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ABSTRACT: We have employed mass spectrometry, ion mobility, and computa-
tional techniques to characterize complexes of n-alkylammonium ions with
cucurbit[5]uril (CB[5]) and cucurbit[6]uril (CB[6]) ligands in the gas phase.
Nonrotaxane structures are energetically preferred and experimentally observed for
all CB[5] complexes. Pseudorotaxane structures are computationally favored and
experimentally observed for [CB[6]·n-alkylammonium]+ complexes, but the
addition of a second cation (proton, alkali metal ion, another alkylammonium
ion, or guanidinium) on the opposite rim of CB[6] causes sufficiently unfavorable
steric interactions that n-pentylammonium and longer chains no longer remain
threaded through the CB[6] cavity; nonrotaxane topologies are then favored. This
provides a very simple example of negative allosteric interactions and molecular structure switching in these complexes.

■ INTRODUCTION

Allosteric interactions1−3 are a well-known phenomenon in
biochemistry in which binding at a site remote from a protein’s
active site affects binding at the active site. These interactions
can either enhance binding at other sites (cooperative
binding), as in the binding of O2 by hemoglobin,4 or result
in decreased binding (negative allosterism), as in the allosteric
inhibition of HIV-RT by nevirapine and its analogues.5,6 These
kinds of interactions are important in such areas as regulation
of metabolism and regulation of enzyme activity.7

Allosteric inhibition has been reported in proteins where the
inhibitors bind to preformed binding sites. These inhibitors are
usually ligands that bind with a protein to disrupt its overall
native structure, affecting recognition in the active site.8

The binding of any ligand is generally based on the steric fit,
structure, locality of the binding site, and binding affinity.9 The
allosteric capacity of a molecule depends on the capacity of
changing these phenomena. Usually, organic complexes are
used as allosteric promoters and inhibitors.7 However, metal
complexes have also been considered to cause allosteric
interactions. Metal complexes including metals like Ga, Fe, Cu,
Pd, and so forth have been successfully used as enzyme
inhibitors.10

Cucurbit[n]urils (CB[n] hereafter, with n indicating the
number of glycoluril units in these cyclic polymer molecules,
Figure 1a) are very simple synthetic ditopic (2 binding sites)
ligands, with the two well-defined identical binding sites a
fixed, close distance apart.1 This family of molecules, therefore,
offers an opportunity to examine in detail how two proximate
but separate binding sites interact through a simple type of
allosterism,2 with the possibility of seeing cooperative or

anticooperative binding in a very simple system.1,2 Previous
gas-phase studies of CB[5] have observed anticooperative
binding, as Coulomb repulsion due to binding a cation in one
site weakens the binding of cations in the second site.11

Although the portals and cavity of CB[5] are too small to
accommodate threading of an alkyl chain, CB[6] and larger
members of the family have been used as the ring component
of rotaxanes (Figure 1b),12−14 supramolecular structures
consisting of a macrocyclic ring threaded onto a linear
molecule. CB[6] and larger CB[n] use both sites in the
binding of α,ω-n-alkyldiammonium cations as pseudorotaxanes
(the bulky end groups usually used to prevent dethreading of
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Figure 1. (a) Structure of cucurbit[n]uril. (b) Pseudorotaxane
complex of 1,4-n-butanediammonium (space-filling) with cucurbit[6]-
uril (ball and stick).
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threaded species in rotaxanes are not present), with strong
preferences for alkyl chains of the appropriate length.15−17

In the gas phase, pseudorotaxanes with terminal or interior
charged groups that are not intrinsically bulky can behave as if
a bulky group were present because interactions between the
charge and electronegative atoms in a host molecule can be
strong enough to preclude facile dethreading.15−17 In the case
of CB[6] complexes with ammonium ions, the hydrogen
bonding that occurs on the CB[6] rim is strong in the absence
of a competing solvent, so ammonium-CB[6] binding
effectively anchors the guest in the host.15

