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ABSTRACT
The molecular recognition of nine quaternary alkyl- and aryl-ammonium halides (Bn) by two

different receptors, Cgy-tetrasodiumsulfonatomethyleneresorcinarene (An), were studied in
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solution using "H NMR spectroscopy. Substitution of methylenesulfonate groups at 2-positions of
resorcinol units resulted in an increase of cavity depth by ~2.80 A and a narrow cavity portal
compared to Cyy1-2-H-resorcinarenes. The effect of alkyl chain lengths on the endo-complexation,
that is the ability to incorporate other than N-methyl chains inside the cavities, were investigated
using ammonium cations of the type *"NH,(R;)(R»), (R; = Me, Et, Bu, R, = Bu, Ph, Bz ). The
C—H---m interactions between guests and hosts are the key driving forces for 14 out of 16 observed
endo-complexes. In case of N-butyl-N-benzylammonium cation, the hydrogen bonding between -
NH; and sulfonate oxygens and the larger size hamper the N-butyl and N-benzyl groups from
entering the host cavity. Association constants derived from isothermal calorimetry titrations
confirm 1:1 host-guest complexes highlighting guest affinity, based on size and orientation. X-
Ray crystallographic analysis revealed two types of complexes viz sodium-containing co-crystals,
[(An)* * m(Bn)* - qNa*], and sodium-free, [(An)*" * 4(Bn)*]. Both types accommodate (Bn*)
guests in their cavities. The N-methylated heterocycle guests and host form capsule-like structures
in which the two-halves were joined by O—Na coordination bonds and self-assembles in to 2-D
polymeric sheets. From the crystal structures, different conformations of methylenesulfonate
groups with respect to cavity arising due to tetrahedral geometry of methylene linker were
observed. Density Functional Theory (DFT) computations were used to analyze the effects of

endo-guests on host conformations and to estimate the relative strengths of host-guest interactions.

INTRODUCTION

Resorcinarenes as synthetic receptors are well-studied in the supramolecular host-guest (H-G)
chemistry.'™ The development of aesthetic functionalization methods at the upper-rim such as

alkylation/arylation of hydroxyl groups and the introduction of substituents at the C2-position
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between two hydroxyl groups of resorcinol has notably made resorcinarene an excellent building
block to produce extended structures for applications beyond the H-G studies.>’ The ability to
modulate the properties of resorcinarenes by synthetic means has allowed the design of targeted
molecules for self-assembly processes. This in turn has led to exotic materials with tunable
chemical and physical properties.® Functionalized resorcinarenes have found use in nanoparticle
synthesis,’!? optical'3'* and chemosensors, !’ gels,!¢ and separation applications.!” In addition to
the various potential applications of resorcinarenes, their use in rigorous quantitative H-G studies
to extrapolate structure-property relationships and gain insights into fundamental principles e.g.
guest binding affinities, size and shape, and conformational flexibility has always received wide
attention in supramolecular chemistry research.! Unravelling such fundamental knowledge could
help to build complex molecular systems using the bottom-up approach. The bottom-up approach
in supramolecular chemistry has already created access for chemists to perform catalysis and
organic reactions inside self-assembled hexamer and capsular structures '#-2! and has the potential

for much more.

The major structural feature of resorcinarenes is the electron-rich cavity, formed by the circular
intramolecular O---H-O hydrogen bonding interactions between adjacent resorcinol units that can
bind neutral and cationic guests through C—H---m, cation---m, and/or cooperative H-bond
interactions.?? In case of guest shape and size mismatch, the host’s cavity stabilizes either by self-
inclusion?*%3 or solvent encapsulation.?%2” Exo-guest complex formation arises often via
competitive H-bond interactions resulting in co-crystal complexes.?3?%2% The situation becomes
even more complex when the H-G systems are in equilibrium with metal ions or highly H-bond
competitive anions and the hosts are prevented from forming self-inclusion complexes.

