there is no significant uptick to correlate
Qcxp with the trend in Fig. 6b (gray line). However, the % diff.
cavity volumes do indicate that 4 is behaving like 1 and 2.

For H', the external carbocations, E, have larger cavities
than internal carbocations, A (Table 4). But these cavity sizes
cannot account for the larger than anticipated measured colli-
sional cross sections (Fig. 1). The €.y for 1 (Table 2) clearly
reveal only imploded structures are predicted.

Conclusions

Cryptophanes’ host-guest complexes can be observed by
IM-MS. This is especially relevant to complexes such as these
which have proven difficult to crystallize. The larger cations,
Na' to Cs" and NH,", were confirmed as globular inclusion
complexes with cryptophanes 1-7 (excluding 7 with Cs™ and
NH,") in the gas phase. Electronic structure calculations reveal
these cations energetically favor encapsulation within globular
cryptophanes 1-4. The experimental cross section for [Cs + 7]"
is noticeably larger, suggesting full encapsulation does not
occur, consistent with Bouchet and coworkers’ earlier find-
ings.>® A similar size increase suggests the same occurs for
NH,". Several other predictions from the condensed phase
were borne out for specific cryptophanes in the gas phase,
such as the smaller structure due to the flexibility of 4. On the

This journal is © The Royal Society of Chemistry 2024
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other hand, we observed encapsulation of Na‘, which so far
has not been observed in the condensed phase.

Deviating from other alkali metals, Li" catonization resulted
in an experimentally larger overall structure. While DFT ener-
getics were competitive, collisional cross sections confirmed
the Li" cations preferred to associate with oxygen at a linker,
and that the cryptophanes remained in the globular form.

Perhaps most surprisingly, the protonated cryptophanes
had the largest experimental structures overall. These larger
structures more closely matched cross sections of a non-globu-
lar “imploded” form. Just as native conditions allow proteins
to be studied in a non-collapsed state,”* this suggests that ana-
logous supramolecular-native conditions may be worthwhile
for studying some macromolecular cages. In the future, such
conditions may even allow for exploration of hitherto analyti-
cally inaccessible hydrated states.

Predicted gas phase cavity volumes indicate structural
changes within the cryptophane cage upon encapsulation,
revealing mechanistic traits. Additional properties and struc-
tural insights now present themselves to be derived experi-
mentally from the IM, such as the reactivity of the guests,”
encapsulation over time,”®”” photophysics of isolated macro-
molecular complexes,”® and the automated categorization of
molecular recognition processes,”® to name a few.
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