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ABSTRACT: The gas-phase affinities of different types of anions
X− (halogen anions, oxoanions, and hydrogenated anions) toward
a model tetralactam-based macrocycle receptor (1), defined in
terms of stability of an anion−receptor complex (1 + X−) against
its disintegration, were evaluated by dissociation studies using a
mass spectrometry-based methodology and supported by theoreti-
cal calculations (density functional theory−PBE0). The gas-phase
complex with Cl− was found to be tailor-made for the macrocycle
1, while 1 + SA− (SA− = salicylate anion) and 1 + HSO4

− were the
weakest ones. Other complexes displayed a relatively low-stability
dispersion (<1.2 kcal·mol−1). The 1/εr approach of the electrostatic contribution scaling method was used to predict the stability
trends in a dimethyl sulfoxide solvent from the gas-phase binding energy partition using the symmetry-adapted perturbation theory.
High deformation energy and differences in solvation energies were suggested to be the main sources of inconsistency in the
predicted and experimental stabilities of 1 + F− and 1 + H2PO4

− complexes.

■ INTRODUCTION

Anions are ubiquitous in our artificial and natural environ-
ments. Their increasing omnipresence resulting from various
industrial, agricultural, and daily life sources is both intended
and harmful to the nature and living beings;1 therefore, the
manipulation of anion concentrations in order to regulate and
remediate their unsustainable environmental and health
exposure is widely applied by taking advantage from the
anion recognition process.
Anion recognition is a process in which an anion selectively

interacts with a receptor molecule according to the
complementarity factors through noncovalent bonding. Thus,
in the center of the anion−receptor interplays are various types
of interactions including the most prevalent and, hence widely
explored hydrogen bonding, electrostatic, σ-, π−hole-driven
bonding, and these less common, utilizing solvophobic effects
or coordinative bond formation with Lewis acidic metals.2 The
contribution of the particular interactions in the total energy of
an anion−host complex determines its stability in different
media. Hence, the widely exploited anion complexation
utilizing hydrogen bonds is very sensitive to the polar and/or
protic media because of the competitive solvation of anions
that weakens the binding strength. The electrostatic forces,
which dominate in the gas phase and nonpolar solvents (εr <
4.7; chloroform), are effectively reduced according to the
inverse dielectric dependence for semipolar solvents (4.7 < εr <
20.5; acetone) to reach a neglected impact on anion−receptor
stability.3

The structures of the receptor and anion and their mutual
binding properties including proton affinity (PA), acid−base
relationship, polarizability, and so forth determine the type of
interactions that prevail in a given complex. Other factors that
govern the selective propensity of an anion toward a receptor
are related to the shape and size complementarity (geometrical
factors). The electron-attractive potential of an anion has a
higher power relationship than 1/r as experienced by a cation
or neutrals. This results in its weakly bound and diffuse valence
electron densities, offering a broad variety of accessible
geometries.
The anion selectivity toward a given receptor requires many

complementarity factors to be fulfilled. Beyond the specificity
and selectivity of anion recognition in solutions, the intrinsic
properties of an anion−receptor complex in the gas phase are
of great importance because many computer-aided designs of
new receptors and guided criteria are introduced in the
solvent-free environment.4 Earlier reported findings provided
an approach to solution-phase anion affinities based on the gas-
phase properties.3 In this study, we evaluate the impact of
anion properties on the gas-phase stability of an anion−
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receptor complex. Although in many anion−receptor attractive
systems, employing the hydrogen bonding interactions as
widely explored in urea-based receptors, the anion selectivity
follows the basicity trends,5−8 any deviation from this trend
may be ascribed to additional factors that are important for a
given molecular system. Thus, the examination of the anion-
type dependence on stability issue should provide the origin of
the noncovalent attraction forces for a selected receptor
system.
To address the abovementioned issues, the affinity of various

anions toward one of the smallest and rigid tetralactam-based
macrocycles 1 (Scheme 1) designed by Jurczak,9 defined in

terms of the stability of an anion−receptor complex against its
disintegration, was studied using a mass spectrometry (MS)-
based methodology supported by theoretical calculations. The
perturbation of the recognition process, while transferring the
system into a polar milieu was further discussed in terms of the
1/εr approach3 and compared with the available data for
anion−receptor binding properties in the dimethyl sulfoxide
(DMSO) solution. The reduced conformational freedom of
both bare and anion-templated macrocycles allowed for a
detailed structural analysis of their conformational space and

facilitated the multiple-factor and stability-governed analysis of
recognition process. Although previous findings performed in
DMSO solvent have found size complementarity as a
dominant factor in the anion affinity properties of 1, the
analysis of the other stability components was not performed
and is studied in detail in this study.