Sodiumsulfonatomethyleneresorcinarene is an example of a host that can interact with guests via
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multiple functionalities (Figure 1). Sulfonate substitution makes the resorcinarenes behave as
amphiphiles. This amphiphilic behavior of tetrasulfonate derivatives (SR) has created new avenues
for harnessing resorcinarenes in biological applications.’%3! The representative examples of SRs
studied in the literature include, methylenesulfonate groups appended at the upper-rim C2-
positions (Type-1),3%4! sulfonate and phenolic oxygens linked by methylene chains (Type-2),4
and alkylated sulfonate derivatives at the lower-rim (Type-3).* The nature of their binding to
neutral, singly and doubly charged aliphatic/N-heterocycle cationic guests has been studied in
solution to understand the sulfonate groups intricate role in H-G systems. For example, Liu et al.
have shown that the H-G complexation between viologen type cationic guests and Type-2 receptor
in water results from charge transfer interaction between electron-rich host and electron-deficient
guest aromatic rings.*> Additionally, the upper-rim longer alkyl chain sulfonates provide an
elongated cavity to improve the binding affinity for rod-shaped guests such as N,N-dimethyl-4,4-
bipyridinium ions. In another report by Aoyama et al., the recognition of sugars using Type-3
receptors in water resulted in very low binding constants due to the aggregation of lower-rim
longer alkylsulfonate chains and competitive H-bonding interactions.** These findings
demonstrate that the factors affecting the guest inclusion complexes depend on the inherent
location of the sulfonate groups, and therefore, clearly understanding such principles governing

the molecular recognition process is a valuable asset to H-G chemistry based applications.>’

In this context, Type-1 receptors have been subjected to less systematic testing in H-G studies
using cationic guests. Several of Type-1 host’s intriguing properties and possibilities of their
unique endo-cavity environments for molecular recognition in solid-state and solution have been
underexplored. For rational design of H-G systems exploiting Type-1 receptors it is crucial to

understand their limitations particularly in terms of spatial constraints of their cavities and nature
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of their H-G interactions. In the present two-component approach, An - B, we use a combination

of 'H NMR spectroscopy, isothermal titration calorimetry, X-ray crystallography and
computational studies, to investigate the nature of H-G chemistry between
sodiumsulfonatomethyleneresorcinarene (An, n = 1,2) and a set of nine ammonium guests (Bn, n
=1 - 9) shown in Figure 1. Our motivation for studying the Type-1 receptors stem from the
following: (i) the four sulfonate groups encompassing the upper-rim offer a deeper cavity
compared to classic Cenyi-2-H-resorcinarene, and these substituents should act as a lid rendering a
narrow portal thus improving the guest selectivity, (ii) the guests can be stabilized by both C—H---m
and C—H---OSO0, interactions from endo-cavity m-systems and sulfonate groups, respectively, (iii)
mixing host (An) and guest (Bn) components leads to desalination (meaning removal of sodium

chloride or sodium iodide) and the formation of H-G complexes of the type (An)™* (Bn)*, despite

the strong electrostatic attractive interaction between sulfonate O-atom and sodium to form
coordination complexes, and competitive hydrogen bond interactions between chloride ion and the
ammonium cations’ H-atoms, (iv) the type of H-G interactions favored in endo-guest complexes
can be potentially tuned by changing the H-G size match and ammonium cation functional groups.
We investigate the preferred type of H-G interactions by using a series of ammonium cations
*NH,(R))(R,) (R; = -methyl, -ethyl; R, = -ethyl, -butyl, -aryl) to determine whether the endo-guest
complexation occurs rather by more acidic N-methyl, N-ethyl or through longer N-alkyl/N-aryl
chains. The *N(CHj3), is used as reference species as it is expected to have the best size match
fitting inside the cavity and strong binding due to acidic C—H protons that can take part in C—H---m
interactions. Furthermore, we investigate whether N-methylated heterocycles have the inclination

to form endo-complexes via N-methyl or the aromatic -system using guest B8 and B9.
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and quaternary ammonium halides Bn [n = 1-9] (B).

RESULTS AND DISCUSSION

Figure 1. List of components, sodiumsulfonatomethyleneresorcinarene hosts An [n = 1,2] (A),

The binding properties of the receptor An (n = 1,2) towards the guests were probed in solution
through '"H NMR analyses. The major difference between Al and A2 is the length of the lower-

rim. The flexibility of resorcinarenes is reduced with increasing length of the lower rim chain.!
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This limited flexibility of A2 was observed through smaller shielding of the guest signals
compared to Al. Additionally, changes in the aromatic (ArH) and methylene (-CH,S-) signals of
A2 were much lower when compared to the same signals of Al in cases of identical guests,
confirming the limited flexibility of A2 (Figures S5-S11). The 'H NMR data of A2, henceforth, is
included in the supporting information while the main text discussion is based on H-G chemistry

of Al.

