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Interactions between anions and synthetic macrocyclic receptors belong to the extensively explored area
of research due to the particularly important functions of anions in biological and environmental sciences.
Structures of anion-macrocycle complexes are closely related to their function, highlighting the impor-
tance of structural analysis of the complexes. Here, we discuss the application of ion mobility mass spec-
trometry (IM-MS) and theoretical calculations to the structural analysis of tetralactam macrocycles (M)
with varying flexibility and structural properties, and their complexes with anions [M + X]™. Collision cross
section (CCS) values obtained from both direct drift tube (DT) and indirect using traveling-wave (TW)
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IM-MS measurements supplemented by theoretical calculations were successfully used to describe the
structural properties of various macrocycle-anion complexes, proving the suitability of the IM-MS
approach for sensitive, selective, and fast detection of anion complexes and characterization of their
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Introduction

Anions are reactive species relevant to artificial, industrially
induced processes and naturally occurring phenomena
observed in biological and environmental sciences."?
Therefore, the studies on interactions of anions and their reco-
gnition are at the heart of modern science.” In particular, we
have focused on understanding and describing the processes
driven, induced and regulated by the anions. Anion reco-
gnition and sensing by synthetic molecules belong to the
widely discussed and extensively explored area of research.”?
Particularly, the design and synthesis of anion receptors pro-
viding selective, specific, and sensitive anion recognition is
highly desirable, and hence has become one of the principal
research goals for many organic chemists.®*°

Functionality of anion receptors (both synthetic and bio-
logical) is dictated by their structures and available interaction
modes. An important challenge in the design of new receptors,
dedicated for anions, is therefore their structural analysis. The
traditional methods for structural analytics widely used in
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studies of anion recognition allow describing anion-receptor
complexes in the solid crystalline state by X-ray diffraction ana-
lysis, in the solid form by solid-state NMR spectroscopy
(ssNMR),"" and in solution by NMR spectroscopy. In addition
to these most common analytical approaches, other spec-
troscopy techniques are also well suited for anion recognition
studies, similarly to the analysis of other supramolecular
assemblies."”

Difficulties associated commonly with these methods are
undesirable structural form (packing effects, noncrystallinity),
insolubility (or poor solubility) of the anion-receptor complex,
low sensitivity and high complexity of the analysed system for
a given analytical method (non-adequate resolving power).
Therefore, the combination of various analytical methods sup-
plemented by theoretical calculations is often used to obtain a
comprehensive understanding of the anion recognition events.
One of the analytical methods that allow overcoming many of
these difficulties due to its high sensitivity and selectivity is
mass spectrometry, which has long been used as an analytical
method in supramolecular chemistry.”® Mass spectrometric
methods with connection to soft ionization methods (such as
electrospray ionization, ESI) allow us to: (a) detect a charged
supramolecular assembly with a given m/z value in the mass
spectrum, (b) analyse the binding properties in solution by
employing a mass spectrometer as a detector for in-solution
occurring processes, and (c) study the binding properties and
strength of noncovalent interactions in receptor complexes by
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induced dissociation processes (i.e. collision induced dis-
sociation, CID). Traditional mass spectrometric methods sep-
arate ions however only on the m/z scale. If more detailed
structural information or separation of ions with an identical
mj/z value (isobaric ions, structural isomers, and conformers)
is required, then the hybrid method, ion mobility mass spec-
trometry (IM-MS), needs to be employed.

IM-MS enables separation of ions based on their inter-
actions with neutral gas molecules under the influence of an
electric field in a drift tube."®'® Ions of different sizes, shapes
or structures (e.g. different protonation sites) experience
different resistance when migrating along the drift chamber
and as a consequence they differ in arrival time distribution.
Based on the IM-MS experimental conditions and ion’s arrival
time distribution, the mobility of an ion (K) and a derived
property - the ion-neutral collision cross section (CCS) can be
determined. Structural analysis is derived from comparing the
experimental CCS values with those theoretically calculated for
3D models.

During the past years, IM-MS has been applied in studies of
various supramolecular systems from coordination com-
pounds to self-assembled systems and receptor complexes.'®
As commercial IM-MS instrumentation is becoming increas-
ingly available, comprehensive and systematic analytical proto-
cols are required for reproducible, reliable and accurate use of
this analytical tool.

In this manuscript, we discuss the application of IM-MS to
the structural analysis of anion-macrocycle complexes
(Scheme 1). In this methodological work, we primarily focus
on the correlation between experimentally determined col-
lision cross sections (CCS) and theoretically derived values
based on structural models. The calibration strategy is an
important factor determining the accuracy of experimentally
obtained CCS values and we additionally evaluate accuracy in
indirect CCS measurements.

