. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/127645/

Version: Accepted Version

Article:

Cullen, W., Metherell, A.J., Wragg, A.B. et al. (2018) Catalysis in a Cationic Coordination
Cage Using a Cavity-Bound Guest and Surface-Bound Anions: Inhibition, Activation, and
Autocatalysis. Journal of the American Chemical Society, 140 (8). pp. 2821-2828. ISSN:
0002-7863

https://doi.org/10.1021/jacs.7b11334

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of Q) unIvERsITY

UNIVERSITY OF LEEDS %~ Sheffield Ry 7 York



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1021/jacs.7b11334
https://eprints.whiterose.ac.uk/id/eprint/127645/
https://eprints.whiterose.ac.uk/

Catalysis in a cationic coordination cage using a
cavity-bound guest and surface-bound anions:
inhibition, activation and autocatalysis.

William Cullen,* Alexander J. Metherell,* Ashley B. Wragg,* Christopher G. P. Taylor,” Nicholas H.
Williams,>* and Michael D. Ward *"*

*Department of Chemistry, University of Sheffield, Sheffield S3 7HF, UK.
® Department of Chemistry, University of Warwick, Coventry CV4 7AL, UK.

ABSTRACT: The Kemp elimination (reaction of benzisoxazole with base to give 2-cyanophenolate) is catalyzed in the cavity of a
cubic ML, coordination cage because of a combination of (i) benzisoxazole binding in the cage cavity driven by the hydrophobic
effect, and (ii) accumulation of hydroxide ions around the 16+ cage surface driven by ion-pairing. Here we show how reaction of
the cavity-bound guest is modified by the presence of other anions which can also accumulate around the cage surface and displace
hydroxide, inhibiting catalysis of the cage-based reaction. Addition of chloride or fluoride inhibits the reaction with hydroxide to
the extent that a new autocatalytic pathway becomes apparent, resulting in a sigmoidal reaction profile. In this pathway the product
2-cyanophenolate itself accumulates around the cationic cage surface, acting as the base for the next reaction cycle. The affinity of
different anions for the cage surface is therefore 2-cyanophenolate (generating autocatalysis) > chloride > fluoride (which both in-
hibit the reaction with hydroxide but cannot deprotonate the benzisoxazole guest) > hydroxide (default reaction pathway). The
presence of this autocatalytic pathway demonstrates that a reaction of a cavity-bound guest can be induced with different anions
around the cage surface in a controllable way; this was confirmed by adding different phenolates to the reaction, which accelerate
the Kemp elimination to different extents depending on their basicity. This represents a significant step towards the goal of using
the cage as a catalyst for bimolecular reactions between a cavity-bound guest and anions accumulated around the surface.

catalysis by a tetrahedral cage which carries a high negative
charge (12-).9’10 For example, this negative charge helps to
stabilise the cationic intermediate involved in a Nazarov cy-
clisation of a dienol to a cyclopentadiene, contributing to the
10°-fold rate acceleration observed.’ Similarly, the ability of
the high negative charge of this cage to stabilise cationic
guests enables the protonation of cavity-bound guests even in
base, allowing acid-catalysed reactions to occur under these
conditions."

INTRODUCTION

The ability of hollow container molecules to bind small
molecules or ions as guests in their central cavity'” has led to
a wide range of possible applications2 from drug uptake / re-
lease’ to photocatalysis.4 Prominent amongst these properties
are examples where binding alters the reactivity of guests, and
include reactions of bound guests that are catalysed with rate
enhancements of several million fold in the best cases.’