■ RESULTS AND DISCUSSION
In the presence of an anion X− (Scheme 1), tetralactam 1
readily forms an associate, which is detected in the mass
spectrum as a 1:1 complex, denoted as 1 + X−. The
representative mass spectrum recorded for the solution of 1
containing F− is shown in Figure 1. The other type of binding
stoichiometry (2:1) constitutes a negligible contribution in the
population of ions detected in the mass spectra, that is, 0.1−
10% of the main 1:1 complex, depending on the anion type,
analyte concentration, and electrospray ionization (ESI) ion
source conditions. The presence of 2:1 aggregates in the case
of oxoanions, as well as for some halides, implies the
nonspecific aggregations rather than a specific characteristic
solely for the carboxylate anion complexation through its syn−
anti lone pairs, as suggested in previous studies.9

Intrinsic Gas-Phase Stability Studies Based on
Collision-Induced Dissociation. The relative gas-phase
stabilities of 1 + X− complexes were evaluated by comparison
of their dissociation energies using collision-induced dissoci-
ation (CID) experiments performed in a triple quadrupole
mass spectrometer. In this approach, a complex ion is mass-
selected by the first quadrupole (Q1) and undergoes collisions
with N2 collision gas in a collision cell. The internal energy of
the ion increases as the CID energy (CElab) rises until it
undergoes unimolecular dissociation according to Scheme 2.

Scheme 1. Tetralactam-Based Macrocycle 1 and Selected
Anions under Study

Figure 1. Q1 ESI-MS spectrum of a 1:1 mixture of 1 and (nBu)4NF in methanolic solution.

Scheme 2. Dissociation Pathways Depending on the PA
Balance between X− and [1-H]−
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The observed ionic dissociation products depend on the PA
balance between the anion X− and the deprotonated
macrocycle [1-H]− (Scheme 2). Table 1 provides an overview
on the proton affinities of anions X−, deprotonated 1, and the
observed dissociation pathways. In the case of the most basic
anions (PA(X−) > PA([1-H]−) = 337.9 kcal·mol−1), proton
transfer occurs producing a deprotonated macrocycle as the
ionic dissociation product. The existence of the [1-H]− + HX
complexes, in which the intramolecular proton transfer from 1
to the more basic anion may take place, was excluded by
calculations described later in this paper. For the X− less basic
than [1-H]−, the X− dissociation product ion was observed. A
small difference in the proton affinities between X− and 1−

(ΔPA < 7 kcal·mol−1) allowed the endothermic proton
transfer to occur as the competitive dissociation pathway.
The raw dissociation energy of a given complex ion was

determined from the analysis of its dissociation breakdown
curve, representing the relationship between the applied, varied
collision energy and the intensity of the peak corresponding to
1 + X− (Figure 2). The x-intercept of the linear phase (a range
of 20−80% of complex intensity) of the sigmoidal relationship
between the applied collision energy and complex intensity was
defined as the raw dissociation energy of complex (E1+X

−).

The varied abundance of the complex ion 1 + X− under the
increasing collision energy was used in constructing the CID
breakdown curves instead of the total survival yield (ratio of
the abundance of the precursor ion to the sum of abundances
of the precursor and fragment ions). The dissociation of 1 +
X− complexes in a collision cell leads to fragment ions (Table
1) that have lower mass and energy compared to the precursor
ions. Thus, the differences in the transmission of ions having
dissimilar mass and energy may occur,11 resulting in mass
discrimination effects12 and as a consequence of introducing
substantial errors in the estimation of complex stability when
the abundances of fragment ions were taken into account. To
diminish the influence of the inaccurate abundance determi-
nation of fragment ions, solely the abundance of the complex
ion 1 + X− was monitored as a function of collision energy
change (CElab).
All of the examined complexes showed similar dissociation

curves to that shown in Figure 2. The raw dissociation energy
values of 1 + X−, that is, the threshold CE in a laboratory frame
(E1+X

−), were determined according to the procedure described
above directly from energy-resolved dissociation breakdown
curves. This raw energy E1+X

− corresponds to the kinetic energy
gained by ions in the collision cell. As a result of collisions with
neutral gas molecules in the collision cell, part of the kinetic
energy of the ion is transferred into its internal energy. The
maximum amount of kinetic energy available for absorption by
the ion from this collision event in a single collision regime,
according to conservation of energy and momentum in the
collision, is called the center-of-mass energy (Ecm) and is given
by eq 1

E E
m

m mcm 1 X
g

g i
=

++ −

(1)

where E1+X
− is the ion’s laboratory kinetic energy and mg and

mi are the masses of neutral gas and ion, respectively. In eq 1,
the velocity of neutral is ignored because of its small thermal
velocity compared to ion velocity. In general, this assumption
is sufficiently accurate to estimate the upper limit of the energy
transfer in a collision event. For processes taking place at a low
laboratory frame kinetic energy of the ion (low-energy and/or
high-mass ions), Ecm is determined by the temperature of
collision gas.13

In general, the energy deposition and its distribution within
the ion during the collisional activation are considered to affect

