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ABSTRACT: Chalcogen bonding (ChB) is rapidly rising to
prominence in supramolecular chemistry as a powerful sigma (σ)-
hole-based noncovalent interaction, especially for applications in the
field of molecular recognition. Recent studies have demonstrated ChB
donor strength and potency to be remarkably sensitive to local
electronic environments, including redox-switchable on/off anion
binding and sensing capability. Influencing the unique electronic and
geometric environment sensitivity of ChB interactions through
simultaneous cobound metal cation recognition, herein, we present
the first potassium chloride-selective heteroditopic ion-pair receptor.
The direct conjugation of benzo-15-crown-5 ether (B15C5)
appendages to Te centers in a bis-tellurotriazole framework facilitates
alkali metal halide (MX) ion-pair binding through the formation of a
cofacial intramolecular bis-B15C5 M+ (M+ = K+, Rb+, Cs+) sandwich complex and bidentate ChB···X− formation. Extensive
quantitative 1H NMR ion-pair affinity titration experiments, solid−liquid and liquid−liquid extraction, and U-tube transport studies
all demonstrate unprecedented KCl selectivity over all other group 1 metal chlorides. It is demonstrated that the origin of the
receptor’s ion-pair binding cooperativity and KCl selectivity arises from an electronic polarization of the ChB donors induced by the
cobound alkali metal cation. Importantly, the magnitude of this switch on Te-centered electrophilicity, and therefore anion-binding
affinity, is shown to correlate with the inherent Lewis acidity of the alkali metal cation. Extensive computational DFT investigations
corroborated the experimental alkali metal cation−anion ion-pair binding observations for halides and oxoanions.

■ INTRODUCTION
Chalcogen bonding (ChB) is defined as the attractive
intermolecular interaction between an electrophilic region of
a group 16 atom, commonly referred to as a sigma (σ)-hole,
and a nucleophilic Lewis base. While widely acknowledged as a
pervasive structural characteristic of main group solid-state
chemistry,1−6 the exploitation of ChB in the solution phase has
only recently been realized. Indeed, seminal applications of
ChB, and other noncovalent σ-hole-based interactions, in
supramolecular self-assembly,7−13 organocatalysis,14−20 and
transmembrane transport21−26 have stimulated intense interest
in the field. In the context of anion recognition, employing σ-
hole donors in host structural design has frequently
demonstrated dramatically augmented anion-binding strength
and selectivity behavior relative to hydrogen-bonding host
analogues.27−40 We have recently shown that ChB donor
potency for anion recognition is markedly sensitive to local
electronic environments, where electron-withdrawing fluoroar-
yl substituents operating via an inductive through-bond
polarization mechanism effectively modulate ChB donor halide
anion affinity and selectivity.41 In addition, we have
demonstrated redox-switchable on/off ChB anion binding
and sensing mediation.42 Despite the emergence of this unique
ChB anion recognition behavior, the integration of ChB

donors in heteroditopic ion-pair receptor design is extremely
rare.43−45 Notwithstanding the enormous progress made in the
field of ion-pair recognition in the last few decades, witnessing
receptors exploiting diverse topologies46−52 and multitopic
recognition modes,53−64 heteroditopic receptor systems
capable of selective alkali metal cation−chloride anion ion-
pair binding are scarce. Seminal examples of selective lithium,65

sodium,66 rubidium,67 and cesium chloride68,69 binding have
been reported. The selective recognition of potassium chloride,
however, is, to the best of our knowledge, unprecedented. This
is somewhat surprising given the promise such a selective
heteroditopic ion-pair receptor would act as a therapeutic for
diseases associated with the misregulation of protein ion
channels and as an anticancer agent.70−72

Herein, we report the first KCl selective ChB heteroditopic
ion-pair receptor, 1·ChBPFP, consisting of a 3,5-bis-telluro-
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triazole nitro-benzene scaffold (Figure 1), with electron-
deficient perfluorophenyl substituents and benzo-15-crown-5

(B15C5) units directly appended to the tellurium-incorporated
triazoles. We demonstrate that the anion affinity of the
receptor is dependent on the formation of a cobound bis-
B15C5 potassium cation-induced cofacial intramolecular
sandwich, which not only serves to conformationally
preorganize the receptor but also induces through-bond
polarization of the proximal Te centers that, in effect, switch
on the Lewis acidity of the Te σ-hole ChB donors via a
noncovalent cooperativity mechanism. The synergy between
cation and anion recognition events is responsible for the
marked KCl selectivity of 1·ChBPFP, over all other group 1
metal chlorides, and underpins the receptor’s ability to perform
potassium chloride-selective solid−liquid and liquid−liquid
extraction and membrane transport.

■ RESULTS AND DISCUSSION
Synthesis of Chalcogen-Bonding Ion-Pair Receptors.