There are various mechanisms by which catalysis can occur in
the cavity of a synthetic host, with both cavity shape/size and
the charge of the host playing important roles in different cas-
es. Both Rebek® and Fujita’ showed how co-encapsulation of
the two different components of a Diels-Alder reactions can
lead to accelerated reactions, with the catalysis arising from
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the enforced proximity of the reactants — an increase in the
effective concentration of each species around the other. In
Fujita’s example this led to altered regioselectivity due to the
relative orientation of the two components in the constricted
environment inside the cage cavi'[y.7 In a conceptually similar
way, the ‘constrictive binding’ of an open-chain substrate con-
taining alkene and amine functionalities led to an unexpected
Aza-Prins cyclisation pathway promoted by folding of the
substrate when it bound in a host cavity, giving a product that
was not observed in the normal solution-phase reaction.” The
importance of the charge of the host has been demonstrated by
numerous examples from the Raymond/Bergman group of
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Scheme 1. The Kemp elimination reaction: deprotonation of ben-
zisoxazole at the 3-position leading to ring-opening and formation
of 2-cyanophenolate.

We recently reported efficient (2 x 105-f01d) catalysis
of the Kemp elimination'' — the base promoted conversion of
benzisoxazole to 2-cyanophenolate (Scheme 1)12 — when the
benzisoxazole is bound in the cavity of an approximately cu-
bic MgL, coordination cage. The proposed catalytic cycle is
shown in Scheme 2. We ascribed the catalytic effect to the



16+ charge on the cage, arising from the eight Co”" ions at the
vertices. This high positive charge results in accumulation of
hydroxide ions around the cage surface, affording a very high
local concentration of hydroxide ions close to the bound guest
in the cavity. The effect is sufficiently strong that when the
bulk solution was at pD 8.5, the bound guest underwent the
Kemp elimination at the same rate as when it was free in solu-
tion at pD 13.8."" The ability of our cationic cage to accumu-
late anions around its surface was shown by a control experi-
ment using competing anions:'' in the presence of an excess of
chloride ions, the catalysis was switched off and the benzisox-
azole reacted at only the background rate, even though (i) it
remained bound in the cage cavity and (ii) chloride does not
itself directly interfere with the Kemp elimination."” This ef-
fect was ascribed to the fact that chloride ions, being more
easily desolvated than hydroxide ions,"” would preferentially
bind to the cage surface and thereby displace the hydroxide
ions from their proximity to the substrate. This observation is
important as it suggests that a wide range of different types of
anion might accumulate around the cage in water, especially
‘soft’ anions that are weakly solvated: this, in turn, could pro-
vide a mechanism to surround any of a wide range of
gues‘[sm’14 with a high local concentration of a selected anion,
using two orthogonal interactions. As guest binding in the
cavity (lined with CH groups from the ligands) contains a sub-
stantial contribution from the hydrophobic effect,'"” and ac-

cumulation of anions around the cationic cage is based on a
polar interaction (ion-pairing),'" it should be possible to vary
the two independently of one another — leading to the ability to
control a wide range of cage-catalysed reactions of hydropho-
bic electrophilic guests with surface-bound anions.
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between different anions. This supports our hypothesis that
we can catalyse a range of reactions between anions in solu-
tion and substrates bound in the cage by exploiting different
selectivity factors for the reacting partners.

RESULTS AND DISCUSSION

(i) Synthesis and crystallography of
cages as halide salts.

Our recent work on guest binding in the cage cavity
in water’®'"'*"* has all been based on the cage H" (Fig. 1) that
was designed to be water soluble through the presence of 24
hydroxymethyl groups on the exterior surface.”” This made
the ligand synthesis considerably more difficult and time con-
suming than for the parent unsubstituted cage H (which is
insoluble in water as the BF,~ salt).16 To simplify the prepara-
tion of a water-soluble version of the cage, and allow the
straightforward preparation of larger amounts for a systematic
study of its catalytic properties, we first investigated alterna-
tive strategies for increasing water solubility based on anion
exchange.