Table 1. PA and GPB in kcal·mol−1 of the Anionic Ligands and Deprotonated 1 vs the Observed Dissociation Products of 1 +
X− Complexes

anion (X−) PAa PAb GPBa GPBb dissociation products

F− 370.7 372 ± 1 365.0 365.7 ± 0.2 1−

AcO− 347.1 343.2 ± 0.7 to 348.7 ± 2.2 340.7 341.5 ± 2.0 1−

PhCO2
− 340.0 340.0 ± 2.9 332.3 333.0 ± 2.0 1− and X−

NO2
− 338.1 340.2 ± 0.2 330.7 333.7 ± 0.3 1− and X−

1− 337.9
Cl− 331.1 329.1 to 333.6 ± 2.1 325.7 328.3 ± 2.0 1− and X−

H2PO4
− 327.6 330.5 ± 5.0 320.7 323.0 ± 4.9 X−

SA− 326.9 325.5 ± 2.2 319.5 X−

H2AsO4
− 325.9 319.7 X−

NO3
− 322.1 324.5 ± 0.5 to 329.1 ± 5.8 314.7 317.8 ± 0.2 X−

Br− 321.7 320.6 to 323.4 ± 2.1 316.4 318.2 ± 2.0 X−

HSO4
− 311.0 309.6 ± 5.4 to 316.8 303.4 302.3 ± 5.5 X−

aPAproton affinity and GPBgas-phase basicity calculated in this work (definitions of PA and GPB can be found in the Supporting
Information). bValues from ref 10.

Figure 2. Energy-resolved dissociation breakdown curve of 1 + X− (X
= Cl). The linear section of the sigmoidal CID curve, which lays in the
range of 20−80% of complex intensity, was used to determine the
dissociation energy of 1 + X− (E1+X

−).
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the dissociation process. Because the complex ions were
formed under identical ESI ion source conditions and source
parameters, the initial energy of the complexes should be the
same and therefore its contribution to the internal energy of
complex ions is skipped and only the portion of kinetic energy
of the ion accelerated in the second quadrupole (Q2) is
considered as an input of the ion internal energy.
Ecm is only a basic approximation of the energy available in

the ion and does not take into account the real efficiency of
energy transfer into the internal modes in a collision event. In a
more accurate approximation, the relationship between the
number of collisions and collision cross section (CCS) was
considered. In this simple approach, the stepwise kinetic
energy loss during sequences of collision processes also related
to the CSS of an ion was omitted. The increase of the CCS of
the ion complex results in more energy deposition within an
ion by increasing the number of collisions with a neutral target.
Therefore, in the more accurate approximation, the CCS
values of complex ions were considered using the reduced eq
214 for the internal energy acquired by ions passing through a
collision cell

E E nlint cm σ= · (2)

The energy transfer in the collision events described by eq 2
is thus additionally influenced by the collision gas pressure
(ngas number density), CCS of ions (σ), and the length of
the collisional trajectory (llength of the collision cell).
Equation 2 is valid on the assumption of the total transfer of
the center of mass kinetic energy to the initial energy in a
single collision. The center-of-mass energy conversion into ion
internal energy was suggested to be highly efficient for large
molecules (≈100%),15 whereas for smaller systems, the lower
energy deposition is expected.16 However, taking into account
the structural similarity of the analyzed complexes, the errors
associated with this kinetic to internal energy transfer should
lead to a systematical bias of the dissociation energy; hence,
the minor influence on the affinity trends studied in this work
is expected. The identical collision conditions, that is, the same
pressure and collision cell length, allowed for the center-of-
mass dissociation energies to be only multiplied by the CCSs
of ion complexes to obtain the CCS correction of relative
dissociation energies (Eint). The CCSs of complexes under
study were obtained by cavity surface area approximation.17 In
this approach, the σ value is directly calculated from the
solvent cavity surface area parameter generated by the
conductor polarizable continuum model (for detailed values,
please see Table S1 in the Supporting Information). The
results of these two approaches to the dissociation energies
(Table 2) of the complexes were further compared with the
theoretical values.
Structures of 1 + X− ComplexesA Theoretical

Approach. The model macrocycle 1 has two aromatic
pyridine subunits intertwined symmetrically into the tetralac-
tam cyclic structure. It poses four amide hydrogen atoms
directed into its cavity readily to stabilize an anionic ligand
(X−) in its interior cavity via formation of the N−H···X−

system of hydrogen bonds. The presence of a basic pyridine
moiety may additionally enhance the stability with hydro-
genated anions by acting as a hydrogen bond acceptor.
In contrast to one stable conformation revealed by the X-ray

crystallographic study,9 two distinguished conformers differing
in the symmetry of free macrocycle 1 were found from a
theoretical conformational search (Figure 3). The plane

symmetrical structure with the two parallel C−C linkers of
amide groups in the tetralactam structure and an antiparallel
pyridine subunit arrangement (as is well seen in a side view
projection in Figure 3) is 1.4 kcal·mol−1 more stable than the
C2-symmetric structure with perpendicular C−C bond
positions. The amide NH positions, relevant for the formation
of stabilizing intramolecular hydrogen bonds between pyridine-
N and amide-H as observed in similar systems, in pyridine-2-
carboxamide or pyridine-2,6-dicarboxamide derivatives,18−20

