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Viologens are among the most studied guests for cucurbit[8]uril
(CB[8]) and their complexation is usually driven by bipyridyl
core inclusion inside the cavity to maximize both hydrophobic
and cation-dipole interactions. The presence of alkyl substitu-
ents on the guest alters this complexation mode, switching to
aliphatic chain inclusion in U-folded conformation. Herein, we
report a thorough study of the influence of the alkyl chain
length on the binding mode of methyl alkyl viologens. The
chain length of the studied guests was increased by two
methylene groups starting from methyl dodecyl viologen

Introduction

Cucurbit[n]urils are an important class of molecular receptors
featuring exceptional complexation properties in water."® Their
complexation behavior depends on the diameter of the toroidal
cavity, defined by the number of glycoluril units connected.
Among the CB[n] family, CB[8] stands out as the less
predictable in terms of complex stoichiometry, having the
ability to form 1:1 binary,® 2:1 homoternary, 1:1:1
heteroternary,”’ 2:2 quaternary® and 3:2 quinternary® com-
plexes, as well as discrete (n:n) host-guest oligomers."” The
knowledge of the exact binding mode of CB[8] complexes
impacts on their assembly mode and on their properties, such
as fluorescence emission.™"

Viologens are among the most studied guests for CB[8]
complexation, thanks to their two positive charges separated
by an aromatic hydrophobic region. These cations bind to the
carbonyl portals through cation-dipole interactions, while the
bipyridine core interacts with the CB[8] cavity via hydrophobic
interactions. This bimodal interaction mode leads to high
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(MVC12) to the octadecyl analogue (MVC18). Complexation in
water, investigated by NMR spectroscopy and ITC, revealed a
clear switch from 1:1 to 2:1 host/guest stoichiometry moving
from 12 to 16 carbon atoms, as a consequence of the chain
folding of the major portion of the longer alkyl chain in one
CBI[8] cavity and the inclusion of the full viologen unit by
another host molecule. The CB[8],’MVC18 complex crystal
structure evidences the unprecedented 2:1 stoichiometry and
quantified in 12 the number of carbon atoms necessary to fill
the CBI[8] cavity in U-shaped conformation.

binding affinity in water. The progenitor methyl viologen (MV),
also known as paraquat, binds to CB[8] in a 1:1 stoichiometry
with a log K of 5.04."

In the solid state, the substitution of the methyl groups with
either one or two long aliphatic chains alters the binding mode
substantially. For instance, dialkylated viologens form
supramolecular polymers by inclusion of two short (C6) alkyl
chains from distinct molecules in one CBI8] cavity."®! Analo-
gously, connecting two viologen cores with linear alkyl chains
(C6 and C8) leads to the formation of a novel supramolecular
polymer with two CB[8] hosts involved in guest complexation:
one threads the alkyl spacer between the aromatic cores while
the other is involved in the propagation of the supramolecular
polymer by complexing two terminal butyl chains of distinct
guest molecules.™

In aqueous solution, MV derivatives are typically used as
electron-deficient acceptor molecule in the construction of
heteroternary complexes with a second electron-rich guest.” As
unique characteristic of CB[8], the formation of these com-
plexes by host-enhanced charge transfer has been extensively
exploited as a “molecular handcuff’™® for the permanent linking
of extended architectures."®'® In particular, ditopic viologen-
based monomers have been involved in the preparation of
both linear and cyclic supramolecular polymers,'*? while the
decoration of polymeric backbones”? and surfaces®*” with
appended viologen units revealed to be extremely efficient in
the preparation of supramolecular hydrogels and adhesives.
Moreover, asymmetrically alkylated viologens can provide, by
heteroternary complexation, supramolecular amphiphiles that
are capable to convert micelles in vesicles.”*>? In all these
applications the viologen species interact with CB[8] mainly
with their aromatic core. Methyl decyl viologen, instead, forms
a 1:1 host-guest complex with CB[8], where the long alkyl
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Scheme 1. Structure of cucurbit[8]uril (CB[8]) and methyl alkyl viologen
dichloride salts (MVCn) involved in this study.

chain is in a folded conformation inside the host cavity.”® The
C10 chain adopts a U-shaped conformation inside the CBI[8]
cavity while the viologen group resides outside the CB[8] cavity,
as confirmed by X-ray crystal structure analysis.