Preparation of the unsubstituted cage directly as its
chloride salt (H*Cl;¢) from reaction of the free ligand L with
CoCl, was unsuccessful under a range of conditions. However
we found that simply exchanging the [BF,]” anions of
He+(BF,)s for chloride ions by ion exchange using Dowex
resin could be effected whilst maintaining the structural integ-
rity of the cage, allowing HeCly4 to be prepared easily. As its
chloride salt, H is highly water soluble without the need for
the hydroxymethyl substituents on the ligands.15 An addition-
al advantage of exchanging the anions is that this avoids the
potential problem that, in water, [BF,]” or [PFs] anions can
undergo hydrolysis to liberate fluoride."” For the work in this
paper we needed to control which anions were present: replac-
ing [BF4]” with chloride as the anion removes any uncertainty
in this respect as well as greatly simplifying the synthesis.
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Scheme 2. Sketch of the cage-catalysed catalytic reaction cycle,
based on accumulation of hydroxide ions around the cationic cage
surface (reproduced with permission from ref. 11).

In this work we have explored how the cage-catalysed
Kemp elimination is inhibited by a range of anions, which
unexpectedly revealed autocatalytic behaviour by the system.
This in turn has led to us to observe that the catalytic activity
of the cage for the reaction of cavity-bound benzisoxazole
with a surface-bound basic anion shows striking selectivity

Figure 1. The host cages [CogL,](BF4),6 for which the cage
cations are abbreviated as H (R = H) and H" (R = CH,OH). (a) A
sketch emphasising the cubic array of Co(II) ions and the disposi-

tion of one bridging ligand; (b) a view of the complex cation H
from a crystal structure with each ligand coloured separately for
clarity.

Crystals of the chloride salt HeCly, were grown
from aqueous solution; the structure is in Fig. 2 (see ESI). The
octanuclear cage cation has the same core structure as numer-
ous previous examples of salts of both H and H" %' !*1618
with two fac and six mer tris-chelate vertices, an inversion
centre, and (non-crystallographic) Sy symmetry. Significantly,
all of the windows in the cage surface contain a chloride ion.
These surface sites, as we have noted earlier, are invariably the



favoured positions for anions in different salts of H or
HW,M’“’M‘N”18 and observation of the chloride ions at these
sites is consistent with the strongly inhibiting effect for the
catalysed Kemp elimination, as they will displace the hydrox-
ide ions whose surface binding is crucial for the catalysis."
The diameter of a chloride ion (3.3 A) is slightly less than the
diameter of each window which results in each surface-bound
chloride ion being disordered over two closely-spaced posi-
tions. Each surface-bound chloride anion is involved in a
range of CHee+Cl interactions with ligand fragments around
the windows (Fig. 2, right).

Figure 2. Two views of the crystal structure of HeClyg. Left:
space-filling view of one face of the complex cation showing the
presence of a chloride ion in the window (only one disorder com-

ponent shown); all faces are symmetrically equivalent. Right:
ball-and-stick view from the same perspective showing only one
face of the cage. This illustrates the closest contacts between the

chloride ion [disordered over two closely adjacent sites, CI(1)

(dark green) and CI(1”) (cyan)] and the surrounding set of CH

groups; dashed lines indicate ClessHC contacts of <3.1 A.
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Figure 3. A view of the network of eight water molecules in the

cavity of HeClys. This is a simplified representation as both CI(1)

and O(2) exhibit positional disorder over closely spaced sites with

only one component of each shown. CleeO and O+++O distances
shown are in A.