The tetralactam macrocycles with varying flexibility, (1 and
3 rigid and 2 flexible) and different structural properties (i.e., 4
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Scheme 1 Macrocycles (1-5) and studied anions (X7).
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and 5 adopt a specific U-shape folded structure upon anion
complexation) are studied in this work. These macrocycles
have earlier been confirmed to operate as neutral receptors for
various anions.'”'® Their structural analysis supported by
theoretical calculations allows us to provide the best analytical
and theoretical approach to study them by IM-MS. In the light
of the extensive scientific activity in the field of anion reco-
gnition, the evaluation of the IM-MS approach for screening
new receptors is valuable, particularly for organic chemists.

Results and discussion
IM-MS analysis of macrocycles and their complexes

Macrocyclic compounds belong to a structurally rich family of
compounds. They represent from rigid to highly flexible mole-
cular species, whose properties depend on the functionality
and stereochemical diversity implemented in the different
sizes of the cyclic rings. The conformational change upon
complexation and deformation energy of the macrocyclic
receptor associated with this process influence its overall
binding properties."® A wide range of potential conformational
changes, from close to insignificant to large conformational
rearrangements which the receptor uses to ensure effective
complexation, require high-accuracy IM data.

Two essential parameters for IM-MS measurements, the
mobility of an ion (K,) and collision cross section (CCS)
derived from it, may be determined in a direct or indirect
manner, depending on the available instrument hardware.
While in the direct methods (primary methods) CCS values
may be obtained from first principles based on well-defined
experimental conditions and parameters (as accessible in
time-dispersive  drift tube ion mobility spectrometry,
DTIM-MS), the indirect, secondary methods require a cali-
bration procedure. For traveling wave ion mobility spec-
trometry (TWIM-MS), or trapped ion mobility mass spec-
trometry (TIM-MS), the calibration is a more common
approach for providing estimates of K, and CCS values®*?!
than the direct determination of these values.**>**

Accuracy of the experimental mobility values estimated
based on the calibration approach is related to the structural
and physicochemical similarity of the reference compounds
with the analysed ions. Although the larger errors are usually
associated with the charge state mismatching than with struc-
tural dissimilarity,>"*® CCS calibration with the reference ions
of the same chemical class and charge state ensures the
highest accuracy and the good correlation of the determined
mobility values with the values obtained by the primary
methods. The common reference compounds used for cali-
bration represent different classes of chemical compounds
such as peptides and proteins (polyalanines,?®*” tryptic pep-
tides,”® denaturated or native proteins**~"), lipids (phospha-
tidylcholine and phosphatidyl-ethanolamines),”® and carbo-
hydrates.” Other reference compounds and calibration mix-
tures are also available.**° So far, the collision cross sections
of macrocycles and their complexes have been measured

This journal is © The Royal Society of Chemistry 2021
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mainly using direct methods® or the experimentally derived
values have not been discussed in terms of defined values due
to the lack of a calibration database containing similar
compounds.*'™3

Here, we discuss and compare calibration approaches to
the analysis of macrocycles and their complexes: (a) calibration
with polyalanine standard anions, and (b) calibration using
bare macrocycle ions and their complexes with Cl~, whose CCS
values were measured using a primary method (DTIM) as a
part of this work. The polyalanine standard ions are widely
used for the calibration, mainly due to their long-term stabi-
lity, good distribution over a wide range of m/z and CCS values,
different charge state accessibility, and their potential appli-
cation in the analysis in both positive and negative ion modes.
Despite the structural mismatch, polyalanine standards are
often used to evaluate the different calibration approaches and
the influence of the molecular identity between calibrant and
analyte ions on the accuracy of the IM analysis.*"*> The strat-
egy (b) represents the most appropriate and rational approach,
in which the same molecular identity of calibration ions is
used. Finally, we show how these calibration strategies can be
employed to describe structural features and different binding
modes on rigid and flexible macrocycle complexes with other
mono- and polyatomic anions.

