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has developed and studied a number of catalytic transfor-

mations. In this Account, we detail recent collaborative work between these two groups, focusing on chemical catalysis stem-
ming from the encapsulation of protonated guests and expanding to acid catalysis in basic solution.

We initially investigated the ability of a water-soluble, self-assembled supramolecular host molecule to encapsulate pro-
tonated guests in its hydrophobic core. Our study of encapsulated protonated amines revealed rich host—guest chemistry.
We established that self-exchange (that is, in—out guest movement) rates of protonated amines were dependent on the steric
bulk of the amine rather than its basicity. The host molecule has purely rotational tetrahedral (T) symmetry, so guests with
geminal N-methyl groups (and their attendant mirror plane) were effectively desymmetrized; this allowed for the observa-
tion and quantification of the barriers for nitrogen inversion followed by bond rotation. Furthermore, small nitrogen het-
erocycles, such as N-alkylaziridines, N-alkylazetidines, and N-alkylpyrrolidines, were found to be encapsulated as proton-
bound homodimers or homotrimers. We further investigated the thermodynamic stabilization of protonated amines, showing
that encapsulation makes the amines more basic in the cavity. Encapsulation raises the effective basicity of protonated amines
by up to 4.5 pK; units, a difference almost as large as that between the moderate and strong bases carbonate and hydroxide.

The thermodynamic stabilization of protonated guests was translated into chemical catalysis by taking advantage of the
potential for accelerating reactions that take place via positively charged transition states, which could be potentially sta-
bilized by encapsulation. Orthoformates, generally stable in neutral or basic solution, were found to be suitable substrates
for catalytic hydrolysis by the assembly. Orthoformates small enough to undergo encapsulation were readily hydrolyzed by
the assembly in basic solution, with rate acceleration factors up to 3900 compared with those of the corresponding uncata-
lyzed reactions. Furthering the analogy to enzymes that obey Michaelis—Menten Kinetics, we observed competitive inhibi-
tion with the inhibitor NPr,*, thereby confirming that the interior cavity of the assembly was the active site for catalysis.
Mechanistic studies revealed that the assembly is required for catalysis and that the rate-limiting step of the reaction involves
proton transfer from hydronium to the encapsulated substrate. Encapsulation in the assembly changes the orthoformate
hydrolysis from an A-1 mechanism (in which decomposition of the protonated substrate is the rate-limiting step) to an A-Sg2
mechanism (in which proton transfer is the rate-limiting step). The study of hydrolysis in the assembly was next extended
to acetals, which were also catalytically hydrolyzed by the assembly in basic solution. Acetal hydrolysis changed from the
A-1 mechanism in solution to an A-2 mechanism inside the assembly, where attack of water on the protonated substrate
is rate limiting.

This work provides rare examples of assembly-catalyzed reactions that proceed with substantial rate accelerations despite
the absence of functional groups in the cavity and with mechanisms fully elucidated by quantitative kinetic studies.
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Introduction

The process of spontaneous self-assembly has gained impor-
tance in many disciplines of chemistry. By exploitation of
the thermodynamically driven assembly of predesigned sub-
units, the additivity of the otherwise weak, frequently nonco-
valent interactions plays a necessary role in the formation of
a final structure that often has properties that are distinct from
those of any of the individual subunits."* The complexity of
the final molecular structures obtained through self-assem-
bly has evolved considerably since the pioneering work by
Lehn, Cram, Pedersen, and Breslow and now includes
supramolecules able to promote both stoichiometric and cat-
alytic reactions.?~® The interior cavities, generally protected
from bulk solution, provide a unique environment for encap-
sulated guest molecules and can stabilize otherwise unstable
species or lead to enhanced reactivity and selectivity.
Supramolecular catalysts can also activate otherwise unreac-
tive substrates without the use of distinct covalent interac-
tions between the catalyst and substrate. Because adjacent
fields of catalysis have shown remarkable improvements in
scope and selectivity, catalytic supramolecular architectures
offer a unique opportunity for the study of how weak inter-
actions work in concert to provide often remarkable results.

