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on sequestration by C–H
hydrogen bonding†
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Macrocyclic arenes laid the foundations of supramolecular chemistry and their study established the

fundamentals of noncovalent interactions. Advancing their frontier, here we designed rigidified resorcin

[4]arenes that serve as hosts for large nonspherical anions. In one synthetic step, we vary the host's

anion affinity properties by more than seven orders of magnitude. This is possible by engineering

electropositive aromatic C–H bond donors in an idealized square planar geometry embedded within the

host's inner cavity. The hydrogen atom's electropositivity is tuned by introducing fluorine atoms as

electron withdrawing groups. These novel macrocycles, termed fluorocages, are engineered to

sequester large anions. Indeed, experimental data shows an increase in the anion association constant

(Ka) as the number of F atoms increase. The observed trend is rationalized by DFT calculations of

Hirshfeld Charges (HCs). Most importantly, fluorocages in solution showed weak-to-medium binding

affinity for large anions like [PF6]
� (102< Ka <10

4 M�1), and high affinity for [MeSO3]
� (Ka >10

6).
Introduction

Macrocyclic arenes are quintessential compounds in the
development of host–guest chemistry.1–5 Guests are usually
hosted within the inner cavity of the macrocycle through non-
covalent interactions, e.g., hydrogen bonding, p/p stacking,
and C–H/p interactions.6 Among these non-covalent interac-
tions, hydrogen bonding is the strongest one,7 especially when
considering oxygen and nitrogen, where the difference in
Pauling electronegativity with hydrogen (Dc) is 1.24 and 0.84,8

respectively. Lehn et al. recognized in 1976 that incorporating
hydrogen bonding capabilities (N–H bonds) within cryptands
resulted in weak-to-medium affinity for spherical anions (e.g.,
halides),9,10 this realization opened the door to “anion coordi-
nation chemistry”.11 Later reports demonstrated uorinated
macrocycles hosting uoride ion purely through C–H/F�

hydrogen bonding,12 which is remarkable noting that Dc for C
and H is just 0.35. However, due to the relatively weak binding
affinities, molecular designs for anion binding based solely on
C–H hydrogen bonding were marginalized in supramolecular
host–guest chemistry.13,14 This notion has been challenged, and
in the past few decades a range of hosts with remarkable
affinities towards spherical anions (Ka >10

6 M�1) have been re-
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Smith,20 A. H. Flood,21–25 V. Sindelar,26,27 J. Yoon,28 J. You,29 M.
Pittelkow,30 H. Jiang,31 M. Stępień,32 and others.33

Molecular recognition of nonspherical anions have trans-
formed the design of rotaxane assemblies,34 advanced novel
catalytic processes by stabilization of in situ generated anions,35

laid the ground work supporting anion–anion stabilization
theories,36 facilitated ion pair dissociation in battery electro-
lytes,37 and provided systems of remarkable selectivity towards
the recognition of biuoride,38 organophosphates,39 dicarbox-
ylates,40 the biologically relevant GTP anion,41 nitrate,42,43 and
sulfate.44 Despite these noteworthy advances, hosts capable of
binding nonspherical anions with high affinity are rare and
usually lack synthetic tunability requiring a complete host
redesign to tune binding affinities, therefore efforts to develop
hosts for nonspherical anions remains a challenge. Herein, we
report a strategy to create novel supramolecular anion cages
through a straightforward and versatile synthetic procedure in
which we discovered binding preferences for nonspherical
anions.
Results and discussion
Host–guest design

Fluorocages, as we refer to these supramolecular hosts, were
conceived by trying to maximize the host–guest properties of
resorcin[n]arenes45 towards anionic species. Note that while
their host–guest capabilities for neutral guests are well-estab-
lished,6 their anion hosting abilities are not nearly as devel-
oped.46,47 Towards this goal, we designed and synthesized
a modular family of resorcin[4]arene-based cages, 1–8 (Scheme
1), all having the same binding cage geometry capable of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of fluorocages 1–8.
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accommodating large guests, and also able to tune the overall
framework to systematically and monotonically increase the
anion binding affinity.
Fluorocages structure

Fluorocages 1–8 were synthesized from S1 (ref. 48) or S2 (ref. 49)
through Suzuki–Miyaura cross-coupling reactions with the
corresponding aromatic anking unit, Fn as described in
Scheme 1, in yields ranging from 38 to 53% (see ESI†). All hosts
dene a cavity comprised of eight C–H donors, four aromatic
colored in blue (CAr–H) and four aliphatic colored in dark
purple (CCH2