In solution, the complexes are in rapid equilibrium with the free components, therefore,

only one set of signals could be observed in the NMR spectra of the mixtures. Despite

the dynamic system and fast exchange process, endo-cavity binding of the guests can

be determined through monitoring the shielding effects of the guest signals. By following

and comparing the degree of shielding, one could qualitatively determine which part of

the *NH3(R1)(R2) guest (R1 or R2) is preferred and predominantly located in the cavity of

the receptor. Strong increase in shielding of the guest B2 protons was observed as would

be expected considering the affinity of resorcinarenes towards quaternary ammonium

ions. For the other guests, several parameters were investigated to understand the

preferences of the host towards the guests B1-B9. First, we determined the maximum

length of the alkyl group that could possibly be bound into the cavity of the receptor. For
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this process, the H-G complexes between A1 and B3-B7 were investigated. Taking A1 vs

B3 as an example, the Afmethyl group of B3 had the higher increase in shielding (1.62

ppm) when compared to the —-CHj; protons of the butyl group (0.14 ppm) clearly

suggesting the Acmethyl group sits deep into the cavity of the of A1 (Figure 2B). By the

same analyses, it was observed that the N-ethyl groups of B4, B5 and B6 are also

preferred for the endo-complexation (Figures S2). Guest B7 is a particularly interesting

example, since it has a butyl group on one side and a benzyl group on the opposite side

of the nitrogen. Following the "H NMR changes, it was observed that neither the terminal

—CHj3 signals of the Atbutyl group (0.24 ppm) nor the aromatic signals of the Atbenzyl

group (a-proforr. 0.31 ppm) had the highest change in shielding. Instead, the methylene

protons closest to the ammonium group (N-CH.-) showed the highest increase in

shielding (0.64 ppm, 0.66 ppm). This suggest that the receptor A1 interacts with the

carbons adjacent to the positively charged nitrogen of the guest B7 as shown in Figure

2D.
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29 Figure 2. '"H NMR spectra (CD;0D, 303 K) of: (A) host A1, (C) guest B3, (E) guest B7, and the

31 equimolar mixtures of (B) A1 and B3, (D) A1 and B7. Star represents the residual CD;OD solvent.

The dash lines give an indication of the signal changes in ppm.

Secondly, we compared whether interaction with N-methyl group or the aromatic ring of
39 pyridinium ion in B8 was preferred by the host. The changes in 'H NMR of B8 in host equilibrium
41 show that the aromatic protons were located deeper into the cavity of A1 than the N-methyl group
(increase in shielding Ph,: 1.63 ppm, N-CHjs: 0.95 ppm, Figure 3B). This is in contrasts with the
46 N-ethyl group preference shown by the endo-complexation of BS or the preference toward shorter
48 N-methyl or N-ethyl groups shown by the shallow cavity of host A1 with the B3-B7 guests. In case
of B8 the different behavior can be explained by the better size match and stronger n—m interactions
53 between the electron-deficient pyridinium ion and the electron-rich cavity of the host A1. Next, in

55 case of guest N-methylquinolinium iodide B9, the higher increase in shielding of 'H NMR signals
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of the N-methyl group show it to be located in the cavity of the receptor A1 (increase in shielding
Quyg: 0.87 ppm, N-CHj: 1.69 ppm, Figure S11). This preference could be explained by a better size
match of N-methyl group than the quinoline moiety to the cavity of the host A1. Additionally, the

larger -system of B9 is not as electron deficient as the aromatic ring in BS.

E) 2. * -

B) 012 || 136 | 141 . ¢
_N Ll AL | l i
A)
* ArH "
'.' L -CHz | JL | L
9.0 8.0 7.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 3. '"H NMR spectra (CD;0D, 303 K) of: (A) host A1, (C) guest B5, (E) guest B8, and the
equimolar mixtures of (B) A1 and BS, (D) A1 and B8. Star represents the residual CD;OD solvent.

The dash lines give an indication of the signal changes in ppm.

Isothermal Titration Calorimetry (ITC)

The complexation of the guests Bn by the host A1 were quantified through a series of ITC
experiments in methanol (Figures S12-S14). The thermodynamic parameters of host-guest binding
(K., 4H, A4S, and 4G) between the host A1 and the guests Bn were determined by fitting the ITC