A deep understanding of complexation modes and equi-
libria involved in alkyl viologens complexation by CB[8] is of
high interest for the control of the above mentioned self-
assembled architectures. In particular, the dual capability of
these guest to interact with the cavity with either their aromatic
core or the folded aliphatic chain needs to be further
investigated. Here we report the analysis of the influence of the
alkyl chain length on the binding mode of methyl alkyl
viologens with CB[8] (Scheme 1). In water, a clear switch from
1:1 to 2:1 stoichiometry is observed upon moving from 12 to
16 carbon atoms. This switch is attributed to the longer alkyl
chain, which allows both the chain folding in one CB[8] cavity
and the viologen binding by another.

Results and Discussion

Synthesis of the host and the guests. CB[8] was prepared by acid-
catalyzed condensation of glycoluril with formaldehyde and
purified by repeated precipitations following a well-established
reported procedure.®” To determine the influence of alkyl chain
length in the complexation with CB[8], four methyl viologens
derivatives (MVCn, Scheme 1) were synthesized following
literature procedures.®™ The guests were obtained as iodide-
bromide salts reacting 1-methyl-4-bipyridinium iodide with the
corresponding alkyl bromide. The chain length was increased
each time by two methylene groups starting from dodecyl
methyl viologen (MVC12) to the octadecyl analogue (MVC18).
These guests were used as synthesized for crystals growth
experiments. To increase their limited solubility in water, the
counterions were exchanged with chlorides before performing
solution experiments.

Solution studies. The influence of the alkyl chain length
extension in MVCn complexation by CB[8] in solution was
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investigated via nuclear magnetic resonance (NMR) spectro-
scopy and isothermal titration calorimetry (ITC).

NMR titration experiments were performed recording 'H
NMR spectra of a 0.3 mM solution of MVCn salts in D,O in the
presence of incremental equivalents of CB[8] (Figure S1-3 and
Figure 1).

