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Abstract
The concept of self-assembling container molecules as yocto-litre reaction flasks is gaining
prominence. However, the idea of using such containers as a means of protection is not well
developed. Here, we illustrate this idea in the context of kinetic resolutions. Specifically, we report
on the use of a water-soluble, deep-cavity cavitand to bring about kinetic resolutions within pairs of
esters that otherwise cannot be resolved because they react at very similar rates. Resolution occurs
because the presence of the cavitand leads to a competitive binding equilibrium in which the stronger
binder primarily resides inside the host and the weaker binding ester primarily resides in the bulk
hydrolytic medium. For the two families of ester examined, the observed kinetic resolutions were
highest within the optimally fitting smaller esters.

The simple act of compartmentalization is essential to chemistry. To an organic chemist, a
round-bottomed flask is both a means of promoting a reaction by keeping reagents in, and
stopping reactions by keeping species such as adventitious water out. In parallel with these
concepts, in recent years supramolecular chemists have developed the idea of using container
molecules as yocto-litre flasks to promote new reactions1–23. However, there has been little
progress in using container molecules as a means of protection. Indeed, to our knowledge, there
has been only one reported example of supramolecular protection, where a primary amine
product was prevented from over-alkylation by complexation to a cavitand24.

While considering the idea of protection via compartmentalization, it occurred to us that one
of the strengths of container molecules that fully envelop their guests is their ability to recognize
subtle differences between the gross overall forms of molecules. Consequently, many of the
container molecules in the literature could theoretically bring about not just the familiar kinetic
resolution of stereoisomers25–28, but also the as yet unexplored topic of the kinetic resolution
of constitutional isomers. Regarding the latter, there are of course many examples of
compounds only being available as mixtures with constitutional isomers or constitutionally
similar molecules. Hence, establishing a proof-of-principle that container molecules could
effect such purifications could be quite powerful. In this Article, we report on the ability of
supra-molecular nanocapsules to bring about the kinetic resolution of constitutionally isomeric
long-chain esters. More specifically, we show that the capsule formed by water-soluble host
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1 can protect encapsulated esters from reaction occurring in bulk solution, and that the degree
of protection is intimately tied to the goodness-of-fit between capsule and guest.

The supramolecular capsules central to this investigation were assembled by the dimerization
of water-soluble, deep-cavity cavitand 1 (Fig. 1)29–31. This host is a bowl-shaped amphiphile
composed of a concave hydrophobic pocket, a wide hydrophobic rim, and a convex outer
surface ‘coated’ with eight water-solubilizing carboxylic acid groups. Because of these
structural features, in aqueous solution the host is essentially monomeric, but the presence of
a suitable guest molecule triggers dimerization of the host and encapsulation of the guest (or
guests). Driven by the hydrophobic effect, this assembly occurs for molecules as small as
propane32, as large as steroids33 and as polar as triethylene glycol derivatives34.

As a proof-of-principle that container molecules can lead to the kinetic resolution of
constitutional isomers, we examined how the presence of capsule 12 affected the hydrolysis of
two families of esters in aqueous 18 mM NaOH. The first series of constitutionally isomeric
esters (2–6; volume, ~228 Å3; Fig. 1) was selected on the basis that they would optimally fill
the inner space of the capsule. We have previously shown that for n-alkanes, dodecane and tri-
decane have the optimal volume for filling capsule 12; they are neither so small that there is
too much empty space within the capsular complex, nor too big such that guest mobility is
overly restricted35. With this information we viewed methyl decanoate 2, ethyl nonanoate 3,
propyl octanoate 4, butyl heptanoate 5 and pentyl hexanoate 6 as ideal constitutionally isomeric
guests for the capsule (Fig. 1). The second set of five (16 non-hydrogen atom) esters was chosen
because they were anticipated to nearly fill the inner space of the capsule (volume, ~283 Å3).
These were methyl tridecanoate 7, ethyl dodecanoate 8, butyl decanoate 9, hexyl octanoate
10 and heptyl heptanoate 11 (Fig. 1).