data to a one-site binding model (Table 1). Complex formation between any combination of the
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host A1 and the guests Bn is spontaneous (AG<O0) at the experimental temperature (303 K). The
negative 4H and positive TAS values indicate the complexation of the guests by Al are both
enthalpy and entropy driven. Solvation of the species and the counter ion releases are factors that
explain the entropy contribution. This has been previously observed for supramolecular binding
interactions between poly(ammonium chlorides) and poly(sodium phosphates), and may be due to
the particularly strong ion-pairs in the parent A1 host.*¢ The highest binding affinity among all the
guests was observed with guest B2 (K, = 909 M!). This is logical since tetramethylammonium
cation is known to be a good fit for resorcinarene cavity through C-H:--m and cation—n
interactions.*’~>° This value is much higher when compared with basic resorcinarenes in methanol
(K, ~ 100-200 M1).2749:51 The binding affinities for the rest of the guests (B1, B4, B6 and BY)
were similar which can be accounted for by the flexibility of the guests and size mismatch with
the host cavity. The binding constants for B6 and B8 were slightly higher than B1, B4, B7 and B9,
and can be accounted for due to a better fit into the cavity of host Al. The weakest binding was
observed with guest B9, which can be accounted for by its large size as compared to all the other

guests.

Table 1. Thermodynamic binding parameters of formed complexes between the host A1 and the

guests Bn by ITC?,
AHI TASI A GI
Complex K, M!
kcal/mol kcal/mol kcal/mol
Bl@A1l 173.00£7.19 -2.58+0.15 10.40 -13.00
B2@A1 909.10+£191.60 -13.80+0.18 3.37 -17.20
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B3@Al b b ) b
B4@Al 196.10+21.90 -8.77+0.07 4.54 -13.30
B5@Al b -b - -b

B6@A1 546.40+123.60 -9.28+0.07 6.63 -15.90
B7@Al 207.90+53.80 -6.62+0.07 6.84 -13.50
B8@A1 326.80+38.60 -7.12+0.07 7.49 -14.60
B9@A1 80.00+7.10 -12.50+0.07 -1.48 -11.02

A TC was done in methanol at 303 K. PData could not be obtained due to large errors.

X-Ray crystallography

Five H-G crystal structures were obtained by using A1 (For more details, see Experimental section)
while our attempts to crystallize H-G complexes of A2 were unsuccessful. Complex B1@Al,

obtained by mixing A1:B1 in 1:10 molar ratio, is a co-crystal of the type [(A1)* - 4(B1)*]. The

asymmetric unit contains two crystallographically independent A1%~ hosts. In one of the hosts, the
four SO; groups encompassing the upper-rim of the host cavity are inwardly directed (4-in) to give
a closed vase-like conformation. In the other host, three SO; groups are inward and the fourth is
outwardly (3-in-1-out) directed as depicted in Figure 4. Due to the smaller guest size, the B1* is
exo-cavity bound via hydrogen-bonds to the sulfonate oxygens. The A1 cavities are occupied by
methanol molecules that are stabilized by C—H-- - interactions with the shortest contact being ca.
2.847 A in 4-in and 2.696 A in 3-in-1-out. The term Gh is defined as the calculated distance from
the centroid of lower-rim aromatic carbon atoms to the closest non-hydrogen atom of the guest.
Gh values of methanol molecules are 2.90 A and 2.88 A for hosts, 4-in and 3-in-1-out, respectively.
The A1 in vase conformation can be defined as two truncated cones joined at the larger diameter
side as shown in Figure 5. The dimensions, /; and /; are the heights of the bottom cone and the

upper truncated cone extended by installing methylenesulfonate substituents, respectively.
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Considering this, A1 host is roughly twice (~2.72 A) as deep as Cemy-2-H-resorcinarene. The d;

and d, distances are calculated between closest O---O atoms of the opposite sulfonate groups and

oNOYTULT D WN =

represents the portal of the A1 (Table 1) in vase-conformation, which is evidently smaller than that
of a wider-mouth Cgy-2-H-resorcinarene calculated from distances of upper-rim 2-position

13 carbon atoms (~7.45/9.37 A).

35 Figure 4. X-Ray crystal structure of BI@A1 in stick model. Ammonium ions are orange color

sticks and the dashed lines represent hydrogen bonds.
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Q = centroid, O = non-hydrogen atom

Figure 5. Pictorial representation of A1 structure in vase conformation displaying dimensions of

host a), and position of the endo-guest from the lower-rim centroid b).

Table 2. Dimensions of host A1 in vase conformation derived from X-ray crystal structures.