In this work we are interested in the intermediate case, n-
alkylammonium guests that have a charged group on one end
and a linear alkyl chain on the other. These ions cannot
interact as strongly as the α,ω-n-alkyldiammonium cations
because rather than having strong ionic hydrogen-bonding
sites18−24 on both ends, the alkyl tail can only support much
weaker dispersion interactions; the enthalpic driving force for
forming pseudorotaxanes is much weaker, and in fact, entropic
considerations might tip the balance to favor having the n-alkyl
tails outside the CB[6] cavity. Thus, one of the key questions
here is whether or not CB[6] forms pseudorotaxanes with n-
alkylammonium cations in the gas phase.
In addition, we investigate interactions between the two

binding sites in these simple ditopic ligands, as a means of
studying a simple type of allosteric interaction. Specifically,
assuming that n-alkylammonium ions do form pseudorotaxanes
with CB[6], how does binding a cation on the other rim affect
the structure of the complex? Will it remain a pseudorotaxane,
and if so, is there alkyl chain size dependence?

■ EXPERIMENTAL
Materials. CB[6] and n-alkylamines (n = 1−9, purity >

98%) were purchased from Sigma-Aldrich (St. Louis, MO).
Both acetic acid (glacial) and HPLC-grade water were
purchased from Fisher Scientific (Fair Lawn, NJ). Methanol
was of LC−MS grade from Millipore Sigma (Burlington, MA).
All materials were used without additional purification. Stock
200 μM CB[6] and 200 μM n-alkylamines were prepared by
dissolving in 50:50 methanol/water. The stock solutions were
mixed such that CB[6] was 20 μM and n-alkylamines were 40
μM in the final spray solution, which was also 0.5% acetic acid
by volume.
Instrumentation. We used an Agilent model 6560 IMS-

qToF instrument25 for experimental collision cross-section
(CCS) measurements. This instrument employed an Agilent-
supplied nano-electrospray source, which was used for direct
infusion electrospray and was equipped with a fragmentor ion
optic that enabled in-source collision-induced dissociation.
The instrument consisted of a uniform field ion mobility
spectrometer (IMS) using nitrogen as the drift gas, placed
between two ion funnel stages. The front ion funnel stage
contained two sections where the ions were focused, trapped,
and released into the drift tube. After the ions were separated
in the drift tube, the ions were refocused into the collision cell,
then transmitted to a quadrupole time-of-flight (qToF) mass
spectrometer.
We used the stepped-field method25 for CCS measurements,

varying the overall voltage drop across the drift tube from
1000−1700 V in 8 increments and averaging data for 1 min at
each field setting. CCS measurements in the IMS-qToF were
calibrated against the m/z 922 ion of Agilent TuneMix. Drift
times were measured at each field setting and were used to

determine the collision cross sections in N2 via application of
the Mason−Schamp equation.26

Computational. Modeling in Spartan ’18 (Wavefunction,
Inc.; Irvine, CA, U.S.A.) began with a conformational search
using the MMFF94 force field27−31 supplied in the modeling
package. Low energy structures found in the conformational
search were subjected to single-point energy calculations using
the M06-2X/6-31+G* method. Full geometry optimization
using M06-2X/6-311G**//M06-2X/6-31G* was done on 3−
5 of these lowest-energy isomers. The lowest-energy isomer at
this level of theory was used for extracting the optimized
geometry coordinates and ESP charges, which were employed
in trajectory method CCS calculations in N2 (with the N2
quadrupole moment included and with partial charges on the
ion) using IMoS 1.10c.32

■ RESULTS
Computed Energies. Computational modeling found

minima for both nonrotaxane and pseudorotaxane structures
of CB[5] and CB[6] complexes with n-alkylammonium guests.
We calculated the difference in energy between the lowest-
energy nonrotaxane and lowest energy pseudorotaxane
structure for [CB[n]·RNH3]

+, [CB[6]·Na·RNH3]
2+, and

[CB[6](RNH3)2]
2+, with the results shown in Figure 2. All

the [CB[5]·RNH3]
+ complexes energetically favored non-

rotaxane structures, whereas all the [CB[6]·RNH3]
+ complexes

favored pseudorotaxanes. These preferences generally increase
with increasing chain length. The nonrotaxane versus
pseudorotaxane preferences for [CB[n]·Na·RNH3]

2+ and
[CB[n](RNH3)2]

2+ are more complex and are discussed in
more detail below.