Direct mobility measurements

The ion mobility (K,) and °'CCS values for deprotonated
anions of 1-5 and their complexes with ClI~ were measured
directly using the DTIM-MS method with He and N, as buffer
gases (see Table 1 and Table S1.17). The relationships between
m/z and DTCCSNZ/He values of deprotonated macrocycles and
complexes with CI™ are shown in Fig. 1. The smaller slope in
the linear plots of chloride complexes implies the confor-
mational change upon Cl~ complexation. The ""CCS values
either increase or decrease upon complexation, depending on
the macrocycle structure (top, Fig. 1). Macrocycles 4 and 5

Table 1 Experimental collision cross sections (drift tube measured CCS
using calibration on polyalanine CCS values for He and N,
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Fig. 1 Relationship between m/z and PTCCSye/n, values obtained from
direct measurements of deprotonated macrocycles [M — H]~ (open
symbols) and macrocyclic complexes with Cl™ (black symbols). The top
part shows the directions of the CCS shifts upon Cl™ complexation.

show decreased P"CCS upon complexation with Cl~, whereas
rigid macrocycles 1-3 show an increase in their ®"CCS values.
i.e., a more compact structure is formed for flexible macro-
cycles in CI™ complexes as compared to the deprotonated ions.

Experimental vs. theoretical CCS values

The structural changes macrocycles experience upon CI~ com-
plexation are presented for the lowest energy conformers in
Fig. 2. The deprotonated ions represent the structures similar
to their neutral counterparts and have more planar confor-
mations compared to the chloride adducts. Macrocycles 1 and
3, with short C-C linkers (n = 2, where n is the number of
carbon atoms in the macrocyclic linker) of the amide groups,
have very limited conformational freedom, which is expressed
by the two available conformations associated with the mutual

in N, or He drift gases — PTCCSy e, traveling wave determined CCS in N,

— TWPACCSen,, and ™WPACCSy ) and theoretical weighted CCS values (™CCSpe/n,) cal-

culated for B3LYP-D3 optimized structures of deprotonated macrocycles 1-5 and complexes with Cl™. SD represents the standard deviation of the
computed mean values of CCS through all the relevant conformers at 298 K

Ton m/z [Da] PTCCSke [A?] TWEPNCCS e, [A%] ™COCSy [A%] PTCCSy, [A%] TWENCCSy, [A%] ™CCsy, (SD)
[1-H]" 381.1317 116.7 + 0.3 119+ 1 115.2+ 1.5 190.5 + 0.1 182.4+ 0.8 192.9 + 1.8 (1.0)
[2 - H] 437.1943 133.9+ 0.3 135+1 133.4 + 1.4 207.7 £ 0.3 200.6 + 1.2 211.9 + 2.0 (2.6)
[3-H] 436.1990 140.1 £ 0.2 140 + 1 136.3 + 1.7 215.9 + 0.3 207.5+ 1.8 214.9 + 1.7 (1.1)
[4-H] 464.2303 146.8 + 0.2 149 +2 144.0 + 1.4 222.4 +0.3 217.6 + 2.1 222.8 + 1.8 (1.8)
[5—-H]” 519.2977 167.2 £ 0.2 170 +1 162 + 1.7 248.6 + 0.3 243.3 +1.9 240.9 + 2.6 (6.9)
[5-H]“ 166.2 + 1.1 244.9 + 1.0
[1+cCl]” 417.1099 122.3 0.2 123 +1 120.5 + 1.1 194.3 0.2 187.0 £ 0.5 200.6 + 1.0 (0.8)
[2 +Cl]” 473.1710 139.2 0.2 138+1 138.5 + 1.6 212.5+ 0.3 205.0 +1.6 220.1 + 2.3 (1.9)
[3+Cl]” 472.1757 143.2+ 0.2 145+ 2 141.7 £ 1.7 218.8 + 0.3 212.7 +1.9 220.2 + 2.3 (0.6)
[4+Cl]” 500.2077 138.9 £ 0.2 142 + 2 133.2+1.3 213.2+0.2 209.0 + 2.0 212.0 + 1.9 (0.9)
[5+Cl]” 555.2744 156.0 + 0.2 160 + 1 149.9 + 1.4 231.9 + 0.3 229.8 +2.4 227.3 + 2.2 (0.5)

“Two distinguished conformational representatlons were identified: a flat conformation that represents a neutral macrocycle - like conformation
(™CCSye = 166.2 and ™ CCSy, = 244.9 A%) and a folded structure ("™CCSyye = 149.9 and "™ CCSy, = 229.7 A%).

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Lateral view and view on a mean plane ([M + Cl]") of theoretical structures. The lowest-energy conformers for deprotonated and chloride
adducts of macrocycles are shown. View on a mean plane of the macrocyclic ring is additionally presented in the ESI (Fig. S3.17).

arrangement of the two C-C linkers: in parallel or perpendicu-
lar orientations.