In the study of how supramolecular assemblies are able to
activate otherwise unreactive molecules through encapsula-
tion, the analogy to enzymatic systems is natural. The remark-
able specificity of enzymes and their ability to greatly
accelerate chemical reactions in water, at physiological pH and
temperature, are feats arguably unattained by any synthetic
system. Similarly, the functional group availability and require-
ments of enzyme active sites maintain a precision that syn-
thetic chemists have yet to duplicate. Although the complexity
of the catalysis occurring in enzyme active sites will likely con-
tinue to both puzzle and amaze scientists for decades to come,
synthetic supramolecular architectures offer the opportunity to
study how molecular sequestration can affect the reactivity of
encapsulated guests.

The synergistic combination of charge, dielectric, shape,
size, and functional group availability defines the guest-bind-
ing preferences of synthetic host molecules. The steric con-
straints of the interior cavities of molecular hosts often
attenuate the entropic penalty for reactions requiring preor-
ganization. Similarly, functional group availability, either on
the interior or on the periphery of the host cavity, can preor-
ganize substrates in reactive conformations to stabilize reac-
tive intermediates. Alternatively, steric confinement can
accelerate bimolecular reactions if binary pairs of the reac-
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FIGURE 1. Schematic (left) and space-filling model (right) of 1.

tants are preferentially encapsulated, effectively increasing the
local concentration of the reactants. By the appropriate choice
of substrates with complementary interactions with the host
molecule, large rate accelerations, changes in selectivity, or
shifts in the thermodynamic properties of encapsulated guests
have been demonstrated.'® "> In this Account, we document
how the hydrophobic cavity of a self-assembled supramolecu-
lar host is able to thermodynamically shift the acid—base equi-
librium of encapsulated guests and how we translated this
stabilization into chemical catalysis.

The [GasLe]'?~ Host. The strategy of predesigned self-as-
sembly based on incommensurate coordination number has
been used by the Raymond group to generate a number of
different supramolecular architectures.'®'” The tetrahedral
[GasLe]'~ (1) assembly has purely rotational T symmetry gen-
erated from the four metal atoms and six naphthalene-based
ligands defining the vertices and edges of the structure,
respectively (Figure 1). The chirality generated from the tris-
bidentate coordination of one metal vertex is transferred to
the other vertices due to the ligand rigidity, thereby requir-
ing exclusive formation of the homochiral AAAA and AAAA
enantiomers. Although other Co-symmetric ligands generate
tetrahedral M4Les assemblies, the naphthalene ligand provides
a host molecule with desirable properties. For example, 1 is
water-soluble, stays intact during guest exchange, forms with-
out a thermodynamically templating guest, is resolvable into
its enantiomers, and provides a hydrophobic interior cavity of
up to 450 A3.'8729 We have previously demonstrated the
ability of 1 to modify the reactivity of both stoichiometric and
catalytic transition metal mediated reactions as well as its abil-
ity to act as a catalyst.?' %3

Protonated Guests

Encapsulation Scope and Exchange Dynamics. The hydro-
phobic interior of 1 is able to stabilize otherwise water-reac-
tive species such as tropylium, cationic phosphine—acetone
adducts, and iminium ions.?*~2¢ Although these reactive spe-
cies are normally only observed in either anhydrous organic

Vol. 42, No. 10 = October 2009 = 1650-1659 = ACCOUNTS OF CHEMICAL RESEARCH = 1651



Proton-Mediated Chemistry and Catalysis Pluth et al.

Not Encapsulated:

N —
7N NH —N  NH
[?j HN - NH, NG NHETRC T

26 27 28 29 30
& R=H 31 “NAFn~ AR
~ | R=Me 32 [N ) n
R N R R=i-Pr 33 n=8 34 n=8 36
o=10_235 Bt 037

FIGURE 2. Scope of protonated guests investigated in 1.

or acidic aqueous solution, the host—guest complexes of the
species were persistent, and could be studied in either neu-
tral or basic aqueous solution, thus prompting our investiga-
tion of protonated guests encapsulated in 1.

The addition of small amines or phosphines to an aque-
ous solution of 1 produces new 'H NMR resonances corre-
sponding to 1:1 host—guest complexes.?” For encapsulated
phosphines, monoprotonation was determined by 3'P NMR
spectroscopy in H>O and D,O by analysis of the 'Jpy or 'Jpp
coupling constants. For the encapsulated amines, monopro-
tonation was confirmed by the pH dependence of encapsula-
tion and the Kinetic observation of proton transfer in
encapsulated diamines (vide infra).?® For suitably large guests,
such as pro-azaphosphatranes (24, 25), mass spectra confirm-
ing protonation were obtained.