As expected, the calculated physical properties of esters 2–6 are very similar (Table 1).
Using 1H NMR (nuclear magnetic resonance) spectroscopy, we individually examined the
hydrolysis of each of the free esters 2–6 (see Supplementary Information). As they had limited
solubility in pure water, we determined the rate constants for each ester (0.8 mM) in 3:7
acetone-d6:D2O containing 10 mM NaOH (T = 26 °C). The excess of base ensured that the
reaction, following a BAC2 mechanism, was pseudo-first order in ester. As anticipated, there
was little difference between the hydrolysis rates of the free esters (Table 1). At 26 °C, the
slowest hydrolysis rate was observed for pentyl and hexyl esters 5 and 6, and the fastest rate
for methyl ester 2. However, the fastest rate of hydrolysis was only ~3 times faster than the
slowest rate, an insufficiently large difference for a useful kinetic resolution.

1H NMR was subsequently used to confirm that esters 2–6 formed 2:1 host–guest complexes
with host 1. Figure 2 shows the 1H NMR spectrum of such a complex with ester 6. A
combination of peak shift data and information from correlation spectroscopy (COSY)
experiments (see Supplementary Information) confirmed that this guest, and indeed all the
guests discussed here, bound with each methyl group anchored deeply into a tapering pole of
the capsule. As a result of the tapering topology of the polar regions of the cavity, signals from
groups residing therein are shifted considerably more than those located at the equatorial region
of the capsule. In this particular case, the two methyl groups denoted C1 and C10 (see Fig. 2)
were shifted (δΔ) upfield by 3.76 and 3.71 ppm, respectively, to appear at approximately −3
ppm. In contrast, the methylenes of C5 and C6 were shifted by only −1.71 and −1.62 ppm,
respectively. In such a pole-to-pole orientation, the guests are slightly too long to adopt a fully
extended conformation, but we observed no evidence from nuclear Overhauser effect
spectroscopy (NOESY) NMR that any of the guests adopted well-defined helical structures to
allow them to efficiently pack the cavity35,36.
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Having confirmed that each guest forms a 2:1 host–guest complex, a network of cross-checking
competition experiments (see Supplementary Information) was performed to determine the
relative binding constants for the five guests. Figure 2 (inset) shows one example of guest
competition, and the complete Krel series is presented in Table 1. The weakest binding guest
proved to be propyl ester 4, with increasing association constants noted for the series 3 < 5 <
6, <2. Considering the pole-to-pole binding of the guests, we view this binding affinity series
to be guided by two principle factors. First, ‘moving’ the ester group from the centre of the
long chain towards the terminus results in increased steric clash between host and guest,
because with the methyl of the alkoxy group anchored into a pole, the considerably broader
ester group (relative to the main chain) must be accommodated in progressively narrower
sections of the binding cavity. Hence, binding decreases for the series 6 > 5 >4. Counteracting
this steric clash, however, are ever-present attractive –CH3…π interactions, which increase
significantly as the electronegative alkoxy oxygen is positioned close to the terminus and the
C–H bonds of the methyl group undergo increased polarization. This leads to a slight increase
in the relative binding constant of 3 versus 4, and a two orders of magnitude increase in the
strength of binding of 2 over 3.

We subsequently turned to the second set of esters (7–11), those that were envisioned to
essentially fill the cavity of the capsule (Fig. 1). As anticipated, these guests also formed strong
2:1 host–guest complexes (see Supplementary Information), and a similar network of cross-
checking competition experiments revealed that the relative binding affinities (Krel) for 7–11
were 93.7, 1.4, 1.0, 6.3 and 5.7. Thus, for this series of guests, binding affinity increases for
9 < 8 < 11 <10 < 7. This series parallels that of the 13 non-hydrogen atom series; that is, it is
energetically preferable for the guest to have a central ester group that can be located at the
equatorial region of the cavity, but binding of the methyl ester is enhanced over the other esters
because the polarized C–H bonds lead to strong CH3 ··· π interactions. However, the range of
binding affinities of the larger guests is only half that of the first series, presumably because
steric repulsion is playing a larger role in the stability of the complexes in which the ester group
is located in a tapering polar region.