Name SO; hi/h, h dyd, Gh
conformation  (ca. A) (ca. A) (ca. A) (ca. A)

4-in 2.15/2.70 4.85 6.51/8.35 2.90

Bl@A1
3-in-1-out? 2.13/2.34 4.47 6.68/9.34 2.88
4-in 2.13/2.72 4.85 7.14/7.59 3.39

B2@A1
2-in-2-out® 2.18/2.63 4.81 8.72/8.98 3.40
B2@wA1l 1 4-in 2.10/2.64 4.74 8.0/8.14 3.55

B8@A1 3-in-1-out* 1.98/2.79 4.77 6.39/10.31 2.67

BI@A1 3-in-1-out® 1.96/2.73 4.69 7.53/10.33 2.94

aThe values are presented for reference purpose only, for more information see SI

Complex B2@AL1 is a 2-D coordination polymer, [2(A1)* - 3(B2)* - 5Na*],, the single crystals
were prepared by mixing 1:10 molar ratio of A1 and B2. The asymmetric unit contains two host

molecules, three B2" and five sodium ions coordinating to sulfonate oxygen atoms. The two Al
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cavities are filled with two B2*, respectively, while the third B2" is exo-cavity. Sulfonate groups
of one of the hosts in B2@A1 are in 4-in conformation while surprisingly a 2-in-2-out
conformation is observed for the other host molecule as shown in Figure 6. Compared to the
methanol solvent in B1@A1, the bulkier and tetrahedral geometry endo-B2* guest shows larger
Gh values 3.39 A (4-in) and 3.40 A (2-in-2-out). The -CH; groups are stabilized both by C—H---mr
and C—H---O interactions with their corresponding overall distances range from ca. 2.622 to 2.893
A and 2.462 t0 2.706 A. The d; and d, distances of 4-in of B2@A1 are larger compared to 4-in of
B1@A1 suggesting that the host cavity opened up to accommodate the additional stabilizing
attractive electrostatic interactions between negatively charged sulfonate groups and electron-

deficient -CHj3 groups of B2".

The formation of different conformations in B2@A1 can be related to the electrical neutrality of
the structure where the negatively charged sulfonate groups are compensated by positively charged
B2* and sodium ions. Therefore, the combination of cation-anion interactions between B2* and -
SO;7, high affinity O—Na coordination bonds, and crystal packing forces all affect the different
host conformations. Fortunately, to better understand the electrostatic cation-anion interactions
between B2" and -SO;™ groups in a sodium free-lattice, the success of B2@A1 _1 prepared in 1:25

molar ratio of A1 and B2 resulted in a fully desalinated H-G complex of the type, [(A1)* - 4(B2)*].

The asymmetric unit contains a A1* molecule and the four negative charges that are
counterbalanced by four B2* guests. One of them is inside the cavity and the other three outside.
The vase conformation of A14™ is shown in Figure 6b, and Gh of the endo-B2* at 3.55 A is ca.
0.16 A larger compared to endo-B2* of B2@AL1. This reflects from larger d; and d, distances

suggesting that the endo-B2* is stabilized by sulfonate groups electrostatic interactions.
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Remarkably, in the 3-D crystal packing, each A1%~ were surrounded by the four exo-B2* which is

further proof that there are attractive cation-anion interactions between sulfonate groups and B2*.

Figure 6. X-Ray crystal structure of B2@A1 a), and B2@A1 1 b). Representation: exo-B2* are in

orange color sticks and endo-B2* in CPK models. Host are sticks and sodium in ball & stick.

Complex B8@AI1, prepared in 1:10 molar ratio of A1 and B8, crystallizes in the triclinic space
group P-1. The asymmetric unit contains a host and the charge is balanced by one B8" and three
sodium ions suggesting desalination of one sodium iodide during the H-G complexation. The host
displays 3-in-1-out sulfonate group conformation with regards to cavity, and the aromatic part of
B8" is inside the cavity manifesting the g(C—H)--+(7)y interactions between guest and host at
distances ca. 2.752 to 2.859 A rather than the N-methyl group. This agrees with the 'H NMR

solution spectra. In the packing structure, the repeating unit [(A1)*" - (B8)* - 3Na* - 2(CH;0H)],

ACS Paragon Plus Environment
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extends in 2-D layers with sulfonate groups coming together in head-to-head fashion and
coordinating sodium ions to give capsule-like motifs (Figure 7a and S15-16). The two host
molecules of the capsule are displaced with respect to each other instead of a "perfect”” molecular
capsule arrangement and the distance between their lower-rim centroids is ca. 12.0 A (Figure S19).
The shorter dimensions of B8* could be responsible for lower G& value (ca. 2.67 A) and slipped
capsular arrangement in bilayer structures. The two B8" molecules per capsule are positioned to
the opposite corners of the host facilitating C—H---O interactions between acidic C2-
protons/N—CHj groups and sulfonate oxygen atoms ranging from ca. 2.183 to 2.868 A, with the
shortest contact distance is found between guest acidic C2-proton and sulfonate oxygen.
Additionally, weak -+~ interactions (ca. 3.305 A) were present between endo-B8* and host

aromatic rings.