A variety of potential guests were screened in order to
determine the scope of encapsulation of protonated amines in
1 (Figure 2). A number of trends can be extracted from the
guest screening. Small tertiary diamines (16—23) are readily
encapsulated, although extension of the methylene backbone
to eight or ten methylene units (34—37) prohibits encapsula-
tion. Both secondary (8, 9) and tertiary monoamines (10, 11)
are encapsulated, but primary diamines (27, 29, 30) are not
encapsulated due to the greater solvation in free solution and
the large associated enthalpy loss of desolvation required for
encapsulation. Substituted pyridines (31—33) are not encap-

[Encapsulated:
neapsuta e\P ~p~ /\ TABLE 1. Self-Exchange Rates and pK,'s for Selected Encapsulated
PEt; | | R,P PR, NR3 HNR, Amines
2 3 R =Me 4 R=Et6 R=Et8 amine Pk, koz7 (57
R=Et5 =Pr7 =i
R=Pr R=i-Pr9 6 107 4609)
7 10.7 0.31(4)
/ 7 N— P 10 85 5.3(3)
>N ~ NOF) v )y N ), 12 83 5.4(6)
7/ 14 13 8.1 4.4(6)
10 1 12 13 14 6.4 1.1(1)
. 15 10.6 1.0(5)
, 17 9.1 47(9)
\/_/ ~ \N’HN/ /\N/HN/\ RN—FK‘,@-,F 18 9.8 1.102)
: [N n K ) 19 98 0.24(3)°
| = & 21 9.8 1.9(3)
N. n:; 1? n:g ;g n=1 gg N 23 10.8 013(2)a
n= n= n=2 -
15 n=318 n=6 21 S;me2425 9 Measured at 320 K.

sulated, likely due to the low basicity of these guests. Nico-
tine (15), however, is encapsulated, although protonation
likely occurs at the more basic pyrrolidine nitrogen.

Our interest in guest exchange dynamics of host—guest
systems prompted our investigation of the Kinetics of guest
exchange, specifically whether the guest exchange rates were
determined by the basicity or size of the guest. The self-ex-
change rates of the encapsulated protonated amines were
measured using the selective inversion recovery (SIR) meth-
od?® at 277 K, pD 13.0, 500 mM KCI, 11 mM 1, and 55 mM
amine. A comparison of the exchange rates with the pK; of the
guests (Table 1) shows that the exchange rate is dependent on
the size, rather than the basicity, of the guest. This size depen-
dence is exemplified by comparing 6 and 7, which have iden-
tical basicities but very different exchange rates. The activation
parameters determined for guest self-exchange for 19 and 23
were similar to those determined for NR4* guests, suggest-
ing that the same guest exchange mechanism was operative.

Nitrogen Inversion Bond Rotation (NIR). In screening
protonated diamines, we observed that in some cases the
geminal N-methyl groups appeared as two NMR resonances
whereas in other cases only one resonance was observed.
Since the purely rotational T symmetry of 1 provides only G,
and G; rotational symmetry to encapsulated guests and sub-
sequently removes any mirror symmetry normally observed,
we surmised that the difference in the number of NMR reso-
nances was due to interchange of the N-methyl groups on the
NMR time scale through the process of nitrogen inversion fol-
lowed by bond rotation (NIR) (Figure 3).2® Cleavage of the
N—H hydrogen bond (a) allows one nitrogen stereocenter to
invert (b), rotate (¢), and finally reform the hydrogen bond (d),
leading to a net interchange of the geminal N-methyl groups.
Variable-temperature 'H NMR experiments on the encapsu-
lated monoprotonated diamines showed coalescence behav-
ior consistent with this mechanism (Figure 3).
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FIGURE 3. Schematic (top) for the NIR process resulting in the
interchange of the geminal N-methyl groups and variable
temperature "H NMR (bottom) showing coalescence of the geminal
N-methyl groups.®

In order to confirm that the observed coalescence behav-
ior was due to the NIR process rather than guest ejection fol-
lowed by NIR in free solution and subsequent reencapsulation,
the activation parameters for guest exchange were measured
using Eyring analysis. If the free energy of activation for guest
exchange (AGéq), calculated at the coalescence temperature,
is greater than the free energy of activation measured for the
coalescence process (AGa), then NIR is occurring inside 1
(AAG* > 0). Alternatively, if AGém < AGioq, then it is possible
that the amine is ejected from 1, undergoes NIR outside of the
assembly, and is then reencapsulated (AAG* < Q). For each of
the diamines investigated, AAG* > 0 thereby confirming that
the NIR process is occurring inside 1 (Figure 4). For each of the
monoamines investigated, AAG* is statistically zero, which
suggests that the amine is ejected from 1 and undergoes NIR
in solution and is then reencapsulated.