Experimental Observations. We observed both singly
charged 1:1 and doubly charged 2:1 alkylammonium-CB[6]
complexes, as well as doubly charged M+ + alkylammonium +
CB[6] complexes (where M is an alkali metal), with relative
intensities strongly dependent on ion source conditions. The

Figure 2. Difference in computed energy of pseudorotaxane (“guest
in”) and nonrotaxane (“guest out”) structures, at the M06-2X/6-
311G**//M06-2X/6-31G* level of theory, for CB[n] complexes
involving n-alkylammonium guests as a function of the number of C
atoms in the n-alkyl chain. Positive values indicate nonrotaxane
structures are energetically favored, and negative values indicate
pseudorotaxane structures are favored. Points not shown are off the
scale.
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doubly charged complexes were observed under most
conditions, whereas singly charged 1:1 complexes required
more energetic source settings that favor collision-induced
dissociation. Although our IM CCS measurements do yield
absolute CCS values (please see the Supporting Information),
in most cases we have chosen to report the results as ratios of
the CCS value for the ion of interest to the CCS value for
either [CB[n]Na]+ (for singly charged ions) or [CB[n]Na2]

2+

(for doubly charged ions), because by eliminating systematic
deviations between experimentally measured and computed
CCS values (likely due to imperfections in the modeling), this
approach facilitates comparison with CCS ratios derived from
the corresponding computed structures.
We note that the portals of CB[5] are considered too small

to allow the formation of rotaxane structures, so structures in
which the alkylammonium cations “perch” on the CB[5] rims
are expected and, indeed, were the lowest-energy structures
found by the calculations. These complexes, therefore, serve as
controls to show trends in CCS values where the formation of
rotaxanes does not occur.
In each case below, we will describe trends in the computed

CCS values for CB[5] complexes as alkyl chain lengths
increase, followed by a description of the experimentally
measured results and a comparison between computed and
experimental values. This same approach will then be followed
for the corresponding CB[6] complexes, where, in contrast to
CB[5], the portals of CB[6] are known from spectroscopic12,13

and X-ray studies14 to be large enough to facilitate rotaxane
formation.
Singly Charged 1:1 Complexes of n-alkylammonium

Ions with CB[n]. As expected, computational modeling found
“perched,” externally bound alkylammonium complexes to be
the lowest-energy structures for each complex of CB[5] that
was examined (Figure 2). Computed CCS values for these
nonrotaxane complexes increase monotonically from 1−8 C
atoms in the alkyl chain (Figure 3a), and drop a little for the
nonylammonium complex as the alkyl chain begins to interact
more strongly with the exterior of the host molecule, and
perhaps reflecting the increasing difficulty of thoroughly
exploring conformational space computationally for longer
alkyl chain lengths.
Experimentally, all of the singly charged 1:1 alkylammonium

complexes of CB[5] have single peaks in their arrival time
distributions. The measured CCS ratios versus the CCS of
[CB[5]Na]+ increase monotonically with increasing alkyl chain
length from 1−9 C atoms, with the rate of increase with chain
length perhaps decreasing slightly for the longer chains (Figure
3a). The agreement between CCS ratios for the modeled
structures and the experiment is good for 1−5 C atoms in the
alkyl chain, but for longer chains, the ratios for the computed
structures become increasingly smaller than the experimental
values.
The portals of CB[6] are large enough that alkyl chains are

observed to thread through them in crystallographic data for
solid-phase complexes,14 so we anticipated pseudorotaxane
structures in the gas phase. We modeled both external alkyl
tails (nonrotaxanes) and pseudorotaxane structures for each n-
alkylammonium complexed with CB[6] (Figure 3b). As with
the externally bound CB[5] complexes, the computed
nonrotaxane structures of the 1:1 CB[6] complexes of n-
alkylammonium ions increase monotonically in CCS as the
alkyl chain length increases. In contrast, the computed
pseudorotaxane structures for alkyl chains of 1−5 C atoms

have similar calculated CCS values, resulting primarily from
the CB[6] host; the guest, inside the host, does not contribute
appreciably to the CCS until the alkyl chain becomes long
enough to protrude from the portal on the side opposite the
ammonium group. This occurs for 6−9 C atoms in the n-
alkylammonium chain.
In the experimental arrival time distributions for the CB[6]