The target ChB heteroditopic ion-pair receptor design featured
an electron-deficient nitro-benzene aromatic scaffold inte-
grated with chelating ChB donor 3,5-bis-telluro-triazole
perfluorophenyl or phenyl motifs, wherein each constituent
Te atom is directly covalently appended to a B15C5 group. It
was anticipated that an appropriately sized alkali metal cation
would induce the formation of a cofacial 1:1 stoichiometric
intramolecular bis-B15C5 sandwich complex, conformationally
preorganizing the receptor to form a bidentate ChB donor cleft
for halide anion recognition. Importantly, the conjugated

nature of the receptor design serves to relay the through-bond
inductive electronic influences of (i) electronic-withdrawing
variation of the tellurium-triazole-appended aryl substituents
and (ii) alkali metal cation bis-B15C5 complexation, activating
the efficacy of σ-hole ChB donor atom potency for anion and
ion-pair recognition (Figure 2).
The ChB heteroditopic receptors were synthesized accord-

ing to a copper(I)-catalyzed alkyne-azide cycloaddition
CuAAC methodology (Scheme 1). The requisite B15C5-
appended, tellurium-functionalized alkyne precursors were
prepared according to Scheme 1. A nucleophilic substitution
reaction between freshly generated NaTeH and iodo-arene 1
followed by an aerial oxidation procedure afforded the
requisite ditelluride 2 in 23% yield after column chromatog-
raphy. The synthesis of the bis-telluoro-B15C5 alkyne was
achieved by careful treatment of ditelluride 2 with a 1 M Br2
CH2Cl2 solution, forming the corresponding organotellurium
bromide, which was reacted immediately with a THF
suspension of bis-silver-acetylide 3. The generated bis-alkyne
4 target was used in a subsequent CuAAC reaction with 2
equiv of the appropriate aryl azide in the presence of catalytic
TBTA in anhydrous dichloromethane. Subsequent aqueous
workup procedures of the reaction mixtures and purification of
the crude materials by column chromatography gave the novel
heteroditopic receptors 1·ChBPFP and 1·ChBPh in 72 and 68%
yields, respectively, characterized by 1H, 13C, and 125Te NMR
and high-resolution electrospray ionization mass spectrometry
(ESI-MS).

Anion and Ion-Pair Recognition Studies. Initially, the
potassium cation recognition properties of 1·ChBPFP were
investigated via 1H NMR titration studies conducted by adding
increasing equivalents of K+ as the highly organic solvent-
soluble tetrakis 3,5-bis(trifluoromethyl)phenyl borate (BAr4F−)
salt to a 1:1 CD3CN/CDCl3 (v/v) solution of the receptor
(Figure 3a,b). The addition of the potassium cation induced
significant perturbations and broadening of the resonances
associated with the crown ether methylene and aromatic
regions. Indeed, the broadening of receptor proton signals c−h
was so pronounced as to result in their disappearance until 1
equiv of KBAr4F had been administered, after which no further
changes were observed, suggesting the formation of a highly
stable 1:1 stoichiometric host/guest complex (Ka > 105 M−1).
Inspection of the 1H NMR spectrum revealed several key
features concerning the nature of the potassium complex,
specifically the dramatic ca. 1 and 0.5 ppm upfield shifts of
CH2 signals f and h of the polyether chain, indicating strong
shielding effects from a proximal aromatic ring current,

Figure 1. Target chalcogen-bonding heteroditopic receptors, 1·
ChBPFP and 1·ChBPh.

Figure 2. Cartoon representation of the orbital and electrostatic effects of alkali metal cation crown ether complexation.
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supporting the formation of an intramolecular cofacial K+ bis-
B15C5 sandwich complex (see the Supporting Information for
further details).74−76 Importantly, KBAr4F titration experi-
ments with 1·ChBPh elicited similar spectroscopic changes,
indicating the formation of an analogous K+ bis-B15C5
sandwich complex.
The ion-pair receptor capabilities of 1·ChBPFP and 1·ChBPh

were investigated by 1H NMR anion titration experiments
conducted in the presence of equimolar KPF6 (Figure 3c). A

variety of anions, added as their tetrabutylammonium salts,
induced progressive downfield shifts of internal aromatic signal
b. Importantly, it was observed that the diagnostic features of
the 1H NMR spectrum associated with the K+B15C5 sandwich
complex, persisted upon anion addition, indicating concom-
itant ion-pair binding. Bindfit analysis77 of the anion-induced
chemical shift perturbations (Figure 4) determined 1:1
stoichiometric host/guest association constants for the range
of halide and oxoanions investigated (Table 1). Notably, anion

Scheme 1. Synthesis of B15C5 Ditelluride and CuAAC-Mediated Synthesis of 1·ChBPFP and 1·ChBPh

Figure 3. (a) Potassium chloride 1·ChBPFP binding equilibria. 1H NMR titration experiments of (b) KBAr4F and 1·ChBPFP (c) TBACl and 1·
ChBPFP in the presence of 1 equiv of KPF6 (CD3CN/CDCl3 1:1 (v/v), 500 MHz, 298 K).
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titration experiments conducted in the absence of a K+ source
elicited no chemical shift perturbations, indicating that a
cobound potassium cation is crucial for switching on the anion
recognition capabilities of both receptors. For 1·ChBPFP,
inspection of Table 1 reveals strong halide and acetate binding,
in particular chloride that is bound with an association
constant (Ka) of 1198 M−1. The observed chloride selectivity,
over anions such as acetate, is particularly impressive
considering that affinity trends in simple acyclic hydrogen
bond donor anion receptor systems are typically dictated by
intrinsic anion basicity. In comparison to 1·ChBPFP, the halide
association constant values for 1·ChBPh are considerably
diminished, by nearly an order of magnitude. Saliently, these
results indicate that the major determinant in thermodynamic
stability of the ion-pair complex is the formation of potent
ChB−anion interactions and not a consequence of nonspecific
electrostatic interactions between the cationic K+ receptor
complex and the anion guest species.
Attention was subsequently directed toward investigating

the role of the nature of the alkali metal cation in the formation
of the bis-B15C5 sandwich complex and its effects on the MX
ion-pair recognition properties of the receptor. Inspection of