In contrast to other members of our cage family
which commonly have anions located in the interior cavity as
well as, or instead of, around the surface,19 the cavity of
H<Cl,4 contains only water molecules. There are two [O(1S),
each with 100% occupancy] in each of the usual binding
pockets on the interior surface associated with the conver-
gence of CH protons around the fac tris-chelate binding pock-
ets, at either end of the long diagonal.w’l1’14'16’18 Six more
(crystallographically equivalent) water molecules O(2) form
an approximately octahedral array, with each one involved in

an OHee+Cl hydrogen-bonding interaction with a chloride ion
in one of the windows as well as being within hydrogen-
bonding distance of O(1S). Each of these six water molecules
is modelled as disordered over three closely-spaced sites, and
this (together with the positional disorder of the chloride ions)
means that any analysis of hydrogen-bonding distances be-
tween chloride ions and water molecules in the cavity is inap-
propriate. However it is clear that there is a network of eight
water molecules inside the cage cavity with OHee*O interac-
tions between them, further stabilised by interaction with ei-
ther the H-bond donor sites on the cage interior surface
[O(1S)], or the surface-bound chloride ions [O(2)] as shown in
Fig. 3. Such networks of water molecules in the cavities of
synthetic hosts provide part of the hydrophobic contribution to
guest binding when they are liberated.”

We also isolated and structurally characterised
He(BF,)I;;5 to see if the pattern of anion binding to the cage
windows is preserved for differently sized halides (see ESI).
These crystals were prepared from single crystals of He(BF ;)6
simply by soaking them in a methanolic solution of BuyNI for
24h; this resulted in partial anion exchange (fifteen of the six-
teen fluoroborate anions are replaced by iodides) whilst retain-
ing crystallinity. Several repeat experiments resulted in the
same formulation, with one fluoroborate anion being retained
but the other fifteen being replaced.

The crystal structure of the cage complex cation,
with its associated iodide anions, is in Figs. 4 and 5. We see
the same structure as before for the complex cation, although
with minor variations (1 — 2%) in Coe**Co separations along
the edges of the cage (see SI). Again we see an octahedral
arrangement of anions associated with the cage surface, with
one iodide ion occupying the window in each face of the cage
cation. The large ionic diameter of the iodide anion (4.1 A)
provides a better match for the window size than does chlo-
ride, with the result that the bound iodide ions are not disor-
dered.

Figure 4. Two views of the crystal structure of He(BF,)I;5. Left:
the complex cage cation (wireframe) and the surface-bound iodide
anions (space-filling). Right: a space-filling view of one face
emphasising the good fit of the iodide anion for the window in the
cage surface.

The cavity contains six MeOH molecules (Fig. 5) of
which four [O(1S), O(51S) and their symmetry equivalents,
arranged in an approximate square] are hydrogen-bonded to
iodide ions in the faces, with non-bonded Oee*l distances of
3.50 —3.51 A. The remaining two encapsulated MeOH mole-
cules [O(11S) and symmetry equivalent] interact with the usu-
al H-bond donor sites on the cage interior surfaces at the diag-
onally opposed fac tris-chelate vertices.’™'"'"*'®'®  The six



MeOH guests are arranged such that two equivalent pairs
[O(11S) and O(51S)] are close together with an Oe¢*+O separa-
tion of 2.83 A, indicative of an OHes*O hydrogen-bond be-
tween them. Thus, as with the water molecules in the interior
of the chloride-based cage, the guest MeOH molecules are
interacting with each other, with the cage interior surface, and
with the surface-bound halide ions.
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Figure 5. A view of the surface-bound anions of of He(BF4)I;5
and their interactions with the six MeOH guest molecules, with H-
bonding interactions shown as dotted lines (O¢*+O and OeeeI dis-
tances are in A).

In both cases we suggest that the collection of weak
but favourable CHee*(anion) interactions in each cage window
is the basis for accumulation of anions in these sites; it seems
that the window size of this cage makes this favourable for a
wide range of anions. We note that strong binding of anions
in the central cavities of two-dimensional metal/ligand arrays
such as cyclic helicates”** have been known since Lehn first
reported the templation of a pentanuclear cyclic helicate by a
chloride ion, giving a structure containing a strongly bound
chloride that could not be removed with Ag(I) salts.”!

(ii) Effect of chloride concentration of
the cage-catalysed reaction: onset of
autocatalysis.