The macrocycles 2, 4, and 5 (n > 2) express more flexibility
because of the greater conformational freedom of the tetralac-
tam linkers. Nevertheless, these additional macrocyclic confor-
mations represent a similar overall molecular spatial size as
may be concluded from the standard deviation (SD) of the
computed mean values of CCS through all the relevant confor-
mers at 298 K (Table 1) for a given macrocycle. A similar
narrow spatial size is characteristic of chloride complexes. In

5340 | Analyst, 2021,146, 5337-5346

this case, for flexible macrocycles (2, 4, and 5) the CI~ coordi-
nation makes the complexes more rigid compared to bare
macrocycles.

The theoretical ™CCS values were calculated using the tra-
jectory method with Lennard-Jones potential. Interestingly,
the substantially high CCS dispersion in the case of deproto-
nated 5 is associated with its two almost energetically equal
(AG = 0.1 k] mol™") conformational representations: roughly
planar as expressed in Fig. 2 and folded, similar to that corres-
ponding to its ClI- complex. The elongated structure that

This journal is © The Royal Society of Chemistry 2021
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resembles the neutral crystal structure of 5** results in a
™QCSye of 166.2 and ™CCSy, of 244.9 A,” and this conformer
dominates in the gas phase over its folded form, which has
significantly lower ™CCS values ("™CCSy. = 149.9 A and
™QCSy, = 229.7 A%). It implies that during ESI and in the
experimental time- and energy scale any conformational
changes are hindered; thus, the structure of [5 — H]™ is similar
to the native conformation of its neutral counterpart. This
observation may stay in line with the general conclusion on
evaporation cooling during ESI that leads to gaseous freeze-
dried states, which are energetically stabilized upon solvent
removal. For this reason, mass spectrometry often shows pro-
perties of the native state. Although this conclusion has been
drawn from observations of large biomolecules and
complexes,”** in which due to the multi-interactivity, the
native conformation is preserved upon transfer from a solution
to the gas phase, the solution phase structure postulated for
deprotonated 5 clearly indicates that it may also operate in
macrocyclic structures with partially restricted conformational
freedom.

The CCS values of deprotonated macrocycles computed for
collisions with both He and N, (Table 1) using the trajectory
method (TM) implemented in MobCal-MPI software are within
reasonable accuracy with the experimental values (ACCSy. <
2.7% and ACCSy, < 2%)."® A lower accuracy was obtained for
chloride complexes of macrocycles. For both He and N,, the
two different complexes express ACCS > 3%; thus it appears
unlikely that this results from the poor conformational search
or missed global minima. The ™CCSy,. values are underesti-
mated compared to the variable trend for values predicted in
No.

MobCal-MPI was tuned with the B3LYP-D3/6-31++G(d,p)
optimized calibration set; hence following the recommen-
dations, the same level of theory was used to generate the
structure candidates and compute the ™ CCS values presented
in Table 1. The impact of the computational method on the
CCS accuracy using MobCal-MPI, and the comparison with the
results obtained with IMoS ion mobility software compu-
tations are presented in Fig. 3.

Similarly to the original MobCal and its refined suite
MobCal-MPI, the IMoS approach arises from a kinetic theory
of gas collisions. Although there are some differences in the
treatment of collision integrals between MobCal and IMoS,
both of these ion mobility programs show comparable accu-
racy.”” The trajectory method Lennard-Jones (TML]), which
uses a 4-6-12 potential additionally supplemented with ion
quadrupole potential for calculations based on N,, was
invoked using IMoS software to enable the comparison with a
more general computational approach (for a detailed descrip-
tion of IMOS parameters please see the ESIf). Similarly, the
electrostatic potential derived atomic charges (ESP) were used
along with IMoS computations.

Although the MobCal-MPI was tuned with a positively
charged ion set, a very good correlation between theoretical
and experimental CCSy, indicates the effective vdW and
electrostatic potential description of deprotonated macro-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Comparison between different methods to obtain theoretical
™CCS values. Comparison of the average differences (across five
macrocyclic systems) between theoretical and experimental CCS and
CCSy, (ACCS) values in % depending on the computational approach.
The exact values for all considered ions are reported in Table S3.1 in the
ESL+

cycles. A substantial increase of the total ACCS for [M + Cl]” is
related to the fact that two out of five complexes express the
ACCS > 3%. For the values predicted for He, the difference is
even more prominent (ACCS > 4%).