are supposed to be responsible for this difference in conformer
stability.
In 1-parallel, two adjacent to each pyridine unit amide NH

groups remain in its plane, giving rise to the formation of two
hydrogen bonds between pyridine-N and amide-H (N···H
2.260 Å). In contrast to 1-parallel, in the higher energy
conformer, the NH groups adopt a scissor-like conformation,
up and down from the near flat plane of the pyridine moieties.
Thus, the planarity effects must play a stabilizing role here. The
mutual arrangement of pyridine moiety and amide groups
results in position of amide hydrogen atoms in-plane
arrangement for 1-parallel conformation or constrains the
significant distortion of this plane (1-perpendicular, H11−
H14−H5−H9 dihedral = 44°). The 1-parallel conformer is
analogous to the reported crystal structure of 1 (Figure S1a,
Supporting Information).9

The complexation with an anion evokes the conformational
changes in 1 to ensure the effective solvation of the anion.
Such conformational reorganization mainly involves the
changes of dihedral angles of the aliphatic part of 1 to allow
for redirection of amide hydrogen atoms directly toward the
anionic center. As a consequence, the dihedral angle between
the two planes of aromatic moieties, for both parallel and
perpendicular conformers, is lower than that for a near-flat
unbound macrocycle (the representative structures of 1 + Cl−

are shown in Figure 4a). Moreover, in the case of 1-
perpendicular conformer, upon the complexation, the out-of-
plane distortion of amide hydrogens decreases to H11−H14−
H5−H9 dihedral 10−20°, depending on the complex
structure.
The macrocycle 1 seems to be a one-site-binding system,

that is, four amide hydrogen atoms interact with one anion
center by forming four strong, quadfurcated, and nearly
symmetrically equivalent hydrogen bonds (Figure 4a). Even
for carboxylate ions (acetate, benzoate, and salicylate) for
which the two-center binding mode might be expected with
both carboxylate oxygen atoms involved in the formation of

Table 2. Experimental Dissociation Energies of 1 + X−

Given as a Center-of-Mass Energy (Ecm) and Corrected by
Collision Cross Section (Eint)

complex (1 + X−) m/z E1+X− [eV] Ecm [eV] Eint [eV·Å2]

1 + F− 401 16.1 1.05 189.8
1 + AcO− 441 16.1 0.96 182.0
1 + PhCO2

− 503 19.2 1.01 207.1
1 + NO2

− 428 17.8 1.10 204.4
1 + Cl− 417 23.2 1.46 267.3
1 + H2PO4

− 479 19.4 1.07 204.6
1 + SA− 519 15.3 0.78 161.8
1 + H2AsO4

− 523 18.6 0.95 182.9
1 + NO3

− 444 17.0 1.01 189.2
1 + Br− 461 18.7 1.07 197.3
1 + HSO4

− 479 15.5 0.85 161.1

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://dx.doi.org/10.1021/acs.joc.0c00917
J. Org. Chem. 2020, 85, 8990−9000

8993

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c00917/suppl_file/jo0c00917_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c00917/suppl_file/jo0c00917_si_001.pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c00917?ref=pdf


the hydrogen bonding system, similar to that observed for
urea-based receptors,21 or anions rich in oxygen atoms
enabling to a higher binding states, the one-center arrangement
is postulated by theoretical studies. The hydrogen bond

between the available hydrogen atoms of the OH group of
anions and macrocyclic-N as an acceptor additionally stabilizes
the complexes with hydrogen sulfate, dihydrogen phosphate,
and dihydrogen arsenate anions (Figure S2). Additionally, the

Figure 3. Two projections of two conformations of 1: upper projectiona view on a mean plane of macrocyclic ring and lower projection
representing a lateral view.

Figure 4. Theoretical structures of two conformers of (a) 1 + Cl− and (b) 1 + F−complexes shown in two projection modes: uppera lateral view
and lowera more planar view showing the main binding site formed by the hydrogen bonds between the amide-H atoms and X−. The
intramolecular hydrogen bonds between N−H and pyridine-N within 1 are omitted for clarity.
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weak interactions between the C−H donors of the C−C
linkers of amide groups in tetralactam with anions possessing
the second acceptor of the hydrogen bond may additionally
complement the intermolecular interactions.
The anion center is asymmetrically positioned above the

mean plane of the macrocycle in 1 + X−-parallel, while in 1 +
X−-perpendicular, it remains outside the macrocyclic cavity,
arranging on or near the macrocyclic axis of symmetry (Figures
4a and S2). Only for F− (Figure 4b), this tetragonal pyramidal
arrangement around the anionic center is dropped in favor of
placing F− directly in the central position of the macrocyclic
cavity on the near right (the H11−H14−H5−H9 dihedral is
0.14°) or distorted (the H11−H14−H5−H9 dihedral 20.5°)
plane formed by amide hydrogen atoms, for parallel and
perpendicular conformations, respectively.
The theoretically derived structures of 1, 1 + Cl−, 1 + AcO−,