–H). Our hypothesis is that installing electron
withdrawing groups (EWGs) on the aromatic anking units
would produce sufficiently high electropositive hydrogen atoms
in CAr–H capable of binding anionic species with high affinity.
Moreover, uorocages 1–8 are designed as rigid scaffolds to
Fig. 1 Molecular crystal structures of fluorocages 1–8. Thermal ellipsoid
groups (n-pentyl) and H atoms are omitted for clarity, except those H ato
colored grey, blue, red, green, and white, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
minimize entropic penalties that may arise from conforma-
tional exibility and host rearrangement upon guest
binding.50,51

1H, 13C, and 19F NMR spectra in CDCl3 of 1–4, 6, and 8
reveals their expected ideal C4v molecular symmetry in solution
(see ESI†). Fluorocages 5 and 7 display a more complex behavior
(Fig. S26–S28 and S32–S34†), however in-depth analysis of their
1H NMR spectra corroborates their assignment. High quality
crystals for single-crystal X-ray diffraction for 1–8 provided
further conrmation of their molecular structure (Fig. 1).
Crystals of 1–8 were all obtained by slow evaporation of
a MeCN : CH2Cl2 solution at room temperature. Note that all
uorocage structures display one molecule of MeCN bound
within their inner cavity, except 7 which displayed heavy
disorder that prevented correct modeling of the MeCN mole-
cule. Themolecular structures of 3, 5, and 7 displayed rotational
disorder around their aromatic anking units. For example,
uorocage 3 displays in the major occupancy structure three F
atoms pointing into the inner cavity while one F atom is
pointing away. Nonetheless, this behavior is not manifest in
solution, as the NMR data indicates a fully C4-symmetric
structure. In contrast, 5 and 7 display solid state major occu-
pancy structures with idealized Cs and C2v point group
symmetries, respectively, which is reconciled with their
complex solution behavior indicating that rotation around the
biaryl moiety is hampered and that all possible rotational
isomers coexist in solution, even at 100 �C (Fig. S69 and S71†).
Up to six different rotamers are possible for 5 and 7. DFT
calculations at the M06-2X/6-311++G(3df,2p)+CPCM(solvent)//
M06-2X/6-31+G(d,p) level of theory, where solvent ¼ CHCl3 or
DMSO, showed that these rotamers are relatively close in
energy, thus supporting the experimental observations in
solution (Tables S2 and S3†).
Anion affinity towards square planar electropositive cavity

The design and engineering of the electropositive cavity within
1–8 is best exemplied by the hosted MeCN molecule, which
has its electronegative N atom residing in the same plane as the
s are set at 50% probability level (except for 6 which are at 30%). The R
ms within the fluorocage's inner cavity. The C, N, O, F, and H atoms are
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Table 1 Anion association constants (Ka, M
�1) of [PF6]

� and [MeSO3]
� to fluorocages 1–8

Salt Solvent 1 2 3 4 5 6 7 8

[n-Bu4N] [PF6] CDCl3 0 0 0 84(12) 0 1.510(1) � 104 1.64(11) � 103 280(15)
[n-Bu4N] [MeSO3] DMSO-d6 NDa NDa NDa >106b >106b >106b >106b NDc

a ND¼Not determined. b Strong binding that prevents direct titration via 1H NMR, even at 100 �C the anion remains bound. 106 M�1 is taken as the
maximum reliable limit for NMR titration experiments.52 c Not soluble in DMSO-d6 even at 100 �C.
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cavity's electropositive H atoms (colored in blue in Scheme 1).
The average C-to-N distances (CAr–H and NMeCN) for all uo-
rocages is 4.0 � 0.2 Å [4.0(2) Å (number in parenthesis indicates
the estimated standard deviation in the nal digit)], while the
average C-to-p system centroid (CMeCN and centroid of each
aromatic ring comprising the resorcin[4]arene base) is 3.55(4) Å.
Anion sequestration was rst tested by 1H NMR titration
experiments adding [n-Bu4N][PF6] to 2–8 in CDCl3 (solvent
dielectric constant, 3r ¼ 4.7) at 20 �C (Table 1 and Fig. S38–
S44†). There is negligible affinity for [PF6]