Encapsulation of Proton-Bound Multimers. Based on
the observation that the diamines were able to intramolecu-
larly chelate one proton, we hypothesized that two separate
amines could be encapsulated in 1 by coordinating a single
proton. Cyclic amines were chosen based on their reduced
degrees of rotational freedom, which should attenuate the
entropic penalty for the simultaneous encapsulation of multi-
ple guests (Figure 5).3°

Screening the cyclic amines with 1 showed proton-bound
homodimer for N-methyl, isopropyl, and tert-butyl aziridine
(43, 45, 46); N-isopropyl and tert-butyl azetidine (48, 49); and

Proton-Mediated Chemistry and Catalysis Pluth et al.

Experimental AAGH

n=217, 62403
~nAhy~ =318 6608 “N’X\N/
B
n=a, v kil .
n=6,21, 1.9£07 38,35109

. _— —
©/\'I~I QN\ \(Nj/ .

39,06+08 40,-07+03 41,07+09 42 -05+07

FIGURE 4. Energy diagram (top) for amine exchange and inversion
in 1. Solid line corresponds to AGfir < AGéxn; dotted line
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FIGURE 5. Scope of cyclic amines encapsulated in 1.

N-methyl pyrrolidine (50). As the concentration of 43 was
increased, exclusive homotrimer encapsulation was observed.
Proton-bound heterodimer formation was investigated by
screening binary mixtures of the cyclic amines (43—50) with
1. Only for the binary mixture of 45 and 50 was exclusive
proton-bound heterodimer observed.

Thermodynamic Stabilization of Protonated Amines.
With a greater understanding of the scope of amine encapsu-
lation in 1, the thermodynamics of guest encapsulation were
explored. The observation that protonated amines were
encapsulated in 1 even when the pH of the solution was
above the pKj, of the protonated amine suggested a strong int-
racavity stabilization. Shifts in the basicity of encapsulated
compound have been observed of up to 4 pK, units in cucur-
biturils and functionalized cyclodextrins and have been esti-
mated to be 5—7 pK, units upon encapsulation into the
interior of carbosilane nanocages.' 3> The thermodynamic
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FIGURE 6. Thermodynamic cycle for the encapsulation of
protonated guests in 1.

cycle for the encapsulation of protonated amines is shown in
Figure 6. K; defines the acid—base equilibrium of the amine
in free solution and K, defines the binding constant of the pro-
tonated amine in 1. Although we did not observe neutral
amines encapsulated in 1, we have previously shown that
neutral guests can enter 13°738 and K, defines the neutral
guest encapsulation equilibrium. The thermodynamic cycle
can be completed by K3, which is the acid—base equilibrium
for the encapsulated amine corresponding to the effective
basicity of the encapsulated amine in 1 (pKeg).

In order to determine the magnitude of the thermodynamic
stabilization, the extent of amine encapsulation was moni-
tored in equimolar solutions of 1 and amine as a function of
pH. From the equilibrium measurements and the pK, of the
amines, the binding affinities of the protonated guests were
determined. In all cases, encapsulation in 1 greatly favored
formation of the protonated substrate, effectively making the
amines more basic upon encapsulation (Table 2).2” Although
this stabilization is often referred to as a pK, shift, in the
present case it is more accurately referred to as a shift in effec-
tive basicity because neither the neutral amines nor water/
hydroxide were directly observed inside of 1.