It is difficult to identify the source of this greater discre-
pancy in particular for chloride complexes. For example,
macrocycles 1 and 3, both possessing short C-C linkers, are
quite rigid molecules, with similar conformation landscapes
of both deprotonated and chloride adducts. Despite these
similarities, the accuracy of CCSy, prediction is surprisingly
different and may indicate the fact that still the theory does
not quite well describe the buffer gas interactions with highly
negative charge atoms as for CI™.

Changing the computational method from B3LYP to PBEO,
which was used before to compute the complexation energy of
[1 + X]7," results in a slight increase in the total ACCS for [M
— H] ions, while for [M + Cl]” in N, this value is slightly
lower. Although both methods express similarly the potential
energy surface of anions under study, the detailed bond
lengths, for example the intermolecular hydrogen bonds
between ClI” and amide hydrogens of the macrocycle, are
shorter, when computed with PBEO (Fig. S3.2}). Therefore, the
CCS values computed using PBEO express systematically lower
values compared to those predicted for B3LYP optimized struc-
tures. Furthermore, a change in the bond length affects the
partial charge values causing additional shifts in the predicted
CCS values.

The CCS values computed using IMoS followed the overall
trends, i.e., the computations performed in He express lower
accuracy than those computed in N,. The accuracy of CCSy,
computed for [M — H]™ is greater than that obtained for
MobCal-MPI, whereas for [M + Cl]” it is slightly lower. The
recalculation of the ™CCS values by applying Mulliken atomic
partial charges using IMoS clearly improves the accuracy of the
™CCSy. (Table S3.11). It is worth underlining here that the

Analyst, 2021, 146, 5337-5346 | 5341
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trajectory method implemented in IMoS includes optimized
Lennard-Jones (L-J) parameters only for C, H, O, N, and F
atoms; hence the lower accuracy for chloride complexes may
be associated with the lack of the well optimized L-]J para-
meters for this crucial element. Admittedly, IMoS software
gives the opportunity to optimize these parameters. However
this action requires additional experimental and advanced
computational studies and therefore will be the subject of a
separate project.

TWIM indirect ion mobility measurements

In TWIM-MS measurements, collision cross sections are com-
monly defined by a calibration approach due to the difficulty
in description of ion motion in varying spatially and temporary
separating fields in the TWIM drift tube. The relationship
between the experimentally derived drift time (¢"4q) and cor-
rected collision cross sections of reference ions (by taking into
account the reduced mass and charge state) allows us to calcu-
late the proportionality constants arising from the combined
effects of the experimental parameters such as temperature,
electric field parameters, pressure, and other nonlinear effects
of the T-wave device, and subsequently leads to determination
of TWCCS values.*®

The calibration curve for polyalanine anions [Ala, — H] is
shifted with respect to that obtained for macrocyclic ions: [M
— H]” and [M + CI]™ (Fig. 4). The compound-class calibration
shifts are supposed to be mainly attributed to the difference in
velocity relaxation experienced by ions belonging to different
classes of compounds in the perpetually changing electric
field in the traveling wave device.*® This discrepancy is more
pronounced for the lower regions of the calibration range and
becomes blurred at its upper end. Therefore, the CCS values of
macrocyclic anions estimated by applying polyalanine anions
[Ala, — H]™ as reference ions (FW(PA]CCSN2 values) are reduced
with respect to the "CCSy, values (Fig. S2.1 and Table S2.2})
in the following decreasing order 1 >2 >3 >4 > 5,

The differences between polyalanine- and macrocyclic-
based calibration plots recorded for CCSy, values for TWIM

T T T T T
0.5 1.0 15 20 25 3.0 35

td“ [ms]

Fig. 4 Relationship between the calibration plots (N,) for deprotonated
polyalanine ions (Ala,, n = 4-10) and macrocyclic ions: [M — H]™ and [M
+ Cl]” obtained for N, drift gas (recorded at ratios of traveling wave vel-
ocity [m s7!] to wave height [V]: 350/29). The 95% confidence bands for
the polyalanine plot are shown.
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operated in N, (Fig. S2.2 and Table S2.2}) are less pronounced.
This approach in which the ™ CCSye(,) values are obtained
instead of ™VCCSy. was widely used before the reference CCS
values in nitrogen along with the computational support for
mobility prediction in N, were available. The discrepancies
introduced by applying He reference values to calibrate N,
measurements may result in an average deviation of <2%
between "WCCSye,) and P'CCS,*” due to the different nature
of the interactions between molecules of different gases and
ions. Apparently, the errors associated with the effects of drift
gas and compound class mismatch cancel each other out and
the final bias between polyalanine- and macrocycle-based cali-
bration plots is significantly reduced.