complexes of n-alkylammonium ions, single peaks were
observed for chain lengths of 1−4 C atoms. The corresponding
CCS ratios are near 1, indicating cross sections similar to that
of [CB[6]Na]+ and consistent with pseudorotaxane model
structures that have the alkyl tail threaded inside the CB[6]
cavity. This is particularly evident for propyl- and butylammo-
nium cation guests, where there is a clear difference between
computed CCS values for “tail in” and “tail out” structures.
For n-pentylammonium and longer guests, the experimental

arrival time distributions had two peaks. The peaks at shorter
arrival times for each complex, consistent with computed
pseudorotaxane structures, were about twice as intense as those
observed at longer arrival times, which were more consistent
with computed nonrotaxane structures. The CCS ratios for the
short-arrival-time structures, like those for the computed
pseudorotaxane CB[6] complexes, increase for chain lengths
greater than 5 or 6 C atoms, consistent with protrusion of the

Figure 3. Collision cross sections relative to that of [CB[n]Na]+ for
singly charged complexes of (a) CB[5] or (b) CB[6] with n-
alkylammonium ions with various alkyl chain lengths. Ratios from
computed structures (M06-2X/6-31G*) are shown using open
symbols, whereas those from experimental IMS measurements are
shown using solid symbols. Inset cartoons are color-coded with the
data to illustrate the structures.
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alkyl chain from the CB[6] portal opposite that where the
ammonium group is bound. Like the nonrotaxane CB[5]
complexes, the experimental CCS ratios for the CB[6]
complexes observed at longer arrival times are increasingly
smaller, as alkyl chain length increases, than those computed
from trajectory method calculations.
Doubly Charged Complexes of M+ and n-alkylammo-

nium with CB[n]. Here we focus on M = Na, as these
complexes are exemplary of those of other cations and were the
most easily observed experimentally. Computational modeling
of complexes with the [CB[5]·Na·RNH3]

2+ stoichiometry
found binding of the n-alkylammonium ions with the alkyl tails
external to the CB[5] cavity as expected, and thus, yielded
CCS ratios versus [CB[5]Na2]

2+ (Figure 4a) that were all

greater than 1, increasing monotonically with alkyl chain length
up to 7 C atoms. The complex with n-octylammonium had a
computed ratio a bit less than that of the n-heptylammonium
complex, as the longer tail begins to wrap around the CB[5]
host.
Drift IMS measurements for [CB[5]·Na·RNH3]

2+ found
single peaks in the arrival time distributions for all complexes,
with the corresponding CCS ratios relative to [CB[5]Na2]

2+ all
greater than 1, increasing monotonically with the n-
alkylammonium chain length for all observed complexes.

Agreement between the computationally modeled and
experimentally observed ratios is good, suggesting that all of
the observed [CB[5]·Na·RNH3]

2+ complexes have non-
rotaxane structures with alkyl tails external to the CB[5] cavity.
We modeled both nonrotaxane and pseudorotaxane

structures for [CB[6]·Na·RNH3]
2+, with CCS ratio results

given in Figure 4b. The nonrotaxane structures have CCS
ratios versus [CB[6]Na2]

2+ that are all greater than 1 and
increase monotonically with alkyl chain length as expected,
with some scatter for the longest alkyl tails as chain wrapping
occurs and comprehensive modeling becomes more difficult.
The pseudorotaxane structures for complexes with 1−5 C
atoms in the alkyl tails all have similar computed CCS ratios
slightly greater than 1, again reflecting the internal binding of
the alkyl tails. For 6 C atoms and longer, the alkyl tails are too
long to fit within the CB[6] cavity and begin to push out, by
disrupting either the hydrogen bonding of the ammonium
group with the CB[6] rim O atoms and/or the interaction of
the Na+ ion with the opposite rim.
In contrast to our observations of the singly charged

complexes of alkylammonium cations with CB[6]), where we
saw multiple peaks in the arrival time distribution for
complexes of n-pentylammonium and longer n-alkylammo-
nium ions, when Na+ is also present, resulting in a doubly
charged complex, only single peaks are observed in the arrival
time distributions for each complex. As seen in Figure 4b,
complexes with n-butylammonium and shorter-chain n-
alkylammonium ions all have similar, relatively small collision
cross sections (less than 2% larger than the CCS of
[CB[6]Na2]