� by 1–3, however 4, 6,
and 8 display weak-to-medium binding peaking at 6 with Ka of
1.510(1) � 104 M�1, while 4 and 8 display Ka of 84(12) and
280(15) M�1, respectively. To our surprise, 5 displays no binding
of [PF6]

�, while 7 only reaches Ka ¼ 1.64(11) � 103 M�1, likely as
a result of the energetic penalty involved in rearranging their
initial conformational distribution. Note that only a few
synthetic hosts are known to bind large anions such as
[PF6]

�.22,34,46,53 Overall, the adduct [PF636]� demonstrates that
the square planar arrangement of electropositive H atoms
serves to sequester large anionic species.

Encouraged by the binding results of [PF6]
�, we tested the

ability of uorocage 6 to bind other noncoordinating
nonspherical anions. For reference, the large iodide anion, with
a thermochemical radii (r)54 of 2.11(19) Å displays a Ka¼ 161(19)
M�1 (Fig. S45†); and as the spherical anion shrinks, e.g. Br� (r¼
1.90(19) Å), the observed Ka goes to zero (Fig. S46†). Linear [N3]

�

and [SCN]�, bent [NO2]
�, and trigonal planar [NO3]

� have
negligible-to-weak binding affinities (Table 2, Fig. S47–S50†),
likely resulting from their size mismatch with the host's cavity.
However, strong binding is observed as the anion's size reaches
a radius of�2.2 Å judging from the series [BF4]

� (r¼ 2.05(19) Å,
Fig. S51†), [HSO4]

� (r ¼ 2.21(19) Å, Fig. S52†), [ClO4]
� (r ¼

2.25(19) Å, Fig. S53†), [ReO4]
� (r ¼ 2.27(19) Å, Fig. S54†), [IO4]

�

(r¼ 2.31(19) Å, Fig. S55†), and [SbF6]
� (r¼ 2.52(19) Å, Fig. S56†).

Note that anion binding affinity decreases by about two orders
of magnitude when the anion's size surpass [PF6]

�, as observed
in [SbF6]

� which is only �4% larger than [PF6]
�. Thus, we

establish that the optimum anion's size tting in the host's
cavity must be 2.2< r <2.4 Å. Other nonspherical anions, such as
Table 2 Anion association constants (Ka, M
�1) of [n-Bu4N][anion] to fluo

Host Solvent I�/Br�
[N3]

�/
[SCN]�

[NO2]
�/

[NO3]
�

[BF4]
�

(2.05)
[HSO4]

�

(2.21)
[ClO4

[ReO4

6 CDCl3 161(19)/0 8(6)/
290(8)

40(40)/
76(6)

990(23) 7(3) � 104 7.91(
1.08(

a pTs ¼ p-toluenesulfonyl.
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acetate, [MeCO2]
�, also binds to 6 (Ka ¼ 4.8(3) � 103 M�1,

Fig. S57†), however the closely related [MeSO3]
� binds so

strongly to 6 in CDCl3 that its affinity falls beyond the reliable
measurable limit via 1H NMR (106 M�1), see Fig. 2a.52 Note that
a marked downeld complexation-induced chemical shi
occurs for protons “a” (Dd z 0.57 ppm) and “bin” (Dd z 0.69
ppm) as established for H atoms involved in direct hydrogen
bonding with the bound anion (Fig. 2a). In contrast, proton
“bout” shis upeld as a result of increased electron density on
the C atom (methylene) due to anion binding.56 We conclude
that sulfonate's structure is better poised to interact with the
four electropositive H atoms as opposed to the at structure of
carboxylate. Note that p-toluenesulfonate, [pTsO]�, with its
much larger organic group, also binds to 6 displaying a Ka of
1.88(4) � 103 M�1, where its p-toluene fragment points away
from the uorocage's cavity (Fig. S59 and S60, Table S4†).