The complex B9@AI1 crystallized from methanolic solution in 1:10 molar ratio was determined in
the triclinic space group P-1. While B9@A1 forms a 2-D bilayer coordination polymer by capsular
arrangement structurally similar to B8@A1, the capsular-like cavities contain only one endo-B9*
guest disordered over two positions with 50:50 occupancy (Figure 7b and S17-18). This
complements the '"H NMR results which shows the N-CHj3 group to be predominantly in the cavity.
The guest is located almost in the center of the capsule presumably to avoid the steric effects.
Therefore, the endo-B9* mainly displays C—H:--r contacts with the aromatic ring of one of the
hosts at distances between ca. 2.668 and 3.108 A, the shortest contact being the C—H:--m(centroid)
and few C—H---O interactions (ca. 2.887 and 2.987 A). The A1 once again demonstrates the 3-in-
1-out conformation here. Although the centroid-to-centroid lower-rim distances (ca. 12.0 A) of the
capsule is the same as in B8@A1, surprisingly, the longer guest B9* G value (2.94 A) is similar

to B8*.
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a)

Figure 7. X-Ray crystal structure of B§@A1 a), and B9@A1 b). Representation: endo- B8" and

B9* are in orange CPKs, host are stick and sodium in ball & stick.

Computational studies

In resorcinarene H-G chemistry, C—H---m contacts are important motifs for the molecular
recognition of ammonium cations, aromatic and N-heterocycle compounds.! The success of endo-
complexation selectivity depends on H-bonding interactions, steric, electronic, H-G
complementarity, and pre-organization of the participating host and guest compounds. The H-G
interactions of Type 1 tetrasulfonatoresorcinarenes have been previously studied computationally
towards insulin monomers using molecular docking and molecular dynamics simulations® and

towards osteoporosis inhibitor drug zoledronate using BLYP-GGA/DZP DFT calculations3. Here,
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to qualitatively address the interactions and energetic trends in resorcinarene H-G complexes DFT
calculations were carried out on model sodium free sulfonatomethyleneresorcinarene host with -
CHj; groups in the lower-rim (A3)* and its selected complexes to save computational time. The
A1l H-G crystal structures already illustrated that sulfonatomethylene groups can adopt several
conformations in crystal structures. Optimizations of the free host (A3)* anion showed the
minimum structure of the anion to be 4-out conformation where negative charge on the O-atoms
of sulfonate groups is evenly distributed (Figure 8). In the 4-in conformation, the sulfonate groups
are inwardly directed towards the center of the cavity and the negative charge concentrates on the
O-atoms that are closest to the center of the cavity. The repulsion between negative charge causes
the sulfonate groups to move away from the center opening the cavity wider compared to vase
conformations in the X-ray crystal structure geometries of A1 and lowers the stability of the 4-in
structure resulting in +39 kcal mol™! higher relative enthalpy compared to that of 4-out
conformation. In addition, four other conformations between 4-in and 4-out extremes were found
for (A3)* with relative enthalpies of +28 (3-in-1-out), +17 (2-in-2-out'), +16 (2-in-2-out’"), and +8
kcal mol! (1-in-3-out) compared to 4-out and structures shown in the Supporting Information

Figure S20.

In H-G systems, the relative stabilities of resorcinarene conformations are strongly affected by the
interactions from the endo-guests inside the cavity that favor directing at least some of the
sulfonate groups inside the ring to maximize the H-G interactions. For example, the H-G
interactions between B2* H-atoms and sulfonate O-atoms stabilize the 4-in conformation more
than the 4-out conformation making their calculated complex structures equally stable as shown

in Figure 9. In 4-in and 4-out complex conformations, the B2" resides at the center of the cavity
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and the H-G interactions are not optimal whereas in 3-in-1-out and 2-in-2-out conformations the
B2" interacts with three and two sulfonate groups forming more stable complexes in the gas phase
with relative enthalpies of —6 and —8 kcal mol-!, respectively, albeit the differences are not large.
This situation is also reflected in X-ray crystal structures, B2@A1 and B2@A1_1, where structures
corresponding to 4-in and 2-in-2-out conformations of (A1)*" have been found. The binding
enthalpy in the gas phase for the most stable B2*@(A3)* structure 2-in-2-out is —221 kcal mol'.
The calculated binding enthalpy is high compared to for example the binding energy reported for
complex of protonated tetrasulfonatoresorcinarene and molecular zoledronate —32 kcal mol-1,3
but the difference can be explained by the high negative charge of the host anion that has not been

compensated by other cations in the calculated structures here.