The complexation of MVC12 follows a trend similar to the
one reported for the decyl counterpart up to 1 eq of CB[8],"”
leading to the formation of a complex with a 1:1 stoichiometry.
The addition of the second equivalent causes a further upfield
of the viologen signals, indicating a deeper inclusion of this
part in the cavity balanced by a small downfield shift of the
signals related to aliphatic protons (Figure S1), with no evidence
of complexation stoichiometry perturbation. NMR titration of
MVC14 presents a similar trend (Figure S2). When present in
deficit (0.5 eq) CBI[8] is prone to interact with both terminus of
the molecule, leaving the signals of the central methylene
groups (1-3) almost unaltered. The system then moves to a 1:1
complex that includes only the U-folded alkylated end of the
viologen upon increasing the concentration of the CB[8] up to
2 eq. The titration outcome is completely different with longer
MCVn counterparts: the addition of 0.5 eq of the host causes
the broadening of MVC18 signals (Figure 1b), as already
observed for similar guests in fast exchange between bound
and unbound forms.®! When CBI8] is present in equimolar
amount, instead, the guest signals present a more defined
pattern (Figure 1c): the peaks of the aliphatic portion are shifted
upfield and tends to differentiate one from the other, while
signals for the viologen unit are split over more than 1 ppm
region. These complexation-induced shifts are consistent with a
1:1 complex bearing a U-shaped alkyl tail, as already observed
for methyl alkyl viologen salts with shorter chains. In the case of
MVC18, however, the terminal CH; group does not reach
negative ppm indicating that the methyl group is less buried
inside the CBI[8] cavity. The addition of a second equivalent of
the host further modifies the NMR spectrum of the solution
(Figure 1d). The triplet of methylene 1, which was upfield
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Figure 1. 'H NMR (600 MHz, D,0, 278 K) spectra of 0.3 mM solution of free
guest MVC18 (a) and in the presence of 0.5 (b), 1.0 (c) and 2.0 (d) equivalents
of CB[8]. Colored dotted lines are added to guide the reader.
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shifted in the previous spectra as a consequence of its inclusion
in the CBI[8] cavity via interactions between the positively
charged nitrogen atom of the guest and the carbonyl groups
present at the host rims, returns to its initial position indicating
the decomplexation of this part of the guest. The increased
perturbation of viologen signals suggests a deeper inclusion of
this part in the host cavity. Interestingly, the signals of CB[8]
external protons are also split, indicating two different complex-
ation modes for the host. MVC16 follows a similar behavior,
with NMR spectra compatible with a 2:1 complex (Figure S3).
ITC experiments were performed to further assess complex
stoichiometries, together with thermodynamic parameters AH,
K, AG, and AS associated with the complexation processes.
Due to the limited CBI[8] solubility in water, these titration were
performed in a reverse fashion compared to NMR titration: to a
0.1 mM water solution of CB[8] placed in the cell, 38 aliquots of
a 1.0 mM water solution of each MVCn were added to reach
molar ratios close to 2 (Figure S4-7). Integration of the peaks
obtained from the heat released as a consequence of the
complexation event afforded the binding curve. The binding
isotherms of the integrated calorimetric titration data of each
guest are compared in Figure 2. For all the four titrations, two

k;}OOA OO

*

-10 -}56%%) ad o

eo' o

= o ad o

& 20 3 ab o

3] ] 6 AA o°°

230 £a6°°°

£ VT 00°° A

kS 1 oo® A

o 40 ° 8"

g ] A8 L+ i [P ———

= A I

= -50 + AAA O o MVC12
1 o - A MVC14

-60 3‘6 L — 1 — ] #* MVC16
1" © MVC18
-70 - T - - E - -
0.0 05 1.0 1.5 2.0
Molar ratio

Figure 2. Binding isotherms resulting from calorimetric titration data for
CBI[8] and methyl alkyl viologen dichloride salts (MVCn). The integrated heat
change per injection, normalized by the amount of guest injected, is
reported as a function of the molar ratio of guest/host in the sample cell for
all the four studied systems.

inflection points are detectable, one at molar ratio close to 0.5
and the other at 1. These steps-like curves are ascribable to the
presence of two different interaction mechanisms, through the
viologen unit and through the alkyl chain, on MVCn molecules,
which therefore behave as bifunctional guests.

The marked preference for the formation of a 1:1 complex
for MVC12 is clearly evidenced by the negligible contribution of
the first event in the titration. The best fitting for this curve was
obtained applying a “one set of sites” model, as reported in
Table 1.

In the case of MVC18 and MVC16, which present similar
curve shapes, 2:1 complexes are formed in solution with the
inclusion of both the viologen and the folded chain. The first
binding event occurs in the presence of 2 eq. of CB[8] for each
guest (situation analogous to the last spectrum in NMR experi-
ments). Further addition of the guest causes the reorganization
of the system towards the formation of a 1:1 complex
comprising the U-shaped alkyl chain. This process is completed
at molar ratios higher than 1 (second inflection point). The
MVC14 curve, instead, presents an intermediate situation.
Following these considerations, we decided to apply the “two
sets of sites” model to the fitting of the binding curves. The
variation of these contributions for the two events along the
series nicely matches the effect of the longer alkyl chain, which
promotes the 2:1 complex stoichiometry.