With relative binding constants established, competitive hydrolysis experiments were then
performed using 1:1 mixtures of all the possible combinations of esters 2–6. For each
experiment, the concentrations of each species in D2O were as follows: capsule 12 (0.5 mM),
ester ‘a’ (0.5 mM), ester ‘b’ (0.5 mM) and NaOH (18 mM). This ensured that there were 10
equiv. of base after deprotonation of the cavitand, and enough capsule to bind exactly half of
the ester mixture. A preliminary experiment with a single ester as guest revealed <5% reaction
at room temperature after 1 month. Consequently, all experiments were carried out at 100 °C,
with each reaction monitored by 1H NMR to determine the point at which the fastest
hydrolysing ester had undergone complete reaction. Integration of signals from the host (1:1
host–product complex and 2:1 capsule–ester complex) directly gave the percentage hydrolysis
of the slower reacting isomer, which was itself identified by inspection of the bound guest
region. However, if desired, the remaining ester could simply be isolated from the other
materials by extraction into chloroform. The results from these resolutions are summarized in
Table 2.

The data in Table 2 illustrate that, because the hydrolysis rates of the free esters are so similar
(both at room temperature and the calculated rates at 100 °C, vide infra), a rule-of-thumb is
apparent within this series of esters. If pairs of esters have similar Krel values, for example, 3
versus 4 and 5 versus 6, then no kinetic resolution is observed. In contrast, if the Krel values
differ by approximately one order of magnitude, then fair kinetic resolutions are observed (for
example, 2 versus 5, 2 versus 6, 3 versus 5, 3 versus 6, 4 versus 5 and 4 versus 6). Finally, if
the Krel values differ by two orders of magnitude then good kinetic resolutions are observed
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(2 versus 3 and 2 versus 4). The best outcome was observed between 2 and 4; in this case, when
all of 4 had reacted, 84% of 2 still remained.

We also examined competition experiments for the second set of esters; however, for this series
resolution was much lower. Thus, in a competition between the best (7) and worst (9) guests,
the kinetic resolution noted was only 19%. Complete consumption of 9 also resulted in 81%
of 7 undergoing hydrolysis. The reasons for these inferior resolutions are potentially complex
(vide infra), but one factor may be the relatively weak binding constants of the second series
of esters (7–11). Thus, by means of competition experiments and calculation, the following
decreasing order of binding affinities (Krel) was noted for the combined series of esters: 2
(1,350.0), 6 (140.3), 7 (93.7), 5 (88.2), 3 (14.0), 4 (8.4), 10 (6.3), 11 (5.7), 8 (1.4), 9 (1). It is
clear that the range of affinities within the first series of esters is much larger than in the second
(ratio of Krel values for 2:4 and 7:9 are 161 and 94, respectively). In addition, the second series
binds much more weakly; the best guest (7) binds with approximately the same affinity as mid-
ranged guest 5 from the first series. In other words, four of the five guests from the second
series (8–11) bind more weakly than the weakest binder of the first (4). Both these factors can
be expected to diminish the kinetic resolution.

In addition to determining resolutions within each family of esters, we also examined the
resolution of the two methyl esters 2 and 7. The Krel values for these two esters were calculated
to be 14.4 and 1, respectively, and experimentally determined to be 18 and 1. Based on the
results from Table 2, resolution of these two guests would be ~50% in favour of 2. However,
the resolution was observed to be only 15%. The relatively poor resolutions obtained for guests
2 and 7 as well as 7 and 9, compared to those obtained within the first series of esters 2–6,
suggest that the aforementioned rule-of-thumb may only be appropriate within specific series
of guests. To better explain the results, we sought information about the mechanism by which
these resolutions arise by examining the hydrolysis of each individual ester as a 2:1 complex
with the host. A comparison between the kinetic traces for the hydrolysis of ester 6 in the
absence (26 °C, 3:7 acetone-d6:D2O, excess NaOH) and in the presence (100 °C, D2O, excess
NaOH) of the capsule is shown in Fig. 3. Even though the latter was carried out at a much
higher temperature, hydrolysis was much slower. This suggests that the rate-determining step
in the hydrolysis of the free ester, that is, hydroxide attack of the carboxyl carbon, is not the
rate-determining step in the encapsulation reactions. Instead this is likely to be the opening of
the capsule. Supporting this notion is the effect of adding a good (inert) guest to these hydrolysis
processes. Thus, a pair of identical experiments monitoring the hydrolysis of encapsulated 4
showed the expected slow hydrolysis until one reaction was spiked by the addition of excess
dodecane. The addition of this good guest led to the ejection of the ester and its complete
hydrolysis within 10 min (see Supplementary Information).