—0.250
-0.275

-0.300
-0.325

—-0.350

Figure 8. Electrostatic potential projected on the 0.001 au electron density surface of model host

(A3)* anion conformations, 4-in (left-side) and 4-out (right-side).
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—6.2 kcal mol- —-8.4 kcal mol-

Figure 9. Structures of model B2*@(A3)* host-guest complex conformations optimized at PBEO-

D3/def-TZVP level of theory.

To qualitatively access the relative strengths of different types of H-G interactions alternative
conformations of B3*@(A3)* and B5*@(A3)* endo-complexes exhibiting N-methyl, N-butyl, N-
ethyl and N-phenyl guest to host interactions were optimized. First the analysis of B3" and BS*
electrostatic surfaces shows the highest positive surface charges on H-atoms attached to the
nitrogen atoms and the surface charges becoming less positive further away from the nitrogen
atoms (Figure 10). From electrostatic potential analyses it would be expected that in the most stable
H-G systems the interactions between the highest negative charge concentrations of (A3)* anion
and the highest positively charged sites on B3" and B5* cations would be maximized. For the H-
G system optimizations, two starting geometries with different endo-guest functional groups

pointing inside the host cavity were considered to determine the favored orientation of the endo-
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guest and the relative stabilities of the formed interactions (Figure 11). In complex B3*@(A3)*,
the methyl end fits into the cavity and at the same time optimal N—H:--O interactions are formed
between H-atoms bound to nitrogen atom and sulfonate groups (B3*@(A3)* a Figure 11a). On
the other hand, the less positively charged longer butyl chain of B3*, which does not fit inside the
cavity, resides on top of the resorcinarene cavity in the optimized structure (B3*@(A3)* b Figure
11b). The better fit between (A3)*” and B3* in structure B3"@(A3)* a also results in more tight
H-G binding with AH = —265 kcal mol-! compared to —258 kcal mol™! in B3*@(A3)* b. In
B5*@(A3)* complex, the guest inclusion phenomenon is similar to B3*@(A3)*" a that is the ethyl
end of B5* best fits into the cavity as the -NH, group H-bonds to sulfonate O-atoms. Although the
phenyl ring is capable of exerting m-delocalization of the positive charge on the N-atom to render
the aromatic C—H protons more electron-deficient, the phenyl ring of BS* does not fit into the
cavity and is parallel to cavity like a lid on vase in the optimized structure B5*@(A3)*_b (Figure
11d). However, in contrast to relative stabilities of B3*@(A3)* structures, the BS*@(A3)* b is
similar in stability to BS*@(A3)* _a structure with binding enthalpies of —264 and —263 kcal mol-
I, respectively. The stability of the B5*@(A3)* b structure is likely to arise from the C—H:--w
contacts between the cationic phenyl ring and the negatively charged sulfonate groups. Given the
small stability difference between B5*@(A3)* structures the guest solvent interactions or charge
compensation by other ions in solution can easily change the stability order to that observed by 'H

NMR measurements in solution.
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+0.213

oNOYTULT D WN =

+0.175

+0.113

+0.100

16 Figure 10. Electrostatic potentials of B3™ and B5" projected on the 0.001 au electron density

surfaces.

44 B;*@(As)ﬁa B/ @(Ay)* b
45 Figure 11. Structures of model H-G complexes of a) B3*@(A3)* a, b) B3*@(A3)* b, ¢)

47 B5*@(A3)* a, and d) B5*@(A3)* b optimized at PBE0-D3/def-TZVP level of theory. The black

50 dashed lines are H-bond interactions.
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CONCLUSIONS