Further support to the formation of 2:1 complexes in water
was obtained by Diffusion Ordered Spectroscopy (DOSY) NMR.
DOSY-NMR is a well-established technique for the estimation of
hydrodynamic radius (r) of supramolecular assemblies in
solution. From measured diffusion coefficients (D), r can be
calculated applying the Stokes-Einstein equation (D=k,T/67tyr)
with the assumption that the species in solution is spherical.

DOSY-NMR experiments were performed on 0.3 mM solu-
tion of MVCn salts in D,O in the presence of 2 equivalents of
CB[8]. The obtained r value, which accounts for the whole
solvation sphere of the species, are reported in Table 2.
Diffusion coefficients measured with MCV16 and MCV18 guests
are in line with those observed for 2:2 complexes"” and the
calculated hydrodynamic radii nicely match with the involve-
ment of two macrocycles in the formation of the
supramolecular entities. On the other hand, the r value
obtained upon complexation of MVC12 is in agreement with
the formation of a smaller 1:1 complex, even in the presence of
an excess of CB[8]. For MVC14, instead, an intermediate

Table 1. Thermodynamic data obtained from ITC experiments for the complexation of MVCn as guest with CB[8] as host, measured in water solution at

298 K.

Guest n K, IM™] AH [kJ/mol] AG [kJ/mol] TAS [kJ/mol]

MvVC12 1.12 (£0.02) 7.3 (+£0.3)x10° —39.2 (£0.8) —39.1 (£0.5) —0.11 (£0.03)
/ / / / /

MvCi14 1.07 (£0.02) 8 (£0.2)x10* —17.3 (£0.6) —26.7 (£0.1) 94 (£0.3)
0.91 (+0.01) 1(+£0.8)x10° —37.6 (£0.5) —39.6 (£0.3) 2.1 (£0.2)

MvcCieé 1.09 (£0.01) 7 (£0.2)x10* —25.2(£0.7) —28.3 (£0.5) 3.2(£0.9)
0.97 (£0.02) 8.6 (£0.9)x10 —33.3(£03) —45.4 (£0.3) 11.8 (£0.1)

MVC18 1.08 (£0.01) 4 (+£0.4)x10° —225(£1) —29.4 (£0.8) 6.9 (£0.2)
0.97 (£0.01) 4 (+0.5)%107 —32.3(+0.4) —422 (+0.7) 8.9 (+0.3)

[a] Reported error values correspond to the standard deviation of at least three different measurements.
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Table 2. Diffusion coefficients (D) and hydrodynamic radius (r) obtained
for DOSY-NMR experiments.

D [m¥s] r[A]
CB[8I'MVC12 2.7 (£0.1)x107"° 8
CB[8],’ MVC14 1.9 (£0.1)x107" 1
CBI8],"MVC16 1.6 (£0.1)x107"° 13
CBI8],"MVC18 1.5 (£0.1)x107"° 14

diffusion coefficient value was obtained, suggesting the pres-
ence of an equilibrium between the two complexation modes.

Crystal structures. The observation of a well-defined 2:1
stoichiometry for the complexation of MVC18 in solution
prompted us to investigate the nature of this complex in the
solid state.

Small pale pink single crystals of CB[8],"MVC18 were
analyzed at the XRD1 beamline of the Elettra synchrotron using

cryo-cooling techniques. The asymmetric unit of the monoclinic
crystals (P2, space group) contains one 2:1 CB[8],"’MVC18
complex with its four bromine counter-ions and 44.5 water
molecules. The aromatic head of MVC18 is complexed by one
CB[8] molecule, while the last 12 carbon atoms of the aliphatic
tail are hosted by the second macro-ring, adopting a hook-like
conformation (Figure 3a). The terminal pyridinium group of
MVC18 interacts with the carbonyl groups of CB[8] through
charge-dipole interactions, with the shortest N--O distance of
3.32 A. The viologen group is hosted by an ideal D8, symmetric
CB[8] molecule in an asymmetric manner, with the center of
the host at 1.68 A from the pyridine mean plane. This pyridine
plane is oriented orthogonally with respect to the mean plane
of the portal oxygen atoms (89.5°). The N atom is located inside
the macro-ring at a distance of 0.71 A from this CB[8] portal
plane. The two pyridinium moieties of the viologen group are
mutually rotated by 31.4°. The internal pyridinium group also