and 1 + F− represented by parallel conformation are very
similar to those obtained earlier from crystallographic data (the
superimposed theoretical and crystal structures9 are shown in
Figure S1b,c). The Gibbs free energy difference between the
parallel and perpendicular conformers of 1 + X− (Table 3) is
very small. The parallel conformation, as the solely populated
in the crystal phase, for majority of the studied complexes is
less stable than that represented by the perpendicular
conformation. The parallel conformer is more stable only for
anions possessing the additional hydrogen bond donor group
able to coordinate to the nitrogen atom of pyridine moiety, as
for hydrogen sulfate, dihydrogen phosphate, dihydrogen
arsenate anions, and acetate anions.
Although the macrocycle 1 and its noncovalent complexes

seem to belong to a relatively rigid system as represented by a
single parallel conformation in the crystal state, the theoretical
structural considerations led to the two distinguished
conformations of the tetralactam scaffold with parallel and
perpendicular positioned C−C bonds. The flexibility of this
molecular system is apparently lower for a bare macrocycle
(the energy barrier between conformers is calculated to be 8.8
kcal·mol−1) than for an anion-bound structure by 4.2 kcal·
mol−1 as calculated for 1 + Cl−.
The origin of the stability difference between the two types

of conformers was examined using one of the theoretical
chemical reactivity descriptors, the chemical hardness (η).22,23

This parameter refers to the resistance of a given molecular
system to change in its electron density distribution and is
defined by density functional theory (DFT) as the second
derivative of electronic energy with respect to the number of

electrons for a constant external potential. By applying the
finite difference approximation and Koopman’s theorem, the
chemical hardness is directly calculated from frontier molecular
orbital energies as half the energy gap between the lowest
unoccupied molecular orbital and the highest occupied
molecular orbital according to eq 3

E E
1
2

( )LUMO HOMOη = −
(3)

The chemical hardness of 1 + X− complexes (Table 3) well
agrees with the relative stability between the two available
conformations, that is, a more stable conformer has a larger
value of η. It is worth to underline here that the stability
described by the hardness descriptor relates to the reactivity of
a molecular system toward the perturbation in electron
distribution at its ground state; hence, this approach is relevant
for the chemical system in which the electronic distribution is
important with respect to the other stability factor−molecular
orbital interactions.

Theoretical versus Experimental Stability of 1 + X−.
The theoretical stabilities of 1 + X− complexes (Table 4) were
calculated for the reaction scheme, according to the
dissociation pathway observed in the gas-phase collision
experiments, based on Scheme 2. The relationship between
experimentally derived stabilities (Ecm) and computed values is
presented in Figure 5. The theoretical stabilities were also
fitted to the experimental Eint; however, a poorer relationship
was obtained (R2 = 0.7). This may be due to the fact that both
Ecm and σ values have no proportional contribution in the ion’s
internal energy (the σ values are 2 orders of magnitude higher
than the Ecm values), and hence, the resulting Eint is very
sensitive to insufficiently accurate calculations of the CCS.
Taking into account the relevant σ factor in eq 2, the use of Eint
may not lead to the expected improvement in the description
of the available internal energy of similarly shaped ions.
The data derived from both calculations and experiments

clearly show that the most stable complex is 1 + Cl−, while 1 +
SA− and 1 + HSO4

− are the weakest ones. Other complexes
display relatively low-stability dispersion (<1.2 kcal·mol−1). To
evaluate the influence of the calculation method on the
theoretical stability values of 1 + X−, the calculations with the
additional two methods, ωB97XD (the latest range separated
functional from Chai and Head-Gordon, enabled capturing
both short- and long-range interactions with empirical
dispersion included)28 and Truhlar’s M06-2X global hybrid
functional,29 were compared in terms of the variation of both

Table 3. Relative Energies of 1 + X− (ΔE0, ΔH298K, and ΔG298K), That Is, the Energy Differences between the Most Stable and
Less Stable Conformations in kcal·mol−1 and Their Calculated Chemical Hardness (η)

1 + X−-parallel 1 + X−-perpendicular

complex (1 + X−) ΔE0 ΔH298 ΔG298 η [eV] ΔE0 ΔH298 ΔG298 η [eV]

1 + F− 0.6 0.6 0.7 2.66 0 0 0 2.67
1 + AcO− 0 0 0 2.33 0.7 0.8 0.6 2.30
1 + PhCO2