Under our standard conditions for NMR-based
measurements,“ a 1 mM solution of HeClys catalyses the
Kemp elimination about two orders of magnitude more slowly
than H"*(BF,);s. This effect is associated with the chloride
ions and not the presence or absence of external hydroxyme-
thyl substituents, as conversion of the hydroxymethyl-
functionalised cage to its chloride salt H"*Cl4 resulted in a
similar drop in catalytic activity. This observation that chlo-
ride ions suppress the catalytic of the cage is consistent with
our previous report, where we showed that adding 47 mM
LiCl reduces the observed rate of reaction to that of the back-
ground reaction."'

To understand these effects in more detail, we inves-
tigated the effect of varying the concentration of chloride ani-
ons on the Kemp elimination catalysed by 1mM HeCl4 (D0,
298 K, 16 mM borate buffer, pD 10, 1.4 mM benzisoxazole).
We varied the total concentration of chloride ions from 16 mM
(the minimum, due to the cage counterions) to 48 mM by add-
ing NaCl to the reaction mixture, and monitored the rate of the
Kemp elimination reaction by 'H NMR spectroscopy as de-
scribed before.!" The effect of added chloride on the rate of

reaction is shown in Fig. 6. These curves reveal two features:
firstly, the initial rate of reaction is very sensitive to the con-
centration of chloride; and secondly, at higher concentrations
of chloride, the progress curves are clearly sigmoidal in shape.
The observation of inhibition as the chloride concentration
increases is consistent with our previous suggestion that chlo-
ride competes strongly with DO~ for the sites at the cage sur-
face in solution,'' which is further supported by the crystal
structure of HeCly4 (above). The sigmoidal shape that appears
on these curves as the chloride concentration increases to 48
mM suggests that the reaction becomes autocatalytic, with one
of the products of the reaction catalysing the reaction. ™
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Figure 6. Reaction progress profiles showing the progress of the

Kemp elimination in the presence of 1 mM HeCly4 (D,0, 298 K,

16 mM borate buffer, pD 10; black curve) and the effect of further
increasing the concentration of Cl” up to 48 mM.

Considering the autocatalytic behaviour, we note that
the Kemp elimination reaction in solution is accurately first
order in [DO’],11 and that for the catalysed reaction the pH
does not change significantly during the reaction (as expected
for the buffered conditions that were used). Indeed, the reac-
tion consumes base as the 2-cyanophenol product is deproto-
nated under our reactions conditions and so the acceleration as
the reaction proceeds cannot be due to an increasing concen-
tration of [DO7]. Thus, the sigmoidal reaction profile is best
explained by the 2-cyanophenolate anion acting as a base for
the Kemp elimination and providing an additional reaction
pathway as it accumulates.

Confirmation of this autocatalytic effect was provid-
ed by a series of experiments in which further 1.4 mM aliquots
of the benzisoxazole were added to the reaction mixture and
the continuing reaction monitored (Fig. 7). It is clear that as
each aliquot of benzisoxazole is added, the sigmoidal profile is
no longer evident and the reaction continues at a higher rate
after each addition due to the increasing concentration of 2-
cyanophenolate present. This behaviour is only evident in the
presence of the chloride ions, which compete efficiently with
hydroxide for the surface sites where the reaction occurs and
so inhibit the hydroxide-based reaction (the chloride ions
themselves are not sufficiently basic to catalyse the reaction).
It appears that phenolate anions compete with hydroxide for
these sites more efficiently than chloride anions do, because of
their ‘softer’ nature and ease of desolvation, and this allows
them to accumulate around the cage surface and catalyse the
reaction due to their basicity. Importantly, control experi-