Figure 3. Stick representations of the crystal structure of CB[8],"MVC18. a) side view of the 2:1 CB[8],’MVC18 complex presents in the asymmetric unit. b)
orthogonal views of the square arrangement of the four 2:1 complexes surrounding the MVC18 alkyl chain of the central 2:1 complex. Two pairs of the
complexes are overlapped in the side view. c) Crystal packing, as viewed along the ac direction. The atomic species are represented in CPK colors with the
exception of the MVC18 carbon atoms, which are colored in green. Hydrogen atoms, water molecules and counter-anions are omitted for clarity.
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interacts with the carbonyl groups of CB[8], with the shortest
N--O distance of 3.38 A. However, its positively charged N atom
is located outside the macro-ring at a distance of 1.29 A from
the second CB[8] portal plane (Figure 3a). For comparison, in
the previous reported 1:1 CB[8]'MVC10 the complexation of
the viologen group is completely different.®® In that case, the
viologen moiety is partially outside the macro ring (the out of
plane distance of the terminal positive N atom from the O-
portal is 2.06 A) and is leaning to its portal with an angle of
about 37°.

The aliphatic chain of MVC18 assumes a chiral helical
conformation with the above-mentioned hook-shaped terminal
(Figure 3b). The complete conformation of the alkyl chain is A*
-T-G-T"-G*"-T"-T"-T-G-G-T"-G-G-T"—A—C"-A"
(C=cis, G=gauche, A=anticlinal, T=trans, with the sign of the
torsion angle in superscript) with the position of the last nine
carbon atoms affected by high anisotropic thermal motions. An
analogous U-shape conformation of the terminal part of the
alkyl chain was observed in several complexes of CB[8] with
alkyl-derivatives featuring long linear chains.?*”

The absolute chirality of the non-centrosymmetric P2,
crystal was determined by the Flack parameter of 0.104(3) using
15869 quotients [(I+)-()1/[(1-++)+(I)]. A chiral conformation
assumed by a guest within this D8, symmetric host is not
unprecedented.?>*39 The crystals of three different host-guest
complexes between CB[8] and alkyltrimethylammonium ions
(CTA™, C,o,TAT and C,,TA™) all belong to the non-centrosym-
metric P2, space group.®®

In the present structure, the distance between the two
facing CBI8] portals of the 2:1 complex is 8.15A. The open
space, 5.11 A wide (considering the vdW radii of the O atoms),
which contains the central alkyl chain of MVC18, is only partially
filled by a square arrangement of four surrounding CB[8] hosts
(Figure 3b). In fact, the height of the CB[8] molecules is
significantly larger than the open space between the facing
CBI8] portals (mean value of 9.18 A considering the vdW radii
of the O atoms). This arrangement produces a 2D assembly of
the 2:1 complexes lying on the ac plane of the crystal
(Figure 3c). Alternate slices of this 2D assembly, symmetrically
related by 2, screw axes, pack orthogonally along the b
direction of the crystal (Figure 3c). Therefore, this crystal
packing stabilizes the conformation of the central MVC18 alkyl
chain and the overall architecture of the 2:1 complex with two
aligned host molecules.

Conclusion

The present work clarifies the role of the alkyl chain length on
the complexation mode of methyl alkyl viologens by CB[8]. The
primary interaction mode is the U-shaped folding of the alkyl
chain within one CB[8], which requires 12 methylene units to
fill the cavity, as shown by the crystal structure of CB-
[81,’MVC18. The K, of this complexation is in the range 10°-
10’ M7, as determined by ITC measurements. The inclusion of
the methyl viologen unit by another CBI[8] requires the
presence of at least four additional methylene units to be fully
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effective. Shorter linkers make this second interaction sterically
unfavorable. Accordingly, ITC measurements show a progressive
increase of this second complexation event from 4.8x10* to
1.4x10° M~ moving from MVC14 to MVC18. The 2:1 complex-
ation mode is operative both in solution and in the solid state
for MVC18, as demonstrated by the combination of NMR and
ITC titrations, DOSY measurements and the crystal structure of
CBI[8],"MVC18.