Acid Catalysis in Basic Solution

Orthoformate Hydrolysis. Based on the large thermody-
namic stabilization of protonated amines in 1, we wanted to
use the stabilization for chemical catalysis. If a protonated
transition state of a reaction could be thermodynamically sta-
bilized analogously to the encapsulated protonated amines,

TABLE 2. Thermodynamic Parameters for Encapsulation of
Protonated Guests in 1

—AG® effective
amine pKa log(Kes) (kcal/mol) basicity (pKr)
6 10.7 2.1 29 12.8
7 10.7 2.7 3.7 13.4
9 10.8 3.4 4.6 14.2
10 85 3.3 45 11.8
12 83 44 6.0 12.7
13 8.1 45 6.1 12.6
14 6.4 3.2 44 9.6
15 10.6 2.8 3.8 13.4
17 9.1 3.1 42 12.2
18 9.8 3.8 5.2 13.6
19 9.8 3.8 5.2 13.6
21 9.8 4.1 5.6 13.9
23 10.8 35 4.8 14.3
SCHEME 1
OH O
HC(OR)s 1mol%1 | 9 M
+ hH11 M __+2Ro0H H, 0
H,0 p H OR
H,0 3ROH
Ruantitative: No Reaction:
R = Me (52), Et (53), Pr (54), 57 R = n-pentyl (58), Ph (59
P (59) n-BuL(56) -BU

then 1 should act as a catalyst for acid-catalyzed reactions. In
order to abate the problem of product inhibition, the product
should either be a poor guest or undergo further reaction in
solution to prohibit reencapsulation. Based on these criteria,
orthoformates, which are stable in neutral or basic solution but
undergo acid-catalyzed hydrolysis in acid, were the first
hydrolysis substrates tested in 1.3%4° In basic solution, the for-
mate ester product would be quickly hydrolyzed to produce
formate anion, which could not bind to 1 due to Coulombic
repulsion.

In order to test the viability of 1 to act as a catalyst for
orthoformate hydrolysis, triethyl orthoformate (53) was added
to 1 in basic solution.*'#2 Monitoring the reaction by 'H NMR
revealed the production of both ethanol and formate anion.
In the absence of 1, no hydrolysis of 53 was observed over
the same time period. Addition of NEt,*, a strongly binding
guest, inhibited the catalysis and confirmed the catalytic
importance of 1. Other small alkyl orthoformates (52—57)
were also readily hydrolyzed by 1 at pH 11, 50 °C, whereas
larger substrates, such as tripentyl (58) or triphenyl orthofor-
mate (59), were too large to enter 1 and remained unreacted
(Scheme 1).

The mechanism of orthoformate hydrolysis in 1 was inves-
tigated in order to further understand how 1 participates in the
hydrolysis of this class of compounds. While keeping the pH
and concentration of 1 constant, the substrate concentration
was varied to reveal Michaelis—Menten saturation kinetics. At

1654 = ACCOUNTS OF CHEMICAL RESEARCH = 1650-1659 = October 2009 = Vol. 42, No. 10



saturation, the hydrolysis of 53 was pseudo-zeroth order as
expected. Working under saturation conditions, the reaction
was determined to be first-order in both H" concentration and
1 concentration leading to the rate law rate = k[H']-
[1][substrate], which at saturation reduces to rate = k’[H*][1].

Under standard catalytic conditions, upfield "H NMR reso-
nances corresponding to host—substrate complex were not
observed, but rather the unencapsulated substrate resonances
were broadened. Addition of NEt,* to the reaction sharpened
the substrate resonances to the line width normally observed
in solution, thereby suggesting fast orthoformate guest
exchange. Investigation of the stoichiometric reaction at a near
saturated solution of 1 revealed a Kinetically stable host
—guest complex. In order to confirm that the resting state of
the reaction was the encapsulated neutral orthoformate,
H'3C(OEY); (3C-53) was investigated with 1. Under stoichio-
metric conditions, the '3C resonance of '3C-53 was shifted
upfield by 2.5 ppm, which is consistent with encapsulation in
1, and the "Jy coupling constant remained unchanged com-
pared with that of free '3C-53, thus confirming that the
neutral orthoformate, rather than possible protonated ortho-
formate or hemiorthocarboxylate intermediate, was the rest-
ing state. Since our initial kinetic observation of neutral guest
encapsulation, we have subsequently expanded the chemis-
try of encapsulated neutral guests to include linear and cyclic
alkanes, simultaneous encapsulation of multiple aromatic
guests, and use of 1 to lower the rotational barrier for encap-
sulated tertiary amides.?®38