2+). These are consistent with the computed
CCS ratios for pseudorotaxane structures. The cross section
increases by about 10 Å2 (to about 5% larger than that of
[CB[6]Na2]

2+) when n-butylammonium is replaced by n-
pentylammonium. All longer-chain complexes follow this same
trend of much larger CCS, with CCS increasing with chain
length. For n-pentylammonium and longer chains, the CCS
ratios are more consistent with those for computed non-
rotaxane structures. Also in qualitative but not quantitative
agreement, the computed energies (Figure 2) suggest
pseudorotaxane structures for the Na+-containing species are
favored for chains as long as 6 carbon atoms, whereas for
longer chains the nonrotaxane structures are very strongly
favored.
This switch from pseudorotaxane to nonrotaxane topology

with increasing alkyl chain length when Na+ is bound to CB[6]
is also observed when Na+ is replaced by H+, Li+, K+, Cs+,
NH4

+, or guanidinium (see Supporting Information). For each
of these cations, a similarly significant increase in collision
cross section occurs when n-butylammonium is replaced by n-
pentylammonium or a longer n-alkylammonium. This suggests
that in all the [CB[6]·M·RNH3]

2+ complexes we have
observed in the gas phase, for R = n-butyl and shorter chains
the complexes are pseudorotaxanes, whereas, for R = n-pentyl
and longer chains, the presence of M+ causes a nonrotaxane
structure to be favored.
A small but interesting difference is observed when M+ = H+

or guanidinium (Supporting Information, Table S1 and Figure
S1). As with the other capping cations, complexes of n-
alkylammonium ions having n-butyl or shorter chains gave
single peaks in the arrival time distributions, consistent with
pseudorotaxane structures. For M+ = H+, two peaks are seen in
the distribution for [CB[6]·H·n-pentylammonium]2+. Longer
n-alkyl chains yielded only the longer-arrival-time peaks,

Figure 4. Collision cross sections relative to that of [CB[n]Na2]
2+ for

doubly charged complexes of (a) CB[5] or (b) CB[6] with Na+ and
n-alkylammonium ions with various alkyl chain lengths. Ratios from
computed structures are shown using open symbols, whereas those
from experimental IMS measurements are shown using solid symbols.
Inset cartoons are color-coded to illustrate the structures and match
the data.
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consistent with nonrotaxane structures. Similarly, for M+ =
guanidinium, two peaks are observed in the arrival time
distributions for the complexes involving n-pentyl- and n-
hexylammonium; longer n-alkyl chains resulted in only the
longer-arrival-time peaks. Possible explanations are discussed
below.
Doubly Charged [CB[n](RNH3)2]

2+ Complexes. We also
examined doubly charged complexes with stoichiometry
[CB[n](RNH3)2]

2+. These complexes have more topological
possibilities, as they may have structures with both n-alkyl tails
inside the CB[n] (“in−in”), structures with one tail in and one
out (“in−out”), or structures with both tails out (“out−out”).
Based on the results for the singly charged [CB[n]·RNH3]

+

complexes, we would expect all [CB[5](RNH3)2]
2+ complexes

to be out−out, because the CB[5] portal is too small to easily
accommodate an alkyl chain. Computationally, all of the
[CB[5](RNH3)2]

2+ complexes were modeled as out−out
structures with both n-alkyl tails exterior to the CB[5] ligand.
Their CCS ratios relative to that of [CB[5]Na2]

2+ (Figure 5a)
increase with the increasing chain length up through n-
hexylammonium, and for longer chains, while remaining large,
show more scatter due to wrapping of the alkyl chains around
the CB[5] and perhaps increasing difficulty in properly

exploring the conformational space, the same as was seen for
[CB[5]·RNH3]

+ and [CB[5]·Na·RNH3]
2+ complexes.