Experimental Section

Synthesis. All starting materials were purchased from commercial
sources and used as received. CB[8] was synthetized and purified
following a published procedure.® Its purity was determined to be
80% via ITC, titrating a solution of CB[8] in sodium acetate buffer
(pH=4.65) with 1-adamantylamine.®”! MVCn guests were obtained
as bromide/iodide salts reacting 1-methyl-4-bipyridinium iodide
with the corresponding alkyl bromide, following a previously
reported procedure.®™ For solution studies in water, the counter-
ions were exchanged with chlorides by passing methanol solutions
of the guests through Amberlite” IRA-400 resin (chloride form).

Single-crystal X-ray diffraction spectroscopy (SC-XRD). Single crystals
suitable for an X-ray investigation were obtained by slowly cooling
a boiling water solution of CB[8] and MVC18. Data collection was
carried out at the Macromolecular crystallography XRD1 beamline
of the Elettra synchrotron (Trieste, Italy), employing the rotating-
crystal method with a Dectris Pilatus 2 M area detector. Single
crystals were dipped in paratone cryoprotectant, mounted on a
nylon loop and flash-frozen under a nitrogen stream at a 100 K.
Diffraction data were indexed and integrated using the XDS
package,”*” while scaling was carried out with XSCALE.*" Structures
was solved using the SHELXT program.”? The asymmetric unit of
the monoclinic (P2, space group) crystals of CB[8],’MVC18 is
composed of two CB[8] molecules, one MVC18 molecule, two
bromine counter-ions statistically distributed over 6 sites and 44.5
partially disordered water molecules. The structure was refined with
SHELXL-18/3,"* operating through the WinGX GUI,“* by full-matrix
least-squares (FMLS) methods on F2 Non-hydrogen atoms were
refined anisotropically, with the exception of some water molecules
with occupancy factors below 0.5. Excluding the water molecules,
hydrogen atoms were added at the calculated positions and refined
using the riding model. Crystallographic data and refinement
details are reported in Table S1.

Nuclear magnetic resonance spectroscopy (NMR). '"H NMR spectra
were obtained using a 400 MHz Bruker AVANCE or a 600 MHz JEOL
spectrometer. All chemical shifts (8) were reported in ppm relative
to the proton resonances resulting from the incomplete deutera-
tion of the NMR solvents. Diffusion-ordered NMR spectroscopy
(DOSY) spectra were acquired at 17.6°C on a 600 MHz JEOL
spectrometer. The spectra were acquired with a bbp_led_dosy_pfg
sequence with gradient spoiling, using 800 scans. The gradient
strength was logarithmic incremented of 14 steps from 30 to
600 mT/m. Diffusion time was set to 0.12 s, delta was 2 ms and the
relaxation delay was 10 s. Diffusion coefficient values were obtained
by fitting peak intensity decays in Delta 5.3.0 software using the
curve analysis option.

Isothermal titration calorimetry (ITC). Titrations were performed in
water at 25°C on a MicroCal PEAQ-ITC System. The ITC titrations
were performed by adding incremental amounts of MVCn to a
solution of CB[8] placed in the cell of the calorimeter. Stoichiometry
and thermodynamic parameters were calculated as the average of
three experiments. The heat released upon binding was tracked
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against time (top trace). To account for unspecific heats of dilution,
MVCn were also titrated into pure water (blank titrations) affording
no significant heat.

Deposition Number 2033336 (for CB[8],’MVC18) contains the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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