Conformational folding of 1 upon anion complexation

Macrocycle 1 represents a highly constrained molecular struc-
ture due to the presence of two short ethylene linkers in the
tetralactam macrocycle in which two aromatic pyridine sub-
units are symmetrically woven.'” In its neutral and anion-com-
plexed forms four of its amide hydrogen atoms are directed
into its cavity to readily stabilize an anion (X~) via formation of
N-H---X~ hydrogen bonds. The presence of a basic pyridine
moiety as a hydrogen bond acceptor may additionally increase
the interactions with hydrogenated anions.'® Any flexibility
imparted to the macrocyclic ring refers to its two possible
arrangements of C-C linkers: in a parallel or perpendicular
manner with respect to each other.

The ™™ccs and ™®YCCs values of [1 + X]~ complexes
were obtained using macrocyclic and polyalanine sets of cali-
brants, respectively (Table S2.51). The ™®¥cCsy, values are
shifted towards lower values compared to TW(M)CCSNZ, accord-
ing to the earlier observed trends. The average differences
between these two sets of calibrant ions are 3.6% and 0.9% for
CCSy, and CCSye(v,) values, respectively. The accuracy of CCS
prediction of [1 + X]|~ using MobCal-MPI(B3LYP) correlates
with that reported for [1 + CI]7, i.e. the mean CCS values are
overestimated about 3% for CCSy, and 1% for CCSy(x,) values
with respect to the values determined from measurements
(Fig. 5, Table S3.27). The effects associated with the change of

190 200 210 220
0.
WMCCS,, A%

Fig. 5 Comparison between experimentally derived TW(M’CCSNZ values
and theoretical ones computed with MobCal-MPI based on the B3LYP
optimized structures. The dashed line represents the anticipated
relationship (y = x) between experimental and computed CCS values.

This journal is © The Royal Society of Chemistry 2021
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the computation method from B3LYP to PBEO follow the
overall trends shown in Fig. 3 (for details please see
Table S3.27).

The good correlation between the anionic radius (7seric) Of
monoatomic spherical anions®®®! or computed collision cross
sections of polyatomic anions (Table S3.37) and experimental
CCS values of [1 + X]|~ complexes (Fig. 6) suggests the similar
conformational folding of 1 upon complexation of anions.
Indeed, the careful analysis of the overlapped complex struc-
tures indicates the low conformational deviation of 1 depending
on the anion type (Fig. $3.31); hence the increase in CCS values
for complexes correlates with the increase of the anion size.

Only in the case of the complex with fluoride anions, the
significant conformational change of 1 was revealed by crystallo-
graphy and further supplemented by computation studies.'® This
conformational change is due to a good match between the size
of F~ anions and the size of the macrocyclic cavity. Thus F~ is
placed directly in the central position of the macrocyclic cavity,
instead of being located outside the macrocyclic ring. Hence, 1 in
the [1 + F]~ complex adopts a near flat position of the N-H bond
system, which enables the effective solvation of a centrally
located F~ while tetragonal pyramidal N-H arrangement domi-
nates for other complexes. Nevertheless, this significant confor-
mational change was not recognized by analyzing solely the CCS
shifts upon anion complexation (Fig. 6) but was revealed in com-
putation studies accompanying ion mobility measurements. It is
worth mentioning that the structures of [1 + X|~ revealed by
IM-MS studies well correlate with X-ray structures.'”

U-shaped folding of 5

While a C-C linker connecting amide units within a tetralac-
tam structure becomes longer, i.e., n = 3 (in macrocycles 4 and
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Fig. 6 Influence of X~ anionic radius, reeric (Upper plot) and ™cCCS
values of polyatomic anions on the experimental CCS values of [1 + X]™.
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5), the macrocyclic scaffold collapses into a U-shaped confor-
mation upon Cl™ binding (Fig. 2). This specific folding was
examined for various anions coordinated by macrocycle 5.