the 1H NMR spectra of 1·ChBPFP with equimolar potassium,
rubidium, or cesium perchlorate in 1:1 CD3CN/CDCl3 (v/v)
evidenced similar diagnostic chemical shift changes of the
crown ether methylene region associated with the formation of
the K+ complex, indicating both the larger Rb+ and Cs+ cations
form the 1:1 stoichiometric intramolecular sandwich complex.
Analogous complexation experiments conducted with the
sequential addition of 1 and 2 equiv of LiClO4 or NaClO4
indicated very minor resonance perturbations (<0.05 ppm),
suggesting that smaller Li+ and Na+ are each bound by a single
B15C5 forming 1:2 host/M+ stoichiometric complexes that
were subsequently confirmed by qualitative 1H NMR cation
titration experiments (see Figure S17).
When complexed with 1 equiv of Rb+ or Cs+, the addition of

increasing chloride equivalents induced similar significant
downfield perturbations of the 1·ChBPFP receptor’s internal
aromatic signal b. In contrast, in the presence of 1 equiv of
lithium or sodium perchlorate, no downfield shift of aromatic
signal b was observed upon the addition of chloride.
Furthermore, minor crown-ether-based perturbations ob-
served, interpreted as a result of Li+ or Na+ complexation,
were lost upon addition of 1 equiv of chloride, indicating salt-
recombination precipitation by direct electrostatic interactions
between the chloride anion and either the lithium or sodium
cation. Bindfit analysis of the resultant binding isotherms
revealed that the chloride affinity increases with decreasing
group 1 metal cation radius, K+ > Rb+ > Cs+ (Table 2).

Single-Crystal Diffraction Studies of Ion-Pair Com-
plexes. Further insight into the ion-pair binding behavior of 1·
ChBPFP was provided by solid-state characterization of the ion-
pair receptor complexes. Crystals suitable for X-ray structure
determination of the KCl, KBr, KI, RbI, and CsI complexes
were obtained. Concordant with 1H NMR titration studies,
potassium, rubidium, and cesium cations are complexed via a
cofacial B15C5 sandwich complex, and the halide counter-
anions exhibit bifurcated chalcogen bond formation (Figure 5).
Inspection of the summarized tellurium−halide interaction
distances in Table 3 revealed short contacts, considerably
shorter than the sum of their van der Waals radii.

Alkali Metal Chloride Solid−Liquid and Liquid−
Liquid Ion-Pair Extraction Studies. Encouraged by the
KCl ion-pair selectivity of 1·ChBPFP as evidenced by the
quantitative 1H NMR binding studies, attention was directed
toward investigating the receptor 1·ChBPFP as an extraction
agent for KCl under solid−liquid extraction (SLE) and liquid−
liquid extraction (LLE) conditions. In a typical SLE experi-
ment, a CDCl3 solution of 1·ChBPFP (colorless) was layered
over a microcrystalline sample of KCl (Figure 6a) and stirred
for 10 min. The 1H NMR spectrum of the resultant yellow
post-extraction solution revealed new sets of resonances in

Figure 4. Anion-binding isotherms for 1·ChBPFP in the presence of 1
equiv of KPF6 (CD3CN/CDCl3 1:1 (v/v), 500 MHz, 298 K).

Table 1. Anion Association Constants for 1·ChBPFP and 1·
ChBPh from 1H NMR Titration Experiments (1:1 CD3CN/
CDCl3 (v/v), 500 MHz, 298 K)

Anion association constant (Ka, M‑1) in the
presence of equimolar KPF6

a

Anionb 1·ChBPFP 1·ChBPh

Cl− 1198 128
Br− 1080 190
I− 709 93
AcO− 1020 d

NO3
− 276 d

NO2
− 458 d

OCN− 486 d

ClO4
− c d

aDetermined from Bindfit analysis, monitoring signal b, error < 5%.
bAnions added as their tetrabutylammonium salts. cNo binding. dNot
performed.

Table 2. Chloride Association Constants for 1·ChBPFP from
1H NMR Titration (1:1 CD3CN/CDCl3 (v/v), 500 MHz,
298 K)

Chloride association constant (Ka, M‑1) of 1·ChBPFP in the presence of
equimolar MClO4

a

Li+ Na+ K+ Rb+ Cs+

b b 1100 742 605
aDetermined from Bindfit analysis, monitoring signal b, error < 10%.
b1H NMR evidence demonstrates quantitative cation decomplexation
and salt recombination.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c05333
J. Am. Chem. Soc. 2022, 144, 14778−14789

14781

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05333/suppl_file/ja2c05333_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05333?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


addition to those corresponding to the free receptor (Figure
6b). Control experiments revealed that the complexation of
KCl is slow on the NMR time scale and the new signals
correspond to those of the 1·ChBPFP·KCl complex (see
Supporting Information p36 for further details). Notably, the
internal aromatic signal, proximal to the ChB donor cleft, of
the potassium chloride complex, bKCl, exhibits a dramatic 0.6
ppm downfield shift relative to the same proton, b, of the free
receptor. Integration of these respective signals enabled the
calculation of the KCl loading percentage, from which it was
determined that 47% of 1·ChBPFP was complexed with
potassium chloride. Despite its low abundance, 125Te nuclei
are highly sensitive to solution-phase noncovalent interaction
formation and provided a further opportunity to investigate
their ion-pair binding behavior. A comparison of the pre- and
post-extraction 125Te NMR spectra (Figure 6c), similarly to 1H
NMR, revealed the appearance of a new tellurium signal, a 45
ppm upfield shift relative to free 1·ChBPFP. The observed color
change upon KCl extraction also prompted UV−vis studies of
the extraction process (Figure 6d), in which it was
demonstrated that the naked eye response relies on
concomitant K+ and Cl− binding, while no measurable
response is exhibited in the sole presence of either a potassium
cation or chloride anion source with a noncoordinating
counterion. Analogous SLE experiments conducted with
other group 1 metal chlorides (MCl, M = Li, Na, Rb, Cs)
exhibited a starkly different result. Most notably, in comparison
to other group 1 metal chlorides, 1·ChBPFP exhibits remarkable
selectivity for KCl, demonstrating either no extraction as in the
case of lithium, sodium, and cesium or only 10% receptor
loading for rubidium (Figure 6e). Importantly, a comparison of