ments under identical conditions but in the absence of cage
showed that additional aliquots of 2-cyanophenolate resulted
in no change to the rate of the background (uncatalysed) Kemp
elimination; autocatalysis requires both cyanophenolate and
cage H. The order of preference for binding to the cage sur-
face sites is therefore phenolate (which is basic enough to par-
ticipate in the reaction, resulting in autocatalysis as it accumu-
lates) > chloride (which just inhibits the reaction as it blocks
access of the substrate to hydroxide and is a poor base) > hy-
droxide (the normal reaction pathway). NMR titration exper-
iments involving addition of portions of 2-cyanophenolate or
chloride ions to a solution of HeCl,s confirmed that the 2-
cyanophenolate anions interact with the cage more strongly
than do chloride ions (see SI).
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Figure 7. Experiment showing how the rate of the cage-catalysed
Kemp elimination becomes faster with each additional 1.4 mM
aliquot of starting material (SM) due to autocatalysis involving

the 2-cyanophenolate product (for conditions, see main text).

We also explored the effect of adding similar
amounts of different halide salts to the starting mixture to see
the extent to which they inhibited the cage-catalysed Kemp
reaction. With fluoride, it was clear that the extent of inhibi-
tion of the Kemp elimination compared to chloride follows
what we might expect based on the Hofmeister series:”’ addi-
tion of 16 mM and then 32 mM F~ caused inhibition but had a
much smaller effect than the same concentrations of CI', pre-
sumably as F~ is more strongly hydrated and therefore has a
lower affinity for the cage surface. In fact, in excess of 100
mM F is required to provide the same degree of inhibition as
provided by an additional 32 mM CI (Fig. 8; calculated rate
constants for the ‘normal’ and autocatalytic reactions derived
from these curves are tabulated in ESI and show how, as the
concentration of halide ion increases, catalysis by the 'normal'
route slows down allowing the autocatalytic pathway to be-
come more dominant). With bromide and iodide, substantial
inhibition (comparable to the effect achieved by adding 16
mM CI") was observed with the addition of just < 2 mM of
these ions. However, increasing the bromide / iodide concen-
tration beyond this resulted in the solutions becoming turbid
due to destruction of the cage and precipitation of free ligand
as these ions are excellent ligands for Co(II).
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Figure 8. Comparison of the inhibiting effect on the cage-
catalysed Kemp elimination of added fluoride (blue curves) com-
pared to chloride (green curves), starting from HeCl,4 in each case
(for conditions, see main text).

(iii) Involvement of other phenolate an-
ions in the cage-catalysed Kemp elimi-
nation.

Following these observations we decided to see
whether other phenolate bases could participate in the cage-
catalysed Kemp elimination. The phenolates we chose for this
are shown in Fig. 9 and have pK, values ranging from 4 — 9.
The reactions were all performed at pD 10 in the presence of 1
mM HeCl;4 and 16 mM NaF, which slowed the reaction with
hydroxide down sufficiently for the accelerating effect of the
added phenolate anions to be clear. The resultant reaction rate
profiles in the presence of each different phenolate, and with

no added phenolate, are summarised in Fig. 10.
OH OH OH OH OH
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Figure 9. Series of phenols whose anions were used as bases for
the catalysed Kemp elimination at pD = 10.

The dashed blue line in Fig. 10 shows the reaction
progress with no additional phenolate present, but in the pres-
ence of 16 mM fluoride so that reaction with hydroxide is
suppressed and the autocatalytic pathway is more apparent. It
is clear from the reaction rate profiles in the presence of all of
the added phenols in this series (with the exception of 2,4-
dinitrophenol, which is discussed separately) that the presence
of the relevant phenolate anion accelerates the catalysed Kemp
elimination reaction. This is consistent with the previous sug-
gestion that the phenolate anion accumulates around the cage
surface in preference to DO’, in the same way as chloride
does, but can also act as a base.