In order to obtain more information about the rate-deter-
mining step of the reaction, the activation parameters and sol-
vent isotope effect (SIE), k(H>O)/k(D>0), of the k. Michaelis rate
constant were determined. These Kinetic parameters provide
information about the role of protonation in the rate-limiting
step and the mechanism of decomposition of the activated
transition-state complex. Eyring analysis of ke at different
temperatures afforded AGiggx = 22(2) kcal/mol, AH* = 21(1)
kcal/mol, and AS* = —5(1) eu, and measurement of the K
rate constant in H,O and D-O revealed a normal SIE of 1.6.
These parameters strongly support an A-Sg2 mechanism in
which proton transfer between protonated water and the sub-
strate is rate-limiting.394° This is in contrast to the A-1 mech-
anism for hydrolysis of 53 in free solution in which
protonation of the substrate is fast and decomposition of the
protonated substrate is the rate-limiting step (Figure 7).394°

The overall mechanism for orthoformate hydrolysis in 1 is
outlined in Figure 8. Initially, the neutral orthoformate is
encapsulated in 1 in a fast pre-equilibrium to generate the
resting state. The subsequent rate-limiting step involves pro-
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FIGURE 7. Comparison of A-1 and A-Sg2 mechanisms for
orthoformate hydrolysis. Hydrolysis of 53 proceeds through an A-1
mechanism in free solution but an A-S;2 mechanism in 1.
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FIGURE 8. Proposed mechanism for catalytic hydrolysis of
orthoformates in 1.42

ton transfer from protonated water to the substrate. The
observed SIE and activation parameters suggest that at least
the first hydrolysis step following the rate-limiting protonation
occurs inside of 1 after which any of the resultant species can
undergo either acid- or base-catalyzed decomposition.

To further the analogy to enzymatic catalysts that exhibit
Michaelis—Menten kinetics, we sought to demonstrate that
suitable guests can competitively inhibit the catalysis in 1. In
order for competitive inhibition to occur, the inhibitor must
reversibly bind to the same site that is responsible for cataly-
sis. At a suitably high concentration of substrate, the substrate
will completely displace the inhibitor, leading to a restora-
tion of the catalytic activity. In order to test for competitive
inhibition, the hydrolysis rates of 53 were measured in the
presence of varying amounts of the strongly binding guest
NPr,*. The resultant saturation curves were compared using
an Eadie—Hofstee plot (Figure 9).43>** The observed intersec-
tion on the y-axis signified that at infinite substrate concen-
tration the maximum reaction velocity is independent of the
amount of inhibitor and confirmed competitive inhibition.
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FIGURE 9. Eadie—Hofstee plot showing competitive inhibition by
NPr," for the hydrolysis of 53 in 1.%7

In order to compare the rate acceleration of orthoformate
hydrolysis in 1 to the uncatalyzed reaction, the k. rate con-
stants determined from the Michaelis—Menten analysis were
compared with those of the background reaction and revealed
large rate accelerations of up to 3900 for 54. Based on the
fast pre-equilibrium with respect to the k. step, the Michae-
lis constant, Ky, can be viewed as a dissociation constant for
the encapsulated substrate. As the hydrophobicity of the sub-
strates increases, a concomitant increase in binding affinity is
observed with the two propyl isomers, 54 and 55, having the
highest affinities for 1. Although 54 and 55 are similarly sized,
encapsulation of the n-propyl substrate results in a greater loss
of conformational freedom, which helps to explain the differ-
ence in rate accelerations. Comparing the specificity factor,
keat/Kw, provides a measure of how efficiently different sub-
strates compete for the active site of 1. The specificity factor
increases with substrate size up to a maximum for 54 sug-
gesting an ideal balance of hydrophobicity and shape for
encapsulation of this molecule, which is consistent with the
large observed rate acceleration. The catalytic proficiency, (keat/
Kwm)/Kuncat, is @ measure of how encapsulation affects the tran-
sition state stabilization with respect to the uncatalyzed
reaction. For the smaller substrates 52—54, as the alkyl
change length increases, the catalytic proficiency also
increases, thereby suggesting better transition state recogni-
tion (Table 3). Although 54 and 55 have similar catalytic pro-
ficiencies, 54 maintains a larger rate acceleration that can be
rationalized by the ground-state stabilization of 55. The Kinetic
analysis of the catalysis in 1 is consistent with the idea that
both transition-state and ground-state effects play important
roles in the catalysis.