Isophthalic acid-based macrocyclic tetraamide (5) possesses
an increased binding cavity compared to macrocycle 1.
Moreover, pyridine units were replaced by benzene rings to
eliminate unfavorable interactions between the electron lone
pairs of the pyridine nitrogen atoms and an anion.”” In such a
constructed anion binding system, the main anion association
mode occurs by incorporation of the amide hydrogens into the
binding system, similarly to that observed for 1. Due to the
increased binding cavity of this 20-membered ring, associated
with the elongation of the C-C linker, the specific U-shaped
folding of the macrocycle was observed upon anion complexa-
tion (CI7, Br~, AcO™, HSO, , and H,PO,”) while the anion
center remains outside the cavity.**

The conformational shifts of 5 from a near planar arrange-
ment, similarly to this reported for both neutral and deproto-
nated forms, to highly folded structures were examined by
IM-MS measurements. The CCS values were determined by the
calibration approach using macrocyclic and polyalanine refer-
ence ions (Tables S2.6 and S2.7t). The average differences of
experimental CCS values associated with this change are 1.7%
and 2.3% for CCSy, and CCSyc(,) values, respectively, and
follow the overall relationships between ™™cCS and
T™WPAICCS shown in Fig. 4 and Fig. $2.2.+ The conformational
diversity of 5 upon anion binding was evaluated by comparing
the changes in the experimental CCS values of [5 + X]~ while
increasing the CCS of anions (Fig. 7). This relationship is pro-
portional and linear for polyatomic anions (lower panel in
Fig. 7) and implies a similar conformation for 5 within its
complexes with the studied polyatomic anions. The experi-
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Fig. 7 Relationship between X~ anionic radius, rseric (Upper panel) or
™CCSs of polyatomic X~ and the experimental CCS values of [5 + X] ™.
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mental CCS values for the majority of [5 + X]” complexes are
substantially lower compared to the bare deprotonated macro-
cycle which definitively indicates a conformational contraction
of 5 upon the anion-binding process.

In the case of monoatomic anions, there is no such direct
relationship between the anion radius and the experimentally
derived CCS values as was described for 1. The upper part of
Fig. 7 clearly indicates the two conformational representations
of 5, clearly distinguished with CCS values. The first one, with
™Mccsy, > 248 A% corresponds to the elongated, roughly
planar conformation of 5, which is representative of the depro-
tonated macrocycle and of the complex with F~. The second
conformational form, which is relevant for complexes with CI~
and Br7, is consistent with the U-shape folded conformation
proposed for complexes with polyatomic anions.

The abovementioned conclusions about the conformational
folding of 5 upon anion binding are supported by the compu-
tational studies. The preferential binding mode of anions by 5
includes its conformational switch between the approximately
planar conformation of the free macrocycle and U-shaped
folded structure of its complexes. The elongated conformation
constitutes a negligible contribution to the anion population
due to its significantly high energy (AG > 20 k] mol™*, data not
shown). Only for the [5 + F]” complex is the energy of the near
flat conformation substantially lower than that for the
U-shaped structure, which is in accordance with the experi-
mental results.

The theoretically determined CCS values of the model
complex structure correlate well with the experimental values
(Table S3.47). The theoretical values are underestimated about
3% on average compared to experimentally estimated values.
The lowest energy conformations (AG < 20 k] mol™") differing
in both the mutual arrangement of C-C linkers in the macro-
cycle and the orientation of tert-butyl groups to each other
show a rather small dispersion of CCS values, less than 2%.
Further CCS differences among various conformers are related
to a certain conformational freedom of polyatomic anions
within complexes. Nevertheless this type of conformational
change is rather small on the CCS-axis (total shift about 3%)
compared to the CCS shift upon U-shape folding of 5. Taking
into account the anticipated ion heating under ion mobility
experiments in TWIM,>® any decrease of accuracy of computed
™CCS may be associated with the different ion distribution
conditions to that in which calibration ions were measured.
This may be the case for complexes with some polyatomic
anions, for which the higher differences between experimental
and computed CCS values may be associated with the shift of
conformational distribution of complexes toward the higher
energy conformers. These conformers still represent U-shape
folded structures but have unfavourable positions for anions
within the complex. The CCS shift associated with the cali-
bration is <1%, as estimated by comparison of the ""CCS_ e
and ™M™CCSy e values of [5 + CI]".

Interestingly, IM-MS studies allowed us to reveal the hin-
dered conformational change of 5 upon complexation with F~
into the U-shaped structure, which in turn was observed for
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other anions. This observation was possible due to the signifi-
cant change of CCS values between elongated planar and
U-shape folded conformations. Hence, the role of the tert-butyl
groups is not only limited to enhancing the solubility of 5 in
organic solvents** but they also induce substantial differences
in ion mobilities between different complex conformations
leading finally to their differentiation using IM-MS.

Conclusion

Binding properties of macrocyclic receptors depend i.a. on the
size complementarity between the anion and macroring. Even
more important is the conformational change of the macro-
cycle upon anion complexation. These particularly crucial
binding features may be successfully studied using IM-MS sup-
ported with theoretical calculations. The correlation between
the CCS of polyatomic anions or anion radius in the case of
monoatomic anions and experimentally derived CCS values is
a good approach to be used to distinguish between conceivable
complex conformations.