the extraction performance versus the lattice enthalpy (ΔHL)
reveals that despite a reduced energetic penalty of lattice
dissolution for RbCl relative to KCl, potassium chloride is
extracted over four times more efficiently than its rubidium
congener.
The LLE experiments, in which a CDCl3 solution of 1·

ChBPFP was exposed to a potassium chloride D2O solution,
exhibited similar changes in the post-extraction 1H NMR
spectrum, enabling relative LLE extraction percentages to be
calculated by a similar method to 1H NMR signal integration.
The percentage of KCl salt complexed receptor was
determined to be 32, 43, 64, 69, and 71% when exposed to
1, 2, 3, 4 M, and saturated aqueous KCl solutions, respectively
(Figure 7a). As anticipated, the percentage of LLE extraction
increases with increasing KCl source phase concentration.
Impressively, under these LLE conditions, KCl selectivity is
even more pronounced than in the SLE experiment and is the
only group 1 metal chloride to be extracted (Figure 7b). To
further confirm the role of ChB−anion interactions in the SLE
and LLE processes, analogous alkali metal chloride salt
extraction experiments were conducted with 1·ChBPh.
Crucially, an inspection of the SLE or LLE post-extraction
1H NMR spectra for 1·ChBPh demonstrates that this receptor
is incapable of any measurable group 1 chloride salt extraction,
highlighting the requirement for the electron-withdrawing
perfluorophenyl substituent and K+ sandwich complex
formation to facilitate ChB-mediated chloride anion recog-
nition in the overall KCl selective extraction capability of 1·
ChBPFP.
Motivated by the excellent KCl selectivity exhibited by 1·

ChBPFP, preliminary liquid membrane U-tube transport
experiments were performed. Specifically, a 4 M KCl aqueous
source phase and a deionized water receiving phase were
separated by a stirred 8 mM solution of 1·ChBPFP in CHCl3
(Figure 8a). Monitoring the receiving phase chloride
concentration via an ion-selective electrode (Figure 8b)
revealed a steady increase over the course of 35 h, after
which the chloride concentration was determined to be ca. 0.7
M, and co-transport of potassium was confirmed by flame test
analysis of the receiving phase. Crucially, the co-dependence of
K+ and Cl− transport was demonstrated by a NaCl source
phase, in which no perturbation in the receiver-phase chloride
concentration was observed.

Figure 5. Solid-state structures of 1·ChBPFP complexed with (a) KCl, (b) KBr, (c) KI, (d) RbI, and (e) CsI (solvent molecules and hydrogen
atoms are omitted for clarity). Grey = carbon, blue = nitrogen, red = oxygen, light green = fluorine, orange = tellurium, cyan = potassium, brown =
rubidium, yellow = cesium, green = chlorine, dark red = bromine, purple = iodine.

Table 3. Selected Interaction Distances Obtained from
Crystal Structure Determination of 1·ChBPFP Ion-Pair
Complexes

Ion-pair
Interatomic distances
(Te···X− (Å))a

Contraction of
van der Waals radii (%)

KCl 3.099(15), 3.520(15) 81, 92
KBr 3.245(7), 3.579(7) 83, 92
KI 3.460(8), 3.889(8) 86, 96
RbI 3.467(6), 3.871(5) 86, 96
CsI 3.478(6), 3.904(6) 86, 97

aCalculated uncertainties are in parentheses.
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DFT Computational Studies. Having demonstrated the
unique ion-pair recognition properties of 1·ChBPFP, DFT
calculations were performed at the M06-2X/Def2-TZVP-
(CPCM) theory level to understand how the electronic and
anion binding properties of the ChB receptors are influenced
by alkali cation complexation. This extensive theoretical study

was performed in the gas phase, chloroform, and acetonitrile,
given that the experimental anion recognition studies were
performed in a 50/50 v/v mixture of these solvents. The
remaining computational details are given in the Supporting
Information.

Figure 6. (a) Ion-pair binding equilibrium for 1·ChBPFP. Pre and post-SLE: (b) 1H NMR spectra (CDCl3, 500 MHz, 298 K), (c) 125Te NMR
spectra (CDCl3, 126 MHz, 298 K), (d) UV−vis spectra (10−4 M, CDCl3); inset: picture of pre- and post-extraction solutions. (e) Plot showing
receptor loading (%) (red) versus MCl lattice energy.