− 0 0 0.2 2.41 0 0 0 2.43
1 + NO2

− 0.3 0.3 0.3 2.00 0 0 0 2.02
1 + Cl− 0 0 0 2.45 0 0 0 2.47
1 + H2PO4

− 0 0 0 2.60 0.3 0.4 0.1 2.58
1 + SA− 0.4 0.4 0.5 2.20 0 0 0 2.23
1 + H2AsO4

− 0 0 0 2.62 0.5 0.4 0.7 2.61
1 + NO3

− 0.1 0.1 0.2 2.46 0 0 0 2.48
1 + Br− 0 0 0 2.23 0 0 0 2.24
1 + HSO4

− 0 0 0 2.56 0.9 0.9 1.0 2.54
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geometry and energy aspects. Although the optimization
geometry using the tested methods led to essentially very
similar structures (the root-mean-square deviation of atomic
positions obtained after superposing the structures of 1 + Cl−

complex derived from three computational methods (Figure
S4) was less than 0.0384 Å with a root-mean-square maximum
difference of 0.0517 Å), the dissociation energies calculated
with PBE0, ωB97XD, and M06-2X functionals with the same
basis set (6-311++G**) displayed larger spread (Figure 6).
This discrepancy was more pronounced for the complexes with
halogen anions, especially in the case of fluorides (ΔΔG = 4.4
kcal·mol−1) than for oxoanions (ΔΔG < 2 kcal·mol−1). The
increase of the computation accuracy by a single point energy
recalculation with a higher basis set at M062X/aug-cc-pVTZ
changed the ΔG by less than 0.5 kcal·mol−1 and showed a little
improvement in consistency between the experimental and
theoretical stabilities (R2 = 0.89).
The results described above underlined the importance of

the computational effort put into obtaining reliable results;
nevertheless, this higher precision is required for systems
having very similar stabilities. In our case, the stability shifts
were observed in a narrow region on the stability relationship
curve while keeping clear evidence of the most and least stable
gas-phase associates.
Similar to the results obtained in the DMSO solution (Table

4),9,24 the stability series of 1 + X− do not match the basicity of
anions (Figure S5), although in a similar macrocyclic system,
this type of correlation was observed.8 The previous studies
underlined the importance of the macro ring size comple-
mentarity in anion recognition in such a design receptor 1
family.24 The comparison of the most stable complex in the gas
phase, which is 1 + Cl−, and in DMSO-1 + AcO− puts forward
the consideration of another relevant aspect, associated with
the solvent effects. If the anion’s size matching plays a major
role in anion recognition by 1, similar stability trends would be
expected in the gas phase. This feature, that is, the influence of
the solvent on the stability of this family of macrocyclic anionic
acceptors, was not considered earlier; however, as it is evident
from our studies, it may play a crucial role in determining the
efficiency and specificity of the anion recognition process.
The origin of the gas-phase stability of the examined

complexes has been further explored by the analysis of
physically meaningful components of interaction energy

Table 4. Adiabatic Dissociation Energies (ΔE0 with ZPVE
Included, ΔH298, and ΔG298)

a in kcal·mol−1 of 1 + X−

Computed According to the Experimentally Derived
Dissociation Scheme and the Earlier Reported Association
Constants (Kass) Determined by 1H NMR Titration9,24

Along with the pKa of HX

complex
(1 + X−) ΔE0 ΔH298 ΔG298

Kass [M
−1] in

DMSO
pKa of HX in

H2O (in DMSO)

1 + F− 42 43 34 830 ± 120 3.17 (15)25

1 + AcO− 45 45 31 2640 ± 270 4.75 (12.6)26

1 + PhCO2
−b 44 43 31 202 ± 20 4.20

1 + NO2
−b 46 46 35

1 + Cl−b 48 48 39 65 ± 10 −6.10 (1.8)27

1 + H2PO4
− 47 47 33 1680 ± 110 2.16

1 + SA− 40 40 26
1 + H2AsO4

− 45 45 31
1 + NO3

− 43 43 30
1 + Br− 43 43 34
1 + HSO4

− 40 41 26 <5 −3.00
aCalculated for the adiabatic process but maintaining the con-
formation type (parallel or perpendicular) of the macrocycle. The
ΔG298 calculated for the adiabatic process for dissociation leading to
the most stable macrocyclic conformer exhibits poorer correlation
with the experimental data (Figure S3). bThe given values are for the
lowest dissociation energy pathway (Scheme 2).

Figure 5. Relationship between the experimentally derived stabilities
given as Ecm and the theoretical stabilities calculated as ΔG298 for the
dissociation of 1 + X− (Table 4).

Figure 6. Theoretical dissociation energy (ΔG298) of selected 1 + X− complexes obtained by different DFT methods.
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between the macrocycle and the anion, that is, electrostatic,
induction, dispersion, and exchange terms using the symmetry-
adapted perturbation theorySAPT.30 The simplest trunca-
tion of SAPT, denoted as SAPT0, was used to compute the
total interaction energy and to group individual terms into
relevant energy components (Table 5).
The main source of the interactions within 1 + X− is as

expected electrostatic forces because of the electrostatic
character of a main hydrogen bonding interaction. The
induction constitutes the second binding component, about
half of the electrostatic stabilization. The correlation between
the SAPT total interaction energy and the DFT-calculated
interaction energies for vertical process (−Ev