The magnitude of the phenolate-induced rate accel-
eration correlates with increasing pK, of the relevant phenol,
i.e. with the basicity of the phenolate anion, with 3-
chlorophenolate (pK, 9 for the parent phenol) causing the
greatest rate acceleration, about four times higher than that



provided by 2-cyanophenolate (pK, 7). Of course there are
two effects at work here simultaneously: (i) the increased ba-
sicity of the added phenolate anion which will enable it to
deprotonate the bound benzisoxazole substrate more efficient-
ly, and (ii) its ability to bind to the cage surface which is relat-
ed to the ease with which it can be desolvated. The fact that
the most basic phenolate anion has the largest effect on the
catalysed reaction indicates that the former effect is dominant,
which is reasonable given the structural similarities across the
series.

As a control experiment we repeated the reaction un-
der the conditions where it is accelerated by addition of 3-
chlorophenolate (Fig. 10, green curve) but part-way through
the reaction added cycloundecanone as an inhibitor.'"'* This
binds much more strongly in the cage cavity than benzisoxa-
zole but has itself no effect on the Kemp elimination; after
addition of cycloundecanone the catalysed reaction stopped
with no additional 2-cyanophenolate forming beyond the very
slow contribution from the uncatalysed background reaction,
because the benzisoxazole was displaced from the cage cavity
(see SI). This confirms that the autocatalytic reaction path-
way, like the previously-reported reaction pathway involving
hydroxide as base,'' requires both the substrate to be bound in
the cage cavity and accumulation of the phenolate product
around the cage surface. Consistent with this, if cycloun-
decanone were present at the start of the reaction using the
conditions of Fig. 10 with 3-chlorophenolate present, the cata-
lysed Kemp elimination was shut down entirely.
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Figure 10: Rate profiles of the catalysed Kemp elimination by
He<Cly¢ at pD = 10 in the presence of 16 mM added fluoride (blue
dashed line), and then with addition of 1.8 mM 4-nitrophenol
(blue), 2-cyanophenol (black), 3-hydroxypyridine (red) and 3-
chlorophenol (green).

The anomaly amongst this series of phenolates used
(Fig. 9) is 2,4-dinitrophenol. This behaved differently from the
other phenolate anions, shutting down the Kemp elimination
reaction to uncatalysed background levels when added to the
reaction. According to changes observed in the 'H NMR spec-
trum of the cage in the presence of this phenol, the 2.4-
dinitrophenolate anion binds inside the cage cavity, and so
inhibits the reaction by competitive displacement of benzisox-
azole (like cycloundecanone does). Normally we expect that
charged species will not bind in the cage cavity in water due to
the hydrophilicity induced by the charge;3d protonation of neu-

tral amine guests or deprotonation of neutral carboxylic acid
guests results in a decrease in their binding constant by 2 — 3
orders of magnitude and their ejection from the cage cavity.301
However, in the 2,4-dinitrophenolate anion, the negative
charge is extensively delocalised over the two nitro groups
which reduces its hydrophilicity enough for it to bind inside
the cavity (K = 70 M for the anion, cf. 540 M for neutral
2,4-dinitrophenol).

At the concentrations of chloride that we are able to
use without causing decomposition of the cage, catalysis by 3-
chlorophenolate is insensitive to chloride inhibition, unlike the
background (hydroxide) promoted reaction. While increasing
the concentration of chloride from 16 to 48 mM has a large
effect on the reaction profile, the presence of 1.8 mM 3-
chlorophenolate leads to reaction profiles that are essentially
identical at substantially different chloride concentrations (Fig.
11). This confirms what we suggested earlier, viz. that chloride
binds much more tightly than hydroxide and inhibits the reac-
tion, but phenolate binds more tightly still, displacing chloride
from the cage surface and restoring the reaction by the alterna-
tive autocatalytic pathway, at which point differences in the
chloride concentration become irrelevant (red and green
curves in Fig. 11).
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Figure 11. Reaction progress profiles showing the progress of the
Kemp elimination in the presence of 1 mM HeCly4 (D,0, 298 K,
16 mM borate buffer, pD 10; black curve); with 32 mM added CI”
(blue curve, cf- pale blue line in Fig. 6); with 1.8 mM added 3-
chlorophenolate (red curve); and with both 32 mM added CI” and
1.8 mM 3-chlorophenolate (green curve). The right-hand panel is
an expansion of the red and green curves from the left-hand panel
during the early part of the reaction.