Figure 7. (a) Stacked post-LLE 1H NMR spectra of 1·ChBPFP with varying KCl source phase concentrations. (b) Plot showing salt extraction
performance for various KCl source phase concentrations (red) and group 1 metal chlorides (blue) under LLE with 4 M MCl aqueous phases;
inset: picture of pre- and post-extraction solutions.
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The structures of K+, Rb+, and Cs+ bis-B15C5 sandwich
complexed 1·ChBPFP receptors were optimized in the gas
phase and are illustrated in Figure 9a with the [K+ + 1·ChBPFP]
complex. The distances between the alkali metal cations and
crown-ether oxygen atoms are listed in Table S14. Overall, the
distances to the aryl oxygen atoms are typically longer than
those to the aliphatic ones and naturally increase with the size
of the encapsulated cation. Furthermore, in agreement with
natural bond orbital (NBO) analysis, the M···O bonds result
from the interaction of the electron lone pairs of the oxygen
atoms with the alkali metal's lone vacant orbitals (nO → LVM).

These ten bonding contacts lead to the second-order
perturbation theory stabilization energies (E2) also given in
Table S14, which amount to 36.1, 35.1, and 26.7 kcal mol−1,
reflecting the average M···O distances of the respective K+,
Rb+, and Cs+ complexes. The complexation of each alkali
cation is accompanied by charge transfer from the oxygen
atoms to the sandwiched metal center, as indicated by the
natural population analysis (NPA) charges of K+ (0.859 e),
Rb+ (0.869 e), and Cs+ (0.884 e). Concomitantly, a charge
redistribution within the entire alkali sandwich 1·ChBPFP

receptor occurs, with the NPA charges centered on the

Figure 8. (a) Cartoon representation of the U-tube experiment and (b) calculated changes in chloride receiving phase concentration in the U-tube
experiment as determined by potential measurements.

Figure 9. Electronic features of the computed structure of the [K+ + 1·ChBPFP] cationic receptor: (a) gas-phase DFT optimized structure (H atoms
were hidden for clarity) and (b) electron density difference map for the [K+ + 1·ChBPFP] complex (Δρ = ρ[K+ + 1·ChBPFP] − ρ[1·ChBPFP] −
ρ[K+]). Blue indicates an increase of electron density (+0.002 ea0−3 contour), and purple indicates a loss of electron density (−0.002 ea0−3

contour). Distribution of the electrostatic potential mapped on the 0.001 ea0−3 isodensity surface (VS) of (c) free [1·ChBPFP] and of (d)VS of free
[K+ + 1·ChBPFP]. The highest point of VS in front of each ChB-binding unit (i.e., the approximate location of its σ-hole) is marked with a black dot.
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tellurium anion binding sites increasing on average from ca.
0.57 to 0.60 e upon cation binding, as detailed in Table S15. In
other words, the alkali metal cation polarizes the receptor’s
electron density. This electron density variance is also observed
in the crown-ether aryl rings, including the carbon atoms
connected to the Te centers, as illustrated in Figure 9b for the
[K+ + 1·ChBPFP] cationic complex, where the electron density
difference between the complex and free 1·ChBPFP, in the
complex conformation, is plotted.
By design, the highest points of the electrostatic potential on

the electron density surface (VS,max) of the neutral 1·ChBPFP

receptor are in front of its ChB-binding units, inherently
activated by the perfluorinated aryl electron-withdrawing
groups, as assessed on the receptor’s cation organized
conformation, with VS,max values of ca. 32 kcal mol−1, while
the lowest value of VS (VS,min) is located between the crown-
ethers, consistent with cation complexation. The VS of free 1·
ChBPFP is illustrated in Figure 9c, together with the VS of the
[K+ + 1·ChBPFP] sandwich complex (Figure 9d). Overall, the
encapsulation of either alkali cation leads to an increase in the
value of VS, with the VS,max still located in front of the ChB-
binding units in the K+ and Rb+ complexes, having values of ca.
80 kcal mol−1. In the Cs+ complex, the imperfect fitting of the
bis-crown moiety and the larger cation leads to a VS,max point of
89.8 kcal mol−1 near the partially exposed cation, followed by
two VS points in front of the ChB-binding units, with slightly
lower average values of 88.2 kcal mol−1.
The crystal structures of the ion-pair complexes of 1·

ChBPFP, apart from the CsI complex, (vide supra) present
chloroform solvent molecules establishing C−H···X− short
bonding contacts (HB) with the halides, putatively affecting
the ChB dimensions. This fact inspired us to start a theoretical
investigation on the 1·ChBPFP complexes of the KCl, KBr, KI,
RbI, and CsI ion pairs with geometry optimizations in

chloroform. The distances and angles for HB and ChB
interactions are gathered in Table S16. All computed structures
display two almost linear ChB interactions with markedly
different Te···X− distances, as found in the corresponding
crystal structures. As illustrated in Figure 10a for chloride
chalcogen bonded by [K+ + 1·ChBPFP] and in Figure S57 for
the remaining halide ion-pair complexes, the longer interaction
results from the existence of a single ancillary Car−H···X− bond
that pushes the anion away from this chalcogen binding unit,
weakening the adjacent ChB bond. The computed ChB
dimensions naturally increase with the size of the guest halide
and compare well with those observed in the solid state (Table
S17). On the other hand, as observed in the crystal structures
of 1·ChBPFP with KI, RbI, and CsI, the dimensions of the ChB
and HB interactions appear to be independent of the
sandwiched alkali cation, which should be expected as the
anion and cation are separated by a long distance (at least 7 Å,
Table S17). Within the cation sandwich moiety of the 1·
ChBPFP receptors, the distances to the aromatic oxygens are
longer than those to the aliphatic ones. Furthermore, as
observed in the gas-phase optimized structures of the cationic
sandwich complexes of 1·ChBPFP, the M···O distances increase
following the cation size (K+ < Rb+ < Cs+), with the
crystallographic and computed values being similar (Table
S17).
To rationalize the experimental binding data gathered in