0, the sign change
of the DFT-computed energy is required because the DFT-
derived energies correspond to the dissociation reaction
Scheme 2), that is, without taking into account the relaxation
of the anion and a macrocycle molecule following complex
disintegration, which more reflects the SAPT-computed
energies, may be seen as a simple check of the utilization of
the SAPT approach to the description of anion−macrocycle
interactions in a gas phase (Figure S6). The subtle differences
of anion affinities toward 1 obtained by SAPT description are
consistent with the DFT-derived results. The total binding
energies correlate well (R2 = 0.98) with the DFT −Ev

0

counterpoise-corrected energies.
1/εr Approach to Stability Trends in DMSO from the

Gas-Phase Properties. Taking advantage of the generated
SAPT energy components, we predicted the stability trends of
the selected complexes in DMSO (ΔGDMSO

pred ) according to the
earlier reported 1/εr approach

3 and compared these predicted
values with the experimentally derived stabilities of 1 + X−

reported in DMSO.9 For this purpose, eq 4 was considered to
obtain stability trends in DMSO from 1/εr-scaled electrostatic
contribution to the gas-phase dissociation energy (ΔG298v).

G G
E
E

G
1

1
(SAPT)
(SAPT)v vDMSO

pred
298

r

elst

Tot
298

i
k
jjjjj

y
{
zzzzzε

Δ = Δ + − × Δ

(4)

The predicted stability values (Figure 7) correlate with the
experimental DMSO binding strength with two exceptions of 1
+ F− and 1 + H2PO4

−. The source of this inconsistency
between experimental and predicted stability orders may be
related to the deformation factors associated with both
macrocycle 1 and anions upon complexation/dissociation,
not included in eq 4.
The 1/εr approach to the solution binding affinities from the

computed gas-phase properties was originally developed for
triazolophane, which belongs to the exceptional case of shape-

persistent receptors upon complexation reaction. Therefore,
the deformation energy was negligible and hence was omitted
in eq 4. In our case, although the conformational diversity of
macrocycle 1 and its complexes is limited and the macrocyclic
receptor within 1 + X− has very similar conformations for all of
the examined anions (Figure S2 in the Supporting
Information), except for the complex with F−, the deformation
factors associated with both macrocycle 1 and anions may have
a significant influence on the prediction of stability trends
based on eq 4. The deformation effects may be quantitatively
described as the energy difference between adiabatic and
vertical dissociation (ΔGdef(total), Table 6).

The very high ΔGdef(total) in the case of 1 + F− complex
indicates the high endothermic receptor conformation
rearrangement upon the dissociation event preceded by proton
transfer, which effectively diminishes the favorable affinity of
F− toward 1. For the remaining complexes, ΔGdef(total)
constitutes variable contribution in ΔG298. Interestingly, the
lowest ΔGdef(total) was obtained for 1 + Cl−, the most stable
complex in the gas phase. This suggests that the deformation
factors have a relevant influence on the intrinsic stability of 1-

Table 5. Components of the SAPT0 Interaction Energy [kcal·mol−1] for the Considered Complexes

1 + X− electrostatics induction dispersion exchange total

1 + F− −77.6 −48.0 −2.3 31.4 −96.4
1 + AcO− −49.8 −29.6 −12.7 22.4 −69.7
1 + PhCO2

− −44.8 −24.8 −14.7 19.1 −65.3
1 + NO2

− −48.6 −29.7 −8.8 22.3 −64.8
1 + Cl− −45.5 −36.6 −9.8 31.3 −60.6
1 + H2PO4

− −48.5 −24.9 −12.8 21.4 −64.7
1 + SA− −40.5 −22.5 −14.5 17.6 −59.9
1 + H2AsO4

− −48.1 −26.0 −13.5 23.6 −64.0
1 + NO3

− −41.6 −21.0 −9.6 15.3 −57.0
1 + Br− −40.1 −37.0 −10.3 34.4 −53.0
1 + HSO4

− −42.7 −20.8 −12.9 19.2 −57.3

Figure 7. Comparison of experimental (DMSO) and predicted
stability trends.

Table 6. Deformation Energies, ΔGdef(Total) Computed as
a Difference between the Vertical and Adiabatic
Dissociation Energy of 1 + X− Complexes, the Contribution
of the Receptor Deformation (ΔGdef(1) in Total
Deformation, and the Overall Impact on Deformation
Energy in Complex Energy in kcal·mol−1

1 + X− ΔGdef(total) ΔGdef(1)/ΔGdef(total) ΔGdef(total)/ΔG298

1 + F− 39 NA 1.2
1 + AcO− 17 NA 0.5
1 + PhCO2

− 11 NA 0.4
1 + Cl− 6 1.0 0.1
1 + H2PO4

− 11 0.6 0.3
1 + HSO4

− 11 0.5 0.4
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X− complexes. As expected for the more complex anion
structures, the additional anion deformation becomes signifi-
cant, as (ΔGdef(1)/ΔGdef(total) drops down for hydrogenated
anion complexes. Another important factor that may account
for the inaccuracy of the 1/εr approach is different solvation
energies of anions. This factor may be dominant in the case of
structurally different anions as for H2PO4

−.
In general, the stability trends derived from the 1/εr

approximation are consistent with the experimental stability
order despite the fact that ΔGdef ≠ 0. This suggests that the
affinities of anions toward 1 may be described by 1/εr,
provided that the deformation energies of the complexes are
similar and under consideration of the structurally similar
anions.