The compound class matching in indirect ion mobility
measurements (TWIM-MS) is an important factor that deter-
mines the accuracy of the measured "™WCCS values. In the light
of very recent studies on improving TWIM calibration,>* the
data presented in the manuscript may be valuable for further
considerations of calibration issues in terms of determination
of high-precision CCS values.

The theoretical ™CCS values computed for model struc-
tures by available ion mobility software MobCal-MPI correlate
well with the experimental values. A small increase of discre-
pancy between theoretical and experimental CCS values is
reported for macrocycle complexes in comparison with bare
deprotonated macrocycles. Therefore, further optimization of
the L-J or scaling parameters is required to obtain the compar-
able accuracy as for deprotonated macrocycles.

In the light of the conducted research, it can be concluded
that IM-MS supported by computational studies is a suitable
analytical tool to structurally study the anion complexation by
macrocyclic compounds. It offers many advantages over the
classical analytical approaches to the complexation process,
particularly in the early stage of the anion-binding studies
during screening of appropriate receptor molecules.

Experimental
Materials

Macrocycles 1,'7 2,>* 3, 4 ¢ and 5 ** were synthesized according
to the literature procedures. Tetrabutylammonium salts and a
poly-pr-alanine calibrant compound were purchased from
Sigma-Aldrich (Germany). All solvents were of HPLC grade.

IM-MS direct mobility measurements

Direct, drift tube ion mobility mass spectrometry (DTIM-MS)
experiments were performed on an Agilent 6560 Ion mobility

This journal is © The Royal Society of Chemistry 2021
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Q-TOF mass spectrometer, which was equipped with a dualESI
ion source. The macrocycles and tetrabutylammonium chlor-
ide were dissolved in DMSO (1 mM) and samples were pre-
pared with 5 pM concentration and 1:1 host: guest ratio in
methanol. The ion mobility mass spectrometry experiments
were performed in both N, and He drift gases. The detailed
experimental description and results of direct mobility
measurements are available in the ESI - section 1.}

IM-MS indirect mobility measurements on TWIMS

Indirect traveling-wave ion mobility mass spectrometry
(TWIM-MS) measurements were performed on a Synapt G2-S
HDMS (Waters) quadrupole traveling-wave ion mobility time-
of-flight mass spectrometer equipped with a standard ESI
source. Mixtures of macrocycles (initially dissolved in DMSO at
0.5 mM) and anions (the initial aqueous solution of nBu,NX at
a concentration of 2-4 mM) were prepared in methanol at a
final concentration of 0.02-0.1 mM.

The poly-pi-alanine reference anions (Table $2.11)*® and
the mixture of macrocycles, whose mobility and CCS values
were determined by direct IM-MS measurements within this
work, were applied in the calibration procedures to convert the
arrival times of ions (in scans) to CCS values. Data processing
was carried out with DriftScope 2.0 mobility environment soft-
ware, and the experimental collision cross section values were
calculated using the available spreadsheet from the arrival
time values.”” The experimental details, parameters and cali-
bration data regarding the IM-MS measurements are described
in section 2 of the ESL

Computational details

The initial gas-phase conformations of deprotonated macro-
cycles 1-5 [M — H]™ and anion complexes [M + X]~ were
obtained via comprehensive molecular mechanics simulations
with MMFF force field utilizing systematic conformational
search, implemented in the molecular modelling package
Spartan,”® followed by the semiempirical PM7 calculations
using the semiempirical molecular orbital package
MOPAC2016.°° The structures were next optimized by DFT
methods in Gaussian 16.%°

The theoretical collision cross sections ("™ CCSy ue) were
calculated for conformers with a population of higher than
0.2% according to the Boltzmann distribution. The trajectory
method (TM) was used to calculate CCS values. Two software
tools, which are generally available and easy to implement in
the local working environment, have been used and discussed
to assess the agreement between experimental and theoretical
CCS values comprising: MobCal-MPI*® and IMoS*” ion mobi-
lity software. In the case of MobCal-MPI, the additional final
optimization using B3LYP-D3 and 6-31++G(d,p) basis sets was
performed, to evaluate the influence of the theoretical method
on the computed CCS values. In the CCS calculations the
electrostatic potential (ESP) derived atomic charges were used.
The additional computational details are available in ESI -
section 3.7
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