Table 1, our DFT calculations continued with geometry
optimizations of [K+ + 1·ChBPFP] halide complexes in
acetonitrile, being also extended to oxoanion ion pairs in
both solvents. In the absence of the crystal structures of 1·
ChBPFP with these anion guests, their initial binding arrange-
ments were conceived by positioning an oxygen atom (and
nitrogen atom in OCN−) in front of each Ctrz−Te bond (Ctrz is
the triazole’s carbon atom), regardless of the anion shape,

Figure 10. M06-2X/Def2-TZVP optimized structures of 1·ChBPFP complexes with (a) KCl, (b) KOAc, (c) KOCN, and (d) KClO4 ion pairs in
chloroform. The ChB interactions are drawn with light blue dashes. The computed HB interaction in the KCl ion-pair complex is drawn with red
dashes and is highlighted as an inset of (a). Apart from the donor CAr−H proton, all hydrogen atoms are hidden for clarity. Grey = carbon, blue =
nitrogen, red = oxygen, light green = fluorine, orange = tellurium, cyan = potassium, green = chlorine, white = hydrogen.
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establishing two putative chalcogen bonds. These interactions
are maintained in the optimized structures, as illustrated in
Figure 10b−d for the complexes of 1·ChBPFP with KAcO,
KOCN, and KClO4 and in Figure S57 for the KNO3 and
KNO2 complexes. The ChB and HB dimensions together with
the alkali···O distances are given in Table S18 for both
solvents. In contrast with the halide complexes of [K+ + 1·
ChBPFP], the oxoanions are recognized by two ChB
interactions with comparable distances, ranging from 2.644
or 2.678 Å for basic AcO− to 2.943 or 3.015 Å for the less basic
tetrahedral ClO4

−, in chloroform or acetonitrile implicit
solvents. HB interactions between 1·ChBPFP and the
oxoanions are also discernible but of smaller importance in
the overall anion recognition process, as discussed in the
Supporting Information. The binding free energies between
[K+ + 1·ChBPFP] and the chalcogen bonded anions were
calculated for both solvents, as thoroughly reported in the
Supporting Information. The inclusion of an additional
diffusion function in the anions’ and Te centers’ basis sets
(Def2-TZVP(D)), to describe the σ-hole-based interactions
more accurately, was also investigated.78 The binding free
energies are listed in Tables S19 (halides) and S20
(oxoanions) together with their enthalpic (ΔH) and entropic
(TΔS) energy terms estimated at 298.15 K, as well as the
standard-state-corrected binding free energies (ΔGSS). Where-
as a comparison between basis sets shows that the dimensions
of the ChB interactions are negligibly affected (see Tables S16
and S18), better fittings between the association constants and
the ΔGSS values computed with the augmented basis set were
observed (Figure S58), leading us to focus on the subsequent
discussion on the Def2-TZVP(D)’s results. The energy penalty
inherent to anion recognition appears to be independent of the
solvent, depending only on the anion type with the [K+ + 1·
ChBPFP] complexes with oxoanions having higher −TΔS
values. On the other hand, the recognition of each anion in
chloroform is more exothermic than that in acetonitrile due to
the weaker interactions between the cationic sandwich
complexes and the anionic guests in a more polar solvent, as
suggested by the slightly longer ChB and HB distances. In
agreement, when the ΔGSS and ΔH values are grouped by
halide and oxoanion series, they follow linear relationships
(Figure S59).
The computed binding free energies for the halide series,

following the sequence Cl− > Br− > I−, mirror the experimental
binding affinity order (Table 1), in agreement with the gas-
phase VS,min values estimated for halides (Cl− (−140.2) < Br−
(−132.3) < I− (−123.1), in kcal mol−1). The ΔGSS values
computed for the oxoanions also correlate with the
experimental binding trend (AcO− > OCN− > NO2

− >
NO3

−), regardless of the anion geometry and gas-phase VS,min
(AcO− (−154.9) < NO2

− (−150.4) < OCN− (−140.7) ≈
NO3

− (−140.3), in kcal mol−1). The estimated binding affinity
of [K+ + 1·ChBPFP] toward ClO4

− (VS,min = −124.4 kcal
mol−1) is low in chloroform and almost nonexistent in
acetonitrile (Table S20), being in line with the experimental
absence of binding in the solvent mixture (Table 1). Moreover,
when compared with Cl−, the interaction of [K+ + 1·ChBPFP]
with ClO4

− is disfavored in both solvents (ca. 7 kcal mol−1 in
chloroform and ca. 5 kcal mol−1 in acetonitrile), rationalizing
its binding selectivity for the halide in the presence of this
oxoanion (Table 2). The strength of ChB interactions was
further ascertained by computing the E2 interaction energies
between the anions’ lone pairs and the antibonding orbitals of

the Ctrz−Te and ancillary CAr−H binding units. Noteworthy,
as discussed in the Supporting Information, for each solvent,
the E2 values for the ChB interactions linearly correlate with
the computed ΔH binding values when the OCN− complex is
excluded from the data enclosing halide and oxoanion
complexes. Overall, the selectivity of [K+ + 1·ChBPFP] for
the anions is mainly dictated by the directional ChB
interactions.