Sulfonate anion appears to have the optimum size to t in
the cavity described by the four electropositive H atoms in CAr–

H. Intrigued by this observation, we decided to expand our
efforts and investigate the binding properties of [MeSO3]

�

towards 1–5 and 7–8 in CDCl3 at 20 �C. Host 1 failed to bind
[MeSO3]

� (Fig. S61†). Fluorocages 2 and 3 displayed binding of
[MeSO3]

� with Ka of 22(4) and 667(38) M�1 (Fig. S62 and S63†),
respectively, while host 8 exhibited slow exchange57,58 in the
NMR time scale with Ka z 2.5(2) � 103 M�1 (Fig. S67 and Table
S4†). In contrast, uorocages 4 and 7, similar to 6, revealed
binding affinities well-above 106 M�1 (Fig. S64 and S66,†
respectively). Note that 5 displayed no binding of [MeSO3]

� in
CDCl3 (Fig. S65†). To our surprise, NMR experiments in the
much more polar solvent DMSO (3r ¼ 46.8) display 4–7 strongly
binding [MeSO3]

�, even when the solution is heated to 100 �C
(in situ 1H NMR, Fig. 2b and Fig. S68–S71†). This nding led us
to conclude that binding of [MeSO3]

� to hosts 4–7 in DMSO-d6
exceeds Ka of 10

6 M�1. Assuming the general anion binding in
solution model put forward by Flood et al.59 holds true for
[MeSO3]

�, we expect Ka for [MeSO3]
� binding to hosts 4–7 in

CDCl3 to surpass 106 M�1 by several orders of magnitude. We
note that binding is mostly driven by interaction with the four
electropositive H atoms in CAr–H and not by C–H/p
rocage 6. Thermochemical radii (r) in parenthesis

]� (2.25)/
]� (2.27) [IO4]

� (2.31)
[PF6]

� (2.42)/
[SbF6]

� (2.52)
[MeCO2]

�/
[MeSO3]

� [pTsO]�a

9) � 103/
2) � 103

1.00(3) � 103 1.510(1) � 104/
230(20)

4.8(3) � 103/
>106

1.88(4) � 103

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Equilibrium between 6 and [MeSO3]
�. (a) 1H NMR titration of [n-

Bu4N][MeSO3] into 6 in CDCl3 at 20 �C. (b) 1H NMR of 6 (bottom)55 and
[n-Bu4N][MeSO336] (top) in DMSO-d6 at 100 �C. Circular symbols
correspond to the blue and dark purple hydrogen atoms in the scheme
above. Open symbols indicate free host 6, while solid symbols
correspond to the adduct [n-Bu4N][MeSO336]. Relevant H atoms are
labeled a, bin, and bout.

Fig. 3 (a) Side and top view of the molecular crystal structure of [MeSO
level. The [n-Bu4N]+, R groups (n-pentyl), and H atoms are omitted for c
structural molecular metrics. Average C–Csquare (red and maroon) and
symbols to [MeSO33host]�, for host ¼ 4, and 6–8.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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interactions found between the Me group in MeSO3
� and the p

system centroids within the resorcin[4]arene backbone since
the average C-to-p distance for [MeSO33host]�, where host¼ 4,
and 6–8, is 3.62(3) Å; which is larger than that found in the
neutral adduct [MeCN3host], for host¼ 1–6, and 8 (vide supra).
Altogether, the qualitative picture portrayed by this NMR data
reveals that the equilibrium between host + [MeSO3]

� and
[MeSO33host]�, for hosts 4–7, is strongly displaced towards the
host–guest adduct.

The strong interaction with methanesulfonate allowed us to
isolate and crystallize the adducts [n-Bu4N][MeSO33host], for
host ¼ 4, and 6–8 (Fig. S9–S12†). Shown in Fig. 3a is the
molecular structure and relevant distances for [MeSO336]�.
Note how the three O atoms from the sulfonate group reside in
the square plane described by the four electropositive H1X
atoms, X ¼ A–D (colored in blue in Scheme 1). This sulfonate
anion accommodation maximizes the CAr–H/OMeSO3�
hydrogen bonding, with remarkably short C-to-O average
distances of 3.31(4), 3.24(3), 3.18(7), and 3.34(6) Å for 4, 6, 7, and
8 (Fig. 3b), respectively.60 Note that the sum of the van der Waals
radius for C and O is 3.22 Å.61 Fluorocages adopt a cone-shaped
structure; to determine the expansion of this cone, wemeasured
the distances between rigid carbon atoms C6X (Fig. 3a), X ¼ A–
D, which dene an almost ideal square (C–Csquare). Plotting
these data together, we observe a V-shaped trend in the C-to-O
distance, with 7 at the minimum, and no discernible correla-
tion in C–Csquare distances (Fig. 3b), meaning that strength-
ening of the hydrogen bonds within the host's cavity only
requires rotational movement of the aromatic anking units as
opposed to a breathing in or out distortion.
DFT-supported structure–function relationship