Experimental drift IMS measurements for [CB[5]-
(RNH3)2]

2+ complexes gave single peaks in their arrival time
distributions, and CCS ratios relative to the CCS of
[CB[5]Na2]

2+ (Figure 5a) increase with the increasing n-
alkylammonium chain length. These observations are in good
qualitative agreement with the computed results for out−out
complexes.
In computational studies of [CB[6](RNH3)2]

2+, in−in
complexes were found only for R = n-propyl and shorter and
were not the lowest-energy structures in any case. The in−out
and out−out complexes are similar in cross section for the
smallest n-alkylammonium guests, becoming appreciably
different only for 3 C atoms in the chain and longer (Figure
5b), but unsurprisingly, the CCS ratios for a given
stoichiometry increase in the order in−in < in−out < out−
out for all examined chain lengths. The computed CCS ratios
relative to that of [CB[6]Na2]

2+ (Figure 5b) increase with
chain length up to n-heptylammonium, once again exhibiting
some scatter for longer chains. No minimum was found for in−
out structures involving n-nonylammonium. Energetically
(Figure 2), the out−out structure is strongly favored for
methylammonium and slightly favored for ethylammonium.
In−out structures are favored for n-propyl-, n-butyl-, and n-
pentylammonium, whereas out−out structures are strongly
favored for all longer n-alkylammonium chains.
Experimentally, single peaks were observed in the arrival

time distributions for all [CB[6](RNH3)2]
2+ species except

that for R = n-pentyl, where two peaks were seen (Figure 5b).
The CCS ratio for the smaller of these follows the smooth
trend of the methylammoniumn-butylammonium com-
plexes, whereas the CCS ratio of the larger n-pentylammonium
complex jumps about 2% and begins a new smooth trend for
the complexes of the longer n-alkylammonium ions. The
experimental CCS ratios for the smaller [CB[6](n-pentylam-
monium)2]

2+ complex and the complexes of the shorter n-
alkylammonium ions are in good agreement with the
theoretical CCS ratios for the computed in−out structures.
For the larger complex of n-pentylammonium and the longer
n-alkylammonium ions, the experimental values are in better
agreement with theory-derived out−out structures.

Doubly Charged [CB[6](RNH3)(R’NH3)]
2+ Complexes.

Finally, we observed complexes with the [CB[6](RNH3)-
(R’NH3)]

2+ stoichiometry (i.e., complexes with two different
n-alkylammonium ions bound to CB[6]). These complexes
were examined computationally using molecular mechanics
techniques, but because of the many low-energy conformers
involved, they were not studied with the higher-level
computational methods that yield more accurate energies
and structures. Instead, we focus on experimental drift IMS
results for these systems. Collision cross section ratios
measured for these systems versus that of [CB[6]Na2]

2+ are
plotted in Figure 6 as a function of the number of C atoms in
the second guest, while the first guest is held constant in each
of the data sets shown.
In general, the complexes increase in cross section as the

length of the alkyl chains R and R′ increase. All the data except
those for the n-butylammonium complexes show a significant
increase in the relative cross section between 4 and 5 C atoms
in the R′ guest.

Energy-Resolved Collision-Induced Dissociation. We
performed energy-resolved collision-induced dissociation

Figure 5. Collision cross sections relative to that of [CB[n]Na2]
2+ for

doubly charged complexes of (a) CB[5] or (b) CB[6] with 2 identical
n-alkylammonium ions with various alkyl chain lengths. Ratios from
computed structures are shown using open symbols, whereas those
from experimental IMS measurements are shown using solid symbols.
Inset cartoons are color-coded to illustrate the structures and match
the data.
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(CID) experiments on ions exiting the ion mobility stage of
our IMS-ToF instrument, in an effort to determine whether
there is a strong binding preference for particular n-
alkylammonium ions in the CB[n] complexes, akin to what
has previously been observed for α,ω-n-alkyldiammonium
guests in CB[6].16,17 In Figure 7, we show results for energy-
resolved CID of five [CB[5](RNH3)(R’NH3)]

2+ complexes
and the corresponding five [CB[6](RNH3)(R’NH3)]