In Fig. 3 it can be seen that the two curves are obviously very different. The kinetic trace for
the host-free solution fits a simple pseudo-first order reaction, but this is not the case in the
presence of the host. With the rate-determining step being the opening of the capsule, there are
two possible mechanisms to explain the change in kinetics. Either the ester guest leaves the
capsule and is hydrolysed in bulk solution, or hydroxide enters the capsule and brings about
hydrolysis of the bound ester. Our previous studies have revealed that the interior of the capsule
is essentially dry when it is occupied by a reporting guest3, and consequently our assumption
is that the ester must leave the capsule to react.

Assuming this to be the case, the observed hydrolysis can be expected to fit the kinetic scheme
defined by equations (1) to (3).
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(1)

(2)

(3)

In this scheme, k1 corresponds to the rate of dissociation of the ester from the capsule, k−1 is
the corresponding rate of association, k2 is the rate constant for reaction of the free ester, and
kobs is the observed rate constant for reaction of the free ester. In all cases these values are for
systems at 100 °C. Unfortunately, a combination of an overly fast reaction and peak broadening
prevented the use of 1H NMR to directly measure kobs at 100 °C. Therefore, to calculate kobs
for each ester we determined their rate constants of hydrolysis at seven different temperatures
(16–30 °C) and used these data to construct Arrhenius plots (see Supplementary Information).
Table 3 lists the obtained activation energies, pre-exponential factors, estimated rate constant
at 100 °C, and the errors associated with each of these parameters. As can be seen from the
table, errors in the calculated rate constants at 100 °C were good (4.3–7.0%); however, there
was no significant difference in the rate constants for the hydrolysis of esters 5 and 6.

Focusing on esters 2, 3, 4 and 6, we next examined how well these data fitted the kinetic scheme
defined by equation (1). More specifically, using the calculated k2 values we numerically
solved the coupled differential equations (2) and (3) using a first-order Euler method (see
Supplementary Information) to determine the values of k1 and k−1 that led to the best fit of the
experimental data (Fig. 4). The resulting predicted association constants at 100 °C (Ka(100) =
k1/k−1) were 5.1 × 106 M−1 (2), 1.2 × 104 M−1 (3), 1.7 × 104 M−1 (4) and 2.9 × 104 M−1 (6).
Compounding errors prohibit us from interpreting too much from these values, but it should
be noted that these data parallel the experimental data obtained at room temperature: that is,
Ka(100) 2 > 6 > 3 ≈ 4.

The fits obtained from these analyses varied from reasonable to very good (χ2/number of points
= 9.25, 11.3, 4.16 and 2.72 for esters 2, 3, 4 and 6, respectively). It is unclear why there are
more modest fits for 2 and 3; however, two ‘first thoughts’ do not survive scrutiny. First, if the
products of hydrolysis—either the carboxylate or the alcohol—were in competition with the
ester for the capsule, the fit would be good early in the reaction but deviate at later stages, when
greater competition from the products would lead to the actual rates being faster than predicted.
However, the reverse is true for esters 2 and 3; the actual rates are faster at the early stages
(particularly in the case of 2), and slower nearer the end of reaction (for both 2 and 3).
Furthermore, we determined that the best guest of all the products formed from esters 2–6, that
is, the decanoate ion, bound with a Krel value of 1/40,000 of ester 2. For these reactions, the
gulf between the association constants of the starting materials and products is therefore too
large for product binding to play a major role. It is also unlikely that the modest fit of 2 and
3 arises because hydroxide can enter the capsule. Assuming that the kinetic stability of the
different ester complexes parallels their observed thermodynamic stability, it would be esters
3, 4 and 6 that would be expected to have modest fits. In addition, we have previously observed
highly regio-selective reaction when singlet oxygen enters the capsule and reacts with a
specifically oriented bound guest30, in which case it is the most accessible hydrogen atom that
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is extracted. Correspondingly, considering the orientation of the bound guests discussed here,
esters 4 and 6 would be expected to have the more sterically accessible carboxyl carbon. In
short, the unlikely event of hydroxide entering the cavity would lead to the opposite goodness-
of-fits observed. Although the precise cause of the small deviations for the fit of esters 2 and
3 remains unclear, the gross model is fairly accurate. The results therefore strongly support the
notion that the principle mechanism for hydrolysis of these esters involves guest egress as the
rate-limiting step.