TABLE 3. Tabulation of Kinetic Parameters for Orthoformate
Hydrolysis in 1

substrate k(al (571) KM (mM) kcat/lq\ll (M71 571) (kcat/lq\ll)/kuncat (Mq) kcat/kuncat
52 57x 107 240 0.238 6.4 x 10° 150
53 81x103 215 0.275 1.9 x 104 560
54 1.8x 1072 19.6 0.918 20 x 10° 3900
55 39x1073 7.69 0.502 1.2 x 10° 890
SCHEME 2
MeO OMe

5 mol % 1/ H,0
pH 10, 50 °C

0O
)l\ + 2 MeOH

Acetal Hydrolysis. Prompted by the ability of 1 to cata-
lyze orthoformate hydrolysis, we expanded our study to the
acid-catalyzed hydrolysis of acetals.*>*® The stability of acetals
in neutral or basic solution makes them a common protect-
ing group for aldehydes and ketones in organic synthesis.
Common methods for hydrolyzing acetals almost always
employ the use of either Brgnsted acid or Lewis acid cata-
lysts with only a few examples of hydrolysis in neutral or
slightly basic solution.*”#8

The mediation of acid-catalyzed acetal hydrolysis by 1 was
first investigated using 2,2-dimethoxypropane (60) as a sub-
strate. Addition of 60 to a solution of 1 in H,O at pH 10
quickly produced the expected hydrolysis products (Scheme
2). The catalytic reaction could be inhibited by addition of
NEt,*, again confirming the importance of 1 in the reaction.

The substrate scope of acetal hydrolysis in 1 was probed at
pH 10 in H,O at 50 °C using 5 mol % 1 with respect to the
substrate (Figure 10). Smaller substrates (60—72) able to fit
into the cavity of 1 are readily hydrolyzed, while larger sub-
strates (73, 74) remain unreacted. Under the reaction condi-
tions, excellent NMR conversion was observed in all cases and
suitable bulky ketone products could be isolated in good
yields (79—92%).

S ol % 17150 o)
MeO, Oe L + 2MeOH
R"R pH10,50°C, 6 hrs. R!” "R2

Bubstrate, Yield % (Isolated)

MeO_OMe

IMeO_OMe MeO OMe MeQO_OMe MeO OMe
)& W M AM 25
60, >95 61, >95 62, >95 63, >95 64, >95 (92)
OMe
OMe OMe éOMe OMe QMe
OMe OMe OMe ~~om
55, >05 (86) 66, >95(88) 67, >05(79) 68, 87 69, >95
OMe OMe OMe MeQ OMe OMe
5 OMe C OMe @ ove v Hzome
Z0_>95 71295 72295 73._<5 74 <5

FIGURE 10. Scope of acetal hydrolysis in 1.
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FIGURE 11. Comparison of A-1 and A-2 mechanisms for acetal
hydrolysis. Hydrolysis of 60 proceeds through an A-1 mechanism in
free solution but an A-2 mechanism in 1.

Mechanistic studies were undertaken using 60 as the sub-
strate in order to understand the mechanism of acetal hydroly-
sis in 1 and for comparison to the mechanism determined for
orthoformate hydrolysis. At constant pH and concentration of
1, the substrate concentration was varied to reveal
Michaelis—Menten saturation Kinetics. At saturation, hydroly-
sis of 60 is pseudo-zeroth-order and the reaction was deter-
mined to be first-order in both H* concentration and 1
concentration, providing the final rate law rate = k[H*]-
[1][substrate], which at saturation reduces to rate = k’[H*][1].

Under the standard catalytic conditions for 60, the sub-
strate "TH NMR resonances were broadened but upfield reso-
nances corresponding to encapsulated substrate were not
observed. Addition of NEt,* sharpened the substrate reso-
nances, which suggested that the broadening was due to fast
guest exchange. For larger substrates such as 68, a 1:1
host—guest complex was observed by 'H NMR, indicating
slow substrate exchange on the NMR time scale. During the
hydrolysis reaction of 68, new resonances corresponding to
the encapsulated product 2-adamantanone (75) were
observed. By independently measuring the total amount of
neutral guest in solution, both free and encapsulated, as a
function of [1], the effective binding constants were measured
as 3400 M~' (68) and 700 M~ (75).