Returning to the sensitivity of the initial rate of reac-
tion to the chloride concentration (before autocatalysis by the
phenolate product dominates), the observed rate constant for
the initial reaction can be plotted against the total concentra-
tion of chloride (Fig. 12). This reveals that the sensitivity to
chloride ion concentration is much greater than first order, and
can actually be fit to a third order dependence (black line in
Fig. 12); the fits of the data to second- or first-order depend-
ence on chloride concentration are much less good.

This is striking as it suggests some form of coopera-
tivity in the effect of chloride binding. Anion binding itself
could be cooperative, with three chloride ions binding simul-
taneously to provide a catalytically inactive cage: although
there are of course six windows (and hence anion binding
sites) in a cage complex, it is possible that binding of chloride
ions to a subset of these closest to the bound guest is sufficient
to inhibit substantially the reaction with hydroxide. We note
from the crystal structures of both HeCl;s and Hel,5(BF,) that



the halide ions that occupy the face centres are involved in
hydrogen-bonding with an internal array of solvent molecules,
and this could provide a rationale for cooperativity, with the
presence of one face-bound chloride ion initiating ordering of
the bound water molecules in the cage cavity in a way that
facilitates cooperative binding of additional chloride ions at
different windows by optimising hydrogen-bonding. An alter-
native possibility is that binding of anions to the cage is inde-
pendent, but binding of just one anion is sufficient to prevent
catalysis, which could happen if the first anion bound inside
the cage cavity in solution at the site normally occupied by a
guest. Whilst the reason for this high sensitivity of catalysis to
amount of added chloride is not obvious, the evidence for the
effect (Fig. 12) is quite clear.

|°g ( kobs / 3-1)

05 1 15 2 25

log ( [Chloride] / mM )

Figure 12: Variation in the rate constant for the Kemp elimination
catalysed by 1 mM HeCly4 (D,0, 298 K, 16 mM borate buffer, pD
10) with total chloride ion concentration. The solid black line is
the best fit for a third order relationship between inhibition and
chloride ion concentration; blue and red lines are the best fits to
second- and first-order dependence, respectively.

CONCLUSION

In conclusion, we have demonstrated that our previous obser-
vation of accumulation of hydroxide ions around the surface
of a cationic coordination cage, which led to large increases in
the rate of the Kemp elimination reaction of bound benzisoxa-
zole,"" is potentially general with other anions able to accumu-
late around the cage surface and displace hydroxide to an ex-
tent that depends on their ease of desolvation (HO™ < F < CI”
< phenolates). As the reaction becomes more and more inhib-
ited by added halide anions an unexpected autocatalytic path-
way becomes apparent, with the product (2-cyanophenolate)
starting to act as the base as it accumulates around the cage
surface, displacing chloride more effectively than hydroxide
does and able to act as a base. This autocatalytic route for the
reaction is not normally visible because the reaction with hy-
droxide is much faster; but when the reaction with hydroxide
is switched off by accumulation of the chloride or cyanophe-
nolate anions around the cage, the autocatalytic route domi-
nates. The ability of different phenolates to accelerate the
catalysed reaction in the same way correlates with their basici-
ty. Fig 13 illustrates the step in the proposed reaction cycle
when 2-cyanophenolate is present that is responsible for the
autocatalysis.

Figure 13. Autocatalysis of the Kemp elimination in the cage H.

Overall the demonstration that anions other than
hydroxide can, under the correct conditions, be induced to be
reaction partners with a cavity—bound guest is a significant
step towards the goal of using these cages as general catalysis
for reactions of electrophilic, cavity-bound guests with sur-
face-bound anions.
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