2+ com-
plexes, plotted as the survival yield, the fraction of intact
precursor remaining. Generally, these dissociations occur with
at least a small preference for loss of the longer n-
alkylammonium ion. All of the CB[5] complexes dissociate
at similar energies (50% of the precursor dissociating around
0.34 ± 0.01 eV), on average perhaps slightly lower than the
energies required to dissociate the CB[6] complexes (average
50% dissociation at 0.36 ± 0.02 eV, excluding the anomalously
high value for [CB[6](n-hexylammonium)(n-octylammo-
nium)]2+ that was observed with poor signal-to-noise), as
expected due to the greater polarizability and larger number of
internal degrees of freedom of the larger cucurbituril host.
Interestingly, both [CB[6](n-propylammonium)(n-hexylam-

monium)]2+ and [CB[6](n-butylammonium)(n-pentylammo-
nium)]2+ dissociate around 0.35 eV, similar to the CB[5]
complexes, whereas the other CB[6] complexes appear to
dissociate at slightly higher energies. In any event, the spread in
dissociation energies is small enough that no clear binding
preferences are evident.

■ DISCUSSION

Evidence for Pseudorotaxane Structures in Gas
Phase Complexes of CB[6] with n-alkylammonium
Ions. Computational data, in combination with CCS measure-
ments, provide good evidence for [CB[6](n-alkylammo-
nium)]+ pseudorotaxane structures in the gas phase. The
computational results shown in Figure 2 indicate an energetic
preference for pseudorotaxane structures over nonrotaxanes
that increases with increasing chain length up to about 50 kJ
mol−1 for 4−5 C atoms in the chain and longer. This reflects
increasing dispersion interactions between the alkyl chain and
the CB[6] interior that top out when the alkyl chain is the
same length as the length of the CB[6] cavity. The collision-
induced dissociation data shown in Figure 7 also suggest
similar dissociation energies for all CB[5] complexes and
CB[6] complexes, where a longer n-alkylammonium cation is
bound externally. Complexes with the n-butyl tail dispersively
held inside the CB[6] cavity appear to dissociate at somewhat
higher energies. However, we have no simple explanation for
the significantly higher dissociation energies observed for the
CB[6](n-hexylammonium)(n-octylammonium)]2+ complex.
While this is the largest complex examined, and therefore
might be expected to exhibit the largest influence of energy
partitioning into internal degrees of freedom with a
concomitant decrease in dissociation rates,33−36 the shift in
dissociation energies seems too large to attribute to kinetic
shifts37 and may simply be due to poor signal-to-noise in those
measurements.
CCS measurements also support these conclusions.

However, control experiments measuring CCS ratios for
CB[5] complexes, which should be nonrotaxanes, were in
good agreement with computed nonrotaxane structures,
experimental CCS ratios for the more abundant, shorter

Figure 6. Collision cross sections relative to that of [CB[6]Na2]
2+ for

doubly charged complexes of CB[6] with 2 mixed n-alkylammonium
ions with various alkyl chain lengths.

Figure 7. Precursor ion survival curves for selected complexes of CB[5] and CB[6] with two n-alkylammonium cations with different chain lengths,
subjected to collision-induced dissociation at the indicated center-of-mass energies (Ecm) in N2. Error bars are standard deviations from 3 repeated
experiments; lines are sigmoidal fits to each data set.
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arrival time CB[6] complexes are in good agreement with
those for computed pseudorotaxane structures (Figure 3).
These values are significantly smaller than those for the
corresponding computed nonrotaxane structures. Similar
arguments (based primarily on experimental CCS measure-
ments) can be made for [CB[6]·M·RNH3]

2+ (Figure 4) and
[CB[6](RNH3)2]

2+ (Figures 5 and 6) complexes with chain
lengths less than 5 C atoms. In each of these cases, complexes
involving n-alkyl chains shorter than n-pentyl have CCS values
similar to those of the model rotaxane structures and smaller
than the trend expected for the complexes of the longer n-
alkylammonium ions.
Interactions between the two CB[6] binding sites for cations