Returning to the kinetic resolution of the different esters, it is apparent that the outcome depends
on the equilibria between the free and bound species and the relative rate with which the free
esters undergo reaction. A high goodness-of-fit with the capsule, coupled with a low reactivity
in the free state, will favour a compound remaining unreacted, whereas a poor goodness-of-fit
and high reactivity will do the opposite. In this regard, the resolutions described here are
analogous to Curtin–Hammett/Winstein–Holness kinetics37, although there are obviously
additional feedback mechanisms in these resolutions (liberated host) that complicate the
analysis somewhat. On a different level, there are also complications arising from our choice
of system to analyse. The use of Arrhenius plots to estimate reaction rates at 100 °C, and the
use of relative binding constants obtained at room temperature (rather than 100 °C) relies on
many assumptions, not least of which is that there are no temperature effects on the change in
free energy for the binding of each guest. These factors may indeed explain why not all fits
shown in Fig. 4 were excellent. That said, this proof-of-principle does suggest future
opportunities. For example, the resolution is most certainly controlled in large part by the
stoichiometry of the host and guests. In the present case, a sub-stoichiometric amount of host
(1:2 ratio of capsule:ester mixture) was used to bias resolution when the difference between
the Krel values for the two guests was very large; that is, at the start of the resolution the vast
majority of the free ester was the weaker binder. What happens to the resolution with increased
or decreased equivalents of host? Can sub-stoichiometric amounts of host (relative to a target
compound) still lead to good resolutions? Temperature is also likely an important factor in
these processes. Because the reaction of encapsulated ester is very slow at room temperature,
intuitively, resolutions involving a large ΔKrel value would be improved at lower temperature.
We will study these and other factors in due course. In the mean time, although these types of
resolutions are highly dependent on the nature of the host, we are enthused by the structural
diversity of the hosts in the literature and the potentially wide range of kinetic resolutions that
these could promote.

In summary, we have demonstrated that encapsulation within host 12 can bring about the kinetic
resolution of constitutional isomers of long-chain esters. Moreover, our results demonstrate
that the quality of resolution correlates with the difference in the binding constants of the two
esters; the larger the difference in the binding constants, the better the kinetic resolution. The
difference in the binding constants of paired guests is itself based on a combination of two
factors. First, at a general level cavity fitting should be optimal. Second, and more specifically,
subtle structural differences between constitutional isomers ideally should result in significant
changes in non-covalent contacts between host and guest. Our results also demonstrate that
there is more to these resolutions than simple differences in Krel, and we are investigating some
of these possibilities. We will report on these findings in due course.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Molecular structures of the host and guests used in this study
Deep-cavity cavitand host 1, and the two series of ester guests 2–6 (13 non-hydrogen atoms)
and 7–11 (16 non-hydrogen atoms).
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Figure 2. Binding of esters inside a deep-cavity cavitand
Main spectrum: 1H NMR spectrum in D2O of the 2:1 complex (~1 mM) formed between host
1 and ester 6. High-field guest signals are highlighted. The residual signal from DMSO-d6
arises from the necessity to dissolve the ester in a small volume of DMSO-d6. Upper
spectrum: 1H NMR guest binding region for a 2:1:1 ratio of host 1 and esters 5 and 6 (~1 mM
host). Integration of selected bound guest signals gives a 0.8:1 ratio of complexes 12.5 and
12.6, respectively and allows calculation of the relative binding affinities of each guest.
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Figure 3. Kinetics for the hydrolysis of ester 6 in the presence or absence of the cavitand
Triangles show the hydrolysis in 3:7 acetone-d6:D2O containing 10 mM NaOHaq and ester 6
(0.5 mM) at 26 °C. Stars show the rate of hydrolysis in the presence of capsule 12 (0.5 mM)
at 100 °C in 18 mM NaOHaq (note that 8 equiv. of base are required to deprotonate the capsule).
The rate of hydrolysis is slower even at a significantly higher temperature, because the capsule
can protect the ester from the hydrolytic environment.
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Figure 4. Hydrolysis of similarly sized esters encapsulated within host 12
a–d, Observed data are shown as points, and calculated fit curves are shown as dashed lines
for the hydrolysis of methyl decanoate (2) (a), ethyl nonanoate (3) (b), propyl octanoate (4)
(c) and pentyl hexanoate (6) (d). Ester 4 is hydrolysed at approximately four times the rate of
the other guests.
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