To further investigate the rate-limiting step of the reaction, the
activation parameters and the SIE were determined for the Ke
step. Eyring analysis of ke revealed activation parameters of
AG3gsx = 23(1) kcal/mol, AH* = 21(1) kcal/mol, and AS* =
—9(1) cal/(mol K), and measurement of k. in H,O and D,O
afforded an inverse SIE of 0.62. Both of these parameters sup-
port an A-2 hydrolysis mechanism in which a fast protonation
pre-equilibrium exists followed by the rate-limiting attack of water
on the protonated substrate (Figure 11). Hydrolysis of 60 in free
solution proceeds through an A-1 mechanism in which unimo-
lecular decomposition of the protonated substrate is the rate-
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FIGURE 12. Proposed mechanism for acetal hydrolysis in 1.4¢

limiting step, characterized by a positive entropy of activation and
an inverse SIE*94° As was observed for orthoformates, the
mechanism of hydrolysis is changed in 1.

The full catalytic cycle for acetal hydrolysis in 1 is shown in
Figure 12. Encapsulation of the neutral acetal substrate gener-
ates the catalyst resting state. Subsequent protonation of the
encapsulated substrate by H;O* leads to the rate-limiting attack
of water on the protonated substrate. After this initial rate-limit-
ing hydrolysis step, any of the remaining steps of the reaction
can be either acid or base catalyzed so it is not possible to deter-
mine whether the entire hydrolysis occurs inside of 1 or the sub-
strate is ejected into bulk solution after the rate-limiting step.

In order to compare the rate acceleration of the catalyzed
over the uncatalyzed reaction, the ke rate constants from
Michaelis—Menten studies were compared with those of the
background hydrolysis reaction. This analysis revealed siz-
able accelerations (Kcai/Kuncat) Of 190 for 60 and 980 for 1,1-
dethoxyethane (76). Comparison of the Ky revealed that the
more water-soluble 76 maintains a lower affinity for the inte-
rior of 1 than does 60 (60, 8.09 mM; 76, 31.1 mM). Compar-
ison of the specificity factor, ka/Ku, for 60 and 76 revealed
values of 0.099 and 0.153 M~' s™!, respectively, thereby
showing that 76 is more readily hydrolyzed than 60 by the
assembly. The catalytic proficiency ((Kcat/Km)/Kuncat) fOr the two
substrates 60 and 76 was quite similar (60, 2.28 x 10*M™';
76, 3.12 x 10* M), suggesting that the difference in ground
state binding (K\) is primarily responsible for the difference in
the rate acceleration.

Conclusions and Future Directions

Until relatively recently, the field of molecular recognition
(host—guest chemistry) was dominated by binding studies.
More recently, attention has begun to focus on the challenge
of carrying out stoichiometric and even catalytic chemical
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reactions inside host cavities, with the goal of utilizing syn-
thetic systems to help understand the factors that control catal-
ysis by enzymes and other complex catalysts in which the
critical transformations take place in one or more localized
active sites. The chemistry reviewed in this Account highlights
the selectivity of a supramolecular host molecule in guest
binding and the ability of the host to modulate the chemistry
of encapsulated guests in aqueous media. The guests that
bind most strongly to the polyanionic [GasLe]'?~ host have a
single positive charge (reflecting the strong role played by
aqueous solvation in determining the host—guest binding
energy), but neutral guests are also bound, albeit more
weakly, inside the host cavity.

We have determined that protonated bases are stabilized
by encapsulation in the host. This property was put to work in
the hydrolysis of compounds such as orthoformates and
acetals, which require passage through transient protonated
intermediates in order to undergo conversion in water to the
corresponding carbonyl compounds. Dramatic rate accelera-
tions (up to several thousand fold), relative to the background
rate in aqueous solution, have been measured for substrates
of optimal size and hydrophobicity. By carrying out careful
studies of the mechanism of catalysis in the assembly, we
identified enzyme-like Michaelis—Menten kinetic behavior for
the catalyzed reactions. This has led to the conclusion that the
potential energy surface (i.e, the mechanism) of the hydroly-
sis changes upon encapsulation. Although the reactions
described in this Account have been carried out using the
racemic host molecule, the assembly has recently been enan-
tiomerically resolved, indicating that enantioselective proton-
ation and catalysis is a future promising area of study.
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