cause structural changes in n-alkylammonium complexes of
CB[6]. The complexes examined here provide one of the
simplest examples of allosteric interactions between two
binding sites. When an additional ion is bound on the
CB[6] portal opposite to where an n-alkylammonium cation is
bound, additional steric requirements are introduced into the
resulting complex, effectively closing the CB[6] portal where
the additional cation is bound and inducing an allosteric
change in the binding of the n-alkylammonium ion. This is
evident in the switch from a preference for pseudorotaxane
structures (for all n-alkyl chain lengths examined) when a
second cation is not bound to a preference for nonrotaxane
structures in the presence of a second cation (alkali metal ions
and alkylammonium ions appear to similarly cause this
switching in preference) for n-pentylammonium and longer
chains (Figures 4 and 5). These experimental results are
consistent with computed relative energies for complexes with
up to 4 C atoms in the n-alkyl chain (pseudorotaxane
preferred) and for greater than 6 C atoms in the n-alkyl chain
(nonrotaxane preferred) but are not consistent with the
calculated energetic preferences for n-pentylammonium or n-
hexylammonium complexes, which computationally have
pseudorotaxane preferences, but experiments suggest them to
be nonrotaxanes. The reasons for this disagreement between
theory and experiment are not clear; perhaps a higher-level
theory is needed to describe the system accurately.
In this context, the two small exceptions to the general trend

for [CB[6]·M·RNH3]
2+ complexes, when M+ = H+ or M+ =

guanidinium, are interesting. In the case of a proton bound on
the opposite rim, the amount of steric hindrance is relatively
small because the proton is too small to simultaneously interact
with all of the carbonyl oxygen atoms. This allows both
pseudorotaxane and nonrotaxane isomers of the n-pentylam-
monium complex to be observed. Guanidinium is only weakly
bound to CB[6]38 (see also Supporting Information Figure
S3) and apparently, this “looser” fit makes it possible to
observe both pseudorotaxane and nonrotaxane forms of the n-
pentyl- and n-hexylammonium complexes.
The observed patterns in the data shown in Figure 6 (two n-

alkylammonium cations bound to CB[6]) are especially
illuminating. These patterns can be understood in terms of a
preference for the longer chain up to n-butylammonium to be
inside the CB[6] cavity, thus maximizing favorable dispersion
interactions. Chains longer than 4 C atoms preferentially bind
outside in these complexes because otherwise, their length
would cause them to suffer unfavorable steric interactions with
the ammonium group bound on the opposite rim. For
example, the complexes with R = n-propyl- or n-butylammo-
nium (Figure 6) are similar in cross section in most cases
because both n-propyl and n-butyl are inside the CB[6] cavity

and do not contribute to the CCS; the CCS is determined
primarily by the CB[6] ligand and the other n-alkylammonium.
This other guest is either shorter than n-propyl or n-butyl and
thus bound externally because it is energetically more favorable
for n-propyl or n-butyl to be inside or is too long for the CB[6]
cavity such that it suffers unfavorable steric interactions and is
thus bound externally. The [CB[6](n-butylammonium)2]

2+

CCS is larger than that of the [CB[6](n-propylammonium)-
(n-butylammonium)]2+ complex because in the former one n-
butyl tail is out, whereas in the latter the smaller n-propyl tail is
out. Similarly, large increases in CCS in going from [CB[6](n-
butylammonium)(n-pentylammonium)]2+ to [CB[6](n-penty-
lammonium)2]

2+ and in going from [CB[6](n -
butylammonium)(n-hexylammonium)]2+ to [CB[6](n-
pentylammonium)(n-hexylammonium)]2+ suggest that the
latter of each of these pairs of complexes has both alkyl tails
outside; if one were inside, it would be long enough to
interfere with binding of the 2nd alkylammonium cation, so
the in−out topology is not preferred.

■ CONCLUSIONS
When n-alkylammonium ions bind with CB[6], pseudorotax-
anes are preferentially formed because of favorable dispersion
interactions between the n-alkyl tail of the guest and the
interior of the host. However, these favorable interactions can
easily be disrupted by binding a second cation on the opposite
portal of the CB[6] host. This changes the shape of the
binding site from one resembling an open tube to a closed,
cup-like geometry, into which long n-alkyl chains no longer fit.
The relatively strong electrostatic interactions between most of
the second cations examined and the CB[6] portal O atoms
are sufficient to cause this geometric change and displacement
of n-alkyl tails longer than n-butyl. These simple, prototypical
allosteric interactions can be used to understand and design
molecular switches based on changes in the binding site
topology upon binding a second guest cation.
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