■ CONCLUSIONS
Heteroditopic receptors exhibiting pronounced selectivity for
potassium over sodium salts are rare, and those selective for
KCl are unknown. Herein, a novel ChB heteroditopic receptor
is developed and demonstrated to be capable of selective KCl
recognition over all other alkali metal chlorides. Importantly,
the origin of this selectivity behavior hinges upon intra-
molecular bis-benzo-15-crown-5 ether metal cation sandwich
complex-induced electronic polarization of conjugated prox-
imal Te centers switching on electrophilic ChB donor potency.
Significantly, the extent of this polarization is strongly
dependent on the charge density of the bound alkali metal
cation, thereby generating a powerful ion-pair cooperativity
mechanism. This unique cooperativity mechanism underpins
the ability of 1·ChBPFP to perform selective extraction of KCl
under solid−liquid and liquid−liquid extraction conditions.
Furthermore, preliminary liquid membrane U-tube transport
experiments reveal the ChB heteroditopic receptor’s ability to
exhibit selective KCl transmembrane transport over NaCl,
which demonstrates remarkable promise as a novel treatment
strategy for channelopathy-related conditions and cancer cell
proliferation. These results, corroborated by computational
DFT methods, serve to highlight that judicious control of the
stereoelectronic factors that govern ChB-mediated recognition
is a powerful strategy in engineering potency and selectivity in
σ-hole-based anion recognition.
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(68) Kim, S. K.; Vargas-Zuñ́iga, G. I.; Hay, B. P.; Young, N. J.;
Delmau, L. H.; Masselin, C.; Lee, C.-H.; Kim, J. S.; Lynch, V. M.;
Moyer, B. A.; Sessler, J. L. Controlling Cesium Cation Recognition via

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c05333
J. Am. Chem. Soc. 2022, 144, 14778−14789

14788

https://doi.org/10.1002/chem.202101102
https://doi.org/10.1002/anie.201907625
https://doi.org/10.1002/anie.201907625
https://doi.org/10.1038/nchem.2111
https://doi.org/10.1038/nchem.2111
https://doi.org/10.1039/C9CC00335E
https://doi.org/10.1039/C9CC00335E
https://doi.org/10.1039/C9CC00335E
https://doi.org/10.1021/jacs.9b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201604327
https://doi.org/10.1002/anie.201604327
https://doi.org/10.1021/cr500674c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500674c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CC00727B
https://doi.org/10.1039/C7CC00727B
https://doi.org/10.1002/anie.202107748
https://doi.org/10.1002/anie.202107748
https://doi.org/10.1002/anie.202107748
https://doi.org/10.1039/D1CC05037K
https://doi.org/10.1039/D1CC05037K
https://doi.org/10.1039/D1CC05037K
https://doi.org/10.1039/D1DT02414K
https://doi.org/10.1039/D1DT02414K
https://doi.org/10.1039/D1DT02414K
https://doi.org/10.1002/anie.202108591
https://doi.org/10.1002/anie.202108591
https://doi.org/10.1002/anie.202108591
https://doi.org/10.1021/jacs.2c02924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202100579
https://doi.org/10.1002/chem.202100579
https://doi.org/10.1039/D1CC01287H
https://doi.org/10.1039/D1CC01287H
https://doi.org/10.1039/D1CC01287H
https://doi.org/10.1002/anie.202001125
https://doi.org/10.1002/anie.202001125
https://doi.org/10.1039/c4cc02557a
https://doi.org/10.1039/c4cc02557a
https://doi.org/10.1002/ejoc.201201590
https://doi.org/10.1002/ejoc.201201590
https://doi.org/10.1002/ejoc.201201590
https://doi.org/10.1021/acs.joc.8b03197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b03197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201712931
https://doi.org/10.1039/C7DT02832F
https://doi.org/10.1039/C7DT02832F
https://doi.org/10.1039/C7DT02832F
https://doi.org/10.1039/D1QO00247C
https://doi.org/10.1039/D1QO00247C
https://doi.org/10.1021/ja301900s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja301900s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0nj00160k
https://doi.org/10.1039/D0CC03902K
https://doi.org/10.1039/D0CC03902K
https://doi.org/10.1021/ja310673p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja310673p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja310673p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8DT01727A
https://doi.org/10.1039/C8DT01727A
https://doi.org/10.1002/ejoc.201300639
https://doi.org/10.1002/ejoc.201300639
https://doi.org/10.1002/ejoc.201300639
https://doi.org/10.1002/anie.201302524
https://doi.org/10.1002/anie.201302524
https://doi.org/10.1002/anie.201302524
https://doi.org/10.1002/chem.201001193
https://doi.org/10.1002/chem.201001193
https://doi.org/10.1039/c2nj40751e
https://doi.org/10.1039/c2nj40751e
https://doi.org/10.1039/c2nj40751e
https://doi.org/10.1021/ja503383e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja503383e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja503383e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b02449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b02449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cplu.202000484
https://doi.org/10.1002/cplu.202000484
https://doi.org/10.1002/cplu.202000484
https://doi.org/10.1002/chem.202102952
https://doi.org/10.1002/chem.202102952
https://doi.org/10.1002/chem.202102952
https://doi.org/10.1002/anie.201805127
https://doi.org/10.1002/anie.201805127
https://doi.org/10.1021/acs.inorgchem.8b02163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b02163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201602362
https://doi.org/10.1002/chem.201602362
https://doi.org/10.1002/chem.201602362
https://doi.org/10.1021/ja209706x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Cation Metathesis within an Ion Pair Receptor. J. Am. Chem. Soc.
2012, 134, 1782−1792.
(69) Yang, J. H.; Lynch, V. M.; Sessler, J. L.; Kim, S. K. Cesium
halide ion pair recognition by a pyrrole strapped Calix[4]pyrrole.
Supramol. Chem. 2019, 31, 203−210.
(70) Breuer, E.-K.; Fukushiro-Lopes, D.; Dalheim, A.; Burnette, M.;
Zartman, J.; Kaja, S.; Wells, C.; Campo, L.; Curtis, K. J.; Romero-
Moreno, R.; Littlepage, L. E.; Niebur, G. L.; Hoskins, K.; Nishimura,
M. I.; Gentile, S. Potassium channel activity controls breast cancer
metastasis by affecting β-catenin signaling. Cell Death Dis. 2019, 10,
No. 180.
(71) Huang, X.; Jan, L. Y. Targeting potassium channels in cancer. J.
Cell Biol. 2014, 206, 151−162.
(72) Banderali, U.; Leanza, L.; Eskandari S, N. Gentile, Targets of
Cancer Diagnosis and Treatment: Ion Transport in Tumor Biology,
Stock, C.; Pardo, L. A., Eds.; Springer International Publishing: Cham,
2022; pp 135−155.
(73) The chloride anion induced Hb and He downfield proton
perturbations suggest the possibility of a HB-enhanced-ChB
interaction analogous to that observed for XB interactions by
Berryman et al. as detailed; (a) Riel, A. M. S.; Decato, D. A.; Sun,
J.; Massena, C. J.; Jessop, M. J.; Berryman, O. B. The intramolecular
hydrogen bonded−halogen bond: a new strategy for preorganization
and enhanced binding. Chem. Sci. 2018, 9, 5828−5836. (b) Riel, A.
M. S.; Rowe, R. K.; Ho, E. N.; Carlsson, A.-C. C.; Rappé, A. K.;
Berryman, O. B.; Ho, P. S. Hydrogen Bond Enhanced Halogen
Bonds: A Synergistic Interaction in Chemistry and Biochemistry. Acc.
Chem. Res. 2019, 52, 2870−2880. However, in light of the
considerable anion affinity differences between 1·ChBPFP and 1·
ChBPh (Table 1) we believe that this effect is minor relative to the
contribution of chalcogen bonding anion interactions.
(74) Lapkina, L. A.; Sinelshchikova, A. A.; Birin, K. P.; Larchenko, V.
E.; Grigoriev, M. S.; Yu Tsivadze, A.; Gorbunova, Y. G. Cation-
Induced Dimerization of Crown-Substituted Gallium Phthalocyanine
by Complexing with Alkali Metals: The Crucial Role of a Central
Metal. Inorg. Chem. 2021, 60, 1948−1956.
(75) Martynov, A. G.; Polovkova, M. A.; Berezhnoy, G. S.;
Sinelshchikova, A. A.; Dolgushin, F. M.; Birin, K. P.; Kirakosyan, G.
A.; Gorbunova, Y. G.; Tsivadze, A. Y. Inorg. Chem. 2020, 59, 9424−
9433.
(76) Gromov, S. P.; Vedernikov, A. I.; Lobova, N. A.; Kuz’mina, L.
G.; Basok, S. S.; Strelenko, Y. A.; Alfimov, M. V.; Howard, J. A. K.
Controlled self-assembly of bis(crown)stilbenes into unusual bis-
sandwich complexes: structure and stereoselective [2+2] photo-
cycloaddition. New J. Chem. 2011, 35, 724−737.
(77) “BindFit v0.5 | Supramolecular,” can be found under http://
app.supramolecular.org/bindfit/ (Accessed 2021-06-14).
(78) Unfortunately, it was not possible to extend these calculations
to the Rb+ and Cs+ complexes of 1·ChBPFP due to wavefunction
(SCF) convergence problems.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c05333
J. Am. Chem. Soc. 2022, 144, 14778−14789