■ CONCLUSIONS
The intrinsic gas-phase affinities of selected anions toward the
model tetralactam-based macrocycle receptor (1), studied in
this work both experimentally and theoretically, significantly
differ from the values earlier reported for the DMSO solvent.
The concept of size complementarity of anions to macrorings
as a main force driving the binding properties, earlier
postulated for this family of receptors seems to be incomplete
in the light of our research. The studies in the gas phase
revealed that the deformation factors upon dissociation govern
the stability issues in this relatively rigid family of receptors;
therefore, the medium reactive anion Cl− has the highest
affinity toward 1.
Our studies gave the first evidence of the usefulness of the

recently proposed 1/εr approach of the electrostatic term
scaling method to predict the stability trends in the DMSO
solvent from the gas-phase binding energy. Although in the
analyzed systems ΔGdef ≠ 0, this method correctly predicted
the stability trends in DMSO of complexes having similar
deformation energy. Any significant increase of deformation
energy leads to the overestimated values of stabilization energy.
The other factor that may lead to inconsistency in predicting
the stability properties is the significant difference in the
solvation energy of anions, resulting from their structures.
Finally, the overall conclusion from our studies concerns the

significant role of deformation energy in tuning the affinity of
anions toward a given receptor, which should be considered
while designing a new macrocyclic receptor. Further ongoing
experimental and computational studies are aimed at
considering the impact of deformation energy term on the
1/εr-predicted solution-phase binding properties across various
solvents, as well as including the solvation energy of anions, in
predicting the binding trends based on the gas-phase
properties.

■ EXPERIMENTAL SECTION
Materials. Macrocycle 1 was synthesized according to a literature

procedure.9 nBu4NX salts were purchased from Sigma-Aldrich.
MS Measurements. Gas-phase stability data were obtained from

the collision experiments (CID analysis) using the API 3000 mass
spectrometer. The methanol solution containing the macrocycle 1 (c
= 0.02 mM) and a given anion in the form of a tetrabutylammonium
salt in a 1:1 ratio was infused to the electrospray ion source at a flow
rate of 20 μL/min. The samples were analyzed in a negative ion mode
with a capillary voltage at −4.5 kV, a declustering potential of 20 V,
and an entrance potential of 10 V. The energy-resolved dissociation
breakdown curves were recorded in CID and multiple reaction
monitoring scanning modes. Nitrogen was used as a collision gas. In
both scanning methods, the intensity of a peak corresponding to the

given complex anion was monitored as a function of the increasing
CE. Both of the scanning methods led essentially to the same results.

Computations. The initial, intrinsic gas-phase conformational
diversity of neutral molecules (macrocycle 1 and acids HX), anions
X−, and anionic complexes 1 + X− was obtained via comprehensive
molecular mechanics simulations with the MMFF force field utilizing
the Monte Carlo algorithm, implemented in the molecular modeling
package Spartan,31 followed by the semiempirical PM7 calculations
using the semiempirical molecular orbital package MOPAC2016.32

The lowest energy structures within an energy window of 12 kcal·
mol−1 were next optimized by DFT methods in Gaussian 16.33 The
DFT method comprised an initial optimization using a low-cost
Grimme’s functional including a dispersion correction B97D and a 6-
31G(d′) basis set. The conformational minima were selected based on
the B97D energies. Further reoptimization using a tight optimization
criterion and thermal analysis (1 atm, 298.15 K) were performed at
the PBE1PBE (PBE0)34 hybrid functional and the 6-311++G**basis
set supplemented with the GD3BJ empirical dispersion correction. A
quasi-rigid rotor harmonic oscillator approximation was used to
account for low-frequency vibration modes (ν < 100 cm−1) and to
obtain correct entropy values. The energies of the complexes were
additionally corrected by basis set superposition errors. For the
selected complexes, the additional dissociation energy calculations
were performed using the ωB97XD and Truhlar M06-2X global
hybrid functional. The natural bond orbital calculations were
performed in Gaussian 16.

The CCSs were calculated by the cavity surface area approximation
(Table S1, Supporting Information).17 The CCS values calculated by
this approach well correspond to the CCS obtained from the
projection approximation method, taking advantage of the linear
relationship between the surface area and the hard sphere collision
integral.35

The physically meaningful components of the interaction energy
between the macrocycle and the anion, that is, electrostatic, exchange,
induction, and dispersion terms, were computed by SAPT30 with the
available density-fitting procedure with DF-fitted integrals at the
SAPT0/jun-cc-pVTZ level of theory with the PSI4 package.36 All S2-
approximated exchange terms were scaled according to the proposed
scaling scheme with the recommended exponent.37
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