A comprehensive solution 'H NMR study of the H-G complexation process between Cg-
tetrasodiumsulfonatomethyleneresorcinarene (R = ethyl and hexyl) and ammonium halides was
carried out in a hydrogen bond competing solvent, MeOH-d,. Comparison of the complexation
behavior of more flexible lower-rim ethyl substituted host to hexyl substituted host emphasized
importance of retaining resorcinarene flexibility in order to achieve effective binding of guests by
host. In solution, despite the upper-rim host cavity being surrounded by hydrogen bond competing
sulfonate oxygen atoms, the C—H---r contacts between guest and host are the key driving non-
covalent interactions for 14 out of 16 observed endo-complexes. The exception being for N-butyl-
N-benzylammonium cation, where the hydrogen bonding between -NH, and sulfonate oxygens
restricts both N-butyl and N-benzyl groups from endo-complexation. Isothermal calorimetry
titrations were carried out to quantify association constants. The binding was spontaneous at 303
K. The highest binding constant observed for tetramethylammonium cation guest (K, =909.10 M-
1 reflects the perfect size match between the host and guest. Flexibility and size mis-match were
also highlighted with lower binding constants of some of the guests. X-ray crystal structures
revealed that the methylenesulfonate groups offer an extended cavity space, when all the four
sulfonate groups are inwardly directed into the cavity. The host conformation evidence the
increased stabilization of endo-guests by SOs:+-(C—H)gueqt contacts in addition to existing well-
known endo- C—H---m interactions. In our host-guest study, the validation of the conformations of
tetrasulfonatomethylene groups with respect to host cavity in a 4-in, 3-in-1-out, and 2-in-2-out
were realized by X-ray diffraction analysis. DFT computational studies were used to examine the
relative stabilities of these and other not experimentally observed conformations of the host anion.

The conformational flexibility of sulfonate groups and the existence of several conformations in
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the gas-phase and in solid-state structures is related to the intramolecular hydrogen bonding
between hydroxyl groups and sulfonate oxygens that can kinetically stabilize the higher energy
conformations. This work offers more fundamental insights into the unique properties of
tetrasulfonatomethylene resorcinarenes and their potential as receptors for a variety of cationic

guests in highly competitive solvent.

EXPERIMENTAL SECTION

The solvents used for synthesis, "H NMR and ITC experiments, and crystallization experiments
were reagent grade and are used as received without further purification. Hosts A1 and A2,%7 and
B3 - B9°* were synthesized by following the literature methods. Guest B1 and B2 were purchased
from Sigma Aldrich. "H NMR spectra were recorded on a Bruker Avance DRX 500 and 400
spectrometers. ITC measurements were performed using VP-ITC instrument made by MicroCal.
Single-crystal X-ray data were measured using a dual-source Rigaku SuperNova diffractometer
equipped with an Atlas detector and an Oxford Cryostream cooling system, using either mirror-
monochromated Cu-K, (A = 1.54184 A; for Bl@Al, B2@A1l and B2@A1_1) or mirror-
monochromated Mo-K,, radiation (A = 0.71073 A; for BS@A1 and for B9@A1). Data collection
and reduction for all complexes were performed using the program CrysAlisPro>> and Gaussian
face-index absorption correction method was applied.>> All structures were solved with Direct
Methods or Patterson synthesis (SHELXS)® and refined by full-matrix least squares based on F?
using SHELXL-2013.%% Single-crystal X-ray data experimental details and CCDC numbers are

given in Supporting Information.

Structures of complexes, host anions and guest cations were fully optimized with Gaussian 16

program package’® using PBEO hybrid density functional®®-%3 and Ahlrichs’ small triple- valence
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quality basis set def-TZVP% combined with Grimme’s empirical D3BJ correction® to treat the
dispersion forces. Structure of the host (A1)* anion in B2@A1_1 crystal structure was used as a
starting point for the optimization of 4-in conformation of (A3)* anion by replacing the lower rim
-C,H;5 groups with -CHj; groups. Starting points for the optimizations of other host conformations
and H-G structures were obtained by modifying the orientation of the sulfonato groups and placing
guest cations in different orientations in the middle of the host ring. Host-guest binding enthalpies
were calculated as the enthalpy difference between the complex structures and the minimum

energy conformations of free host anions and guest cations.
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Host-Guest Interactions of
Sodiumsulfonatomethyleneresorcinarene and
Quaternary Ammonium Halides: An Experimental-
Computational Analysis of the Guest Inclusion

Properties

Kwaku Twum,? J. Mikko Rautiainen,” Shilin Y. Yu,® Khai-Nghi K. N. Truong,® Jordan Feder,?

Kari Rissanen,® Rakesh Puttreddy®™c" and Ngong Kodiah Beyeh®*

Narrow portal
to endo-complexation

A combination of 'H NMR spectroscopy, isothermal titration calorimetry, X-ray crystallography
and computational studies were used to investigate the host-guest chemistry of a two-component
system, sodiumsulfonatomethyleneresorcinarene (An) and ammonium guests (Bn), in hydrogen

bond competing solvent (MeOH-d,).
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