To gain insight into the trends observed in this family of uo-
rocages, we performed DFT calculations (M06-2X/6-31+G(d,p)
level of theory) in 1–8 to obtain their Hirshfeld Charges (HCs) in
336]� obtained at 220 K. Thermal ellipsoids are set at 50% probability
larity, except those H atoms within the inner cavity. (b) Comparison of
C/O (green) distances. Open symbols correspond to 1–8, and filled

Chem. Sci., 2022, 13, 2026–2032 | 2029



Fig. 4 DFT-calculated Hirshfeld charges for 1–10 (M06-2X/6-
31+G(d,p) level of theory). Blue CAr–H, dark purple CCH2

–H, pink CCC–
H, and red Ctriazole–H hydrogen atoms correspond to those shown in
Scheme 1 or in the chemdraw drawings in this figure.

Chemical Science Edge Article
an effort to access quantitative data about the electropositivity
of the H atoms involved in hydrogen bonding (Fig. 4). Note that
HCs are recommended as they yield chemically meaningful
partial charges.62 Following the series from 1 to 7, we observe
a monotonic increase in HC at the H atoms in CAr–H (blue).
Unexpectedly, the calculated HCs for uorocage 8 reside in
between those of 3 and 4. Notably, HCs for 8 explain its weaker
binding of [MeSO3]

� compared to 4–7. The HC values for the
hydrogen atoms in CCH2–H (dark purple) are provided in Fig. 4
as control since these should not be affected by the nature of the
EWG in the aromatic anking unit. Overall, this trend correlates
well with the binding affinity studies of 1–8, and with the
metrics observed in the host-guest adducts [n-Bu4N]
[MeSO33host], for host ¼ 4, and 6–8 (Fig. 3b). Note that the
HCs on 5 and 7 does not correlate well with their binding
properties, which we attribute to the conformational distribu-
tion observed in the as-synthesized hosts and the large aromatic
anking unit rotational barrier (biaryl bond) of �22 kcal mol�1,
compared to �12 kcal mol�1 for all other hosts (Table S5†).

In an effort to compare hosting capabilities of uorocages
with other rigid anion-binding hosts operating solely by C–H
hydrogen bonding, we analyzed two recent macrocyclic hosts
reported in the literature (Fig. S72†): (1) pentagonal cyanostar 9,
capable of forming a strong 2 : 1 host : guest adduct with Cl�

(40% MeOH/CDCl3, b2 z 108 M�2);22 and (2) cryptand-like tri-
azole cage 10,63 which binds Cl� remarkably strong (CDCl3, Ka

z 1017 M�1).25 HCs of the H atoms involved in C–H hydrogen
bonding increase from 9 to 10, as shown in Fig. 4, supporting
the relative trend observed in their anion binding properties.
Furthermore, in the case of 10, themost electropositive H atoms
reside in Ctriazole–H and are on par to those found in uorocage
4. However, while 4 has four of these electropositive H atoms, 10
has six of them making its internal cavity more electropositive.
Most importantly, 5–7 display higher HCs relative to 10 sug-
gesting that further exploration of these uorocages have the
potential to uncover strong affinities for anions of appropriate
size to t in the square planar geometry dened by the blue
electropositive H atoms.
2030 | Chem. Sci., 2022, 13, 2026–2032
Conclusions

Herein we describe a family of anion hosts – termed uorocages
– sharing the same overall structure, however with anion
affinities tuned by several orders of magnitude through
a straightforward single four-fold Suzuki–Miyaura cross-
coupling synthetic step. These uorocages are able to bind
nonspherical anions, such as sulfonate groups, which display
remarkable affinity and size complementarity to their cavity.
Further development of this general strategy, and based on the
structure–function relationship reported herein, will guide the
development of novel, more potent, and selective hosts for
anion sequestration from polluted ecosystems, e.g., sulfonate-
based PFAS,64–66 currently an unmet pressing challenge.
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J. Gregoliński, A. Chien, J. Zhou, Y.-L. Wu, Y. J. Bae,
M. R. Wasielewski, P. M. Zimmerman and M. Stępień, J.
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