14789

 Recommended by ACS

A Charge-Neutral Self-Assembled L2Zn2 Helicate as Bench-
Stable Receptor for Anion Recognition at Nanomolar
Concentration
David Van Craen, Julian J. Holstein, et al.
SEPTEMBER 22, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Redox-Switchable Chalcogen Bonding for Anion Recognition
and Sensing
Robert Hein, Paul D. Beer, et al.
MAY 06, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Calix[4]pyrrole-Based Molecular Capsule: Dihydrogen
Phosphate-Promoted 1:2 Fluoride Anion Complexation
Ju Hyun Oh, Sung Kuk Kim, et al.
SEPTEMBER 08, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Anion-Based Self-assembly of Resorcin[4]arenes and
Pyrogallol[4]arenes
Monika Chwastek, Agnieszka Szumna, et al.
MARCH 11, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Get More Suggestions >

https://doi.org/10.1021/ja209706x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10610278.2018.1535711
https://doi.org/10.1080/10610278.2018.1535711
https://doi.org/10.1038/s41419-019-1429-0
https://doi.org/10.1038/s41419-019-1429-0
https://doi.org/10.1083/jcb.201404136
https://doi.org/10.1039/C8SC01973H
https://doi.org/10.1039/C8SC01973H
https://doi.org/10.1039/C8SC01973H
https://doi.org/10.1021/acs.accounts.9b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0nj00780c
https://doi.org/10.1039/c0nj00780c
https://doi.org/10.1039/c0nj00780c
http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c08579?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c02924?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.2c06284?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
http://pubs.acs.org/doi/10.1021/jacs.1c11793?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673259463&referrer_DOI=10.1021%2Fjacs.2c05333
https://preferences.acs.org/ai_alert?follow=1

